AMCB

Journals.ASM.org

Microtubule Dynamic Instability Controls Podosome Patterning in
Osteoclasts through EB1, Cortactin, and Src
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In osteoclasts (OCs) podosomes are organized in a belt, a feature critical for bone resorption. Although microtubules (MTs) pro-
mote the formation and stability of the belt, the MT and/or podosome molecules that mediate the interaction of the two systems
are not identified. Because the growing “plus” ends of MTs point toward the podosome belt, plus-end tracking proteins (+TIPs)
might regulate podosome patterning. Among the +TIPs, EB1 increased as OCs matured and was enriched in the podosome belt,
and EB1-positive MTs targeted podosomes. Suppression of MT dynamic instability, displacement of EB1 from MT ends, or EB1
depletion resulted in the loss of the podosome belt. We identified cortactin as an Src-dependent interacting partner of EB1. Cor-
tactin-deficient OCs presented a defective MT targeting to, and patterning of, podosomes and reduced bone resorption. Suppres-
sion of MT dynamic instability or EB1 depletion increased cortactin phosphorylation, decreasing its acetylation and affecting its
interaction with EB1. Thus, dynamic MTs and podosomes interact to control bone resorption.

he homeostasis of the skeleton depends on the balanced action

of bone-resorbing osteoclasts (OCs) and bone-forming osteo-
blasts. To resorb bone, OCs attach to the bone surface and seal off
an extracellular compartment into which they transport H" and
Cl™ through their ruffled-border apical membrane, lowering the
pH and dissolving the mineral phase of the bone matrix. OCs also
transport vectorially and secrete lysosomal enzymes, in particular
cathepsin K, to degrade the organic phase of the bone matrix (1—-
3). OCs and other cells derived from monocytic lineage precursors
adhere and migrate using specific actin-rich structures called po-
dosomes (also termed invadosomes) (4-7).

Podosomes are dynamic structures that rapidly assemble and
disassemble, undergoing fusion, fission, or sliding during their
short life span (approximately 2 to 4 min) (8). Podosomes consist
of an F-actin-rich core that contains a subset of actin-regulatory
proteins, like Wasp, Arp2/Arp3 (Arp2/3) complex, and cortactin,
and of a surrounding web of actin filaments, called the cloud,
associated with proteins such as integrins, adaptors (Cbl and pax-
illin), kinases (Src and Pyk2), and Rho GTPases (6). Both the core
and the cloud are sites of constant actin polymerization (8-10).
This rapid podosome turnover is required for the mobility of the
cells and for efficient sealing of the bone-resorbing compartment
during cell migration along the bone surface.

Podosomes form early during OC differentiation and are ini-
tially organized in clusters which radially evolve into dynamic
rings that merge and form a peripheral belt, ultimately circum-
scribing the ruffled border and forming the sealing zone (8, 10,
11). The reversible transition between podosome clusters and the
podosome belt/sealing zone is a unique feature of the OC (11, 12).

The formation of podosomes is initiated by contact with the
bone matrix through integrin receptors, in particular, the o5
integrin (vitronectin receptor, VnR), which is highly expressed in
OCs (13-16). Attachment-induced activation of the VnR in OCs
sequentially activates tyrosine kinase signaling via both Pyk2 and
Src, inducing the formation of a complex that recruits the E3
ubiquitin ligase Cbl (15, 17). Deletion of Src leads to osteopetrosis
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due to the failure of the OCs to resorb bone (18). This defect in
Src™’~ OCs appears to be linked to defective podosome pattern-
ing (15) as they are able to form clusters but fail to expand these
clusters into podosome belts (17, 19), a transition that requires the
kinase activity of Src (17, 20). Pyk2 is also required for the transi-
tion from clusters to the podosome belt and for bone resorption
(21, 22), but, in contrast with Src, this appears to be largely inde-
pendent of Pyk2 catalytic activity (17, 21). Cbl, the third compo-
nent of the Pyk2-Src-Cbl complex, also promotes podosome belt
formation; depleting both ¢c-Cbl and Cbl-b, the two Cbl proteins
expressed in OCs, prevents the formation of podosome belts (23).

Several studies pointed to a critical role of microtubules
(MTs) in podosome biology and in particular in the expansion
of podosome clusters into a belt. Indeed, disruption of the MT
network leads to the loss of the podosome belt (8, 24). Pretreat-
ing macrophages with nocodazole, a tubulin polymerization in-
hibitor, inhibits podosome formation (25) although the rate of
actin polymerization, measured by fluorescence recovery after
photobleaching (FRAP), is not affected by MT depolymerization
or stabilization (26). In macrophages and OCs, podosomes par-
tially colocalize with MTs (26-29), and podosomes are targeted by
MTs, leading to fusion, fission, or disappearance of the podosome
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(29). Finally, both Pyk2 and Cbl proteins affect MT acetylation
and stability (21, 23).

Despite the detailed molecular information gained from
these studies, the mechanism by which MTs are linked to actin
polymerization and podosome dynamics is not yet elucidated. For
the most part, MT growth occurs at one end, the plus end, which
switches continuously between phases of disassembly/shrinkage
and growth (catastrophe and recovery). A diverse group of mul-
tidomain proteins, the plus-end tracking proteins (+TIPs), regu-
late MT dynamics both spatially and temporally. The +TIPs ac-
cumulate at the growing M T plus ends, binding directly to tubulin
or to another +TIP via specific interactions, and dissociate when
the MT shrinks (30). The +TIPs also regulate the actin cytoskel-
eton (31). Among the plus-end proteins, the related +TIPs EBI,
EB2, and EB3 have recently emerged as key regulators; they bind
directly to tubulin via their N-terminal calponin domains (32)
and recruit other +TIP proteins, such as CLIP170, to the MT
growing end through their C-terminal domains (33), effectively
acting as adaptor proteins mediating the interactions of the other
+TIP binding partners at growing MT ends (34, 35).

Since the OC-specific transition from podosome clusters to
belt appears to be dependent on MTs (21, 23, 24), we have inves-
tigated the mechanisms by which MTs interact with podosomes,
in particular, during this transition. We tested the hypothesis that
proteins enriched at plus ends could interact with proteins present
in podosomes, allowing the physical interaction of podosomes
and MTs to control podosome behavior. We show that indeed
OCs express various +TIPs and that EB1 has a critical role in
podosome belt formation. We identified cortactin as an Src-de-
pendent interacting partner of EB1 in the podosomes and observe
that, accordingly, cortactin also plays a role in podosome belt
formation. Deletion of cortactin leads to a defect in the formation
of peripheral belts, preventing effective bone resorption. Mecha-
nistically, dynamic MT plus ends regulate cortactin phosphoryla-
tion by Src, and cortactin phosphorylation and acetylation are
inversely and dynamically related. Thus, EB1-decorated MTs in-
teract with podosomes through cortactin, and this is regulated by
phosphorylation and acetylation events.

MATERIALS AND METHODS

Animals. Generation of CTTN /™ mice (36, 37) and c-Src™/~ mice (18)
was described previously. Animals were handled in accordance with the
guidelines of the Harvard University Standing Committee on Animals.

Antibodies and reagents. The following primary and secondary anti-
bodies were used in this study: mouse anti-a tubulin, mouse anti-acety-
lated tubulin, rabbit anti-EB1, mouse antivinculin, mouse anti-FLAG
(Sigma), mouse anti-EB1, mouse antiactin, mouse anticortactin, rabbit
anti-acetyl cortactin, mouse anti-phosphotyrosine 4G10 (Millipore),
mouse anti-green fluorescent protein (anti-GFP), rabbit anti-dsRed
(Clontech), rabbit anticortactin, rabbit antiphosphocortactin (Tyr421),
mouse anti-Src (Cell Signaling), rabbit anti-EB1 (Abcam), rabbit anticor-
tactin (Santa Cruz), rabbit anti-mouse IgG (Invitrogen), goat anti-mouse
and anti-rabbit IgG-horseradish peroxidase (HRP) conjugate (Pro-
mega), and mouse TrueBlot Ultra Ig HRP (eBioscience). Rhodamine
phalloidin was from Invitrogen. Reagents used include nocodazole, pacli-
taxel (originally named taxol) (Sigma), trichostatin A (TSA; Calbiochem),
and tubacin (provided by Ralph Mazitschek and Stuart Schreiber, The
Broad Institute and Harvard University). Minimum essential medium
with the alpha modification (a-MEM) and fetal bovine serum (FBS) were
purchased from Invitrogen.

Plasmids. The following mammalian expression plasmids have been
described previously: actin-enhanced GFP (eGFP) (Clontech), EB1-GFP
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(plasmid 17234; Addgene), cortactin-eGFP (gift from Marko Kaksonen,
EMBL), cortactin-FLAG, and FLAG-tagged cortactin mutants where 9
lysines are replaced by glutamine or arginine (cortactin 9KQ-FLAG or
cortactin 9KR-FLAG, respectively) (gift from Yingtao Zhang, University
of Florida). Actin-mCherry was generated by cloning the actin coding
sequence from actin-eGFP into pmCherry-C1 (Clontech). Cortactin-
tdTomato (tdTom) was generated by cloning the cortactin coding se-
quence from cortactin-eGFP into ptdTomato-N1 (Clontech). EBIC-GFP
(amino acids 190 to 269) was generated from EB1-GFP using a BamHI site
located between the coding sequence for eGFP and EB1 and by creating an
additional BamHI site upstream of amino acid 190, using a site-directed
mutagenesis kit (QuikChange II; Agilent Technologies) and digesting the
mutant to delete residues 1 to 189 of EB1. EB1Res, an EB1 mutant resis-
tant to siRNA, was generated by silent mutations of at least four nucleo-
tides from the target sequences of EBI using a site-directed mutagenesis
kit (QuikChange II).

siRNA. Two sets of small interfering RNA (siRNA) duplexes
(MISSION; Sigma) against each target gene (mouse EB1) were used. The
MISSION siRNA universal negative control, whose sequence has no ho-
mology to any mature and predicted mRNA sequences was used as a
control. The functionality of the siRNAs was tested by transfecting RAW
264.7 cells using N-TER Nanoparticle siRNA transfection system (Sigma)
with a final concentration of siRNAs of 20 nM. Once validated, the siRNAs
were microinjected into primary OCs (final concentration, 5 wM in mi-
croinjection buffer consisting of 5 mM phosphate sodium buffer and 100
mM KCl) along with actin-GFP (25 ng/pl).

Osteoclast primary cultures, TRAP staining, and pit formation as-
say. Mouse osteoclasts (OCs) were generated by two methods. (i) For
differentiation and resorption assays, gene expression analysis, micros-
copy, and all biochemical analyses, murine bone marrow macrophages
(BMMs) were cultured on untreated tissue culture plastic (Corning) in
a-MEM for 3 days with M-CSF (30 ng/ml), lifted with EDTA (0.5 mM),
replated and cultured on FBS-coated glass coverslips, glass bottom dishes
(MatTek Corporation) or plastic dishes for an additional 3 to 4 days in a
medium with macrophage colony-stimulating factor (M-CSF) (30 ng/ml;
R&D Systems), and RANKL (10 ng/ml; R&D Systems). (ii) For differen-
tiation assays and resorption assays, OCs were also generated by cocultur-
ing BMMs with primary calvarial osteoblasts in a-MEM containing 10
nM 1,25-dihydroxyvitamin D3 and 1 uM PGE2 on plastic. Staining for
TRAP in OCs was performed using a leukocyte acid phosphatase labeling
kit (Sigma), according to the manufacturer’s instructions. For pit forma-
tion assays, OCs generated on dentin slices and cultured for 4 days were
fixed and counted following TRAP staining. The dentin slices were then
washed, incubated in 1 N ammonium hydroxide for 5 min, and sonicated
for 10 s to remove cells. The slices were then stained with rhodamine.
Three-dimensional profiles of resorbed pits were generated using the flu-
orescence mode of a Zeiss LSM 510 confocal microscope (Plan-Neofluar
40X/1.3 numerical aperture [NA] objective lens). Resorbed pit depth was
quantified using Image] software.

RNA extraction and qPCR. RNA from primary cells (BMM-derived
OCs and osteoblasts) stopped at different time points was isolated using
an RNeasy minikit, including on-column RNase-free DNase 1 digestion,
according to the manufacturer’s instructions. The middiaphysis of the left
femora was ground in liquid nitrogen, and this step was followed by RNA
extraction using TRIzol reagent (Invitrogen) and RNA cleanup using an
RNeasy minikit (Qiagen) according to the manufacturer’s protocols.
RNA was quantified spectrophotometrically. cDNA was synthesized by
reverse transcription using a SuperScript VILO ¢cDNA synthesis kit (In-
vitrogen). Real-time quantitative PCR (RT-qPCR) expression analysis
was performed using a Bio-Rad iCycler iQ and iQ SYBR Green mix (Bio-
Rad Laboratories). Aldolase A and 18S were used for normalization. Sets
of primers were designed from the online mouse library probes of Roche
Diagnostics for specific detection of the following genes: aldolase A, 18S,
TRAP, CTSK, CLIP1, CLIP2, APC, CLASP1, CLASP2, MACF1, STIM1,
EB1, EB2, and EB3.
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Transient transfections. HEK293VnR cells (HEK293 cells stably ex-
pressing the o 35 integrin, the major vitronectin receptor) (15) were tran-
siently transfected with cortactin-FLAG, cortactin 9KQ-FLAG, or cortac-
tin 9KR-FLAG using FuGENE HD (Roche Applied Sciences) according to
the manufacturer’s specifications. Total DNA (5 ug per 100-mm? tissue
culture plate) was kept constant by the addition of empty pcDNA3 plas-
mid. Transfected cells were maintained in a-MEM containing 10% fetal
calf serum (FCS) for 24 or 36 h after transfection, lysed, and used for
coimmunoprecipitation (co-IP) assays. Cells treated with epidermal
growth factor (EGF; 100 ng/ml) were serum starved for the last 12 h.

Coimmunoprecipitation and immunoblot analysis. HEK293VnR
cells and primary OCs generated from BMMs were lysed in modified
radioimmunoprecipitation assay (mRIPA) buffer (50 mM Tris-Cl, 150
mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate) containing
protease and phosphatase inhibitors (Complete Mini and Phosphostop;
Roche). Lysates were incubated for 20 min at 4°C, and the supernatant was
clarified by centrifugation. Cell lysate (500 pg) was precleared by incuba-
tion with Dynabeads protein G (Invitrogen) and 1 pg of appropriate
control IgG for 30 min. The supernatant was then incubated with 2 g of
primary antibody at 4°C for 2 h, with rotation. Immunoprecipitation was
performed using Dynabeads protein G (Invitrogen) for 1 h. Nonspecific
proteins were removed by three washes in mRIPA buffer. Samples were
boiled in SDS-containing sample buffer under reducing conditions, and
proteins were resolved by 4 to 12% Bis-Tris Nu-PAGE gel (Invitrogen)
and transferred to Immun-Blot polyvinylidene difluoride (PVDF) mem-
branes (Bio-Rad). Membranes were blocked by incubation with 5% bo-
vine serum albumin (BSA) in Tris-buffered saline—Tween 20 (TBST).
Membranes were washed in TBST and incubated with primary antibod-
ies. Membranes were then washed in TBST and incubated with either
anti-rabbit or anti-mouse IgG horseradish peroxidase-conjugated sec-
ondary antibody diluted in TBST. Membranes were washed, incubated for
1 min with enhanced chemiluminescence (ECL; GE Healthcare), and ex-
posed to film (Kodak).

Microinjection. Intranuclear and cytoplasmic microinjection of
c¢DNAs (25 ng/pl) and siRNA (5 wM) into OCs plated on glass-bottom
dishes or coverslips was performed at room temperature on an inverted
microscope (model IX 71; Olympus) equipped with a heated stage and a
CO, chamber using an InjectMan NI2 micromanipulator and a FemtoJet
Microinjector (Eppendorf). After microinjection, cells were maintained
at 37°C and 5% CO, for at least 12 h in differentiation medium before
imaging.

Time-lapse and confocal microscopy. The glass-bottom dishes were
placed on a 37°C heated stage in a 5% CO, chamber, and confocal images
were collected using 488-nm laser illumination with a Yokogawa CSU-X1
spinning-disk confocal unit (Andor Technology, South Windsor, CT)
mounted on a Nikon Ti-E inverted microscope (Nikon Instruments, Mel-
ville, NY). Images were acquired using a 60X Plan Apo objective lens with
an Orca-ER charge-coupled-device (CCD) camera (Hamamatsu Photo-
nics, Bridgewater, NJ). Acquisition parameters, shutters, filter positions,
and focus were controlled by Andor iQ software (Andor Technology,
South Windsor, CT). Extracted images from stacks were processed with
Image J (http://rsb.info.nih.gov/ij/). At least 25 cells in three to five inde-
pendent experiments were analyzed for each condition. Comet tracking
was performed manually using the tracking function of the MTrack]
plug-in of Image] software, following comets appearing in at least three
consecutive sections.

For immunofluorescence, cells plated on FBS-coated coverslips were
fixed with 3.7% paraformaldehyde (PFA) in phosphate-buffered saline
(PBS), pH 7.4, for 10 min. Cells were permeabilized in 0.05% saponin for
30 min. Coverslips for actin labeling were incubated in a 1:40 dilution of
rhodamine phalloidin stock solution for 1 h, washed with PBS, and
mounted in FluorSave (Calbiochem, San Diego, CA). All coverslips were
blocked in 5% normal goat serum (Roche, Indianapolis, IN) for 30 min
and incubated in appropriate primary antibodies, washed, incubated with
fluorescent secondary antibody (Alexa Fluor 488, green; Alexa Fluor 568,
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red; Alexa Fluor 647, blue), washed again, and mounted in FluorSave.
Nuclei were labeled with TO-PRO-3 (1:,1000) in the secondary antibody
solution. Fixed cells were imaged with a Zeiss LSM 510 laser scanning
confocal microscope (software AIM, version 4.2) using a Zeiss Plan-Neo-
fluar 40X/1.3 NA objective. To ensure that only one fluorochrome was
detected at any one time, each channel was imaged sequentially using a
multitrack recording module before images were merged, using the same
settings to allow comparisons. For actin belt analysis, the fluorescence
intensity of rhodamine phalloidin-stained F-actin podosomes and asso-
ciated actin clouds was quantified using the Image] Plot Profile plug-in
program, which expresses pixel intensity as height. For all fixed-cell ex-
periments, all coverslips were stored in PBS and imaged the following day
after fixation.

Statistical analysis. Statistical differences were assessed with an un-
paired Student’s ¢ test. Calculations were performed using StatView, ver-
sion 4.1, statistic analysis software (Statistical Analysis System Institute).
Data are presented as means * standard deviations (SD), and P values
smaller than 0.05 were considered statistically significant.

RESULTS

EB1 expression increases in mature osteoclasts, and EB1 local-
izes around the podosomes. To identify the +TIPs involved in
OCs, we first analyzed by real-time quantitative PCR (RT-qPCR)
the expression levels of several +TIPs, including EB1, EB2, EB3,
CLIP1, CLIP2, APC, CLASP1, CLASP2, MACF1, and STIMI, dur-
ing OC differentiation. In wild-type (WT) cell cultures, most cells
are mononucleated at day 2, multinucleated with clusters of po-
dosomes at day 3, and multinucleated with podosome belts at day
5. As expected, the expression of TRAP and cathepsin K, two OC
differentiation markers, increased 3- and 4-fold, respectively, dur-
ing this period of time. Of all the +TIPs tested, the expression of
EB1 stood out with a 5-fold increase by day 5 while most of the
others increased only approximately 2-fold during OC differenti-
ation (Fig. 1A). These findings were confirmed at the protein level
by Western blot analysis of APC, EB1, and EB3 (Fig. 1B).

EB family members, including EB1, accumulate autonomously
at growing MT ends (38) and regulate dynamic +TIP interaction
networks (35). We thus examined the cellular localization of EB1
in OCs, comparing differentiating OCs with clusters of podo-
somes and mature OCs with a podosome belt. As expected, EB1
labeling appeared as dots or dashes, frequently colocalizing with
a-tubulin and at the junction between MTs and actin in podo-
somes (Fig. 1C). EB1 frequently localized around the cores of in-
dividual podosomes both in clusters (day 3) and at the podosome
belt (day 5), which was highly enriched in EB1. Taken together,
these results suggested a functional role for EB1 in podosomes in
OCs. Furthermore, live-cell imaging showed that EB1-positive
MT tracks are targeted to the belt and stop growing when they
reach podosomes (see Fig. S1 and Movies S1A and B in the sup-
plemental material).

Depletion of EB1 reduces podosome belt formation. These
findings suggested a role for EB1 in the formation and/or stability
of the podosome belt. To explore this possibility, we analyzed the
effect of EB1 depletion on podosome patterning. We first used
siRNAs delivered directly to the cytoplasm via microinjection
(39). The functionality of several EB1 siRNAs was first tested and
validated in the murine macrophage cell line RAW264.7, trans-
fected either with the targeted siRNA or with a universal negative
control. The most efficient EB1 siRNA induced a 60% knockdown
of EBI protein (Fig. 2A). The selected siRNA was then microin-
jected along with an actin-GFP expression vector in differentiat-
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FIG 1 EBI expression increases in mature osteoclasts and localizes around the podosomes. (A) The expression of OC differentiation markers and +TIPs during
OC differentiation was measured by RT-qPCR in WT OCs, generated from bone marrow macrophages cultured with M-CSF and RANKL and stopped at the
indicated time points. TRAP and cathepsin K (CTSK) were used as OC differentiation markers. The expression of several +TIPs, including EB1, increased during
the differentiation in mature cells. (B) Expression of several +TIPs was detected by immunoblotting (IB) using WT OC lysates and specific antibodies against
APC, EB1, and EB3. a-Tubulin was used to control equal loading. d, day. (C) Immunolocalization of actin, a-tubulin, and EB1 was analyzed by confocal
microscopy in WT OCs fixed at day 3 (upper row) and day 5 (lower row). In differentiating OCs with clusters of individual podosomes, EB1 was present on MT's
and frequently accumulated around individual podosomes. In mature OCs with podosome belts, EB1 colocalized with densely packed podosomes in the belt.
Data are presented as means = SD. *, P < 0.05, significant difference from the control (day 2). OCL, osteoclast lysate.

ing OCs, prior to podosome belt formation. EB1 siRNA decreased
markedly the percentage of actin-GFP-positive cells with belts af-
ter 24 h (Fig. 2B and C). Immunostaining of EB1 confirmed the
depletion in injected cells (Fig. 2C). These results were confirmed
using a second set of EB1 siRNAs that target a different sequence
of EB1 mRNA (data not shown). To exclude a possible off-target
effect of EB1 siRNA, we designed an EB1 mutant with silent mu-
tations in the siRNA-targeted sequence (EB1Res). Resistance of
this EBI mutant to siRNA was first validated in RAW264.7 cells
(Fig. 2D); the siRNA partially lost its efficacy in the presence of
EB1Res. When the EB1Res expression vector was microinjected
along with EB1 siRNA and actin-GFP, it abrogated the effect of the
siRNA on podosome belt formation, in contrast with WT EB1 that
only weakly increased the percentage of microinjected cells with
belts (Fig. 2E).

We further explored the role of EB1 in podosome belt forma-
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tion by expressing another EB1 mutant (EB1C) that lacks the N-
terminal half necessary for MT binding but still retains its ability
to homo- and heterodimerize via the C-terminal half with endog-
enous EB family members, acting as a dominant negative mutant
(40). Microinjection of an EB1C expression vector into differen-
tiating OCs reduced significantly the percentage of cells with belts
(Fig. 2F). Thus, EBI is required for the formation and/or stabili-
zation of the podosome belt in OCs.

Microtubule dynamic instability and the presence of EB1 at
microtubule plus ends are critical for the podosome belt. EB1
functions at plus ends to maintain MT dynamic instability. To
determine if the effect of EB1 depletion on the podosome belt was
related to this function, we used low concentrations of nocodazole
or paclitaxel and short treatment periods to block MT dynamic
instability. This protocol affects the switch between MT growth
and shrinkage, reducing rates of growth and shortening and de-
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FIG 2 Depletion of EBI strongly reduces podosome belt formation. (A) The effect of EB1 deletion on podosome belt formation was investigated by knocking
down EB1 using siRNA. The functionality of the siRNA was first tested by transfecting RAW264.7 cells, and EB1 expression levels were assessed by Western
blotting after 24 h. (B) The siRNA was microinjected along with a plasmid encoding actin-GFP in differentiating OCs that do not have a podosome belt. MISSION
siRNA universal negative control was used as a control. The cells were allowed to differentiate for 24 h and fixed. The number of actin-GFP cells with podosome
belts was quantified. More than 65 GFP-positive cells were counted for the presence or absence of podosome belts. (C) OCs were microinjected as described for
panel B, fixed after 24 h, and stained for EB1 to assess the reduced expression of EB1 in cells microinjected with EB1 siRNA. (D) A mutant EB1-GFP was designed
(EB1Res-GFP) that bears silent point mutations in the siRNA target sequence, preventing siRNA binding to the mRNA. Resistance of EB1Res to the siRNA was
confirmed following transfection in RAW264.7 cells (compare lanes 2 and 5 with lanes 3 and 6). WCL, whole-cell lysate. (E) Microinjection of EB1Res-GFP along
with EB1 siRNA strongly reduced the siRNA effect, whereas the siRNA still affected podosome belt formation when injected with EB1-GFP. More than 200
GFP-positive cells were counted for the presence or absence of a podosome belt. (F) OCs were microinjected with either EBI-GFP or EBIC-GFP, a mutant
construct that lacks the N-terminal half necessary for MT binding. The number of actin-GFP cells with a podosome belt was counted 24 h after microinjection.
EB1C-GFP induced a strong reduction in podosome belt formation. More than 65 GFP-positive cells were counted for the presence or absence of a podosome
belt. Data are presented as means * SD. *, P < 0.05, significant difference from control.

creasing the time spent in growth. This results in the loss of +TIPs
from MTs, without disrupting the MT network or changing the
total content of +TIPs in the cell (41-44). Mature OCs with po-
dosome belts were treated with dimethyl sulfoxide (DMSO), no-
codazole (100 nM, 30 min), or paclitaxel (100 nM, 30 min). As
expected, treatment with nocodazole or paclitaxel eliminated
EB1-positive dots while not inducing the collapse of the entire MT
network (Fig. 3A), in contrast with a higher concentration of no-
codazole (2 wM, 30 min). Both nocodazole and paclitaxel sup-
pressed the accumulation of EB1 in the belt and reduced the num-
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ber of podosomes present at the cell periphery, resulting in the
disappearance of the belt (Fig. 3A; see also Fig. S2A in the supple-
mental material).

Histone deacetylase 6 (HDAC6) inhibition can also reduce the
velocity of both the growth and shortening of the MTs, similar to
low concentrations of nocodazole or paclitaxel, but without af-
fecting the duration spent in growth and, therefore, without alter-
ing the presence of EB1 on dynamic MTs (45). Highly acetylated
MTs observed after HDACG6 inhibition exhibit delayed drug-in-
duced depolymerization, suggesting that a-tubulin acetylation
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FIG 3 Suppression of microtubule dynamic instability and displacement of EB1 from microtubule ends disrupts the podosome belt. (A) Mature OCs generated
from WT BMMs with RANKL/M-CSF were treated with DMSO, nocodazole (Noco; 100 nM or 2 uM for 30 min), or paclitaxel (Tax; 100 nM for 30 min) and
fixed, and the immunolocalization of actin, tubulin (Tub), and EB1 was analyzed by confocal microscopy. Treatments with low doses of nocodazole (100 nM)
and paclitaxel induced the loss of the podosome belt and EB1 concentration at the belt without inducing the collapse of the entire MT network, in contrast to
results with a high dose of nocodazole (2 wM). (B) Mature OCs were generated as described for panel A and treated with DMSO, TSA (500 nM, 1 h), or tubacin
(2 uM, 1 h). Inhibition of HDACS6 induced a wider and denser podosome belt, where EB1 accumulated.

enhances the stability of MTs (44, 46). We therefore used HDAC6
inhibition to test whether the presence or absence of EBI at the
MT plus end affected podosome organization. Mature OCs were
treated with two different inhibitors of HDACS: the class I and II
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inhibitor trichostatin A (TSA) (44—46) or tubacin, a more specific
inhibitor of HDAC6 (45, 47). DMSO or sodium butyrate (NaB), a
deacetylase inhibitor that does not affect a-tubulin acetylation
(48), was used as a control. Immunostaining and immunoblotting
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FIG 4 EBI and cortactin form a molecular complex in osteoclasts. (A) Colocalization of cortactin with EB1 in podosome clusters from WT OCs and an x-z series
image of individual podosomes. (B) Co-IP experiments performed using lysates of OCs derived from BMMs of WT mice showed an interaction between EB1 and
cortactin. The same experiment using irrelevant antibody or lysates from CTTN '~ OCs did not show any interaction.

confirmed that both inhibitors increased the amount of acetylated
a-tubulin (see Fig. S2B and C in the supplemental material).
HDACS6 inhibition maintained EBI at the plus end of MTs and
induced an accumulation of podosomes in the belt (Fig. 3B; see
also Fig. S2D). Altogether, these experiments demonstrate that
MT dynamic instability plays a critical role in the regulation of the
podosome belt and that EBI functions as a +TIP critical for po-
dosome patterning. Since EB1 can localize to the podosomes (Fig.
1C), we next determined which podosome protein(s) interacts
with EB1 and establishes the link with dynamic MTs.

EB1 and cortactin form a molecular complex in osteoclasts,
and deletion of cortactin alters the dynamics of podosomes and
bone resorption. In neurons, EB3, a homolog of EB1 (49), regu-
lates dendritic spine morphology and actin polymerization, form-
ing a molecular complex with the actin-regulatory protein cortac-
tin and the adaptor p140Cap (43). Cortactin is enriched in the
podosome core and is involved in podosome formation (50, 51),
making it a candidate for EB1 interaction in OCs. EB1 and cortac-
tin are both highly expressed in mature OCs and are frequently
colocalized, with EB1 preferentially localized around the core of
podosomes where cortactin is enriched (Fig. 4A). Live-cell imag-
ing of OCs microinjected with expression vectors for EB1-GFP
and cortactin-tdTomato confirmed that a subset of EB1-positive
tracks targeted cortactin-positive podosome cores (see Movie S2
in the supplemental material).

Furthermore, coimmunoprecipitation of endogenous proteins
from WT OCs confirmed the presence of EB1 and cortactin in the
same molecular complexes (Fig. 4B). EB1 was detected in anticor-
tactin immunoprecipitates of WT but not from cortactin knock-
out (KO; CTTN ') (36, 37) OC lysates, demonstrating that the
presence of EB1 in the immunoprecipitate is due to its interaction
with cortactin and not to a nonspecific interaction with the anti-
bodies.

To assess the role of cortactin in podosome dynamics, we used
cortactin-deficient OCs generated from the bone marrow of cor-
tactin knockout mice. Cortactin is highly expressed in mature
OCs (52, 53; also our unpublished observations), and we con-
firmed its deletion in CTTN "/~ OCs (see Fig. S3A in the supple-
mental material). Cortactin deletion impaired belt formation
(Fig. 5A; see also Fig. S3B), and this phenotype was rescued by
microinjecting cortactin-tdTomato along with actin-GFP plas-
mids (Fig. 5B). Deletion of cortactin also affected podosome dy-
namics and the podosome life span, which increased by 30% (P <
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0.05) in the absence of cortactin (Fig. 5C). Furthermore, the ar-
chitecture of single podosomes was also altered in the absence of
cortactin, showing an enlargement of the actin core and a disor-
ganization of the vinculin cloud (Fig. 5D).

Since defects in podosome patterning or signaling often lead to
a decrease in OC activity (54, 55), we next determined whether
CTTN '~ OCs were impaired in their ability to resorb bone in
vitro. The average resorbed area produced on dentin slices per
individual OC was reduced in the absence of cortactin, and the
average pit depth showed a similar pattern (Fig. 5E). Thus, in the
absence of cortactin, OCs show a cell-autonomous decrease in
bone-resorbing activity. In addition, the ability of CTTN '~ bone
marrow macrophages (BMMs) to form multinucleated OCs was
reduced (see Fig. S3C in the supplemental material), possibly also
as a consequence of podosome disruption.

Microtubule targeting of podosomes is altered in CTTN ™
osteoclasts. Since EB1 and cortactin interact and since both play a
role in podosome patterning, this interaction may contribute to
the connection between MTs and podosomes. To answer this
question, we compared the length, duration, and speed of EB1-
positive tracks in WT and CTTN '~ OCs following expression of
actin-mCherry and EB1-GFP. Length and speed of growing MTs
were increased when cortactin was absent (Fig. 6A; see also Movies
S3A and B in the supplemental material). Since MT growth stops
when MTs reach podosomes, these results suggest that the target-
ing of EB1-decorated MT plus ends to podosomes was altered in
the absence of cortactin. We reasoned that if this was true, then the
interaction of EB1 with other components of the podosome could
also be disturbed in the absence of cortactin. We found that vin-
culin, another protein enriched in podosomes, was present in EB1
immunoprecipitates and that this interaction was also decreased
after treatment with low doses of nocodazole (Fig. 6B). Interest-
ingly, the interaction between EB1 and vinculin was also re-
duced in the absence of cortactin, supporting the idea that
deletion of cortactin reduces the targeting of podosomes by
EB1-decorated MTs.

Microtubules and EB1 regulate cortactin phosphorylation.
Cortactin’s activity is controlled in part by phosphorylation, in-
cluding its ability to promote actin polymerization (56) and po-
dosome belt formation (10). Having shown that cortactin inter-
acts with EB1, we then asked whether alterations in MT stability
could regulate cortactin phosphorylation status. Suppression of
dynamic instability of MTs with nocodazole or paclitaxel led to an
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FIG 5 Cortactin deletion alters the dynamics of podosomes. (A) Mature OCs (day 5) generated from BMMs of WT and CTTN /" mice were fixed and stained
for actin and a-tubulin, and the number of cells with a podosome belt was counted. More than 500 OCs per genotype were counted for the presence or absence
of a podosome belt. (B) Differentiating OCs (day 4) generated from BMMs of WT and CTTN /"~ mice were microinjected with actin-GFP alone or together with
CTTN-tdTomato. After 24 h, cells were fixed, and the number of actin-GFP-positive OCs with a podosome belt was counted. More than 200 GFP-positive cells
were counted. (C) Differentiating WT and CTTN '~ OCs were microinjected with expression vector for GFP-actin and observed by time-lapse microscopy.
Individual podosomes in clusters were followed, and their life span (the overall time in which a fluorescently labeled podosome exists) was calculated and plotted.
Eighty individual podosomes were analyzed. (D) WT and CTTN /~ OCs were fixed and stained for vinculin (green) and F-actin (red). Analysis of individual
podosomes by processing the actin and vinculin images with the a three-dimensional surface plot plug-in revealed a larger actin cloud and disorganized vinculin
ring. Fluorescence intensity profiles for actin and vinculin in individual podosomes from WT and CTTN ~/~ OCs were calculated from measurements of over 200
podosomes. (E) The average resorbed area was measured after toluidine blue staining of dentin slices plated with WT and CTTN ™'~ OCs and was normalized
by the number of OCs on the slices, identified by TRAP staining. Pit depth was measured by confocal microscopy. OCs were plated on dentin slices and allowed
to resorb for 12 h. OCs were then removed from the slices that were stained with rhodamine. A z series was acquired with a confocal microscope, and color-coded
images of the depth of the pits were generated with Image]. Data are presented as means = SD. *, P < 0.05, significant difference from control.

increase in the interaction of cortactin with c-Src and in the phos- ~ with TSA or tubacin (Fig. 7A). Thus, the Src-dependent phos-
phorylation of cortactin at tyrosine 421 (Fig. 7A) (57). In contrast, — phorylation of cortactin is at least in part dependent upon MT
cortactin phosphorylation and its interaction with c-Src were de-  stability. EBI could therefore be involved in the regulation of cor-
creased when MTs were stabilized following HDACG inhibition  tactin phosphorylation. Because enough material for biochemical

January 2014 Volume 34 Number 1 mcb.asm.org 23


http://mcb.asm.org

Biosse Duplan et al.

duration

length

IP EB1

i~ kD

= 150

WCL

150

DMSO
NOCO
CTTN

speed

FIG 6 Microtubule targeting of podosomes is altered in CTTN /" osteoclasts. (A) GFP-positive structures were manually tracked with the Image] plug-in
Mtrack] in WT and CTTN /= OCs microinjected with GFP-EB1 and mCherry-actin. The duration, length, and speed of the EB1-positive tracks were calculated.
A total of 10 cells were analyzed for MT dynamics. (B) EB1 interaction with vinculin, a marker of podosomes, was assessed by co-IP in WT OCs treated with

DMSO or nocodazole (100 nm, 30 min) and in nontreated CTTN /= OCs.

analysis cannot be obtained from microinjected OCs, to test this
possibility, we used RAW264.7 cells, a cell line that can be induced
to differentiate into OCs by RANKL, and transfected them with
EB1 siRNA. Tyrosine phosphorylation of cortactin was increased
in EB1-depleted cells (Fig. 7B), similar to the changes observed
after disruption of dynamic MTs. Thus, the tyrosine phosphory-
lation of cortactin is in part downregulated by EB1 and MT dy-
namic instability. Interestingly, the interaction between EB1 and
cortactin is Src dependent, and deletion of c-Src prevented the
interaction, as shown by co-IP experiments using WT and c-Src
KO OCs (Fig. 7C). In agreement with this finding, confocal mi-
croscopy demonstrated that in contrast to WT OCs, EBL fails to
efficiently colocalize with podosomes in Src KO OCs, where po-
dosomes remain in clusters and cannot form peripheral belts (15)
(Fig. 7D). Thus, phosphorylation of cortactin by Src is required
for EB1-cortactin interaction, and EB1 and MT instability de-
crease the phosphorylation of cortactin. As discussed below, this
may be linked to an MT-dependent switch to acetylation of cor-
tactin.

Alternate and dynamic acetylation/phosphorylation of cor-
tactin is required for podosome belt formation. Cortactin is also
a substrate of HDACS, and its acetylation affects its activity, in-
cluding its actin binding ability (58—-61). The amount of acetylated
cortactin in OCs was increased after treatment with the HDAC6
inhibitor TSA or tubacin (see Fig. S4A in the supplemental mate-
rial), indicating that cortactin acetylation does occur endoge-
nously in OCs. Cross-regulation between acetylation and other
posttranslational modifications, including phosphorylation, oc-
curs not only for histones but also for cytoplasmic proteins (62),
and it has been suggested that lysine acetylation of cortactin could
compete with phosphorylation of selected tyrosines (58, 63). We
therefore determined whether cortactin acetylation affects cortac-
tin phosphorylation. To test this possibility, we used HEK293VnR
cells, a model we have extensively used to verify phosphorylation
events and in which EGF induces a robust induction of cortactin
phosphorylation (64, 65), and two cortactin mutants where 9
lysines are replaced by glutamine to mimic the acetylated state
(cortactin 9KQ) or by arginine to mimic the nonacetylated state
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(cortactin 9KR) (58). HEK293VnR cells transfected with WT cor-
tactin or the cortactin mutant 9KQ or 9KR and treated with EGF
(100 ng/ml, 5 min) showed that the cortactin mutant that mimics
the acetylated state (9KQ) was hypophosphorylated compared to
WT cortactin, and, in contrast, the mutant that mimics the non-
acetylated state (9KR) was hyperphosphorylated (see Fig. S4D in
the supplemental material). Most importantly, the interaction of
cortactin with EB1 was modified by the acetylation/phosphoryla-
tion status of cortactin: EGF-induced phosphorylation of WT cor-
tactin or cortactin 9KR decreased markedly the interaction,
whereas the cortactin acetylated-state mutant (9KQ) showed an
increased interaction with EB1.

Thus, there is an inverse relationship between the Src-depen-
dent phosphorylation and the HDAC6-dependent acetylation sta-
tus of cortactin. Since we have shown that this balance is regulated
in part by the instability of MTs and determines the level of inter-
action of EB1 with cortactin, this balance may regulate the inter-
action between MTs and podosomes and the formation and/or
stability of the podosome belt in OCs.

DISCUSSION

MTs play a central role in processes essential for OC activity and
bone resorption: polarization of the cells (66), vesicular traffic
(67-72), motility (68), and podosome belt formation (21, 23, 24,
70, 73-75). Formation of the podosome belt has been the focus of
this study because if other cell types use podosomes/invadosomes
to migrate, adhere, and degrade the extracellular matrix (7), OCs
are the only cells where podosomes follow a precise patterning
such that clusters form rings that fuse and expand to form a char-
acteristic peripheral belt (6, 7, 12), establishing the sealing zone
when OCs are plated on bone or dentin (11). Our understanding
of the molecular mechanisms responsible for this specificity is
limited, and little is known about the molecular interactions be-
tween MTs and podosomes in OCs. Here, we show that MT plus
ends and their associated +TIPs are essential regulators of podo-
some patterning in OCs.

Radial MTs are oriented toward the cell periphery where po-
dosomes form the belt (68, 76), and growing MTs target podo-
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FIG 7 Microtubules and EBI regulate cortactin phosphorylation. (A) WT OCs with podosome belts were treated as described previously with DMSO,
nocodazole, paclitaxel, TSA, or tubacin, and the level of cortactin phosphorylation was measured by Western blotting with a specific anticortactin phospho-
Tyr421 antibody. The membrane was then stripped and reprobed with an anticortactin antibody. The ratio of phosphorylated to total cortactin was determined
by densitometry using ImageJ. Cortactin interaction with Src was detected by co-IP in the same lysates. (B) Cortactin phosphorylation was measured in
RAW?264.7 cells following EB1 depletion by siRNA by immunoprecipitating cortactin and probing with a pan-phosphotyrosine antibody (4G10). The ratio of
phosphorylated to total cortactin was determined by densitometry using Image]. (C) WT osteoclasts or c-Src-KO OCs were lysed at day 4, and equal amounts of
proteins were immunoprecipitated with either IgG (control) or EB1 antibody. The immunoprecipitated protein was blotted with CTTN, c-Src, and EB1
antibodies. (D) OCs from WT (upper panel) and c-Src™’~ (lower panel) mice were generated and cultured on dentin. At day 5, the cells were fixed and stained
for EB1 and actin. Arrows indicate clusters of podosomes in c-Src KO OCs. Scale bar, 5 pm.

somes (29) and invadopodia (77). We found that a subset of grow-
ing MTs targets podosomes. The direction of growing MTs was
skewed toward podosomes, and MT growth stopped when they
reached individual podosomes. Suppression of MT growth with
low doses of nocodazole or paclitaxel rapidly disrupted the podo-
some belt. However, and in contrast with the effects of complete
suppression of the entire MT network by high doses of these
agents, podosomes were still present. Thus, the interaction be-
tween growing MTs and podosomes is not required for the for-
mation or maintenance of podosomes but for their patterning to
form and/or stabilize the belt. This suggested that molecular
events at the plus ends of MTs, including dynamic instability, were
crucial to establish this connection.

We found that the presence of EB1 at the growing ends of MT's
is required for podosome belt formation. First, analysis of +TIPs
during OC differentiation showed a marked increase in EBI ex-
pression, and EB1 accumulates in the belt and around individual
podosomes. Depletion of EB1 in OCs prevented podosome belt
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formation, similar to the effects of preventing MT growth. EB1
selectively binds to growing MT plus ends (41), where it forms a
platform that recruits several other +TIPs, establishing the link
with actin or membranes (33). EB1 is consequently involved in the
majority of MT-dependent processes. Several molecular mecha-
nisms are responsible for these properties, including a direct au-
tonomous accumulation at growing MT ends through the N-ter-
minal domain of EB1 and interaction with other +TIPs via its
C-terminal domain (33-35, 40, 78). Consequently, overexpres-
sion of the EB1 C-terminal domain mutant suppresses EB1 bind-
ing to MTs while maintaining its interaction with other +TIPs
(40, 79). The fact that we observe similar alterations of the podo-
some belt after MT growth inhibition, which displaces EB1 from
MTs, after depletion of EB1, or after overexpression of EB1C con-
firms that the patterning of podosomes into a belt in OCs is de-
pendent upon interactions of MT plus ends with EB1 and the
subsequent recruitment of other +TIPs. Of note, EB1C also dis-
places other +TIPs from growing MTs and sequesters other EB
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family members through dimer formation (40). This additional
perturbation could explain the strong effect of EB1C on podo-
some belt formation compared to siRNA-mediated depletion of
EB1 alone.

The next question was to identify the component(s) of the
podosome and actin-regulatory machinery which directly or in-
directly interacts with EB1 to establish the link between MTs and
podosomes. In neuronal dendritic spines, dynamic MTs regulate
the actin cytoskeleton via a molecular complex formed of EB3,
pl40Cap, and cortactin (43). We assessed the expression of
p140Cap in OCs but could not unequivocally detect its mRNA or
protein. In contrast, cortactin is highly expressed in mature OCs
(80) and localizes to individual podosomes and in the podosome
belt (8, 10, 52, 53, 81, 82). In OCs, EB1 and cortactin belong to a
similar molecular complex, as shown by immunoprecipitation,
even though a direct interaction between the proteins cannot be
ascertained. Furthermore, cortactin is a prominent Src substrate
(83), and Src activity is essential in OCs to ensure proper podo-
some dynamics and patterning (15, 17, 20), possibly in part due to
changes in cortactin phosphorylation.

Cortactin is present in podosomes and invadopodia and plays
a central role in their formation and function (84). siRNA-medi-
ated knockdown of cortactin in fibroblasts (85), smooth muscle
cells (86), tumor cells (51, 87-90), or OCs (52, 53) prevents the
formation of podosome and invadopodia. To determine which
role cortactin plays in podosome patterning and belt formation,
we used OCs derived from cortactin knockout mice (36). In con-
trast to previous reports, we found that cortactin is dispensable for
podosome formation in OCs. In contrast, it is important for po-
dosome patterning and belt formation, similar to EB1, and regu-
lates podosome life span. These findings suggest that cortactin
functions as a scaffolding protein linking and integrating the po-
dosome and MT machineries. This hypothesis is further sup-
ported by our finding of reduced interaction of vinculin with EB1
and altered MT dynamics in the absence of cortactin. Further-
more, the track length of MTs is increased in the absence of cor-
tactin, indicating a defect in MT targeting to podosomes, which
could explain the increased life span of podosomes in the absence
of cortactin (29). The detection of podosomes after 20 min of
dynamic instability suppression, when the average podosome life
span is under 5 min (8, 20, 21; this study), supports the view that
defective targeting decreases the rate at which podosomes disap-
pear. Taken together these data suggest that the targeting of the
plus ends of MTs to podosomes is dependent upon the presence of
EB1 at the growing MT end and of cortactin in the podosome.

How is this interaction regulating the life span and patterning
of podosomes? Cortactin phosphorylation is involved in the reg-
ulation of podosome and invadopodium dynamics (10) and is
correlated with the invasiveness of invadopodia (91). Stepwise
models detailing the events involved in invadopodium formation
and stability reveal that cortactin serves as an adaptor to form a
complex with N-WASP, cofilin, and Arp2/3 (51, 87). We show
here that tyrosine phosphorylation of cortactin is regulated by
growing MTs, thus influencing the stability and maturation of
podosomes. When MT instability was suppressed, it led to the loss
of EB1 at the plus ends of MTs and to increased interaction of Src
with cortactin, resulting in increased phosphorylation. Similarly,
depletion of EB1 led to the disruption of the interaction between
MTs and podosomes and an increase in cortactin phosphoryla-
tion. Interestingly, cortactin is highly phosphorylated in clustered
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podosomes while podosome belt-associated cortactin is not, and
overexpression of constitutively active Src results in abnormal po-
dosome belt formation (10). Furthermore, c-Src-deficient OCs
are incapable of organizing podosomes into a peripheral belt (15,
20), and we show here that the interaction between cortactin and
EB1 and the association of EB1 with podosomes are lost in these
cells. These findings illustrate the fact that phosphorylation of
cortactin through Src activity and its subsequent EB1-dependent
dephosphorylation need to be tightly regulated during the life cy-
cle of podosomes, possibly explaining the need of nonactive Src in
v-Src transformed cells to form invadopodia (92). Taken together,
these results indicate that EB1-decorated MT plus ends target and
interact with podosomes through a cortactin-dependent mecha-
nism and that this interaction results in a decrease in Src-depen-
dent tyrosine phosphorylation of cortactin, an event expected to
stabilize podosomes (51).

In contrast to suppression of MT dynamic instability, which
increased cortactin phosphorylation, HDAC6 inhibition de-
creased the phosphorylation of cortactin, leading to an increase in
the actin content in the podosome belt. Thus, increased acetyla-
tion of substrates in the OC led to inhibition of cortactin phos-
phorylation and promoted podosome patterning. HDAC6 most
likely deacetylates numerous substrates in OCs (93), with a-tubu-
lin among them, and increased M T acetylation is associated with
podosome belt stabilization, through mDia2 and HDAC6 (24).
Deletion of Pyk2 (21), Cbl (23), Capné (73), or Akt (75) leads to
decreased tubulin acetylation and absence of the podosome belt.
Despite all of these concordant observations indicating a link be-
tween tubulin acetylation and the podosome belt, whether tubulin
acetylation is responsible for these podosome alterations or
merely a consequence of changes in the acetylation of other sub-
strates is unclear. Most relevant to this paper is the fact that cor-
tactin can be acetylated at nine different lysines by PCAF and
ATAT1 (94), inhibiting binding to F-actin. Deacetylation of these
same lysines by HDAC6 reverses this process (58). Using
HEK293VnR cells, a model system we have used extensively to
dissect molecular signaling events linked to OC adhesion (15, 21,
23,55, 95), we observed (i) that phosphorylation and acetylation
of cortactin are inversely and dynamically related and (ii) that
acetylated (and thereby dephosphorylated) cortactin exhibits en-
hanced association with EB1. In OCs, both increased acetylation
and decreased phosphorylation of cortactin are associated with
stabilization of the podosome belt. Conversely, when the belt was
disrupted following suppression of MT instability, cortactin acet-
ylation was markedly decreased, and phosphorylation increased.
Thus, tyrosine phosphorylation and lysine acetylation of cortactin
in OCs are inversely and dynamically related, as recently reported
in fibroblasts (63), and reflect two functional states of cortactin.
These findings suggest that events that modulate cortactin phos-
phorylation and/or acetylation could determine how podosomes
are linked to and respond to MTs. This may also apply to invado-
podium-mediated invasiveness of tumor cells, as silencing of ei-
ther HDAC6 (61) or ATAT1 (94) impair the cell’s invasive ability.

In conclusion, our data support a model where podosome pat-
terning is dependent upon (i) the Src-dependent interaction be-
tween EB1 at the MT plus ends and cortactin within the podo-
somes and (ii) the dynamic instability of MTs and the
posttranslational status of cortactin, where cortactin phosphory-
lation by Src and its deacetylation by HDACS6 favor interaction
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with actin, while cortactin acetylation favors interaction with EB1-
decorated MTs.
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