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Background: The guanine exchange factor (GEF) FGD6 is a Src substrate in osteoclasts.
Results: FGD6 is found in several protein complexes, which regulate the formation of podosomes/sealing zones and retromer-
dependent membrane recycling.
Conclusion: A single GEF controls several actin-based processes to coordinate cell polarity and membrane recycling.
Significance: FGD6 is essential for osteoclast function in bone degradation.

The initial step of bone digestion is the adhesion of osteoclasts
onto bone surfaces and the assembly of podosomal belts that
segregate the bone-facing ruffled membrane from other mem-
brane domains. During bone digestion, membrane components
of the ruffled border also need to be recycled after macropinocy-
tosis of digested bone materials. How osteoclast polarity and
membrane recycling are coordinated remains unknown. Here,
we show that the Cdc42-guanine nucleotide exchange factor
FGD6 coordinates these events through its Src-dependent inter-
action with different actin-based protein networks. At the
plasma membrane, FGD6 couples cell adhesion and actin
dynamics by regulating podosome formation through the
assembly of complexes comprising the Cdc42-interactor
IQGAP1, the Rho GTPase-activating protein ARHGAP10, and
the integrin interactors Talin-1/2 or Filamin A. On endosomes
and transcytotic vesicles, FGD6 regulates retromer-dependent
membrane recycling through its interaction with the actin
nucleation-promoting factor WASH. These results provide a
mechanism by which a single Cdc42-exchange factor control-
ling different actin-based processes coordinates cell adhesion,
cell polarity, and membrane recycling during bone degradation.

Osteoclasts are multinucleated cells that digest the organic
and inorganic bone matrix (1, 2). To do so, osteoclasts attach
onto bone surfaces. This requires the assembly of podosomes,
actin-rich structures linking cell adhesion molecules with actin
meshworks. Podosomes condense into podosomal belts to
form a sealing zone, which segregates a bone-facing membrane
domain, the ruffled border, from other membrane domains,

thus determining osteoclast polarity. Bone digestion also
requires the secretion of lysosomal hydrolases into these
resorption lacunae and the targeting of typical lysosomal mem-
brane proteins to the ruffled membrane, in particular to acidify
the resorption lacunae. After digestion, the digested bone
material is endocytosed into transcytotic vesicles that fuse with
the secretory domain of osteoclasts to release their content into
the extracellular space (3). This transcytotic process using large
surface areas of the ruffled border suggests the possibility that
internalized membrane components are recycled back to the
ruffled membrane.

These cellular processes are orchestrated by the Src tyrosine
kinase. The evidence comes from the targeted disruption of the
corresponding gene in mice leading to osteopetrosis due to
osteoclasts unable to organize sealing zones (4). In our previous
work aimed at identifying genes up-regulated during osteoclast-
ogenesis (5) and identifying Src substrates using quantitative
proteomics (6), we identified FGD6 as a potential important
player of osteoclast function. This protein with pleckstrin
homology (PH)4 and FYVE (domain present in Fab1, YotB,
Vac1p, and EEA1) domains belongs to the FGD family consist-
ing of six Rho guanine nucleotide exchange factors (GEFs) acti-
vating Rho GTPases. FGD6 is highly homologous to FGD1, a
Rho GEF regulating post-Golgi transport in bone rebuilding
osteoblasts (7, 8). Mutations in the FGD1 gene are linked with
the inherited disease faciogenital dysplasia or Aarskog-Scott
syndrome (8, 9).

Here, we show that FGD6 plays an essential role in oste-
oclasts by regulating the assembly of different actin-based pro-
tein networks and activating Cdc42 at different locations; first
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at the plasma membrane during podosome/sealing zone forma-
tion and second at endosomes/transcytotic vesicles during
membrane recycling, two highly coordinated cellular processes
ensuring an efficient bone degradation.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—The following antibodies were
used: mouse anti-phosphotyrosine (clone 4G10), rabbit anti-
Vps35 (Millipore), mouse anti-GFP (clones 7.1 and 13.1)
(Roche Applied Science), rabbit anti-GAPDH (Bioss Antibod-
ies), mouse anti-Tubulin (clone TUB2.1), mouse anti-GST
(clone GST-2), rabbit anti-Talin-1 (Sigma), mouse anti-
IQGAP1 (clone 24/IQGAP1), hamster anti-CD61 (Integrin �3,
clone 2C9.G2), rat anti-Lamp-1 (clone 1D4B) (BD Biosciences),
mouse anti-Cdc42-GTP, rabbit anti-Cdc42 (New East Biosci-
ences), rabbit anti-ARHGAP10 (Proteintech Group), rabbit
anti-GFP (ImmunoKontact), mouse anti-Myc (clone 9E10),
rabbit anti-Filamin A (clone EP2405Y) (GeneTex), and rabbit
anti-FGD6 and rabbit anti-Talin-1/2 (Santa Cruz Biotechnol-
ogy). Rabbit anti-WASH1 antibodies were kindly provided by
Dr. Alexis Gautreau, Laboratoire d’Enzymologie et de
Biochimie Structurales, Gif sur Yvette, France, and rabbit anti-
EEA1 antibodies were kindly provided by Prof. Marino Zerial,
Max Planck Institute of Molecular Cell Biology and Genetics,
Dresden, Germany.

HRP- or fluorescently labeled secondary antibodies were
from Jackson ImmunoResearch or Molecular Probes. The fol-
lowing inhibitors were used at the indicated concentrations:
wortmannin (500 nM, Sigma) and PP2 (10 �M, Merck). The PP2
phenotype was confirmed using another Src inhibitor (SU6656,
10 �M, Merck) or with Src knockdown using siRNA (6).

Constructs—RFP-tagged Ezrin and GFP-tagged Ezrin,
Rab38, and FGD6 constructs (RhoGEF, RhoGEF�PH1,
RhoGEF�PH1�FYVE, and RhoGEF�PH1�FYVE�PH2)
were amplified by PCR and subcloned into the pShuttle vector
(Qbiogene). GST-tagged truncated-FGD6 (aa 1–1039) was
subcloned into the pGEX-4T-1 vector (GE Healthcare), and
His-Myc-tagged truncated-FGD6 (aa 843–1398) was sub-
cloned into the pET28a(�) expression vector (Merck). The
pEGFP-N2 vector was from Clontech.

Cell Culture and Osteoclastogenesis—Raw264.7 cells (ATCC
number TIB-71) were cultivated at 37 °C under a humidified 5%
CO2 atmosphere in Dulbecco’s modified Eagle’s medium
(DMEM)-GlutaMAX-I (Invitrogen) supplemented with 10%
(v/v) fetal bovine serum (Biochrom), 2 mM L-glutamine, 0.1
mg/ml of streptomycin, and 100 units/ml of penicillin-G
(Invitrogen).

In vitro osteoclastogenesis was induced by addition of
RANKL as described previously (5). At day 4 of differentiation,
cells were transferred either to glass coverslips or to BD Biosci-
ences BioCoat osteologic discs (ODs) (BD Biosciences) (now
manufactured as Osteo Assay Surface by Corning).

Transient Transfection of Osteoclasts—After 4 days of differ-
entiation osteoclasts were transiently transfected with 1 �g of
pEGFP-N2 per well in a 24-well plate using Lipofectamine 2000
(Invitrogen) following the manufacturer’s instructions. 30 h
after transfection cells were processed for subsequent analysis.

Adenovirus Production and Gene Transduction into Osteo-
clasts—Adenoviral vectors and recombinant adenoviruses were
generated using the AdEasyTM system (Qbiogene) developed
by He et al. (10, 11) using the pShuttle vector and the packaging
cell line HEK293A (Qbiogene). After 4 days of differentiation
osteoclasts were transduced with titered adenovirus and grown
for an additional 48 h either plated on ODs or glass coverslips or
plastic. Then cells were processed for subsequent analysis.

RNA Interference in Osteoclasts—Stealth siRNAs were
obtained from Invitrogen. Differentiated osteoclasts were
resuspended in Electroporation Isoosmolar Buffer (Eppendorf)
and 1 �M predesigned stealth siRNA or Negative Control
Medium GC stealth siRNA (Invitrogen) was electroporated
into the cells with a single square wave pulse of 2,500 V/cm field
strength and 300-�s pulse length using an ECM830 Electro-
SquarePorator (BTX). Electroporated osteoclasts were resus-
pended in DMEM, 50 ng/ml of RANKL and allowed to recover for
46 h. Osteoclasts were processed for subsequent analysis. Stealth
siRNAs used in this study (sense sequence) were: FGD6#1,
CAGUGUGGAAGUUACCUCAUCCUAU; FGD6#2, AACA-
CAUCCACAAACACUUUCUCGG; 3� UTR FGD6, UAAC-
CAACCACUGUAUGGAAAUUUG; Cdc42, CAGUUAUGAU-
UGGUGGAGAGCCAUA; IQGAP1, CCUAUGAUUGUGG-
UCCGAAAGUUUG; RhoGAP10, CAGCUGGAUAAGAU-
GGGAUUCACAA; Talin-1, CAGCUCAUUGCUGGCUA-
CAUAGAUA; Talin-2, CAGAGAGCAUCAAUCAGCUCAU-
CAU; Filamin A, CAAGGCCCAUGAACCUACCUACUUU;
WASH1, CAGAACAUCUCUGGAGACAUCUUCA; and Vps-
35, CAGCUGGCUGCUAUCACCUUGAUCA.

Quantitative RT-PCR—Total RNA was isolated from oste-
oclasts using the Invisorb RNA Kit I (Stratec), and reverse tran-
scription was performed using the Moloney MLV Reverse
Transcription system (Promega). Quantitative RT-PCR was
performed with a Stratagene Mx3005 system and the Brilliant II
SYBR Green quantitative PCR kit according to the manufactu-
rer’s instructions (Agilent Technologies). Primers used were:
GAPDH forward, AGGTCGGTGTGAACGGATTTG; GAPDH
reverse, TGTAGACCATGTAGTTGAGGTCA; FGD6 forward,
GGGCAACTGGCAAGAGTGT; FGD6 reverse, GGG-
GATTTTCTTCTGCTT; Cdc42 forward, TGATGATTGC-
CATCTCCTTTC; Cdc42 reverse, AAAGCTTCAGCCAGTT-
GTTCA; IQGAP1 forward, GCTGATCTCTATCAGAAGGA;
IQGAP1 reverse, CGAGATACCTTTGACAGTTT; RhoGAP-
10 forward, AAGAGCAGCTTGGAGCTGTA; RhoGAP10
reverse, TAGGCTCCACAAACTCGAAC; Talin-1 forward,
AAGCAGAGACCCCTGAAGAT; Talin-1 reverse, TCTCG-
CAGTAGGGTCTTGTC; Talin-2 forward, CTACACCAA-
GAGGGAGCTGA; Talin-2 reverse, CGTTCTCTGCATT-
CAGTGTG; Filamin A forward, TTCTTATGTGCCCAGA-
AAGC; Filamin A reverse, CTGGCCAGCTTCAGTACAAT;
WASH1 forward, AACATCAGCTCCATCAGCTC; WASH1
reverse, CAGGTCTGGCACGTAGAAGT; Vps35 forward,
ACAGCTGGCTGCTATCACCT; Vps35 reverse, GGCAC-
TCCATGACCCTTTTA.

Quantitative PCR analyses were done in triplicates, and Ct
values were normalized against the internal control gene
GAPDH. Fold-differences in expression levels were calculated
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according to the comparative Ct method (12). Quantitative
PCR was confirmed by Western blotting (Figs. 4E and 5E).

Calcium Uptake—Osteoclasts were infected with GFP-
Rab38 adenovirus and calcium uptake was visualized as
described previously using the fluorescent calcium-indicator
Fura Red (13). Briefly, infected osteoclasts were grown on ODs
in medium containing 5 �M cell-impermeable Fura Red (Invit-
rogen) for 72 h as indicated by the manufacturer. Afterward
osteoclasts were fixed with 3% (w/v) paraformaldehyde in PBS
for 15 min at 37 °C, washed with PBS, and mounted on glass
slides using Mowiol. Imaging of calcium taken up by the cells
was performed at a wavelength of 660 nm.

Immunocytochemistry—Osteoclasts grown on glass or ODs
were fixed with 3% (w/v) paraformaldehyde in PBS for 15 min at
37 °C, quenched with 50 mM NH4Cl, PBS for 10 min, and per-
meabilized with 0.1% (w/v) Triton X-100 in PBS for 6 min.
Samples were blocked with 3% (w/v) BSA in PBS for 30 min at
room temperature followed by incubation with primary anti-
bodies diluted in 3% (w/v) BSA in PBS for 1 h at room temper-
ature. After washing staining with the appropriate secondary
antibodies was performed. Staining of the actin cytoskeleton
was performed with Phalloidin-Alexa 546 or Phalloidin-Alexa
633 (Invitrogen). Glass coverslips and ODs were washed and
mounted on glass slides with Mowiol containing 10 �g/ml of
DAPI (Invitrogen).

Confocal Laser Scanning Microscopy, Fluorescence Micros-
copy, and Time Lapse Microscopy—Confocal imaging was per-
formed with a Zeiss LSM 780 inverted confocal laser scanning
microscope and ZEN 2010 software (Zeiss). Fluorescence
microscopy was performed with a Zeiss Axiovert 200M fluores-
cence microscope and Axiovision software (Zeiss). Image pro-
cessing and analysis were carried out using FIJI or Volocity
software. Image analysis of osteoclasts with respect to their
ability to form actin rings was carried out manually. More than
200 osteoclasts per condition and per experiment were
counted, the mean � S.D. were calculated.

For time lapse microscopy Raw 264.7 cell-derived osteoclasts
were transferred to uncoated glass coverslips or to glass cover-
slips coated with hydroxyapatite (BD Biosciences) and grown in
minimum essential Eagle’s medium (Sigma) supplemented
with 10% FCS and 50 ng/ml of soluble recombinant RANKL.
For long term imaging the cells were observed with a Zeiss
Axiovert 200M inverted microscope equipped with an auto-
mated stage, an Incubator XL3 for temperature maintenance
and CO2 buffering (PeCon). Images were acquired automati-
cally and processed with MetaMorph version 6.1 imaging soft-
ware (Molecular Devices).

Resorption Assay—Bone resorption was measured using
bone mimicking surfaces as described previously (14). Briefly,
osteoclasts were grown on ODs and 48 h after infection, cells
were detached by adding 1 ml of detaching solution (�6%
NaOCl and �5.2% NaCl) for 5 min. ODs were rinsed twice with
water and dried. ODs without osteoclasts were imaged with a
Zeiss SteREO Discovery V20 microscope (Fig. 2H) and the
resorbed area determined using Volocity software (Perkin-
Elmer Life Sciences).

Immunoprecipitation and Western Blotting—Osteoclasts
were lysed using ice-cold lysis buffer (50 mM Tris-HCl, pH 7.4,

150 mM NaCl, 1.0% Triton X-100, 0.1% sodium deoxycholate, 1
mM EDTA plus protease and phosphatase inhibitors). For
immunoprecipitations of proteins, lysates (1 mg of proteins in
0.5 ml for each sample) were precleared on Protein G magnetic
beads (Carl Roth) for 1 h at 4 °C. Protein G beads were incu-
bated with antibodies for 1 h at 4 °C. Then, precleared superna-
tants were added for 1 h at 4 °C. Precipitates were washed two
times with lysis buffer; proteins were eluted, and resolved by
SDS-PAGE. For immunoblotting, gel-separated proteins were
transferred to nitrocellulose membranes and incubated with
the corresponding primary antibodies. After incubation with
secondary antibodies conjugated with HRP (Jackson Immu-
noResearch), bands were detected with enhanced chemilumi-
nescence Western blotting Detection Reagents (GE Health-
care). Quantification of protein bands was performed using FIJI
software.

GST Pull-down—Expression of GST-tagged FGD6 (aa
1–1039) or GST-tagged Cdc42 in Escherichia coli was induced
with 0.1 mM isopropyl D-thiogalactoside for 20 h at 20 °C. GST-
tagged Cdc42 was loaded with either GDP or GTP�S as
described previously (15). Protein was pulled down from bac-
terial lysate by glutathione-Sepharose beads. Briefly, osteoclast
lysates (2 mg of proteins for each sample) were precleared on
glutathione-Sepharose beads for 1 h at 4 °C before they were
added to the GST-tagged FGD6 or Cdc42 on glutathione-Sep-
harose beads for an additional 2 h at 4 °C. Precipitates were
washed 2 times with lysis buffer; proteins were eluted and
resolved by SDS-PAGE.

Mass Spectrometry Analysis—Protein bands were excised,
washed, in-gel reduced, S-alkylated, and digested with trypsin
(Promega) as described previously (16). NanoLC-MS/MS
experiments were performed using an UltiMate3000 nano-
HPLC system (Dionex) equipped with a PepMap C18 analytical
column (3 �m, 100 Å, 15 cm � 75 �m inner diameter) directly
coupled to the nanoelectrospray source (Proxeon) of an LTQ
Orbitrap XL mass spectrometer (Thermo Fisher Scientific).
Peptides were eluted with a 80-min linear gradient of 5– 45%
acetonitrile in 0.1% formic acid at 200 nl/min. Mass spectra
were acquired in a data-dependent mode with one MS survey
scan (resolution of 60,000) in an Orbitrap and MS/MS scans of
the 8 most intense precursor ions in an LTQ. Data analysis was
done using MaxQuant version 1.2.0.11 (17). Peak lists were
searched against a database containing 16,339 entries from the
UniProt-KB/Swiss-Prot mouse database (release 2011_02) and
255 frequently observed contaminants as well as reversed
sequences of all entries and the following search criteria: (i)
enzyme specificity, trypsin; (ii) mass accuracy, 6 ppm and 0.5 Da
for precursor ion and fragment ion mass tolerance, respective-
ly; (iii) fixed and variable modifications, cysteine carbamido-
methylation and methionine oxidation, respectively; and (iv)
maximum of two missed cleavage sites. Peptide identifications
were accepted based on their posterior error probability until
less than 1% reverse hits were retained, whereas protein false
discovery rates were �1%. Proteins were considered if at least
two peptides were identified.

In Vitro Protein-lipid Binding Assay—Expression of His-
Myc-tagged FGD6 (aa 843–1398) in E. coli was induced with 0.5
mM isopropyl D-thiogalactoside for 20 h at 18 °C. The recombi-

FGD6 Function in Osteoclasts

JUNE 27, 2014 • VOLUME 289 • NUMBER 26 JOURNAL OF BIOLOGICAL CHEMISTRY 18349



nant FGD6 was purified from bacterial lysate by immobilized
metal (Ni2�) affinity chromatography (GE Healthcare). Nitro-
cellulose membranes containing spotted phosphoinositides
and other lipids (phosphatidylinositol phosphate (PIP) strips,
Echelon Biosciences) were blocked with 3% fatty acid-free BSA
(Sigma) in TBS-T (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1%
Tween 20) for 1 h at room temperature. Blocked membranes
were incubated overnight at 4 °C with 1 �g/ml of His-Myc-
tagged fusion proteins in 3% BSA, TBS-T. The membranes
were then washed four times for 10 min in TBS-T. After wash-
ing, membranes were incubated with anti-Myc antibody for 1 h
at room temperature followed by additional washing and incu-
bation with HRP-conjugated secondary antibody. After the
final wash, lipid-bound fusion proteins were detected by
chemiluminescence.

Liposomes were prepared by mixing chloroformic dissolutions
of 574 nmol of 1,2-dioleoyl-sn-glycero-3-phosphocholine, 146
nmol of L-�-phosphatidylserine, 446 nmol of 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine, 149 nmol of cholesterol, and 10
nmol of phosphatidylinositol diC16 (PI), 1,2-dioleoyl-sn-glycero-
3-phosphoinositol-3-phosphate (PI(3)P), L-�-phosphatidylinosi-
tol 4-phosphate (PI(4)P), phosphatidylinositol 3,5-bisphosphate
diC16 (PI(3,5)P2), L-�-phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P2) or 1,2-dioleoyl-sn-glycero-3-phosphoinositol-3,4,5-
trisphosphate (PI(3,4,5)P3) in siliconized Eppendorf tubes. PI and
PI(3,5)P2 were from Echelon Biosciences; otherwise all lipids were
from Avanti Polar Lipids. The lipids were dried under a stream of
gaseous nitrogen, resuspended in 450 �l of recruitment buffer (20
mM Hepes/KOH at pH 7.2, 125 mM potassium acetate, 2.5 mM

magnesium acetate), and subjected to six rounds of freezing, thaw-
ing, and rigorous vortexing. 100 �l of liposomes were mixed with
400 �l of construct mixture, containing 7 �g of His-Myc-tagged
FGD6 (aa 843–1398), 3.75% (w/v) ovalbumin (Sigma), and 1.25
mM tris(2-carboxyethyl)phosphine (Pierce). Binding of the pep-
tides to the liposomes was performed for 1 h at 37 °C. The lipo-
somes were pelleted for 5 min at 20,000 � g and washed once with
recruitment buffer. The final pellets were dissolved in Laemmli
sample buffer and used for Western blot analysis.

Statistical Analysis—All data were presented as mean � S.D.
Each experiment was repeated at least three times. The evalu-
ation of the different assays was performed using the statistical
software program GraphPad InStat version 3.10. The signifi-
cance level was set at p � 0.05, and the Dunnett one-way
ANOVA test was applied.

RESULTS

FGD6 Is Essential for Osteoclast Function in Bone Degrada-
tion—We first set out to localize FGD6 in mature osteoclasts
obtained after the treatment of the murine macrophage-like
Raw264.7 cells with the osteoclastogenic cytokine receptor
activator of NF-�B ligand (RANKL) (18). These osteoclasts
polarize onto osteological discs (ODs) (bone-mimicking sur-
faces made of glass coverslips coated with hydroxyapatite) and
behave similarly to primary osteoclasts during cycles of bone
surface degradation (supplemental Videos S1 and S2). First, we
expressed GFP- or Myc-tagged FGD6 in osteoclasts using
recombinant adenovirus. Expressed FGD6 localized to actin-
rich podosomes/sealing zones of osteoclasts grown on ODs

(Fig. 1A). FGD6 was also detected around 5–10-�m large vesi-
cles surrounded by smaller vesicles, later shown as early endo-
somes (Fig. 1A). These large vesicles exhibit a high content of
digested calcium indicating their trancytotic nature (Fig. 1B). In
addition, the cell/tissue-specific Rab38, one of the few Rab
GTPases up-regulated during osteoclastogenesis4 localized to
these structures, thereby providing a new marker of transcy-
totic vesicles in osteoclasts. Such large vesicles are much more
abundant in osteoclasts grown on ODs than in osteoclasts
grown on glass indicating that their presence is linked with
resorption activity (supplemental Videos S1 and S2). Time
lapse microscopy showed that the dynamics of GFP-FGD6 fol-
lows that of actin at podosomes (Fig. 1C and supplemental
Video S3) and remains associated with sealing zones during
resorption (Fig. 1D and supplemental Video S4). Interestingly,
FGD6 overexpression doubled the live time of podosomes (10
min instead of 5 min (19)). The siRNA-mediated depletion of
FGD6 (up to 80% reduction, Fig. 1F) abolished the formation of
podosomes and sealing zones (Fig. 1, E and G). This depletion
resulted in endosomal relocalization of both integrin �3 nor-
mally enriched at sealing zones and Lamp1 normally found at
the ruffled border (Fig. 1H). Altogether, these results demon-
strate the essential function of FGD6 in podosome/sealing zone
formation and maintenance of osteoclast polarity.

Protein Domains and FGD6 Function—Beside a large N-ter-
minal domain and a GEF domain, FGD6 contains two PH and a
FYVE domain (Fig. 2A) indicating the importance of PIPs for its
recruitment onto membranes. Binding assays using lipid strips
and liposomes confirmed that a recombinant FGD6 truncated
from its N-terminal domain mainly binds to PI(3,4)P2,
PI(4,5)P2, and PI(3,4,5)P3, as expected from its two PH
domains, and to PI(3)P, as expected from its FYVE domain (Fig.
2, B and C). FGD6 did not bind to other lipids. Thus, these
results are in agreement with the localization of FGD6 to the
PI(4,5)P2 and PI(3,4,5)P3-rich plasma membrane and to PI(3)P-
rich early endosomes. Accordingly, osteoclasts treated with the
pharmacological agent wortmannin, a PI 3-kinase inhibitor,
previously shown to affect podosome belts (20) failed to form
sealing zones as FGD6-depleted osteoclasts (Fig. 2D).

FGD6 contains several potential Src phosphorylation sites.
When Src function was inhibited using the PP2 Src inhibitor,
sealing zones in osteoclasts completely disappeared (Fig. 2D),
and the immunoprecipitation of overexpressed GFP-FGD6
with anti-GFP showed a decrease in tyrosine phosphorylation
of FGD6 (Fig. 2E). FGD6 phosphorylation on tyrosines also
decreased after treatment with wortmannin (Fig. 2E). Remark-
ably, FGD6 truncated from its N-terminal domain was not
phosphorylated on tyrosines thus suggesting that this N-termi-
nal domain contains the Src-dependent phosphorylation sites
potentially used to regulate its binding activity (Fig. 2E).

To establish the relative importance of the different FGD6
domains we expressed FGD6 mutants in osteoclasts depleted
from the endogenous FGD6 by targeting its 3� UTR mRNA with
specific siRNAs (	80% reduction, Fig. 2G). Using recombinant
adenoviruses, different GFP-tagged FGD6 mutants (one lack-
ing only the C-terminal PH domain, one lacking the C-terminal
PH domain, and the FYVE domain, and one lacking all of its PH
and FYVE domains (Fig. 2A)) were expressed in these FGD6-

FGD6 Function in Osteoclasts

18350 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 26 • JUNE 27, 2014



depleted osteoclasts at levels close to that of the endogenous
FGD6 (Fig. 2G). Fig. 2F shows that FGD6 lacking its PH and
FYVE domains was not able to induce sealing zone formation as
seen in osteoclasts expressing the full-length FGD6, usually
exhibiting 4 –5 closed sealing zones per cell. Similarly, FGD6
without the C-terminal PH and FYVE domain could not fully
rescue the wild type phenotype. These osteoclasts often exhib-
ited a single, small sealing zone, frequently not totally closed.
Apparently, the FGD6 mutant lacking its C-terminal PH
domain could restore sealing zone formation. To measure the
functional effectiveness of sealing zones, we measured the abil-
ity of osteoclasts expressing these FGD6 mutants to digest
bone-mimicking surfaces. Fig. 2H shows that none of these
mutants were able to restore a complete function of osteoclasts
in degradation as seen for those expressing the full-length
FGD6. Although excluding off-target effects of siRNAs, these
results demonstrate that the PH and FYVE domains of FGD6
are all essential for the formation of sealing zones able to digest
bone.

Identification of FGD6 Interactors—We then set out to
identify FGD6 interactors using a recombinant GST-tagged
FGD6 truncated from its PH and FYVE domains (aa 1–1039)
as bait and an osteoclast lysate as source. In addition, we
performed co-immunoprecipitation experiments using anti-
GFP antibodies against the GFP-tagged FGD6 expressed
in osteoclasts. FGD6 interactors were then identified by
nano-LC MS/MS. The subsequent, semi-quantitative
MS/MS analysis based on MS2 spectral counts identified
several FGD6-interacting proteins (Table 1 and supplemental
Table S1). They included the Cdc42 and Rac2 GTPases,
the GTPase-activating protein (GAP) ARHGAP10 (or
RhoGAP10), the Cdc42-binding actin nucleator IQGAP1,
the integrin-binding and actin cross-linking proteins Talin-1
and Filamin A, several subunits of the actin nucleation pro-
moting factor Wiskott-Aldrich Syndrome Protein and SCAR
Homolog (WASH) complex, the Vps35 subunit of the retro-
mer complex, and the actin nucleator Arp2/3.

FIGURE 1. FGD6 localizes to sealing zones and transcytotic vesicles of osteoclasts and regulates their polarity. A, intracellular distribution of Myc- or
GFP-tagged FGD6 (green) expressed in osteoclasts grown on glass or ODs. Cells were stained with phalloidin (red) and DAPI (blue) and analyzed by confocal
microscopy. Bars, 20 �m. B, intracellular distribution of GFP-Rab38 (green) and digested calcium (red) in osteoclasts grown on ODs. See also supplemental
Videos S1 and S2. C, dynamics of GFP-FGD6 and RFP-Ezrin actin-binding domain at podosomes of osteoclasts grown on glass analyzed by time lapse video
microscopy (one frame per min). Fluorescence intensities associated with GFP or RFP on single podosomes were quantified. See also supplemental Video S3.
D, dynamics of GFP-FGD6 in osteoclasts grown on ODs analyzed by time lapse microscopy (one frame per min). See also supplemental Video S4. E, osteoclasts
grown on ODs were either mock-transfected, or transfected with scrambled siRNAs or with siRNAs targeting FGD6. Cells were stained with phalloidin (red) and
DAPI (blue) and analyzed by confocal microscopy. Bars, 20 �m. F, FGD6 expression levels were quantified by RT-PCR. G, the number of osteoclasts with sealing
zones was quantified. Values are mean � S.D. from 3 experiments (n 
 300 osteoclasts per experiment). All groups were compared with control by applying
a Dunnett one-way ANOVA test. *, p � 0.05. **, p � 0.01. H, distribution of integrin �3 and Lamp1 in control and FGD6-depleted osteoclasts grown on ODs. Bars,
20 �m. Representative images are shown.
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FGD6 Activates Cdc42—The MS analysis suggested that Cdc42
is a better FGD6 interactor than Rac2 as the amount of peptides
identified and thereby also the sequence coverage was much
higher for Cdc42 than for Rac2 (�80 compared with �20%). This
also led to a much lower posterior error probability for Cdc42 than

for Rac2 (supplemental Table S1). Fig. 3A shows that indeed the
amount of active, GTP-bound Cdc42 immunoprecipitated from
osteoclast lysates with specific antibodies was drastically decreased
upon the siRNA-mediated depletion of FGD6. Accordingly, GTP-
Cdc42 was detected at the sealing zones of osteoclasts (Fig. 3B),

FIGURE 2. The PH and FYVE domains of FGD6 are required for sealing zone formation and surface resorption. A, the FGD6 mutants used in this
study. B and C, binding of His-Myc-tagged FGD6 lacking its N-terminal domain (aa 843–1398) to the indicated lipids present on nitrocellulose strips (B)
or liposomes (C). D, osteoclasts grown on ODs expressing GFP-FGD6 full-length or truncated from its N-terminal domain (green) were left untreated or
treated with either 500 nM wortmannin or 10 �M PP2 for 1 h. Cells were stained with phalloidin (red) and DAPI (blue) and analyzed by confocal
microscopy. Bars, 20 �m. E, cell lysates from similarly treated osteoclasts were immunoprecipitated with anti-GFP. After Western blotting immunopre-
cipitates (IP) and cell lysates were probed for GFP-FGD6 or phosphotyrosine. F-H, in osteoclasts depleted from endogenous FGD6 different GFP-tagged
FGD6 proteins (wild type and mutants) were expressed as indicated (green). F, cells were stained with phalloidin (red) and DAPI (blue), and analyzed by
confocal microscopy. Bars, 20 �m. G, expression levels of the FGD6 full-length and mutants were quantified by RT-PCR. Values are mean � S.D. from 3
experiments. H, the corresponding digested areas on ODs (appearing as black spots on a gray background) were quantified. Values are mean � S.D. from
3 experiments. All groups were compared with control by applying a Dunnett one-way ANOVA test. *, p � 0.05. **, p � 0.01. Representative images are
shown. The abbreviations are: PI, phosphatidylinositol; PE, phosphatidylethanolamine; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; S1P,
sphingosin-1-phosphate; WB, Western blot.
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and its siRNA-mediated depletion (	80% knockdown efficiency,
Fig. 3C) resulted in a loss of sealing zones (Fig. 3, D and E), thus
mimicking FGD6 depletion. These results demonstrate that
Cdc42 activation is essential for sealing zone formation and
strongly argue that FGD6 is a major GEF activating Cdc42 at this
location.

FGD6 Regulates Sealing Zone Formation by Forming Src-de-
pendent Protein Complexes Containing IQGAP1, ARHGAP10,
Talin-1/2, or Filamin A—Our MS analysis identified a number
of FGD6 interactors. To validate these interactions, we first

performed co-localization studies showing that IQGAP1,
ARHGAP10, Talin-1, and Filamin A localized together with
FGD6 at the sealing zones of osteoclasts (Fig. 4A). Second, we
performed co-immunoprecipitation experiments. The binding
of FGD6 to IQGAP1 was confirmed by overexpressing GFP-
FGD6 and then co-immunoprecipitating interacting compo-
nents from osteoclast lysates using either anti-GFP or anti-
IQGAP1 antibodies followed by Western blotting (Fig. 4B). The
interaction between FGD6 and ARHGAP10 was confirmed by
immunoprecipitating ARHGAP10 from osteoclast lysates with

TABLE 1
FGD6 interactome
Recombinant FGD6 (aa 1–1039) fused to GST was expressed in E. coli. GST-FGD6 bound to glutathione beads was mixed with an osteoclast lysate, and after washing, the
bound proteins were identified by MS/MS. In this table the most abundant proteins identified in this scan are seen. GFP-FGD6 was also expressed in osteoclasts and
GFP-FGD6 and its bound interactors were immunoprecipitated from osteoclast lysates using anti-GFP antibodies. The eluted proteins were identified by MS/MS. The
results from this scan are seen in the right column. See also supplemental Table S1.

Protein SwissProt accession no.
Molecular

mass
Unique

peptides
Sequence
coverage

GFP-FGD6
co-IP

kDa %
GTPases

Rac2 Q05144 21.4 3 24.5
Cdc42 P60766 21.3 12 85.9

GAPs
IQGAP1 Q9JKF1 188.8 71 57.6 X
ARHGAP10 Q6Y5D8 89.4 9 14.8

Integrin-binding proteins
Talin-1 P26039 269.8 57 39.6
Filamin A Q8BTM8 281.2 33 21.8 X

Actin nucleation factors (WASH complex)
F-actin-capping protein subunit �-1 P47753 32.9 2 16.8 X
F-actin-capping protein subunit �-2 P47754 33.0 1 10.5 X
F-actin-capping protein subunit � P47757 31.3 2 12.6

Actin nucleators (ARP2/3 complex)
Actin-related protein 2 P61161 44.8 2 12.4 X
Actin-related protein 3 Q99JY9 47.4 8 34.7 X
Actin-related protein 2/3 complex subunit 1B Q9WV32 41.1 3 11.0 X
Actin-related protein 2/3 complex subunit 3 Q9JM76 20.5 2 10.1 X
Actin-related protein 2/3 complex subunit 4 P59999 19.7 5 32.7 X

Coat proteins
Vps35 Q9EQH3 91.7 4 9.8 X

FIGURE 3. FGD6 is a Cdc42 GEF. A, osteoclasts were mock-transfected or transfected with siRNAs targeting FGD6. Cell lysates were prepared and GTP-Cdc42 was
immunoprecipitated with anti-GTP-Cdc42. After Western blotting (WB) immunoprecipitates (IP) and cell lysates were probed for Cdc42 and GAPDH. B, similarly treated
osteoclasts were grown on ODs and stained with anti-GTP-Cdc42 (green), phalloidin (red), and DAPI (blue) and analyzed by confocal microscopy. C–E, osteoclasts were
either mock-transfected, or transfected with scrambled siRNAs or with siRNAs targeting Cdc42. C, Cdc42 expression levels were quantified by RT-PCR. Values are
mean � S.D. from 3 experiments. D, similarly treated osteoclasts were grown on ODs and stained with phalloidin (red) and DAPI (blue) and analyzed by confocal
microscopy. Bars, 20�m. E, the number of osteoclasts with sealing zones was quantified. Values are mean�S.D. from 3 experiments (n
300 osteoclasts/experiment).
All groups were compared with control by applying a Dunnett one-way ANOVA test. *, p � 0.05. **, p � 0.01. Representative images are shown.
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anti-ARHGAP10 antibodies followed by Western blotting to
detect FGD6 (Fig. 4C). The binding of FGD6 to Talin-1 and
Filamin A was confirmed by immunoprecipitating endogenous
FGD6 from osteoclast lysates with anti-FGD6 antibodies fol-
lowed by the detection of Talin-1 and Filamin A with the cor-
responding antibodies after Western blotting (Fig. 4D).
Accordingly, the siRNA-mediated depletion of IQGAP1 (	80%
knockdown efficiency), Talin-1 and Talin-2 (two isoforms,
	80% knockdown efficiency), or that of Filamin A (	90%
knockdown efficiency) (Fig. 4, E and F) resulted in the inability
of osteoclasts to form sealing zones (Fig. 4, G and H), thus reca-
pitulating FGD6 depletion. If the apparent number of sealing
zones was not changed after the siRNA-mediated depletion of
ARHGAP10 (	80% knockdown efficiency, Fig. 4, E and F), they
were much smaller (Fig. 4, G and H), and time lapse video
microscopy showed that these sealing zones were less dynamic
and had a shorter lifetime when compared with control oste-
oclasts (supplemental Videos S5–S8). These results demon-
strate that FGD6 forms complexes with IQGAP1, AHRGAP10,
Talin-1/2, or Filamin A and strongly argue that FGD6 regulates
interactions between cell adhesion molecules and F-actin
meshworks.

The formation of complexes containing FGD6, IQGAP1, and
ARHGAP10 is regulated by Src-dependent phosphorylation.
Binding of FGD6 to IQGAP1 was decreased by 60% after treat-
ment of osteoclasts with the Src inhibitor PP2 (Fig. 4I), whereas
FGD6 binding to ARHGAP10 was enhanced (a 2.3-fold
increase) under those conditions (Fig. 4J). This suggests that Src
regulates the activity of Cdc42 GEF and GAP in an opposite
manner. These experiments demonstrate that the Src-depen-
dent interaction of FGD6 with IQGAP1 is essential for podo-
some/sealing zone assembly. In contrast, ARHGAP10 appears
to be a modulator of sealing zone dynamics.

FGD6 Regulates Endosomal Membrane Recycling through
Interactions with WASH1—Our MS analysis of FGD6 interac-
tors also identified several subunits of the WASH complex,
which supports the retromer-dependent recycling of mem-
brane components from early endosomes to the cell surface (21,
22). Consistent with its FYVE domain, GFP-FGD6 co-localized
with EEA1, WASH1, and the Vps35 subunit of the retromer
complex at early endosomes surrounding transcytotic vesicles
were also labeled with GFP-FGD6 (Fig. 5, A–C), whereas GFP
alone did not (data not shown). Time lapse video microscopy
indicated that Rab5-positive early endosomes interact and fuse
with Rab38-positive transcytotic vesicles, thus suggesting
exchange of membrane components between these structures
(supplemental Videos S9 and S10). Accordingly, recombinant
GST-FGD6 was able to retrieve WASH1 from an osteoclast
lysate (Fig. 5D) and the precipitation of endogenous FGD6 with
anti-FGD6 antibodies also co-immunoprecipitated WASH1
(Fig. 5D). Interestingly, a recombinant GST-Cdc42 loaded with
GTP�S was able to retrieve more efficiently WASH1 from oste-
oclast lysates than a GST-Cdc42 loaded with GDP (Fig. 5D). In
addition, anti-Cdc42-GTP antibodies could efficiently immu-
noprecipitate both Cdc42 and WASH1 from lysates of control
osteoclasts. This co-immunoprecipitation experiment became
much less efficient (60% reduction) when FGD6 was depleted in
osteoclasts (80% knockdown efficiency) (Fig. 5D). These results

suggest that Cdc42-GTP, WASH1, and FGD6 belong to the
same protein complex at endosomes. Accordingly, the
siRNA-mediated depletion of WASH1 (	80% knockdown effi-
ciency) or that of Vps35 (	70% knockdown efficiency) (Fig. 5E)
resulted in the inability of osteoclasts to form sealing zones (Fig.
5, F and G). These results show that FGD6 also functions as a
Cdc42-GEF at the early endosomes, where WASH triggers a
Cdc42-dependent actin polymerization required for an effi-
cient retromer-dependent recycling from early endosomes.
Furthermore, they demonstrate that endosomal membrane
recycling is essential for maintaining osteoclast polarity.

DISCUSSION

Our study demonstrates the Src-dependent function of
FGD6 in coordinating cell adhesion, cell polarity, and endo-
somal membrane recycling in bone-digesting osteoclasts.
FGD6 binds to the plasma membrane via its PH domains and
coordinates podosome/sealing zone formation by forming
complexes with IQGAP1, ARHGAP10, and integrin-binding
proteins Talin-1/2 or Filamin A. FGD6 binds to endosomes/
transcytotic vesicles via its FYVE domain and interacts with the
actin nucleating promoting factor WASH, which sustains the
retromer-dependent recycling of internalized membrane com-
ponents. Thus, FGD6 coordinates several actin-based pro-
cesses essential for osteoclast function. According to our find-
ings, a model for FGD6 function at the plasma membrane and
on endosomes/trancytotic vesicles of osteoclasts is depicted in
Fig. 6.

Several GTPases including Rac1 and its exchange factor
DOCK5 (23) or ARF6 and its GAP GIT2 (6) have been shown to
regulate podosome/sealing zone dynamics in osteoclasts. We
show that Cdc42 also regulates podosome/sealing zone dynam-
ics, thus supporting earlier studies reporting that osteoclasts of
transgenic mice overexpressing Cdc42 exhibit a higher capacity
of organizing sealing zones and digesting bone (24). An inter-
esting finding is the identification of the Cdc42-GAP ARHGAP10
in the FGD6 interactome. ARHGAP10 contains a PH domain
allowing its co-localization with FGD6 at sealing zones but does
not exhibit a FYVE domain consistent with its absence on endo-
somes. Its depletion affecting sealing zone dynamics clearly
indicates its important regulatory function. A non-receptor
tyrosine kinase Pyk2 inhibits its activity, thus stabilizing active
Cdc42 (25). Pyk2, like Src, Syk, and the ubiquitin ligase c-Cbl, is
recruited at the plasma membrane upon integrin binding to the
bone matrix and regulates podosome/sealing zone dynamics
(26). Integrin engagement would thus inhibit ARHGAP10
activity. On the other hand, FGD6 contains four potential Src
phosphorylation sites, which regulate FGD6 activity (Fig. 6, 2).
Interestingly, Src inhibition enhances FGD6 and ARHGAP10
interactions and decreases FGD6 and IQGAP1 interactions.
The formation of complexes containing both GEF FGD6 and
GAP ARHGAP10, whose activities and interactions are regu-
lated by two different tyrosine kinases would provide an elegant
mechanism for regulating a Cdc42-dependent cell adhesion
and actin remodelling during podosome/sealing zone dynamics
in osteoclasts.

At the plasma membrane, FGD6 forms complexes with the
integrin-binding proteins Talin- and/or Filamin. Osteoclast
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FIGURE 4. FGD6 interacts with IQGAP1, ARHGAP10, Talin-1, and Filamin A at the plasma membrane. A, osteoclasts expressing GFP-FGD6 (green) were
grown on ODs and stained with DAPI (blue) and anti-IQGAP1, anti-ARHGAP10, anti-Talin-1, or anti-Filamin A (red). Bars, 50 �m. B and C, cell lysates from control
osteoclasts or osteoclasts expressing GFP-FGD6 were used for immunoprecipitation of (B) IQGAP1 or GFP-FGD6 or (C) ARHGAP10 with anti-IQGAP1, anti-GFP,
or anti-ARHGAP10. After Western blotting (WB) immunoprecipitates and cell lysates were probed for IQGAP1, GFP-FGD6, or ARHGAP10. D, endogenous FGD6
was immunoprecipitated from osteoclasts lysates with anti-FGD6 and after Western blotting the immunoprecipitate (IP) was probed for Filamin A or Talin-1/2.
E–H, osteoclasts were either mock-transfected, or transfected with scrambled siRNAs or with siRNAs targeting IQGAP1, ARHGAP10, Talin-1, Talin-2, or Filamin
A. E, osteoclasts were collected and lysed. Lysates were analyzed by SDS-PAGE followed by Western blotting using antibodies directed against the indicated
gene products. F, the expression levels were quantified by RT-PCR. Values are mean � S.D. from 3 experiments. G, cells grown on ODs were stained with
phalloidin (red) and DAPI (blue), and analyzed by confocal microscopy. Bars, 50 �m. H, the number of osteoclasts with sealing zones was quantified. Values are
mean � S.D. from 3 experiments (n 
 200 osteoclasts/experiment). All groups were compared with control by applying a Dunnett one-way ANOVA test. *, p �
0.05. **, p � 0.01. See also supplemental Videos S5–S8. I and J, control and GFP-FGD6-expressing osteoclasts were left untreated or treated with 10 �M PP2 for
1 h. I, IQGAP1, or J, FGD6 was immunoprecipitated from cell lysates using the corresponding antibodies, and after Western blotting the immunoprecipitates
and lysates were probed for IQGAP1, GFP-FGD6, or ARHGAP10. Each experiment was repeated at least 3 times. Representative images are shown.
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FIGURE 5. FGD6 interacts with WASH1 on endosomes. Osteoclasts expressing GFP-FGD6 (green) were grown on ODs and stained with DAPI (blue) and
anti-EEA1 (A), anti-WASH1 (B), or anti-Vps35 (C) (red), and analyzed by confocal microscopy. Bars, 20 �m. Arrows show early endosomes around transcytotic
vesicles. The corresponding fluorescence intensity profiles along the white line are shown. D, osteoclast lysates were incubated with GST, GST-FGD6(1–1039),
or GST-Cdc42 loaded with GDP or GTP�S, or with anti-FGD6 antibodies. After pull down, the interacting material was analyzed by Western blotting (WB) using
anti-WASH1. GTP-Cdc42 was immunoprecipitated from lysates of osteoclasts depleted or not from FGD6, and after Western blotting the immunoprecipitates
(IP) were probed for Cdc42 and WASH1. E–G, osteoclasts grown on ODs were mock-transfected, or transfected with scrambled siRNAs or with siRNAs targeting
WASH1 or Vps35. E, the expression levels were determined by quantitative RT-PCR. Osteoclasts were also collected and lysed. Lysates were analyzed by
SDS-PAGE followed by Western blotting using antibodies directed against the indicated gene products. F, osteoclasts were also stained with phalloidin (red)
and DAPI (blue) and analyzed by confocal microscopy. Bars, 50 �m. G, the number of osteoclasts with sealing zones was quantified. Values are mean � S.D. from
3 experiments (n 
 200 osteoclasts per experiment). All groups were compared with control by applying a Dunnett one-way ANOVA test. *, p � 0.05. **, p �
0.01. Representative images are shown. See also supplemental Videos S9 and S10.
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adhesion is primarily mediated by the �v�3 integrin (26, 27).
Integrin binding to extracellular matrix proteins leads to an
increase of PI 3-kinase activity producing PI(3,4,5)P3 (Fig. 6, 1)
(28, 29). This PIP can be used as docking platforms for recruit-
ing various proteins with phosphoinositide binding domains, in
particular proteins regulating GTPase activities (30). FGD6
binds PI(3,4,5)P3, PI(3,4)P2, and PI(4,5)P2 through its PH
domains and can activate Cdc42 in the vicinity of ligand-bound
integrins. Upon ligand binding, integrins undergo a conforma-
tional change rendering their � subunit cytoplasmic domains
accessible for binding to Talin (31, 32) or to Filamin A (Fig. 6, 3)
(33), thus with the actin cytoskeleton. Our study and others (28,
34, 35) show that both Talin-1/2 and Filamin A are required for
podosome and sealing zone formation. These proteins compete
for the same binding site of the integrin � subunit cytoplasmic
domain to allow the spatial temporal organization of different
integrin-linked F-actin meshworks (36). Thus, FGD6 may reg-
ulate the interactions of integrins with different F-actin mesh-
works. Another FGD6 interactor is IQGAP1, which binds
Cdc42 (37) and has barbed end capping activity of actin fila-
ments (38). IQGAP1 contains an atypical phosphoinositide
binding domain at its C terminus allowing its binding to
PI(3,4,5)P3 (39, 40), consistent with its localization to podo-
somes/sealing zones of osteoclasts. Cdc42 binding to IQGAP1
induces a change in IQGAP1 conformation thereby allowing its
interaction with N-WASP and the Arp2/3 complex, thus trig-
gering actin polymerization (37). FGD6 activating Cdc42 could
therefore control IQGAP1-dependent actin polymerization at
podosomes. Whether IQGAP1 forms complexes with Talin-
1/2 or Filamin A remains to be determined.

FGD6 binds via its FYVE domain to PI(3)P-rich early endo-
somes and/or transcytotic vesicles (Fig. 6, 4). FGD6 forms a

complex with the actin nucleation-promoting factor WASH, a
Cdc42 interactor. WASH is known to sustain the sorting activ-
ity of the retromer complex needed for recycling of endocyto-
sed membrane components (22, 41). Both WASH and retromer
are essential to maintain osteoclast polarity. We show that tran-
scytotic vesicles are surrounded by early endosomes and these
structures can fuse with each other. This may allow exchange of
membrane components, as seen during phagocytosis (42),
required for retrieval of membrane components to the ruffled
border. Such a process could allow retrieval of lysosomal-asso-
ciated membrane proteins (Lamps), vacuolar ATPases, or other
proteins to maintain the integrity and function of the ruffled
border. To interact with PI(3)P-rich early endosomes, transcy-
totic vesicles may undergo PIP turnover as seen during endo-
cytosis (30). This PIP maturation of transcytotic vesicles may
allow FGD6 to remain bound to membranes by switching from
PI(3,4,5)P3, PI(4,5)P2, or PI(3,4,)P2 binding states to a PI(3)P
binding state during membrane maturation. FGD6 binding to
maturing trancytotic vesicles and early endosomes could regu-
late Cdc42- and WASH-dependent actin polymerization to
sustain the retromer sorting function. Thus, endosomal mem-
brane recycling would be essential for maintaining osteoclast
polarity. Interestingly, the maintenance of cell polarity in Dro-
sophila is also linked with the retromer-dependent membrane
recycling of Crumbs (43).

FGD6 is a member of the FGD family (7, 44 – 46). Our
MS-based proteomic approaches coupled to functional stud-
ies, as used here for FGD6, may provide an experimental
pipeline for understanding the precise function of the differ-
ent FGD members in bone biology and homeostasis of other
tissues.

FIGURE 6. Model of FGD6 function in podosome dynamics and retromer-dependent recycling (1). At the plasma membrane, integrins bind to RGD motifs
of extracellular bone matrix proteins. This triggers the activation of the PI 3-kinase, which produces PI(3,4,5)P3 in the vicinity of the engaged integrins (2). Upon
Src-dependent phosphorylation, FGD6 binds to PI(3,4,5)P3 and potentially PI(4,5)P2, and exchanges GDP for GTP on Cdc42 (3). FGD6 interacts with IQGAP1,
which binds Cdc42 and PI(3,4,5)P3. IQGAP1 can then trigger F-actin polymerization. FGD6 also interacts with Talin-1/2 or Filamin A (FLNa) and can coordinate
Cdc42-dependent cell adhesion and F-actin polymerization required for podosome formation. These complexes may contain ARHGAP10 whose GAP activity
is inhibited by Pyk2-dependent phosphorylation (4). On early endosomes and transcytotic vesicles, phosphorylated FGD6 binds to PI(3)P and to the WASH
complex. FGD6 also exchanges GDP for GTP on Cdc42, which activates WASH. WASH triggers F-actin polymerization to sustain retromer (Vps35)-dependent
recycling of membrane components.
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