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The epithelial-to-mesenchymal transition (EMT) is a process
by which differentiated epithelial cells reprogram gene expres-
sion, lose their junctions and polarity, reorganize their cytoskel-
eton, increase cell motility and assume a mesenchymal mor-
phology. Despite the critical functions of the microtubule (MT)
in cytoskeletal organization, how it participates in EMT induc-
tion and maintenance remains poorly understood. Here we
report that acetylated �-tubulin, which plays an important role
in microtubule (MT) stabilization and cell morphology, can
serve as a novel regulator and marker of EMT. A high level of
acetylated �-tubulin was correlated with epithelial morphology
and it profoundly decreased during TGF-�-induced EMT. We
found that TGF-� increased the activity of HDAC6, a major
deacetylase of �-tubulin, without affecting its expression levels.
Treatment with HDAC6 inhibitor tubacin or TGF-� type I
receptor inhibitor SB431542 restored the level of acetylated
�-tubulin and consequently blocked EMT. Our results demon-
strate that acetylated �-tubulin can serve as a marker of EMT
and that HDAC6 represents an important regulator during
EMT process.

The epithelial-to-mesenchymal transition (EMT)2 describes
a phenomenon in which epithelial cells lose polarity and inter-
cellular contacts, and meanwhile gain mesenchymal properties
such as increased migratory capacity and production of extra-
cellular matrix protein (1). This transient and reversible process
can be classified into three subtypes, depending on the biolog-

ical and functional setting in which it occurs. Type 1 EMT
underlies the generation of secondary epithelia and is critical
during embryogenesis and organ development. The formation
of fibroblasts during wound healing and fibrosis is considered a
second distinct EMT subtype, while type 3 EMT is character-
ized by the transformation of epithelial cells into the invasive
metastatic mesenchymal cells that underlie cancer progression
(2). A hallmark of EMT is loss of tight junctions, desmosomes,
adherent junctions and gap junctions (3). All this events trigger
redistribution of key molecules, disruption of the polarity com-
plex, and cytoskeletal reorganization.

EMT can be induced or regulated by various growth factors,
among which TGF-� has been well documented as a major
inducer of EMT during embryogenesis, cancer progression and
fibrosis (4 – 6). Activation of the TGF-� signaling pathway
begins from TGF-� binding to and activation of the receptor
complex on the cell surface, which consists of two type I and
two type II transmembrane serine/threonine kinase receptors.
After the type II receptor phosphorylate the type I receptor, the
type I receptor phosphorylates cytoplasmic Smad2/3 transcrip-
tion factors. Phosphorylated Smad2/3, together with Smad4,
translocate to the nucleus and interact with transcription
factors, co-activators and/or co-repressors (7, 8). In addition to
inducing growth inhibitory genes, Smad-dependent transcrip-
tional program potently represses epithelial genes (e.g. E-cad-
herin and zonula occludens-1) and activates mesenchymal genes
(e.g. N-cadherin and �-smooth muscle actin) (9). Furthermore,
cross-talks among TGF-�, PDGF, Wnt, and Notch signaling
pathways have been shown to contribute to EMT (2, 5, 6).

Microtubules (MTs) are the largest cytoskeletal components,
which are not only involved in cell division, but that also con-
tribute to many features of intracellular transport, organelle
positioning, cell shape, and cell motility (10). �-Tubulin acety-
lation was first reported in 1983 (11) and later the N-terminal
lysine-40 was identified as a acetylation site (12). Acetylation of
�-tubulin is carried out by several reported histone acetyltrans-
ferases (13), and the major �-tubulin acetylase is MEC-17/
aTAT (14). Like histone acetylation, tubulin acetylation is
reversible. Two tubulin deacetylases HDAC6 and Sirtuin2 have
been identified (15–17). Even though acetylation was one of the
earliest tubulin post-translational modifications identified, its
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effects on cellular physiology have not been investigated clearly
yet. A previous study reported that TGF-�-induced EMT is
accompanied by HDAC6-dependent deacetylation of �-tubu-
lin in lung adenocarcinoma A549 cells (18). Yet, it is unknown
whether �-tubulin acetylation can serve as a marker in EMT in
other types of epithelial cells and whether it plays an active role
in EMT. Moreover, it is critical to identify the general mecha-
nism underlying how TGF-� regulates HDAC6-dependent
deacetylation of �-tubulin.

The current study sought to investigate the role of acetylated
�-tubulin in TGF-�-induced EMT in mammary epithelial cells.
We showed that acetylated �-tubulin occurs in immortalized
mammary epithelial MCF-10A and NMuMG cells, but not in
mesenchymal cell types such as fibroblasts or myoblasts.
TGF-� induces a decrease in acetylated �-tubulin in mammary
epithelial cells through activation of HDAC6, which could be
blocked by inhibition of TGF-� receptor or directly tubacin or
even paclitaxel. More interestingly, forced expression of acety-
lation-mimicking mutant of �-tubulin could block EMT, sug-
gesting an active and direct role of �-tubulin in mediating EMT.
Therefore, our results demonstrate that acetylated �-tubulin
not only can serve as a marker for EMT, but also contributes to
maintenance of epithelial cell shape.

Experimental Procedures

Antibodies, Reagents, and Plasmids—Antibodies against
acetyl-�-tubulin (#T7451), �-tubulin (#T6793) and GAPDH
(#G8795) were purchased from Sigma-Aldrich. Antibodies
against E-cadherin (#3195), Vimentin (#5741), HDAC6
(#7558), p-Smad3 (#9520), Smad3 (#9523), acetyl-Histone H3
(#4499), acetyl-Histone H3 (Lys-9) (#9649), acetyl-Histone H3
(Lys-14) (#7627), acetyl-Histone H3 (Lys18) (#13998) and
acetyl-Histone H3 (Lys-56) (#4243) were purchased from Cell
Signaling Technology. Antibodies against ZO-1 (#21773, Invit-
rogen), N-cadherin (#1610920, BD Biosciences), MEC-17
(ab58742, Abcam), and Sirt2 (SC-28298, Santa Cruz Biotech-
nology) were also used.

Recombinant TGF-� (Stem RD), insulin (Invitrogen), human
vascular endothelial growth factor (VEGF; BBI), human plate-
let-derived growth factor-BB (PDGF-BB; BBI), tumor necrosis
factor-� (TNF-�; Sigma-Aldrich), and epidermal growth factor
(EGF; Sigma-Aldrich) were utilized per manufacturers’ instruc-
tion and described in the report. T�RI inhibitor SB431542,
nicotiamide (Nico), and trichostatin A (TSA) were obtained
from Sigma-Aldrich, while tubacin, nocodazole (NDL), and
paclitaxel (PTX) were from Selleck Chem.

Cell Cultures and Transfection—MCF-10A cells were cul-
tured in DMEM/F12 medium (Corning) supplemented with 5%
horse serum (Invitrogen), insulin (10 �g/ml), EGF (20
ng/ml), cholera toxin (100 ng/ml) (Sigma-Aldrich), and
hydrocortisone (0.5 �g/ml) (Sigma-Aldrich), and penicillin
(50 units/ml) and streptomycin (50 �g/ml) at 37 °C in
humidified incubator with 5% CO2. NMuMG cells were
maintained in DMEM supplemented with 10% fetal bovine
serum (FBS) (Invitrogen), 10 �g/ml insulin, and antibiotics.
L929, A549, and C3H10T1/2 cells were maintained in
RPMI1640 (Corning) with 10% FBS. C2C12 cells were main-
tained with DMEM supplemented with 10% FBS. MCF-10A

cells were transfected with X-tremeGENE (Roche Applied
Science) and HEK293T cells with PEI (Polyscience).

Lentivirus Production and Stable Cell Line Generation—
HDAC6 cDNA was subcloned into lentiviral vector pWPI-
puro. For knocking down HDAC6, a shRNA against HDAC6
[sense: CCGGGCCTACGAGTTAACCCAGAACTCGAGTT-
CTGGGTTAAACTCGTAGGCTTTTTG; antisense: AATT-
CAAAAAGCCTACGAGTTTAACCCAGAACTCGAGTTC-
TGGGTTAAACTCGTAGGC] was cloned in lentiviral vector
pLKO.1-shRNA-puro according to standard methods. Lentivi-
ral vector plasmids were transfected into HEK293T cells
together with packaging plasmid psPAX2 and envelope plas-
mid pMD2.G. After 48 h, lentiviral supernatants were collected
and infected onto host cells. Stable cells were selected in the
presence of 1 ng/ml of puromycin (Sigma).

Western Blotting—Cells were incubated with TGF-� (2
ng/ml) or chemical inhibitors for the indicated time periods,
washed twice with ice-cold PBS and suspended in ice-cold lysis
buffer (50 mM Tris/HCl, 1% Triton X-100 pH 7.4, 1% sodium
deoxycholate, 0.1% SDS, 0.15% NaCl, 1 mM EDTA, 1 mM

sodium orthovanadate) containing a protease inhibitor mixture
(Sigma-Aldrich). The protein concentration was determined
using the Bradford assay (Bio-Rad). Protein were solubilized in
a sample buffer at 95 °C for 5 min and resolved by 10% SDS-
PAGE. For immunoblotting, proteins were electro-transferred
onto a PVDF membrane and blocked with 5% nonfat milk in
TBS-0.10% Tween 20 (TBST) at room temperature for 1 h.
Then, the membrane was incubated with primary antibody at
4 °C overnight. After washing (TBST) and subsequent blocking,
the blot was incubated with HRP-conjugated secondary anti-
body (1:10000, Sigma-Aldrich) for 1 h at room temperature.
After washing, antibody binding was detected with the ECL
detection reagent (Thermo Fisher).

RT-PCR Analysis—Total RNAs were obtained by TRIzol
method (Invitrogen). RNAs were reverse-transcribed to com-
plementary DNA using the PrimeScript� RT reagent kit
(TaKaRa). Quantitative reverse transcriptase (qRT)-PCR was
performed on an ABI PRISM 7500 Sequence Detector System
(Applied Biosystems) using gene-specific primers and SYBR
Green Master Mix (Invitrogen). For the amplification the
following primers were used (5�-�3�): h-N-cadherin, ACCAG-
GTTTGGAATGGGACAG (forward) and GAGCATACAGC-
CCCATCACT (reverse); h-fibronectin, TGAAAGACCAGC-
AGAGGCATAAG (forward) and CTCATCTCCAACGGCA-
TAATGG (reverse); h-SNAI1–1, TCGGAAGCCTAACTAC-
AGCGA (forward) and AGATGAGCATTGGCAGCGAG;
h-b-actin, CAAAGTTCACAATGTGGCCGAGGA (forward)
and GGGACTTCCTGTAACAACGCATCT. (reverse).

Confocal Laser Scanning Microscopy—For immunostaining,
cells were cultured on glass cover slips with or without 2 ng/ml
of TGF-� for various time periods as indicated in the figure
legends. After washing twice with PBS, cells were incubated
with 4% PFA for 15 min and then incubated with 5% normal
goat serum/1� PBS/0.3% Triton for 1 h at room temperature.
Then, the cells were exposed to primary antibody at 4 °C over-
night, rinsed three times with PBS and incubated with Alexa
Fluor 488 or Alexa Fluor 546 goat anti-rabbit antibody (1:1000,
Invitrogen) or donkey anti-mouse antibody (1:1000, Invitro-
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gen) for 1.5 h at room temperature. For F-actin staining, cells
were incubated with rhodamine-phalloidin (1:1000, Molecular
Probes, Eugene, OR) for 40 min in the dark. After three washing
steps, all the slides and coverslips were mounted with ProLong
Gold antifade with DAPI reagent (Invitrogen).

Transwell Assays—The Transwell assay was performed using
Transwell inserts (BD Bioscience). The inserts with 8.0 �m
pore size were then washed with serum-free DMEM, and 100 �l
of complete cell culture medium with 1 � 105 cells were seeded
onto the insert. We then added 500 �l of complete cell culture
medium into the well underside of the insert for 24 h at 37 °C
and 5% CO2. After 8 h incubation, cells were fixed, stained with
DAPI for 10 min and microscopically analyzed as described.

Wound Healing Assay—For wound healing assays, confluent
cell cultures were uniformly scraped with a pipette tip across a
24-well plate. Following wounding, culture medium was
replaced with fresh medium, and cells were exposed to 2 ng/ml
of TGF-� for the indicated time periods.

HDAC6 Activity Assay—HDAC6 protein was immunopre-
cipitated from MCF-10A cells using specific antibody against
HDAC6 and was incubated with a HDAC colorimetric sub-
strate that comprises an acetylated lysine side chain to deter-
mine HDAC6 activity. For immunoprecipitation, cells (5 � 107)
were incubated in 1 ml of lysis buffer (20 mM Tris, pH 7.5, 137
mM NaCl, 1.5 mM, 2 mM EDTA, 10% glycerol, 1% Triton X-100,
1 mM phenylmethylsulfonyl fluoride, 10 �g/ml leupeptin, and
10 �g/ml aprotinin) on ice for 10 min. Cell lysates were soni-
cated and centrifuged at 13,000 � g for 10 min at 4 °C. Super-
natants were incubated with antibodies against HDAC6 at 4 °C
overnight. Immunocomplexes were recovered by incubation
with 40 �l of 25% protein A/G-Sepharose. Immunocomplex
beads were washed twice with lysis buffer, dissolved in 1% SDS
lysis buffer, and subjected to HDAC6 enzymatic activity
assay using a commercial kit (BioVision). According to the
manufacturer’s instruction, HDAC6 proteins precipitated from
MCF-10A cells were incubated with a HDAC colorimetric sub-
strate at 37 °C for 3 h to deacetylate the substrates. The assay
was the stopped by the addition of 10 �l of lysine developer and
was incubated at 37 °C for 30 min to produces a chromophore.
Samples were read using an ELISA plate reader at a wavelength
of 405 nm.

Statistical Analysis—Data are provided as means � S.E., n
represents the number of independent experiments. Data were
tested for significance using unpaired Student’s t test or
ANOVA as appropriate. Differences were considered statisti-
cally significant when p values were � 0.05. Statistical analysis
was performed with GraphPad InStat version 3.00 for Windows
XP, GraphPad Software.

Results

Acetylated �-Tubulin Decreases during TGF-�-induced
EMT—Acetylation of �-tubulin is known to be associated with
microtubule stability (12, 19, 20). To investigate the role of
acetylated �-tubulin in EMT, we compared the levels of acety-
lated �-tubulin in epithelial cells before and after TGF-� stim-
ulation as well as fibroblasts. MCF-10A cells, an immortalized
human mammary epithelial cell line, and NMuMG, an immor-
talized mouse mammary epithelial cell line, were employed.

Both cell lines have been demonstrated to undergo EMT upon
exposure to TGF-�. Upon 48 h of TGF-� stimulation, cells
began to lose their polarized epithelial cell morphology and
became scattered and spindle-like, resembling mesenchymal
cell morphology (Fig. 1A). Measurement of acetylated �-tubu-
lin by using Western blot analysis revealed that TGF-� treat-
ment decreased the level of acetylated �-tubulin in both MCF-
10A and NMuMG cells (Fig. 1B). The morphological and
molecular changes could be reversed by SB431542, a specific
inhibitor of TGF-� type I receptor. In contrast, neither mor-
phology nor down-regulation of acetylated �-tubulin occurred
after TGF-� treatment in various mesenchymal cell lines,
including L929, C3H10T1/2 and myoblasts C2C12 (Fig. 1, C
and D). Parallel comparison indicates that epithelial cells exhib-
ited higher acetyl-�-tubulin level than mesenchymal cells. For
instance, TGF-� treatment decreased acetyl-�-tubulin in
MCF-10A cells to a level comparable to that in C2C12 cells (Fig.
1E). In accordance, confocal laser scanning microscopic analy-
sis revealed that both acetyl-�-tubulin, while significantly
reduced, and �-tubulin rearranged in MCF-10A cells upon
TGF-� treatment, whereas no such TGF-� effects were
observed in C2C12 cells (Fig. 1F). To ensure all the cell lines
tested were normally responsive to TGF-�, we measured TGF-
�-induced Smad3 phosphorylation and subsequent transcrip-
tion of EMT markers. TGF-� could induce rapid activation of
Smad3 in both MCF-10A and C2C12 cells. But the EMT
marker expression and �-tubulin acetylation changed only in
epithelial cell MCF-10A (Fig. 1G).

EMT is a reprogramming process. Is it possible that
decreased acetylation of proteins is a general event during the
process? We thus examined whether other acetylated proteins
were subject to change in epithelial cells. Because histones are
frequently acetylated in cells, we analyzed the global level of
Histone H3 acetylation. As shown in Fig. 2, acetylated Histone
H3 remained unchanged in MCF-10A, NMuMG, and A549
cells upon TGF-� treatment. Taken together, these results sug-
gested that decrease in the global level of acetylated �-tubulin,
but not histones, is associated with TGF-�-induced EMT.

Loss of Acetylated �-Tubulin Is a Common Feature during
EMT—EMT can be induced by many extracellular ligands (4).
Thus, we sought to determine whether acetylated �-tubulin
decreased during EMT induced by other cytokines. When stim-
ulated by TNF�, PDGF-BB, VEGF, or EGF, cells underwent
EMT and gained mesenchymal morphology to various degree
(Fig. 3A). Meanwhile, the level of acetylated �-tubulin
decreased as did the other epithelial markers such as E-cad-
herin and ZO-1, whereas N-cadherin and Vimentin were up-
regulated (Fig. 3B). Interestingly, the degree of �-tubulin
deacetylation was correlated with that of mesenchymal mor-
phology. These data indicate that �-tubulin deacetylation may
be as a general marker of EMT.

High Levels of �-Tubulin Acetylation Block EMT—We next
investigated whether decreased �-tubulin acetylation is essen-
tial for initiating/maintaining EMT. To this end, cells were
treated with tubacin, which has been reported as �-tubulin
acetylation inducer (21), prior to TGF-� treatment As shown in
Fig. 4A, Western blotting analysis revealed that tubacin blocked
TGF-�-induced down-regulation of E-cadherin and ZO-1 as
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well as up-regulation of Vimentin and N-cadherin. The effect of
tubacin was similar as that of pretreatment with SB431542.
PTX could also induce �-tubulin acetylation, blocked E-cad-
herin expression, but has detrimental effect on ZO-1 expres-
sion regardless of TGF-� stimulation (Fig. 4A). MT destabilizer
NDL, the Sirtuin inhibitor nicotiamide (Nico) and the general
HDAC inhibitor TSA did not exhibit any effect on EMT. These
results were further supported by morphological assessment as
shown in Fig. 4B. In the presence of tubacin or SB43154, MCF-
10A cells retained typical epithelial morphology after TGF-�

treatment, whereas PTX, NDL, and Nico did not prevent MCF-
10A cells to gain TGF-�-induced spindle-like mesenchymal
morphology.

To distinguish whether it is the high level of acetylated �-tu-
bulin, which is maintained by tubacin treatment, or nonspecific
effect of tubacin that prevents EMT, we took advantage of tubu-
lin-K40Q (18), a �-tubulin acetylation-mimicking mutant.
Cells expressing tubulin-K40Q were unable to undergo EMT,
as the levels of either epithelial markers E-cadherin and ZO-1
or mesenchymal markers Vimentin and N-cadherin remained

FIGURE 1. Level of acetylated �-tubulin is decreased in TGF-�-induced EMT. A, TGF-� induces EMT in MCF-10A and NMuMG cells. Cells were treated with
TGF-� (2 ng/ml) 48 h and/or SB431542 (5 �M), and then examined under microscope. B, TGF-� decreases the level of acetyl-�-tubulin in MCF-10A and NMuMG
cells. Cells were treated with TGF-� (2 ng/ml) 48 h and/or SB431542 (5 �M), and then analyzed by using specific antibodies recognizing acetyl-�-tubulin,
�-tubulin, and GAPDH. C, TGF-� exhibites no effect on morphology of L929, C3H10T1/2, and C2C12 cells. Cells were treated similarly as described in A. D, TGF-�
does not decrease the level of acetyl-�-tubulin in L929, C3H10T1/2 and C2C12 cells. Cells were treated similarly as described in C and Western blotting as in B.
E, TGF-� decreases the level of acetyl-�-tubulin in MCF-10A, but not C2C12 and NIH-3T3 cells. Immunoblotting analysis of acetyl-�-tubulin and GAPDH in
MCF-10A, C2C12, and NIH-3T3 cells was done as described in B. F, TGF-� decreases the level of acetyl-�-tubulin in MCF-10A, but not C2C12 cells. Cells were
treated with 2 ng/ml TGF-� (48 h), immunostained with specific antibodies for acetyl-�-tubulin or �-tubulin, and analyzed under confocal laser scanning
microscopic as described under “Experimental Procedures.” Magnification 100�. G, immunoblotting analysis of E-cadherin, ZO-1, vimentin, N-cadherin,
HDAC6, P-Smad3, Smad3, acetyl-�-tubulin, �-tubulin, and GAPDH. MCF-10A and C2C12 cells were stimulated with 2 ng/ml of TGF-� for the indicated time
periods.
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unchanged upon TGF-� treatment. In sharp contrast, TGF-�-
induced EMT took place in cells transfected with �-tubulin WT
or an acetylation-resistant tubulin mutant (tubulin-K40R) (Fig.
5A). qRT-PCR analysis further supported that expression of
tubulin-K40Q, but not tubulin-WT or tubulin K40R, signifi-
cantly attenuated the TGF-�-induced up-regulation of mRNAs
of N-cadherin, Fibronectin and Snail-1 (Fig. 5B). Expression of
other EMT markers was also blocked in different degrees (data
not shown). Furthermore, the effect of tubulin-K40Q on EMT
was not related to cell cycle dysfunction (data not shown).
Thus, excessive acetylation of �-tubulin prevented EMT.
Taken together, these findings suggested that �-tubulin de-
acetylation probably ensures the onset of EMT.

TGF-� Increases the Activity of HDAC6 —The balanced of
�-tubulin acetylation is maintained by its acetylases and
deacetylases. It has been well documented that HDAC6 and

Sirtuin2 are tubulin deacetylases (15–17), whereas MEC-17/
aTAT is the major �-tubulin acetylase (14). Having established
that the �-tubulin acetylation level is reduced in TGF-�-in-
duced EMT, we asked whether TGF-� achieved this through
regulating �-tubulin acetylases or deacetylases. We found that
neither the mRNA nor the protein levels of those enzymes were
altered by TGF-� (Fig. 6A; data not shown). Interestingly, the
HDAC6 activity was significantly increased after 24 h of TGF-�
treatment (Fig. 6B). TGF-�-induced increase in the HDAC6
activity could be blocked by SB431542, suggesting that it was
achieved through the TGF-� receptors (Fig. 6C). The increase
was also similar to that in cells transfected with HDAC6 cDNA;
meanwhile knockdown of HDAC6 expression led to an obvious
decrease in its activity (Fig. 6D). These data might implicate
that TGF-� increased HDAC6 activity to downregulate �-tu-
bulin acetylation.

To further elucidate the mechanism how TGF-� increases
HDAC6 activity, we sought to determine whether this increase
requires new protein synthesis. As shown in Fig. 6E, treatment
of actinomycin D (ActD) and cycloheximide (CHX), like
SB431542, completely abolished TGF-�-increased HDAC6
activity. Because Smad proteins are the central effectors for
TGF-� signaling, we determined the role of Smads in regulating
HDAC6 activity. In our assays, we found that TGF-� could
increase the HDAC6 activity in epithelial cell lines tested,
including MCF-10A (Fig. 6, B–E), HME (Fig. 6F), and HaCaT
(data not shown). Interestingly, knockdown of Smad3 rendered
HME cells unresponsive to TGF-�-induced HDAC6 activity
(Fig. 6G). Likewise, TGF-� no longer induced HDAC6 activity
in Smad4�/� HaCaT cells (Fig. 6H). These data suggest that
TGF-� increases HDAC6 activity in a manner dependent of the
intact TGF-� signaling pathway.

Increased Expression of HDAC6 Induces EMT—To further
examine the function of HDAC6 in EMT, we established MCF-
10A cell lines that stably expressed HDAC6 or stably knocked
down HDAC6. Forced expression of HDAC6 enabled the cells

FIGURE 2. Global levels of Histone H3 acetylation are not decreased in
TGF-�-induced EMT. MCF-10A, A549, and NMuMG cells were exposed to
TGF-� (2 ng/ml, 48 h) in the presence of absence of SB431542 (5 �M, prior 2 h �
additional 48 h). Acetyl-Histone H3 (lys9) or H3K9Ac, H3K14Ac, H3K18Ac,
H3K56Ac, Histone H3, acetyl-�-tubulin, and GAPDH were examined by
immunoblotting.

FIGURE 3. Level of acetylated �-tubulin is decreased in EMT induced by multiple growth factors. A, immunoblotting analysis of E-cadherin, ZO-1,
Vimentin, N-cadherin, acetyl-�-tubulin, and �-tubulin in MCF-10A cells. Cells treated with TGF-� (2 ng/ml), or TNF� (10 ng/ml), PDGF-bb (50 ng/ml), VEGF (50
ng/ml) or (EGF 100 ng/ml). B, morphology of MCF-10A cells. Culture conditions were the same as those in A.
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FIGURE 4. Inhibition of �-tubulin acetylation or disruption of its stability blocks EMT. A, immunoblotting analysis of E-cadherin, ZO-1, Vimentin, N-cadherin,
acetyl-�-tubulin, and�-tubulin in MCF-10A cells. Cells were treated with SB431542 (5�M), Tubacin (5�M), Paclitaxol (PTX) (5 nM), Nocodazol(NDL) (5nM),TSA(50ng/liter),
or Nicotiamide (Nico) (10 mM), followed by co-incubation with TGF-� (2 ng/ml). B, morphology of MCF-10A cells. Culture conditions were the same as those in A.

FIGURE 5. An acetylation-mimicking mutant of �-tubulin attenuates TGF-�-induced EMT. A, immunoblotting analysis of E-cadherin, ZO-1, Vimentin,
N-cadherin, acetyl-�-tubulin, and �-tubulin in MCF-10A cells. MCF-10A cells were transfected to express wild type (WT), K40Q, or K40R mutant of �-tubulin.
Cells were then treated with 2 ng/ml of TGF-� in the presence or absence of 5 �M of SB431542. GFP-tubulin and endogenous �-tubulin were indicated by
arrows. B, K40Q mutant decreases TGF-�-induced expression of N-cadherin. MCF-10A cells infected with lentiviruses harboring �-tubulin WT, K40Q, or K40R
were treated with TGF-� (2 ng/ml) 48 h. Total RNAs were isolated from treated cells and the N-cadherin mRNA levels were analyzed by using qRT-PCR. **, p �
0.01. C, K40Q mutant decreases TGF-�-induced expression of Fibronectin. qRT-PCR analysis was done as described in panel B. *, p � 0.05. D, K40Q mutant
decreases TGF-�-induced expression of Snail-1. qRT-PCR analysis was done as described in panel B. *, p � 0.05.
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to lose polarity and intercellular contacts and gain typical mes-
enchymal morphology, while GFP-expressing control and shH-
DAC6 cells retained epithelial morphology (Fig. 7A). The
molecular changes associated with EMT were also observed in
HDAC6-expressing cells, which exhibited lower levels of
E-cadherin and ZO-1 expression as well as higher levels of
Vimentin and N-cadherin than GFP cells or shHDAC6 cells. In
consistence, the level of acetylated �-tubulin decreased in
HDAC6 cells, but increased in shHDAC6 cells (Fig. 7B). These
results were further supported by confocal laser scanning
microscopy showing that E-cadherin disappeared, Vimentin
increased and actin cytoskeleton rearranged in HDAC6-ex-
pressing cells (Fig. 7C).

To this end, we assessed the migratory capacity of HDAC6-
expressing cells by using wound healing assay and transwell
assay. As shown in Fig. 7D, treatment with TGF-� resulted in
increased cell motility in HDAC6-expressing MCF-10A cells,

but had little or no effect in GFP control cells and shHDAC6
cells. In line with this finding, the transwell assay confirmed
that increased invasive capacity was observed in HDAC6-ex-
pressing MCF-10A cells (Fig. 7E). We concluded that an appro-
priate expression level of HDAC6 is critical for EMT, cell motil-
ity, and cell invasiveness.

Discussion

EMT plays a critical role in development of many tissues and
organs in the developing embryo. It is also a recognized process
involved in wound healing, organ fibrosis and the initiation of
metastasis for cancer progression. Important traits of EMT
include loss of epithelial cell polarity, cytoskeletal rearrange-
ment, and gain of mesenchymal characteristics (3). It has been
well established that in TGF-�-induced EMT, Smads induce
gene reprogramming through direct activation of EMT tran-
scription factors and their subsequent cooperation in control-

FIGURE 6. TGF-� increases the activity of HDAC6. A, TGF-� and SB431542 have no effects on the mRNA levels of HDAC6 in MCF-10A cells. MCF-10A cells were
treated with TGF-� (2 ng/ml) or SB431542 (5 �M) for 48 h. Total RNAs were isolated from treated cells and the HDAC6 mRNA levels in the treated cells were
analyzed by using qRT-PCR. *, p � 0.05. B, TGF-� activates HDAC6 in MCF-10A cells. MCF-10A cells were treated with 2 ng/ml of TGF-� for the indicated time
periods. Measurement of HDAC6 activity in cell lysates was carried out by using ELISA-based enzymatic assay as described under “Experimental Procedures.”
C, TGF-�-induced HDAC6 activation is inhibited by SB431542 in MCF-10A cells. Measurement of HDAC6 activity was done as described in panel B. D, TGF-�
activates HDAC6 in MCF-10A cells. MCF-10A cells stably expressing GFP (control), HDAC6 or shHDAC6 were treated with 2 ng/ml of TGF-� (48 h). Measurement
of HDAC6 activity was done as described in panel B. E, TGF-�-induced HDAC6 activation is inhibited by SB431542, ActD and CHX in MCF-10A cells. MCF-10A cells
were treated with SB431542, ActD and CHX for 48 h. HDAC6 activity was measured as described in panel B. F, TGF-� activates HDAC6 in HME cells. HME cells
were treated with 2 ng/ml of TGF-� for the indicated time periods. HDAC6 activity was measured as described in panel B. G, TGF-�-induced HDAC6 activation
is inhibited by Smad3 knockdown in HME cells. HME cells stably expressing an shRNA against Smad3 were treated with 2 ng/ml of TGF-� for the indicated time
periods. HDAC6 activity was measured as described in panel B. Right, knockdown of Smad3 in HME was shown by Western blotting using indicated antibodies.
H, TGF-�-induced HDAC6 activation is inhibited by Smad4 knock out in HaCaT cells. HaCaT cells with the Smad4 gene ablated were treated with 2 ng/ml of
TGF-� for the indicated time periods. HDAC6 activity was measured as described in panel B. Right, knock-out of Smad4 in HaCaT was shown by Western blotting
using indicated antibodies.
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ling transcription of target genes associated with EMT (6).
There are many well-characterized gene markers associated
with key events of EMT, including loss of epithelial or gain of
mesenchymal morphology. Components of tight junctions,
epithelial adhesions, and polarity proteins that are associated

epithelial morphology are often downregulated during EMT.
For instance, E-cadherin, ZO-1 is commonly indicative of epi-
thelial phenotype and becomes remarkably lost. On the con-
trary, typical mesenchymal markers such as Vimentin,
fibronectin, and transcription factors Twist, FoxC2, Snail1/2,

FIGURE 7. Increased expression of HDAC6 induces EMT. A, morphology of MCF-10A cells stably expressing GFP (control), HDAC6, or shHDAC6. Cells were
examined under a fluorescence microscope. Top, bright field; bottom, GFP fluorescence. B, HDAC6 induces EMT marker expression. MCF-10A cells stably
expressing GFP (control), HDAC6 or shHDAC6 were subject to immunoblotting analysis using antibodies against E-cadherin, ZO-1, vimentin, N-cadherin,
HDAC6, P-Smad3, Smad3, acetyl-�-tubulin, and �-tubulin. C, decreased acetyl-�-tubulin is correlated with EMT marker gene expression. Confocal laser
scanning microscopy was used to analyze the levels of E-cadherin, vimentin, actin, acetyl-�-tubulin, and �-tubulin. Magnification 100�. D, HDAC6 promotes
cell motility. Confluent monolayer of MCF-10A cells were scratched with a pipette tip to create a cell-free area. 24 h after addition of TGF-� (2 ng/ml), the wound
closure was recorded by microphotography of the same region (Left). Quantification of cell motility (Right) was done by measuring the distance between the
invading front of cells in three random selected microscopic fields for each condition and time point. The degree of motility is expressed as percentage of
wound closure as compared with untransfected cells. E, HDAC6 promotes cell invasiveness. MCF-10A cells were cultured in the Transwell culture chambers
with an 8-�m pore-size polycarbonate filter according to the manufacturer’s instructions. 24 h later, invaded cells that were attached to the lower surface of the
filter were stained with DAPI. The slices were imaged (Left). Quantification (Right) was by counting cell number in the lower surface. The degree of invasiveness
is expressed as percentage of total cells seeded as compared with untransfected cells.
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and ZEB1/2 are often up-regulated during EMT. In addition to
transcriptional regulation, EMT is regulated at post-transcrip-
tional levels such as RNA splicing and non-coding RNAs.
Recent studies have shown that microRNAs in the miR-200
family, miR-101 and miR-506 are markedly downregulated
during EMT and also strong regulators of EMT through regu-
lating transcription factors involved in EMT (22–24). Similarly,
several lncRNAs are found to induce EMT, including HULC,
MALAT-1, H19, and HOTAIR (25–28). These genes and RNAs
are often recognized as markers for EMT.

Accompanied with reprogramming in gene expression, reor-
ganization of the cytoskeletal architecture and its remodeling
occurs in EMT, which enable cells to gain increased motility.
Among non-Smad signaling pathways activated by TGF-�, the
Rho-Rac-Cdc42 family GTPases are directly involved in the
induced actin contractility, a reorganization of the cytoskeleton
and dissolution of cell-cell contacts and the formation of stress
fibers (29 –31). Along with changes in actin contractility and
stress fibers during EMT, the microtubule cytoskeleton plays
an important role in epithelial basement membrane breakdown
(32) and mediating TGF-�/SMAD2 signals to control E-cad-
herin gene expression (33). Microtubules, as an important com-
ponent of the cytoskeleton, are mostly associated with cell
adhesion, cell motility, and cell polarity (34). Tubulin acetyla-
tion is one kind of post-translational modifications on tubulin,
which have been linked to MT stability (35). However, how
tubulin acetylation participates in EMT is not clear. In TGF-�-
induced EMT, knockdown or inhibition of HDAC6, a �-tubulin
deacetylase, renders aberrant EMT marker gene expression in
lung epithelial A549 cells (18). Reduced expression of HDAC6
also impairs the activation of SMAD3 in response to TGF-�
(18). Thus, the Shan et al. study suggests that HDAC6 is an
important regulator of TGF-�-induced EMT in lung epithelial
A549 cells.

We undertook a small-scale screen for epigenetic genes
involved in EMT. HDAC6 came out of the screen that could
induce EMT. Our extensive study further extends and expands
the finding by Shan (18) by revealing the following novel
aspects. First, �-tubulin deacetylation is associated with EMT
in mammalian epithelial cells and keratinocytes (data not
shown) in addition to lung epithelial A549 cells reported. In
MCF-10A and NMuMG cells, loss of �-tubulin acetylation is
apparent upon TGF-� treatment. Fibroblasts or myoblasts has
low levels of acetylated �-tubulin, which is not further altered
by TGF-� treatment. Ectopic expression of HDAC6 in MCF-
10A cells also triggers scattered and spindle-like mesenchymal
cell morphology, up-regulation in mesenchymal markers
Vimentin and N-cadherin, down-regulation in epithelial mark-
ers E-cadherin and ZO-1, actin and �-tubulin cytoskeleton
rearrangement and increased cell motility. Similar increased
cell motility is described in NIH-3T3 cells (16, 21). Secondly,
loss of acetylated �-tubulin is not restricted to EMT where
TGF-� is an inducer, but also associated with EMT induced by
other growth factors, suggesting that �-tubulin deacetylation is
a general marker for EMT. We reason that loss of �-tubulin
acetylation can be attributed to either loss of acetylases or gain
of HDAC6. Thirdly, we found that TGF-� does not change the
mRNA or the protein levels of HDAC6 and the opposing acety-

lase MEC-17. Interestingly, �-tubulin deacetylation is attrib-
uted to the increased activity of HDAC6. But how by TGF-�
increases the activity of HDAC6? We have found that HDAC6
activation requires new protein synthesis and the intact Smad
pathway. Of course, the detailed mechanism underlying this
TGF-�-induced Smad-dependent HDAC6 activation awaits
further investigation. Finally, it is intriguing that an acetylation-
mimicking mutant of tubulin-K40Q prevents EMT-associated
decrease in epithelial markers and increase in mesenchymal
markers (Fig. 5). This suggests that �-tubulin deacetylation is
not just a marker for EMT, but also plays a direct role in con-
trolling EMT, most likely through activation of Smad-mediated
transcription.

It is previously reported that Smad2/3 bind with �-tubulin in
the absence of TGF-� (36). Destabilization of MT dynamics can
lead to Smad-MT dissociation and subsequently enhances
TGF-�-induced Smad activation and transcriptional program
(36), whereas PTX (a MT destabilizer) attenuates TGF-� sig-
naling and lessens fibrosis that is often mediated by TGF-� (37).
However, it is not known whether the Smad-MT dissociation
plays a role in EMT. Since acetylated �-tubulin generally
increase MT stability, is it possible that loss of MT stability due
to reduced �-tubulin acetylation causes enhanced TGF-� sig-
naling, leading to EMT? Indeed, treatment of tubacin inhibits
the activity of HDAC6, which presumably increase MT stabil-
ity, and blocks TGF-�-induced EMT. The efficacy of tubacin is
similar to that of SB431542, an inhibitor of TGF-� type I
receptor.

In summary, HDAC6 is activated to deacetylate �-tubulin in
TGF-�-induced EMT in epithelial cells, thereby leading to
decreased MT stability (Fig. 8). This results in more Smad-MT
dissociation and thus Smad activation, suggesting that HDAC6
is a part of the MT-Smad regulatory loop. Indeed, the microtu-
bule cytoskeleton plays an important role in regulating TGF-�/
SMAD2 signals to control E-cadherin gene expression in MEE
during palatal fusion (33). Meanwhile, decreased MT stability
further facilitates cytoskeletal reorganization that accompanies
increased cell motility during EMT. Finally, the current finding
also suggest HDAC6 as a potential therapeutic target against

FIGURE 8. Working Model for TGF-�-induced EMT. In addition to the tran-
scriptional reprogramming during TGF-�-induced EMT, TGF-� induces
HDAC6 activity that converts acetyl-�-tubulin into �-tubulin. This deacetyla-
tion promotes cytoskeletal reorganization that favors EMT.
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cancer and fibrosis where pathological EMT represents a key
step in the disease progression.
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