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Histone deacetylase 6 (HDAC6) is a microtubule-associated
deacetylase with tubulin deacetylase activity, and it binds
dynein motors. Recent studies revealed that microtubule acety-
lation affects the affinity and processivity of microtubule
motors. These unique properties implicate a role for HDAC6 in
intracellular organelle transport. Here, we show that HDAC6
associates with the endosomal compartments and controls epi-
dermal growth factor receptor (EGFR) trafficking and degrada-
tion. We found that loss of HDAC6 promoted EGFR degrada-
tion. Mechanistically, HDAC6 deficiency did not cause aberrant
EGEFR internalization and recycling. Rather, it resulted in accel-
erated segregation of EGFR from early endosomes and prema-
ture delivery of EGFR to the late endosomal and lysosomal com-
partments. The deregulated EGFR endocytic trafficking was
accompanied by an increase in microtubule-dependent move-
ment of EGFR-bearing vesicles, revealing a novel regulation of
EGER vesicular trafficking and degradation by the microtubule
deacetylase HDAC6.

Endocytosis and subsequent delivery of endosomal cargos to
lysosomes are essential for the degradation of many mem-
brane-associated proteins that are critical for cell signaling.
This process is crucial for determination of the amplitude of
growth factor signaling and is therefore tightly regulated. In this
aspect, the complete itinerary starting from the cell surface to
the degradative lysosomes near the cell center has been illus-
trated using the epidermal growth factor (EGF)-activated
EGER as a model system. Activated EGF receptors are first
internalized through clathrin-dependent endocytosis. The
receptors are then either sorted into the recycling endosomes
and return to the cytoplasmic membrane, or are centripetally
transported from the early endosomes to the multivesicular
bodies (MVBs)/late endosomes before they are dumped into
lysosomes for degradation. The lysosomal degradation of EGFR
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has been identified as a key mechanism to attenuate the EGF
signaling. Deregulation of this pathway has been linked to the
development and progression of varied types of human cancers
(reviewed in Ref. 1). Despite the fact that much effort has been
invested in the research of EGFR endocytosis and its intracel-
lular transport, the transition of EGFR from early to late endo-
somes is still not well understood. Earlier lines of evidence sug-
gest that sorting and transport of early endocytic cargos to
later stage endocytic compartments require microtubules and
microtubule-associated motors (2—6). However, how microtu-
bules and post-translational modifications on tubulin, espe-
cially tubulin acetylation (7), regulate EGER intracellular traf-
ficking has not been completely elucidated.

Unlike other histone deacetylases with chromatin remodel-
ing activity, HDACG6 catalyzes deacetylation of cytoplasmic
substrates, such as a-tubulin, Hsp90, and cortactin (8-11).
In HDAC6-deficient cells, the entire microtubule network be-
comes hyperacetylated (8, 12). Unexpectedly, a-tubulin acety-
lation alone does not affect microtubule-dependent mitosis or
cell migration (12). Instead, recent evidence indicates that a-tu-
bulin acetylation promotes the association of microtubules
with dynein and kinesin motors, leading to increased motor
processivity and secretory vesicle flux in neurons (13, 14).
Together, these results point to a potentially regulatory role for
HDACS6 in endocytic cargo transport. While we have previously
shown that HDACE6 affects the transport of ubiquitinated mis-
folded proteins (15), whether HDACG6 regulates the endocytic
cargo transport in the vesicular network is still not known. In
this report we present evidence that HDAC6 associates with the
endosomal compartments and regulates EGFR endocytic traf-
ficking and degradation through modulation of tubulin
acetylation.

EXPERIMENTAL PROCEDURES

Cell Lines, Constructs, and siRNA—Human cells lines A549
(lung cancer), 293T (embryonic kidney), LNCaP (prostate can-
cer), and Panc-1 (pancreatic cancer) were from ATCC and
maintained in DMEM (with high glucose, Invitrogen), 10% fetal
bovine serum (Invitrogen), penicillin (100 units/ml), and strep-
tomycin (100 pug/ml) (Invitrogen) at 37 °C with 5% CO,. Stable
HDAC6 knock-down A549 cells and their paired control cells
have been reported before (15). HDAC6-null mouse embryonic
fibroblasts (MEFs) that stably express GFP-tagged HDAC6
constructs were also reported earlier (12). Those MEFs were
engineered to stably express EGF receptor through a retrovi-
rus-mediated gene transfer approach using pBABE-hygro plas-
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mid containing full-length human EGFR sequence. MEFs were
maintained and propagated in DMEM (Invitrogen), 10% fetal
calf serum (Invitrogen) and penicillin (100 units/ml)/strepto-
mycin (100 ug/ml) at 37 °C with 5% CO,. pIRESneo-EGFP-«
tubulin 1B (16) was purchased from Addgene and the EGFP-
a-tubulin 18 fragment was subcloned into pcDNA3.1(+)
(Invitrogen) vector between Nhel and BamH1 sites (EGFP-a-
tubulin WT). a-tubulin point mutations at lysine 40 to arginine
(EGFP-a-tubulin K40R) and to glutamine (EGFP-a-tubulin
K40Q) were generated by PCR (QuikChange kit, Stratagene).
The sequences of all constructs were verified by sequencing.
siRNA oligomer targeting HDAC6 (5'-GCUGCACCGUGA-
GAGUUCCAACUUU-3') for transient gene silencing was
made by Invitrogen.

Antibodies and Reagents—The following antibodies and
reagents were used in this study: anti-human HDAC6 (H-300),
anti-EGFR (mAb R-1, pAb 1005), anti-phospho-Erk1/2, and
anti-Erk1/2 (all from Santa Cruz Biotechnology Inc.); anti-
acetyl-a-tubulin (from Dr. M. Yoshida, RIKEN); anti-B-actin
(AC-15), Protease Inhibitor Cocktail, Phosphatase Inhibitor
Cocktail, Extravdin-HRP, trichostatin A (TSA), cycloheximide,
Accutase, and saponin (all from Sigma-Adrich); rabbit anti-
GAPDH (Cell Signaling); epidermal growth factor and anti-
phosphotyrosine antibody (4G10) (Upstate Cell Signaling Solu-
tions); anti-EEA1 (BD Bioscience); anti-transferrin receptor
(Zymed Laboratories Inc.); anti-LAMP2 and anti-CD63 (Devel-
opmental Studies Hybridoma Bank); wortmannin (Chemicon);
EZ-link Sulfo-NHS-SS-biotin (Pierce); EGF-Alexa Fluor 488
and phalloidin-Alexa Fluor 647 (Invitrogen); goat anti-rabbit IgG
rhodamine red X, goat anti-mouse IgG rhodamine red X, goat
anti-rabbit IgG Cy5, and goat anti-mouse IgG Cy5 (Jackson
ImmunoResearch Laboratories); SuperSignal West Pico
Chemiluminescent kit (Pierce Biotechnology). Transfection
reagents Lipofactamine siRNA Max, Lipofactamine LTX with
PLUS and FuGENE 6 were from Invitrogen and Roche sepa-
rately. The manufacturers’ protocols were followed. Other
chemicals were either from Sigma-Aldrich or from Fisher
Scientific.

Immunofluorescence Microscopy—Immunostaining was per-
formed as described previously (12). Cells were imaged on a
Leica SP5 confocal microscope with X40 oil objective. 488, 561,
and 633 laser lines were used for sequential excitation. Final
images were acquired with line-averaging of 4. Brightness and
contrast of the images were adjusted in Photoshop CS (Adobe
Systems Inc.). For saponin treatment, cells were first rinsed
with cold PBS three times and incubated with 0.005% (w/v)
saponin that was made freshly in 4 °C PBS. Saponin treatment
lasted 5 min on ice and was stopped by quickly rinsing the cells
three times with cold PBS. Then regular immunofluorescent
microscopy procedure was applied. For EGF treatment, cells
were serum-starved in serum-free medium overnight and EGF
(100 ng/ml) or EGF-Alexa Fluor 488 (80 ng/ml) made in 37 °C
pre-warmed serum-free medium was then added to cells. EGF
treatement lasted for 10 min (or indicated times). For wortman-
nin treatment, serum-starved cells were first pretreated with
wortmannin (100 nm in DMSQO) for 30 min and then stimulated
with EGF in the presence of fresh wortmannin for another 30
min. To evaluate the colocalization between EGFR puncta and
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those of EEA1 or LAMP2, immunofluorescent images from
random fields were analyzed using ImageJ (NIH). For EGFR-
EEA1 colocalization, at least 45 cells from 10 random fields at
each time point were analyzed; for EGFR-LAMP2 colocaliza-
tion, at least 30 cells from 5— 8 random fields of each time point
were analyzed.

Live Cell Imaging—Cells grown on glass coverslips were
serum-starved overnight and treated with 80 ng/ml EGF-Alexa
Fluor 488. The coverslip was then mounted on a sealed silicon
rubber chamber filled with 37 °C pre-warmed medium and 10
mMm HEPES as described previously (17). Cells were examined at
37 °C with a X100 objective on a Zeiss Axio Observer Z1
inverted microscope, which was equipped with stage incubator
and outer environmental chamber. Time-lapse imaging started
5 min after EGF treatment with an interval of 1 s for at least 10
min. A Coolsnap ES2 CCD camera (Photometrics) was used for
image acquisition, and it was controlled by MetaMorph
(Molecular Devices). Time-lapse image stacks were analyzed in
MetaMorph that random EGF-Alexa Fluor 488-containing ves-
icles (they should stay in the same focal plane for at least 10 s)
were tracked manually for 10 frames at time points when the
cells were treated with EGF-Alexa Fluor 488 for 6, 7, 8, and 9
min. Atleast 12,000 movement steps from 12 video clips in each
cell group were analyzed. The interval velocity of each step was
recorded and pooled.

Equilibrium Density Centrifugation—Subcellular fraction-
ation was conducted following a previous protocol (18). Briefly,
cell homogenate was prepared in HKM (25 mm Hepes, pH 7.4,
115 mM potassium acetate, 2.5 mMm magnesium chloride, and
protease inhibitor mixture) and 0.25 M sucrose from 80% con-
fluent A549 cells by passing the cells through 26G5/8 needle 20
times on ice. The post-nuclear supernatant (PNS) was made
from cell homogenate by centrifugation at 1,500 X g for 10 min.
The PNS was mixed with 2 M sucrose (made in HKM) to bring
sucrose to 1.6 M. This mixture was loaded at the bottom of the
centrifugation tube and was overlaid consecutively with 1.4, 1.2,
1.0, 0.7, and 0.5 M sucrose. Equilibrium centrifugation was car-
ried out in a SW 40Ti swing-bucket rotor (Beckman-Coulter) at
130,000 X g,,,.... for 14 h. Fractions were collected from the top
and analyzed by a regular immunoblotting procedure.

Endocytosis of EGF Receptor—Cells were serum-starved
overnight at 37 °C and then stimulated with EGF (100 ng/ml)
for 0, 3, and 10 min separately. The cells were immediately
washed with ice-cold PBS and incubated at 4 °C for 45 min with
pre-chilled EZ Link-sulfo-NHS-S-S-biotin made in 0.05 M
borate buffer (pH 8.0) and 0.15 M NaCl. Then the cells were
washed with 0.05 m Tris-buffer saline (TBS) for 2 times (5 min
each) and lysed in lysis buffer (TBS, 1% Triton X-100, 1 mm
sodium pervanadate, 1 mm phenylmethylsulfonyl fluoride, Pro-
tease Inhibitor Cocktail, and Phosphatase Inhibitor Cocktail).
Biotinylated membrane proteins were then pulled-down on
avidin beads and analyzed by regular immunoblotting proce-
dure using antibodies for EGFR and transferrin receptor.

Biotin-EGF Recycling—A procedure modified from (19) was
followed for this assay. Briefly, serum-starved A549 cells were
first incubated with 40 ng/ml biotin-EGF (made in DMEM-
0.1% bovine serum albumin) for 1.5 h on ice and the non-bound
biotin-EGF was washed out once with cold DMEM. Then the

VOLUME 285-NUMBER 15+APRIL 9, 2010



HDACG6 Regulates EGFR Trafficking and Degradation

VSl EGF-Alexa Fluor 488

g =
c
=
©
£
p=
o
=
s

B Pt © b b et bl bd WHDAC6
EGF (min): 0 10 30 60 0 10 30 60 -
oo (Bl ] i
B antiEGFR (MR st onttetbet bt EGFR
Total HDACS [ g @] -
Total EGFR [ s e ] e | GAPDH

314 5 6|7 8 9|10 11 12 |13 14 15|16 18 20 22 Fractions
05| 07 1.0 12 14 1.55 Sucrose (M)

<

Floatation Loading

FIGURE 1. HDAC6 associates with the endosomal compartments. A, A549 cells were serum-starved overnight and treated with 80 ng/ml EGF-Alexa Fluor 488
for 10 min. Cells were then treated with 0.005% saponin before being processed forimmunofluorescent microscopy using anti-EEA1 and HDAC6 antibodies.
Cycles indicate examples of endosomes that display colocalization of EGF-Alexa Fluor 488 (green), EEA1 (blue), and HDACG (red). Scale bars throughout this
figure: 10 wm. B, A549 cells were treated with EGF-Alexa Fluor 488 for 60 min and processed forimmunostaining as in A using anti-CD63 and HDAC6 antibodies.
Representative endosomes that show colocalization of EGF (green), CD63 (blue), and HDACG6 (green) were cycled. C, serum-starved A549 cells were pretreated
with 100 nm wortmannin and were stimulated with EGF for 30 min. Triple-labeling immunofluorescent microscopy revealed association (arrowheads) between
EGFR (red), HDAC6 (green), and F-actin (labeled with Phalloidin-Alexa Fluor 647, blue) at the enlarged late endosomes/MVBs. D, A549 cells were treated with EGF
for indicated times and were processed forimmunoprecipitation with monoclonal anti-EGFR antibody or without anti-EGFR antibody. Inmunoblotting of the
precipitates was carried out using anti-HDAC6 antibody or polyclonal anti-EGFR antibody. Total cell lysates were also examined for HDAC6 and EGFR. E, cell
homogenate from A549 cells was loaded at the bottom of a discontinuous sucrose gradient and separated by equilibrium density centrifugation. Fractions
from top of the tube were collected and analyzed by immunoblotting using anti-HDAC6, anti-EEA1, anti-EGFR, and anti-GAPDH antibodies. A portion of HDAC6
was up-floated in the gradient.
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FIGURE 2. HDAC6 knock-down reduces EGFR stability. A, A549 cells with
stable HDAC6 knock-down were examined by immunoblotting for EGFR,
HDACS, acetyl-tubulin, and B-actin. B, A549 cells were transfected with con-
trol siRNA or HDAC6-targeting siRNA for 2, 3, or 4 days. Cell lysates from both
control and HDAC6 siRNA-treated cells were prepared and analyzed by
immunoblotting using anti-HDACS6, anti-EGFR, anti-Erk1/2, and anti-acetyl
a-tubulin antibodies. EGFR level was reduced in HDAC6 knock-down cells.
C, LNCaP and Panc-1 cells were transfected with control siRNA or HDAC6-
targeting siRNA for 3 days. Cell lysates from both control and HDAC6 knock-
down cells were analyzed by immunoblotting using anti-HDAC6, anti-EGFR,
anti-B-actin, and anti-acetyl a-tubulin antibodies. *, unidentified band.
D, HDAC6 was transiently knocked down for 3 or 4 days as in B. EGFR tran-
scripts were prepared and amplified by real-time PCR. EGFR mRNA from
HDAC6 knock-down cells was compared with that from control cells. Average
values from triplicate wells are shown.

cells were left at 37 °C for 15 min in pre-warmed DMEM to load
the early endosomes with biotin-EGF. Next, the cells were
washed, and cell surface-bound biotin-EGF was stripped using
ice-cold 0.2 N acetate, 0.5 M NaCl (pH 4.5) for 1.5 min. After
washing with cold DMEM, the cells were chased at 37 °C in
DMEM containing 100 ng/ml unlabeled EGF for 15, 30, 60, and
90 min or for 90 min on ice as a control. When chase was
completed, the culture medium was collected, and cells were
washed with the stripping solution mentioned above. The
materials stripped from the cell membranes were combined
with the medium. The mixtures that contained recycled biotin-
EGF were pH neutralized and captured on avidin-beads for 2 h
at 4 °C. Extravidin-horseradish peroxidase was added to the
beads and revealed by 1 mg/ml OPD and 0.015% H,O,. Cells
chased on ice were lysed and biotin-EGF was determined as the
total amount of internalized biotin-EGF. In addition, protein
concentrations of the total cell lysates were determined
using the Protein Assay kit (Bio-Rad) to normalize the
amount of recycled biotin-EGF. A standard curve of optical
density as a function of biotin-EGF was established using a
serial dilution of biotin-EGF with known concentrations.
Immunoprecipitation and Immunoblotting— A549 cells were
pretreated with 10 ug/ml cycloheximide for 30 min before cells
were treated with 100 ng/ml EGF for times indicated in the
figures. Cell lysates were prepared in 1% Triton X-100-PBS
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FIGURE 3. EGFR degradation is promoted in HDAC6-deficient cells. A, con-
trol and stable HDAC6 knock-down A549 cells were serum-starved and stim-
ulated with 100 ng/ml EGF in the presence of 10 ug/ml cycloheximide for
indicated times. Cell lysates were examined for EGFR and B-actin by immu-
noblotting. A representative result was shown in the left panel. In the right
panel, the densities of the EGFR bands were quantified using ImageJ software
and normalized against B-actin. Results from five individual experiments
were plotted to show that EGFR degradation was enhanced in HDAC6 knock-
down cells. Error bar, S.E.*, p < 0.05 in two tailed Student’s t test. B, control and
HDACS6 siRNA-transfected (3 days) cells were serum-starved and stimulated
with EGF for indicated times. Cell lysates were prepared and analyzed by
immunoblotting using anti-phosphotyrosine, anti-phospho-Erk /2, anti-Erk
/2, anti-EGFR, and anti-HDAC6 antibodies.

solution containing Protease Inhibitor Cocktail and Phospha-
tase Inhibitor Cocktail. Immunoprecipitation was carried out
using monoclonal anti-EGFR antibody and protein G beads for
3 h at 4 °C. Samples were analyzed by immunoblotting follow-
ing a standard protocol. The bands were revealed by ECL and
recorded on x-ray film. To evaluate the degradation of EGFR,
the intensity of EGFR bands from HDAC6 knock-down and
control cells was scanned and quantified using Image]
software.

Immunostaining for Flow Cytometry Assay—293T cells were
co-transfected with pcDNA-EGFR and one of the a-tubulin
constructs (GFP-a-tubulin WT, GFP-a-tubulin K40R, or GFP-
a-tubulin K40Q) for 3 days. In the last 8 h of transfection, one
group of cells received treatment of 1 um TSA and 10 pg/ml
cycloheximide. The control group was only treated with cyclo-
heximide. After treatment, cells were detached by Accutase and
fixed in 4% PFA for 2 h at room temperature or overnight at
4 °C. Permeabilization of the cell membrane was conducted in
0.2% Triton X-100. Anti-EGFR polyclonal antibody and goat
anti-rabbit IgG Cy5 were used to label EGFR. Cells were exam-
ined by flow cytometry. Double transfected cells were gated,
and total EGER levels were evaluated from percentage of cells
that were gated and the mean value of the fluorescence. EGFR
in mutant tubulin-expressing and that in TSA-treated cells
were compared with the total EGFR in non-TSA-treated GFP-
a-tubulin WT-expressing cells.

RNA Analysis—For RNA analysis, HDAC6 in A549 cells
were transiently knocked-down for 3 and 4 days. Cells were
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FIGURE 4. HDACG6 regulates post-endocytic transport. A, control and HDAC6 knock-down A549 cells
were serum-starved overnight and were either left untreated or stimulated with 100 ng/ml EGF for 3 or 10
min. Cell surface proteins were biotin-labeled, pulled-down on avidin-beads, and analyzed by immuno-
blotting using anti-EGFR and anti-transferrin receptor antibodies (left panel). EGFR bands from four inde-
pendent experiments were quantified and graphed (right panel). Error bars, S.E. B, A549 cells were serum-
starved, processed to internalize biotin-EGF for 15 min, and chased for indicated times. Biotin-EGF
reappeared in culture medium and on the cell surface, and was collected and quantified using a strepta-
vidin-based colorimetric approach. Recycled biotin-EGF from five independent experiments was plotted.
Error bar, S.E. C, A549 cells were serum-starved and stimulated with EGF for indicated periods of time. The
cells were then processed for double labeling immunofluorescent microscopy using anti-EEA1 and anti-
EGFR antibodies. Localization of EGFR to the EEA1-containing vesicles was analyzed using Image J soft-
ware. ¥, p < 0.05 in two-tailed Student’s t test, n = 3. Error bar, S.D. D, A549 cells were processed for
double-labelingimmunofluorescent microscopy as in C, except that anti-LAMP2 and anti-EGFR antibodies
were used. Co-localization of EGFR to LAMP-2-containing vesicles was examined.

Student’s t test, n = 5. Error bar, S.E.

washed quickly with PBS, and total RNA was prepared with
Tri reagent (MRC) following the manufacturer’s protocol.
Total RNA was resuspended in DEPC water for RT-PCR
analysis as described earlier (20). All real-time PCR values
were normalized to 18 S rRNA.

RESULTS

HDACG6 Associates with the Endosomal Compartments—To
investigate a possible regulatory role for HDACG6 in endocytic
trafficking, we first examined whether HDAC6 associates with
endocytosed EGFR. In human lung cancer A549 cells that
received a short period of EGF treatment, HDAC6 showed
mostly as puncta throughout the cells and HDAC6 colocalized
with a portion but significant number of EGFR-containing early
endosomes (labeled by EGF-Alexa Fluor 488 and early endo-
some marker EEA1, cycles in Fig. 14), suggesting that HDAC6
interacts with the endosomal compartment. Because of the par-
tial colocalization with the endosomes, HDAC6 might not be
an integrative endosomal resident, but rather a factor in tran-
sient association with the endosomes. Similarly, at later time
points, a portion of HDAC6 could be found in EGFR-positive
vesicles that were also positive for CD63 (cycles in Fig. 1B), a
marker for the late endosomes and lysosomes. To further verify
the association of HDAC6 with late endosomes, we used the
phosphoinositide 3-kinase inhibitor wortmannin to arrest
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endosomal progression at the stage
of MVBs/late endosomes (21, 22).
As shown in Fig. 1C, wortmannin
treatment revealed prominent
HDACS6 association with the EGFR-
positive MVBs. Interestingly, simi-
lar to macropinosomes (12), some
wortmannin-arrested endosomes
were also positive for F-actin (Fig.
1C). By co-immunoprecipitation,
we further examined the interaction

*

0 a of HDAC6 and the EGFR-loaded
%0 ; e endosomes. We found that HDAC6
’,;// and EGFR were co-immunoprecipi-
20 ﬂ,’/’ﬁ/' tated from the same protein complex.
/4 The interaction was significantly
10 Q/ augmented after EGF treatment,

e—e pSuper . . .
==t HDACS KD concurrent with EGFR activation
10 30 60 and post-internalization transport
EGF(min) (Fig. 1D). Next, we took a different

approach to analyze HDACS6 distri-
bution by equilibrium density cen-
trifugation in a discontinuous
sucrose gradient. As shown in Fig.
1E, a small, but significant portion
of HDACG6 was co-fractionated with
EEA1 and EGFR (fractions 7-10). In
addition, HDAC6 also peaked
between fractions 11 and 13. The
significance of this peak is still not
clear at the present time. Alto-
gether, these results indicate that a
population of HDAC6 physically
associates with the endosomal compartments.

HDACEG6 Regulates EGFR Degradation—Based on the physi-
cal interaction of HDAC6 with the endosomes, we next inves-
tigated whether HDAC6 regulates EGFR endocytic trafficking
and degradation. To this end, we first determined EGFR levels
in A549 cells stably expressing a HDAC6-specific siRNA (15),
or A549 cells that were transiently transfected with a different
HDAC6-targeting siRNA. As shown in Fig. 2, A and B, EGFR
protein was reduced in both HDAC6 knock-down situations,
consistent with the finding in a recent report (23). Not only
in A549 cells, a similar reduction of EGFR was also observed
in human prostate cancer LNCaP cells and pancreatic cancer
Panc-1 cells that were transiently treated with the HDAC6-
specific siRNA (Fig. 2C). In comparison, Erkl and Erk2,
downstream targets of EGFR signaling, were not affected
(Fig. 2B). The reduced levels of EGFR were not due to reduc-
tion of EGFR mRNA. On the contrary, EGFR messenger was
increased in transient HDAC6 knock-down cells (Fig. 2D),
probably a result of compensatory reaction to the lower
amount of EGFR protein. Collectively, these data indicate
that HDAC6 regulates EGFR level post-transcriptionally.

As ligand-induced degradation is the primary mechanism
that controls EGFR levels, we next determined if HDAC6
affects EGFR degradation in response to EGF. As shown in Fig.
3, EGF-induced EGFR degradation was accelerated signifi-

*,p < 0.05 in two-tailed
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FIGURE 5. Tubulin acetylation regulates EGFR in the cells. A, HDAC6 knock-out MEFs re-expressing control GFP,
HDAC6-GFP, HDAC6-Ci-GFP, or HDAC6-ABUZ-GFP were engineered to express EGFR. Cell lysates were examined by
immunoblotting using anti-EGFR, anti-GFP, anti-acetyl-tubulin, and anti-B-actin antibodies. The EGFR level was
inversely correlated to tubulin acetylation. (GFP band in GFP control group was not shown.) B, 293T cells were
transfected for 3 days with a control vector, EGFP-a-tubulin WT, EGFP-a-tubulin K40R, or EGFP-a-tubulin K40Q
plasmid. Cell lysates were examined by immunoblotting using a mixture of anti-a-tubulin and anti-B-actin antibod-
ies, or a mixture of anti-acetylated tubulin and anti-B-actin antibodies. C, MEFs were transfected with constructs as
in Bfor 2.5 days, and the microtubules were visualized by immunofluorescence using an anti-tubulin antibody. The
exogenous EGFP-tagged a-tubulin became a part of the microtubule network. Insets, enlarged areas marked by
dotted lines. Bars, 10 um. D, 293T cells were co-transfected with EGFR-pcDNA and EGFP-a-tubulin WT, EGFP-a-
tubulin K40R, or EGFP-a-tubulin K40Q for 3 days. For the last 8 h of transfection, cells were treated with only cyclo-
heximide or TSA and cycloheximide. Cells were immunostained for EGFR and examined by flow cytometry. **, p <

0.01 and *, p < 0.05 in two-tailed and paired Student'’s t test, n = 5. Error bars, S.E.

cantly in HDAC6 knock-down cells (Fig. 34). Consistently,
EGER activation and signaling were reduced in intensity and
duration in HDAC6 knock-down cells (Fig. 3B).

HDACG6 Regulates EGFR Intracellular Transport—Aberrant
EGER stability could be the result of altered endocytosis and/or
the subsequent intracellular trafficking of the receptors. To dis-
tinguish these possibilities, we first determined that the inter-
nalization of EGFR through analysis of the EGFR remained at
the cell surface after EGF stimulation. As shown in Fig. 44, the
receptors were efficiently internalized in both cell types after
EGF treatment, albeit HDAC6 knock-down cells had much
reduced EGFR at the cell surface. Quantification of cytoplasmic
membrane EGFR at different time points indicated that the
kinetics of EGFR endocytosis were almost identical in both cell
types, suggesting that HDAC6 does not significantly affect
EGER endocytosis. We next determined if HDAC6 regulates
EGEFR degradation by affecting its recycling. As shown in Fig.
4B, the kinetics of EGFR recycling were comparable in both
control and HDAC6 knock-down cells. A maximum of about
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calization of EGFR and EEAl
decreases with time. As shown in
Fig. 4C, co-localization of EGFR and
EEA1 was extensive and compara-
ble in control and HDAC6 knock-
down cells at the early time point
after EGF treatment (10 min), con-
sistent with our observation that
HDACS6 did not appreciably affect
EGER endocytosis (Fig. 44). How-
ever, at later time points, the num-
ber of vesicles that were positive for
both EGFR and EEA1 decreased
more quickly in HDAC6 knock-
down cells than in control cells, suggesting that EGFR became
segregated from the early endosomes faster in HDAC6-defi-
cient cells (Fig. 4C). Supporting this conclusion, at later time
points after EGF treatment, more EGFR was found to co-local-
ize with the late endosome and lysosome marker LAMP2 in
HDAC6 knock-down cells (Fig. 4D). Although the differences
between the control and the HDAC6 knock-down cells in those
co-localization assays are modest, it is possible that an accumu-
lated effect from multiple rounds of enhanced EGER trafficking
could lead to prominent reduction of EGFR observed in
HDAC6 knock-down cells (Fig. 2). Together, these findings
strongly suggest that transport of the activated EGFR from the
early endosomes to late endosomes/lysosomes is accelerated in
HDAC6-deficient cells.

HDAC6 Deficiency Induces Microtubule Acetylation and
Promotes Microtubule-mediated Endocytic Vesicle Transport—
Cargo sorting from the early endosomes and subsequent cargo
transport to the late endosomes are regulated by microtubules
(2—-6). As HDAC6 regulates tubulin acetylation, we considered
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FIGURE 6. HDAC6-dependent tubulin deacetylation regulates post-endocytic vesicle transport. A, control
and HDAC6 siRNA-treated (3 days) cells were serum-starved and treated with 80 ng/ml EGF-Alexa Fluor 488.
The cells were then examined by video microscopy at a rate of 1 frame per second. Time-lapse image stacks
were analyzed in MetaMorph, and the interval velocity of vesicle movement was recorded and pooled. The
graph represents vesicle distribution against different velocity ranges. The high speed microtubule-depen-
dent (0.45-3.00 pm/s) vesicle transport was enhanced in HDAC6 knock-down cells (gray bars) when compared
to control cells (closed bars). B, vesicle mobility of control cells (closed bars) was compared with that of HDAC6
siRNA-treated cells (gray bars) in ranges of 0-0.07 wm/s, 0.08 -0.44 um/s (actin-dependent movement), and
0.45-3.00 wm/s. ***, p < 0.0001 and *, p < 0.05 in two-tailed Student’s t test (n = 12).

the possibility that the enhanced EGFR degradation origi-
nated from HDAC6 deficiency involves the deregulation of
microtubule-dependent endocytic vesicle trafficking. Specifi-
cally, hyperacetylation of tubulin results in higher affinity of
motor proteins to microtubules (13, 14), which will lead to
extended motor attachment and enhanced motor processivity
on the cytoskeleton. To test this possibility, we first generated
HDACG6-null mouse embryonic fibroblast lines that stably
expressed GFP, wild-type HDAC6 (HDAC6-GFP), deacetylase-
inactive HDAC6 (HDAC6-Ci-GFP), or binder of ubiquitin zinc
finger (BUZ, (15)) domain-deleted HDAC6 (HDAC6-ABUZ-
GEFP) (12). These cells were then engineered to express human
EGER. As shown previously, the wild-type and the BUZ-dele-
tion but not the deacetylase-inactive HDAC6 showed potent
tubulin deacetylase activity (Fig. 54) (12). Importantly, the
EGER levels increased significantly in wild-type HDAC6- and
HDAC6-ABUZ-expressing cells. In stark contrast, EGER level
remained low in deacetylase-inactive HDAC6-expressing cells.
Taken together, these observations suggest an inverse correla-
tion between HDAC6-regulated tubulin acetylation and EGFR
level.

To gain further evidence that the acetylation of tubulin
affects EGFR levels, we assessed the effect of an acetylation-
resistant tubulin mutant (lysine 40 — arginine; EGFP-a-tu-
bulin K40R) and an acetylation-mimicking mutant (lysine
40 — glutamine; EGFP-a-tubulin K40Q). In transient transfec-
tion assays, wild-type tubulin, tubulin K40R, and K40Q
mutants were expressed at a similar level, which was about 20%
of the total a-tubulin in the cells (Fig. 5B). All constructs were
able to incorporate into the microtubule network (Fig. 5C) (16).
Under normal culture condition, EGFR levels were similar
between EGFP-a-tubulin WT and EGFP-a-tubulin K40R-ex-
pressing cells, but EGFR was reduced in acetylation-mimicking
EGFP-a-tubulin K40Q-expressing cells, in support of the prop-
osition that acetylated microtubules accelerate EGFR degrada-
tion (Fig. 5D). Interestingly we also found that in control EGFP-
a-tubulin WT-expressing cells, treatment with TSA, a pan-
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acetylation-resistant EGFP-a-tubu-
lin K40R mutant. In contrast, EGFR
level was further reduced in acetyla-
tion-mimicking ~ EGFP-a-tubulin
K40Q expressing cells that were

Qy treated with TSA (Fig. 5D). Collec-
VeIocuty (um/sec) tively, these results provide further
support to the conclusion that tubu-
lin acetylation negatively regulates
EGER levels.

Because tubulin acetylation af-
fects microtubule affinity for motor
proteins, we next determined
whether HDAC6 regulates the
transport of EGFR-bearing vesicles.
To this end, endosomes in control and HDAC6 knock-down
cells were labeled with EGF-Alexa Fluor 488 and their move-
ments were evaluated by live cell imaging. Over 1,200 fluores-
cent EGF-labeled vesicles from 12 independent videos were
randomly selected, and their movements were tracked and ana-
lyzed. We found that the population of vesicles with speed for
microtubule-dependent transport (=0.45 um/s (13, 24)) were
remarkably increased in HDAC6 knock-down cells by about
2-fold (Fig. 6, A and B). In contrast, vesicle mobility with inter-
val velocity of 0.08 —0.44 um/s, representing F-actin-depen-
dent transport (25, 26), was mildly reduced in HDAC6 knock-
down cells. Together, these data suggest that acetylation of
microtubules promotes the microtubule-directed transport of
EGFR-loaded vesicles.
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DISCUSSION

HDACS6 has been characterized as a microtubule-associated
deacetylase. In this study, we presented new evidence that
HDACS6 also associates with a subpopulation of endosomes
(Fig. 1). This finding is of particular interest as we have previ-
ously shown that HDACG6 associates with macropinosomes, a
form of clathrin-independent endocytic vesicles (12). Impor-
tantly, we found that loss of HDACS6 activity causes deregula-
tion of the microtubule-dependent transport of EGFR-contain-
ing endosomal vesicles and subsequently EGFR degradation.
These findings identify HDACG6 as a new regulatory factor in
the intracellular trafficking network that controls EGFR
stability.

HDACE is the dominant tubulin deacetylase whose inactiva-
tion leads to dramatic accumulation of acetylated microtubules
(8, 12, 27). Although a-tubulin acetylation is one of the most
common post-translational modifications of microtubules (7),
its biological function has been elusive. In this study, we pre-
sented evidence that tubulin acetylation is functionally linked
to endocytic trafficking. Elevation of microtubule acetylation
resulting from the loss of HDAC6 activity enhances microtu-
bule-directed transport of EGFR-containing endosomal vesi-
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cles. Consequently, the transition of EGFR from early to late
endosomes is accelerated, leading to augmented EGFR degra-
dation. Recently, Reed et al. (14) showed that tubulin acetyla-
tion is required for efficient anterograde transport of JNK-in-
teracting protein 1, a kinesin-1-associated cargo. Dompierre et
al. (13) also examined the role of tubulin acetylation in the
exocytosis of brain-derived neurotrophic factor (BDNF) and
found that pharmacologically-induced hyperacetylation of
tubulin is associated with increased flux of secretory vesicles
and the secretion of BDNF. In light of these findings, our
data would suggest that in cells deficient in HDACS6, either
induced by HDACG6-specific siRNA or by TSA treatment,
increased binding of dynein motor to the acetylated microtu-
bules results in enhanced retrograde trafficking of EGFR-con-
taining endosomes toward degradative endosomal compart-
ments (Figs. 4 and 6). Because HDAC6 associates with both the
dynein motor complexes (15) and the vesicles (this study), it is
plausible that under normal conditions, recruitment of HDAC6
to specific endosomal vesicles would promote the deacetylation
of microtubules locally, which in turn reduces motor processiv-
ity and vesicle movement. This regulation might be important
to ensure an orderly and timely trafficking of EGFR-bearing
vesicles. Deregulation of this process, as shown in HDAC6-
deficient cells could lead to premature delivery of EGFR vesicles
to the degradative compartment, resulting in accelerated
receptor degradation and dampened downstream signaling
(Fig. 3). Because HDAC6 does not affect EGFR endocytosis and
recycling (Fig. 4A), our findings therefore highlight a specific
role of HDACS6 in post-endocytic trafficking of EGFR, which
could be important in determining the duration of EGEFR sig-
naling. Indeed, HDACES6 is required for efficient cancer cell
growth and tumor development (28). The ability to modulate
growth factor signaling through endocytic trafficking might
underlie part of the pro-oncogenic activity of HDACG6. In con-
clusion, our study identifies HDAC6 as a novel component of
the endocytic trafficking network, further implicating an
important regulatory role for microtubule acetylation in vesic-
ular trafficking and signaling.
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