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1,25-Dihydroxyvitamin D3-Induced Genes in Osteoblasts: Uncovering New 

Functions for Meningioma 1 and Semaphorin 3B in Skeletal Physiology 

 

ABSTRACT 

By 

Xiaoxue Zhang 

 

The vitamin D endocrine system is essential for calcium and phosphate 

homeostasis and skeletal mineralization.  1,25-dihydroxyvitamin D3 (1,25(OH)2D3) 

hormone binds to the vitamin D receptor (VDR) to regulate gene expression.  In 

turn, these gene products mediate the actions of 1,25(OH)2D3 in mineral-

regulating target cells.  1,25(OH)2D3 impacts bone indirectly by promoting 

intestinal absorption of calcium and phosphate and directly by acting on 

osteoblasts and osteoclasts.  Despite the direct regulatory roles of 1,25(OH)2D3 

in bone, relatively little is known about the mechanisms or 1,25(OH)2D3-target 

genes in skeletal cells.  Here, we identified meningioma 1 (MN1) and semaphorin 

3B (SEMA3B) as two novel 1,25(OH)2D3-stimulated genes in osteoblastic cells, 

and uncovered their new functions in skeletal physiology.  We demonstrated that 

MN1 is a coactivator for VDR-mediated transcription, and calvarial osteoblasts 

derived from MN1 knockout mice displayed altered morphology, decreased 

growth rate, impaired motility, attenuated 1,25(OH)2D3/VDR-mediated 
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transcription, reduced alkaline phosphatase activity, decreased mineralized 

nodule formation, but enhanced adipogenesis.  In addition, MN1 knockout 

osteoblasts are defective in supporting 1,25(OH)2D3-stimulated 

osteoclastogenesis, presumably due to marked reduction in the RANKL:OPG 

ratio.  These data indicate an important role for MN1 in maintaining appropriate 

osteoblast proliferation, maturation and function.  This may partially account for 

the intramembranous ossification defects of cranial bones in MN1 knockout mice.  

Our data reveal that osteoblast-derived SEMA3B alters the global skeletal 

homeostasis in intact animals and the bone cell activities in cultures.  Transgenic 

mice with osteoblast-targeted over-expression of SEMA3B develop osteopenia, 

with decreased body weight, reduced bone mineral density, and aberrant 

trabecular structure compared to the nontransgenic littermates.  

Histomorphometry studies indicated that this was likely due to increased 

osteoclast numbers and activity.  Indeed, primary osteoblasts obtained from 

SEMA3B transgenic mice stimulated osteoclastogenesis to a greater extent than 

nontransgenic osteoblasts.  This study revealed the novel roles of SEMA3B for 

controlling bone cell activities in vitro and bone remodeling in vivo.  Collectively, 

we characterized MN1 and SEMA3B as 1,25(OH)2D3-induced genes in 

osteoblasts and established their significance in regulating osteoblast function, 

osteoclast formation, and skeletal homeostasis.  This provides further insights 

about the direct actions of 1,25(OH)2D3 in bone remodeling. 



 

 

Chapter I 

Introduction 

Discovery of vitamin D 

Vitamin D deficiency causes a severe bone deformity called rickets, a 

softening and weakening of bones (1).  Rickets was a rampant disease among 

poor children during the Industrial Revolution because the dietary vitamin D was 

inadequate and the environmental pollution blocked sunlight, which is required 

for synthesizing vitamin D.  Rickets was first described scientifically by Daniel 

Whistler (1645) and Francis Glisson (1650).  However, vitamin D was not 

identified as the cause of rickets until 1910-1930.  In the late 1910s, Mellanby 

found that dogs developed rickets when they were raised indoors in the absence 

of sunlight under special diets.  The phenotype could be prevented by feeding 

food rich in fat-soluble vitamins, such as cod liver oil, butter, or whole milk, 

suggesting that there is a fat-soluble trace component with anti-rachitic function.  

It was called vitamin D because it was the fourth identified vitamin (2).  

While scientists were trying to isolate the essential nutrients for curing 

rickets, a different approach to treat rickets was discovered.  In the 1880s, Palm 

studied the geographical distribution of rickets and found that rickets 

development was correlated with a shortage of sunlight exposure (2).  In 1919, 

Huldschinsky found that ultraviolet (UV) light exposure was able to cure severe 
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rickets in children (3).  In 1923, Goldblatt and Soames demonstrated that livers 

from sunlight or UV light irradiated rats could cure rickets when fed to rachitic 

animals (3).  Later, Hess and Weinstock discovered that feeding rachitic rats with 

UV light irradiated skin or food substances can protect rats against rickets (3).  

Thus, instead of an essential dietary trace element, the fat-soluble vitamin D can 

be synthesized by the body in a pathway involving UV irradiation.  The chemical 

structures and the synthetic pathway of vitamin D were established in the 1930s 

by Windaus and other scientists.  Vitamin D2 (or calciferol) was UV-produced 

from ergosterol and was chemically characterized in 1932.  In 1936, Vitamin D3 

(or cholecalciferol) was synthesized from 7-dehydrocholesterol by UV irradiation.  

These discoveries showed that the anti-rachitic vitamin D is a secosteroid (3, 4). 

Vitamin D metabolism 

Vitamin D3 is obtained directly from diet or synthesized by the epidermis 

when 7-dehydrocholesterol reacts with sunlight, more specifically, the ultraviolet 

B portion with the energies between 290-315 nm (5, 6) (Figure I-1).  Vitamin D3 is 

first hydroxylated to 25-hydroxycholecalciferol [25(OH)D3 or calcidiol] by the 

catalysis of vitamin D 25-hydroxylase (25-hydroxylase) enzyme in hepatocytes 

(Figure I-1).  25(OH)D3 is the major circulating form of vitamin D.  It associates 

with the carrier protein, vitamin D binding protein (VDBP), and is transported to 

other organs through the plasma.  25(OH)D3 is further hydroxylated in kidney by 

25-hydroxyvitamin D-1α-hydroxylase (1α-hydroxylase) to form 1,25-

dihydroxyvitamin D3 [1,25(OH)2D3 or calcitriol], the bioactive form of vitamin D (7) 
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(Figure I-1).  Mutation of 1α-hydroxylase causes vitamin D-dependent rickets 

type 1 (8-10), a rachitic syndrome characterized by a lack of detectable 

1,25(OH)2D3 in the serum.  25(OH)D3 and 1,25(OH)2D3 are inactivated by the 

ubiquitous cytochrome P450 enzyme, 25-hydroxyvitamin D3-24-hydroxylase (24-

hydroxylase), to generate 24,25(OH)2D3 and 1,24,25(OH)3D3, respectively, which 

are further oxidized, degraded, and secreted (11) (Figure I-1).  

The serum levels of 1,25(OH)2D3 are tightly controlled by calcium and 

phosphate needs.  Regulation of 1,25(OH)2D3 by calcium is mediated primarily 

through the parathyroid gland.  Hypocalcemia induces the secretion of 

parathyroid hormone (PTH), which targets the kidney proximal tubular cells to 

promote the synthesis and enzyme activity of 1α-hydroxylase (12, 13).  In 

addition, restriction of dietary phosphate enhances the transcription and activity 

of 1α-hydroxylase in a calcium- and PTH-independent manner (13, 14).  Recent 

studies suggested that this regulation may be mediated through other systemic 

hormones, such as phosphatonins, fibroblast growth factor 23 (FGF23), fizzled-

related protein 4 (FRP-4), and matrix extracellular phosphoglycoprotein (MEPE) 

(15, 16).  1,25(OH)2D3 is also regulated by itself through a feedback mechanism.  

1,25(OH)2D3 suppresses PTH secretion, stimulates 24-hydroxylase expression, 

and inhibits 1α-hydroxylase synthesis and activity (17-19).   

Vitamin D receptor and cofactors 

Vitamin D receptor (VDR) 
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Most biological activities of 1,25(OH)2D3 are mediated through vitamin D 

receptor (VDR).  VDR is a member of group 1 nuclear receptors (NR), which also 

include retinoic acid receptors (RARs), thyroid hormone receptors (TRs), 

peroxisome proliferators-activated receptors (PPARs), RAR-related orphan 

receptors (RORs), pregnane X receptor (PXR), liver X receptors (LXRs), and 

constitutive androstane receptor (CAR) (20).  Most of them form active 

heterodimer complexes with retinoid X receptor (RXR) when ligand(s) binds.  

1,25(OH)2D3 binding triggers conformational changes in VDR and the formation 

of VDR-RXR heterodimers, which bind to vitamin D response elements (VDREs) 

at gene promoter region and recruit various classes of cofactors to regulate the 

transcription of target genes.  These genes mediate the functions of 1,25(OH)2D3 

in vivo.   

The N-terminus of VDR is a DNA-binding domain (DBD) (Figure I-2A).  

The DBD is the most conserved region among nuclear receptor superfamily 

members.  It is characterized by two zinc-binding modules that direct the 

sequence-specific association of receptors to DNA.  In each module, the zinc 

atom is coordinated with four conserved cysteine residues that can stabilize the 

finger structure.  Despite their similar structures, the two modules have different 

functions.  The N-terminal module directs the specific binding of VDR to the 

major DNA groove of the VDRE, and the other module provides an interaction 

surface for RXR (21, 22).  The C-terminus of VDR is a ligand-binding domain 

(LBD) (Figure I-2A), which includes 12 α-helices.   Like the LBDs in other nuclear 

receptors, the VDR LBD contains a ligand dependent activation function-2 (AF-2) 
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domain, with the core structure located within helix-12 (23).  1,25(OH)2D3 binding 

leads to a conformational change of the AF-2 domain, closing the ligand binding 

pocket of VDR and providing a surface for interaction with other proteins (Figure 

I-2B) (24).   Thus, the LBD is also a multifunctional globular domain that 

mediates the selective interactions of VDR with RXR as well as with other 

transcription factors (25).  The DBD and LBD are connected by a hinge region 

(Figure I-2A), which allows the rotational flexibility and facilitates the VDR 

interaction with DNA and other proteins (26).  VDR proteins with mutation(s) on 

DBD or LBD that are transcriptionally inactive cause vitamin D resistant rickets, a 

rachitic disorder that is unresponsive to vitamin D treatment (25, 27, 28).   

The ligand-activated VDR-RXR heterodimer binds to the VDRE at gene 

promoter regions to regulate the transcription of primary 1,25(OH)2D3 responding 

genes (29) (Figure I-3).  Classic VDRE are termed DR-3 elements, which contain 

two conservative hexanucleotide repeats (RGKTSA, R = A or G, K = G or T, S = 

C or G) separated by a 3-bp spacer (30).  Representative DR-3 elements are 

shown in Figure I-3 (31-34).  In addition to the DR-3 type of VDRE, everted 

repeats, DR-4 and DR-6 (direct repeats with four or six intervening nucleotides) 

also were discovered (35-39).  Their binding affinity and binding pattern to VDR-

RXR may be different from the classical DR-3 VDREs (29, 40, 41).  Most primary 

1,25(OH)2D3  target genes have at least one copy of a VDRE within 1 kb 

upstream of the transcriptional start site.  However, functional VDR binding sites 

can be distant or downstream from the transcriptional start site.  Such VDREs 

mediate the activation by 1,25(OH)2D3 on LRP5, RANKL, and TRPV6 gene 
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transcription (42-44).  DNA looping or other higher chromatin structures may help 

bring these distant VDREs close to the basal transcriptional machinery.   

VDR cofactors 

To regulate gene transcription, VDR interacts with various classes of 

coactivators and/or corepressors (Figure I-3).  Most of the cofactors constitute 

large multiprotein complexes and act at different molecular levels, such as 

chromatin remodeling, histone modification, transcriptional machinery formation, 

and further transcription factor recruitment.  

Steroid receptor coactivator (SRC) family members, or nuclear receptor 

coactivators (NCoA), associate with VDR in a ligand-dependent manner and 

promote VDR-mediated transcriptional activity.  The interaction is mediated 

through a conserved leucine-rich LXXLL motif (L, leucine; X, any amino acid), or 

NR box within SRC proteins and a hydrophobic pocket within the LBD of nuclear 

receptors (45).  Structural studies reveal that the carboxylate group of a glutamic 

acid residue in helix 12 and the amino group of a lysine residue in helix 3 of the 

LBD are essential for positioning the leucine side chains of LXXLL motif into a 

hydrophobic cavity of the LBD (Figure I-2B) (46-48).  Although the LXXLL motif is 

required for SRCs to bind VDR and other nuclear receptors, the flanking amino 

acids of NR box have important roles in selectively recognizing nuclear receptors 

(49).  SRC family proteins include steroid receptor coactivator-1/nuclear receptor 

coactivator-1 (SRC-1/NCoA-1), steroid receptor coactivator-2/transcriptional 

           6



 

 

intermediary factor 2/glucocorticoid receptor interacting protein 1/nuclear 

receptor coactivator-2 (SRC-2/TIF-2/GRIP-1/NCoA-2), and receptor coactivator-3 

(RAC-3) (50-52).   SRCs contain histone acetyltransferase (HAT) activity (53).  

HAT acetylates the amino group of lysine in core histone proteins, neutralizes the 

positive charges on the histone, decreases the binding affinity of histone and 

DNA, leading to a “loosening” of chromatin structure, and facilitates transcription 

factor assembly on exposed DNA (54).  Partial functional redundancy has been 

described among SRC coactivators.  Ablation of SRC-1 in mice only causes 

partial resistance to hormonal response, and the mRNA expression of TIF-2 is 

increased in this model (55). 

In addition to binding VDR and promoting transcription, SRCs also directly 

recruit other transcription factors, such as CREB (cAMP response element 

binding protein)-binding protein (CBP/p300) (56).  CBP/p300 is a co-integrator 

that associates with a variety of transcription factors (57).  CBP/p300 has HAT 

activity and assists SRCs in remodeling chromatin structure (58, 59).  Moreover, 

CBP/p300 acetylates non-histone proteins, such as TFIIEβ and TFIIF within the 

basal transcription machinery (60).  This potentially facilitates the further 

“melting” of the promoter, allowing transcription initiation.  

Another VDR coactivator complex is the vitamin D receptor interacting 

protein/thyroid receptor interacting protein (DRIP/TRAP) complex, or MED 

mammalian mediator complex (MED) (61-63).  DRIP contains 22-28 subunits 

(64).  Most hormone receptors and some of their coactivators bind DRIP to 
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control gene transcription.  In in vitro transcription assays using a chromatized 

DNA template, purified DRIP complex strongly activated VDR-mediated 

transcription in a ligand-dependent manner (62).  Knockout of DRIP205 

(TRAP220) or DRIP100 (TRAP100) subunit impairs gene activation and causes 

developmental defects in the mouse (65, 66).  Although the DRIP complex does 

not possess SRC proteins or HAT activity, it communicates with other VDR 

coactivators to influence the recruitment of RNA polymerase II to gene promoter 

regions and the formation of transcription pre-initiation complex (67, 68).  

Growing numbers of other VDR coactivators have been characterized.  

p300/associated factor (p/CAF) was discovered as the first mammalian HAT (69).  

It interacts with p300/CBP and SRCs and stimulates VDR-mediated transcription 

(70, 71).  SWI/SNF complex mediates ATP-dependent nucleosome disruption, 

which overcomes the repressive effects of chromatin structures and enhances 

the access of transcription factors to the promoter region (72, 73).  Nuclear 

coactivator-62 kDa /Ski interacting protein (NCoA62/SKIP) associates with the 

VDR-RXR heterodimer and augments VDR-RXR mediated transcription (74).  

Furthermore, NCoA62/SKIP regulates RNA processing by interacting with 

splicing machinery components and nuclear matrix-associated proteins, 

indicating its role in coupling VDR-mediated transcriptional regulation to RNA 

splicing (75, 76). 

In some cases, VDR-RXR binds VDREs to suppress gene transcription, 

such as the negative control of PTH expression by 1,25(OH)2D3 (77).  Binding of 
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VDR-RXR to such negative VDREs recruits nuclear corepressor/silencing 

mediator of retinoid and thyroid hormone receptors (NCoR/SMRT) and histone 

deacetylases (HDAC) (78-80).  HDAC removes the acetyl group from lysine in 

histone proteins to maintain a higher order, compact chromatin structure that 

inhibits the formation of transcription pre-initiation complex (54).  Some VDR-

RXR interacting proteins associate with both coactivators and corepressors.  

Examples include CBP/p300, NCoA62/SKIP, and WSTF (Williams syndrome 

transcription factor)-including nucleosome assembly complex (WINAC) (81, 82).  

Their effects on gene transcription depend on the cellular expression of other 

cofactors.  Therefore, 1,25(OH)2D3 regulation of gene transcription can be both 

cell and promoter selective.  

Non-genomic rapid response 

Some cellular responses of 1,25(OH)2D3  are too rapid to involve gene 

transcription changes.  These responses include rapid intestinal absorption of 

calcium, opening of chloride channels in osteoblasts, insulin secretion by 

pancreatic cells, and stimulation of protein kinase C (PKC) and mitogen-activated 

protein (MAP) kinases (81-83).  It is proposed that these rapid responses are 

mediated through functional membrane receptor(s) for 1,25(OH)2D3 (84).  One 

identified receptor is the classical VDR that is located near or within caveolae at 

plasma membrane.  Caveolae-enriched membrane fractions are able to bind 

1,25(OH)2D3 with high specificity, and VDR knockout mice are defective in 

1,25(OH)2D3-stimulated chloride channel opening (85).  Another candidate 
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receptor is membrane-associated, rapid response steroid-binding protein 

(MARRS), or ERp57, a thiol-dependent oxidoreductase (86).  Knockdown of 

ERp57 attenuated the 1,25(OH)2D3-induced rapid uptake of phosphate in 

intestinal cells (87).  Nonetheless, knowledge about the non-genomic rapid 

responses of 1,25(OH)2D3 still is limited, and further investigation is required to 

elucidate the complex mechanism.  

Functions of vitamin D endocrine system in bone development 

The classic physiological functions of vitamin D endocrine system are to 

adjust calcium and phosphate homeostasis and to regulate bone development.  

In response to low serum calcium, the parathyroid gland produces parathyroid 

hormone (PTH), which stimulates the expression and activity of renal 1α-

hydroxylase to synthesize 1,25(OH)2D3.  As a feedback mechanism, 1,25(OH)2D3 

inhibits its own expression through suppressing PTH and 1α-hydroxylase, and 

inducing the inactivating enzyme 24-hydroxylase (19, 77, 88).  VDR knockout 

mice develop hyperparathyroidism, with enlarged parathyroid glands and high 

serum PTH levels (89).  1,25(OH)2D3 has indispensable roles in active calcium 

transport by stimulating the expression key components, including TRPV5/6 

epithelial calcium channel (ECaC1/2), calbindin-D, and plasma membrane 

calcium pump isoform 1 (PMCA1) (90-94).  Similarly, 1,25(OH)2D3 induces Na-Pi 

cotransporter type IIB (NPT2b) and promotes transcellular phosphorus 

movement (95).  Calcium and phosphorus absorption defects are observed in 

rickets patients and in VDR or 1α-hydroxylase knockout mice, and a high 
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calcium/phosphorus diet is required to reverse the resulting hyperparathyroidism, 

rickets, and osteomalacia (92, 96, 97).  Bone is a major 1,25(OH)2D3 target organ.  

Although most disorders related to 1,25(OH)2D3/VDR deficiency are secondary to 

the impaired calcium absorption, certain defects cannot be corrected by mineral 

normalization (97).  In addition, VDR is expressed in osteoblasts and the direct 

regulation of 1,25(OH)2D3 on bone cell activities has been reported.   

Bone structure 

The skeletal system is composed of bone and cartilage, both of which 

support the body structure.  They build a platform for muscle attachment, provide 

mobility, and protect internal organs.  While cartilage is characterized by its 

proteoglycan-rich matrix, bone is distinguished by its mineralized inorganic matrix 

composed of calcium and phosphate.  Cartilage is poorly repaired in adults, but 

bone is a highly dynamic tissue that continuously undergoes remodeling.  Bone 

remodeling includes removal of mineralized bone and formation of new bone.  

The remodeling process not only plays significant roles in bone damage repair, 

but also meets the metabolic needs for minerals.  Ninety-nine percent of calcium 

in vivo is kept in the skeleton in the form of highly insoluble calcium phosphate 

crystals (98).  When circulating levels of calcium and phosphate become low, 

bone contributes to the maintenance of mineral homeostasis by dissolving the 

calcium phosphate crystals (99). 
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Bone is formed in two different manners, endochondral ossification and 

intramembranous ossification.  In endochondral ossification, mesenchymal cells 

differentiate into chondroblasts that produce a hyaline cartilage model around the 

bone collar.  Accompanied by vascular invasion, the chondrocytes proliferate, 

become hypertrophic, and undergo apoptosis.  Then their extracellular matrix 

becomes a template for osteoblasts, which calcify the remnant cartilage 

components.  Finally the chondrocytes are completely replaced by osteoblasts 

and calcified bone.  Most bones in the skeleton, especially long bones, are 

developed through endochondral ossification (100, 101).  In contrast, 

intramembranous ossification does not involve a cartilaginous template.  

Mesenchymal cells migrate to the collagen fibrils, directly differentiate into 

osteoblasts, and deposit the unmineralized matrix (osteoid), which subsequently 

is mineralized to form bone.  Flat bones that comprise the cranium, medial 

clavicles, and some other components of craniofacial skeleton are formed 

through intramembranous ossification (102). 

There are two types of mature bones, cortical bone and trabecular bone.  

They have different morphologies but the same composition.  Most of the outer 

skeleton is cortical bone, which is compact, dense, and has minimal gaps or 

spaces.  Cortical bone has a high resistance to bending, and thus provides 

mechanical strength and protection.  Trabecular bone, also called cancellous 

bone or spongy bone, is found in all bones.  Trabecular bone is less dense and 

more elastic, with a higher turnover rate.  It contributes only twenty percent of 

           12



 

 

bone mass but eighty percent of bone surface.  Therefore, it is the major site for 

blood vessels and bone marrow and to undergo active remodeling (99). 

Bone consists of extracellular matrix and cells (including osteoblasts, 

osteocytes, and osteoclasts).  Seventy percent of bone is inorganic matrix, 

hydroxyapatite [Ca5(PO4)3(OH)], a crystalline mineral.  Hydroxyapatite is built on 

type I collagen fibers, which have a triple-helix structure composed of two 

identical Iα1 chains and a similar Iα2 chain (103).   Collagen constitutes ninety 

percent of the organic bone matrix.  Non-collagenous proteins include 

proteoglycans, glycoproteins, and γ-carboxylated (Gla) proteins.  Decorin and 

biglycan are two major types of proteoglycans.  Decorin co-localizes with type I 

collagen and regulates fibrillogenesis.  Biglycan resides near osteoblasts and 

modulates their activity.  Glycoproteins include osteonectin, osteopontin, bone 

sialoprotein, tenascin-C, fibronectin, and thrombospondin family members. 

Glycoproteins regulate bone cell adhesion, migration, proliferation and 

differentiation.  In particular, bone sialoprotein assists the crystallization of 

hydroxyapatite (104).  Gla proteins include MGP (matrix Gla protein) and 

osteocalcin.  Osteocalcin is the major type of non-collagenous protein, which 

stabilizes hydroxyapatite, regulates bone formation, but inhibits premature or 

inappropriate mineralization (104, 105).   

Bone cells 
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The continuous remodeling of bone is mediated by osteoblasts and 

osteoclasts (Figure I-4).  Osteoclasts break down calcified bone, and then 

osteoblasts lay down new matrix.  In young adults, bone formation and bone 

resorption are maintained at a steady state under mechanical and homeostatic 

controls.  An imbalance of bone remodeling causes skeletal disorders.  Higher 

activity of osteoclasts over osteoblasts leads to osteoporosis, a disease with 

reduced bone mass, decreased structural stability, and increased risk of bone 

fracture.  In contrast, excess bone formation causes osteopetrosis or 

osteosclerosis, in which bone mineral density is abnormally high and the 

structural instability enhances spontaneous bone fracture risk (106). 

Osteoblasts are derived from mesenchymal stem cells.  Osteoblasts have 

dual activities in bone remodeling, depositing bone matrix and secreting factors 

to promote osteoclastogenesis.   Osteoblasts produce osteoid, which is a protein 

mixture with type I collagen as the major component.  After osteoid becomes 

mineralized, new osteoblasts line up on the surface of osteoid and secrete 

collagen and non-collagenous proteins.  Osteoblasts produce alkaline 

phosphatase (ALP).  ALP cleaves the phosphate groups from unmineralized 

osteoid and assists in hydroxyapatite formation.  Electron microscopy reveals 

that the ALP containing vesicles in bone matrix are polarized, with the 

mineralizing side facing osteoblasts (107).  The formation and activities of 

osteoblasts are under the control of a variety of hormones, including PTH, 

1,25(OH)2D3, growth hormone, insulin, thyroid hormone, estrogen and androgen.  

In addition, osteoblasts produce growth factors, such as insulin-like growth factor 
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(IGF), bone morphogenetic proteins (BMPs), platelet-derived growth factor 

(PDGF), fibroblast growth factor (FGF), and tumor growth factor beta (TGF-β) 

(99).  Thus, osteoblasts are actively involved in endocrine, paracrine and 

autocrine pathways.   

Active osteoblasts are not terminally differentiated.  They can trans-

differentiate into chondroid depositing cells, or become lining cells to cover 

available bone surfaces.  Other osteoblasts are trapped within osteoid to form 

osteocytes, and the chambers that osteocytes occupy are called lacunae (104).  

Younger osteocytes still have a Golgi apparatus and synthesize matrix proteins, 

but they are small.  Older osteocytes are smaller and accumulate glycogen.  

They have reduced endoplasmic reticulum and Golgi apparatus and no longer 

secrete matrix (108).   Osteocytes are strain and stress sensors in bone and 

assists in the maintenance of bone structure (109). 

Osteoclasts are large, multinucleated cells that originate from the 

monocyte/macrophage lineage of hematopoietic stem cells.  Under endocrine 

and paracrine controls, osteoclast precursors migrate to bone surfaces, and fuse 

to form giant multinucleated cells, which attach to bone through the anchoring 

protein, integrin ανβ3.  Osteoclasts are polarized cells.  The plasma membrane 

facing the bone surface, or ruffled border, is deeply folded, and forms a sealed 

bone resorption compartment between osteoclast and bone.  Electrogenic 

protons are pumped out by the H+-adenosine triphosphatase (H+-ATPase) from 

the ruffled border into the resorption compartment, which is acidified to pH~4.5.  
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The energy-independent Cl-/HCO3
- exchanger at the basolateral side and the Cl- 

channel at ruffled membrane assist in maintaining the acidity.  Osteoclasts are 

rich in Golgi complex, mitochondria, and transporting vesicles that contain 

lysosomal enzymes, such as tartrate-resistant acid phosphatase (TRAP) and 

cathepsin K.  Lysosomal proteases are secreted into the resorption 

microenvironment, and the collagen fibers are digested.  Then, the released 

residues are internalized and transported out of osteoclasts through the 

basolateral side (110, 111). 

Regulation of osteoblast differentiation and activities 

Osteoblasts originate from mesenchymal stem cells, which can also 

differentiate into fibroblasts, adipocytes, chondrocytes, and myoblasts (112).  

Osteoblast differentiation is controlled by a variety of transcriptional factors, 

hormones, and growth factors.   

Core binding factor 1/runt-related transcription factor 2 (Cbfa1/Runx2) is a 

pivotal regulator for osteoblast maturation (113).  It binds to the osteoblast-

specific cis-acting element (OSE) and functions as a transcription factor to 

stimulate the expression of certain osteoblastic genes, such as osteocalcin, 

osteopontin, and type I collagen (114).  At early embryonic stage, Runx2 is 

selectively expressed in mesenchymal cells that will become chondrocytes or 

osteoblasts, and then it becomes more restricted to osteoblasts (113).  PPARγ2 

signaling inhibits Runx2 expression, and overexpression of PPARγ2 stimulates 
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adipogenesis and suppresses osteogenesis in bone marrow stromal cells (115).  

Runx2 heterozygous mice develop hypoplastic clavicles and exhibit delayed 

ossification in some cranial bones that is similar to cleidocranial dysplasia (CCD) 

in humans (116).  Indeed, loss-of-function mutations of Runx2 gene have been 

identified in CCD patients (117).  Runx2 homozygous knockout mice have 

normal cartilage development but completely lack osteoblasts, and both 

endochondral and intramembranous ossification are blocked (118).  Transgenic 

mice with postnatal overexpression of a dominant-negative form of Runx2 

develop osteopenia due to the decreased bone formation (119).  These animal 

models support the essential role of Runx2 in osteogenesis.  Targeted 

overexpression of Runx2 in osteoblasts promotes both bone formation and bone 

resorption, but overall, the high turnover rate leads to reduced bone mineral 

density (120).   

Homeobox family proteins are transcription factors that control 

organogenesis in embryos.  Some homeobox genes that regulate bone formation 

have been characterized.  Distal-less homeobox 5 (Dlx5) is expressed in cells 

undergoing intramembranous ossification and around cartilage during 

endochondral ossification (102).  Dlx5 knockout mice exhibit craniofacial 

abnormalities, vestibular organ malfunctions, delayed skull ossification, and 

impaired osteogenesis (121).  Msx2-deficient mice are defective in calvarial 

structures, endochondral bone ossification, tooth formation, and hair follicle 

development.  The phenotypes are similar to parietal foramina (PFM) in humans, 

and Msx2 mutations have been observed in PFM patients (122).  Msx2 null mice 
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have reduced expression of Dlx5, suggesting that Msx2 is an upstream regulator 

for Dlx5 (123). 

Bone morphogenetic proteins (BMPs) are important local factors for 

osteoblast differentiation.  There are fifteen identified BMPs and two BMP 

receptors (BMPRs).  Both types of BMPR are required to transmit BMP signals.  

Osteoblasts express BMPs and BMPRs from their osteoprogenitor lineage to 

their more mature stages, suggesting a broad involvement of BMP signaling in 

osteoblast function.   Different BMPs exhibit distinctive distribution and activity in 

osteoblasts.  BMP-5 mRNA is found in mesenchymal cells before cartilage 

development, but BMP-2, BMP-4 and BMP-7 are located around the cartilage 

anlage (124).  In a variety of cell lines, BMP-2, BMP-4, BMP-6, and BMP-7 can 

stimulate osteoblast differentiation and induce the synthesis of osteoblastic 

markers, including Cbfa1, ALP, and osteocalcin (125).  In myoblasts, BMP-2 

suppresses the expression of myoblastic markers and promotes the trans-

differentiation of these cells into osteoblasts (126, 127).  Mutation of 

growth/differentiation factor 5 (GDF5), a BMP family member, causes defects in 

bone and joint development (128).  Collectively, both in vitro and in vivo evidence 

suggest that BMP signaling plays important roles in osteogenesis and osteoblast 

functions.  Interestingly, interruption of BMP signaling impairs the 1,25(OH)2D3-

induced osteoblastic differentiation from human dermal fibroblasts, suggesting 

that endogenous BMPs mediate 1,25(OH)2D3 functions (129).   
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1,25(OH)2D3 has biphasic effects on the osteoblast maturation pathway 

and can be stimulatory or inhibitory during the proliferation-differentiation process.  

The exact actions of 1,25(OH)2D3 on osteoblasts in vitro depend on the origin, 

species, differentiation status, and culture condition of the cells (107).  In rat 

calvarial cells, 1,25(OH)2D3 treatment of pre-confluent osteoblasts inhibits their 

proliferation and differentiation, with decreased expression of ALP and type I 

collagen and reduced mineralized nodule formation.  In contrast, 1,25(OH)2D3 

treatment in post-confluent cells promotes the expression of osteoblastic marker 

genes, such as osteocalcin and osteopontin (130-132).  Thus, it is suggested that 

1,25(OH)2D3 induces osteoblast differentiation while inhibiting the early 

mineralization by less mature osteoprogenitors (132).  Consistent with this 

hypothesis, the regulation of Runx2 and osteocalcin by 1,25(OH)2D3 also 

depends on the maturation stage of osteoblastic cells (133, 134).   The biphasic 

effects of 1,25(OH)2D3 underscore its important roles in determining osteoblast 

behavior during the differentiation period.  Transgenic mice with targeted 

overexpression of VDR in mature osteoblasts (driven by osteocalcin promoter) 

exhibit increased trabecular bone volume, enhanced bone strength, and reduced 

bone resorption (135), indicating that 1,25(OH)2D3/VDR signaling displays 

anabolic effects in differentiated osteoblasts in vivo.   

In addition to the direct regulation of osteoblast activity, 1,25(OH)2D3 also 

modulates the response of osteoblasts to other hormones and growth factors.  

One example is TGF-β.  1,25(OH)2D3 induces the expression of both TGF-β and 

its receptor in osteoblasts (136, 137), and a functional VDRE has been identified 
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in TGF-β promoter (138).  Vitamin D deficiency in rat results in reduced TGF-β 

synthesis selectively in bone (139).  Furthermore, the expression of VDR is 

regulated by TGF-β (140, 141).  TGF-β acts synergistically with 1,25(OH)2D3 in 

stimulating the synthesis of osteoblastic marker genes, such as procollagen type 

1 and ALP (142).  Smad3, a downstream component of the TGF-β signaling 

cascade, acts in concert with SRC proteins to augment VDR-mediated 

transcription (143).  In mice, targeted deletion of Smad3 in osteoblasts leads to 

complete loss of the TGF-β response, and the mice develop osteopenia due to 

impaired bone formation (144).   

Vascular-mediated nutrition is important for the survival of bone cells.  

Indeed, osteoblast precursor cells are located close to the endothelial cells.  

Decreased blood vessels in older patients are accompanied by osteoporosis and 

reduced osteoblast number (142).  The angiogenic factor, vascular endothelial 

growth factor (VEGF), is suggested to connect the functions of endothelial cells 

to osteoblasts.  VEGF has at least six isoforms, which are alternative splicing 

products of one single gene (145).  VEGF isoforms have distinct biological 

activities, such as differential interaction with VEGF receptors (VEGFRs) and 

neuropilin co-receptors (146).  Impaired angiogenesis and ossification are 

observed in mice that exclusively express VEGF120, indicating the significance of 

other VEGFs (particularly VEGF164 and VEGF188) in bone development (147, 

148).  It is suggested that VEGF stimulates endothelial cells to synthesize 

osteotropic factors, such as IGF-1 and endothelin-1, which cooperate with 

1,25(OH)2D3 to promote osteoblast maturation and matrix deposition (149).  In 
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addition, VEGF signaling directly regulates osteoblast activities.  VEGFs, 

VEGFRs and neuropilins are expressed in osteoblasts, and VEGF stimulates 

osteoblast proliferation, migration, and differentiation (150, 151).  Although 

canonical VDREs have not been identified, the VEGF promoter is responsive to 

1,25(OH)2D3 (152).  The stimulation by 1,25(OH)2D3 on VEGF expression has 

been observed in both osteoblastic culture and osteoblast-endothelial coculture 

models (142).   

The regulation of osteoclast differentiation and activity 

Osteoclasts are formed by the fusion of monocyte/macrophage-derived 

mononuclear progenitor cells.  Osteoclast differentiation is influenced by 

systemic circulating molecules and osteoblast secreted factors.   

Osteoclast activity requires the appropriate formation of resorption 

compartments and acid microenvironments.  Genes that regulate osteoclast 

attachment, survival, ion transport, or matrix degradation directly impact 

osteoclast activities.  Mice lacking c-Src kinase have abundant osteoclasts, but 

these osteoclasts do not form ruffled borders, and thus fail to absorb bone (153).  

Similarly, ablation of H+-ATPase, integrin ανβ3, carbonic anhydrase II, or 

cathepin K results in malfunction of the resorption compartment and causes 

osteopetrosis in vivo (154-156).  The Fas signaling pathway induces apoptosis in 

osteoclasts, and mutation of Fas or its ligand in mice increases osteoclast 

number and causes osteoporosis (157).  For these reasons, osteoclasts 

           21



 

 

represent a therapeutic target to treat osteoporosis.  Inhibitors of cathepsin K, 

integrin ανβ3 receptor, or H+-ATPase can be used to prevent or treat bone loss 

(158-160).  Bisphosphonates inhibit farnesyl diphosphate synthase, which is 

required for osteoclast survival and activity.  Presently, bisphosphonates are one 

of the most powerful drugs to reduce bone loss in post menopausal women (106). 

Although mesenchymal cells and their derivatives do not directly impact 

osteoclast activity, they produce essential factors that regulate osteoclast 

formation in an endocrine or paracrine manner.  Macrophage colony-stimulating 

factor (M-CSF) is essential for regulating proliferation, survival, and differentiation 

of osteoclast precursors.  M-CSF is synthesized by a range of mesenchymal-

derived cells, including osteoblasts and bone marrow stromal cells (161).  M-CSF 

binds to the monocyte/macrophage surface receptor, c-Fms, and promotes the 

differentiation of monocyte/macrophage into osteoclasts.  Mice with mutated M-

CSF or c-Fms develop osteopetrosis due to the osteoclastogenesis defects (162, 

163), and administration of soluble M-CSF is able to reverse the osteopetrosis in 

the toothless rat model (164, 165).  

Receptor activator of NF-κB (nuclear factor kappa B) ligand (RANKL) is 

another essential osteoclastogenic cytokine.  RANKL belongs to the tumor 

necrosis factor (TNF) superfamily and is produced primarily by osteoblasts.  In 

osteoclast precursors, RANKL binds to the surface receptor, RANK, and 

activates the intracellular signaling pathway by recruiting adaptor molecules, 

such as TNF receptor associated factors (TRAFs), c-src non-receptor-type 
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tyrosine kinase, and c-Fos family proteins (166).  These adaptor proteins mediate 

the activation of NF-κB, c-Jun NH2-terminal kinase (JNK), and mitogen-activated 

protein kinase (MAPK) (167-169).  RANKL-null mice develop osteopetrosis, 

which is not due to the lack of osteoclast precursors but to the defects in 

osteoclast differentiation (170).  Interruption of the RANKL-RANK signaling 

pathway, such as by deleting RANK, NF-κB, TRAF6, c-src or c-Fos, also impairs 

bone resorption (153, 171-175).  In certain types of cancer, including T-cell 

leukemia, multiple myeloma, and breast cancer, the malignant tumor cells 

produce high level of RANKL.  Thus, accelerated bone resorption and 

hypercalcemia are accompanied with these cancers (176, 177).   

Osteoblasts secrete an important osteoclastogenesis inhibiting factor, 

osteoprotegerin (OPG).  OPG is a soluble glycoprotein and a member of TNF 

receptor family.  It binds to RANKL, but functions as a decoy receptor, and blocks 

the stimulation of RANKL (178).  OPG transgenic mice develop profound 

osteopetrosis, and OPG injection decreases cancer-related hypercalcemia and 

bone loss (106, 179).  In contrast, OPG knockout mice develop severe 

osteoporosis due to increased osteoclastogenesis, with impaired growth plate 

structures, reduced trabecular bone, and decreased bone mineral density (180-

182).   

Because of the roles played by osteoblasts in osteoclast formation, a 

number of osteoclastogenesis regulating factors target osteoblasts to alter the 

expression of M-CSF, RANKL and/or OPG.  For example, glucocorticoids, PTH, 
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and prostaglandin E2 (PGE2) promote osteoclast differentiation by enhancing the 

osteoblastic RANKL:OPG ratio (174, 183).  Estrogen and selective estrogen 

receptor modulators (SERMs) exhibit bone protective effects by inducing OPG 

(184).  While stimulating osteoblast differentiation, 1,25(OH)2D3 promotes the 

osteoblastic expression of M-CSF and RANKL, and inhibits OPG expression 

(185, 186), stimulating osteoclastogenesis and the subsequent bone resorption.   

Transient receptor potential cation channel superfamily V (TRPV5)-

deficient mice have normal serum PTH and calcium but higher level of 

1,25(OH)2D3, and the thickness of cortical and trabecular bones is reduced (187), 

indicating that 1,25(OH)2D3 promotes bone resorption more than bone formation 

in this model.  Therefore, 1,25(OH)2D3 exerts dual effects on bone remodeling.  It 

is proposed that the overall effects of 1,25(OH)2D3 on bone are correlated with 

administration levels (103).  At physiological dose, 1,25(OH)2D3 suppresses bone 

resorption, possibly by inhibiting PTH-induced RANKL expression.  At high or 

pharmacological dose, 1,25(OH)2D3 promotes osteoclast activity and induces 

hypercalcemia (103).   

Similarly, PTH shows dose-dependent effects on bone remodeling 

regulation.  A low level of PTH enhances osteoblast survival by suppressing their 

apoptosis (188), but a high level of PTH promotes bone resorption by enhancing 

the osteoblastic RANKL:OPG ratio, especially in response to the serum calcium 

shortage (188).  In addition, it has been suggested that the intermittent treatment 

of PTH is primarily anabolic, but the continuous PTH administration is more 
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catabolic (104).  Other factors that up-regulate RANKL:OPG ratio and promote 

osteoclastogenesis include IL-1α, IL-18, IL-11, and TGF-β (189).   

Insulin-like growth factor (IGF) is another growth factor whose signaling is 

correlated with osteoblast and osteoclast functions.  IGF-1 and IGF-2 are 

mediators for growth hormone (GH) and PTH signaling.  The activities of IGFs 

are regulated through their high-affinity binding proteins, IGF binding proteins 

(IGFBPs).  Six types of IGFBP have been identified, and their distribution and 

functions are cell-specific (190).  1,25(OH)2D3 enhances the expression of IGF-1, 

IGFBP-2, IGFBP-3, and IGFBP-4 in osteoblastic models (142).  Although IGF-1 

and IGF-2 stimulate bone matrix synthesis (191), the overall effects of IGF 

signaling in vivo are more catabolic.  The circulating level of IGFBP-2 increases 

with age and can have a deleterious effect on bone density (192), and IGFBP-2 

and IGFBP-4 transgenic mice exhibit reduced bone size and density  (193, 194).   

Bone phenotypes of VDR-/-, 1α-hydroxylase-/-, and VDR-/-/1α-hydroxylase-/- mice 

To understand the in vivo functions of VDR and 1,25(OH)2D3, mice with 

targeted deletion of VDR (VDR-/-) gene, 1α-hydroxylase (1α-hydroxylase-/-) gene, 

or both genes (VDR-/-/1α-hydroxylase-/-) were generated (89, 97, 195).  These 

knockout mice grow normally before three weeks, but after weaning, they exhibit 

symptoms of rickets, including growth retardation, enlarged epiphyseal growth 

plate, widened hypertrophic zone, impaired mineralization, hypocalcemia, and 

hyperparathyroidism.  Most phenotypes can be corrected by a special diet 
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containing high level of calcium, phosphorus, and lactose.  Similarly, the bone 

mineralization defects in rickets patients can be clinically reversed by calcium 

infusion (196).  This evidence suggests that 1,25(OH)2D3/VDR signaling 

regulates bone development primarily by controlling calcium homeostasis.   

However, further comparisons show that 1,25(OH)2D3, VDR, and calcium 

display distinct activities (97).  Under high calcium/phosphorus/lactose rescue 

diet, all the knockout models have reduced trabecular bone, osteoblast number, 

mineral apposition rates, and osteoid volume.  These defects indicate that 

calcium cannot entirely replace the functions of 1,25(OH)2D3/VDR in bone.  In 

1α-hydroxylase-/- mice, neither calcium nor 1,25(OH)2D3 alone is able to 

completely reverse the distorted cartilaginous growth plate, suggesting that both 

1,25(OH)2D3 and calcium are required for appropriate growth plate formation (97).    

Furthermore, the cartilaginous growth plate defects in VDR-/- mice are less 

severe than in 1α-hydroxylase-/- or VDR-/-/1α-hydroxylase-/- mice, revealing that a 

VDR-independent, non-genomic signaling of 1,25(OH)2D3 in skeletal 

development.  Therefore, the direct actions of 1,25(OH)2D3 have significant 

impact in bone cell activities, and the related defects cannot be completely 

corrected by mineral normalization.  

MN1 and SEMA3B are novel target genes of 1,25(OH)2D3 in osteoblasts 

As introduced above, 1,25(OH)2D3 promotes osteoblast maturation and 

matrix protein synthesis.  At the same time, 1,25(OH)2D3 induces 
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osteoclastogenesis by enhancing the osteoblastic RANKL:OPG ratio.  Despite 

these direct actions of 1,25(OH)2D3 in bone, little is known about the molecular 

mechanism of 1,25(OH)2D3 functions or 1,25(OH)2D3 target genes  in the skeletal 

system.  To further understand the physiology of 1,25(OH)2D3 in bone and 

explore the molecular mechanism, MG-63 human osteoblastic cells were treated 

with 10 nM 1,25(OH)2D3 for 6 hours, and the gene expression profiles were 

depicted by microarray analysis.  In addition to the established 1,25(OH)2D3 

induced genes, such as osteocalcin and 24-hydroxylase, novel targets were 

identified, including meningioma 1 (MN1) and semaphorin 3B (SEMA3B).  Data 

suggest that MN1 and SEMA3B are involved in skeletal homeostasis.  However, 

their regulation and function in bone cells are largely unknown and need to be 

further investigated. 

MN1 is essential for cranial skeleton development 

MN1 is a large protein with 1320 amino acids, but it does not show 

homology with other proteins.  Evolutionary analysis revealed that MN1 is highly 

conserved among vertebrates (197), implying its potential significance for 

vertebrate development.  MN1 was originally discovered as a gene that is 

disrupted by a balanced translocation in meningioma (197).  Subsequent studies 

showed that MN1 expression status is correlated with the development and 

treatment outcome of myeloid disorders.  Overexpression of MN1 in bone 

marrow cells induces myeloid malignancy in mice (198), and high levels of MN1 

predict poor treatment outcome in acute myeloid leukemia (AML) patients (199, 
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200).  In addition, a recurrent translocation resulting in mis-expression of an 

MN1-TEL fusion protein was identified in human myeloid diseases.  MN1-TEL 

has transforming activities in NIH3T3 cells (201), and forced expression of MN1-

TEL or MN1 in multipotent progenitor cells causes T-lymphoid tumors and AML 

in mouse models (202-206).   

While most studies suggest that MN1 has important roles in myeloid 

disorders, targeted deletion of MN1 causes severe abnormalities in cranial 

skeleton development (Figure I-5) (207).  MN1 knockout mice die on birth due to 

cleft palate, and multiple craniofacial bones are either hypoplastic or agenic.  In 

E18.5 MN1 null embryos, the alisphenoid bone, squamosal bone and vomer are 

completely absent, the presphenoid, pterygoid and basisphenoid bones are 

undermineralized, and the formation of supraoccipital bone is delayed.  In 

addition, the frontal, parietal, and interparietal bones that compose the roof of 

skull are thin and hypoplastic.  In MN1 heterozygous mice, these defects are less 

profound.  The alisphenoid and squamosal bones form but are hypoplastic, while 

the vomer, supraoccipital bone, and the skull roof components are normally 

mineralized.  A minor percentage of MN1 heterozygous mice also have cleft 

palate and die post-natally.  These phenotypes suggest a dose-dependent effect 

of MN1 on controlling cranial skeleton development.  Cumulatively, the MN1 

knockout studies reveal that MN1 has essential roles for appropriate cranial 

skeleton formation.  However, the functions of MN1 in bone cells were not 

analyzed.  Therefore, we initiated studies to investigate the roles of MN1 in 
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1,25(OH)2D3-mediated cellular responses and to examine the properties of 

primary calvarial osteoblasts derived from MN1 knockout mouse.   

Semaphorin signaling is involved in bone development 

Semaphorin family proteins are cell surface or secreted glycoproteins 

characterized by an N-terminal SEMA domain (208) (Figure I-6A).  Semaphorins 

originally were identified as axonal guidance proteins that affect central nervous 

system development, but subsequent studies showed that they also regulate cell 

migration, cell growth, differentiation, and angiogenesis in a variety of tissues 

(209-212).  There are eight classes of semaphorin proteins.  Classes 3-7 are 

found in vertebrates (208).  SEMA3 molecules are distinguished by a conserved 

basic domain at the C-terminal (Figure I-6A).  They are secreted proteins that 

signal through neuropilin receptors and plexin co-receptors (213-216) (Figure I-

6B).  The SEMA3B gene was first identified based on its position in the 

chromosomal region 3p21.3, a frequent site of loss-of-heterozygosity (LOH) in 

lung cancer (217).  Later, its LOH was also characterized in kidney, ovarian, and 

testicular cancers (218-221).  Furthermore, re-expression of SEMA3B in either 

lung or ovarian cancer cells diminishes their proliferative and tumorigenic 

potential (222, 223).  These studies indicate that SEMA3B is a putative tumor 

suppressor.  SEMA3B knockout mice are viable and fertile (224, 225).  They are 

defective in positioning of the anterior commissure, but their skeletal 

mineralization was not examined.   

           29



 

 

Accumulating evidence suggests that semaphorin proteins have active 

roles in bone development.  Semaphorin signaling, involving SEMA3A, SEMA3C 

and their receptors, facilitates cleft formation during early development (226).  

Deletion of SEMA3A impairs bone and cartilage development, causing vertebral 

fusions and partial rib duplications (227).  SEMA7A polymorphisms are 

correlated with reduced bone mineral density and increased fracture risk (228).  

SEMA4D suppresses collagen synthesis in pulp-derived cells and inhibits 

odontoblast differentiation (229).  SEMA3B transcripts are expressed in 

osteoblastic cell cultures obtained from human oral tissue explants in vitro (230).  

Moreover, neuropilin-1, a receptor for SEMA3B, is expressed in osteoblasts and 

in osteoclasts in vitro and in vivo, and is down-regulated as osteoblasts 

differentiate into more mature osteocytes (231).  The involvement of semaphorin 

proteins in bone development and the expression of SEMA3B signaling 

components in bone cells suggest the putative roles of SEMA3B in skeletal 

system.  However, the biological effects of SEMA3B in skeletal homeostasis or in 

osteoblasts/osteoclasts activities are unknown.  Therefore, we generated a 

transgenic mouse model with targeted SEMA3B overexpression in osteoblasts 

and investigated the impact of osteoblast-derived SEMA3B in global skeleton 

maintenance and in bone cell functions.  

Overall hypothesis 
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Based on current knowledge, we hypothesized that MN1 and SEMA3B 

are 1,25(OH)2D3-induced genes in osteoblasts that regulate bone cell activities 

and impact global skeletal homeostasis.  
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Figure I-1

The metabolism of vitamin DThe metabolism of vitamin D.

Vitamin D3 is obtained directly from the diet, or synthesized from 7-

dehydrocholesterol in the epidermis by sunlight catalysis. In liver, vitamin D3 is

hydroxylated by 25-hydroxylase to form 25(OH)D3, which is the major circulating

type of vitamin D. 25(OH)D3 is further hydroxylated by 1-hydroxylase in kidney

to form the bioactive form of vitamin D, 1,25-dihydroxyvitamin D3 or 1,25(OH)2D3.

Both 25(OH)D3 and 1,25(OH)2D3 can be inactivated by the ubiquitous enzyme,

24-hydroxylase, to form 24,25(OH)2D3 or 1,24,25(OH)3D3, which are furthery y , , ( )2 3 , , ( )3 3,

degraded and excreted.
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Figure I-2

The structure and activation of VDRThe structure and activation of VDR.

A, VDR is composed of a DNA-binding domain (DBD) at the N-terminus, a ligand-

binding domain (LBD) at the C-terminus, and a hinge region in the middle. The

DBD has two zinc-binding modules that direct the sequence-specific association

of VDR with DNA. The LBD is a multifunctional globular domain with 12 α-helices

that mediate the selective interactions of VDR with RXR and other transcriptional

factors. The hinge region allows the rotational flexibility and facilitates the VDR

interaction with DNA and other proteins. The numbers above the VDR proteinp p

indicate the amino acid residue boundaries of corresponding regions (based on

human VDR). B, 1,25(OH)2D3 binding leads to a conformational change of the

AF-2 domain, closing the ligand binding hydrophobic pocket and activating VDR.

The LXXLL motif (L, leucine; X, any amino acid) of SRC coactivators associates

with the hydrophobic groove of VDR through the glutamic acid residue (E) in helix

12 and the lysine residue (K) in helix 3 of the LBD.
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Figure I-3

The model of VDR mediated transcriptionThe model of VDR mediated transcription.

When binding to 1,25(OH)2D3, VDR forms a heterodimer with retinoid X receptor

(RXR). VDR-RXR complex binds to vitamin D response elements (VDREs) at

gene promoter regions, and recruits various classes of cofactors to regulate the

transcription of target genes. These genes mediate the functions of 1,25(OH)2D3

in vivo. The canonical VDREs are termed DR-3 elements, which contain two

conserved hexanucleotide repeats separated by a 3-bp spacer. Representative

DR-3 type VDREs from mouse ostepontin (-759 bp)a, rat 24-hydroxylase (-259yp p ( p) , y y (

bp)b, human osteocalcin (-500 bp)c, and rat PTH related peptide (-1107 bp)d are

shown (numbers represent the position in relation to the transcriptional start site).

The hexameric core binding elements are capitalized, and the deviations from the

consensus sequence are underlined.

           36



(1,25(OH)2D3)

1,25-dihydroxyvitamin D3

A ( ( )2 3)

VDRE

RXR VDR

CBP/p300DRIP

1,25(OH)2D3

VDRE

RXR VDR

SRCs

RNA Pol II +++     Target genes

Ac

Ac

Ac

Ac

Ac

Ac

Ac

Ac

GGTTCAcgaGGTTCAa

GGTTCAgcgGGTGCGb

GGGTGA GGGGCAGGGTGAacgGGGGCAc

GGTGGAgagGGGTGAd

           37



Figure I-4

The scheme of bone remodelingThe scheme of bone remodeling.

The continuous remodeling of bone is mediated by osteoblasts and osteoclasts.

Osteoclasts break down calcified bone, and then osteoblasts lay down new

matrix, which they then mineralize. Osteoclasts are large, multinucleated,

polarized cells that originate from hematopoietic stem cells. The plasma

membrane facing bone surface, or ruffled border, is deeply folded, and forms a

sealed bone resorption compartment between osteoclast and bone. Osteoblasts

are derived from mesenchymal stem cells and have dual activities in boney

remodeling. Osteoblasts build bone by depositing bone matrix. At the same

time, osteoblasts produce RANKL and M-CSF, which are essential for osteoclast

differentiation. Some factors that control the differentiation of osteoblasts and

osteoclasts are listed.
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Figure I-5

MN1 knockout mice have severe defects in cranial skeletal developmentMN1 knockout mice have severe defects in cranial skeletal development.

Skulls from wild-type (WT) and MN1 knockout (MN1 KO) E18.5 (panel A) and

E17.5 (panel B) mice are stained with Alizarin Red for bone and Alcian Blue for

cartilage. a, alisphenoid bone. b, basioccipital bone. bs, basisphenoid. p,

palatine shelf. ps, palatal shelves. pt, pterygoid bone. s, squamosal bone.
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Figure I-6

The scheme of vertebrate semaphorins and SEMA3B signalingThe scheme of vertebrate semaphorins and SEMA3B signaling.

A, The structure of vertebrate semaphorins (class 3-7). Semaphorins are cell

surface or secreted glycoproteins characterized by an N-terminal SEMA domain,

which is essential for signaling. In addition, semaphorins possesses PSI domain,

immunoglobin loop, thrombospondin domain, and/or glycophosphatidylinositol

(GPI) anchor. SEMA3 molecules are secreted proteins that are distinguished by

a conserved basic domain at C-terminal. B, SEMA3B signals through neuropilin

receptors and plexin co-receptors. Neuropilins contain two complement bindingp p p p p g

(CEB) domains, two coagulator-like domains, and a meprin A5 domain. Plexins

are characterized by a split cytoplasmic GTPase-activating protein (GAP) domain

that transmits signals. The extracellular region contains a SEMA domain, a PSI

domain, and glycine-proline (G-P)-rich motifs. Inactive plexins associate with

neuropilins on cell surface, with the SEMA domain folding over to auto-inhibit the

intracellular signaling. SEMA3B binds to the CEB domains of neuropilin

receptors and induces the conformational change of plexin co-receptors. Then

the plexin-mediated intracellular signaling is activated.
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CHAPTER II 

MENINGIOMA 1 (MN1) IS A 1,25-DIHYDROXYVITAMIN D3-

INDUCED TRANSCRIPTIONAL COACTIVATOR THAT 

PROMOTES OSTEOBLAST PROLIFERATION, MOTILITY, 

DIFFERENTIATION, AND FUNCTION 

Introduction 

The classic role of vitamin D endocrine system is to regulate proper 

intestinal calcium and phosphate absorption, which is essential for maintaining 

appropriate bone mineralization and skeletal development (232).  The active form 

of vitamin D is 1,25-dihydroxyvitamin D3, or 1,25(OH)2D3.  Its physiological 

functions are mediated through the vitamin D receptor (VDR).  Ligand binding 

induces VDR association with retinoid X receptor (RXR), binding to DNA, and 

recruitment of coactivators to modulate the transcription of target genes.  These 

gene products mediate the activities of 1,25(OH)2D3 in vivo.  A variety of 

coactivators for VDR has been described, including the steroid receptor 

coactivator (SRC) proteins, the VDR-interacting proteins (DRIP) complex, and the 

nuclear coactivator 62 kDa/Ski-interacting protein (NCoA62/SKIP) (76).  SRCs 

possess intrinsic histone acetyltransferase (HAT) activity (53), and they also 

recruit other HATs, such as CBP/p300 (56), thereby allowing the transcriptional 

machinery better access to gene promoter regions (58, 59).  DRIP is a multimeric 

complex that interacts with RNA polymerase II and may serve as a bridge 

           44



 

 

between liganded VDR/RXR and basal transcriptional machinery (233-235).  

NCoA62/SKIP represents a distinct VDR coactivator that may couple 

transcriptional activation to mRNA splicing (74-76).  SRCs and DRIP205, the 

anchoring subunit of the DRIP complex, interact with liganded VDR through 

LXXLL motifs, which associate with the hydrophobic cleft in the nuclear receptor 

ligand binding domain (LBD) (45).  Other coactivators interact with the receptor 

through different mechanisms.  Growing numbers of VDR coactivators have been 

identified, highlighting the complexity of VDR-mediated transcription.  

The skeleton is a dynamic organ that undergoes a continuous remodeling 

process mediated by bone-forming osteoblasts and bone-resorbing osteoclasts.   

Osteoblast precursors originate from mesenchymal stem cells, which are thought 

to serve as common progenitors for osteoblasts, adipocytes, and chondrocytes in 

developing skeletal tissues (112, 236).  Osteoblasts promote bone formation by 

secreting extracellular matrix proteins, such as collagen and non-collagenous 

proteoglycans, glycoproteins, and gamma-carboxylated proteins (237).  

Osteoblasts are also required to regulate the formation of mature osteoclasts by 

producing essential cytokines and regulatory proteins, such as receptor activator 

of NF-κB ligand (RANKL) which stimulates osteoclastogenesis and 

osteoprotegerin (OPG) which inhibits it (177).  In hematopoietic osteoclast 

precursors, RANKL binds to the cell surface receptor, RANK, and activates an 

intracellular signaling pathway by recruiting adaptor molecules, such as TNF 

receptor associated factors (TRAFs), c-src non-receptor-type tyrosine kinase, 

and the c-Fos family proteins (166).  These adaptor proteins mediate the 
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activation of NF-κB, c-Jun NH2-terminal kinase (JNK), and mitogen-activated 

protein kinase (MAPK) (167-169).  In contrast, OPG is an osteoclastogenesis 

inhibiting factor that functions as a decoy receptor, binding to RANKL and 

blocking the activation of the RANK signaling cascade (178).  The osteoblastic 

RANKL:OPG expression ratio is a major determinant of osteoclastogenesis.  It is 

enhanced by numerous factors that promote osteoclastogenesis, such as 

glucocorticoids and parathyroid hormone (PTH) (174, 183), or reduced by factors 

that inhibit osteoclastogenesis, such as estrogen and growth hormone (GH) (238, 

239).  

In the skeletal system, both osteoblasts and osteoclasts are responsive to 

1,25(OH)2D3.  In osteoblasts, 1,25(OH)2D3 promotes the synthesis of bone matrix 

proteins and regulates the expression of osteoclastogenic factors.  For example, 

1,25(OH)2D3 enhances RANKL synthesis and inhibits OPG secretion, generating 

a RANKL:OPG ratio that favors osteoclastogenesis (240).  In osteoclasts, 

1,25(OH)2D3 enhances bone resorption activity and promotes calcium release. 

This is critical for maintaining mineral homeostasis when serum calcium and 

phosphate levels are low.  The lack of active hormone or functional receptor 

results in undermineralized skeletal disorders, including rickets in children and 

osteomalacia in adults (232).   

To better understand the role of 1,25(OH)2D3 in bone, we used gene 

expression array analysis to identify 1,25(OH)2D3-regulated genes.   Meningioma 

1 (MN1) was identified as a novel 1,25(OH)2D3 target gene in the MG-63 
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osteoblastic cell system (241).  MN1 originally was discovered as a gene that is 

disrupted by a balanced translocation in meningioma (197).  However, 

subsequent studies showed that overexpression of MN1 in bone marrow cells 

induces myeloid malignancy in mice and predicts poor treatment outcome in 

acute myeloid leukemia (AML) patients (198-200).  In addition, a recurrent 

translocation resulting in mis-expression of an MN1-TEL fusion protein was 

identified in human myeloid diseases.  Forced expression of MN1-TEL or MN1 in 

multipotent progenitor cells causes T-lymphoid tumors as well as AML (202-206).  

While MN1 overexpression is highly correlated with myeloid disorders, studies 

with the MN1 knockout mouse point to other fundamental physiology.  Targeted 

deletion of MN1 is lethal post-natally due to severe cleft palate (207).  Moreover, 

multiple craniofacial bones that form by intramembranous ossification are either 

undermineralized or absent in MN1-null mice.  The mechanisms underlying these 

defects in MN1 null mice are unknown.   

The ossification defects in the cranial skeleton of MN1 knockout mice 

combined with the regulation of MN1 in osteoblasts suggest a potential role for 

MN1 in osteoblast functions.  Here, we characterized that MN1 is a 1,25(OH)2D3  

target gene in multiple osteoblast models and is a transcriptional coactivator for 

VDR.  Using primary osteoblasts derived from the MN1 knockout mouse,  we 

showed that MN1 knockout osteoblasts display various proliferation and 

differentiation defects, including attenuated motility, decreased growth rate, 

reduced VDR-mediated transcription, impaired ability to support 

osteoclastogenesis, reduced differentiation and mineralization, but enhanced 
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adipogenesis.  Collectively, our studies indicate that MN1 is an important 

regulator for 1,25(OH)2D3-activated gene transcription, osteoblast and osteoclast 

differentiation, and the balance of osteogenesis/adipogenesis from mesenchymal 

precursors.   

Materials and Methods  

Cell culture  

MG-63 human osteoblastic cells were maintained in growth media 

consisting of modified essential media (MEM) supplemented with 10% fetal 

bovine serum (FBS).  COS-7 green monkey kidney cells were maintained in 

DMEM supplemented with 10% bovine calf serum (CBS).  MC3T3-E1 mouse 

fetal calvarial cells were grown in α-MEM (Invitrogen, Calsbad, CA) with 10% 

FBS.  For differentiation studies, MC3T3-E1 cells were grown to confluence and 

then the growth media were supplemented for 2 weeks with 50 µg/ml L-ascorbic 

acid and 10 mM β-glycerophosphate to promote osteoblast differentiation.  Media 

were replenished twice per week during the differentiation period.  All the culture 

media were supplemented with 100 units/ml penicillin and 100 µg/ml 

streptomycin.  

Northern blot  
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mRNA was isolated from MG-63 cells with the FastTrack system 

(Invitrogen) according to the manufacturer’s instructions.  Total cellular RNA was 

extracted from osteoblastic cell cultures with RNA-Bee isolation reagent 

according to the manufacturer’s recommendations (Tel-Test, Friendswood, TX).  

For Northern blot analysis, 15-20 µg of total RNA was separated on a 

formaldehyde/agarose gel and transferred to Magna nylon membrane (GE 

Osmanics, Minnetonka, MN) by capillary action.  The blots were hybridized with 

[α32-P]-labeled probes synthesized using a Prime-A-Gene kit (Promega, Madison, 

WI).  Mouse probes were generated by RT-PCR from mouse osteoblast RNA 

with the amplification primers listed in Table 1.  Autoradiograms were quantitated 

using scanning densitometry and normalized using 18S RNA. 

Plasmids and reporter gene analysis 

The reporter plasmids (VDRE)4-TATA-luciferase (luc), (VDRE)4-TK-luc, 

(GRE)2-TK-luc, (RARE)4-TK-luc, and (GAL4)5-TK-luc were generated by 

subcloning the promoter regions from (VDRE)4-TATA-GH (74), (VDRE)4-TK-GH 

(242), (GRE)2-TK-GH (243), (RARE)4-TK-GH (244), and (GAL4)5-TK-GH (245), 

respectively, into pGL3 basic vector (Promega).  To create the hRANKL(-1 kb)-

luc reporter vector, the human RANKL promoter (-922 - +23 relative to the 

transcriptional start site) was amplified by PCR and subcloned into pGL3 vector.  

The 1,25(OH)2D3-responsive construct cyp24(-1200)-luc was generated by 

amplifying the human 24-hydroxylase promoter (-1.2 kb - +120 bp) and ligating 

the product into the pGL3 vector.  pSG5-VDR (242), pSG5-GAL4-VDR (25), 
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pSG5-RARα (25), pSG5-GR (246), pCR-SRC-1 (247), and pSG5-SRC-2/GRIP1 

(248) have been previously described.  Plasmids encoding GAL4 DBD fusions 

with all other nuclear receptor LBDs were constructed by PCR amplification of the 

LBDs from either a human fetal brain or a human placental cDNA library (BD 

Biosciences Clontech, Palo Alto, CA) and ligating them in frame with the GAL4 

DBD.  CMVTAG2B-MN1 was constructed by subcloning the MN1 cDNA from 

pSCTOP-MN1 (201) in frame with the FLAG epitope tag in the CMVTAG2B 

vector (Stratagene, La Jolla, CA).   

The firefly luciferase reporter construct together with the CMV-Renilla 

plasmid (and appropriate other factors) were transiently transfected into COS-7 

cells using standard calcium phosphate transfection (242) or into primary 

osteoblasts using Fugene 6 regent (Roche Applied Science, Indianapolis, IN) 

following the manufacturer’s instructions.  Cells were treated as indicated, lysed 

with passive lysis buffer (Promega), and assayed for the firefly and renilla 

luciferase activities with the Dual Luciferase Reporter Assay System (Promega) 

using an LMax microplate luminometer (Molecular Devices, Sunnyvale, CA).  All 

values are presented as the normalized firefly:renilla luciferase activity. 

In siRNA knockdown experiments, On-Target plus SMARTpool 

(Dharmacon Inc., Chicago, IL) siRNAs specific for mouse MN1 or non-specific 

controls (siCONTROL) (Dharmacon Inc.) were transfected in triplicate into 

MC3T3-E1 cells with lipofectamine 2000 reagent (Invitrogen) following the 

manufacturer’s instructions.  Twenty-four hours later, the hRANKL(-1 kb)-luc or 

           50



 

 

pGL3 control reporter constructs were transfected, and the reporter gene 

expression was analyzed after 48 hours. 

MTT assay  

Primary osteoblasts were seeded at a density of 1x103 cells/cm2 in 24-well 

culture plates and treated as indicated.  At various times, 0.1 ml of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, or MTT (5 mg/ml) was 

added to 0.4 ml culture media for each well, and cells were incubated for another 

3 hours. Then the media were removed and the purple formazan product was 

dissolved in isopropanol containing 0.04 M HCl for 10 min at 37˚C. The 

absorbance at 570 nm of each sample was determined with a scanning multi-well 

spectrophotometer.  Experiments were performed in quadruplicate.  

BrdU labeling assay  

BrdU labeling and analysis of primary osteoblast cultures was similar to 

previous studies (241).  Briefly, primary osteoblasts were seeded in 4-well lab-

Tak chamber slides and treated as described.  Cells were pulse-labeled for 4 

hours with media containing 10 μM BrdU, fixed with 4% paraformaldehyde for 10 

min, and permeablized by 0.1% Triton X-100 in PBS for 5 min.  The BrdU 

incorporation sites were exposed by treating the monolayers with 100 U/ml 

DNase I (Amersham Biosciences, Piscataway, NJ) for 30 min.  The monolayers 

were then blocked with 1.5% normal goat serum and incubated with anti-BrdU 
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mouse monoclonal antibody (BD Biosciences, San Jose, CA) followed by Alexa 

Fluorophore 594 conjugated goat anti-mouse secondary antibody (Molecular 

Probes, Invitrogen).  ProLong Antifade reagent with DAPI (Vector Laboratories, 

Burlingame, CA) was used to mount glass coverslips and the samples were 

visualized using fluorescence microscopy.  Cells from three different areas (80-

120 cells each) were counted and the ratio of BrdU-positive cells versus total cell 

number was determined.   

To measure BrdU incorporation in embryonic calvaria, BrdU (0.1 mg/g 

body weight) was injected into pregnant (18.5 day post conception) MN1 

heterozygous mice and then the E18.5 calvaria were isolated 3 hours later.  

These calvaria were fixed overnight in 10% neutral phosphate-buffered formalin 

and decalcified overnight in Immunocal formic acid solution (American 

Mastertech Scientific, Lodi, CA).  Following an overnight equilibration in PBS-

buffered 30% sucrose, the calvaria were embedded in Tissue-Tek O.C.T. frozen 

tissue matrix (Sakura Finetek, USA, Torrance, CA).  Replicate five micron 

cryostat sections were cut from three different areas of each calvaria separated 

by 200-250 microns.  The sections were immersed in 2N HCl for 15 min at room 

temperature to expose the BrdU incorporation sites, and then blocked and 

stained as described above except that Alexa Fluorophore 488 conjugated goat 

anti-mouse secondary antibody (Molecular Probes) was used.  The sections 

were then counterstained with 0.5 µg/ml DAPI and mounted with ProLong 

Antifade reagent (Vector Laboratories). Overlapping images were taken to cover 

the entire calvarial slice, cells from the 3 different areas of each calvarium were 
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counted and the ratio of BrdU positive cells versus total cell number was 

determined.  Five animals from each genotype were analyzed. 

In vitro wound repair assay 

In vitro wound repair assays was performed as described (249).  Briefly, 

confluent primary osteoblast monolayers were wounded by creating a linear 

scratch using a sterile pipette tip.  The cells were washed with PBS to remove 

debris and then fresh media were replaced.  Images were taken 0 and 16 hours 

after injury, and the percentage of wound closure was determined. 

Primary osteoblast culture 

MN1 heterozygous breeding pairs of mice were kindly provided by Gerard 

C. Grosveld (St. Jude Children's Research Hospital) and Ellen C. Zwarthoff 

(Erasmus Medical Center, Rotterdam, The Netherlands).  All animals were 

maintained on a 12-h light, 12-h dark cycle following the rules of Institutional 

Animal Care and Use Committee at Case Western Reserve University.  Primary 

osteoblasts were isolated from E18.5 calvaria as described (250).  Briefly, 

connective tissue was removed from the isolated calvaria and the osteoblasts 

were released through sequential 15 min digestions in 60% α-MEM 

supplemented with 0.024 mg/ml type 1 collagenase (Worthington Biochemical 

Corporation, Lakewood, NJ), 0.072 mg/ml type 2 collagenase (Worthington), 0.1 

mM CaCl2, 0.06% BSA, and 15 mM Hepes (pH 7.4) at 37°C.  The first two 
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digestions were discarded, and the next four digestions were collected and 

combined.  Collagenase was removed with sequential media washes, and the 

osteoblasts were maintained in α-MEM supplemented with 15% FBS.  

Osteoblasts from different animals with the same genotype were combined for 

experiments.  Individual embryos were genotyped by PCR of tail digests as 

described (207).  For differentiation experiments, the osteoblasts were seeded at 

a density of 6x103 cells/cm2, grown to confluence within 48 hours, and replaced 

with growth media supplemented with 10 mM β-glycerophosphate and 50 µg/ml 

L-ascorbic acid.  Media were changed every 3-4 days and differentiating 

osteoblasts were collected at the indicated time for individual analysis. 

Osteoclast differentiation and TRAP activity staining  

Primary osteoblasts were isolated and allowed to differentiate for 15 days 

as described above.  Spleen cells were isolated from 7-10 week old female wild-

type mice as described previously (251), and were plated overnight in phenol 

red-free α-MEM (Invitrogen) supplemented with 10% heat-inactivated FBS 

(Atlanta Biologicals, Lawrenceville, GA) and 10 ng/ml macrophage colony-

stimulating factor (M-CSF) (R & D Systems, Inc., Minneapolis, MN).  Non-

adherent cells containing osteoclast precursors were added to differentiated 

osteoblasts at a density of 500,000 cells per cm2 in phenol red-free α-MEM 

containing 10% heat-inactivated FBS, 100 nM dexamethasone, and the indicated 

concentrations of 1,25(OH)2D3.  The cocultures were incubated for 8 days and 

the media were changed twice during this time.  Mature osteoclasts were 
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analyzed for enzymatic activity of TRAP (tartrate-resistant phosphatase) using 

the leukocyte acid phosphatase kit (Sigma Aldrich, Saint Louis, MO).  TRAP-

positive multinucleated cells with 3 or more nuclei were counted in triplicate wells. 

Alkaline phosphatase activity analysis 

Primary osteoblast cultures were isolated and differentiated as described 

above.  To stain for alkaline phosphatase activity, the cultures were fixed with 4% 

paraformaldehyde and then incubated for 20 min at room temperature with 

freshly prepared 0.4 mg/ml Fast Red TR in 0.2 mg/ml naphthol AS-MX 

phosphate alkaline solution (Sigma-Aldrich).  Quantitative analysis of soluble 

alkaline phosphatase activity in cell extracts was performed using a colorimetric 

kit (Sigma-Aldrich) that measures the conversion of p-nitrophenyl phosphate to p-

nitrophenol according to the manufacturer’s instructions.  Alkaline phosphatase 

activity was normalized to protein concentration of the lysate as measured by the 

bicinchoninic acid (BCA) assay (Pierce Biotechnology, Inc., Rockford, IL). 

Mineralization and adipogenesis assay 

Primary osteoblasts were isolated and allowed to differentiate as 

described above.  For mineralization assays, cells were fixed with 70% ethanol 

for 10 min at room temperature and then stained with freshly prepared 1% 

Alizarin Red S solution for 10 min.  For adipogenesis assays, 3 mg/ml Oil Red O 

stock solution in isopropanol was diluted with water at a 60:40 ratio and filtered 
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by Whatman paper before use.  The cultures were fixed with 10% formalin for 30 

min at room temperature and pre-incubated with 60% isopropanol for 5 min.  

Then cells were stained with freshly diluted Oil Red O solution for 5 min and 

counterstained with hematoxylin for 1 min.  All experiments were performed in 

triplicate. 

RESULTS 

MN1 mRNA transcripts are induced by 1,25(OH)2D3 and by osteoblastic cell 

differentiation   

Microarray analysis was used as an initial screen to identify 1,25(OH)2D3-

regulated genes in MG-63 cells, a human osteoblastic cell line. In this analysis, 

there was an approximately 8-fold induction of MN1 in response to a 6-hour 

treatment with 10 nM 1,25(OH)2D3 (data not shown).   Northern blot analysis was 

performed to validate the microarray results in MG-63 cells.  As shown in Figure 

II-1, 1,25(OH)2D3
 increased MN1 mRNA levels in a time- and dose-dependent 

manner.  This increase was apparent as early as 3 hours and is maximal at 12 

hours (Figure II-1A).  As little as 0.1 nM 1,25(OH)2D3 stimulated MN1 expression, 

and mRNA levels continued to rise up to 100 nM 1,25(OH)2D3 (Figure II-1B).  

This effect was specific for 1,25(OH)2D3
 because cholicalciferol (vitamin D3), an 

inactive precursor molecule of 1,25(OH)2D3, and 24,25(OH)2D3, a metabolite of 

vitamin D3, had little effect on MN1 mRNA levels (Figure II-1A and data not 

shown).  Finally, using an affinity purified polyclonal antibody raised against the 
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N-terminal region of human MN1, Western blot analysis detected doublelet 

bands that were induced by 24-hour treatment of 10 nM 1,25(OH)2D3 in MG-63 

nuclear extracts (Figure II-1C).  These data establish MN1 as a novel 

1,25(OH)2D3 target gene in MG-63 osteoblastic cells. 

To enhance the mRNA expression of MN1, 1,25(OH)2D3 may promote its 

transcription or inhibit its degradation.  To examine whether 1,25(OH)2D3 

modulates MN1 mRNA stability, MG-63 cells were treated with ethanol or 10 nM 

1,25(OH)2D3 for 6 hours, and then the mRNA synthesis was blocked by 

actinomycin D.  The MN1 transcripts level during the next 6 hours was examined 

by Northern blot analysis.  As shown in Figure II-2A and -2B, 6-hour treatment of 

1,25(OH)2D3 induced MN1 as expected, but MN1 mRNA has a short half-life (~1 

hour) and 1,25(OH)2D3 had little effect on the degradation rate.  Thus, 

1,25(OH)2D3 induces MN1 mRNA expression primarily by stimulating mRNA 

synthesis instead of suppressing its degradation.  Further analysis revealed that 

active RNA synthesis is required for this response.  Pretreatment of actinomycin 

D abolished the basal expression and 1,25(OH)2D3-mediated induction of MN1 

(Figure II-2C).  When de novo protein synthesis was blocked with cycloheximide 

pretreatment, 1,25(OH)2D3-mediated induction of MN1 mRNA was preserved 

(Figure II-2D).  However, the basal expression of MN1 was enhanced, 

diminishing the extent of 1,25(OH)2D3 stimulation.  Taken together, these data 

suggest that 1,25(OH)2D3 increases the steady-state levels of MN1 mRNA by a 

process that involves active transcription. 
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The MG-63 osteosarcoma cell line is an immortalized, transformed cell 

line representing a limited window of the osteoblast life cycle, namely that of the 

immature osteoblast (241).  To more firmly establish the relevance of MN1 in 

osteoblastic cell biology, we examined more native osteoblastic cell systems, 

including the MC3T3-E1 mouse fetal calvarial cell line and primary osteoblasts 

obtained from embryonic mouse calvaria.  Both models undergo a well-defined 

differentiation program that progresses from immature proliferating cells to post-

confluence mature, mineralized-matrix secreting cells in vitro.  Thus, we could 

monitor 1,25(OH)2D3-activated expression of MN1 in immature proliferating 

osteoblasts as well as more fully differentiated, mature osteoblasts.  Moreover, 

we could address whether MN1 expression is impacted by the process of 

osteoblastic cell differentiation.  MC3T3-E1 cells or primary murine calvarial 

osteoblasts were treated with 1,25(OH)2D3 during proliferation or differentiation 

and the steady-state levels of MN1 were examined.  As shown in Figure II-3A, 

1,25(OH)2D3 enhanced MN1 transcript levels in proliferating MC3T3-E1 cells in a 

time-dependent manner with increases evident as early as 1 hour and maximal 

induction of 4.2-fold at 24 hours.  This induction preceded the induction of 24-

hydroxylase, a well-established primary VDR target gene, and paralleled the 

induction of the VDR transcript.  The induction of MN1 was not as profound in 

differentiating MC3T3-E1 cells, possibly due to the dramatic down-regulation of 

VDR in this system (Figure II-3A).  Indeed, 1,25(OH)2D3-induced expression of 

24-hydroxylase also was dramatically reduced in differentiating MC3T3-E1 cells.   
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Similar to MC3T3-E1 cells, steady-state levels of MN1 mRNA in 

proliferating primary calvarial osteoblasts were increased by 1,25(OH)2D3 in a 

time-dependent manner with a maximal induction of 7-fold at 24 hours (Figure II-

3B).  We also observed modest induction (1.4-fold) of MN1 transcripts by 

1,25(OH)2D3 in more differentiated osteoblasts (Figure II-3B).  In addition, 

differentiating primary osteoblasts expressed a higher basal level of MN1 than 

did their proliferating counterparts (Figure II-3B).  Elevated MN1 mRNA levels 

were apparent after 7 days of differentiation and continued to increase modestly 

throughout the 28-day differentiation regimen (Figure II-3C).  Finally, endogenous 

MN1 transcripts were readily detected in extracts of bone obtained from mouse 

tibia (Figure II-3D), which, in addition to brain and cardiac muscle, represented 

one of the richest tissue sources of MN1 transcripts.  Overall, these expression 

studies provide support for a potential role of MN1 in skeletal biology and in 

osteoblast cell differentiation and/or function. 

MN1 augments VDR-mediated transcription 

Given the evidence indicating that MN1 stimulates RAR-mediated 

transcription of MSV-LTR (252), we tested whether MN1 modulates VDR-

mediated transcription.  COS-7 cells were transfected with a VDR expression 

vector and a 1,25(OH)2D3-responsive reporter gene composed of four copies of a 

VDRE and a minimal TATA promoter fused upstream of firefly luciferase 

[(VDRE)4-TATA-luc].  As shown in Figure II-4A, transfection of an MN1 

expression plasmid augmented 1,25(OH)2D3-induced reporter gene activity 6-7 

           59



 

 

fold.  MN1 also stimulated 1,25(OH)2D3-mediated induction of a reporter gene 

driven by 24-hydroxylase promoter, a native 1,25(OH)2D3-responsive regulatory 

sequence (data not shown).  The effect of MN1 was both VDR- and 1,25(OH)2D3-

dependent because MN1 expression had minimal effects on basal reporter gene 

activity in the absence of VDR or in the absence of 1,25(OH)2D3 (Figure II-4B).  

MN1 also enhanced the ligand-dependent transcriptional activity of a fusion 

protein composed of the GAL4 DNA binding domain (DBD) and the ligand-

binding domain (LBD) of VDR (Figure II-4C).  Therefore, it is likely that MN1 acts 

through the VDR LBD to stimulate VDR-mediated transcription. 

To test the putative role of MN1 in other nuclear receptor pathways, GAL4 

DBD was fused with the LBDs of different receptors, and the activity of these 

fusion proteins was measured by activation of a GAL4-responsive reporter gene.  

MN1 stimulated the VDR LBD as expected, but MN1 did not alter the 

transcription mediated by LBD of RAR, PXR, TR and PPAR, which all form 

heterodimer with RXR upon ligand binding (Figure II-5A).  In addition to the 

ligand-activated nuclear receptors, we also tested whether MN1 impacts the 

transcriptional activity of the ROR orphan nuclear receptors.  As shown in Figure 

II-5B, MN1 modestly stimulated the activity of RORγ, but not RORα or RORβ.  

Although MN1 failed to activate the LBD of RARα (Figure II-5A), it augmented the 

transcriptional activity of full-length RARα with respect to a synthetic RARE-

driven reporter gene (Figure II-5C).  In contrast, MN1 inhibited the GR-mediated 

transcription (Figure II-5C).  Collectively, these data indicate that MN1 selectively 

stimulates the transcriptional activity of VDR, RAR, and RORγ, while the 
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mechanisms underlying MN1 transactivation are distinct among these nuclear 

receptors. 

The SRC proteins are well-characterized coactivators of VDR and other 

nuclear receptors.  To test whether MN1 cooperates with SRCs to stimulate 

VDR-mediated transcription, COS-7 cells were transfected with VDR and 

(VDRE)4-TATA-luc.  MN1 alone or in combination with SRC-1 or SRC-2 were 

cotransfected.  As shown in Figure II-6A and -6B, SRC-1 and SRC-2 both 

stimulated the VDR-mediated transcription 3-4 fold, MN1 alone similarly 

stimulated VDR activity 2-3 fold.  However, MN1 and SRC-1 together augmented 

VDR-mediated transcription 20-fold, and MN1 and SRC-2 stimulated VDR 

transactivation 16-fold.  These data suggest that MN1 acts with SRCs to 

synergistically stimulate VDR-mediated transcription. 

MN1 knockout osteoblasts have diminished VDR-mediated transcriptional 

responses 

We characterized MN1 as a coactivator for VDR-mediated transcription 

using ectopic expression approaches in heterologous cell lines.  To evaluate the 

significance of endogenous MN1 in VDR/1,25(OH)2D3-mediated transcription in 

the osteoblasts, we examined the consequence of MN1 ablation on 

VDR/1,25(OH)2D3-activated reporter gene activity in primary osteoblastic cell 

cultures derived from MN1 knockout mice.  As shown in Figure II-7A, 

1,25(OH)2D3-activated expression of the cyp24(-1200)-luc reporter containing the 

           61



 

 

native promoter of the human 24-hydroxylase gene was dramatically reduced in 

MN1 knockout osteoblasts compared to the wild-type cells.  Similar results were 

obtained with (VDRE)4-TATA-luc (Figure II-7B).  We also consistently observed 

impaired 1,25(OH)2D3 activation of the native 24-hydroxylase gene expression in 

the MN1 knockout cells compared to wild-type controls (Figure II-7C).  These 

data strongly support a significance for MN1 in 1,25(OH)2D3/VDR-mediated 

transactivation in osteoblasts. 

MN1 knockout osteoblasts have reduced growth rate 

MN1 knockout mice display severe abnormalities in cranial skeletal 

development (207), but the cellular basis for these defects is unresolved.  To 

explore the potential significance of MN1 in bone cell function, we examined a 

variety of osteoblastic cell parameters using calvarial osteoblasts derived from 

E18.5 MN1 knockout and wild-type embryos.  Cell proliferation, as determined by 

counting trypan blue-excluding cells, indicated that MN1-null primary osteoblasts 

grew at a much reduced rate compared to wild-type cells (Figure II-8A).  

Moreover, BrdU labeling analysis consistently showed that MN1 knockout 

osteoblasts exhibited lower BrdU incorporation, indicating reduced S-phase entry 

in MN1 knockout cells (Figure II-8B).  Cell cycle analysis revealed that MN1 null 

osteoblasts have a higher percentage of G0/G1 cells (66%) compared to the wild-

type cells (56%) (data not shown).  The antiproliferative effects of 1,25(OH)2D3 

were modest in these primary osteoblasts, but there was no statistically 

significant difference in the response of wild-type cells or MN1 null cells to 
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1,25(OH)2D3 as measured by multiple MTT analysis (Figure II-8C), indicating that 

MN1 may not be required for the antiproliferative effects of 1,25(OH)2D3 in this 

cell system.  To explore the in vivo significance of MN1 in controlling osteoblast 

proliferation, BrdU incorporation was determined in embryonic calvaria.  

Consistent with in vitro observations, MN1 knockout calvaria had 40% less BrdU 

labeled cells compared to the wild-type controls (Figure II-9).  These studies 

indicate that MN1 is required for appropriate osteoblast proliferation in vitro and 

in vivo. 

MN1 knockout osteoblasts show altered morphology and reduced motility 

In proliferating osteoblast cultures, we observed a dramatic difference in 

cell morphology between MN1 knockout and wild-type cells (Figure II-10A).  In 

general, subconfluent MN1 knockout calvarial osteoblasts appeared abnormal, 

displaying a large, flattened morphology.  When observed using phase contrast 

microscopy, the MN1 knockout cells were much less refractile along their edges 

compared to the wild-type cells.  This morphological difference suggested a 

possible role for MN1 in cell migration.  Thus, the motility of wild-type and MN1 

knockout osteoblasts was analyzed.  Confluent osteoblast monolayers were 

“wounded” with a pipette tip to create a linear scratch, and the movement of cells 

into the wound area was determined.  Compared to the wild-type controls, the 

wound closure in MN1 knockout cells was markedly impaired (Figure II-10B, -

10C).  Delayed wound closure in this model may result from impaired cell 

migration or proliferation.  However, the 16-hour time frame in which these 
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migration studies were conducted was significantly less than the 40- and 60-hour 

doubling times of the wild-type and knockout cells, respectively (Figure II-8A).  

Thus, contributions of cell proliferation were minimized under these conditions. 

MN1 knockout calvarial cells show reduced differentiation and mineralization  

Mature primary calvarial osteoblasts express alkaline phosphatase and 

produce a mineralized matrix in vitro.  To investigate the functional roles of MN1 

in osteoblast maturation, MN1 wild-type or knockout osteoblasts were 

differentiated and analyzed for alkaline phosphatase expression as well as 

calcium deposition.  To minimize the effects of proliferation differences on this 

analysis, MN1 wild-type or knockout osteoblasts were seeded at a high initial 

density (6x103 cells/cm2).  Under these conditions, proliferative differences were 

minimal and both cultures reached a state of confluence within 48 hours. As 

shown in Figure II-11, both mRNA expression and enzymatic activity of alkaline 

phosphatase were reduced in MN1 knockout osteoblasts.   In addition, MN1 

knockout osteoblasts formed fewer and smaller Alizarin Red S-stained 

mineralized nodules (Figure II-12A, -12B).  These data indicate that MN1 is 

required for appropriate differentiation and mineralized matrix production in this in 

vitro osteoblast culture system.  To evaluate the significance of MN1 in 

osteoblastic maturation in vivo, the expression of osteoblast marker genes was 

examined in extracts obtained from MN1 wild-type and knockout calvaria (Figure 

II-12C).  MN1 transcripts were readily detected in WT calvaria and calvarial MN1 

expression levels showed a gene dosage effect in the MN1+/- and MN1-/- mice.  
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The expression levels of alkaline phosphatase and osteocalcin, markers of 

mature osteoblasts, were markedly reduced in MN1 knockout calvaria compared 

with the wild-type controls.  The expression of bone sialoprotein 2 (BSP2) was 

not dramatically altered.  Cumulatively, these data strongly suggest that intact 

E18.5 calvaria from the MN1 knockout mice have fewer or less differentiated 

osteoblasts in vivo and that MN1 is an important gene that controls osteoblast 

differentiation and mineralization in vitro and in vivo. 

MN1 knockout calvarial osteoblast cultures exhibit enhanced adipogenesis 

Surprisingly, MN1 knockout cells cultured under osteogenic conditions had 

copious amounts of highly refractive, intracellular vesicles indicative of lipid 

vesicles (data not shown).  Oil Red O staining confirmed that the MN1 knockout 

osteoblasts had more lipid droplets than the wild-type cells (Figure II-13A, -13B).  

Gene expression analysis showed that differentiating MN1 knockout osteoblasts 

expressed high amounts of adipocyte marker genes, such as adipocyte fatty acid 

binding protein 4 (FAPB4), lipoprotein lipase (LPL), adiponectin, and peroxisome 

proliferator activated receptor gamma (PPARγ) (Figure II-13C).  Elevated 

expression of these adipocyte markers was evident as early as 7 days of 

differentiation and continued throughout differentiation period. This was not 

observed in subconfluent MN1 knockout cells or in wild-type cells under these 

conditions (Figure II-13C).  These data indicate that MN1 deletion suppresses 

osteogenesis and promotes adipogenesis.  It is shown that cadherin-11 (OB-

cadherin)-mediated cell-cell interaction plays a key role in linage decision of 
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mesenchymal stem cells (253, 254).  Cadherin-11 promotes osteogenesis (255), 

and cadherin-11 knockout osteoblasts have reduced mineralization (256).  The 

impaired motility in MN1-null osteoblasts (Figure II-10) implies a change in cell 

adhesion/migration signaling.  Therefore, we examined the expression of 

cadherin-11 in wild-type and MN1 knockout osteoblasts.  As shown in Figure II-

13C, the mRNA transcripts of cadherin-11 were stimulated by osteoblast 

differentiation, while this induction was compromised in MN1 knockout 

osteoblasts.  These data suggest that MN1 promotes osteogenesis and inhibits 

adipogenesis from the mesenchymal precursors possibly through regulating 

cadherin-11 signaling pathway. 

MN1 knockout osteoblasts have reduced ability to support 1,25(OH)2D3-induced 

osteoclastogenesis 

Osteoblasts secrete essential factors to regulate osteoclastogenesis and a 

key function of 1,25(OH)2D3 in osteoblasts is to stimulate the expression of genes 

that support osteoclast differentiation.  To determine the significance of 

osteoblastic MN1 in 1,25(OH)2D3-stimulated osteoclastogenesis, wild-type or 

MN1 knockout osteoblasts were used in spleenocyte coculture studies as 

described in “Materials and Methods”.  As expected, no TRAP-positive 

multinucleated cells were detected in the absence of 1,25(OH)2D3 (Figure II-14B).  

However, in the presence of 10 nM or 100 nM 1,25(OH)2D3, the numbers of 

TRAP positive multinucleated osteoclasts in the coculture with MN1 knockout 

osteoblasts were dramatically lower than in the coculture with wild-type controls 
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(Figure II-14A and -14B).  These data suggest that osteoblast-derived MN1 plays 

an important role in supporting 1,25(OH)2D3-stimulated osteoclast differentiation. 

To investigate the mechanism underlying the reduced ability of MN1 

knockout osteoblasts to support 1,25(OH)2D3-induced osteoclastogenesis, 

osteoblast expression of key osteoclastogenic factors was compared in wild-type 

and MN1 knockout cells.  1,25(OH)2D3 suppressed the expression of OPG, a 

factor that inhibits osteoclast differentiation (Figure II-14C).  However, compared 

to wild-type controls, MN1 knockout osteoblasts produced much higher levels of 

OPG in both the absence and presence of 1,25(OH)2D3 (Figure II-14C).  In 

contrast, MN1 knockout cells had lower basal and 1,25(OH)2D3-induced 

expression of RANKL and M-CSF, which are both osteoclastogenesis stimulating 

factors (Figure II-14C).  These data indicate that MN1 is essential for maintaining 

an appropriate RANKL:OPG ratio to support optimal osteoblast-mediated 

osteoclastogenesis. 

MN1 stimulates RANKL promoter activity   

The previous data (Figure II-14C) suggest that MN1 may stimulate RANKL 

promoter activity and enhance the synthesis of RANKL mRNA.  To test this 

hypothesis, the activity of a -1 kb human RANKL promoter was examined under 

MN1 overexpression or MN1 depletion conditions.  As shown in Figure II-15A, 

the RANKL promoter was stimulated by ectopic expression of MN1 in primary 

osteoblasts.  Furthermore, decreased RANKL promoter activity was observed 
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when MN1 was knocked down by siRNA (Figure II-15B) in MC3T3-E1 

osteoblasts.  Moreover, RANKL promoter activity was significantly lower in MN1 

knockout osteoblasts compared to the wild-type cells (Figure II-15D).  Importantly, 

expression of the promoter-less pGL3 control reporter gene was unaffected by 

MN1 overexpression or MN1 ablation (Figure II-15).  The stimulation of RANKL 

promoter activity by MN1 supports a potential mechanism in which MN1 

promotes osteoclastogenesis via increased transcription of the RANKL gene in 

osteoblasts. 

DISCUSSION 

Here, we identified MN1 as a novel osteoblastic gene that is up-regulated 

by 1,25(OH)2D3 and that has a previously unrecognized significance in 

osteoblasts.  The present study shows that MN1 positively influences VDR-

activated transcription, and primary osteoblasts derived from the MN1 knockout 

mouse are defective in VDR-mediated gene expression, in osteoblast 

proliferation, migration and mineralization, and in osteoblast-mediated 

osteoclastogenesis.  We further provide a mechanistic basis for the involvement 

of MN1 in osteoblast-directed osteoclastogenesis that likely involves 

transcriptional regulation of the RANKL promoter resulting in enhanced 

RANKL:OPG ratios that favor osteoclast formation.  These new findings provide 

strong support for a role of MN1 in maintaining appropriate osteoblast function.   
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MN1 was revealed as a 1,25(OH)2D3-induced gene in multiple osteoblastic 

models in our studies.  Another microarray study also showed that MN1 mRNA 

expression was increased by a synthetic 1,25(OH)2D3 analog, EB1089, in 

squamous cell carcinoma cells (257).  These data clearly point to MN1 as a 

1,25(OH)2D3-induced gene in multiple 1,25(OH)2D3 target cells. 1,25(OH)2D3 

likely induces MN1 expression through a transcriptional mechanism because 

1,25(OH)2D3 does not affect its mRNA stability (Figure II-2A and -2B).  The 

1,25(OH)2D3 response of MN1 promoter (up to -6 kb relative to transcriptional 

starting site) was examined using reporter gene analysis.  However, no 

1,25(OH)2D3 stimulation was detected (data not shown).  A potential VDRE was 

identified at +1.9 kb (relative to translational start site) of human MN1 gene (258), 

but functional assays did not detect its response to 1,25(OH)2D3 (data not shown).  

Our data indicate that pretreatment of transcription inhibitor, actinomycin D, 

completely abolished 1,25(OH)2D3 induction of MN1 mRNA (Figure II-2C), and 

pretreatment of protein synthesis inhibitor, cycloheximide, diminished that (Figure 

II-2D).  Therefore, 1,25(OH)2D3 can target other protein(s) and these protein(s), 

in turn, promotes MN1 expression.  Further studies are required to dissect the 

molecular details of the 1,25(OH)2D3-mediated induction of MN1 expression. 

MN1 is a transcription factor that functions, in part, as a nuclear receptor 

coactivator protein.  Heterologous expression studies in Hep3B and COS-7 cells 

show that MN1 selectively augments VDR- and RAR-activated transcription, 

perhaps through direct interactions with the receptor and/or with p160 and p300 

coactivator proteins (252).  It is not surprising that MN1 augments the activity of 
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both VDR and RAR because these two nuclear receptors are structurally related 

and both utilize RXR as their heterodimeric partner (259).  However, MN1 likely 

enhances the transcriptional activity of these two nuclear receptors through 

distinct mechanisms.  Whereas MN1 stimulates VDR through its LBD, RARα 

activation requires an intact receptor.  Furthermore, our data show that MN1 is 

not a general nuclear receptor coactivator, instead, it selectively stimulates VDR, 

RAR, and, to a lesser extent, RORγ activity, inhibits GR activity, and does not 

affect the transactivation potential of the other nuclear receptors analyzed in this 

study.  Although the exact mechanism underlying the transcriptional stimulation 

of nuclear receptors is not known, current study suggests that MN1 cooperates 

with both SRC-1 and SRC-2 in a synergistic manner (Figure II-6).  Coupled with 

the previous report showing that MN1 cooperates with RAC-3 in RAR-dependent 

transcription (252), these data provide further evidence of a functional link 

between MN1 and the SRC family of coactivators.  However, no physical 

interactions of MN1 with VDR or SRC-1/2 were identified in our studies.  

Limitations of these studies on nuclear receptor pathways include a 

reliance on overexpression of MN1 and a lack of approaches addressing a 

functional role for MN1 in appropriate target cells.  Thus, the observations that 

MN1 ablation reduces both VDR-activated reporter gene expression as well as 

1,25(OH)2D3-activated expression of the native 24-hydroxylase gene (a direct 

VDR target gene) in primary osteoblastic cells (Figure II-7) provides important 

support for the significance of MN1 in the mechanism of VDR-mediated gene 

expression in osteoblasts.  MN1 ablation also dramatically reduces 1,25(OH)2D3-
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stimulated, osteoblast-mediated osteoclastogenesis (Figure II-14), thus showing 

a requirement for MN1 in critical VDR/1,25(OH)2D3-mediated biological activities 

in the osteoblast.  While these in vitro studies provide a solid foundation for the 

significance of MN1 in VDR-mediated transcription, it will be important to explore 

the in vivo requirement of MN1 in the vitamin D endocrine system and the 

maintenance of global mineral homeostasis or hair follicle cycling.  Currently, this 

cannot be addressed because the MN1 knockout mice do not survive postnatally 

when disruptions in the vitamin D endocrine system become evident.  Tissue-

directed MN1 null models that survive postnatally, perhaps targeting intestine or 

bone, need to be developed to tackle this important issue.  

In addition to interacting with nuclear receptors and coactivator proteins to 

influence their transcriptional activities, MN1 also binds DNA directly via a 

CACCCAC promoter sequence to increase transcription of the IGFBP5 gene as 

well as a variety of other genes (260, 261).  Our studies indicate that ectopic 

expression of MN1 stimulates RANKL promoter activity in osteoblastic cells and 

knockdown or ablation of MN1 attenuates it.  Thus, these observations support a 

transcriptional role for MN1 in the regulation of RANKL gene expression in 

osteoblast.  Indeed, several CACCCAC-like elements exist in the approximately 

1 kb of the 5'-flanking region of the human RANKL gene that was used here. 

Clearly, additional studies are needed to test whether this transcriptional role for 

MN1 is direct and mediated through binding of MN1 to the RANKL promoter or 

whether alternative mechanisms exist.  It is unlikely that these effects are 

mediated through the VDR since the vitamin D responsive elements of the 
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RANKL gene reside at extreme upstream distal regions (at 16-76 kb upstream 

from the transcriptional start site) (43), far outside the immediate promoter 

regions tested here.  However, based on the established role of MN1 in VDR-

activated transcription, it would be intriguing to test the interplays between MN1 

and these distal regulatory regions since 1,25(OH)2D3-mediated expression of 

RANKL is also impacted in MN1 knockout osteoblasts.   

The combination of defective osteoblast differentiation, mineralization, and 

impaired osteoblast-directed, RANKL-stimulated, osteoclastogenesis has the 

potential to produce a global bone cell imbalance in the cranial vault that may 

explain, in part, the undermineralized phenotype in the MN1 knockout mice.  The 

craniofacial phenotype of the MN1 knockout embryo highlights the additional 

concept that MN1 also functions in critical developmental pathways that are 

independent of the VDR/1,25(OH)2D3 endocrine system.  This is perhaps best 

illustrated by the lack of overt defects in cranial skeletal development or palatal 

defects in the 1α-hydroxylase or VDR knockout mice, which lack 1,25(OH)2D3 or 

its receptor, respectively (89, 195), or in humans with inactivating mutations in 

these genes (262, 263).  Thus, VDR is unlikely to play a major role in the function 

that MN1 exerts during mouse development at embryonic stage.  Interestingly, 

the MN1 knockout skeletal defects are restricted to cranial skeletal elements, 

many of which form by intramembranous ossification processes (207).  Long 

bones of the appendicular skeleton that form by endochondral ossification 

appear to develop normally in the MN1 knockout embryos when analyzed for 

gross mineralization using Alcian Blue and Alizarin Red whole skeletal stains 
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(207).  Indeed, we observed no differences in bone mineral densities and 

morphological parameters of tibia from E18.5 MN1+/+ and MN1-/- embryos using 

more refined quantitative µCT imaging (data not shown).  Meester-Smoor et al. 

suggested that MN1 was selectively involved in intramembranous bone formation 

(207).  However, there are several important exceptions to this selectivity issue.  

Not all bones that form by intramembranous ossification are affected in the MN1 

null embryos.  The mandible and clavicle develop mainly through 

intramembranous ossification and their development is intact in the MN1 

knockout embryo.  Moreover, MN1 knockout embryos display anomalies in 

numerous skeletal elements that form by endochondral ossification processes 

including the agenic, delayed, deformed, and/or undermineralized development 

of the pterygoid, basisphenoid, alisphenoid, supraoccipital, exoccipital, and 

sternum (ref. 207 and data not shown).  This indicates that the selectivity of the 

skeletal elements that require MN1 for normal development may not be related to 

the processes through which they form (e.g., intramembranous versus 

endochondral), but instead, may arise through other, as yet unknown, 

mechanisms. 

The vertebrate skeleton is derived from three distinct sources.  In general, 

the craniofacial skeleton originates from cranial neural crest cells, the axial 

skeleton is formed by paraxial mesoderm (somites), and the appendicular 

skeleton is derived from lateral plate mesodermal cells (264).  The restricted 

craniofacial defects of the MN1 knockout mice indicate the potential involvement 

of MN1 in neural crest cell migration and/or differentiation.  Indeed, a recent 
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study revealed that MN1 acts upstream of Tbx22, a gene that is mutated in X-

linked cleft palate in humans (265).  This supports an important role for MN1 in 

regulating the expression of genes involved in neural crest-initiated, palatal shelf 

development. This, combined with the defects in osteoblast function in MN1 

knockout calvarial cells, point to more global roles for MN1 in early development 

of neural crest-derived skeletal structures, in the subsequent differentiation and 

mineralization of osteoblasts during embryonic development of the skull, and 

perhaps in postnatal skeletal homeostasis.  Similarly, multi-faceted roles in 

embryonic development and in embryonic and/or postnatal osteoblast dynamics 

exist for a variety of other genes including several of the Distal-less (Dlx) 

homeobox transcription factors (266), several of the hox family of transcription 

factors including hoxA10 (267), SATB2 (268), Connexin43 (269), Odd-skipped 

related 2 (270), TGFβ and BMP family members (271), and numerous others.  

The significance of osteoblastic MN1 in postnatal skeletal dynamics can only be 

revealed with the development of an osteoblast-targeted MN1 gene knockout 

that survives postnatally. The profound osteoblastic defects uncovered here 

provide strong justification for the development of such a model. 

Our data reveal that MN1 knockout osteoblasts exhibit reduced 

mineralization and enhanced adipogenesis compared to wild-type cells.  MN1 

expression is increased during osteoblast differentiation.  Interestingly, the time 

course of increased MN1 expression in wild-type cells is similar to the induction 

of adipocyte marker gene expression in the differentiating MN1 knockout cells 

(compare Figures II-3C and -13C).  Furthermore, MN1 is down regulated during 
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adipogenesis in a 3T3-L1 adipocyte model (data not shown).  Thus, the elevated 

expression of MN1 in differentiated osteoblasts may be important for maintaining 

the osteoblast phenotype and suppressing adipocyte formation.  Osteoblasts and 

adipocytes may originate from common mesenchymal stem cells, and the 

differentiation of these two lineages is believed to be inversely correlated (272, 

273).  Indeed, increased adipogenesis in bone marrow is associated with 

osteoporosis, age-related osteopenia, and other conditions of low bone mass or 

density.  Consequently, the adipogenesis pathway has emerged as a new 

therapeutic target to prevent or treat osteopenic bone disorders (274, 275).  

Some of the proteins and pathways that modulate mesenchymal cell 

differentiation into osteoblasts and adipocytes have been characterized (276-

279).  Runx2 knockout calvarial cells are defective in osteoblast differentiation 

but display enhanced adipogenesis and adipocyte marker gene expression (279).  

TAZ (transcriptional coactivator with PDZ-binding motif), a coactivator for Runx2-

mediated transcription, blocks adipogenesis of mesenchymal cells (276).  

Cadherin-11 regulates cell-cell interaction and the linage decision of 

mesenchymal stem cells (253, 254).  Importantly, MN1 knockout osteoblasts 

have impaired motility as well as decreased cadherin-11 expression, suggesting 

that MN1 may impact the fate of mesenchymal cells by regulating cadherin-11 

signaling.  1,25(OH)2D3 inhibits adipocyte differentiation (280, 281).  In 3T3-L1 

pre-adipocytes, 1,25(OH)2D3 treatment reduces the expression of PPARγ, 

C/EBPα, LPL and FABP4 in a dose-dependent manner (280), but no further 

mechanism has been suggested.  Our data reveal that 1,25(OH)2D3 induces 
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MN1 in both osteoblasts and 3T3-L1 adipocytes (Figure II-1, -3, and data not 

shown).  Thus, MN1 may be another important molecular switch that regulates 

the osteoblast/adipocyte balance from their mesenchymal precursors. 

In summary, our studies provide key evidence for a significance of MN1 in 

vitamin D-mediated transcription and in numerous other critical aspects of 

osteoblast biology.  Our findings help to establish MN1 as a critical protein that is 

needed for appropriate osteoblast growth, differentiation, and function.  

Understanding detailed molecular and cellular mechanisms underlying these 

functional aspects of osteoblastic MN1 is an important area of future research 

efforts.   
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Table 1.  Amplification primers used to generate cDNA probes for 

Northern blot analysisNorthern blot analysis.

Gene Primers

MN1 F: CTTTAACGAAGCCGGACTGA 
R: GCCAAACCTCTCGAAGAACA

24-hydroxylase F: CAAGGTCCGTGACATCCAAG 
R: GATGCAGGGCTTGACTGATT

VDR F CTGGTGACTTTGACCGGAATVDR F: CTGGTGACTTTGACCGGAAT 
R: TTATGAGGGGTTCGATCAGC 

OPG F: ATTGAATGGACAACCCAGGA 
R: ACGCTGCTTTCACAGAGGTC 

RANKL F: TATACACAACCTGTACAGGCTC 
R: CCATGAGCCTTCCATCATAGCTGG 

ALP F: GGGACGAATCTCAGGGTACA 
R: CTGGCCTTCTCATCCAGTTC

Osteocalcin F: GAACAGACTCCGGCGCTA
R: AGGGAGGATCAAGTCCCG

BSP2 F: AGTACCGGCCACGCTACTTT
R: ACGGTGCTGCTTTTTCTGAT

PPARγ F: GTTGACACAGAGATGCCATTCTGG 
R: ACAAATGGTGATTTGTCCGTTG

LPL F: TTCAACCACAGCAGCAAGAC 
R: CCATCCTCAGTCCCAGAAAAG

Adiponectin F: GTTGCAAGCTCTCCTGTTCC 
R: GGGCTATGGGTAGTTGCAGTC

M-CSF F: CTGCTGCTGGTCTGTCTCCT
R: GTGAGTCTGTCCCCATGGTT

Cadherin-11 F:GACAGGGACACCAACAGACC
R:AGGCTCATCGGCATCTTCTA

FABP4 F: CACCTGGAAGACAGCTCCTC
R: AATTTCCATCCAGGCCTCTTCC 

Cyclophilin B F: AGCGCAATATGAAGGTGCTC
R: GCACAGAACCTTGTGACTGG

18S RNA F: CGGGTCATAAGCTTCGTT 
R: CCGCAGGTTCACCTACGGR: CCGCAGGTTCACCTACGG
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Figure II-1

1 25(OH) D induces MN1 expression in MG-63 osteoblastic cells1,25(OH)2D3 induces MN1 expression in MG-63 osteoblastic cells.

A, MG-63 cells were treated for the indicated times with 10 nM 1,25(OH)2D3 or 10

nM cholecalciferol (chol). B, MG-63 cells were treated with ethanol vehicle

control (0) or 0.1-100 nM 1,25(OH)2D3 for 6 hours. The mRNA expression of

MN1 and β-actin was analyzed by Northern blots. C, MG-63 cells were treated

with ethanol vehicle control (–) or 10 nM 1,25(OH)2D3 (+) for 24 hours. The

protein expression of MN1 and β-actin was determined by Western blot analysis.
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Figure II-2

The mechanism of MN1 regulation in MG-63 cellsThe mechanism of MN1 regulation in MG-63 cells.

A, MG-63 cells were treated with ethanol vehicle control or 10 nM 1,25(OH)2D3

for 6 hours, and further incubated with 1 µg/ml actinomycin D for the indicated

times. The mRNA expression of MN1 and GAPDH was analyzed by Northern

blots. B, The quantitation of MN1 mRNA levels normalized by GAPDH. C, MG-

63 cells were pretreated with ethanol vehicle control (- ACTD) or 1 µg/ml

actinomycin D (+ ACTD) for 1 hour. D, MG-63 cells were pretreated with ethanol

control (- CHX) or 10 µg/ml cycloheximide (+ CHX) for 1 hour. Cells were then( ) µg y ( )

treated with ethanol control (Et) or 10 nM 1,25(OH)2D3 (1,25) for 6 hours. The

mRNA expression of MN1 and β-actin was analyzed by Northern blots.
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Figure II-3

MN1 mRNA transcripts are induced by 1 25(OH) D and by osteoblastic cellMN1 mRNA transcripts are induced by 1,25(OH)2D3 and by osteoblastic cell

differentiation.

MC3T3-E1 cells (panel A) or primary calvarial osteoblasts (panel B) were

maintained at proliferating stage or differentiated for 2 weeks as described in

“Materials and Methods”. Proliferating or differentiating cells were treated with 10

nM 1,25(OH)2D3 for the indicated times and the expression of MN1, 24-

hydroxylase, VDR, or 18S RNA were examined by Northern blot analysis. C,

Primary osteoblasts were differentiated for the indicated times and the expressiony p

of MN1 or 18S RNA was examined by Northern blot analysis. D, Total RNA was

extracted from the indicated tissues of 6-week-old wild-type mice, and the

expression of MN1 was determined by Northern Blot analysis. Ethidium bromide

staining of 18S/28S ribosomal RNA was used to normalize loading differences.
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Figure II-4

MN1 augments 1 25(OH) D /VDR mediated transcriptionMN1 augments 1,25(OH)2D3/VDR mediated transcription.

A, COS-7 cells were transiently transfected with (VDRE)4-TATA-luc, SG5-VDR

(VDR), and CMVTAG2B (Vector) or CMVTAG2B-MN1 (MN1). Cells were treated

with ethanol vehicle control (-D) or 10 nM 1,25(OH)2D3 (+D) for 24 hours. B,

COS-7 cells were transiently transfected with (VDRE)4-TATA-luc, SG5 (Vector) or

SG5-VDR, and CMVTAG2B (Vector) or CMVTAG2B-MN1 (MN1). Cells were

treated with ethanol vehicle control (-D) or 10 nM 1,25(OH)2D3 (+D) for 24 h. C,

COS-7 cells were transiently transfected with (GAL4)5-TK-luc, GAL4 DBD (GAL4)y ( ) , ( )

or fusion of GAL4 DBD with VDR LBD (GAL4-VDR LBD), and CMVTAG2B

(Vector) or CMVTAG2B-MN1 (MN1). Cells were treated with indicated doses of

1,25(OH)2D3 for 24 hours. The firefly:renilla ratio (normalized luciferase activity)

was measured as described in “Materials and Methods”. Data represent the

mean ± SD (n = 3 in each group).
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Figure II-5

MN1 shows selectivity on coactivating nuclear receptorsMN1 shows selectivity on coactivating nuclear receptors.

A, COS-7 cells were transiently transfected with (GAL4)5-TK-luc, fusions of GAL4

DBD with LBD of indicated nuclear receptors, and either CMVTAG2B (-) or

CMVTAG2B-MN1 (+). Cells were treated with vehicle control (- ligand) or

appropriate ligand (+ Ligand) for 24 hours. The ligands used in the assay are: 10

nM 1,25(OH)2D3 for VDR, 10 nM thyroid hormone for TRβ, or 100 nM all-trans-

retinoic acid for RAR, 1 µM traglitozone for PPARγ, and 10 µM rifampicin for

PXR. B, COS-7 cells were transiently transfected with (GAL4)5-TK-luc, fusions of, y ( ) ,

GAL4 DBD with LBD of indicated ROR receptors, and either CMVTAG2B (Vector)

or CMVTAG2B-MN1 (MN1). C, COS-7 cells were transiently transfected with

indicated intact receptors and their responsive reporters. CMVTAG2B (Vector) or

CMVTAG2B-MN1 (MN1) was cotransfected. Cells were treated with ethanol

vehicle control or appropriate ligand (10 nM 1,25(OH)2D3 for VDR, 1 µM

dexamethasone for GR, or 100 nM all-trans-retinoic acid for RAR) for 24 hours.

The firefly:renilla ratio (normalized luciferase activity) was measured as described

in “Materials and Methods”. Data represent the mean ± SD (n = 3 in each group).
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Figure II-6

MN1 cooperates with SRC coactivators to stimulate VDR-mediatedMN1 cooperates with SRC coactivators to stimulate VDR-mediated

transcription.

COS-7 cells were transiently transfected with (VDRE)4-TATA-luc, SG5-VDR, and

either CMV-TAG2B vector (Vector) or CMV-MN1 (MN1). SRC-1 (panel A) or

SRC-2 (panel B) was co-transfected as indicated. Cells were treated with ethanol

vehicle control (-D) or 100 nM 1,25(OH)2D3 (+D) for 24 hours. The firefly:renilla

ratio (normalized luciferase activity) was measured as described in “Materials and

Methods”. Data represent the mean ± SD (n = 3 in each group).p ( g p)
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Figure II-7

MN1 knockout osteoblasts have diminished VDR-mediated transcriptionalMN1 knockout osteoblasts have diminished VDR-mediated transcriptional

responses.

Sub-confluent wild-type (WT) and MN1 knockout (KO) primary osteoblasts were

transiently transfected with a 1.2 kb human 24-hydroxylase promoter reporter

[cyp24(-1200)-luc in panel A] or a multi-copy VDRE driven reporter [(VDRE)4-

TATA-luc in panel B]. Cells were treated with the indicated concentration of

1,25(OH)2D3 for 24 hours and the firefly:renilla ratio (normalized luciferase

activity) was measured as described in “Materials and Methods”. Data representy) p

the mean ± SD (n = 4 in each group). C, RNA was isolated from MN1 WT or KO

cells that were treated ethanol vehicle (-) or 10 nM 1,25(OH)2D3 (+) for 24 hours.

The expression of 24-hydroxylase and GAPDH was examined by Northern blot

analysis.
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Figure II-8

MN1 knockout osteoblasts have reduced growth rate in vitroMN1 knockout osteoblasts have reduced growth rate in vitro.

A, Wild-type (WT) and MN1 knockout (KO) primary osteoblasts were plated at

equal densities and treated with ethanol vehicle (-D) or 10 nM 1,25(OH)2D3 (+D)

at day 0. Trypan blue-excluding cells were counted at the indicated time points.

Data represent the mean ± SD (n = 3 in each group). B, MN1 WT and KO

primary osteoblasts were plated at equal densities and treated with ethanol

vehicle (-D) or 10 nM 1,25(OH)2D3 (+D) for 72 hours. Cells were labeled with

BrdU and the BrdU-positive cells were quantitated. Data represent the mean ±p q p

SD (n = 3 in each group). C, The percentage of growth inhibition by 4-day

treatment of 10 nM 1,25(OH)2D3 from three independent MTT assays. Data

represent the mean ± SD (n = 3 in each group).
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Figure II-9

MN1 knockout calvarial cells have reduced proliferation in vivoMN1 knockout calvarial cells have reduced proliferation in vivo.

The BrdU labeled calvaria from wild-type (WT) or MN1 knockout (KO) E18.5

embryos were prepared as described in “Materials and Methods”. Three distinct

sections from different areas of each calvarium were stained with BrdU and

counterstained with DAPI. A, Representative images of BrdU and DAPI stained

sections. B, The ratio of BrdU positive cells was quantitated. Five embryos from

each genotype were analyzed. Data represent the mean ± SD (n = 15 individual

sections in each group).g p)
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Figure II-10

MN1 knockout osteoblasts have altered morphology and reduced motilityMN1 knockout osteoblasts have altered morphology and reduced motility.

A, Representative phase contrast images of sub-confluent wild-type (WT) and

MN1 knockout (KO) primary osteoblasts. B, MN1 WT or KO cells were grown to

confluence and linear scratches were created. Pictures were taken 0 and 16

hours after injury. The black dash lines mark the wound edges. C, The

percentage of wound closure was quantitated and presented as the mean ± SD

(n = 9 in each group).
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Figure II-11

MN1 knockout osteoblasts have reduced alkaline phosphatase activityMN1 knockout osteoblasts have reduced alkaline phosphatase activity.

A, Wild-type (WT) and MN1 knockout (KO) osteoblasts were cultured for 28 days

in differentiation media and stained for the enzymatic activity of ALP. Shown are

the representative images of ALP stained cultures. B and C, MN1 WT or KO

osteoblasts were cultured under osteogenic conditions for the indicated times.

The ALP activity was measured by a colorimetric assay as described in “Materials

and Methods” (panel B), and the expression of ALP and 18S RNA was

determined by Northern blot analysis (panel C).y y (p )
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Figure II-12

MN1 knockout osteoblasts show decreased mineralizationMN1 knockout osteoblasts show decreased mineralization.

Wild-type (WT) and MN1 knockout (KO) osteoblasts were cultured for 31 days in

differentiation media and stained for mineralized nodules with Alizarin Red S. A,

Representative images of Alizarin Red S stained cultures. Darkened areas are

mineralized nodules. B, Mineralized nodules were quantitated and compared

(unfilled bars). The Alizarin Red S stain was extracted with 100 mM

cetylpyridinium chloride and the optical density at 500 nm (OD500nm) was

measured (filled bars). Data represent the mean ± SD (n = 3 in each group). C,( ) p ( g p) ,

Total RNA was extracted from wild-type (WT), MN1 heterozygous (HET), and

MN1 knockout (KO) E18.5 calvaria. The expression of MN1, BSP2, ALP,

osteocalcin, and cyclophilin B was examined by Northern blot analysis.
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Figure II-13

MN1 knockout osteoblasts show enhanced adipogenesisMN1 knockout osteoblasts show enhanced adipogenesis.

Wild-type (WT) and MN1 knockout (KO) osteoblasts were incubated for 2 weeks

in differentiation media. The cultures were stained with Oil Red O for lipid

droplets and counterstained with hematoxylin. A, Representative fields of Oil Red

O and hematoxylin stained cultures. A high magnification image from an MN1 KO

culture is shown in the inset. The bar represents 50 µm. B, The Oil Red O stain

was extracted with isopropanol and the optical density at 500 nm (OD500nm) was

measured. Data represent the mean ± SD ( n = 3 in each group). C, MN1 WT orp ( g p) ,

KO osteoblasts were cultured under osteogenic conditions for the indicated times.

The expression of FABP4, LPL, adiponectin, PPARγ, cadherin-11, and 18S RNA

was determined by Northern blot analysis.
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Figure II-14

MN1 knockout osteoblasts have reduced ability to support 1 25(OH) D -MN1 knockout osteoblasts have reduced ability to support 1,25(OH)2D3-

stimulated osteoclastogenesis.

A, Osteoclastogenic co-culture analysis was performed as described in “Materials

and Methods” using wild-type (WT) and MN1 knockout (KO) osteoblasts. Co-

cultures were stained for TRAP. Representative images of TRAP-stained co-

cultures are shown. B, TRAP positive multinucleated cells (≥3 nuclei) were

counted and compared. Data represent the mean ± SD (n = 3 in each group).

The inset shows a high magnification image of TRAP positive, multinucleatedg g g p ,

osteoclasts. The scale bar represents 60 µm. C, MN1 WT and KO osteoblasts

were differentiated for 15 days and treated with ethanol (-) or 10 nM 1,25(OH)2D3

(+) for 24 h. Northern blot analysis was performed to examine mRNA expression

levels of OPG, RANKL, M-CSF, or 18S RNA.
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Figure II-15

MN1 stimulates RANKL promoter activityMN1 stimulates RANKL promoter activity.

A, MC3T3-E1 cells were transiently transfected with a 1 kb human RANKL

promoter reporter gene [hRANKL(-1kb)-luc] or pGL3 control reporter gene. The

indicated amounts of the pcDNA-MN1 expression plasmid were co-transfected

with the total molar amount of expression plasmid DNA kept constant by the

addition of pcDNA empty vector. The normalized luciferase activity was

measured after 48 hours. Data represent the mean ± SD (n = 3 in each group).

B, Control siRNA (-) or MN1 siRNA (+) was transfected into MC3T3-E1 cells 24 h, ( ) ( )

before pGL3 or hRANKL(-1kb)-luc was transfected. The normalized luciferase

activity was measured 48 hours later. Data represent the mean ± SD (n = 3 in

each group). C, Control siRNA (-) or MN1 siRNA (+) was transfected into

MC3T3-E1 cells, and the expression of MN1 mRNA and 18S RNA was examined

24 hours later by Northern blot analysis. D, Wild-type (WT) or MN1 knockout

(KO) primary osteoblasts were transfected with pGL3 or hRANKL(-1kb)-luc. The

normalized luciferase activity was measured after 48 h. Data represent the mean

± SD (n = 3 in each group).
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CHAPTER III 

SEMAPHORIN 3B (SEMA3B) IS A 1,25-DIHYDROXYVITAMIN D3-

INDUCED GENE IN OSTEOBLASTS THAT PROMOTES 

OSTEOCLASTOGENESIS AND INDUCES OSTEOPENIA IN 

MICE 

Introduction  

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 number of tissues including the intestine, bone, 

parathyroid gland, skin, and a variety of other systems (80, 282).  The 

1,25(OH)2D3/VDR endocrine system functions in diverse biological processes, 

such as hair follicle cycling, mammary gland development, and immune cell 

function (282).  One of the most profound actions of 1,25(OH)2D3 is to protect 

skeletal integrity because deficiencies in either the hormone or the receptor result 

in undermineralized bones (232, 283). 

Acting in concert with parathyroid hormone, 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 
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phosphate absorption by the intestine, by increasing reabsorption of calcium and 

phosphate in the kidney, and by liberating calcium and phosphate from skeletal 

stores (232).  When dietary sources of calcium are inadequate, 1,25(OH)2D3 

promotes osteoclastogenesis and bone resorption, in part, by stimulating 

osteoblasts to express receptor activator of NF-κB ligand (RANKL) (240), a 

molecule essential for osteoclast formation and function (170, 178).  Under 

conditions of normocalcemia, the 1,25(OH)2D3/VDR endocrine system also 

modulates osteoblast differentiation and mineralization (107, 284-286).  Thus, 

1,25(OH)2D3 functions both systemically to regulate serum concentrations of 

calcium and phosphate and locally to fine-tune the balance between bone 

formation and bone resorption.  However, with the exception of RANKL and a 

few bone matrix proteins (240, 287-289), the network of target genes that 

mediate the effects of 1,25(OH)2D3 on osteoblast function remain largely 

unknown. 

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 originally were identified as 

axonal guidance proteins, but subsequently have been found to regulate cell 

migration, cell growth, differentiation, and angiogenesis in a variety of tissues 

(290).  SEMA3 molecules are secreted proteins that signal through neuropilin 

receptors (213, 214) and plexin co-receptors (215, 216).  The SEMA3B gene was 

first identified based on its position in the chromosomal region 3p21.3, a frequent 

site of loss-of-heterozygosity (LOH) in lung, kidney, ovarian, and testicular 
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cancers (217).  Re-expression of SEMA3B in either lung or ovarian cancer cells 

diminishes their proliferative and tumorigenic potential (222, 223), indicating that 

SEMA3B is also a putative tumor suppressor.  SEMA3B transcripts have been 

detected in osteoblastic cell cultures obtained from human oral tissue explants in 

vitro (230).  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 (291).  However, biological 

effects of SEMA3B in the skeletal system or in osteoblast/osteoclast function 

currently are 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 gene expression also is dramatically increased during 

osteoblastic cell differentiation, suggesting that SEMA3B may play 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 an osteoblast-selective 2.3 kb promoter of the mouse pro-α1 (I) collagen gene.  

Mice that express the SEMA3B transgene exhibited decreased body weight, 

shorter tibias, and displayed a deficit in trabecular and cortical bone 

mineralization.  Although osteoblast number and function 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 
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novel regulator of bone mass that might function by stimulating 

osteoclastogenesis and osteoclast activity. 

Materials and Methods 

Cell culture 

MG-63 human osteoblastic cells were maintained in growth media 

consisting of MEM supplemented with 10% FBS, 100 units/ml penicillin, and 100 

µg/ml streptomycin.  MC3T3-E1 and ST-2 cells were maintained in α-MEM 

(Invitrogen, Calsbad, CA) supplemented with 10% FBS, 100 units/ml penicillin 

and 100 µg/ml streptomycin.  For differentiation experiments, MC3T3-E1, ST-2, 

and primary osteoblasts were grown to confluence and then the media were 

changed to growth media supplemented with 50 µg/ml L-ascorbic acid and 10 

mM β-glycerophosphate to promote osteoblastic differentiation.  Media were 

replenished twice per week during the 3-week differentiation period. 

RNA extraction and Northern blot analysis 

mRNA was isolated from MG-63 cells with the FastTrack system 

(Invitrogen) according to the manufacturer’s instructions.  For bone RNA isolation, 

humeruses were ground to a fine powder using a mortar and pestle over liquid 

nitrogen.  Total RNA was extracted from the powder by homogenization in Trizol 

Reagent (Invitrogen) according to the manufacturer’s instructions.  Total RNA 
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was extracted from osteoblastic cell cultures using RNA-Bee (Teltest, 

Friendswood, TX).  RNA was separated on a formaldehyde/agarose gel and 

transferred to a Duralon membrane (Stratagene, La Jolla, CA) by capillary action.  

[α32P]-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 coding sequence, was obtained 

from pcDNA3-SEMA3B (provided by J. Minna, University of Texas Southwestern 

Medical Center).  Other mouse gene probes were generated using RT-PCR from 

murine osteoblasts RNA.  Random hexamers (Invitrogen) were used for first 

strand synthesis and the PCR amplification primers were listed as following: 

SEMA3B: 5’-GCTCTGCTTTCAAGAATTACA-3’ and 5’-

GTCTTGCTGGGGCAGAT-3’; RANKL: 5’-AGAACGATCGCGGAGCAG-3’ and 

5’-TGCTAATGTTCCACGAAATGA-3’; 24-hydroxylase: 5’-

CCAGCGGCTAGAGATCAAAC-3’ and 5’-CACGGGCTTCATGAGTTTCT-3’. 

Autoradiograms were quantitated using scanning densitometry and normalized 

using either β-actin or GAPDH. 

Western blot and immunohistochemical detection of SEMA3B 

An affinity purified rabbit polyclonal antibody directed against human 

SEMA3B (residues T732-W749) was generated by Bio-synthesis Incorporated 

(Lewisville, TX).  This peptide sequence is 100% conserved between the human 

and mouse proteins.  This same epitope was used to generate an anti-SEMA3B 

antibody in a previous study (222).  Tibias from 8-week male C57BL/6J mice 
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were fixed overnight in 10% neutral buffered formalin at room temperature, 

decalcified in Immunocal formic acid solution (American Mastertech Scientific, 

Lodi, CA) for 4 days at room temperature, embedded in paraffin, and sectioned.  

Following blocking in goat serum, sections were incubated with 2.5 µg/ml affinity-

purified anti-SEMA3B antibody.  The rabbit IgG Vectastain ABC kit and the DAB 

peroxidase substrate kit (Vector Laboratories, Burlingame, CA) were used for 

detection of the primary antibody according to the manufacturer’s 

recommendations. 

Generation of SEMA3B transgenic mouse  

All animal studies were approved by the Institutional Animal Care and Use 

Committee at Case Western Reserve University.  The human SEMA3B 

(hSEMA3B) transgene was obtained from pcDNA3-SEMA3B.  The osteoblast-

targeted transgene was constructed by replacing the lacZ cassette to hSEMA3B 

coding sequence in the 2300lacZ plasmid (292).  The expression was driven by a 

2.3-kb osteoblast-specific promoter derived from mouse pro-α1 (I) collagen gene.  

Transgenic mice were generated by the Case Western Reserve University 

Transgenic Core Facility.  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 pseudopregnant females.  Transgenic mice of 

the resulting progeny were identified by PCR amplification of tail genomic DNA 

using the following transgene-specific primers: 5’-GATTCAGCCGGAGGGAAG-3’ 

(located in the 3’ region of the SEMA3B cDNA) and 5’-
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GGCATCTGCTCCTGCTTT-3’ (located in the MP1 poly-adenylation signal 

sequence).  All transgenic animals and non-transgenic littermates used in these 

studies were greater than 95% C57BL/6J.  All adult mice were sacrificed by 

asphyxiation with CO2. 

Bone imaging analysis and histomorphometry 

Tibias from non-transgenic and transgenic mice were dissected, fixed in 

formalin overnight, and transferred to 70% ethanol.  Volumetric bone mineral 

density (mg/cm3) measurements of the tibiae were performed using an XCT 

Research peripheral quantitative computer tomography (pQCT) densitometer 

(Stratec Medizintechnik, Pforzheim, Germany) as previously described (293, 

294).  Trabecular bone volume fraction and microarchitecture were evaluated on 

the proximal tibia 12 mm distal to the end of growth plate using a μCT 40 

(Scanco Medical, Southeastern, PA).  One hundred 12 μm slices of each bone 

were analyzed. 

For histomorphometric analysis, mice were injected intraperitoneally with 

calcein (10 mg/kg) at 5 days before sacrifice and with tetracycline (25 mg/kg) at 1 

day before sacrifice at 31 days of age (295).  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 μm sections 

were cut from methyl methacrylate (MMA) embedded blocks of frontal sections of 

each tibia.  Sections were stained with Goldner’s Trichrome stain for the static 
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measurements, and unstained sections were used to visualize the fluorescent 

labels and perform the dynamic measurements.  Standard bone 

histomorphometry was performed as described using Bioquant Image Analysis 

software (R & M Biometrics, Nashville, TN) (296). 

Primary osteoblast isolation and differentiation 

Individual calvaria were dissected from 1-3 day old newborn mice and the 

adherent tissue was removed.  Primary osteoblasts were liberated from the bone 

by serial collagenase digestions (250).  Cultures were established in α-MEM 

(Invitrogen, Calsbad, CA) supplemented with 15% fetal bovine serum, 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, then 

switched to differentiation media containing β-glycerophosphate and L-ascorbic 

acid as described above.  Alkaline phosphatase (ALP) activity was determined by 

using 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).  ALP activity was normalized to protein concentration of the lysate as 

measured by the bicinchoninic acid (BCA) assay (Pierce Biotechnology, 

Rockford, IL).  Mineralized nodules were visualized by staining fixed cells with 

1% alizarin red S for 10 minutes and destaining in distilled water. 

Osteoclast differentiation and TRAP staining 
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Primary osteoblasts were differentiated for 15 days as described above 

before overlaying osteoclast precursor cells.  Osteoclast precursor cells were 

derived from the spleens of 7-10 week old female C57BL/6J mice.  Spleen cells 

were plated overnight in phenol red-free α-MEM supplemented with 10% heat-

inactivated FBS and 10 ng/ml M-SCF (R & D Systems, Minneapolis, MN).  Non-

adherent cells were added to the osteoblast cultures at a density of 500,000 cells 

per cm2 in phenol red-free α-MEM containing 10% heat-inactivated FBS, 100 nM 

dexamethasone, and the indicated concentrations of 1,25(OH)2D3.  The 

cocultures were grown for an additional 8 days, and media were replenished 

twice.  Cells were stained for tartrate-resistant phosphatase (TRAP) expression 

using the leukocyte acid phosphatase kit (Sigma Aldrich) according to the 

manufacturer’s instructions (297).  TRAP-positive cells with ≥3 nuclei were 

counted in triplicate wells. 

RAW 264.7 differentiation assay 

To prepare conditioned media (CM), COS-7 cells were transfected 

overnight with pcDNA-SEMA3B (for CM-SEMA3B) or pcDNA empty vector (for 

CM-control) by standard calcium phosphate precipitation.  Transfected cells were 

washed with PBS, and DMEM supplemented with 10% FBS was added.  

Conditioned media were collected 24 hours later, filtered and used in the RAW 

264.7 assay.  The presence of SEMA3B in conditioned media was verified by 

Western blot analysis.  Murine macrophage-like RAW 264.7 cells were cultured 

in DMEM with 10% FBS.  For osteoclastogenesis experiments, RAW 264.7 cells 

           116



 

 

were seeded in 48-well plates at 2x103 cells/well and supplemented with 50% of 

CM-SEMA3B or CM-control conditioned media with or without 20 ng/ml RANKL 

(R & D Systems).   After 3 days, cells were stained for TRAP as described above.  

TRAP-positive multinucleated (≥3 nuclei) cells were counted. 

Results 

SEMA3B is induced by 1,25(OH)2D3 and by differentiation in osteoblasts 

SEMA3B was identified as a 1,25(OH)2D3-induced gene in MG-63 human 

osteoblastic cells by microarray analysis. In this microarray screen, a 6 hour 

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.  This increase was evident as early as 3 hours following 

1,25(OH)2D3 addition, and maximal induction (25-fold) was observed at 12 hours 

(Figure III-1A).  As little as 1 nM 1,25(OH)2D3 induced SEMA3B, and transcript 

levels continued to increase up to 10 nM 1,25(OH)2D3 (Figure III-1B).  This 

increase in SEMA3B mRNA was specific for 1,25(OH)2D3 since neither 

cholecalciferol, an inactive 1,25(OH)2D3 precursor molecule, nor 24,25(OH)2D3, a 

vitamin D metabolite, altered SEMA3B mRNA levels (Figure III-1A and data not 

shown).  Finally, Western blot analysis showed that the SEMA3B protein also is 

induced by 10 nM 1,25(OH)2D3 treatment, and the induction is higher at 48 hours 

than at 24 hours (Figure III-1C).  Collectively, these data indicate that 
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1,25(OH)2D3 increases SEMA3B mRNA and protein expression in MG-63 

osteoblastic cells.   

To examine whether 1,25(OH)2D3 regulates the mRNA stability of 

SEMA3B, MG-63 cells were treated with ethanol or 10 nM 1,25(OH)2D3 for 6 

hours, and then mRNA synthesis was blocked by actinomycin D.  The SEMA3B 

transcripts level during the next 6 hours was determined by Northern blot 

analysis.  As shown in Figure III-2A and -2B, 6-hour treatment of 1,25(OH)2D3 

induced SEMA3B expression as expected, while SEMA3B mRNA is relatively 

stable and little degradation was observed within the next 6 hours.  Thus, 

1,25(OH)2D3 primarily stimulates SEMA3B transcription instead of inhibiting its 

mRNA stability.  Further analysis revealed that active RNA and protein synthesis 

was required for this response.  1,25(OH)2D3 failed to increase SEMA3B mRNA 

levels when cells were pre-treated with actinomycin D (Figure III-2C), and 

1,25(OH)2D3-mediated induction of SEMA3B was compromised by pre-treatment 

of cycloheximide, a protein synthesis inhibitor, suggesting that the de novo 

synthesis of a protein factor(s) is required for optimal response (Figure III-2C).  

Collectively, these data indicate that 1,25(OH)2D3 increases SEMA3B mRNA 

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 expression of the SEMA3B gene, we expanded our 

studies to other osteoblastic model systems that undergo a well-defined 
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differentiation program from immature proliferating cells to mature, mineralized-

matrix secreting cells in vitro.  ST-2 mouse bone marrow stromal cells, MC3T3-

E1 mouse fetal calvarial cells, and mouse primary calvarial osteoblasts were 

examined in the proliferative stage or following differentiation for 2 weeks post 

confluence in media containing L-ascorbic acid and β-glycerophosphate.  The 

proliferating or differentiating osteoblasts were treated with 1,25(OH)2D3 and 

SEMA3B expression was measured by Northern blot analysis.  Similar to the 

MG-63 cells, 10 nM 1,25(OH)2D3 treatment induced steady-state SEMA3B mRNA 

levels in a time-dependent manner in proliferating ST-2 cells, with a maximal 

induction of approximately 9-fold at 24 hours (Figure III-3A).  Treatment with 

1,25(OH)2D3 also induced SEMA3B expression in proliferating MC3T3-E1 cells 

(Figure III-4A) and in primary osteoblasts (Figure III-4B).  RANKL and 24-

hydroxylase, established 1,25(OH)2D3-responsive genes in osteoblastic cells, 

were induced as expected.  

Of importance, we also observed increases in SEMA3B gene expression 

as these three model systems differentiated into more mature osteoblasts.  

Differentiating ST-2 cells expressed dramatically higher levels of SEMA3B 

compared to the proliferative counterpart (Figure III-3B).  In addition, basal 

SEMA3B expression was 3-fold higher in differentiating MC3T3-E1 cells 

compared to proliferating MC3T3-E1 cells (Figure III-4A).  As shown in Figure III-

3B and -4A, 1,25(OH)2D3 stimulated the expression of 24-hydroxlase, but the fold 

increase in differentiating ST-2 and MC3T3-E1 cells was lower than in 

proliferating cells.  Similar results were obtained with SEMA3B, namely 
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1,25(OH)2D3 stimulated its expression in both proliferating and differentiating cells, 

but the stronger induction was apparent in proliferating MC3T3-E1 and ST-2 cells.  

1,25(OH)2D3 showed obvious stimulation on SEMA3B expression in proliferating 

primary osteoblasts, and SEMA3B transcripts increased dramatically as primary 

osteoblasts differentiated into more mature osteoblasts (Figure III-4B).  In 

summary, these observations show that SEMA3B is a 1,25(OH)2D3 target gene in 

numerous 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-related bone physiology and 

perhaps in osteoblast differentiation 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 

visualized by Northern blot analysis.  As indicated in Figure III-5A, endogenous 

SEMA3B transcripts were detected in kidney, intestine, and bone.  All of these 

are well established 1,25(OH)2D3-target organs.  Although previous reports 

indicate that semaphorins are involved in axonal guidance and neural 

development, we detected comparatively low levels of SEMA3B expression in 

whole brain extracts.     

Having shown SEMA3B transcripts in skeletal tissue extracts and in 

various osteoblast cell lines, we employed immunohistochemistry using an 
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antibody against SEMA3B to determine the cellular distribution of the SEMA3B 

protein in demineralized sections of mouse tibia.  As shown in Figure III-5D, 

SEMA3B staining was detected in several types of chondrocytes in the growth 

plate.  SEMA3B was selectively expressed in proliferating chondrocytes within 

the prehypertrophic zone (PC in Figure III-5D).  Its expression was not detected 

in cells within the hypertrophic chondrocyte zone (HC in Figure III-5D).  Both 

osteoblasts and osteocytes expressed SEMA3B throughout the growth plate as 

well as in cortical bone (Figure III-5D and -5F).  Additionally, staining was 

observed in the bone marrow (M in Figure III-5D and -5F), indicating that 

SEMA3B also is expressed in cells giving rise to the hematopoietic system.  This 

is not surprising based on the known expression of other semaphorins in B-cells, 

monocytes, hematopoietic cells, and bone marrow stromal cells.  

SEMA3B transgenic mice develop osteopenia 

Although SEMA3B is expressed in bone, the biological or cellular effects 

of SEMA3B on skeleton maintenance or in osteoblasts have previously not been 

addressed.  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 biological activity of other signaling proteins in the 

skeleton (120, 294, 298).  Thus, to understand the role of osteoblast-derived 

SEMA3B in bone, transgenic mice were created in which human SEMA3B 

(hSEMA3B) expression was driven by the osteoblast-selective mouse 2.3 kb pro-
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α1 (I) collagen promoter.  To confirm that the hSEMA3B transgene is selectively 

expressed in bone of transgenic mice, a tissue distribution Northern blot analysis 

was performed.  As shown in Figure III-6A, strong expression of hSEMA3B 

transgene was detected only in bone RNA from transgenic mice.  A weak signal 

was present in intestinal RNA in both NTG and TG 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 all tested tissues of 

transgenic mice compared to those of non-transgenic littermate controls (data not 

shown).  

Compared to non-transgenic littermates, transgenic mice were smaller, 

displaying a 34% reduction in body weight and a 6% reduction in tibia length 

(Figure III-6B and -6C).  Peripheral quantitative computerized tomography (pQCT) 

analysis revealed that tibias from the transgenic mice displayed dramatic 

reductions in trabecular, cortical, and total bone mineral density (Figure III-7A).  

The microarchitecture of the trabecular bone also was dramatically altered as 

determined by high-resolution µCT (Figure III-7B).  Consistent with the pQCT 

analysis, µCT measurements indicated that transgenic bones had decreased 

trabecular bone volume, number, thickness and connectivity density, but 

increased exposed surface and spacing of trabeculae (data now shown).  To 

explore potential cellular mechanisms underlying the trabecular bone defects in 

the transgenic mice, histomorphometric analysis was performed to examine 

osteoblastic and osteoclastic parameters (Figure III-8).  While there were no 
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alterations in osteoblast cell number and bone formation rate in SEMA3B 

transgenic tibias as compared to non-transgenic mice (Figure III-8A and -8B), 

tibias obtained from transgenic animals displayed a significant increase in the 

number of osteoclasts per unit bone surface area (Figure III-8C).  This increase 

in osteoclast number was reflected in a more than 2-fold enhancement of bone 

resorption as measured by the percentage of bone surface undergoing erosion 

(Figure III-8D).  Collectively, the imaging and histomorphometry data clearly 

indicate that in SEMA3B transgenic mice, there is a reduction in bone mineral 

density and trabecular architecture that is not the result of impaired osteoblastic 

activity but rather increased osteoclastogenesis and bone resorption. 

SEMA3B transgenic osteoblasts display increased differentiation and 

mineralization in vitro 

 To determine the cellular basis for the low bone density in the SEMA3B-

expressing transgenic mice, we examined the differentiation and mineralization in 

vitro using osteoblasts derived from nontransgenic and SEMA3B-expressing 

transgenic mice.  SEMA3B-expressing osteoblasts showed appropriate 

transgene expression in differentiated osteoblast cultures after two weeks in 

culture with L-ascorbic acid and β-glycerophosphate.  Minimal SEMA3B 

transgene expression was detected in proliferating osteoblast cultures obtained 

from either nontransgenic or transgenic mice.  In contrast, significant SEMA3B 

expression was observed in differentiating osteoblasts obtained from the 

transgenic mice, but not from the non-transgenic controls (Figure III-9A).  Thus, 
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appropriate expression of the transgene driven by the 2.3 kb promoter region of 

the mouse pro-α1 (I) collagen gene was observed in this in vitro primary cell 

culture.  Coincident with the enhanced expression of the SEMA3B transgene, 

differentiating cultures from transgenic mice also expressed higher levels of 

alkaline phosphatase, a marker of osteoblast differentiation, as compared to 

osteoblasts derived from non-transgenic littermates (Figure III-9B).  This was 

particularly evident in the late stage mineralizing osteoblast cultures.  Enhanced 

mineralized nodule formation was also observed in SEMA3B transgenic 

osteoblasts as measured by calcium staining (Figure III-9C).  These data 

collectively indicate that overexpression of SEMA3B does not impair, but rather 

promotes, osteoblastic differentiation in vitro. 

Osteoblast-derived SEMA3B promotes osteoclastogenesis in vitro 

1,25(OH)2D3 stimulates osteoblasts to secrete essential factors to promote 

osteoclastogenesis.  Because histomorphometric analysis suggests that 

osteoclastogenesis was increased in transgenic mice, we also compared the 

ability of transgenic and nontransgenic osteoblasts to support in vitro osteoclast 

formation from spleen cell precursors (Figure III-10A). Primary osteoblasts 

derived from transgenic and nontransgenic mice were differentiated for 15 days 

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).  At the presence of 10 nM or 100 
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nM 1,25(OH)2D3, significantly higher numbers of multinucleated, tartrate-resistant 

acid phosphatase (TRAP)-positive cells indicative of osteoclasts formed in the 

cocultures with transgenic osteoblasts  compared to those with nontransgenic 

osteoblasts (Figure III-10A).  These in vitro data support the in vivo observation 

that overexpression of SEMA3B in osteoblasts stimulates osteoclastogenesis.  

To investigate the potential mechanistic basis for the increased 

osteoclastogenesis supported by the SEMA3B-expressing osteoblasts, we 

determined the expression levels of several osteoblast-derived factors that 

impact osteoclastogenesis, including RANKL, osteoprotegerin, M-CSF, IL-1β, IL-

6, and TNFα, in the transgenic and nontransgenic primary osteoblast cultures.  

However, overt differences in transcript levels for these factors were not apparent 

in the transgenic and nontransgenic osteoblasts (Figure III-10B and data not 

shown), suggesting that osteoblast-targeted SEMA3B does not alter the 

expression of RANKL or other key osteoclastogenic factors in primary 

osteoblasts.  Instead, SEMA3B signaling within osteoclast progenitor cells may 

enhance the RANK-RANKL pathway and promote osteoclastogenesis.  This 

possibility is supported by studies depicted in Figure III-11B using the RAW 264.7 

osteoclast progenitor cell line.  This murine macrophage cell line responds to 

RANKL stimulation in vitro by forming TRAP-positive, multinucleated, fully 

differentiated osteoclasts.  In this model, although recombinant SEMA3B alone 

had no effect on osteoclastogenesis, it dramatically enhanced RANKL-mediated 

osteoclast differentiation of the RAW 264.7 progenitor cell line.  Thus, these data 

support a positive role for SEMA3B signaling in the RANK-RANKL pathway that 
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is required for differentiation of osteoclast precursors into mature, multinucleated, 

bone-resorbing cells. 

Discussion  

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.  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 phosphate.  However, 

when dietary sources of calcium are lacking, 1,25(OH)2D3 stimulates bone 

resorption by increasing osteoclastogenesis and osteoclast activity (232).  The 

effects of 1,25(OH)2D3 on osteoclasts are thought to be mediated by signaling 

through osteoblasts.  Specifically, 1,25(OH)2D3 stimulates osteoblasts to express 

RANKL (240), a cytokine that is essential for osteoclastogenesis and osteoclast 

activity (170, 178).  However, beyond increasing RANKL signaling, the precise 

mechanisms governing osteoblast-osteoclast communication by 1,25(OH)2D3 are 

not well understood.  Here, our studies established SEMA3B signaling as 

another mediator for 1,25(OH)2D3-stimulated, osteoblast supported 

osteoclastogenesis.  
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SEMA3B transcripts are strongly induced (up to 25-fold) by 1,25(OH)2D3 in 

a time- and dose-dependent manner in MG-63 osteoblastic cells (Figure III-1).  

Although the precise regulatory mechanisms remain unclear, our studies indicate 

that 1,25(OH)2D3 does not regulate SEMA3B mRNA stability (Figure III-2A and -

2B).  Instead, this is a transcriptional response to 1,25(OH)2D3 in osteoblastic 

cells that requires ongoing RNA and protein synthesis (Figure III-2C).  Detailed 

promoter analysis is required to rigorously address the mechanism of regulation 

by 1,25(OH)2D3.  In this regard, putative VDREs were identified downstream of 

the transcriptional start site in the human SEMA3B gene (at positions +1907 - 

+2029) and chromatin immunoprecipitation studies indicated a 1,25(OH)2D3-

dependent recruitment of native VDR to this region in the SCC25 squamous 

carcinoma cell line (258).  However, the functional relevance of this region of the 

human SEMA3B gene has not as yet been addressed.  In our hands, this region 

of the SEMA3B gene does not drive VDR/1,25(OH)2D3-dependent expression of 

the 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 sequences identified in this region (258), 

suggests the potential for alternative mechanisms of regulation.  Our actinomycin 

D and cycloheximide data suggest that the regulation 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 
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SEMA3B transcripts in osteoblasts is an important goal, particularly in light of the 

impact that osteoblast-driven SEMA3B expression 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 

semaphorins in other important physiological and pathological systems been 

reported (209, 299).  Studies addressing the expression or role of semaphorins in 

skeleton are limited.  Previous reports showed that SEMA3B transcripts as well 

as transcripts for many other semaphorin family members, their neuropilin 

receptors, and plexin co-receptors are expressed in osteoblast-enriched cell 

populations obtained from periodontal and gingival isolates in vitro (230).  

SEMA3A and its receptors have distinct expression patterns during endochondral 

ossification (227, 300).  SEMA3A deletion in mice leads to wide-spread skeletal 

abnormalities, including vertebral fusions, rib duplications, and a thickened 

sternum (227, 300).  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 (228, 301).   In contrast to SEMA3B, 

SEMA7A expression is down regulated during the differentiation of primary 

osteoblasts and MC3T3-E1 cells, implying that each type of semaphorin 

glycoprotein plays a distinct role in bone development and homeostasis.  In 

support of such functions, a SEMA7A polymorphism was shown to be associated 

with low bone mineral density and high fracture risk in women (228, 301). 
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The SEMA3B protein is expressed in vivo in osteoblasts, mature 

osteocytes, and a select population of chondrocytes (Figure III-5).  In contrast, 

SEMA3A has been shown to be present in osteoblasts, osteoclasts, and 

prehypertrophic and hypertrophic chondrocytes (227, 300).  SEMA3B was 

characteristically absent from the hypertrophic chondrocyte layer of the growth 

plate (Figure III-5B).  Although we cannot exclude osteoclast expression of 

SEMA3B, strong staining for SEMA3B was not observed in multinucleated cells 

(osteoclasts) lining the mineralized matrix.  Osteoblast and chondrocyte 

expression of these semaphorins suggest that signaling by secreted semaphorin 

may be important for skeletal development and homeostasis. The SEMA3B-

expressing transgenic mouse provides important support for this possibility. 

Osteoblast-directed expression of SEMA3B in mice led to decreased 

longitudinal bone growth (Figure III-6), and undermineralized cortical and 

trabecular bone (Figure III-7), the latter two most likely the result of increased 

osteoclast number (Figure III-8).  Consistent with these findings, in vitro coculture 

studies showed that transgenic osteoblasts have higher ability to support 

1,25(OH)2D3-stimulated osteoclastogenesis as compared to nontransgenic 

osteoblasts (Figure III-10A).  Taken together, these data suggest that the 

osteopenia observed in SEMA3B transgenic mice was due not to impaired 

osteoblast function but rather a result of increased osteoclastogenesis and 

osteoclast activity.  These findings are analogous to the situation in transgenic 

mice expressing Runx2 (120), a transcription factor essential for osteoblast 

differentiation (116, 118).  Runx2-overexpressing mice display normal mineral 
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apposition rates, but they have increased osteoclastogenic parameters in vivo, 

leading to low bone mass (120).  Furthermore, osteoblasts derived from these 

Runx2-animals support the osteoclast formation in vitro to a greater extent than 

nontransgenic osteoblasts (120).  Although the mechanisms remain unclear, this 

phenotype in Runx2-transgenic model is correlated with enhanced expression of 

RANKL. 

In contrast to the Runx2 transgenic mouse, expression levels of RANKL 

and numerous other osteoblast-derived osteoclastogenic factors (including IL-1β, 

IL-6, osteoprotegerin, and M-CSF) do not differ in the SEMA3B-expressing 

osteoblasts compared with nontransgenic controls (Figure III-10B).  Yet, 

SEMA3B-expressing osteoblasts showed increased ability to promote 

osteoclastogenesis in the coculture system (Figure III-10A).  These data suggest 

that the osteoclastogenic effect of SEMA3B may be direct.  Indeed, osteoclasts 

express neuropilin-1, one of the receptors for secreted semaphorins (291).  

Recent studies have shown that rac1, an effector of semaphorin signaling (302), 

is required for osteoclast differentiation and bone resorption (303, 304).  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 defined RAW 246.7 cell system 

(Figure III-11B).  Here, direct stimulation of RAW 246.7 cells with conditioned 

medium (CM) containing recombinant SEMA3B showed no induction of 

osteoclast formation, arguing against direct stimulation of osteoclastogenesis via 

the semaphorin/neuropilin signaling system.  However, recombinant SEMA3B 
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dramatically enhanced RANKL-stimulated osteoclastogenesis of RAW 246.7 cells.  

Cumulatively, these data support a mechanism involving SEMA3B-activated 

signaling cascades in osteoclast precursors that impinge upon and positively 

affect the RANKL pathway to promote osteoclast differentiation.  

In osteoblastic cells, the basal level of SEMA3B and its responsiveness to 

1,25(OH)2D3 vary among the different lines examined (Figure III-1, -3 and -4).  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-E1, ST-2, and primary osteoblasts 

differentiated into more mature osteoblasts, indicating that the process of 

osteoblast differentiation increases the level of native SEMA3B transcript 

expression.  RANKL-mediated osteoclastogenesis is thought to be a primary 

action of early-stage osteoblasts.  Thus, increased expression of SEMA3B in 

more differentiated, late-stage osteoblasts may not be entirely consistent with this 

pathway.  However, the 1,25(OH)2D3-activated expression of RANKL and 

SEMA3B in early-stage osteoblasts is consistent with the putative role of 

SEMA3B in the 1,25(OH)2D3-stimulated, RANKL-activated osteoclastogenesis.  

Moreover, high-level expression of SEMA3B in more differentiated osteoblasts 

points to alternative roles for SEMA3B in other osteoblastic functions, perhaps 

influencing the late-stage differentiation process itself to generate mineralized 

matrix-producing cells.  Neuropilin-1 receptors for SEMA3B also are expressed 

on osteoblasts (291), suggesting that SEMA3B might act in an autocrine fashion 

to induce osteoblast differentiation and function.  This may be involved in the 
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enhanced expression of osteoblast differentiation markers such as alkaline 

phosphatase in the SEMA3B-expressing transgenic osteoblasts 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, our data show that SEMA3B is a target gene of 1,25(OH)2D3 

in osteoblastic cells and that osteoblast-derived SEMA3B impacts bone cell 

activities in vitro and skeletal homeostasis in vivo.  Moreover, this study indicates 

that a member of the secreted semaphorin family exerts a biological effect on 

bone mineral density in vivo and uncovers a potential role for SEMA3B in 

modulating osteoclastogenesis and bone resorption. 
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Figure III-1

1 25(OH) D induces SEMA3B expression in MG-63 osteoblastic cells1,25(OH)2D3 induces SEMA3B expression in MG-63 osteoblastic cells.

A, MG-63 cells were treated for the indicated times with 10 nM 1,25(OH)2D3 or 10

nM cholecalciferol (Chol). B, MG-63 cells were treated with ethanol vehicle

control (0) or 0.1-100 nM 1,25(OH)2D3 for 6 hours The mRNA expression of

SEMA3B and β-actin was analyzed by Northern blots. C, MG-63 cells were

treated with ethanol vehicle control (-) or 10 nM 1,25(OH)2D3 (+) for 24 hours or

48 hours. The protein expression of SEMA3B and β-actin was analyzed by

Western Blot analysis. Lane “Con” contains the lysate of COS-7 cells expressingy y p g

recombinant SEMA3B as a positive control.
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Figure III-2

The mechanism of SEMA3B regulation in MG-63 cellsThe mechanism of SEMA3B regulation in MG-63 cells.

A, MG-63 cells were treated with ethanol vehicle control or 10 nM 1,25(OH)2D3

for 6 hours, and further incubated with 1 µg/ml actinomycin D for the indicated

times. The mRNA expression of SEMA3B and GAPDH was analyzed by

Northern blot. B, The quantitation of SEMA3B mRNA levels normalized by

GAPDH. C, MG-63 cells were pretreated with ethanol vehicle control, 1 µg/ml

actinomycin D, or 10 µg/ml cycloheximide for 1 hour. Cells were then treated with

ethanol control (-) or 10 nM 1,25(OH)2D3 (+) for 12 hours. The mRNA expression( ) , ( )2 3 ( ) p

of MN1 and GAPDH was analyzed by Northern blots.
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Figure III-3

SEMA3B is induced by 1 25(OH) D and by osteoblastic differentiation inSEMA3B is induced by 1,25(OH)2D3 and by osteoblastic differentiation in

ST-2 bone marrow stromal cells.

A, Subconfluent ST-2 cells were treated with 10 nM 1,25(OH)2D3 for the indicated

times. B, Subconfluent (Prolifer.) ST-2 cells were prepared in growth media or

confluent cells were differentiated for 14 days (Differen.). Proliferating or

differentiating cells were treated with ethanol control (-) or 10 nM 1,25(OH)2D3 (+)

for 24 hours. The expression of SEMA3B, 24-hydroxylase, RANKL, and GAPDH

was determined by Northern blot analysis.y y
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Figure III-4

SEMA3B is induced by 1 25(OH) D and by differentiation in MC3T3-E1 cellsSEMA3B is induced by 1,25(OH)2D3 and by differentiation in MC3T3-E1 cells

and primary osteoblasts.

Subconfluent (Prolifer.) MC3T3-E1 cells (panel A) or primary osteoblasts (panel

B) were prepared in growth media or confluent cells were differentiated for 14

days (Differen.). Proliferating or differentiating cells were treated with ethanol

control (-) or 10 nM 1,25(OH)2D3 (+) for 24 hours. The expression of SEMA3B,

24-hydroxylase, and GAPDH was determined by Northern blot analysis. In panel

B, two exposures of the blot probed with SEMA3B were performed to highlight, p p p g g

the induction in differentiating cells (short exposure) and proliferating cells (long

exposure).
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Figure III-5

SEMA3B is expressed in the long bones of miceSEMA3B is expressed in the long bones of mice.

A, Total RNA was extracted from the indicated tissues of wild-type C57BL/6J

mice, and SEMA3B expression was determined by Northern blot analysis.

Ethidium bromide staining of 18S/28S ribosomal RNA was used to ensure the

equal loading of the RNA. B-F, Tibias from wild-type 8-week-old male mice were

formalin-fixed, decalcified in formic acid, embedded in paraffin, and sectioned.

Serial sections were stained with hematoxylin and eosin (H & E in panels B and

E) or immunostained using rabbit IgG control (IgG in panel C) or an affinity) g g ( g p ) y

purified rabbit anti-SEMA3B antibody (α-SEMA3B in panels D and F). PC,

prehypertrophic chondrocyte layer. C.B., cortical bone. HC, hypertrophic

chondrocyte layer. M, marrow space. Arrow, osteocyte.
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Figure III-6

Transgenic mice with targeted osteoblast-selective expression of SEMA3BTransgenic mice with targeted osteoblast-selective expression of SEMA3B 

have reduced body weight and shorter bones.

A, Total RNA was isolated from the indicated organs of non-transgenic (NTG) or 

SEMA3B transgenic (TG) mice.   The transgene expression was analyzed by 

Northern blot probed with human SEMA3B cDNA.   Equal RNA loading was 

normalized by the band intensity of ethidium bromide-stained 18S/28S ribosomal 

RNA.   B, Growth curve of male NTG and TG mice.   Data represent the mean 

±SEM (n ≥ 5).  C, pQCT measurement of left tibia length (n = 8).  ( ) , pQ g ( )
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Figure III-7

SEMA3B-expressing transgenic mice have decreased bone mineral densitySEMA3B-expressing transgenic mice have decreased bone mineral density 

and diminished trabecular bone.

A, pQCT analysis of total, trabecular, and cortical bone density of tibias from 31-

day-old male non-transgenic (NTG) and SEMA3B transgenic (TG) littermates.  

Data represent the mean ± SEM (n = 7-8).  B, µCT cross-sectional images of 

representative tibias from 31-day-old male NTG and TG littermates.  
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Figure III-8

Transgenic bones have normal osteoblasts but increased osteoclastsTransgenic bones have normal osteoblasts but increased osteoclasts.

Histomorphometry measurements were performed on sections of tibia from non-

transgenic (NTG) and SEMA3B transgenic (TG) 31-day-old male mice that had

been double-labeled with calcein and tetracycline. A, No. OBs/BS, number of

osteoblasts per mm of bone surface. B, MAR, mineral apposition rate. C, No.

OCs/BS, number of osteoclasts per mm of bone surface. D, ES/BS, percentage

of bone surface involved in resorption. Data represent the mean ± SEM (n = 10).
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Figure III-9

SEMA3B transgenic osteoblasts exhibit increased differentiation andSEMA3B transgenic osteoblasts exhibit increased differentiation and

mineralization in vitro.

A, Primary osteoblasts isolated from the calvaria of newborn non-transgenic

(NTG) and transgenic (TG) mice were differentiated as described in “Materials

and Methods”. Total RNA was isolated at the indicated stages [proliferation

(Prolif.), day 6; and differentiation (Differen.), day 15] and analyzed for SEMA3B

and β-actin expression by Northern blot. B, Primary osteoblasts from TG and

NTG animals were differentiated and alkaline phosphatase (ALP) activity wasp p ( ) y

determined at the indicated stages [Prolif., day 6; Differen., day 15; and

mineralization (Mineral.), day 25] by measuring conversion of p-nitrophenyl

phosphate to p-nitrophenol. ALP activity was normalized to protein concentration.

Data represent the mean ± SEM (n = 3). C, Primary osteoblasts from TG and

NTG animals were differentiated for 31 days. The cells were stained with Alizarin

Red S and the mineralized nodules were counted. Data represent the mean ±

SEM (n = 3).
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Figure III-10

SEMA3B transgenic osteoblasts have increased ability to supportSEMA3B transgenic osteoblasts have increased ability to support

1,25(OH)2D3-stimulated osteoclastogenesis.

A, Osteoclastogenic co-culture analysis was performed as described in “Materials

and Methods” using SEMA3B transgenic (TG) and non-transgenic (NTG)

osteoblasts. Multinucleated osteoclasts were visualized by staining for TRAP

activity as described in “Materials and Methods”. The numbers of TRAP-positive

multinucleated (≥ 3 nuclei) cells were counted. Data represent the mean ± SD (n

= 3). B, Differentiating primary osteoblasts derived from non-transgenic (NTG) or) , g p y g ( )

transgenic (TG) mice were treated with 100 nM 1,25(OH)2D3 for the indicated

times, and the expression levels of RANKL, 24-hydroxylase, and GAPDH was

determined by Northern blot analysis.
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Figure III-11

SEMA3B promotes osteoclast differentiation in RAW 264 7 cellsSEMA3B promotes osteoclast differentiation in RAW 264.7 cells.

A, SEMA3B-containing conditioned media (CM-SEMA3B) and control media (CM-

control) were prepared by transfecting COS-7 cells with pcDNA-SEMA3B (for

CM-SEMA3B) or pcDNA empty vector (for CM-control) as described in “Materials

and Methods”. The expression of SEMA3B in conditioned media and COS-7

cells was examined by Western blot analysis. B, RAW 264.7 cells were cultured

in 50% of indicated conditioned media in the absence or presence of 20 ng/ml

RANKL for 72 hours and stained for TRAP. The numbers of TRAP positivep

multinucleated (≥ 3 nuclei) cells in each well were counted. Data represent the

mean ± SD (n = 3).
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CHAPTER IV 

SUMMARY AND FUTURE DIRECTIONS 

This project investigated the regulation and functions of MN1 and 

SEMA3B, which are two novel 1,25(OH)2D3 target genes in osteoblasts.  We 

characterized that both MN1 and SEMA3B are induced by 1,25(OH)2D3 in 

multiple osteoblastic models.  Moreover, differentiation of osteogenic cells 

enhanced their expression, pointing to the active roles of these two genes in 

osteogenesis and the significance of 1,25(OH)2D3 in generating appropriate gene 

profiles for osteoblast activities.  Before our study, there were evidences 

suggesting that MN1 and SEMA3B are involved in skeletal homeostasis, but their 

roles in bone cells were largely unknown.  Using in vitro analysis and animal 

models, our studies revealed the unrecognized significance of MN1 and 

SEMA3B in bone remodeling.  

MN1 is a coactivator for 1,25(OH)2D3/VDR-mediated gene transcription 

and shows selectivity for VDR.  MN1 not only possesses autonomous 

transactivity, but also cooperates with SRC coactivators to potentiate 

1,25(OH)2D3-stimulated transcription.  MN1 knockout osteoblasts exhibit reduced 

1,25(OH)2D3 activation for VDRE-driven reporter gene as well as for endogenous 

24-hydroxylase expression, confirming that MN1 is required for optimal 
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1,25(OH)2D3 response.  Functional assays revealed that ablation of MN1 results 

in a variety of defects in osteoblasts.  Primary calvarial osteoblasts derived from 

MN1 knockout mice display altered morphology, attenuated motility, reduced 

growth rate, decreased differentiation marker (ALP) expression, and impaired 

calcium deposition.  Importantly, the proliferation and mineralization defects were 

also observed in MN1 knockout calvaria tissue, indicating that MN1 is required 

for maintaining normal functions of osteoblasts both in vitro and in vivo.  

Strikingly, MN1 knockout calvarial osteoblasts cultures have high levels of oil red 

O-stained lipid droplets and high expression of adipocyte marker genes, 

including PPARγ, FABP4, LPL, and adiponectin, indicating an important role for 

MN1 in maintaining the appropriate balance between osteogenesis and 

adipogenesis from their mesenchymal precursor cells.  In addition, MN1 null 

osteoblasts have decreased ability to support 1,25(OH)2D3-stimulated 

osteoclastogenesis in spleenocyte coculture studies.  Mechanistic studies reveal 

that MN1 activates RANKL promoter and stimulates RANKL transcription, and 

MN1 knockout osteoblasts show marked reduction of RANKL:OPG ratio.  Taken 

together, our studies uncovered the essential roles of MN1 in gene transcription, 

osteoblast function, and osteoblast-supported osteoclastogenesis.  These 

discoveries suggest the functional significance of MN1 in bone remodeling and 

provide the cellular mechanism that may partially account for the cranial skeleton 

defects in MN1 knockout mouse.   

SEMA3B is a secreted protein that can potentially function in a paracrine 

or endocrine manner.  Using a transgenic mouse model with targeted SEMA3B 
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overexpression in osteoblasts, we analyzed the impact of osteoblast-derived 

SEMA3B on global skeletal homeostasis in intact animals.  Furthermore, we 

investigated the cellular mechanism by analyzing the properties of SEMA3B-

overexpressing calvarial osteoblasts derived from transgenic animals.  In cell 

culture, we observed that SEMA3B transgenic osteoblasts display enhanced ALP 

activity and calcium deposition, indicating the stimulatory roles of SEMA3B in 

osteoblast differentiation and mineralization.  Moreover, SEMA3B transgenic 

osteoblasts exhibit enhanced capability to stimulate osteoclastogenesis in an 

osteoblast-spleenocyte coculture system, while mechanistic studies did not 

reveal expression changes in RANKL:OPG ratio.  Using an osteoblast-

independent RAW 264.7 macrophage model, we showed that recombinant 

SEMA3B is able to promote the RANKL-stimulated osteoclastogenesis, 

indicating the existence of paracrine pathway through which osteoblast-secreted 

SEMA3B activates the signaling cascades within osteoclast precursors.  

Although SEMA3B promotes both osteoblast and osteoclast differentiation in 

vitro, osteoblast-derived SEMA3B primarily enhances osteoclast formation in vivo.  

SEMA3B transgenic mice develop osteopenia, with decreased body weight, 

reduced bone mineral density, and aberrant trabecular structure compared to 

their nontransgenic littermate controls.  Histomorphometry studies revealed that 

SEMA3B transgenic mice have normal osteoblast numbers and bone formation 

rate, but increased osteoclast numbers and bone erosion.  Therefore, this study 

established that osteoblast-derived SEMA3B is a novel regulator of bone mass 
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that may function in a paracrine manner to stimulate osteoclastogenesis and 

bone resorption. 

Collectively, our studies support the novel roles for MN1 and SEMA3B as 

1,25(OH)2D3-induced proteins that regulate bone cell activities and skeletal 

homeostasis.  These data established the significance of MN1 and SEMA3B in 

promoting osteoblast differentiation and osteoclastogenesis.  These activities are 

consistent with the recognized roles of 1,25(OH)2D3 in bone remodeling, 

indicating that MN1 and SEMA3B are important mediators of the activity of 

1,25(OH)2D3 biologies in osteoblasts.  Thus, these discoveries provide further 

insights about the molecular mechanisms underlying the direct actions of 

1,25(OH)2D3 in skeletal system.  Further studies are proposed to investigate 

other in vivo activities of MN1 and SEMA3B, and focus more on elucidating the 

mechanisms of their functions.   

MN1 

Identify MN1-interacting proteins and DNA element(s) 

Our data show that MN1 promotes VDR-mediated transcription and 

functions in concert with SRC proteins (Figure II-4, -5, and -6).  However, the 

transcription factors that potentially mediate the transactivity of MN1 have not 

been characterized.  To explore the underlying mechanism, it is important to 

identify the MN1-interacting proteins.  We have used co-immunoprecipitation, 
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GST-pull down, and yeast-two-hybrid assays to examine whether MN1 interacts 

with VDR, SRC-1, or SRC-2, but no such interaction was identified (data not 

shown).  It is possible that the binding of MN1 with these transcription factors is 

indirect, and cannot be detected under our experimental conditions.  Therefore, 

MN1-interacting proteins should be identified through an unbiased screening.  

For example, a pull-down assay with GST-MN1 or a co-immunoprecipitation 

assay with FLAG-tagged MN1 can be used to isolate MN1-interacting proteins, 

which can be recognized by mass spectrometry.  These experiments will require 

a large-scale preparation in the cell lines where MN1 has high transactivity, such 

as COS-7 cells. 

MN1 is a large protein (136 kDa).  It is expected that many interacting 

proteins will be identified via the screening assay using full-length MN1.  One 

advantage of this approach is that potentially it will reveal the novel functions of 

MN1 in other cellular pathways.  However, to focus on its transcription 

stimulatory activity, the functional domain(s) can be identified through structural-

functional analysis and used in the screening assays.  Our data suggest that 

MN1 235-750 (by amino acid number) has high transactivity when it is fused with 

GAL4-DBD (data not shown).  Thus, this region may have chromatin remodeling 

activity or interact with chromatin remodeling factors, but MN1 235-750 alone is 

not able to stimulate VDR-mediated transcription.  Indeed, removal of MN1 1-235 

completely destroys the activation of VDR (data not shown), implying that MN1 1-

235 may be critical for recruiting MN1 to the transcription complex.   Therefore, 
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using MN1 1-235 in the screening analysis will possibly identify the proteins that 

are important for the recruitment of MN1 to transcriptional machinery. 

Furthermore, as a transcriptional coactivator, MN1 may function through 

certain DNA element(s) at gene promoter regions.  Such responsive element(s) 

will reveal the mechanisms of MN1 functions and other MN1-regulated gene 

targets.  VDRE is a candidate DNA sequence, but no binding of MN1 with VDRE 

was identified using chromatin immunoprecipitation (ChIP) or EMSA analysis 

(data not shown).  It is possible that MN1 does not bind VDRE directly or MN1 

functions through different DNA elements.  Indeed, it is reported that MN1 binds 

to a CACCC element to stimulate the activity of IGFBP-5 promoter (260).  Figure 

II-15 shows that MN1 also activates human RANKL promoter, which does not 

contain a VDRE.  Therefore, the putative MN1-interacting DNA element(s) should 

be identified through a blind screen, such as ChIP assay followed by sequencing 

MN1-bound DNA.  The highly redundant DNA elements are possibly the MN1-

binding sites. 

Determine the in situ expression of MN1 and explore its signaling pathway  

Our studies reveal that MN1 mRNA is expressed in osteoblastic cell lines, 

primary calvarial osteoblasts, and bone extracts.  However, its in situ expression 

in bone structures, such as epiphyseal growth plate and cortical bone, should be 

determined to further elucidate its functions in skeletal physiology.  We have tried 

to investigate the expression of endogenous MN1 protein through 
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immunohistochemistry, but it did not prove technically feasible using current MN1 

antibody (data not shown).  Another MN1 antibody is required to perform 

immunohistochemistry analysis, or alternatively, in situ hybridization can be used 

to determine the mRNA expression of MN1.  Moreover, Northern blot detected 

the expression of MN1 transcripts in other tissues (Figure II-3D), such as heart 

and brain, where the functions of MN1 have not been well-described.  Therefore, 

the in situ expression analysis for MN1 mRNA or protein should not be limited to 

bone, but in multiple tissues, for example, using whole embryo sections.  This 

possibly will identify unrecognized MN1 target tissues and cells, and provide 

further insights into the functions of MN1 in vivo.   

As discussed in Chapter II, the restricted craniofacial phenotype of MN1 

knockout model suggests the roles of MN1 in neural crest cell migration and/or 

differentiation.  MN1 knockout mice exhibit partially overlapping phenotypes with 

some homeobox gene knockout models, such as Prx1/2-/-, Msx1-/- and Dlx2-/- 

mice (305-307).  Certain cranial skeleton components in these homeobox gene 

knockout models exhibit similar agenesis or hypomineralization as those in MN1 

knockout mice.  Homeobox genes are transcription factors that are critical for 

patterning.  Each homeobox gene has a unique expression profile during 

development and plays a distinct role in regulating organogenesis.  As a 

transcriptional factor, MN1 can be upstream, downstream, or a cofactor of 

homeobox genes that are key to craniofacial development.  Such candidate 

homeobox genes can be identified by comparing the spatial and temporal 

distribution of MN1 with well-characterized homeobox genes.  Moreover, the 
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significance of MN1 in homeobox signaling can be further investigated by 

analyzing the expression of candidate homeobox genes in wild-type and MN1 

knockout mice.   

Gene expression analysis of MN1 knockout model 

Our data and another report (207) show that ablation of MN1 causes 

dramatic defects in osteoblast differentiation in vitro and in skeletal development 

in vivo, but only limited numbers of MN1 target genes have been characterized 

(Figure II-12C, -13C and -14C).  These genes mediate part of MN1 activities, but 

their expression changes cannot completely explain the phenotypes of MN1 

knockout model.  To further explore the molecular mechanisms of MN1 activities 

and elicit other possible functions of MN1 in osteoblasts, the gene expression 

profiles in wild-type and MN1 knockout primary osteoblasts should be 

investigated by microarray analysis, which will characterize the impact of MN1 on 

gene expression at specific differentiation stages and on the gene expression 

change during osteoblast differentiation. 

Based on current knowledge, it is expected that MN1 knockout primary 

osteoblasts will express decreased levels of osteoblast marker genes and 

increased levels of adipocyte marker genes, but it will be important to investigate 

how the osteogenesis/adipogenesis-controlling genes are regulated.  This will 

reveal whether MN1 is an upstream regulating factor or a downstream 

responsive gene in the mesenchymal stem cell differentiation pathways.  
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Furthermore, because MN1 knockout osteoblasts have a decreased proliferation 

rate, the growth-regulating genes, especially at proliferation stage, may have 

different expression levels in MN1 null cells.  This possibly will provide 

mechanistic insights about how MN1 regulates cell growth.  In addition, the 

altered cell morphology in MN1 knockout osteoblasts suggests that MN1 may 

regulate cell migration or adhesion.  We found that cadherin-11 is down 

regulated by MN1 ablation (Figure II-13C).  Gene expression analysis possibly 

will reveal whether other related signaling components are changed.  Moreover, 

the expression changes of certain homeobox genes and/or their signaling 

pathway components will help to identify the candidate homeobox signals- in 

which MN1 is involved.  Finally, by analyzing gene expression profiles, some 

novel functions or target genes of MN1 in osteoblasts may be recognized.  

Examine the significance of MN1 in postnatal bone development by conditional 

knockout model 

Our data indicate that MN1 is essential for maintaining normal osteoblast 

proliferation and differentiation, but the postnatal lethality of MN1 knockout mice 

restricts the bone development analysis to embryonic stages.  Although deletion 

of MN1 causes cranial skeleton abnormalities and osteogenesis defects, 

comprehensive microCT analysis to examine bone mineral density and bone 

volume in E16.5 and E18.5 tibia did not reveal significant difference of 

appendicular bone development in MN1 knockout embryos (data not shown).  It 

is important to note that ablation of bone-regulating genes does not always cause 
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obvious phenotypes at embryonic stages.  For example, 1,25(OH)2D3 signaling is 

essential for bone mineralization, while neither VDR nor 1α-hydroxylase knockout 

mice display skeletal defects at embryos (89, 195).  The ERα-mediated pathway 

plays significant roles in maintaining bone density.  However, ERα knockout mice 

exhibit normal skeleton development before the early pubertal period (31 day 

after birth) (308).  SRC-1 is a coactivator for ER-mediated transcription and is 

required for the skeletal response to estrogen, but SRC-1 knockout mice exhibit 

osteopenia only at 3 months of age (309, 310).  These models indicate that 

osteoblast activities have significant impact on postnatal bone development and 

regeneration.  Thus, a postnatally viable MN1 knockout model is required to fully 

understand the functions of MN1 in the skeleton.  For example, the time-specific 

knockout of MN1 can be achieved by Cre/loxP system, in which the expression 

of Cre recombinase is under control of a tetracycline-responsive promoter.  Then 

ablation of MN1 gene can be induced at an appropriate time through tetracycline 

administration. 

Investigate the roles of MN1 in adipogenesis 

Our data show that MN1 knockout calvarial osteoblast cultures have 

higher levels of adipogenesis (Figure II-13).  In contrast to the up-regulation of 

MN1 during osteogenesis, MN1 expression was down-regulated when 3T3-L1 

pre-adipocytes differentiate into more mature stages (data not shown).  These 

data suggest that MN1 might block the differentiation of adipocytes from 

mesenchymal precursors.  Osteoblasts and adipocytes may originate from 
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common mesenchymal stem cells, and the differentiation of these two lineages is 

believed to be inversely correlated (272, 273).  It has been suggested that 

increased adipogenesis in bone marrow is associated with osteopenic bone 

disorders (274, 275).  Importantly, other reports have shown that 

1,25(OH)2D3/VDR signaling inhibits adipogenesis in multiple models, including 

3T3-L1 cells, bone marrow stromal cells, and primary cultures (280, 281, 311).  

1,25(OH)2D3 induces MN1 in 3T3-L1 cells at both proliferating and differentiating 

stages (data not shown), supporting that MN1 might mediate the regulation of 

1,25(OH)2D3 on adipogenesis.  Therefore, the expression and 1,25(OH)2D3 

regulation of MN1 should be examined in additional adipocyte models, such as 

adipose tissue and adipogenic cultures from VDR knockout models.    

The MN1 knockout model also can be used to explore the functional 

significance of MN1 in adipocyte differentiation and in 1,25(OH)2D3/VDR 

signaling.  The development of white/brown fat in wild-type and MN1 knockout 

mice can be analyzed via direct weight measurement of fat tissue or via indirect 

histological analysis of oil accumulation.  The expression of adipocytic marker 

genes and adipogenesis controlling genes in fat tissue from wild-type and MN1 

knockout mice can be determined by immunohistochemistry and/or mRNA 

analysis.  Furthermore, the bone marrow cells, fibroblasts and mesenchymal 

stem cells (MSCs) that contains adipocyte precursors, and primary adipocytes in 

fat pads can be isolated from wild-type and MN1 knockout mice, and their 

adipocytic differentiation and the response to 1,25(OH)2D3 can be analyzed using 

in vitro culture systems.  Altered adipogenesis in vitro and/or fat accumulation in 
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vivo in MN1 knockout model will further support the significance of MN1 in 

regulating adipocyte differentiation. 

Explore the functions of MN1 in osteoblasts using inducible overexpression 

system 

Using MN1 knockout model, we have shown that ablation of MN1 leads to 

impaired osteoblast functions.  As a complementary approach to further support 

the significance of MN1, the impact of ectopic MN1 on osteoblast/adipocyte 

differentiation should be analyzed.  These cellular assays require long-term (10-

30 days) of post-confluent culture and a high efficiency of MN1 expression.  

However, in our hands, transient transfection has a low efficiency (<5% in most 

osteoblasts used in this study) and a short expression time (3-4 day under our 

experimental conditions), and retroviral or lentiviral transduction did not provide 

higher efficiency (data not shown).  Moreover, MN1 overexpression suppresses 

the growth of subconfluent osteoblasts.  Although ectopic MN1 does not induce 

apoptosis (data not shown) and its impact on the survival of postconfluent cells 

are still unknown, MN1 overexpression inhibits BrdU incorporation and colony 

formation in proliferating osteoblasts (data not shown).  Thus, an MN1 stable line 

cannot be established through transient transfection and subsequent selection of 

MN1-expressing cells.  As an alternative approach, the tetracycline-inducible 

gene expression system can potentially overcome the anti-proliferative effects of 

MN1.  With this inducible system, osteoblasts/adipocytes can be grown to 

confluence, and MN1 expression can be induced at specific differentiation stages 
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and for appropriate times.  Then the direct impact of MN1 on 

osteoblast/adipocyte differentiation can be analyzed.  Furthermore, by using such 

an inducible stable expression system that has high efficiency, the MN1 target 

genes can be identified, e.g., through microarray analysis.  

SEMA3B 

Investigate the roles of SEMA3B in RANKL-RANK signaling  

Our studies show that recombinant SEMA3B promotes osteoblast-

independent osteoclastogenesis in the RAW 264.7 macrophage model (Figure 

III-11B), suggesting that SEMA3B can directly target osteoclast precursors and 

stimulate their differentiation.  However, RAW 264.7 is a transformed cell line, 

which represents only a limited window of osteoclast precursors.  Thus, the direct 

impact of secreted SEMA3B should be examined in primary bone marrow cells or 

in spleen cells.  Most osteoclastogenesis regulating factors alter the 

RANKL:OPG ratio in osteoblasts, while SEMA3B does not affect that (Figure III-

10B and data not shown).  To conclude that SEMA3B represents a novel 

signaling pathway on regulating osteoclast differentiation, the protein expression 

of RANKL/OPG should be examined in SEMA3B transgenic and non-transgenic 

osteoblasts.  Even though SEMA3B does not regulate the synthesis of RANKL, it 

may modulate the activity of RANKL/RANK signaling within osteoclast precursors 

because SEMA3B requires the presence of RANKL to stimulate 

osteoclastogenesis in RAW 264.7 cells (Figure III-11B).  Therefore, the impact of 
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SEMA3B on RANK-initiated intracellular pathways, such as the association of 

RANK with TRAF6, and the activation of NF-κB, JNK, and p38 MAPK, should be 

determined. 

Identify the receptor(s), co-receptor(s), and intracellular signaling of SEMA3B in 

osteoclasts 

SEMA3 molecules are secreted proteins that signal through neuropilin 

receptors and plexin co-receptors (213-216).  Plexin-A1 is expressed in both 

isolated primary osteoclasts and in vitro induced osteoclasts (312).  Plexin-A1-/- 

bone marrow cells exhibit reduced in vitro osteoclastogenesis when they are 

treated with RANKL and M-CSF, and plexin-A1 knockout mice develop 

osteopetrosis due to the decreased osteoclast formation (312).  In addition, rac1, 

an effector of semaphorin signaling (302), is required for osteoclast differentiation 

and bone resorption (303, 304).  These findings further support the active roles of 

SEMA3B signaling in regulating the formation and activity of osteoclasts.   

To understand the mechanism of SEMA3B activities in osteoclasts, it is 

important to identify the functional SEMA3B receptor(s) or co-receptor(s), and to 

investigate the intracellular signaling cascades in osteoclast precursors and 

mature osteoclasts.  For example, because plexin-A1 is essential for 

osteoclastogenesis (312), the activation of plexin-A1 signaling by SEMA3B 

should be examined.  In addition, the osteoclastic expression of other subtypes 

of plexins and neuropilins should be determined.  The significance of identified 

           168



 

 

plexins and neuropilins in SEMA3B-regulated osteoclastogenesis can be 

evaluated by siRNA knockdown or genetic knockout approaches.  To identify the 

molecular targets of SEMA3B in osteoclasts, microarray analysis can be 

performed in primary osteoclasts isolated from SEMA3B transgenic and 

nontransgenic mice.  The gene expression profiles will possibly uncover the 

intracellular signaling pathway of SEMA3B within osteoclasts. 

Gene expression analysis of SEMA3B transgenic osteoblasts 

It has been shown that transcripts for SEMA3B as well as some other 

semaphorin family members, their neuropilin receptors, and plexin co-receptors 

are expressed in vitro in osteoblast-enriched cell populations obtained from 

periodontal and gingival isolates (230).  The presence of neuropilin receptors and 

plexin co-receptors suggests that SEMA3B may play active roles in osteoblasts.  

Our studies reveal that SEMA3B promotes osteoblast differentiation and 

mineralization in vitro (Figure III-9), while the mechanisms of these regulations 

are not described.  Thus, microarray analysis can be performed to compare the 

gene expression profiles in SEMA3B transgenic and nontransgenic osteoblasts.  

Based on current knowledge, it is expected that certain osteoblast marker genes 

will show increased expression in SEMA3B transgenic osteoblasts, but it is 

important to examine whether SEMA3B regulates the osteogenesis controlling 

genes.  Moreover, SEMA3B may have other unknown functions in osteoblasts.  

These novel activities of SEMA3B might be revealed by gene profile analysis. 
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Examine the bone development in SEMA3B knockout mice 

Using the SEMA3B transgenic mouse model, our studies have shown that 

osteoblast-derived SEMA3B plays important roles in osteoclast formation and 

skeleton development.  However, the roles of SEMA3B may not be completely 

depicted by this transgenic approach because gene deficiency might reveal 

unrecognized gene functions.  Furthermore, genetic disorders are more 

frequently correlated with loss-of-function.  Indeed, loss-of-heterozygosity of 

SEMA3B has been described in cancer patients, but the skeletal homeostasis 

was not examined (220, 221, 313).  Thus, the SEMA3B knockout model will be 

useful to further understand the significance of SEMA3B in bone development.   

Two independent groups reported that SEMA3B knockout mice are viable 

and largely normal, but the skeletal phenotype was not analyzed (224, 225).  

Although SEMA3B transgene primarily promotes osteoclast activity in vivo, the in 

vitro differentiation of both osteoblasts and osteoclasts is stimulated by SEMA3B.  

Thus, it is expected that SEMA3B knockout mice will exhibit coupled reduction of 

bone formation and bone resorption, but the overall outcome cannot be predicted 

without examining animal models.  Unexpectedly, no viable SEMA3B knockout 

mice were generated by the SEMA3B+/- breeding in our lab.  We are now trying 

to examine the genotypes of offspring in early embryonic stage and to explore 

the possible developmental defects in the SEMA3B knockout mice in our lab.   

Determine the in situ expression of SEMA3B, its receptor(s) and co-receptor(s)  
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We have examined the in situ expression of SEMA3B at the epithyseal 

growth plate in adult mice (Figure III-5D), where SEMA3B was selectively 

expressed in proliferating chondrocytes within the prehypertrophic zone, but not 

in cells within the hypertrophic chondrocyte zone.  The cell-stage specific 

expression of SEMA3B suggests its potential significance in growth plate 

formation, which is essential for endochondral ossification and forms most fetal 

bones.  Thus, the expression of SEMA3B, its receptor(s) and co-receptor(s) in 

the embryonic skeleton should be determined to investigate the significance of 

SEMA3B signaling during early bone formation.   

Even though SEMA3B is reported to be correlated with neural guidance 

and liver tumorigenesis (221, 224), tissue distribution analysis did not reveal 

strong expression of SEMA3B in brain or liver.  In contrast, other organs such as 

intestine, heart, and kidney express higher levels of SEMA3B (Figure III-5A), but 

its functions in these tissues are undetermined.  Thus, the current knowledge of 

SEMA3B remains limited.  To further explore the physiological roles and the 

target cells of SEMA3B, the expression of SEMA3B, its receptor(s), and co-

receptor(s) also should be determined in other organs during development.  The 

temporal and spatial expression patterns of SEMA3B signaling will provide more 

insights about its in vivo functions.   

Examine the involvement of SEMA3B in endocrine pathway 
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SEMA3B is a secreted protein and can function in a paracrine or 

endocrine manner.  Our data revealed a paracrine pathway, in which osteoblast-

synthesized SEMA3B regulates osteoclast differentiation.  Therefore, it is 

important to examine whether osteoblast-secreted SEMA3B can target other 

tissues, and whether the SEMA3B secreted by other tissues can target 

osteoclasts/osteoblasts.  For example, to determine the impact of circulating 

SEMA3B on bone cells, recombinant SEMA3B can be injected into mice and the 

effects on bone remodeling can be analyzed.  To investigate whether osteoblast-

derived SEMA3B enters the circulation, the plasma concentration of SEMA3B 

can be compared in SEMA3B transgenic and nontransgenic mice.  If the serum 

level of SEMA3B is correlated with bone remodeling, it will be important to 

examine whether the expression of SEMA3B is altered in osteoporosis or 

osteopetrosis conditions.  These changes will directly point to the diagnostic and 

therapeutic roles of SEMA3B in bone disorders. 

Explore the therapeutic role of SEMA3B in treating bone disorders 

Studies of SEMA3B transgenic mice indicate that osteoblast-secreted 

SEMA3B promotes osteoclastogenesis without altering osteoblast activity in vivo.  

This selective effect suggests a therapeutic role of SEMA3B in treating bone 

disorders.  Biologically active SEMA3B can be achieved by purifying and/or 

concentrating SEMA3B-containing media that are prepared from bacteria or 

mammalian cells.  Importantly, we have shown that recombinant SEMA3B can 

stimulate osteoclast differentiation in vitro (Figure III-11B).  Next, it will be 
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important to investigate whether the recombinant SEMA3B is able to reverse the 

osteopetrosis in vivo, for example, using the OPG transgenic mouse model.  In 

contrast, because SEMA3B promotes osteoclastogenesis, inhibiting SEMA3B 

signaling is a possible approach to treat osteopenia or osteoporosis.  The 

putative targets can be SEMA3B, its receptor(s), co-receptor(s), or the 

downstream intracellular pathway.   

However, these applications require further knowledge about SEMA3B 

activities.  For example, it is important examine the impact of high doses of 

SEMA3B in other organs to evaluate the possible toxicity.  Furthermore, it will be 

important to recognize the functional domain of SEMA3B by structural-functional 

analysis.  The active SEMA3B fragment can be an alternative for the full-length 

recombinant SEMA3B or be a target against which to develop SEMA3B inhibitors.  

The dominant negative form of SEMA3B or competitive peptide can be directly 

used to suppress SEMA3B signaling.   

In addition, there is evidence showing that SEMA3B functions through 

distinctive receptor/co-receptor complexes in different situations.  Neuropilin-1 is 

required for SEMA3B to suppress the growth of breast and lung cancer cells 

(314), while neuropilin-1 expression was not detected in anterior commisure; 

instead, it is proposed that SEMA3B associates with neuropilin-2 to regulate the 

positioning of the anterior commisure (224).  If certain receptor/co-receptor(s) 

that selectively mediate SEMA3B signaling in osteoclast can be identified, these 
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receptor/co-receptor(s) will be better therapeutic targets to modulate SEMA3B 

signaling so that the side effects in other tissues can be reduced. 
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