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Ephrin B2/EphB4 Mediates the Actions of IGF-I Signaling in
Regulating Endochondral Bone Formation

Yongmei Wang, MD, PhD", Alicia Menendez, BS, Chak Fong, BS, Hashem Z. ElAlieh, BS,
Wenhan Chang, PhD, and Daniel D. Bikle, MD, PhD"

Endocrine Unit, University of California, Veterans Affairs Medical Center, San Francisco, CA,
USA

Abstract

Ephrin B2/EphB4 mediates interactions among osteoblasts (OB), osteoclasts (OCL), and
chondrocytes to regulate their differentiation. We investigated the role of ephrin B2/EphB4
signaling in mediating the anabolic effects of IGF1 and PTH on those cells and overall
endochondral bone formation.

Immunohistochemistry demonstrated that the expression of ephrin B2 in OBs, OCLs and
osteocytes, and the expression of EphB4 in OBs and osteocytes were dramatically decreased in
global IGF-I knockout mice. Inactivation of EphB4 by EphB4 siRNA in cultured bone marrow
stromal cells significantly decreased the mRNA levels of OB differentiation markers and
abolished the stimulatory effects of IGF-1 on these markers. Blocking the interaction of EphB4
and ephrin B2 in the OB-OCL co-cultures with the EphB4 specific peptide TNYL-RAW or
deletion of ephrin B2 in OCL prior to co-culture led to fewer and smaller TRAP positive cells,
decreased expression of OB differentiation markers, and blunted response to IGF-1 for both OCL
and OB differentiation.

In the growth plate, both ephrin B2 and EphB4 are expressed in late stage proliferating and
prehypertrophic chondrocytes, and their expression was decreased in mice lacking the IGF-I
receptor specifically in chondrocytes. In vitro, blocking the interaction of EphB4 and ephrin B2 in
chondrogenic ATDCS5 cells with TNYL-RAW significantly decreased both basal and IGF1-
induced expression of type Il and type X collagen. In the co-cultures of ATDC5 cells and spleen
cells (osteoclast precursors), TNYL-RAW decreased the numbers of TRAP positive cells and the
expression of NFATc1 and RANK, and blocked their stimulation by IGF-1. Our data indicate that
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IGF-1/IGF-IR signaling promotes OB, OCL, and chondrocyte differentiation via ephrin B2/EphB4
mediated cell-cell communication.

Keywords
IGF-1; Ephrin B2; EphB4; cell-cell communication; chondrocyte

Introduction

In mammals, endochondral bone formation and subsequent remodeling involves three
specific cell types: chondrocytes, osteoblasts and osteoclasts (1,2). The coordination and
communication among these cells are required for the skeletal integrity (3-5).

These cells are derived from different sources, and each has its own differentiation pathway
and functions. Chondrocytes derive from condensed mesenchyme formed during early
skeletal development. They undergo a well-regulated sequence of proliferation,
differentiation, matrix secretion and mineralization, and apoptosis. They subsequently
provide a mature matrix to induce blood vessel invasion and support for new bone formation
(6-10). Osteoblasts are also mesenchymal in origin. Activated osteoblasts deposit and
mineralize matrix proteins to form bone, and eventually become entrapped within the bone
matrix as osteocytes, remain quiescently at the surface of the bone as lining cells, or die by
apoptosis(11). Bone resorbing osteoclasts are derived from hematopoietic stem cells. Their
formation and differentiation depend on the induction by the neighboring osteoblasts or
stromal cells. The communication between osteoblasts and osteoclasts involves several
signaling pathways. Macrophage colony-stimulating factor (M-CSF) and receptor activator
of NF-kB (RANK) ligand (RANKL), produced by osteoblasts and other cells, act on their
receptors c-fms and RANK, respectively, to stimulate osteoclast formation and
differentiation(12,13). More recent studies have shown that EphB4, a member of the
tyrosine kinase receptor Eph family, is expressed in osteoblasts as is its ligand ephrin B2. In
osteoclasts ephrin B2 but not EphB4 is expressed. Together they constitute a bidirectional
signaling pathway (14).The reverse signaling through ephrinB2 into osteoclast precursors
has been reported to suppress osteoclastogenesis by inhibiting the osteoclastogenic c-Fos-
NFATc1 cascade, while the forward signaling through EphB4 into osteoblasts has been
reported to enhance osteoblast differentiation(15,16). As will be shown, our results are
somewhat at variance to this model.

We and others have demonstrated that insulin-like growth factor-1 (IGF-I) signaling in
chondrocytes (17), osteoblasts (18)and osteoclasts(19), regulates the differentiation of these
cells, coordinates osteoblast-osteoclast interactions (19) and is required for parathyroid
hormone (PTH) stimulation of bone formation(20,21). However, the molecular mechanisms
responsible for these actions remain imperfectly understood. Moreover, the interaction of
chondrocytes with adjacent osteoblasts and/or osteoclasts and the role of IGF-I signaling on
these interactions have received little attention despite their obvious importance in
endochondral bone formation. To address these issues, herein, we used various gene
knockout mouse models and in vitro cell culture systems to investigate the role of IGF-I
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signaling in regulating the interaction between chondrocytes and bone cells with particular
attention to the role of ephrin B2/EphB4, and tested whether ephrin B2/EphB4 signaling is
involved in mediating the anabolic actions of PTH through IGF-1 signaling on bone.

Materials and Methods

Animals

Histology

Global IGF-I knockout mice (IGF-IKO, CD1) were developed by Lyn Powell-Braxton and
colleagues(22). Their skeletal phenotype has previously been described (17,23).

12 week old control and mice with the IGF-1 receptor (IGF-IR) null mutation in mature
osteoblasts [°BIGF-IRKO, floxed IGF-IR (C57BI/6) X osteocalcin driven Cre (FVB-N)]
(gift from Dr. Thomas Clemens) (18,21) were treated with either PTH [80 ug/kg body
weight; PTH (1-34), rat; Bachem Americas, Inc., Torrance, CA)] or vehicle daily by
subcutaneous injection for 2 weeks. Left tibias and femurs were obtained 1 hr after the last
PTH injection for mRNA determinations.

Chondrocyte-specific IGF-IR knockout (C3IGF-IRKO) mice (24)were made by breeding
floxed IGF-IR mice (FVB-N) (25) with transgenic mice (C"®Cart) expressing the cre
recombinase under the control of a type 11 collagen [a.1(11)] promoter (Mixed background)
(26) (The Jackson Laboratory, Bar Harbor, ME). Tibias and growth plate (GP) cartilage
from the knee were obtained from the newborn (P0) C@|GF-IRKO mice and control
littermates (lacking the cre recombinase) for immunohistochemistry and mRNA
measurements, respectively.

Floxed ephrin B2 mice (C57BI/6) were purchased from The Jackson Laboratory (bar
Harbor, ME) (27) for in vitro deletion of ephrin B2 in osteoclast precursors.

These animal studies were approved by the Animal Use Committee of the San Francisco
Veterans Affairs Medical Center where the animals were raised and studied.

Tibias were fixed with 4% paraformaldehyde in PBS (4% PFA/PBS) overnight at 4 C,
embedded in paraffin, and cut into 5 pm sections. The sections were stained by
immunohistochemisty for ephrin B2 (sc-15397, Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), Eph B4 (sc-5536, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and
counterstained with hematoxylin.

ATDCS5 cell cultures

The mouse chondrocyte cell line ATDC5 (gift from Dr. Tamara Alliston) was cultured in a
primary ATDC5 medium [a 1:1 mixture of DMEM and Ham’s F-12 medium (DMEM/F-12;
Invitrogen, Carlsbad, CA, USA) containing 5% FBS, 50 units/ml penicillin, 50 pg/ml
streptomycin, 10pg/ml human transferin, and 3 x 10-8 M sodium selenite (Sigma, St Louis,
MO, USA)]. To investigate the role of ephrin B2 and EphB4 in chondrocyte differentiation,
ATDCS cells were plated in the primary ATDC5 medium at 2 x 10° /well in 24 well plates
for 3 days before the cultures were switched to a secondary ATDC5 medium (primary
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medium supplemented with ascorbic acid [0.05 mg/ml] and p-glycerophosphate [10 mM])
according to published protocols (28). To block ephrin B2/EphB4 interactions, 50 uM of
TNYL-RAW (TNYLFSPNGPIARAW, synthesized by GenScript, Piscataway, NJ)(29,30),
was added in the secondary medium and at every medium change (twice a week). At day 21,
RNA levels of chondrocyte differentiation markers were detected by quantitative real-time
PCR (Q-PCR).

Deletion of IGF-IR in cultures of osteoblasts and osteoclasts

To knockout the IGF-1R gene in osteoblasts acutely in vitro, bone marrow stromal cells
(BMSCs) were cultured from 8 week old floxed IGF-IR mice for 12 days (31) and infected
with adenoviruses carrying a Cre recombinase cDNA (Ad-Cre) at 5 plaque forming units
(pfu)/cell for 48 hrs. Mock infection with PBS or viruses expressing empty vector (Ad-
DNR) was performed as control (32). To knockout IGF-IR in osteoclasts, spleen
hematopoietic cells were collected from 8 week old floxed IGF-IR mice (19), immediately
infected with Ad-Cre at 5 plaque forming units (pfu)/cell for 72 hrs. Control infections were
performed as above. The cells were cultured for an additional 6-7 days in the presence of
RANKL (30 ng/ml) and M-CSF (30 ng/ml) before analyses (19).

siRNA transfection

To silence EphB4 in osteoblasts, BMSC previously cultured for 12 days in 6-well plates
(31) , were transfected with EphB4 siRNA (100 nM, siGENOME SMART pool) or
SiIGENOME non-targeting controls (Pool of 4 non-targeting siRNA, Dharmacon, Lafayette,
CO) using TransIT-siQUEST transfection reagent (Mirus BioLLC, Madison, W1) for 48 hrs.
Transfected cells were treated with vehicle or IGF-1 10ng/ml for 24 hrs and the expression
of EphB4 mRNA, osteoblast differentiation markers and ephrin B2 receptors were
determined by Q-PCR.

OB-OCL or chondrocyte-OCL co-cultures

Co-culture of osteoblasts and spleen hematopoietic cells (stromal cell/OB free OCL
precursors) was performed as described (19). To determine the role osteoclast ephrinB2 in
OCL-OB communication and response to IGF-1, osteoblasts were co-cultured with
osteoclast precursors lacking ephrinB2 or intact controls. For these co-cultures, spleen cells
from floxed ephrin B2 mice were collected, red blood cells removed, and the cells infected
with Ad-Cre (5 pfu/cell). Mock infection with PBS or Ad-DNR (5 pfu/cell) was performed
as controls. After 48 hrs incubation, the infected or control cells were added to osteoblast
cultures (BMSC, cultured 9 days before adding OCL). At the same time, the co-cultures
were treated by IGF-1 (10 ng/ml) or vehicle. The co-cultures were observed under the
microscope (up to 10 days) to ensure maximum osteoclast formation. Expression of markers
for osteoclast, osteoblast or chondrocyte differentiation and ephrin B receptors was
measured by Q-PCR. Osteoclastogenesis in the co-cultures was assessed by tartrate-resistant
acid phosphatase (TRAP) staining using a commercial kit (387 A; Sigma).

For chondrocyte and OCL co-cultures, ATDCS5 cells were first cultured in 24-well plates
(15000/well) for 3 days, then switched to secondary ATDC5 medium and cultured for an
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additional 14 days. Spleen cells from male FVB-N mice were harvested and cultured
overnight (19), then added to ATDCS5 cell cultures (1 x 108 /well).

To disrupt the ephrin B2/EphB4 interaction, 50 uM of TNYL-RAW or vehicle was added at
the time of co-culture with OCL precursors and at each medium change. The OB-OCL co-
cultures were carried for 6 days and then treated with IGF-1 10 ng/ml or vehicle for 24 hrs.
The chondrocyte-OCL co-cultures were carried for 8 days. Expression of markers for
osteoclast, osteoblast or chondrocyte differentiation and ephrin B receptors was measured by
Q-PCR. Osteoclastogenesis in the co-cultures was assessed by tartrate-resistant acid
phosphatase (TRAP) staining using a commercial kit (387 A; Sigma).

Quantitative real-time PCR

Statistics

Results

Total RNA was extracted from epiphyseal growth plates of the knee, the tibial shaft (marrow
flushed out) and cultured cells. The RNA was reverse transcribed into cDNA as previously
described (20). Expression of IGF-IR, ephrin B2, EphB4 was determined by quantitative
real-time PCR using commercial (ephrin B2, EphB4, NFATc1, Applied Biosystems, Foster
City, CA) or custom made (IGF-IR, AP, OCN, RUNX2, RANKL, RANK, EphB2, B3, B6
and ephrin B1) primers and probes as described in previous reports (19,21,31).

Results were presented as mean + SD. Data were analyzed by one-way ANOVA or
Student’s t-test with GrapPad Prism 4.0 program (GraphPad Software Inc, La Jolla, CA).
Significance was assigned for p<0.05. Samples of at least 3 animals were analyzed for each
experimental and control group.

Deficiency of IGF-I and IGF-IR decreases the expression of ephrin B2 and EphB4 in OBs
and expression of ephrin B2 in OCLs in vivo and in vitro

To determine whether IGF-1 signaling regulates ephrin B2 and EphB4 expression in bone
cells, we performed immunohistochemistry on tibias of 3 week old IGF-IKO and their WT
littermates. As shown in Fig. 1, both ephrin B2 (Fig.1A, brown) and EphB4 (Fig.1G, brown)
were expressed in the cells located in bone surface, bone matrix and bone marrow. Overall
expression of ephrin B2 (Fig.1B vs. A) and EphB4 (Fig.1H vs. G) was remarkably reduced
in the IGF-IKO. High magnification photos (HMP) identified that ephrin B2 was expressed
in osteoblasts (Fig. 1C, arrows), osteocytes (Fig.1C, dashed arrows) and osteoclasts (Fig. 1E
arrow head), while EphB4 was only detectable in the osteoblasts (Fig.1l, arrows) and
osteocytes (Fig. 11 dashed arrow), but not in osteoclasts (Fig. 11, arrow heads). In the IGF-
IKO mice, the expression of ephrin B2 was significantly decreased in osteoblasts, osteocytes
(Fig.1 D vs. C), and osteoclasts (Fig. 1 F vs. E, arrow head) compared with WT. EphB4
expression in osteoblasts and osteocytes was also markedly decreased in IGF-1KOs (Fig. 1 J
vs. ) vs. WTs, suggesting that intact IGF-1 signaling is required for the normal expression of
ephrin B2 and EphB4 in bone cells. To confirm this observation, we determined the mRNA
levels of ephrin B2 and EphB4 in bones isolated from the ©BIGF-IRKO mice in which the
IGF-IR gene was ablated specifically in mature osteoblasts. In these bones (marrow flushed
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out), mMRNA levels of ephrin B2 and EphB4 were decreased by 44% and 48%, respectively,
compared to the controls (Fig.2A).

In previous studies, we and others showed that IGF-I signaling is required for the anabolic
actions of intermittent PTH treatment in bone, as these actions were blunted in the global
IGF-IKO and ©BIGF-IRKO mice. To test whether ephrin B2/EphB4 signaling is part of this
pathway, we compared the expression of ephrin B2 and EphB4 in bone samples from the
control and BIGF-IRKO mice injected daily with PTH for 14 days. In the control mice,
PTH significantly increased the mRNA levels of ephrin B2 and EphB4 by1.6 fold and 3.5
fold, respectively. These PTH effects were, however, absent in bones from the °BIGF-IRKO
mice (Fig.2A), confirming that IGF-IR signaling is critical for the expression of ephrin B2
and EphB4 in osteoblasts and their response to PTH.

To confirm that the effects of IGF-1/IGF-IR and PTH signaling on the expression of ephrin
B2 and EphB4 in osteoblasts are direct, we performed acute deletion of IGF-IR by viral
expression of Cre-recombinase (Adv-cre) in the enriched cultures of BMSCs isolated from
the floxed IGF-IR mice and treated the cells with PTH (100 ng/ml, 2hrs). Q-PCR analysis of
RNA from the Adv-cre infected BMSCs demonstrated the knockdown of IGF-IR expression
by 95% when compared with the cultures infected by the control viral vector (control)
(Fig2B), confirming an effective deletion of IGF-IR in these cultures. The deletion of IGF-
IR was also confirmed by western blot at the protein level (Fig.S1). In the Adv-Cre infected
cultures without PTH, mRNA levels of ephrin B2 and Eph B4 were decreased by 78% and
41%, respectively (Fig.2B). PTH treatment significantly increased the mRNA levels of both
ephrin B2 (2.6 fold) and EphB4 (4 fold) in the control cultures, but these effects were
abolished in the cultures infected by Adv-cre to delete the IGF-IR (Fig.2B). Moreover, IGF-
| treatment increased ephrin B2 expression in the BMSC cultures compared with the vehicle
treated cultures (Fig.S2). These in vitro data demonstrate the requirement for IGF-IR in
osteoblasts with respect to ephrin B2/EphB4 signaling and its stimulation by PTH and IGF-I
in osteoblasts.

To test whether IGF-1/IGF-IR signaling regulates the production of ephrin B2 in osteoclasts,
we deleted the IGF-IR in osteoclast precursors by infecting spleen cells of floxed-IGF-IR
mice with the Adv-cre virus. Compared with the control cultures, the mRNA levels of
ephrin B2 were decreased by 75% in the cultures infected by Adv-cre (Fig. 2C). These data
indicate that IGF-IR in osteoclasts also regulates the expression of ephrin B2 in these cells.
As a control, we also infected BMSCs from the wild-type mice by PBS (conWT) and Adv-
cre (AdvWT), as shown in Fig 2D. No difference was shown in the mRNA levels of IGF-IR
in the conWT and AdvWT cultures, indicating that deletion of IGF-IR by Adv-cre is specific
and Adv-cre has no toxic effects on the cells at this dose.

Ablation of EphB4 blocks the anabolic actions of IGF-1in osteoblasts

To investigate whether ephrin B2-EphB4 signaling mediates the anabolic actions of IGF-I in
osteoblasts, we knocked down EphB4 expression in BMSCs with gene-specific siRNA
(siEphB4) and treated the cultures with IGF-1. Western blot demonstrated the deletion of
EphB4 protein by siEphB4 (Fig.3A). Silencing of EphB4 did not affect the mRNA levels of
osteoblast-expressing ephrin B2 receptors EphB2, B3, EphA4 (33) or other ephrin B ligands
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(ephrinB1) (Fig.3B). As shown in Fig. 3C, mRNA levels of EphB4 decreased by 82% in the
siEphB4 cultures (siRNA), compared with the control cultures transfected with non-
targeting controls (control). IGF-I increased the expression of EphB4 in the control cultures
by 60%, but not in the siEphB4 cultures, confirming the gene knockdown. IGF-I increased
the MRNA levels of RUNX2 and AP in the control cultures by 1.5 fold and 2.5 fold,
respectively, when compared to the vehicle-treated controls, supporting the anabolic actions
of IGF-1. Knockdown of EphB4 not only suppressed the expression of RUNX2, alkaline
phosphatase (AP) and osteocalcin (OCN) by 75%, 53% and 72%, respectively, in the
vehicle-treated cultures, but also blocked or blunted the ability of IGF-1 to increase the
expression of these genes. These data suggest that IGF-I exerts its anabolic actions on
osteoblast differentiation at least in part by modulating ephrinB2/EphB4.

IGF-I regulates OB-OCL communication via ephrin B2/EphB4

To investigate whether the effects of IGF-I in maintaining osteoblast-osteoclast
communication occurred via the ephrin B2-EphB4 signaling pathway, we blocked the
interaction between ephrin B2/EphB4 by the addition of TNYL-RAW to the co-culture of
osteoblasts and osteoclasts to test the impact on osteoclast formation in these co-cultures.
The co-cultures without TNYL-RAW or IGF-I (Fig.4A) formed multinucleated (3 nuclei or
more) TRAP positive cells. In the absence of IGF-1, TNYL-RAW treated cultures (Fig.4B)
did not form mature osteoclasts containing 3 or more nuclei, and only a small number of
mononucleated or binucleated TRAP positive cells (arrows) (47 £ 7 in control vs. 19 + 4 in
TNYL-RAW, p < 0.05). In the absence of TNYL-RAW, IGF-I significantly increased the
number of multinucleated osteoclasts in the cultures (47 = 7 in vehicle treated vs. 63 £9 in
IGF-I treated control cultures, p < 0.05) (Fig.4C). These effects of IGF-I were, however,
abolished with the TNYL-RAW treatment (Fig.4D). Thus, disrupting the interaction
between ephrin B2 and EphB4 reduced osteoblast stimulated osteoclastogenesis in vitro, and
blunted the stimulatory effects of IGF-1 on this process. These results are contrary to the
concept that ephrin B2/EphB4 signaling blocks osteoclastogenesis. To confirm these results,
we first treated osteoclast cultures (spleen cells stimulated with RANKL and M-CSF) by
TNYL-RAW 50 uM (the dose we used in the co-cultures) or vehicle to test whether TNYL-
RAW itself blocks osteoclastogenesis. At day 9 of the osteoclast culture, TRAP staining
showed that the number of mature osteoclasts was comparable in the two types of cultures
[12 £ 2 /low magnification field (LMF) in vehicle treated cultures vs. 14+ 4/LMF in the
TNYL-RAW treated cultures, n=4 wells in each group)]. There were no differences in the
morphology of osteoclasts in these cultures, These results indicate that TNYL-RAW did not
affect osteoclastogenesis per se. We did find that TNYL-RAW altered the expression of
EphB family receptors and ligands other than ephrinB2 and EphB4 in the co-cultures. As
shown in Fig.4E, compared to the vehicle treated co-cultures, the mRNA levels of EphB2
were down-regulated by 57%, while the mRNA levels of EphB3 (72%), EphA4 (78%) and
ephrin B2 (40 %) were up-regulated in the TNYL-RAW treated co- cultures. TNYL-RAW
did not change the mMRNA levels of ephrin B1. The role of these other ephrin/Eph family
members in osteoblast/osteoclast interactions is unclear. To further investigate the molecular
basis for the effects of TNYL-RAW and IGF-I on osteoclastogenesis, we determined the
expression of osteoclast markers by Q-PCR. In the co-cultures without TNYL-RAW, IGF-I
significantly increased the mRNA levels of RANKL (49%), RANK (171%), and NFATcl
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(30%), while decreasing the mMRNA levels of OPG (80%). These effects were blunted in the
cultures treated by TNYL-RAW (Fig.4F). On the other hand, TNYL-RAW also decreased
the MRNA levels of AP by > 80% in the presence or absence of IGF-I (Fig.4F), suggesting
that ephrin B2/EphB4 also regulates osteoblast differentiation in the co-cultures and their
response to the anabolic actions of IGF-I.

To confirm the results with TNYL-RAW indicating that inhibition of ephrin B2/EphB4
blocked osteoblast induced osteoclastogenesis, we co-cultured osteoblasts with osteoclast
precursors from mice expressing the floxed ephrinB2 in which ephrinB2 was deleted by Ad-
Cre prior to co-culture. After 48 hrs of Ad-Cre infection, ephrin B2 was deleted by 85% in
the osteoclast precursors as indicated by Q-PCR (data not shown). After 10 days of co-
culture, the number of osteoclasts (Fig 5A, arrows) formed was 39% less (p <0.05) and
smaller in size in the co-cultures of OB and Ad-Cre infected OCL (Ad-Cre) co-cultures,
compared with the co-cultures of osteoblast and control (control) or Ad-DNR infected (Ad-
DNR) OCL (Fig.5A). IGF-I treatment significantly increased osteoclast number and size in
the control (50%) or Ad-DNR (55%) co-cultures, but not in the Ad-Cre co-cultures (Fig.
5A), suggesting that ephrin B2 in the osteoclasts is required for osteoblast induced
osteoclastogenesis and its stimulation by IGF-1. These results confirm the observations with
TNYL-RAW. Compared with the control cultures, the mMRNA levels of EphB4, the specific
receptor for ephrin B2, was increased by 95% in the Ad-Cre co-cultures perhaps reflecting
the lack of ligand. IGF-I treatment increased EphB4 in both control (5 fold) and Ad-Cre (1.5
fold) cultures (Fig.5B). In the Ad-Cre co-cultures, the expression of EphB2, Eph B3 and
ephrin B1 were also up-regulated by 1 fold, 2.2 fold and 1.9 fold, respectively, compared
with the control co-cultures (Fig.5C). In the control co-cultures, IGF-I increased EphB2
(50%), EphB3 (65%) and ephrin B1 (79%) expression, but in the Ad-Cre co-cultures IGF-I
decreased EphB3 and ephrin B1 expression (59%, 40% respectively), but did not alter
EphB2 expression (Fig.5C). There were no significant differences in expression of EphA4 in
the control or Ad-Cre co-cultures or following IGF-I (Fig. 5C). The implications of these
changes in other members of the ephrin/Eph family will require further study. But the key
point is disruption of ephrinB2/EphB4 by deleting ephrin B2 from osteoclasts blocks
osteoblast stimulated osteoclastogenesis similar to the effects of TNYL-RAW in these co-
cultures. In the Ad-Cre co-cultures, the mRNA levels of osterix (OSX) and NFATc1 were
decreased by 40% (p<0.05) and 23% (p > 0.05), respectively, compared with the control co-
cultures. IGF-1 increased OSX (60%) and NFATc1 (110%) expression in the control-
cultures, but these effects were blocked in the Ad-Cre co-cultures. These data indicate that
deletion of ephrin B2 in osteoclasts not only inhibits osteoblast stimulated
osteoclastogenesis but osteoclast stimulated osteoblast differentiation and the stimulation of
such differentiation by IGF-I.

Deficiency of IGF-I and IGF-IR decreases expression of ephrin B2 and EphB4 in growth
plate (GP) chondrocytes in vivo

H&E staining showed that at 3 weeks WT mice (Fig.6A) formed well-organized GPs in their
long bones (tibia). Compared to the WTs, the IGF-IKOs (Fig.6B) had smaller GPs with
shorter proliferating zones (PZ) (194.96 = 11.11 in WT vs. 118.47 £ 37.58 in KO),
prehypertrophic zones (PHZ) (73.76 + 6.82in WT vs. 38.71+ 5.6 in KO) and hypertrophic
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zones (HZ) (152.01+ 7.52 in WT vs. 90.25 + 9.35 in KO) (n = 3 in each group, p < 0.05 for
each zone). The cells in each zone were also disorganized. To test whether ephrin B2/EphB4
signaling is also involved in the regulation of GP development and whether these molecules
interact with IGF-IR signaling in this tissue, we compared the expression of ephrin B2 and
EphB4 by immunohistochemistry in the GPs of global IGF-1KO and chondrocyte-specific
IGF-IRKO (CaIGF-IRKO) mice. Negative controls for the immunohistochemistry of ephrin
B2 (Fig.6C) and EphB4 (Fig.6D) showed no non specificity. In the GPs of WT mice, the
expression of ephrin B2 and EphB4 was predominantly found in chondrocytes in the
prehypertrophic/maturation zone and to a lesser extent in cells in the proliferating zone and
upper hypertrophic zone (Fig.6E & G). Little or no expression of these molecules was found
in the lower HZ (Fig.6E & G). The IGF-IKO mice (littermates) had profound reductions in
the expression of ephrin B2 (Fig. 6F) and EphB4 (Fig. 6H) protein in all subpopulations of
chondrocytes in the GPs of IGF-1IKO compared to WT mice.

We next examined the expression of ephrin B2 and EphB4 in the GP of neonatal C"|GF-
IRKO mice and their control littermates. As in the global IGF-1KO, the Ca|GF-IRKO
showed a reduction in the HZ (Fig.6J, L) compared to littermate controls (Fig. 61, K),
although the PZ and PHZ were comparable. In the control mice, ephrin B2 (Fig.61) and
EphB4 (Fig. 6K) were strongly expressed by chondrocytes in the lower PZ, PHZ, and
throughout the HZ. These expression patterns are compatible with the patterns in the 3 week
old WT mice as described above. Similarly, the expression of ephrin B2 (Fig.6J) and Eph
B4 (Fig. 6L) was significantly decreased in all subpopulations of chondrocytes in the GPs
of CaMGF-IRKO mice. Q-PCR analyses of RNA extracted from the GP showed significant
reductions in the expression of ephrin B2 and EphB4 RNA, by 40% and 43%, respectively,
in the CaGF-IRKO mice, when compared with WT controls (Fig.6M). The mRNA levels
of RANKL and OPG were low in the WT mice. Compared with controls, RANKL
expression was further decreased by more than 80% in the Ca"|GF-IRKOs. No significant
difference in OPG expression between WT and Ca|GF-IRKO was observed (Fig.6M). Thus
the expression of ephrin B2 and EphB4 in chondrocytes like that in osteoblasts is regulated
by IGF-I/IGF-IR signaling.

The role of ephrin B2/EphB4 in chondrocyte differentiation and chondrocyte-OCL

interaction

To determine the role of ephrin B2/EphB4 signaling in regulating the differentiation of
chondrocytes and mediating the anabolic effects of IGF-I, we examined the impact of
TNYL-RAW on the differentiation of vehicle or IGF-I treated chondrogenic ATDCS5 cells.
First, Q-PCR determined that ATDCS5 cells expressed both ephrin B2 and EphB4 and that
IGF-1 treatment significantly increased the mRNA levels of ephrin B2 and EphB4 when
compared with the vehicle treatment (Fig.S3). Other than EphB4 and ephrin B2, ATDC5
cells and growth plate cartilage also expressed ephrin B1 and receptors EphB2, B3, B6 and
lower levels of EphA4, but no EphB1 (FigS4). As shown in Fig. 7, TNYL-RAW treatment
significantly decreased mRNA levels of type Il collagen (55% of vehicle treated control)
and type X collagen (52% of vehicle treated control), respectively, compared with the
vehicle treated cultures (Fig.7A). IGF-1 treatment increased the mMRNA levels of type Il
collagen and type X collagen in the ATDCS5 cells without TNYL-RAW treatment, but these
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effects were blunted in the ATDCS cells treated by TNYL-RAW (Fig. 7A). OPG was also
expressed in ATDCS cells, but neither TNYL-RAW nor IGF-I treatment alone significantly
affected the mRNA level of OPG in the ATDCS5 cells. However, surprisingly, IGF-I
decreased the mRNA level of OPG in the TNYL-RAW treated ATDCS cells suggesting a
difference with the role of ephrin B2-EphB4 in these cells compared to osteoblasts with
respect to IGF-I signaling. Nevertheless, these data suggest that ephrin B2/EphB4 stimulates
chondrocyte differentiation, and at least in part, mediates the anabolic effects of IGF-1. The
ability of ephrin B2/EphB4 to regulate RANKL expression and promote osteoclast
differentiation (Fig. 4) in BMSCs led us to hypothesize that ephrin B2/EphB4 signaling may
also mediate osteoclastogenesis by altering the RANKL/OPG pathway in chondrocytes. To
test this, we established co-cultures of ATDCS cells and spleen cells (osteoclast precursors)
and examined the impact of TNYL-RAW on the differentiation of osteoclasts in these
cultures. In support of our hypothesis, we observed osteoclast formation in the co-cultures of
ATDCS cells and spleen cells (Fig. 7B2) but not in cultures of spleen cells alone (Fig. 7B1).
However, to our surprise treatment of these co-cultures with OPG failed to prevent ATDC5
induction of OCL formation (TRAP positive cell number: 21 + 5 cells/well in vehicle-
treated vs. 19 £ 5 cells/well in OPG-treated) (Fig. 7B3), suggesting that RANKL/OPG
pathway was not involved in inducing osteoclast differentiation in the co-cultures with
chondrocytes at least under the conditions of these experiments. Furthermore, the expression
of RANKL by Q-PCR in the ATDCS5 cell cultures or in the co-cultures of ATDC5 cells and
osteoclast precursors was below the limits of detection (data not shown). On the other hand,
TNYL-RAW treatment significantly decreased the formation of TRAP positive cells (3 or
more nuclei) by 58% in these co-cultures (TRAP positive cell number: 21 + 5 in vehicle vs.
9+ 2in TNYL-RAW, p <0.05) (Fig.7B4). mRNA levels of chondrocyte and osteoclast
differentiation markers from these cultures were determined by Q-PCR (Fig. 7B bar graph).
Neither OPG nor TNYL-RAW treatment affected the mRNA levels of type Il collagen
(Col.I1). OPG treatment did not significantly affect NFATcl or RANK expression, but
TNYL-RAW treatment substantially reduced the mRNA levels of NFATc1 (50% of control)
and RANK (9% of control) in the co-cultures. In addition, compared with the vehicle treated
co-cultures, TNYL-RAW induced no changes in the mRNA levels of ephrin B1 or ephrin
B2 receptors (EphB2, B3, B6 and EphA4) (Fig.7B, bar graph), suggesting that in the case of
chondrocyte/osteoclast co-cultures ephrinB2/EphB4 signaling has less regulation of other
ephrin/Eph family members than is the case for osteoblast/osteoclast interactions. The
significance of these differences will require further investigation. To determine the effects
of IGF-1 in these co-cultures, control and TNYL-RAW treated co-cultures were further
treated by vehicle or IGF-1 (Fig. 7C). IGF-I significantly increased the osteoclast formation
in the co-cultures without TNYL-RAW treatment (20 + 3 in control vs. 32 £ 5 in IGF-1, p <
0.05), but these effects were blunted in the TNYL-RAW treated co-cultures (12 £2 in
vehicle treated TNYL-RAW cultures vs. 13 +3 in IGF-I treated TNYL-RAW cultures) (Fig.
7C). IGF-I increased mRNA levels of NFATc1 (2.5 fold) but decreased mRNA levels of
RANK in the co-cultures. These effects were blocked by TNYL-RAW (Fig.7C bar graph),
further evidence that chondrocyte regulation of osteoclastogenesis differs from that of
osteoblast regulation of osteoclastogenesis at least with respect to IGF-I. Regardless, these
results indicate that in the co-culture of ATDCS5 cells and osteoclast precursors, ephrin B2-
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EphB4 mediates the induction of osteoclastogenesis by chondrocytes independent of
RANKL.

Discussion

In this study we have demonstrated that IGF-1 signaling induces ephrin B2/EphB4
expression in osteoblasts and chondrocytes and ephrin B2 expression in osteoclasts. This up-
regulation of ephrin B2/EphB4 signaling is necessary for IGF-1 stimulation of osteoblast,
osteoclast and chondrocyte differentiation required for endochondral bone formation and
skeletal remodeling.

Our data are compatible with prior reports demonstrating the expression of ephrin B2 and/or
EphB4 in BMSCs/osteoblasts/osteocytes, osteoclasts (16,34,35) and bone marrow cells (36),
and their regulation by both anabolic and catabolic regulators of bone remodeling. We
observed that the expression of ephrin B2 in osteoblasts and osteoclasts and the expression
of EphB4 in osteoblasts were impaired by global IGF-I deficiency or ablation of IGF-IR in
these cells. Moreover, IGF-1 treatment increased the mRNA levels of EphB4 in BMSC
cultures and mRNA levels of ephrin B2 in BMSC and osteoclast precursor cultures. These
data indicate that IGF-I signaling is required for ephrin B2 and EphB4 gene expression in
osteoblasts and ephrin B2 expression in osteoclasts, and as such is a critical regulator of
ephrin B2/ EphB4 signaling in these bone cell populations.

The anabolic effects of IGF-1 on bone can be attributed to the increased differentiation and
function of osteoblasts(18,21,37). Recent studies reported that ephrin B2 produced by
osteoblasts acts as a paracrine and/or autocrine factor to stimulate their differentiation (38).
In our study, inactivation of EphB4 in osteoblasts not only decreased the expression of
osteoblast differentiation markers RUNX2, AP and OCN, but abolished the stimulatory
effects of IGF-1 on these markers, suggesting that IGF-1 stimulates osteoblast differentiation
via ephrin B2/EphB4 signaling. Moreover, deletion of IGF-IR in osteoblasts in vivo or in
vitro not only decreased ephrin B2 and EphB4 expression, but blunted the anabolic actions
of PTH on osteoblast differentiation. These results indicate that in osteoblasts, PTH activates
IGF-1 signaling(20,21), which increases the production of ephrin B2 and EphB4 and
promotes osteoblast differentiation and bone formation (38,39).

Previous studies have demonstrated that IGF-I is required for maintaining the interaction
between osteoblasts and osteoclasts to support osteoclast formation through its regulation of
RANKL/RANK and M-CSF/c-fms expression(19). In the current study TNYL-RAW, a
specific antagonist of ephrinB2 interactions with EphB4 (40), blocked osteoblast induced
osteoclastogenesis, decreased osteoblast differentiation (as indicated by lower mRNA levels
of AP) and blocked the ability of IGF-1 to promote osteoblast differentiation and
osteoclastogenesis in these co-cultures. Our data do not support a role for ephrin B2/EphB4
in osteoblast suppression of osteoclast differentiation as suggested by earlier studies (16);
rather our results indicate the opposite—ephrin B2/EphB4 is required for osteoblasts to
promote osteoclastogenesis. To confirm these results we performed the following. First, the
inhibition of osteoclastogenesis is not due to TNYL-RAW itself as demonstrated by the
inability of TNYL-RAW to block osteoclastogenesis induced by M-CSF and RANKL.
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TNYL-RAW resulted in increased expression of other ephrin B2 receptors, EphB3, EphB4
and ephrin B2 itself with no change in ephrin B1 indicating that the suppression of
osteoclastogenesis was not due to failure of other potentially compensating changes in
ephrin signaling(41). Likewise, TNYL-RAW led to an increase in RANKL, a trend toward
an increase in RANK and a decrease in OPG expression, which should have increased
osteoclastogenesis, but did not. Most compelling, however, is that deletion of ephrin B2
from osteoclast precursors prior to co-culture with osteoblasts blocked osteoclastogenesis
and blocked its stimulation by IGF-1. Of note, when ephrin B2 was deleted, the expression
of ephrin B1, EphB2, EphB3, and EphB4 was increased. In other studies deletion of ephrin
B1 from the myeloid lineage led to increase osteoclast activity(42). Conceivably, the
deletion of ephrin B2 from the osteoclast precursor in our studies resulted in decreased
osteoclastogenesis in part by the increase in ephrin B1. Furthermore, deletion of ephrin B2
from osteoclasts not only decreased osteoclastogenesis but blocked osteoblast
differentiation, as indicated by decreased OSX expression, and blocked its stimulation by
IGF-1. Thus, disruption of ephrinB2/EphB4 signaling between osteoblasts and osteoclasts
whether by a specific inhibitor, TNYL-RAW, or deletion of ephrin B2 from osteoclasts
results in both decreased osteoblast and osteoclast differentiation, and blocks the stimulation
of these events by IGF-I.

Previous studies indicate that ephrin B2 treatment of osteoarthritic chondrocytes increases
gene expression levels of type Il collagen in these cells(43), suggesting that ephrin B2 also
plays a role in regulating chondrocyte differentiation. In our current study, blocking ephrin
B2/EphB4 interaction in ATDCS5 cells reduced not only the mRNA levels of type 11 and type
X collagen, but their stimulation by IGF-1, indicating that ephrin B2/EphB4 signaling also
promotes chondrocyte differentiation as well as that of osteoblasts and osteoclasts.
Deficiency of IGF-I in the IGF-IKO mouse or deletion of IGF-IR in chondrocytes decreased
the mRNA and protein levels of ephrin B2 and EphB4 in these cells, indicating that IGF-I
signaling is required for the expression of ephrin B2 and EphB4 in chondrocytes. Ephrin B2/
EphB4 mediates IGF-I stimulated chondrocyte differentiation and function as it does in IGF-
| stimulated osteoblast and osteoclast differentiation and function.

At the chondro-ossesous junction in the growth plates, osteoclast activity follows vascular
invasion and is required for the conversion of cartilage to bone. The communication
between chondrocytes and adjacent osteoclasts is critical for this process but has received
little attention. Two previous studies showed that chondrocytes support osteoclastogenesis
via RANKL/RANK signaling(44,45). In our hands, ATDCS5 cells express very low levels of
RANKL mRNA as does neonatal growth plate cartilage (Fig. 6), but multinucleated
osteoclasts formed spontaneously in the co-cultures of ATDC5 and spleen cells but not in
spleen cell or ATDCS5 cultures alone. OPG failed to inhibit osteoclastogenesis in these co-
cultures, indicating that a signaling pathway other than RANKL/RANK was involved. This
alternative pathway likely involves ephrin B2/EphB4 as osteoclasts failed to form in co-
cultures of chondrocytes and osteoclast precursors when the ephrin B2/EphB4 interaction
was blocked by TNYL-RAW even in the presence of IGF-I. As in osteoblasts, deletion of
IGF-IR in chondrocytes decreased the mRNA levels of ephrin B2, EphB4 and RANKL. We
previously showed that IGF-IKO mice have a high trabecular bone volume with more
cartilage remnants due to decreased osteoclast numbers in the metaphysis(19). Our results,
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herein, suggest that IGF-I/IGF-IR in chondrocytes regulates the ephrin B2/EphB4
interaction between chondrocytes and osteoclast precursors that if impaired results in
increased trabecular bone volume despite reduced bone formation.

In summary, our data indicate that IGF-1/IGF-IR promotes osteoblast and osteoclast
differentiation via ephrin B2/EphB4 by stimulating ephrin B2 and EphB4 production in
osteoblasts and ephrin B2 in osteoclasts, thus regulating communication between these two
cell types. In addition chondrocyte expression of ephrin B2 and EphB4 is regulated by IGF-
I/IGF-IR, and ephrin B2/EphB4 mediates the communication between chondrocytes and
osteoclasts. Our results indicate that IGF-1/IGF-IR signaling controls the interaction between
chondrocytes, osteoblasts, and osteoclasts via its regulation of ephrin B2/EphB4 expression,
and so controls key processes required for endochondral bone formation and remodeling .
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Figure 1. Ephrin B2 and EphB4 expression in bone cells of the wild-type and global IGF-1 KO
Immunohistochemistry demonstrated that compared with the wild-type mice (WT, A), the

global IGF-I KO (KO, B) had lower expression of ephrin B2 (Brown) in the osteoblasts,
osteoclasts and bone marrow cells. High magnification photos (HMP, C-F) further
confirmed these observations. C- D (red frame, HMP of red frame areas in A and B,
respectively): ephrin B2 expression in the osteoblasts (arrows, C and D) and osteocytes
(dashed arrows, C and D) in WT (C) and KO (D); E-F (green frame, HMP of green frame
areas in A and B, respectively): ephrin B2 expression in the osteoclasts (arrows heads) the
WTs (E) and KOs (F). The KO mice (H) also had lower expression of EphB4 (brown) in
their osteoblasts and bone marrow than WT (G). | and J (HMP of frame areas in G and H,
respectively): showed reduction of EphB4 expression in the osteoblasts (arrows), osteocytes
(dashed arrow) in KOs (J) compared with WTs (I). No EphB4 expression was detected in
the osteoclasts (I, arrow heads). K—L: Negative controls (1gG controls) of ephrin B2 (K) and
EphB4 (L) immunohistochemistry. 10 x in A, B, G and H; 40 x in C-J; 20 x in K-L. Bars =
50 um. n = 3 in each group.
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Figure 2. IGF-IR in the osteoblasts or osteoclastsisrequired for the expression of ephrin B2 and
EphB4 in osteoblasts and the expression of ephrin B2 in osteoclasts

A: Expression of ephrin B2 and EphB4 mRNA levels in bones (marrow flushed out) of
osteoblast-specific IGF-IR KO mice (°BIGF-IR KO) and control littermates treated with
PTH (open bars) or vehicle (solid bars) for 2 weeks was determined by Q-PCR. n =4 in
vehicle-treated control and °BIGF-IR KO mice and n =5 in PTH-treated control and BIGF-
IR KO mice. B-C: BMSCs (B, OB progenitors) or spleen cells (C, OCL precursors) from
the floxed IGF-IR mice were treated with PBS (vehicle control), or infected with empty
viruses (DNR, hatched bar, virus control) or adenoviruses carrying a functional cre-
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recombinase (Adv-cre) to delete IGF-IR in these cells. BMSCs were further treated by PTH
(100 ng/ml, open bars) or vehicle (solid bars) for 2 hrs. D: BMSC from the wild-type mice
(WT) were treated with PBS (solid bar) or Adv-cre (open bar) to test the effect of Adv-cre
infection on WT BMSCs. mRNA levels of ephrin B2, EphB4 and IGF-IR were determined
by Q-PCR. In A-B, a: p < 0.05 vs. vehicle treated control; b: p < 0.05 vs. PTH treated
controls; in C, a: p < 0.05 vs. PBS control. n = 4 wells in each group. Error bars enclose
mean + SD.
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Figure 3. IGF-I regulates osteoblast differentiation via the ephrin B2/EphB4 signaling pathway
A: Western blot confirming the deletion of EphB4 in the siEphB4 cultures. B: The mRNA

levels of ephrin B1 and ephrin B2 receptors EphB2, EphB3, EphA4 in the control and
siEphB4 cultures were determined by Q-PCR. C: EphB4 was knocked down in the BMSC
cultures at day 12 by incubation with gene-specific sSiRNA for 72 hours, then the cultures
were treated by IGF-1 (10 ng/ml, open bars) or vehicle (solid bars) for 24 hrs before mMRNA
levels of EphB4, AP, OCN, and RUNX2 were determined by Q- PCR. Results are expressed
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as percentage of a housekeeping gene (L-19) expression (mean = SD). a: p < 0.05 vs.
vehicle treated control; b: p < 0.05 vs. vehicle treated sSiRNA. n = 4 wells in each group.
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Figure 4. IGF-I maintains osteoblast-osteoclast communication via ephrinB2/EphB4 signaling
pathway
Co-cultures of spleen cells and BMSCs treated with TNYL-RAW (50 pM) or controls.

These cultures were further treated by vehicle or IGF-1 10 ng/ml 24 hrs before analyses. A-
D: Number of osteoclasts (arrows) formed in the cultures was counted and shown under the
corresponding pictures. mRNA levels of ephrin B1 and ephrin B2 receptors EphB2, EphB3,
EphA4 (E) and RANKL, RANK, OPG, AP and NFATc1 (F) in the co-cultures were
determined by Q-PCR. Results are expressed as mean £ SD. a: P < 0.05 vs. vehicle treated
control. n = 4 wells in each group.
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Figure5. Ephrin B2 in osteoclasts promotes osteoblast and osteoclast differentiation
Osteoblasts were co-cultured with spleen cells (osteoclast precursors) from floxed ephrinB2

mice infected with control (control), empty viruses (Ad-DNR, virus control) or adenoviruses
carrying a functional cre-recombinase (Adv-cre) prior to co-culture. These co-cultures were
further treated by vehicle or IGF-1. A: TRAP staining. The number of osteoclasts (arrows)
per low magnification field (LMF) formed in the cultures was counted and shown under the
corresponding pictures. The mRNA levels of ephrin B1 and ephrin B2 receptors (B) and
osteoblast (0osx) and osteoclast (NFATc1) differentiation markers (C) in the co-cultures were
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determined by Q-PCR. V: vehicle treated co-cultures, IGF-I: IGF-I treated co-cultures.
Results are expressed as mean = SD. a: p < 0.05 vs. vehicle treated control; b: p <.0.5 vs.
vehicle treated Ad-Cre. n = 4 wells in each group
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Figure6. IGF-1/IGF-IR signaling isrequired for the expression of ephrin B2, EphB4 and
RANKL in the growth plate
A-B: H&E staining of the growth plates (GP) from the WTs (A) and global IGF-IKOs (B).

C-D: Negative controls (IgG controls) of ephrin B2 (C) and EphB4 (D)

immunohistochemistry. E-L: Immunochistochemical detection of ephrin B2 (E, F, | and J)
and EphB4 (G, H, K and L) in the GPs of IGF-IKO (E-H) and “@"IGF-IRKO (I-L) mice
and corresponding WT littermates (E, G for IGF-IKO; I, K for @ |GF-IRKO). Compared
with the wild-types (WT), the expression of ephrin B2 and EphB4 was markedly reduced in
the chondrocytes in each zone of GPs from both KO models. PZ: proliferating zone; PHZ:
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prehypertrophic zone; HZ: hypertrophic zone. Bars = 50 pm in A-L. n = 3 in each group. M:
Expression of ephrin B2, EphB4, RANKL and OPG RNA in the GP from the knees

of CAL|GF-IRKO (open bars) and control mice (solid bars) was determined by Q-PCR.
Results are expressed as percentage of L-19 expression (means + SD of triplicate
determinations). a: p < 0.05 @ |GF-IRKO vs. control.
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Figure 7. Ephrin B2/EphB4 signaling pathway isimportant for chondrocyte differentiation and
chondrocyte-OCL communication
A: ATDCS cells were treated with vehicle or TNYL-RAW, then further treated with vehicle

or IGF-1 for 24 hrs. The mRNA levels of Col.ll, Col. X and OPG were determined by Q-
PCR. B: Spleen cell culture alone (no ATDCS cells) (B1). Co-culture of ATDCS cells and
spleen cells were treated with vehicle (B2), OPG (B3) or TNYL-RAW (B4). TRAP positive
cells (arrows, 3 or more nuclei) formed in the cultures were counted, and the numbers are
shown below the relevant pictures. The mRNA levels of Col.ll, NFATc1, RANK and ephrin
B2 receptors in the co-cultures were determined by Q-PCR. C: Co-cultures of ATDC5 cells
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and spleen cells were treated with vehicle or TNYL-RAW and subsequently with IGF-1 or
vehicle. TRAP positive cells formed in the cultures were counted, and the numbers are
shown below the relevant pictures. Bar graph: The mRNA levels of NFATcl and RANKL
in the co-cultures were determined by Q-PCR. D: The mRNA levels of ephrin B1 and ephrin
B2 receptors in the above co-cultures were determined by Q-PCR. V: vehicle treated co-
cultures, IGF-1 treated co-cultures. Results are expressed as mean + SD, a: p < 0.05 TNYL-
RAW vs. control; b: p < 0.05 IGF-I/TNYL-RAW treatment vs. vehicle/TNYL-RAW
treatment. n = 4 wells in each group.
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