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The vitamin D endocrine system is important for
skeletal homeostasis. 1,25-Dihydroxyvitamin D3

[1,25(OH)2D3] impacts bone indirectly by promot-
ing intestinal absorption of calcium and phosphate
and directly by acting on osteoblasts and oste-
oclasts. Despite the direct actions of 1,25(OH)2D3

in bone, relatively little is known of the mecha-
nisms or target genes that are regulated by
1,25(OH)2D3 in skeletal cells. Here, we identify
semaphorin 3B (SEMA3B) as a 1,25(OH)2D3-stimu-
lated gene in osteoblastic cells. Northern analysis
revealed strong induction of SEMA3B mRNA by
1,25(OH)2D3 in MG-63, ST-2, MC3T3, and primary
osteoblastic cells. Moreover, differentiation of
these osteogenic cells enhanced SEMA3B gene
expression. Biological effects of SEMA3B in the
skeletal system have not been reported. Here, we
show that osteoblast-derived SEMA3B alters

global skeletal homeostasis in intact animals and
osteoblast function in cell culture. Osteoblast-tar-
geted expression of SEMA3B in mice resulted in
reduced bone mineral density and aberrant trabec-
ular structure compared with nontransgenic litter-
mates. Histomorphometry studies indicated that
this was likely due to increased osteoclast num-
bers and activity. Indeed, primary osteoblasts ob-
tained from SEMA3B transgenic mice stimulated
osteoclastogenesis to a greater extent than non-
transgenic osteoblasts. This study establishes that
SEMA3B is a 1,25(OH)2D3-induced gene in osteo-
blasts and that osteoblast-derived SEMA3B im-
pacts skeletal biology in vitro and in vivo. Collec-
tively, these studies support a putative role for
SEMA3B as an osteoblast protein that regulates
bone mass and skeletal homeostasis. (Molecular
Endocrinology 22: 1370–1381, 2008)

1,25-DIHYDROXYVITAMIN D3 [1,25-(OH)2D3] is the
bioactive metabolite of vitamin D. This hormone

functions through the vitamin D receptor (VDR), a
member of the nuclear hormone receptor superfamily,
to regulate the transcription of target genes in a num-
ber of tissues including the intestine, bone, parathy-
roid gland, skin, and a variety of other systems (1, 2).
The 1,25-(OH)2D3/VDR endocrine system functions in
diverse biological processes, such as hair follicle cy-
cling, mammary gland development, and immune cell
function (2). One of the most profound actions of 1,25-
(OH)2D3 is to protect skeletal integrity because defi-

ciencies in either the hormone or the receptor result in
undermineralized bones (3, 4).

Acting in concert with PTH, 1,25-(OH)2D3 preserves
bone mineralization primarily by maintaining calcium
and phosphate homeostasis. 1,25-(OH)2D3 controls
serum levels of these minerals by stimulating calcium
and phosphate absorption by the intestine, by increas-
ing reabsorption of calcium and phosphate in the kid-
ney, and by liberating calcium and phosphate from
skeletal stores (3). When dietary sources of calcium
are inadequate, 1,25-(OH)2D3 promotes osteoclasto-
genesis and bone resorption, in part, by stimulating
osteoblasts to express receptor activator of nuclear
factor-�B ligand (RANKL) (5), a molecule essential for
osteoclast formation and function (6, 7). Under condi-
tions of normocalcemia, the 1,25-(OH)2D3/VDR endo-
crine system also modulates osteoblast differentiation
and mineralization (8–11). Thus, 1,25-(OH)2D3 func-
tions both systemically to regulate serum concentra-
tions of calcium and phosphate and locally to fine-tune
the balance between bone formation and bone resorp-
tion. However, with the exception of RANKL and a few
bone matrix proteins (5, 12–14), the network of target
genes that mediate the effects of 1,25-(OH)2D3 on
osteoblast function remain largely unknown.

First Published Online March 20, 2008
* A.L.M.S. and X.Z. contributed equally to this work.
Abbreviations: CM, Conditioned medium; �CT, microcom-

puted tomography; FBS, fetal bovine serum; hSEMA3B,
human SEMA3B; MCSF, macrophage colony-stimulating
factor; 1,25-(OH)2D3, 1,25-dihydroxyvitamin D3; pQCT, pe-
ripheral quantitative computerized tomography; RANKL, re-
ceptor activator of nuclear factor-�B ligand; SEMA3B, sema-
phorin 3B; TRAP, tartrate-resistant acid phosphatase; VDR,
vitamin D receptor; VDRE, vitamin D response element.

Molecular Endocrinology is published monthly by The
Endocrine Society (http://www.endo-society.org), the
foremost professional society serving the endocrine
community.

0888-8809/08/$15.00/0 Molecular Endocrinology 22(6):1370–1381
Printed in U.S.A. Copyright © 2008 by The Endocrine Society

doi: 10.1210/me.2007-0363

1370

2, 2008 
 at Case Western Reserve Univ Cleveland Health Science Lib on Decembermend.endojournals.orgDownloaded from 

http://mend.endojournals.org


In this study, we characterize the regulation and
actions of semaphorin 3B (SEMA3B), a 1,25-(OH)2D3-
induced gene in osteoblasts. Semaphorins are a family
of cell surface and secreted glycoproteins that were
originally identified as axonal guidance proteins but
subsequently have been found to regulate cell migra-
tion, cell growth, differentiation, and angiogenesis in a
variety of tissues (15). SEMA3 molecules are secreted
proteins that signal through neuropilin receptors (16,
17) and plexin coreceptors (18, 19). The SEMA3B gene
was first identified based on its position in the chro-
mosomal region 3p21.3, a frequent site of loss of
heterozygosity in lung, kidney, ovarian, and testicular
cancers (20). Reexpression of SEMA3B in either lung
or ovarian cancer cells diminishes their proliferative
and tumorigenic potential (21, 22), indicating that
SEMA3B is also a putative tumor suppressor.
SEMA3B transcripts have been detected in osteoblas-
tic cell cultures obtained from human oral tissue ex-
plants in vitro (23). Moreover, neuropilin-1 expression
has been detected in osteoclasts and in osteoblasts in
vitro and in vivo and appears to be down-regulated as
osteoblasts differentiate into more mature osteocytes
(24). However, biological effects of SEMA3B in the
skeletal system or in osteoblast and osteoclast func-
tion are currently unknown.

The present study characterizes SEMA3B as a novel
1,25-(OH)2D3-activated gene in multiple osteoblastic
cell lines as well as in primary mouse osteoblasts. The
SEMA3B transcript is also dramatically increased dur-
ing osteoblastic cell differentiation, suggesting that
SEMA3B may have an important role in osteoblast
function. To probe the potential role(s) of osteoblast-
derived SEMA3B, transgenic mice were created that
express SEMA3B under the control of the osteoblast-
selective 2.3-kb promoter of the mouse pro-�1(I) col-
lagen gene. Mice that express the SEMA3B transgene
exhibited decreased body weight and shorter tibiae
and displayed a deficit in trabecular and cortical bone
mineralization. Although osteoblast number and func-
tion appeared normal in SEMA3B transgenic mice in
vivo, osteoclast number was dramatically increased. In
vitro studies indicated that transgenic osteoblasts
supported increased osteoclastogenesis. Thus, this
study identifies osteoblast-derived SEMA3B as a
novel regulator of bone mass that may function by
stimulating osteoclastogenesis and osteoclast
activity.

RESULTS

SEMA3B Is a 1,25-(OH)2D3-Regulated Gene in
Osteoblastic Cells

Microarray analysis was used as an initial screen to
identify 1,25-(OH)2D3-regulated genes in MG-63 os-
teoblastic cells. One highly induced transcript identi-
fied in this screen was SEMA3B, a protein involved in
diverse biological processes including axon guidance,

tumor suppression, and immune modulation. In this
microarray screen, a 6-h treatment of MG-63 cells with
10 nM 1,25-(OH)2D3 resulted in a 10-fold induction of
the SEMA3B transcript (data not shown). Northern blot
analysis confirmed that 1,25-(OH)2D3 increased
SEMA3B mRNA levels in a time- and dose-dependent
manner (Fig. 1, A and B). This increase was evident as
early as 3 h after hormone addition. Maximal induction
(25-fold) was observed at 12 h (Fig. 1A). As little as 1
nM 1,25-(OH)2D3 induced SEMA3B, and transcript lev-
els continued to increase up to 10 nM 1,25-(OH)2D3

(Fig. 1B). This increase in SEMA3B mRNA was specific
for 1,25-(OH)2D3 because neither cholecalciferol, an
inactive 1,25-(OH)2D3 precursor molecule, nor
24,25(OH)2D3, a vitamin D metabolite, altered
SEMA3B mRNA levels (Fig. 1A and data not shown).
As shown in Fig. 1C, 1,25-(OH)2D3 failed to increase
SEMA3B mRNA levels when transcription was
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Fig. 1. 1,25-(OH)2D3 Induces SEMA3B in MG-63 Osteoblas-
tic Cells

A, MG-63 cells were treated for the indicated times with
10�8 M 1,25-(OH)2D3 (1,25-D3) or 10�8 M cholecalciferol (Ch).
B, MG-63 cells were treated with ethanol vehicle control (0) or
0.1 to 100 nM 1,25-(OH)2D3 for 6 h. C, MG-63 cells were
pretreated with methanol vehicle control (Veh.) or 1 �g/ml
actinomycin D (Act D) for 1 h. Cells were then treated with
ethanol control (�) or 10�8 M 1,25-(OH)2D3 (�) for 6 h. D,
MG-63 cells were pretreated with 10 �g/ml cycloheximide (�
Chx) or ethanol control (� Chx) for 1 h. Cells were then
treated with ethanol control or 10�8 M 1,25-(OH)2D3 (1,25-D3)
for 6 h. mRNA was isolated and analyzed by Northern blots
for SEMA3B, thrombomodulin (THRM), or �-actin in panels
A–D. Numbers under each image represent fold induction by
1,25-(OH)2D3. E, Western analysis of MG-63 cell extracts
after 10�8 M 1,25-(OH)2D3 for 24 and 48 h. Lane C contains
COS7 cells expressing recombinant SEMA3B as a positive
control. All panels are representative images from one of two
or more independent experiments.
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blocked with actinomycin D. Furthermore, 1,25-
(OH)2D3-mediated induction of SEMA3B required de
novo synthesis of a protein factor because inhibition of
protein synthesis by cycloheximide nearly abolished
the response (Fig. 1D). In contrast, 1,25-(OH)2D3-in-
duced expression of the thrombomodulin gene, a di-
rect VDR target gene, is only marginally affected by
cycloheximide treatment. Finally, Western blot analy-
sis showed that the SEMA3B protein is also induced in
MG-63 cells treated with 10�8 M 1,25-(OH)2D3 (Fig.
1E). Collectively, these data indicate that 1,25-(OH)2D3

increases SEMA3B mRNA and protein levels in MG-63
cells through an active transcriptional process that
requires expression of one or more additional proteins.

To further establish the relevance of the vitamin D
endocrine system in controlling osteoblastic expres-
sion of the SEMA3B gene, we expanded our studies to
other osteoblastic model systems. ST-2 mouse bone
marrow stromal cells, MC3T3 mouse fetal calvarial
cells, and mouse primary calvarial osteoblasts were
examined in the proliferative stage or after differenti-
ation for 2 wk after confluence in media containing
ascorbic acid and �-glycerophosphate. The proliferat-
ing or differentiating osteoblasts were treated with
1,25-(OH)2D3, and SEMA3B expression was mea-
sured by Northern blot analysis. Similar to the MG-63
cells (Fig. 1), 10 nM 1,25-(OH)2D3 also increased
steady-state SEMA3B mRNA levels in a time-depen-
dent manner in proliferating ST-2 cells, with a maximal
induction of approximately 9-fold at 24 h (Fig. 2A).
Treatment with 1,25-(OH)2D3 also induced SEMA3B
expression in proliferating MC3T3 cells (Fig. 2C) and in
primary osteoblasts (Fig. 2D). RANKL and 24-hydrox-
ylase, established 1,25-(OH)2D3-responsive genes in
osteoblastic cells, were induced as expected.

Importantly, we also observed increases in SEMA3B
gene expression as these three model systems differ-
entiated into more mature osteoblasts capable of syn-
thesizing and secreting mineralized matrix. Differenti-
ating ST-2 cells expressed dramatically higher levels
of SEMA3B compared with its proliferative counterpart
(compare lanes 1 and 3 in Fig. 2B). In addition, basal
SEMA3B expression was 3-fold higher in differentiat-
ing MC3T3 cells compared with proliferating MC3T3
cells (lanes 1 and 3 in Fig. 2C). As shown in Fig. 2, A–C,
1,25-(OH)2D3 stimulated the expression of 24-hydrox-
lase, but the fold increase in differentiating ST-2 and
MC3T3 cells was lower than in proliferating cells. Sim-
ilar results were obtained with SEMA3B, namely 1,25-
(OH)2D3 stimulated its expression in both proliferating
and differentiating cells, but the stronger induction
was apparent in proliferating MC3T3 and ST-2 cells.
1,25-(OH)2D3 also stimulated SEMA3B expression in
proliferating primary osteoblasts (compare lanes 1 and
2 in Fig. 2D). SEMA3B transcripts also increased dra-
matically as primary osteoblasts differentiated into
more mature osteoblasts (compare lanes 1 and 3 in
Fig. 2D). In summary, these observations demonstrate
that SEMA3B is a 1,25-(OH)2D3 target gene in numer-
ous osteoblastic cell systems and that differentiating

osteoblasts express higher levels of SEMA3B than do
proliferating osteoblasts. These data suggest that
SEMA3B is an important factor in 1,25-(OH)2D3-re-
lated bone physiology and perhaps in osteoblast dif-
ferentiation and function.

SEMA3B Is Expressed in Osteoblasts in Vivo

To determine the in vivo expression of the murine
SEMA3B gene, total RNA from various organs was
isolated from mice, and SEMA3B transcripts were vi-
sualized by Northern blot analysis. As indicated in Fig.
3A, endogenous SEMA3B transcripts were detected in
kidney, intestine, and bone. All of these are well es-
tablished 1,25-(OH)2D3-target organs. The role of
SEMA3B in kidney and intestine remain largely unex-
plored, but it is intriguing to speculate a potential
connection between VDR and SEMA3B in these tis-
sues as well. Although semaphorins are involved in
axonal guidance and neural development, we de-
tected comparatively low levels of expression of
SEMA3B in whole brain extracts.

Having detected SEMA3B transcripts in skeletal tis-
sue extracts and in various osteoblast cell lines, we
employed immunohistochemistry using an antibody
against SEMA3B to determine the cellular distribution
of the SEMA3B protein in demineralized sections of
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Fig. 2. SEMA3B Is Induced by 1,25-(OH)2D3 and by Differ-
entiation of Osteoblastic Cells

A, Subconfluent ST-2 cells were treated with 10 nM 1,25-
(OH)2D3 for the indicated times; B–D, subconfluent (Prolifer.)
ST-2 cells (B), MC3T3 cells (C), or primary osteoblasts (D)
were prepared in growth media or confluent cells were dif-
ferentiated by supplementing the media with 50 �g/ml ascor-
bic acid and 5 mM �-glycerophosphate for 14 d (Differen.).
Proliferating or differentiating cells were treated with ethanol
control or 10 nM 1,25-(OH)2D3 (1,25-D3) for 24 h. Total cellular
RNA was isolated, and SEMA3B, 24-hydroxylase (24-
OHase), RANKL, and GAPDH transcripts were determined by
Northern blot analysis. Numbers under each image represent
fold induction by 1,25-(OH)2D3.
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mouse tibiae. As shown in Fig. 3D, SEMA3B staining
was detected in several cell types in the growth plate.
SEMA3B was selectively expressed in proliferating
chondrocytes within the pre-hypertrophic zone (PC in
Fig. 3). Its expression was not detected in cells within
the hypertrophic chondrocyte zone (HC in Fig. 3). Both
osteoblasts and osteocytes expressed SEMA3B
throughout the growth plate as well as in cortical bone
(Fig. 3F). Additionally, staining was observed in the
bone marrow (M), indicating that SEMA3B is also ex-
pressed in cells giving rise to the hematopoietic sys-
tem (Fig. 3D). This was not surprising based on the
known expression of other semaphorins in B cells,
monocytes, hematopoietic cells, and bone marrow
stromal cells (25–27).

SEMA3B-Expressing Transgenic Mice Are
Smaller and Have Shorter Tibiae

SEMA3B is a secreted protein that belongs to the large
semaphorin family of neurotrophic factors. Although it
is known that SEMA3B is expressed in bone, the bi-
ological or cellular effects of SEMA3B on the skeleton

or in osteoblasts have not been addressed previously.
Therefore, we used a transgenic mouse approach to
determine whether osteoblast-derived, secreted
SEMA3B alters skeletal homeostasis in vivo and
whether it impacts bone cell function in vitro. Similar
approaches have been useful in uncovering the bio-
logical activity of other signaling proteins in the skel-
eton (28–30). Thus, transgenic mice were created in
which human SEMA3B (hSEMA3B) expression was
driven by the osteoblast-selective mouse 2.3-kb pro-
�1(I) collagen promoter. Two lines of transgenic mice
were established. Line 2 showed robust expression of
SEMA3B in Northern blot assays (Fig. 4B), whereas
line 1 showed lower expression of the transgene that
was only detected using more sensitive RT-PCR ap-
proaches (Fig. 4B and data not shown).

To confirm that the hSEMA3B transgene is selec-
tively expressed in bone of line 2 transgenic mice, a
tissue distribution Northern blot analysis was per-
formed (Fig. 4C). The hSEMA3B transgene was de-
tected only in bone RNA from line 2 transgenic mice.
A weak signal was present in intestinal RNA in both
nontransgenic and transgenic littermates, suggesting
cross-hybridization of the human cDNA probe with the
abundant murine SEMA3B transcript in the intestine.
Using a murine cDNA probe, we confirmed that the
endogenous SEMA3B transcript levels were similar in
tissues of line 2 transgenic mice compared with non-
transgenic littermate controls (data not shown).

The low-expressing line 1 transgenic mice were
comparable in size to their nontransgenic littermates
(data not shown). However, male transgenic mice from
line 2 were smaller compared with nontransgenic lit-
termates, displaying a 34% reduction in body weight
(Fig. 4, A and D). Female transgenic mice had a similar
decrease in body weight (data not shown). Further-
more, line 2 transgenic mice exhibited a 6% reduction
in tibia length compared with their nontransgenic lit-
termates (Fig. 4E).

SEMA3B Transgenic Mice Have Reduced Bone
Mineral Density and Altered Trabecular Structure

Tibiae from male transgenic mice and their nontrans-
genic littermates were analyzed by peripheral quantita-
tive computerized tomography (pQCT) to determine
bone mineral densities. The low-expressing line 1 trans-
genic mice showed no significant differences in bone
density compared with their nontransgenic littermates
(data not shown). Remarkably, tibiae from the higher-
expressing line 2 mice displayed dramatic reductions in
trabecular, cortical, and total bone mineral density (Fig.
5). The microarchitecture of the trabecular bone was also
dramatically altered as determined with high-resolution
microcomputed tomography (�CT) (Fig. 6A). Consistent
with the pQCT analysis, �CT measurements indicated
that transgenic bones had decreased trabecular bone
volume (BV/TV) with an increase in the exposed surface
of trabecular bone (BS/BV; Fig. 6B). Transgenic bones
had significantly fewer and thinner trabeculae as com-
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Fig. 3. SEMA3B Is Expressed in the Long Bones of Mice
A, Total RNA was extracted from indicated tissues of wild-

type C57BL/6J mice, and SEMA3B expression was deter-
mined by Northern blot analysis. Ethidium bromide staining of
18S/28S rRNA was used to ensure equal loading of the RNA.
Bn, Bone; Br, brain; H, heart; I, intestine; K, kidney; L, liver; T,
testes. B–F, Tibiae from wild-type 8-wk-old male mice were
formalin-fixed, decalcified in formic acid, embedded in par-
affin, and sectioned. Serial sections were stained with hema-
toxylin and eosin (H & E in B and E) or immunostained in the
absence (C) or presence of an affinity purified rabbit anti-
SEMA3B antibody (�-SEMA3B in D and F). Arrow in F indi-
cates an osteoblast on the cortical bone surface, and arrow-
heads indicate osteocytes. C.B., Cortical bone; HC,
hypertrophic chondrocyte layer; M, marrow space; PC, pre-
hypertrophic chondrocyte layer.
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pared with nontransgenic littermates (Fig. 6B). Further-
more, there was increased spacing between trabeculae
and a dramatic reduction in the connectivity density in
the trabecular network of the transgenic bones (Fig. 6B).
Together these results indicate that SEMA3B transgenic
animals have reduced trabecular bone and decreased
bone density.

SEMA3B Transgenic Mice Have Increased
Osteoclasts and Bone Resorption

To explore potential cellular mechanisms underlying
the trabecular bone defect in the transgenic mice,

histomorphometric analysis was performed to exam-
ine osteoblastic and osteoclastic parameters (Fig. 7).
There were no alterations in osteoblast cell number in
SEMA3B transgenic tibiae as compared with non-
transgenic mice (Fig. 7A). Likewise, dynamic histomor-
phometric measurements of calcein- and tetracycline-
labeled bone indicated that transgenic animals had a
normal mineral apposition rate, a measurement of os-
teoblastic activity (Fig. 7B). In contrast, tibiae obtained
from transgenic animals displayed a significant in-
crease in the number of osteoclasts per unit bone
surface area (Fig. 7C). This increase in osteoclast num-
ber was reflected in a more than 2-fold enhancement
of bone resorption as measured by the percentage of
bone surface undergoing erosion (Fig. 7D). In agree-
ment with the �CT imaging studies in Fig. 6, the his-
tomorphometry also documented statistically signifi-
cant decreases in trabecular bone volume and
trabecular number (data not shown). Collectively, the
imaging and histomorphometry data clearly indicate
that there is a reduction in bone mineral density and
trabecular architecture that is not the result of im-
paired osteoblastic activity but rather increased oste-
oclastogenesis and bone resorption in SEMA3B trans-
genic mice.

Transgenic Osteoblasts Display Increased
Differentiation and Mineralization in Vitro

To determine the cellular basis for the low bone den-
sity in the SEMA3B-expressing transgenic mice, we
examined osteoblast differentiation and osteoblast-
induced osteoclastogenesis in vitro using osteoblasts
derived from nontransgenic and SEMA3B-expressing
transgenic mice (Fig. 8). As shown in Fig. 8A,
SEMA3B-expressing osteoblasts showed appropriate
transgene expression in differentiated osteoblast cul-
tures after 2 wk in culture with ascorbic acid and
�-glycerophosphate. Minimal SEMA3B transgene ex-
pression was detected in proliferating osteoblast cul-
tures obtained from either nontransgenic or transgenic
mice. In contrast, significant expression was observed
in differentiating osteoblasts obtained from the
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transgenic or line 2 transgenic mice. Transgene expression
was analyzed by Northern blot using a human SEMA3B cDNA
probe. Equal RNA loading was normalized by the band in-
tensity of ethidium bromide-stained 18S/28S rRNA. Bn,
Bone; Br, brain; H, heart; I, intestine; K, kidney; L, liver; T,
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SEMA3B-expressing mice but not the nontransgenic
controls (Fig. 8A). Thus, appropriate expression of the
transgene driven by the 2.3-kb promoter region of the
mouse pro-�1(I) collagen gene was observed in this in
vitro primary cell culture. Coincident with enhanced
expression of the SEMA3B transgene, differentiating
cultures from transgenic mice also expressed mod-
estly higher levels of alkaline phosphatase, a marker of
osteoblast differentiation, as compared with osteo-
blasts derived from nontransgenic littermates (Fig.
8B). This was particularly evident in the late-stage
mineralizing osteoblast cultures. Enhanced mineral-
ized nodule formation was also observed in transgenic
osteoblast cultures (Fig. 8, C–E). It is important to note
that cultures obtained from either line 2 or line 1 mice
displayed enhanced alkaline phosphatase expression
compared with their respective nontransgenic litter-

mate controls. Thus, osteoblasts obtained from two
independent SEMA3B-expressing transgenic lines
showed modestly enhanced differentiation compared
with nontransgenic control osteoblasts. These data
collectively indicate that overexpression of SEMA3B
does not impair, but rather may promote, osteoblastic
differentiation in vitro.

Because histomorphometric analysis suggested
that osteoclastogenesis was increased in transgenic
mice, we also compared the ability of transgenic and
nontransgenic osteoblasts to support in vitro oste-
oclast formation from spleen cell precursors (Fig. 9).
Primary osteoblasts derived from transgenic and non-
transgenic mice were differentiated for 15 d and then
cocultured with wild-type osteoclast precursor cells in
the presence of dexamethasone and 1,25-(OH)2D3. In
the absence of 1,25-(OH)2D3, no osteoclastogenesis
was observed in the coculture using transgenic or
nontransgenic osteoblasts (data not shown). As
shown in Fig. 9, A–C, significantly more multinucle-
ated, tartrate-resistant acid phosphatase (TRAP)-pos-
itive, 1,25-(OH)2D3-induced cells indicative of oste-
oclasts formed in the cocultures with transgenic
osteoblasts as compared with nontransgenic osteo-
blasts. These in vitro data support the in vivo obser-
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vation that overexpression of SEMA3B in osteoblasts
stimulates osteoclastogenesis. To investigate a poten-
tial mechanistic basis for increased osteoclastogen-
esis by the SEMA3B-expressing osteoblasts, we
determined the level of expression of several osteo-
blast-derived factors that impact osteoclastogenesis,
including RANKL, osteoprotegerin, macrophage colo-
ny-stimulating factor (MCSF), IL-1�, IL-6, and TNF� in
the transgenic and nontransgenic primary osteoblast
cultures. Overt differences in transcript levels for these
factors were not apparent in the transgenic and non-
transgenic osteoblasts (Fig. 9D and data not shown),
suggesting that osteoblast-targeted SEMA3B does
not alter RANKL expression or the expression of other

key osteoclastogenic factors in primary osteoblasts.
Instead, SEMA3B signaling within osteoclast progen-
itor cells may enhance the RANK-RANKL pathway and
promote osteoclastogenesis. This possibility is sup-
ported by studies depicted in Fig. 9E using the
RAW264.7 osteoclast progenitor cell line. This murine
macrophage cell line responds to RANKL stimulation
in vitro by forming TRAP-positive, multinucleated fully
differentiated osteoclasts. Although recombinant
SEMA3B alone had no effect, it dramatically enhanced
RANKL-mediated osteoclast differentiation of the
RAW264.7 progenitor cell line. Thus, these data sup-
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Confluent primary osteoblasts derived from newborn non-

transgenic (NTG) or transgenic (TG) mice were cultured in
medium containing 50 �g/ml ascorbic acid and 10 mM

�-glycerophosphate for 15 d. Osteoclast precursors derived
from the spleens of wild-type adult mice were added to the
osteoblast cultures and grown for an additional 8 d in the
presence of 100 nM dexamethasone and either 0, 10, or 100
nM 1,25-(OH)2D3. Multinucleated osteoclasts were visualized
by staining for TRAP activity as described in Materials and
Methods. A, Number of TRAP-positive multinucleated (at
least three nuclei) cells per well. Values are the mean � SEM

of triplicate wells and are representative of four separate
osteoblast and spleen cell preparations. B, Representative
fields of TRAP-positive multinucleated cells from transgenic
osteoblasts stimulated with 100 nM 1,25-(OH)2D3. C, high-
magnification image of one TRAP-positive multinucleated
cell. D, Differentiating primary osteoblasts derived from non-
transgenic or transgenic mice were treated with 100 nM 1,25-
(OH)2D3 for indicated time, and the expression levels of
RANKL, MCSF, 24-hydroxylase (24-OHase), and GAPDH
were determined by Northern blot analysis. E, SEMA3B-con-
taining CM (CM-SEMA3B) and control medium (CM-control)
from transfected COS7 cells were prepared as described in
Materials and Methods. RAW 264.7 cells were cultured in
50% of CM in the absence or presence of 20 ng/ml RANKL
for 72 h and stained for TRAP. The numbers of TRAP-positive
multinucleated (at least three nuclei) cells in each well were
counted. Values are the mean � SEM, and a representative
result of four independent experiments is shown in E.
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port a positive role for SEMA3B signaling in the RANK-
RANKL pathway that is required for differentiation of
osteoclast precursors into mature, multinucleated,
bone-resorbing cells.

DISCUSSION

The primary role of the vitamin D endocrine system is
to tightly control serum concentrations of mineral ions
by driving intestinal absorption of calcium and phos-
phate. However, when dietary sources of calcium are
lacking, 1,25-(OH)2D3 stimulates bone resorption by
increasing osteoclastogenesis and osteoclast activity
(3). The effects of 1,25-(OH)2D3 on osteoclasts are
thought to be mediated by signaling through osteo-
blasts. Specifically, 1,25-(OH)2D3 stimulates osteo-
blasts to express RANKL (5), a cytokine that is essen-
tial for osteoclastogenesis and osteoclast activity (6,
7). However, beyond increasing RANKL signaling, the
precise mechanisms governing osteoblast-osteoclast
communication by 1,25-(OH)2D3 are not well under-
stood. In the present study, we show that SEMA3B is
a 1,25-(OH)2D3-induced gene in osteoblastic cells and
provide evidence, through targeted expression of
SEMA3B in mouse osteoblasts, that osteoblast-
derived SEMA3B results in reduced bone mineral
density. These studies are the first to demonstrate a
potential biological role for SEMA3B in skeletal
homeostasis.

Our studies show that SEMA3B transcripts are
strongly induced by 1,25-(OH)2D3 in a variety of os-
teoblastic cells. Although the precise regulatory mech-
anisms remain unclear, inhibitor studies indicate that
this is a transcriptional response to 1,25-(OH)2D3 that
requires ongoing protein synthesis (Fig. 1, C and D).
Detailed promoter analysis is required to rigorously
address the mechanism of regulation by 1,25-(OH)2D3.
In this regard, putative vitamin D response elements
(VDREs) were recently identified downstream of the
transcriptional start site in the human SEMA3B gene
(at positions �1907 to �2029), and chromatin immu-
noprecipitation studies indicated a 1,25-(OH)2D3-de-
pendent recruitment of native VDR to this region in the
SCC25 squamous carcinoma cell line (31). However,
the functional relevance of this region of the human
SEMA3B gene has not been addressed as yet. In our
hands, this region does not serve as a high-affinity
binding site for VDR-retinoid X receptor heterodimers
in vitro, and it does not drive VDR/1,25-(OH)2D3-de-
pendent expression of a heterologous TK promoter in
a manner similar to established DR-3 VDREs from the
rat osteocalcin or 24-hydroxylase genes (data not
shown). This, combined with the atypical VDRE se-
quences identified in this region (31), suggests the
potential for alternative mechanisms of regulation.
Thus, our cycloheximide data suggest that the regu-
lation of SEMA3B may be wholly mediated by another
1,25-(OH)2D3-induced transcription factor(s) or that a

newly synthesized factor(s) cooperates with VDR to
stimulate SEMA3B expression in osteoblastic cells,
perhaps through these downstream VDR binding
sites. Defining the mechanisms involved in 1,25-
(OH)2D3-mediated expression of SEMA3B transcripts
in osteoblasts is an important goal, particularly in light
of the impact that osteoblast-driven SEMA3B expres-
sion has on overall in vivo skeletal homeostasis.

Most reports on semaphorins focus on the role of
these signaling proteins in axon guidance and neural
development. Only recently has the role of semaphor-
ins in other important physiological and pathological
systems been reported (32, 33). Studies addressing
the expression or role of semaphorins in the skeleton
are limited. Previous reports demonstrated that
SEMA3B transcripts as well as transcripts for many
other semaphorin family members, their neuropilin re-
ceptors, and plexin coreceptors are expressed in os-
teoblast-enriched cell populations obtained from peri-
odontal and gingival isolates in vitro (23). SEMA3A and
its receptors have distinct expression patterns during
endochondral ossification (34, 35). SEMA3A deletion
in mice leads to widespread skeletal abnormalities,
including vertebral fusions, rib duplications, and a
thickened sternum (34, 35). This indicates a role for
SEMA3A in skeletal development and patterning.
SEMA7A is another family member whose expression
is regulated by osteoblast differentiation in vitro (36,
37). In contrast to SEMA3B, SEMA7A expression is
down-regulated during the differentiation of primary
osteoblasts and MC3T3 cells, implying that each type
of semaphorin glycoprotein may play distinct roles in
bone development and homeostasis. In support of this
role, a SEMA7A polymorphism was shown to be as-
sociated with low bone mineral density and fracture
risk in women (36).

The SEMA3B protein is expressed in osteoblasts,
mature osteocytes, and pre-hypertrophic chondro-
cytes in vivo (Fig. 3). In contrast, SEMA3A is present in
osteoblasts, osteoclasts, pre-hypertrophic, and hy-
pertrophic chondrocytes (34, 35). SEMA3B was char-
acteristically absent from the hypertrophic chondro-
cyte layer of the growth plate (Fig. 3D). Although we
cannot exclude osteoclast expression of SEMA3B,
strong staining for SEMA3B was not observed in
multinucleated cells lining the mineralized matrix. Os-
teoblast and chondrocyte expression of these sema-
phorins suggest that secreted semaphorin signaling
may be important for skeletal development and ho-
meostasis. Importantly, the SEMA3B-expressing
transgenic mouse provides important support for this
possibility.

Osteoblast-directed expression of SEMA3B in mice
led to a dramatic skeletal phenotype including de-
creased longitudinal bone growth (Fig. 4E) and under-
mineralized cortical and trabecular bone, most likely
the result of increased osteoclast number. Consistent
with these findings, in vitro coculture studies showed
that transgenic osteoblasts stimulated increased os-
teoclastogenesis as compared with nontransgenic os-
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teoblasts (Fig. 9, A–D). Taken together, these data
suggest that the osteopenia observed in SEMA3B
transgenic mice was not due to impaired osteoblast
function but rather a result of increased osteoclasto-
genesis and osteoclast activity. These findings are
analogous to transgenic mice expressing Cbfa1 (29), a
transcription factor essential for osteoblast differenti-
ation in mature osteoblasts (38, 39). Although Cbfa1-
overexpressing mice display normal mineral apposi-
tion rates, they have increased osteoclastogenic
parameters in vivo leading to low bone mass (29).
Furthermore, osteoblasts derived from these animals
support in vitro osteoclast formation to a greater ex-
tent than nontransgenic osteoblasts (29). Although the
mechanisms remain unclear, this phenotype corre-
lated with enhanced expression of RANKL in the
Cbfa1 model.

In contrast to the Cbfa1 transgenic mouse, expres-
sion levels of RANKL and numerous other osteoblast-
derived osteoclastogenic factors (including IL-1�,
IL-6, osteoprotegerin, and MCSF) do not differ in the
SEMA3B-expressing osteoblasts compared with non-
transgenic controls (Fig. 9). Yet, SEMA3B-expressing
osteoblasts show an increased capacity to promote
osteoclastogenesis in the coculture system (Fig. 9).
These data suggest that the osteoclastogenic effect of
SEMA3B may be direct. Indeed, osteoclasts express
neuropilin-1, one of the receptors for secreted sema-
phorins (24), and recent studies have shown that rac1,
an effector of semaphorin signaling (40), is required for
osteoclast differentiation and bone resorption (41, 42).
Thus, SEMA3B may bind neuropilin-1 expressed on
the surface of osteoclast precursors and signal
through rac1 to directly promote osteoclastogenesis.
We tested this potential mechanism in the more de-
fined RAW246.7 cell system (Fig. 9E). Here, direct
stimulation of RAW246.7 cells with conditioned me-
dium (CM) containing recombinant SEMA3B showed
no induction of osteoclast formation arguing against a
direct stimulation of osteoclastogenesis via the sema-
phorin/neuropilin signaling system. However, recom-
binant SEMA3B dramatically enhanced RANKL-stim-
ulated osteoclastogenesis of RAW246.7 cells.
Cumulatively, these data support a mechanism involv-
ing SEMA3B-activated signaling cascades in oste-
oclast precursors impinging upon and positively af-
fecting the RANKL pathway to promote osteoclast
differentiation.

In osteoblastic cells, the basal level of SEMA3B and
its responsiveness to 1,25-(OH)2D3 varied among the
different lines examined (Fig. 2). It is possible that each
osteoblastic cell line represents a distinct stage of
osteoblast cell differentiation. Indeed, we observed a
dramatic increase in SEMA3B transcript levels as
MC3T3, ST-2, and primary osteoblasts differentiated
into more mature osteoblasts, indicating that the pro-
cess of osteoblast differentiation increases the level of
native SEMA3B transcript expression. RANKL-medi-
ated osteoclastogenesis is thought to be a primary
action of early-stage osteoblasts. Thus, increased ex-

pression of SEMA3B in more differentiated, late-stage
osteoblasts may not be entirely consistent with this
pathway. However, the 1,25-(OH)2D3-activated ex-
pression of RANKL and SEMA3B in early-stage osteo-
blasts is consistent with the putative role of SEMA3B
in the 1,25-(OH)2D3-stimulated, RANKL-activated os-
teoclastogenic pathway. Moreover, high-level expres-
sion of SEMA3B in more differentiated osteoblasts
points to alternative roles for SEMA3B in other osteo-
blastic functions, perhaps influencing the late-stage
differentiation process itself to generate mineralized
matrix-producing cells. Neuropilin-1 receptors for
SEMA3B are also expressed on osteoblasts (24), sug-
gesting that SEMA3B may act in an autocrine fashion
to induce osteoblast differentiation and function. This
may be involved in the enhanced expression of osteo-
blast differentiation markers such as alkaline phospha-
tase in the SEMA3B-expressing transgenic osteo-
blasts in vitro. A more thorough understanding of
semaphorin signaling in osteoblasts and osteoclasts is
required to decipher the mechanisms through which
SEMA3B stimulates osteoclast formation and bone
resorption.

In summary, this study demonstrates that SEMA3B
is a target gene of 1,25-(OH)2D3 in osteoblastic cells
and that osteoblast-derived SEMA3B impacts skeletal
homeostasis in vivo. This is one of the first studies to
show that a member of the secreted semaphorin fam-
ily exerts a biological effect on bone mineral density in
vivo and uncovers a potential role for SEMA3B in
modulating osteoclastogenesis and bone resorption.

MATERIALS AND METHODS

Cell Culture

MG-63 human osteoblastic cells were maintained in growth
medium consisting of MEM supplemented with 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and 100 �g/ml strep-
tomycin. MC3T3 and ST-2 cells were maintained in �-MEM
(Invitrogen, Carlsbad, CA) supplemented with 10% FBS, 100
U/ml penicillin, and 100 �g/ml streptomycin. COS7 and
RAW264.7 cells were maintained in DMEM containing 100
U/ml penicillin and 100 �g/ml streptomycin and 10% bovine
calf serum or 10% FBS, respectively. For differentiation ex-
periments, MC3T3, ST-2, and primary osteoblasts were
grown to confluence, and then the medium was changed to
growth medium supplemented with 50 �g/ml L-ascorbic acid,
and 10 mM �-glycerophosphate to promote osteoblastic dif-
ferentiation. Medium was replenished twice per week during
the 3-wk differentiation period.

RNA Extraction and Northern Blot Analysis

mRNA was isolated from MG-63 cells with the FastTrack
system (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions. For bone RNA isolation, humeri were
ground to a fine powder using a mortar and pestle over liquid
nitrogen. Total RNA was extracted from the powder by ho-
mogenization in Trizol reagent (Invitrogen) according to the
manufacturer’s instructions. Total RNA was extracted from
osteoblastic cell cultures using RNA-Bee (TELTEST, Friends-
wood, TX). RNA was separated on a formaldehyde/agarose
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gel and transferred to a Duralon membrane (Stratagene, La
Jolla, CA) by capillary action. The �32P-labeled probes were
synthesized using a Prime-A-Gene kit (Promega, Madison,
WI) and hybridized to the blots using standard methods. The
human SEMA3B probe, consisting of the entire human cod-
ing sequence, was obtained from pcDNA3-SEMA3B (pro-
vided by J. Minna, University of Texas Southwestern Medical
Center). A 1-kb mouse SEMA3B probe was generated using
RT-PCR of RNA obtained from murine osteoblasts, random
hexamers (Invitrogen) were used for first-strand synthesis,
and the two primers, 5�-GCTCTGCTTTCAAGAATTACA-3�
and 5�-GTCTTGCTGGGGCAGAT-3�, were used for PCR am-
plification. Autoradiograms were quantitated using scanning
densitometry and normalized using either �-actin or GAPDH.

Immunohistochemical Detection of SEMA3B

An affinity-purified rabbit polyclonal antibody directed
against human SEMA3B (residues T732–W749) was gener-
ated by Bio-synthesis Inc. (Lewisville, TX). This peptide se-
quence is 100% conserved between the human and mouse
proteins. This same epitope was used to generate an anti-
SEMA3B antibody in a previous study (21). Tibiae from 8-wk-
old male C57BL/6J mice were fixed in 10% neutral buffered
formalin overnight at room temperature, decalcified in Immu-
nocal formic acid solution (American Mastertech Scientific,
Lodi, CA) for 4 d at room temperature, embedded in paraffin,
and sectioned. After blocking in goat serum, sections were
incubated with affinity-purified anti-SEMA3B antibody (final
concentration of 2.5 �g/ml). The rabbit IgG Vectastain ABC
kit and the diaminobenzidine peroxidase substrate kit (Vector
Laboratories, Burlingame, CA) were used for detection of
the primary antibody according to the manufacturer’s
recommendations.

Animals and Transgenic Mouse Construction

All animal studies were approved by the Institutional Animal
Care and Use Committee at Case Western Reserve Univer-
sity. Mice were housed in pathogen-free microisolator units
with a 12-h light, 12-h dark cycle and given food and water ad
libitum. The osteoblast-targeted transgene was constructed
by replacing the lacZ cassette in the 2300lacZ plasmid (43)
with the human SEMA3B coding sequence from pcDNA3-
SEMA3B (20) to drive expression of SEMA3B from the 2.3-kb
osteoblast-specific promoter of the mouse pro-�1(I) collagen
gene. The Case Western Reserve University Transgenic Core
Facility created transgenic mice by standard methods.
Briefly, the transgene was linearized, purified, and injected
into the pronuclei of fertilized C57B6/SJL hybrid oocytes.
Oocytes were then transferred into the uteri of pseudopreg-
nant females. Transgenic mice of the resulting progeny were
identified by PCR amplification of tail genomic DNA using the
following transgene-specific primers: 5�-GATTCAGCCG-
GAGGGAAG-3� located in the 3� region of the SEMA3B cDNA
and 5�-GGCATCTGCTCCTGCTTT-3� located in the MP1
polyadenylation signal sequence. All transgenic animals and
nontransgenic littermates used in these studies were greater
than 95% C57BL/6J. All adult mice were killed by asphyxia-
tion with CO2.

Bone Mineral Density and Imaging Analysis

Tibiae from nontransgenic and transgenic littermates were
dissected, fixed in formalin overnight, and transferred to 70%
ethanol. Volumetric bone mineral density (milligrams per cu-
bic centimeter) measurements of the tibiae were performed
using an XCT Research pQCT densitometer (Stratec Mediz-
intechnik, Pforzheim, Germany) as previously described (30,
44). Trabecular bone volume fraction and microarchitecture
were evaluated on the proximal tibia 12 mm distal to the end

of the growth plate using a �CT 40 (Scanco Medical, South-
eastern, PA), and 100 12-�m slices of each bone were
analyzed.

Mineralized Histology and Histomorphometry

Mice were injected ip with calcein (10 mg/kg) at 5 d before
they were killed and with tetracycline (25 mg/kg) at 1 d before
they were killed at 31 d of age (45). Tibiae were dissected,
fixed in formalin overnight under a vacuum, and dehydrated
sequentially in 70% ethanol and 95% ethanol to preserve the
fluorescent labels. Longitudinal 5-�m sections were cut from
methyl methacrylate plastic embedded blocks of frontal sec-
tions of each tibia. Sections were stained with Goldner’s
trichrome stain for the static measurements, and unstained
sections were used to visualize the fluorescent labels and
perform the dynamic measurements. Standard bone histo-
morphometry was performed as described (46) using Bio-
quant Image Analysis software (R & M Biometrics, Nashville,
TN).

Primary Osteoblast Isolation and Differentiation

Individual calvaria were dissected from 1- to 3-d-old newborn
mice, and the adherent tissue was removed. Primary osteo-
blasts were liberated from the bone by serial collagenase
digestions (47). Cultures were established in �-MEM (Invitro-
gen) supplemented with 15% FBS and combined based on
genotype. For differentiation studies, cells were seeded at a
density of 50,000 cells per well of a six-well dish, grown to
confluence, and then switched to differentiation medium con-
taining �-glycerophosphate and ascorbic acid as described
above. Alkaline phosphatase activity was determined by us-
ing a colorimetric kit that measures the conversion of p-
nitrophenyl phosphate to p-nitrophenol according to the
manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO).
Alkaline phosphatase activity was normalized to protein con-
centration of the lysate as measured by the bicinchoninic
acid (BCA) assay (Pierce Biotechnology, Inc., Rockford, IL).
Mineralized nodules were visualized by staining fixed cells
with 2% alizarin red S in 1% ethanol for 10 min and destain-
ing in distilled water.

Osteoclast Differentiation and TRAP Staining

Primary osteoblasts were differentiated for 15 d as described
above before overlaying osteoclast precursor cells. Oste-
oclast precursor cells were derived from the spleens of 7- to
10-wk-old female C57BL/6J mice. Spleen cells were plated
overnight in phenol red-free �-MEM supplemented with 10%
heat-inactivated FBS and 10 ng/ml macrophage colony-stim-
ulating factor (R&D Systems, Inc., Minneapolis, MN). Nonad-
herent cells were added to the osteoblast cultures at a den-
sity of 500,000 cells/cm2 in phenol red-free �-MEM
containing 10% heat-inactivated FBS, 100 nM dexametha-
sone, and the indicated concentrations of 1,25-(OH)2D3. The
cocultures were grown for an additional 8 d, and medium was
replenished twice. Cells were stained for TRAP expression
using the leukocyte acid phosphatase kit (Sigma-Aldrich)
according to the manufacturer’s instructions except that the
tartrate concentration was increased to 50 mM as described
(48). TRAP-positive cells with at least three nuclei were
counted in triplicate wells.

RAW 264.7 Differentiation Assay

To prepare CM, COS7 cells were transfected overnight with
pcDNA-SEMA3B (for CM-SEMA3B) or pcDNA empty vector
(for CM-control) by standard calcium phosphate precipita-
tion. Transfected cells were washed, and DMEM supple-
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mented with 10% FBS was added. CM was collected 24 h
later, filtered, and used in the RAW 264.7 assay. The pres-
ence of SEMA3B in CM was verified by Western blot.

Murine macrophage-like RAW 264.7 cells were cultured in
DMEM with 10% FBS. RAW264.7 cells were seeded in 48-
well plates at 2 � 103 cells per well and supplemented with
50% of CM-SEMA3B or CM-control CM with or without 20
ng/ml RANKL (R&D Systems). After 3 d, cells were stained for
TRAP as described above, and the numbers of TRAP-posi-
tive multinucleated (at least three nuclei) cells were counted.
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