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The proliferation and differentiation of osteoblast (OB) precursors are essential for elaborating the bone-
forming activity of mature OBs. However, the mechanismsregulating OB proliferation and function
are largely unknown. We reported that OB proliferation is enhanced by megakaryocytes (MKs) via a
process that isregulated in part by integrin signaling. The tyrosine kinase Pyk2 has been shown to
regulate cell proliferation and survivalin a variety of cells. Pyk2 is also activated by integrin signaling
and regulates actin remodeling in bone-resorbing osteoclasts. In this study, we examined the role of
Pyk2 and actin in the MK-m ediated increase in OB proliferation. Calvarial OBs were cultured in the
presence of MKs for various times, and Pyk2 signaling cascadesin OBs were examined by Western
blotting, subcellular fractionation, and microscopy. We found that MKs regulate the tem poral
expression of Pyk2 and its subcellular localization. We also found that MKs regulate the expression of
two alternatively spliced isoforms of Pyk2 in OBs, which may regulate OB differentiation and
proliferation. MKs also induced cytoskeletal reorganization in OBs, which was associated with the
caspase-mediated cleavage of actin, an increase in focal adhesions, and the formation of apical
membrane ruffles. Moreover, BrdU incorporation in MK-stimulated OBs was blocked by the actin-
polymerizing agent, jasplakinolide. Collectively, our studiesreveal that Pyk2 and actin play an
important role in MK-regulated signaling cascades that control OB proliferation and may be important

for therapeutic interventions aimed at increasing bone formation in metabolic diseases of the skeleton.
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Bone remodeling occurs through the combined actions of OBs?that synthesize new bone and osteoclasts
that degrade bone. Within the bone marrow and stem cell niche, OB precursors are intimately
associated with hem atopoietically derived progenitors as well as with MKs. MKs are responsible for the
production of thrombocytes, which are necessary for blood clotting. Although the mechanism hasyet
to be fully elucidated, a growing body of evidence also suggests that MKs play a key role in regulating
skeletal homeostasis through direct and indirect effects on OBs and osteoclasts (1-6). We previously
reported that OB cell number is significantly increased when OBs are co-cultured with MKs in vitro (1,

2, 4). In addition, our studiesreveal that MKs stimulate OB proliferation in part through direct cell-cell
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histological evaluation revealsan increasein OBnumbers on trabecular surfaces, suggesting that MKs

stimulate OB proliferation in vivo.

The focal adhesion tyrosine kinases Pyk2 and FAK are linked to the proliferation, migration, and
activity of a variety of mesenchymal, epithelial, and hematopoietic cell types (7-10). Our group and
othershave reported that deletion of the Pyk2gene in mice leadstoan increase in bone mass, which is
due to defectsin the activity of OBs and osteoclasts (7, 11). In addition, Pyk2 isactivated by integrin
engagement and isinvolved in F-actin reorganization in a variety of cells, including osteoclasts (8, 12).

Recently, it was also established that both Pyk2 and FAKregulate cell proliferation and survival via a
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process that involvesthe degradation of the tumor suppressor protein, p53 (13, 14). In this study, we
examined the role of Pyk2 and actin in the stimulatory effect of MKs on OB proliferation. We
demonstrate that MKs increase OB cell number and brom odeoxyuridine (BrdU) incorporation in OBs. In
addition, MKs regulate the expression of two distinct Py k2 isoformsin OBs that are likely to be
associated with OB differentiation and/or proliferation. Moreover, MKs stimulate the transient increase
in the caspase-mediated cleavage of actin in OBs, which isindependent of apoptosis and is im portant for
cytoskeletal re-organization in OBsin the presence of MKs. Finally, we report that actin
depolymerization plays an important role in the MK-stimulated increase in OB proliferation. Taken
together, our findings suggest that MKs regulate cytoskeletal rearrangement and the isoform -specific

expression of Pyk2 in OBs, which may be important for OB proliferation and function.

Preparation of Neonatal Calvarial Osteoblasts Murine calvarial cells were prepared using a modification of a
protocol described previously (15-18). Briefly, calvaria from 2-to 3-day neonatal mice were pretreated
with 10 mm EDTA in phosphate-buffered saline (PBS) for 30 min. The calvaria were then subject to
sequential collagenase digestions, and cells were collected. Fractions 3—5 were used as the starting
population that consisted of ~95% OB or OB precursors, as determined by a variety of criteria (15, 17,
18). For experiments with MKs, OBs were seeded at 2 x 104 cells/m1in 6-well plates or in 10-cm?dishes.

All mice used for the generation of OBs were handled according toan approved IACUC animal protocol.

Preparation of Fetal Liver-derived MKs Murine MKs were prepared as described previously (6, 19). In brief, fetuses
were dissected from pregnant mice at day E13-15. All mice for the preparation of MKs were handled
according toan approved IACUC animal protocol. The livers were removed, and single cell suspensions
were made by forcing cells through sequentially smaller gauge needles (18, 20, and 23 gauge). Cells
were washed twice with Dulbecco's modified Eagle's medium (DMEM) +10% FCS and then seeded in 100-
m]l culture dishes (five fetal livers/100-mm dish), in DMEM + 10% FCS containing 1% murine
thrombopoietin. After 3—5 days, cells became confluent, and MKs were obtained by separating them
from lymphocytes and other cellsusing a one-step albumin gradient. The bottom layer was 3%
albumin in PBS (bovine albumin, protease-free and fatty acid-poor, Serological Proteins Inc., Kankakee,
IL); the middle layer was 1.5% albumin in PBS, and the top layer was media containing the cells to be
separated. All of the cells were sedimented through the layersat 1 x g for ~40 min at room
temperature. The MK-rich fraction was collected from the bottom of the tube, and MKs were seeded at 1

x 105cells/well in 6-well plates and 2 x 105 cells/dish in 10-cm dishes.

OB-MK Co-cultures For all experiments, OBs were cultured alone for 4 days, and MKs were added for various
times asindicated. MKs, which are nonadherent cells, were then removed from OBs by thorough
washing as described previously, and purified OBs were subsequently analyzed (4, 6). Briefly, MKs were
removed from OBs by repeated washing (four washes) with ice-cold PBS, which resultsin greater than
90% purity of OBlineage cells. All cultures, including control OBs not exposed to MKs, were similarly
washed to control for potential wash-related signaling effects on OBs. Furthermore, prior toharvesting
OBs, microscopic examination of cell cultures was performed to ensure that only OBsremained in

culture wells.

BrdU Incorporation OBs were cultured alone or co-cultured with MKs for 4 days prior toanalysis using the
BrdU cell proliferation assay kit (Cell Signaling Technology Inc., Danvers, MA). In brief, 10 um BrdU
was added tothe cultures 16 h prior to assay. Cells were fixed; DNA was denatured, and BrdU mouse
mAb was added, followed by an anti-mouse IgG HRP-linked antibody and finally the HRP substrate that
recognizes the bound antibody. The magnitude of absorbance at 450 nm is proportional tothe BrdU

incorporated into the cells. In studies examining the short term effects of MKs on the OB cy toskeleton
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using the jasplakinolide, OBs were cultured for 4 days, and MKs were added to OBs 6 h prior to
terminating the experiment. BrdU (10 pum) with or without jasplakinolide (1 pm) was added for the final

2 h of the co-culture. MKs were removed by washing, and OBs were processed for absorbance.

Western Blotting OB cultures were rinsed with ice-cold PBS and ly sed in m odified RIPA (m RIPA) buffer (50
mwum Tris-HCI, pH 7.4, 150 mumNaCl, 5 mm EDTA, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS,
50 mumNaF, 1% aprotinin, and 0.1 mmNazVO,). Primary monoclonal antibodies for Western blotting
were all from BD Biosciences. Western blotting was performed using the enhanced chemiluminescence
detection assay. X-ray films were scanned, and images were processed with Adobe Photoshop 5.0. As

necessary, protein bands were quantified by densitometric analysisusing ImageJ software.

Analysis of Pyk2-interacting Proteins Proteins interacting with Pyk2 were identified by the Proteomics Core at
Indiana University Department of Biochemistry. Briefly, Pyk2-GST was expressed in bacteria and
purified. Cell lysates were prepared from OBs cultured alone or in the presence of MKs and separated on
the Pyk2-GST column. Bound proteins were eluted and resolved by SDS-PAGE. Proteins were subject to
in-gel digestion and analyzed using the Therm o-Fisher Scientific LTQ and Waters nano-UPLC sy stem.

Data base search was performed using both Sequest and X!Tandem algorithms.

Subcellular Fractionation OB subcellular fractionation was performed using the Proteo-Extract kit from
Calbiochem. Cell pellets were sequentially resuspended in different extraction buffersto generate a
cytosolic protein extract (fraction 1), a membrane/organelle protein extract (fraction 2), a nucleic

protein extract (fraction 3), and a cytoskeletal matrix protein extract (fraction 4).

RNA Isolation and Reverse Transcription-PCR Total RNA was isolated from sam ples with the RNA mini prep kit
(catalog no. 74105) from Qiagen. Total RNA was treated with DNase I(Ambion). cDNA was generated
as described by the manufacturer (catalog no. 04379012001, Roche Applied Science) and used as the
template for PCR (Thermo Scientific AB-0192/A) using Pyk2 primers spanning the m RNA isoform
splice sites as follows: 5'-AGCAAGAAAGGAATGCTCGCTACC; 5'-TTCCACCATCTGCTTCTGCTGTCT.
GAPDH was used as an internal control as follows: 5’-AACTTTGGCATTGTGGAAGG and 5'-
CCCTGTTGCTGTAGCCGTAT. PCR fragments were separated on 2.0% agarose gels, stained with
ethidium bromide and imaged with a Bio-Rad Gel Doc XR sy stem.

Quantitative Real Time PCR OB cultures were washed four times with PBS toremove MKs, and OBs alone were
used for quantitative real time PCR (qPCR) analysis. Total RNA was isolated from OBs using TRIzol
reagent (Invitrogen). Total RNA from OBs was treated with DNase I (Qiagen) and used to generate
cDNAs by reverse transcription according tothe manufacturer'sinstructions (first strand cDNA

sy nthesis kit; Roche Applied Science). qQPCRs were performed in an MX3000 detection system using
SYBR Green PCRreagents as described by the manufacturer (Stratagene). For each primer pair, a
calibration curve was performed, and all oligonucleotides were tested to ensure specificity and
sensitivity. For each OBsample, arbitrary units obtained using the standard curve and the expression
of GAPDH were used tonormalize the amount of the m RNA transcript. The following forward and
reverse primer pairs were used to detect m RNA for c-fos, runx2, alkaline phosphatase (alpl), ty pe I
collagen (coliaz; Colz), osterix (sp7; Osx) and osteocalcin (bglap; Ocn): c-fos, 5'-ACTTCTTGTTTCCGGC
and 5'-AGCTTCAGGGTAGGTG; runx2, 5'-CGACAGTCCCAACTTCCTGT and 5'-
CGGTAACCACAGTCCCATCT; alpl, 5'-GCTGATCATTCCCACGTTTT and 5'-
CTGGGCCTGGTAGTTGTTGT; colla1, 5'-CAGGGAAGCCTCTTTCTCCT and 5'-
ACGTCCTGGTGAAGTTGGTC; spy, 5'-CCCTTCTCAAGCACCAATGG and
5’AGGTGGGTAGTCATTTGCATAG; bgalp, 5'-AGCAGGAGGGCAATAAGGT and 5’-
TTTGTAGGCGGTCTTCAAGC; gapdh, 5'-CGTGGGGCTGCCCAGAACAT and 5'-
TCTCCAGGCGGCACGTCAGA.
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Caspase Activity Assay OBs were isolated as above and seeded at 20,000 cells/well (optimal, pre-tested) into
a black 96-well microtiter plate for quantitation of fluorescence intensity using a fluorescence plate
reader (Molecular Devices SpectraMax M5, Sunnyvale, CA) or in a tissue culture grade 96-well plate to
confirm findings via fluorescence microscopy. After 24 h, cells were serum-starved overnight. The
next morning some cultures were treated with 20 pmZ-benzyloxycarbonyl-fluoromethyl ketone (Z-
VAD-FMK) (Apotech, San Diego) for 16 h toinhibit caspase 3 activity. Following treatment, MKs were
added tosome cultures for 1 or 16 h, and then all cultures were examined for detection of caspase 3/7
activity using the Magic Red™ real time protease detection kit as described by the manufacturer

(Immunochemistry Technologies, LLC, Bloomington, MN). Briefly, the target substrate is linked to a red

fluorophore that can be cleaved by caspase 3/7. As caspase 3/7 activity progresses, more substrate is

cleaved, and the red fluorescent signal also increases.

Apoptosis Assay Apoptosis was assessed by examining the levels of annexin V using flow cytometry. Cells
were washed once in DMEM followed by the addition of annexin V conjugated with allophycocyanin.
Cells were incubated on ice for 15 min. Cells were washed and resuspended in DMEM followed by the
addition of 10 pl of 10 ng/m1 propidium iodide. Cells were incubated at room temperature for another

10 min, and data were collected on a FACSCalibur flow cytometer.

Immunofluorescent Microscopy Calvarial OBs were plated on glass coverslips with or without MKs and
incubated for 16 h. Cells were fixed with 4% formaldehyde and washed in PBS. OBs were labeled with
rhodamine phalloidin to detect actin (Sigma). Pyk2 antibodies were from BD Biosciences. Fluorescent-
conjugated secondary antibodies were from Invitrogen. Cells were imaged using a Leica DMI4000
inverted microscope with attached digital camera using ImagePro 7.0 software and minimally

processed with Adobe Photoshop 5.0.

Statistics Unless otherwise stated, all data are presented asthe means +S.D. One-way analy sis of
variance with least significant difference multiple com parisons was used to analyze and determine
statistical significance (p < 0.05) as appropriate. All analyses were performed with the Statistical
Package for Social Sciences (IBM SPSS 19; SPSS, Inc., Co., Armonk, NY).

MKs Increase BrdU Incorporation and c-fos Expression in OBs We recently reported that when OBs are co-cultured with
MKs for 1—5 days, an increase in OBnumbers and/or proliferation is observed (1, 2, 4, 6, 20). In this
study, we further examined the effect of MKs on OB proliferation. OBs were grown in the presence or
absence of MKs for 4 days. After co-culture, MKs were removed by repeated washing, and OBnumber
was enumerated. As we reported previously, OBnumber was significantly increased in OBs that were
cultured with MKs (Fig. 14). We also examined the effect of MKs on OB proliferation by examining BrdU
incorporation in OBs. BrdU incorporation into OBs was quantified after rem ov al of MKs (Fig. 1 B).
Consistent with the increase in OBnumbers, we observed a significant increase in BrdU incorporation
in OBsthat had been cultured with MKs, compared with OBs cultured alone.

FIGURE1.

Effects of MKs on OB number, BrdU incorporation, and expression of OB markers. A, OBs, grown with or
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OBmaturation requires the differentiation of pre-OBsinto OBs, which then further differentiate into
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mature OBs. Therefore, we next sought to determine whether the newly formed OBs in our co-cultures
represented immature or mature OBs. To address this, we performed qPCR of OBs (after rem oval of MKs)
using oligonucleotide primers specific to OB transcription factors or functional proteins as follows:
proliferating /pre-OB (c-fos), pre-OBto OB transition (Runx2, Osx), and OB/mature OBs (Col1, alkaline
phosphatase, and Ocn) (21). Asshown in Fig. 1C, we observed a significant increase in c-fos expression
in OBs co-cultured with MKs, com pared with OBs cultured alone. In contrast, runx2 and Osx expressions
were much lower in OBs cultured with MKs, as were all other markers of mature OBs (Col1, ALP, and

Ocn). Together, these findings suggested that MKs stimulate the proliferation of early OBs.

Regulation of Pyk2 and FAK Levels in MK-stimulated OBs The focal adhesion tyrosine kinase Pyk2 has been linked to
the proliferation and survival of several cell types (13, 14, 22—-24). We also found that OBs from mice
lacking Pyk2 (Pyk2 knock-out (KO)) were less responsive tothe MK-induced increase in OBnumber
than wild-type OBs (20).4 We therefore further examined the role of Pyk2 in the signaling cascades
activated by MKs in OBs. Because Pyk2 activation is an early signaling event following integrin
engagement (8), we used short co-culture times for these studies (10 min to 24 h). First, we performed
Western blotting to examine if MKs regulate the level of Pyk2 in wild-ty pe OBs. OBs were cultured alone
or with MKs and then MKs were removed by repeated washing prior to Western blot analy sis of OBs (
Fig. 2). Western blot analysis confirmed that Pyk2 was expressed in OBs cultured in the presence or
absence of MKs. However, in OBs co-cultured with MKs, we observed a rapid and transient decrease in
Pyk2, compared with control OBs. We confirmed equal loading of proteins in all wells by blotting for -
actin, which migratesat 40 kDa. The decrease in Pyk2 levels was observed asearly as10 min after the
addition of MKs and remained low for at least 4—6 h. After 24 h, Pyk2 levels were slightly increased in
MK-treated OBs, com pared with OBs cultured alone (Fig. 2, A and B). We also examined Py k2 levelsin
OBs co-cultured with MKs for up to5 days but did not observe any further change in Pyk2 (data not

shown).

AT W01 | FIGURE:

LITEE taaumar, Temporal regulation of Pyk2, FAK, and 30 kDa actin in MK-treated OBs. A—C, Western blots of OB cell

s iy lysates from 2 day-old C57 BL/6 mouse calvaria.OBs were serum-starved overnight,and C57 BL/6 MKs
" si 14l were added for the indicated times and then removed...

Pyk2 is highly homologous to FAK, which also plays an essential role in cell adhesion (25) and is known
torespond to mechanical strain (9, 27, 28). We examined if FAKlevelsin OBs were alsoregulated by
MKs. Although FAKwasreadily detectable in OBs cultured alone, we were unable to detect FAKin OBs
co-cultured with MKs for 1, 16, or 24 h (Fig. 2C) or when OBs were cultured with MKs for up to 5 days
(data not shown). These findings suggest that FAKand Pyk2 may have different functional roles in OBs

in response to MKs.

Transient Regulation of 30 kDa of Actin in MK-stimulated OBs Concom itant with the decrease in Pyk2 levelsin OBs co-
cultured with MKs, we observed the transient increase in a 30-kDa protein that was detected with our
antibody to f-actin (Fig. 2A). The 30-kDa band was evident 10-30 min after the addition of MKs and
persisted for more than 6 h, depending on our culture conditions. In contrast, full-length B-actin (40
kDa), which we used as our loading control, remained relatively constant in untreated OBs and MK-
treated OBs. Mass spectrometric analysis combined with Western blotting analysis (data not shown)
revealed that the 30-kDa protein detected in MK-treated OBs was likely to be a cleavage product of full-
length B-actin. Interestingly, our studies revealed that Pyk2 and 30 kDa B-actin were inversely
regulated by MKs, although some overlap in the expression of these proteins was observed (for example,

at1 hand12 h) (Fig. 2, A and B). Because Pyk2 isinvolved in actin remodeling (8, 12), we determined
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if Pyk2 could potentially interact with actin in OBs. We generated full-length Py k2 linked to
glutathione S-transferase (GST) and performed GST-pulldown assays using lysates from OBs. Proteins
were resolved by SDS-PAGE and Pyk2-interacting proteins subject toin-gel digestion and analy zed
using mass spectrophotometry. These studies confirmed that in OBs, Pyk2 can potentially form a

com plex with B-actin (data not shown).

Because the time course for the decrease in Pyk2 levelsinversely correlated with the increase in 30 kDa
B-actin, we examined whether Pyk2 was necessary for the cleavage of actin. We used calvarial OBs
generated from Pyk2 KO mice toexamine the effect of MKs on 30 kDa B-actin in OBs. The level of full-
length 40 kDa actin wasunchanged by MKs in either wild-ty pe OBs or Py k2 KO OBs (Fig. 34),
confirming equal loading of proteinsin each lane. However, in Pyk2 KO OBs, MKs induced the
appearance of 30 kDa by 6 h, which was further increased at 12 h. Although the time course for the
appearance of 30 kDa actin in Pyk2 KO OBs overlapped with that observed in wild-ty pe OBs, 30 kDa
actin waslower at 12 h than at 6 h (see also Fig. 2B). This suggested that the onset of 30 kDa of actin
cleavage in response to MKs was delayed in Pyk2 KO OBs.

PN FIGURE 3.

e i Regulation of actin cleavage in MK-stimulated OBs. A, Western blot of cell lysates from wild-type OBs or
Pyk2KO OBs culturedin the presence or absence of MKs. Blots were labeled for 30 kDa of B-actin.40 kDa
of B-actin wasusedasa ...

Togain a better understanding of the signaling pathwaysinvolved in regulating Pyk2 and 30-kDa
actin levels, we cultured OBs in the presence or absence of MKs and then stimulated OBs with various
cytokines and growth factorsthat promote OB differentiation. Toavoid any indirect effects of the
growth factors on MKs, we removed MKs by repeated washing prior totreating OBs. Purified OBs were
incubated with either transforming growth factor p (TGF-B), ascorbic acid (AA), or prostaglandin E,
(PGE,), which are known to activate signaling pathwaysleading to OB differentiation (29-32). The
culture conditions/timing for these studies was also chosen to enable both Pyk2 and actin to be detected
in OBs. Asshown in Fig. 3B, Western blotting revealed very little change in total Pyk2 in control OBs or
MK-treated OBsincubated with either TGF-B, AA, or PGE,. Full-length 40-kDa actin was alsounchanged
by any treatment. However, TGF-, AA, and PGE, significantly decreased 30-kDa actin levelsin OBs
previously cultured with MKs (Fig. 3B, OB+MK), suggesting that 30 kDa actin was negatively

associated with OB differentiation.

Pyk2 is a substrate of the tyrosine kinase Src (12, 33) and protein kinase C (PKC) (34). We examined
whether Pyk2 wasregulated by inhibition of Src or PKC using the chemical inhibitors PP2 or
calphostin, respectively (35, 36). OBswere cultured in the presence or absence of MKs, washed to
remove MKs, and then incubated for 1 h with PP2 or calphostin (Fig. 3B). Although PP2 had little effect
on Pyk2 levelsin OBs, inhibition of PKC with calphostin significantly reduced Pyk2 in OBs, regardless of
whether OBs were cultured alone or with MKs (Fig. 3B). In contrast, 30 kDa B-actin was increased in
cells stimulated with either PP2 or calphostin. These findings suggest that the intracellular signaling
pathwaysleading tothe appearance of 30 kDa P-actin are likely toinvolve both Src and PKC, whereas
Pyk2 levels appear tobe regulated only by PKC.

Of particular note, Western blotting of Pyk2 in OBs prepared alone or in the presence MKsrevealed a
shift in the apparent molecular mass of Pyk2 from 118 to106 kDa (Fig. 3B). The molecular weight shift
of Pyk2 was unaffected by TGF-B, AA, PGE,, or PP2, whereas calphostin decreased both species of Py k2.
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As discussed below, this observation led to the discovery that MKs regulate the expression of

alternatively spliced isoform s of Py k2.

Given that MKs stimulate the proliferation of early OBs (Fig. 1) and that the MK-stimulated increase in
30 kDa B-actin was blocked by agentsthat promote OB differentiation (Fig. 3B), we asked if remodeling
of the actin cytoskeleton wasinvolved in the proliferative effects of MKs on OBs. OBs cultured in the
presence or absence of MKs were treated with the actin-polymerizing and filament-stabilizing

com pound, jasplakinolide (37). Because 30 kDa (-actin was highest at 6 h (Fig. 2B), OBs were cultured
with or without MKs for a total of 6 h. BrdU was added for the final 2 h of culture as was jasplakinolide
or vehicle control. Cultures were washed free of MKs before BrdU incorporation in OBs was quantified (
Fig. 3C). As expected in OBs co-cultured with MKs, we observed an increase in BrdU incorporation,
compared with control OBs. Interestingly, jasplakinolide had no effect on BrdU incorporation in OBs
cultured alone. However, it significantly decreased BrdU uptake into OBs co-cultured with MKs, down to
the level of control OBs. A similar inhibitory effect of jasplakinolide was observed in OBs co-cultured
with MKs for only 2 h (data not shown). These data suggest that actin stabilization by jasplakinolide
blocks OB proliferation by MKs.

MKs Stimulate the Caspase-mediated Cleavage of Actin The appearance of 30 kDa B-actin in OBs co-cultured with
MKs is consistent with reportsthat actin undergoes C-terminal cleavage by the caspases, resulting in
the production of several actin fragments, including a 30-kDa product (38). Toexamine if MKs
stimulate the caspase-mediated cleavage of actin in OBs, we used a cleavable fluorescent caspase 3/7
substrate (Z-VAD-FMK) and examined changesin relative fluorometric units in OBs before and after co-
culture with MKs (MKs were rem ov ed prior to measurement) (Fig. 4). Consistent with the appearance
of the 30-kDa actin at 1 h (see Fig. 2B), we found a 49% increase (n =3 and p =0.01) in relative
fluorometric units in OBs co-cultured with MKs, com pared with OBs cultured alone (Fig. 4). In addition,
we found that OBs co-cultured with MKs for 16 h, which corresponds tothe disappearance of cleaved
actin, exhibited a 16 % reduction (n =3 and p =0.03) in relative fluorometric units com pared with
untreated OBs (data not shown). Although caspase activity was alsoreduced in OBs cultured alone, the
difference was not statistically significant (21% decrease, n =3 and p =0.2). Similar experiments were
performed in the presence or absence of the caspase 3 chemical inhibitor Z-VAD-FMK (20 puwm), which
resulted in a 32% decrease in caspase 3/7 activity in OBs co-cultured with MKs (n =3, p <0.001). These

findings suggest that caspase 3/7 isinvolved in the cleavage of f-actin in OBs pre-cultured with MKs.

5] : FIGURE 4.
MKs enhance caspase 3 activity in OBs. OBs were cultured alone or in the presence of MKs for 1 h. Some
cultureswere treatedwith 20 uMZ-VAD-FMK for 16 h toinhibit caspase 3activity.The MKs were

washed off,and caspase activity in OBswas...
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Caspase-mediated actin cleavage is reported to take place prior to DNA fragmentation and apoptosis
(39—41). Todetermine whether the caspase-mediated cleavage of actin in our cultures was associated
with an increase in OB apoptosis, we performed flow cytometry and examined the levels of annexin V,
an indicator of apoptosis (42). However, we did not detect any statistical difference in the number of
annexin V-positive and propidium iodide-negative) cellsin OBs pre-cultured with MKs for 1 or 16 h,
which corresponded tothe appearance and disappearance of 30 kDa actin, respectively (see Fig. 2A4).
Less than 2% of all cultures examined were annexin V-positive/propidium iodide-negative (data not
shown). These findings suggested that OBs pre-cultured with MKs were unlikely tobe undergoing

apoptosis, although the transient activation of an apoptotic signaling pathway cannot be ruled out. The
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lack of apoptotic markersin our OBs was also consistent with the MK-stimulated increase in OBnumber,

BrdU incorporation, and c-fos expression that we observed (Fig. 1).

Cytoskeletal Regulation of OBs by MKs The caspase-mediated cleavage of actin is also associated with
cytoskeletal rearrangement (43). We therefore examined the effect of MKs on the m orphology of OBs
and the localization of Pyk2 and actin. For these studies, we either left OBs untreated or co-cultured
them with MKs for 16 h and stained cells with an anti-Pyk2 antibody or with rhodamine phalloidin to
detect actin. Asshown in Fig. 54, actin stress fibers were the predominant cytoskeletal structure
present in untreated OBs. However, in a small number of OBs, focal adhesions were detected that were
localized to the basolateral membrane in contact with the substratum (Fig. 54, yellow arrows). In
comparison, in OB-MK co-cultures there was an increase in the number of cells presenting focal
adhesions and in the number of focal adhesions present in individual OBs (Fig. 54, panels a—c).
Although shorter time points (30 min and1 and 6 h) were examined (data not shown), which
corresponded tothe appearance and disappearance of actin, focal adhesions were most abundant after
16 h of co-culture. z axis scanning of cells alsorevealed the presence of apical actin bundles in OBs co-
cultured with MKs (Fig. 5B). These apical actin structures were seen as early as 30 min after the

addition of MKs but were not observed in untreated OBs (data not shown).

FIGURE 5.

MKs induce actin cytoskeletal re-organization in OBs. A, microscopic analysis of actin in OBs culturedin
the absence (panels a and b) or presence (panels c and d) of MKs for 16 h.Cellswere labeled for
rhodamine phalloidin to detect actin. Yellow arrows ...

We next examined Pyk2 localization in OBs cultured in the presence or absence of MKs. In untreated
OBs, Pyk2 showed a predominantly perinuclear and cytoplasmic localization (Fig. 5C, panelb). A
similar localization of Pyk2 was also seen in OBs co-cultured with MKs for 6 h (Fig. 5C, panele). In
addition, co-localization of Pyk2 with cytoplasmic and perinuclear actin was seen in OBs cultured with
MKs (Fig. 5C, panel f, arrow), but not in OBs cultured alone (Fig. 5C, panelc). However, we saw little co-
localization of Pyk2 with actin at focal adhesionsin OBs cultured in the presence or absence of MKs (
Fig. 5C, panels c and f). These observations suggested that Pyk2 and actin may be part of overlapping,
but distinct, signaling cascades induced by MKs. This is consistent with our earlier findings that MKs

stimulate actin cleavage in Pyk2 KO OBs, albeit with a delayed time of onset (Fig. 3A4).

MKs Stimulate the Intracellular Translocation and Proteosome-mediated Degradation of Pyk2 in OBs Py k2 has been detected in
different subcellular compartments, including the cytosol, nucleus, cytoskeleton, and plasma
membrane. The intracellular localization of Pyk2 isregulated by different cellular conditions and by
specific cy tokines or integrin clustering (8, 36, 44, 46, 47). Our studies indicated that Pyk2 protein
levelstransiently decreased in OBs co-cultured with MKs (see Fig. 2). However, the apparent decrease
in Pyk2 levels could be explained by the intracellular translocation of Pyk2 to a subcellular fraction
that was not readily resolved by our cell ly sis buffer (m RIPA), such as cytoskeletal or plasma
membrane-bound proteins. Therefore, toexamine the intracellular distribution of Pyk2 in OBs
cultured in the presence or absence of MKs, we performed subcellular fractionation on OBs cultured
alone or in the presence of MKs for 16 h. This time point was chosen because we found an increase in
Pyk2 expression by 16 h (Fig. 2B). 100% of all fractions for each group were resolved by SDS-PAGE, and
Western blotting was performed. Pyk2 expression was quantified by densitometry, and our findings
were expressed as a percentage of total Pyk2 for each group (sum of Pyk2 in OB or OB+MK fractions) (

Fig. 6A). In untreated OBs, ~40% of Pyk2 was detected in the cytosolic fraction, although much less
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Pyk2 was detected in other fractions (cytoskeletal > membrane > nuclear). In OBs co-cultured with MKs
for 16 h, Pyk2 levels were also highest in the cytosolic fraction (40%), although lesser am ounts of Py k2
was detected in the other fractions (membrane > cytoskeletal > nuclear). Moreover, in MK-treated OBs,
there was an increase in the relative levels of Pyk2 in the membrane fraction com pared with the
cy toskeletal fraction, although the percentage of Pyk2 in the nuclear fraction remained relatively
unchanged in the presence or absence of MKs. Of note, Western blotting again revealed the presence of

different molecular weight species of Pyk2, similar to our previous observations (see Fig. 3 B).

FIGURE 6.
Subcellular localization of Pyk2 in OBs is regulated by MKs. A, Western blot and densitometry of subcellular

fractions of OBsculturedin the presence or absence of MKs. OBswere culturedwith or without MKs for
16 h.MKswere removedby repeated washing. ...

Recently published studies suggest that Pyk2 undergoes proteosom e-m ediated degradation (48).
Therefore, the transient decrease in Pyk2 in OBs co-cultured with MKs could potentially be due to
changesin the stability or degradation of Pyk2. Toaddress this, we examined whether MG132, an
inhibitor of the proteosome-mediated degradation pathway, affected the level and distribution of Py k2
in OBs cultured in the presence or absence of MKs. OBs were co-cultured with and without MKs as
described above. MG132 or vehicle was added for the final 4 h of culture. MKs were then removed, and
we performed subcellular fractionation and densitometric analysis of Pyk2 in OBs (Fig. 6 B). Vehicle
(DMSO)-treated cells exhibited a similar distribution of Pyk2 as controls (Fig. 6 ). Pyk2 was detected,
albeit at different levels, in all subcellular fractionsin MG132-treated OBs, whether or not OBs were
cultured alone or in the presence of MKs. Interestingly, ~35% of total Pyk2 was detected in the nuclear
fraction in MG132-treated cells, with lesser amounts detected in other fractions (nuclear > cytosolic >
cytoskeletal >membrane). The percentage of Pyk2 detected in the nuclear fraction was similar when
OBswere cultured in the presence or absence of MKs. However, in the absence of MG132, only 12% of
Pyk2 was present in the nuclear fraction of OBs cultured with or without MKs (Fig. 6 ). Our findings
therefore suggest that Pyk2 levelsin the nuclear fraction are regulated in part by proteosome-
mediated degradation, independent of the presence of MKs. However, because MKs were present when
MG132 was added, we cannot exclude the possibility that changesin the nuclear levels of Pyk2 could be

due tochangesin how MKs initially signal to OBs.

Because MKs increased the amount of Pyk2 in the membrane fraction, we examined whether other
known plasma membrane-associated proteins were also altered by MKs. We used caveolin-1, a marker
of the plasma membrane, which isknown tobe highly enriched in caveolae in the plasma membrane
(49, 50). Similar to our studies shown in Fig. 2, OBs were cultured in the presence or absence of MKs for
0.5—24 h, and thelevel of caveolin-1 in the cytosolic fraction (prepared using m RIPA) was determined
by Western blotting (Fig. 7A). Actin (40 kDa) was used as a loading control. These studies revealed a
progressive time-dependent decrease in caveolin-1 (Cav-1) in the cytosolic fraction of OBs co-cultured
with MKs, compared with OBs grown alone. To confirm that caveolin-1 was not simply being degraded
over time, we cultured OBs with MKs for 16 h and then used a lysis buffer containing 4 murea to extract
total proteinsin OBs. As shown in Fig. 7B, caveolin-1 actually increased in MK-treated OBs ly sed with
urea buffer (total) compared with OBs ly sed with m RIPA (soluble). Therefore, these studies suggest that

Pyk2 aswell as caveolin-1 are translocated tothe plasma membrane in the presence of MKs.

FIGURE7.
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5 T g ¥ : " E i % i : MKs induce the intracellular translocation of caveolin-1 (Cav-1) in OBs. A, Western blot showing thelevels
JETRENENE TN of Cav-1in OBs culturedwith or without MKs for 0.5-24 h.Cells were lysed with mRIPA buffer,and
b e i ;.h soluble proteinswere resolved by SDS-PAGE....
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MKs Regulate the Alternative Splicing of Pyk2 Isoforms In several of our Western blots (Figs. 2Band 3B) and
subcellular fractionations (Fig. 6), we observed a shift in the molecular mass of Pyk2. The appearance
of the 106-kDa Pyk2 appeared asearly as1 h after the addition of MKs to OB cultures and increased
with the length of time that OBs were co-cultured with MKs (Fig. 2B), suggesting this was not simply an
artifact of our experimental conditions. Moreover, we found that the level of 106 kDa of Pyk2 was more
pronounced in OBs treated with MG132 (Fig. 6 B). Therefore, we used SDS-polyacrylamide gels with a
low percentage of acrylamide to further examine the molecular mass forms of Pyk2 in OBs cultured
with or without MKs for 16 h asin Fig. 2B. These studies confirmed that MKs prom ote the appearance of
twomolecular mass species of Pyk2 of 118 and 106 kDa (Fig. 8A). Darker exposures of blots also showed
the presence of comparatively low levels of 106 kDa of Pyk2 in OBs cultured in the absence of MKs (data

not shown).

i P ., : FIGURES.
b Bk - E,.m MKs regulate the isoform-specific expression of Pyk2. A, Western blot of Pyk2isoformsin OBs culturedin
- S, . =_::_- the presence or absence of MKs for 16 h. Note the change in the molecular mass of Pyk2 after the
LI addition of MKs. TCL, total cell lysate.B,ethidium...
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Several distinct molecular mass isoforms of Pyk2 have been reported in different tissues, which are
produced by alternative m RNA splicing of Pyk2 mRNA (51). A 106-kDa Pyk2 isoform has been reported
that lacksa 42-aminoacid insert found in full-length Pyk2 (118 kDa) (51). Given the apparent
molecular weight of Pyk2 in our MK-treated OBs, we predicted these proteins were likely torepresent
full-length Pyk2 and the shorter splice variant of Pyk2, which we named Pyk2-S. To confirm the
presence of alternatively spliced Pyk2 m RNA in OBs, we performed reverse transcription-PCR using
oligonucleotide primers spanning the known exon splice site. Indeed, as shown in Fig. 8 B, OBs express
full-length Pyk2 (corresponding tothe 370-bp PCR product) and the shorter splice variant (250-bp PCR
product), which likely encodes the 106-kDa isoform Pyk2-S. These studies alsorevealed that full-length
Pyk2 (370 bp) wasmore highly expressed in untreated OBs than Pyk2-S (250 bp), whereas in MK-
treated OBs, Pyk2-S expression was higher than full-length Pyk2 (Fig. 8 B). These findings were

consistent with our Western blot results (see Figs. 2B, 3B, and 8A).

To begin toinvestigate the functional role of Pyk2 and Pyk2-S in OBs, we examined whether the
expression of Pyk2 and Pyk2-S m RNA wasregulated during normal OB differentiation. Calvarial OBs
were cultured under osteogenic conditions (differentiation media) containing ascorbic acid and f-

gly cerol phosphate for up to21 days. RNA wasreverse-transcribed, and RT-PCR was performed using
primer pairs spanning the isoform m RNA splice site (Fig. 8C). Similar toour findings with OBs co-
cultured with or without MKs, we observed two Pyk2 m RNA speciesin OBs cultured in osteogenic media
for 4—21 days. In addition, these studies revealed a decrease in the ratio of Pyk2 to Pyk2-S during OB
differentiation, with Pyk2-S expression exceeding Pyk2 by day 14 and day 21. The change in the
relative expression of Pyk2 and Pyk2-S during OB differentiation potentially suggeststhat the Pyk2

isoforms are potentially im portant for OB function, although thisremainstobe determined.
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The nonreceptor kinase Pyk2 playsa rolein many diverse cellular activities, including proliferation,
migration, and function of mesenchymal, epithelial, and hem atopoietic cells (7-10). Deletion of the
Pyk2genein mice leadstoan increase in bone mass that is due to defectsin the activity of both OBs (7)
and osteoclasts (11). OBs differentiated from Pyk2 KO mice exhibit an increase in alkaline phosphatase
activity and OBmineralization (7), although selective Pyk2 chemical inhibitors block Pyk2 auto-
phosphorylation and increase osteogenic markersin OB-like cells (52). In addition, osteogenesis is
increased in mice with OB-targeted deletion of the Pyk2 homolog FAK (53). Our recent studies
demonstrate that Pyk2 KO OBs are less responsive tothe stimulatory effect of MKs on OBnumbers (20)4
supporting a role for Pyk2 in MK-induced signaling cascadesleading to OB proliferation. In agreement
of these findings, we now report that MKs increase BrdU incorporation in OBs and stimulate the
expression of c-fos m RNA, a transcriptional marker of proliferating OBs (21). Interestingly, elevated
levels of c-fos in OBs have also been associated with accelerated S phase entry due toderegulated
activity of cyclinA and E-CDK2 (54). In others studies, we also observed a reduction in the levels of p53,
a cell cycle arrest protein, in OBs co-cultured with MKs (20).4 It was also recently reported that Pyk2
regulates proliferation and survival of fibroblasts and ovarian carcinoma cells by promoting p53
degradation (13, 14). Thus, we predict that cell cycle entry and/or progression in OBs co-cultured with

MKs is likely regulated by Pyk2 and p53, although thisremainstobe determined.

Cleavage of actin at aspartate 244 by cysteinyl aspartate-specific proteases (caspases) generates an N-
terminal 32-kDa and C-terminal 15-kDa actin fragment. We found that MKs increased 30 kDa actin in
OBs, which waslikely tobe the result of caspase-mediated actin cleavage. Although the cleavage of
actin by the caspases hasbeen linked with cellular apoptosis, the lack of apoptotic markersin our
OB+MK co-cultures as well asthe increase in OBnumbers, BrdU incorporation, and c-fos expression
strongly argue against the induction of apoptosisin OBs co-cultured with MKs, although the transient
activation of the apoptotic pathway cannot be ruled out. Instead, our findings support a role for
caspase-mediated actin cleavage in cytoskeletal remodeling as reported by others (43). This is
consistent with reportsthat caspase 3 activation can occur, in the absence of cell death, in pre-
osteoblastic MC3T3 cells (55). Along similar lines, we found that 30 kDa B-actin was down-regulated in
the presence of TGF-f, PGE,, and ascorbic acid, which are known inducers of OB differentiation (Fig. 3
B). These findings suggested that actin cleavage may also be associated with MK-regulated signaling
pathwaysleading to OB proliferation. Indeed, we found that treatment of OB-MK co-cultures with
jasplakinolide, which stabilizes actin filaments (37), suppressed the stimulatory effect of MKs on BrdU
incorporation and restored BrdU to control levels (OBs cultured without MKs) (Fig. 3C). Of further
interest, actin filaments are alsoim portant com ponents of the process leading tothe assembly,
trafficking, and stabilization of gap junctions, and we previously found that MKs can communicate to

OBs through gap junction intracellular communication (4).

In this study, we also examined whether Pyk2 and FAKwere involved in the signaling cascades
activated by MKsin OBs. Our studies demonstrated that MKs regulate the rapid and transient decrease
of Pyk2, coincident with a transient increase in the cleavage of f-actin. We also found by mass
spectrophotometry that Pyk2 could form a com plex with B-actin (data not shown) and was in part co-
localized with actin in OBs co-cultured with MKs (Fig. 5). However, because actin cleavage was evident,
albeit temporally delayed, in Pyk2 KO OBs co-cultured with MKs (Fig. 34), it is likely that Pyk2 and
actin share overlapping, but distinct, signaling pathways in response to MKs. Similarly, because Py k2
levels were transiently decreased, whereas FAK exhibited a sustained decrease in response to MKs, it is
likely that these focal adhesion tyrosine kinases have distinct rolesin OBs in response to MKs. Our

studies alsorevealed a dramatic change in the morphology of OBs following the addition of MKs,
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resulting in cell spreading and an increase in the appearance of focal adhesions (Fig. 5). The increased
appearance of focal adhesions in OBs co-cultured with MKs is also consistent with reportsthat FAK KO
OBs have increased numbers of focal adhesions and exhibit decreased migration (56, 57). It is therefore
possible that the increase in focal adhesions occurs as a result of the sustained decrease in FAK levels in
OBs co-cultured with MKs. We also observed two populations of actin present on the polar surfaces of OBs
co-cultured with MKs (Fig. 5B). Although cell-cell communication was not a focus of this study, we
speculate that the apical actin bundlesmay beinvolved in MK-OB communication, similar towhat was
reported in Madin-Darby canine kidney (MDCK) cells (58). Interestingly, the apical population of actin
described in MDCK cells was associated with zonula adherens. Given that MK-OB signaling occurs in
part via gap junctions (4), it will be of interest to determine the role of actin in zonula adherens and/or

gap junctions in OB-MK communication.

Several studies published by othersreveal that Pyk2 undergoes intracellular translocation in response
tointegrins and cytokines (8, 46, 59, 60). The translocation of Pyk2 tothe nucleus has also been
reported (59, 61). Our biochemical studies further support these findings. We found that Pyk2 was
expressed in several intracellular compartments of OBs and that MKs induced the partial translocation
of Pyk2 from the cytoskeletal fraction tothe plasma membrane. We also found that 10-15% of Py k2
was localized tothe nucleusin OBsand that MG132, which blocks proteosom e-m ediated degradation,
increased thelevel of nuclear Pyk2 to ~35% of total Pyk2. These novel findings indicate that nuclear
Pyk2 isdegraded by the proteosome-ubiquitin pathway and that this occursindependently of MK-
activated signaling in OBs. Given that MKs induced the translocation of caveolin-1 to the plasma
membrane, it is possible that Pyk2 perhaps participatesin caveolin-1-mediated internalization of
activated integrins and cytokine receptors or in cell-cell communication via gap junctions, which has

also been shown toinvolve caveolin-1 (62-65).

Alternative m RNA splicing of the Pyk2gene resultsin the production of a 106-kDa Py k2 isoform,
designated Pyk2-S, which lacksa 42-amino acid insert found in full-length Pyk2 (118 kDa) (51,51, 66,
67). The Pyk2 isoforms have been reported in a number of tissues and cell lines such as brain, spleen,
and Bcells, as well as other hem atopoietically derived cells. However, the functional role of these
proteinsisunknown. We found that MKs increase the ratio of Pyk2-S/Pyk2 m RNA as well asincrease
Pyk2-S protein levelsin OBs (Fig. 8). Furthermore, subcellular fractionation in the presence of MG132
indicated that Pyk2-S is potentially degraded by the proteosome pathway, whereas full-length Pyk2,
which was mostly detected in the membrane and cytoskeletal fractions (Fig. 6 B), is more resistant to
degradation. Because MKs increase BrdU incorporation and c-fos expression in OBs, it is tem pting to
speculate that nuclear Pyk2-S potentially plays a role in OB proliferation in response to MKs. In
contradistinction, we found that the ratio of Pyk2-S/Pyk2 alsoincreased in OBs cultured with
osteogenic media, which induces differentiation (Fig. 8C). Although the protein levels of Pyk2 and
Pyk2-S in OBs cultured with osteogenic media remain tobe determined, the decrease in Pyk2 m RNA
(full-length isoform) during OB differentiation is consistent with the increased differentiation observed
in Pyk2 KO OBs, compared with wild-type OBs (7). However, it is likely that several factors, including
m RNA expression, subcellular localization, protein stability, kinase activity, and the potential
association of Pyk2 and Pyk2-S with distinct binding partners, may be involved. Additional studies
using cDNA for the individual isoform s will be necessary to elucidate the role of Pyk2 and Pyk2-S in the
transition of OBs from proliferation to differentiation, and their role in MK-m ediated changesin OB
function. Nevertheless, our data suggest that the Pyk2 isoforms are likely to exhibit unique and

possibly overlapping functions in OBs.

In summary, our studies demonstrate that MKs increase OB proliferation via signaling pathwaysthat

regulate the rapid and transient down-regulation of Pyk2, coincident with a transient increase in the
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caspase-mediated cleavage of actin. In addition, MKs prom ote the sustained down-regulation of FAK in
OBs. MKs alsoregulate the transcription of Pyk2 isoforms, as well asthe intracellular localization and
proteosome-mediated degradation of Pyk2 and Pyk2-S. We report that MKs stimulate changesin OB
morphology, resulting in an increase in focal adhesion formation, and that actin remodeling is likely to
be important for OB-MK signaling eventsleading to OB proliferation. Together, the MK-m ediated
changesin the expression, localization, and activity of Pyk2 isoforms are likely to play a key role in the
regulation of OB function and in the MK-induced increase in OB proliferation. The increased
proliferative effect of MKs on OBs is likely to be physiologically important in regulating both skeletal
hom eostasis (6) and hem atopoiesis (26), during which MKs are intim ately associated with OBlineage
cells. For example, MKs can stimulate a 2—-3-fold increase in OBnum ber following total body
irradiation, which in turn enhances hematopoietic stem cell recovery (45). Novel mechanisms to
induce OB proliferation are therefore important for anabolic treatments to prevent or replace bone loss.
Our findings represent a significant advancement in our understanding of the signaling pathways
involved in regulating OB proliferation as well as proliferation in other cell typesin which Pyk2 and

Pyk2-S are expressed.
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