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Abstract
The processes of bone resorption and bone formation are tightly coupled in young adults, which is
crucial to maintenance of bone integrity. We have documented that osteoclasts secrete chemotactic
agents to recruit osteoblast lineage cells, contributing to coupling. Bone formation subsequent to
bone resorption becomes uncoupled with aging, resulting in significant bone loss. During bone
resorption, osteoclasts release and activate transforming growth factor beta 1 (TGF-β1) from the
bone matrix; thus, elevated bone resorption increases the level of active TGF-β in the local
environment during aging. In this study, we examined the influences of TGF-β1 on the ability of
osteoclasts to recruit osteoblasts. TGF-β1 increased osteoclast expression of the chemokine
CXCL16 to promote osteoblast migration. TGF-β1 also directly stimulated osteoblast migration,
however, this direct response was blocked by conditioned medium from TGF-β1-treated
osteoclasts due to the presence of leukemia inhibitory factor (LIF) in the medium. CXCL16 and
LIF expression was dependent on TGF-β1 activation of Smad2 and Smad3. These results establish
that TGF-β1 induces CXCL16 and LIF production in osteoclasts, which modulate recruitment of
osteoblasts to restore the bone lost during the resorptive phase of bone turnover.
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1. Introduction
It has been recognized for many years that bone resorbed by osteoclasts is replaced through
bone deposition by osteoblasts, a process termed coupling. Once adult height is reached,
bone resorption is tightly linked to precisely replace the removed bone in both location and
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amount. However, the process breaks down with aging, resulting in a net loss of bone.
Because of a significant portion of aging adults loose sufficient bone to be at risk for
debilitating fracture, it is crucial to resolve the factors that drive coupling of bone resorption
to subsequent bone formation and how local factors can influence this process. Recruitment
of bone forming progenitors cells to active resorption sites is a necessary early step in
coupling. We showed that osteoclasts release chemotactic agents to enhance mesenchymal
cell migration [1]. During periods of high bone turnover, elevated bone resorption releases
and activates bone matrix-bound TGF-β [2–4]. In humans, mutations in TGF-β that
influence its activity have profound impacts on bone development. Loeys-Doetz syndrome,
which is caused by activating mutations in the TGF-β receptors, leads to cleft palate,
scoliosis, and craniosynostosis [5]. Defects in TGF-β sequestration cause Marfan’s
Syndrome, which is manifested in an unusually tall stature with long limbs and long, slender
fingers [6]. Mutations that constitutively activate TGF-β1 cause inherited Camurai-
Engelmann Disease [7]. This is primarily manifested by a thickening of the bone diaphysis
due to increased bone formation. Moreover, QTL mapping revealed that a TGF-β latency
binding protein is a strong candidate gene located on chromosome 7 associated with BMD
differences between mouse strains [8]. Taken together, these data confirm that TGF-β has
important roles in bone metabolism.

There are three mammalian TGF-β isoforms, which are similar in amino acid sequences [9].
TGF-β1 is the most abundant form in mineralized tissues, although all three isoforms are
found bound to the bone matrix in inactivating complexes [9]. The three TGF-β isoforms
activate a single receptor complex, which is expressed in most tissues. Thus, tight control of
TGF-β activation is required to control biological functions. We showed osteoclasts secrete
cathepsins to activate latent TGF-β [2]. Thus active TGF-β is present when osteoclasts are
actively resorbing bone. TGF-β was reported to enhance migration in both transformed and
normal cells, including osteoblastic cells [10–18]. However, there are reports that TGF-β can
also inhibit migration of normal and transformed cells, indicating complex and potentially
tissue-specific influences of TGF-β on migration [19–21]. Tang et al [18] documented that
TGF-β released during bone resorption is a chemotactic agent that recruits mesenchymal
cells to the sites of resorption to begin the replacement phase of bone turnover. Because of
the elevated levels of TGF-β present at sites of bone resorption and our evidence that
osteoclasts secrete chemotactic factors, we examined the influences of TGF-β on osteoclast
support of mesenchymal cell migration.

2. Materials and Methods
All chemicals were from Sigma Chemical Co., St Louis, MO unless indicated elsewise.

2.1. Osteoclast culture
All protocols were approved by the Mayo Clinic IACUC prior to the start of the studies. Six
to 12 week-old C57Bl/6 mice (Jackson Laboratories) were sacrificed and bone marrow
harvested and processed as we previously reported [22]. Bone marrow macrophages were
cultured in αMEM supplemented with 10% (v/v) FBS, 100 ng/mL RANKL, and 25 ng/mL
M-CSF (differentiation medium) for 4 days. When the cells are re-fed on day 3, either
vehicle (PBS with 0.1% BSA) or 2 ng/ml TGF-β1 (R&D) was added.

2.2. Conditioned media preparation
For the migration and protein assays, mature osteoclast conditioned media were harvested
and stored at −80°C until assayed.
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2.3. Osteoblast culture, migration, and quantitation
Calvarial osteoblastic cells from neonatal mice were obtained and cultured as previously
described [23]. Cultures were maintained and replated for experiments in αMEM
supplemented with 10% FBS (base medium). For migration experiments, 95% confluent
cells were harvested and assayed using the QCM 24-well Colorimetric Cell Migration Assay
(Millipore). Calvarial cells in base medium with or without pre-treatment (see below) were
added to the inserts. Base or conditioned media with or without additives (as detailed below
and in the figure legends) were added to the bottom chamber. The assembled assay was
incubated at 37° C for 6 hours. Cell migration through the insert membrane was quantitated
by staining cells with the provided reagent, cells on the upper side of the membrane were
removed, and the cell stain was extracted and quantitated using absorbance at 560 nm.
Inhibitor treatments are detailed below.

2.4. Treatments
2.4.1. CXCL16 treatment—Recombinant mouse CXCL16 (R&D) was reconstituted at 50
μg/ml in sterile 0.1% PBS (vehicle) and stored at −20°C until used. Vehicle or 250 ng/ml
CXCL16 was added to base medium in the bottom chamber and the migration assay carried
out as outlined above.

2.4.2. Inhibitor treatments—Antibody neutralization: Osteoclast conditioned media
were pre-treated with either isotype control or a neutralizing antibody to TGF-β (R&D; at
12.5 μl/ml), CXCL16 (R&D; at 0.5 uμg/ml), or LIF (Sigma Aldrich; 10 uμg/ml) prior to
placement in the bottom of the migration chamber. Adenoviral infections: On day 3, marrow
cultures were infected at a multiplicity of 100 with empty vector, dominant negative Smad2,
dominant negative Smad3 (both gifts from Dr. Rosa Serra, University of Alabama), or both.
Six hours later, the media were removed and the cells re-fed with media containing either
vehicle or 2 ng/ml TGF-β1 for 24 hours. Cells were harvested for RNA as described.
Pharmacological kinase inhibition: Vehicle (DMSO), InSolution AKT inhibitor IV
(Millipore) (which targets all AKF isoforms but not PI3K), or the MEK1/2 inhibitor U0126
(Millipore) was added to marrow cultures with the day 3 feeding and the cells were
incubated at 37°C in a CO2 incubator. Fifteen minutes later, either vehicle or 2 ng/ml TGF-
β1 were added for 24 hours. Cells were harvested for RNA as described.

2.5. Quantitative Real Time Polymerase Chain Reaction
Cells were rinsed with PBS and RNA harvested from mature osteoclasts using Qiagen’s
RNeasy total RNA purification kit according to the product literature. Following
quantitation, cDNA was synthesized and real time PCR analysis carried out as we reported
[24]. Primers were:

GENE FORWARD REVERSE

CXCL16 5′-CAAGACCCTAGCGCCTACAG -3′ 5′-CCATTCACTGATGGAGACGA -3′

LIF 5′-GATCCCAGTCCCCTTAGCTC -3′ 5′-CCTCATGATCCGACTTCGTT -3′

Tubulin A1A 5′-GAGTGCATCTCCATCCACGTT-3′ 5′-TAGAGCTCCCAGCAGGCATT-3′

Fluorescence was quantified as the Ct value. The differences between the mean Ct values of
the genes were denoted (Δ-Ct) and the difference between the Δ-Ct value of the Tubulin
A1A was calculated as ΔΔ-Ct. The log2(ΔΔ-Ct) resulted in the relative quantification value
of gene expression. Expression is calculated for each gene in response to TGF-β1 relative to
expression of that gene in vehicle treated cells.
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2.6. Chemokine secretion analysis
The R&D Proteome Profiler Antibody Array for Mouse Chemokines was used according to
the manufacturer’s instructions. Briefly, two biological replicates treated with either vehicle
or TGFβ1 were assayed using the provided membranes with capture and control antibodies
spotted in duplicate on the nitrocellulose membrane. All reagents were supplied by the
manufacturer with the exception of the conditioned media. Processing and analysis followed
the provided protocol.

2.6.1. LIF receptor expression analysis—Eighty percent confluent calvarial cells were
treated with either vehicle or 2 ng/ml TGF-β1 for 6 hours. Cell extracts were harvested and
protein concentrations determined with the BioRad DC Protein Assay kit as instructed.
Proteins (40 μg) were separated using 10% SDS-PAGE followed by electroblotting to
Immobilon-P membranes (Millipore, Bedford, MA). Membranes were probed as described
with antibodies to mouse/human CXCR6 (Acris Antibodies) [22]. Lane loading was
monitored by re-probing blots for β-actin (Sigma Chemical Compahy). Signals were
visualized using the ECL Plus detection system (Amersham Biosciences, Buckinghamshire,
England) according to the manufacturer’s instructions.

2.6.2. LIF secretion analysis—The R&D Mouse LIF Quantikine ELISA kit was used
with a standard curve to quantitate LIF levels in vehicle or TGF-β 1 treated osteoclast
conditioned media according to the manufacturer’s protocol. Three biological replicates
treated with either vehicle or TGF-β 1 were assayed.

2.7. Statistics
Each experiment had at least 3 replicates and was repeated at least 3 times. These data are
representative of the results. Data were analyzed using a one way analysis of variance
(ANOVA) as compared to controls as indicated in each figure legend and are presented as
mean +/− SEM. Significance was determined at p<0.05 using KaleidaGraph software
(Synergy Software, Reading PA).

3. Results
3.1. TGF-β stimulates osteoclasts to increase osteoblast migration

To examine how TGF-β impacts osteoclast-directed promotion of osteoblast migration,
osteoclasts were treated with either vehicle or TGF-β 1 for 24 hours prior to collection of the
conditioned media. To eliminate direct TGF-β effects on migration, an aliquot of each
conditioned medium was pre-treated with a well-characterized TGF-β neutralizing antibody.
Calvarial cells were placed in migration chambers for 6 hours and migration through a
porous membrane was assessed (Figure 1). Conditioned medium from TGF-β1 treated
osteoclasts significantly stimulated migration and neutralizing TGF-β did not alter this
response. Because our parallel studies described below confirmed that the neutralizing
activity of this antibody, we interrogated other mechanisms of action in the conditioned
medium.

3.2. TGF-β increases CXCL16 expression to enhance osteoblast migration
Because chemokines stimulate cell migration, we employed an antibody array to determine
whether TGF-β enhanced osteoclast chemokine secretion. Conditioned media from vehicle
and TGF-β1 treated osteoclasts were assessed. In replicate samples, CXCL16 was elevated
in the TGF-β 1-treated osteoclast conditioned medium (Figure 2A, solid arrows). Osteoclasts
express high levels of the chemokine CCL9/MIP1γ [25] but we did not detect an influence
of TGF-β on its secretion (Figure 2A, open arrows). Unexpectedly, levels of many of the

Ota et al. Page 4

Bone. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



other chemokines in this antibody array were suppressed by TGF-β1 treatment. The
suppressed chemokines included CCL2, 8, 12, 21, 22, 27, and 28; CXCL1, 2, 5, 9, 11, 12,
and 13; CLL3 and CX3CL1 (see identities of the coordinates in Supplemental Figure 1). We
reported that osteoclasts secrete the chemokine sphingosine 1 phosphate (S1P) [1]; however,
we were unable to detect any effects of TGF-β1 on S1P production (data not shown).

To determine if CXCL16 effects osteoblast migration, migration assays were performed in
the presence or absence of TGF-β1 and a CXCL16 neutralizing antibody. CXCL16
neutralization suppressed basal migration of osteoblasts toward vehicle treated osteoclast
conditioned medium (Figure 2B). CXCL16 neutralization also abrogated the observed
migration enhancement toward TGF-β1 treated osteoclast conditioned medium (Figure 2B).
To verify that osteoblasts expression the cognate receptor for CXCL16, CXCR6 and
determine whether TGF-β alters receptor expression during the time frame of our migration
study, we examined CXCR6 protein levels. Osteoblasts treated for 6 hours with either
vehicle or TGF-β expressed comparable levels of CXCR6 protein (Figure 2C). To verify a
role for CXCL16 in promoting osteoblast migration, recombinant mouse CXCL16 migration
influences were examined. Two hundred and fifty ng/ml of CXCL16 in base medium
stimulated osteoblast migration within 6 hours of exposure (Figure 2D).

To determine whether enhanced expression of CXCL16 in TGF-β1-treated osteoclasts was
due to increased CXCL16 gene expression, osteoclasts were treated with vehicle or 2 ng/ml
TGF-β1 for 1 or 24 hours and gene expression was quantitated by real time PCR. Expression
of CXCL16 mRNA was rapidly stimulated by TGF-β1 treatment and remained elevated for
24 hours (Figure 3A). A dose-dependent increase in CXCL16 expression was observed
between 0.2 and 2 ng/ml (data not shown). Neutralizing TGF-β during osteoclast treatment
suppressed the influences of TGF-β on CXCL16 gene expression, verifying the effectiveness
of antibody neutralization (Figure 3B). To resolve the mechanisms of TGF-β1 modulation of
osteoclast CXCL16 expression, we inhibited AKTs, MEK1/2, Smad 2, Smad 3, or both
Smads. Suppression of Smad signaling suppressed TGF-β1 stimulation of CXCL16 mRNA
expression (Figure 3C). Inhibition of AKT or MEK kinase pathways had no impact on TGF-
β1 stimulation of CXCL16 gene expression.

3.3. TGF-β-induced LIF expression in osteoclasts blocks direct TGF-β osteoblast migration
stimulation

Given the published data that TGF-β directly stimulates calvarial cell migration [9] and the
presumed presence of residual TGF-β1 in the TGF-β treated osteoclast conditioned medium,
the lack of any impact of TGF-β neutralization on migration toward TGF-β-treated
osteoclast conditioned medium was unexpected. We therefore examined direct influences of
adding TGF-β1 to the osteoclast conditioned media on calvarial cell migration. TGF-β1
addition to vehicle treated osteoclast conditioned medium stimulated migration (Figure 4).
Surprisingly, addition of TGF-β1 to the TGF-β-treated osteoclast conditioned medium did
not further enhance migration above the effect of the conditioned medium itself (Figure 4).
To determine whether the TGF-β treated osteoclast conditioned medium response was the
maximum stimulatory response possible or whether there was a general migration antagonist
present, migration in response to BMP6 supplementation was evaluated. Addition of BMP6
to the TGF-β-treated osteoclast conditioned medium enhanced migration above the
migration response to the medium (Figure 4).

In many cell types, LIF inhibits migration, although studies indicated a complex array of
LIF influences on many cell types including osteoblasts [26–28]. While LIF suppresses
PDGF-induced random movement, or chemokinesis, of osteoblasts, it promotes PDGF-
induced chemotactic responses and osteoblast differentiation [29]. Since LIF is induced by
TGF-β1 in Schwann cells [30], we evaluated TGF-β1 effects on LIF gene and protein
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expression and if LIF expression in osteoclast conditioned medium influenced TGF-β-
induced osteoblast migration. Within one hour of TGF-β1 treatment LIF message levels
were elevated and stimulation was sustained over 24 hours of treatment (Figure 5A).
Examination of osteoclast conditioned media for LIF protein expression levels revealed LIF
accumulation in response to TGF-β after 8 and 24 hours of treatment (Figure 5B). TGF-β
neutralization blocked TGF-β induction of LIF mRNA (Figure 5C). LIF neutralization
enhanced migration toward either vehicle or TGF-β1 treated osteoclast conditioned media
(Figure 6A). Investigation of the mechanisms by which TGF-β1 stimulated LIF gene
expression revealed MEK and SMAD2/3 activation by TGF-β1 mediate stimulation of LIF
gene expression (Figure 6B).

4. Discussion
Modulation of TGF-β influences on bone cells is crucial to normal bone metabolism. During
periods of high bone turnover, osteoclasts release bone-bound TGF-β and activate it, thus
the impacts of TGF-β on bone turnover are important to understand in order to design
therapies to slow high bone turnover rates [2–4]. Extensive studies have documented that
TGF-β regulates both osteoclast differentiation and osteoblast differentiation [9, 31, 32].
Early osteoclast progenitor commitment required the presence of TGF-β [32]. Our studies
revealed bi-phasic TGF-β impacts on osteoclast differentiation when present throughout
differentiation in that lower concentrations promote differentiation whereas higher doses
inhibit differentiation [24]. Likewise, TGF-β either promotes or inhibits osteoclast apoptosis,
depending on the model system [33–35]. In bone marrow mesenchymal stem cells, TGF-β
drives cell differentiation and we have shown that TGF-β promotes osteoblast commitment
over adipocyte commitment in pluripotent precursors [36]. TGF-β stimulated early
osteoblast progenitor proliferation although it inhibited final stages of differentiation [4, 37].
TGF-β promotes migration of osteosarcoma, mesenchymal, and calvarial cells, although not
of all mesenchymal model systems [38–42]. Thus it is important to understand the complex
nature of TGF-β impacts on osteoblast precursor recruitment, which is the focus of this
study.

As summarized in Figure 7, TGF-β stimulates expression of the chemokine CXCL16 in
osteoclasts to enhance recruitment of osteoblast lineage cells. TGF-β also increased LIF
expression in osteoclasts, which suppressed direct TGF-β effects on calvarial cell migration.
These complex interactions may allow for more nuanced modulation within the bone
microenvironment. CXCL16 is a transmembrane protein that is shed from the cells as the
result of ADAM 10-mediated release [43]. The membrane form of CXCL16 is a scavenger
receptor for oxLDL [43] while the soluble form is involved in T cell recruitment
(15880344). Soluble CXCL16 is a driving force in collagen-induced rheumatoid arthritis in
mice and is associated with rheumatoid arthritis development in humans as well [44, 45].
CXCL16 and its cognate receptor CXCR6 play a role in recruitment of T cells to lungs as
well [46]. Our discovery that LIF opposes direct TGF-β stimulation of osteoblast lineage cell
migration further expands our understanding of the complex influences of TGF-β on bone
metabolism. Modulation of LIF production in response to TGF-β enables a fine tuning of
migration activity of osteoblast lineage cells by providing another layer of control.
Moreover, LIF likely also acts in other autocrine and paracrine ways to alter bone
metabolism such as by maintaining a stem cell pool in the vicinity of the resorption site [47],
promoting bone formation [48], or controlling osteoclast differentiation [49]. In neurons,
TGF-β and LIF act in concert to promote survival, indicating that LIF is not suppressive of
all TGF-β influences [50]. This diversity in migration responses and mechanisms induced by
TGF-βs is consistent with the pleotropic influences of TGF-β.
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We examined the mechanisms by which TGF-β induced CXCL16 and LIF expression and
observed that Smads 2 and 3 both contribute to the increased gene expression. Unqufroren et
al [51] evaluated contributions of these Smads to pancreatic ductal adenocarcinoma cell
TGF-β responses and documented that Smad3, but not Smad2, mediated TGF-β stimulation
of migration. In contrast, Li et al [52] demonstrated that Smads 2 and 3 oppose each other in
TGF-β2 influences on human lens cell migration. In this study, Smad2 mediates the
migratory response, which was enhanced when Smad3 was silenced with small interfering
RNA approaches. These studies indicate that the respective roles for SMAD2 and SMAD3
in mediating TGF-β influences on bone may be cell- and tissue-dependent.

Tang et al [18] examined whether this elevation in active TGF-β influenced coupling of
bone resorption to subsequent bone formation and revealed a selective role for the TGF-β1
isoform in stimulating mesenchymal cell migration. In this report, the investigators
examined a mouse in which osteoblast lineage cells secrete active TGF-β and observed local
elevation in the vicinity of osteoblasts, which resulted in a loss of targeted migration of
osteoblasts to the bone surface. Pharmacological TGF-β inhibition restored targeted
migration by blocking the osteoblast-produced TGF-β effects, which suggests that other
factors such as CXCL16 and S1P, in addition to released TGF-β, influence mesenchymal
cell migration to the sites of bone resorption. Because osteoclasts both secrete and activate
TGF-β, systemic TGF-β inhibition may have been less effective at inhibiting osteoclast
autocrine TGF-β influences in this study [2]. Thus, TGF-β stimulation of CXCL16 resulting
from local TGF-β release may have contributed to the restoration of mesenchymal cell
migration that was observed in the Tang study. This hypothesis will require further studies
to evaluate.

Although expression of many chemokines was reduced with TGF-β treatment, our results
support that the lack of a chemotactic response to direct TGF-β treatment of calvarial cells is
due to TGF-β-mediated increased LIF expression rather than reduced expression of multiple
chemokines. Muscle cell damage leads to increased production of TGF-β and IGF-1, which
initiate the repair process [53, 54]. While TGF-β has no direct impact on muscle cell
migration, it inhibits a migratory response to IGF-1 [55]. With aging, increased bone
resorption causes increased local TGF-β release and activation. Whether TGF-β-mediated
LIF expression induction contributes to age-related uncoupling of bone formation from bone
resorption or if this inhibitory response involves TGF-β-mediated LIF induction remains to
be investigated.

5. Conclusions
This study reveals another component of the complex interactions between TGF-β and cells
resident in bone. Potential roles for local TGF-β release/activation during bone resorption
include indirect recruitment through stimulating osteoclast CXCL16 production and indirect
tempering of the direct recruitment responses to TGF-β through LIF stimulation. These
diverse influences likely contribute to the pleotropic TGF-β influences on bone metabolism.

Supplementary Material
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Abbreviations

TGF-β1 transforming growth factor beta 1

LIF leukemia inhibitory factor

CED Camurati-Engleman Disease

QTL Quantitative Trait Locus

RANKL receptor activator of NFκB ligand

M-CSF macrophage colony stimulating factor

αMEM alpha Minimal Essential Medium

FBS fetal bovine serum

BSA bovine serum albumin

PBS Phosphate Buffered Saline

PDGF platelet derived growth factor

S1P sphingosin 1 phosphate

IGF-1 insulin like growth factor 1
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Highlights

• TGF-β stimulates osteoclasts to increase production of the chemokine CXCL16,
which promotes osteoblast migration.

• TGF-β stimulation of CXCL16 is Smad-dependent.

• TGF-β stimulates osteoclasts to increase LIF production, which blocks direct
TGF-β stimulation of osteoblast migration.

• TGF-β stimulation of LIF is MEK and Smad-dependent.
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Figure 1.
Conditioned medium from TGF-β1 treated osteoclasts stimulates osteoblast migration.
Conditioned media from osteoclasts treated with vehicle or 2 ng/ml TGF-β1 for 24 hours
were collected. Conditioned media were treated with isotype control (Cont Ab) or TGF-β
neutralizing antibody (αTGF-β) and placed in the bottom chamber. Calvarial cells in base
medium were placed in the migration inserts as detailed in the methods. The chambers were
incubated and analyzed by staining cells that migrated through the membrane within 6 hours
as detailed in the methods section. *p<0.05 compared to vehicle treated.
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Figure 2.
CXCL16 mediates TGF-β1 stimulation of osteoblast migration. Conditioned media from
osteoclasts treated with vehicle or 2 ng/ml TGF-β1 for 24 hours were collected. (A). Media
were assessed using the Proteome Profiler Antibody Array for mouse chemokines according
to the provided protocol as detailed in the Methods section. Solid arrows point to the
duplicate spots that probe for CXCL16 and open arrows point to CCL9/MIP1γ. (B).
Conditioned media were treated with isotype control or a CXCL16 neutralizing antibody
prior to placement in the bottom migration chamber. Calvarial cells in base medium were
placed in the migration inserts as detailed in the methods. The chambers were incubated and
analyzed by staining cells that migrated through the membrane within 6 hours as detailed in
the methods section. *p<0.05 compared to vehicle treated. **p<0.05 compared to isotype
control antibody treated. (C). Calvarial cells were treated with either vehicle or 2 ng/ml
TGF-β1 for 6 hours. Forty μg of cell lysates were analyzed for CXCR6 and actin expression
by western blotting. Apparent molecular weight in kDa is indicated on the right. (D). Base
medium containing either vehicle or 250 ng/ml CXCL16 was placed in the bottom migration
chamber. Calvarial cells in base medium were placed in the migration inserts as detailed in
the methods. The chambers were incubated and analyzed by staining cells that migrated
through the membrane within 6 hours as detailed in the methods section. *p<0.05 compared
to vehicle treated.
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Figure 3.
Effect of TGF-β1 on CXCL16 gene expression. (A). Marrow-derived osteoclast RNA was
assessed for CXCL16 expression in vehicle and TGF-β1 treated osteoclasts by Real Time
PCR. *p<0.05 compared to mRNA levels between vehicle and TGF-β1 treated osteoclasts.
(B). Osteclasts were treated with vehicle or 2 ng/ml TGF-β1 and either isotype control
(CONTROL) or TGF-β neutralizing antibody for 24 hours and assessed for CXCL16
expression by Real Time PCR. *p<0.05 compared to mRNA levels between vehicle and
TGF-β1 treated osteoclasts. **p<0.05 comparing isotype control to TGF-β neutralizing
antibody. C). Day 3 osteoclast precursors were fed and either treated with DMSO or the
indicated kinase inhibitor or infected with the empty adenovirus expressing vector
(VECTOR), dominant negative Smad2 (dnS2), dominant negative Smad3 (dnS3), or both
dominant negative adenoviruses (both) for 24 hours. On day 4, osteoclasts were treated with
vehicle or 2 ng/ml β1 for 24 hours. RNA was assessed for CXCL16 expression by Real
Time PCR. *p<0.05 compared to mRNA levels between vehicle and TGF-β. **p<0.05
comparing vector to dominant negative adenovirus treated cultures.
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Figure 4.
Conditioned medium from TGF-β-treated osteoclasts suppresses direct TGF-β stimulation of
calvarial cell migration. Conditioned media from osteoclasts treated with vehicle or 2 ng/ml
TGF-β1 for 24 hours were collected. Conditioned media were treated with vehicle, TGF-β,
or BMP6 as indicated and placed in the bottom chambers as detailed in the methods.
Calvarial cells in base medium were placed in the migration inserts as detailed in the
methods. The chambers were incubated and analyzed by staining cells that migrated through
the membrane within 6 hours as detailed in the methods section. *p<0.05 comparing vehicle
treated conditioned medium with and without TGF-β addition for assay; **p<0.05
comparing vehicle treated osteoclast conditioned medium to TGF-β treated osteoclast
conditioned medium; ***p<0.05 comparing TGF-β treated osteoclast conditioned medium
with and without BMP6 treatment.
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Figure 5.
TGF-β stimulates LIF expression by osteoclasts to suppress direct TGF-β effects on
osteoblast migration. (A). Marrow-derived osteoclast RNA was assessed for expression of
LIF expression in vehicle and TGF-β1 treated osteoclasts by Real Time PCR. *p<0.05
compared to mRNA levels between vehicle and TGF-β treated osteoclasts. (B). Conditioned
media from osteoclasts treated with vehicle or 2 ng/ml TGF-β1 for 8 or 24 hours were
collected and assayed for LIF protein levels. *p<0.05 compared to vehicle treated. (C).
Osteclasts were treated with vehicle or 2 ng/ml TGF-β1 and either isotype control
(CONTROL) or TGF-β neutralizing antibody for 24 hours and assessed for LIF expression
by Real Time PCR. *p<0.05 compared to mRNA levels between vehicle and TGF-β1 treated
osteoclasts. **p<0.05 comparing isotype control to TGF-β neutralizing antibody.
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Figure 6.
(A). Conditioned media were treated with isotype control (C) or a LIF neutralizing antibody
prior to placement in the bottom migration chamber. Calvarial cells in base medium with
either vehicle (veh) or 2 ng/ml TGF-β1 were placed in the migration inserts as detailed in the
methods. The chambers were incubated and analyzed by staining cells that migrated through
the membrane within 6 hours as detailed in the methods section. (B) Day 3 osteoclast
precursors were fed and either treated with DMSO or the indicated kinase inhibitor or
infected with the empty adenovirus expressing vector (VECTOR), dominant negative
Smad2 (dnS2), dominant negative Smad3 (dnS3), or both dominant negative adenoviruses
(both) for 24 hours. On day 4, osteoclasts were treated with vehicle or 2 ng/ml β1 for 24
hours. RNA was assessed for LIF expression by Real Time PCR. *p<0.05 compared to
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vehicle treated osteoclasts; **p<0.05 combined treatment compared to isotype control
antibody or vehicle treated; ***p<0.05 compared to TGF-β treated osteoclasts with control
antibody and vehicle.
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Figure 7.
Schematic of TGF-β effects on osteoclast influences on osteoblast migration. TGF-β
activates SMAD signaling to stimulate CXCL16 expression and SMAD and MEK signaling
to stimulate LIF expression. Secreted CXCL16 stimulates osteoblastic cell migration while
secreted LIF prevents direct TGF-β stimulation of osteoblast migration.
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