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I SUMMARY

Osteogenesis imperfecta (Of)irgharited disorderaracterized by increased tragditywith
severityanging from very mddethalMutation i€@OL1ABNdCOL1A2which code ftype |
collagenare identified in the majority (~8pédieots.

Research to identify the cause of Ol in individuaidesitifiedtutations has focused on severe
and lethal forms of the diseBgdocusing on patients not fulfilling the currentaéfinitiors e v e r
adopted by the Niifded Highly Sjedised Ol Service for children with severe, complex and
atypical Qlve aimetb contribute to the current knowledge of the mdecafat ba

We employed a number of sequencing strategies to achieve this: targeted exome, Sanger anc
exome angdis. Results in this thesis have established that these approaches, together \
appropriate functional analysis, can identify novel causes of Ol and bone fragility.

We identified four patients with variable presentation and nBkéRaasdinimptantly,
highlight a risk of causing delayed healing, increased stiffness or atypical fresongs/by anti
treatmeniVe report the third occurrence.dl@8A>E. Tyr393CyR4HBmutatiomnd describe
what appears to be an emergitigctve idiological phenotypeetadiaphyseal fractures with
metaphyseal sclerosis

We havexpaded the clinical spectassociatedithNBASmutations to include bone fragility
that may present as atypical Ol. Submission of a UKGTN gene dossier hdgransitren odp
this research finding into the patient diagnostic pathway.

In addition, we have identified a number of novel genes and pathways that warrant fu
investigation, nam8lyC38A1BRCAPUGGTLUBASH3BSULFPOSTNandvoltageated

sodium chanrggnesFuture work will focugleidating the significance of these findings and the
development of tools to facilitate analysis and interpretation of genetic data as whole ge
sequencing becomes more readily available for Ol patients.



i INTRODGTION

il.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,gshoajgiorus and magnesium.

Bonealsoacts as a reservoir for growth factors and cytokines sucHiles gnswiin factors
(IGF), transforming growthfactot TGFb) and bone morphogenetic pro
mai nt ai n itbdsebaldnaedy 6 s aci d

Bone strength depends largely on bone &% G0bone 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 isuganaadand to
surrounds the marrow space and the trabecular (cancellous) bone which is composed of a
honeycomlike network of trabeculde boundary between the cortical and trabecular bone is
generallgifficult to defingarticularlyn the metaphyses whtire trabeculae merge to form the
corteXFigurel).

A dense connective tissue layer, the periosteum, surrounds the outer surface of cortical bone except
at joints vete bone is lined by cartil@ge periosteal attachment to bone is stooveyels the

ends of the bgreound the metaphyaad growth plajéisan it is in the diaphysealghaitt)

regionlin relation to Chjddifference immediate local sagmay help explain whgtaphyseal

fractures are razempared to those in the g&gpldespite 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, sialoprasemsggieotearsd
the2HSglycoproteia plasma protein synthesizé ilivethat issnriched inone matppcalled

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

bone matrix and give the bone its hardness and higyidif. also increasing evidence that
haemopoietic lineage cells, in particular macrophages and lymphocytes act within the bone
environment amdosgalk with cells that directly regulate bone mass and(‘é{aitzomann

2017)



Cortical
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Figurel Bone crosssection diagramPbroks13, CC BY B.0
https://commons.wikimedia.org/w/index.php?curig=5188772

ii.il Osteoblasts

Osteoblasteriginate from mesenchymal stem cells (MSC) and are responsible for bone mz
synthesis and subsequent mineralisation. Differentiation of MSCs to osteoblakystieregulated
expression of a number of genes includinglaReohttranscription factdRNXR, distaless
homeobox DLX% and OsteribOEX. RUNX2s generally described as a master gene in
osteoblast differentiation and has been shown to upregokttnblistlated genes such as

those encoding alkaline phaagehéALP), osteocalcin (OCN), bone sialoprotein (BSP) and type
collagenGOL1A1/1APBruderer, Richartsal. 2014Expression bbne morphogenic proteins
(BMPs) and Wingless (Wnt) signalling pathway proteins also regulate the commitment of
towards osteoblasts.

Osteoblasts synthesise bone matrix in two main steps, the first step beingnsecgaiion

matrix consisting of collagens (mainly type | collag@iggeoous proteins (such as osteocalcin,
osteonectin, bone sialoprotein |l @ogadin) and proteoglycans including decorin and biglycan.
Subsequently, matrix mineralizatidiydoxyagtite, a crystalline complex of phosphate and
calcium ions, occurs. Osteoblasts that become embedded in the newly forming matrix give
osteocytes.

i.iv Osteocytes

During the osteoblast/osteocyte transition morphologicastanttutdithanges occur. In
additiondowrregulation of genes suclB&BIIOCN ALPandCOL1A1/1A&curs. In contrast
sclerostir5SOST and dentine matrix proBtRL are highly expressed.

In the osteocyterganelles such as rough endoplasmic reticuland (EBIgi apparatus are
reduced in number and the nucleus to cytoplasmic ratio is increased when compared to ostec
A network of plasma membrane extensions (filopodia) develop and radiate into microscopic ce
the ossified bone called canalitwse filopodia facilitate communication of osteocytes with eact
other and also with other cells types, such as osteoblasts, via the transport of small sigr
molecules such as prostaglandinselCetmmunication is also achieved by théntienstititl
fluid between the osteocytes filopodia and the &angi. cinis through this process that

3



osteocytes are thought to act as mechanosensors and direct bone resorption or formation processes,
although thexactmechanissby which this ishaeved hee not been identifiélorenciSilva,
Sasso et al. 2015)

il.v Osteoclasts

Osteoclasts are multieate cells that originate from haemopoetic stem cells. A critical
osteoclastogesis regulator is RANK lidRANKL)RANKL is secreted by osteoblasts, osteocytes
and stromal cells and is itself regulated by osteoprotegerin (OPG). OPG binms\RANKL and
binding to its receptor, RANK, hence inhibiting osteesimfbgemci®ilva, Sasso et al.

2015)

Osteoclasts function in the resorption of mineralised bone and are found in resorption cavities called
Hows hi pds | ac un hydrogenHomg, ereatind ayacidihgiidlisselves the

mineralized bone matrix. Hydrolytic enzymas catttepsin K and matrix metalloproteases are

also released in order to digest the organic matrix components.

li.vi Bone Modelling

Modelling is the process by which bones respond to physiologic or mechanical influences. The
process is responsible for changlesne 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 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 influbyaadnylocal and systemic factors including cytokines,
hormones, chemokines and mechanical stinitilatmaes the continuous resorption of small
compartments old bone, replacement with newly synthesized matrix (osteoid), and subsequent
mineraletion of the matrix to form new Banee?). Known local control factors influencing
remodelling include the RANK/RANKL regulation of osteoclast forrsttiofSGSIEyo

production in osteocytes inhibiting bone formation, and Wnt signalling in bone and immune cells,
including macrophages and lymph@dgtéisa 2017)

The remodellimgocess controls the repair of bone following injuries likentlaldonesevents

accumulation of mideanage that occurs during normal,gubissiply through changes in fluidic

shear stress stimulating oseeaignallingRemodelling 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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Figure2 Bone remodelling

Different cell types originate from either the hematopoietic or mesenchymal lineages. Osteocy
resorption by osteoclasts and formation by osteobld#tigBoakds and mesenchymal stromal ce
differentiate intsteoblasts or adipocytes. HSC, hematopoietic stem cell; MSC, mesenchymal strc
and legenddapted from Lee giLale, Guntur @&t 2017)

ii.vili Requlation of Bone Metabolism

Ni nety nine percent of the bodyds <calcium
Regulation of bone mineral metabolism results from the interaction of parathyroid hormone
calcitonin andtamin D in the gastrointestinal (Gl) tract, the kidneys and in bone by osteoblasts
osteoclasts.

ii.viii.i Parathyroid Hormone (PTH)

Parathyroid hormone, an 82 amino acid protein, is secreted from the parathyroid glands in re:
to low levels of serum aalcithich is monitored through cell surface calcium sensing receptor
(CSR). PTH regulates both serum calcium and phosphorus levels through its action on bone, |
and the GI tract. In bone, PTH exhibits its effects through ostetihlastsliceig the
stimulation of osteodtastone resorptiema the RANBPG pathwayeleasing calcium (and
phosphate) from mineralised bone tissue

In the kidneyBTH increases the reabsorption of calcium and inhibits reabsorption of phosph
PTH also increasthe absorption of calcium in the GI tract by increasing production of activa
vitamin D in the kidneys througkgufation d¥Shydroxyvitamin 1Rlphahydroxylase and
subsequent absorption of calcium via calbindin.



Calcitonin is setzd from the thyroid gland in response to hypercalcaemia. Its main function is to
inhibit osteoclasediated bone resorption and also results in reduced resorption of calcium and
phosphorus in the kidneys.

The active metabolitevVadmin D1,5 dihydroxyvitamin ibgreases calciuamd phosphate
absorption in the Gl fia@viding mineral substrate fanitiegalization of osteli@lso acts with
PTH to increassteoclast activilly.additiontamin D also regulates transcriptiorecdl deone
proteins, most notably osteocalcin, type | collagen and alkalase phosphat

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 oestrogestoatetone 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 dagtsland increase the number of osteoclasts

) .| Decrease Bon Stimulate bor Inhibit bon
Stimulate bone formati . , .
formation resorption resorption
Growth BMRP2, BMPR, BMP, TNF, EGF, PDG
factors BMR7,IGH, IGHI, TGF FGF, MCSF, and
b, FGF, an GMCSF
IL-1, 116, 118, 1111,
Cytokines| 1L-4,11:13, IFN, and OP( PGE 2, PGEL, PG( IFNy -4
PGI2,and PGH2
Growth hormone
Vitamin D metabolites PTH/PTHrP
Androgens Glucocorticoids Calcitonin
Hormones Glucocorticoids
Insulin thyroid hormones | Estrogens
Lowdose PTH/PTHrP Highdose vitamin D
Progestogens

Tablel Hormones, growth factors and cytokines that influence bone metabolism and remodelling.



i.ix Local Requlation of Bone Remodelling

Bones also contain many growth faatluding BMP ah@Fb, whichare not only vital for bone
development play an important role in the local regulationrefmiooledlingrhese additional
regulators of bone metabolism are summaiaddel.in

The majaignalling pathways in bone forrasgion
Insulinlike Growth Factor | and Il (IGF1 & IGFII)

Insulidike Growth Factor | afiGiF1 & IGFH)e polypeptides that are synthesised in the liver and
osteoblasts. They increase collagen production in the bone by increasing osteoblast numbe
function. IGFBII in particular is important during embryogenesis. The expression of IGFI and |
regulated by growth hormone, oestrogen, progesterone (which increase expression)
glucocorticoids (which inhibits expre&#dnfiGFllare linked to their respective binding proteins
(IGFBP) which themselves can influence bone remodel{Dgrasterity008)

Transforming growth factor beta (TGF2) and

T G BMP signalling has a fundamental role in both embryonic skeletal development and in
homeostasisTGIE/BMP signalling inhibits bone degrading enzymes such as metalloproteina
(MM), reduces osteoclast differentiation ancaadstiongly prometesteoblast differentiation

(Wu, Chen et al. 2016)

Platelet derived growth factor (PDGF)

PDGF stimulates osteoblast or osteoprogehi{tSCactivig and is known to be up regulated
following bone fractufee arrentview is thaPDGFcontributes to bone repair by enabling
osteoclast® control osteoblast chemqgtéxigever thexactmechanism by which this occurs
remains to be elucidg@aplan and Correa 2011)

FGFR3 FGFR1 FGFR2

' ' Mineralization

F o o )
- _>._> o Apoptotic
\ osteoblast
Mesenchymal cell Preosteoblast ~ Mature osteoblasts

Figure3 The ple ofFGFRBin osteoblast differentiation
Theeffect of FGFR3 on osteogeisasicleani{arked by dotted Iyfegure adapted fr(®u, 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 homeostasgdabn ofphosphatéevels. Multiple FGFs and
FGFRs are also expressed durmhgyéraepaiSu, Jin et al. 2014)

FGFRI1s believed fwomote the diffetiation of mesenchymal progenitors -ostepidastbut

inhibit the proliferatiofM&Cs. It also inhidhe maturation and mineralization of osteoblasts
FGF2 is thoughtpositively modulate osteoblast differentiation and boneviberesithere is
conflicting data concerning the effects of FGF3 stgnaki)g (

ii.x Bone Matrix

The bne matrix is an organized fvaorle of organic and inorgamaterial that provides
mechanical support and has a key role in the regulation of bone cell activity. {¥@#nsists of 65
inorganic material (mineral) and ard084 Water, the remainder being organic material such as
type | collagen (90%) and-coiagenous proteins such as proteoglycan, glycoproteins and
sialoproteins

Type | collagetine major protein component inibseereted by osteoldamtdselfassembke

into overlapping crosslinked groups of fiveollBgamolecule is 1.5nm widend 300nm in

length(Streeter and de Leeuw 2&d)sstaggered fmoits neighbolly 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 appeakaroven(a®-periodic spacirfgigured) of collagen fibrils on

electron microscoflang, Goldstein et al. 2083 the collagen molecules in each group coil

around each ethsmall 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.

Figured Electron microscopy of longitudinal cross section of dermal collagen

Characteristic banding appea(@queriodic spacizaused by overlapping collagen mobreusesforiginal
magnification 12000X).



Collagemolecules are joined together by both enzymaticeaagnmatic crosslinking. Lysyl
oxidase and lysyl hydroxylase form enzymatic divalent crosslinks that in some mature to tri
crosslinksMeasurement of pyridinoline and pyrrole crosslinkg ele@readrduring collagen
degradation, can be used as an indication of bone turnover. Enzymatic crosslinks are conside
contribute positively to bone strength. In consagymeaitic cross links, formed between sugars
and exposed amino acidshargyht to have a negative effect on bone material, prapsries
increased brittleness

Crystalline hypkyapatite is deposited along the collagen fibres in highly ordered stacks of min
platelets. There is no current consensus as to hoviotharidcsgial arrangement between

these mineral platelets and the collagen fibres affects the material properties of bone in heal
disease. However, it is known that changes in the bone matrix alter both the structure and funt
bone tissue.

ii.x.i Cdlagen structure

Type | collagen is a heterotrimer consisting oflnko pmh ai npsoUZa nd h ainre t h :
assembled into a triple helical strutheerd) andproU2 chai ns aiCeLl&Inc od
andCOL1A®enes respectively. Botlond proU 2 ¢ domsistrofs a large central domain

of 1014 amino acids containing repead Gly r i pl et s, known as the
flanked by short Huglical telopeptide domains and globular carboxyl and amino termin:
propepties (the Gand Npropeptides).

The GRX-Y triplets are key to the integrity of the type | collagen protein as glycine residues hav
smallest side chain of any amino acid, consisting of a single hydrogen atom, allowing the thre
chains to conmegether to form a tightly foldeéhaigtied coil structure, the alpha helix.- The X
position in the &y triplet is most often occupied by a proline residue, with hydroxyproline in the
position.

Along each alpha chain are regions that aretifopartaraction with other collagen molecules or
extracellular matrix proteins, in particular proteoglycans. There are three of these regions, knc
major ligand binding regions (MEBR)). Severe dominant Ol mutations are thought to cluster
in these regions, supporting the importgmoteadlycarollagen interactions for normal bone
homeostas{arini, Forlino et al. 2007)

Type | collagen is first synthesised as a soluble precursor protein called procollagen and und
several stages of processing and trafficking before fibrillogenesis occurs.

ii.x.ii Collagen RBisynthesis

The chains of type | collagen are first synthesized as procollagen molecules and the growing
chains are translocated into the lumen of the rough endoplasmic reticulum (ER).
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Figure5 The structure of type | collagen.

Type | collagen consists opteld 1 a Rld2  cphea@achsnsist of a large central domain of 101¢
acids containing repeateedX@ly t r i pl et s, k n o wn Thés sflanked &y sharorhelipal
telopeptide domains and globular carboxyl and amino termides {thpefarminal and -tsrminal
propeptides)yhe Xposition in the &y triplet is most often occupied by a proline residue, with hydrc
the YpositionAbng each alpha chain are regions that are important for interaction with other collac
extracellular matrix proteins, known as major ligand binding sites (MLBR). Figu(®ladiaiptedrfircoret
2017)

ii.x.ii Rough Endoplasmic Reticulum

Here the chain ogmition sequence within the@eptide domains enablptdl and -one pr o
U Zhaingo aligr(Khoshnoodi, Cartailler et al. 2006, Bourhis, Mariano efThle 20ijRjnent

and stabilisation of theeractions between the threprdpeptides is fadidithby interchain

disulphide bds (Canty and Kadler 200 e two ptd1 chai ns-U2andhaine fphen
assemble in a carboxyl to amino direction leading to propagation of the triple helix. The telopeptides
stabilise the newiynthesised collagen fibrils by means of intermoledirks.cross

During chain assembly modification of lysine and proline residues by hydroxylation occurs. Specific
3-dydroxylation of proline 1(af&b referred to peoline 986 using alternate noatere)s

undertaken by the three protein complex formedyBlgydroxylaske (P3H1), cartilage

associated protein (CRTAP), and cydB@yinB) (Ishikawa, Wirz et al. 200@hich are

encoded by tiERTAPP3HIandPPIBgenes respectivelyh i -tsydraXydation 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 pelfeyriedibyxylase 2 (LH2), encoded

by thePLODZ2gene(van der Slot, Zuurmond et al. 2003, Hyry, Lantto et ath&@es)

hydroxylation of two sites in the helical domain is undertaken by lysyl hydroxylase 1 (LH1), encoded
byPLOD1

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

formation. When propagatiotheoftriple helix is complete this processing, known as post
translational modification, stops.
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The ATRindependent heat shock préi&iR47, encoded B¥RPINH1is a further protein
required for procollagen folding and is thought to help mairiinstapiétfChristiansen,
Schwarze et al. 2008$P47 is known to accompany procollagen fRmo the Golgi, where it
dissociates and then returns to the ER for (&aswatingnd Kadler 2008 precise function of
HSP47 is still unknown althdésigiattern of expression suggests that it is-spkagenraghn
than a general ER chapefila&areeva, Aviles et al. 2011)

A further EfResident chaperone protein, FKBP65, encédddPlipalso interacts with type |
procollagefishikawa, Vranka et al. 2008P65 is thought to be important for procollagen
trafficking as well as molecular folding through intergotBh@broteinin addition it forms

a complex with CRTPFMICyPB to facilitate hydroxylation of prolinéMagdi, Forlino et al.

2017) It has also been shown topsyate with HSP47 during post translational modification
(Duran, Nevarez et al. 2015)

Rough Endoplasmic Reticulum
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Figure6 Steps in Type | Collagen Biosynthesis
Figure modified frévian Dijk ahSillence 2014)

ii.x.iv Golqgi Apparatus

The type | procollagen protein exits the ER when it has achieved a stable folded configuration
transported through the secretory pathway of the Golgi apparatus and plasma membrane ir
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 bypfdteinases, such as bone morphogenetic proteih (H&8Mfan, Garrigue

Antar et al. 2003nd by the-pioteinase activity of the ADAMTS family of €beyGef,

Somerville et al. 2008)is results in spontaneous aggregation of collagen molecules to form fibrils,
which is facilitated by the formation -o&matrentemolecular crosslinkéiese fibrilgrow by

lateral ashendo-end fusion to form type | collagen Fiignass).

ii.xi Osteogenesis Imperfecta

Osteogenesis Imperfecta (Ol) is a rare inherited condition thougpprtoxiafigeti§a7 in

100,000 individu@olkestad, Hald et al. 2@Db@l) is characterised by low bone mass and an
increased tendency totdira¢ 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 ncsfracture

The clinical features of @l iaclude 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. Otheunegparztofea

pain and impaired mobility.

ii.xii Genotype/Phenotype Correlation in Ol

Genetic characterisation of families affected with Ol has shown that autosomal dominant mutations in
the genes that encode the alpha chains of type,|COlldgehndCOL12A can be identified in

~89% of affected individyRishrbach and Giunta 2018 recurrent autosomal domFidain5

mutatiorn; -14C>Tisreported to account for an add#ib®edf Ol caseSShapiro, Lietman et al.

2013)

Recessive mutations in a variety of genes are known to account for a tatiesfFebloaf

Cabral et al. 201Ihe contribution of each recessive gene is populatiort. degeodin

Ameri can and European popul athydiorysatioh doropger, encodi n
CRTAPP3HlandPPIBare the most comnm@iorlino, Cabral et al. 20Hgreas in Arabian
populationSERPINFAnd FKBP1Gare the more frequé¢Bhaheen, Alazami et al. 20h2)

addition severalueent mutationsH8Hlhave been identified, c¢.232delC;p.GIn78Serfs*30 in Irish
traveller¢Baldridge, Schwarze et al. 20@Bx.1080+1G>n those of African des(Rodlian,

Chan et al. 2009)

Considerable effort has been applied in an effort to define the relationship between genotype and
phenotype in Ol with the hope of imppowgingstic information and genetic counselling/risk
assessment for families with an affected individual.

ii.xii.i Defects in Collagen Molecule
ii.xii.i.i COL1ABndCOL1A2
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Autosomal dominant mutatio®OihlAlnd COL1AZre describedhroughout the gerend

there are currently over 1,200 unique Ol variants reported (http://www.le.ac.uk/genetics/coll
Mutations broadly fall into two categories, those resulting in a quantitative reduction in normal
and those causing a qualitative defect.

Quatitative mutations causing a reduction in the amount of normal type | collag
(haploinsufficiency) are associated with milder Ol phenotypes and are most commonly caus
heterozygous variant€@L1Athat lead to mRNA instability and nonsense mezliatedy ( 6 n
allele). Small deletions and duplications causing a frameshift and nonsense mutations are a cc
cause of oO6null 6 alleles, although splice s
splice sites are also repoifRately whole gene deletions are also désenbik, Huizer et al.

2010) Het er ozy g cCOlLADAVe yeltt tb Be destribed Anéhavghto mesult in a
phenotype that cannot be distinguished from normal.

A rare autosomal recessive cardiac valvular form -Diaribdersyndrome results from

h o mo z y g o tatoons innh@AL1AGenegBchwarze, Hata et al. 2604)gesting that type |
collagen comprising of thre&Jgro chai ns can assemble and m:
normal fashion in the absencetfdro c hai ns . T h e otypes tolkkhonoofzygouse p o
COLIADBnul I 8 mutations may indicate that this

Qualitative defects are associated with a wide phenotypic spectrum ranging from mild to leth
are characterized by assembly of type | collagen comprsamy and normal alpha chains
resulting in production of an abnormal protein {degatieateffect). Qualitative defects disrupt
fibrillogenesis and generally have a greater phenotypic impact than quantitative changes due
increased influenon the bone matrix.

The most frequent qualitative defect is the substitution of a glycine reXugipiea iGlthe
triple helix domdimatdisrupts folding, slows chain propagation and resuftsoutifice¢ion of

the protein. Splice shi@nges resulting in exon skippiragnmdeletions/insertion and changes in
the Gtermingbropeptidé-igured) also cause qualitative changes.

A key challengeOl is the prediction of phenotypic severity from genotype. Early characterisatio
glycine substitutions led to the development of @lquesitient gradient model for phenotypic
severity forthe ddd  c hai n whi ch \veapsd) 2 a t(mdaAsteim etale d t
1999) The model proposed thatations affecting glycine residues towardsrthends are

likely to be more clinically severe than those towateisnines\ This reflects the direction of
chain propagation as mutations earlier in chain propagation are proposedateresdt in gre
modification of the protein. However, it became apparent that this model required modifical
incorporate the nature of the substituting amino acid, as those with larger and/or charged side
have a greater impact on the foldingripiehieetix.

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

glutamic acid and arginine) as well as valine, which has a branched nonpolar side chain, leat
severe phenotype more ofterataaine wth has smaller methyl group sidgf€igairey).
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Milder phenotype

CH.
HZN H:lc H.C : 0 NH.
NH 3 :
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OH H bH

glycine alanine valine Aspartic acid

Ala < Ser < Cys <Arg < Val <Glu <Asp

More Severe

Figure7 Gradiendependent Severity Model for Glycine Substitutions in the Helicah @b
Typel collagen

Further refinement of this model was undertaken as the number of independent mutations grew
(Marini, Forlino et al. 2@8381)lting in the development of a regional model. There are two regions in

the Ul chain where only |l ethal mu 828tandons have
910964) and these capend to major ligand binding regions suggesting a role in intermolecular
cross linkingand fibrhai n i nt er act i on. Let hal regions in th

in clusters that correspond to the domains necessary for protenglfudnebiadpporting the
importance of fHomitrix interacti@odian, Madhan et al. 2008)

In addition to glycsubstitutions in the helical domain leading to disruption of chain assembly, splice
site changes resulting in exon skippingfieandeirdeletions/insertion have also been shown to
result in delayed chain assembly and subsequmeadification of theqollagen trim@ace,

Atkinson et al. 2001)

The phenotypic effect ofghpeine substitutions in the helical domaredificulto 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 claBsinklsE®iardrome
(EDS)Nuytinck, Freund et al. 20t@f@tile cortical hyperostoaffeyCdiseasé€fho, Moon et al.

2008)and EDS with a susceptibility to arterial rupture in early(sidithtyE@lymoens et al

2007)

Mutations outside the helical domain have been described in a range Fighe8ptypes

propeptide domain mutations have been demonstrated to delay chain assembly and result in reduced
secretion of over modified but stable procollagen molecules. Mutations in thisedmmain have
reported in mild @hce, Kuslich et al. 2@dd) in a variaoit Ol characterised by high bone mass

(Takagi, Hori et al. 2011)

Retention of thep@peptide due to mutations in either-thd prooll 2 paloeavage recogni
sites have also been described to be associated with high (hordahiaBsirnes et al. 2011)
Theexacimechanism by which mutations in this region cause a high bone mass variant of Ol is still
to be determined. Howatvbas been hypothesised that both retentiorbpieptitie and the
presence of overmodified molecules caused by mutations in this region support increased
mineralisation density of the bone, which exceeds those of classical Ol, pecpeptethe C
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domains also act as signalling molecules within the extrace]lut@namatnituencing
mineralisatiomlternativelyincrease mineralization may be triggetied plyysical effect of
increased intarolecular spacing due to retention of thar @ptopeptide moiety

MutationsinthepNr opept i de, ot her than those result
with the exception of a mutation affecting the signal peptide cl@oltieMilahon et al.
2006)and therefore the phenotype associated with mutations in this domain remains unkn
Mutations affecting finetease cleavage site émtat exon 6, which result in reduced cleavage
efficiency and retention of theopeptide, are associated with the arthrocholasic type of EDS. Al
overlapping EDS/OI phenotype is linked to mutations in the first 90 amipm#@cichafrthe

due to thir effect on both the secondary structure of the apjapeptitie cleavage site and

triple helix propagation. These patients exhibit bone fragility as well as syn{Qabmalof EDS
Makareeva et al. 20@rmatosparatic EDS is caused-bieavage of both greU 1nd@ro

U N-propeptides due to mutations hiirateinase enzyme g&iRAMTS2

The broad spectrafphenotypes reported to be associated with mutations in the type | collag
genes illustrates the difficulty in predicting phenotypic outcome from genotype in this disorder.

Classic osteogenesis imperfecta
AN

Ehlers-Danlos Osteogenesis imperfecta/ High bane mass
syndrome Ehlers-Danlos syndrome osteogenesis imperfecta

N-propeptide

N-propeptidase cleavage site C-propeptidase cleavage site

(-propeptide

Figure8 Different clinical phenotypes are linked to mutatiosysegific positions alonidpe type |
procollagen protein.

Those in the triple helical @pdopeptide domsiare associated with Osteogenesis Imperfecta (
Ol/Ehler®anlos syndrome overlapping phenotypic variant is caused by amino acid substantbog
domain. Mutations in therdyeptide cleavage site cause arthrocholasaaatdsr@gS VII). High bone mi

variants of Ol have been described in association with mutatiprpaptite Cleavage site and for mis
mutations within therépeptide domain.

Hexagons = hydroxyl lysine linked sugar molécthiigdroxyl group &dko proline or lysine residues.
Figure adapted from Forlinglebdino and Marini 2016)

ii.xii.ii Defects in Collagen post translational Modification

The identification of autosomal recessive mutatiopsolgl tydroxylation compigenes
(CRTAP/P3H1/PRIBsponsible for the hydroxylaionaof | i ne 1164 in the C
new gene discovery for Ol. These mutations were thought to confirmaniskttigost
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modification and subsequent correct folding of type | collagen is essential to maintain bone strength.
However, there s$till uncertainty as to whether the lack ofiprdigkydation tre loss of

chaperone activity or both is the key mechanism. There is also evidehgdrthdatiba 3ite

affects collagen protein interaetibrSLRPS, such as biglycaneuatinl, that are known to be

important for fibrilloge(isedamajski and kedg 2010)

ii.xii.ii.i CRTAP

CRTAPI s a helper protein for the 306 hydroxyl at
disorganization as well as overmodification of the type | collagen protein contributes to the disease
mechanism in CRTAP deficient Ol, suppoitidgpendent role as a matrix component for this

proteirfValli, Barnes et al. 2012)

The description of a consanguineous family from Quebec with a distinct form of Ol, termed type VII,
(Ward, Rauch et al. 20829 the subsequent identificatORDARS the causative gewas

key toexpanding our knowledge of ger@qMorello, Bertin et al. 200B¢ most prominent

clinical datures in this familiere the presence @vere rhizomelia and coxa Mdoa.
dentinogenesis imperfdigamentous laxity or hearing impairment waschttedclerae were

described as beingnimally bluishffected individuals were confirmed to be homozygous for a
c.4721021C>&RTARvariah in intron 1 that creates a cryptic splice site and the inclusion of a
73bp cryptic exon.

The majority GRTARNutations now reported result in a functional null allele with a consequent
absence or significant reduction in levels of the protectrurhetphenotypes 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. Retatnacrocephaly may also be p(eaeriDijk, Nesbitt et al. 2009)

iLxiiii.ii P3H1

P3H1encodes prolyl-hgdroxylasel (P3H1), the enzymatic component of the -<collagen 3
hydroxylation complex and is mutually stabilising witGI@RgAParnes et al. 2010)

Mutations usually result imulh allele and are associated with moderately deforming to lethal
phenotypeéran Dijk, Cobben et al. 201it) overlap with CR¥&Rted Ol. There is usually
severe under mineralisation of the bonedgfioveihcy and extreme bone fragility.

A founder mutation, ¢.1080+1GP3Hfhas been described at a frequency of 1.5% in West
Africans and 0.4% in African Amgi@amrsl, Barnes et al. 20IR¢ frequency of the common
€.232delC;p.GIn78Serfs*30 mutation in Irisrstrawvelt reported.

il.xil.ii.iii PPIB

PPIBencodes 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
d e c r e -hyslrexglatid @f [pre 1164 and overmodification of type | ¢olageik, Nesbitt

et al. 2009)
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Clinical presentationABiIBassociated Ol can range from perinatal lethality to moderate severit
without rhizomelia or severe deformity of the lofRybtinPgpin et al. 2011)

Interestingly, although mutations leading to Ol have been idéntifiedareall genes enc
hydroxylation complex, variants affecting proline 1164 itself have yet to be identified.

ii.xii.iii.i BMP1

Bone morphogenetic protein 1 (BMP1l)mmmber of thastacinfamily of multidomain
metalloprotease whose functiarigsdectivationfgrowttiactors, degradatiornpalypeptides,

and processingextracellul@roteinsThe function of BMiRdudsthe proteolytic removal of the
C-propeptide from procollagen type I. This processing pressstesbbelbf collagen fibrils,
thereby influencing fibre formation and matrix integrity. BMP1 is also described as influencing
ventral patterning thtougt he i ndi rect act i vat(Asharanipkieupg o me
et al. 2012)

BMP1/mTLD also removes iteeriinal peptides from the small leucine rich proteoglycans (SLRPs
biglycan, decorin and osteoglycan which themselves activate precursor forms of lysyl oxidas
lysyl oxidadée, regulating intermolecular covaledingmgsand influencing collagen fibril size
and shape.

A mutation in the signal peptide BMiRggene has been reported in recessive Ol presenting with

bone fragility associated with an increase in bone mineral density. This mutation, p.Gly12Arg,
markedly reduced gosbslational-gdycosylation, impaired secretion and compromises BMP1
activity in zebra f(#fsharani, Keupp et al. 2012, Syx, Guillemyn et al. 2015)

In contrast, a missense mutation in the protease domain, p.(Phe249Leu), has been descrikt
leading to mild Ol with recurrent fracturealizgehéone deformity, osteopenia and Wormian
bones. The mutant protein has been shown to have reduced proteolyhm @daviigen

Glez, Valencia et al. 2012)

It can be hypothesized that the described phenotypic variability between these reported case
result from different functional consequences of the two mutations, particularly as the signal y
mutation hashagh bone mass phenotype similar to that reported in individuals with mutation in
type | collagenptopeptide that cause delayed secretion. As further mutations are identified
relationship between mutations in this gene and those in tfegg/p&raoeptide, and their
functional consequence, may become clearer.

ii.xii.iv Defects in collagen crofisking and folding
ji.xii.iv.i SERPINH1

The ATRindependent heat shock préi&R47, encoded B¥RPINH1lis an ER resident
multifunctional protein that acts downstream of the CRTAP/P3ijd/@yP&ich complex.
HSP47 is believed to be required for procollagen folding, triple helix stability and quality contro
helix at the ER/Golgi boundary eamd commonly referred to as
function of the protein causes increased transit of type | collagen from EXatoDijk, Calgi
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et al. 2010 here is also evidence fraom &H s prdodse modéhat ER stress is increased
leading to apoptogigssibly contributing taQhghenotypéto and Nagata 2017)

Twocase of recessive Ol causednigsensenutations ISERPINHhave been reporteslith

clinical featurekatincluddriangular face, relative macrocephaly, blue sclerae, micrognathia, short
bowed limbs,ihribs and multiple fract(@ésistiansen, Schwarze et al. 2010, Duran, Nevarez et
al. 2015)A third reported case of severe Ol associated with a hdraomglofishas been
reported with the addai feature of hydranenceffashall, Lopez et al6201

ii.xii.iv.ii PLOD2

Crucial for maintaining stability of the collagen protein in bone is the formation of lysyl and
hydroxylysyl cregsks between molecules at the telopeptides and two sites located in the triple helix
at position Lys87 and Lys930.

The enzymigsyl hydroxylase 2 (LH2) is responsible for hydroxylation of telopeptide lysine and is
encoded bRLOD2This gene is alternatively spliced to produce two isoforms, LH2 long which is 21
amino acids longer than LH2 short. LH2 long is ubiquitouslyvsgrezsseH2 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 temuma fractu(@uigHervas, Temtamy et al. 2012)

Evidence that mutations in this gene can give rise to highly variable phenotypes, with and without
contractures, and overlappihgmiid to severe forms of recessive Ol has been presgnted
Hervas, Temtamy et al. 2012)

ii.xii.iv.iil FKBP10

TheFKBP1®ene encodes the FKBP65 protein, an ER resident collagen chelpesoae, whi

member of the family of prolyhois 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 sdreduadividuals wWRKBP 10nutationg§Schwarze,

Cundy et al. 2013)

Novel mutations in FKBP1@ene were first identibgdAlanagt alwho describedcohort of

five consanguineous Turkish families with moderately asavexdvViekican famigh severe
progressiledeforming (Alanay, Avaygan et al. 20b0rontrast, those described by other
groups are characteristic of Bruck syr#ielieg, 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 an(Sb#iersnOiSlwain et al.
2011)

The broad inteand intrdamilial spectrum of phenotypéX&iP1@ndPLOD2nutations, and
the overlap between Bruck syndrome and Ol phenotypes in these individuals supports that Bruck
syndrome is a subtype of Ol and does not represent a distinct clinical entity. In addition, the

18



overlapping phenotype between individualKERill® and PLOD2mutations may be the
consequence of their linked functional mechanism which influences telopeptide lysyl hydroxylat

A further finding supporting a continuum of phenotyp€byi2&8sldunder mutatioryiu p 6 i k
Eskims. This mutian causean autosomal dominant congenital contracture disorder, Kuskokwi
syndrome. In addition to contractures, which particularly affect the lower body and are progr
affected individuals have short staitbreosteopenic or osteoporotic reerteil many are

reported to hal@vimpactracture§Barnes, Duncan et al. 2013)

Of note is that mutatiorRLOD laffecting lysyl hydroxylation in the helical domain, are associatec
with kyphoscoliotic Ehlers Danlos Syndrome. This conaitioteized by hyperextensible and
fragile skin, easy bruisnypermobile joints, muscular hypotonia and progressive scoliosis. Sclet
fragility with increased risk of optical globe rupture is also evident, although bone fragility
present.

ii.xii.v Defects in osteoblast development and function
ii.xii.v.i SP7

The first genesdoveretb cause recessive Ol ighabinvolved in the typmllagen biosynthesis
pathway waSP7 which encodes the Osterix protein (Osx). Osterix is a transcription fact
expressed by osteoblasts and contains threksZystinger DNAindig domains. In mice,

Osx has been shown to be essentiastémblast differentiation and bone formation during
developmeas well apostnatal bone growth and homeostizgighat are deficient in Osx have
perinatal lethal bone deformities sinfiasdcséen @I patients arsgthhow deficient osteoblast
differentiation and prolifer@tiakashima, Zhou et al. 2002)

Until recently a single casea&fssive Ol tdbeen reported in association with a homozygous
frameshift mutatiosirthat results in loss of the last 81 amino acids, including tHmgjgrd zinc
motif of the protein. The affected individual is described as having moderately severe O
fractures, mild bone deformities and white sclerae and it is speculated that the mutant proteil
retain sufficient residual function to prevbainthia lethal phenot{ipgpunzina, Aglan et al.

2010)

Therecentlescription ofcad®46C>p(Arg316Cy# a sibship with short stature, osteoporosis and
low impact fractures has suggested that hearing loss, that can be moderate to profound, coul
distinguishing featur8B¥ associated (Fiscaletti, Biggin et al. 2018)

ii.xii.v.ii WNT1

Recessive Ol iow described in associatioWWiithl a member of the WNT gene family. WNT
proteins function as regulatory ligands for the frizzled transmembrane receptor flawily (FZD) a
density lipoptein receptoglated proteins (LRRSBiich trigger WNT signalling. WNT signalling is
essential for many developmental and regulatory processes including cell proliferation, mig
differentiati@nd maintenance of bone, heart, muscle, ansboéser
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Hi storically WNT signalling has Dbecaanndi vi ded
pathway, the noanonical planar cell polarity pathway and tlaldMNiT pathway. The

Cc a n o rcatenia pathWway, which has been identifiecbasrhatdnetabolic pathway regulating

bone homeostasis, is activated by the binding of WNT ligands to the transmembrane receptor
complex consisting of frizzled (FZD) and either LRP%BarbRBAd Kneissel 20IBgre is

also increasing evidence thatarmonical WNT signalling has a role in controlling bone metabolism

and interacts with other pathways affecting bone mass.

Mutations identified in WNT kengnairoteins which affect bone mass have so far only been
identified in those targeting the canonical WNT @agune§), although genome wide
association stuslibave identified common single nucleotidepp@grean both canonical and
noncanonical WNT ligand genes as candidates for osteoporosis susceptibility.

Mutations WNTlhave been identified in 4 individuals from three families with a previous clinica
diagnosis of Ol 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 Wntl knockout mouse and,redtirolagical problems were not observed in

this cohort, two siblings from a consanguineous family were noted to have muscle hypotonia
(Fahiminiya, Majewski et al. 2013)

FurtherWNT1mutations have been identified in seven affected individdals families

described as having moderately severe, progressive phenotypes which are indistinguishable from Ol
type lll. Affected individuals presented with recurrent fractures, bone deformity and short stature,
although hearing and teeth formaticeparted to be unaffected. In three of these families affected
individuals are reported to have developmental delay, although whether this is entirely attributed to
mutations WNT1s unclegiPyott, Tran et al. 2013)

Functional confirmation of the role of WNT1 in the canonical WNT signalling pathway has been
provided by Keupp and collegéleespp, Beleggia et al. 204iB)g expression vectors and dual

luciferase reporter assays. Homozygous loss of function mutations, identical to those identified in
individuals with moderate tgrgssively deforming OI, have been shown to result in almost
complete failure of activation of thé&-@éiehin signalling cascade.

The key role of WNT1 in bone homeostasis is also supported by the recent sttdas of Joeng
(Joeng, Lee et al. 20&kp developed both loss and gain of function mouse models. Their results
demonstratatat loss of function mutations in mice results in reduced bone magmeind low

fractures that are primarily associated with decreased osteoblast activity. In contrast, gain of function
mutations (over expression) increases osteoblast numheasonafitiie mMTORC1 signalling

pathway.

Of particular interest is thawsomal dominant eamiset osteoporosis has been reported in a
number of families with heterozyghiddloss of function mutations. Clinical features of affected
individuals inder low BMD and fragility fractkieagop, Beleggia et al. 2013, Laine, Joeng et al.
2013, Palomo;Jdllad et al. 2014)

This confirms that mutations in the WNT signalling pathway giveablsebtmeafragility
phenotypes dependent on whether the mutation is inherited in a dominant or recessive manner. It
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also emphasises that Ol causative genes can have implications for other bone fragility disorder
as osteoporosis.

ii.xii.vi Defects in bone meralisation
ii.xii.vi.i SERPINF1

SERPINF&ncodes the &Da protein pigmepitheliurderived factor (PEDF), a multifunctional
protein that is a strong inhibitor of angiogenesis as well as having involvement in bone formati
remodelling (Becker, Semler2€ildl). The specific clinical phenotype associated with mutations i
SERPINFETausing loss of PEDF function, is Ol (pensth, Rauch et al. 2011)

Although thexactpathological mechanism underlying Ol type VI is unknown, mouse studies h:
demastrated that in normal mouse bone Pedf is localized to osteoblasts and osteocytes. The
null mouse shows reduced trabecular bone volume, unmineralised bone matrix and increase
fragility, mimicking findings in Ol type VI and therefore gomddimggdal for investigation of the

role of PEDF in this disq8legan, Riddle et al. 2013)
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WNT1stimulates the transcription of genes involved in osteoblast differeRiRGiIGHrizzledand the
¢ a n o ncatenasignaliing pathwayhe edopeptidase SEZABTPS2)s located in th@olgi and cleave
regulatory proteinsuch as OASIS, vigulated intramembrane proteolysis (RIP) in times of E
TMEMS38BRIEB regulates calcium flux within the ER.

Pigment epitheligi@rived factor (PE&#coded by SERPINRIstrong inhihitof angiogenesis, is involve
bone formation and remodelling. It cross tabksendbtricted interfefioduced transmembrane pritei
protein (BRIt9 regulatmineralization.

Dashed linegpreseninknown pathways. *Mutatitemgifiechiosteogenesis imperfeEigure adapted frc
Marini et @Marini, Forlino et al. 2017)
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Individuals with OI type VI appear healthy at bigbtwek &@f long bones, severe vertebral
compression fractures and significantly low bone mineral density becoming evident between age 4
18 month&Glorieux, Ward et al. 2002, Wang, Liu et aCl2fra¢)eristic histological findings are

gross under mineralization of the osteoid and disorganized bone matrix withsaatBstinct "fish
appearance.

i.xii.vi.ii IFITM5

Type V Ol is characterised by hyperplastic callus formation following fractureifarasiargery, calc
of the interosseous membranes of the forearm dikd apstarance of lamellae under polarised
light(Glorieux, Rauch et al. 20A@f%cted individuals present with moderate to severe skeletal
deformitgl. azarus, Mclnerieo et al. 2014)

Inheritance was known to be autosomal dominant although the genetic aetiology remained unknown
until linkage analysis and wvhaleo me sequencing identifi-ed a singl
untranslated region of R MYyene (alternatively known as-féshrected interferon induced

transmembrane protié@ protein, BRIL). This single mutafid@>d., has been confirmed by

transfection construct studies to create a-frawet istarcodon adding a string of five amino

acids (MeilaLeuGluPro) 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
dysregulatiosf bone formati¢@ho, Lee et al. 2012, Semler, Garbes et aln3td@igular, a

6gain of functiond is proposed, which | eads to
membranes, althoughetkeectmechanism requires further study.

A study of 42 individuals with Ol type V reporteclaengltarotypic 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 affectiniliegShapiro, Lietman et al. 2013)

A second mutation inlfHid@M95ene, ¢.119C>T, leading tdSem@OLEwsubstitution has been

identifieth association with atypical severe Ol. Phenotypic and histological findings are suggestive of
Ol type VI, althougBERPINF&nalysis is negative. Protein expression studies carried out using
patient osteoblasts suggest (BergOLeumutation stimulatmtracellulSERPINFdegulation

hence leading to the apparent impairment of min€FalrbatipReich et al. 20TH)s supports

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

ii.xii.vi.ii SPARC

Secreted protein, acidic, cysteine rich (SPARC, also known as Osteonectin) is a glycoprotein that
binds extracellular matrix proteins including type | collagen within the speitacdliuis
expressed mainly in cells with high rates of extracellular matrix production, including osteoblasts in
bone, and is required for collagen in bone to become calctigdmiteoblve defective bone
formation leading to progressiveposte along with intervertebral disc degeneration and reduced
muscle mag®elany, Amling et al. 2000)
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Autosomal recessivec@lsed by mutations inSRARQene have been identified by whole
exome sequencing in two female patients. Their phenotype is described as resembling Ol t
(associated wBERPINFhutations) in that neither individual had any obvious skaheatigtlyabn

at birth but developed progressive severe bon@vieagibizaondono, Fahiminiya et al. 2015)

No further casesSHARCrelated Ol 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 @RiEBEITes

gene encodes the-gRess protein OASIS that is involved in the unfoldeesportetn(UPR).

OASIS protein has a leucine zipper domain and a transmembrane domain that anchors it in tl
During ER stress, the protein is released from the ER, transported to the Golgi and cleav
S1P/MBTPS1 and S2P/MBTPS2 through regudatedhlinéme proteolysis (RERuIE9).
OASI'S is also known to be a redigdlagen matmxt f .
assemblyChen, Lee et al. 2044) OASHS mice have severe osteopenia and are susceptible to
spontaneous fractuiiésirakami, Saito et al. 2009)

The first report of mutations in this gene being associated with Ol is the description of two s
with a homozygous deletion encomphestamijitC REB3L@iene(Symoens, Malfait et al. 2013)
The siblings are described as being severely affected with intrauterine fractures.

More recently a c.9336delAAG.(Lys3adel)CREB3Linutation has been identified in members

of a consanguineous family. The mutation disruptdbiheéirigNske of the OASIS protein and
prevents activation of SEC24D, a component of the COPIl complex that moves secreted pi
between theR and Golfeller, Tran et al. 2018)

Indivduals homozygous for the cOB®lelAAB.(Lys312del) mutation had multiple intrauterine
fractures and reduced skull mineralisation whereas heterozygous individuals have blue sc
osteopnia and recurrent fractures.

Ii.xii.vii.iMBTPS2

A second gene involved in the RIP pa#ByS2has been identified in dimkéd form of
moderate to severe Ol in 2 extended pedigrees with missense mutations in the gene. Bone
affected individuals shows eeduc hy dr oxyl ati on of l ysine 87
disorganised collagen crosslinking and reduced bon€LstdargtitCabral et al. 20TGg
phenotype of obligate carrier females is not described but their LP/HP ratio is normal, sugg
minimal impact on bone metabolism.

The su$itrates of si&metalloprotease (S2P), encodd8Dly S2include activating transcription
factor 6 (ATF6), a component of the unfolded protein response pathway and sterol regulatory €
binding protein (SREBP), involved in cholesterol syntisdsisate@Rn the Golgi and, along with
OASIS, cleaves these regulatory proteins during times ofkgfRredess (
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i.xii.vii.imMMEM38B

The identification of causative mutation3 MEkREB8Bene in consanguineous Israeli Bedouin
and Saudi famili&haheen, Alazashial. 2012, Volodarsky, Markus et alfu2013)expanded
the biochemical pathways associated with recessive Ol.

The TMEM38B protein (B3l@rms part of anieric cation channel which is known to regulate
intracellular calcium levels in thEigiRep) and is perinatally lethal in the knockout mouse model
(Shaheen, Alazami et al. 2012, Volodarsky, Markus eDagr@ptd®) of calcium flux caused by

loss of TMEM38B/TRICauses ER stress, increased BiP and dysregulation of collagen synthesis
(Cabral, Ishikawa et al. 2016)

i.xii.vii.VSEC24D

The protein encoded byStE€24[@ene 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 Bdeen shown to result in an autosomal recessive form of Ol that has phenotypic
overlap with Cdlarpenter syndrome in some indiiGaaltes, Kim at 2015)it has been

suggested thdisturbed ossificatodrthe skudind a specific facial appearance, that idolwdes

slanting palpebral fissures, ear dysplasmicesghathia, may deharacteristieatureof Ol

associated wiEC24DbnuationgZhang, Yue et al. 2017)

ii.xii.vii.vP4HB

A singlautosomal dominant ¢.117§ARB393Cys mutation ilP#ieByene 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 BER aantiagesone

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 propossliltofrom interaction with two active site cysteines,

Cys397 and Cys400, which normally form a reversible digl&deHdrahiminiya et al. 2015)

As well as the Ol genes descabede additional genes that cause bone fragilityemave be
described and are sometmfesred to as causing alik®phenotype.

ii.Xii.viii.lPLS3

Thefirst report of-lXked inheritance of a#ikel phenotype was given by varetDilkvho
describe mutations inatimbinding protein plastge8e PLS3in five families with osteoporosis
and fractures manifesting in chil@yeodijk, Zillikens et al. 2083jurther two families have
been described whiener males with a history of long bone fractongd esdebral compression
fracture were found to have mutationPinSBgene. One of the carrier mothers was found to
have low bone mass at the distal radius although without a historgFahfraictiysesViajewski

et al. 2014)
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The mechanism by which mutationPinSBgene cause osteoporosis and fractures is unknown
althoughit is hypothesised that these mutations may lead to dysregulation of bor
modelling/remodelling through mesdmaging pathways in osteacytes

Generally it is now considered that mutd®b88cause an-¥nked form of osteoporosis rather
than Ol ag does not seem to be associated with generalized bone dysplasia, changes in L
shape or structure. Clinical presentation is mostly appareagednadiaks, although onset in
childhood with recurrent fractures, low (BMD) and vertebrahcoagiwessics also reported.
Carrier females are reported to be mildly @féeceedVessman et al. 2015)

i.Xii. Vil iTAPT1

Exome sequencing following gemmi®ehomozygosity mapping has identified a homozygous
splice site mutatioT APT1c.1108.G>C, in a family white¢ affected individualsanibmplex
lethalosteochondrodysplasyadrome. Wtipleintrauterinfractures, incomplete ossification of the
skull andevereundermineralisation of the skedetodescribed along with abnormalities of the
brain, kidney and lu(@gmoens, Barnes et al. 2015)

A further consanguineous family with three affected individuals is also described with mi
fractures and generalized undermineraligagoantife skeleton. Additional findings in this family
included cardiomegaly, hydrops fetalis, lung hypop#siarraatities of the umbilical arteries.
The mutation in this family, c.10p8#sp353Val) lies within the same putative proteasdomain
c.1108.G>C, namely the second extracellular/luminal loop of this transmemhbitoaiginotein

the function of this domain is still unclear

TAPTlencodes transmembrane anterior posterior transfopnatiéém and null mice show
posterior to antartransformation in the axial skeleton and do not survive. TAPT1 mutant cells f
one of the affected individuals have been shown to have delayed secretion of type | collagen v
overmodifiednockdown @ptlhn zebra fish causes craniofacial cartilage malformations, delayec
ossification and aberrant differentiation of cranial neura{SyesbeerfisBarnes et al. 2015)

ii.xii.ix Classification of Ol

The classification of Ol is based on the numerical scheme proposd€8ikyrisdieSesn et al.
1979which suggested that there are four distiinoheges within the Ol spectrum:

1 Typel mild disease with blue seleddominant inheritance
1 Typell prenatally lethal with legiadbs and crumpled looges
1 Typelll progressively deforming with normal sclera and

1 TypelV moderately deforming

Autosomaominant inheritance indmllyproposed for types | and Iferessive inheritance for
types Il and IIl.

The subsequddentification of doamhmutations in all four types of Ol in the genes encoding type
| collagenCOL1ABNdCOL1ARlead to the acceptatizat Ol is predominantly an autosomal
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dominant disordBecurrence of severe(i@pe Il/llip some families was attributed to germ line
mosaicism and a rislkes$ than 10% was prop@Begdin, Atkinson et al. 1997)

More ecent evidence confirms tluat ases of were Olare caused hyenovodominant
mutations in eitt@®L1ADbr COL1A2vith somatic mosaicism reported in 16% ofvaitiuples
affected child. This is associated2vithh eecurrence risk for future pregr(®yaigsPepin et al.
2011)

In the early 2icentury the Sillence classification was extended to include three further distinct
clinicagroups of moderate to severe phenotypes, named as types \(GldrenpiRalch et

al. 2000, Glorieux, Ward et al. 2002, Ward, Rauch et &he2@0B)pes weatescribed in
associabnwith distinct clinical/histological findings and/or unknown genetic aetiology

1 Type V moderatiseverecalcification of the interosseous merabhddryperplastic
callus formation

1 Type Vimoderatseveravith accumulation of osteoid due to a mineralization defect

1 Type VHmoderate/severe with autosomal recessive inheritance

The identiition of homozygous loss of function mutations in the gene encodsspcetidge
proteinCRTAP(Barnes, Chang et al. 2006, Morello, Bertin et abri?@@@d the recessive
inheritance in Ol type VII.

This triggered the subsequent identification of recessively inherited loss of function mutations in the
othertwo proteina theproly3-hydroxylaseomplexnamelyP3H1landPPIB(Cabral, Chang et al.

2007, van Dijk, Nesbitt et al. 2009, Barnes, Carter et &l 28406¢iated with mutations in the
P3HlandPPIBgenes were assigned Ol type VIII and IX respectively.

The number of genes to date associated with Ol is seventeen and thepaswadditmmal
gena involveditype | collagen biosynthesis as well those involved in mineralisation and osteoblast
development and bone homeosiabis)

OMIM Gene Sillence Main Bone
Locus . .
number symbol type location deformity
Collagen synthesi
Autosomal doming 166200 | 17q21.33| coL1al |y | BXtracellula Mild to ver
matrix severe
) E llula Mil
Autosomal doming 166200 | 7921.3 COL1A2 | IV xtrgce U il ey
matrix severe
Collagen
processing/cleava
Autosqmal 614856 | 8p21.3 BMP1 Il Extr.acellula Mild to
recessive environmen severe
Collagen
modification
A | E I
utosoma 610682 | 3p22.3 | CRTAP | VI ndoplasm Severe
recessive reticulum | rhizomelia
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UL 610915 | 1p342 | P3H1 |y | chdoplasmi Severe
recessive reticulum | rhizomelia
Autosomal 259440 | 15022.31| PPIB IX Endoplasm| o o e
recessive reticulum
Collagen folding a
crosdinking
Autosomal 613848 | 11q13.5 | SERPINH| X Endoplasm| o o e
recessive reticulum
Autosomal 610968 | 17q21.2 | FKBP10 | XI Endoplasmi Mild -~ tq
recessive reticulum | severe
Autosqmal 609220 | 3q24 PLOD? EnQopIasm Moderate
recessive reticulum | severe
Bone mineralisatic
Autosomal doming 610967 | 11p15.5 | IFITM5 |V Plasma |\ riable
membrane
Autosqmal 613982 | 17p13.3 | SERPINF] VI Extrgcellula Moderate t
recessive matrix severe
Autosomal 182120 | 5¢g33.1 SPARC | XVII Extracellulal Moderate t
recessive matrix severe
Osteoblast
development
Autosomal 613849 | 12q13.13| SP7 XIl | Nucleus | Severe
recessive
Autosomal 615220 | 12913.12| WNT1 XV Extracellula] Severe
recessive matrix
ERRelated
Autosomal 616229 | 11p11.2 | CREB3L1| xvi | Chdoplasmi o e
recessive reticulum
Xinked 300294 | Xp22.12 | MBTPS2 | xvi | Endoplasmi Moderate t
reticulum | severe

Autosomal Endoplasm

: 615066 | 9931.2 TMEM38E XIV . Severe
recessive reticulum
Autosqmal 607186 | 4026 SEC24D En_doplasm Colé
recessive reticulum | Carpenter
Autosqmal 176790 | 17q25.3 | PAHB EnQopIasm Colé
recessive reticulum | Carpenter

Table2 Summary of Genes Associated witar@Itheir numerical classification.

OMIM=0nline Mendelian Inheritance in Ma

There is some debate in the literature concerning how to incorporate newly acquired ge
knowledge into the Ol classification. One pBawoeal Carter et al. 2&ElMat these genes are

added to the current classificatign s and Xl etc and this has been adopted by some groups
including OMIM (Online Mendelian Inheritance?)inH@\aever, 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
potentigto influence subsequent treatment or management of affected individuals.

A further difficulty in classification is po&rdckysyndrontgpe 1 and type 2 which are
characterised by bone fragility and joint con{Bretsia$iderius, Engelbert et al. 1998, van der

Slot, Zuurmond et al. 2008utosomal recessive mutatiodRKBRP1GndPLODZhave been

identified in some affected individuals with these ¢dadfitdnsAlanay et al. 2004, Hyry, Lantto

et al. 2009, Setijowati, van Dijk et al. @0%@\er, it is becoming apparent that the phenotype
associated witiKBP1@ndPLOD2nutations overlaps with recess{Rui@iervas, Temtamy et

al. 2012, Schwarze, Cundy et al. Bdex)d, there is some debate as to whether Bruck syndrome
could be considered as a further Ol variant, although it is not listed as such inlthe Internationa
Nomenclature group for Constitutional disorders of the Skele{vviapnogposalormizaire et

al. 2011)

SimilarlyCole Carpenteyndrome is a skeletal dysplasia characterized by features of Ol, such as
frequent fractures and kaefermity, along with a distinctive facial appearance, craniosynostosis,
ocular proptosis and hydrocepidlitations iR4HB(Rauch, Fahiminiya et al. 28Ey24D

(Garbes, Kim et al. 2015, Zhang, Yue et andCR)ARBalasubramanian, Pollitt et al. 2015)

have 8 been described to be causative.

The most recent proposal for Ol nomerilatuiijk and Siter2014includes current genetic
knowledge but is focused on clinical description. The new classification has five main categories:

1 Typel Nondeforming Ol with blue sclerae

1 Type?2 Perinatally lethal Ol

1 Type3 Progressively deforming

1 Type4d Common variable Ol with normal sclerae

1 Typeb5 Ol 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 affadteadsindivs hoped this will help to inform

clinical utility of treatments, development of new therapies and provide valuable information of likely
prognosis for familidewever, it seems reasonable to speculate that reference to genetic aetiology
willbe a requirement as personalised treatments become available.

ii.xiii Ol pathogenesis

Identifying the genetic cause of Ol has enabled considerable advances in our understanding of OI.
However, there is still uncertainty about the underlying pathophysiaogtriaotion that each
proposed mechanism makes to clinical severity.
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ii.xiii.i Bone characteristics

The min feature of Ol is low bone mass and increased boneBdragilitissue
hypermineralisation, t hat | e a teaturetob Ol taide ¢
differentiates it from other early onset bone fragility disorders.

At the macro lev€l) bone from individuals with collagen defectscatioats thinning and
decreased trabecular bdmereased osteoblasts and osteoclasts and quenubserease in
bone turnovés observed, althougihthe osteoblast lesteposited bone reduced and is not
compensated for by increased osteoblast asblérg) in reduced bone.mass

At the fibril leveicieased or variable fibril diarastamesult of defects in collagen assembly,

i ncreased susceptibility to fibril Okinki
increased mineral and water content. Mineral platelets, that are usually smaller in Ol bone, are
packed, overall resulting in hypermineralization. At the molecular level an ian@@satinn non
cross linking of collagen molecules, adding to tissue stiffness, is dBsiudys@0&6)

These multi level changes affect the ability of the Ol bone to absorb normaksseshamital st

to dissipate impacts that may result in flgggira. turn will impact on the presence of growth
factors and cytokines influencing the proliferation and differentiation of bone cells and r
mineralisation.

As well as changebame architectuadurther proposed mechanism of Ol pathagémesigh

the activation of ER stress mechanisms caused by misfolded protéBooibi@ediesd and
Briggs 2010Ths ER stress respomstivate synthesis of chaperone proteins designed either to
help in protein folding or increase mutated protein déigradatoa.three known pathways that
are referred to as tirdolded protein response (UPR).

Increased unfolded protein in the ER activates three membrane receptors: protein kinase R |
like ER kinase (PERK), inosgairing enzyme 1 (IRE1) and activating transcription factor 6
(ATF6). These are normallydotmwan HSP70 molecular chaperone locdtexlER called

binding immunoglobulin protein (BiP), which suppresses their activity. Disassociation of BiF
PERK, IRE1 and ATF6, when BIP is needed to promote protein folding, triggers these ER
recepars and activates the downstream ER stress paiduvel3. (

Activation of PERK causes dimerisation and phosphorylation of eukaryotic translation initiation
U (el F2U), which induces mor e e fnblaiontofithee as
transcription factor ATF4. This in turn upregulates transcription of genes involved in the
including the transcription f&&@tAT/enhand@nding protein homologous protein (CHOP) that
induces apoptotic cell death.

In response tdrEstress, the IRE1 protein degrades mRNA in the ER in a process called regulz

IREldependent decay (RIDD) that decreases protein biosynthesis. IRE1 also indu
unconventional splicing of the mRNA that erlcodeimding protein 1 (XBRipregulatin
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genes encoding mediators for protein folding and those for cesdsultrsjeBRIegradation
(ERAD).

Activation of ATF6, a transcription factor anchored in the ER membrane, causes its translocation to
the Golgi. Here it is cleaved by the sequéntiabfasite 1 protease (S1P¥itefl proteases

(S2P), releasitige cytoplasmic-Da domain (ATs®). Thienables translocation to the nucleus

and upregulation of UPR target genes, including componentsagsdotfiatdeiRdegradation

(ERAD) patlawy.
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Figurel0The unfolded protein response (UPR).

Unfolded proteins trigger disassociation of BiP from PERK, IRE1 and ATF6 triggerieg dtrest
responses. Thesetivate synthesis of chaperone proteins degfggretb help in protein folding, inc
mutated protein degradatiaruce apoptotic cell deithure adapted fré@elli and Tsolis 2015)

Mutations in tipeocollage@-propeptidehat inhibit collagen chain assembly and cause propeptide
misfoldinghas bee shown tactivate the conventional unfolded protein response (UPR) leading to
upregulation of BiP and subsefR&il{Chessler and Byers 1993, Makafedes, et al. 2011)

A mouse model with a mutation inpilopé&ptide domairC@L1Althat causes exon skipping,
provided evidence for ER $teseciated apoptosis of osteoblastkeas @mponent of Ol
pathogenesfkisse, Thiele et al. 2008)

In contrast, r@collagen with triple helix mutations that cause misfolding does not trigger the
conventional UPR mutemoved by autophagy &sosomal degradatiorainly through the

PERK pathwéBesio, lula et al. 20I8)is pathway is not yet fully elucidated but is often referred to
as the aggregated protein response (APR). Aggregates that accumulatefdd&Rd 7lack
(SERPINHA&Iso trigger APR.
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In theD 2 -G610Cnouse model misfolded procollagen has been shown to cause altered express

of ER chaperones UB crystalline and HSP47,
protein CHOBIgnificatly deficient osteoblast differentiation and maturation as well as abnorm
response to signalling molecules such as |

was also demonstraféitigian, Makareeva et al. 2016)

The ERstressmechanism of pathogenesis is further supported by the identification of severe C
individuals with loss of OASISsuespecific ERtress transducer that alters gene transcription
during mild ESress. Mutations inMi@TPS8ene, encoding SRt cleaves regulatory proteins
during times of ER stress have also been reported in individuals with Ol.

Transforming growth fdetert a ( T GF b)) signalling is known
development and bone homeostasitngaaporption and formation to maintain bofigrmass

Grafe et al. 201G is synthesised as a noncovalently bound complex wéhbslateatey

protein (LAP). Osteoclast bone resorption results in the cleavage of LAP, relealsing active
inducing Smatpendent and Srmiadependent signallifigyrell).

In Smadiependent signalling, ARRds to membrameund serine/threonine receptddysRI an d
T b Rand, in a sequential phosphorylation cascade, leads to phosf@mayl§eadd? or 3).
R-Smads dissociate from their receptors and complex with Smad4, migrating to the nuclei whel
regulate gene expression.

The Smadependent signalling pathway is negatively regulated by Smad7 th&npaelvents R
phosphorylation. Smadsélfi is targeted by Arkadia with the resulting upregulation of Smad
dependent signalling.

TGHBi Smad signalling can locally attract osteoblast precursor cells, stimulating proliferation
differentiation. Howeitaalso inhibits osteoblast maturatiamaasition into osteocytes as well as
inhibiting osteoclast differentiatrediginlRANKL/OPG secretion.

In the noSmaelependent pathway, phosphorylated TAK1 recruits TAB1 initiatipg8the MKK

MAPK or MKERK1/2 signalling cascatie downstmatarget of both the Swuependent and

the Smathdependent pathways is RUNX2, a key transcription factor associated with osteol
differentiatio@ontinuous TBF si gnal |l i ng can result in inh
the relative detysof osteocytes and resulting in low bone mass.

Increased GFb signalling has been demonstrated in both theu@@pla®!-Mcbmouse

models of Ol. Smad2 phosphorylation and incredsed TG@GFr g e t gene expr
observed in both mi¢&rafe, Yang et al. 2Qfh4dditigrireatment with 1D1TGHb antibody,

resulted in normalization of osteocyte numbers and improved bone strength.
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FigurellT G Fsignalling in bone.

In Smadiependersignalling, T@BIinds td b R1  a reckptorsileRding to phosphorylégeth® (Smad
or 3). BBmads dissociate from their receptors and complex with Smad4, regulating gene express
is negatively regulated by Smad?7 that preSeragpRosphorylation. Smad 7 itself is targeted by Ark
the resulting upregulation of #e@ehdent signalling. GiGmMad signalling stimadabroliferation ar
differentiatioof osteoblast precursor. Howévaliso inhibits osteoblast matueattbiransition into osteoc
as well as inhibiting osteoclast differentiateudgdRANKL/OPG secretibn.the nofSmaeddependen
pathway, phosphorylated TAK1 recruits TABL initiating38d/MRK or MKERK1/2 signalling cascdtie
downstream target of both the-8epzthdent and the Samapendent pathways is RUNX2, a key tran:
factor associated with osteoblast differeRtagtienmodified fr@vu, Chen et al. 2016)

Similarly altered HeF s i g asall Isiongobwer ved in Brtl 61 mi c e, !
upregukion correlates with phenotypic sg@atchi, Gagliardi et al. 20®se findings
suggesthat increased T8F si gnal |l i ng may bleothdominard anthon me c h a |

recessive forms of Ol.

ii.xiv Treatment

Treatment for @l not curative and requiresudiidisciplinaapproach, includirghabilitation
(physical and occupational thesapgical interventions and medical tre@fimenSeasman et
al. 2017)

The main pharmacological treatment for Ol is bisphosphonates, antiresorptive agents that can
improve bone architecture and increase bone mass by reducing osteoclastic bone resorption.
However, the efficacy of temtrhent in terms of fracture rate reduction and bone pain is not
completely cle@arini, Forlino et al. 2017)
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A further treatment option is deratsa RANKL antibody that also inhibits osteoclast maturation. A
limited number of studies have reported an increase in lumbar spine aBMD but without subs
mobility improvemeirischildren treated with denosyhapeKuhn, Franklin et al. 2016)
Teriparatide, a human recombinant parathyroid horkmumerwateoanabolic effeas also

been shown to be effective at increasing BMD in mildly afféCirtotid@tapiro et al. 2014)
without a clear effect on fracture risk

Emerging therapies

Sclerostins a negative regulator of bone formaatioacts byhibibn ofWntsignalling, thus
dowrregulating osteoblast development and fuinetitment of pesenopausal osteoporosis

by romosozumab, an-sgi@rostin antibody, results in increases in bone mineral density an
reduced fracture i€osman, Crittenden et al. 28i&)ies in Wntlsw/sw mice showed significant
improvements in bone quality and quantity when treatsdleddstin antibody and suggest that

this could be an effectivee ggpecific treatment WNTZrelated O(Joeng, Lee et al. 2017)
Expanded studies in different mouse models would be useful to inform the likely efficacy in
genotypes.

Raloxifene, a selective oestrogen receptor modulates €é&&€RNMed teduce fracture risk in
postmenopausal osteoporosis. The mechanism of action is thought to be via a combinatic
reduction in bone resorption and altered skeletal hydration. These findings have been duplic
bone from the oim mouse that alsecumed fracture rate following tre#Beentin, Wallace et

al. 2016)

Another potenti al e mediegthanhgve beereshavp tp indrease hone |
maximum load and stremgicessive (Crtapand dominant (Col1&2%f¥mice Response in

these models is genotype dependent Wittaghenodekxhibiting greater response to 1D11, a
pan T GHR% Havaveritsotreatment did not appear to rescue the reduced collagen
increased brittleness in either of these O(BipGetde et al. 2014 study with fresolimumab, a
human polyclonal antiTGFb antibody, isasyndemults with Ol in the USA.

Mutant allele specific silencing has been achieved in fibroblasts from Brtl mouse using
interfering RNAs targeting the 3'UTR of tbpayeng the possibility of bespoke mutation specific
treatmer(Lindahl, Kindrkaet al. 2013, Rousseau, Gioia et al. 2014)

Fetal stem cell transplantation has been reported in two human cases of Ol; efficacy is hard to
due to variable assessment of severity at fasdiaec, Gotherstrom et al. 2005, Goétherstrom,

Westgren et al. 2014)

ii.xv Novel Molecular Mechansim Ol

Understanding both the genetics and underlying mechanism of Ol pathogenesis is vital fc
development of new and improved treatments

Despite the recent proliferatfogenes associated witha®la consequence of the recent
advances in gene discovery techniblegy remain ~5% of Ol 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 Ol
witlout a mutation in the type | collagen Bemes:eresearch to identifgwOI genes has

largely focused on severely affected individuals, often from large consanguineous families, where
recessive inheritance is implicated.

Historically a number dditegiies 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 t
identification of the loci for Huntington dSaaskayexler et al. 1988)d discovery of the

cystic fibrosis gefi@iordan, Rommens et al. 128®age analysis was traditionally eniployed

Ol to identify which type | collagen gene was causal within an individual family.

More recently, t he e mer gputnsegeencing plaffonnesand highe ner at i
density arrays has enabled rapid identificationtteimb®® genessasiated withekidelian
disorderg¢Rabbani, Mahdieh et al. 2012, Study R@lxJing many of the nees$gcribed Ol

genes. High density single nucleatid@{SN) arrays to identify homozygosity regions in three
consanguineous Ol families followed by targeted exome sequencing lead to the identification of the
TMEM38Bene(Shaheen, Alazami et al. 2012, Volodarsky, Markus etSami2Oh8P 7was

identified as the causative gene in a sewé&daffdividual from a consanguineous family using a
combination of homozygosity mapping and a subsequent candidate gene sequencing approach
(Lamunzina, Aglan et al. 20L0)kage analysis and whole exome sequencinggienaréiion

family has also been employed to identify the dominant iRlEMBesponsible for Ol type V

(Cho, Lee et al. 2012)

However, for noansanguineous families where the number of affected individuals is small, or for
apparentlglenovocases, the identification ofdlisal gene can be more problematic, particularly

in disorders with genetic and phenotypic heterogeneity such as Ol. The number of variants identified
by whole exome sequencing can be large, aneyagithgB80,000dependent on ethnic origin

(Belkadi, Bolze et al. 20R#ering and analyzing this data is challenging and interpretation of whole
exome sequencing can therefore be.difficul

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 hetpdsndevariants, although the presence of

a denovovariant is not considered sufficient to confirm causality as there is danestimated

mutation rate of one iAHakses per haploid genome per genérgtich 2010)Commonly,

variants in genes already reported to be associated with the condition aeefasabtepdims

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 biologmadjin. Candidate genes are generally those whose function directly or indirectly
influences the developmental or regulatory processes of the trait undefinr®egtigationld

be biological pathways known to be involved in skeletal deweldpnesdstasis. 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 involveatimvays influencing bone development and homeostasis are know
to be associated with a variety of conditions and some show inheritance in both an auto:
recessive araitosomal dominargnner for exampRP5NdALPL

ii.xv.i.i LRP5

TheLRPS5ene encodes the low density lipoprotein-relzptbprotein 5, a transmembrane co
receptor that participates iWMNd b-catenirsignalling pathway with FrizEléD4gene) and

LRP6. As previously discussed WNT signalling is itlveldeddélopment and maintenance of
several tissudsfluencing cell proliferation, adhesion and migration, and in particular plays a key
in skeletal homeostasis and eye develapchémtctioMutations ibRP5give rise to several
conditions, which reflect the involvement of the protein in the affectedaiisbaderited in

either a dominantecessive manner.

Heterozygous loss of function mutatibtRSesult imamilial exudative vitreoretinopathy (FEVR)

a condition that is characterisdidrioption to early eye development, abnormal blood supply to the
retina and resulting loss of visiiRPP&Iso plays a role in bone formation, individuals with FEVR
may &0 have reduced bone mineral d&isityHayashi et al. 2005)

Homozygous loss of function mutations are associated with the severe osteoporotic dis
Osteoporosis Pseudoglioma (OPPG) where severe low bone mineral density results in m
fractures. Individuals with OPPG also have eyealitbsadfRP5has also been linked to
Idiopathic Juvenile Osteoporosis (1JO) and reduced bone mass in the heterozygous carriers of
(Ferrari, Deutsch et al. 2005)

In contrast heterozygous gain of function mutasisssceted with high bone mass conditions
such as autosomal dominant osteopetrosis tymandostsdl hyperostqsistle, Carulli et al.
2002)

ii.xv.i.ii ALPL

Hypophgshatasia is caused by loss or reduced functionrufisggafic alkaline phospdata
(TNSAP).The functional mechanismeof REALEBnzyme is not completely understood, but it is
known to be essential for mineralization of bone and teeth andshasnbéo increase
concentrations of phosphate, which promotes mineralization, aydgaireagbate, which is

an inhibitor of mineral form@tiessle, Johnson et al. 2002)

Hypophosphatasia is characterized by defective mineralization of bone and/or teeth caus
mutations in tAé_PLgene which encodes TNSALP. In a similar manner to Ol, there is considera
variation of clinical severity rafrgimgstillbirth without mineralized bone to mildly affected adults
with early loss of dentition and few fractures. There are six recognized forms of the condition
on severity and age of ofisdl€3).
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: : Dental - :
Type Inheritanck Cardinal Features ena Clinical Diagno
Features
Radiographs,
: Hypomineradison, renatal
Perinatal (lethal) AR yp N/A P
osteochondral spurs ultrasound
examination
Prenatal
: . Longbone bowin ultrasound
Perinatal (benign) AR 0AD @b * o
benign postnatal cour examination,
clinical course
Craniosynostosis, Premature |Clinical cours
Infantilé AR Hypgr.nlnerallsatlon,. Ioss_, radiographs,
rachitic rib deciduous |laboratory
hypercalciuria teeth findings
Premature -
Clinical  cours
Short stature, skel loss, radioaranhs
Childhood AR or AD deformity, bo deciduous graphs,
. laboratory
pain/fractures teeth o
o findings
(incisors)
Stress fracture g(‘;farla hcsours
Adulg AR or AD metatarsal, tibh graphs,
L laboratory
chondrocalcinosis I
findings
cxtatan IR
Odontohypophosphat AR or AD | Alveolar bone loss |(incisors), P
. _|laboratory
dental caries . .
findings

Table3 Classification of Hypophosphsia
Modified from National Center for Biotechnology Information (NCBI; http://ncbi.nlm.nih.gov).

The inheritance of the most severe forms, perinatal and infaati®sisritahrecessimanner

whereas milder forms may be inherited in an autosomal rectessiveabdomindParents of

infants with the reswe perinatal form of the disease may, on investigation, be shown to have
undiagnosed mild symptdims differing inheritance patechsnarked phenotypic heterogeneity

in this condition is related to the variable levels of residual enzymsedctyityniszense
mutations that predominantly affect the functional domeN&AdfRineteir{Mornet 20Q0)

The examples bRP5and ALPLshowthat genegncoding proteins participating in pathways
influencing skelet#velopment may be associated with marked phenotypic vaaability and/
different inheritanpatternsThis is further supported by the reports of heterozygous dominant
WNTlandCREB3L inutations in families with early onset osteoporosis and fractures as well as in
families with moderately severe reces@fe@i, Beleggia et al. 2013, Laine, Joeng et al. 2013,
Palomo, Allallad et al. 2014, Keller, Tran 61.8). 2
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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/

The pevalence and range of phenotypes associated with mutations in many of the severe auto
recessie Ol genes is currently uneedrthe phenotype of heterozygous carriers is not well
documented. These genes are therefore good candidatesvestigetienin
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il.xvi Project Objective

The overall aim of this researshtaveontribute to the current knowledge of the molecular basis of
Osteogenesis Imperfecta (Ol) by investigation of patients with a mild/moderate clinical presentation
without a causatimnutation in the type | collagen genes being ifibigtifseiportant to be able

to deliver personalised medicine for these patients in the future.

ii.xvi.i Objective 1.

Thefirst objective of this study twadentify a cohort of families with mildénOtlevahout a
mutation in the type | collagen genes.

This involgea comprehensive review of the molecular and phenotypic data obtained in a large
cohort of Ol patients referred to the Sheffield Diagnostic Genetics Service connective tissue disorder
sernwce. Those without a likely pathogenic mutation in the type | collagen genes were invited to
participate

il.xvi.ii Objective 2.

The second objectives to elucidate the genetic aetiology in this cohort. A number of different
strategies have been employed toeatthgev

1 An initialstudy where all participants wemeened for variants in genes
previously describe in severe Ol using a custom designed targeted Next
Generation Sequen@rgmeanel (NGS) was undertaken.

91 Al participants without a pathogenic mutadéioy of these gemesrethen
screened janger sequencing for mutations TRkl 2yene. This gene was
identified by the Sanger mouse phenotyping consortium as a strong candidate
gene for Ol.

1 A small subset of participants who screened neghtkrevan Ol genes and
TRAM2veranvestigated using whole exome sequencing.

9 Follow on studies to investgatntial pathogetyi@andnechanismaf novel
sequenceariants identifieding additional techniques sueltamsination of
dermalcollagen andibroblast methylation studies and protein expression
analysisvhere appropriate.

il.xvi.iii_Objective 3

Thethird objectiva this study was explore lbroadedatasebf variants from patient® have

clinical features relating to bone lealidjng fractur@sis part of the study involves analysis of

data from whole exome sequencing and array CGlthamaiysisollaborative coenpentary

analysis projd@AP) withtlieDe ci pheri ng Devestwypment al Di sorder s
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i METHODS ANNPATERIALS

ii.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 cot
patients previously tested negative for the type | collagen genes.tfis lashiteean

appl cation to obtain funding from the Sheff
The application included development of the stuiglesigh preparation of age appropriate
patient information sheets, consent forms and patient eligitNppenideripagg 7 283and

299.

Following the successful funding application, | gained ethical approval féromhethgroject
Yorkshire and Humber NRES committee (Reference Number: 12/YH/0021). R&D approve
obtained from the Clinical Research Facili
host organisation prior to the start of patient recinitacsodrdance with NHS research
governance procedures.

ii.i.iit  Whole Exome Sequencing

A subsequent application for futadisigpport whole exome sequeimcimagsmaller cohort of
patient was developed in collaboration Batlhddbramanjadr Dalton and PRishop to The
Childrends Hospital Charity (TCHC) grant n

iii.i.iit - Deciphering Developmental Delay

In collaboration with Dr Balasubramarpesje@ application was submitted and successfully
registered witle@pherinGevelopmentBelay studCAP12Appendix pa@9g

ii.ii Patient Recruitment

iii.ii.i  Participant Identification

Potential participantsreinitiallydentified foriststudyby a review of all patient records held at
Sheffield Diagnostic Genetics Stnibentify patients refefoedanalysis of the type | collagen
genesA total of 655 patients were iderR#iggehts with either a confirmed pathogenic mutation or
a vaiant of uncertain significamtieese genegere excluded. Presenting phenotypic details were
reviewed for all remaining patiemtber exclusion criteria were subsequently applied as follows
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iii.ii.ii  Exclusion Criteria

Individuals without a clear ¢lphieaotype were excluded as tivese where analysid haen
performed to exclude a diagnosis of Ol in cases of susgeciddmahinjury (medkgal
testing).

Patients with a | ethal (typeskvpeprpbendboppedobyf
NHSfunded Highly Specialised Ol Service for children with severe, complex and atypical Ol were
excluded.

The Asevereo definition criteria are:

1 Neonates with Ol who have multiple long bone fractures
1 Children/infants with Ol who have:

V Six or more vertebrae cfrettured/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 intravenousphisphte therapy

iii.ii.iii  Recruitment

Consultant Clinical Geneticists winefeaed indilials eligible for the study emrected with
informatn on the study. Those willing to support the stadkesete discuss the study with
relevant patients acarers either directly or through their Genetic counselling team. Patients
interested in participati@nesent an invitation letter and age appropriate patient information sheet
describing the study and its objective. Recruitmergbtaioing osent for genetic anialysr

the purpose of research.

The majority of participardDINA stored tite Sheffield Diagnostic Gerétigartme(EDGS)
Where further DNAswaquired a fresh sample of blasdhtained and automated DNA
extractiowasperformed

TheChemagen 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 infigb stages, the
involves mixing and lysindnidé Wwlood 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 DR@ @-20%le at 4

A peripheral blood sample3ofrl (in EDTA) is required. The expe
ngM 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 Sequerethodologies
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Retrospective review of patients referred to
SDGS for COL1A1 and COL1A2 analysis

+

Identify eligible patients and contact
referring clinician

v

Invite patientto participate
Obtain consent

¥
| Sequence Genes |

v
| Variant Identified |

/ YES NO
| In-silicoAnalysis |

| Putative Mutation | L Report Findings
YES l

Obtain consent and samples
from appropriate family
members

| Segregation analysis

Figurel2Study Vérkflow
Study Workflow for targeted exome sequencing showing patient recruitment, sample analysis and

lii.iv Targeted Exonfeequencing

Next Generation Sequencing (NGS) is a broad term used to describe the simultaneous sequer
multiple fragments of DNA. This technology allows multiple genes of interest, or even the
genome, from an individual $edpeenceih parallel.

The ifst part of this research was to use a candidate gene approach focused on recently idet

genes | eading to severe Olnextgéreratiseghenceny e t |
strategy was developed volyayely fragments of DNA from thdismmmes of interegire
6selectedd for sequencing. This process 1is

Two methodologies for targeted exome sequencing were assessed! (AgiSdlect
Technologies) and Nextera (lllumina). These methods are ose 6 capt ur ed or
fragments of interaata process called library prepanationto sequencifg overview of
these two library preparation methods is drigwreli@ An lllumina MiSeq sequencing platform
was then used to sequence the ligemEsitetbr each participant.

iii.iv.i  SureSelectXT Library preparation

The SureSelé€systenwas used to capture genomic regions of integeatastom 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/sur@despver all coding negjiand intron/exon boundaries
of known Ol gen@siled).

SureSelect Nextera
gDNA gDNA gDNA
Sonication Transposase
Y vDigestion + Adapters
Adapter Ligation 5'-Index 3-Index | PCR +Index
Y Y
1st Probe Hybridization
PCR
Y Y
— — —-—
— o— ——— __..Probe
vProbe Hybridization ,#an Probe Hybridization
—  — - —
T T Probe — - —
Index
PCR + Index &PCR
\
Y ¢
Sequence Sequence

Figurel3Comparison of SureSekand Nextera Library Capture Methods

Overview @ureSelect and Nextera Library CaptivedsFigure based on (Samorodnitsky, Datta et ¢
and is published under the terms of the Creative Commondatifibotioarciélo Derivatives License |
BY NC ND).

TheCOL1ABNdCOL1ABenes 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 genomardioates corresponding to each coding region e$ thigrgenest.

This file was uploaded to the SureDesign application and the parameters for probe design selected as
followsFlanking bases:, Pensity: X8asking: Moderately StrinBeosting: Max Performance

Once the probe design was completestittng probe set was downloaded and inspected to
identify any missed regions, the locatioprobé&seand the gene structure.
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Codin .
Gene cDNAg Coding Reference Sequeng Chro.mosome

length exons location

Autosomal Dominant
COL1A1 4392 52 NM_000088.3 17921.33
COL1A2 4098 52 NM_000089.3 7921.3
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 11911
CRTAP 1206 7 NM_006371.4 3p22.3
FKBP10 1749 10 NM_021939.3 17q921.2
OSX/SP7 1296 2 NM_152860.1 12g13.13
P3H1 2211 15 NM_22356.3 1p34.2
PLOD2 2277 19 NM_182943.2 3924
PPIB 651 5 NM_000942.4 15qg22.31
SERPINF1 1254 8 NM_002615.5 17p13.3
SERPINH1 1257 4 NM_001235.2 11g13.5
TAPT1 1701 14 NM_153365.2 4p15.32
TMEM38B 873 6 NM_ 018112.1 9g31.2
WNT1 1110 4 NM_005430.3 12q13.12
X-linked

PLS3 1890 16 NM_005032.6 Xg23

Tabled Location, size and reference sequence for genes in the Custom Probe Design

Any regions not covered byntti@l design were processed through SureDesign without masking
This provided a further set of probes but with the potential to anneal to additional locations wit
genome. Web Blat was used to assess how many times and how well eachrsetad$ poobes

the genome. The best probe sets were manually selected and added to the initial probe design
finalising in SureDesign. For areas thef o6di
number of probe replicates was boost ito anaximise the likelihood of probe capture of those
regionsA summary of the SureSelect probe design work flowFgygnebs in
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Select gene panels

+

Select clinically relevant transcripts

+

Generate genome intervals

Run intervals through software design ~“SureDesign™
https://earrav.chem.agilent.com/suredesign/

+

+

4

+

}

Approach to designing capture probes - SureSelect

Generates several files — probe sequences. regions not covered

Check probe output — some areas not covered as repeat masked

Hand design probes to regions that aren’t covered — BLAT individual probes

Alter amounts of probes to cover higher % GC regions

Figurel4SureSelect Custom Probe Design Workflow

Summary of the workflow for custom probe design for Sureelect library preparation showing stey

include regions of high GC content and regions masked during initial design process

Acompleted probe design is listedbndalimited text file format as illustibdddctbelav.

TargetlD
chr11:27695606
27695831
chr11:27695606
27695831
chr11:27695606
27695831
chr11:27695606
27695831
chr11:27695606
27695831
chr11:27695606
27695831
chr11:27720928
27720952
chr11:27720928
27720952
chr11:27722517
27722583
chr11:27722517
27722583

ProbelD

BA_134634_000028
BA_134634_000029
BA_134634_000030
BA_134634_000031
BA_134634_000032
BA_134634_000033
BA_134634_000034
BA_134634_000035
BA_134634_000036

BA_134634_000037

Sequence

TTACTCACC
TCAGGGATC
ACTGAAACG
CAGCCCTTC
TCATGCCAT
TAGACGCCA
TGCCCGTCA
ATCCTCAGC
AGCACCCAA

GCGTGCGTT

Strand

+

+

+

Coordinates
chr11:27695599
27695718
chr11:27695623
27695742
chr11:27695647
27695766
chr11:27695671
27695790
chr11:27695695
27695814
chr11:27695719
27695838
chr11:27720868
27720987
chr11:27720892
27721011
chrl1:27722466
27722585
chr11:27722490
27722609

Table5 Example of a completed probe design for SureSelect libramapoepa
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SureSeleé&f Library Construction

DNA(>3ug)rom each participanswaé nor mal i sedd to a coedcentr
DNA wsithen sonically sheared using a Covaris E220 twoproaiace fragments between 150

200bp Lastly end repair, agapigation and amplificateveperformed.

Successfiibrary preparatiaas confirmed l®fectrophoredis confirm a band~@00bp and a
smooth peak fragments siagasseernon scanningigurel5andFigurel6).

B5 [+ D5 E5 F§ G5 H5

MW [bp]  AD (L)

— — — N — — N — — — R — —  — — [ _—

gl i Tt

e [ — — -1 B — — - — . — — —

Figurel5Gel image of DNA samples following libraygvation

Each lane, markediMdtand ABI5, represents an individual patient sample. A size ladder is positione
Two standard markers are included at 1500bp (purple) and 25bp (green). Successful library
produce a clear baridNA at ~300bp.

0004

Sarmple Intensity [FU]

A

MW
[bp]

1500

500

Figurel6Scanned image of individual patient DNA following library preparation
The DNA wdragmented to ~300bp and standard markers are shown at 25bp and 1500bp

An average Yyieldhalf the input amount, eg for 2ug you would expect 1peps dotaeved
minimum of 750ng was @iselybridisation/capture.
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SureSelectTHybridisation / capture

The SureSele€ttarget enrichment protocol combines the prepared Dhi# litybaridisation
reagents and the SureSelect Capturebbsasying of the custom designed probes for the specific
genes of interest. The samples hybridised for 20 hours, then captured using magnetic beads.
The final enriched libraoytaiad 1000620000 pmol/l DNA with a maximum fragment size of
~300bp.

iii.iv.ii Nexterd.ibrary Preparation

CustomProbeDesign

A custom probe set was developed using the lllumina DesignStudio Sequencing Assay Designer. In a
similar process to the SureSelect design, geoodiates of each region of interest (coding
regionsnd intron/exon boundaries) wsexk 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 reviesdvand refined. An illustration of the completedaslesitain delineated, fde

shown iffables below

Probe Chr Start Stop Labels Sequence Design

ID Warnings

720478 | 17 1674370 1674449 SERPINF1_4 | GACTTGATCAGCAGCCCAGACATCCATG(
TATAAGGAGCTCCTTGACACGGTCACTG(
CAGAAGAACCTCAA

722847 | 17 1678493 1678572 SERPINF1_6 | AGGTCTGTAGGGATAGGGGCAGGGTGG(Y Low
GGATGGAGGGAGAGGATAGAGAAGCAAAl Specificity
GGTAGTGGGAATAAAA

722082 | 17 1678393 | 1678472 SERPINF1_6 | GAGGATTTCTACTTGGATGAAGAGAGGA(
AGGGTCCCCATGATGTCGGACCCTAAGG
TTACGCTATGGCTT

720243 | 8 22022896 | 22022975 BMP1_15UTR| TCCCTCGCCGCCGCCCCGCCAGCATGC(Q Poor GC
GTGGCCCGCCTGCCGCTGCTGCTCGGGY Content
GCTGCTCCCGCGTCCC

722793 | 8 22022836 | 22022915 BMP1_15UTR | TCGCGATCGAGCAAGCAAGCGGGCGAGA
GCCCTCCCCTGGCCTCCAGTGCGCCGCT|
CGCCGCCGeeeeaee

723648 | 8 22031091 | 22031170 BMP1_2 CCTGGCTTCTTCTTTTCTCTTTAGCTGCCT|
GGGGACATTGCCCTGGACGAAGAGGACQ
GGCCTTCCAGGTA

Table6 Completed probe design for part of ##ERPINFand BMP1genes for Nextera Library
preparation
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Nextera Library Preparation

Extracte®NA(>3ug from each participans wiganedAfmpure DNA clean up) and titrated down

to a concentration of 5ng/ul. The library preparation consists of a tagmentation reaction,
amplification using known dual indices, library hybridisation to the @dbtoligode&igrithe
targeted regions and a second PCR amplification, with bead clean up between steps. Tagment
where the Nextera transposome fragments and tags the DNA with adapter sequel
simultaneously, ready for the following PCR steps.

Following tagmentation there should be a broad distribution of DNA fragment size, ideally be
200400bp . Thisaschecked on an Agilent Technologies 2200 Tapestation using a High Sensiti
D1K tapéAn example of successful tagmentation is giwier-gglrel 7.

Sample Intensity [FU|

g

MW
bpl

Figurel7Tapestation analysis of DNA library preparation

The size of the tagmented DNA template should be bet@@kp. Z00 optimal profile would have a wit
(as seen in above picture). A narrow peak would indicate that the DNA has been overly tagmente
appears low in comparison &58lect library preparation buntchéases after subsequent PCR amplific:

Nextera Hybridization

The prepared DNA library mixed with the custom designed capture probes and incubated &
58°C for between 90 minutes?2dhdurs. Streptavidimdsewerehen used to capture probes
hybridized to the targeted regions of interest. This enriched library is washed and a second rc
hybridization performeldich ensures high specificity for the captured regions. Following a samy
clean up, themared library svamplified via a 12 cycle PCR prébeskbrary insert size was
checked using the Tapesttiensure it libetween 25800bp.

iii.iv.iii Sequencing on the lllumina MiSeq.

Sequencingwa performed on an ||| unignEa RwiaSjeeqnd pk
performing 150bp pagad reads. Sequencing using jeaideckads (sequencing both ends of a
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DNA molecule) improves alignment to the genome patrticularly over repetitive regions. The detection
of insertions or duplications is alsvedp

The O6sequencing by synthesisd met hthataereused by |

incorporated during each sequencing cycle. Imaging after each cycle allows base calling of the DNA
molecule.

iii.v NGS analysis pipeline

Raw DNA sequendesfiobtained framh e | | | umi na Mnafysed throughitiet f or m we
pipeline developed at Sheffield Diagnostic Genetics Service (SDGS). This pipeline broadly adheres to
the O6Best Pract i ces 6 htywtwwiv.brbadinstitute prg/datk/guidebesb ad | ns
practices but with some additional analysis affiltetatg steps added, some of which have been

customised to accommodate local needs at SDGS.

The pipelingligns 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 neisimolabh 3®fold read depth was

set for exonic sequences and intronic sequences up to and including 5bp from the intron/exon
boundary. A minimumeshold of ¥8ld read depth svaet for intronic sequences from 6bp to

25bp from the exon.

Variants wergubsegently identified using HaplotypeCaller and annotated with Human Genome
Variation SociefyGVS) nomenclature. Variantsfitered againstcammon polymorphism list

which wa.compiled using NCBI dbSNP (Single Nucleotide Polymorphism Datalvaag)s which co
data from large sequencing projects stich NtSLBI Exome Sequencing Prajectl000

Genome Projetit house reference files such as the polymorplasdpieferretranscript list

werealso used.

The SDGS NGS analysis pipeline (v3.11Bedas take fastq files generated by the Illlumina

HiSeq through accepted best practices and produce filtered annotated varianteédoraview

of a Vdant Call Format (VCF), a text file format containing a header followed byhariant calls.
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 .itnthe VCF file
additiorthe pipeline produces a number of QC files that allow assessment of the quality of the data.

The pipeée wagontained within one script which handles the calling of other software required to
processrad analyse the sequencing sidds (ngs_gene_paarhlysis.3hThe pipeline wam

as agoldin the sugridengine high performance compmungnmenisnghgl9 from NCBI as

the reference genome.

The following stepswei®k en by the pipeline for analysis of

Check inparguments for validity
Make output directory and start analysis log
Run bwa align, sam@nd sort into 2 bam files which are then merged
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Clip overlapping reads

Make regions of interest bed file

Count total and failed reads

Picard mark duplicates

Calcudte 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 annovaar{notate variants with respect to functieaglieoes)
Combine annotations

Remove low quality calls and polymorphisms

A number of files wereated by the pipeline, both results and QC filesretsekito check
the quality of the run.

The bioinformatics pipeline uses open source saftgrmantbcall variants within the sequencing
data. The versions of open source soffedme listed ifiabler below

Software  Use Version

bwa Alignment v0.7.15

samtools = Bam/Sam processing v1.3.1

GATK Indel realignment & Variant calli v3.6

picard Marking duplicates v1.101

sambamba Coverage calculations v0.6.3

bedtools Processing & manipulating bed v2.17.0

annovar Annotating variants 20130823 1:32:410700
SnpSift Annotating variants 3.3h (build 200820)

Table7 Versions of open source software used in the bioinformatics pipeline (v3.1.3).
The SDGS bioinformatics pipeline is used to call andeaquestagevariapisor to analysis

Quality Control

A quéity control reportsagenerateby taking thiemp_runmeport.txiile that weagenerated for

each sample and combining with others in theaducégrun report. This fileusad in
determining the quality of the data for all samples in the run. The report contains the foll
columns for each sampl

tot_readd Total number of reads

%_runi Percent of the run that is from that sample

Faili Number of failed reads

PCR_dup#& %PCR_dups Total and percentage PCR duplicates
opt_dups& %opt_dup$ Total and percentage Optical duplicates
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lib_sizei Estmated library size

med_read_length & 1st_quart_read_length & 3rd_quart_read leegtian stand

3rd read length of fiaited nodups

Mapped & %mappediotal mapped reads and percent mapped

proper_pairs & %proper_paiiotal proper pairs and pergeoper pairs

correct_orient & %correct_oriénTotal correct orientation and percent correct orientation
med_insert & 1st_quart_insert & 3rd_quartMesénh insert sizes&&Bdquatiles.

small_insert & %small_insemMumber 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_insemlumber and % of read pairs with insert size above the
expected insert size plus 50

broad_panebn_target & %on_targetNumber 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 ..45K00%5800f.broad

panel covered by not failed not PCR duplicate argdo&tiepths

A sample wdlsgged as poor quality if it fargdf the following criteria:

%mapped 080
Yproper_pairs 070
%on_target 040
%30x =100

Sanples defined as poor quality were retthierto obtain more sequence data or, if onlikely t
generate sufficient sequencing data, a repeat blood sample and DNAseperémtioad

il.vi Mouse ModelsTRAM?2 Analysis

iii.vi.i Primer Design

Primer pairs for PCR amplification of coding regioifkAMBuyene were designed using

Primer3 softwarkttp://frodo.wi.mit.edu/prin€rable8 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 URips://ngrl.manchester.ac.uk/SNPCheckV3/snpcheck.htm

M13t ai |l s were added to the 506 sequahcinggdtocd:ach pr i mer
M13F1 (forward]JAC GAC GTT GTA AAACGAC

M13R (reverseFAG GAA ACA GCT ATG ACC
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Exon

Forward Primer

Reverse Primer2

CCAGCGGCTAGAGGGTTA/

GC conten
AGGGGTACAGTGCACAAAG

ATGTAAAAGGGGCGGTTACG

TGTACACAGATGGGGAAAA(C

44.21%

CTGAGGCTATAGCAAACG(

GAGCTGCAGTTTCCTCCAAG

50.00%

ATGTTCAACCCTTCTGTGG

GGGTCCTTTGCAGTCATTTG

44.63%

TTTCTGTCAGGTGGGGACT

CATCCACAATAGGCTCAGG(

59.41%

AGCTCCTCACAGGCAGAG]

AGGAAGGGAGGTACCCCTG

55.76%

TGTGTGTTAAAGCAGCCCA

TGCTAGGCACACAGAGGAT(

48.01%

AAAGTGGGAGTGGAAAGC

AAAATAACGGGAGGGCACC

58.77%

OO NO|O]PR|WIN]|E-

CCCTTGAATCCTCTTCCCA

GGCTGCTATCTCTTCTCCCQG

52.83%

=
o

CTTGTTCTCCCCTGCACAA

CACCCATCCCAGACAGACTT

63.00%

|
=

TCCATGTATAGCAGCTGG(

CCCATTGCAAGACAGGTTTQ

58.33%

Table8 Primers designed for Sanger sequencing ofR#EVZene
iii.vi.ii PCR reaction

PCR offRAM2vas undertaken using OneTaq®-l@aid® 2X Mastermix which contains taq
polymerase, dNTPs, iMg@dl buffers. There are two versions of the mastermix containing eithe
stendardbr GC buffer. Standard buffeused where the GC content of thevpaishelow 55%.

For & content 556% the GC bufferswsed and fargher GC content an enhanceaouasl

to improve annealing and amplification. The GC conf&aNMgihimers is listedTliable8

YELLOW exons ;

Standard exons

Vol (ul)
OneTaq + Standard buffer| 10
OneTaq + GC buffer 10 10
GC Enhancer 8
Water 7 7 4
Primer @ 5pml 1
DNA @ 10ng/ 2

Table9 Reagents used fAIRAMZamplification by PCR
Each DNA sample widated to a concentratiohOmg/pl in water. Reagents preggared for

PCR amplificationfTelAM2lepending on GC content of primer seqiiahte. (PCR cycling
was undertaken accordifigbdel Q
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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

TablelOPCR Cycling Conditions fdiRAM2mplification by PCR

PCR products werisualised using on a Jag&tose gel using 5ul OneTaq PCR product run at

120V for 15 minutes

TheTRAM2rimers were initially validated using two control DNA samples to ensure that PCR was
successful and produced fragments of the expected size. A negaiitbeatioragisnbut no
DNA, waalso includeligurel8).

Figurel8Electrophoresis of PCR products foriR&AM2jene

PCR products froormatontrol DNA (Cont 1 and Cont 2) and water blaate (Sho@)n.

iii.vi.iii Sanger Sequencing

DNA sequencing of Pamplified fragments TlRAM2was carried out using an ABI 3730
automated sequencer and Big Dye Terminator Sequencing protocol (Applieds&in€istems, Fo

USAttp://www.appliedbiosystemgIairtel 1)
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gsz;z:;x PCR Cycling conditions
BigDye Readfreact v1.) lel
Terminator Mix Temp. | Time | Cycles
Better Buffer 7 ¢l 953C 1 min | 1 cycle
HO 3. 8¢l 95C 15s
Sequencing 3. 2¢l 55C 10s 25
Total 15¢l 60C 4min cycles
PCR product 5¢l

Tablel1Reagents and cycling condition for Sanger SequenciiRAiZPCR products

iii.vi.iv Analysis of Sanger Sequencing using Mutation Surveyor

Mutation Surveyor® DNA Sequencing softwaoct, was usedrfthe analysis of Sanger
sequencing generated by the ABI3730.

The software provides base calling, sequence alignment and assembly. The package inc
automated download of annotated GenBank reference files and-twokaldtdondretween the

input sequence and the reference sequence allowing var@inid@mdifiennotation using
Human Genome Variation Society nomenclature (HGVS).

lii.viiDDD _Complimentary Analysis Project

The required subset of patient data was identified by searching the DDD dbliainase using
Phenotype Ontology (HPO) terms. HPO provatetam@ syocabulary to describe phenotypic
information. The terms are developed with reference to Online Mendelian Inheritance in Man (¢
Orphanet, DECIPHERtAbasE of genomiC varlation and Phenotype in Humans using Ensen
Resourcesind medical litsgure. There are currently more than 11,000 terms.

The following terms and their HPO numbers werdnisssgddy

1 Abnormal susceptibility to fractures; Increased susceptibility to fracture
(HP:0002659)

9 Fractures of the long bones (HP:0003084)

Fraatires of vertebral bodies; Vertebral compression fractures (HP:0002953)

Increased fracture rate; Recurrent fractures; Spontaneous fractures; Generali

osteopenia with pathologic fra¢HPe8002757)

Pathologic fractures (HP:0002756)

Generalized osteoje®steopenia (HP:0000938)

Severe osteoporosis (HP:0005897)

Generalised osteoporosis with pathological fracture (HP:0005744)

== =

= =4 4

The data returned for each patient included a list of potential candidate variants as identified
DDD study, a completefisinfiltered variants (VCF) and details of family structure and phenotyp
(Tablel?. In addition, the referring clinician details were providedtieneach p
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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 prob
and father.

FAMILY RELATIONSHIPS F| IDS for the proband, father and mother

CLINICAL FILE all of the clinical observations, growth parameters and ont
annotations that are available for each patient.

VARIANT FILES VCF files for each patient ancptreints (where applicable).

CANDIDATE VARIANTS: high quality candidate variants in the proband across all ge
relevant patient subset.

REPORTED SNV & INDEL H a flat text file containing SNVs and indels reported back to ¢
DECIPHE

a flat text file containing S| flat text file containing CNVs reported back to clinicians via DE
and indels reported back
clinicians via DECIPHER
RESEARCH TRACK VARIAN flat file containing variants of unknown signifiagraamtain atdnal
variants of interest not present in the candidate file, such as
variants

Tablel2 Data fields returned by the Deciphering Developmental Delay study for Complimentary
Analysis Projects.

The candidate and research variants for each individual were fist thesessed leviey
looking at the function of the protein with emphasis on a potential role in bone disease. The sources
of information interrogated for each gene isTlatéd 3n

Those with function related torbetabolismvere further assessed along with the pecbridad
phenotypesf the patient and their family merminatythe full list of variants supplied in the VCF
for each proband was interrogatgdvariants identified were assessedhagunigritisation
strategies list@dsectioiii.ix below

Source Feature

GeneAtlas Proteini 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 mod

Tablel3Source of terms used to assess the function of candidate genes
Terms used to target genes with a potential role in bone metabolism

54



li.viii Whole Exome Sequencing

iii.viii.i Personalis

Three articipants were commercially sequenced by Personalis using theiMACSEalExdhe
Personalipipeline usethe Burrowd/heeler AligneBWA version number 0.#A8@5) for
alignmenthe Broad Institute Genome Analysis TeAITHiUnifiedGenotyper for variant calling
andVariant Quality Score Recalibret@®iXto provide a quality score. AmnBersonalis tool,

is used to annaatariants. The annotation includes population frequencies from 1000 genomes
the NHLBI GO Exome Sequencing RE$E)tthose with a frequency of >1% in any of the
populations are excluded. Further annotation includes data from dbSNP tipreaictguhotuta
using tools such as including SIFT and Polyphen2; known disease associations from database
as OMIM and ClinVar; and data from pathway and network tools includamgl&ebatarod
reactions, pathways and biological prpcessdse Molecular INTeraction datalfeiss).

Clinical information for each patient was provided to Personalis and this was used to rank ve
taking into account the similarity between presenting clinical features and feme&n disease
associations.

Pesonalis returned a full data set of variants and this was further investigated at SDGS. G
control was carried out, as recommended by the GATK best practice guidelines, using the fo
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

Tablel4QualityControlffilter settings usgin analysis of Personalis sequence data

Population frequencies from the Exome Aggregation GgrsuAiDuelsion 0.3) were used in
filtering and those with a frequency >5% i
>1% with a total allele count >1000 were removedwithreareported frequency >1% in any of
the 1000 genomes, NHLBI ESP or UK10K cohort populations were also excluded. After frec
filtering, variants were prioritised using the methods skstdei i

The remaining participants, were sequenced at SDGS using QXT library preparation methc
SureSelect Human All Exon V6 baits for target enrichment. The labofatahysnettedtical

to that used ftargeted exonsequencing of candidate genes using the custom designed probe s¢
(sectionii.iv.iandiii.iv.i)i Sequencing data from all exome participants and, when available, bo
parents was generated using a HiSeq 2500, ustagdoaggdencing 2x100bp. The Human All
Exon V6 probe set is designed to capture all protein coding regions of the gen®®3 ahd covers
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sequence listed in the RefSeq, CCDS, GENCODe, HGMD_cds and OMIM_cds databases at an
average coverage depth of202fastq (v1.8.4) was used to convert sequencing data to fastq files
ready for mapping to the human genome. Fastq files were Hdpaztaa (v1.5.0) for mapping

and variant calling.
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Coverage

Figure19 Depth of sequence coverage across all chromosomes for patient E using St
Human All Exons V6r2

An averageepthof 103x (standard deviation 62.1) artfiza wE94x was obtained. The patient is female

Sapienta does not provide a whole exome coverage summary; however, aftd8\Mapping with

MEMa BWA algorithm recommended for high quality sequence qudli@s]mers&eCh37

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. MASur eSel e cilkeswéne osadto résiridt cokeragecalcMa@ions. 2 0 de s
The coverage across each chromosome was assessed to ensure read depth was sufficient to allow
confident variant calling, an example is Gigans®
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ii.ix Prioritisation of Sequence Variants froBSW

The number of variants identified by whole exome sequencing can be |laager@ieratghg
80,000, dependent on ethnic @Aglkadi, Bolze et al. 20EBering, analysis and interpretation

of this data are challenging. An initial stepribfikeang in rare diseases teaexclude those

found with significant frequency in the general population. In this study, informatidai@available ir
databass from the following projecssused to remove variants with a minor allele frequency
(MAF) ative 1%:

1 Exome Aggregation Consognom@Dhttp:gnomADroadinstitute.org/)
1 NHLBI Exome Sequencing Project (ESP, http://evs.gs.washington.edu/EVS/)
1 Genome of the Netherlands (GoNL, http://www.nlgenome.nl/)

Even when data whlsered to remove comrpotymorphisms, several hundreshtipdy
pathogenic varianesnaiad Three different but overlapping strategies have been employed in th

study to further filter and prioritise vandetdgitp the most interesting candidates.

iii.ix.i Strategy 1An inheitancehypothesis

Variants weffdtered using an inheritancethgpidased approach; this cbeldn autosomal
recessive, autosomal domindimkedi or -Wnked modeAnalysis of trios (proband and parents)
wasparticularly useful for this appreoallowedietedbn oflenovovariants, which if present in

a gene of interest can be indicative of pathogenicity.

Filtered varianierethen orderdaly predicted effect on protein function. Loss of function, including
nonsense variants and shifiiseirprotein coding reading frame (frameshift), are in general more
likely to be damaging than missense variants. Variants that affect the conserved splice donor o
acceptor sites are also likely to have an effect on protein function. Ramsnealdiele¢ions,

these can be ordered on whether they cause splicing difraipt&gomprotein changes or a
frameshift.

The resulting list of variants masually reviewed taking into account published literature, any

known diseaggne interact®nmetabolic and signalling pathways as well as any available gen
function information and annotéignse20).
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Variants detected in proband

Vv o — Quality filtering

Parental variants —_—

Variants consistent with at least
one inheritance pattern

! | ' !

AD/de novo AR XL YL

Manual review to identify candidate genes

| 1
N

OUTPUT 1
| |

Lists of variants, prioritised by
likelihood of being disease-causing

Figure20Variant prioritisation Strategy 1
Variants identified by exome sequencing are filtered on an inheritance based hypothesis model.

iii.ix.ii Strateqy 2Exomizer

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 fil@idgiestare less useful. Each genome carries
approximately 100 loss of function vé@vlaofsthur, Balasubramanian et al.re@di?ing the

use of many different approaches to identify-adseciated 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 randatk analysi@hatuses direct and indirect protein interactions in
biological networgsptein expression and biological similarfirésjtise variants generated from

whole exome analySimedley, Jacobsen et al. 2015)

Exomizer is a Java program that uses VCF files to first filter tvanigmisrifi$e filtering steps

include variant annotation relative to the University of California Santa Cruz (UCSC) reference
genome hgl9, removal of variants above a user defined MAF, removal of variants below a specified
quality score and pedigreerfdgtdé appropriate. Prioritisation is undertaken by a number of different
methods including prgbeatein interaction, comparison of patient phenotype and those in human
disease databases and model orgamisthgredicted effect on protein struekaeizer

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 vaffragnise?l). Tre top 20variantsanked by Exomizer were
subsequently manually reviewed.

Phenotype description

Exome sequencing

Potential inheritance

:_' PED frequency m . i @ N"‘l

Adapted from Smedley et al. (2015) Nature Protocols
10{12}:2004-2015

f HPO / Variant
terms prioritisation \

Human

PhenlX ‘ associated
genes

OUTPUT 2
Variant annotalionHVanam assessment m o B

Jannovar Pathogenicity

Protein-

=7 protein
ExomeWalker ng,‘ interactions /
Ol ‘seed’ genes Disease-gene
[ famiies / v

Lists of variants, prioritised by likelihood of
being disease-causing

Figure21Variant Prioritisation Strategy 2

Strategy 2 usdsxomizer, a phenotype driven tool that uses clinical data (in the form of HPO
organism gmotype data and randeatk analysis of profmiotein interactions to prioritise variants ge
from whole exome analysis

iii.ix.iii Strateqy 3Targeted Gene Approach

The hypothesis for this strategyhat new pathways can be established in Ol ygidently
variants in genes already established in known diseases or bonériiper@Bp&snanually
curated candidate gene list was developed by extebhabe alad literature review using the
following search criteria:

T
T

All genes known to be associated with Olilkmg@l@inotypes

All genes known to be associated with skeletal dysplasia and/or short stature

Genes within BMD loci with gelevelesignifinae detected in Genome Wide Association
Studies

Mouse models with reduced BMD, brittle bones, abnormal mineralization or redt
mineralization.
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Manually Curated Candidate
Gene Lists

Exome Sequence

GWAS, Mouse
modells.a.nd Known Skeletal
susceptibility to Dysplasias
fracture o
VCF
A4
OUTPUT 3
Frequency Filtering > < Pathogenicity Assessment

List of variants, prioritised by likelihood of being
disease-causing

Potential
inheritance

Figure22Variant prioritisation strategy 3

An extended list of candidate genedewsloped using a combination of those described in assot
skeletal disorders in man, bone changes in mouse models and those association with reduced bt
in GWAS studies

Finallygenes identified using HPO tegiaited to berfragility and increased fractliadée(H
were also added. The final list of 635 targeted genestiegpgenyigage250

HP:0003023 Bowing of limbs due to multiple frac

HP:0005744 Generalized osteoporosis
pathological fracture

HP:0002757 Recurrent fractures

HP:0002659 Increasedusceptibility to fractures

Tablel5HPO terms used to generate an extended target gene list used in variant prioritisation

The lists generated from strate@iebdve were combined to give a fingristittfedariants

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 idedifygseteiatiadl genes

or variants enriched in this cohort in comparisool popatdtions.
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iii.x Assessment of sequence variants

Sequence variants identified in all parts of this project were assessed for potential significance
number of web based resources that explore possible modes of pathogenicity and sourc
informadin where the variant may have been previously documented. The assessment tools
include:

iii.x.i Population Frequency

The population frequency in the following datasets was interrogated.

Exome Aggregation Consorgnom@APhttp:gnomADroadinstitute.org/

NCBI dbSNP build 144 through Ensembl 83 https://www.ncbi.nim.nih.gov/projects/SNF
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 Consortiunmnit@aMiyw.nigenome.nl/

= 4 4 A

Variants listed as present in >1% of any population were excluded from further analysis

iii.x.ii Webbased Literature Search

Resources used for the literature search included Google, Google Scholar, PubMed and the fc
Locus Specifiatabases:

1 The Human Gene Mutation Database (HGMD) (http://www.hgmd.cf.ac.uk/ac/index.php
9 Osteogenesis Imperfecta and Ehlers Danlos Syndrome Variant Databas
http://www.le.ac.uk/ge/collagen/

Where a variant was identified as being previously repeaxaihbth evidence for that
classificatiowas reviewed his included assessmentsilicovariant predictiors)y supplied
pedigree/segregation data, poptitatjoency data and any available functional studies.

iii.x.iii Variant Effect Predictors:

Thereaare a number of tools available that predict the effect of missense changes on protein stri
and function. These can be broadly assigned to one of three categories depending on the str:
used for prediction: machine learning, evolutionaryi@morsehaotein sequence and structure.

An outline of the tools used from each category is as follows.

Machine learning tools:

Machine Learning methotisarn patterns that can be applied to new scenarios. Some combin
predictions from different sewand match the variant to the best fitting category. The quality o
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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:fistbiofold.org/srmsdgo/snpsindgo.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 HGMBPrandd&wisk 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.inf[HANSA/) Trainednatiacomibposition 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 againasablenammals 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 calculatedbdityrof being pathogenic based on variation
with the alignment

PROVEAN http://provean.jcvi.org/genome_submit_2.php?species=human retrieves scores from a
precomputed database that clusters sequences to give a predicted effect on protaln translation an
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.esg/mddlliple 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 andtinedsng 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 ftftlsnaligotrained on the differences between human
diseaseausing and neutral-apnonymous 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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SpiceSiteFinder (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/)

= 4 4 4

Intepretation wabased upon the consensus of at least three of the above programs and genet
needs these to show a changel®Psin splicing efficiency to be considered to be of potential
significace

iii.x.v Severity of Amino Acid substitution

For missensanants data from Russell, the Grantham distance and BLOSUM scores from Ala
were used to give an overall idea of the difference in properties between the wildtype and r
amino acids. Those with greater differences are most likely to be pathogenic.

Although there are a number of tools availabietpr@@thtion of variants, it was important to note

that these are only predictions. Further studies, such as segregation and/or functional analys
be requireid draw a definite conclusionths ggnificance of the variant.

lii.xi Method for Electron Microscopy

Punch biopsies of #esional skin were obtained from the upper inner arm. Each biopsy was cut i
4 columns and immediately fixed using 3% glutaraldehyde in 0.1M phosphate buffer at [
Samples were pfiged in 2% aqueous osmium tetroxide, dehydrated through alcohol and acetc
and then embedded in 812 epoxy resin in a flat bottomed BEEN® specimen embedding capsul

Semihin sections (0.6um) were produced on an Ultracut E oigaosorgta Diatome
Histoknife. These were stained with 1% Toluidine blue in 1% sodium tetraborate at 120°C. M
interference coloured sections were produced using a Diatome ultraknife and staining with
acetate and Reynoldbés | ead citrate.

Secions were photographed at step magnifications on a Philips 400 transmission elec
microscope using an AMT 16 megapixel mid mount camera. Each section was screened f
presence of coll agen o6fl ower s 0 .werecCrndadurady e n
manually (20000X magnification) using the camera softwarefigdré8use (

The mean diameter of 200 fibres was compared to the expectedtnfieathecage of the
individual Ta@ble 16). Fibroblasts and elastic fibore morphology were initially assessed at lo
magnification. The presence or absencelitztiBR a feature providing evidence of stress, was
assessed for each fibroblast identified (up to 20,000X magnification).
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Figure23Electron microscopy of meeticular dermis (20,000X magnification)
The mean diameter o&gel fibres (nm) was assessed by measuring 200 fibres at a magnification o

Life Stage Expected collagen fi
diameter (nm)

Fetus 70

Child/Adult 8090

Elderly 70

Tablel6Expected diameter of collagen fibres in each life stage

Figures taken from Stewart(8tealart 1995)
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iv RESULTSEIARGETED EXOME SEQUENCING

iv.i Patient recruitment

Eighteen families were recruited for targeted exome analysis (partidip@nt Egaadther

families were recruited for whole exome sequencing (partitipant IBdditionalohort of
BMP1patients were identified during the coursetatith{patients) following introduction of
BMPIgene analysis into the diagnostic pathway followingthes\@ESftarget panel part of this

project. The presenting clinical details for each recruited participaritedniellisted in

Participant ID | Clinical History

Targeted Exom

001 Crush fracture of spine and generalised osteopenia

002 Family history of early onset osteopenia and osteoarthritis. Hype

003 Multiple fractures and osteopenia

004 Dislocations, fractures, hearing loss in one ear. ?Blue sclerae.
members clinically affected.

005 Two fractures, one with no obvious trauma

006 Skull fracture, blue sclerae, Wormian bones.

007 Severe vertebral fracture and collapse, tsham, sfacial featu
suggestive of Ol. Mother has similar features.

008 Numerous scars, history of >10 fractures

009 Hypermobile, fractures.

010 Clinically has Ol type I, >30 fractures

011 Fractures, osteopenia

012 Antenatal fractures, autsgvere developmental delay

013 Atypical Ol, severe scoliosis, grey sclerae, very hypermobile
fragility.

014 Recurrent fractures and osteopenia, characteristic facies of Ol

015 Hypermobile. Metabolic bone disease. ? Osteopetrosis

016 Ol type

017 Fractures. Dysmorphic, developmental delay,

018 Multiple dislocations, easy/spontaneous bruising, blue sclerag
dental problems.

Whole Exome

A Cystic hygromalincreased nuchal translucency, moderate
disability/mentaitardation, fractures, flat or prominent occiput, dy
facies, low rotated ears, downslanting palpebral fissures, thir
squint, atrial septal defect, ventricular septal defect. Wormian bo

B Multiple fractures, proximal shortenliagiscpossible contractures

C Prematurity 32 weeks, severe intellectual disability/developmer
fine motor delay, gross motor delay, speech delay, autism
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disorder/autistic features, scoliosis, failure to thrive; Wertélmesind
tibial fractures, frontal bossing/prominent forehead, dysmory
low/posteriorly rotated ears, abnormality of hairline, hypertelorisr
palpebral fissures, myopia, optic atrophy, hair hypoplg
immunoglobulin levels, shortestilateral optic pallor.

Dysmorphic, developmental delay, hypotonic, muscle weak
stature, osteopenia, fractures, high arched palate, frontal boss
club feet, low posteriorly rotated ears.

Sparse falling out hair, btlerae, hypertelorism, delayed fontanel
club foot, crush fracture vertebrae, rib fracture, bone fragility.

Multiple fractures, blue sclerae, dentinogenesis ajmipgrranhobi
joints.

Mother is hypermobile with fractures followingainstgmiima.

Failure to thrive, macrocephaly, persistent large anterior fontan
fractures, dysmorphic features.

Heterozygous mutatidd3H1c.1080+1G>T

Clinically osteogenesis imperfect with crush fracture vertebrae
longbone fractures, scoliosis

BMP1

Ten low trauma long bone fractures, white sclerae, normal |
evidence of dentinogenesis imperfecta

Three low impact fractures, grey sclerae, hypermobile finge
evidence of dentinogenesis imperfecta

K

High bone mass phenotype

Tablel7Clinical Details provided for recruited individuals

Eighteen families were recruited for targeted exome analysis (partidif@nt Higg0iamilies were recruited
for whole exome sequen¢participant IDH). A further cohort of BMP1 patients were identified during the

course of this study (patie}s |

Thee have been no participant withdrawals dugsgatth project.

iv.ii Validation of Targeted Exome NGS Panel

To assess the i@ merits of SureSelect vs Nextera panel atebsidgibrary 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 onlécth the SureSe
and Nextera panels. The number of region without adequate sequence for each method is shown in

Tablel8
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Number of regions without adequate sequence co
Sample Number SureSelect Nextera
1 2 17
2 0 14
3 0 13
4 0 5
5 0 15

Tablel8 Comparison of regions without adequate sequence coverage for SureSeletetras Nex
library preparatioim five control DNA samples.

Overall @verage for the Nextera panel was consideratihatoBereSelefdr allsamples.
Visualisation of coverage for each method was undertaken and clearly demonstrated p
sequence coverage across the entire panel. An exampie FsgsineR«dn

NH_000088.3: Homo sapiens collagen, type I, alpha 1 (COL1A1), mRNA. U af,}

Delfbeing l : I ] I 1
st || NI I I | 01 O O B O FTTH
Ins/Dup | |

p Private Annotations

) GbSNP Short Variations | SwissProt Variants
B Alignment (1401508-§1313206-04..Inde lsRealigned.bam) \_) JJ X Coverage | | Reads

Max Coverage: 1720x

¥ Bk Alignment (1306467-51313206-02..IndelsRealigned. bam) U g, X Coverage | | Reads

Max Coverage: 406x

(g ey tam Naalaal IIONY Waalauba

Figure24Visualisation of sequence coverage for SureSelect and Nextera methodologies

The number of sequence reads foOtheAfene for a single control sample is shown. The top pane
the gene with exorsloured blue. The middle and bottom panels show the number of reads in
combined to form peaks (coloured grey). The middle panel shows coverage with Nextera,
SueSelect.

One explanation for the reduced coverage of thephleadtén comparison to SureSelect is the
difference in the number of probes produced for each region by the two design methodol
SureSelect creates a number of overlapping probes for each region, increasing the likelihood t
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region will be ptaired whereas in comparison, the number of probes designed by Nextera is more
limited, as illustrate&igures

The conclusion was that SureSelect gave swmragedor 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 gemed.

458,269, 500|

200 hases}
43,270,0008] 43,270,1008] 45,270,200|
CTD SureSelect

{ heig

45,269, 904| 48,270,300] 48,279,408 45,270,500|

CTD Nextera Probes

[
RefSeq Genes

L e et e 2 2 2 2]
B B
Publications: Segquences in scientific articles

H3K27AC Mark (Often Found Near Active Regulatory Elements) on 7 cell lines from ENCODE

Figure25Comparison adhe number of probekesigred bySureSelect and Nextera
Coverage of four exons of the COL1A1 gene is shown.

SureSelect probeack solid line

Nextera Probe =black dashed li@&1A1 exGn = blue rectangle

Variant lists from seven control samples that had been previously analysed using Sanger sequencing,

t he

6gol d

standardd met hod Atbtal of 64 vasants wereg ,

availabland the numhiereach gene are summarisgahlgl9below

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
SERPINF| 11 FKBP10 1

Tablel9List of genes and number of variants used to validate SureSelect targeted exome panel.

A wide region of interest (ROI) of 158ptéach exon was employed to maximise the number of

variants included in the process. All variants were identifiegbiadhexomdGS results. No
false positivesr false negativegere identified. Theré&Select and MiSeq platform were

considered

to be performing well compared to Sanger seglieveiagherefareosen as

methodfor the targeted exome sequencing of patient samples.
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iv.iii SureSelect Targeted Exome PatiesgURs

All participantgeresceened for known Ol genes using the tavgetexi panel. Each identified

variant wasompared against thanually developed and curated database containing details of
known common benign polymorphisms. Variants listed in the database are consaered unlil
cause Ol, primarily due to their frequency in the general population (allele fréqosacy >1%).

listed in the database were excluded from further analysis.

Additional manual assesspoferdriants to remove further polymorphisms not listethbatee
was undertakened®ons of homopolyntbat can give false positive variantveadés,also
removed. ¥tal of 21 vartamequiring pathogenicity assessnsineable20).

Patien Read
ID Gene Variant Zygosity dbSNP ref | count | Conclusion
1 TMEMS38H ¢.1137A>G het rs18686421 1997 | SNV
1 COL1A1 | c.1350G>p(E450Dp | het : 15 False Positive
1 CREB3L1| ¢.1194C>p(S398% | het rs19963952 6929 | SNV
2 TAPT1 | c.837G>p(M279 het . 20 False Positive
3 FKBP10 | c.590A>@B(K197R het rs34764749 4526 | SNV
3 P3H1 c.1322A>$(D441G | het rs11359389 10705 | SNV
3 TAPT1 | c.6133delT het . 33 False Positive
3 BMP1 €.2134G>p(G712% | het rs11715909 6824 | ? UV
4 COL1A1 | c.4070T>p(L1357pP | het 5515 |2 UV
4 CREB3L1| c.962+18G>A het rs2288249 | 4077 | SNV
4 CREB3L1| c.1231G>A(A411T | het rs35652107 8155 | SNV
5 IFITM5 | c.80G>P(G27A het rs57285449 1309 | SNV
5 COL1A2 | c.7217dupT hom rs14477691 2147 | SNV
6 P3H1 €.1720+3G>A het 1404 | No splice effe
predicted
8 BMP1 €.1112G>p(R371H | hom rs14528454 5480 | SNV
No splice effe
10 SERPINF| ¢.8513T>G hom rs19973542 1428 | predicted
11 PPIB c.170T>P(V57A het 1770 | LikelySNV
12 COL1A1 | c.1111G>p(G371¢ | het 4427 | N:#
13 CRTAP | c.471+1G>A het 46 False Positive
15 BMP1 c.1148G>p(R383Q] | het 3888 | 72UV
15 BMP1 €.1293C>B(Y431) het 2021 | ?UV

Table20Variants identified in participants 008 using targeted exome analysis

Each variant was manually assessed for likely pathogeniaigsuatsl ahéhis analysis are listed in the final
conclusion column of the table.

SN\£single nucleotideariant (likely benign);

Het=heterozygous; Hom=homozygous
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Four variant§OL1At.1350G>p(E4500) TAPTX.613TdelTAPTX.837G>p(M279| and
CRTAR:.471+1G>A were considered to be false positive calls due to their low read count, which
indicates poor qualggencing. Nine were classified as likely polymorphisms following evaluation
asdescribed in sectipixdue to their frequency in the general population and/oritilileack of

evidence to soqrt a deleterious effeqirotein structuve function.

A highly likely pathogenic mutation, c.1p1I&y371Cys) in b®L1Afene, was identified in

patient 12. This mutation affects a glycine residu-i iy within the helical domain of the

protein, a mutational mechanism well reported to be causative in Ol. A different mutation affecting the
same amino acid, A1G>4.(Gly371Ser), has previously been reported in a patient with type 11l Ol
(Marini, Forlino et al. 200@)other variants of interested were identified in.paiselitel that

the c.1111G>p.(Gly371Cys)utation was not detectatidopriginal analysis of this pdtierto

the pesence of a rare variant under a primer binding site, a known disaSaag&ge of
sequencing

Four variants of particular interested renaBMEd:c.2134G>p(Gly712Sgr COL1AL
c.4070T>p.(Leul1357ProBMP1c.1293C>%.(Tyr431*) amMP1c.1148G>p. (Arg383GIn)
These variantgere all confirmed by Sanger sequé&igiure6andFigure9.

¢.2134G>A, p.Gly712Ser ¢.4070T>C, p.Leul357Pro
i normal
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Figure26 Sanger sequencirgpnfirmation oBMP Imutatiors.

€.213G>Ap (Gly712Sgparticipant 003 an@OL1A1 c.4070T>G(Leul357P)c
participant 004

iv.iii.i Investigation o£OL1A¥ariant

TheCOL1ADp(Leul357Pywariant is located in the C propeptide domain of the alpha 1 chain of

type | 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 i@, ttineektevtiar

variants affecting leucine residues in-pgrapeptide, (heul464P)o p(Leul437Ginand
p(Leul388Ayhave previously been publigDedssler, Wallis et al. 1993, Oliver, Thompson et al.
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1996, Rugolotto, Monti €2Gf)7)and are ported to be pathogenic. Theyl464Pywariant

affects the final amino acid before the termination codon in the protein dewdoapijpetred
affected individual. Analysis of collagen secretion from cultured fibroblasts from this indi
showed a poorly secreted and overmodified protein supporting pathogenicity. Similarly
p(Leul388Ay@ppears to beéenovoin an individual lwiethal Ol and delayed secretion and
extensive ovarodification of the type | collagen pereagain observedlo data is provided in

the literature report in support of a pathogenic rold_&uthd fGlchange

Initially four family membense available for analysis dE@ielAL.4070T>G(Leul357P)yo

variant irour family(participan®4). The variant was not detected in the proband's reportedly
affected aunt or cousin but was present in the heterozygousretaidedleaffeted father.

These findings suggested that this variat wegregating with the features of Ol in this family
(Figure2?).

p.Leu1357Pro

\ Variant not detected
p.Leu1357Pro

Figure27 Segregation analysis for tR®OL1AI.4070T>@.(Leul357Phovariant in
family 004.

The filled shapes represent family membemsrevheported to dmically affected. Females
represented by a circle, males by a square. The arrow indinayesiémetfar initially recruite
the study.

However, the reportedly unaffected father was subsequently reviewed by a different cons
following the birth of a clinically affected second child from a different relationship. His clinical
was revealed to include numerous fractures ddhngdchnd was highly suggestive of a
diagnosis of Ol. The second affected child was confirmed to be heterozygous for the c.407
variantifOL1A1 CIl i ni c all review of the probandds
be consistent witbrmal bone mineralisation. This new information suggests that this varian
segregating with the Ol symptoms in this family.

Each alpha chain of fibrillar collagens contains a unique sequencepvdpieptithe dmain
thatallows correct recognitand assembly of the collagen moleculdLau3p7Pyvariant

lies within the chahmin recognition region of the alpha 1 chain but does not affect one of the ct
specific amino acifig(ire2d. Comprehensivesilicoanalysis of tle4070T>E(Leul357Pyo

variant, along with segregation with clinical features of Ol and literandieatesidikely

pathogenicigndsuggests that the physical properties of proline differ from leucine sufficiently
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interfere with chain recognition. This is likely to prevent or delay chain alignment and assembly
resulting in owmodification of the collagen molecule.

Alpha 1{T) GGOGSDPADVAI_QLTFLRLM_STE
Alpha 2 1) NVWGVTSKEMAT_QLAFMRLL_ANY
Alpha 1(111) BNPELPFDVLDV_QIAFLRLL SSR

Figure28Chainchain recognition sequences for type | and Il collagen molecules

The blue highlighted amino acids indicate the unique sequence for each chain that allow c
and assembly of the collagen molecules. LeudmbidBlighted in red.

The ¢.4070T3(Leul357PrGOL1AYariant is therefore likely to be-eaw€ihg mutation and

adds to the number gfr@eptide domain mutations reported. Interestingly mutations in this region
of the gene have been described in both(P#deQKuslich et al. 2@01) a high bone mass
varian{Takagi, Hori et al. 20Nne 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 dBMP lvariants

TheBMPl1gene (OMIM 112264) is alternatively transcribed to produce two proteins, mammalian
Tolbid (MTLDNM_006129and its shorter isoform bone morphogenicl p(Bidinl;

NM_001199). The functions of the shorter BMP1 protein include the proteolytic removal of the
carboxyterminal propeptide from procollagen type I, Il and Il andetmanairpnapeptide from

types V and Xl procollagen. It also influencesdoedadatterning through the indirect activation

of some T@Fsuperfamily protei#sharani, Keupp et al. 2@h#) has a role in extracellular

matrix assembly by proteolytivaon of lysyl oxidase (LOX). This is known to be essential for
collagen crodisking and processing of small leucine rich proteoglycafeofshrRPshall and

Fisher 2010)

mTLDhas 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 bor{&rgpeavic, Macek et al. 2011)

Studies in BMP1/mTLD deficient patients with Ol have demonstrated delayed cleavage of type |
collagen @ropeptideMartineslez, Valencia et al. 2012, Valencia, Chfmtindset al. 2014)

and disorganti&an of type 1/V collagen fibrils as well as impaired processing of the SLRP prodecorin
(Syx, Guillemyn et al. 2015)

In vivostudy of the BMP1/mTLD proteincidagé the mechargdmy which mutations in the
BMP1gene give rise to an Ol phenotype has been hampered by the early lethality of Bmpl/TIl1
knockout mice. However, postnatal ablation of the gene using floxed Bmpl and TII1 alleles have
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produced modelswiéduced processing of procollagen and dentin matrix protein 1, increased b
turnover, decreased expression of sclerostin and induction of canonical Wnoirsigeallgig

al. 2014) These conditional knockout mice have weak brittle bones that are susceptible
spontaneous fractures. Studies fnllthéngebra fish Bmpla mutant have shown delayed larval
ossification progressing to relatively high bone mineral edodeitwith malformation and
evidence of fracture that has been shown to be independent of osteoblgashaatumation
Keupp et al. 2012)

At the time of this stlelys than 20 individuals with Ol have been identified with mutations in t
BMP1gere. These patients have been described as having highly variable clinical presentat
ranging from mild to severe progressively d€fbirhmgnajority, but not all, have presented with
bone fragility associated with an increase in bone minetahdsrisgtyn hypothesized that the
described phenotypic variability between reported cases may result from different func
consequences of BBIP1mutations, although no clear genotype/phenotype correlation has ye
emerged.

BMP1c.2134G>f.(Gly712S¢r Participant 03

TheheterozygoBMP1c.2134G>p(Gly712Sgwariant in participant 688nges protein coding

only in the lomg8MP1/mTLD transcript, (mTLD; NM_006Etf8cts a highly conserved
nucleotide and amino acid and is situateBGHke calciuinding domain of the prdtethe

shorter transcriM_001199)hi s v ar i ant , C. *626G>A, i s do
c.*280.

Insilicoprotein conservation analysis of (lg7d.2S¢rchange using SIFT, PolpRhélign

GVGD, SNPs3D, Panther and Mutation Taster all suggest that this variant may have a delet
effect on protein structure and/or function, although the severity of the amino acid substitu
considered to be neutral.

However, the availablele frequency data for this change states that it is present in the
heterozygous state at a frequency of 0.Eifopean (Néfinnish) alleles in tt(pgomAD
databas¢sample size 63042);hmmozygous individuals are recorded. This data suggests that,
the heterozygous state, this variant is unlikely to be responsible for the symptoms of Ol in this |
In addition, there are no literature reports that suggest that variants only affecting protein codin
longer mTLD isoform are associdteéheveased bone fragility, although a role in bone repair
cannot be completely excluded.

BMP1c.1293C>@(Tyr431)rand c.1148G3#\(Arg383GI Participandl5

Two variants in tlBMPlgene were identified in patient 015, c.1298G»G31*) and
€.1148G>p.(Arg383GlIn), that affect both isoforms of the protein. Segregation analysis showed
the ¢.1293&p.(Tyrd31*) is present in the mother and c.Ji4&8@383GIn) in the father,
confirming that these changes are on different alletgsimodart

The ¢.1148GpAArg383G)missenseariant is found within the highly conserved CUB1 domain of
the protein ar®IFT, PolyPhen, Align GVD and Mutation Taster analysis all support pathogeni
although the severity of the amino acidtgubssittavoured. Therges/ low frequency data
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within thgnomApopulation database, four alleles out of 121,292. No homozygous indiviudals are
reported.

Investigation of the nonsense change identifed in this h29adxgp.(Tyr431*)indicates

t hat vari ants | e aBi#MPlarg assocated with ®lupheihdliypes. [TWoeslice wi t hi
changes, c.925p¢Asp309)sand c.1839delAsn614jsare recorded on the LOVD database
(https://oi.gene.le.ac.uk/home.php?select_db=BMRit¢dassitici Ol type Il and type IV

respectively. @1293C>.(Tyr431*ariant is not reported in the general popuUéktem.

together, the available evidence for the two variants identifed in this individual, suggest that they are
highly likely pathogeSo f ar, si mi |l ar compound heterozygous
and a mutation in a CUB domain have been reported to be associated with severe Ol phenotypes.

=P

Figure29Targeted exome results for patient 015

A: NGS sequence data highlighting the ¢.1293C>G;p.(Ty431*) Bidalida
Sanger sequence confirmation of the c.1poaur31*) an
€.1148G>p.(Arg383GIBMP Imutations

Patient 015 is a 7 year old female, the only child of healiekgnguineous 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 gestationtivitveabirof 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 bewve@ht bearing and was referred for physiotherapy. She was
diagnosed as being hypeitenabd 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 paent 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 leffFipate30. Following her fracture history, she was
commenced on treatment with Pamidronate at 3.8 yedfiseofeagained on treatment for 12
months before raised BMD waisfigtllyy DXA resulting in cessation of tregfigeme30. A
provisional diagnosis of osteopetrosis was suggested

At her most recent clinical review aged, hgeaveight was 24.35kg (>50th centile) and height
122cm (5@0th centiles). On examination, she has wiageasd normal teeth, hearing and
spine. She has a bossed forehead and has previously been noted to have a mild left sided
Scarring vgaminimal but haemosiderin deposits were noted on her.lower limbs

Age in year{| 3.2 55 |[6.5 7

Distal radig
total Not
volumetric | measure(
BMD
Distal radig
trabecular | Not
volumetric | measure(
BMD

LS BMAL
(L1iL4)
LS
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trabecular measure( EhES measure( measure(
BMD (L1Li

L3)

+8.7 | +7.1 +7.2

+9.2 | +6.9 +6.6

+4.2 +4.3 | +3.1 +3.4

Left: Chal k st i c kiba&mitlouz
(arrowed)with soft tissue swelling. Note dense & th
cortices. Tlhirrres @ Pame dv
distal tibial metaphyses

AboveVolumetric Bone Mineral Densitgrés measurg
by peripheral quantitative computed tomograph
radius), DXA (lumbar spine) and quantitative (
tomography (lumbar spine).

Figure30Patient 015:-Ray of lower leg and sequential BMD measurements.

See iserted captions for more detidlectiptio BMDi Bone mineral density; l@nbar spine, BMABbne
mineral apparent density
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BMP1c.2188dup®.(GIn730fs): participants | and J

Following identification oBie likely pathogenic mutations in patient BB|Rigene was

added to the routine diagnostic NGS panel at SDGS and a further two individuals with Ol associated
withBMP Imutationgpdients | and J) were identifiéé clinical features of these patients were
assessed and avagaBMD data gathered to producsatiescript (Appendix 22§

Phenotypiariability in patient with osteogenesiteatgppeaused BMP Imutation Pollitt RC
et al Am J Med Genet2Q16 ;170(12):315166

In addition to the phenotypic variability described in the manuscript, an important finding that is
highlighted the potential risk of causing delayed healing, increased stiffness, atypical fractures or
even iatrogenic osteopetrosis by treatment inetorative therapy BMPIrelated OI. In

particular, careful monitoring of response to bisphosphonate therapy is indicated in these patients.

BMP1c.355C>p.(Arg119Trp: participant K

Following publication of the manuscript, a furth@f)ceg@mivith a high bone mass phenotype
and anovel homozygau855C=>p.(Arg119Tjpnutation in the momain of ti&VMPIlgene was
identified.

It is not clear why some mutations are associated with incredmzdeBMihers are reduced.
Publisheduhctional studies have largely focused oprtpeide cleavage activiggMP1l

mutations but BMP1/mTLD is also involved in processing of additional extra cellular matrix
components. In particular BMP1 deficiency has been shown to influesirgytbEtpeoSeRP

prodecorin by impaired removal of the pr¢8grmabuillemyn et al. 2015)

Decorin is known to influence both collagen assembly and enadiratiom{Mochida,

Parisuthiman et al. 20@®corinalso participates in intracellular and extracellular signalling
including binding and inmbdfd GFb. Reduced decorin | evels cause
TGFbD that bind to thEGFb R T&HRbRII receptors, inducing Smad dependent and Smad
independent signallirkmann, Hausser et al. 2000, Lim, Grafe et Ak 28&&3sivEGFD

signalling is thought to be a common mechanism in Ol paiBoafenésmg et al. 201t4)

seems reasonable to propose that reduced decorin prodomain catrduainig to the

increased mineralization in these pdiyemiuencing downstré&hb signalling

One possible ex@#don for the variable phenotypic presentation in this smaBM&1iQt of

patients is that the degree of increased minera
the level of residuap©peptide cleavage activity that reandirtbe resulting disruption to

collagen assembly and matrix mineralisation

To explore ith ideafurther,collaboration wibr. Cecilia Giunt@niversity of Zurich) was

established to examine collagen procesginmgahfibrobladtom patient 015, J, and K to see if
variability iH@opeptide cleavage activity could be demonstrated.
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Collagen Biochemical Analysis in patients 015, J.and K

To look at collagen biochemical processing,iloteintedts are wukd in medium @ning
14Cproline which labels procollagen and collagen proteins. These proteins are subsequently is
and analysed using 5% sodadgaecyl sulfate polyacrylamide gel electrophoreBAGEDPS

Gels are dried, fixed and exposed {@gpfil¥ befowvisualisation.

Figure31SDSPAGE of the pepsinized procollagarthe medium

Normalcontrols (C) ammhtient015, J and KP1, P2 and P3 respeciivélp evidence
abnor mal procoll agen®ctedn t he patientos

G #2 € P3

P1

proaf(l) — . h,“
Nl — "
;?rol:lh‘ :
pCa2(l) —

al() =
pha2l) =

a2() —

Figure 32 SDSPAGE of the untreated procollagen in the presen6e)si¥i
dithiodthreitol(DTT)

Patient915, J and (R1, P2 and P3 respeciively
*Accumul at i meollageh speri@adsk fetaining gBaerminal propeptidie)
patient sample when compared to normal controls.

The isolated procollagen can be treated with pepsin to cleave the-lelitathalegmms
allowing more specific examination of the triple helical portion of theSp@RNGH loé the
pepsinized procollagens present in the medium is normal for all thFégupEeBkeniBhis
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suggestshat a defect in thge | collageniple Blical protein structure or processing is not

responsible for the symptoms in these indBDERAGE of the untreated procollagen in the
presence of dithiodthreitol] (DTT, a reducing
procollagen speciesall three patients (those retainingdhmial propeptide) and a decreased
production of pNU1(1l) amnide ppNNQRduid). Thesen ¢ h( i s mo
results support that BEIP1lmutations in these patients result in reduced cleavage activity.
However, therenig indication that any specific mutation is more detrimental to collagen processing
thanthe otherd he cause of the varighlenotypic severity in these patients remains unclear.

Electron Microscopy of reticular dermis in patients]Giry K

Electron microscopy (EM) of skin in Ol patients with type | collagen mutations has shown increased
variation in collagen fibril diameter, variation from the expected mean diameter and the presence of
c ol | a g e(Balasubranamea,rSshey et al.. 20lig)ited number of EM studiBMPil

positivgatients have also shoarable collagen fibril dianagigirregular fibril outleddsough

collagen flowers have not been ref®ytedGuillemyat al. 2015)The morphology of dermal

fibroblasts BMPInmutation positive patients has not been described.

To further explore the functional effecBMRmutations identified in this stxdyniation of
dermal collagen fibrils and fibroblasts from patients 015, J and K was undertaken. These were
compad against a normal controh&mdwipathogeniCOL12R& mutation.

Normal Control

Collagen bundle packing was regular and collagen fibrils were within the expected range for life stage
(85nm)Elastic fibremere peripherally irregular in ollihelidnotappearto be increased or

decreaseah inumbeor diamete€ollagen fibrilgare regular with oalyoccasiondibril with an

irregulaoutine No c ol | a g e ninfibrfl dianetaereeiderfifjureSd.ar i abi | i ty

Figure33Normakontrol collagen and elastic fibres

A. Elastic fibres areipgeally irregular in outline but dapymearto be increased or decreasedniibenr
diameterCollagen bundle packémprma(9200X). B. Collagen fibrils are regular with only occasiona
an irregular profile. No coll agen oOfl ower s¢
sectionfocollagen fibrils showing the clasgieabd banding pattern.(9200X)
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Examination of dermal fibroblasts showed normal cell morphology without any expansion of the
any proteiFiguredaggr egat eso6 (

Figure34Normal control dermal fibroblast
The nucleus, mitochondria, golgi and ER are as labelled. The ER is (a&@0&f)anded

Positive control

Fibroblasts from a patientQViittype III) and a ¢.3269&Bly1090Asp) pathogenic mutation in
COL1A2vere examined as a positive control. These fibroblasts had grossly expanded ER that
proteirfilled, supporting aberrant processing of the collagen molecule and subssguent ER S
(Figured5. The presence of collagen flowers and variability in fibril diameter are known features
(Balasubramanian, Sobey et al. &t @)ere confirmed in this positive control sample.

Figure 35 Ultra structure of dermal fibroblast from a patient with Ol typeithl a
€.3269G>A.(Gly1090AsOL1ADathogenic mutation.

The fibroblasts showed grossly expanded ER that was protein filled suggesting aberrant pr
stress.(2600X)
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Patient 015

Some fibrils showed irregular contours similar geethamsgly describ@yx, Guillemyn et al.

2015) \ariation in collagi#oril diameter is within normal limits, with a standard d&nration of
Occasional srhabllagen flowers were also identified. Longitudinal sections showed the presence of
twisted and disorganised fiBigisrés6). Collagen bundle packipgearedamal

Figure36Ultra structure of collagen fibrils in reticular dermis from patient 015

A. Some fibrils show irregular contours similar to those previou$ByeeSuibechyn et al. 2@h8)there
is mild fibril diameter variailityccasional small caulifldikercollagen fibrilasaalso identified (arrow
20000X) .B.ongitudinal sections shewriisence of twisted and disorganised 206iGX)

Examination of fibroblasts identified only mildly expanded ER. Elastic fibores were unremarkable
(Figures?).

Figure37Ultrastructure 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 expanc
proteidfilled rough endoplasmic reticblgore€88). Hbroblasts were otherwise unremarkable.

Collagen fibril diameter variation from the mean ranged from 5.Bléan9ctilagen fibril
diameter, at 96nm, was in excess of expected for age (85nm). No collagen flowers were obs
Elastic fibre ulsaucture appeared normal.

Figure38UItra 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 unrems
Mean collagen fibril diameter (96nm) was in excess of that expected for age (85nm). No colle
observed (20000X).

Patient K

Collagen bundle packing was unremarkable. Mean collagen fibril diameter at 97nm was slig
excess of expected &ge (87nn¥Variation in collagen fibril diameter was not excassiot at

mean squaredkeviatiorof 5.6 to 12.1nm. A few collagen fibrils with an irregular outline and al
occasional collagen flower were obsegueeB0).

The rough endoplasmic reticulum was very slightly expanded and protein filled in occas
fibroblast§-igure39. Elastic fibres appeared unremarkable.

Cleavage of thgpe | collageBypropeptide is extracellular and thereforddtnot be antatgd

that fibroblasts fr&dMP1mutation positipatientswhere @ropeptide cleavage is disrupted,
would showignificangigns of ER stredather, it might be expected that collagen fibrils would
show features suggestive of disrupted fibril assembly.
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Figure39Ultra structure of collagen and fibroblast from reticular dermis of Patient K

A. Occasional fibroblast with mildly expanded and protein filled ER w@8Gisdved few
collagen fibrils with an irregular outline and an occasional collageolissvee@@d00X

The observations in our patient cohort support this idea and are concordant with previously described
collagen fibril architec{&yex, Guillemyn et al. 204/%) 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 thieetpavas in contrast to the gross expansion seen in the
COL1APutation positive control. The significance of the mild expansion is unclear.

Summary

This group of patients demonstrated the importance of ilBlWRityermd analysis in the
diagnostiawvestigation of patients with a clinical diagnosis of OIl. This gene analysis should not be
confined to patients with a noticeable high bone mass phieoiéypess BMP related Ol

has been demonstrated toididy variab(Bollitt, Saraff et al. 2016)

In addition, careful consideration should be givesstr@ive therapy in this ultra rare form of Ol
and tbsemonitoring of response to treatment is recommended.

Functional exploration of the patients in thisbytumochemical 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 thiexgachbaism by
whictBMPInuations cause bone fragility remains to be elucidated.
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v RESULTIMOUSE MODEITRAMZene Analysis)

The advances in genetic technology have considerably improved our ability to sequence
annotate the human genome. However, despite this, the function of many genes and their |
disease is still poorly understood. The mouse is consideredidremuatahadichoice to study

the function of genes and a large scale comprehensive mouse phenotyping consortium has
established (International Mouse Phenotyping Consortium, IMPC, www.mousephenotype.org
and address the questions about getienfi@yadi, Birling et al. 2089)me of these mouse
models have already been valuable in assessing candidate genes associated with Ol, for exal
TAPT1SP7andSPARC

The IMPC consortiisrfocused ogenerating mutations in protelimg genes of the mouse
genome. Mutant mousaiss undergo comprehensivehn@ighput phenotyping and the data
generated from this phenotyping pipeline is made available through the web pc
www.knockoutmouse.dhis functional gene annotationrcesallows us to target investigation of
genes of interest in rare diseases such as Ol.

The phenotypic assessment performed by the Mouse Gen¢httSPrmjlectes measurement

of DEXA scores to provide an indication of bone mineral densitye(BkMDEtint mouse

models. BMD is currently used as a predictor of fracture risk, although correlation is |
Approximatelys0 knoc&ut mice are assessed per year, with an approximate 4% hit rate for DEX
This data is useful in targeting furttess fge analysis in our cohort, although mouse models can
only point towards genes where-¢mpckather than gain of function or demeigatite,
mutations are causative.

Nine genes affecting bone strength have been published by the con@®asgettsGtayakos

et al. 2012 hree of these, Prpsap2, Slc38al0 and Sparc, are reported to result in bones tha
described as weak and brittle. The Prpsap2 and @o88adi@ thought to be important in bone
development, whereas Sparc is a glycoprotein found in the extracellular matrix and is thought 1
a role in bone mineralizagdARQOnutations have subsequently been identified in autosomal
recessive Ods escribed in sectibmii.vi.jiconfirming the potential of mouse models to identify
genes associated with bone fraffileyhuman homologue g&h€38A1will be discussed

further isectioviii.vi

Collaboration with the Sanger Mouse Genetics Project (Sanger MGP), a pdRGEr in the
highlighted novel gene assded with skeletal abnormalities, the TrarAqyest?d). Primary

data in a Tram2knockout mouse indicated reduced viability of homozygous pups £38/274 pup
14%, expected 25%), with normal weight at birth buivsahipgsirowth retardafrogure

40).
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http://www.knockoutmouse.org/
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Figure4d0Male and Female weight curves for the Franise model.
Both sexes show reduced bone weight when compared with wildtype

matched controls

Reduced bone mineralisation parameters were also recorded, including reducddrsitye mineral
in both males and femadtegu(et]).

Figure41 Measure bone mineral density in TramZnockout mouse
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using the DEXanalyselg/cn3).
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. Thesei c e

electrical trace.
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Figured2X-ray of adult mouse knee joint at 16wks.

A Normal control B TrafZhockout mouse with abnormal patella moippblogyed. Images kir
provided by Chris Lelliot Sanger MGP

The translocatiagsociated membrane protein 2 eAd/IRis cytogenetically located at 6p12.2

and encodes an ER mpalls membrane proteifhe function of TRAM2 in humans is not
competely clear at present. It has been shown to interact with RUNX2, a major transcription fas
osteoblasts, in a Bil#pendent manr{€regizer, Barski et al. 2@0d)s known to be required

for type tollagen synthesis, most probably by interaction with SERCA2b, the calcium pump
ER. This interaction may increase Ca(2+) concentration at sites of collagen synthesis and fa
the functioning of chaperones involved in collagéstédtaingic, Stefanovic et al..2004)

TRAM2 is also thought to mediate thoslafM4SF20 (transmembrane 4 L6 family 20), a
polytopic membrane protein that inhibits proteolytic processing of CREB3ihe@bSifce
of ceramidg€hen, Denard et al. 2016)

Taken together, the phenotype ®fahe/- knockout moused the proposed protein function,
suggested th&lRAMZs a candidate gene for bone fragility. To explore this TiR&kd&fbre

was analysed by either Sanger sequencing or by interrogation of whole @koatie rdata
ourcohot.

Sanger sequencing covered all coding sequence and intron/exon boundiigs Whevet/
deeply intronic varsawere identified in exome ttate werdiscounted if they were described
with arallele frequency of >h%opulation datasétsalys of the remaining variants identified
two recurringhanges.625C>T and ¢.470+5_470+6TalgeRlandFiguret3.

The ¢.62BC>T variant is listed on NCBI dbSNP with an average heterozygosity of 0.17. In
gnomALxohort (121,004 chromosomes) 320 individuals are reported as being homozygous.
variant can therefore di@ssed as a benign polymorphism aighligunlikely to result in
symptoms of Ol.
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Participan Variant Zygosity dbSNP ID
ID

001 C.62KC>T het rs9688915
002 €.62HC>T het rs9688915
004 c.470+5_470+6 dug het rs57120044
007 C.62KC>T het rs9688915
008 c.470+5_470+6 dug het rs57120044
014 c.470+5_470+6 dug het rs57120044
A €.470+5_470+6 dug homo rs57120044

Table21Variants identified in tFlRAMZene in participants 0018 and Ad

Figure43 Sanger Sequence of two common variants infR&EM2

gene identified in our cohort.

A ¢.625C>T and B ¢.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 dbSMRhough therenis data for the number of individuals that this data is derived

from. HowevegnomADESP 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 orag#mticity. This

is therefore also highilikely to result in symptoms of Ol.

The results framsanalysis suggest teatjuencing single geokmteress a poor strategy for

identifying novel genes in Ol cohorts.

86




vi RESULTSNVHOLE EXOME SEQUENd?R(Sdnak)

Three patients (participant ID: A, B and C) were commercially sequenced by Personalis® usir
ACE Exom¥ Assay. Personalis® returned all raw sequence data as well as a report highligh
0significantd findi ng sbmited foi each patigntoto targeugeres
potentially responsible for the patientos

Parental samples were also submitted for sequencing for patient B.

vi.i Patient A:

Two variants of uncertain significarecepaated by Personalis: c@23p.(Thr1379Met) in the
MYH6gene and c.3660G»Met1220lle) in thRID1Ajene.Thesefindings were assessed at

the gene andariantevelo clarify if they were likely to be responsible for the phenotypic features
this individual.

vi.ii  MYH&.4136C>p.(Thr1379Met)

TheMYH6gene has been described in association with familial hypertrophic cardiomyopathy.
particular variant is present in multiple healthy genome datasets including gdbidAEBP and

is recorded in 72 heterozygous individ@é&ig1@ alleles) in gnemALEuropean (néfinnish)
population and at a frequency of 0.2% in the Dutch (GoNL) population. This variant is therefor
benign, although a contributing role in the cardiac abnormality in this patient (véefeciilar septal
cannot be completely excluded.

vi.iii  ARID1A.3660G>A.(Met1220lle)

Nonsense, frameshift and microduplication mutatidR3Orifpene are reported in association

with an autosomal dominant mental retardation syndreires §p#i@osho, Okamoto et al.

2014, Bidart, El Atifi et al. 20h&)c.3660G>A missense variant is natet ia ttot recorded in

any population genome datasesslico conservation analysis is inconclusive with multiple
packages, including SIFT and Polyphen, producing conflicting predictions as to likely effe
addition, although the amino acidseresth among vertebrate species, the amino acid substitution
is predicted to be neutral. Without further supporting evidence the clinical significance of this fir

unclear. However, although this variimepatential to be contributing toahisipe nt 6 s s y n
of intellectual disability, it seems unlikely to be responsible for his bone fragility.

Further exploration of the Peis@®uence data was undertdRetne absence of parental
samples we searched for all LOF variants innthis padie d at aset . A t ot al
were identified aedch one wasanually assessed for likely contribution t6 phé&eotype.
Strategy 2 (exomizer) and strategy 3 (target gene list) variants were als@®éxpldrace No
fragity candidate variants/genes were identified in this individual.

Segregation analysis in the parents of this individual would help to further explore the sequenc
for this individual using inheritance patterns ($trategynagisoclarify the significance of the
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MYH6variant identified in this indivihualpatient and his parents have been enrolled in the DDD
project to facilitate this analysis.

vi.ii Patient B

A heterozygous variant, c.642p®SK2143Arg) in @@L6AGene wasported by Personalis.

Viii COL6A®.6427G>A.(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 pomiion (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
myopathyl.ampe and Bushby 20B®wever, as collagen VI is dibrdlar collagen this variant

cannot be presumed to be pathogenic, alttsiigglanalysis would support this. Tienves

inherited from this i nabuldindichte agpedetrancenrediicede ct ed mo |
expressivity or recessive inheritdoagvemeither the child nor his motlsslihacal features

suggestive of a type VI related myapdittating that this is most likely a rare benign sequence

variant

vi.ii.ii  SRCAR.9029C>A.(Pro3010His)

Exploration @f h i s  peguenciaghdata sising strategies 1, 2 and 3 idedéfiedoa
€.9029C>p.(Pro3010His) variant inSREARgene (NM_006662tBat was not reported by
Personalig.hese findings were confirmed by Sanger sedtigno#d. (

This SRCAPgene maps to 16p11.2 and encodes the multifunctiamddt&NERromatin
remodelling factor. The SRCAP protein is the catalytic component of anuedgties timeat
ATRdependent 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, SR@AEti&tor for the CREBINg

protein (CREBBHs@aknown as CBP). CREBBP regulates gene expression via mediating the
interaction between transcription factors and transcription(MaatupeRuhl et al. 2004)

particular CREBBP acts with EP30 wiariscription factor cAddponsive eleméiniding

protein (CRER) regulate the transcription of a number@idtedegend&ordon, Stein et al.

2015) EP300 itself is associated with Rublrestbinsyndrome 2 where patients have
characteristic facial features, short stature, and moderate to severe leafGiogldisaBikin

et al. 2015)
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Figure44 Sanger sequence confirmatiordefiovoc.9029C>A.(Pro3010HI§RCAR/ariant in
patient B.

Top=patient Bmiddle maternal, lowepaternal

Truncating mutationSRCARare associated with Floating Harbor Syndrome (FHS), a conditior
characterized by short stature, delayed bone adayaddsgdeectMessina, Atterrato et al.
2016) A characteristic facial appeathatencludes, deep set eyes, short philtrum, thin lips, wide
columnella and long eyelashes is described.

The ¢.9029C>A variant in our patient lies in exonrSRIGAREne, a region that is known to be

a Ohot spot 6 (Hbod,Linek ¢l &. 20dAseaheterazygsus truncating mutations are
predicted to abolish the threer@inal Aflook DNAiInding motifs while leaving thebiDBiAg

and ATPase domains infaigure45. 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 S
chromati remodelling complex and CREBBP or alternatively by interacting directly with wilc
SRCAP protein to form inactive heterodimers that are unable to bind DNA targets or chrc
partnergMessina, Atterrato et al. 2016)

A single case has been describedeafow0186kb microdeletion on chromosome 16p11.2 that
encompasses tBRCARene. The patient is reported to have global developmental delay, speec
impairment and behavioural problems (ADHD). Deep set eyes, bulbous nose with broad nasal
and thin upper lip were also identified which could be considered as fedfyrestth&Her
however it was felt that a diagnosis based on facial gestalt was(Getrposgblarseglia et

al. 2014) The authors suggest that this patient might represent the first reported case
haploinsufficiency SRCAHN association with a clinical phenotype, although acknowledge the
further evidence is required. It is wanththatithis individual is not reported to have a skeletal
phenotype.

To date, no missense varia@®R@AMave been reported in association with a clinical phenotype.
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Figured5Locations of BatingHarbourSyndromeCausingViutations withiSRCAP

(A) Intromxon structure ®RCAPThemutation clusterexon 34 isdicated by a radow

(B) SRCAP domain structureaiffieo acid positions of recognized dameagisen below. The positior
heterozygoldHSmutationare shown in red.

Key: HSA Helicas&ANTassociated domaiodified from Hood éiHabd, Lines et al. 2012)

The ¢.9029@>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 d§factassified Variawaluation form,

Appendix pad®0. Review of variants listed in the dbSNP database did not identify any missense
changes in the AT hook domains &R@GAPgere 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 gghromAIRonstraint metrics for this gene are pLI=1.00 (pLI>=0.9 indicates

an extremeds of fustion intolerant gene) and go®i@ 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 chages in chroma
remodelling and subsequent changes in DNA methylation status. A recent study looking at the
methylation profile associated with FHS suggests that truncatingSREatResutifin locus

specific DNA methylation changes which in turn maheegpatssion of specific geétasd,

Schenkel et al. 2Q1B)is possible that the ¢.9029C>A variant also has an impact on methylation
status of genes, particularly gesseiatbwith bone metabolism.

To explore this hypoth&sfSadikovic (Western University, London, Gamd#gandertook

DNA methylation status andiysipatient B. They usede@C array (llluminbatdetects

cytosine methylation at Cp@dsland allows interrogation of methylation patterns at the genome
wide level, covering more than 850,000 methylation sites.
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