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Abstract

PTP–PEST is involved in the regulation of sealing ring formation in osteoclasts. In this article, we 

have shown a regulatory role for PTP–PEST on dephosphorylation of c-Src at Y527 and 

phosphorylation at Y418 in the catalytic site. Activation of Src in osteoclasts by over-expression of 

PTP–PEST resulted in the phosphorylation of cortactin at Y421 and WASP at Y294. Also 

enhanced as a result, is the interaction of Src, cortactin, and Arp2 with WASP. Moreover, the 

number of osteoclasts displaying sealing ring and bone resorbing activity was increased in 

response to PTP–PEST over-expression as compared with control osteoclasts. Cells expressing 

constitutively active-Src (527YDF) simulate the effects mediated by PTP–PEST. Treatment of 

osteoclasts with a bisphosphonate alendronate or a potent PTP inhibitor PAO decreased the 

activity and phosphorylation of Src at Y418 due to reduced dephosphorylation state at Y527. 

Therefore, Src-mediated phosphorylation of cortactin and WASP as well as the formation of 

WASP cortactin Arp2 complex and sealing ring were reduced in these osteoclasts. Similar effects 

were observed in osteoclasts treated with [C1]an Src inhibitor PP2. We have shown that 

bisphosphonates could modulate the function of osteoclasts by inhibiting downstream signaling 

mediated by PTP–PEST/Src, in addition to its effect on the inhibition of the post-translational 

modification of small GTP-binding proteins such as Rab, Rho, and Rac as shown by others. The 

promising effects of the inhibitors PP2 and PAO on osteoclast function suggest a therapeutic 

approach for patients with bone metastases and osteoporosis as an alternative to bisphosphonates.

Sealing ring formation is a requirement in osteoclast bone resorption. Distinct pathways and 

molecules including Src, PYK2, c-Cbl, p130Cas, PTP–PEST, RhoGTPases, PI3-kinase, and 

WASP have been known to play roles in the organization of the sealing ring during bone 

resorption (Murakami et al., 1995; Zhang et al., 1995; Duong et al., 1998; Chellaiah et al., 

2001; Gupta et al., 2003; Chellaiah, 2006; Sanjay et al., 2006). WASP-deficient cells are 

markedly depleted of podosomes and fail to exhibit sealing rings. Complementation of 
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WASP-null osteoclasts with an enhanced GFP-WASP fusion protein restores normal 

cytoarchitecture (Calle et al., 2004). We have previously demonstrated that WASP integrates 

signals from Rho, Cdc42, and kinase(s) in order to bind to the Arp2/3 complex and stimulate 

Arp2/3-dependent actin polymerization and sealing ring formation (Chellaiah, 2005; 

Chellaiah et al., 2007).

WASP is a binding partner for c-Src SH3 domain (Banin et al., 1996a; Schulte and Sefton, 

2003). Phosphorylation of WASP at Y291 increases the stability of activated WASP and 

blocks the inhibitory interaction between GBD and the VCA domain (Cory et al., 2003). In 

osteoclasts, Src regulates the phosphorylation of WASP at Y291, which is critical for 

osteoclast bone resorption. Phosphorylated WASP at Y291 interacts with c-Src, PYK2, 

PTP–PEST, PST-PIP, cortactin, and p160 kDa proteins (identified as Rho kinase). 

Phosphorylation of these proteins and WASP was markedly increased in osteoclasts that 

express constitutively active-Src (CA-Src) (Chellaiah et al., 2007). Osteoclasts transduced 

with TAT- fused WASP peptide containing pTyr294 (pTyr291 in humans and pTyr294 in 

mice) demonstrated a decrease in the interaction of Src with endogenous WASP, loss of 

sealing ring formation, and reduced capacity for bone resorption. Modulation of tyrosine 

phosphorylation state of pTyr291 in WASP assists in integrating multiple signaling 

molecules and pathway(s) that assist in the assembly of sealing ring (Ma et al., 2008).

Several tyrosine phosphatases (PTP, PTPRO, PTP-epsilon, SHP-1, and PTP–PEST) are 

present in osteoclasts and they appear to assist in osteoclast function (reviewed in Gil-Henn 

and Elson, 2003; Chiusaroli et al., 2004; Chellaiah, 2006; Granot-Attas and Elson, 2008). 

PTP-epsilon (PTP-ε) knockout mice (EKO mice) exhibit increased trabecular bone due to 

the reduced function of osteoclasts. The fine structure of podosomes in the osteoclasts of 

EKO mice is defective due to disorganization of their actin core (Chiusaroli et al., 2004). 

PTP–PEST contains the typical tyrosine phosphatase catalytic domain flanked by proline-

rich regions. These regions are capable of interacting with several signaling molecules, 

including leupaxin, paxillin, WASP, PYK2, Src, p130Cas, and Grb2 (Garton and Tonks, 

1994, 1999; Cote et al., 1998; Gupta et al., 2003; Badour et al., 2004; Chellaiah et al., 2007). 

We have demonstrated that PTP–PEST regulates podosome assembly/disassembly and 

sealing formation in mouse osteoclasts (Chellaiah et al., 2001, 2007; Gupta et al., 2003). Our 

recent studies using the SiRNA to PTP–PEST or an inhibitor to phosphatase (PAO) showed 

inhibition of osteoclast bone resorption due to derangement of actin cytoskeleton (Chellaiah 

et al., 2007).

Numerous studies have resulted in significant progress in our understanding of the effects of 

bisphosphonates (BPs) on osteoclast function. Some of these studies have shown that BPs 

inhibit a key enzyme called farnesyl pyrophosphate synthase in the mevalonate pathway. 

Hence, the inhibition of post-translational modification of small GTP-binding proteins such 

as, Rab, Rho, and Rac by BPs decrease the activity of osteoclasts (Rogers et al., 2000; 

Dunford et al., 2001; Virtanen et al., 2002; Rogers, 2003; Valleala et al., 2003). Previous 

studies have also shown that alendronate can reduce the activity of PTPs such as PTP-δ and 

-ε which correlated with the inhibition of osteoclast bone resorption in vitro (Endo et al., 

1996; Schmidt et al., 1996; Opas et al., 1997).
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Tyrosine phosphatase PTP1B and PTP-ε were shown to have a role in the activation of Src 

in colon cancer cells and osteoclasts, respectively (Gil-Henn and Elson, 2003; Zhu et al., 

2007). PTP1B activates Src through dephosphorylation of Src at Y530. Elevated levels of 

PTP1B can increase tumorigenecity of colon cells by activating Src (Zhu et al., 2007). 

PTP1D is another class of phosphatase (PTP1D and PTP1D2) expressed in a variety of 

tissues. PTP1D was found to be associated with Src kinase (Moller et al., 1994). Although 

PTPs such as PTP-δ and -ε are involved in signaling related to osteoclast bone resorption 

(Endo et al., 1996; Schmidt et al., 1996; Opas et al., 1997), the nature of the molecular 

targets for these PTPs has yet to be clarified. Recently, we have shown that both tyrosine 

kinase(s) and the tyrosine phosphatase PTP–PEST coordinate the formation of the sealing 

ring and thus the bone-resorbing function of osteoclasts. WASP, which is identified in the 

sealing ring of resorbing osteoclasts, also demonstrates an interaction with c-Src, PYK2, 

PSTPIP, and PTP–PEST proteins (Chellaiah et al., 2007). The underlying molecular 

mechanisms involved in the formation of WASP-associated signaling complex formation 

and the role of PTP–PEST in this process are still poorly understood.

In an attempt to explore the role of PTP–PEST in the formation of sealing ring, we have 

used osteoclasts null for PTP–PEST or over-expressing PTP–PEST. Since osteoclast bone 

resorption involves Src as a primary kinase (Boyce et al., 1992) and PTPs regulate the 

activation of Src (Zhu et al., 2007), we have used osteoclasts expressing CA-Src and kinase-

defective-Src (KD-Src) as controls. In the present study we demonstrate that PTP–PEST 

regulates the activity of Src through dephosphorylation of Src at Y527 (corresponding to 

Y530 in human). PTPs were shown as a molecular target for BP alendronate (Zhu et al., 

2007). We further show that the attenuation of PTP–PEST activity by PAO and alendronate 

is associated with the decrease in the activity and phosphorylation of Src at Y418. Therefore, 

Src-mediated phosphorylation of cortactin and WASP as well as the formation of WASP 

cortactin Arp2 complex and sealing ring were reduced in these osteoclasts.These studies 

demonstrate that alendronate inhibits downstream signaling mediated by PTP–PEST/Src.

Materials and Methods

Reagents

Protein estimation reagent, molecular weight standards for proteins, and PAGE-reagents 

were bought from Bio-Rad (Hercules, CA). Antibodies to WASP, Arp-2, c-Src, and 

pTyrosine were obtained from Santa Cruz, CA. Antibody to Src and anti-phosphotyrosine 

mAb 4G10 were purchased from Upstate Biotechnology (Lake Placid, NY). The Src 

inhibitor PP2 (4-amino-5-(4-chloro-phenyl)-7-(t-butyl) pyrazolo [3,4-d] pyrimidine) was 

bought from Calbiochem (La Jolla, CA). Antibodies against phospho-Src Y416 and Y527 

were obtained from Cell Signaling (Beverly, MA). Anti-GAPDH antibody was purchased 

from Abcam, Inc. (Cambridge, MA). Streptavidin-HRP and ECL-reagent were bought from 

Pierce (Rockford, IL). Polyvinyldifluoride (PVDF) membrane was obtained from Millipore 

Corp. (Bedford, MA). Rhodamine phalloidin, phenyl arsine oxide (PAO), a rabbit polyclonal 

antibody against phosphocortactin Y421, and all the other chemicals were purchased from 

Sigma–Aldrich Chemical Co. (St. Louis, MO).
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Preparation of osteoclast precursors from mice

C57/BL6 mice were used for osteoclast preparation as described previously (Chellaiah et al., 

2007). These mice were either purchased from Harlan Laboratory (Indianapolis, IN) or 

generated in the animal house of Dental School, University of Maryland. Breeding and 

maintenance were carried out as per the guidelines and approval of IACUC. Osteoclasts 

were generated in vitro using mouse bone marrow cells. Cells isolated from five mice were 

cultured into 100 mm dishes with 20 ml α-MEM medium supplemented with 10% fetal 

bovine serum (α−10). After culturing for 24 h, non-adhered cells were layered on 

histopaque-1077 (Sigma–Aldrich Chemical Co.) and centrifuged at 350g for 15 min at room 

temperature (RT). The cell layer between the histopaque and the medium was removed and 

washed with α−10 medium at 2000 rpm for 7 min at RT. Cells were resuspended in α−10 

medium and cultured with the appropriate concentrations of mCSF-1 (10 ng/ml) and 

RANK-L (55–75 ng/ml). After 3 days in culture, medium was replaced with fresh cytokines. 

Multinucleated osteoclasts were seen from day 4 onwards. To remove the osteoclasts for in 

vitro bone resorption assay, cells were washed with cold PBS and kept in cell stripper 

solution (Cellgro, Media Tech, Inc., Hemdon, VA) for 15–30 min. Cell stripper is a non-

enzymatic cell dissociation solution designed to gently dislodge adherent cells in tissue 

culture. After incubation with this solution, cells were removed from the plates by gentle 

scraping. Some of the removed cells were replated and stained with trypan blue and for 

tartrate-resistant acid phosphatase (TRAP), an osteoclast marker. Cells excluded trypan blue, 

and they were 99% TRAP-positive. These TRAP-positive cells were used for bone 

resorption assay as described previously (Chellaiah et al., 2003) and below.

Transfection of small interfering RNA (SiRNA) for PTP–PEST

SiRNA and scrambled control siRNA sequences for PTP–PEST were purchased from 

Ambion, Inc., (Austin, TX). Osteoclasts were transfected with SiRNA using streptolysin O 

permeablization as described previously (Chellaiah et al., 1998). Briefly, osteoclasts were 

washed twice with permeablization buffer (120 mM KCl, 30 mM NaCl, 10 mM Hepes, pH 

7.2, 10 mM EGTA, 10 mM MgCl2; Duncan et al., 1996). Freshly prepared dithiothreitol (5 

mM), ATP (1 mM), and 0.5 unit/ml streptolysin O (Sigma, St. Louis, MO) and RNAi 

sequences at the indicated concentrations were added to the buffer at the time of 

permeablization. Resealing was achieved by the addition of α−10 medium. Control cells 

were permeablized as above but in the absence of RNAi sequences. After incubation of 

osteoclasts for 36–48 h at 37°C, lysates were made and subjected to immunoblotting with an 

antibody to PTP–PEST to detect the endogenous levels.

Preparation of osteoclast lysate after various treatments

CA- and KD-Src that were generated essentially based on pAdEasy-1 system (He et al., 

1998) were used for infection. Virus was propagated as described previously (Willey et al., 

2003). PTP–PEST adenoviral construct was generated essentially as described (Playford et 

al., 2006). Adenovirus containing Src or PTP–PEST was added to osteoclasts at the 10–30 

multiplicity of infection in the serum-free medium. Two hours after infection, the medium 

was replaced with α−10 medium. Expression of Src and PTP–PEST was evaluated by 
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immunoblotting of the osteoclast lysate with respective antibody after 48–72 h post-

infection. Osteoclasts treated with PBS were used as controls.

Some cultures were treated with a protein–tyrosine phosphatase (PTP) inhibitor PAO (100 

nM), Src inhibitor PP2 (4-amino-5-(4-chloro-phenyl)-7-(t-butyl) pyrazolo [3,4-d] 

pyrimidine; 100 nM), and BPs (alendronate or pamidronate, 50 μM) at 37°C. BP stocks (1 

mM) were made in PBS or sterile H2O. Stock solution of PP2 was prepared in 100% DMSO 

(Sigma) and stored at −70°C. Dose-dependent effects of PP2 on Src inhibition was 

determined by Western analysis with an SrcY418 antibody in the presence of increasing 

concentrations of PP2 (1, 10, 50, 75, 100, 150, or 200 nM). An increase in the inhibition was 

observed from 50 nM; maximum effect was found at 75 nM concentration and the inhibitory 

effect stabilized from 100 to 200 nM. The PP2 concentration (100 nM) used in these 

experiments was selected on the basis of this study. Cell viability was determined using an in 

vitro viability assay kit (Sigma) following the manufacturer’s instructions.

Following various treatments, osteoclasts were washed three times with cold PBS and lysed 

in a RIPA buffer (10 mM Tris–HCl, pH 7.2, 150 mM NaCl, 1% deoxycholate, 1% Triton 

X-100, 0.1% SDS, 1% aprotinin, 2 mM phenylmethylsulfonyl fluoride (PMSF), 100 μM 

Na3VO4, and 1% aprotinin). Cells were rocked on ice for 15 min and scraped off with a cell 

scraper. Cell lysates were centrifuged at 15,000 rpm for 15 min at 4°C, and the supernatant 

was saved. Protein contents were measured using the Bio-Rad protein assay reagent.

Purification of GST-fused WASP-GP domain

GTPase binding domain of WASP was generated by cloning PCR-generated inserts into the 

EcoR1 and BamH1 sites of pGEX-2T vector (Linder et al., 1999). pGEX vector and pGEX 

containing WASP-GP construct were expressed in Escherichia coli as glutathione S-

transferase (GST) fusions as described previously (Chellaiah et al., 2001). SDS–PAGE and 

Coomassie Blue staining tested the purity of the purified proteins.

Immunoprecipitation, GST pulldown, and Western analysis

About 500 μg of protein was used for GST pulldown or immunoprecipitation with a WASP 

antibody. For immunoprecipitation, lysate proteins were precleared with protein A-

Sepharose presoaked in lysis buffer containing bovine serum albumin (BSA) and with non-

immune IgG coupled to protein A-Sepharose beads. The precleared supernatants were 

incubated with antibodies of interest, and the immune complexes were adsorbed onto protein 

A-Sepharose beads. The beads were pelleted and washed three times for 5 min each with 

ice-cold PBS and the immune complexes were dissociated by boiling in SDS sample buffer. 

Pulldown with GST-fused WASP-GP protein or vector protein (GST alone) coupled to 

Glutathione Sepharose 4B was performed as described previously (Chellaiah et al., 2007). 

Proteins bound to Glutathione Sepharose 4B beads were then dissociated by boiling in SDS 

sample buffer after washing three times with cold PBS. The samples were analyzed by SDS–

PAGE and Western blotting.

For Western blotting, proteins were transferred to a polyvinylidene difluoride (PVDF) 

membrane. Blots were blocked with 10% milk in PBS containing 0.5% Tween (PBS-T) for 

2–3 h and then incubated with 1:1,000 dilutions of primary antibody of interest for 2–3 h. 
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After three washes for 10 min each with PBS-T, the blot was incubated with a 1:1,000 

dilutions of peroxidaseconjugated species-specific secondary antibody for 2 h at RT. After 

three washes for 10 min each with PBS-T, protein bands were visualized by 

chemiluminescence using the ECL kit (Pierce). For immunoblotting analysis with the 

phosphotyrosine (4G10) antibody, blots were blocked with 5% BSA in PBS-T (Chellaiah et 

al., 2003).

Immunocytochemistry

Osteoclast precursors (105 cell/coverslips) were seeded on dentine slices and incubated for 

48–72 h. Osteoclasts were fixed with 3% paraformaldehyde for 20 min and permeablized 

with 0.1% Triton X-100 in PBS for 5 min as described previously (Chellaiah, 2005). 

Background fluorescence was blocked with a blocking solution (PBS with 0.2% BSA, 

0.05% sodium azide, and 0.1% Triton X-100) containing 10% horse serum for 30–45 min at 

48C. The cells were washed and incubated with an anti-rabbit cortactinY421 primary 

antibody 1:100 dilution) in the blocking solution for 2 h at 4°C. The primary antibody was 

detected by the following incubation of a Cy2-conjugated secondary antibody (1:500 

dilution) in blocking solution for 1–2 h at 4°C. Actin staining of the same cells stained for 

cortactinY421 was performed using rhodamine phalloidin (1:500 dilution) in PBS 

containing 5 mM EGTA (PBS–EGTA). The cells were rinsed by several changes of PBS–

EGTA and mounted on a slide in a mounting solution (Vector Laboratories, Inc., 

Burlingame, CA). Immunostained osteoclasts were photographed with a Bio-Rad confocal 

laser-scanning microscope. Images were stored in TIF image format and processed by the 

Adobe Photoshop software program (Adobe System, Inc., Mountain View, CA).

Actin staining with rhodamine phalloidin

Osteoclasts were incubated on dentine slices for 18–24 h. Prior to staining, cells were 

washed three times with PBS–EGTA and fixed with 3.7% paraformaldehyde for 20 min at 

RT. Subsequently, cells were permeablized with 0.1% Triton X-100 for 5 min at RT and then 

washed three times with PBS–EGTA. Cells were stained with rhodamine phalloidin (1:500 

dilution) for 30 min at RT or overnight at 4°C as described previously (Chellaiah et al., 

1998, 2000b). Actin stained cells were viewed and photographed on a Bio-Rad confocal 

laser-scanning microscope. Images were stored in TIF image format and processed by the 

Adobe Photoshop software program (Adobe Systems, Inc.). Quantitative analysis of 

osteoclasts (~300–350) with actin rings after various treatments was performed at lower 

magnification with 20 × objective.

Measurement of F-actin content using rhodamine phalloidin binding

After various treatments as indicated in Figure 8, osteoclasts were rinsed with cold PBS and 

fixed with paraformaldehyde for 15 min, permeablized, and incubated with rhodamine 

phalloidin (1:200) in PBS for 30 min at 37°C. The cells were washed quickly several times 

with PBS and extracted with absolute methanol. The fluorescence of each sample was 

measured with fluorimetry (Bio-Rad spectrofluorometer). Osteoclasts untreated with 

rhodamine phalloidin were used to determine the background fluorescence of the cells. 

Empty wells without any cells were used to determine the non-specific binding. The non-
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specific binding and background fluorescence was subtracted from the total binding to 

determine the specific binding (Cooper, 1992; Chellaiah and Hruska, 1996).

Bone resorption assay

Whale dentine slices (1.5 cm2 across and 0.75 mm thick) were cut and processed as 

described previously (Chellaiah et al., 2000a). Cells transfected with Src (CA- and KD-Src) 

or PTP–PEST were scraped and plated after 36–48 h post-infection. Cells were scraped 

gently as explained above and the osteoclast suspension (2 ×104 cells) was added to each 

dentine slice. After 2 h of adherence,[C0]cells were treated for 48 h as indicated in Figure 7. 

Medium was replaced after 24 h with the respective treatment. After 48 h, cells were 

scraped-off from dentine, and the slices were washed twice with water. Pits were 

photographed under Bio-Rad confocal laser-scanning microscope. Images were stored in 

TIF image format and processed by the Adobe Photoshop software program (Adobe 

Systems, Inc.). Pit area was determined as described previously (Chellaiah et al., 2000a).

Data analysis

All values presented are expressed as the mean ± standard error of the mean (SEM) of three 

or more experiments done at different times and normalized to intra-experimental control 

values. Asterisks (*) and other symbols (·•, 0) were used to graphically indicate the 

statistical significance. A value of P < 0.05 was considered significant. For statistical 

comparisons, analysis of variance (ANOVA) was used with the Bonferroni corrections. 

Graph pad Instat (Graphpad Software, San Diego, CA) was used to perform the statistical 

tests.

Results

PTP–PEST regulates the phosphorylation state of Src at Y418

PTP–PEST has a regulatory role in the formation of sealing ring and podosomes (Chellaiah 

et al., 2001, 2007). Tyrosine phosphatase PTP-ε was shown to have a role in the activation of 

Src in osteoclasts (Gil-Henn and Elson, 2003). Reduced bone resorption and failure of 

sealing ring formation due to abnormal cytoskeletal reorganization in osteoclasts with 

reduced PTP–PEST levels (Chellaiah et al., 2007) prompted us to determine whether PTP–

PEST has a role in the regulation of phosphorylation and activation of c-Src. Transfection of 

PTP–PEST SiRNA at dose of 1 μM for 36 h at 37°C reduced the endogenous protein levels 

of PTP–PEST by 70–80% (Fig. 1A, lane 2) as shown previously (Chellaiah et al., 2007). 

Untransfected or mock transfected (lane 1) and scrambled control SiRNA transfected (Sc; 

Fig. 1A, lane 3) cells were used as controls. Equal amounts of protein lysates (75 μg) were 

used for immunoblotting analyses with antibodies to Src Y527 (Fig. 1A, lanes 4–6) and 

Y418 (lanes 7–9). Dephosphorylation of Src at Y527 is critical for the unfolding and 

activation of c-Src by phosphorylation at Y418 in the catalytic site (Kaplan et al., 1994). An 

increase in the phosphorylation of Src at Y527 (lane 5) and a decrease at Y418 (lane 8) was 

observed in osteoclasts transfected with PTP–PEST SiRNA. Conversely, untransfected 

(lanes 4 and 7) and scrambled SiRNA transfected (Sc; lanes 6 and 9) osteoclasts resulted in 

effects opposite to those observed in SiRNA transfected cells (lanes 5 and 8). 

Immunoblotting with a GAPDH antibody shows approximate equal loading of proteins in 
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each lane (bottom parts; lanes 1–3 and 7–9). Reducing the levels of endogenous PTP–PEST 

has a negative influence on the activation of c-Src. These results suggest a possible role for 

PTP–PEST as a phosphotyrosine phosphatase (PTP) in the regulation of activation of c-Src.

To further elucidate the role of PTP–PEST in activating Src, osteoclasts were infected with 

adenovirus containing PTP–PEST cDNA (Fig. 1B, lane 4). PTP–PEST has been identified to 

modulate the phosphorylation state of Src at Y527 and Y418 (Fig. 1A). Therefore, 

concurrent infections were performed with adenovirus containing CA- (lane 1) and KD-Src 

(lane 2) constructs as controls to corroborate the effect of PTP–PEST. CA-Src contains a 

point mutation at aa527 (YΔF) to prevent tail binding to the SH2 domain. KD-Src contains 

two point mutations at aa297 (KΔR; to prevent ATP transfer) and aa527 (YΔF). More than 

two- to threefold as much Src (CA- and KD-Src; Fig. 1B, lanes 1 and 2) and PTP–PEST 

(lane 4) was noticeable in adenovirus-infected osteoclasts compared with the uninfected 

controls (lanes 3 and 5).

Subsequently, we determined the functional significance for the over-expression of PTP–

PEST and c-Src (CA-and KD-Src) on the phosphorylation of c-Src at Y418 by 

immunoblotting with a phospho-specific antibody towards Src Y418 (Fig. 1C). An increase 

in the phosphorylation of Src at Y418 was observed in osteoclasts over-expressing PTP–

PEST (Fig. 1C, lane 2) and CA-Src (lane 4). Src phosphorylation in osteoclasts expressing 

KD-Src (lane 3) was found to be below the control level (lane 1), although the expression 

level of this protein (Fig. 1D, lane 3) is equal to CA-Src (Fig. 1D, lane 4). The levels of total 

c-Src in control and PTP–PEST remained equal (Fig. 1D, lanes 1 and 2). The immunoblots 

were reprobed with an antibody to GAPDH to corroborate equal protein loading (bottom 

part in B and C). A change in the phosphorylation levels of Src at Y418 in osteoclasts with 

increased levels of PTP–PEST further substantiates its role in Src activation.

PTP–PEST increases phosphorylation of cortactin, Src, and WASP

Since cortactin is a substrate for c-Src, we subsequently proceeded to determine whether 

PTP–PEST expression will increase the phosphorylation of cortactin at Y421 (Fig. 

2A).Equal amounts of protein lysates (100 μg) were immunoblotted with a phospho-specific 

antibody towards cortactinY421. An increase in the phosphorylation of cortactin was 

observed in cells over-expressing PTP–PEST and CA-Src proteins (Fig. 2A, lanes 2 and 4) 

as compared with the control (lane 1) and KD-Src expressing (lane 3) osteoclasts. The 

immunoblot was stripped and reprobed with a cortactin antibody to demonstrate that 

comparable amounts of protein were loaded in each lane (bottom part).

We have previously demonstrated that phosphorylation of WASP and WASP-associated 

proteins are increased in osteoclasts expressing CA-Src (Chellaiah et al., 2007). Lysates (100 

μg protein) made from osteoclasts uninfected (control) or infected with adenovirus 

containing Src (CA- and KD-Src) and PTP–PEST constructs were immunoprecipitated with 

an antibody to WASP (lanes 1–4) or non-immune serum (NI, lane 5). As shown previously 

(Chellaiah et al., 2007), immunoblotting analysis with a monoclonal antibody to 

phosphotyrosine (4G10) demonstrated coprecipitation of phosphoproteins with apparent 

molecular weight of 60 kDa (c-Src) and 85 kDa (cortactin) (Fig. 2B). CA-Src increased the 

phosphorylation of WASP and cortactin (lane 2) as compared with KD-Src expressing (lane 
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1) and control (lane 3) osteoclasts. An increase in the phosphorylation of these proteins was 

also observed in osteoclasts over-expressing PTP–PEST (lane 4). Coimmunoprecipitation of 

Src and cortactin with WASP was confirmed by immunoblotting with respective antibodies 

in Figure 4 and previously (Chellaiah et al., 2007). The blot was then reprobed with the 

same WASP antibody after stripping to demonstrate the amount of WASP in each 

immunoprecipitate (bottom part in B). Taken together, this set of experiments showed that 

PTP–PEST has the ability to increase the phosphorylation of WASP and the associated Src 

and cortactin proteins. The effects observed in osteoclasts transfected with CA- and KD-Src 

serves as controls.

PTP–PEST increases dephosphorylation of Src at Y527 and activates it

Subsequently, we sought to demonstrate a biochemical mechanism by which PTP–PEST can 

regulate the activation of Src. As shown in Figure 1, dephosphorylation of Src at Y527 is 

critical for the unfolding and activation of c-Src by phosphorylation at Y418 in the catalytic 

site. Since PTP–PEST increases the phosphorylation of Src at Y418 (Fig. 1C), we analyzed 

the levels of Src phosphorylation at Y527 (Fig. 3). About 100 μg of protein lysates were 

immunoblotted with a phospho-specific antibody towards Src Y527 (Fig. 3A). Basal level 

phosphorylation of Src was observed at Y527 in osteoclasts uninfected (control; lanes 3 and 

8) or infected with adenovirus containing constructs for PTP–PEST (lane 2), KD-Src (lane 

6), and CA-Src (lane 7). Since CA- and KD-Src harbor mutations at 527(YΔF), very little 

tyrosine phosphorylation at Y527 was observed (lanes 6 and 7).

To further determine the relationship between Src phosphorylation and activation by PTP–

PEST, control (Fig. 3A, lane 5) and PTP–PEST over-expressing (lane 1) osteoclasts were 

treated with a potent PTP inhibitor PAO (lane 1) as shown previously (Chellaiah et al., 

2007). Since BPs inhibit tyrosine phosphatases (Opas et al., 1997), some cultures over-

expressing PTP–PEST were also treated with alendronate (lane 4) (Samanna et al., 2007). A 

detectable increase in the phosphorylation of Src at Y527 in osteoclasts treated with PAO 

(Fig. 3A, lanes 1 and 5) and alendronate (lane 4) was observed. Immunoblotting analysis of 

the same blot with an Src antibody after stripping demonstrates the amount of Src in each 

lane (bottom part, lanes 1–8). An increase in the expression of Src (CA- and KD-Src) was 

observed after 48–72 h post-infection (lanes 6 and 7).

In order to substantiate that an increase in the phosphorylation of Src at Y527 corresponds 

with the decrease in the phosphorylation of Src at Y418 in PAO and alendronate-treated 

osteoclasts, immunoblotting was performed with an antibody to SrcY418 (Fig. 3B). As 

expected, PAO and alendronate diminished the phosphorylation of Src at Y418 (lanes 1–4) 

and activity towards phosphorylating cortactin (see Fig. 4) and WASP (data not shown). As a 

loading control, the blot was also probed with an antibody to GAPDH without stripping. 

Taken together, as alluded to above, results with PAO and alendronate strengthen our notion 

that PTP–PEST has a role in the activation of c-Src via modulating the phosphorylation state 

of Src at Y527.
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Activation of Src by PTP–PEST increases cortactin phosphorylation and its association 
with WASP

We have previously demonstrated the coprecipitation of a protein with an apparent 

molecular weight of 85 kDa in SDS–PAGE with WASP (Chellaiah et al., 2007). Later this 

protein was confirmed as cortactin by immunoblotting analysis. Cortactin is a substrate for 

Src and phosphorylation of cortactin on Y421 is regulated by Src activity (Wu and Parsons, 

1993; Tehrani et al., 2007). To examine the effect of PTP–PEST in the phosphorylation of 

cortactin and its interaction with WASP, lysates (500 μg protein) made from osteoclasts 

subjected to various treatments as indicated in Figure 4 were either immunoprecipitated with 

a WASP antibody (Fig. 4A, lanes 2–7) or pulldown with GST-fused GP domain of WASP 

(Fig. 4B, lanes 1–5). Immunoprecipitation with a non-immune serum (NI, lane 1 in Fig. 4A) 

or pulldown with GST alone (Fig. 4B, lane 6) was used as a negative control. 

Immunoblotting analysis was performed with a cortactinY421 antibody. An increase in the 

coprecipitation or pulldown of cortactin with WASP immunoprecipitates or GST/WASP-GP 

domain was observed in osteoclasts expressing PTP–PEST (Fig. 4A, lane 2; Fig. 4B, lane 1). 

The above finding is in agreement with our perception that PTP–PEST increases cortactin 

phosphorylation and its interaction with WASP via modulation of Src activity. PTP–PEST-

induced cortactin phosphorylation is reduced by PAO and alendronate (Fig. 4A, lanes 4 and 

6; Fig. 4B, lanes 3 and 5) to lower than basal level observed in control cells (Fig. 4A, lane 7; 

Fig. 4B, lane 2). A Src inhibitor PP2 displayed similar effects as that of PAO in the 

inhibition of phosphorylation of cortactin associated with WASP (Fig. 4A, lane 3). However, 

a remarkable inhibition of phosphorylation of cortactin was observed in osteoclasts treated 

with both PAO and PP2 (Fig. 4A, lane 5). This decrease was more than the one observed 

with alendronate (Fig. 4A, lane 6).

Subsequently, immunoblotting analysis with a cortactin antibody was performed (A and B, 

middle part). Cortactin levels associated with WASP or pulldown with GST-fused GP-

domain of WASP match-up with the phosphorylation state of cortactin. From the 

immunoblotting analyses with a WASP (bottom part in A) and GST antibody (bottom part in 

B), we demonstrate that equal levels of proteins and GST-fused WASP-GP domain were 

used for the outcome described above. The GP domain of WASP corresponding to aa228–

408 contains approximately six proline-rich clusters in aa311–404. A decrease in the pull 

down of cortactin in osteoclasts treated with PAO, PP2, and PAO/PP2 suggests that cortactin 

could have an affinity to the proline-rich region of WASP. It also suggests that the 

phosphorylation of cortactin on Y421 may perhaps be vital to this process. Taken together, 

our results demonstrate an increase in the phosphorylation of cortactin by PTP–PEST. A 

decrease in the effect of PTP–PEST by PP2 support that Src is activated by PTP–PEST.

Inhibition of PTP–PEST activity diminishes interaction of Arp2 with WASP

Cortactin and WASP synergistically regulate the Arp2/3-mediated actin filament branching 

(Weaver et al., 2001). The interactions of Arp2/3 complex with WASP, sealing ring 

formation, and bone resorption are increased in osteoclasts expressing constitutively active 

Rho GTPase (Rhoval14) (Chellaiah, 2005). Next, we analyzed the effects of various 

treatments on the interaction of WASP with Arp2 (Fig. 5). Lysates (500 mg protein) made 

from osteoclasts subjected to various treatments were either immunoprecipitated with a 
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WASP antibody (lanes 2–9) or a species-specific non-immune serum (NI, lane 1). 

Immunoblotting was performed with an Arp2 antibody. The blot was stripped and reprobed 

with a WASP antibody to detect the level of WASP in each of the immunoprecipitates 

(bottom part). An increase in WASP–Arp2 complex was found in osteoclasts expressing CA-

Src and PTP–PEST (lanes 3 and 4). A dramatic decrease in the PTP–PEST induced WASP–

Arp2 complex formation by PAO is comparable with the effects of alendronate and PP2 (top 

part; lanes 7–9). Since CA-Src has a mutation at Y527F, PAO had no effect on the CA-Src 

induced WASP–Arp2 complex formation (lane 5). However, a decrease in the formation of 

WASP–Arp2 complex in osteoclasts expressing CA-Src and treated with alendronate (lane 

6) was observed. The precise molecular mechanism involved in this decrease remains 

unknown.

Inhibitors to Src kinase (PP2) and protein–tyrosine phosphatase (PAO) have equal effects 
as that of bisphosphonates

Effects of inhibitors (PAO and PP2) and alendronate on sealing ring formation 
and bone resorption.—As shown previously (Chellaiah et al., 2007), CA-Src increases 

sealing ring formation (Fig. 6) and bone resorption (Fig. 7). PTP–PEST also increases the 

number of actin rings (Fig. 6) and bone resorption in vitro (Fig. 7) to a level lesser than CA-

Src and greater than control cells. Failure of formation of functional actin rings in 

osteoclasts transfected with PTP–PEST and then treated with PP2/PAO, PP2, PAO, or 

alendronate (Fig. 6) corresponds with reduced bone resorption in these osteoclasts (Fig. 7). 

A significant decrease in osteoclasts over-expressing PTP–PEST and treated with PAO/PP2 

(G) reveals the significance of PTP–PEST and Src kinase in the regulation of 

phosphorylation state of proteins involved in sealing ring formation. Inhibition of sealing 

ring formation and bone resorption by inhibitors and alendronate was observed in the 

following order in PTP–PEST transfected cells; PAO/PP2 > PP2 > alendronate > PAO. 

Osteoclasts expressing CA-Src and treated with alendronate also displayed a significant 

decrease in the number of sealing rings (Fig. 6) and bone resorption (Fig. 7) although very 

minor effect was observed with PAO. This again accentuate that PTP–PEST is not a 

downstream regulator of Src. Although the precise mechanism is unknown, we propose the 

following: Alendronate inhibits Rho activation by preventing geranylgeranylation, which 

results in the inhibition of migration of human ovarian cancer cells (Sawada et al., 2002). We 

have previously demonstrated that Rho family proteins (Rho and Cdc42) play a crucial role 

in WASP activation and interaction of Arp2/3 with WASP (Chellaiah, 2005). A decrease in 

the formation of WASP–Arp2 complex (Fig. 5) and the number of actin rings in osteoclasts 

treated with alendronate (Fig. 6) indicate the possibility that it may block Rho family 

proteins-mediated WASP activation, WASP–Arp2/3 complex formation, and actin 

polymerization.

Localization of cortactinY421/actin in sealing ring of resorbing osteoclasts 
and measurement of F-actin content.—Inhibition of WASP–Arp2 complex (Fig. 5) as 

well as sealing ring formation (Fig. 6) and bone resorption (Fig. 7) by alendronate and not 

by PAO in CA-Src transfected cells prompted us to confirm that the impairment of sealing 

ring formation is due to the inhibition of Src activity or a result of the failure of cytoskeletal 

regulation independent of Src activity. Given the role of Src in cortactin phosphorylation on 
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Y421 as shown in Figure 2 and its role in actin assembly in osteoclasts (Tehrani et al., 2007), 

we analyzed the localization of phosphocortactin Y421 and actin in resorbing osteoclasts 

transfected with CA-Src (Fig. 8A). Colocalization (yellow) of cortactinY421 (green) and 

actin (red) was observed in the sealing ring of CA-Src transfected and PBS-treated control 

osteoclasts. These osteoclasts demonstrated diffuse distribution of cortactinY421 through 

out the cytoplasm. Since CA-Src has mutation at Y527F, PAO or alendronate had no effect 

on the Src activity. Therefore, phosphorylation state or diffuse distribution of cortactinY421 

is very similar to PBS-treated osteoclasts. Further more, sealing ring formation or 

colocalization of cortactinY421 and actin are unaffected in PAO-treated osteoclasts. 

However, inhibition of sealing ring formation and a decrease in actin staining in alendronate-

treated osteoclasts suggests that a signaling pathway involved in actin assembly is blocked 

by alendronate independent of Src effect.

Subsequently, we proceeded to examine the effects of various treatments on the F-actin 

content in osteoclasts (Fig. 8). As shown previously (Chellaiah et al., 2007), an increase in 

F-actin content was observed in osteoclasts transfected with CA-Src and PTP–PEST as 

compared with KD-Src transfected and control untransfected cells (Fig. 8B). F-actin content 

is significantly reduced in osteoclasts transfected with PTP–PEST and followed by treatment 

with alendronate, pamidronate, PAO, PP2, and PAO/PP2 (Fig. 8C). In CA-Src-transfected 

cells, alendronate and PP2 significantly decreased the F-actin content although PAO had a 

very negligible effect. Taken together, we have shown here that PTP–PEST regulates Src 

activity and osteoclast function. Inhibition of either one of them (PTP–PEST or Src) by PAO 

or PP2 could block osteoclast sealing ring formation and bone resorption. Also, these 

inhibitors displayed more or less equal effects as that of BPs in osteoclast function (Figs. 6–

8); however, jointly PAO/PP2 is more effective than BPs (Figs. 6, 7, and 8C).

Discussion

Sealing ring formation is fundamental to the process of osteoclast bone resorption. Src is a 

critical regulator of osteoclast bone resorption and Src null osteoclasts failed to form ruffled 

border and could not resorb bone. Therefore, Src null mice develop osteopetrosis (Boyce et 

al., 1992; Miyazaki et al., 2006). The principal molecular mechanism(s) by which Src kinase 

phosphorylation is regulated and activated is (are) largely unknown. Protein phosphorylation 

is regulated by protein kinases and phosphatases. Several phosphatases (PTPRO, PTP-

epsilon, SHP-1, and PTP–PEST) have been shown to regulate the function of osteoclasts 

(Puzas and Brand, 1985; Schmidt et al., 1996; Chellaiah et al., 2001, 2007; Takeshita et al., 

2002; Amoui et al., 2003; Gupta et al., 2003; Chiusaroli et al., 2004; Lau et al., 2006; 

Granot-Attas and Elson, 2008; reviewed in Granot-Attas et al., 2007). Previous studies from 

our laboratory demonstrated that PTP–PEST associates with actin regulatory or actin 

binding proteins (gelsolin, leupaxin, and WASP) and regulates podosome assembly/

disassembly and sealing ring formation (Chellaiah et al., 2001, 2007; Gupta et al., 2003). 

However, the exact role of PTP–PEST and the precise mechanism by which it regulates the 

signaling molecules involved in cytoskeletal remodeling is not known. It was expected that 

reducing the levels of PTP–PEST would increase the kinase activity and osteoclast function. 

However, we have previously shown that SiRNA to PTP–PEST reduced actin ring formation 

and bone resorption (Chellaiah et al., 2007). Here we have shown that SiRNA to PTP–PEST 
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inhibit the phosphorylation of Src at Y527 (Fig. 1A). Based on these observations we 

hypothesized that over-expression of PTP–PEST will augment kinase activity and PTP–

PEST activity is indispensable for the activation of Src and its downstream effects. The data 

presented here supports our hypothesis that PTP–PEST activates Src via dephosphorylating 

it at Y527 (Tyr530 in human c-Src equivalent to Tyr527 in chicken Src). PAO, a potent 

protein–tyrosine phosphatase (PTP) inhibitor reduced the dephosphorylation state at Y527 to 

a greater extent and decreased the activation of Src due to decreased phosphorylation at 

Y418 (Fig. 3). Candidate phosphotyrosine 527 phosphatases list include cytoplasmic 

enzymes PTP1B, SHP1 and SHP 2, and transmembrane enzymes CD45, PTP-alpha (α), 

PTP-epsilon (ε), PTP-lambda (λ), and PTP-oc (Amoui et al., 2003; Roskoski, 2005). 

However, PTP–PEST has not been listed as one among them. Our observations suggest 

PTP–PEST is an important regulator of SrcY527 in osteoclasts and it could now be included 

to the list of phosphotyrosine 527 phosphatases.

Studies performed with osteoclasts that over-express PTP–PEST or are treated with a potent 

PTP inhibitor PAO reveal an intriguing pathway. It shows that the phosphorylation of Src at 

Y418 is regulated by the dephosphorylation of Src at Y527 by PTP–PEST. Osteoclasts 

transfected with CA-Src and treated with an Src kinase inhibitor PP2 simulate the effects of 

PAO in PTP–PEST transfected cells (Figs. 4–8). We believe that the ability of PTP–PEST to 

activate Src is corroborated by the effects observed with PP2 treatment in osteoclasts 

expressing PTP–PEST (Figs. 4–8). Enhanced phosphorylation of Src at Y418, cortactin at 

Y421, and WASP at Y291 (Figs. 1–3) as well as an increase in the number of sealing rings 

and bone resorption (Figs. 6 and 7) in PTP–PEST transfected osteoclasts suggest that PTP–

PEST may serve to regulate Src activity, which has been shown extensively as a key 

regulator of osteoclast function (Boyce et al., 1992; Tanaka et al., 1992; Chellaiah et al., 

1998; Violette et al., 2000; Zou et al., 2007; reviewed in Baron, 1996).

The possible role of PTP–PEST in osteoclast sealing ring formation and bone resorption is 

summarized in the scheme provided in Figure 9. The inhibition of PTP–PEST activity by 

PAO not only reduced the phosphorylation state of Src at Y418 but also the downstream 

effects of Src in the phosphorylation of cortactin, WASP (Fig. 4), as well as interaction of 

WASP with Arp2 (Fig. 5). Coprecipitation of cortactin (Fig. 4) and Arp2 (Fig. 5) with 

WASP, and increased phosphorylation of both cortactin and WASP (Fig. 2) in osteoclasts 

transfected with CA-Src and PTP–PEST suggests that WASP Arp2 cortactin complex (Figs. 

4 and 5) play a part in actin dynamics during sealing ring formation. WASP can integrate 

signals from Src, PTP–PEST, and other kinases in order to regulate the remodeling of 

cytoskeleton during bone resorption (Chellaiah, 2005; Chellaiah et al., 2007). Tyrosine 

phosphorylation of WASP at Y291 was found to be an important regulatory event in the 

function of WASP. Transduction of WASP peptide containing Y291 aa not only blocked the 

phosphorylation of endogenous WASP at Y291 but also its interaction with Arp2 or 3, 

formation of sealing ring and bone resorption (Ma et al., 2008).

A number of proteins have been identified to interact with or activate WASP in osteoclasts 

and other cell systems (Banin et al., 1996b; Wu et al., 1998; Schulte and Sefton, 2003; 

Chellaiah, 2006; Torres and Rosen, 2006; Chellaiah et al., 2007). WASP and cortactin can 

simultaneously bind Arp2/3 and synergistically enhance the Arp2/3-induced actin filament 
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branching (Weaver et al., 2002). Cortactin contains SH3 domain at the C-terminal region 

(aa327–546) and it interacts with proline-rich sequences of actin regulatory proteins such as, 

N-WASP, WASP-interacting protein (WIP), and dynamin through this domain (Kinley et al., 

2003; McNiven et al., 2004; Kowalski et al., 2005). Coprecipitation of cortactin with the GP-

domain of WASP suggests that cortactin may be a direct binding partner of WASP (Fig. 4A). 

Pulldown analysis (Fig. 4B) suggests that cortactin may interact with WASP-GP-domain via 

SH3 domain. GP domain of WASP consists of six proline-rich amino acids between residues 

311 and 404. We have previously demonstrated pulldown of multiple proteins (Src, PTP–

PEST, 160 kD protein characterized as Rho kinase, and PSTPIP) with GST-fused WASP-GP 

domain besides cortactin. It is possible that these proteins may either interact with each other 

through modular domains or have specificity to different proline-rich sequences within the 

GP-domain of WASP.

Over-expression of either full-length cortactin or cortactin C-terminus containing SH3 

domain enhances migration of mammary epithelial cells (Kowalski et al., 2005). Our recent 

experiments with SiRNA to cortactin exhibited a significant decrease in the interaction of 

WASP with Arp2/3 complex, formation of sealing ring, and bone resorption in osteoclasts 

(data not shown). Cortactin depletion by RNA interference in osteoclasts led to a specific 

loss of podosomes on non-osteoid surface (coverslips). It also displayed complete loss of 

bone resorption with no formation of sealing zones on osteoid surfaces (bone) (Tehrani et 

al., 2006). WASP was identified as a critical regulator of sealing formation. Failure of 

sealing ring formation in osteoclasts from WASP null mice (Calle et al., 2004) or in 

osteoclasts treated with SiRNA to WASP (Chellaiah, 2005) suggests that WASP has a direct 

role in actin polymerization and may be a direct activator of Arp2/3 complex.

Nevertheless, we cannot exclude the possibility that both cortactin and WASP are critical 

regulators of sealing ring formation. From our current observations, we propose that there 

could be a number of ways through which cortactin may assist in actin polymerization in 

conjunction with WASP: (a) cortactin may be an upstream regulator or mediator of actin 

polymerization through WASP. (b) Cortactin may be associated with WASP and engaged in 

actin polymerization in a manner dependent on phosphorylation of its tyrosine residues by 

Src. (c) Cortactin may assist in the stabilization of WASP through its binding to the proline-

rich region and maintain it in the active state as shown by others (Kowalski et al., 2005). (d) 

Interaction of cortactin with WASP intensifies the effects of Arp2/3 complex in actin 

polymerization and sealing ring formation as depletion of cortactin reduces Arp2/3 

interaction with WASP (data not shown). (e) Both WASP and cortactin works jointly and 

deletion of either one encumbers sealing ring formation. We concluded here that regulation 

of phosphorylation and activation of Src kinase by PTP–PEST plays a role in the 

phosphorylation of proteins associated with actin dynamics and sealing ring formation (see 

schematic Fig. 9).

Patients with osteoporosis, breast cancer, prostate cancer, and multiple myeloma are treated 

with BPs to reduce or delay skeletal events (Lipton, 2004). Alendronate has an effect on the 

activity of phosphatases, disruption of actin ring structure, and inhibition of kinase activation 

in osteoclasts (Schmidt et al., 1996; Opas et al., 1997; Fisher et al., 1999). Since the over-

expression of PTP–PEST in osteoclasts is linked to kinase activation with phosphatase 
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activity (Figs. 1–3), we further analyzed the effects of alendronate on Src activation. As 

demonstrated previously (Samanna et al., 2007), both alendronate and pamidronate (data not 

shown) produced similar effects in the inhibition of PTP–PEST and sealing ring formation. 

The inhibition of Src activation by alendronate in cells over-expressing PTP–PEST suggests 

that it is a molecular target for alendronate.

As shown by others, inhibition of actin ring formation in alendronate-treated osteoclasts 

expressing CA-Src (Fig. 8) suggests that Rho GTPases are also targets for BPs (Rogers et 

al., 2000; Rogers, 2003). In addition, Rho family GTPases play a critical role in the 

formation of cortical actin networks in mammalian cells (Weed et al., 2000). Although, 

cortactin is phosphorylated on Y421 (Fig. 8) and has a domain for F-actin and Arp2/3 

binding, it is not able to execute actin assembly independently, because the translocation of 

cortactin to cell periphery requires Rho family members (Weed et al., 1998). Cortactin and 

WASP presumably function in cortical cytoskeletal rearrangements by actin nucleation and 

thereby can induce the formation of a branched cortical actin network in the process of 

sealing ring assembly.

Since spatio-temporal localization of cortactin is critical in actin assembly and sealing ring 

formation, it will be interesting to elucidate the manner in which cortactin (either domains or 

phosphorylation events of cortactin) regulates cytoskeletal rearrangement jointly with WASP 

in osteoclasts. Osteoclasts transfected with PTP–PEST and subsequently treated with PAO, 

PP2, or alendronate demonstrated relatively equal inhibitory effects in sealing ring 

formation, bone resorption, and actin polymerization (Figs. 4–8). BPs are used to treat, 

delay/prevent, or reverse bone loss associated with osteoporosis, cancer metastasis, and other 

bone loss disorders. Due to the promising effects of inhibitors to phosphatase and kinase and 

given that the effects are equal to BPs (alendronate and pamidronate); we will explore the 

biochemical and cell biological effects of different BPs and other similar compounds.
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Abbreviations:

Al alendronate

Arp 2 Actin related protein 2

CA-Src constitutively active-Src

F-actin filamentous actin

GST glutathione S-transferase
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GP domain GBD and proline-rich domain

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HRP horse radish peroxide

KD-Src kinase-defective-Src

mCSF-1 macrophage colony stimulating factor

a-MEM minimum Eagle’s a-medium

NI non-immune serum

PAO phenyl arsine oxide; PBS, phosphate-buffered saline

PSTPIP proline-, serine, threonine rich phosphatase-interacting 

protein

PTP–PEST protein-tyrosine phosphatase-proline, glutamic acid, serine, 

threonine amino acid sequences

Src inhibitor PP2 (4-amino-5-(4-chloro-phenyl)-7-(t-butyl) pyrazolo [3,4-d] 

pyrimidine)

PVDF polyvinyldifluoride

RANK-L receptor activator of nuclear factor kappa B ligand

WASP Wiskott–Aldrich syndrome protein
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Fig. 1. 
A: The effect of SiRNA to PTP–PEST on the phosphorylation of Src at Tyr418 aa residue. 

Immunoblotting analyses with antibodies to PTP–PEST (lanes 1–3), Src Tyr527 (lanes 4–6), 

and SrcY418 (lanes 7–9) are shown in cells treated as indicated in the figure. B–D: The 

effect of over-expression of PTP–PEST and Src (CA- and KD-Src) on the phosphorylation 

of Src at Tyr418 aa residue. Expression levels of Src (lanes 1–3) and PTP–PEST (lanes 4 

and 5) proteins were determined by immunoblotting analyses with respective antibodies (B). 

Uninfected osteoclasts were used as controls (B, lanes 3 and 5). Immunoblotting analyses 

with antibodies to SrcTyr418 and Src are shown in parts (C) and (D). Approximately equal 

loading is evidenced by immunoblotting analysis with an antibody to GAPDH (A–C, bottom 

parts). Results shown are representative of three independent osteoclast preparation and 

experiments.
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Fig. 2. 
A: Analysis of the effects of over-expression of PTP–PEST and Src (CA- and KD-Src) 

proteins on the phosphorylation of cortactin. Immunoblotting analyses with a 

phosphocortactin Y421 antibody (top part) and a cortactin antibody are shown (bottom part). 

B: Analysis of the effects of over-expression of PTP–PEST and Src (CA- and KD-Src) 

proteins on the phosphorylation of WASP and WASP-associated proteins. Immunoblotting 

analyses with antibodies to phosphotyrosine (top part) and WASP (bottom part) are shown. 

The results shown are representative of three independent osteoclast preparation and 

experiments.
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Fig. 3. 
Analysis of the effects of PAO and alendronate (Al) on the tyrosine phosphorylation of Src. 

Osteoclasts were infected with adenovirus containing Src (KD or CA-Src) (A, lanes 6 and 7) 

or PTP–PEST (A and B) constructs. Control and PTP–PEST over-expressing osteoclasts 

were treated with PAO or alendronate as indicated below the figure (A and B). Untreated 

osteoclasts are represented as (−). Immunoblotting analyses with antibodies to SrcY527 (top 

parts) and Src (bottom parts) are shown in part (A). Immunoblotting analyses with 

antibodies to Src(Y418) and GAPDH are shown in part (B). Results shown are 

representative of three different experiments.
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Fig. 4. 
Analysis of the effects of various treatments on the phosphorylation of cortactin and its 

interaction with WASP. Lysates made from osteoclaststreated with various treatments as 

indicated below the figure are used for immunoprecipitation with a WASP antibody (A) or 

pulldown with GST-fused WASP-GP domain (B). Untreated osteoclasts but infected with 

(lane 2) and without (lane 7) adenoviral PTP–PEST constructs were used as controls. 

Immunoprecipitates or pulldown proteins were divided into two halves. The first part was 

immunoblotted (IB) with a phosphocortactin (Y421) antibody. Asterisk indicates 

coprecipitation of a non-specific protein, which was also observed in the NI 

immunoprecipitate (A, lane 1). Immunoblotting analysis of the second part with a cortactin 

antibody illustrates the levels of cortactin coprecipitated with WASP (A, middle part) or 

GST-GP (B, middle part). Stripping and reblotting of these blots with WASP or GST 

antibody demonstrates equal levels of WASP (A, bottom part) or GST-GP fusion protein (B, 

bottom part). Results shown are representative of three different experiments from three 

different osteoclast preparations.
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Fig. 5. 
The effects of various treatments on the formation of WASP–Arp2 complex in osteoclasts. 

Lysate made from osteoclasts subjected to various treatments as indicated in the figure was 

immunoprecipitated with either a WASP antibody (lanes 2–9) or species-specific non-

immune serum (NI, lane 1). Coprecipitation of Arp2 (43 kDa) protein was observed in the 

immunoblotting analysis (top part). This blot was stripped and reblotted with a WASP 

antibody to detect the levels of WASP in each immunoprecipitates (bottom part). The results 

shown are representative of three different experiments.
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Fig. 6. 
Analysis of sealing ring formation in osteoclasts subjected to various treatments. Osteoclasts 

were plated on dentine slices and incubated for 36–48 h at 37°C with the indicated 

treatments above the respective parts (A–F). Staining was performed with rhodamine 

phalloidin for actin. Scale bar 25 μm. The number of actin ring was determined in ~300–350 

osteoclasts plated on dentine slices (G). The data are the mean W ± SE of one of three 

separate experiments performed with the same results. ***P < 0.0001, *P < 0.01 versus 

control; 00P < 0.001, 0P < 0.01 versus PTP–PEST transfectedcells; **P <0.01 versus CA-

Srctransfected cells. Experiment was repeated thrice intriplicates for each treatment with 

osteoclasts from three separate preparations.
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Fig. 7. 
The effects of various treatments on osteoclast bone resorption in vitro. Osteoclasts were 

subjected to various treatments as mentioned above the respective parts for 48h. 

Confocalimages of resorption pits are shown.Thepitarea(μm2)is provided at the bottom of 

each part.The data are mean ± SE of >100–150 resorption pits from three different dentine 

slices per experiment. **P < 0.001, *P < 0.01 versus control cells; ***p< 0.0001 versus CA-

Src transfected cells; •••P < 0.001 versus PTP–PEST and CA-Src transfected cells; ••P < 0.01 

versus PTP–PEST transfected cells. The results shown are representative of three different 

experiments. Experiment was repeated thrice in triplicates for each treatment with 

osteoclasts from three separate preparations.
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Fig. 8. 
A: Analysis of the effects of various treatments on the localization of cortactinY421/actin in 

the sealing ring of resorbing osteoclasts. Osteoclasts expressing CA-Src protein were treated 

with PBS, PAO, and alendronate. Confocal microscopy images of osteoclasts stained for 

cortactin Y421 (green) and actin(red) are shown. Colocalization is observed in yellow color. 

Scalebar, 25μm. B,C:Measurement of F-actincontent. F-actin contentwas measured by 

rhodamine phalloidin binding in osteoclasts treated as indicated in the figure. Cells were 

grown in 24-well tissue culture plates, and 3–4 wells were used for each treatment.The 

results presented are mean ± SE for three experiments. In part (B), **P < 0.001and *P < 

0.01 versus control cells. In part (C), **P < 0.001 and *P < 0.01 versus respective control 

(−) cells transfected with either CA-Src or PTP–PEST. Experiment was performed three 

times in triplicates or quadruplicates in a 24-well tissue culture plates with osteoclasts 

isolated from three different preparations.
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Fig. 9. 
A schematic representation of the role of PTP–PEST in the activation Src kinase and actin 

ring formation. We have previously reported that phosphorylation of WASP and the 

associated signaling proteins are mediated by the cooperative function of kinase(s) and the 

phosphatase PTP–PEST (Chellaiah et al., 2007). Our findings of the present study on the 

role of PTP–PEST are as follows: (1) PTP–PEST has a role in the dephosphorylation of Src 

at Y527 and phosphorylation at Y418 in the catalytic site. (2) Activation of Src in 

osteoclasts resulted in the phosphorylation of cortactin and WASP, which resulted in the 

formation of WASP Arp2/3 cortactin complex. (3) This heterotrimeric complex formation is 

critical for cortical actin filament assembly and sealing ring formation during bone 

resorption. (4) Disruption of sealing ring occurs at the completion of bone resorption. This 

possibly occurs due to a decrease in the dephosphorylation of Src at Y527 by PTP–PEST 

(indicated by dotted arrows and green ‘X’) that resulted in a reduced phosphorylation state 

of Src atY418 and its activity. (5) Osteoclasts treated with either alendronate or PAO 

(indicated by dotted arrows and ‘X’ in red) decreased the phosphorylation (Y418) and 

activity of Src as a result of inhibition of dephosphorylation of Src at Y527 by PTP–PEST. 

Therefore, Src-mediated phosphorylation of cortactin and WASP as well as the formation of 

WASP cortactin Arp2 complex and sealing ring were reduced (indicated by inverted red 
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arrows). Similar effects were observed in osteoclasts treated with an Src inhibitor PP2 

(indicated by dotted arrows and ‘X’ in red).
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