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Background: The causal relationship between tubulin acetylation and microtubule stability has remained poorly
understood.
Results:Pharmacological inhibition ofHDAC6 increasedHDAC6binding tomicrotubules, enhancedmicrotubule stability, and
suppressed dynamics.
Conclusion: Increased binding of HDAC6, rather than acetylation per se, causes microtubule stability.
Significance: The study indicates a MAP-like function of HDAC6 that extends beyond its tubulin deacetylase function.

The post-translationalmodification of tubulin appears to be a
highly controlled mechanism that regulates microtubule func-
tioning. Acetylation of the �-amino group of Lys-40 of�-tubulin
marks stable microtubules, although the causal relationship
between tubulin acetylation and microtubule stability has
remained poorly understood. HDAC6, the tubulin deacetylase,
plays a key role in maintaining typical distribution of acetylated
microtubules in cells. Here, by using tubastatin A, an HDAC6-
specific inhibitor, and siRNA-mediated depletion of HDAC6,
we have explored whether tubulin acetylation has a role in reg-
ulatingmicrotubule stability.We found thatwhereas both phar-
macological inhibition of HDAC6 as well as its depletion
enhance microtubule acetylation, only pharmacological inhibi-
tion of HDAC6 activity leads to an increase in microtubule sta-
bility against cold and nocodazole-induced depolymerizing
conditions. Tubastatin A treatment suppressed the dynamics of
individual microtubules in MCF-7 cells and delayed the reas-
sembly of depolymerized microtubules. Interestingly, both the
localization of HDAC6 on microtubules and the amount of
HDAC6 associated with polymeric fraction of tubulin were
found to increase in the tubastatin A-treated cells compared
with the control cells, suggesting that the pharmacological inhi-
bition of HDAC6 enhances the binding of HDAC6 to microtu-
bules. The evidence presented in this study indicated that the
increased binding of HDAC6, rather than the acetylation per se,
causes microtubule stability. The results are in support of a
hypothesis that in addition to its deacetylase function, HDAC6
might function as a MAP that regulates microtubule dynamics
under certain conditions.

Tubulin, the major constituent of microtubules, undergoes
several post-translational modifications. It has been recently
emerging that these post-translational modifications create

functionally distinct microtubules and mark them for special-
ized functions (1). Acetylation at Lys-40 of �-tubulin is medi-
ated by acetyltransferase (2) whereas histone deacetylase 6
(HDAC6)2 and sirtuin2 (SIRT2) catalyze the removal of the
acetyl group (3–6). HDAC6 is a unique class IIb mammalian
HDAC that contains two homologous catalytic domains com-
pared with one catalytic domain in other HDACs (7). HDAC6
localizes predominantly in cytoplasm and exerts the deacety-
lase enzymatic activitymainly on nonhistone substrates in cells,
although it can deacetylate histones in vitro (3). Apart from
�-tubulin, the other cellular substrates of HDAC6 include heat
shock protein-90 (Hsp90) and cortactin (8–10). HDAC6 is
known to associate directly with microtubules (3). In addition,
it is now evident that HDAC6 interacts with the ubiquitin
group of polyubiquitinated misfolded proteins and recruits
them to dynein motor protein which subsequently transports
them to the aggresomes through microtubules (11). In vitro,
polymerized microtubules are preferential substrate for
HDAC6with little or no deacetylase activity toward free��-tu-
bulin dimers (3). However, in cells, free tubulin can be effi-
ciently deacetylated byHDAC6 (4). The functional significance
of microtubule acetylation has remained largely unknown.
Tubulin acetylation, most likely, acts as guidance cues for the
recruitment of proteins such as kinesins (12, 13), Hsp90 (14)
(which in turn, increases the binding and activity of two of its
client proteins namely the kinase Akt/PKB and the transcrip-
tion factor p53 to microtubules) or microtubule-severing
enzymes (15). Tubulin acetylation may also have an important
role in maintaining the microtubule protofilament number in
cells (16). Moreover, the stabilization of microtubules has usu-
ally been found to be associated with increased acetylation.
Microtubules that are acetylated turn over slowly compared
with the nonacetylated microtubules (17). Neuronal axons that
possess extremely stable population of microtubules, or stable
microtubules, oriented toward a particular direction during
migration of certain cell types, are particularly enriched in
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tubulin acetylation (18–23). Acetylated microtubules have
been found to be less sensitive toward treatment with microtu-
bule-damaging agents, suggesting that acetylation of tubulin
may impart stability to microtubules (4, 24–26). On the other
hand, several studies suggest that acetylation does not affect
microtubule stability per se (22, 27). Also, by inducing acetylation
of purified brain tubulin by Chlamydomonas �-tubulin acetyl-
transferase, it was shown that acetylation status of tubulin in vitro
does not affect the microtubule polymerization or depolymeriza-
tion (28). The rate and extent of assembly and disassembly of the
acetylated and nonacetylated tubulin were found to be similar in
vitro (28). Thus, whether the acetylation of tubulin really affects
microtubule assembly dynamics still remains unclear.
In this study, we investigated whether the increase in acety-

lation resulting from compromised HDAC6 functioning
caused microtubule stabilization. The enzyme was inhibited
using three different approaches: trichostatin A (TSA, a non-
specific inhibitor of HDAC6), tubastatin A (a specific inhibitor
of HDAC6), and siRNA. TSA has been used previously to elu-
cidate the functions of HDAC6 (25, 27, 29) but has a disadvan-
tage in that it is a general inhibitor of class I and II HDACs.
Tubastatin A, a hydroxamic acid-based inhibitor, exhibits
�1000-foldmore selectivity against almost all HDAC isozymes
compared with tubacin, making it one of the most selective
HDAC6 inhibitors known (30). We found that catalytic inacti-
vation of HDAC6, but not its depletion, is associated with sup-
pression ofmicrotubule assembly dynamics and rendersmicro-
tubules resistant toward depolymerizing conditions, though
both treatments cause an increase in microtubule acetylation
level. By using immunofluorescence andWestern blot analysis,
we further show that the inhibition of HDAC6 enzymatic activ-
ity increases its binding to microtubules, which possibly
enhances microtubule stability.

EXPERIMENTAL PROCEDURES

Materials—TSA, mouse monoclonal anti-�-tubulin IgG,
anti-acetylated tubulin IgG, alkaline phosphatase-conjugated
anti-mouse IgG, anti-HDAC6 IgG, HRP-conjugated anti-
mouse and anti-rabbit IgG and bovine serum albumin (BSA)
were purchased from Sigma. An Enhanced Chemilumines-
cence kit was purchased from GE Healthcare. Anti-detyrosi-
nated tubulin IgG was purchased from Millipore. Lipo-
fectamine LTX, Lipofectamine RNAimax, luciferase siRNA,
Opti-MEM I, RNase- and DNase-free water were purchased
from Invitrogen. HDAC6 siRNA and anti-phosphohistone H3
serine 10 IgG was purchased from Santa Cruz Biotechnology.
Tubastatin A was purchased from Biovision (Mountain View,
CA). All other reagents were of analytical grade.
Cell Culture—Human breast cancer cells (MCF-7) were cul-

tured as described earlier (31, 32). To determine the effect of
tubastatin A and TSA on the proliferation of cells, MCF-7 cells
were seeded at a density of 1 � 105 cells/ml in 96-well plates.
After 24 h, cells were incubated with either vehicle or different
concentrations of TSA or tubastatin A for 48 h. The effect on
proliferation was measured by sulforhodamine B assay (23, 33).
Light Scattering Assay—Purified goat brain tubulin (10 �M)

was incubatedwithoutorwith30�MtubastatinAor10�MTSAin
PEMbuffer (25mMPIPES, pH6.8, 3mMMgCl2, and1mMEGTA)

in the presence of 1 M glutamate for 10 min on ice. Then, 1 mM

GTPwas added in the reactionmixtures. The assembly of tubulin
wasmonitoredby light scattering (350nm) at 37 °Cusing FP-6500
spectrofluorometer (JASCO, Tokyo, Japan).
Measurement of Microtubule Dynamics—MCF-7 cells were

transfected with EGFP-tubulin plasmid using Lipofectamine
LTX plus and Opti-MEM I reduced serum medium using the
manufacturer’s protocol (23). Effects of tubastatin A and TSA
on the dynamics of individual microtubules in EGFP-tubulin-
expressing MCF-7 cells were determined as described recently
(23). EGFP-tubulin-expressing MCF-7 cells were seeded at a
density of 0.5 � 105 cells/ml on glass coverslips in 24-well
plates. After 24 h, cells were incubated with either vehicle or 15
�M tubastatin A for 24 h.Microtubules in the peripheral region
of control and treated cells were observed in 60� oil immersion
objective in an FV500 laser scanning confocal microscope
(Olympus, Tokyo, Japan). The end points of microtubules were
tracked using ImageJ software. Life history plots of the micro-
tubules were plotted, and different parameters of the dynamic
instability were calculated (23, 34). Similarly, the effects of 30
and 60 nM TSA on microtubule dynamics were monitored.
Depletion of HDAC6 with siRNA—One day before transfec-

tion with siRNA, MCF-7 cells were seeded at a density of 0.5 �
105 cells/ml. For Western blotting, cells were seeded in T-25
tissue culture flasks. Cells were then transfected with luciferase
siRNA or HDAC6 siRNA (200 nM) using Lipofectamine
RNAimax and Opti-MEM I reduced serum medium. The cells
were incubated at 37 °C in CO2 incubator for 24 h.
Immunostaining—MCF-7 cells were seeded at a density of

0.5� 105 cells/ml on glass coverslips in 24-well plates and incu-
bated for 24 h. After incubation, cells were treated with siRNA,
tubastatin A, or TSA for 24 h and then fixed with 4% formalde-
hyde and permeabilized with ice-cold methanol. For co-local-
ization of HDAC6 and microtubules, the cells were fixed with
ice-cold methanol containing 1 mM EGTA for 10 min and then
incubated with 0.5% Triton X-100 for 10 min to remove the
soluble proteins and washed three times with PBS. The cover-
slipswere incubatedwith 2% (w/v) BSA/PBS for 30min to block
nonspecific sites and then incubated with primary antibodies
for 2 h. Immunostaining was done using �-tubulin (1:300), acety-
lated tubulin (1:400), detyrosinated tubulin (1:200), HDAC6
(1:200), or phosphohistone H3 Ser-10 (1:300) antibody. The cells
were incubated with secondary antibodies for 1 h and washed
three times with PBS. The coverslips were mounted using the
mounting medium on glass slides. Cells were examined using a
confocal laser scanning microscope (Olympus) or Nikon Eclipse
TE2000-U fluorescence microscope. The images were captured
and analyzed using Image-Pro Plus 4.5.
Cold-induced and Nocodazole-induced Microtubule Depoly-

merization Assay—MCF-7 cells were seeded at a density of
0.5� 105 cells/ml on glass coverslips in 24-well plates and incu-
bated for 24 h. After the cellswere attachedon the coverslips, they
were either used for cold-induced or nocodazole-induced micro-
tubule depolymerization assay. For cold treatment, cells were first
incubated with tubastatin A (30 �M) or TSA (240 nM) or trans-
fected with HDAC6 siRNA for 24 h. After treatment, cells were
incubatedon ice fordifferent time intervals (0, 10, and20min) and
then fixed. For determining the effect of nocodazole, cells were
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treated with 200 nM nocodazole alone or together with tubastatin
A (15 �M), TSA (240 nM), or siRNA (200 nM) for 24 h. The cells
were then fixed and processed for immunostaining.
Microtubule ReassemblyAssay—MCF-7 cellswere incubated

with 500 nMnocodazole for 4 h (interphase cells) orwith 300 nM
nocodazole for 24 h to block the cells in mitosis (mitotic cells).
After incubation, nocodazole was washed out from cells by
rinsing with fresh medium five or six times. Cells were then
incubated in fresh medium without or with 15 or 30 �M

tubastatin A for 1.5 h in an incubator and then fixed and pro-
cessed for immunostaining. Interphase cells were immuno-
stained with antibodies against �-tubulin and acetylated tubu-
lin whereas mitotic cells were immunostained with antibodies
against �-tubulin and phosphohistone H3 Ser-10. The PH-H3
(Ser-10) antibody was used to show chromosomes. The anti-
body detects Ser-10 phosphorylation of histone H3 that occurs
during mitosis. For the reassembly of microtubules after cold
treatment,microtubules were depolymerized by incubating the
cells on ice for 45 min. Then, cells were incubated with pre-
warmedmedium, without or with 30 �M tubastatin A, at 37 °C in
incubator for different time intervals (0, 20, 40, 120, and 180min)
and then fixed and processed for immunostaining. For quantifica-
tion, 300 cells were counted for each experimental condition. The
number of cells in which completemicrotubule network was visi-
ble was determined. In a separate experiment, cells were trans-
fected with luciferase siRNA or HDAC6 siRNA for 24 h and then
used for microtubule reassembly assay as described above.
Western Blotting—MCF-7 cells were transfected with

HDAC6 siRNA and incubated for 24 h. In separate experi-
ments,MCF-7 cells were treated with vehicle, TSA (240 nM), or
tubastatin A (30 �M) for 24 h. After incubation, whole cell
lysates or tubulin polymeric fractions were prepared, separated
on SDS-PAGE, and transferred on a PVDF membrane as
described previously (32). To detect the level of acetylated

tubulin or HDAC6 in polymeric tubulin, polymer fractions of
cellular tubulinwere prepared andwere probedwith antibodies
against acetylated tubulin or HDAC6 and �-tubulin separately,
as described above. The intensity of the bands wasmeasured by
densitometry using ImageJ.

RESULTS

Inhibition of HDAC6 by Tubastatin A and TSA Increased
Microtubule Acetylation—Tubastatin A and TSA were found
to inhibit the proliferation of MCF-7 cells in a concentration-
dependent manner (supplemental Fig. S1). The half-maximal
inhibitory concentrations of tubastatin A and TSA were found
to be 15 � 1 �M and 54 � 2 nM, respectively. The inhibition of
catalytic activity of HDAC6 has been shown to increase the
acetylation level of microtubules (3, 25). We determined the
effect of tubastatin A treatment on the acetylation of cytoplas-
mic microtubules. The immunofluorescence images showed
that in vehicle-treated cells, only a subset of total microtubules
was acetylated and the acetylated microtubules were mainly
restricted to the perinuclear region (Fig. 1A). In contrast, in
tubastatin A-treated cells, a majority of the microtubules were
acetylated. Although no apparent change in the morphology of
microtubule cytoskeleton was observed, there was a clear
increase in the acetylation level of microtubules upon tubasta-
tinA treatment (Fig. 1A). The increase in the level of acetylation
was further confirmed by determining the level of polymeric
and acetylated tubulin in cells byWestern blotting. The amount
of acetylated tubulin in cells increased in a tubastatinA concen-
tration-dependent manner (Fig. 1B). For instance, there was a
40 and 70% increase in the acetylation level of tubulin in the
presence of 5 and 30 �M tubastatin A, respectively, whereas the
level of polymeric tubulin remained unchanged. A similar
increase in the acetylation level was also observed upon treating
the cellswithTSA (Fig. 1,C andD). For instance, the acetylation

FIGURE 1. Tubastatin A and TSA increased the microtubule acetylation level. Effects of tubastatin A (A and B) and TSA (C and D) on microtubules and
microtubule acetylation level are shown. A and C, MCF-7 cells were treated with different concentrations of tubastatin A (A) or of TSA (C) for 24 h and processed
for immunostaining with antibodies against �-tubulin (green) and acetylated tubulin (red). Scale bars, 10 �m. B and D, MCF-7 cells were treated with different
concentrations of tubastatin A (B) or of TSA (D) for 24 h. Polymeric fractions of tubulin were isolated, processed for Western blotting, and were probed for
�-tubulin and acetylated tubulin.
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level increased by 2.5-fold in 120 nM TSA-treated cells com-
pared with the control cells (Fig. 1D).
Inhibition of HDAC6 by Tubastatin A and TSA StabilizedMicro-

tubules against Cold and Nocodazole-induced Depolymerization—
Wenext determinedwhether the increase in acetylation level of
microtubules due to pharmacological inhibition ofHDAC6was
accompanied by an increase in stability of microtubules.
MCF-7 cells were treated with either vehicle, tubastatin A, or
TSA for 24 h and were then subjected to cold treatment. The
cells were kept on ice, and the kinetics of microtubule depo-
lymerization was monitored by fixing the cells at varying time
points. As shown in Fig. 2, in vehicle-treated cells, the microtu-
bules depolymerized rapidly. After 10min of incubation on ice,
hardly any microtubules could be observed, indicating that
most of the microtubules were depolymerized. In contrast, in
tubastatin A- and TSA-treated cells, the content of the acety-
lated microtubules was observed to be much higher than the
control cells, andmost of the filaments were found to be intact,
indicating that the microtubule depolymerization rate was sig-
nificantly reduced. Even after 20 min of cold treatment, several
microtubules were observed in tubastatin A- and TSA-treated
cells.
To further probe the increase in microtubule stability, we

treated MCF-7 cells with 200 nM nocodazole, a known micro-
tubule-depolymerizing agent, alone or in combination with
tubastatin A or TSA. In the cells treated with nocodazole,
microtubules were extensively depolymerized, as expected, and
the remaining microtubules were found to be acetylated (Fig.
3A, Nz). On the other hand, the microtubules in cells treated
with nocodazole along with tubastatin A or TSA displayed an
increase in acetylation, and much less microtubule depolymer-
ization was observed in these cells (Fig. 3A).
To assess whether an increase in microtubule acetylation is

coupled with enhanced microtubule stability, we looked at the
status of detyrosination of microtubules. Detyrosination is a
post-translational modification that results from removal of
the ultimate Tyr from tubulin subunits assembled into micro-
tubule lattice (35). Detyrosination is found to accumulate in
stable microtubules and thus can be used to quantify microtu-
bule stability independently (36). Co-immunostaining with
antibodies against total �-tubulin and detyrosinated tubulin
showed that in control cells only a few of the total microtubules

were detyrosinated whereas in tubastatin A- and TSA-treated
cells, the proportion of detyrosinated microtubules was signif-
icantly higher in the interphase microtubule array (Fig. 3B),
although the increase in detyrosination content was more
prominent in TSA-treated cells. Moreover, in the cells treated
with TSA or tubastatin A and nocodazole together, the micro-
tubule depolymerization was greatly reduced compared with
the cells treatedwith nocodazole alone, and all of the remaining
microtubules in cells where nocodazole treatment was accom-
panied by inhibition of HDAC6 were found to be enriched in
detyrosination (Fig. 3B).
The effect of tubastatin A and TSA on nocodazole-induced

disassembly of microtubules inMCF-7 cells was also examined
by Western blotting (Fig. 4). Nocodazole treatment decreased
the ratio of polymerized tubulin to soluble tubulin by 40% com-
pared with that of the vehicle-treated cells. However, when the
cells were treated with nocodazole in combination with TSA or
tubastatin A, the ratio of polymerized tubulin to soluble tubulin
was found to decrease by 11 and 18%, respectively (Fig. 4,A and
B). The results suggested thatmicrotubules resisted the depoly-
merizing effect of nocodazole in the presence of TSA and
tubastatin A. Because the cells were incubated with tubastatin
A or TSA at the same time that nocodazole was added, the
finding also indicated that the inhibition of HDAC6 activity by
tubastatin A or TSA is fast enough to counter the depolymer-
izing effect of nocodazole.
Wedeterminedwhether tubastatinA andTSAhad any effect

on the assembly of purified tubulin in vitro. No discernible
effect of either tubastatin A (30 �M) or TSA (10 �M) on the rate
and extent of tubulin polymerization was observed (supple-
mental Fig. S2). The data indicated that tubastatin A and TSA
do not exert any direct effect on microtubules.
Inhibition of HDAC6 by Tubastatin A and TSA Altered

Assembly Dynamics of InterphaseMicrotubules inMCF-7 Cells—
To determine whether the inhibition of HDAC6 activity alters
kinetic properties ofmicrotubules, we determined the reassem-
bly kinetics of microtubules after depolymerizing the microtu-
bules in cells by nocodazole. After the required incubation,
nocodazole was carefully removed by repeated washing with
medium, and microtubules were allowed to reassemble in the
absence or presence of 15 or 30�M tubastatin A.We found that
within 1.5 h of removal of nocodazole, �90% (96 � 1.5%) con-

FIGURE 2. Tubastatin A and TSA stabilized microtubules against cold-induced depolymerization. MCF-7 cells were treated with vehicle, 30 �M tubastatin
A (TBA), or 240 nM TSA for 24 h. Then cells were incubated on ice to depolymerize microtubules and were fixed at the indicated time points (0, 10, and 20 min).
Fixed cells were processed for immunostaining with antibodies against �-tubulin (green) and acetylated tubulin (red). Scale bars, 10 �m.
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trol interphase cells exhibited typical microtubule network,
indicating complete regrowth of microtubules (Fig. 5A, inter-
phase cells). On the other hand, there was a significant delay in
the reassembly of microtubules in the presence of tubastatin A.
For instance, only 45 � 3 and 27 � 4.5% cells treated with 15
and 30�M tubastatinA, respectively, were found to havemicro-
tubule network whereas the remaining cells showed only par-
tially grown microtubule filaments (Fig. 5A, interphase cells)
even after 90min. Similarly, formation of a typical bipolar spin-
dle was observed and chromosomes (indicated by a mitotic
marker PH-H3 (Ser-10)) were found to be aligned accurately on
the metaphase plate in mitotic cells, which were allowed to
reassemble themicrotubules in the presence of vehicle alone. In
contrast, the cells treated with tubastatin A showed aberrant
monopolar or multipolar spindles after 90 min of reassembly.
Moreover, the chromosomes were not aligned on the meta-
phase plate and appeared disorganized. The data indicated that
assembly properties and functioning of microtubules were
severely affected (Fig. 5A, mitotic cells). A similar delay in the
assembly of cold depolymerized microtubules was seen in cells
treated with tubastatin A. When cold-depolymerized microtu-
bules were allowed to reassemble in the presence of vehicle
alone, 81 � 3.6 and 96 � 1.5% cells displayed complete reas-
sembly of microtubules in 20 and 40min, respectively (Fig. 5B).

In contrast, when microtubule regrowth was allowed in the pres-
ence of tubastatin A, 11 � 3 and 17 � 3.5% cells showed the for-
mation of complete network in 20 and 40 min, respectively. Even
after180min,microtubulearraywasobserved inonly78�2.5%of
cells, indicating substantial reduction in the assembly of microtu-
bules in the presence of tubastatin A. Together, the data indicated
that the inhibition of HDAC6 extensively affected the assembly
and disassembly properties of microtubules.
Effects of Tubastatin A and TSA on the Dynamic Instability of

IndividualMicrotubules inMCF-7Cells—We then determined
the effect of inhibition of HDAC6 activity on microtubule
dynamic instability parameters in MCF-7 cells. We transfected
MCF-7 cells with EGFP-tubulin and followed the plus ends of
microtubules near the cell periphery using time-lapse confocal
fluorescencemicroscopy. The lengths of themicrotubules were
plotted as a function of time to obtain the life history traces of
microtubules (Fig. 5C) and the dynamic instability parameters
were measured from these traces. Themicrotubules in vehicle-
treated cells displayed characteristic rapid growth and shorten-
ing of the ends. The periods of extensive length changes were
interspersed with short phases of pauses during the course of
imaging. Microtubules of cells treated with 15 �M tubastatin A
for 24 h exhibited amarked reduction in the dynamics ofmicro-
tubules. The mean growth and shortening rates of microtu-

FIGURE 3. Tubastatin A and TSA stabilized microtubules against nocodazole-induced disassembly. A, MCF-7 cells were treated with either vehicle, 15 �M

tubastatin A (TBA), 240 nM TSA, or 200 nM nocodazole (Nz) individually or with a combination of nocodazole (200 nM) and tubastatin A (15 �M) or nocodazole
(200 nM) and TSA (240 nM) for 24 h and processed for immunostaining with antibodies against �-tubulin (green) and acetylated tubulin (red). Scale bar, 10 �m.
B, MCF-7 cells were treated with either vehicle, 15 �M tubastatin A (TBA), 240 nM TSA, 200 nM nocodazole (Nz) individually or with a combination of nocodazole
(200 nM) and tubastatin A (15 �M) or nocodazole (200 nM) and TSA (240 nM) for 24 h and immunostained with antibodies against �-tubulin (red) and
detyrosinated tubulin (green). Scale bar, 10 �m.
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bules were reduced from 16.0 � 3.5 and 19.5 � 6.0 �m/min in
control cells to 12.0 � 2.0 (p � 0.001) and 13.0 � 3.0 �m/min
(p � 0.001), respectively, in 15 �M tubastatin A-treated cells
(Table 1). Tubastatin A treatment decreased the time-based
catastrophe (a transition from a growing or a pause state to a
shortening state) frequency whereas it increased the rescue (a
transition from a shortening to a growing or a pause state) fre-
quency. The most prominent effect of inhibition of HDAC6
activity was observed on the time spent by microtubules in the
pause state. The percentage of duration of the pause state of
microtubules was found to increase from 37.0� 15.0 in control
cells to 68.0 � 7.4 (p � 0.001) in the tubastatin A-treated cells.
In addition, the dynamicity (the total length grown and short-
ened per unit time) of microtubules was diminished by 64%
from 11.0 � 4.0 �m/min in control to 4.0 � 1.0 �m/min (p �
0.001) in the presence of 15 �M tubastatin A. The data clearly
suggested that microtubule plus ends were less dynamic after
treatment with tubastatin A. In separate experiments, TSAwas
found to have a similar concentration-dependent suppression
of microtubule dynamics in MCF-7 cells. The microtubule
growth rate was decreased by 28% whereas the shortening rate
was reduced by 31% in presence of 30 nM TSA. The percentage
of time that microtubules spent in the pause state increased
from33.3% in control cells to 62 and 80% in cells treatedwith 30
and 60 nM TSA, respectively. The percentage of time that

microtubules spent in the growth phase was reduced by 47 and
73% whereas the percentage of time spent by microtubules in
the shortening phase was reduced by 37 and 66% in the pres-
ence of 30 and 60 nMTSA, respectively. Further, the dynamicity
of microtubules was decreased by 63 and 79% after treatment
with 30 and 60 nM TSA, respectively. In a previous study (25),
TSA was found to suppress microtubule dynamics in B16F1
cells by reducing the rates of microtubule growth and shorten-
ing by 46 and 55%, respectively.
Depletion of HDAC6 by siRNA Did Not Stabilize Micro-

tubules—To further probe the effect ofmicrotubule acetylation
on the stability of microtubules, we depleted HDAC6 from
MCF-7 cells by using an siRNA-based knockdown method. As
indicated by Western blotting, the treatment of cells with
HDAC6 siRNA for 24 h was successful in depleting approxi-
mately 90% of HDAC6 (Fig. 6A). To rule out the off-target
effects, we used luciferase siRNA as a control. Microtubule
arrays of both HDAC6 and luciferase siRNA-treated cells were
intact and resembled that of the control cells (Fig. 6B). The
depletion ofHDAC6 resulted in an increase in the acetylation of
microtubules whereas luciferase siRNA treatment did not
cause a change in the acetylation level ofmicrotubules (Fig. 6B).
There was no discernible change in the polymeric �-tubulin
level after treatmentwith any of the siRNAs (Fig. 6C). However,
a significant increase (�40%) in the acetylation level of poly-
meric �-tubulin fraction after treatment with HDAC6 siRNA
was found whereas no change in the acetylation level was
observed in luciferase siRNA-treated cells.
We then compared the status of microtubule stability in the

control and the HDAC6 siRNA- treated cells. The cells were
treated with 200 nM nocodazole alone or in combination with
siRNA for 24 h and observed for microtubules and acetylated
microtubules by immunofluorescence. The treatment with
nocodazole resulted in significant microtubule depolymeriza-
tion (Fig. 6D). Interestingly, although there was an increase in
the acetylation of the microtubules in HDAC6 siRNA-treated
cells, the microtubules did not exhibit any increase in stability.
The extent of microtubule depolymerization by nocodazole
was similar in the absence and presence of HDAC6 siRNA (Fig.
6D). Following nocodazole treatment, the ratio of polymer to
soluble tubulin in HDAC6-depleted and undepleted cells was
found to be same (Fig. 4, A and B), suggesting that HDAC6
depletion by siRNA did not result in microtubule stabilization.
The sensitivity of microtubules toward cold treatment

after depleting HDAC6 was determined. Microtubules of
siRNA-treated cells were found to depolymerize similarly
upon cold treatment as that of control cells (Fig. 7A).Moreover,
siRNA-treated cells did not exhibit any increase in the detyrosi-
nation level of microtubules compared with the control cells
(Fig. 7B). Further, the effect of the depletion of HDAC6 on the
growth rate of microtubules was examined. The cells were
treated with HDAC6 siRNA for 24 h. The microtubules were
then depolymerized by cold treatment and allowed to reassem-
ble at 37 °C. We did not observe any delay in the reassembly of
microtubules (Fig. 7C) as was observed in case of cells treated
with tubastatin A. The percentage of siRNA-treated cells that
exhibited a well formedmicrotubule network after 20 and 40min
of reassembly was found to be 76 � 2 and 88 � 5%, respectively,

FIGURE 4. Effects of tubastatin A, TSA, and HDAC6 siRNA on nocodazole-
induced depolymerization of microtubules. A, polymeric and soluble
tubulin fractions of MCF-7 cells treated with vehicle (lane 1), 200 nM nocoda-
zole (Nz) alone (lane 2), or 200 nM nocodazole in combination with HDAC6
siRNA, 240 nM TSA, or 15 �M tubastatin A (TBA) (lanes 3, 4 and 5, respectively)
for 24 h were isolated as described, and equal amounts of proteins were
resolved by SDS-PAGE followed by immunoblotting with anti-�-tubulin anti-
body. B, the ratio of polymer to soluble fraction of tubulin in cells treated as in
A was measured from the intensity of the bands in blot. Data were an average
of three independent experiments and represent mean � S.D. (error bars).
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which was similar to that in control cells (79 � 4 and 90 � 2%). It
has been reported that thedepletionofHDAC6doesnot affect the
dynamic instability of microtubules (25). The results of this study
and the previous report together suggested that the increase in
acetylation per se does not affect microtubule assembly dynamics
andmay not provide stability to microtubules.
Inhibition of HDAC6 Activity by Tubastatin A and TSA

Increased Its Binding with Interphase Microtubules in MCF-7
Cells—Our results indicated that only the inhibition of deacety-
lase activity of HDAC6 but not its depletion enhances microtu-
bule stability. Several microtubule-associated proteins are

known to bind to microtubules and regulate microtubule
dynamics. We hypothesized that the interaction of HDAC6
with microtubules might have a role in stabilizing microtu-
bules. Therefore, we examined whether the localization of
HDAC6 on microtubules was affected after treatment with
inhibitors of HDAC6. For this, the cells incubated with vehicle,
tubastatin A, or TSA were fixed and treated with 0.5% Triton
X-100 to remove the cytoplasmic proteins. This allowed us to
examine the microtubule-bound HDAC6 in cells. As reported
previously (3), HDAC6 was found to localize on microtubules
in control cells (Fig. 8A). Interestingly, both tubastatin A and
TSA treatment produced more intense staining of HDAC6 on
microtubules than the vehicle-treated cells, indicating that the
localization of HDAC6 on microtubules was increased in the
presence of these inhibitors (Fig. 8A). We did not find any
change in the expression level of total HDAC6 after treatment
with either TSA or tubastatin A (supplemental Fig. S3). We
then determined the effect of tubastatin A and TSA on the
binding of HDAC6 with microtubules (Fig. 8B). The amount of
HDAC6 bound with microtubules was significantly increased
in the presence of both TSA as well as tubastatin A compared
with the control cells (Fig. 8B). The amount of HDAC6 in pol-
ymeric tubulin fraction isolated from cells treatedwith tubasta-
tin A and TSA was found to be 47.4 � 14.2 and 49.2 � 13.8%
higher (p � 0.001), respectively, compared with the control
(Fig. 8C). The results together suggested that the inhibition of
HDAC6 activity by tubastatin A andTSA increased the binding
of HDAC6 to microtubules.

FIGURE 5. Tubastatin A altered the assembly dynamics of interphase microtubules in MCF-7 cells. A, tubastatin A delayed the reassembly of nocodazole-
depolymerized interphase and mitotic microtubules. Cells were treated with either 500 nM nocodazole for 4 h (interphase cells) or 300 nM nocodazole for 24 h
(mitotic cells). Nocodazole was then removed by repeated washing, and microtubules were allowed to reassemble in the absence (control) or presence of 15
or 30 �M tubastatin A for 90 min. Cells were then fixed and processed for co-immunostaining with antibodies against �-tubulin (green) and acetylated tubulin
(red) (interphase cells) or �-tubulin (red) and phosphohistone-H3 (Ser-10) (green) (mitotic cells). PH-H3 (Ser-10), a mitotic marker, was used to indicate the
chromosomes. Scale bar, 10 �m. B, tubastatin A delayed the reassembly of cold-depolymerized interphase microtubules. Microtubules were depolymerized by
incubating the cells on ice for 45 min. Then cells were incubated with prewarmed medium, without or with 30 �M tubastatin A, at 37 °C in incubator for different
time intervals (0, 20, 40, 120, and 180 min) and then fixed and processed for immunostaining with antibodies against �-tubulin (green) and acetylated tubulin
(red). Scale bars, 10 �m. C, life history plots of the individual microtubules in EGFP-tubulin-expressing MCF-7 cells treated with vehicle or 15 �M tubastatin A for
24 h. The initial length represents length from an arbitrary fixed point of microtubule to the end of the microtubule.

TABLE 1
Tubastatin A suppresses dynamics and alters the parameters of
dynamic instability of interphase microtubules in MCF-7 cells
Data represent mean � S.D., n � 20 microtubules in each case.

Parameters Control
Tubastatin A

(15 �M)

Growth rate (�m/min) 16.0 � 3.5 12.0 � 2.0a
Growth length (�m) 1.7 � 0.6 1.1 � 0.3a
Shortening rate (�m/min) 19.5 � 6.0 13.0 � 3.0a
Shortening length (�m) 2.1 � 0.9 1.1 � 0.3a
% time spent in growing 33.5 � 8.7 18.6 � 4.6a
% time spent in shortening 29.5 � 6.8 12.8 � 5.0a
% time spent in pause 37.0 � 15.0 68.0 � 7.4a
Dynamicity (�m/min) 11.0 � 4.0 4.0 � 1.0a
Catastrophe frequency (events/min) 4.0 � 1.3 1.8 � 0.9a
Rescue frequency (events/min) 9.4 � 2.2 11.7 � 3.5b
Catastrophe frequency (events/�m) 0.54 � 0.23 0.69 � 0.32c
Rescue frequency (events/�m) 0.52 � 0.18 0.94 � 0.30a

a p � 0.001.
b p � 0.05.
c Not significant.
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DISCUSSION

In this study, the pharmacological inhibition of the activity of
HDAC6was found to alter the assembly dynamics of interphase
microtubules in MCF-7 cells and to provide them stability
toward cold- andnocodazole-induced depolymerization. Inter-
estingly, when HDAC6 was depleted, microtubules did not
exhibit any stability toward the depolymerizing conditions.
Microtubules in cells treated with tubastatin A and TSA dis-
played an increase in the detyrosination level whereas therewas
no change in the detyrosination level of microtubules after the
depletion of HDAC6. The data together indicated that an
increase in acetylation per se does not lead to an increase in the
stability of microtubules.
HowMight Inhibition of Activity of HDAC6 Increase Its Bind-

ing to Microtubules?—Microtubules are found to be the pre-
ferred substrate of HDAC6 compared with free tubulin het-
erodimers (3). The structural data suggest that Lys-40 lies in the
lumen of microtubules but may be accessible through the walls
of the microtubule lattice (37, 38). HDAC6 was shown to inter-
act with the end-tracking proteins EB1 and Arp1, which might

facilitate its localization at the plus end of microtubules (25). It
was also suggested that the binding of HDAC6 at the plus end
may form a cap-like structure, and the capping activity of a
catalytically inactiveHDAC6 ismore prominent than that of an
activeHDAC6 (25). Upon treatmentwith either tubastatinA or
TSA, the localization of HDAC6 not only increased at the plus
ends of microtubules but was also found to increase along the
length of themicrotubules (Fig. 8A). As indicated earlier (25), it
is possible that HDAC6 binds to microtubules, deacetylates
them, and leaves the microtubule surface. However, when its
activity is inhibited, a conformational changemight be induced
in HDAC6, due to which either more HDAC6 can bind to
microtubules or HDAC6 may remain bound to microtubules
for a longer duration than usual. Thismight, in turn, reduce the
exchange of tubulin dimers at the microtubule ends, resulting
in the suppression of microtubule dynamics together with an
increase in the stability of microtubules.
Why Is There an Increase in the Microtubule Stability When

HDAC6 Is Pharmacologically Inhibited?—It was reported that
the overexpression of HDAC6 mutants with impaired enzy-

FIGURE 6. Effect of depletion of HDAC6 on microtubule stability. A, levels of HDAC6 in cells treated with luciferase siRNA (control) and siRNA against HDAC6.
�-Actin was used as loading control. B, effect of depletion of HDAC6 on microtubules and acetylated tubulin. MCF-7 cells were kept untreated or were treated
with siRNA against luciferase or HDAC6 and were then processed for immunostaining with antibodies against �-tubulin (green) and acetylated tubulin (red).
Scale bar, 10 �m. C, MCF-7 cells untreated or treated with siRNA against luciferase or HDAC6. The polymeric fractions of tubulin were isolated from the cells. The
samples were processed for Western blotting and were probed for �-tubulin and acetylated tubulin. D, effect of depletion of HDAC6 on nocodazole-induced
microtubule depolymerization. MCF-7 cells were treated with HDAC6 siRNA and 200 nM nocodazole alone or together with HDAC6 siRNA for 24 h. The cells
were then fixed and processed for immunostaining with antibodies against �-tubulin (green) and acetylated tubulin (red). Scale bar, 10 �m.
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matic activity, but not ofwild typeHDAC6, alteredmicrotubule
dynamics, suggesting that the presence of catalytically inactive
HDAC6 can inhibit microtubule growth (25). Our results
showed that the inhibition of catalytic activity of HDAC6 alters
microtubule dynamics. Based on our data and previous reports,
we raised a hypothesis that the inhibition of HDAC6 activity
alters its binding to microtubules which might be the cause of

increased stability. In support of this, we found that when cells
are treated with tubastatin A or TSA, there is an increase in the
localization of HDAC6 on microtubules. In addition, the
amount of HDAC6 bound to the polymeric fraction of tubulin
increased after treatment with TSA as well as tubastatin A. The
results suggested that the inhibition of activity of HDAC6 some-
how increases its binding to microtubules which, in effect, damp-

FIGURE 7. Depletion of HDAC6 did not stabilize microtubules. A, effect of depletion of HDAC6 on stability of microtubules against cold-induced depolymer-
ization. MCF-7 cells were transfected with luciferase siRNA (control) or HDAC6 siRNA for 24 h. Then cells were incubated on ice to depolymerize microtubules
and were fixed at the indicated time points (0, 10, and 20 min). Fixed cells were processed for immunostaining with antibodies against �-tubulin (green) and
acetylated tubulin (red). Scale bars, 10 �m. B, MCF-7 cells treated with luciferase siRNA (control) or HDAC6 siRNA for 24 h. After treatment, cells were fixed and
processed for immunostaining with antibodies against �-tubulin (red) and detyrosinated tubulin (green). Scale bar, 10 �m. C, depletion of HDAC6 not delaying
reassembly of cold-depolymerized interphase microtubules. MCF-7 cells were treated with luciferase siRNA (control) or HDAC6 siRNA for 24 h. After treatment,
microtubules were depolymerized by incubating the cells on ice for 45 min. Then cells were incubated with prewarmed medium at 37 °C in an incubator for
different time intervals and then fixed and processed for immunostaining with antibodies against �-tubulin (green) and acetylated tubulin (red). The status of
microtubules and their acetylation level in cells at 0, 20, and 40 min is shown. Scale bars, 10 �m.

FIGURE 8. Tubastatin A and TSA increased the binding of HDAC6 with interphase microtubules in MCF-7 cells. A, cells treated with vehicle, 30 �M

tubastatin A (TBA), or 240 nM TSA for 24 h and fixed and processed to visualize microtubules (red) and HDAC6 (green). Scale bar, 20 �m. B, Western blot analysis
of HDAC6 bound with the polymeric fraction of tubulin in cells. MCF-7 cells were treated with vehicle, 240 nM TSA, or 30 �M tubastatin A for 24 h. The polymeric
fraction of tubulin was isolated and probed with antibodies against �-tubulin and HDAC6. C, histogram showing the percentage increase in the binding of
HDAC6 with polymeric tubulin after treatment of cells with tubastatin A and TSA with respect to control as quantified from B. Data are average of five
independent set of experiments and represent mean � S.D. (error bars). *, p � 0.001.
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ensmicrotubuledynamicsand increasesmicrotubule stability.We
did not observe any increase in the microtubule stability when
HDAC6 was depleted from the cells, which further corroborates
with the idea that the physical interaction of catalytically inactive
HDAC6 is important for microtubule stability.
Does HDAC6 Act as a Microtubule-associated Protein

(MAP)?—It is now becoming increasingly evident that several
of the microtubule-associated proteins that were previously
known to have one particular function have multiple roles and
function differently under different conditions. For instance, sev-
eral kinesins whose sole function was thought to be to carry the
cargo have now been shown to regulate microtubule dynamics
independently of their motor functions (39). Recently, LC8, a
light chain of cytoplasmic dynein, has been found to promote
tubulin polymerization and to stabilize interphase microtubule
network in cells (40). In another study, it was shown that
�TAT1, an �-tubulin acetyltransferase, destabilizes microtu-
bules and accelerates microtubule dynamics in mammalian
cells (41). Interestingly, the microtubule dynamics regulating
function of �TAT1 is independent of its tubulin acetylation
activity as �TAT1 mutant lacking acetyltransferase activity is
equally effective in regulating microtubule dynamics as its wild
type counterpart (41). These studies indicate unconventional
roles of some MAPs that extend beyond their catalytic func-
tions. This work indicated that in addition to its deacetylase
function, HDAC6 might function as a MAP that regulates
microtubule dynamics under certain conditions.
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