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Genes involved in 
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Identification of genes involved in growth and skeletal development

• study of animal models

• study of rare genetic disorders

• genome wide association studies



Skeletal development

axial skeleton

appendicular skeleton

Human Embryology. William Larsen (ed), Churchill Livingstone, 1993



Somitogenesis

Human Embryology. William Larsen (ed), Churchill Livingstone, 1993 

28 days



spondylocostal dysostosis

p.Q360X/p.Q360X in DLL3

Patterning of axial skeleton – defects in somitogenesis
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Nkx3-2 (Bapx1) knockout mouse

Tribioli C and Lufkin T. Development  126:5699;1999

E18.5 embryos E14.5 embryos



Patterning of limb buds



Patterning of limb buds

vertebrate limb development
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Disorders affecting skeletal patterning

Townes-Brock syndrome (SALL1)

Holt-Oram syndrome (TBX5)



Stages of endochondral ossification

during formation and growth of a

long bone (e.g. a phalanx)

Adapted from Williams PL et al. Gray’s Anatomy. Edinburgh: Churchill Livingstone, 1993

Endochondral ossification



proliferation/differentiation balance

integrity of extracellular matrix

Growth plate



The Indian Hedgehog protein (IHH)



Indian Hedgehog knockout mouse

Ihh null mutant mouse

St-Jacques B et al. Genes Dev 1999;13:2072



Multiple epiphyseal dysplasia ? Hypochondroplasia ?

The role of IHH in human growth

SPTP



The role of IHH in human growth
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The role of IHH in human growth
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The role of IHH in human growth



The role of IHH in human growth



The role of IHH in human growth



ACROCAPITOFEMORAL DYSPLASIA

Acrocapitofemoral dysplasia

Mortier GR et al. J Med Genet 2003;40:201



Homozygosity mapping 

Hellemans J et al. Am J Hum Genet 2003;72:1040



Candidate gene approach



137C>T 569T>C

P46L V190A

Mutations in IHH cause ACFD



The Indian Hedgehog gene

                                                                           *     *

HH Drome) CGPGRG-LG- -RHRARN-LY PLVLKQTIPN LSEYTNSASG PLEGVIRRDS PKFKDLVPNY NRDILFRDEE GTGADGLMSK RCKEKLNVLA

IHH Mouse) .....V.V.S R.RPP.K..V ..AY..FS.. VP.K.LG... RY..K.A.S. ER..E.T... .P..I.K... N....R..TQ ...DR..S..

IHH Brare) .......Y.. K.RTP.K..T ..AY..FS.. VA.K.LG... RY..KVTPS. ER..E.T... .P..I.K... N....RM.TQ ...D...S..

DHH Mouse) ......PV.. R.RYV.KQ.V ..LY..FV.S MP.R.LG... .A..RVT.G. ER.R...... .P..I.K... NS...R..TE ....RV.A..

DHH2 Xenla) ......PV.G R.RYM.R..V ..LY..FV.. VP.K.LG... KS..K...G. ER.IK..... .P..I.K... N....R..TE ...DRV.A..

TWHH Brare) .......Y.. K.RHPKK..T ..AY..F... VA.K.LG... KY..K.T.N. ER..E.I... .P..I.K... N.N..R..T. ...D...S..

AmphiHH) ....GR.F.. R.RHP.K..T .F.Y..QM.A V..N.FG... LFN.R.T... ER.HT.KQ.F .T..I.K... K....RF.TQ ...D...A..

                *

HH Drome) YSVMNEWPGI RLLVTESWDE DYHHGQESLH YEGRAVTIAT SDRDQSKYGM LARLAVEAGF DWVSYVSRRH IYCSVKSDSS ISSHVHG

IHH Mouse) I....Q...V K.R...G... .G..SE.... ......D.T. ....RN...L .......... ...Y.E.KA. VH.....EH. AAAKTG.

IHH Brare) I....L...V ..R...G... .GL.SE.... ......D.T. ....RN..R. .......... ...Y.E.KG. VH.....EH. VAAKTG.

DHH Mouse) IA...M...V ..R...G... .G..A.D... .....LD.T. ....RN...L .......... ...Y.E..N. .HV...A.N. LAVRAG.

DHH2 Xenla) I....M...L K.R...G... .G..AHD... .....LD.T. ....RN.... .......... ...Y.E.KA. .HV..NT.N. LGVRSG.

TWHH Brare) I....H...V K.R...G... .G..LE.... ......D.T. ....K..... .S........ ...Y.E.KA. .H....AEN. VAAKSG.

AmphiHH) I....Q.E.V K.R...G... .GF.TE.... ......D.T. ....RT.... .......... ...Y.E.KA. .H....AE.D TTATQG.

P46L

V190A

N-terminal signaling domain

C-terminal autoprocessing domain
BDA1 mutations

ACFD mutations

P46L

E95K

E95G

D100N

D100E R128Q

E131K

V190A

Indian Hedgehog



Homozygous mutations Heterozygous mutations
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IHH
Indian hedgehog

ROR2
Receptor tyrosine kinase

GDF5 (CDMP1)
Growth/differentiation factor-5

brachydactyly A1 brachydactyly B brachydactyly C

Heterozygous mutations



IHH
Indian hedgehog

ROR2
Receptor tyrosine kinase

GDF5 (CDMP1)
Growth/differentiation factor-5

Acrocapitofemoral

dysplasia
Robinow syndrome Grebe chondrodysplasia

Homozygous mutations

more generalized skeletal disorder



proliferation/differentiation balance

integrity of extracellular matrix

Growth plate



Fibroblast growth factor receptors



Overgrowth of axial and appendicular skeleton in FGFR3-deficient mice

Deng C et al. Cell 1996 84:911-921

Negative regulator of endochondral ossification

heterozygous

homozygous

FGFR3



thanatophoric

dysplasia
achondroplasia hypochondroplasia

FGFR3 disorders



Cartilage extracellular matrix



N-terminus

Cleavage by N-proteinase Cleavage by C-proteinase

Gly Gly Gly Gly
AMINO ACID 

SEQUENCE

MOLECULE

Type II procollagen

MOLECULAR

PACKING

Great potential for errors

COLLAGEN 

FIBRIL

Fibrillar collagens



Lethal conditions

Type II collagen disorders

Short-trunk dwarfism Osteoarthrosis



AII-H

Torrance

SE(M)D

SPD

Kniest

Stickler

arthropathy

substitution splicing large deletionin-frame indelstopcodon

R275C R719C

R904CR565C

R989C

R1276C

Genotype-phenotype correlations in type II collagen disorders



Arg to Cys mutations in the COL2A1 gene

p.Arg275Cys

• normal stature

• early-onset arthropathy

• short (postaxial) toes

• absence of ocular/orofacial anomalies

• RX: spondylo-arthropathy



one gene

several phenotypes

one phenotype

several genes



Multiple epiphyseal dysplasia



Multiple epiphyseal dysplasia

Chapman KL et al. Nat Genet 2001;28:393

Mortier GR et al. Eur J Hum Genet 2001;9:606



COL9A1 COL9A2 COL9A3

COMP MATN3

Multiple epiphyseal dysplasia



Type II collagen
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Courtesy of M Briggs - Manchester

Multiple epiphyseal dysplasia



COMP
COL9A1

COL9A2

COL9A3

MATN3

99% ~25% ~20%

Severe

PSACH

Mild

PSACH

Severe

MED

Mild

MED

Courtesy of M Briggs - Manchester

PSACH-MED disease spectrum



OSTEOGENESIS IMPERFECTA OSTEOPETROSIS

Disorders affecting bone homeostasis



Osteopoikilosis

 benign condition

 autosomal dominant

 hyperostotic spots

 isolated or in association with

other skin/bone lesions

(Buschke-Ollendorff syndrome)



Melorheostosis



Linkage analysis and candidate gene approach



Gene mapping

 Genome wide linkage analysis

 Linkage for two markers on 12q

 Region: D12S1048 – D12S1663

 Combined maximum two-point LOD 

score of 6.691

 Identification of microdeletion

between D12S329 and tsc0527430

 Region of interest:

3.07Mb

23 genes

 Two candidate genes:

WIF1

LEMD3
LEMD3
WIF1

Hellemans J et al. Nat Genet 2004;36:1213



LEMD3: integral protein of the inner nuclear membrane

LEMD3

Adapted from Gruenbaum Y et al. Nature Rev Mol Cell Biol 6,21,2005



Mutations in LEMD3 cause osteopoikilosis

A. Zwijsen et al. FEBS Letters 546 (2003) 133-139

LEMD3



LEMD3 in BMP/TGF signaling



Gene mapping

 Genome wide linkage analysis

 Linkage for two markers on 12q

 Region: D12S1048 – D12S1663

 Combined maximum two-point LOD 

score of 6.691

 Identification of microdeletion

between D12S329 and tsc0527430

 Region of interest:

3.07Mb

23 genes

 Two candidate genes:

WIF1

LEMD3
LEMD3
WIF1

Hellemans J et al. Nat Genet 2004;36:1213



12q14 microdeletion syndrome



preferential breakpoint in lipoma

let7 binding site

Mayr et al. (2007) Science 315, 1576

The HMGA2 gene



Zhou et al. (1995) Nature 376(6543):771-4 

HMGA2 knockout mouse

Hmga2 -/+

Hmga2 -/-



Chromosomal inversion disrupting HMGA2

Height: 220 cm!



Nature Genetics 2007;39:1245



Genome-wide association studies

47 loci identified

Weedon & Frayling. Trends in Genetics 2008;24:595-603



Genome-wide association studies

Weedon & Frayling. Trends in Genetics 2008;24:595-603



HMGA2 intragenic deletion in proportionate short stature



CONCLUSIONS 

The study of rare genetic disorders has led to the 

identification of genes that are important in human

growth and development.

These new insights can enhance our understanding of

the pathophysiology of more common disorders in

the population such as growth disorders, cancer,

osteoporosis and osteoarthrosis.

This new knowledge may also unravel the genetic

factors that determine variation in human height
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