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secting the complex traits, mice and rats have been used as 
model organisms (Melhus et al., 2007). However, from the 
genome perspective, alignment of Quantitative Trait Loci 
(QTL) across species especially between humans and mod-
el organisms is difficult, in part because there are signifi-
cant differences between human and laboratory animals 
such as smaller conserved genome fragments than the reso-
lution with which QTL are mapped. Therefore, livestock ge-
nomics may have many advantages over model organisms 
and human studies for complex trait dissection. Through 
livestock genomics genetic variation can be exploited be-
tween breeds or divergently selected lines and also within 
breeds and lines. The best example is the finding of the par-
ent-of-origin QTL affecting muscularity on chromosome 2 
in pigs (de Koning et al., 2007). 

  Among livestock species, the pig can be the best model 
for human complex traits including osteoporosis. The di-
gestive physiology, kidney structure and function, pulmo-
nary vascular bed structure, coronary artery distribution, 
respiratory rates, cardiovascular anatomy and general phys-
iology have large similarities between pigs and humans. 
Hence the pig was considered as a potential xenograft donor 

  Abstract.  Osteoporosis is a multigenic complex disorder. 
Though the mouse and rat are used as experimental models 
for human osteoporosis, the pig bone remodeling cycle is 
histologically more similar to human than the rat or mouse. 
Moreover, livestock genomics have many advantages over 
model organisms and human studies for complex trait dis-
section. Hence, in the present work 66 bone-related genes 
were newly genetically mapped on pig chromosomes. Com-
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parative chromosomal patterns of bone-related genes in the 
pig, human, mouse and rat provide clues that the chromo-
somal organization of bone-related genes in pigs is more 
similar to human than that of the mouse and rat. Therefore, 
the pig can be considered as one of the better models for 
studying the molecular genetics of bone-related disorders. 

 Copyright © 2008 S. Karger AG, Basel 

 Osteoporosis is a complex bone disorder due to the effect 
of multiple genes and environment. Millions of humans are 
affected by osteoporosis. It has been estimated that the di-
rect expenditure on osteoporosis in the U.S. is $47 million 
per day (You-Qiang and Ling-Fung, 2004). Osteoporosis is 
characterized by decreased bone strength and an increased 
fracture risk. Low bone mineral density (BMD) is the stron-
gest predictor of fracture risk. Many studies in humans and 
mice have shown that genes contribute 60–80% of BMD 
variance (Morrison et al., 1994; Klein et al., 1998; Eisman, 
1999; Niu et al., 1999; Baldock and Eisman, 2004). For dis-
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for organ transplantation in humans (Sachs, 1994). The 
bone remodeling cycle is histologically similar between hu-
man and pigs (Hittmeier et al., 2006). In addition, the char-
acteristics of porcine osteoclast formation support that the 
pig is an alternative mammalian model to study osteoclast 
differentiation and resorption activity (Sellsgalvin et al., 
1996). Moreover, the occurrence of osteoporosis varies be-
tween different races and genders. Females have more oc-
currence than males. Similarly in pigs there are differences 
of leg and foot problems between breeds and sexes. Land-
race has more occurrence of bone fractures than other 
breeds, and females have more leg problems during farrow-
ing (Huang et al., 1995).

  In pig herds the second largest cause for culling mature 
breeding females is feet and leg structure soundness. Un-
soundness of feet and leg influences the reproductive per-
formance and health of sows and boars (Wood, 2001). Feet 
and leg soundness depends on the joint angularity in legs 
(Draper et al., 1988), skeletal morphogenesis, bone mineral 
density and remodeling cycle of bones (Massaro and Rog-
ers, 2004). These structural and functional attributes of dy-
namic bone growth are determined by the influence of 
both intrinsic (chemical) signals and extrinsic (mechani-
cal) signals. For instance, secreted cell-cell signaling mol-
ecules WNT, hedgehog and BMP directly act at a distance 
and induce distinct differentiation programs during limb 
development (Bilezikian et al., 2002). In addition, QTLs 
have been found for differences in femur dimensions on pig 
chromosomes 2, 4, 16 and 17 and for osteochondrosis on 
chromosomes 5, 13 and 15 (Andersson-Eklund et al., 2000). 
Similarly, the QTLs related to gait and front leg pasterns 
were found on pig chromosomes 8 and 9 (Lee et al., 2003). 
It was reported by FDA (http://www.fda.gov/womens/
getthefacts/osteoporosis.html) that people with small 
frames are more prone to osteoporosis. Osteoporosis is also 
more common in modern pig industry animals especially 
in the first litter gilts (http://www.thepigsite.com/dis-
easeinfo/78/osteoporosis). The incidence of feet and leg 
problems in pigs and their similar physiology to human 
bone suggest that researchers consider selecting the pig as 
a better model for human osteoporosis. Hence the mapping 
of genes related to bone physiology is an essential prerequi-
site to conduct further studies in pigs. Thus in the present 
paper a total of 66 genes (of which 46 were not previously 
mapped) related to bone physiology were genetically 
mapped in the pig.

  Materials and methods 

 Population 
 The Iowa State University (ISU) Berkshire  !  Yorkshire (BY) re-

source family (n = 572) was used for gene mapping (Malek et al., 
2001). 

  Selection of genes 
 Genes involved in skeletal pattern development, bone matrix bio-

synthesis, mineral metabolism, osteoclast and osteoblast differentia-
tion were selected ( Table 1 ). In addition, some genes that play a role in 
the BMP, IGF1, TGF � , FGF, cortisol, estradiol, WNT, calcitonin, reti-

noic acid and interleukins signaling pathways, were also selected. In 
total 66 genes were selected.

  Genotype determination 
 DNA was isolated from ear tissue using the DNeasy 96 Blood and 

Tissue Kit (QIAGEN sciences, Maryland, USA). In order to discover 
single nucleotide polymorphisms (SNPs), PCR was done by standard 
protocols for all selected genes. The PCR products of three animals 
were pooled, and the pooled PCR sample was sequenced (DNA facility, 
Iowa State University, Ames, IA, USA). The sequence was analyzed by 
Sequencher 4.6 software (Gene Codes, Ann Arbor, MI, USA). Once an 
SNP was determined, the SNP genotyping for the entire population 
was done by mass array iPLEXy platform (Sequenom, Inc., CA USA). 
The PCR primers, SNPs and SNP accession numbers are shown in  Ta-
ble 2 .     

  Gene mapping 
 The gene mapping was performed by linkage mapping using CRI-

MAP software with the genotype data obtained from the BY resource 
family (Malek et al., 2001). The comparative locations of these genes in 
the human, mouse and rat were obtained from the NCBI data base.

  Results 

 The gene mapping locations and their linkage distances 
from each other can be seen in  Fig. 1 . The comparative loca-
tions of the mapped genes in human, mouse and rat are pre-
sented in  Table 3 . In total 66 bone or bone-related genes 
were mapped. Most of them were assigned to chromosomal 
regions that are homologous to human gene locations. How-
ever, the gene  ESR2  was mapped to chromosome 1. It is lo-
cated on HSA14q23.2 and was supposed to be mapped on 
SSC7. Of these genes, 46 were newly genetically mapped in 
the present work. The remaining 20 genes were mapped ear-
lier, generally by physical mapping. For instance  VDR ,  TNF1  
and  COL9A1  had been assigned by physical mapping tech-
niques such as FISH mapping and radiation hybrid map-
ping (Chardon et al., 1991; Pinton et al., 2000). The results 
presented here confirmed the location of the 20 genes. In 
addition, mapping results of these new 46 genes will con-
tribute to fine mapping of QTL associated to feet and leg 
soundness traits.

  Discussion 

 In this research 46 new genes and 20 previously mapped 
genes were mapped on all pig chromosomes except chromo-
some 10 and sex chromosomes ( Fig. 1 ). The comparative 
analysis of the mapped genes revealed that the distribution 
of bone-related genes in the pig is widespread and homolo-
gous to human chromosomes as compared to mice and rats. 
For instance, most of the bone genes located on homologous 
human chromosomes 12, 4, 7, 13 and 3 are mapped on pig 
chromosomes 5, 8, 9, 11 and 13. These genes are distributed 
on many more different locations in the mouse and rat ge-
nomes ( Table 3 ). Therefore the genetic organization of bone-
related genes in pig may give more insight into understand-
ing osteoporosis in humans. 
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Gene name Symbol Function in bone biology

Ectonucleotide pyrophosphatase 1 NPP1 Hydrolyzes pyrophosphate or phosphodiester bonds in (di)nucleotides and their derivatives to the 
components of bone minerals (Stefan et al., 2005).

Collagen 9A1 COL9A1 A bone matrix protein stabilizes the packing of the other fibrillar collagens such as types II and XI 
(Blaschke et al., 2000).

Melanocortin 4 receptor MC4R Inactivation of MC4R indirectly enhances the CART expression which regulates bone resorption 
leading to high bone density (Ahn et al., 2006).

MAD homolog 3 SMAD3 Enhances the levels of alkaline phosphatase, mineralization and bone matrix proteins such as type 
1 collagen (COL 1), Osteopontin (OPN) and matrix Gla protein in MC3T3E1 osteoblastic cells 
(Kaji et al., 2006).

Estrogen receptor 2 ESR2 For estrogen‘s functional role, ESR2 is a strong candidate gene for bone mineral density (BMD). 
A dinucleotide (CA) repeat polymorphism in the ESR2 gene was considered to be associated with 
BMD (Ichikawa et al., 2005).

Pregnancy-associated plasma
protein A

PAPPA Promotes osteoblast proliferation by increasing IGF bioavailability due to its protease activity on 
IGF binding proteins 2, 4 and 5 (Qin et al., 2006).

TNF receptor associated factor 6 TRAF6 The strength of TRAF6 signaling determines the osteoclastogenesis (Kadono et al., 2005). 
Calcitonin/calcitonin related
peptide alpha

CALCA Produces calcitonin (CT) and calcitonin related peptide alpha (CGRP�). CT is a hypocalcaemic 
hormone affecting bone resorption and CGRP is a neuropetide regulating sympathetic and vascu-
lar tone (Huebner et al., 2008). 

ADAM metallopeptidase with
thrombospondin type1 motif 2

ADAMTS2 A procollagen proteinase which cleaves the amino propeptides during the processing of Type I 
and Type II procollagens to collagens (Tang, 2001). 

Cartilage oligomeric protein COMP Promotes chondrocyte proliferation, and the serum level of COMP is the marker for Chondroma-
lacia patellae (Xu et al., 2007).

Collagen 23A1 COL23A1 Transmembrane collagen involved in phosphate transport (Banyard et al., 2003).
Transforming growth factor beta 1 TGFB1 Expressed in osteoblasts and involved in the formation as well as resorption of bone. It was one of 

the first suggested candidate genes for osteoporosis (Langdahl et al., 2008).
Nucleotide sugar transporter NST The gene encodes endoplasmic reticulum nucleotide sugar transporter that might transport sub-

strates needed for biosynthesis of chondroitin sulphate, a proteoglycon having a critical role in 
chondrogenesis and skeletal development (Hiraoka et al., 2007). 

Interleukin 1 alpha IL1A IL1� markedly stimulates bone resorption by mature osteoclasts through the activation of nucle-
ar factor kB (Miyazaki et al., 2000).

Matrilin 3 MATN3 A non collagenous extracellular matrix protein involved in modulating chondrocyte differentia-
tion during embryonic development, in controlling bone mineral density in adulthood and pre-
venting osteoarthritis during aging (Vander-Weyden et al., 2006). 

Osteoprotegerin OPG A potent inhibitor of bone resorption. It prevents osteoclast differentiation by binding and inac-
tivating OPG ligand (Udagawa et al., 2000).

Duffy blood group chemokine
receptor

DARC Regulates osteoclastogenesis by blocking the availability of chemokines such as ccl2 and ccl5 
 (Edderkaoui et al., 2007).

Colony stimulating factor 1 CSF1 Promotes osteoclastogenesis by synergistic action with RANKL (Pixley and Stanley, 2004).
Wingless related MMTV integration 
site 7B

WNT7B Induces osteoblast differentiation in vitro via PkC� mediated pathway (Tu et al., 2007).

Wingless related MMTV integration 
site 10 B

WNT10B Blocks PPARG and stimulates the osteoblast pathway. High expression of this gene in bone mar-
row directly increases bone mass and density in experimental mice (Bennett et al., 2005).

SP7 transcription factor SP7 A transcription factor required for osteoblast differentiation and bone formation (Milona et al., 
2003).

Parathormone like peptide PTHLH PTHLH maintains the chrondrocytes in proliferative pool. It increases chondrocyte proliferation 
but inhibits chondrocyte maturation in endochondral development (Provot et al., 2008).

Interferon gamma IFNG Inhibits bone resorption by inhibiting the ability of 1,25 (OH)2 VitD3, PTH, and IL-1 to stimulate 
the formation of osteoclast-like cells (Takahashi et al., 1986).

Vitamin D receptor VDR With its ligand it is a potent regulator of osteocalcin gene expression during differentiation of pri-
mary human osteoblasts (Siggelknow et al., 1999).

Collagen 2A1 COL2A1 It is the major cartilage matrix protein (Horton et al., 1992).
Matrix metalloproteinase 2 MMP2 One of the biomarkers for bone remodeling. Is involved in initiation of bone resorption by degrad-

ing the unmineralized osteoid layer of the bone surface to allow osteoclasts to attach to the min-
eralized matrix (Tournaire et al., 2007).

Fat mass and obesity associated FTO Obesity risk allele (Frayling et al., 2007).
Methylene tetrahydrofolate reductase MTHFR Mutations in MTHFR leads to high blood homocysteine levels which interfere in the cross linking 

of collagens in bone matrix (Miyao et al., 2000).
Cartilage matrix protein CMP An extracellular matrix protein of non-articular cartilage (Saxne and Heinegård, 1989).
Collagen IX A2 COL9A2 A structural component of the extracellular matrix in cartilaginous tissues (Takahashi et al., 

2006).
Tumor necrosis factor-alpha TNFalpha Promotes bone resorption by osteoclastogenesis (Boyce et al., 2005).
Collagen X1 A2 COL11A2 Extracellular matrix protein in cartilage (Burgeson et al., 1979).

Table 1. Selected genes and their functions in bone biology ordered by pig chromosome
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Gene name Symbol Function in bone biology

Vitamin D binding protein HDBP HDBP promotes bone resorption by inhibiting extracellular calcium sensing of osteoclasts (Ade-
banjo et al., 1998).

Nocturnin NOCT1 A PPARG responsive ‘Clock’ gene. It is critical for skeletal and metabolic homeostasis (Rosen, 
2007).

Fibroblast growth factor 2 FGF2 FGF2 reduces chondrocyte hypertrophy during chondrocyte differentiation. At low doses it pro-
motes BMP-2 induced ectopic bone formation in mice (Nakamura et al., 2005). 

Bone morphogenic protein
receptor 1B

BMPR1B It mediates GDF5 signaling that is essential for chondrocyte condensation, differentiation and 
formation of joints and digits (Demirhan et al., 2005).

Osteopontin OPN OPN is an acidic bone matrix phosphoprotein produced by osteoblasts and osteoclasts. It is re-
quired for osteoclast differentiation and bone resorption (Asou et al., 2001). 

Matrix extracellular phosphoglyco-
protein with ASARM motif (bone)

MEPE MEPE promotes renal phosphate excretion and modulates mineralization (Rowe et al., 2004).

Calcitonin receptor CALCR It mediates the actions of calcitonin which is hypocalcaemic hormone (Purdue et al., 2002).
Collagen 1A2 COL1A2 Major structural protein in bone (Suuriniemi et al., 2003).
Interleukin 6 IL6 Stimulates osteoclast formation (Tamura et al., 1993).
Secreted friggled related protein 4 SFRP4 SFRP4 antagonizes WNT �-catenin signaling pathway that regulates bone mineral density (BMD) 

(Fujita et al., 2003).
KLOTHO KLOTHO The exact function of Klotho is yet unknown. It is thought to restrict aging and is associated with 

bone mineral density (Zarrabeitia et al., 2007).
Leucine rich repeats and calponin
homology (CH) containing domain 1

LRCH1 LRCH1 is involved in chondrocyte responses to pressure through interaction with cytoskeleton 
(Spector et al., 2006).

Receptor activator of NF-kappa-B
ligand

RANKL RANKL was produced from osteoblasts and causes the differentiation of osteoclasts (Suda et al., 
1999).

Vitronectin VTN A bone matrix protein (Seiffert, 1996).
Beta catenin CTNNB1 A signaling molecule in WNT signaling pathway (Akiyama, 2000).
Parathormone receptor PTHR PTHR mediates the actions of PTH which promotes bone resorption (Mannstadt et al., 1999). 
Peroxisome proliferator-activated
receptor gamma

PPARG PPARG negatively regulates osteoblast differentiation of bone marrow stromal cells and positive-
ly promotes adipogenesis resulting in bone loss (Marie and Kaabeche, 2006).

Oxytocin receptor OXTR OXTR mediates the action of oxytocin, an anabolic agent for bone turnover through PGE2 syn-
thesis (Copland et al., 1999). 

Calcium sensing receptor CASR Regulates calcium homeostasis by acting as calciostat. It senses the decrease in extracellular cal-
cium level and effecting PTH secretion and calcium reabsorption from kidney (Pidasheva et al., 
2006). 

Gamma glutamyl transferase 1 GGT1 GGT1 is a potential marker for bone resorption. It acts as a pathological bone resorbing factor by 
stimulating RANK ligand (Asaba et al., 2006; Niida et al., 2004).

A disintegrin and metallopeptidase
domain 12 

ADAM12 Stimulates bone growth in mice by modulating chondrocyte proliferation and maturation through 
mechanisms probably involving both metalloproteinase and adhesion activities (Kveiborg et al., 
2006).

Fibroblast growth factor receptor 1 FGFR1 FGFR1 mediates the action of FGFs and upregulates Cbfa1 which causes proliferation and differ-
entiation of osteoblast cells (Zhou et al., 2000).

Neurophilin 2 NRP2 Neurophilin 2 is a potent receptor for VEGF which is essential for angiogenesis, a required process 
for bone formation (Sena et al., 2007).

Insulin-like growth factor binding
protein 2

IGFBP2 IGFBP2 regulates long bone growth by counteracting the stimulatory effects of co-localized IGF1 
(Fisher et al., 2005).

Indian hedgehog IHH It controls chondrocyte differentiation in growth plate by regulating PTH-related peptide expres-
sion (Vortkamp et al., 1996).

Ankylosis homolog ANKH Modulates pyrophosphate transport in chondrocytes. Mutations in this gene lead to chondrocal-
cinosis (Netter et al., 2004).

Phosphodiesterase 4D PDE4D PDE4 reduces cAMP and promotes TNF� production thereby facilitating bone resorption 
(Kinoshita et al., 2000).

Secreted protein, acidic, cysteine-rich 
(osteonectin)

SPARC It is a calcium, hydroxyapatite and collagen binding protein, implicated in cell proliferation, tissue 
morphogenesis, and repair and remodeling of extracellular matrix (Motamed, 1999).

Matrix metallopeptidase 9 MMP9 It is a key enzyme produced by osteoclasts, and it is involved in bone resorption (Lu and Rabie, 
2006). 

Bone morphogenic protein 7 BMP7 A potent osteoprogenitor (Toyran et al., 2005).
Guanine nucleotide binding protein, 
alpha stimulating complex locus

GNAS Encodes stimulatory G protein alpha. Mutations in this gene lead to Albright hereditary osteodys-
trophy and progressive osseous hyperplasia (Germain-Lee et al., 2005; Chan et al., 2004).

Endothelial nitric oxide synthase 3 ENOS ENOS produces nitric oxide which modulates both bone resorption and formation (Van’t Hof et 
al., 2000). 

Wingless gene 16 WNT16 Has a role in the induction of synovial joint development (Guo et al., 2004).

Table 1 (continued)
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Gene SSC Amplicon
location

Primers (5�–3�) Product
size (bp)

SNP SNP loca-
tion at bp

SNP Accession
number

NPP1 1 Exon 10 CAGTGCCATTTGAAGAGAGG 427 G/T 199 NCBI_ss 86352339
CTGCTGACTGGTCCGTATGA

COL9A1 1 Intron 4 CAGTGCCATTTGAAGAGAGG 586 A/C 100 NCBI_ss 86352089
CTGCTGACTGGTCCGTATGA

MC4R 1 Exon 1 CAGGTCAGAGGGGATCTCAA 548 A/G 283 NCBI_ss 86352451
GTGCAGACTGCCCAGATACA

SMAD3 1 Exon 1 GCCATGTCGTCCATCCTG 201 A/G 143 NCBI_ss 86352383
GGTGATGCACTTGGTGTTGA

ESR2 1 Exon 5 AAAATACTGATACCCACCCCACAT 218 T/C 139 NCBI_ss 86352376
CGCCACATCAGCCCCACCAT

PAPPA 1 Exon 2 GTGGTCAACCTCCACGATG 203 A/G 68 NCBI_ss 86352425
CAGTTCTCGTCCCCGATCT

TRAF6 2 Intron 4 CCATCATCTTAGCACCCTCA 501 A/T 250 NCBI_ss 86352262
ACCACAAGAACCCTGTCTCC

CALCA 2 Intron 2 TTCCTGGCTTTCAGCATCTT 383 C/G 187 NCBI_ss 86352250
AGTGAGAAGGAAAGGTCGCCT

ADAMTS2 2 Exons 20–21 CATGCCACCTCTCACATACG 1236 C/T 1154 NCBI_ss 86352454
TACTTGACGAGGGCTTCTGG

COMP 2 Exon 6 CTTCCGCTGTGAGGCTTG 619 A/G 434 NCBI_ss 86352315
CTCACAGCGCTTCTGTCCAG

COL23A1 2 Intron 2 TCCTCTTCCCTCCACCAAAGA 502 A/C 309 NCBI_ss 86352457
ACAGTTCGGGAAGCACCAT

TGFBI 2 Intron 9 ATGAGCGGTTGACTCTCCTG 700 C/T 144 NCBI_ss 86352468
CCAGAGTGTCCAGGGTCTGT

NST 2 Exon 3 CTTCTAGCCTTCGCTGTGGA 580 T/C 92 NCBI_ss 86352427
CGGAGGCAGAGGCAGTAGA

IL1A 3 3�UTR TCCTGGGTCCATAGCTTCTC 497 C/T 145 NCBI_ss 86352273
CCGCCCATCCAAAGTTGT

MATN3 3 Intron 2 GGGTGGCAGTGGTGAACTA 470 A/G 434 NCBI_ss 86352214
TCCGACTCTAACCTCCTTCC

OPG 4 Exon 4 CCTGTGTGAGGAGGCGTTC 419 A/G 137 NCBI_ss 86352133
GGAAGTGGAGGCAGTGAGAA

DARC 4 Exon 3 CACTCCTGTAGCCTGCTTGAC 555 A/G 118 NCBI_ss 86352330
ACCCAGCACCTTCTTCAGC

CSF1 4 Exon 6 CCTGATTGCAACTGCCTGTA 348 G/C 259 NCBI_ss 86352345
ATCAGTGCCCAGCATAGAGC

WNT7B 5 Intron 1 TACTGGCACTCGTTGATGC 473 A/G 238 NCBI_ss 86352476
CGGGGTCTGTGTGTCTGATT

WNT10B 5 Intron 4 GGAAGCGACAATGCCAGAT 435 A/G 117 NCBI_ss 86352479
ATCAGAGGTGACGGGGAAG

SP7 5 Exon 1 TGCGGGACTCAACAACTCT 462 C/T 186 NCBI_ss 86352256
CTGGACCTGTGGGCAGTGT

PTHLH 5 Intron 2 CCACCACAACTCTGAAAACC 386 C/T 111 NCBI_ss 86352176
GAGGGGGAGGAAACAATGAC

IFNG 5 Exon 1 CTGGGCCTGATCGACTGTAT 622 G/T 553 NCBI_ss 86352489
GCCAAAGCTTTAAGGACCTC

VDR 5 Intron 8 ACCAGATCGTGCTGCTGAAG 279 C/T 316 NCBI_ss 86352119
GGGAGACGATGCAGATGG

COL2A1 5 Intron 11 AGGTGAAGGTGGGAAACCAG 600 C/T 372 NCBI_ss 86352100
CATCCGTGCCAGGAGTTC

MMP2 6 5�UTR AAAATGCTCTTCAGGCAGGA 509 C/G 298 NCBI_ss 86352465
AGGAGATGGGACTGGGAGTT

FTO 6 Intron 6 GTGCCCGTGCTTTTCTCTTA 545 A/G 143 NCBI_ss 86352280
TTACCGCACCTTCCATCTTC

MTHFR 6 Exon 2 GCTCGGACAAGGAGACCT 407 A/G 122 NCBI_ss 86352185
ATCAGACGCCAGCCCAGT

CMP 6 Intron 7 AGGACGCTCTTGTTGGAGTT 496 A/G 380 NCBI_ss 86352203
GCTTCTGCTTTGGAGTCAGT

COL9A2 6 Intron 31 GGACAGGGGAGAAGTTGGAC 639 C/T 105 NCBI_ss 86352243
GCAGAGGCGTAGGCTGAG

TNFa 7 Intron 1 CTGGGGGAAAGAAGTGTGC 463 G/T 131 NCBI_ss 86352149
AAGGGAAAACAGCCACCTG

COL11A2 7 Intron 60 CTTCGGGAGAGATTGAGCAG 423 A/T 315 NCBI_ss 86352190
GCTGACACCCTTGTATTGG

WARS 7 Intron 5 CCCTTGTTCCTGGTGTCACT 363 C/T 214 NCBI_ss 86352417
GGCCACCACCACTGATTAAC

Table 2. Gene symbol, amplicon location, primers and SNP information
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Gene SSC Amplicon
location

Primers (5�–3�) Product
size (bp)

SNP SNP loca-
tion at bp

SNP Accession
number

HDBP 8 Intron 4 GCTTGCCCATCCCTGTAAAT 548 C/T 290 NCBI_ss 86352124
GTGTCAGAGGAGCTTGTCCA

NOCT1 8 Exon 1 TGCCCTCTGGAAGCACTC 507 C/T 271 NCBI_ss 86352276
GACCTCCTCTGTTGGCTCTG

FGF2 8 Exon 1 TGAGTATTCGGCAACAGCAC 307 G/A 76 NCBI_ss 86352327
TTGTCTGGCAGTTCCTTGTG

BMPR1B 8 Intron 7 CCTGCTGTGCTTACTGCTTG 501 G/T 175 NCBI_ss 86352480
CCCCCTGTTGAATGTCTTCT

OPN 8 Promoter GAACGCTCTGCTTCTCTTGG 412 A/G 277 NCBI_ss 86352322
GTCAGTGTCGTGGAGGGAAG

MEPE 8 Exon 5 GGTGAAACCTCCTGTTGGAA 359 G/A 310 NCBI_ss 86352394
CAGCAGTGATGGAGCTGAAA

CALCR 9 3�UTR TTCTCCTCGCCTGCCTTC 424 C/T 100 NCBI_ss 86352113
TCTGCCTGACACTGAACCAT

COL1A2 9 Exon 3 GTGGTGAAGTGGGTCTTCCA 113 C/T 130 NCBI_ss 86352087
ACCAACAGGGCCAGGAATA

IL6 9 Intron 2 GTGCCCATTCTCCACTTGT 486 C/T 279 NCBI_ss 86352128
AAATCCCAACACCGAGGA

SFRP4 9 Intron 3 AAGGCAGAACCCAGACTAAGC 598 A/G 217 NCBI_ss 86352472
TACCCCAACCAAGGCATCTA

KLOTHO 11 Exon 4 CCACGTCAAGTTCTGGATCTC 357 C/T 145 NCBI_ss 86352189
CCCGGATTAGCTTTTTCCTC

LRCH1 11 Intron 2 GTGCTCGTGATTCCCATTTG 402 C/T 148 NCBI_ss 86352234
GCTGAAGGCTGTGGCGTAG

RANKL 11 Intron 5 TCCTTTGGGGGTGAACTT 410 A/G 114 NCBI_ss 86352129
GGATGTCTGTGGCGTTGAT

VTN 12 Exons 3–6 AGCGTCCAAGAAGAGCAGAG 1123 A/G 268 NCBI_ss 86352325
AGGGCAAAGTGTGCAAAGAC

CTNNB1 13 Exons 9–10 TTCTTGGGACCCTTGTTCAG 702 G/C 317 NCBI_ss 86352341
ATGAGCACGAACCAGCAAC

PTHR 13 Intron 12 ATTCAGGCTCAGGATGTGCT 350 A/G 174 NCBI_ss 86352174
TTCAGCCTGTACCTGGGATG

PPARG 13 Promoter AACCCCAAACTCTCAGTCCA 570 G/A 302 NCBI_ss 86352388
GGTGAAGGCACCAATGAGTC

OXTR 13 Intron 11 TTCGCTTCCACTTACCTGCT 540 G/T 161 NCBI_ss 86352270
GTCCCAGACGCTCCACAT

CASR 13 Intron 6 CCCCTTATCTCAGCATCTCC 621 C/T 197 NCBI_ss 86352179
CCACTCAAAGCAGCAGTTGG

GGT1 14 Exon 10 TACCGTGCAGAGCTGATTGA 700 C/G 449 NCBI_ss 86352433
TGGTAGGTCAGGCCTTTCTG

ADAM12 14 Intron 20 TGCTGCGTCTGTGTCTTCA 538 C/T 151 NCBI_ss 86352230
GCACCTCGTCCAAGTTCAG

FGFR1 15 Exon 13 TGTGGAGTATGCCTCCAAGG 189 G/C 129 NCBI_ss 86352342
TTCAGGCACCACACCTTCTT

NRP2 15 Intron 2 CTCTTCCAGATCCACCCTGT 429 C/G 276 NCBI_ss 86352299
ATTTTAGGGGGCCTGCTCTA

IGFBP2 15 Intron 2 GGAACTTGCTCACCCTTGTC 361 A/G 167 NCBI_ss 86352411
CATACCTGGGCTTCTTCCTG

IHH 15 Exon 3 GAGACCGAGTGCTGGCTTT 546 G/A 499 NCBI_ss 86352349
CATGCCCAGTGAGTGGAAG

ANKH 16 Intron 11 TCCTGTTCTTGGCACCTTTC 431 C/T 52 NCBI_ss 86352216
GACTGGGCATCGTCTGTGT

PDE4D 16 Intron 2 CTATGTCCCGAACTCCTCCA 547 G/T 358 NCBI_ss 86352171
TTGGTGCTTGCCTCCAGT

SPARC 16 3�UTR CCTGGGGACAAGGTGCTAAT 504 C/T 139 NCBI_ss 86352238
AGGGGAAGTGGTGAGGAACT

MMP9 17 Exon 6 TATGGCTTCTGCCCTACCC 485 G/C 281 NCBI_ss 86352323
AGGAAGGTGAAGGGGAGAC

BMP7 17 Intron 3 CCTCCTTTCCGTCAGTGC 558 A/G 438 NCBI_ss 86352286
GCAGGTTTGAAGCGGTAGG

GNAS 17 Intron 8 AAGCAGGCTGACTACGTG 321 A/T 253 NCBI_ss 86352249
TCACCACAAGGGCTACCA

ENOS 18 Intron 12 GATTCTGGGGTTCCTCTTGG 533 A/T 143 NCBI_ss 86352296
CCCTCACTGCCATCACTTCT

WNT16 18 Exons 1–2 GAGGGTCGAAGAGGAGTGG 403 C/T 246 NCBI_ss 86352423
GGTTTCCTCTTGCACAGCTC

Table 2 (continued)
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SW413 
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IGF1 
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DR 
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PTHLH 
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SWR1101 

SW1843 
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SPP1 
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HDBP 

FGF2 
NOCT1 

MEPE 
OPN

BMPR1B 

5.6 CM
1.0 CM

32.0 CM
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1.9 CM
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S0385 
S0391 

SW1632 
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SSC11 
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LRCH1
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SW398 
SW1056 

SW2440 

SW2097 

SSC13

OXT

PTHR 

CAS

PPARG 

11.1 CM

1.1 CM

7.3 CM

β-CATENIN 
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SWR68 
SW21 

S0024 
SW911 
SW827 

SW2401 
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NRP2 
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IGFBP2 
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  Fig. 1.  Mapping of bone-related genes on pig chromosomes. The mapped genes are displayed on the right hand side 
of each chromosome. For clear illustration the chromosomes are not scaled to real length. 
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 Ahn JD, Dubern B, Lubrano-Berthelier C, Clement 
K, Karsenty G: Cart overexpression is the only 
identifiable cause of high bone mass in melano-
cortin 4 receptor deficiency. Endocrinology 
147:   3196–3202 (2006). 

 Akiyama T: Wnt/b-catenin signaling. Cytokine 
Growth Factor Rev 11:   273–282 (2000). 

 Andersson-Eklund L, Uhlhorn H, Lundeheim N, 
Dalin G, Andersson L: Mapping quantitative 
trait loci for principal components of bone mea-
surements and osteochondrosis scores in a wild 
boar  !  Large White intercross. Genet Res 75:  
 223–250 (2000). 

  Specially, pig chromosome 1 harbors several genes which 
are located on different homologous portions of different 
chromosomes in human, mice and rat ( Table 3 ). These genes 
are involved in neuroendocrine regulation ( MC4R ) of bone, 
TGF �  signaling pathway ( SMAD3 ) and steroid signaling 
( ESR2 ). As these three genes are located on a single chromo-
some (SSC1) with an estimated linkage distance of 3.4 cM 
( Fig. 1 ), it may be useful to study this region’s effect on bone-
related traits rather than focusing on multiple chromo-
somes in mice and the rat. Similarly, the genes  � -catenin, 
 PTHR ,  PPARG  and  OXTR  are located on different chromo-
somes of mice and rats. They were mapped closely together 
on pig chromosome 13 similar to human chromosome 3. 
The pig chromosome 13 bears QTL for osteochondrosis 
(Andersson-Eklund et al., 2000). These observations may 
suggest that the pig chromosomal organization may give 
better clues to understanding the complexity of human 
bone disorders, and hence mapping of such genes should be 
useful for further future studies.
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Table 3. Comparative mapping of bone-related genes in the pig, human, rat and mouse

Gene symbol Chromosomes Gene symbol Chromosomes

Pig Human Mouse Rat Pig Human  Mouse Rat 

NPP1 1 6p21.10 10 1 NOCT1 8 4q31.1 9 8
COL9A1 1 6q13.00 1 9 FGF2 8 4q27.0 3 2
MC4R 1 18q21.32 18 18 BMPR1B 8 4q22.3 3 2
SMAD3 1 15q22.33 9 8 OPN 8 4q22.1 5 14
ESR2 1 14q23.20 12 6 MEPE 8 4q22.1 5 14
PAPPA 1 9q33.10 4 5 CALCR 9 7q21.3 6 4
TRAF6 2 11p12.00 2 3 COL1A2 9 7q21.3 6 4
CALCA 2 11p15.20 7 1 IL6 9 7p15.3 5 4
ADAMTS2 2 5q35.30 11 10 SFRP4 9 7p14.1 13 17
COMP 2 19q13.11 8 16 KLOTHO 11 13q13.1 5 12
COL23A1 2 5q35.30 11 10 LRCH1 11 13q14.3 14 15
NST 2 22q13.20 18 18 RANKL 11 13q14.11 14 15
IL1A 3 2q13.00 2 3 VTN 12 17q11.2 11 10
MATN3 3 2p24.10 12 6 CTNNB1 13 3q22.1 9 8
OPG 4 8q24.12 14 7 PTHR 13 3p21.31 8 8
DARC 4 1q23.20 1 13 PPARG 13 3p25.2 6 4
CSF1 4 1p13.30 3 18 OXTR 13 3p25.3 6 4
WNT7B 5 22q13.31 15 7 CASR 13 3q21.1 16 11
WNT10B 5 12q13.20 15 7 GGT1 14 22q11.23 10 20
SP7 5 12q13.13 15 7 ADAM12 14 10q26.2 7 1
PTHLH 5 12p11.22 6 4 FGFR1 15 8p12.0 8 16
IFNG 5 12q15.00 10 7 NRP2 15 2q33.3 1 9
VDR 5 12q13.11 15 7 IGFBP2 15 2q35.0 1 9
COL2A1 5 12q13.11 15 7 IHH 15 2q35.0 1 9
MMP2 6 16q12.20 8 19 ANKH 16 5p15.2 15 2
FTO 6 16q12.20 8 16 PDE4D 16 5q11.2 13 2
MTHFR 6 1p36.22 4 5 SPARC 16 5q33.1 11 10
CMP 6 1p35.00 4 5 MMP9 17 20q13.12 2 3
COL9A2 6 1p34.20 4 5 BMP7 17 20q13.31 2 3
TNFalpha 7 6p21.30 17 20 GNAS 17 20q13.32 2 3
COL11A2 7 6p21.32 17 20 ENOS 18  7q36.10 5 4
HDBP 8 4q13.3 14 14 WNT16 18 7q31.31 6 4

 References 



Cytogenet Genome Res 122:122–131 (2008)130

 Germain-Lee EL, Schwindinger W, Crane JL, 
 Zewdu R, Zweifel LS, et al: A mouse model of 
Albright hereditary osteodystrophy generated 
by targeted disruption of exon 1 of the  Gnas 
 gene. Endocrinol   146:   4697–4709 (2005). 

 Guo X, Day TF, Jiang X, Garrett-Beal L, Topol L, 
Yang Y: Wnt/beta-catenin signaling is suffi-
cient and necessary for synovial joint forma-
tion. Genes Dev 18:   2404–2417 (2004). 

 Hiraoka S, Furuichi T, Nishimura G, Shibata S, 
Yanagishita M, et al: Nucleotide-sugar trans-
porter SLC35D1 is critical to chondroitin sul-
fate synthesis in cartilage and skeletal develop-
ment in mouse and human. Nat Med 13:  
 1363–1367 (2007). 

 Hittmeier LJ, Grapes L, Lensing RL, Rothschild MF, 
Stahl CH: Genetic background influences met-
abolic response to dietary phosphorus restric-
tion. J Nutr Biochem 17:   385–395 (2006). 

 Horton WA, Machado MA, Ellard J, Campbell D, 
Bartleyt J, et al: Characterization of a type II 
collagen gene (COL2AI) mutation identified in 
cultured chondrocytes from human hypochon-
drogenesis. Proc Natl Acad Sci USA 89:   4583–
4587 (1992). 

 Huang SY, Tsou HL, Kan MT, Lin WK, Chi CS: Ge-
netic study on leg weakness and its relationship 
with economic traits in central tested boars in 
subtropical area. Livestock Prod Sci 44:   53–59 
(1995). 

 Huebner AK, Keller J, Catala-Lehnen P, Perkovic S, 
Streichert T, et al: The role of calcitonin and a-
calcitonin gene-related 4 peptide in bone for-
mation. Arch Biochem Biophys 473:   210–217 
(2008). 

 Ichikawa S, Koller DL, Peacock M, Johnson ML, Lai 
D, et al: Polymorphisms in the estrogen recep-
tor ( ESR2 ) gene are associated with bone min-
eral density in Caucasian men and women. J 
Clin Endocrinol Metabl 90:   5921–5927 (2005). 

 Kadono Y, Okada F, Perchonock C, Jang HD, Lee 
SY, et al: Strength of TRAF6 signalling deter-
mines osteoclastogenesis. EMBO Reports 6:  
 171–176 (2005). 

 Kaji H, Naito J, Sowa H, Sugimoto T, Chihara K: 
Smad3 differently affects osteoblast differenti-
ation depending upon its differentiation stage. 
Horm Metab Res 38:   740–745 (2006). 

 Kinoshita T, Kobayashi S, Ebara S, Yoshimura Y, 
Horiuchi H, et al: Phosphodiesterase inhibi-
tors, pentoxifylline and rolipram, increase 
bone mass mainly by promoting bone forma-
tion in normal mice. Bone   27:   811–817 (2000). 

 Klein RF, Mitchell SR, Phillips TJ, Belknap JK, Or-
woll ES: Quantitative trait loci affecting peak 
bone mineral density in mice. J Bone Miner Res 
13:   1648–1656 (1998). 

 Kveiborg M, Albrechtsen R, Rudkjær L, Wen G, 
Damgaard-Pedersen K, Wewer UM: ADAM12-
S stimulates bone growth in transgenic mice
by modulating chondrocyte proliferation and 
maturation. J Bone Miner Res 21:   1288–1296 
(2006). 

 Langdahl BL, Uitterlinden AG, Ralston SH, Trika-
linos TA, Balcells S, et al: Large-scale analysis 
of association between polymorphisms in the 
transforming growth factor beta 1 gene (TGFB1) 
and osteoporosis: The GENOMOS Study. Bone 
42:   969–981 (2008). 

 Lee GJ, Archibald AL, Garth GB, Law B, Nicholson 
AS, et al: Detection of quantitative trait loci for 
locomotion and osteochondrosis-related traits 
in Large White  !  Meishan pigs. Anim Sci 76:  
 155–165 (2003). 

 Lu M, Rabie ABM: Matrix metalloproteinase-9 reg-
ulates graft bone resorption. Angle Orthod 76:  
 598–604 (2006). 

 Malek M, Dekkers JCM, Lee HK, Baas TJ, Roth-
schild MF: A molecular genome scan analysis 
to identify chromosomal regions influencing 
economic traits in the pig. I. Growth and body 
composition. Mamm Genome 12:   637–645 
(2001). 

 Mannstadt M, Jüppner H, Gardella TJ: Receptors 
for PTH and PTHrP: their biological impor-
tance and functional properties. Am J Physiol 
Renal Physiol 277:   665–675 (1999).  

 Marie PJ, Kaabeche K: PPAR gamma activity and 
control of bone mass in skeletal unloading. 
PPAR Res 2006:   64807 (2006). 

 Massaro EJ, Rogers JM: The Skeleton Biochemical, 
Genetic and Molecular Interactions in Devel-
opment and Homeostasis, Massero EJ, Rogers 
JM (eds): pp v-x (Humana Press, Totowa 
2004). 

 Melhus G, Solberg LB, Dimmen S, Madsen JE, 
 Nordsletten L, Reinholt FP: Experimental os-
teoporosis induced by ovariectomy and vita-
min D deficiency does not markedly affect frac-
ture healing in rats. Acta Orthopaedica 78:  
 393–403 (2007). 

 Milona M, Gough JE, Edgar AJ: Expression of alter-
natively spliced isoforms of human Sp7 in os-
teoblast-like cells. BMC Genomics 4:   43 (2003). 

 Miyao M, Morita H, Hosoi T, Kurihara H, Inoue S, 
et al: Association of methylenetetrahydrofolate 
reductase (MTHFR) polymorphism with bone 
mineral density in postmenopausal Japanese 
women. Calcif Tissue Int 66:   190–194 (2000). 

 Miyazaki T, Katagiri H, Kanegae Y, Takayanagi H, 
Sawada Y, et al: Reciprocal role of ERK and NF-
kB pathways in survival and activation of os-
teoclasts. J Cell Biol 148:   333–342 (2000).  

 Morrison NA, Qi JC, Tokita A, Kelly PJ, Crofts L, et 
al: Prediction of bone density from vitamin D 
receptor alleles. Nature 367:   284–287 (1994). 

 Motamed K: SPARC (osteonectin/BM-40). Int J 
Biochem Cell Biol 31:   1363–1366 (1999). 

 Nakamura Y, Tensho K, Nakaya H, Nawata M, 
 Okabe T, Wakitani S: Low dose fibroblast 
growth factor-2 (FGF-2) enhances bone mor-
phogenetic protein-2 (BMP-2)-induced ectopic 
bone formation in mice. Bone 36:   399–407 
(2005). 

 Netter P, Bardin T, Bianchi A, Richette P, Loeuille 
D: The ANKH gene and familial calcium pyro-
phosphate dihydrate deposition disease. Joint 
Bone Spine 71:   365–368 (2004).  

 Niida S, Kawahara M, Ishizuk Y, Ikeda Y, Kondoa 
T ,  et al: Glutamyltranspeptidase stimulates re-
ceptor activator of nuclear factor-B ligand ex-
pression independent of its enzymatic activity 
and serves as a pathological bone-resorbing 
factor. J Biol Chem 279:   5752–5756 (2004). 

 Niu T, Chen C, Cordell H, Yang J, Wang B, et al: A 
genome-wide scan for loci linked to forearm 
bone mineral density. Hum Genet 104:   226–233 
(1999). 

 Pidasheva S, Grant M, Canaff L, Ercan O, Kumar U, 
Hendy GN: The calcium-sensing receptor 
(CASR) dimerizes in the endoplasmic reticu-
lum: biochemical and biophysical characteriza-
tion of CASR mutants retained intracellularly. 
Hum Mol Genet 15:   2200–2209 (2006). 

 Pinton P, Schibler L, Cribiu E, Gellin J, Yerle M: Lo-
calization of 113 anchor loci in pigs: improve-
ment of the comparative map for humans, pigs, 
and goats. Mamm Genome 11:   306–315 (2000). 

 Pixley FJ, Stanley ER: CSF-1 regulation of the wan-
dering macrophage: complexity in action. 
Trends Cell Biol 14:   628–638 (2004). 

 Asaba Y, Hiramatsu K, Matsui Y, Harada A, Nimu-
ra Y, et al: Urinary  � -glutamyltransferase 
(GGT) as a potential marker of bone resorption. 
Bone 39:   1276–1282 (2006). 

 Asou Y, Rittling SR, Yoshitake H, Tsuji K, Shinomi-
ya K, et al: Osteopontin facilitates angiogenesis, 
accumulation of osteoclasts, and resorption
in ectopic bone. Endocrinol   142:   1325–1332 
(2001). 

 Baldock PA, Eisman JA: Genetic determinants of 
bone mass. Curr Opin Rheumatol 16:   450–456 
(2004). 

 Banyard J, Bao L, Zetter BR: Type XXIII collagen, a 
new transmembrane collagen identified in 
metastatic tumor cells. J Biol Chem 278:   20989–
20994 (2003). 

 Bennett CN, Longo KA, Wright WS, Suva LJ, Lane 
TF, et al: Regulation of osteoblastogenesis and 
bone mass by Wnt10b. Proc Nat Acad Sci USA 
102:   3324–3329 (2005). 

 Bilezikian JP, Raisz LG, Rodan GA: Principles of 
Bone Biology. 2 nd  Ed, Vol 1, pp 39 (Academic 
Press, San Diego 2002). 

 Blaschke UK, Eikenberry EF, Hulmes DJ, Galla HJ, 
Bruckner P: Collagen XI nucleates self-assem-
bly and limits lateral growth of cartilage fibrils. 
J Biol Chem 275:   10370–10378 (2000). 

 Boyce BF, Li P, Yao Z, Zhang Q, Badell IR, et al: 
TNFa and pathologic bone resorption. Keio J 
Med 54:   127–131 (2005). 

 Burgeson RE, Hollister DW: Collagen heterogene-
ity in human cartilage: Identification of several 
new collagen chains. Biochem Biophys Res 
Commun   87:   1124–1131 (1979). 

 Chan I, Hamada T, Hardman C, McGrath JA, Child 
FJ: Progressive osseous heteroplasia resulting 
from a new mutation in the GNAS1 gene. Clin 
Exp Dermatol 29:   77–80 (2004).  

 Chardon P, Nunes M, Dezeure F, Andres-Cara D, 
Vaiman M: Mapping and genetic organisation 
of the TNF genes in the swine MHC. Immuno-
genetics 34:   257–260 (1991).  

 Copland JA, Ives KL, Simmons DJ, Soloff MS: Func-
tional oxytocin receptors discovered in human 
osteoblasts. Endocrinol 140:   4371–4374 (1999). 

 de Koning D, Archibald A, Haley CS: Livestock ge-
nomics: bridging the gap between mice and 
men. Trends Biotech 25:   483–489 (2007). 

 Demirhan O, Türkmen S, Schwabe GC, Soyupak S, 
Akgül E, et al: A homozygous BMPR1B muta-
tion causes a new subtype of acromesomelic 
chondrodysplasia with genital anomalies. J 
Med Genet 42:   314–317 (2005). 

 Draper DD, Rothschild MF, Christian LL, Goede-
gebuure SA: Effects of divergent selection for 
leg weakness on angularity of joints in Duroc 
swine. J Anim Sci 66:   1636–1642 (1988). 

 Edderkaoui B, Baylink DJ, Beamer WG, Wergedal 
JE, Porte R, et al: Identification of mouse Duffy 
Antigen Receptor for Chemokines (DARC) as
a BMD QTL gene. Genome Res 17:   577–585 
(2007).  

 Eisman JA: Genetics of osteoporosis. Endocr Rev 
20:   788–804 (1999). 

 Fisher MC, Meyer C, Garber G, Dealy CN: Role of 
IGFBP2, IGF-I and IGF-II in regulating long 
bone growth. Bone 37:   741–750 (2005). 

 Frayling TM, Timpson NJ, Weedon MN, Zeggini E, 
Freathy RM, et al: A common variant in the 
FTO gene is associated with body mass index 
and predisposes to childhood and adult obesity. 
Science 316:   889–894 (2007). 

 Fujita M, Urano T, Shiraki M, Momoeda M, Tsut-
sumi O, et al: Association of a single nucleotide 
polymorphism in the secreted frizzled-related 
protein 4 (sFRP4) gene with bone mineral den-
sity. Geriatrics Gerontol Int 4:   175–180 (2003). 



Cytogenet Genome Res 122:122–131 (2008) 131

 Provot S, Nachtrab G, Paruch J, Chen AP, Silva A, 
Kronenberg HM: A-Raf and B-Raf are dispens-
able for normal endochondral bone develop-
ment, and parathyroid hormone-related pep-
tide suppresses extracellular signal-regulated 
kinase activation in hypertrophic chondro-
cytes. Mol Cell Biol:344–357 (2008). 

 Purdue BW, Tilakaratne N, Sexton PM: Molecular 
pharmacology of the calcitonin receptor. Re-
ceptors Channels 8:   243–255 (2002). 

 Qin X, Wergedal JE, Rehage M, Tran K, Newton J, 
et al: Pregnancy-associated plasma protein-A 
increases osteoblast proliferation in vitro and 
bone formation in vivo. Endocrinol 147:   5653–
5661 (2006). 

 Rosen CJ: Mouse models for understanding the 
growth hormone insulin-like growth factor-I 
axis. Horm Res 68(Suppl 5):2–4 (2007). 

 Rowe PSN, Kumagai Y, Gutierrez G, Garrett IR, 
Blacher R, et al: MEPE has the properties of an 
osteoblastic phosphatonin and minhibin. Bone 
34:   303–319 (2004). 

 Sachs DH: The pig as a potential xenograft donor. 
Vet Immunol Immunopathol 43:   185–191 
(1994). 

 Saxne T, Heinegård D: Involvement of nonarticular 
cartilage, as demonstrated by release of a carti-
lage-specific protein, in rheumatoid arthritis. 
Arthritis Rheumatism 32:   1080–1086 (1989). 

 Seiffert D: Detection of vitronectin in mineralized 
bone matrix. J Histochem Cytochem 44:   271–
280 (1996). 

 Sellsgalvin RJ, Bryan P, Horn JW, Rippy MK, 
Thomas JE: Development and characterization 
of a porcine model to study osteoclast differen-
tiation and activity. Bone 19:   271–279 (1996). 

 Sena K, Sumner DR,   Virdi AS: Modulation of VEGF 
expression in rat bone marrow stromal cells by 
GDF-5. Connective Tissue Res 48:   324–331 
(2007). 

 Siggelknow H, Schulz H, Kaesler S, Benzler K, At-
kinson MJ, Hufner M: 1,25 dihydroxyvitamin 
D3 attenuates the confluence-dependent dif-
ferences in the osteoblast characteristic pro-
teins alkaline phosphatase, procollagen 1 pep-
tide, and osteocalcin. Calcify Tissue Int 64:  
 414–421 (1999). 

 Spector TD, Reneland RH, Mah S, Valdes AM, Hart 
DJ, et al: Association between a variation in 
LRCH1   and knee osteoarthritis, a genome-
wide single-nucleotide polymorphism associa-
tion study using DNA pooling. Arthritis Rheu-
matism 54:   524–532 (2006).  

 Stefan C, Jansen S, Bollen M: NPP-type ectophos-
phodiesterases: unity in diversity. Trends Bio-
chem Sci 30:   542–550 (2005). 

 Suda T, Takahashi N, Udagawa N, Jimi E, Gillespie 
MT, Martin TJ: Modulation of osteoclast dif-
ferentiation and function by the new members 
of the tumor necrosis factor receptor and ligand 
families. Endocrine Rev 20:   345–357 (1999). 

 Suuriniemi M, Mahonen A, Kovanen V, Ale M, 
Cheng S: Relation of  Pvu II site polymorphism 
in the COL1A2 gene to the risk of fractures in 
prepubertal Finnish girls. Physiol Genomics 14:  
 217–224 (2003). 

 Takahashi M, Matsui Y, Goto T, Nishimura G, Ike-
gawa S, et al: Intrafamilial phenotypic diversity 
in multiple epiphyseal dysplasia associated 
with a  COL9A2  mutation (EDM2). Clin Rheu-
matol 25:   591–595 (2006). 

 Takahashi N, Mundy GR, Roodman GD: Recombi-
nant human interferon-gamma inhibits forma-
tion of human osteoclast like cells. J Immunol 
137:   3544–3459 (1986). 

 Tamura T, Udagawa N, Takahashi N, Miyaura C, 
Tanaka S, et al: Soluble interleukin-6 receptor 
triggers osteoclast formation by interleukin
6 (bone resorption/gpl30/interleukin-11/onco-
statin M/leukemia inhibitory factor). Proc Natl 
Acad Sci USA 90:   11924–11928 (1993). 

 Tang BL: ADAMTS: a novel family of extracellular 
matrix proteases. Int J Biochem Cell Biol 33:  
 33–44 (2001). 

 Tournaire N, Jaffré C, Jacob MP, Ducher G, Ben-
hamou CL, et al: MMP2 and MMP9 plasma lev-
els as markers of bone remodeling: a study on 
young male tennis players. Science Sports 22:  
 123–125 (2007). 

 Toyran S, Lin AY, Edward DP: Expression of growth 
differentiation factor-5 and bone morphogenic 
protein-7 in intraocular osseous metaplasia. Br 
J Ophthalmol 89:   885–890 (2005). 

 Tu X, Joeng KS, Nakayama KI, Nakayama K, Raja-
gopal J, et al: Noncanonical Wnt signaling 
through G protein-linked Pkcd activation pro-
motes bone formation. Dev Cell 12:   113–127 
(2007). 

 Udagawa N, Takahashi N, Yasuda H, Mizuno A, 
Itoh K, et al: Osteoprotegerin produced by os-
teoblasts is an important regulator in osteoclast 
development and function. Endocrinol 141:  
 3478–3484 (2000). 

 Van’t Hof RJ, Armour KJ, Smith LM, Armour KE, 
Wei XQ, et al: Requirement of the inducible ni-
tric oxide synthase pathway for IL-1-induced 
osteoclastic bone resorption. Proc Natl Acad 
Sci USA 97:   7993–7998 (2000). 

 Vander-Weyden L, Wei L, Luo J, Yang X, Birk DE, 
et al: Functional knockout of the matrilin-3 
gene causes premature chondrocyte matura-
tion to hypertrophy and increases bone min-
eral density and osteoarthritis. Am J Pathol 
169:   515–527 (2006).  

 Vortkamp A, Lee K, Lanske B, Segre GV, Kronen-
berg HM, Tabin CJ: Regulation of rate of carti-
lage differentiation by Indian hedgehog and 
PTH-related protein. Science 273:   613–622 
(1996). 

 Wood CM: Don’t ignore feet and leg soundness in 
pigs. Virginia Polytechnic Institute, Virginia 
State University, Livestock Update June (2001).  

 Xu K, Zhang Y, Ilalov K, Carlso CS, Fen JQ, et al: 
Cartilage oligomeric matrix protein associates 
with granulin-epithelin precursor (GEP) and 
potentiates GEP-stimulated chondrocyte pro-
liferation. J Biol Chem 282:   11347–11355 
(2007). 

 You-Qiang S, Ling-Fung T: In silico mapping of 
 osteoporosis-related complex traits in mice. 
Department of Biochemistry and Computer 
Science, The University of Hong Kong. Bio-
informatics Project (2004–2005).   

 Zarrabeitia MT, Hernández JL, Valero C, Zarrabei-
tia AL, Ortiz F, et al: Klotho gene polymor-
phism and male bone mass. Calcified Tissue Int 
80:   10–14 (2007). 

 Zhou Y, Xu X, Chen L, Li C, Brodie SG, Deng C: A 
Pro250Arg substitution in mouse Fgfr1 causes 
increased expression of Cbfa1 and premature 
fusion of calvarial sutures. Hum Mol Genet 9:  
 2001–2008 (2000). 


