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Abstract

Despite significant progress in the cancer field, tumor cell invasion and metastasis remain a major clinical challenge. Cell
invasion across tissue boundaries depends largely on extracellular matrix degradation, which can be initiated by formation
of actin-rich cell structures specialized in matrix degradation called invadopodia. Although the hypoxic microenvironment
within solid tumors has been increasingly recognized as an important driver of local invasion and metastasis, little is known
about how hypoxia influences invadopodia biogenesis. Here, we show that histone deacetylase 6 (HDAC6), a cytoplasmic
member of the histone deacetylase family, is a novel modulator of hypoxia-induced invadopodia formation. Hypoxia was
found to enhance HDAC6 tubulin deacetylase activity through activation of the EGFR pathway. Activated HDAC6, in turn,
triggered Smad3 phosphorylation resulting in nuclear accumulation. Inhibition of HDAC6 activity or knockdown of the
protein inhibited both hypoxia-induced Smad3 activation and invadopodia formation. Our data provide evidence that
hypoxia influences invadopodia formation in a biphasic manner, which involves the activation of HDAC6 deacetylase
activity by EGFR, resulting in enhanced Smad phosphorylation and nuclear accumulation. The identification of HDAC6 as a
key participant of hypoxia-induced cell invasion may have important therapeutic implications for the treatment of
metastasis in cancer patients.
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Introduction

Hypoxia is a hallmark of solid tumor that leads to cell invasion

and metastasis, which are the major causes of cancer patient

death. Through a complex series of events, hypoxia enhances the

propensity of cancer cell to invade. Hypoxia-inducible factor-1

(HIF-1) transcriptional activity was proposed to be in part

responsible for the enhanced invasive properties of cancer cell

through the regulation of a variety of extracellular proteases,

growth factors and receptors [1,2]. Among these, TGFb, a well-

known cytokine involved in many steps of cancer dissemination,

has been shown to be increased in cancer cells, Indeed, levels of

active TGFb as well as activation of the Smad-dependent signaling

pathway have been shown to be augmented under hypoxia

through increased processing of the precursor from and/or

bioactivation of the latent growth factor [3–5]. Besides transcrip-

tional events regulated by hypoxia, recent data support a role of

post-transcriptional mechanisms. For example, strategic relocali-

zation of proteases, integrins and growth factor receptors at

recycling endosomes/cell surface and/or increased phosphoryla-

tion/activation of kinases was shown to contribute to enhanced

invasiveness of cancer cells [6–10]. Despite the progress in

understanding how hypoxia regulates cell invasion, the exact

mechanisms involved remain poorly defined.

Recent reports have highlighted the implication of histone

deacetylases (HDACs) in tumor progression and invasion and their

potential use as therapeutic targets for cancer therapy is now

emerging [11,12]. Eleven classical HDAC family members have

been identified in human. These enzymes are mainly involved in

deacetylation of histones [13,14], although a growing list of non-

histone proteins such as tubulin, cortactin, heat shock proteins and

catenin have been shown to be HDAC substrates [15]. Because

these substrates as well as abnormal activation and deactivation of

transcription based on histone status have been associated with

tumorigenesis, various pan-specific HDAC inhibitors have been

evaluated in clinical trials for cancer therapy [16–18]. Data

showed that these inhibitors caused numerous side-effects and had

poor anti-cancer activity against solid tumors [19–21], possibly

due to the role of HDACs as post-translational modifiers of

numerous key proteins [22]. These results fostered the study of the

role of individual HDAC enzymes in cancer progression. Among

the HDACs family members, HDAC6 is a cytoplasmic resident

protein that is overexpressed in many cancers [23–26] and has

been implicated in cell migration and invasion [27–29]. Alpha-

tubulin is the major substrate of HDAC6 but emerging evidence

indicates that cortactin can also be deacetylated by HDAC6 [29–

31]. These cytoskeleton components play various roles in cell

division, protein trafficking, cell motility, and signal transduction

[32]. Recently, HDAC6 has been shown to be a key regulator

during epithelial-to-mesenchymal transition (EMT) by enhancing

Smad3 activation and nuclear translocation possibly through

desequestration of Smad3 from acetylated a-tubulin [27,33].

HDAC6 has been shown to be an estrogen-regulated gene [34]

but growth factors such as TGFb and EGF can also enhance its
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activity in vitro [27,35]. These studies suggested the participation of

HDAC6 in cancer cell invasion and metastasis, possibly through a

mechanism involving TGFb action/signaling.

During the process of metastasis, tumor cells must degrade

extracellular matrix (ECM) in order to migrate through blood

vessels and colonize distant sites. To achieve tissue invasion,

cancer cells initiate a number of developmental processes.

Acquisition of migratory and invasive properties involves reorga-

nization of the actin cytoskeleton and concomitant formation of

invadopodia. Invadopodia are dynamic extensions of the plasma

membrane enriched in F-actin as well as cortactin, a key signaling

protein involved in many cellular processes, including cell

adhesion, endocytosis/exocytosis, migration and actin-driven

membrane protrusion formation. A number of signaling events,

mostly involving tyrosine phosphorylation, occur within invado-

podes and they cooperate to up-regulate expression of integrins,

metalloproteases and other components involved in invadopodia

formation and focal ECM degradation [36–41]. Whereas there is

relatively little known concerning environmental factors that

stimulate invadopodia formation, growth factors such as TGFb
and EGF, acidic pH, and ECM-induced integrin activation have

been shown to trigger invadopodia formation [41–45]. In this

respect, we have recently shown that hypoxia and acidosis

increased invadopodia formation through activation/phosphory-

lation of p90 ribosomal S6 kinase (p90RSK) [10].

In this report, we present data showing that hypoxia enhances

invadopodia formation and cell invasion through the enhance-

ment of HDAC6 deacetylase activity. Furthermore, we show that

this event is regulated through activation of the EGF receptor. The

enhanced activity of HDAC6 allowed Smad3 activation and

nuclear translocation, which was involved in hypoxia-induced

invadopodia production. These findings provide new insights into

the molecular mechanism linking the tumor hypoxic microenvi-

ronment and cell invasion and open the way to further

investigations aimed at targeting HDAC6 for the treatment of

metastasis.

Materials and Methods

Antibodies and Reagents
Antibodies used for immunofluorescence (IF) microscopy and

Western blotting (WB) were used at the following dilutions: mouse

anti-cortactin (IF 1:250) and rabbit anti-phospho-smad3 (IF 1:200)

antibodies were purchased from Millipore (Billerica, MA), rabbit

anti-smad3 (IF 1:200), rabbit anti-EGFR (WB 1:1000) and rabbit

anti-phospho-tyrosine (WB 1:1000) antibodies were purchased

from Cell Signaling Technology (Danvers, MA), rabbit anti-

HDAC6 antibody (IF 1:200, WB 1:1000) was bought from Santa

Cruz Biotechnology (Santa Crux, CA), mouse anti-a-tubulin (IF

1:1000, WB 1:1000) and mouse anti-acetylated-tubulin (IF 1:200,

WB 1:1000) antibodies were from Sigma-Aldrich (St-Louis, MO),

Oregon-488 conjugated phalloı̈din, 49,6-diamidino-2-phenylindole

dilactate (DAPI) were from Molecular Probes (Eugene, OR). All

secondary antibodies used for IF were from Molecular Probes

(Eugene, OR). Secondary anti-mouse-conjugated horseradish

peroxidase (HRP) and anti-rabbit-conjugated HRP were obtained

from Amersham Biosciences (Baie d’Urfé, QC). The following

reagents were used at the indicated concentrations: TGFb (2 ng/

mL, 5 ng/mL) from PerproTech Inc. (Rocky Hill, NJ), Tyrphostin

AG-1478 (2 mM, 10 mM) from BioMol International (Plymouth,

PA), SIS3 (0.5 mM, 5.0 mM) from Calbiochem International (La

Jolla, CA), Trichostatin A (2.5 mM, 5.0 mM) and Ly364947

(50 nM, 500 nM) from Sigma-Aldrich. Tubacin (10 mM) was

purchase from Sigma-Aldrich and Nitubacin (10 mM) was a

generous gift of Dr. Ralph L. Schreiber (Center for System

Biology, Massachusetts General Hospital, Boston, MA).

Plasmids
pGEM7ZF-hfur was a generous gift of Dr. Gary Thomas

(University of Oregon, Vollum Institute, Portland, OR).

pGEM7ZF-hfur was digested with EcoRI and EcoICRI and

inserted into pcDNA3 (Promega, Madison, WI) digested with

EcoRI and EcoRV. AT-PDX gene, kindly provided by Dr. Gary

Thomas was inserted into the EcoRI/ApaI cloning site of

pcDNA3 plasmid vector. shRNA against HDAC6 or scramble

shRNA (control) were from SABiosciences (Frederick, MD).

Cell Culture and Transfection
Human fibrosarcoma HT-1080 cells were obtained from the

American Type Culture Collection (ATCC, Rockville, MD). Cells

were cultured in complete media consisting of minimal essential

medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal

bovine serum. HT-1080 cells were stably transfected with

pcDNA3-hFur, pcDNA3-PDX and HDAC6 shRNA using the

TransITH-LT1 Transfection Reagent (Mirus, Madison, WI),

according to the manufacturer’s instructions. pcDNA3-hFur and

pcDNA3-PDX stably transfected cells were maintained in

complete media containing G-418 (600 mg/ml). HDAC6shRNA

transfected cells were maintained in complete media containing

puromycin (2 mg/mL) (InvivoGen, San Diego, CA). Hypoxic

conditions were used as follows. Cells were serum-starved and

placed in an Invivo2 400 hypoxic workstation maintained at 1%

O2, 5% CO2 compensated with N2 for different periods of time,

as indicated in the legends of the Figures.

Immunofluorescence Staining
Cells were seeded at a density of 5 X 104 cells/cm2 in circular

15-mm diameter glass coverslips coated with gelatin (0.2%). The

coverslips were placed in 12-well culture plates and incubated for

24 h. The cells were serum-starved for 3 h prior to exposure to

normoxic or hypoxic conditions for different periods of time. All

reagents were added 30 min prior to cell exposure to experimental

conditions. Following incubations, the cells were washed with PBS,

fixed with 2% paraformaldehyde (30 min, 4uC) permeabilized

(0.1% Triton-X100), and immunostained for 2 h with primary

antibody or stained with phalloı̈din for 45 min. The cells were

then washed and incubated with Alexa–conjugated secondary

antibodies at 4uC for 1 h. As negative controls, species- and

isotype-matched immunoglobulin G were used instead of primary

antibody.

Invadopodia Assay
Coverslips were prepared as described [46] using Oregon Green

gelatin (Invitrogen). Thirty thousand cells were seeded on each

coverslip, allowed to adhere, and incubated in MEM containing

0.5% FBS. Following various incubation times, as indicated in the

legends of the Figures, cells were fixed with 1% paraformaldehyde

for 30 min at 4uC and stained with DAPI for 5 min at room

temperature. Cells were visualized by fluorescence microscopy,

and cells forming invadopodia were counted. Invadopodia were

identified by the areas of matrix degradation characterized by loss

of green fluorescence. A minimum of three hundred cells were

counted per coverslip.

Confocal Microscopy
Cells were examined with a scanning confocal microscope

(FV1000, Olympus, Tokyo, Japan) equipped with an inverted
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microscope and a 636 oil immersion objective (Olympus).

Specimens were laser-excited at 488 nm, 563 nm and 405 nm.

Serial horizontal optical sections of 5126512 pixels with 2-times

line averaging were taken at 0.11 mm intervals through the entire

thickness of the cell (optical resolution: lateral - 0.18 mm; axial -

0.25 mm). Images were acquired on the same day, typically from

10 cells of similar size from each experimental condition, under

identical settings.

Image Analysis and Quantitative Measurements
In the case of Alexa-488/DAPI- or Alexa-546/DAPI-merged

fluorescence images, dot fluorograms were obtained by plotting

pixel values of each marker in the vertical and horizontal axes,

respectively. Thresholds were determined using single markers and

noise and background were subtracted. Quadrant markers were

adjusted forming background (C), red- or green-only (D), blue-only

(A) and co-localization areas (B). The percentage of colocalization

was calculated as follows (B)/((B)+(A)) x 100. To determine

fluorescence quantification, images were processed for a total of 35

slices per cell on 10 size-matched cells for each experimental

condition, and experiments were performed at least three times.

Images were shown in pseudo-color, according to their original

fluorochromes, merged (FluoView software (Olympus), then

cropped and assembled (Adobe Photoshop software, Adobe

Systems, Mountain View, CA). To quantify the areas of

degradation, pictures of fluorescent gelatin were acquired and

captured into ImagePro imaging software (Media Cybernetics Inc,

Bethesda, MD) and degradation areas were calculated in pixel

intensities for a total of at least 20 cells per coverslip.

Western Blots
Cells (16106 per 100-mm petri dishes) were incubated overnight

and serum-starved for 4 h prior to exposure to normoxic (21%

O2) or hypoxic (1% O2) conditions. The cells were washed in ice-

cold PBS and lysed with a M-RIPA lysis buffer (50 mM Tris-HCl

pH 7.4, 150 mM NaCl, 0.1% Na-deoxycholate, 8 mM EDTA

pH 8.0, 10% NP-40 and complete mini EDTA-free protease

inhibitor cocktail tablets (Roche, Indianapolis, IN). Immunoblot-

ting was performed as described [47].

Immunoprecipitation
Cells (26107 per 150-mm petri dishes) were incubated overnight

and serum-starved 3 to 4 h prior to stimulation under normoxic

(21% O2) or hypoxic (1% O2) conditions for 30, 60 and 120 min.

Cells were then washed with ice-cold PBS and lysed with NP-40

phosphate buffer (1% NP-40, 150 mM NaCl, 10 mM sodium

phosphate, complete mini EDTA-free protease inhibitor cocktail

tablet (Roche Applied Science). One mg total protein was

immunoprecipitated with anti-EGFR antibody (1:100) and blotted

with anti-phospho-tyrosine antibody (1:1000) as described in the

Western Blot section.

Three-dimensional Invasion Assays
Collagen type I matrix was prepared as follows, Aliquots (50 mL)

of agarose containing 10% FBS were deposited in 96 well culture

plates. Aliquots (50 mL) of fibrillar type I collagen (3 mg/mL)

(R&D Systems, Minneapolis, MN) were then prepared following

the manufacturer’s instructions and layered on top of the agarose

layer. Cells (26104/100 ml of MEM) were serum-starved over-

night, seeded on top of the collagen layer and incubated for 24 h

under normoxic or hypoxic conditions. The cells were labeled with

CellTraceTM Calcein Green AM (Invitrogen) 1 h prior to the end

of incubation. Cells were then washed with PBS and fixed with 3%

glutaraldehyde for 30 min followed by confocal microscopy

analysis using a FV1000 Olympus confocal microscope. Collagen

matrix pellets were scanned along the Z-axis. Cells that had

invaded the collagen gel were imaged and quantitated at each

5 mm layers within the gel. Cell invasion was expressed as a ratio

of the fluorescence intensity of each 5 mm layer/ fluorescence

intensity of the top 5 mm layer (non-invading cells).

Statistical Analysis
Unpaired Student’s t-test was used to assess statistical signifi-

cance. A p value , 0.05 was considered to be significant.

Results

Hypoxia Enhances Invadopodia Formation and ECM
Degradation Through the TGFb/Smad3-dependent
Signaling Pathway

Exposure of HT-1080 human fibrosarcoma cells to hypoxic

conditions (1% O2) for 10 h resulted in a 10-fold increase in the

percentage of cells forming invadopodia compared to normoxic

conditions (21% O2) (Figure 1A). Quantification of the number of

invadopodia identified by the colocalization of actin and cortactin,

two known markers of invadopodia [36], as well as the extend of

ECM degradation per cells showed a significant increase in

hypoxic cells compared to their normoxic counterpart (Figures 1B,

1C). Similarly to the data recently published by our group [10],

these observations showed that hypoxia enhanced both the

formation of invadopodia and their capacity to degrade ECM.

We have previously reported that hypoxia induced an increase

in pro-TGFb maturation through up-regulation of the proprotein

convertase furin [2]. In addition, TGFb was shown to promote the

invasion of cancer cells [48–50] and the formation of F-actin cores

in CA1D human breast cancer cells [45] and podosomes in

endothelial cells [44]. To address the potential role of TGFb in

hypoxia-induced invadopodia formation, we first added TGFb to

HT-1080 cells incubated under normoxic or hypoxic conditions.

Low concentrations of TGFb increased invadopodia formation

and ECM degradation in normoxic cells (Figures 2A, 2B).

Alternatively, higher concentrations of TGFb enhanced invado-

podia formation and ECM degradation in both normoxic and

hypoxic cells as well as the number of invadopodia formed per cell

(Figures 2A, B). These results indicated that TGFb mimicked the

impact of hypoxia on invadopodia formation and function

presumably due to the capacity of hypoxia to increase TGFb
processing/production [2]. TGFb is therefore a candidate

mediator by which invadopodia are stimulated by hypoxia.

To investigate the implication of endogenous TGFb in hypoxia-

induced invadopodia formation, we took advantage of the ability

of the proprotein convertase furin to recognize and cleave at the

basic sequences found in TGFb1,-2 and -3 maturation site,

providing an efficient way to interfere with activation of TGFb
[51]. Overexpression of furin in HT-1080 cells led to a 2-fold

increase in the percentage of cells forming invadopodia in

normoxic cells. In contrast, overexpression of a1-antitrypsin-

Portland (a1-PDX), a modified serpin with potent furin inhibitory

activity [52,53] did not modify the capacity of the cells to produce

invadopodia under normoxic conditions while it completely

blunted invadopodia formation and ECM degradation in cells

incubated under hypoxia (Figures 2C, D). Furthermore, the levels

of bioactive TGFb1, as measured using ELISA assays, were 2.8-

fold higher in supernatants from hypoxic cells compared to

supernatants from non-hypoxic cells (Figure 2E). Taken together,

these results suggested that endogenous TGFb was involved in

hypoxia-induced invadopodia formation and ECM degradation.

HDAC6 in Hypoxia-Induced Invadopodia Formation
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TGFb signals, in part, through a canonical pathway involving

Smad2/3 and Smad4 that forms a multimeric Smad complex

which induces or represses TGFb responsive genes once accumu-

lated in the nucleus [54]. Recently, it has been shown that TGFb
induced invadopodia production by enhancing MMP-9 produc-

tion, an event that was associated with Smad-dependent signaling

pathway [45]. In addition, hypoxia was shown to induce the

expression of various genes through cooperation between Smad3

and HIF-1/-2 [55,56]. To further investigate the role of TGFb in

hypoxia-induced invadopodia, we first tested whether exposure to

hypoxia led to Smad2 and Smad3 activation and nuclear

accumulation using antibodies that detect the activated (phos-

phorylation on C-terminal serine residues) state of these Smads.

TGFb stimulations were used as controls. Results revealed that

hypoxia increased the levels of Smad3 phosphorylation (Figure S1)

and the accumulation of p-Smad3 in the nucleus of HT-1080 cells,

with a maximal effect at 6 h (Figures 3A, 3B). In contrast, Smad 2

phosphorylation or nuclear accumulation was only marginally

affected by hypoxia (Figures S1 and S2). Stimulation of the cells

with TGFb under normoxic conditions resulted in a significant

increase in nuclear accumulation of both p-Smad2 (Figure S2) and

p-Smad3 (Figures 3A, 3B). Next, we used pharmacological

inhibitors to investigate the role of the Smad3-dependent signaling

pathway in hypoxia-induced invadopodia formation. Treatment of

HT-1080 cells with either Ly364947, a selective inhibitor of

TGFbR1 [57], or SIS3, a cell-permeable selective inhibitor of

Figure 1. Hypoxia promotes invadopodia formation. HT-1080 cells were cultured on FITC-gelatin-coated slides in normoxia or hypoxia for 4 h
(B) or 10 h (A, C). (A) Percentage of cells forming invadopodia. (B) Micrographs of actin (green), cortactin (red) nucleus (blue) and merged images are
shown. The associated graph shows the number of F-actin-positive and cortactin-positive invadopodia per cell as described under Materials and
Methods. (C) Quantification of ECM degradation (area/cell). The associated micrographs show representative ECM degradation area for a single cell.
Columns correspond to the mean 6 SEM; ** p , 0.01, *** p , 0.001; scale bars correspond to 5 mm.
doi:10.1371/journal.pone.0055529.g001
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TGFb-dependent Smad3 phosphorylation and Smad3-mediated

cellular signaling [58], had no significant impact on the percentage

of cells forming invadopodia under normoxic conditions

(Figure 3C). This result correlated with the previous observation

Figure 2. Endogenous TGFb is involved in hypoxia-induced invadopodia formation. (A, B) HT-1080 cells were cultured on FITC-gelatin-
coated slides in normoxia or hypoxia for 10 h in the presence or absence of TGFb added at the indicated concentrations. (A) Percentage of cells
forming invadopodia. (B) Quantification of ECM degradation (area/cell). (C, D) HT-1080, HT-1080-hFur and HT-1080-PDX cells were cultured on FITC-
gelatin-coated slides in normoxia or hypoxia for 10 h. (C) Percentage of cells forming invadopodia. (D) Quantification of ECM degradation (area/cell).
(E) Total TGFb was quantitated in supernatants of cells cultured in normoxia or hypoxia for 24 h. Columns correspond to the mean 6 SEM; ** p ,

0.01, *** p , 0.005.
doi:10.1371/journal.pone.0055529.g002

HDAC6 in Hypoxia-Induced Invadopodia Formation
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that Smad3 was not activated nor accumulated in the nucleus of

normoxic cells. Conversely, the addition of Ly364947 or SIS3 to

cells cultured under hypoxic conditions resulted in a concentra-

tion-dependent decrease in the percentage of cells forming

invadopodia with a complete inhibition observed at the highest

concentration (Figure 3C). Taken together, these results strongly

suggested that TGFb played a critical role in hypoxia-induced

invadopodia formation in HT-1080 cells through the Smad3-

dependent signaling pathway.

HDAC6 Activity is Required for Hypoxia-induced Smad3
Nuclear Translocation and Invadopodia Formation

HDAC6 has been shown to be involved in microtubule stability

through the regulation of the levels of tubulin acetylation [59].

Moreover, recent studies have indicated that HDAC6 was

required for TGFb1-induced EMT, an event that was correlated

with HDAC6-induced deacetylation of tubulin and activation of

Smad3 [27]. This finding prompted us to investigate the

relationship between HDAC6 and Smad3 signaling in hypoxia-

induced invadopodia formation. To define the role of HDAC6 in

hypoxia-induced Smad3 nuclear accumulation, HT-1080 cells

were transfected with HDAC6-targeted shRNA or control

shRNA. Knockdown or inhibition of HDAC6 activity with

tubacin, a specific inhibitor of HDAC6 tubulin deacetylase activity

[60], resulted in a strong inhibition of hypoxia-induced nuclear

localization of p-Smad3 compared to an absence of significant

reduction in cells transfected with control shRNA (Figure 4A, B).

Immunoblotting results confirmed the efficiency of HDAC6

knockdown (Figure 4A). We therefore concluded that HDAC6

activity was required for hypoxia-induced nuclear accumulation of

Smad3. To determine whether HDAC6 and HDAC6 deacetylase

activity were involved in hypoxia-induced invadopodia formation,

HT-1080 cells were transfected with HDAC6-specific shRNA or

incubated with tubacin, or its non-functional structural analog

nitubacin [60], during invadopodia assays. Knockdown of

HDAC6 with shRNA completely inhibited hypoxia-induced

Figure 3. The Smad3-dependent signaling pathway is involved in hypoxia-induced invadopodia formation. (A, B) HT-1080 cells were
seeded on gelatin-coated slides and incubated in the presence or absence of TGFb or in hypoxia for 3, 6 or 16 h. Cells were labeled for p-Smad3 and
nucleus (DAPI) and analyzed by confocal microscopy. (A) Micrographs of p-Smad3 (red), nucleus (blue) and merged images (binary mask-overlay). (B)
Graph showing the percentage of colocalization of p-Smad3 with nucleus measured as described under Materials and Methods. (C) Cells were seeded
on FITC-gelatin-coated slides, preincubated in the presence or absence of SIS3 or Ly364947 for 30 min and incubated in normoxia in the presence or
absence of TGFb or hypoxia for 10 h. The graph shows the percentage of cells forming invadopodia. Columns correspond to the mean 6 SEM; **
p = 0.01, *** p , 0.001; Scale bars correspond to 5 mm.
doi:10.1371/journal.pone.0055529.g003
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invadopodia formation without affecting the normoxic levels of

invadopodia (Figure 4D). In addition, tubacin decreased the

percentage of cells forming invadopodia in normoxia while

completely abolishing invadopodia formation in response to

hypoxia (Figure 4C). In contrast, nitubacin treatment did not

affect the percentage of invadopodia formed by cells cultured

under normoxic or hypoxic conditions (Figure 4C). Similar

inhibition was observed when cells were incubated with trichos-

tatin A (TSA), a large spectrum HDAC inhibitor, during the

invadopodia assay (Figure S3A). In contrast, valproid acid (VPA),

a class I HDAC inhibitor that inhibits HDAC 1,2,3 and 8, failed to

reduce the levels of hypoxia-induced invadopodia formation

further suggesting that among the HDAC family members

HDAC6 is a key mediator of invadopodia formation in hypoxia

(Figure S3B). To further assess the relevance of HDAC6 in

hypoxia-induced cell invasion, we performed three-dimensional

invasion assays. HT-1080 cells, transfected with control or

HDAC6 shRNAs, were seeded on top of type I collagen matrix

and incubated under normoxic or hypoxic conditions for 48 h.

Cells that invaded the collagen gels were imaged and quantitated

using confocal microscopy. Results showed that HDAC6 knock-

down cells lost the ability to deeply invade collagen gels in

response to hypoxia, without changing their invasive capacity

under normoxic conditions (Figures 4E, 4F). These results

indicated an essential role for HDAC6 and HDAC6 deacetylase

activity in hypoxia-induced Smad3 activation and cell invasion.

They also suggested that HDAC6 levels and/or activity were

regulated by hypoxia.

Hypoxia-induced HDAC6 Activity Involves the EGFR but
not the TGFb Pathway

To define whether hypoxia enhances HDAC6 protein level

and/or activity, HT-1080 cells were incubated under normoxic or

hypoxic conditions and HDAC6 levels and activity were measured

by immunoblotting for HDAC and a-tubulin, respectively.

Computation of the ratio of acetylated to total a-tubulin showed

that exposure of the cells to hypoxia for 2 and 4 h resulted in a

60% and 80% increase in HDAC6 activity (as visualized by the

loss in acetylated tubulin), respectively, without significant

modulation in HDAC6 protein levels (Figure 5A). In addition,

the levels of HDAC6 activity returned to control (normoxic)

conditions upon incubation of the cells for longer periods of time

(6–24 h; data not shown).

Because HDAC6 activity, but not its expression, was affected by

hypoxia, we next searched for potential mediators of HDAC6

activation. TGFb, through the canonical pathway, and EGF,

through activation of the EGFR, are among the few stimuli

reported to directly modulate HDAC6 activity [27,35]. Therefore

these pathways represent candidate mediators of HDAC6

activation under hypoxic conditions. To define whether TGFb
or EGF influenced HDAC6 tubulin deacetylase activity, HT-1080

cells cultured under normoxic conditions, were incubated for 4 h

in the presence or absence of EGF or TGFb. The addition of EGF

or TGFb resulted in a significant increase in HDAC6 activity as

illustrated by the reduction in the levels of acetylated-tubulin over

tubulin, whereas HDAC6 protein levels were not altered by either

EGF or TGFb (Figures 5B, 5C). Next, to define whether hypoxia

induced the activation of the EGF receptor, HT-1080 cells were

incubated for different periods of time under hypoxic conditions.

EGFR was then immunoprecipitated followed by immunoblotting

with anti-phosphotyrosine antibodies or anti-EGFR antibodies.

Results indicated that hypoxia increased EGFR phosphorylation

on tyrosine residues with maximal effect at 60 min, although total

levels of EGFR remained unchanged (Figure 6A). In addition, we

could not detect any significant amounts of EGF in supernatants of

cells incubated under normoxic or hypoxic conditions. Next, to

investigate the implication of endogenous growth factors in

hypoxia-induced HDAC6 activation, cells were pre-treated with

either Tyrphostin AG-1478, or Ly364947 to selectively block

kinase activity associated with EGFR or TGFbR1, respectively,

followed by incubation under hypoxic conditions for 2 or 4 h.

Inhibition of EGFR kinase activity almost completely prevented

hypoxia-induced HDAC6 deacetylase activity (Figure 6B). In

contrast, inhibition of the TGFbR1 kinase had no significant effect

(Figure 6B). These data suggested that although EGFR and

TGFbR1 are activated under hypoxic conditions, the ability of

hypoxia to activate HDAC6 activity is likely to be mediated by

EGFR.

Results presented above suggested a relationship between the

EGF and TGFb signaling pathway in hypoxia-induced Smad3

activation and nuclear accumulation. To explore this possibility

further, HT-1080 cells were incubated for 6 h under normoxic

conditions in the presence of low concentrations of TGFb with or

without EGF, or incubated in hypoxia in the presence or absence

of Tyrphostin AG-1478. A low concentration (0.5 ng/mL) of

TGFb was sufficient to significantly induce pSmad3 nuclear

accumulation, whereas a higher concentration (5 ng/mL) led to a

further increase in pSmad3 nuclear accumulation (Figure 7).

Interestingly, EGF alone induced a small but significant accumu-

lation of Smad3 in the nucleus, and addition of 0.5 ng/ml of

TGFb resulted in an additive effect on p-Smad3 nuclear

accumulation. Furthermore, similar to results found using

TGFbR1 or Smad3 inhibitors (Figure 3C), selective inhibition of

EGFR kinase activity with Tyrphostin AG-1478 or TGFbR1 with

LY364947 completely abrogated hypoxia-induced nuclear accu-

mulation of p-Smad3 (Figure 7). Taken together, these results

suggested that the EGFR and TGFb signaling pathways cooper-

ated for the nuclear accumulation of pSmad3 under hypoxic

conditions.

Discussion

In this study, we showed that exposure of fibrosarcoma cells to

hypoxia promoted HDAC6 tubulin deacetylase activity that

orchestrated Smad3 activation and nuclear translocation. We

identified TGFb and Smad3 signaling pathway as important

mediators of hypoxia-induced invadopodia formation. In addition,

we demonstrated that the inhibition of HDAC6 expression or

deacetylase activity impaired Smad3 activation, an event involved

in invadopodia formation and cell invasion triggered by hypoxia.

We further provided evidence that hypoxia modulated HDAC6

activity through the activation of EGFR. These results led us to

propose that hypoxia promotes invadopodia formation through an

EGFR-HDAC6-TGFb/Smad3 axis (Figure 8).

TGFb is a secreted growth factor that controls numerous

biological processes such as proliferation and differentiation. It is

synthesized as a precursor protein that requires proteolytic

cleavage by proprotein convertases in order to become biologically

active [51,61]. TGFb is up-regulated in various types of cancers

[62–64] and has been shown to be involved in invadopodia

formation [45]. Accordingly, our results support a role for TGFb
in hypoxia-induced invadopodia formation. Several reports have

shown that hypoxia leads to the bioactivation of latent TGFb
[3,65] and we have previously shown that such increase in TGFb
bioactivation occurred, at least in part, through up-regulation of

the proprotein convertase furin [2]. Our data indicated that

hypoxia-induced invadopodia formation was mimicked by over-

expression of furin, whereas it was reverted by either inhibition of
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Figure 4. HDAC6 is involved in hypoxia-induced invadopodia formation. (A) HT-1080 (CTL), HT-1080 transfected with control shRNA (sh-
CTL) or shRNA targeting HDAC6 (shHDAC6) or (B) untransfected HT-1080 cells incubated in the presence or absence of Tubacin or TGFb were
cultured on gelatin-coated slides in normoxia or hypoxia for 6 h. (A, B) Graph showing the percentage of colocalization of p-Smad3 with nucleus
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the endogenous convertase or inhibition of TGFb signaling

strongly suggesting that enhanced bioactivation of endogenous

TGFb is one of the mechanism involved in invadopodia formation

induced by hypoxia. Because furin was also shown to process other

substrates involved in invadopodia formation, such as the

metalloproteinase MT1-MMP [66,67], one cannot rule out the

participation of other furin substrates in invadopodia formation/

function.

Canonical TGFb signaling plays a pivotal role in tumor

invasion [68,69]. Our results indicates that Smad3, but not

Smad2 (Figures S2, S3) is phosphorylated and translocated to the

nucleus upon short term (3–6 h) incubation of the cells under

hypoxic conditions and that this event persists for up to 16 h. Such

activation of Smad3 seems to be a key mechanism by which

hypoxia enhanced invadopodia formation since full inhibition of

the percentage of cells forming invadopodia was observed in the

presence of selective inhibitors of Smad3 phosphorylation/

signaling as well as inhibitors of the TGFbR1 kinase. It was

reported that the cellular response to hypoxia involves signaling

via Smad proteins. Indeed, brief exposure of HUVECs to hypoxia

was shown to be sufficient to induce Smad phosphorylation

through bioactivation of latent TGFb [3]. There is now ample

evidence that Smad2 and Smad3 have distinct and non-

overlapping roles in TGFb signaling and that these differ in cell

types [70]. Interestingly, Smad3 has been linked to TGFb-

mediated EMT [71], an important event associated with cell

migration and invasion [72–74]. In addition, Smad3 has been

shown to be an important contributor to breast cancer cell

invasion by controlling the expression of MMP-2 and MMP-9

[75], two metalloproteinases involved in matrix degradation and

invadopodia functions [76,77]. In contrast, Smad2 was shown to

be required for TGFb-induced growth inhibition in various

cellular contexts [78,79]. Therefore such strategic activation of

Smad 3 under hypoxia might be important for cancer cell

transformation into a more aggressive, invadopodia-forming

phenotype.

Little is known concerning the selective activation of Smad2

versus Smad3, but this could occur at the level of phosphorylation,

(DAPI) measured as described under Materials and Methods. (A) Immunoblot showing inhibition of HDAC6 expression by HDAC6 shRNA. (C) HT-1080
cells were cultured on FITC-gelatin-coated slides in normoxia or hypoxia for 10 h and treated with DMSO (vehicle CTL), Tubacin or Nitubacin
(Negative CTL). The graph shows the percentage of cells forming invadopodia. (D-F) HT-1080 (CTL), HT-1080 transfected with shCTL (sh-CTL) and HT-
1080 transfected with shHDAC6 (shHDAC6) were cultured on FITC-gelatin-coated slides (D) or allowed to invade collagen gels (E, F) in normoxia or
hypoxia. (D) Percentage of cells forming invadopodia for cells incubated for 10 h. (E, F) Cells were allowed to invade collagen gels for 24 h and
stained as described under Materials and Methods. (E) Relative fluorescence intensity of the cells according to the depth of invasion. The arbitrary
index of invasion was calculated as described under Materials and Methods. (F) Maximal depth of invasion. Columns correspond to the mean 6 SEM;
* p , 0.04; ** p , 0.002, *** p , 0.001.
doi:10.1371/journal.pone.0055529.g004

Figure 5. Hypoxia induces HDAC6 deacetylase activity. (A) HT-1080 cells were seeded on gelatin-coated slides and incubated in normoxia or
hypoxia for 2 h or 4 h and cell lysates immunoblotted for HDAC6, acetylated-tubulin, and tubulin. (B, C) Cells seeded on gelatin-coated slides were
incubated in normoxia for 4 h in the presence or absence of (B) TGFb or (C) EGF at the indicated concentrations. Immunoblots of HDAC6, acetylated-
tubulin, and tubulin.
doi:10.1371/journal.pone.0055529.g005
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gene expression, protein stability, nuclear import/export mecha-

nisms or cytoplasmic/plasma membrane sequestration by reten-

tion proteins in a cell-dependent and/or context-dependent

fashion. We observed that even though Smad3 protein expression

levels remained unchanged, hypoxia consistently and repetitively

triggered an increase in Smad3 activation suggesting that hypoxia

does not modify Smad3 stability or gene expression. Microtubule

binding to Smads has been proposed to regulate TGFb activity by

sequestering and controlling the association and phosphorylation

of Smads by activated TGFb-receptor I [33]. It was recently

reported that TGFb-induced EMT was regulated by HDAC6, a

cytoplasmic histone deacetylase that controls acetylated-level of a-

tubulin and was shown to promote the activation of Smad3 in

response to TGFb [27]. HDAC6-mediated tubulin deacetylation

is known to decrease tubulin stability and a recent study indicated

that the structural integrity of b–tubulin played an essential role in

mediating its interaction with Smad3 [80]. Here we show that

selective inhibition of HDAC6 tubulin deacetylase activity

restrained Smad3 nuclear accumulation following TGFb stimula-

tion or incubation under hypoxia, further suggesting the role of

HDAC6 in the regulation of Smad3 activity in different cell

context. We also demonstrated that inhibition or knockdown of

HDAC6 resulted in a complete impairment of hypoxia-induced

invadopodia formation, strengthening the role of Smad3 signaling

pathway in invadopodia formation. Although deacetylation of a-

tubulin by HDAC6 and subsequent Smad3 activation seems to be

an important event in the induction of invadopodia production in

hypoxia, other data link HDAC6 to tumor progression and cancer

cell invasion through deacetylation of other cytoplasmic substrates.

Indeed, it has been reported that inhibition of HDAC6 leads to

hypoacetylation of HSP90alpha, resulting in a diminution of

MMP-2 maturation and decreased cell invasion [81]. An

additional study has shown that HDAC6 regulates cell migration

by altering acetylation of cortactin, an important component of

invadopodia machinery [30] and that HDAC6 was required for

invadopodia activity by regulating acetylated level of tubulin and

cortactin [28]. Therefore, these observations suggest that other

complementary mechanisms are involved leading to enhanced cell

invasion under hypoxia.

Despite growing evidence indicating a role for HDAC6 in

cancer invasion, inducers of HDAC6 activity are still poorly

characterized. Among the few factors, TGFb has been shown to

induce HDAC6 activity through Smad3 activation in lung

epithelial cells [27] and we showed here that stimulation of

fibrosarcoma cells with TGFb enhanced HDAC6 activity. Even

though TGFb has the capacity to activate HDAC6 in different cell

systems, including ours, it is unlikely that endogenous TGFb is the

main factor involved in the early activation of HDAC6 in response

to hypoxia. In fact, our results showed that short exposure of the

cells to hypoxia (2–4 h) was sufficient to enhance HDAC6

deacetylase activity, while maximal activation/phosphorylation

of Smad3 in response to hypoxia occurred at 6 h. In addition,

inhibition of the TGFbR1 kinase did not reduce the enhanced

HDAC6 action triggered by hypoxia, further suggesting the

implication of other mediators/signaling pathways. Accordingly, a

recent report has indicated that EGF-induced ERK-MAP kinase

pathway enhanced cell migration by inducing deacetylation of

tubulin through activation of HDAC6 [35]. EGFR is known to be

activated under hypoxia [82,83] and EGF is a well-known growth

factor involved in cancer progression. Results presented here

showed that hypoxia triggered EGFR phosphorylation and that

incubation of the cells with EGF induced both HDAC6 activation

and invadopodia formation (Figure S4). Furthermore, inhibition of

the EGFR pathway strongly reduced hypodia-induced HDAC6

deacetylase activity, whereas parallel inhibition of TGFb signaling

had no effect. These results provided evidence that the early

Figure 6. The EGFR signaling pathway is involved in hypoxia-
induced HDAC6 activation. (A) HT-1080 cells were seeded on
gelatin-coated slides and incubated in normoxia or hypoxia for the
indicated times. Cell lysates were immunoprecipitated (IP) with anti-
EGFR antibodies and immunoblotted with anti-phosphotyrosine and
anti-EGFR antibodies. (B) HT-1080 cells were seeded on gelatin-coated
slides and incubated in normoxia or hypoxia for 2 h and 4 h in the
presence or absence of Tyrphostin AG1478 or Ly364947 at the indicated
concentration. Cell lysates were immunoblotted with acetylated-tubulin
and tubulin antibodies.
doi:10.1371/journal.pone.0055529.g006

Figure 7. EGF enhances TGFb signaling and Smad3 nuclear
accumulation. HT-1080 cells were seeded on gelatin coated-slides
and incubated in normoxia or hypoxia for 6 h in the presence or
absence of TGFb EGF, Tyrphostin AG1478 (2 mM) and Ly364947
(500 nM). Percentage of colocalization of p-Smad3 with nucleus
measured as described under Materials and Methods.
doi:10.1371/journal.pone.0055529.g007
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activation of HDAC6 under hypoxia was triggered by the

activation of the EGFR pathway.

There is increasing evidence that EGF signaling acts in concert

with Smads to regulate TGFb responsive genes. EGF signaling

through ERK1/2 was shown to promote the phosphorylation of

R-Smads, resulting in down regulation of their activity and

translocation to the nucleus [84,85] while a recent study revealed

that activation of the EGFR-ERK1/2 pathway resulted in the

phosphorylation of Smad3 on its linker region leading to increased

transcriptional activity [86]. Results presented here showed that

EGF induces a small but significant increase in Smad3 activation/

nuclear accumulation and amplified TGFb-induced nuclear

accumulation of Smad3 (Figure 7). Although it is possible that

EGFR directly activates Smad3, our results indicating that EGFR

is activated by hypoxia and that inhibition of EGFR strongly

reduced hypoxia-induced HDAC6 deacetylase activity are consis-

tent with a mechanism whereby EGFR activates HDAC6, which

in turn induces tubulin deacetylase activity that facilitates Smad3

activation and nuclear translocation.

Hypoxia appeared to enhance HDAC6 activity through post-

translational mechanisms because total HDAC6 protein levels

were not altered by exposure of the cells to hypoxia. Recent data

have revealed that HDAC6 activity can be regulated through

phosphorylation. HDAC6 possesses several putative EGFR/

MAPK phosphorylation sites and phosphorylation on Tyr570 by

EGF stimulation has been shown to regulate HDAC6 tubulin

deacetylase activity [87]. In addition, casein-kinase II (CK-II) was

shown to phosphorylates HDAC6 on Ser458, causing activation of

HDAC6 and regulation of aggresome formation in response to

stress [88]. Interestingly, both hypoxia and EGF can up-regulate

the activity of CK-II through phosphorylation or enhanced

expression of the b-subunit [89], suggesting that activation of

HDAC6 under hypoxia could be modulated by EGFR and/or

CK-II. Future work would be needed to define the phosphory-

lation status of HDAC6 under hypoxia and to identify the nature

of the protein kinases and phosphorylation sites involved.

A growing body of evidence indicates that the hypoxic

microenvironment of solid tumors is a crucial inducer of cell

invasion and metastasis. Consequently much interest has been

drawn on ‘‘targetable’’ proteins and mechanisms to inhibit

hypoxia-induced cell invasion. Hypoxia has previously been

shown to induce HDAC6 gene and protein expression [31,90]

and here we show that this microenvironment also enhances

HDAC6 activity, further strengthening the role of HDAC6 in

hypoxia-induced cellular events. We also demonstrate that

HDAC6 plays an essential role in hypoxia-induced invadopodia

formation and cell invasion through selective activation of Smad3.

Several small molecule inhibitors of HDAC6 are being developed

and tested in vivo [91,92] so the identification of HDAC6 as a key

participant of hypoxia-induced cell invasion may provide a new

and testable target to counter hypoxia-driven cell invasion and

metastasis. It might also provide an alternative way to interfere

with selective aspects of TGFb signaling in hypoxic cells.

Supporting Information

Figure S1 Hypoxia induces the phosphorylation of
Smad3. HT-1080 cells were incubated in normoxia with or

without TGFb (0.5 ng/mL) and in hypoxia for 3 or 6 h. Total cell

lysates were immunoblotted for p-Smad2, p-Smad3 and total

Smad3.

(TIFF)

Figure S2 Hypoxia does not cause p-Smad2 nuclear
translocation. HT-1080 cells were cultured on gelatin coated-

slides and incubated for 3 and 6 hours in normoxia or hypoxia.

Percentage of colocalization of p-Smad2 and p-Smad3 with the

nucleus as described under Materials and Methods. Column,

mean; bars, SEM, *** p,0.001.

(TIFF)

Figure S3 Inhibition of HDACs influences invadopodia
formation. HT-1080 cells were cultured on fluorescent gelatin-

coated slides and incubated in normoxia or hypoxia for 10 hours

in the presence or absence of A) TSA or B) VPA at the indicated

concentrations. The graphs show the percentage of cells forming

invadopodia. Column, mean; bars, SEM; * p,0.05, ***p,0.001.

(TIFF)

Figure S4 EGF induces invadopodia formation. HT-1080

cells were cultured on fluorescent gelatin-coated slides in normoxia

or hypoxia for 10 hours and treated with EGF (10 ng/mL, 20 ng/

mL). The graph shows the percentage of cells forming invaopodia.

Column, mean; bars, SEM; **; p = 0.01; *** p = 0.001.

(TIFF)
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Figure 8. Proposed mechanisms involved in invadopodia
formation under hypoxia. The hypoxic microenvironment in solid
tumor is proposed to influence invadopodia formation through a
biphasic mechanism involving the regulation of HDAC6, followed by
activation of the TGFb/Smad3-dependent signaling pathway. First,
hypoxia leads to the activation of the EGF/EGFR pathway, which
enhances HDAC6 tubulin deacetylase activity. In parallel, hypoxia
increases the expression of the proprotein convertase furin, resulting in
enhanced TGFb processing and bioactivation. HDAC6 tubulin deacety-
lation may allow the desequestration of Smad3 from the MT network
leading to its activation and nuclear translocation. Smad3 translocation
leads to enhanced transcription of TGFb inducible genes and
invadopodia production. In this model, HDAC6 might also translocate
to the cell periphery where it was shown to be involved in cortactin
deacetylation [31] an event needed for the formation of actin-rich
invadopodia structures.
doi:10.1371/journal.pone.0055529.g008
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