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Histone deacetylase 6 (HDAC6) is a multifunctional, cytosolic protein deacetylase that primarily acts on a-

tubulin. Here we report that stable knockdown of HDAC6 expression causes a decrease in the steady-state 

level of receptor tyrosine kinases, such as epidermal growth factor receptor (EGFR) and platelet-derived 

growth factor receptor a, in A549 lung cancer cells. The decreased levels of in EGFR in HDAC6-knockdown 

cells, which correlated with increased acetylation of microtubules, were due to increased turnover of 

EGFR protein. Despite the decrease in EGFR levels, A549 cells lacking functional HDAC6 appeared to grow 

normally, probably due to increased expression of extracellular signal-regulated kinases 1 and 2. Indeed, 

HDAC6-knockdown cells were more sensitive than control cells to the MEK inhibitor U0126. These results 

suggest that HDAC6 inhibitors combined with inhibitors of growth factor signaling may be useful as can

cer therapy.

© 2008 Elsevier Inc. All rights reserved.
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Histone deacetylase 6 (HDAC6) has been identified as a cyto

plasmic deacetylase that associates with microtubules (MTs) and 

deacetylates a-tubulin [1–3]. Most mammalian cells possess two 

subsets of MTs: dynamic MTs with a half-life of minutes, and sta

ble MTs with a half-life of several hours [4]. A subset of the stable 

MTs is highly acetylated at the Lys40 e-amino group of a-tubulin 

[5,6]. Moreover, HDAC6-mediated a-tubulin deacetylation has 

been shown to destabilize dynamic MTs [2] and promote cell motil

ity [1,7], a process that has been linked to the prognosis of breast 

cancer [7]. Additionally, the activity of such molecular motors as 

dynein and kinesin-1 on MTs has recently been shown to be medi

ated by MT acetylation [8,9]; MT acetylation promotes anterograde 
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transport of the kinesin-1 cargo c-Jun N-terminal kinase-interact

ing protein 1 [8], whereas both anterograde and retrograde trans

port of brain-derived neurotrophic factor-containing vesicles has 

been shown to increase in response to HDAC6 inhibition [9].

HSP90 is another known substrate of HDAC6 [10,11]. The chap

erone activity of HSP90 is partially activated by HDAC6-mediated 

deacetylation and inactivation of HDAC6 leads to hyperacetylation 

of HSP90 and instability of some of its client proteins, such as ste

roid receptors and signaling protein kinases [10,11]. HSP90 also 

regulates the maturation and stability of some receptor tyrosine 

kinases (RTKs), including platelet-derived growth factor receptor 

a (PDGFRa) [12], and it has recently been demonstrated that inhi

bition of HDAC6 promotes dissociation of HSP90 from vascular 

endothelial growth factor receptor 1 or 2 and a reduction in the 

steady-state levels of these receptors [13]. These lines of evidence 

demonstrate that HDAC6-mediated HSP90 deacetylation modu

lates the steady-state levels or maturation of the client RTKs.

Despite the extensive cellular roles of HDAC6, a recent study of 

HDAC6 knockout mice demonstrated that HDAC6 is dispensable for 

many major biological processes such as the cell cycle and growth 

signal transduction [14]. In this paper, we analyzed the effects of 

HDAC6 knockdown on cell growth using A549 lung carcinoma 
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cells. Similar to the embryonic fibroblasts of HDAC6-null mice, 

HDAC6-deficient A549 cells showed normal cell growth. The lev

els of both epidermal growth factor receptor (EGFR) and PDGFRa, 

however, were reduced in response to the knockdown of HDAC6 

expression. Interestingly, upregulation of the levels of extracellu

lar signal-regulated kinases (ERKs) 1 and 2, which are downstream 

effectors of EGF signaling, was observed in HDAC6-silenced cells; 

this may provide a compensatory mechanism for survival in cancer 

cells lacking HDAC6.

Materials and methods

Reagents. Mouse anti-a-tubulin (B-5-1-2) and anti-acetylated 

(Ac-) a-tubulin (6-11B-1) antibodies were purchased from Sigma–

Aldrich. Rabbit anti-detyrosinated (Glu-) a-tubulin antibodies 

were a generous gift from Dr. T.H. MacRae (Department of Biol

ogy, Dalhousie University, Canada). Mouse anti-ubiq­uitin (P4D1), 

anti-EGFR (528, for immunoprecipitation), rabbit anti-EGFR (1005, 

for Western blotting), anti-PDGFRa, (951), anti-HDAC6 (H-300), 

anti-cyclin A (H-432), anti-CDK2 (M2), and anti-CDK4 (H-22) 

antibodies were obtained from Santa Cruz Biotechnology. Mouse 

anti-phospho-Tyr (PY20) and anti-p27Kip1 (57) antibodies were pur

chased from BD Biosciences. Mouse anti-phospho-p44/42 MAPK 

(phospho-ERK1/2, 9106) and rabbit anti-p44/42 MAPK (ERK1/2, 

9102) antibodies were obtained from Cell Signaling Technology. 

Mouse anti-transferrin receptor antibodies (H68.4) were pur

chased from Zymed Laboratories. Cycloheximide and AG1478 were 

obtained from Sigma-Aldrich and Calbiochem, respectively.

Cell culture and transfection. A549 human lung carcinoma cells 

were cultured in DMEM supplemented with 10% (v/v) heat-inacti

vated fetal calf serum (FCS). An established A549 cell line express

ing small-interfering RNA specific for HDAC6 was described previ

ously [15].

Immuno­precipi­tation and Western blot­ting. Cells were lysed in 

buffer containing 10 mM Tris–HCl (pH 7.4), 0.5% (w/v) Triton X-100, 

154 mM NaCl, and a protease inhibitor cocktail (Complete, Roche). 

The extracts were centrifuged for 20 min at 12,000g and the super

natants were used as cell lysates. The cell lysates were incubated 

with the indicated antibodies for 2 h at 4 °C. The immune com

plexes were precipitated with protein A/G-agarose (Santa Cruz Bio

technology) and washed thoroughly. To detect the proteins on the 

Western blots, the samples were subjected to immunodetection 

using the appropriate primary antibodies. Proteins were visualized 

using horseradish peroxidase-linked secondary antibodies and an 

enhanced chemiluminescence kit (GE Healthcare).

For EGF stimulation, cells were placed in 1% bovine serum 

albumin/DMEM for 12 h, incubated with 200 ng/ml recombinant 

human EGF (Sigma) for various lengths of time, washed with PBS, 

and then lysed as described above.

Quanti­tative RT-PCR. RNA was isolated using TRIzol reagent 

(Invitrogen) and reverse transcription was performed using a 

TaKaRa RNA PCR kit (AMV). Real-time PCRs were performed using 

qPCR MasterMix Plus for SYBR Green I Low ROX (Nippon Gene) 

and real-time detection of PCR products was carried out using 

an Applied Biosystems 7500 Real-time PCR system. GAPDH was 

used as the internal control to normalize the data. Primers spe

cific for ERK1, ERK2, and GAPDH were as follows: ERK1 sense, 59-
CTCGCGTGGCCATCAAG-39; ERK1 antisense, 59-GCGTGCGCTGGC 

AGTAG-39; ERK2 sense, 59-CGTGACCTCAAGCCTTCCA-39; ERK2 anti

sense, 59-GGCCAAAGTCACAGATCTTGAGA-39; GAPDH sense, 59-GCC 

AAGGTCATCCATGACAACT-39; and GAPDH antisense, 59-GAGGGG 

CCATCCACAGTCTT-39.
Cell cycle analysis and pro­liferation assay. For the cell cycle anal

ysis, cultured cells were fixed in 70% ethanol/PBS, pelleted and 

resuspended in buffer containing 100 lg/ml RNase A and 0.01 mg/

ml propidium iodide. The distribution of the cells throughout the 
cell cycle was analyzed using an EPICS XL flow cytometer (Beck

man Coulter).

To monitor proliferation, cells were seeded in triplicate into 96-

well plates at a density of 5000 cells/well. After 24 h in DMEM with 

0.2% FCS, the cells were exposed to 10% FCS, and the viable cells 

were counted at the indicated time points using a XTT Cell Prolif

eration Kit II (Roche). Plates were analyzed in a microtiter plate 

reader at 492 nm with a reference wavelength of 620 nm. The sensi

tivity of cells to U0126 (Wako Pure Chemicals) was estimated using 

the same kit. Cells were incubated with U0126 at various concen

trations for 4 days, and cell viability was measured. The IC50 value 

was calculated using the 50% cell survival rate compared with a 

control sample that did not contain the drug. Experiments were 

performed in triplicate.

Results and discussion

HDAC6 regulates the polymeri­zation of micro­tubules

Using a pharmacologic approach, we previously demonstrated 

that HDAC6 promotes instability of a dynamic pool of MTs [2]. To 

confirm this using an alternative approach, we first examined the 

polymerized/depolymerized ratio of MTs in cells in which HDAC6 

expression was stably knocked down (HDAC6-KD cells). As shown 

in Fig. 1A, the level of Ac-a-tubulin was significantly increased in 

HDAC6-KD cells compared to control cells (pS cells), whereas cells 

stably expressing wild-type HDAC6 (WT OP cells) reduced the 

degree of acetylation to an almost undetectable level. The ratios 

of polymerized MT versus depolymerized MTs in pS cells, HDAC6-

KD cells, WT OP cells, and cells stably expressing a catalytically 

inactive mutant of HDAC6 (DC OP cells) were determined using a 

cell fractionation method, as reported previously [2]. Interestingly, 

HDAC6-KD cells showed an approximately three-fold higher level 

of the polymer than that in pS cells, whereas the level in WT OP 

cells was approximately half of the pS level (Fig. 1B). DC OP cells 

showed a similar level of the polymer as that observed in pS cells. 

These results indicate that the enzymatically active HDAC6 reduced 

the bulk level of polymerized MTs. Furthermore, the amount of 

Glu-a-tubulin, a marker for stable MTs [6], was markedly increased 

in HDAC6-KD cells, which supports the idea that HDAC6 regulates 

MT stability (Fig. 1C).

HDAC6 defi­ciency pro­motes RTK instability in A549 cells

Because MT dynamics are closely related to cell proliferation, 

HDAC6-mediated deacetylation of MTs may affect cell growth. 

To gain insights into the relevance of HDAC6 for cancer cell pro

liferation, we analyzed the role of HDAC6 in growth control 

using HDAC6-KD cells. Flow cytometric analysis showed that 

knockdown of HDAC6 expression did not affect the distribution 

of A549 cells among the various phases of the cell cycle (Fig. 

2A). Indeed, the overall growth rate was similar in the pS and 

HDAC6-KD cells (Fig. 2B). The expression levels of such cell-cycle 

regulators as CDK2, CDK4, cyclin A, and p27Kip1 were almost 

unchanged in the HDAC6-KD cells (Fig. 2C). The EGFR level, how

ever, was markedly reduced in the HDAC6-KD cells (Fig. 2C). 

To test whether the decreased EGFR level correlated with the 

reduced level of HDAC6, we compared the amounts of HDAC6 

and EGFR in the early passages of the HDAC6-KD cells. As the pas

sage number increased, the HDAC6 level in HDAC6-KD cells grad

ually decreased, whereas the Ac-a-tubulin level increased (Fig. 

2D). Importantly, the EGFR level also decreased in a passage num

ber-dependent manner. On the other hand, the level of transfer

rin receptor, which is constitutively recycled [16], was constant 

throughout the passages. Moreover, the level of PDGFRa, which 

is known to be expressed in A549 cells [17], was also decreased 



86	 K. Kamem­ura et al. / Biochemical and Biophysical Research Communications 374 (2008) 84–89

W
T 

OP

DC O
P

pp
t

su
p

pS

pp
t

su
p

HDAC6-
KD

pp
t

su
p

pp
t

su
p

α-tubulin

1.00

3.00

0.45

1.15

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

W
T

 O
P

D
C

 O
PpS

R
el

at
iv

e
pp

t/s
up

 in
te

ns
ity

H
D

A
C

6-
K

D

pS H
D

A
C

6-
K

D

W
T

 O
P

D
C

 O
P

HDAC6

Ac-α-tubulin

α-tubulin

A

B

C

α-tubulin

Ac-α-tubulin

Glu-α-tubulin

pS H
D

A
C

6-
K

D

Fig. 1. Increase in polymerized microtubules in HDAC6-depleted cells. (A) Increase in acetylated a-tubulin (Ac-a-tubulin) in HDAC6-depleted cells. Whole cell lysates from 

control (pS) cells, stable HDAC6-knockdown (HDAC6-KD) cells, wild-type cells overexpressing HDAC6 (WT OP), or cells overexpressing catalytically inactive HDAC6 (DC OP) 

were immunoblotted for the indicated proteins. (B) Increase in polymerized microtubules due to the loss of HDAC6. Cells were treated with 5 lM paclitaxel and lysed. Total 

cell lysates were separated into the precipitates and supernatants by centrifugation at 16,000g and the fractions were immunoblotted for a-tubulin. The intensity of each 

band was quantified using densitometry (experiments were performed in triplicate) and the precipitate/supernatant ratios were determined. (C) Increase in detyrosinated 

(Glu-) a-tubulin in HDAC6-KD cells.
in the HDAC6-KD cells. To test whether the decreased level of 

EGFR in HDAC6-KD cells was due to protein degradation, we mea

sured the half-lives of the EGFR protein in the pS and HDAC6-KD 

cells. As shown in Fig. 2E, the half-life of the EGFR protein in the 

HDAC6-KD cells was shortened to approximately half of that in 

the pS cells (pS, t1/2 = 16.2 h; KD, t1/2 = 8.6 h), indicating that the 

decreased EGFR levels in HDAC6-KD cells are, at least in part, 

due to the instability of the EGFR protein. AG1478, a potent and 

selective EGFR kinase inhibitor, rescued EGFR from the degra

dation induced by EGF stimulation in HDAC6-KD cells (Fig. 2F). 

This result suggested that the downregulation of EGFR levels in 

HDAC6-KD cells is ligand-dependent.

There are two possible mechanisms by which RTK levels may 

have been downregulated in HDAC6-KD cells. First, because the 

stability of such RTKs as PDGFRa and EGFR has been shown to be 

reduced by HSP90 inhibition [12,18–20], the decrease in RTK lev

els in HDAC6-KD cells might be induced by increased acetylation 
of HSP90, which reduces the chaperon activity. Second, increased 

stability of the MTs may contribute to the decrease in RTK levels 

in HDAC6-KD cells; increased MT stability may accelerate the 

lysosomal degradation of the endocytosed RTKs through a facilita

tion of MT-based endosomal traf­fic. This idea is also supported by 

recent observations that acetylated MTs function as an effective 

track for vesicle transport in the endocytic pathway [8,9]. Although 

the mechanism underlying the reduced EGFR levels is still unclear, 

we wanted to address how the A549 cells can grow normally in the 

absence of wild-type levels of EGFR.

Com­pensation for the decreased RTK levels by ERK1/2

Most lung cancer cells require EGF for their growth, which 

is why EGF receptor kinase inhibitors such as ZD1839 (Iressa) 

show clinical efficacy [21,22]. Despite decreased EGFR expres

sion, however, cell-cycle progression and the proliferation rate 
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Fig. 2. Normal cell proliferation in HDAC6-depleted cells despite decreased RTK levels. (A) Cell cycle distribution of HDAC6-KD cells. A total of 10,000 cells were analyzed 

from each sample. (B) Proliferation profiles of HDAC6-KD cells. Data are means ± SD from three independent assays. (C) Levels of cell cycle-related proteins in HDAC6-KD cells. 

Whole cell lysates from pS or HDAC6-KD (passage 3) cells were immunoblotted for the indicated proteins. (D) Decrease in EGFR and PDGFRa levels in HDAC6-KD cells. Cells 

were harvested at the indicated serial passage and whole cell lysates were immunoblotted for the indicated proteins. (E) Rapid turnover of EGFR in HDAC6-KD cells. Cells 

were treated with cycloheximide (CHX, 1 lg/ml) for the indicated time. Whole cell lysates were immunoblotted for EGFR (upper panel, a representative image is shown) and 

the intensity of the EGFR band at each time point was normalized to that of the a-tubulin band (lower panel, means ± SD from three independent experiments are shown). (F) 

Ligand-dependent degradation of EGFR in HDAC6-KD cells. Cells were subjected to mock treatment (DMSO) or 0.5 lM AG1478 for 2 h and then stimulated with EGF (200 ng/

ml) for the indicated time. Western blotting of whole cell lysates was performed for the indicated proteins.
were unaffected by knockdown of HDAC6 expression (Fig. 2A 

and B). To examine the underlying mechanism, we examined 

the effects of HDAC6 knockdown on the autophosphorylation 

and ubiq­uitination of EGFR to monitor EGFR activation, and on 

the expression and phosphorylation of ERK1/2, downstream 

effectors in the EGF signaling pathway [23]. Immunoprecipita

tion experiments revealed that EGF-dependent tyrosine phos

phorylation, following multiple monoubiq­uitination signals, and 

downregulation of EGFR levels were induced by EGF stimulation 

in both control and knockdown cells, although the resulting 

EGFR level in HDAC6-KD cells was much lower (Fig. 3A). Surpris

ingly, the ERK1/2 levels were much higher in HDAC6-KD cells 
than in pS cells. Moreover, more phosphorylation of ERK1/2 was 

observed in HDAC6-KD cells (Fig. 3A). The increase in ERK1/2 

levels may have been due to increased expression rather than 

decreased degradation, because the half-lives of ERK1/2 proteins 

in HDAC6-KD cells was almost the same as that observed in pS 

cells (Fig. 3B) and the mRNA levels of ERK1/2 in the HDAC6-KD 

cells were approximately 1.5-fold higher than those detected in 

pS cells (Fig. 3C). These results strongly suggest that increased 

expression of ERK1/2 compensates for the decreased EGFR sig

naling in the HDAC6-KD cells. It is likely that the weak upstream 

signaling activity required to activate ERKs would be readily 

reduced below a threshold level by a signaling inhibitor. Indeed, 
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A comparison of ERK1/2 mRNA levels in pS and HDAC6-KD (passage 5) cells using quantitative RT-PCRs.
compared with the pS cells, HDAC6-KD cells were approximately 

twice as sensitive to the MEK inhibitor U0126 (Table 1). A  

similar result was observed with PD98059 (data not shown), 

which supports the idea that proliferation of the knockdown 

cells was more ERK-signaling-dependent than that of the control 

cells.

Dysregulation of RTKs, including EGFR, plays an important 

and causative role in tumorigenesis in a wide variety of cancers 
Table 1

A comparison of the sensitivities of HDAC6-depleted cells and control cells to 

U0126

A549 cell line pS HDAC6-KD

IC50 (lM) 19.2 9.7

The IC50 value was calculated using the 50% cell survival rate compared with a con

trol sample that was not treated with the drug.
[24]. The novel function of HDAC6 uncovered in this study may 

contribute to the clinical benefits of HDAC6 inhibitors for the 

treatment of many cancers involving activated RTKs. Depletion 

of HDAC6 alone, however, did not affect cell-cycle progression in 

A549 cells. Their apparently normal growth may be due to com

pensation for the decreased RTK signaling by increased expres

sion and activity of ERK1/2. Indeed, A549 cells in which HDAC6 

expression was stably knocked down were more sensitive to a 

MEK inhibitor. Thus, using inhibitors of downstream signaling 

molecules such as MEK together with HDAC6 inhibitors may be 

a promising therapeutic strategy. Indeed, coadministration of 

HDAC inhibitors and MEK inhibitors has been reported to cause 

a synergistic induction of apoptosis in Bcr/Abl+ human leukemia 

cells [25,26]. Further studies are needed to confirm the efficacy 

of combination therapy consisting of HDAC6 inhibitors with RTK 

signaling inhibitors.
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