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i SUMMARY  

Osteogenesis imperfecta (OI) is an inherited disorder characterized by increased bone fragility, with 

severity ranging from very mild to lethal. Mutation in COL1A1 and COL1A2, which code for type I 

collagen, are identified in the majority (~85%) of patients. 

Research to identify the cause of OI in individuals without identified mutations has focused on severe 

and lethal forms of the disease. By focusing on patients not fulfilling the current definition of ñsevereò 

adopted by the NHS funded Highly Specialised OI Service for children with severe, complex and 

atypical OI, we aimed to contribute to the current knowledge of the molecular basis of OI.  

We employed a number of sequencing strategies to achieve this: targeted exome, Sanger and whole 

exome analysis. Results in this thesis have established that these approaches, together with 

appropriate functional analysis, can identify novel causes of OI and bone fragility.  

We identified four patients with variable presentation and mutations in BMP1 and, importantly, 

highlight a risk of causing delayed healing, increased stiffness or atypical fractures by anti-resorptive 

treatment. We report the third occurrence of a c.1178A>G;p.Tyr393Cys P4HB mutation and describe 

what appears to be an emerging, distinctive radiological phenotype: meta-diaphyseal fractures with 

metaphyseal sclerosis.  

We have expanded the clinical spectrum associated with NBAS mutations to include bone fragility 

that may present as atypical OI. Submission of a UKGTN gene dossier has ensured rapid transition of 

this research finding into the patient diagnostic pathway.  

In addition, we have identified a number of novel genes and pathways that warrant further 

investigation, namely SLC38A10, SRCAP, UGGT1, UBASH3B, SULF2-POSTN, and voltage-gated 

sodium channel genes. Future work will focus on elucidating the significance of these findings and the 

development of tools to facilitate analysis and interpretation of genetic data as whole genome 

sequencing becomes more readily available for OI patients. 
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ii INTRODUCTION 

ii.i Function of Bone: 

Bone has several functions within the human body. The skeleton provides structural support, protects 

vital organs and allows movement. Bones provide an environment for the bone marrow to enable 

haemopoesis and act as a reservoir for minerals such as calcium, phosphorus and magnesium.  

Bone also acts as a reservoir for growth factors and cytokines such as insulin-like growth factors 

(IGF), transforming growth factor-ɓ (TGFɓ) and bone morphogenetic proteins (BMP). Bone also helps 

maintain the bodyôs acidïbase balance. 

Bone strength depends largely on bone mass (50-70% of bone strength), but material properties, 

geometry and microstructure are also important.   

ii.ii Bone structure: 

Bones consist of two tissue types:  the cortical (compact) bone which is dense and tough and 

surrounds the marrow space and the trabecular (cancellous) bone which is composed of a 

honeycomb-like network of trabeculae. The boundary between the cortical and trabecular bone is 

generally difficult to define, particularly in the metaphyses where the trabeculae merge to form the 

cortex (Figure 1). 

A dense connective tissue layer, the periosteum, surrounds the outer surface of cortical bone except 

at joints where bone is lined by cartilage. The periosteal attachment to bone is stronger towards the 

ends of the bone, around the metaphyses and growth plates, than it is in the diaphyseal (mid-shaft) 

region. In relation to OI, this difference in immediate local support may help explain why metaphyseal 

fractures are rare compared to those in the diaphysis, despite the bone being relatively fragile. 

The periosteum is vascular, contains nerves, and is rich in osteoblasts and osteoclasts. It plays an 

important role in bone formation, growth and fracture repair.  

Bone is composed of three cell types (osteoblasts, osteocytes and osteoclasts), collagen and 

noncollagenous structural proteins (including proteoglycans, sialoproteins, gla-containing proteins and 

the 2HS-glycoprotein, a plasma protein synthesized in the liver that is enriched in bone matrix), called 

osteoid, and inorganic mineral salts containing calcium and phosphate that are deposited within the 

bone matrix and give the bone its hardness and rigidity. There is also increasing evidence that 

haemopoietic lineage cells, in particular macrophages and lymphocytes act within the bone 

environment and cross-talk with cells that directly regulate bone mass and structure (Weitzmann 

2017) 
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Figure 1 Bone cross-section diagram. (Pbroks13, CC BY 3.0) 

https://commons.wikimedia.org/w/index.php?curid=5188772) 

ii.iii Osteoblasts  

Osteoblasts originate from mesenchymal stem cells (MSC) and are responsible for bone matrix 

synthesis and subsequent mineralisation. Differentiation of MSCs to osteoblasts is regulated by the 

expression of a number of genes including Runt-related transcription factor 2 (RUNX2), distal-less 

homeobox 5 (DLX5) and Osterix (OSX). RUNX2 is generally described as a master gene in 

osteoblast differentiation and has been shown to upregulate other osteoblast-related genes such as 

those encoding alkaline phosphatase (ALP), osteocalcin (OCN), bone sialoprotein (BSP) and type I 

collagen (COL1A1/1A2) (Bruderer, Richards et al. 2014). Expression of bone morphogenic proteins 

(BMPs) and Wingless (Wnt) signalling pathway proteins also regulate the commitment of MSCs 

towards osteoblasts. 

Osteoblasts synthesise bone matrix in two main steps, the first step being secretion of an organic 

matrix consisting of collagens (mainly type I collagen), non-collagenous proteins (such as osteocalcin, 

osteonectin, bone sialoprotein II and osteopontin) and proteoglycans including decorin and biglycan. 

Subsequently, matrix mineralization by hydroxyapatite, a crystalline complex of phosphate and 

calcium ions, occurs. Osteoblasts that become embedded in the newly forming matrix give rise to 

osteocytes.  

ii.iv Osteocytes  

During the osteoblast/osteocyte transition morphological and ultra-structural changes occur.  In 

addition, down-regulation of genes such as BSPII, OCN, ALP and COL1A1/1A2 occurs. In contrast 

sclerostin (SOST) and dentine matrix protein (DMP1) are highly expressed. 

In the osteocyte, organelles such as rough endoplasmic reticulum (ER) and Golgi apparatus are 

reduced in number and the nucleus to cytoplasmic ratio is increased when compared to osteoblasts. 

A network of plasma membrane extensions (filopodia) develop and radiate into microscopic canals in 

the ossified bone called canaliculi. These filopodia facilitate communication of osteocytes with each 

other and also with other cells types, such as osteoblasts, via the transport of small signalling 

molecules such as prostaglandins. Cell-cell communication is also achieved by the flow of interstitial 

fluid between the osteocytes filopodia and the bone canaliculi. It is through this process that 
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osteocytes are thought to act as mechanosensors and direct bone resorption or formation processes, 

although the exact mechanisms by which this is achieved have not been identified (Florencio-Silva, 

Sasso et al. 2015). 

ii.v Osteoclasts  

Osteoclasts are multinucleate cells that originate from haemopoetic stem cells. A critical 

osteoclastogenesis regulator is RANK ligand (RANKL). RANKL is secreted by osteoblasts, osteocytes 

and stromal cells and is itself regulated by osteoprotegerin (OPG). OPG binds RANKL and prevents it 

binding to its receptor, RANK, hence inhibiting osteoclastogenesis (Florencio-Silva, Sasso et al. 

2015). 

Osteoclasts function in the resorption of mineralised bone and are found in resorption cavities called 

Howshipôs lacunae. Here they secrete hydrogen ions, creating an acidic pH that dissolves the 

mineralized bone matrix. Hydrolytic enzymes such as cathepsin K and matrix metalloproteases are 

also released in order to digest the organic matrix components. 

ii.vi Bone Modelling  

Modelling is the process by which bones respond to physiologic or mechanical influences. The 

process is responsible for changes to bone size and shape and ensures the appropriate gain in 

skeletal mass during growth. For modelling to occur there needs to be independent action of 

osteoblasts and osteoclasts on separate bone surfaces.  Bone modelling is less frequent than 

remodelling in adults.  

ii.vii Bone Remodelling 

This process ensures there is bone turnover while maintaining bone mass in the mature skeleton. It 

requires the coordination of bone resorption and formation by osteoblasts and osteoclasts 

respectively. Remodelling is influenced by many local and systemic factors including cytokines, 

hormones, chemokines and mechanical stimulation. It involves the continuous resorption of small 

compartments of old bone, replacement with newly synthesized matrix (osteoid), and subsequent 

mineralization of the matrix to form new bone (Figure 2). Known local control factors influencing 

remodelling include the RANK/RANKL regulation of osteoclast formation, sclerostin (SOST) 

production in osteocytes inhibiting bone formation, and Wnt signalling in bone and immune cells, 

including macrophages and lymphocytes (Martin 2017). 

The remodelling process controls the repair of bone following injuries like fractures and also prevents 

accumulation of micro-damage that occurs during normal activity, possibly through changes in fluidic 

shear stress stimulating osteocyte signalling. Remodelling responses due to mechanical loading 

ensure that bone is added where needed and removed where it is not required, a process that helps 

to maintain bone strength as well as mineral homeostasis.  
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Figure 2 Bone remodelling. 

Different cell types originate from either the hematopoietic or mesenchymal lineages. Osteocytes regulate both 
resorption by osteoclasts and formation by osteoblasts. Bone-lining cells and mesenchymal stromal cells can 
differentiate into osteoblasts or adipocytes. HSC, hematopoietic stem cell; MSC, mesenchymal stromal cell. Figure 
and legend adapted from Lee et al (Lee, Guntur et al. 2017) 

 

ii.viii Regulation of Bone Metabolism 

Ninety nine percent of the bodyôs calcium and 85% of phosphorus is contained within the bones. 

Regulation of bone mineral metabolism results from the interaction of parathyroid hormone (PTH), 

calcitonin and vitamin D in the gastrointestinal (GI) tract, the kidneys and in bone by osteoblasts and 

osteoclasts. 

ii.viii.i Parathyroid Hormone (PTH) 

Parathyroid hormone, an 82 amino acid protein, is secreted from the parathyroid glands in response 

to low levels of serum calcium which is monitored through cell surface calcium sensing receptors 

(CSR). PTH regulates both serum calcium and phosphorus levels through its action on bone, kidneys 

and the GI tract. In bone, PTH exhibits its effects through osteoblasts and thus indirectly the 

stimulation of osteoclastic bone resorption via the RANK-OPG pathway, releasing calcium (and 

phosphate) from mineralised bone tissue.  

In the kidneys, PTH increases the reabsorption of calcium and inhibits reabsorption of phosphate. 

PTH also increases the absorption of calcium in the GI tract by increasing production of activated 

vitamin D in the kidneys through up-regulation of 25-hydroxyvitamin D 1-alpha-hydroxylase and 

subsequent absorption of calcium via calbindin. 
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ii.viii.ii Calcitonin 

Calcitonin is secreted from the thyroid gland in response to hypercalcaemia. Its main function is to 

inhibit osteoclast-mediated bone resorption and also results in reduced resorption of calcium and 

phosphorus in the kidneys. 

ii.viii.iii Vitamin D 

The active metabolite of Vitamin D, 1,25 dihydroxyvitamin D, increases calcium and phosphate 

absorption in the GI tract, providing mineral substrate for the mineralization of osteoid. It also acts with 

PTH to increase osteoclast activity. In addition vitamin D also regulates transcription of several bone 

proteins, most notably osteocalcin, type I collagen and alkaline phosphatase. 

ii.viii.iv Other Factors 

In addition to the hormones described above, many other hormones play a role in bone metabolism. 

These include gonadal steroids, such as oestrogen and testosterone that influence skeletal 

development and help maintain bone mass; growth hormones, insulin and androgens that promote 

skeletal growth and maturation; and thyroid hormones that can stimulate both synthesis and 

mineralisation of osteoid by osteoblasts and increase the number of osteoclasts.  

 Stimulate bone formation 
Decrease Bone 

formation 

Stimulate bone 

resorption 

Inhibit bone 

resorption 

Growth 

factors 

BMP-2, BMP-4, BMP-6, 

BMP-7,IGF-I, IGF-II, TGF-

ɓ, FGF, and PDGF 

 

TNF, EGF, PDGF, 

FGF, M-CSF, and 

GM-CSF 

 

Cytokines IL-4,IL-13, IFN, and OPG  

IL-1, IL-6, IL-8, IL-11, 

PGE 2, PGE1, PGG2, 

PGI2,and PGH2 

IFN-y IL-4 

Hormones 

Growth hormone 

Vitamin D metabolites 

Androgens 

Insulin 

Low-dose PTH/PTHrP 

Progestogens 

Glucocorticoids 

PTH/PTHrP 

Glucocorticoids 

thyroid hormones 

High-dose vitamin D 

Calcitonin 

Estrogens 

Table 1 Hormones, growth factors and cytokines that influence bone metabolism and remodelling. 
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ii.ix Local Regulation of Bone Remodelling 

Bones also contain many growth factors, including BMP and TGF-ɓ, which are not only vital for bone 

development but play an important role in the local regulation of bone remodelling. These additional 

regulators of bone metabolism are summarised in Table 1.  

The major signalling pathways in bone formation are: 

Insulin-like Growth Factor I and II (IGF1 & IGFII) 

Insulin-like Growth Factor I and II (IGF1 & IGFII) are polypeptides that are synthesised in the liver and 

osteoblasts. They increase collagen production in the bone by increasing osteoblast numbers and 

function. IGFBII in particular is important during embryogenesis. The expression of IGFI and IGFII is 

regulated by growth hormone, oestrogen, progesterone (which increase expression) and 

glucocorticoids (which inhibits expression). IGF1 & IGFII are linked to their respective binding proteins 

(IGFBP) which themselves can influence bone remodelling activity (Conover 2008).  

Transforming growth factor beta (TGFɔ) and Bone morphogenic protein (BMP) 

TGFɓ/BMP signalling has a fundamental role in both embryonic skeletal development and in bone 

homeostasis. TGFɓ/BMP signalling inhibits bone degrading enzymes such as metalloproteinase 

(MM), reduces osteoclast differentiation and activity, and strongly promotes osteoblast differentiation 

(Wu, Chen et al. 2016) 

Platelet derived growth factor (PDGF) 

PDGF stimulates osteoblast or osteoprogenitor cell (MSC) activity and is known to be up regulated 

following bone fracture. The current view is that PDGF contributes to bone repair by enabling 

osteoclasts to control osteoblast chemotaxis, however the exact mechanism by which this occurs 

remains to be elucidated (Caplan and Correa 2011). 

 

 

Figure 3 The role of FGFR1-3 in osteoblast differentiation.  

The effect of FGFR3 on osteogenesis is unclear (marked by dotted lines).Figure adapted from (Su, Jin et al. 2014) 
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Fibroblastic growth factor (FGF) 

The FGF/fibroblast growth factor receptor (FGFR) signalling pathway is essential for bone 

development, maintenance of homeostasis and regulation of phosphate levels. Multiple FGFs and 

FGFRs are also expressed during fracture repair (Su, Jin et al. 2014). 

FGFR1 is believed to promote the differentiation of mesenchymal progenitors into pre-osteoblasts, but 

inhibit the proliferation of MSCs. It also inhibits the maturation and mineralization of osteoblasts. 

FGF2 is thought to positively modulate osteoblast differentiation and bone formation, whereas there is 

conflicting data concerning the effects of FGF3 signalling (Figure 3). 

ii.x Bone Matrix 

The bone matrix is an organized frame-work of organic and inorganic material that provides 

mechanical support and has a key role in the regulation of bone cell activity. It consists of 65-70% 

inorganic material (mineral) and around 5-10% water, the remainder being organic material such as 

type I collagen (90%) and non-collagenous proteins such as proteoglycan, glycoproteins and 

sialoproteins.  

Type I collagen, the major protein component in bone, is secreted by osteoblasts and self-assembles 

into overlapping crosslinked groups of five. Each collagen molecule is ~ 1.5nm wide and 300nm in 

length (Streeter and de Leeuw 2011) and is staggered from its neighbour by approximately a quarter 

of its length, with a small gap between itself and the successive molecule. It is this gap that gives rise 

to the recognised banded appearance (known as D-periodic spacing, Figure 4) of collagen fibrils on 

electron microscopy (Fang, Goldstein et al. 2012).  As the collagen molecules in each group coil 

around each other small pockets are created that act as binding sites for other matrix proteins and 

adhesion molecules and are important for mineralisation. Adhesion molecules, particularly integrins, 

are involved in the interaction between the matrix and bone cells. 

 

 

Figure 4 Electron microscopy of longitudinal cross section of dermal collagen. 

Characteristic banding appearance (D-periodic spacing) caused by overlapping collagen molecules are seen (original 
magnification 12000X). 
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Collagen molecules are joined together by both enzymatic and non-enzymatic crosslinking. Lysyl 

oxidase and lysyl hydroxylase form enzymatic divalent crosslinks that in some mature to trivalent 

crosslinks. Measurement of pyridinoline and pyrrole crosslinks, which are cleaved during collagen 

degradation, can be used as an indication of bone turnover. Enzymatic crosslinks are considered to 

contribute positively to bone strength. In contrast non-enzymatic cross links, formed between sugars 

and exposed amino acids, are thought to have a negative effect on bone material properties, causing 

increased brittleness.  

Crystalline hydroxyapatite is deposited along the collagen fibres in highly ordered stacks of mineral 

platelets. There is no current consensus as to how the location and spatial arrangement between 

these mineral platelets and the collagen fibres affects the material properties of bone in health and 

disease. However, it is known that changes in the bone matrix alter both the structure and function of 

bone tissue. 

ii.x.i Collagen structure 

Type I collagen is a heterotrimer consisting of two pro-Ŭ1 chains and one pro-Ŭ2 chain that are 

assembled into a triple helical structure.  The pro-Ŭ1 and pro-Ŭ2 chains are encoded by the COL1A1 

and COL1A2 genes respectively. Both pro-Ŭ1 and  pro-Ŭ2 chains consist of  a large central  domain 

of 1014 amino acids containing repeated Gly-X-Y triplets, known as the ótriple helixô domain, which is 

flanked by short non-helical telopeptide domains and globular carboxyl and amino terminal 

propeptides (the C- and N- propeptides).  

The Gly-X-Y triplets are key to the integrity of the type I collagen protein as glycine residues have the 

smallest side chain of any amino acid, consisting of a single hydrogen atom, allowing the three alpha 

chains to come together to form a tightly folded right-handed coil structure, the alpha helix.  The X-

position in the Gly-X-Y triplet is most often occupied by a proline residue, with hydroxyproline in the Y-

position.  

Along each alpha chain are regions that are important for interaction with other collagen molecules or 

extracellular matrix proteins, in particular proteoglycans. There are three of these regions, known as 

major ligand binding regions (MLBR) (Figure 5). Severe dominant OI mutations are thought to cluster 

in these regions, supporting the importance of proteoglycan-collagen interactions for normal bone 

homeostasis (Marini, Forlino et al. 2007).  

Type I collagen is first synthesised as a soluble precursor protein called procollagen and undergoes 

several stages of processing and trafficking before fibrillogenesis occurs. 

ii.x.ii Collagen Biosynthesis 

The chains of type I collagen are first synthesized as procollagen molecules and the growing protein 

chains are translocated into the lumen of the rough endoplasmic reticulum (ER). 
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Figure 5 The structure of type I collagen. 

Type I collagen consists of two pro-Ŭ1 and  pro-Ŭ2 chains that each consist of  a large central  domain of 1014 amino 
acids containing repeated Gly-X-Y triplets, known as the ótriple helixô domain. This is flanked by short non-helical 
telopeptide domains and globular carboxyl and amino terminal propeptides (the C-terminal and N-terminal 
propeptides). The X-position in the Gly-X-Y triplet is most often occupied by a proline residue, with hydroxyproline in 
the Y-position. Along each alpha chain are regions that are important for interaction with other collagen molecules or 
extracellular matrix proteins, known as major ligand binding sites (MLBR). Figure adapted from (Marini, Forlino et al. 
2017) 

ii.x.iii Rough Endoplasmic Reticulum 

Here the chain recognition sequence within the C-propeptide domains enable two pro-Ŭ1and one pro-

Ŭ2 chains to align (Khoshnoodi, Cartailler et al. 2006, Bourhis, Mariano et al. 2012). The alignment 

and stabilisation of the interactions between the three C- propeptides is facilitated by interchain 

disulphide bonds (Canty and Kadler 2005). The two pro-Ŭ1 chains and one pro-Ŭ2 chain then 

assemble in a carboxyl to amino direction leading to propagation of the triple helix. The telopeptides 

stabilise the newly synthesised collagen fibrils by means of intermolecular cross-links. 

During chain assembly modification of lysine and proline residues by hydroxylation occurs. Specific 

3ô-hydroxylation of proline 1164 (also referred to as proline 986 using alternate nomenclature) is 

undertaken by the three protein complex formed by prolyl 3-hydroxylase 1 (P3H1), cartilage-

associated protein (CRTAP), and cyclophilin B (CypB), (Ishikawa, Wirz et al. 2009)  which are 

encoded by the CRTAP, P3H1 and PPIB genes respectively. This 3ô-hydroxylation is thought to allow 

binding of collagen chaperone molecules as well as having an effect on triple helix stability 

(Makareeva, Aviles et al. 2011).  

Hydroxylation of lysine residues in the telopeptide is performed by lysyl hydroxylase 2 (LH2), encoded 

by the PLOD2 gene (van der Slot, Zuurmond et al. 2003, Hyry, Lantto et al. 2009), whereas 

hydroxylation of two sites in the helical domain is undertaken by lysyl hydroxylase 1 (LH1), encoded 

by PLOD1. 

In addition to hydroxylation processes, glycosylation of hydroxylysyl residues also occurs during helix 

formation. When propagation of the triple helix is complete this processing, known as post-

translational modification, stops. 
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The ATP-independent heat shock protein HSP47, encoded by SERPINH1, is a further protein 

required for procollagen folding and is thought to help maintain triple helix stability (Christiansen, 

Schwarze et al. 2010). HSP47 is known to accompany procollagen from the ER to the golgi, where it 

dissociates and then returns to the ER for recycling (Canty and Kadler 2005). The precise function of 

HSP47 is still unknown although its pattern of expression suggests that it is collagen-specific rather 

than a general ER chaperone (Makareeva, Aviles et al. 2011).  

A further ER-resident chaperone protein, FKBP65, encoded by FKBP10, also interacts with type I 

procollagen (Ishikawa, Vranka et al. 2008). FKBP65 is thought to be important for procollagen 

trafficking as well as molecular folding through interaction with the PLOD2 protein. In addition it forms 

a complex with CRTAP/P3H1/CyPB  to facilitate hydroxylation of proline 1164 (Marini, Forlino et al. 

2017). It has also been shown to co-operate with HSP47 during post translational modification 

(Duran, Nevarez et al. 2015). 

 

 

Figure 6 Steps in Type I Collagen Biosynthesis.  

Figure modified from (Van Dijk and Sillence 2014) 

ii.x.iv Golgi Apparatus 

The type I procollagen protein exits the ER when it has achieved a stable folded configuration and is 

transported through the secretory pathway of the Golgi apparatus and plasma membrane into the 

extracellular matrix. 
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ii.x.v Extracellular Matrix 

In the extracellular matrix procollagen is processed into collagen by the removal of the globular N and 

C propeptides by C-proteinases,  such as bone morphogenetic protein 1, BMP-1, (Hartigan, Garrigue-

Antar et al. 2003), and by the N-proteinase activity of the ADAMTS family of enzymes (Le Goff, 

Somerville et al. 2006). This results in spontaneous aggregation of collagen molecules to form fibrils, 

which is facilitated by the formation of intra- and inter-molecular crosslinks. These fibrils grow by 

lateral and end-to-end fusion to form type I collagen fibres (Figure 6).  

ii.xi Osteogenesis Imperfecta 

Osteogenesis Imperfecta (OI) is a rare inherited condition thought to affect approximately 6ï7 in 

100,000 individuals (Folkestad, Hald et al. 2016) and is characterised by low bone mass and an 

increased tendency to fracture, often with minimal or no apparent trauma.  There is considerable 

variation in both severity and age of onset, which ranges from death in the perinatal period to very 

mildly affected individuals with few or no fractures.  

The clinical features of OI can include fractures, short stature with bone deformities, hyperlaxity of 

joints and skin, and Wormian bones. Extraskeletal symptoms such as blue sclerae, progressive adult 

hearing loss and dentinogenesis imperfecta may also be evident. Other important features are bone 

pain and impaired mobility. 

ii.xii Genotype/Phenotype Correlation in OI 

Genetic characterisation of families affected with OI has shown that autosomal dominant mutations in 

the genes that encode the alpha chains of type I collagen, COL1A1 and COL1A2 can be identified in 

~85% of affected individuals (Rohrbach and Giunta 2012). The recurrent autosomal dominant IFITM5 

mutation, c.-14C>T, is reported to account for an additional 4-5% of OI cases (Shapiro, Lietman et al. 

2013). 

Recessive mutations in a variety of genes are known to account for a further ~5% of cases (Forlino, 

Cabral et al. 2011). The contribution of each recessive gene is population dependent. In North 

American and European populations those encoding the components of the 3ô-hydroxylation complex, 

CRTAP, P3H1 and PPIB are the most common (Forlino, Cabral et al. 2011) whereas in Arabian 

populations SERPINF1 and FKBP10 are the more frequent (Shaheen, Alazami et al. 2012). In 

addition several recurrent mutations in P3H1 have been identified, c.232delC;p.Gln78Serfs*30 in Irish 

travellers (Baldridge, Schwarze et al. 2008) and c.1080+1G>T in those of African descent (Bodian, 

Chan et al. 2009). 

Considerable effort has been applied in an effort to define the relationship between genotype and 

phenotype in OI with the hope of improving prognostic information and genetic counselling/risk 

assessment for families with an affected individual. 

ii.xii.i Defects in Collagen Molecule  

ii.xii.i.i COL1A1 and COL1A2  
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Autosomal dominant mutations in COL1A1 and COL1A2 are described throughout the genes and 

there are currently over 1,200 unique OI variants reported (http://www.le.ac.uk/genetics/collagen). 

Mutations broadly fall into two categories, those resulting in a quantitative reduction in normal protein 

and those causing a qualitative defect.  

Quantitative mutations causing a reduction in the amount of normal type I collagen 

(haploinsufficiency) are associated with milder OI phenotypes and are most commonly caused by 

heterozygous variants in COL1A1 that lead to mRNA instability and nonsense mediated decay (ónullô 

allele). Small deletions and duplications causing a frameshift and nonsense mutations are a common 

cause of ónullô alleles, although splice site changes resulting in intronic inclusion or activation of cryptic 

splice sites are also reported.  Rarely whole gene deletions are also described (van Dijk, Huizer et al. 

2010). Heterozygous ónullô alleles in COL1A2 have yet to be described and are thought to result in a 

phenotype that cannot be distinguished from normal. 

A rare autosomal recessive cardiac valvular form of Ehlers-Danlos syndrome results from 

homozygous ónullô mutations in the COL1A2 gene (Schwarze, Hata et al. 2004), suggesting that type I 

collagen comprising of three pro-Ŭ1 chains can assemble and maintain bone integrity in a near 

normal fashion in the absence of pro-Ŭ2 chains. The lack of reported phenotypes for homozygous 

COL1A1 ónullô mutations may indicate that this is incompatible with life. 

Qualitative defects are associated with a wide phenotypic spectrum ranging from mild to lethal and 

are characterized by assembly of type I collagen comprising of mutant and normal alpha chains 

resulting in production of an abnormal protein (dominant-negative effect). Qualitative defects disrupt 

fibrillogenesis and generally have a greater phenotypic impact than quantitative changes due to their 

increased influence on the bone matrix.  

The most frequent qualitative defect is the substitution of a glycine residue in a Gly-X-Y triplet in the 

triple helix domain that disrupts folding, slows chain propagation and results in over-modification of 

the protein. Splice site changes resulting in exon skipping, in frame deletions/insertion and changes in 

the C-terminal propeptide (Figure 8) also cause qualitative changes.  

A key challenge in OI is the prediction of phenotypic severity from genotype. Early characterisation of 

glycine substitutions led to the development of a position-dependent gradient model for phenotypic 

severity for the  pro-Ŭ1 chain  which was later refined to include the pro-Ŭ2  chain (Lund, Aström et al. 

1999). The model proposed that mutations affecting glycine residues towards the C-terminus are 

likely to be more clinically severe than those towards the N-terminus. This reflects the direction of 

chain propagation as mutations earlier in chain propagation are proposed to result in greater over-

modification of the protein. However, it became apparent that this model required modification to 

incorporate the nature of the substituting amino acid, as those with larger and/or charged side chains 

have a greater impact on the folding of the triple helix.   

Substitution of glycine residues with amino acids that have a charged side chain (aspartic acid, 

glutamic acid and arginine) as well as valine, which has a branched nonpolar side chain, leads to a 

severe phenotype more often than alanine which has smaller methyl group side chain (Figure 7). 
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Figure 7 Gradient-dependent Severity Model for Glycine Substitutions in the Helical Domain of 

Type I collagen 

Further refinement of this model was undertaken as the number of independent mutations grew 

(Marini, Forlino et al. 2007) resulting in the development of a regional model. There are two regions in 

the Ŭ1 chain where only lethal mutations have been described (amino acid positions 691-823 and 

910-964) and these correspond to major ligand binding regions suggesting a role in intermolecular 

cross linking and fibril-chain interaction. Lethal regions in the Ŭ2 chain, of which there are eight, occur 

in clusters that correspond to the domains necessary for proteoglycan binding, further supporting the 

importance of fibril-matrix interaction (Bodian, Madhan et al. 2008). 

In addition to glycine substitutions in the helical domain leading to disruption of chain assembly, splice 

site changes resulting in exon skipping and in frame deletions/insertion have also been shown to 

result in delayed chain assembly and subsequent over-modification of the procollagen trimer (Pace, 

Atkinson et al. 2001).  

The phenotypic effect of non-glycine substitutions in the helical domain is more difficult to predict, and 

it can be hard to attribute pathogenicity to many changes. However, arginine residues when 

substituted by cysteine have been reported to be causative of classical Ehlers-Danlos Syndrome 

(EDS) (Nuytinck, Freund et al. 2000), infantile cortical hyperostosis (Caffey disease) (Cho, Moon et al. 

2008) and EDS with a susceptibility to arterial rupture in early adulthood (Malfait, Symoens et al. 

2007). 

Mutations outside the helical domain have been described in a range of phenotypes (Figure 8). C-

propeptide domain mutations have been demonstrated to delay chain assembly and result in reduced 

secretion of over modified but stable procollagen molecules. Mutations in this domain have been 

reported in mild OI (Pace, Kuslich et al. 2001) and in a variant of OI characterised by high bone mass 

(Takagi, Hori et al. 2011).  

Retention of the C-propeptide due to mutations in either the pro-Ŭ1 or pro-Ŭ2 cleavage recognition 

sites have also been described to be associated with high bone mass (Lindahl, Barnes et al. 2011). 

The exact mechanism by which mutations in this region cause a high bone mass variant of OI is still 

to be determined. However, it has been hypothesised that both retention of the C-propeptide and the 

presence of overmodified molecules caused by mutations in this region support increased 

mineralisation density of the bone, which exceeds those of classical OI, because the C-propeptide 
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domains also act as signalling molecules within the extracellular matrix, hence influencing 

mineralisation. Alternatively, increase mineralization may be triggered by the physical effect of 

increased inter-molecular spacing due to retention of the globular C-propeptide moiety. 

Mutations in the N-propeptide, other than those resulting in a ónullô allele, have not yet been described 

with the exception of a mutation affecting the signal peptide cleavage site (Pollitt, McMahon et al. 

2006) and therefore the phenotype associated with mutations in this domain remains unknown.  

Mutations affecting the protease cleavage site located in exon 6, which result in reduced cleavage 

efficiency and retention of the N-propeptide, are associated with the arthrocholasic type of EDS. An 

overlapping EDS/OI phenotype is linked to mutations in the first 90 amino acid of the pro-Ŭ1 chain 

due to their effect on both the secondary structure of the adjacent N-propeptide cleavage site and 

triple helix propagation. These patients exhibit bone fragility as well as symptoms of EDS (Cabral, 

Makareeva et al. 2005). Dermatosparatic EDS is caused by non-cleavage of both the pro-Ŭ1 and pro-

Ŭ2 N-propeptides due to mutations in the N-proteinase enzyme gene, ADAMTS2. 

The broad spectrum of phenotypes reported to be associated with mutations in the type I collagen 

genes illustrates the difficulty in predicting phenotypic outcome from genotype in this disorder.  

 

 

Figure 8 Different clinical phenotypes are linked to mutations at specific positions along the type I 

procollagen protein.  

Those in the triple helical and C-propeptide domains are associated with Osteogenesis Imperfecta (OI).  An 
OI/Ehlers-Danlos syndrome overlapping phenotypic variant is caused by amino acid substitutions in the N-anchor 
domain. Mutations in the N-propeptide cleavage site cause arthrocholasic Ehlers-Danlos (EDS VII). High bone mass 
variants of OI have been described in association with mutations at the C-propeptide cleavage site and for missense 
mutations within the C-propeptide domain.  

Hexagons = hydroxyl lysine linked sugar molecules OHï=hydroxyl group linked to proline or lysine residues.  

Figure adapted from Forlino et al (Forlino and Marini 2016). 

 

ii.xii.ii Defects in Collagen post translational Modification 

The identification of autosomal recessive mutations in the prolyl 3-hydroxylation complex genes 

(CRTAP/P3H1/PPIB), responsible for the hydroxylation of proline 1164 in the Ŭ1 chain, led the way in 

new gene discovery for OI. These mutations were thought to confirm that post-translational 
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modification and subsequent correct folding of type I collagen is essential to maintain bone strength. 

However, there is still uncertainty as to whether the lack of prolyl 3-hydroxylation or the loss of 

chaperone activity or both is the key mechanism. There is also evidence that the 3-hydroxlation site 

affects collagen protein interaction with SLRPs, such as biglycan and decorin, that are known to be 

important for fibrillogensis (Kalamajski and Oldberg 2010). 

ii.xii.ii.i CRTAP 

CRTAP is a helper protein for the 3ô hydroxylation complex. There is evidence that matrix 

disorganization as well as overmodification of the type I collagen protein contributes to the disease 

mechanism in CRTAP deficient OI, supporting an independent role as a matrix component for this 

protein (Valli, Barnes et al. 2012).  

The description of a consanguineous family from Quebec with a distinct form of OI, termed type VII, 

(Ward, Rauch et al. 2002), and the subsequent identification of CRTAP as the causative gene, was 

key to expanding our knowledge of genes in OI (Morello, Bertin et al. 2006). The most prominent 

clinical features in this family were the presence of severe rhizomelia and coxa vara. No 

dentinogenesis imperfecta, ligamentous laxity or hearing impairment was noted and the sclerae were 

described as being minimally bluish. Affected individuals were confirmed to be homozygous for a 

c.472-1021C>G CRTAP variant in intron 1 that creates a cryptic splice site and the inclusion of a 

73bp cryptic exon.  

The majority of CRTAP mutations now reported result in a functional null allele with a consequent 

absence or significant reduction in levels of the protein. The spectrum of phenotypes associated with 

CRTAP deficiency range from severely deforming to lethal with rhizomelic shortening, bowing of long 

bones and grey/white sclerae. Skeletal abnormalities are often evident in the prenatal and early 

neonatal period. Relative macrocephaly may also be present (van Dijk, Nesbitt et al. 2009). 

ii.xii.ii.ii P3H1 

P3H1 encodes prolyl 3-hydroxylase1 (P3H1), the enzymatic component of the collagen 3-

hydroxylation complex and is mutually stabilising with CRTAP (Chang, Barnes et al. 2010).  

Mutations usually result in a null allele and are associated with moderately deforming to lethal 

phenotypes (van Dijk, Cobben et al. 2011) that overlap with CRTAP-related OI. There is usually 

severe under mineralisation of the bone, growth deficiency and extreme bone fragility. 

A founder mutation, c.1080+1G>T in P3H1 has been described at a frequency of 1.5% in West 

Africans and 0.4% in African Americans (Cabral, Barnes et al. 2012). The frequency of the common 

c.232delC;p.Gln78Serfs*30 mutation in Irish travellers is not reported. 

ii.xii.ii.iii  PPIB 

PPIB encodes the cyclophilin B protein (CyPB), the third protein in the P3H1/CRTAP/CyPB complex. 

A limited number of mutations have been reported in this gene but have been described to result in 

decreased 3ô-hydroxylation of proline 1164 and overmodification of type I collagen (van Dijk, Nesbitt 

et al. 2009).  
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Clinical presentation for PPIB-associated OI can range from perinatal lethality to moderate severity 

without rhizomelia or severe deformity of the long bones (Pyott, Pepin et al. 2011). 

Interestingly, although mutations leading to OI have been identified in all three genes encoding the 3ô 

hydroxylation complex, variants affecting proline 1164 itself have yet to be identified. 

ii.xii.iii Defects in collagen processing/cleavage 

ii.xii.iii.i BMP1 

Bone morphogenetic protein 1 (BMP1) is a member of the astacin family of multidomain 

metalloprotease whose functions include activation of growth factors, degradation of polypeptides, 

and processing of extracellular proteins. The function of BMP1 includes the proteolytic removal of the 

C-propeptide from procollagen type I. This processing promotes self-assembly of collagen fibrils, 

thereby influencing fibre formation and matrix integrity. BMP1 is also described as influencing dorsal-

ventral patterning through the indirect activation of some TGFɓ superfamily proteins (Asharani, Keupp 

et al. 2012). 

BMP1/mTLD also removes the N-terminal peptides from the small leucine rich proteoglycans (SLRPs) 

biglycan, decorin and osteoglycan which themselves activate precursor forms of lysyl oxidase and 

lysyl oxidase-like, regulating intermolecular covalent cross-linking and influencing collagen fibril size 

and shape. 

A mutation in the signal peptide of the BMP1 gene has been reported in recessive OI presenting with 

bone fragility associated with an increase in bone mineral density. This mutation, p.Gly12Arg, causes 

markedly reduced post-translational N-glycosylation, impaired secretion and compromises BMP1 

activity in zebra fish (Asharani, Keupp et al. 2012, Syx, Guillemyn et al. 2015). 

In contrast, a missense mutation in the protease domain, p.(Phe249Leu), has been described as 

leading to mild OI with recurrent fractures, generalized bone deformity, osteopenia and Wormian 

bones. The mutant protein has been shown to have reduced proteolytic activity in-vivo (Martinez-

Glez, Valencia et al. 2012).  

It can be hypothesized that the described phenotypic variability between these reported cases may 

result from different functional consequences of the two mutations, particularly as the signal peptide 

mutation has a high bone mass phenotype similar to that reported in individuals with mutation in the 

type I collagen C-propeptide that cause delayed secretion. As further mutations are identified the 

relationship between mutations in this gene and those in the type I collagen C-propeptide, and their 

functional consequence, may become clearer. 

ii.xii.iv Defects in collagen cross-linking and folding 

ii.xii.iv.i SERPINH1 

The ATP-independent heat shock protein HSP47, encoded by SERPINH1, is an ER resident 

multifunctional protein that acts downstream of the CRTAP/P3H1/CyPB 3-hydroxylation complex. 

HSP47 is believed to be required for procollagen folding, triple helix stability and quality control of the 

helix at the ER/Golgi boundary and is commonly referred to as a collagen óchaperoneô. Loss of 

function of the protein causes increased transit of type I collagen from ER to the Golgi (Van Dijk, Pals 

https://en.wikipedia.org/wiki/Gene_activation
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et al. 2010). There is also evidence from an Hsp47ī/ī mouse model that ER stress is increased 

leading to apoptosis, possibly contributing to the OI phenotype (Ito and Nagata 2017).  

Two cases of recessive OI caused by missense mutations in SERPINH1 have been reported with 

clinical features that include triangular face, relative macrocephaly, blue sclerae, micrognathia, short 

bowed limbs, thin ribs and multiple fractures (Christiansen, Schwarze et al. 2010, Duran, Nevarez et 

al. 2015). A third reported case of severe OI associated with a homozygous frameshift has been 

reported with the additional feature of hydranencephaly (Marshall, Lopez et al. 2016).  

ii.xii.iv.ii PLOD2 

Crucial for maintaining stability of the collagen protein in bone is the formation of lysyl and 

hydroxylysyl cross-links between molecules at the telopeptides and two sites located in the triple helix 

at position Lys87 and Lys930.  

The enzyme lysyl hydroxylase 2 (LH2) is responsible for hydroxylation of telopeptide lysine and is 

encoded by PLOD2. This gene is alternatively spliced to produce two isoforms, LH2 long which is 21 

amino acids longer than LH2 short. LH2 long is ubiquitously expressed whereas LH2 short has been 

detected only in spleen, cartilage, liver and placenta. Loss of function mutations affecting only the 

LH2 long isoform result in Bruck syndrome which is characterised by congenital contractures as well 

as susceptibility to low trauma fracture (Puig-Hervás, Temtamy et al. 2012).  

Evidence that mutations in this gene can give rise to highly variable phenotypes, with and without 

contractures, and overlapping with mild to severe forms of recessive OI has been presented (Puig-

Hervás, Temtamy et al. 2012). 

ii.xii.iv.iii FKBP10 

The FKBP10 gene encodes the FKBP65 protein, an ER resident collagen chaperone, which is a 

member of the family of prolyl cis-trans isomerases. Recent evidence has been presented to indicate 

that FKBP65 also interacts with LH2, possibly resulting in misfolding of LH2 and thereby influencing 

telopeptide lysyl hydroxylation, which is reduced in individuals with FKBP10 mutations (Schwarze, 

Cundy et al. 2013). 

Novel mutations in the FKBP10 gene were first identified by Alanay et al who described a cohort of 

five consanguineous Turkish families with moderately severe OI and a Mexican family with severe 

progressively deforming OI (Alanay, Avaygan et al. 2010). In contrast, those described by other 

groups are characteristic of Bruck syndrome (Kelley, Malfait et al. 2011, Schwarze, Cundy et al. 

2013).  

Marked intrafamilial variation has also been reported for mutations in this gene, with some members 

of the same family described as having Bruck syndrome and others OI (Shaheen, Al-Owain et al. 

2011).  

The broad inter- and intra-familial spectrum of phenotypes for FKBP10 and PLOD2 mutations, and 

the overlap between Bruck syndrome and OI phenotypes in these individuals supports that Bruck 

syndrome is a subtype of OI and does not represent a distinct clinical entity. In addition, the 
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overlapping phenotype between individuals with FKBP10 and PLOD2 mutations may be the 

consequence of their linked functional mechanism which influences telopeptide lysyl hydroxylation.  

A further finding supporting a continuum of phenotypes is the p.(Tyr293del) founder mutation in Yupôik 

Eskimos. This mutation causes an autosomal dominant congenital contracture disorder, Kuskokwin 

syndrome. In addition to contractures, which particularly affect the lower body and are progressive, 

affected individuals have short stature with osteopenic or osteoporotic vertebrae and many are 

reported to have low impact fractures. (Barnes, Duncan et al. 2013). 

Of note is that mutations in PLOD1, affecting lysyl hydroxylation in the helical domain, are associated 

with kyphoscoliotic Ehlers Danlos Syndrome. This condition is characterized by hyperextensible and 

fragile skin, easy bruising, hypermobile joints, muscular hypotonia and progressive scoliosis. Scleral 

fragility with increased risk of optical globe rupture is also evident, although bone fragility is not 

present. 

 

ii.xii.v Defects in osteoblast development and function 

ii.xii.v.i SP7 

The first gene discovered to cause recessive OI that is not involved in the type I collagen biosynthesis 

pathway was SP7, which encodes the Osterix protein (Osx). Osterix is a transcription factor 

expressed by osteoblasts and contains three Cys2-His2 zinc-finger DNA-binding domains. In mice, 

Osx has been shown to be essential for osteoblast differentiation and bone formation during 

development as well as postnatal bone growth and homeostasis. Mice that are deficient in Osx have 

perinatal lethal bone deformities similar to those seen in OI patients and show deficient osteoblast 

differentiation and proliferation (Nakashima, Zhou et al. 2002). 

Until recently a single case of recessive OI had been reported in association with a homozygous 

frameshift mutation in SP7 that results in loss of the last 81 amino acids, including the third zinc-finger 

motif of the protein. The affected individual is described as having moderately severe OI with 

fractures, mild bone deformities and white sclerae and it is speculated that the mutant protein must 

retain sufficient residual function to prevent this being a lethal phenotype (Lapunzina, Aglan et al. 

2010).  

The recent description of a c.946C>T;p.(Arg316Cys) in a sibship with short stature, osteoporosis and 

low impact fractures has suggested that hearing loss, that can be moderate to profound, could be a 

distinguishing feature of SP7- associated OI (Fiscaletti, Biggin et al. 2018).  

ii.xii.v.ii WNT1 

Recessive OI is now described in association with WNT1, a member of the WNT gene family. WNT 

proteins function as regulatory ligands for the frizzled transmembrane receptor family (FZD) and low 

density lipoprotein receptor-related proteins (LRP5/6), which trigger WNT signalling. WNT signalling is 

essential for many developmental and regulatory processes including cell proliferation, migration, 

differentiation and maintenance of bone, heart, muscle, and other tissues. 
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Historically WNT signalling has been divided into three main branches, the canonical ɓ-catenin 

pathway, the non-canonical planar cell polarity pathway and the WNT-calcium pathway. The 

canonical ɓ-catenin pathway, which has been identified as the dominant metabolic pathway regulating 

bone homeostasis, is activated by the binding of WNT ligands to the transmembrane receptor 

complex consisting  of frizzled (FZD) and either LRP5 or LRP6  (Baron and Kneissel 2013). There is 

also increasing evidence that non-canonical WNT signalling has a role in controlling bone metabolism 

and interacts with other pathways affecting bone mass.  

Mutations identified in WNT signalling proteins which affect bone mass have so far only been 

identified in those targeting the canonical WNT pathway (Figure 9), although genome wide 

association studies have identified common single nucleotide polymorphisms in both canonical and 

noncanonical WNT ligand genes as candidates for osteoporosis susceptibility. 

Mutations in WNT1 have been identified in 4 individuals from three families with a previous clinical 

diagnosis of OI type IV. The phenotype of these individuals includes numerous long bone fractures, 

multiple vertebral compression fractures and short stature. Severe abnormalities in brain development 

are described in the Wnt1 knockout mouse and, although neurological problems were not observed in 

this cohort, two siblings from a consanguineous family were noted to have muscle hypotonia 

(Fahiminiya, Majewski et al. 2013).  

Further WNT1 mutations have been identified in seven affected individuals from four families 

described as having moderately severe, progressive phenotypes which are indistinguishable from OI 

type III. Affected individuals presented with recurrent fractures, bone deformity and short stature, 

although hearing and teeth formation are reported to be unaffected. In three of these families affected 

individuals are reported to have developmental delay, although whether this is entirely attributed to 

mutations in WNT1 is unclear (Pyott, Tran et al. 2013). 

Functional confirmation of the role of WNT1 in the canonical WNT signalling pathway has been 

provided by Keupp and colleagues (Keupp, Beleggia et al. 2013) using expression vectors and dual 

luciferase reporter assays. Homozygous loss of function mutations, identical to those identified in 

individuals with moderate to progressively deforming OI, have been shown to result in almost 

complete failure of activation of the WNT-ɓ-catenin signalling cascade.  

The key role of WNT1 in bone homeostasis is also supported by the recent studies of Joeng et al 

(Joeng, Lee et al. 2017) who developed both loss and gain of function mouse models. Their results 

demonstrated that loss of function mutations in mice results in reduced bone mass and low-impact 

fractures that are primarily associated with decreased osteoblast activity. In contrast, gain of function 

mutations (over expression) increases osteoblast numbers via activation of the mTORC1 signalling 

pathway. 

Of particular interest is that autosomal dominant early-onset osteoporosis has been reported in a 

number of families with heterozygous WNT1 loss of function mutations. Clinical features of affected 

individuals include low BMD and fragility fractures (Keupp, Beleggia et al. 2013, Laine, Joeng et al. 

2013, Palomo, Al-Jallad et al. 2014).  

This confirms that mutations in the WNT signalling pathway give rise to variable bone fragility 

phenotypes dependent on whether the mutation is inherited in a dominant or recessive manner. It 
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also emphasises that OI causative genes can have implications for other bone fragility disorders, such 

as osteoporosis. 

ii.xii.vi Defects in bone mineralisation 

ii.xii.vi.i SERPINF1 

SERPINF1 encodes the 50-kDa protein pigment-epithelium-derived factor (PEDF), a multifunctional 

protein that is a strong inhibitor of angiogenesis as well as having involvement in bone formation and 

remodelling (Becker, Semler et al. 2011).  The specific clinical phenotype associated with mutations in 

SERPINF1, causing loss of PEDF function, is OI type VI (Homan, Rauch et al. 2011).  

Although the exact pathological mechanism underlying OI type VI is unknown, mouse studies have 

demonstrated that in normal mouse bone Pedf is localized to osteoblasts and osteocytes. The Pedf 

null mouse shows reduced trabecular bone volume, unmineralised bone matrix and increase bone 

fragility, mimicking findings in OI type VI and therefore providing a good model for investigation of the 

role of PEDF in this disorder (Bogan, Riddle et al. 2013). 

 

 

Figure 9 Regulation of bone formation and mineralization in osteogenesis imperfecta 

WNT1 stimulates the transcription of genes involved in osteoblast differentiation via LRP5/6, Frizzled and the 
canonical ɓ-catenin signalling pathway.  The endopeptidase S2P (MBTPS2) is located in the Golgi and cleaves 
regulatory proteins, such as OASIS, via regulated intramembrane proteolysis (RIP) in times of ER stress. 
TMEM38B/TRIC-B regulates calcium flux within the ER. 

Pigment epithelium-derived factor (PEDF encoded by SERPINF1), a strong inhibitor of angiogenesis, is involved in 
bone formation and remodelling. It cross talks with bone-restricted interferon-induced transmembrane protein-like 
protein (BRIL) to regulate mineralization.  

Dashed lines represent unknown pathways. *Mutations identified in osteogenesis imperfecta. Figure adapted from 
Marini et al (Marini, Forlino et al. 2017) 
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Individuals with OI type VI appear healthy at birth with fractures of long bones, severe vertebral 

compression fractures and significantly low bone mineral density becoming evident between age 4 -

18 months (Glorieux, Ward et al. 2002, Wang, Liu et al. 2017). Characteristic histological findings are 

gross under mineralization of the osteoid and disorganized bone matrix with a distinct "fish-scale" 

appearance. 

ii.xii.vi.ii IFITM5  

Type V OI is characterised by hyperplastic callus formation following fracture or surgery, calcification 

of the interosseous membranes of the forearm and mesh-like appearance of lamellae under polarised 

light (Glorieux, Rauch et al. 2000). Affected individuals present with moderate to severe skeletal 

deformity (Lazarus, McInerney-Leo et al. 2014).   

Inheritance was known to be autosomal dominant although the genetic aetiology remained unknown 

until linkage analysis and whole-exome sequencing identified a single causative mutation in the 5ô-

untranslated region of the IFITM5 gene (alternatively known as Bone-restricted interferon induced 

transmembrane protein-like protein, BRIL). This single mutation, c.-14C>T, has been confirmed by 

transfection construct studies to create a novel in-frame start codon adding a string of five amino 

acids (Met-Ala-Leu-Glu-Pro) to the amino terminus of the BRIL protein. It is proposed that, as gene 

expression and protein localisation are restricted to skeletal tissue, this mutation presumably leads to 

dysregulation of bone formation (Cho, Lee et al. 2012, Semler, Garbes et al. 2012). In particular, a 

ógain of functionô is proposed, which leads to the formation of hyperplastic callus and ossification of 

membranes, although the exact mechanism requires further study.  

A study of 42 individuals with OI type V reported considerable phenotypic variability even for this 

single mutation (Rauch, Moffatt et al. 2013). These finding have been confirmed in a further cohort of 

17 individuals from 12 families where marked phenotypic variation was observed both within and 

between affected families (Shapiro, Lietman et al. 2013). 

A second mutation in the IFITM5 gene, c.119C>T, leading to a p.(Ser40Leu) substitution has been 

identified in association with atypical severe OI. Phenotypic and histological findings are suggestive of 

OI type VI, although SERPINF1 analysis is negative. Protein expression studies carried out using 

patient osteoblasts suggest the p.(Ser40Leu) mutation stimulates intracellular SERPINF1 regulation 

hence leading to the apparent impairment of mineralization (Farber, Reich et al. 2014). This supports 

the idea that BRIL and PEDF interact during osteoblast development, bone formation and 

mineralization (Figure 9). 

ii.xii.vi.iii SPARC  

Secreted protein, acidic, cysteine rich (SPARC, also known as Osteonectin) is a glycoprotein that 

binds extracellular matrix proteins including type I collagen within the extracellular space. It is 

expressed mainly in cells with high rates of extracellular matrix production, including osteoblasts in 

bone, and is required for collagen in bone to become calcified. Knock-out mice have defective bone 

formation leading to progressive osteoporosis along with intervertebral disc degeneration and reduced 

muscle mass (Delany, Amling et al. 2000).   
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Autosomal recessive OI caused by mutations in the SPARC gene have been identified by whole-

exome sequencing in two female patients. Their phenotype is described as resembling OI type VI 

(associated with SERPINF1 mutations) in that neither individual had any obvious skeletal abnormality 

at birth but developed progressive severe bone fragility (Mendoza-Londono, Fahiminiya et al. 2015). 

No further cases of SPARC-related OI have been reported to date. 

 

ii.xii.vii ER Related Proteins 

ii.xii.vii.i CREB3L1   

Another gene exhibiting variable bone fragility dependent on mode of inheritance is CREB3L1. The 

gene encodes the ER-stress protein OASIS that is involved in the unfolded protein response (UPR).  

OASIS protein has a leucine zipper domain and a transmembrane domain that anchors it in the ER. 

During ER stress, the protein is released from the ER, transported to the Golgi and cleaved by 

S1P/MBTPS1 and S2P/MBTPS2 through regulated intramembrane proteolysis (RIP) (Figure 9). 

OASIS is also known to be a requirement for TGFɓ activation of genes involved in collagen matrix 

assembly (Chen, Lee et al. 2014) and OASIS-/- mice have severe osteopenia and are susceptible to 

spontaneous fractures (Murakami, Saito et al. 2009).  

The first report of mutations in this gene being associated with OI is the description of two siblings 

with a homozygous deletion encompassing the entire CREB3L1 gene (Symoens, Malfait et al. 2013). 

The siblings are described as being severely affected with intrauterine fractures. 

More recently a c.934_936delAAG;p.(Lys312del) CREB3L1 mutation has been identified in members 

of a consanguineous family.  The mutation disrupts the DNA-binding site of the OASIS protein and 

prevents activation of SEC24D, a component of the COPII complex that moves secreted proteins 

between the ER and Golgi (Keller, Tran et al. 2018). 

Individuals homozygous for the c.934_936delAAG;p.(Lys312del) mutation had multiple intrauterine 

fractures and reduced skull mineralisation whereas heterozygous individuals have blue sclerae, 

osteopenia and recurrent fractures. 

ii.xii.vii.ii MBTPS2 

A second gene involved in the RIP pathway, MBTPS2, has been identified in an X-linked form of 

moderate to severe OI in 2 extended pedigrees with missense mutations in the gene. Bone from 

affected individuals shows reduced hydroxylation of lysine 87 of Ŭ1 and Ŭ2 chains along with 

disorganised collagen crosslinking and reduced bone strength (Lindert, Cabral et al. 2016). The 

phenotype of obligate carrier females is not described but their LP/HP ratio is normal, suggesting 

minimal impact on bone metabolism. 

The substrates of site-2 metalloprotease (S2P), encoded by MBTPS2, include activating transcription 

factor 6 (ATF6), a component of the unfolded protein response pathway and sterol regulatory element 

binding protein (SREBP), involved in cholesterol synthesis. S2P is located in the Golgi and, along with 

OASIS, cleaves these regulatory proteins during times of ER stress (Figure 9). 
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ii.xii.vii.iii TMEM38B 

The identification of causative mutations in the TMEM38B gene in consanguineous Israeli Bedouin 

and Saudi families (Shaheen, Alazami et al. 2012, Volodarsky, Markus et al. 2013) further expanded 

the biochemical pathways associated with recessive OI.  

The TMEM38B protein (TRIC-B) forms part of a trimeric cation channel which is known to regulate 

intracellular calcium levels in the ER (Figure 9) and is perinatally lethal in the knockout mouse model 

(Shaheen, Alazami et al. 2012, Volodarsky, Markus et al. 2013). Disruption of calcium flux caused by 

loss of TMEM38B/TRIC-B causes ER stress, increased BiP and dysregulation of collagen synthesis 

(Cabral, Ishikawa et al. 2016).  

ii.xii.vii.iv SEC24D 

The protein encoded by the SEC24D gene is part of the COPII complex. Proteins, including collagen 

molecules, are packaged into COPII transport vesicles as they exit the ER. Depletion of this COPII 

component has been shown to result in an autosomal recessive form of OI that has phenotypic 

overlap with Cole-Carpenter syndrome in some individuals (Garbes, Kim et al. 2015). It has been 

suggested that disturbed ossification of the skull and a specific facial appearance, that includes down-

slanting palpebral fissures, ear dysplasia, and micrognathia, may be a characteristic feature of OI 

associated with SEC24D mutations (Zhang, Yue et al. 2017).  

ii.xii.vii.v P4HB 

A single autosomal dominant c.1178A>G;p.Tyr393Cys mutation in the P4HB gene has been identified 

in two individuals with Cole Carpenter Syndrome. The protein encoded by the gene, prolyl 4-

hydroxylase beta subunit (also known as PDI), is abundant in the ER and acts as a chaperone 

preventing aggregation of the procollagen alpha chains and is involved in hydroxylation of prolyl 

residues in procollagen.  The mechanism by which this specific mutation causes severe bone fragility 

remains to be confirmed but is proposed to result from interaction with two active site cysteines, 

Cys397 and Cys400, which normally form a reversible disulfide bond (Rauch, Fahiminiya et al. 2015). 

ii.xii.viii OI-like phenotype 

As well as the OI genes described above additional genes that cause bone fragility have been 

described and are sometimes referred to as causing an OI-like phenotype. 

ii.xii.viii.i PLS3  

The first report of X-linked inheritance of an OI-like phenotype was given by van Dijk et al who 

describe mutations in the actin-binding protein plastin 3 gene (PLS3) in five families with osteoporosis 

and fractures manifesting in childhood (van Dijk, Zillikens et al. 2013) . A further two families have 

been described where four males with a history of long bone fractures and mild vertebral compression 

fracture were found to have mutations in the PLS3 gene. One of the carrier mothers was found to 

have low bone mass at the distal radius although without a history of fractures (Fahiminiya, Majewski 

et al. 2014). 
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The mechanism by which mutations in the PLS3 gene cause osteoporosis and fractures is unknown 

although it is hypothesised that these mutations may lead to dysregulation of bone 

modelling/remodelling through mechano-sensing pathways in osteocytes.  

Generally it is now considered that mutations in PLS3 cause an X-linked form of osteoporosis rather 

than OI as it does not seem to be associated with generalized bone dysplasia, changes in bone 

shape or structure. Clinical presentation is mostly apparent in middle-aged adults, although onset in 

childhood with recurrent fractures, low (BMD) and vertebral compression fractures is also reported. 

Carrier females are reported to be mildly affected (Laine, Wessman et al. 2015). 

ii.xii.viii.ii TAPT1 

Exome sequencing following genome-wide homozygosity mapping has identified a homozygous 

splice site mutation in TAPT1, c.1108-1G>C, in a family with three affected individuals with a complex 

lethal osteochondrodysplasia syndrome. Multiple intrauterine fractures, incomplete ossification of the 

skull and severe undermineralisation of the skeleton are described along with abnormalities of the 

brain, kidney and lungs (Symoens, Barnes et al. 2015).  

A further consanguineous family with three affected individuals is also described with multiple 

fractures and generalized undermineralisation of the entire skeleton. Additional findings in this family 

included cardiomegaly, hydrops fetalis, lung hypoplasia, and abnormalities of the umbilical arteries. 

The mutation in this family, c.1058A>T;p.(Asp353Val) lies within the same putative protein domain as 

c.1108-1G>C, namely the second extracellular/luminal loop of this transmembrane protein, although 

the function of this domain is still unclear. 

TAPT1 encodes transmembrane anterior posterior transformation-1 protein and null mice show 

posterior to anterior transformation in the axial skeleton and do not survive. TAPT1 mutant cells from 

one of the affected individuals have been shown to have delayed secretion of type I collagen which is 

overmodified. Knockdown of tapt1b in zebra fish causes craniofacial cartilage malformations, delayed 

ossification and aberrant differentiation of cranial neural crest cells (Symoens, Barnes et al. 2015). 

ii.xii.ix Classification of OI 

The classification of OI is based on the numerical scheme proposed by Sillence (Sillence, Senn et al. 

1979) which suggested that there are four distinct syndromes within the OI spectrum:  

¶ Type I    mild disease with blue sclera and dominant inheritance 

¶ Type II    prenatally lethal with beaded ribs and crumpled long bones 

¶ Type III    progressively deforming with normal sclera and 

¶ Type IV   moderately deforming  

Autosomal dominant inheritance was initially proposed for types I and IV and recessive inheritance for 

types II and III. 

The subsequent identification of dominant mutations in all four types of OI in the genes encoding type 

I collagen (COL1A1 and COL1A2) lead to the acceptance that OI is predominantly an autosomal 
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dominant disorder. Recurrence of severe OI (type II/III) in some families was attributed to germ line 

mosaicism and a risk of less than 10% was proposed (Pepin, Atkinson et al. 1997).  

More recent evidence confirms that most cases of severe OI are caused by de-novo dominant 

mutations in either COL1A1 or COL1A2, with somatic mosaicism reported in 16% of couples with an 

affected child. This is associated with a 27% recurrence risk for future pregnancies (Pyott, Pepin et al. 

2011). 

In the early 21st century the Sillence classification was extended to include three further distinct 

clinical groups of moderate to severe phenotypes, named as types V, VI and VII (Glorieux, Rauch et 

al. 2000, Glorieux, Ward et al. 2002, Ward, Rauch et al. 2002). These types were described in 

association with distinct clinical/histological findings and/or unknown genetic aetiology: 

¶ Type V - moderate/severe, calcification of the interosseous membrane and hyperplastic 

callus formation 

¶ Type VI - moderate/severe with accumulation of osteoid due to a mineralization defect 

¶ Type VII - moderate/severe with autosomal recessive inheritance 

The identification of homozygous loss of function mutations in the gene encoding cartilage-associated 

protein, CRTAP, (Barnes, Chang et al. 2006, Morello, Bertin et al. 2006) confirmed the recessive 

inheritance in OI type VII.  

This triggered the subsequent identification of recessively inherited loss of function mutations in the 

other two proteins in the prolyl-3-hydroxylase complex, namely P3H1 and PPIB (Cabral, Chang et al. 

2007, van Dijk, Nesbitt et al. 2009, Barnes, Carter et al. 2010).  OI associated with mutations in the 

P3H1 and PPIB genes were assigned OI type VIII and IX respectively. 

The number of genes to date associated with OI is seventeen and these now encompass additional 

genes involved in type I collagen biosynthesis as well those involved in mineralisation and osteoblast 

development and bone homeostasis (Table 2) 

 

 

OMIM 

number 
Locus 

Gene 

symbol 

Sillence 

type 

Main 

location 

Bone 

deformity 

Collagen synthesis 
      

Autosomal dominant 166200 17q21.33 COL1A1 I-IV 
Extracellular 

matrix 

Mild to very 

severe 

Autosomal dominant 166200 7q21.3 COL1A2 I-IV 
Extracellular 

matrix 

Mild to very 

severe 

Collagen 

processing/cleavage       

Autosomal 

recessive 
614856 8p21.3 BMP1 XIII 

Extracellular 

environment 

Mild to 

severe 

Collagen 

modification       

Autosomal 

recessive 
610682 3p22.3 CRTAP VII 

Endoplasmic 

reticulum 

Severe 

rhizomelia 
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Autosomal 

recessive 
610915 1p34.2 P3H1 VIII 

Endoplasmic 

reticulum 

Severe 

rhizomelia 

Autosomal 

recessive 
259440 15q22.31 PPIB IX 

Endoplasmic 

reticulum 
Severe 

Collagen folding and 

cross-linking       

Autosomal 

recessive 
613848 11q13.5 SERPINH1 X 

Endoplasmic 

reticulum 
Severe 

Autosomal 

recessive 
610968 17q21.2 FKBP10 XI 

Endoplasmic 

reticulum 

Mild to 

severe 

Autosomal 

recessive 
609220 3q24 PLOD2 

 

Endoplasmic 

reticulum 

Moderate to 

severe 

Bone mineralisation 
      

Autosomal dominant 610967 11p15.5 IFITM5 V 
Plasma 

membrane 
Variable 

Autosomal 

recessive 
613982 17p13.3 SERPINF1 VI 

Extracellular 

matrix 

Moderate to 

severe 

Autosomal 

recessive 

182120 5q33.1  SPARC XVII Extracellular 

matrix 

Moderate to 

severe 

Osteoblast 

development       

Autosomal 

recessive 
613849 12q13.13 SP7 XII Nucleus Severe 

Autosomal 

recessive 

615220 12q13.12 WNT1 XV Extracellular 

matrix 

Severe 

ER-Related       

Autosomal 

recessive 
616229 11p11.2 CREB3L1 XVI 

Endoplasmic 

reticulum 
Severe 

X-linked 300294 Xp22.12 MBTPS2 XVIII 
Endoplasmic 

reticulum 

Moderate to 

severe 

Autosomal 

recessive 
615066 9q31.2 TMEM38B XIV 

Endoplasmic 

reticulum 
Severe 

Autosomal 

recessive 
607186 4q26 SEC24D  

Endoplasmic 

reticulum 

Coleï

Carpenter  

Autosomal 

recessive 
176790 17q25.3 P4HB  

Endoplasmic 

reticulum 

Coleï

Carpenter  

Table 2 Summary of Genes Associated with OI and their numerical classification.   

OMIM=Online Mendelian Inheritance in Man 

There is some debate in the literature concerning how to incorporate newly acquired genetic 

knowledge into the OI classification. One proposal (Barnes, Carter et al. 2010) is that these genes are 

added to the current classification as X, XI, and XII etc and this has been adopted by some groups 

including OMIM (Online Mendelian Inheritance in Man ®). However, as the number of genes 
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increases, there is growing support for the classification to remain clinically focused, without reference 

to genetic aetiology although it could be argued that reference to genetic cause is vital if this has the 

potential to influence subsequent treatment or management of affected individuals. 

A further difficulty in classification is posed by Bruck syndrome type 1 and type 2 which are 

characterised by bone fragility and joint contractures (Breslau-Siderius, Engelbert et al. 1998, van der 

Slot, Zuurmond et al. 2003).  Autosomal recessive mutations in FKBP10 and PLOD2 have been 

identified in some affected individuals with these conditions (Ha-Vinh, Alanay et al. 2004, Hyry, Lantto 

et al. 2009, Setijowati, van Dijk et al. 2012). However, it is becoming apparent that the phenotype 

associated with FKBP10 and PLOD2 mutations overlaps with recessive OI (Puig-Hervás, Temtamy et 

al. 2012, Schwarze, Cundy et al. 2013). Indeed, there is some debate as to whether Bruck syndrome 

could be considered as a further OI variant, although it is not listed as such in the International 

Nomenclature group for Constitutional disorders of the Skeleton proposal (Warman, Cormier-Daire et 

al. 2011).  

Similarly, Cole Carpenter syndrome is a skeletal dysplasia characterized by features of OI, such as 

frequent fractures and bone deformity, along with a distinctive facial appearance, craniosynostosis, 

ocular proptosis and hydrocephalus. Mutations in P4HB (Rauch, Fahiminiya et al. 2015), SEC24D 

(Garbes, Kim et al. 2015, Zhang, Yue et al. 2017) and CRTAP (Balasubramanian, Pollitt et al. 2015) 

have all been described to be causative. 

The most recent proposal for OI nomenclature (Van Dijk and Sillence 2014) includes current genetic 

knowledge but is focused on clinical description. The new classification has five main categories:  

¶ Type 1   Non-deforming OI with blue sclerae 

¶ Type 2  Perinatally lethal OI 

¶ Type 3   Progressively deforming 

¶ Type 4   Common variable OI with normal sclerae 

¶ Type 5   OI with calcification in interosseous membranes 

The nomenclature is supported by a Severity Grading Scale designed to allow international agreed 

criteria to be established for classification of affected individuals. It is hoped this will help to inform 

clinical utility of treatments, development of new therapies and provide valuable information of likely 

prognosis for families. However, it seems reasonable to speculate that reference to genetic aetiology 

will be a requirement as personalised treatments become available. 

 

ii.xiii OI pathogenesis 

Identifying the genetic cause of OI has enabled considerable advances in our understanding of OI. 

However, there is still uncertainty about the underlying pathophysiology and the contribution that each 

proposed mechanism makes to clinical severity. 
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ii.xiii.i Bone characteristics 

The main feature of OI is low bone mass and increased bone fragility. Bone tissue 

hypermineralisation, that leads to the characteristic óbrittlenessô, is a key feature of OI and 

differentiates it from other early onset bone fragility disorders. 

At the macro level, OI bone from individuals with collagen defects shows cortical thinning and 

decreased trabecular bone. Increased osteoblasts and osteoclasts and a subsequent increase in 

bone turnover is observed, although at the osteoblast level deposited bone is reduced and is not 

compensated for by increased osteoblast numbers, resulting in reduced bone mass.  

At the fibril level, increased or variable fibril diameter, as a result of defects in collagen assembly, and 

increased susceptibility to fibril ókinkingô leads to a disorganised matrix that is associated with 

increased mineral and water content. Mineral platelets, that are usually smaller in OI bone, are closely 

packed, overall resulting in hypermineralization. At the molecular level an increase in non-enzymatic 

cross linking of collagen molecules, adding to tissue stiffness, is also observed (Bishop 2016). 

These multi level changes affect the ability of the OI bone to absorb normal mechanical stresses and 

to dissipate impacts that may result in fracture. This in turn will impact on the presence of growth 

factors and cytokines influencing the proliferation and differentiation of bone cells and matrix 

mineralisation. 

ii.xiii.ii ER stress 

As well as changes in bone architecture, a further proposed mechanism of OI pathogenesis is through 

the activation of ER stress mechanisms caused by misfolded protein molecules (Boot-Handford and 

Briggs 2010). This ER stress response activates synthesis of chaperone proteins designed either to 

help in protein folding or increase mutated protein degradation. There are three known pathways that 

are referred to as the unfolded protein response (UPR). 

Increased unfolded protein in the ER activates three membrane receptors: protein kinase R (PKR)-

like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1) and activating transcription factor 6 

(ATF6). These are normally bound to an HSP70 molecular chaperone located in the ER called 

binding immunoglobulin protein (BiP), which suppresses their activity. Disassociation of BiP from 

PERK, IRE1 and ATF6, when BiP is needed to promote protein folding, triggers these ER stress 

receptors and activates the downstream ER stress pathways (Figure 10).   

Activation of PERK causes dimerisation and phosphorylation of eukaryotic translation initiation factor-

Ŭ (eIF2Ŭ), which induces more effective assembly of functional 80S ribosomes and translation of the 

transcription factor ATF4. This in turn upregulates transcription of genes involved in the UPR, 

including the transcription factor CCAAT/enhancer-binding protein homologous protein (CHOP) that 

induces apoptotic cell death.  

In response to ER stress, the IRE1 protein degrades mRNA in the ER in a process called regulated 

IRE1-dependent decay (RIDD) that decreases protein biosynthesis. IRE1 also induces 

unconventional splicing of the mRNA that encodes X-box-binding protein 1 (XBP1), upregulating 
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genes encoding mediators for protein folding and those for controlling ER-associated degradation 

(ERAD). 

Activation of ATF6, a transcription factor anchored in the ER membrane, causes its translocation to 

the Golgi. Here it is cleaved by the sequential action of site 1 protease (S1P) and site-2 proteases 

(S2P), releasing the cytoplasmic 50-kDa domain (ATF6-50). This enables translocation to the nucleus 

and upregulation of UPR target genes, including components of the ER-associated degradation 

(ERAD) pathway. 

  

 
Figure 10 The unfolded protein response (UPR). 

Unfolded proteins trigger disassociation of BiP from PERK, IRE1 and ATF6 triggering downstream ER stress 
responses. These activate synthesis of chaperone proteins designed either to help in protein folding, increase 
mutated protein degradation or induce apoptotic cell death. Figure adapted from (Celli and Tsolis 2015). 

 

Mutations in the procollagen C-propeptide, that inhibit collagen chain assembly and cause propeptide 

misfolding, has been shown to activate the conventional unfolded protein response (UPR) leading to 

upregulation of BiP and subsequent ERAD (Chessler and Byers 1993, Makareeva, Aviles et al. 2011). 

A mouse model with a mutation in the C-propeptide domain of COL1A1, that causes exon skipping, 

provided evidence for ER stressïassociated apoptosis of osteoblasts as a key component of OI 

pathogenesis (Lisse, Thiele et al. 2008). 

In contrast, procollagen with triple helix mutations that cause misfolding does not trigger the 

conventional UPR but is removed by autophagy and lysosomal degradation, mainly through the 

PERK pathway (Besio, Iula et al. 2018). This pathway is not yet fully elucidated but is often referred to 

as the aggregated protein response (APR). Aggregates that accumulate due to lack of HSP47 

(SERPINH1) also trigger APR. 
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In the Ŭ2(I)-G610C mouse model misfolded procollagen has been shown to cause altered expression 

of ER chaperones ŬB crystalline and HSP47, as well as upregulation of the general stress response 

protein CHOP. Significantly, deficient osteoblast differentiation and maturation as well as abnormal 

response to signalling molecules such as WNT and TGFɓ and deposition of abnormal bone matrix 

was also demonstrated (Mirigian, Makareeva et al. 2016).  

The ER-stress mechanism of pathogenesis is further supported by the identification of severe OI in 

individuals with loss of OASIS, a tissue-specific ER-stress transducer that alters gene transcription 

during mild ER-stress. Mutations in the MBTPS2 gene, encoding S2P that cleaves regulatory proteins 

during times of ER stress have also been reported in individuals with OI. 

 

ii.xiii.iii TGFɔ signalling 

Transforming growth factor-beta (TGFɓ) signalling is known to be fundamental to both skeleton 

development and bone homeostasis, coupling resorption and formation to maintain bone mass (Lim, 

Grafe et al. 2017). TGFɓ is synthesised as a noncovalently bound complex with latency-associated 

protein (LAP). Osteoclast bone resorption results in the cleavage of LAP, releasing active TGFɓ 

inducing Smad-dependent and Smad-independent signalling (Figure 11). 

In Smad-dependent signalling, TGFɓ binds to membrane-bound serine/threonine receptors (TɓRI and 

TɓRII) and, in a sequential phosphorylation cascade, leads to phosphorylated R-Smad (Smad2 or 3). 

R-Smads dissociate from their receptors and complex with Smad4, migrating to the nuclei where they 

regulate gene expression.  

The Smad-dependent signalling pathway is negatively regulated by Smad7 that prevents R-Smad 

phosphorylation. Smad 7 itself is targeted by Arkadia with the resulting upregulation of Smad-

dependent signalling. 

TGFɓïSmad signalling can locally attract osteoblast precursor cells, stimulating proliferation and 

differentiation. However, it also inhibits osteoblast maturation and transition into osteocytes as well as 

inhibiting osteoclast differentiation by reducing RANKL/OPG secretion. 

In the non-Smad-dependent pathway, phosphorylated TAK1 recruits TAB1 initiating the MKK-p38 

MAPK or MKKïERK1/2 signalling cascade. The downstream target of both the Smad-dependent and 

the Smad-independent pathways is RUNX2, a key transcription factor associated with osteoblast 

differentiation. Continuous TGFɓ signalling can result in inhibition of osteoblast function, increasing 

the relative density of osteocytes and resulting in low bone mass. 

Increased TGF-ɓ signalling has been demonstrated in both the Crtap-/- and Col1a2tm1.1Mcbr mouse 

models of OI. Smad2 phosphorylation and increased TGF-ɓ target gene expression were also 

observed in both mice. (Grafe, Yang et al. 2014) In addition, treatment with 1D11, a TGF-ɓ antibody, 

resulted in normalization of osteocyte numbers and improved bone strength.  
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Figure 11 TGFɔ signalling in bone.  

In Smad-dependent signalling, TGFɓ binds to TɓRI and TɓRII receptors leading to phosphorylated R-Smad (Smad2 
or 3). R-Smads dissociate from their receptors and complex with Smad4, regulating gene expression. This pathway 
is negatively regulated by Smad7 that prevents R-Smad phosphorylation. Smad 7 itself is targeted by Arkadia with 
the resulting upregulation of Smad-dependent signalling. TGFɓïSmad signalling stimulates proliferation and 
differentiation of osteoblast precursor. However, it also inhibits osteoblast maturation and transition into osteocytes 
as well as inhibiting osteoclast differentiation by reducing RANKL/OPG secretion. In the non-Smad-dependent 
pathway, phosphorylated TAK1 recruits TAB1 initiating the MKK-p38 MAPK or MKKïERK1/2 signalling cascade. The 
downstream target of both the Smad-dependent and the Smad-independent pathways is RUNX2, a key transcription 
factor associated with osteoblast differentiation. Figure modified from (Wu, Chen et al. 2016) 

Similarly altered TGF-ɓ signalling was also observed in Brtl+/ī mice, where the degree of TGF-ɓ 

upregulation correlates with phenotypic severity (Bianchi, Gagliardi et al. 2015). These findings 

suggest that increased TGF-ɓ signalling may be a common mechanism in both dominant and 

recessive forms of OI. 

ii.xiv Treatment 

Treatment for OI is not curative and requires a multidisciplinary approach, including rehabilitation 

(physical and occupational therapy), surgical interventions and medical treatment (Marr, Seasman et 

al. 2017) 

The main pharmacological treatment for OI is bisphosphonates, antiresorptive agents that can 

improve bone architecture and increase bone mass by reducing osteoclastic bone resorption. 

However, the efficacy of this treatment in terms of fracture rate reduction and bone pain is not 

completely clear (Marini, Forlino et al. 2017).  
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A further treatment option is denosumab, a RANKL antibody that also inhibits osteoclast maturation. A 

limited number of studies have reported an increase in lumbar spine aBMD but without subsequent 

mobility improvements in children treated with denosumab (Hoyer-Kuhn, Franklin et al. 2016). 

Teriparatide, a human recombinant parathyroid hormone with known osteoanabolic effect, has also 

been shown to be effective at increasing BMD in mildly affected adults (Orwoll, Shapiro et al. 2014) 

without a clear effect on fracture risk. 

Emerging therapies: 

Sclerostin, is a negative regulator of bone formation and acts by inhibition of Wnt signalling, thus 

down-regulating osteoblast development and function. Treatment of post-menopausal osteoporosis 

by romosozumab, an anti-sclerostin antibody, results in increases in bone mineral density and 

reduced fracture risk (Cosman, Crittenden et al. 2016). Studies in Wnt1sw/sw mice showed significant 

improvements in bone quality and quantity when treated with anti-sclerostin antibody and suggest that 

this could be an effective gene specific treatment for WNT1-related OI (Joeng, Lee et al. 2017). 

Expanded studies in different mouse models would be useful to inform the likely efficacy in other 

genotypes. 

Raloxifene, a selective oestrogen receptor modulator (SERM) is also used to reduce fracture risk in 

post-menopausal osteoporosis. The mechanism of action is thought to be via a combination of 

reduction in bone resorption and altered skeletal hydration. These findings have been duplicated in 

bone from the oim mouse that also had reduced fracture rate following treatment (Berman, Wallace et 

al. 2016). 

Another potential emerging therapy is anti TGFɓ antibodies that have been shown to increase bone 

maximum load and strength in recessive (Crtap-/-) and dominant (Col1a2+/P.G610C) mice. Response in 

these models is genotype dependent with the Crtap-/- model exhibiting greater response to 1D11, a 

pan TGFɓ antibody. However this treatment did not appear to rescue the reduced collagen or 

increased brittleness in either of these OI models (Bi, Grafe et al. 2017). A study with fresolimumab, a 

human polyclonal antiTGFb antibody, is underway in adults with OI in the USA. 

Mutant allele specific silencing has been achieved in fibroblasts from Brtl mouse using small 

interfering RNAs targeting the 3'UTR of the gene opening the possibility of bespoke mutation specific 

treatment (Lindahl, Kindmark et al. 2013, Rousseau, Gioia et al. 2014). 

Fetal stem cell transplantation has been reported in two human cases of OI; efficacy is hard to assess 

due to variable assessment of severity at baseline (Le Blanc, Götherström et al. 2005, Götherström, 

Westgren et al. 2014). 

ii.xv Novel Molecular Mechanisms in OI 

Understanding both the genetics and underlying mechanism of OI pathogenesis is vital for the 

development of new and improved treatments. 

Despite the recent proliferation of genes associated with OI, as a consequence of the recent 

advances in gene discovery technology, there remain ~5% of OI individuals in whom a causative 
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mutation has not been identified. Within this group is a cohort of families with mild/moderate OI 

without a mutation in the type I collagen genes. However, research to identify new OI genes has 

largely focused on severely affected individuals, often from large consanguineous families, where 

recessive inheritance is implicated.  

Historically a number of strategies have been employed to identify causal genes in inherited 

disorders. Linkage analysis, using families with multiple affected members, and positional cloning 

were traditionally used to support gene identification, the most well known examples being the 

identification of the loci for Huntington disease (Gusella, Wexler et al. 1983) and discovery of the 

cystic fibrosis gene (Riordan, Rommens et al. 1989). Linkage analysis was traditionally employed in 

OI to identify which type I collagen gene was causal within an individual family.  

More recently, the emergence of ónext generationô high through-put sequencing platforms and high 

density arrays has enabled rapid identification of more than 100 genes associated with Mendelian 

disorders (Rabbani, Mahdieh et al. 2012, Study 2015), including many of the newly described OI 

genes. High density single nucleotide variant (SN) arrays to identify homozygosity regions in three 

consanguineous OI families followed by targeted exome sequencing lead to the identification of the 

TMEM38B gene (Shaheen, Alazami et al. 2012, Volodarsky, Markus et al. 2013). Similarly, SP7 was 

identified as the causative gene in a single affected individual from a consanguineous family using a 

combination of homozygosity mapping and a subsequent candidate gene sequencing approach 

(Lapunzina, Aglan et al. 2010). Linkage analysis and whole exome sequencing in a four-generation 

family has also been employed to identify the dominant mutation in IFITM5 responsible for OI type V 

(Cho, Lee et al. 2012). 

However, for non-consanguineous families where the number of affected individuals is small, or for 

apparently de-novo cases, the identification of the causal gene can be more problematic, particularly 

in disorders with genetic and phenotypic heterogeneity such as OI.  The number of variants identified 

by whole exome sequencing can be large, averaging more than 80,000, dependent on ethnic origin 

(Belkadi, Bolze et al. 2015). Filtering and analyzing this data is challenging and interpretation of whole 

exome sequencing can therefore be difficult.  

Even when data is filtered to remove common polymorphisms, several hundred potentially pathogenic 

variants can remain, dependent on study design and filtering strategy employed. For sporadic cases 

analysis of trios (proband and parents) may help to detect de-novo variants, although the presence of 

a de-novo variant is not considered sufficient to confirm causality as there is an estimated de-novo 

mutation rate of one in 108 bases per haploid genome per generation (Lynch 2010).  Commonly, 

variants in genes already reported to be associated with the condition are analysed as a first step in 

exome data analysis.  

The use of a targeted candidate gene approach to identify causative mutations, rather than whole 

exome sequencing, has the advantage that it is focused on existing knowledge of the condition and 

its possible biological origin. Candidate genes are generally those whose function directly or indirectly 

influences the developmental or regulatory processes of the trait under investigation. In OI this would 

be biological pathways known to be involved in skeletal development and homeostasis. Variants 

identified in an appropriate pathway can be more confidently interpreted than those outside, although 

ideally functional studies are required to confirm the effect of any variant on protein function. 
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Mutations in genes involved in pathways influencing bone development and homeostasis are known 

to be associated with a variety of conditions and some show inheritance in both an autosomal 

recessive and autosomal dominant manner for example LRP5 and ALPL.  

ii.xv.i.i  LRP5  

The LRP5 gene encodes the low density lipoprotein receptor-related protein 5, a transmembrane co-

receptor that participates in the WNTïɓ-catenin signalling pathway with Frizzled (FZD4 gene) and 

LRP6. As previously discussed WNT signalling is involved in the development and maintenance of 

several tissues, influencing cell proliferation, adhesion and migration, and in particular plays a key role 

in skeletal homeostasis and eye development and function. Mutations in LRP5 give rise to several 

conditions, which reflect the involvement of the protein in the affected tissue, and can be inherited in 

either a dominant or recessive manner.  

Heterozygous loss of function mutations in LRP5 result in familial exudative vitreoretinopathy (FEVR) 

a condition that is characterised by disruption to early eye development, abnormal blood supply to the 

retina and resulting loss of vision. As LRP5 also plays a role in bone formation, individuals with FEVR 

may also have reduced bone mineral density (Qin, Hayashi et al. 2005).  

Homozygous loss of function mutations are associated with the severe osteoporotic disorder 

Osteoporosis Pseudoglioma (OPPG) where severe low bone mineral density results in multiple 

fractures. Individuals with OPPG also have eye abnormalities. LRP5 has also been linked to 

Idiopathic Juvenile Osteoporosis (IJO) and reduced bone mass in the heterozygous carriers of OPPG 

(Ferrari, Deutsch et al. 2005). 

In contrast heterozygous gain of function mutations are associated with high bone mass conditions 

such as autosomal dominant osteopetrosis type 1 and endosteal hyperostosis (Little, Carulli et al. 

2002).   

ii.xv.i.ii ALPL 

Hypophosphatasia is caused by loss or reduced function of tissue non-specific alkaline phosphatase 

(TNSALP). The functional mechanism of the TNSALP enzyme is not completely understood, but it is 

known to be essential for mineralization of bone and teeth and has been shown to increase 

concentrations of phosphate, which promotes mineralization, and decreased pyrophosphate, which is 

an inhibitor of mineral formation (Hessle, Johnson et al. 2002).  

Hypophosphatasia is characterized by defective mineralization of bone and/or teeth caused by 

mutations in the ALPL gene which encodes TNSALP. In a similar manner to OI, there is considerable 

variation of clinical severity ranging from stillbirth without mineralized bone to mildly affected adults 

with early loss of dentition and few fractures. There are six recognized forms of the condition based 

on severity and age of onset (Table 3).  

 

 

http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/autosomal-dominant/
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Type Inheritance 1 Cardinal Features 
Dental 

Features 
Clinical Diagnosis 

Perinatal (lethal) AR 
Hypomineralisation, 

osteochondral spurs 
N/A 

Radiographs, 

prenatal 

ultrasound 

examination 

Perinatal (benign) AR or AD 
Long-bone bowing, 

benign postnatal course 
± 

Prenatal 

ultrasound 

examination, 

clinical course 

Infantile 2 AR 

Craniosynostosis, 

Hypomineralisation, 

rachitic ribs, 

hypercalciuria 

Premature 

loss, 

deciduous 

teeth 

Clinical course, 

radiographs, 

laboratory 

findings 

Childhood AR or AD 

Short stature, skeletal 

deformity, bone 

pain/fractures 

Premature 

loss, 

deciduous 

teeth 

(incisors) 

Clinical course, 

radiographs, 

laboratory 

findings 

Adult 3 AR or AD 

Stress fractures: 

metatarsal, tibia; 

chondrocalcinosis 

± 

Clinical course, 

radiographs, 

laboratory 

findings 

Odontohypophosphatasia AR or AD Alveolar bone loss 

Exfoliation 

(incisors), 

dental caries 

Clinical course, 

dental panorex, 

laboratory 

findings 

Table 3 Classification of Hypophosphatasia  

Modified from National Center for Biotechnology Information (NCBI; http://ncbi.nlm.nih.gov). 

The inheritance of the most severe forms, perinatal and infantile, is in an autosomal recessive manner 

whereas milder forms may be inherited in an autosomal recessive or autosomal dominant. Parents of 

infants with the recessive perinatal form of the disease may, on investigation, be shown to have 

undiagnosed mild symptoms. The differing inheritance patterns and marked phenotypic heterogeneity 

in this condition is related to the variable levels of residual enzyme activity caused by missense 

mutations that predominantly affect the functional domains of the TNSALP protein (Mornet 2000). 

The examples of LRP5 and ALPL show that genes encoding proteins participating in pathways 

influencing skeletal development may be associated with marked phenotypic variability and/or 

different inheritance patterns. This is further supported by the reports of heterozygous dominant 

WNT1 and CREB3L1 mutations in families with early onset osteoporosis and fractures as well as in 

families with moderately severe recessive OI (Keupp, Beleggia et al. 2013, Laine, Joeng et al. 2013, 

Palomo, Al-Jallad et al. 2014, Keller, Tran et al. 2018) 

http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/autosomal-recessive/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/autosomal-dominant/
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The prevalence and range of phenotypes associated with mutations in many of the severe autosomal 

recessive OI genes is currently unclear and the phenotype of heterozygous carriers is not well 

documented.  These genes are therefore good candidates for further investigation. 
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ii.xvi Project Objective 

The overall aim of this research was to contribute to the current knowledge of the molecular basis of 

Osteogenesis Imperfecta (OI) by investigation of patients with a mild/moderate clinical presentation 

without a causative mutation in the type I collagen genes being identified. This is important to be able 

to deliver personalised medicine for these patients in the future. 

ii.xvi.i Objective 1.  

The first objective of this study was to identify a cohort of families with mild/moderate OI without a 

mutation in the type I collagen genes.  

This involved a comprehensive review of the molecular and phenotypic data obtained in a large 

cohort of OI patients referred to the Sheffield Diagnostic Genetics Service connective tissue disorder 

service. Those without a likely pathogenic mutation in the type I collagen genes were invited to 

participate. 

ii.xvi.ii Objective 2. 

The second objective was to elucidate the genetic aetiology in this cohort. A number of different 

strategies have been employed to achieve this: 

¶ An initial study where all participants were screened for variants in genes 

previously describe in severe OI using a custom designed targeted Next 

Generation Sequencing exome panel (NGS) was undertaken. 

¶ All participants without a pathogenic mutation in any of these genes were then 

screened by Sanger sequencing for mutations in the TRAM2 gene. This gene was 

identified by the Sanger mouse phenotyping consortium as a strong candidate 

gene for OI. 

¶ A small subset of participants who screened negative for all known OI genes and 

TRAM2 were investigated using whole exome sequencing.  

¶ Follow on studies to investigate potential pathogenicity and mechanisms of novel 

sequence variants identified using additional techniques such as examination of 

dermal collagen and fibroblasts, methylation studies and protein expression 

analysis, where appropriate. 

ii.xvi.iii  Objective 3 

The third objective of this study was to explore a broader dataset of variants from patients who have 

clinical features relating to bone health, including fractures. This part of the study involves analysis of 

data from whole exome sequencing and array CGH analysis through a collaborative complementary 

analysis project (CAP) with the óDeciphering Developmental Disordersô (DDD) study.  
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iii METHODS AND MATERIALS 

iii.i Funding and Ethical Approval 

iii.i.i Targeted Exome Study 

The first element of this research project was to study autosomal recessive genes in a cohort of 

patients previously tested negative for the type I collagen genes. To achieve this I wrote an 

application to obtain funding from the Sheffield Childrenôs Charity (Protocol Number: SCH/11/062). 

The application included development of the study design (Figure 12), preparation of age appropriate 

patient information sheets, consent forms and patient eligibility criteria (Appendix pages 277, 283 and 

298). 

Following the successful funding application, I gained ethical approval for the project from the 

Yorkshire and Humber NRES committee (Reference Number: 12/YH/0021). R&D approval was 

obtained from the Clinical Research Facility at Sheffield Childrenôs NHS Foundation Trust and at each 

host organisation prior to the start of patient recruitment, in accordance with NHS research 

governance procedures.  

iii.i.ii Whole Exome Sequencing 

A subsequent application for funding to support whole exome sequencing in a smaller cohort of 

patient was developed in collaboration with Dr Balasubramanian, Dr Dalton and Prof Bishop to The 

Childrenôs Hospital Charity (TCHC) grant number CA15001.  

iii.i.iii Deciphering Developmental Delay 

In collaboration with Dr Balasubramanian, a project application was submitted and successfully 

registered with Deciphering Developmental Delay study (CAP12, Appendix page 296) 

iii.ii Patient Recruitment 

iii.ii.i Participant Identification 

Potential participants were initially identified for this study by a review of all patient records held at 

Sheffield Diagnostic Genetics Service to identify patients referred for analysis of the type I collagen 

genes. A total of 655 patients were identified. Patients with either a confirmed pathogenic mutation or 

a variant of uncertain significance in these genes were excluded. Presenting phenotypic details were 

reviewed for all remaining patients. Further exclusion criteria were subsequently applied as follows. 
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iii.ii.ii Exclusion Criteria 

Individuals without a clear clinical phenotype were excluded as were those where analysis had been 

performed to exclude a diagnosis of OI in cases of suspected non-accidental injury (medico-legal 

testing).  

Patients with a lethal (type II) phenotype or fulfilling the current definition of ñsevereò adopted by the 

NHS-funded Highly Specialised OI Service for children with severe, complex and atypical OI were 

excluded. 

The ñsevereò definition criteria are: 

¶ Neonates with OI who have multiple long bone fractures 

¶ Children/infants with OI who have: 

V Six or more vertebrae crush-fractured/deformed (more likely to progress to 
scoliosis according to published data) 

V Multiple limb deformities resulting in corrective surgery and attendant frequent 
OT/PT input 

V Intractable bone pain despite intravenous bisphosphonate therapy     

iii.ii.iii Recruitment 

Consultant Clinical Geneticists who had referred individuals eligible for the study were contacted with 

information on the study. Those willing to support the study were asked to discuss the study with 

relevant patients and carers, either directly or through their Genetic counselling team. Patients 

interested in participation were sent an invitation letter and age appropriate patient information sheet 

describing the study and its objective.  Recruitment involved obtaining consent for genetic analysis for 

the purpose of research. 

The majority of participants had DNA stored at the Sheffield Diagnostic Genetics Department (SDGS). 

Where further DNA was required a fresh sample of blood was obtained and automated DNA 

extraction was performed. 

iii.iii DNA Extraction     

The Chemagen Magnetic Separation Module is used for automated extraction of genomic DNA from 

whole blood using the Chemagic DNA blood kit. The extraction is carried out in two stages, the first 

involves mixing and lysing of white blood cells to release DNA, the second involves DNA being bound 

to magnetic beads, from which the DNA is subsequently eluted. The kit contains magnetic beads, 

lysis buffer, binding buffer, wash buffers and elution buffer. The eluted DNA is stable at 4ºC or -20ºC.   

A peripheral blood sample of 1-3ml (in EDTA) is required. The expected DNA concentration is Ó 40 

ng/ml in an elution volume of 0.3 ml (in 1 x TE buffer) which is sufficient for subsequent sequencing by 

either Sanger or Next Generation Sequencing methodologies. 
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Figure 12 Study Workflow 

Study Workflow for targeted exome sequencing showing patient recruitment, sample analysis and reporting. 

iii.iv Targeted Exome Sequencing 

Next Generation Sequencing (NGS) is a broad term used to describe the simultaneous sequencing of 

multiple fragments of DNA. This technology allows multiple genes of interest, or even the whole 

genome, from an individual to be sequenced in parallel.   

The first part of this research was to use a candidate gene approach focused on recently identified 

genes leading to severe OI. To achieve this objective a ótargetedô next generation sequencing 

strategy was developed whereby only fragments of DNA from the specific genes of interest were 

óselectedô for sequencing. This process is referred to as targeted exome sequencing. 

Two methodologies for targeted exome sequencing were assessed; SureSelectXT (Agilent 

Technologies) and Nextera (Illumina). These methods are used to ócaptureô or óenrichô the DNA 

fragments of interest, in a process called library preparation, prior to sequencing. An overview of 

these two library preparation methods is shown in Figure 13. An Illumina MiSeq sequencing platform 

was then used to sequence the libraries generated for each participant.  

iii.iv.i SureSelectXT Library preparation 

The SureSelectXT system was used to capture genomic regions of interest using a custom designed 

probe set. 
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Custom Probe Design 

A custom probe set was designed using the Agilent web based SureDesign software 

(https://earray.chem.agilent.com/suredesign/) to cover all coding regions and intron/exon boundaries 

of known OI genes (Table 4). 

 

Figure 13 Comparison of SureSelectXT and Nextera Library Capture Methods 

Overview of SureSelect and Nextera Library Capture methods. Figure based on (Samorodnitsky, Datta et al. 2015) 
and is published under the terms of the Creative Commons Attribution-Non Commercial-No Derivatives License (CC 
BY NC ND). 

The COL1A1 and COL1A2 genes were included in the design to confirm the absence of mutations in 

these genes in this cohort. The process of probe design involves creating a file (.BED format) 

containing a list of genomic co-ordinates corresponding to each coding region of the genes of interest. 

This file was uploaded to the SureDesign application and the parameters for probe design selected as 

follows: Flanking bases: 25, Density: X5, Masking: Moderately Stringent, Boosting: Max Performance. 

Once the probe design was complete the resulting probe set was downloaded and inspected to 

identify any missed regions, the location of the probes and the gene structure. 

 

https://earray.chem.agilent.com/suredesign/
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Gene 

Coding 

cDNA 

length 

Coding 

exons 
Reference Sequence 

Chromosome 

location 

Autosomal Dominant 

COL1A1 4392 52 NM_000088.3 17q21.33 

COL1A2 4098 52 NM_000089.3 7q21.3 

IFITM5 396 2 NM_001025295.1 11p15.5 

Autosomal Recessive 

BMP1 2961 20 NM_006129.4 8p21.3 

BMP1 85  1 NM_007799.3 8p21.3 

CREB3L1 1557 12 NM_052854.3 11q11 

CRTAP 1206 7 NM_006371.4 3p22.3 

FKBP10 1749 10 NM_021939.3 17q21.2 

OSX/SP7 1296 2 NM_152860.1 12q13.13 

P3H1 2211 15 NM_22356.3 1p34.2 

PLOD2 2277 19 NM_182943.2 3q24 

PPIB 651 5 NM_000942.4 15q22.31 

SERPINF1 1254 8 NM_002615.5 17p13.3 

SERPINH1 1257 4 NM_001235.2 11q13.5 

TAPT1 1701 14 NM_153365.2 4p15.32 

TMEM38B 873 6 NM_ 018112.1 9q31.2 

WNT1 1110 4 NM_005430.3 12q13.12 

X-linked 

PLS3 1890 16 NM_005032.6 Xq23 

Table 4 Location, size and reference sequence for genes in the Custom Probe Design 

Any regions not covered by the initial design were processed through SureDesign without masking. 

This provided a further set of probes but with the potential to anneal to additional locations within the 

genome. Web Blat was used to assess how many times and how well each set of probes anneals to 

the genome. The best probe sets were manually selected and added to the initial probe design before 

finalising in SureDesign. For areas of ódifficult sequenceô, such as those with high GC content, the 

number of probe replicates was boosted in order to maximise the likelihood of probe capture of those 

regions. A summary of the SureSelect probe design work flow is given in Figure 14  
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Figure 14 SureSelect Custom Probe Design Workflow 

Summary of the workflow for custom probe design for Sureelect library preparation showing stepwise refinement to 
include regions of high GC content and regions masked during initial design process. 

 

 

A completed probe design is listed in a tab delimited text file format as illustrated in Table 5 below. 

 

TargetID ProbeID Sequence Strand Coordinates 

chr11:27695606-

27695831 BA_134634_000028 TTACTCACCTTé + 

chr11:27695599-

27695718 

chr11:27695606-

27695831 BA_134634_000029 TCAGGGATCAGé + 

chr11:27695623-

27695742 

chr11:27695606-

27695831 BA_134634_000030 ACTGAAACGTGé + 

chr11:27695647-

27695766 

chr11:27695606-

27695831 BA_134634_000031 CAGCCCTTCTTé + 

chr11:27695671-

27695790 

chr11:27695606-

27695831 BA_134634_000032 TCATGCCATACé + 

chr11:27695695-

27695814 

chr11:27695606-

27695831 BA_134634_000033 TAGACGCCAAé + 

chr11:27695719-

27695838 

chr11:27720928-

27720952 BA_134634_000034 TGCCCGTCAGé + 

chr11:27720868-

27720987 

chr11:27720928-

27720952 BA_134634_000035 ATCCTCAGCTAé + 

chr11:27720892-

27721011 

chr11:27722517-

27722583 BA_134634_000036 AGCACCCAAGé + 

chr11:27722466-

27722585 

chr11:27722517-

27722583 BA_134634_000037 GCGTGCGTTTé + 

chr11:27722490-

27722609 

Table 5 Example of a completed probe design for SureSelect library preparation. 
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SureSelectXT Library Construction 

DNA (>3µg) from each participant was ónormalisedô to a concentration of 26.7ng/Õl. The normalised 

DNA was then sonically sheared using a Covaris E220 sonicator to produce fragments between 150-

200bp.  Lastly end repair, adapter ligation and amplification were performed. 

Successful library preparation was confirmed by electrophoresis to confirm a band of ~300bp and a 

smooth peak of fragments sizes was seen on scanning (Figure 15 and Figure 16). 

 

 

Figure 15 Gel image of DNA samples following library preparation 

Each lane, marked A4-H4 and A5-H5, represents an individual patient sample. A size ladder is positioned in lane A0. 
Two standard markers are included at 1500bp (purple) and 25bp (green). Successful library preparation should 
produce a clear band of DNA at ~300bp. 

 

 

Figure 16 Scanned image of individual patient DNA following library preparation 

The DNA was fragmented to ~300bp and standard markers are shown at 25bp and 1500bp 

 

 

An average yield of half the input amount, eg for 2µg you would expect 1µg in total, was achieved. A 

minimum of 750ng was used for hybridisation/capture.  
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SureSelect XT Hybridisation / capture 

The SureSelect XT target enrichment protocol combines the prepared DNA library with hybridisation 

reagents and the SureSelect Capture library consisting of the custom designed probes for the specific 

genes of interest. The samples were hybridised for 20 hours, then captured using magnetic beads. 

The final enriched library contained 10000-20000 pmol/l DNA with a maximum fragment size of 

~300bp. 

iii.iv.ii Nextera Library Preparation 

Custom Probe Design 

A custom probe set was developed using the Illumina DesignStudio Sequencing Assay Designer. In a 

similar process to the SureSelect design, genomic coordinates of each region of interest (coding 

regions and intron/exon boundaries) were used by the DesignStudio algorithm to optimize probe set 

design. Regions of poor coverage or those with high GC content are highlighted and these were 

manually reviewed and refined. An illustration of the completed design, as a tab delineated file, is 

shown in Table 6 below.  

 
Probe 

ID 

Chr Start Stop Labels Sequence Design 

Warnings 

720478 17 1674370 1674449 SERPINF1_4 GACTTGATCAGCAGCCCAGACATCCATGGTACC

TATAAGGAGCTCCTTGACACGGTCACTGCCCCC

CAGAAGAACCTCAA 

 

722847 17 1678493 1678572 SERPINF1_6 AGGTCTGTAGGGATAGGGGCAGGGTGGGGGGT

GGATGGAGGGAGAGGATAGAGAAGCAAAACAG

GGTAGTGGGAATAAAA 

Low 

Specificity 

722082 17 1678393 1678472 SERPINF1_6 GAGGATTTCTACTTGGATGAAGAGAGGACCGTG

AGGGTCCCCATGATGTCGGACCCTAAGGCTGTT

TTACGCTATGGCTT 

 

720243 8 22022896 22022975 BMP1_15UTR TCCCTCGCCGCCGCCCCGCCAGCATGCCCGGC

GTGGCCCGCCTGCCGCTGCTGCTCGGGCTGCT

GCTGCTCCCGCGTCCC 

Poor GC 

Content 

722793 8 22022836 22022915 BMP1_15UTR TCGCGATCGAGCAAGCAAGCGGGCGAGAGGAC

GCCCTCCCCTGGCCTCCAGTGCGCCGCTTCCCT

CGCCGCCGCCCCGCC 

 

723648 8 22031091 22031170 BMP1_2 CCTGGCTTCTTCTTTTCTCTTTAGCTGCCTTTCTT

GGGGACATTGCCCTGGACGAAGAGGACCTGAG

GGCCTTCCAGGTA 

 

Table 6 Completed probe design for part of the SERPINF1 and BMP1 genes for Nextera Library 

preparation 
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Nextera Library Preparation 

Extracted DNA (>3µg) from each participant was cleaned (Ampure DNA clean up) and titrated down 

to a concentration of 5ng/µl. The library preparation consists of a tagmentation reaction, PCR 

amplification using known dual indices, library hybridisation to the custom designed oligos for the 

targeted regions and a second PCR amplification, with bead clean up between steps. Tagmentation is 

where the Nextera transposome fragments and tags the DNA with adapter sequences 

simultaneously, ready for the following PCR steps.  

Following tagmentation there should be a broad distribution of DNA fragment size, ideally between 

200-400bp . This was checked on an Agilent Technologies 2200 Tapestation using a High Sensitivity 

D1K tape. An example of successful tagmentation is given below in Figure 17: 

 

 

Figure 17 Tapestation analysis of DNA library preparation 

The size of the tagmented DNA template should be between 200-400bp. An optimal profile would have a wide peak 
(as seen in above picture). A narrow peak would indicate that the DNA has been overly tagmented. Sample intensity 
appears low in comparison to SureSelect library preparation but this increases after subsequent PCR amplification. 

 

 

Nextera Hybridization 

The prepared DNA library was mixed with the custom designed capture probes and incubated at 

58°C for between 90 minutes and 24hours. Streptavidin beads were then used to capture probes 

hybridized to the targeted regions of interest. This enriched library is washed and a second round of 

hybridization performed, which ensures high specificity for the captured regions. Following a sample 

clean up, the captured library was amplified via a 12 cycle PCR process. The library insert size was 

checked using the Tapestation to ensure it lies between 250-300bp. 

iii.iv.iii Sequencing on the Illumina MiSeq.  

Sequencing was performed on an Illumina MiSeqÊ platform using the MiSeqÊ Reagent Kit v2 

performing 150bp paired-end reads.  Sequencing using paired-end reads (sequencing both ends of a 
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DNA molecule) improves alignment to the genome particularly over repetitive regions. The detection 

of insertions or duplications is also improved.  

The ósequencing by synthesisô method used by Illumina uses fluorescently labelled dNTPs that are 

incorporated during each sequencing cycle. Imaging after each cycle allows base calling of the DNA 

molecule.  

iii.v NGS analysis pipeline 

Raw DNA sequence files obtained from the Illumina MiSeqÊ platform were analysed through the 

pipeline developed at Sheffield Diagnostic Genetics Service (SDGS). This pipeline broadly adheres to 

the óBest Practicesô workflow by the Broad Institute ( http://www.broadinstitute.org/gatk/guide/best-

practices), but with some additional analysis and data-filtering steps added, some of which have been 

customised to accommodate local needs at SDGS. 

The pipeline aligns reads to human genome build hg19, performs various QC checks, including the 

analysis of percent aligned reads and reads on target (i.e. reads that contain sequence that overlap 

the region of interest), and also depth of coverage. A minimum threshold of 30-fold read depth was 

set for exonic sequences and intronic sequences up to and including 5bp from the intron/exon 

boundary. A minimum threshold of 18-fold read depth was set for intronic sequences from 6bp to 

25bp from the exon.  

Variants were subsequently identified using HaplotypeCaller and annotated with Human Genome 

Variation Society (HGVS) nomenclature. Variants were filtered against a common polymorphism list 

which was compiled using NCBI dbSNP (Single Nucleotide Polymorphism Database), which contains 

data from large sequencing projects such as the NHLBI Exome Sequencing Project and 1000 

Genome Project. In house reference files such as the polymorphism lists and preferred transcript list 

were also used. 

The SDGS NGS analysis pipeline (v3.1.3) was used to take fastq files generated by the Illumina 

HiSeq through accepted best practices and produce filtered annotated variants for review, in the form 

of a Variant Call Format (VCF), a text file format containing a header followed by variant calls. The 

header contains information about the variant data and relevant reference sources (e.g. genome build 

version etc.) and defines the annotations used in the variant calls contained in the VCF file. In 

addition, the pipeline produces a number of QC files that allow assessment of the quality of the data. 

The pipeline was contained within one script which handles the calling of other software required to 

process and analyse the sequencing data (sdgs_ngs_gene_panel_analysis.sh). The pipeline was run 

as a ôjobô in the sun-grid-engine high performance computing environment using hg19 from NCBI as 

the reference genome. 

The following steps were taken by the pipeline for analysis of patientôs sequencing data. 

Check input arguments for validity 

Make output directory and start analysis log 

Run bwa align, sample, and sort into 2 bam files which are then merged 

http://www.broadinstitute.org/gatk/guide/best-practices
http://www.broadinstitute.org/gatk/guide/best-practices
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Clip overlapping reads  

Make regions of interest bed file  

Count total and failed reads 

Picard mark duplicates 

Calculate Duplicate stats 

GATK Indel realignment restricted to bed file  

GATK Haplotype Caller 

Filter VCF by bed file 

SnpSift annotation from dbSNP, COSMIC & HGVS 

Format the files required for annovar 

Run annovar (annotate variants with respect to functional consequences) 

Combine annotations 

Remove low quality calls and polymorphisms 

A number of files were created by the pipeline, both results and QC files, which were used to check 

the quality of the run.   

The bioinformatics pipeline uses open source software to align and call variants within the sequencing 

data. The versions of open source software used are listed in Table 7 below. 

 

Software Use Version 

bwa Alignment v0.7.15 

samtools Bam/Sam processing v1.3.1 

GATK Indel realignment & Variant calling v3.6 

picard Marking duplicates v1.101 

sambamba Coverage calculations v0.6.3 

bedtools Processing & manipulating bed files v2.17.0 

annovar Annotating variants 2013-08-23 11:32:41 -0700  

SnpSift Annotating variants 3.3h (build 2013-08-20) 

Table 7 Versions of open source software used in the bioinformatics pipeline (v3.1.3). 

The SDGS bioinformatics pipeline is used to call and annotate sequence variants prior to analysis 

Quality Control 

A quality control report was generated by taking the temp_run_report.txt file that was generated for 

each sample and combining with others in the run to produce a run report.  This file was used in 

determining the quality of the data for all samples in the run. The report contains the following 

columns for each sample: 

tot_reads ï Total number of reads 

%_run ï Percent of the run that is from that sample 

Fail ï Number of failed reads 

PCR_dups & %PCR_dups  ï Total and percentage PCR duplicates 

opt_dups & %opt_dups ï Total and percentage Optical duplicates 
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lib_size ï Estimated library size 

med_read_length & 1st_quart_read_length & 3rd_quart_read_length ï Median 1st and 

3rd read length of non-failed non dups 

Mapped & %mapped - Total mapped reads and percent mapped 

proper_pairs & %proper_pairs - Total proper pairs and percent proper pairs 

correct_orient & %correct_orient ï Total correct orientation and percent correct orientation 

med_insert & 1st_quart_insert & 3rd_quart_insert ï Median insert size & 1st & 3rd quartiles. 

small_insert & %small_insert - Number and % of read pairs with insert size below the 

expected insert size minus 50. The expected insert size for SureSelect libraries is 200 and 

for TruSight is 300. 

large_insert & %large_insert - Number and % of read pairs with insert size above the 

expected insert size plus 50 

broad_panel on_target & %on_target - Number and % of not PCR duplicate reads 

mapping in the broad panel (strictly this is the number of not failed, not PCR duplicate 

mapped reads minus the number of not PCR duplicate reads that mapped off target) (% of 

reads in mapped category) 

broad_panel_%5x ..10x ..15x ..20x ..25x ..30x ..35x ..40x ..45x ..%50x ..100x - % of broad 

panel covered by not failed not PCR duplicate reads at range of depths 

A sample was flagged as poor quality if it failed any of the following criteria: 

%mapped   Ó80 

%proper_pairs   Ó70 

%on_target   Ó40 

%30x    =100 

Samples defined as poor quality were either rerun to obtain more sequence data or, if unlikely to 

generate sufficient sequencing data, a repeat blood sample and DNA extraction was performed. 

iii.vi Mouse Models - TRAM2 Analysis 

iii.vi.i Primer Design 

Primer pairs for PCR amplification of coding regions of the TRAM2 gene were designed using 

Primer3 software (http://frodo.wi.mit.edu/primer3/) (Table 8 below). All primers were checked to 

ensure that there are no common single nucleotide polymorphisms under the primer binding site, 

which can prevent primer annealing, using the Manchester National Genetics Reference Laboratory 

tool provided at URL https://ngrl.manchester.ac.uk/SNPCheckV3/snpcheck.htm. 

M13-tails were added to the 5ô end of each primer to allow PCR by a standard sequencing protocol: 

  M13F1 (forward) - CAC GAC GTT GTA AAA CGA C         

  M13R (reverse) - CAG GAA ACA GCT ATG ACC 

 

http://frodo.wi.mit.edu/primer3/
https://ngrl.manchester.ac.uk/SNPCheckV3/snpcheck.htm
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Exon  Forward Primer Reverse Primer2 GC content 

1 CCAGCGGCTAGAGGGTTAAG AGGGGTACAGTGCACAAAGC 73.04% 

2 ATGTAAAAGGGGCGGTTAGC TGTACACAGATGGGGAAAAGG 44.21% 

3 CTGAGGCTATAGCAAACGGG GAGCTGCAGTTTCCTCCAAG 50.00% 

4 ATGTTCAACCCTTCTGTGGG GGGTCCTTTGCAGTCATTTG 44.63% 

5 TTTCTGTCAGGTGGGGACTG CATCCACAATAGGCTCAGGG 59.41% 

6 AGCTCCTCACAGGCAGAGTC AGGAAGGGAGGTACCCCTG 55.76% 

7 TGTGTGTTAAAGCAGCCCAG TGCTAGGCACACAGAGGATG 48.01% 

8 AAAGTGGGAGTGGAAAGCAG AAAATAACGGGAGGGCACC 58.77% 

9 CCCTTGAATCCTCTTCCCAC GGCTGCTATCTCTTCTCCCC 52.83% 

10 CTTGTTCTCCCCTGCACAAC CACCCATCCCAGACAGACTT 63.00% 

11 TCCATGTATAGCAGCTGGGC CCCATTGCAAGACAGGTTTC 58.33% 

Table 8 Primers designed for Sanger sequencing of the TRAM2 gene 

iii.vi.ii PCR reaction 

PCR of TRAM2 was undertaken using OneTaq® Quick-Load® 2X Mastermix which contains taq 

polymerase, dNTPs, MgCl2 and buffers. There are two versions of the mastermix containing either 

standard or GC buffer. Standard buffer was used where the GC content of the primer was below 55%. 

For GC content 55-65% the GC buffer was used and for higher GC content an enhancer was added 

to improve annealing and amplification. The GC content of the TRAM2 primers is listed in Table 8 

 

 Standard exons YELLOW exons RED exons 

 Vol (µl) 

OneTaq + Standard buffer 10   

OneTaq + GC buffer  10 10 

GC Enhancer   3 

Water 7 7 4 

Primer @ 5pmol/ɛl 1 1 1 

DNA @ 10ng/ ɛl 2 2 2 

Table 9 Reagents used for TRAM2 amplification by PCR 

Each DNA sample was diluted to a concentration of 10ng/µl in water. Reagents were prepared for 

PCR amplification of TRAM2 depending on GC content of primer sequences (Table 9).  PCR cycling 

was undertaken according to Table 10.  
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Temp (̄C) Time (min) Cycles 

94 1 x1 

94 0.5  

60 0.5 x33 

68 1  

68 5 x1 

15 10 x1 

Table 10 PCR Cycling Conditions for TRAM2 amplification by PCR 

PCR products were visualised using on a 1.5% agarose gel using 5µl OneTaq PCR product run at 

120V for 15 minutes. 

The TRAM2 primers were initially validated using two control DNA samples to ensure that PCR was 

successful and produced fragments of the expected size. A negative control, with all reagents but no 

DNA, was also included (Figure 18).  

 

 

Figure 18 Electrophoresis of PCR products for the TRAM2 gene 

PCR products from normal control DNA (Cont 1 and Cont 2) and water blank (NTC) are shown.  

iii.vi.iii Sanger Sequencing 

DNA sequencing of PCR-amplified fragments of TRAM2 was carried out using an ABI 3730 

automated sequencer and Big Dye Terminator Sequencing protocol (Applied Biosystems, Foster City, 

USA; http://www.appliedbiosystems.com (Table 11) 

 

http://www.appliedbiosystems.com/
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Mastermix 

Reagents 
PCR Cycling conditions 

BigDye Ready React v1.1 

Terminator Mix 
1ɛl  

Temp. Time Cycles 

95oC 1 min 1 cycle 

95oC 15s 
25 

cycles 
55oC 10s 

60oC 4min 

Better Buffer 7ɛl 

H2O 3.8ɛl 

Sequencing primer  1pmol/ɛl 3.2ɛl  

Total 15ɛl 

PCR product 5ɛl 

Table 11 Reagents and cycling condition for Sanger Sequencing of TRAM2 PCR products 

iii.vi.iv Analysis of Sanger Sequencing using Mutation Surveyor 

Mutation Surveyor®, a DNA Sequencing software tool, was used for the analysis of Sanger 

sequencing generated by the ABI3730.  

The software provides base calling, sequence alignment and assembly. The package includes 

automated download of annotated GenBank reference files and looks for non-correlation between the 

input sequence and the reference sequence allowing variant identification and annotation using 

Human Genome Variation Society nomenclature (HGVS).  

iii.vii DDD Complimentary Analysis Project 

The required subset of patient data was identified by searching the DDD database using Human 

Phenotype Ontology (HPO) terms. HPO provides a standard vocabulary to describe phenotypic 

information. The terms are developed with reference to Online Mendelian Inheritance in Man (OMIM), 

Orphanet, DECIPHER (DatabasE of genomiC varIation and Phenotype in Humans using Ensembl 

Resources) and medical literature. There are currently more than 11,000 terms.  

The following terms and their HPO numbers were used in this study:  

¶ Abnormal susceptibility to fractures; Increased susceptibility to fractures 

(HP:0002659) 

¶ Fractures of the long bones (HP:0003084) 

¶ Fractures of vertebral bodies; Vertebral compression fractures (HP:0002953) 

¶ Increased fracture rate; Recurrent fractures; Spontaneous fractures; Generalized 

osteopenia with pathologic fractures (HP:0002757) 

¶ Pathologic fractures (HP:0002756) 

¶ Generalized osteopenia; Osteopenia (HP:0000938) 

¶ Severe osteoporosis (HP:0005897) 

¶ Generalised osteoporosis with pathological fracture (HP:0005744) 

The data returned for each patient included a list of potential candidate variants as identified by the 

DDD study, a complete list of unfiltered variants (VCF) and details of family structure and phenotypes 

(Table 12). In addition, the referring clinician details were provided for each patient.  
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File type Description 

CAP FILE latest version of the proposal submission form. 

SEARCH FILE: list of updated HPO terms used to perform the searches 

FAMILY ID FILE maps DECIPHER IDs on to the person stable IDs for the proband, mother 

and father.  

FAMILY RELATIONSHIPS FILE: IDS for the proband, father and mother 

CLINICAL FILE all of the clinical observations, growth parameters and ontology term 

annotations that are available for each patient. 

VARIANT FILES VCF files for each patient and their parents (where applicable). 

CANDIDATE VARIANTS: high quality candidate variants in the proband across all genes in the 

relevant patient subset. 

REPORTED SNV & INDEL FILE: a flat text file containing SNVs and indels reported back to clinicians via 

DECIPHER 

a flat text file containing SNVs 

and indels reported back to 

clinicians via DECIPHER 

flat text file containing CNVs reported back to clinicians via DECIPHER 

RESEARCH TRACK VARIANTS: flat file containing variants of unknown significance, may contain additional 

variants of interest not present in the candidate file, such as low quality 

variants 

Table 12 Data fields returned by the Deciphering Developmental Delay study for Complimentary 

Analysis Projects. 

The candidate and research variants for each individual were first assessed at the gene level by 

looking at the function of the protein with emphasis on a potential role in bone disease. The sources 

of information interrogated for each gene is listed in Table 13. 

Those with function related to bone metabolism were further assessed along with the provided clinical 

phenotypes of the patient and their family members. Finally, the full list of variants supplied in the VCF 

for each proband was interrogated. Any variants identified were assessed using the prioritisation 

strategies listed in section iii.ix below. 

 

Source Feature 

GeneAtlas Protein ï function, cellular processes and pathways 

 Associated disorders (if any) 

 Cellular expression (tissue) 

UniProt Protein function 

 GO terms for molecular and biological function 

 Pathology and Biotech for involvement in disease 

OMIM Disease phenotype (if any) 

 Gene description, function, molecular genetics and animal models. 

Table 13 Source of terms used to assess the function of candidate genes. 

 Terms used to target genes with a potential role in bone metabolism  
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iii.viii  Whole Exome Sequencing 

iii.viii.i Personalis 

Three participants were commercially sequenced by Personalis using their ACE ExomeTM Assay. The 

Personalis pipeline uses the Burrows-Wheeler Aligner (BWA, version number 0.7.5a-r405) for 

alignment, the Broad Institute Genome Analysis Tool Kit (GATK) UnifiedGenotyper for variant calling 

and Variant Quality Score Recalibration (VQSR) to provide a quality score. AnnoL, a Personalis tool, 

is used to annotate variants. The annotation includes population frequencies from 1000 genomes and 

the NHLBI GO Exome Sequencing Project (ESP), those with a frequency of >1% in any of the 

populations are excluded.  Further annotation includes data from dbSNP; predicted mutational impact 

using tools such as including SIFT and Polyphen2; known disease associations from databases such 

as OMIM and ClinVar; and data from pathway and network tools including Reactome (a database of 

reactions, pathways and biological processes) and the Molecular INTeraction database (MINT). 

Clinical information for each patient was provided to Personalis and this was used to rank variants, 

taking into account the similarity between presenting clinical features and known disease-gene 

associations.  

Personalis returned a full data set of variants and this was further investigated at SDGS. Quality 

control was carried out, as recommended by the GATK best practice guidelines, using the following 

hard filters:  

Values used for: SNVs Indels 

QualByDepth (QD) < 2 < 2 

RMSMappingQuality (MQ) < 40  

FisherStrand (FS) > 60 > 200 

HaplotypeScore > 13  

MQRankSum < -12.5  

ReadPosRankSum < -8 < -20 

Table 14 Quality Control filter settings used in analysis of Personalis sequence data 

 

Population frequencies from the Exome Aggregation Consortium (gnomAD, version 0.3) were used in 

filtering and those with a frequency >5% in any subpopulation (excluding the óotherô population), or of 

>1% with a total allele count >1000 were removed. Variants with a reported frequency >1% in any of 

the 1000 genomes, NHLBI ESP or UK10K cohort populations were also excluded. After frequency 

filtering, variants were prioritised using the methods detailed in section iii.ix. 

iii.viii.ii In house whole exome sequencing 

The remaining participants, were sequenced at SDGS using QXT library preparation method and 

SureSelect Human All Exon V6 baits for target enrichment. The laboratory method for this is identical 

to that used for targeted exome sequencing of candidate genes using the custom designed probe set 

(section iii.iv.i and iii.iv.iii). Sequencing data from all exome participants and, when available, both 

parents was generated using a HiSeq 2500, using paired-end sequencing 2x100bp. The Human All 

Exon V6 probe set is designed to capture all protein coding regions of the genome and covers 99% of 
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sequence listed in the RefSeq, CCDS, GENCODe, HGMD_cds and OMIM_cds databases at an 

average coverage depth of 20x. Bcl2fastq (v1.8.4) was used to convert sequencing data to fastq files 

ready for mapping to the human genome.  Fastq files were uploaded to Sapienta (v1.5.0) for mapping 

and variant calling.  

 

 

Figure 19 Depth of sequence coverage across all chromosomes for patient E using SureSelect 

Human All Exons V6r2 

An average depth of 103x (standard deviation 62.1) and a median of 94x was obtained. The patient is female. 

 

 

 

Sapienta does not provide a whole exome coverage summary; however, after mapping with BWA-

MEM (a BWA algorithm recommended for high quality sequence queries, version 0.7.15) to GRCh37 

a mean exonic coverage was obtained. Bases contribute to coverage if their quality is >= 30 and 

mapping quality is at least 10 for the read within which they are contained. Duplicate reads are 

excluded. ñSureSelect Human All Exon V6 r2ò design files were used to restrict coverage calculations. 

The coverage across each chromosome was assessed to ensure read depth was sufficient to allow 

confident variant calling, an example is given in Figure 19. 
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iii.ix Prioritisation of Sequence Variants from WES 

The number of variants identified by whole exome sequencing can be large, averaging approximately 

80,000, dependent on ethnic origin (Belkadi, Bolze et al. 2015). Filtering, analysis and interpretation 

of this data are challenging. An initial step for variant filtering in rare diseases was to exclude those 

found with significant frequency in the general population. In this study, information available in public 

databases from the following projects was used to remove variants with a minor allele frequency 

(MAF) above 1%: 

¶ Exome Aggregation Consortium (gnomAD, http://gnomAD.broadinstitute.org/) 

¶ NHLBI Exome Sequencing Project (ESP, http://evs.gs.washington.edu/EVS/)  

¶ Genome of the Netherlands (GoNL, http://www.nlgenome.nl/) 

Even when data was filtered to remove common polymorphisms, several hundred potentially 

pathogenic variants remained. Three different but overlapping strategies have been employed in this 

study to further filter and prioritise variants to identify the most interesting candidates. 

iii.ix.i Strategy 1: An inheritance hypothesis 

Variants were filtered using an inheritance hypothesis-based approach; this could be an autosomal 

recessive, autosomal dominant, X-linked or Y-linked model. Analysis of trios (proband and parents) 

was particularly useful for this approach and allowed detection of de-novo variants, which if present in 

a gene of interest can be indicative of pathogenicity. 

Filtered variants were then ordered by predicted effect on protein function. Loss of function, including 

nonsense variants and shifts in the protein coding reading frame (frameshift), are in general more 

likely to be damaging than missense variants. Variants that affect the conserved splice donor or splice 

acceptor sites are also likely to have an effect on protein function. For small insertions or deletions, 

these can be ordered on whether they cause splicing disruption, in-frame protein changes or a 

frameshift. 

The resulting list of variants was manually reviewed taking into account published literature, any 

known disease-gene interactions, metabolic and signalling pathways as well as any available gene 

function information and annotations (Figure 20).  
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Figure 20 Variant prioritisation Strategy 1 

Variants identified by exome sequencing are filtered on an inheritance based hypothesis model. 

iii.ix.ii Strategy 2:  Exomizer 

Inheritance driven analysis of trio data as described in strategy 1 is a powerful tool to prioritise 

variants but there may still be many candidate variants remaining. For different pedigree structures, 

such as duos or singletons, inheritance filtering strategies are less useful.  Each genome carries 

approximately 100 loss of function variants (MacArthur, Balasubramanian et al. 2012) requiring the 

use of many different approaches to identify disease-associated genes. One such approach is 

Exomizer, a phenotype driven tool that uses clinical data (in the form of HPO terms), model organism 

phenotype data and random-walk analysis (that uses direct and indirect protein interactions in 

biological networks, protein expression and biological similarities) to prioritise variants generated from 

whole exome analysis (Smedley, Jacobsen et al. 2015).  

Exomizer is a Java program that uses VCF files to first filter then prioritise variants. The filtering steps 

include variant annotation relative to the University of California Santa Cruz (UCSC) reference 

genome hg19, removal of variants above a user defined MAF, removal of variants below a specified 

quality score and pedigree filtering if appropriate.  Prioritisation is undertaken by a number of different 

methods including protein-protein interaction, comparison of patient phenotype and those in human 

disease databases and model organisms, and predicted effect on protein structure. Exomizer 

calculates both variant and gene based scores and combines these to generate a final combined 
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score that is used to rank the variants (Figure 21). The top 20 variants ranked by Exomizer were 

subsequently manually reviewed. 

 

 

Figure 21 Variant Prioritisation Strategy 2 

Strategy 2 uses Exomizer, a phenotype driven tool that uses clinical data (in the form of HPO terms), model 
organism phenotype data and random-walk analysis of protein-protein interactions to prioritise variants generated 
from whole exome analysis 

iii.ix.iii Strategy 3: Targeted Gene Approach 

The hypothesis for this strategy was that new pathways can be established in OI by identifying novel 

variants in genes already established in known diseases or bone phenotypes (Figure 22). A manually 

curated candidate gene list was developed by extensive database and literature review using the 

following search criteria: 

¶ All genes known to be associated with OI and OI-like phenotypes 

¶ All genes known to be associated with skeletal dysplasia and/or short stature 

¶ Genes within BMD loci with genome-level significance detected in Genome Wide Association 

Studies 

¶ Mouse models with reduced BMD, brittle bones, abnormal mineralization or reduced 

mineralization. 
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Figure 22 Variant prioritisation strategy 3 

An extended list of candidate genes was developed using a combination of those described in association with 
skeletal disorders in man, bone changes in mouse models and those association with reduced bone mineral density 
in GWAS studies 

 

Finally, genes identified using HPO terms related to bone fragility and increased fractures (Table 15) 

were also added. The final list of 635 targeted genes is given in the appendix, page 250.  

 

HP:0003023 Bowing of limbs due to multiple fractures 

HP:0005744 Generalized osteoporosis with 

pathological fracture 

HP:0002757 Recurrent fractures 

HP:0002659 Increased susceptibility to fractures 

Table 15 HPO terms used to generate an extended target gene list used in variant prioritisation 

The lists generated from strategies 1-3 above were combined to give a final list of prioritised variants. 

Variants in HLA and Mucin genes were removed from the variant list and, finally, the whole cohort 

dataset was reviewed, alongside data from the DDD study, to identify potential disease-related genes 

or variants enriched in this cohort in comparison to control populations.  



61 

 

iii.x Assessment of sequence variants 

Sequence variants identified in all parts of this project were assessed for potential significance using a 

number of web based resources that explore possible modes of pathogenicity and sources of 

information where the variant may have been previously documented. The assessment tools used 

include: 

iii.x.i Population Frequency 

The population frequency in the following datasets was interrogated.  

¶ Exome Aggregation Consortium (gnomAD) http://gnomAD.broadinstitute.org/ 

¶ NCBI dbSNP build 144 through Ensembl e83 https://www.ncbi.nlm.nih.gov/projects/SNP/ 

¶ NCBI ClinVar https://www.ncbi.nlm.nih.gov/clinvar/ 

¶ NHLBI GO Exome Sequencing Project (ESP) http://evs.gs.washington.edu/EVS/ 

¶ The Genome of the Netherlands Consortium (GoNL) http://www.nlgenome.nl/ 

Variants listed as present in >1% of any population were excluded from further analysis  

iii.x.ii Web-based Literature Search 

Resources used for the literature search included Google, Google Scholar, PubMed and the following 

Locus Specific Databases:  

¶ The Human Gene Mutation Database (HGMD) (http://www.hgmd.cf.ac.uk/ac/index.php 

¶ Osteogenesis Imperfecta and Ehlers Danlos Syndrome Variant Databases 

http://www.le.ac.uk/ge/collagen/ 

Where a variant was identified as being previously reported, the available evidence for that 

classification was reviewed. This included assessment of in-silico variant predictions, any supplied 

pedigree/segregation data, population frequency data and any available functional studies.  

iii.x.iii Variant Effect Predictors: 

There are a number of tools available that predict the effect of missense changes on protein structure 

and function. These can be broadly assigned to one of three categories depending on the strategies 

used for prediction: machine learning, evolutionary conservation and protein sequence and structure. 

An outline of the tools used from each category is as follows. 

 

Machine learning tools:  

Machine Learning methods ï learn patterns that can be applied to new scenarios. Some combine 

predictions from different sources and match the variant to the best fitting category. The quality of 
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their predictions is dependent on the information that the programs learn from and can be a source of 

false pattern recognition particularly if the program over trains. 

SNPs&Go (http://snps.biofold.org/snps-and-go/snps-and-go.html) Trained on the effect of any 

substitution in association with adjacent residues and uses functional gene ontology.  

MutPred  (http://mutpred.mutdb.org/) This tool trains on HGMD and Swiss-Prot data. It gives an 

overall probability of a variant being deleterious based on 14 properties relating to protein structure 

and dynamics along with predicted functional properties alongside evolutionary conservation score. 

HANSA (http://www.cdfd.org.in/HANSA/) Trained on combination of position specific, structural and 

amino acid features (10 properties) 

Evolutionary Conservation based tools: 

These use multiple sequence alignments to assess the conservation of specific amino acid residues 

across species. Analysis against at least 5 mammals from different orders, plus chicken, frog and fish 

(zebra/fugu) was used where available.  

Panther (http://www.pantherdb.org/tools/csnpScoreForm.jsp) Aligns sequence to protein subfamilies 

within its own library collection and calculated a probability of being pathogenic based on variation 

with the alignment 

PROVEAN http://provean.jcvi.org/genome_submit_2.php?species=human retrieves scores from a 

pre-computed database that clusters sequences to give a predicted effect on protein translation and 

effect on function. 

SIFT http://provean.jcvi.org/genome_submit_2.php?species=human Uses multiple sequence 

alignments generated from a BLAST search for similar sequences to calculate a probability score. 

Mutation Assessor http://mutationassessor.org/r3/Uses multiple sequence alignments based on 

functional specificity. 

Protein sequence and structure based tools: 

The predictions from these tools are based on the severity of the amino acid substitution and the 

potential structural implications based on the surrounding residues. 

PolyPhen2 http://genetics.bwh.harvard.edu/pph2/ This is a supervised learning tool that assess 

evolutionary conservation and impact on functional region. The HumVar output is recommended in 

assessment for Mendelian diseases as this algorithm is trained on the differences between human 

disease-causing and neutral non-synonymous variants. 

iii.x.iv Potential Splice changes  

Intronic, synonymous and missense variants were assessed for their potential effect on splicing using 

the following tools:  
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¶ SpliceSiteFinder (http://www.umd.be/HSF/) 

¶ MaxEntScan (http://genes.mit.edu/burgelab/maxent/)  

¶ NNSplice  (http://www.fruitfly.org/seq_tools/splice.html)  

¶ GeneSplicer  (http://cbcb.umd.edu/software/GeneSplicer 

¶ Human Splicing Finder (http://www.umd.be/HSF/) 

Interpretation was based upon the consensus of at least three of the above programs and generally 

needs these to show a change of +/-10% in splicing efficiency to be considered to be of potential 

significance. 

iii.x.v Severity of Amino Acid substitution 

For missense variants data from Russell, the Grantham distance and BLOSUM scores from Alamut 

were used to give an overall idea of the difference in properties between the wildtype and mutant 

amino acids. Those with greater differences are most likely to be pathogenic. 

Although there are a number of tools available to aid interpretation of variants, it was important to note 

that these are only predictions. Further studies, such as segregation and/or functional analysis may 

be required to draw a definite conclusion as to the significance of the variant. 

iii.xi Method for Electron Microscopy  

Punch biopsies of non-lesional skin were obtained from the upper inner arm. Each biopsy was cut into 

4 columns and immediately fixed using 3% glutaraldehyde in 0.1M phosphate buffer at pH7.4. 

Samples were post-fixed in 2% aqueous osmium tetroxide, dehydrated through alcohol and acetone 

and then embedded in 812 epoxy resin in a flat bottomed BEEN® specimen embedding capsule. 

Semi-thin sections (0.6um) were produced on an Ultracut E ultramicrotome using a Diatome 

Histoknife. These were stained with 1% Toluidine blue in 1% sodium tetraborate at 120°C. Mid gold 

interference coloured sections were produced using a Diatome ultraknife and staining with uranyl 

acetate and Reynoldôs lead citrate.   

Sections were photographed at step magnifications on a Philips 400 transmission electron 

microscope using an AMT 16 megapixel mid mount camera. Each section was screened for the 

presence of collagen óflowersô. Collagen fibril diameters in the reticular dermis were measured 

manually (20000X magnification) using the camera software and mouse (Figure 23).  

The mean diameter of 200 fibres was compared to the expected measurement for the age of the 

individual (Table 16). Fibroblasts and elastic fibre morphology were initially assessed at low 

magnification. The presence or absence of ER dilation, a feature providing evidence of stress, was 

assessed for each fibroblast identified (up to 20,000X magnification). 
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Figure 23 Electron microscopy of med-reticular dermis (20,000X magnification) 

The mean diameter of collagen fibres (nm) was assessed by measuring 200 fibres at a magnification of 20,000. 

 

 

 

Life Stage Expected collagen fibre 

diameter (nm) 

Fetus 70 

Child/Adult 80-90 

Elderly 70 

Table 16 Expected diameter of collagen fibres in each life stage 

Figures taken from Stewart et al (Stewart 1995) 
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iv RESULTS: TARGETED EXOME SEQUENCING 

iv.i Patient recruitment 

Eighteen families were recruited for targeted exome analysis (participant ID 001-018).  Eight further 

families were recruited for whole exome sequencing (participant ID A-H).  An additional cohort of 

BMP1 patients were identified during the course of this study (patients I-K) following introduction of 

BMP1 gene analysis into the diagnostic pathway following results for the NGS target panel part of this 

project. The presenting clinical details for each recruited participant are listed in Table 17 

 

Participant ID Clinical History 

Targeted Exome  

001 Crush fracture of spine and generalised osteopenia 

002 Family history of early onset osteopenia and osteoarthritis. Hypermobile 

003 Multiple fractures and osteopenia 

004 Dislocations, fractures, hearing loss in one ear. ?Blue sclerae. Other family 

members clinically affected. 

005 Two fractures, one with no obvious trauma 

006 Skull fracture, blue sclerae, Wormian bones. 

007 Severe vertebral fracture and collapse, short stature, facial features 

suggestive of OI. Mother has similar features. 

008 Numerous scars, history of >10 fractures 

009 Hypermobile, fractures. 

010 Clinically has OI type I, >30 fractures 

011 Fractures, osteopenia 

012 Antenatal fractures, autism, severe developmental delay 

013 Atypical OI, severe scoliosis, grey sclerae, very hypermobile, no tissue 

fragility.  

014 Recurrent fractures and osteopenia, characteristic facies of OI 

015 Hypermobile. Metabolic bone disease. ? Osteopetrosis 

016 OI type I 

017 Fractures. Dysmorphic, developmental delay, 

018 Multiple dislocations, easy/spontaneous bruising, blue sclerae, fractures, 

dental problems. 

Whole Exome  

A Cystic hygroma/increased nuchal translucency, moderate intellectual 

disability/mental retardation, fractures, flat or prominent occiput, dysmorphic 

facies, low rotated ears, downslanting palpebral fissures, thin upper lip, 

squint, atrial septal defect, ventricular septal defect. Wormian bones. 

B Multiple fractures, proximal shortening, scoliosis, possible contractures 

C Prematurity - 32 weeks, severe intellectual disability/developmental delay, 

fine motor delay, gross motor delay, speech delay, autism spectrum 
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disorder/autistic features, scoliosis, failure to thrive, fractures - vertebral and 

tibial fractures, frontal bossing/prominent forehead, dysmorphic facies, 

low/posteriorly rotated ears, abnormality of hairline, hypertelorism, upslanting 

palpebral fissures, myopia, optic atrophy, hair hypoplasia, low 

immunoglobulin levels, short stature, bilateral optic pallor. 

D Dysmorphic, developmental delay, hypotonic, muscle weakness, short 

stature, osteopenia, fractures, high arched palate, frontal bossing, bilateral 

club feet, low posteriorly rotated ears. 

E Sparse falling out hair, blue sclerae, hypertelorism, delayed fontanel closure, 

club foot, crush fracture vertebrae, rib fracture, bone fragility. 

F Multiple fractures, blue sclerae, dentinogenesis imperfecta, hypermobile 

joints. 

Mother is hypermobile with fractures following insignificant trauma. 

G Failure to thrive, macrocephaly, persistent large anterior fontanelle, multiple 

fractures, dysmorphic features. 

Heterozygous mutation in P3H1 c.1080+1G>T 

H Clinically osteogenesis imperfect with crush fracture vertebrae and multiple 

long bone fractures, scoliosis 

BMP1  

I Ten low trauma long bone fractures, white sclerae, normal hearing. No 

evidence of dentinogenesis imperfecta. 

J Three low impact fractures, grey sclerae, hypermobile fingers and no 

evidence of dentinogenesis imperfecta 

K High bone mass phenotype 

Table 17 Clinical Details provided for recruited individuals 

Eighteen families were recruited for targeted exome analysis (participant ID 001-018).  Eight families were recruited 
for whole exome sequencing (participant ID A-H).  A further cohort of BMP1 patients were identified during the 
course of this study (patients I-K) 

 

 

There have been no participant withdrawals during this research project.  

 

iv.ii Validation of Targeted Exome NGS Panel 

To assess the relative merits of SureSelect vs Nextera panel design and library capture 

methodologies for targeted exome sequencing, the sequence coverage for each region of interest 

was assessed for each method. To achieve this, five DNA samples were run on both the SureSelect 

and Nextera panels. The number of region without adequate sequence for each method is shown in 

Table 18 
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 Number of regions without adequate sequence coverage. 

Sample Number SureSelect Nextera 

1 2 17 

2 0 14 

3 0 13 

4 0 5 

5 0 15 

Table 18 Comparison of regions without adequate sequence coverage for SureSelect vs Nextera 

library preparation in five control DNA samples. 

Overall coverage for the Nextera panel was considerably lower than SureSelect for all samples. 

Visualisation of coverage for each method was undertaken and clearly demonstrated poorer 

sequence coverage across the entire panel. An example is shown in Figure 24. 

  

 

Figure 24 Visualisation of sequence coverage for SureSelect and Nextera methodologies  

The number of sequence reads for the COL1A1 gene for a single control sample is shown. The top panel indicates 
the gene with exons coloured blue. The middle and bottom panels show the number of reads in each location 
combined to form peaks (coloured grey). The middle panel shows coverage with Nextera, the bottom with 
SureSelect. 

 

One explanation for the reduced coverage of the Nextera panel in comparison to SureSelect is the 

difference in the number of probes produced for each region by the two design methodologies. 

SureSelect creates a number of overlapping probes for each region, increasing the likelihood that this 
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region will be captured whereas in comparison, the number of probes designed by Nextera is more 

limited, as illustrated in Figure 25. 

The conclusion was that SureSelect gave superior coverage for the genes of interest in this study and 

was chosen as the method to evaluate further. The next step was to look at the ability of the 

SureSelect panel and bioinformatics analysis pipeline to correctly identify variants within the 

sequence generated. 

 

 

Figure 25 Comparison of the number of probes designed by SureSelect and Nextera  

Coverage of four exons of the COL1A1 gene is shown.  

SureSelect probe= black solid line          Nextera Probe =black dashed line           COL1A1 exon = blue rectangle 

Variant lists from seven control samples that had been previously analysed using Sanger sequencing, 

the ógold standardô method of sequencing, were compared for 14 genes. A total of 164 variants were 

available and the number in each gene are summarised in Table 19 below. 

 

Gene Variants Gene Variants Gene Variants 

COL5A1 49 ALPL 14 PLOD1 1 

COL1A1 21 CRTAP 5 COL5A2 14 

COL1A2 24 COL3A1 12 SERPINH1 4 

SP7 2 PPIB 1 P3H1 5 

SERPINF1 11 FKBP10 1   

Table 19 List of genes and number of variants used to validate SureSelect targeted exome panel. 

 

A wide region of interest (ROI) of 150bp+/- from each exon was employed to maximise the number of 

variants included in the process. All variants were identified in the targeted exome NGS results. No 

false positives or false negatives were identified. The SureSelect and MiSeq platform were 

considered to be performing well compared to Sanger sequencing and were therefore chosen as 

methods for the targeted exome sequencing of patient samples. 
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iv.iii SureSelect Targeted Exome Patient Results 

All participants were screened for known OI genes using the targeted exome panel. Each identified 

variant was compared against the manually developed and curated database containing details of 

known common benign polymorphisms. Variants listed in the database are considered unlikely to 

cause OI, primarily due to their frequency in the general population (allele frequency >1%). Those 

listed in the database were excluded from further analysis. 

Additional manual assessment of variants to remove further polymorphisms not listed in the database 

was undertaken. Regions of homopolymer, that can give false positive variant calls, were also 

removed. A total of 21 variants requiring pathogenicity assessment remained (Table 20). 

 

Patient 

ID Gene Variant Zygosity dbSNP ref 

Read 

count Conclusion 

1 TMEM38B c.113-7A>G het rs186864213 1997 SNV 

1 COL1A1 c.1350G>T;p.(E450D) het . 15 False Positive 

1 CREB3L1 c.1194C>T;p.(S398S) het rs199639528 6929 SNV 

2 TAPT1 c.837G>T;p.(M279I) het . 20 False Positive 

3 FKBP10 c.590A>G;p.(K197R) het rs34764749 4526 SNV 

3 P3H1 c.1322A>G;p.(D441G) het rs113593896 10705 SNV 

3 TAPT1 c.613-3delT het . 33 False Positive 

3 BMP1 c.2134G>A;p.(G712S) het rs117159093 6824 ? UV  

4 COL1A1 c.4070T>C;p.(L1357P) het  5515 ? UV  

4 CREB3L1 c.962+18G>A het rs2288249 4077 SNV 

4 CREB3L1 c.1231G>A;p.(A411T) het rs35652107 8155 SNV 

5 IFITM5 c.80G>C;p.(G27A) het rs57285449 1309 SNV 

5 COL1A2 c.71-17dupT hom rs144776919 2147 SNV 

6 P3H1 c.1720+3G>A het  1404 No splice effect 

predicted 

8 BMP1 c.1112G>A;p.(R371H) hom rs145284541 5480 SNV 

10 SERPINF1 c.85-13T>G hom rs199735427 1428 

No splice effect 

predicted 

11 PPIB c.170T>C;p.(V57A) het  1770 Likely SNV 

12 COL1A1 c.1111G>T;p.(G371C) het  4427 N:# 

13 CRTAP c.471+1G>A het  46 False Positive 

15 BMP1 c.1148G>A;p.(R383Q) het  3888 ?UV 

15 BMP1 c.1293C>G;p.(Y431*) het  2021 ?UV 

Table 20 Variants identified in participants 001-018 using targeted exome analysis 

Each variant was manually assessed for likely pathogenicity and the results of this analysis are listed in the final 
conclusion column of the table. 

SNV=single nucleotide variant (likely benign); UV=unclassified variant; N;#=likely pathogenic mutation; 
Het=heterozygous; Hom=homozygous 
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Four variants, COL1A1 c.1350G>T;p.(E450D), TAPT1 c.613-3Tdel, TAPT1 c.837G>T;p.(M279I), and 

CRTAP c.471+1G>A were considered to be false positive calls due to their low read count, which 

indicates poor quality sequencing. Nine were classified as likely polymorphisms following evaluation 

as described in section iii.x due to their frequency in the general population and/or the lack of in-silico 

evidence to support a deleterious effect on protein structure or function.  

A highly likely pathogenic mutation, c.1111G>T;p.(Gly371Cys) in the COL1A1 gene, was identified in 

patient 12. This mutation affects a glycine residue in a Gly-X-Y triplet within the helical domain of the 

protein, a mutational mechanism well reported to be causative in OI. A different mutation affecting the 

same amino acid, c.1111G>A;p.(Gly371Ser), has previously been reported in a patient with type III OI 

(Marini, Forlino et al. 2007). No other variants of interested were identified in patient 12. It is likely that 

the c.1111G>T;p.(Gly371Cys) mutation was not detected by the original analysis of this patient due to 

the presence of a rare variant under a primer binding site, a known disadvantage of Sanger 

sequencing. 

Four variants of particular interested remained: BMP1 c.2134G>A;p.(Gly712Ser); COL1A1 

c.4070T>C;p.(Leu1357Pro);  BMP1 c.1293C>G;p.(Tyr431*)  and BMP1 c.1148G>A;p.(Arg383Gln).  

These variants were all confirmed by Sanger sequencing (Figure 26 and Figure 29). 

 

 

Figure 26 Sanger sequencing confirmation of BMP1 mutations. 

c.2134G>A;p.(Gly712Ser),participant 003 and COL1A1 c.4070T>C;p.(Leu1357Pro) 
participant 004. 

iv.iii.i Investigation of COL1A1 variant 

The COL1A1 p.(Leu1357Pro) variant is located in the C propeptide domain of the alpha 1 chain of 

type I collagen, a region that is essential for chain to chain recognition and subsequent assembly of 

the protein. Although this particular change has not been reported in the literature, three other 

variants affecting leucine residues in the C-propeptide, p.(Leu1464Pro), p.(Leu1437Gln) and 

p.(Leu1388Arg) have previously been published (Chessler, Wallis et al. 1993, Oliver, Thompson et al. 
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1996, Rugolotto, Monti et al. 2007) and are reported to be pathogenic. The p.(Leu1464Pro) variant 

affects the final amino acid before the termination codon in the protein and appeared de-novo in the 

affected individual.  Analysis of collagen secretion from cultured fibroblasts from this individual 

showed a poorly secreted and overmodified protein supporting pathogenicity. Similarly, the 

p.(Leu1388Arg) appears to be de-novo in an individual with lethal OI and delayed secretion and 

extensive over modification of the type I collagen protein were again observed.  No data is provided in 

the literature report in support of a pathogenic role for the p.(Leu1437Gln) change. 

Initially four family members were available for analysis of the COL1A1 c.4070T>C;p.(Leu1357Pro) 

variant in our family (participant 004). The variant was not detected in the proband's reportedly 

affected aunt or cousin but was present in the heterozygous state in her reportedly unaffected father. 

These findings suggested that this variant was not segregating with the features of OI in this family 

(Figure 27).   

 

 

Figure 27 Segregation analysis for the COL1A1 c.4070T>C;p.(Leu1357Pro) variant in 

family 004.  

The filled shapes represent family members who were reported to be clinically affected. Females are 
represented by a circle, males by a square. The arrow indicates the family member initially recruited to 
the study.   

However, the reportedly unaffected father was subsequently reviewed by a different consultant 

following the birth of a clinically affected second child from a different relationship. His clinical history 

was revealed to include numerous fractures during childhood and was highly suggestive of a 

diagnosis of OI. The second affected child was confirmed to be heterozygous for the c.4070T>C 

variant in COL1A1. Clinical review of the probandôs aunt and cousin only identified features that would 

be consistent with normal bone mineralisation.  This new information suggests that this variant is 

segregating with the OI symptoms in this family. 

Each alpha chain of fibrillar collagens contains a unique sequence within the C-propeptide domain 

that allows correct recognition and assembly of the collagen molecule. The p.(Leu1357Pro) variant 

lies within the chain-chain recognition region of the alpha 1 chain but does not affect one of the chain 

specific amino acids (Figure 28). Comprehensive in-silico analysis of the c.4070T>C;p.(Leu1357Pro) 

variant, along with segregation with clinical features of OI and literature review, indicates likely 

pathogenicity and suggests that the physical properties of proline differ from leucine sufficiently to 
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interfere with chain recognition. This is likely to prevent or delay chain alignment and assembly 

resulting in over modification of the collagen molecule.  

 

 

Figure 28 Chain-chain recognition sequences for type I and III collagen molecules 

The blue highlighted amino acids indicate the unique sequence for each chain that allow correct recognition 
and assembly of the collagen molecules. Leucine 1357 is highlighted in red. 

 

The c.4070T>C;p.(Leu1357Pro) COL1A1 variant is therefore likely to be an OI-causing mutation and 

adds to the number of C-propeptide domain mutations reported. Interestingly mutations in this region 

of the gene have been described in both mild OI (Pace, Kuslich et al. 2001) and a high bone mass 

variant (Takagi, Hori et al. 2011). None of the affected members of this family are reported to have 

features of high bone mass. 

These results highlight the importance of phenotypic data in the interpretation of genetic findings.  

iv.iii.ii Investigation of BMP1 variants  

The BMP1 gene (OMIM 112264) is alternatively transcribed to produce two proteins, mammalian 

Tolloid (mTLD; NM_006129) and its shorter isoform bone morphogenic protein-1 (BMP1; 

NM_001199). The functions of the shorter BMP1 protein include the proteolytic removal of the 

carboxyl-terminal propeptide from procollagen type I, II and III and the amino-terminal propeptide from 

types V and XI procollagen. It also influences dorsal-ventral patterning through the indirect activation 

of some TGFɓ superfamily proteins (Asharani, Keupp et al. 2012) and has a role in extracellular 

matrix assembly by proteolytic activation of lysyl oxidase (LOX). This is known to be essential for 

collagen cross-linking and processing of small leucine rich proteoglycans (SLRPs) (von Marschall and 

Fisher 2010).  

mTLD has an alternative exon 16 to BMP1 and a subsequent additional four exons encoding 256 

amino acids. This isoform circulates at increased levels in the plasma during acute bone fracture and 

is known to have an important role in bone repair (Grgurevic, Macek et al. 2011).  

Studies in BMP1/mTLD deficient patients with OI have demonstrated delayed cleavage of type I 

collagen C-propeptide (Martinez-Glez, Valencia et al. 2012, Valencia, Caparrós-Martin et al. 2014) 

and disorganization of type I/V collagen fibrils as well as impaired processing of the SLRP prodecorin 

(Syx, Guillemyn et al. 2015). 

In vivo study of the BMP1/mTLD protein to elucidate the mechanisms by which mutations in the 

BMP1 gene give rise to an OI phenotype has been hampered by the early lethality of Bmp1/Tll1 

knockout mice. However, postnatal ablation of the gene using floxed Bmp1 and Tll1 alleles have 
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produced models with reduced processing of procollagen and dentin matrix protein 1, increased bone 

turnover, decreased expression of sclerostin and induction of canonical Wnt signalling (Muir, Ren et 

al. 2014). These conditional knockout mice have weak brittle bones that are susceptible to 

spontaneous fractures. Studies in the frilly fins zebra fish Bmp1a mutant have shown delayed larval 

ossification progressing to relatively high bone mineral content in adults with malformation and 

evidence of fracture that has been shown to be independent of osteoblast maturation (Asharani, 

Keupp et al. 2012). 

At the time of this study less than 20 individuals with OI have been identified with mutations in the 

BMP1 gene. These patients have been described as having highly variable clinical presentations 

ranging from mild to severe progressively deforming OI. The majority, but not all, have presented with 

bone fragility associated with an increase in bone mineral density. It has been hypothesized that the 

described phenotypic variability between reported cases may result from different functional 

consequences of the BMP1 mutations, although no clear genotype/phenotype correlation has yet 

emerged. 

BMP1 c.2134G>A;p.(Gly712Ser) : Participant 003 

The heterozygous BMP1 c.2134G>A;p.(Gly712Ser) variant in participant 003 changes protein coding 

only in the longer BMP1/mTLD transcript, (mTLD; NM_006129). It affects a highly conserved 

nucleotide and amino acid and is situated in an EGF-like calcium-binding domain of the protein. In the 

shorter transcript (NM_001199) this variant, c.*626G>A, is downsteam of the 3ôUTR that finishes at 

c.*280. 

In-silico protein conservation analysis of the p.(Gly712Ser) change using SIFT, PolyPhen2, Align 

GVGD, SNPs3D, Panther and Mutation Taster all suggest that this variant may have a deleterious 

effect on protein structure and/or function, although the severity of the amino acid substitution is 

considered to be neutral.  

However, the available allele frequency data for this change states that it is present in the 

heterozygous state at a frequency of 0.16% in European (Non-Finnish) alleles in the gnomAD 

database (sample size 63042); no homozygous individuals are recorded. This data suggests that, in 

the heterozygous state, this variant is unlikely to be responsible for the symptoms of OI in this patient. 

In addition, there are no literature reports that suggest that variants only affecting protein coding in the 

longer mTLD isoform are associated with increased bone fragility, although a role in bone repair 

cannot be completely excluded. 

BMP1 c.1293C>G;p.(Tyr431*) and c.1148G>A;p.(Arg383Gln) : Participant 015 

Two variants in the BMP1 gene were identified in patient 015, c.1293C>G;p.(Tyr431*) and 

c.1148G>A;p.(Arg383Gln), that affect both isoforms of the protein. Segregation analysis showed that 

the c.1293C>G;p.(Tyr431*) is present in the mother and c.1148G>A;p.(Arg383Gln) in the father, 

confirming that these changes are on different alleles in participant 015. 

The c.1148G>A;p.(Arg383Gln) missense variant is found within the highly conserved CUB1 domain of 

the protein and SIFT, PolyPhen, Align GVD and Mutation Taster analysis all support pathogenicity, 

although the severity of the amino acid substitution is favoured. There is very low frequency data 
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within the gnomAD population database, four alleles out of 121,292. No homozygous indiviudals are 

reported. 

Investigation of the nonsense change identifed in this individual , 1293C>G;p.(Tyr431*) , indicates 

that variants leading to a ónullô allele within BMP1 are associated with OI phenotypes. Two such 

changes, c.925del;p.(Asp309fs) and c.1839del;p.(Asn614fs) are recorded on the LOVD database 

(https://oi.gene.le.ac.uk/home.php?select_db=BMP1) associated with OI type III and type IV 

respectively. The 1293C>G;p.(Tyr431*) variant is not reported in the general population. Taken 

together, the available evidence for the two variants identifed in this individual, suggest that they are 

highly likely pathogenic. So far, similar compound heterozygous changes that result in a ónullô allele 

and a mutation in a CUB domain have been reported to be associated with severe OI phenotypes. 

 

 

Figure 29 Targeted exome results for patient 015 

A: NGS sequence data highlighting the c.1293C>G;p.(Ty431*) mutation in BMP1. B. 
Sanger sequence confirmation of the c.1293C>G;p.(Tyr431*) and 
c.1148G>A;p.(Arg383Gln) BMP1 mutations 

 

 

Patient 015 is a 7 year old female, the only child of healthy non-consanguineous parents of North 

European origin. There is no family history suggestive of a connective tissue disorder.  She was born 

following IVF treatment at 39 weeks gestation with a birth weight of 2.976 kg. She was considered to 

be well immediately after birth and her early developmental assessment was normal. At age 17 

months, she was noted to be non-weight bearing and was referred for physiotherapy. She was 

diagnosed as being hypermobile and provided with orthopaedic footwear. At 20 months of age, she 

was found to have congenital bilateral hip dislocation. Corrective surgery on both hips was 

undertaken, initially unsuccessful on the right side and further pinning was required.  

The patient began to walk unaided at 2 years 10 months and her first fracture, of the right fibula, 

occurred a month later. She has sustained further fractures including a spiral fracture of the tibia and 
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three metatarsal fractures in the left foot (Figure 30). Following her fracture history, she was 

commenced on treatment with Pamidronate at 3.8 years of age. She remained on treatment for 12 

months before raised BMD was identified by DXA resulting in cessation of treatment (Figure 30). A 

provisional diagnosis of osteopetrosis was suggested.  

At her most recent clinical review aged 7 years, her weight was 24.35kg (>50th centile) and height 

122cm (50-70th centiles). On examination, she has white sclerae and normal teeth, hearing and 

spine.  She has a bossed forehead and has previously been noted to have a mild left sided ptosis. 

Scarring was minimal but haemosiderin deposits were noted on her lower limbs. 

 

 

 

 

 

Age in years 3.2 5.5 6.5 7 

Distal radial 

total 

volumetric 

BMD 

Not 

measured 
+8.7 +7.1 +7.2 

Distal radial 

trabecular 

volumetric 

BMD 

Not 

measured 
+9.2 +6.9 +6.6 

LS BMAD 

(L1 ïL4) 
+4.2 +4.3 +3.1 +3.4 

LS 

volumetric 

trabecular 

BMD (L1 ï

L3) 

Not 

measured 
+0.35 

Not 

measured 

Not 

measured 

Left: Chalk stickô fractures through right mid-tibia & mid-fibula 

(arrowed), with soft tissue swelling.  Note dense & thickened 

cortices. Three óPamidronate linesô are visible at proximal and 

distal tibial metaphyses  

Above: Volumetric Bone Mineral Density Z-scores measured 

by peripheral quantitative computed tomography (distal 

radius), DXA (lumbar spine) and quantitative computer 

tomography (lumbar spine).  

Figure 30 Patient 015: X-Ray of lower leg and sequential BMD measurements. 

See inserted captions for more detailed description. BMD ï Bone mineral density, LS ï lumbar spine, BMAD - bone 
mineral apparent density 
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BMP1 c.2188dupC;p.(Gln730fs): participants I and J 

Following identification of the BMP1 likely pathogenic mutations in patient 015, the BMP1 gene was 

added to the routine diagnostic NGS panel at SDGS and a further two individuals with OI associated 

with BMP1 mutations (patients I and J) were identified. The clinical features of these patients were 

assessed and available BMD data gathered to produce the manuscript (Appendix page 226): 

Phenotypic variability in patient with osteogenesis imperfecta caused by BMP1 mutations. Pollitt RC 

et al Am J Med Genet A. 2016 ;170(12):3150-3156.  

In addition to the phenotypic variability described in the manuscript, an important finding that is 

highlighted is the potential risk of causing delayed healing, increased stiffness, atypical fractures or 

even iatrogenic osteopetrosis by treatment with anti-resorptive therapy in BMP1-related OI. In 

particular, careful monitoring of response to bisphosphonate therapy is indicated in these patients. 

BMP1 c.355C>T;p.(Arg119Trp) : participant K 

Following publication of the manuscript, a further patient (K), again with a high bone mass phenotype, 

and a novel homozygous c.355C>T;p.(Arg119Trp) mutation in the pro-domain of the BMP1 gene was 

identified.  

It is not clear why some mutations are associated with increased BMD whereas others are reduced.    

Published functional studies have largely focused on the C-propeptide cleavage activity of BMP1 

mutations but BMP1/mTLD is also involved in processing of additional extra cellular matrix 

components. In particular BMP1 deficiency has been shown to influence the processing of the SLRP 

prodecorin by impaired removal of the prodomain (Syx, Guillemyn et al. 2015).  

Decorin is known to influence both collagen assembly and matrix mineralization (Mochida, 

Parisuthiman et al. 2009). Decorin also participates in intracellular and extracellular signalling 

including binding and inhibition of TGF-ɓ. Reduced decorin levels cause increased levels of ófreeô 

TGF-ɓ that bind to the TGF-ɓRI and TGF-ɓRII receptors, inducing Smad dependent and Smad 

independent signalling (Markmann, Hausser et al. 2000, Lim, Grafe et al. 2017). As excessive TGF-ɓ 

signalling is thought to be a common mechanism in OI pathogenesis (Grafe, Yang et al. 2014), it 

seems reasonable to propose that reduced decorin prodomain removal is contributing to the 

increased mineralization in these patients, by influencing downstream TGF-ɓ signalling.  

One possible explanation for the variable phenotypic presentation in this small cohort of BMP1 OI 

patients is that the degree of increased mineralization is a direct result of the óseverityô of the mutation, 

the level of residual C-propeptide cleavage activity that remains and the resulting disruption to 

collagen assembly and matrix mineralisation.  

To explore this idea further, collaboration with Dr. Cecilia Giunta, (University of Zurich) was 

established to examine collagen processing in dermal fibroblasts from patient 015, J, and K to see if 

variability in C-propeptide cleavage activity could be demonstrated.  
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Collagen Biochemical Analysis in patients 015, J and K. 

To look at collagen biochemical processing, dermal fibroblasts are cultured in medium containing 

14C-proline which labels procollagen and collagen proteins. These proteins are subsequently isolated 

and analysed using 5% sodium-dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

Gels are dried, fixed and exposed to an X-ray film before visualisation. 

. 

 

Figure 31 SDS-PAGE of the pepsinized procollagens in the medium. 

Normal controls (C) and patients 015, J and K (P1, P2 and P3 respectively). No evidence of 
abnormal procollagens in the patientôs samples was detected. 

 

 

Figure 32 SDS-PAGE of the untreated procollagen in the presence of 0.05M 

dithiodthreitol, (DTT) 

Patients 015, J and K (P1, P2 and P3 respectively).  

* Accumulation of pCŬ1(I) procollagen species (those retaining the C-terminal propeptide) in 
patient sample when compared to normal controls. 

The isolated procollagen can be treated with pepsin to cleave the terminal non-helical regions 

allowing more specific examination of the triple helical portion of the protein. The SDS-PAGE of the 

pepsinized procollagens present in the medium is normal for all three patients (Figure 31). This 
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suggests that a defect in the type I collagen triple helical protein structure or processing is not 

responsible for the symptoms in these individuals SDS-PAGE of the untreated procollagen in the 

presence of dithiodthreitol, (DTT, a reducing agent) clearly shows the accumulation of pCŬ1(I) 

procollagen species in all three patients (those retaining the C-terminal propeptide) and a decreased 

production of pNŬ1(I) and pNŬ2(I), which is more evident on the pNŬ2(I) band (Figure 32). These 

results support that the BMP1 mutations in these patients result in reduced cleavage activity. 

However, there is no indication that any specific mutation is more detrimental to collagen processing 

than the others. The cause of the variable phenotypic severity in these patients remains unclear. 

Electron Microscopy of reticular dermis in patients 015, J and K 

Electron microscopy (EM) of skin in OI patients with type I collagen mutations has shown increased 

variation in collagen fibril diameter, variation from the expected mean diameter and the presence of 

collagen óflowersô (Balasubramanian, Sobey et al. 2016). A limited number of EM studies in BMP1 

positive patients have also shown variable collagen fibril diameter and irregular fibril outlines although 

collagen flowers have not been reported (Syx, Guillemyn et al. 2015). The morphology of dermal 

fibroblasts in BMP1 mutation positive patients has not been described. 

To further explore the functional effect of the BMP1 mutations identified in this study, examination of 

dermal collagen fibrils and fibroblasts from patients 015, J and K was undertaken. These were 

compared against a normal control and a known pathogenic COL1A2 mutation.  

Normal Control 

Collagen bundle packing was regular and collagen fibrils were within the expected range for life stage 

(85nm). Elastic fibres were peripherally irregular in outline but did not appear to be increased or 

decreased in number or diameter. Collagen fibrils were regular with only an occasional fibril with an 

irregular outline. No collagen óflowersô or variability in fibril diameter were evident (Figure 33). 

 

 

Figure 33 Normal control collagen and elastic fibres 

A. Elastic fibres are peripherally irregular in outline but do not appear, to be increased or decreased in number or 
diameter. Collagen bundle packing is normal (9200X).  B. Collagen fibrils are regular with only occasional fibrils with 
an irregular profile. No collagen óflowersô or variability of fibril diameter was observed (20000X). C. Longitudinal 
section of collagen fibrils showing the classical D-period banding pattern.(9200X) 
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Examination of dermal fibroblasts showed normal cell morphology without any expansion of the ER or 

any protein óaggregatesô (Figure 34). 

 

 

Figure 34 Normal control dermal fibroblast  

The nucleus, mitochondria, golgi and ER are as labelled. The ER is not expanded (5500X). 

Positive control 

Fibroblasts from a patient with OI (type III) and a c.3269G>A;p.(Gly1090Asp) pathogenic mutation in  

COL1A2 were examined as a positive control. These fibroblasts had grossly expanded ER that was 

protein-filled, supporting aberrant processing of the collagen molecule and subsequent ER stress 

(Figure 35). The presence of collagen flowers and variability in fibril diameter are known features of OI 

(Balasubramanian, Sobey et al. 2016) and were confirmed in this positive control sample. 

 

Figure 35 Ultra structure of dermal fibroblast from a patient with OI type III with a 

c.3269G>A;p.(Gly1090Asp) COL1A2 pathogenic mutation. 

The fibroblasts showed grossly expanded ER that was protein filled suggesting aberrant processing and ER 
stress.(2600X) 
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Patient 015 

Some fibrils showed irregular contours similar to those previously described (Syx, Guillemyn et al. 

2015). Variation in collagen fibril diameter is within normal limits, with a standard deviation of 8nm. 

Occasional small collagen flowers were also identified. Longitudinal sections showed the presence of 

twisted and disorganised fibrils (Figure 36). Collagen bundle packing appeared normal. 

 

 

Figure 36 Ultra structure of collagen fibrils in reticular dermis from patient 015 

A. Some fibrils show irregular contours similar to those previously described (Syx, Guillemyn et al. 2015) and there 
is mild fibril diameter variability. An occasional small cauliflower-like collagen fibrils was also identified (arrowed, 
20000X) B. Longitudinal sections show the presence of twisted and disorganised fibrils (12000X) 

Examination of fibroblasts identified only mildly expanded ER. Elastic fibres were unremarkable 

(Figure 37). 

 

 

Figure 37 Ultrastructure of dermal fibroblasts from patient 015. 

Gross morphology is normal with only mildly expanded ER. Elastic fibres unremarkable. (3300X)  
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Patient J 

Collagen bundle packing was normal. A single fibroblast was identified with moderately expanded and 

protein-filled rough endoplasmic reticulum (Figure 38). Fibroblasts were otherwise unremarkable. 

Collagen fibril diameter variation from the mean ranged from 5.8 to 9.4nm. Mean collagen fibril 

diameter, at 96nm, was in excess of expected for age (85nm). No collagen flowers were observed. 

Elastic fibre ultra structure appeared normal. 

 

 

Figure 38 Ultra structure of collagen and fibroblast from reticular dermis of Patient J 

A: A single fibroblast was identified with mildly expanded ER. All other fibroblasts were unremarkable (3300X) B: 
Mean collagen fibril diameter (96nm) was in excess of that expected for age (85nm). No collagen flowers were 
observed (20000X). 

Patient K 

Collagen bundle packing was unremarkable. Mean collagen fibril diameter at 97nm was slightly in 

excess of expected for age (87nm). Variation in collagen fibril diameter was not excessive at a root 

mean squared deviation of 5.6 to 12.1nm. A few collagen fibrils with an irregular outline and an 

occasional collagen flower were observed (Figure 39). 

The rough endoplasmic reticulum was very slightly expanded and protein filled in occasional 

fibroblasts (Figure 39). Elastic fibres appeared unremarkable.  

Cleavage of the type I collagen C-propeptide is extracellular and therefore it would not be anticipated 

that fibroblasts from BMP1 mutation positive patients, where C-propeptide cleavage is disrupted, 

would show significant signs of ER stress. Rather, it might be expected that collagen fibrils would 

show features suggestive of disrupted fibril assembly.  
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Figure 39 Ultra structure of collagen and fibroblast from reticular dermis of Patient K  

A. Occasional fibroblast with mildly expanded and protein filled ER was observed (3300X). B. A few 
collagen fibrils with an irregular outline and an occasional collagen flower were observed (20000X) 

 

The observations in our patient cohort support this idea and are concordant with previously described 

collagen fibril architecture (Syx, Guillemyn et al. 2015), but with the addition feature of an occasional 

collagen flower in some patients (015 and K).  

Fibroblast morphology was generally unremarkable in this cohort. The mildly expanded ER identified 

in an occasional fibroblast in all three patients was in contrast to the gross expansion seen in the 

COL1A2 mutation positive control. The significance of the mild expansion is unclear. 

Summary 

This group of patients demonstrated the importance of inclusion of BMP1 gene analysis in the 

diagnostic investigation of patients with a clinical diagnosis of OI. This gene analysis should not be 

confined to patients with a noticeable high bone mass phenotype as bone mass in BMP1-related OI 

has been demonstrated to be highly variable (Pollitt, Saraff et al. 2016).  

In addition, careful consideration should be given to anti-resorptive therapy in this ultra rare form of OI 

and close monitoring of response to treatment is recommended. 

Functional exploration of the patients in this study by biochemical collagen analysis, and 

characterisation of collagen fibril and fibroblast ultra structural features has given no clues as to the 

mechanism responsible for the variable phenotypic severity in this group. The exact mechanism by 

which BMP1 mutations cause bone fragility remains to be elucidated. 

  

A B 

Collagen 

óflowerô 
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v RESULTS: MOUSE MODELS (TRAM2 Gene Analysis) 

The advances in genetic technology have considerably improved our ability to sequence and 

annotate the human genome. However, despite this, the function of many genes and their role in 

disease is still poorly understood.  The mouse is considered the mammalian model of choice to study 

the function of genes and a large scale comprehensive mouse phenotyping consortium has been 

established (International Mouse Phenotyping Consortium, IMPC, www.mousephenotype.org) to try 

and address the questions about gene function (Ayadi, Birling et al. 2012). Some of these mouse 

models have already been valuable in assessing candidate genes associated with OI, for example in 

TAPT1, SP7 and SPARC. 

The IMPC consortium is focused on generating mutations in protein-coding genes of the mouse 

genome. Mutant mouse strains undergo comprehensive high-throughput phenotyping and the data 

generated from this phenotyping pipeline is made available through the web portal 

www.knockoutmouse.org. This functional gene annotation resource allows us to target investigation of 

genes of interest in rare diseases such as OI.  

The phenotypic assessment performed by the Mouse Genetics Project (MGP) includes measurement 

of DEXA scores to provide an indication of bone mineral density (BMD) in their knock-out mouse 

models. BMD is currently used as a predictor of fracture risk, although correlation is poor. 

Approximately 160 knock-out mice are assessed per year, with an approximate 4% hit rate for DEXA. 

This data is useful in targeting further genes for analysis in our cohort, although mouse models can 

only point towards genes where knock-out, rather than gain of function or dominant-negative, 

mutations are causative.  

Nine genes affecting bone strength have been published by the consortium so far (Bassett, Gogakos 

et al. 2012). Three of these, Prpsap2, Slc38a10 and Sparc, are reported to result in bones that are 

described as weak and brittle. The Prpsap2 and Slc38a10 genes are thought to be important in bone 

development, whereas Sparc is a glycoprotein found in the extracellular matrix and is thought to have 

a role in bone mineralization. SPARC mutations have subsequently been identified in autosomal 

recessive OI, as described in section ii.xii.vi.iii, confirming the potential of mouse models to identify 

genes associated with bone fragility. The human homologue gene, SLC38A10, will be discussed 

further in section viii.vi. 

Collaboration with the Sanger Mouse Genetics Project (Sanger MGP), a partner in the IMPC, 

highlighted a novel gene associated with skeletal abnormalities, the Tram2 gene (Figure 42). Primary 

data in a Tram2 -/- knockout mouse indicated reduced viability of homozygous pups (38/274 pups = 

14%, expected 25%), with normal weight at birth but with post-weaning growth retardation (Figure 

40). 

http://www.knockoutmouse.org/
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Reduced bone mineralisation parameters were also recorded, including reduced bone mineral density 

in both males and females (Figure 41).  

 

 

Figure 41 Measure bone mineral density in Tram2 -/- knockout mouse 

using the DEXA analyser (g/cm2).  

Data provided by Chris Lelliot, Sanger MGP 

 

Tram2 -/- knockout mouse also have substantial hearing impairment demonstrated by abnormal 

response to auditory stimulus (click box) measured by signal detection threshold in brainstem 

response. These mice are not completely deaf but require ñlouderò noise to produce a detectible 

electrical trace. 

 

 

Figure 40 Male and Female weight curves for the Tram2-/- mouse model. 

Both sexes show reduced bone weight when compared with wildtype age and sex 
matched controls 



85 

 

 

Figure 42 X-ray of adult mouse knee joint at 16wks.  

A Normal control B Tram2 -/- knockout mouse with abnormal patella morphology highlighted. Images kindly 
provided by Chris Lelliot Sanger MGP 

 

The translocation-associated membrane protein 2 gene (TRAM2) is cytogenetically located at 6p12.2 

and encodes an ER multi-pass membrane protein.  The function of TRAM2 in humans is not 

completely clear at present. It has been shown to interact with RUNX2, a major transcription factor in 

osteoblasts, in a BMP-dependent manner (Pregizer, Barski et al. 2007) and is known to be required 

for type I collagen synthesis, most probably by interaction with SERCA2b, the calcium pump of the 

ER. This interaction may increase Ca(2+) concentration at sites of collagen synthesis and facilitate 

the functioning of chaperones involved in collagen folding (Stefanovic, Stefanovic et al. 2004). 

TRAM2 is also thought to mediate translocation of M4SF20 (transmembrane 4 L6 family 20), a 

polytropic membrane protein that inhibits proteolytic processing of CREB3L1/OASIS, in the absence 

of ceramide (Chen, Denard et al. 2016).  

Taken together, the phenotype of the Tram2 -/- knockout mouse and the proposed protein function, 

suggested that TRAM2 is a candidate gene for bone fragility. To explore this further the TRAM2 gene 

was analysed by either Sanger sequencing or by interrogation of whole exome data in all patients in 

our cohort.  

Sanger sequencing covered all coding sequence and intron/exon boundaries up to +/-25bp. Where 

deeply intronic variants were identified in exome data these were discounted if they were described 

with an allele frequency of >1% in population datasets. Analysis of the remaining variants identified 

two recurring changes c.627-5C>T and c.470+5_470+6 dup (Table 21 and Figure 43).  

The c.627-5C>T variant is listed on NCBI dbSNP with an average heterozygosity of 0.17. In the 

gnomAD cohort (121,004 chromosomes) 320 individuals are reported as being homozygous. This 

variant can therefore be classed as a benign polymorphism and is highly unlikely to result in 

symptoms of OI.  
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Participant 

ID 

Variant Zygosity dbSNP ID 

001 c.627-5C>T het rs9688915 

002 c.627-5C>T het rs9688915 

004 c.470+5_470+6 dup het rs57120044 

007 c.627-5C>T het rs9688915 

008 c.470+5_470+6 dup het rs57120044 

014 c.470+5_470+6 dup het rs57120044 

A c.470+5_470+6 dup homo rs57120044 

Table 21 Variants identified in the TRAM2 gene in participants 001-018 and A-H 

 

 

Figure 43 Sanger Sequence of two common variants in the TRAM2 

gene identified in our cohort.  

A c.627-5C>T and B c.470+5_470+6 dup 

Frequency data for the c.470+5_470+6 dup is comprehensive. Average heterozygosity is stated as 

0.264 in NCBI dbSNP, although there is no data for the number of individuals that this data is derived 

from. However, gnomAD, ESP and GoNL datasets all show that this variant is common in the general 

population, with allele frequencies ranging from 6.24% to 49.41% depending on ethnicity. This variant 

is therefore also highly unlikely to result in symptoms of OI. 

The results from this analysis suggest that sequencing single genes of interest is a poor strategy for 

identifying novel genes in OI cohorts. 
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vi RESULTS: WHOLE EXOME SEQUENCING (Personalis)  

Three patients (participant ID: A, B and C) were commercially sequenced by Personalis® using their 

ACE ExomeTM Assay. Personalis® returned all raw sequence data as well as a report highlighting 

ósignificantô findings. This report used the HPO terms submitted for each patient to target genes 

potentially responsible for the patientôs clinical symptoms.  

Parental samples were also submitted for sequencing for patient B.  

vi.i Patient A: 

Two variants of uncertain significance were reported by Personalis: c.4136C>T;p.(Thr1379Met) in the 

MYH6 gene and c.3660G>A;p.(Met1220Ile) in the ARID1A gene. These findings were assessed at 

the gene and variant level to clarify if they were likely to be responsible for the phenotypic features in 

this individual. 

vi.i.i MYH6 c.4136C>T;p.(Thr1379Met) 

The MYH6 gene has been described in association with familial hypertrophic cardiomyopathy. This 

particular variant is present in multiple healthy genome datasets including NHLI ESP and gnomAD, It 

is recorded in 72 heterozygous individuals (in 66714 alleles) in the gnomAD European (non-Finnish) 

population and at a frequency of 0.2% in the Dutch (GoNL) population. This variant is therefore likely 

benign, although a contributing role in the cardiac abnormality in this patient (ventricular septal defect) 

cannot be completely excluded. 

vi.i.ii ARID1A c.3660G>A;p.(Met1220Ile) 

Nonsense, frameshift and microduplication mutations in the ARID1A gene are reported in association 

with an autosomal dominant mental retardation syndrome, Coffin-Siris type 2 (Kosho, Okamoto et al. 

2014, Bidart, El Atifi et al. 2017). The c.3660G>A missense variant is novel in that it is not recorded in 

any population genome datasets. In-silico conservation analysis is inconclusive with multiple 

packages, including SIFT and Polyphen, producing conflicting predictions as to likely effect. In 

addition, although the amino acid is conserved among vertebrate species, the amino acid substitution 

is predicted to be neutral. Without further supporting evidence the clinical significance of this finding is 

unclear. However, although this variant has the potential to be contributing to this patientôs symptoms 

of intellectual disability, it seems unlikely to be responsible for his bone fragility.  

Further exploration of the Personalis sequence data was undertaken. In the absence of parental 

samples we searched for all LOF variants in this patientôs dataset. A total of 123 high quality variants 

were identified and each one was manually assessed for likely contribution to patientôs phenotype. 

Strategy 2 (exomizer) and strategy 3 (target gene list) variants were also explored. No OI or bone 

fragility candidate variants/genes were identified in this individual. 

Segregation analysis in the parents of this individual would help to further explore the sequence data 

for this individual using inheritance patterns (strategy 1). This may also clarify the significance of the 
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MYH6 variant identified in this individual. The patient and his parents have been enrolled in the DDD 

project to facilitate this analysis.  

 

vi.ii Patient B 

A heterozygous variant, c.6427G>A;p.(Gly2143Arg) in the COL6A3 gene was reported by Personalis. 

vi.ii.i COL6A3 c.6427G>A;p.(Gly2143Arg)  

This gene is associated with autosomal dominant and autosomal recessive collagen VI related 

myopathy including Bethlem and Ullrich myopathies and is reported at very low frequency in the 

general population (2/121290 alleles). Glycine 2143 lies within the triple helical domain of the protein 

and similar heterozygous variants in this region have been reported in association with Bethlem 

myopathy (Lampe and Bushby 2005). However, as collagen VI is a non-fibrillar collagen this variant 

cannot be presumed to be pathogenic, although in-silico analysis would support this. The variant is 

inherited from this individualôs unaffected mother, and this could indicate non-penetrance, reduced 

expressivity or recessive inheritance. However, neither the child nor his mother has clinical features 

suggestive of a type VI related myopathy, indicating that this is most likely a rare benign sequence 

variant. 

vi.ii.ii SRCAP c.9029C>A;p.(Pro3010His)  

Exploration of this patientôs sequencing data using strategies 1, 2 and 3 identified a de-novo 

c.9029C>A;p.(Pro3010His) variant in the SRCAP gene (NM_006662.2) that was not reported by 

Personalis. These findings were confirmed by Sanger sequencing (Figure 44). 

This SRCAP gene maps to 16p11.2 and encodes the multifunctional SNF2-related chromatin-

remodelling factor. The SRCAP protein is the catalytic component of a complex that mediates the 

ATP-dependent exchange of histone H2AZ/H2B dimers for nucleosomal H2A/H2B leading to 

transcriptional regulation of genes by chromatin remodelling.  

Independently to its role in chromatin remodelling, SRCAP is a coactivator for the CREB-binding 

protein (CREBBP, also known as CBP). CREBBP regulates gene expression via mediating the 

interaction between transcription factors and transcription machinery (Monroy, Ruhl et al. 2001).  In 

particular CREBBP acts with EP300 via the transcription factor cAMP-responsive element-binding 

protein (CREB) to regulate the transcription of a number of bone-related genes (Gordon, Stein et al. 

2015). EP300 itself is associated with Rubinstein-Taybi syndrome 2 where patients have 

characteristic facial features, short stature, and moderate to severe learning disability (Gordon, Stein 

et al. 2015). 
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Figure 44 Sanger sequence confirmation of de-novo c.9029C>A;p.(Pro3010His) SRCAP variant  in 

patient B. 

Top = patient B, middle = maternal, lower = paternal 

Truncating mutations in SRCAP are associated with Floating Harbor Syndrome (FHS), a condition 

characterized by short stature, delayed bone age and delayed speech (Messina, Atterrato et al. 

2016). A characteristic facial appearance that includes, deep set eyes, short philtrum, thin lips, wide 

columnella and long eyelashes is described. 

The c.9029C>A variant in our patient lies in exon 34 of the SRCAP gene, a region that is known to be 

a óhotspotô for FHS mutations (Hood, Lines et al. 2012). These heterozygous truncating mutations are 

predicted to abolish the three C-terminal AT-hook DNA-binding motifs while leaving the CBP-binding 

and ATPase domains intact (Figure 45).  It is proposed that these mutations act in a dominant 

negative manner either by competing with wildtype protein in binding to its partners in the SRCAP 

chromatin remodelling complex and CREBBP or alternatively by interacting directly with wildtype 

SRCAP protein to form inactive heterodimers that are unable to bind DNA targets or chromatin 

partners (Messina, Atterrato et al. 2016).  

A single case has been described of a de-novo 186kb microdeletion on chromosome 16p11.2 that 

encompasses the SRCAP gene. The patient is reported to have global developmental delay, speech 

impairment and behavioural problems (ADHD). Deep set eyes, bulbous nose with broad nasal bridge, 

and thin upper lip were also identified which could be considered as features that overlap with FHS, 

however it was felt that a diagnosis based on facial gestalt was not possible (Gerundino, Marseglia et 

al. 2014). The authors suggest that this patient might represent the first reported case of 

haploinsufficiency of SRCAP in association with a clinical phenotype, although acknowledge that 

further evidence is required. It is worth noting that this individual is not reported to have a skeletal 

phenotype. 

To date, no missense variants in SRCAP have been reported in association with a clinical phenotype.  
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Figure 45 Locations of Floating Harbour Syndrome-Causing Mutations within SRCAP. 

 (A) Intron-exon structure of SRCAP. The mutation cluster in exon 34 is indicated by a red arrow. 

(B) SRCAP domain structure. The amino acid positions of recognized domains are given below. The positions of 
heterozygous FHS mutations are shown in red.  

Key: HSA = Helicase-SANT-associated domain. Modified from Hood et al.(Hood, Lines et al. 2012) 

 

 

The c.9029C>A missense variant lies within the AT hook 3 domain and affects a moderately 

conserved amino acid. The physiochemical difference between proline and histidine are moderate 

and the amino acid substitution is predicted to be disfavoured (Unclassified Variant evaluation form, 

Appendix page 190). Review of variants listed in the dbSNP database did not identify any missense 

changes in the AT hook domains of the SRCAP gene with any frequency data in the normal 

population. In addition, search of the decipher database did not identify any further missense changes 

in this region of the gene. GnomAD constraint metrics for this gene are pLI=1.00 (pLI>=0.9 indicates 

an extreme loss of function intolerant gene) and the Z score for missense mutations is 2.23 (a positive 

Z score indicates increased constraint/intolerance). 

Methylation Status 

One mechanism for the potential pathogenicity of this variant could be via changes in chromatin 

remodelling and subsequent changes in DNA methylation status. A recent study looking at the 

methylation profile associated with FHS suggests that truncating mutations of SRCAP result in locus 

specific DNA methylation changes which in turn may regulate the expression of specific genes (Hood, 

Schenkel et al. 2016). It is possible that the c.9029C>A variant also has an impact on methylation 

status of genes, particularly those associated with bone metabolism.  

To explore this hypothesis Prof Sadikovic (Western University, London, Canada) kindly undertook 

DNA methylation status analysis for patient B. They used an EPIC array (Illumina) that detects 

cytosine methylation at CpG islands and allows interrogation of methylation patterns at the genome-

wide level, covering more than 850,000 methylation sites. 

 


































































































































































































































































































































































































































