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ABSTRACT

Background: Osteogenesisnperfecta (Ol)the commonest inherited bone fragility disorder,
affects 1 in15,000 live births resulting in frequent fractures and reduced mohility,
significant impact on quality of lifeearly diagnosis is importardastherapeutic advances can

lead to improved clinical outcome and patient benefit.

Report: Whole exome sequencing in patients with Ol idesdj in two patientsvith a multt
system phenotype, compound heterozygargantsin NBAS (Neuroblastoma amplified
sequence). Patient 1NBASc.5741G>A p.(Arg1914His); ¢.3010C>T p.(Arg1004*) in a 10-
year old boy with significant short stature, bone frggrequiring treatment with
bisphosphonates, developmental delay and immunodeficiency. PatMBA2C.5741G>A
p.(Arg1914His) c.2032C>T p.(Glu678*)n a 5year old boy with similar presenting features,
bone fragility, mild developmental delay, abnormal liver function tests and

immunodeficiency.

Discussion: Homozygous missen®BASvariants cause SOPH syndrome (Short stature;
Optic atrophy; PelgeHuet anomaly), the sammeissenseariant was found in our patients on
one allele and a nonsense variarthie other allele. Recent literature suggests a raydtiem
phenotype. In this study, patient fibroblasts have shown reduced collagen expression,
compared to control cells and RNAseq studies, in bone cells shoNBA&ts expressed in
osteoblasts and tscytes of rodents and primates. These findings provide proof-of-concept
thatNBAS mutations have mechanistic effects in bone, and\iBAS variants are a novel

cause of bone fragilitywhich is distinguishable from ‘Classical’ Ol.

Conclusions: Here wereport on variants iNBAS, as a cause dfone fragility in humans,
and expand the phenotypic spectrum associatedNB&S. We explore the mechanism
underlyingNBAS and thestriking skektal phenotype in our patients.
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INTRODUCTION

NBAS (Neuroblastoma-amplified sequence), also previously referredia@s
(Neuroblastomamplified gene) contains 52 exons, spans 420 kb and is mapped to
chromosome 2p24[3] (Scottet al., 2003) It was initially identified as a gene-amplified
with the Nmyc (MYCN) gene in neuroblastoma cell lines {(Bfimmeret al., 1999).NBAS
was initially describe@s a novel factor involved in the nonsenszliated (NMD) decay
pathway in human cells, in zebrafish and in nematodes [3,4] (Longnahn2007;
Anastasaket al., 2010). It was shown thAIBAS acts in concert with core NMD factors to
co-regulate a large number of endogenous RNA targét{s¢ghgmanet al., 2013).
Subsequently, NBAS was also identified as a component of the syntaxin 18 complex, which
is involved in Golgito-endoplasmic reticulum (ER) retrograde transp@yr7] (Aoki et al.,
2009; Spang A., 2013NBASIs alsosaid to beanimportant componehof the ER tethering
complex [§ (Hong WJ and Lev S., 2014). Using whole exome sequencing, we identified
compound heterozygous variantdNBAS in two patients with bone fragility: Patient 1
presented with significant short stature, boneilitggequiring treatment with
bisphosphonates, developmental delay and immunodeficiency and was independently
investigated for a novel cause of bone fragility (having tested negative poabéshed
variants in Ol)Patient 2 was recruited to the Deaping Developmental Disorders (DDD)

study and underwent trio whole exome sequencing.

Homozygous missense variantdNBAS have been implicated in a hereditary short stature

syndrome referred to as SOPH syndrome (Short stature; Optic atropler-Resy anomaly)
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observed in the Yakut Siberian population isg@j€Maksimovaet al., 2010). Compound
heterozygous mutations MBAS havealsobeen described in acute onset liver fai[a
(Haacket al., 2015). Further reports have suggestedultisystem penotype [11,12,13
(Segarra NGt al., 2015; Capo-Chichat al., 2015; Staufneet al., 2016).Bone fragility
severe enough to need bisphosphotiaeapy hasiot reported as a featuss far in
association wititNBAS. Therefore, we@ropose that compound heterozygous mutations in
NBAS can accountor a significant form obone fragility and needs to be considered in the

differential diagnosis ofsieogenesisnperfecta (Ol).

CLINICAL REPORT

Patient 1. This 10-year old boy is the second child of healthy, non-consanguineous parents,
of North European origin, with no significant family history. He was liyrspontaneous
breech deliverat 33 weeks gestation following a normal pregnancy, with a birth weight of
1.75kg(9" centile). He required continuoussitive airway pressure ventilation (CPAP) for

24 hours and phototherapy for jaundice. He had recurrent infections and significant problem
with his feeding, requiring percutaneous gastrostomy insddiamaintain adequate nutrition

He had recurrent adssions to hospital with infections including severe recurrent shingles
with worsening of liver function during infectious episodes and consequent progressive
lymphopenia and hypogammaglobulinaemia requiring immunoglobulin replacefeawas
diagnosed with a horizontal nystagmus, bilateral optic atrophy and myegei@ing

corrective glasses, but his hearing was reported as normal. He has modeltatdual

disability and growth parameters remain well below thedgdtile. In early childhood, he

wenton to sustain fractes of his tibia and metatarsals, following minimal traand has
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discoloured teeth. He attends an integrated play school, as he has been diagnosed with an
autismspectrum disorder.

On examination at-9ears of age, he was dysmorphic, with proptosis, progeric appearance to
his skin, bilateral lowset ears, dentinogesis imperfecta, and bilateraifihger clinodactyly

with bulbous tips to his fingers and toes (Figureela-e has a highitched voice and

growth parameters at 7 yearfsagewere weight ~ 13.1kg (<0entile), height ~ 88cms
(<<0.4 centile), head circumference ~ 49.5cms‘({@4centile), with no evidence of
asymmetry. Repeat cranial ultrasounds and{diRln scans did not show any evidence of
ventricular dilaation despite initial concerns regarding a large anterior fontanelle. A
dysplasia skeletal survey showed multiple Wormian bones, slender tubular bones and
osteopenia (Figure 2a-d). A transiliac bone biopsyysafs of agefollowing recurrent low-
trauma fracturesdemonstrated osteoporosis with high bone turnover with marked periosteal
bone resorption, which was different to appearancelsgsical Ol (Figure 38). In terms of

his skeletal phenotype, he had a tender back with loss of vertebral helgtgrahspine
radiograph and low lumbar bone mineral areal density (BMAD) witA-acore 0f3.5 at 9-
years of age-Hde was commenced on Pamidronate with remarkable improvement to his bone
health.Collagen species analysis on SB&ge gelvasnormal withno obvious shift, but
electron microscopy showed multiple small collagen flowers, variable sicapadgen fibrils

with a mearcollagen fibril diameter@FD) of 75nm (Figure 3c-d). Genetic testing so far
included: normal 60K ArrayCGH, FRAX, UPD7 and 11pt&thylation testingargeted

exome panel including all published genes known to cause bone fradildfwhich were

reported as negative.

Patient 2. This 6-year old boy is the first child of healthy, non-consanguineous parents

(mother is of Northern$panish origin whilst father is of Italian origin) with no significant
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family history. He was born at 38 weeks gestation, by spontaneous delivery following
normal pregnancy with a birth weight of 2.44k§%@entile). He did not need to go to Special
Cae Baby Unit but went on to develop a spiral fracture of his left femur whilst being
positionedfor a feed at dnonths of age. A skeletal survey performed at the time showed
osteopenic slender bones, thin skull vault with a large anterior fontanelle, but no Wormia
bonesThese featurewere thought to beonsistent wittbut not completely diagnostic of

type IV OIl. He had recurrent infection@roblems with his feeding and poor weight gain. He
also went on to develop recurrent episodes of ketotic hypoghyaaehich resolved
spontaneously and hypogammaglobulinaemia, needing 2-weekly immunoglobulin infusions.
He was diagnosed with abnormal liver function when he had several episodes of temporarily
elevated transaminases triggered by infections. He was degnath a horizontal

nystagmus and bilateral optic atropbwyt his hearing was reported to be normal. He has mild
intellectual disability, managing in mainstream school witb-1 help. His growth

parameters remain below the 0 ekntile with some preervation of head circumference
(0.4"-2" centile).

On examination at-years of age, he was dysmorphic, with brachycephaly, proptosis,
progeric appearance to his skin, bilateral kst-ears, greyish sclerae, and bilatefisger
clinodactyly with bulbous tips to his fingers and toes (Figure)4éte has a highitched,
distinctive voie and growth parameters weveeight ~ 14.4kg (<0%centile), height ~

96.9cms (<0.4 centile), head circumference ~ 49.6cms '@ centile), with no evidence

of asymmetry. Repeat cranial ultrasounds, in view of persistent large arwetamdlle, and

a MRI-brain scan at one year of age showed syeeific white matter changdsut otherwise
normal appearancels terms of his skeletal phenotype, he has gon®Gustain stress
fractures of his feetliagnosed on bone scan and a low lumbar bone mineral areal density

(BMAD) with a Z-score 0f-4.01 at 5-years of age. He has recently been started on
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Pamidronate with a good response to therApyysplasia skeletaurvey subsequently
confirmed similar features as reported previously (Figure)4@&enetic testing so far

included: normal 60K ArrayCGH, targeted exome panel including genes known to cause Ol,
all of which were reported as negative. He was subsequently recruited to thetdyD

(Decipher PatienD: 264693.

MATERIALSAND METHODS

Patient 1 was recruited inta@search projedb study atypical forms of Ol, to establish
genotype: phenotype correlations therein. Ethical approval was obtained frimoathe
regional ethics committee (LREC) to undertake phenotyping and genetic warkhip i

group of patients. Patient 2 was recruited to the DDD study.

DNA Sequencing and mutation analysisin Patient 1:

Total genomic DNA was isolated from 2 to 5 ml pberal blood using standard extraction
methods. Whole exome sequencing was performed by Personalis using their AGEExom
Assay. The data were analysed with the Personalis ACE pipeline; thiB\Waegversion
number 0.7.5a-r405) for alignment, GATK’s UetiGenotyper for variant calling and

GATK’s VQSR to provide a site quality score using the single patient samplavéhege

depth in the target region was 115X. Variants were extensively annotated with,AnnoL
Personalis tool. The annotation includes frequencies by subpopulation from 1000 genomes
and the Exome Sequencing Project; information from dbNSFP; predicted mutatipaetdm
from tools including SIFT, Polyphen2 and MutationTaster; known associations fromediseas
databases such as OMIM, ClinVaidahe GWAS Catalog; and data from pathway and

network tools including Reactome and MINT. Calls were quality filtered bgoRalis and
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variants reported at >1% in any of the subpopulations were excluded. Persasaigpplied
with clinical features of th patient and used these in ranking variants, taking into account the
similarity in features with reported diseasusing mutations in the same gene. Evidence for
the top ranking variants was manually reviewed by Personalis to reducst thebtentidly
causative variants.

Additionally, the full set of variants reported by Personalis was invedfigaiag their
annotation. Quality control was carried out using the following hard filtergcasnmended

by the GATK best practice guidelines when there are exome sequences for le€s than 3
samples plus an extra filter on genotype quality: for SNVs, QD < 2, MQ < 40, FS > 60,
HaplotypeScore > 13, MQRankSum < -12.5, ReadPosRankSum < -8; for Indels, QD < 2,
ReadPosRankSum < -20, FS > 200. Population frequencies from the Exome Aggregation
Consortium (EXAC, version 0.3) were used in filtering. Only passed EXAC variards we
used and alleles at multiallelic sites were left aligned to ensure they could bednatith

the patient data. The number of EXAC individuals in a sub-population that are genotyped at a
site can be low, meaning that the frequency is estimated with a large éewefore, from

the EXAC set only variants that had a frequency >5% in any subpopulation (excluding the
‘other’ population), or of >1% with a total allele count >1Q@€re retained. These variants
were filtered out from the Persorsadlataset. Variants reported with a frequency > 1% in any
of the 1000 genomes, NHLBI ESP or UK10K cohort populations were also excluded. After
filtering, those variants annotated as frameshift, splice site acceptor, splice site dsta, or
gained were extracted and are described as loss of function (LoF) varinally, &ilarger

group of variants annotated within a targeted gene list was compiledh areiclescribed as
targeted missense variants. The targeted gene list consisted of gened remam@ection

with skeletal dysplasia, identified in GWAS studies to be associated whignge in bone

density, implicated in bone metabolism in mouse models, and genes with human phenotype
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ontology terms relating to increased susceptibility to fracture (BBER2659), and totalled
approximately 600 genes. The LoF and targeted missense variants were ynanigailed,
including looking for compound heterozygotes, to assess whether they might contribute to the

patient’s phenotype.

DNA Sequencing and mutation analysisin Patient 2:

Trio-based exome sequencing was performed for Patient 2 and his parents as p&Daf the
study, as previously described [14, 1B{rightet al., 2015; DDD Study., Nature 2015).
Putativede novo and inheritedrariants were identified from exome data using DeNovoGea
software L5, 16](Ramuet al., 2013; DDD Study., Nature 2015) and were validated using

targeted Sanger sequencing.

Western Blot Human primary fibroblasts (HPF) on Patient 1:

HPFwasgrown in fully supplemented AmnioMAX C-100 media (Gibco) in hypoxic
conditions. Prior to lysis, cells were washed twice with PBS and lysed fom2& mh °C in

IP buffer (10 mM TrisHCI [pH 8], 150 mM NaCl, 1 mM EGTA, 1% NP-40, 0.2% Na-
Deoxycholate, Complete Protease Inhibitor (Roche), 1 mM DTT. Proteingesaiged by
SDSPAGE using 3%8% TrisAcetate gel (Life Technologies) and anadgdor the

presence of NBAS by probing with NBAS antibody (Abcam). Uniform protein loading was

confirmed by probing with tubulin antibody (TUB 2.1, Sig#lahich).

Microscopic analysis of collagen in cultured fibroblastsin Patient 1:
NBAS patient 1 cultured fibroblasts and control sample were grown for 3 days in 96 well
plates, fixed and stained with anti-Col1A1l antibody (green) and Hoechst (blue) ayatiima

using a high content microscope.
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RESULTS

Patient 1. Personalis reported four top ranking variants. Two were heterozygous variants in
theNBAS, ¢.5741G>A p.(Arg1914His) and ¢.3010C>T p.(Argl00@pure &). The

impact of the variants was determined for transcript NM_015909.3. The potential pathogenic
effect of the missense variaamd nonsense variant wexssessed using Alamut Visual

version 2.6 (Inteactive Biosoftware, Rouen, France) and the Association of Clinical Geneti
Science best practice guidelines for the evaluation of pathogenicity and thengepb

sequence variants in clinical molecular genetics.

The other two variants did not appear contributory to the phenotype and were of uncertain
significance; a novel heterozygous variant of uncertain significanseliD1B,

€.1041 1043dupGGC (p.Ala350dup), and another heterozygous novel variant of uncertain
significance inNKIV2L, ¢.3404T>C (p.lle1135Thr). Previously reported pathogenic

variants inARID1B associated with autosomal dominant mental retardation type 12 include
nonsense and frameshifting insertions/deletions which result in haploinsuffi¢igtjcy
(Hoyeret al., 2012). ¢.1041_1043dupGGC (p.Ala350dup), is ainame duplication variant

in exon 1 of theédARID1B gene which results in the addition of one extra alanine to a stretch of
11 consecutive alanine residues. The product cARIB1B gene plays a role in chromatin
remodeling for transcriptional activation and repression of select genesr kKnowledge,
variants in this polyalanine tract have not been reported in association witled\éaaants

in XIV2L have been previously reported in the literature in association with
trichohepatoenteric syndron2(THES?2), an autosomal recessive dis¢a8¢(Fabreet al.,

2012). However, both the variants are unlikely to account for Patient 1's phenotype.

The total number of detected variants was 189,298. After quality and frequenaydfilteri

19,772 remained. There were 89 LoF variants, none of which were in genes with an apparent

1C
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function in bone. There were 23 targeted missense variants that were predictékiely be
benign followingin-silico analysis.

The presence of tHeBAS variantswas confirmed by Sanger sequencing of the proband.
Sequencing of the parents showed that c.3010C>T p.(Arg1004*) is present in the mother and
C.5741G>A p.(Argl1914His) in the fathdhec.5741G>Ais the same missense variant

which was described in homozygous form in patients with SOPH syndrome [5] (Maksimova
et al., 2010). c.3010C>Was reported by Haaak al., 2015 in a compound heterozygous

form to be associated with acute liver fail{it@].

Pilot studies of collagen expression and transpddBAS cdls cultured from patients

described in this study, show that collagen secretion appears reduced and collagen bundl
appear more diffuse, as compared with control cells consistent with intefevehc

trafficking and secretion (Figu®. Furthermore, Western blot analysis shows reduced level
of NBAS protein in patients, as compared to control cells (Figuréhis implies that the
compound heterozygous mutation reported in this patient, compromises the stability of the

protein, resulting in a dramatieduction in NBAS protein levels.

Patient 2: Two heterozygous variants in tNBAS gene were identified;.57415>A
p.(Argl914His); ¢.2032C>T p.(Glu678*) (Figure 5b) and segregation analysis showed that
C.5741G>A p.(Argl914His)s present in the mother and ¢.2032C>T p.(Glu6¥8present

in the fatherThe ¢.5741G>A is the same missense variant which was described in
homozygous form in patients with SOPH syndrome [5] (Maksinsbah, 2010).The

€.2032>T isanovelvariantand has not been reported in HGMD or present in the Exome
Aggregation Consortium (EXAC) datas@testern blot analysisf human primary fibroblasts
(HPF) cultured from patients showed reduced level of NBAS protein in patiectangared

to control cells (Figure 7).

11
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DISCUSSION

Osteogenesis imperfegt@l) is a disease encompassing a group of disorders mainly
characterised by bone fragility. There is a broad spectrum of clinical seme@ityranging
from multiple fractures wutero and perinatal death, to nearmal adult stature drlow
fracture incidence. Facial dysmorphism has been ri@®8dGorlin Monographs)Sillence
et al., in 1979 provided the clinical classification, which has been expanded [28idrjce
et al., 1979; Forlinc& Marini 2016). DBefects ingenes encodintype 1 collagen
(COL1AL/A2) can be identified in 85%f patients with a clinical diagnosis of (21,22] (
Forlino & Marini 2016; Mariniet al., 2013). So far, several other genes have been implicated
in rare forms of heritable bone fragility including autosomal dominant type VFOINI5),
X-linked osteoporosisALS3 and MBTPS2), autosomal recessive forrBMP1l/ CREB3L1/
CRTAP/ FKBP10/ P3H1/ P4HB/ PLOD2/ PPIB/ SEC24D/ SERPINF1/ SERPINH1/ SP7/

SPARC/ TMEM38B) and heterozygous mutationsWNT1/ LRP5.

NBAS (the human neuroldéoma amplified sequence gem&ys first isolated using gemz
scanning techniques in neuroblastoral lines[1] (Scottet al., 2003).The NBAS protein

contains WD40 repeats (B-propeller domain; PFAM domain PF00400) in thediminal part

of the protein and a SEC39 domain (PFAM domain PF08314), involved in the secretory
pathway(Figure8). Syntaxins play an important role in membrane fusion of transport
vesicles with the acceptor compartmi@¥] (Jahn and Scheller. 2006). Although, the exact
function ofNBAS has not been clearly elucidated, it has been shown that a peripheral protein
encoded by this gene is a sub-unit of the Syntaxin 18 complex [8] (Hong WJ and Lev S.,
2014) involvedn golgi-to-endoplasmic reticulum retrograde tranggé] (Aoki et al.,

2009).

12
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There are precedents for defects in the core secretory machindtipgasthuman disease.
Proteins exiting the ER are packaged into COPII transport vesibieb are made up of

three protein complexes: SAR1, SEC23/SEC24 and SEC13/SE(Q31¢24en and
Schekman, 2011). Mammalian COPII proteins have been increasingly implicated im huma
disease|25, 26, 2T (Jonest al., 2003 Boyadjievet al., 2006 Singletonet al., 2015) In

human phenotypes, the underlying pathogenesis appeardue befailure to recruit the
specific COPII proteipresultingin a large reduction in the packaging of specific cargo
proteinsin vitro, accompanied by swalg of the ER with untransported cargovivo in a

specific tissug¢28] (Frommeet al., 2007).

In the context of bone fragility, SEC24 is mainly responsible for sorting cargeruoies
through interactions during COPII vesicle assembly. Mutatio®E@24D, a tissue specific
isoform of the COPII coas associated with a recessive form of[@9] (Garbest al., 2015).
Evidenceto-datesuggests that similarNBAS variantshavea cargeselective, tissuspecific
phenotype. It has been shown to be localised to the ER; requir@dlffi+ER retrograde
transport and its loss is associated with defects in prolgiosylation Collagen is a large
extracellular matrix protein, synthesized in ER as a rigid rod precursmo{fagen which is
approximately 300 nm in length) and packaged into COPII transport vesicles (wich ar
typically 70100 nm in size)This packaging of collagen requires the transmembrane (TM)
protein, TANGO1 and the enzymatic activity of CUL3—KLHL12. dimal., 2012 showethat
modificationof a COPII proteirallows the formatio of transport vesicles large enough to

hold a bulky cargo like procollagen [30]3Tinet al., 2012; Stepherst al., 2012).

Evidence also suggests tiNBAS plays a role in nonsense mediated mRNA decay (NMD)
[5] (Longmanret al., 2013). The NMD pathway is a hightgnserved surveillance
mechanism that selectively degrades mRNAs harbouring premature tesmcadtons
(PTC), acting to prevent the accumulation of truncated proteins that mayreigitie

13
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cellular fundion [32,33 (Chang YFet al., 2007; Iskeret al., 2008).NMD also has an
important role in controlling the expression of many naturally occurringdngits]{34] (Hug
et al., 2016). NBAS is a bonfide NMD factor that acts together witbre NMD factordo
regulateexpression of a large number of endogeri®N# targetd5] (Longmanet al.,
2013) Interestingly NBAS-regulated genes harbour sequence features associated with
protein trafficking and ER-coupled protein modificasoMultiple targets for NB& appear
to have a role in regulation of bone mineralisation, osteoblast differentiation and bone
development. The target with strongestraguldaion upon NBASdepletion wasMGP gene
(matrix Gla protein), which acts as an inhibitor of bone formdbgiiLongmanet al., 2013).
MGP variantsare @&sociated with Keutel syndrome which shows abnormal cartilage
calcification[35] (Munroe PB et al., 1999). RNAseq studies in bone cells showBA®is

expressed in osteoblasts and osteocytes of rodents andegrima

CRISPRCas9 technologiias been used generate stable knockadWBAScell lines in

human SAOS2 osteoblast cells. Further studies are underway to understand tbe precis
mechanism of action MBASin NMD and secretion, resulting in a multi-system phenotype.
SinceNBAS has been proposed to function in the NMD pathway and Golgi-ER transport, the
effect on bone fragility could be attributed to either pathway in isolation, onaiiteely to a
combination of both. We propose three possible models to explailNBa®variantsgive

rise to phenotypes and human disease based on the cell studies (WB and high content
microscopy) and EM findings; 1) due to a compromiSetyi-ER retrograde transport, 2)

due to an NMD phenotype, 3) a dual role i.e. a compron@segi-ER transport indirectly

affecting NMD.

Homozygous missense variants ¢.5741G>A(p.Argl1914HiNBMAS were reported as being
associated witlsOPH syndrome (Short stature with optic atrophy and Pelget-anomaly)
[9] (Maksimova et al., 2010). Both patients reported haxe features of SOPi. short

14
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stature, granulocyte left shift with Pelger Huet cells but the facial dysisarpé distinct as
explained by the different ethnicity of our patients. MutationsBAS were reported in
individuals withearly-onset recurrent acute liver faigjrout none of the individuals reported
had a skeletal phenotyp®0] (Haack et al., 2015More recent literature is suggesting a
multi-system phenotypeith a skeletal phenotype and early-onset osteoporosis [11,]12, 13
(Garcia Segarret al., 2015; Capo-Chichi JMt al., 2015;Staufneret al., 2015).

Interestingly, our patients also have abnormal liver function tests of unexptainsesince

a young agebut have never had any episodes of acute onset liver failure (ALF). In addition,
our patients also haveepredominant skeletal phenotype with bone fragility, multiple
vertebral(Patient 1)and long bone fractures (Patient 1 and&)ding treatment with
Pamidronate. Hence, mutationdNBAS are likely to be a neel cause of heritable bone
fragility and should be included in the targeted gene panel testing for Od thatently

offered in diagnostic genetic testing, in order to clarify diagnosis, infoognpisis and

discussions around recurrence risk (up t&p5

SUMMARY

Bone fragility, severe enough to need therapy in childhood, has not been previously reported
as a feature associatetth variants inNBAS. Therefore, we hypothesise that compound
heterozygous variants MBAS accounts for bone fragility and is a novel cause of
Osteogenesis Imperfecta (OThe increasing evidence pointing to a roleN&ASIn liver,

immune and connective tissue coupled with its extreme phenotypic variability make

understandin@N\BAS function important.
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FIGURE LEGENDS

Figure la-e. la<c: Facial featureas an infant and aged >1, 2 and 9 yehosving grey
sclerae, broad fohead, bilateral lovset ears, proptosis and progeric appearance; 1d-
Hands and feet atyears of age.

Figure 2a-d: Radiographs demonstratisggender ibs, tubular long bones with thin cortices
andosteopenia consistent with a diagnosis of Ol. 2a: AP skull radiograph (aged)6 years
There are multiple Wormian bones; the clavicles are slender and the eagtedre

relatively dense. The anterior fontédiee@emains open.

2b-d: Selected images from a full dysplasia skeletal survey (aged Byeanrsths)

2b: Left hand. There is significant periarticular osteopenia (see Figl2e metacarpals (and
less marked) the proximal phalanges are overmodellethanelis an ivory epiphysis of the
terminal phalanx of the fifth finger. The terminal tufts are prominent.

2c: AP Chest. The ribs and clavicles are slender; howehee are no fractures and vertebral
body height is preserved. Note the presence oftaogasmy.

2d. AP Right Femur: Overmodelled with slender diaphysis and relativedyl fthstal
metaphysis. Periarticular osteopenia is again naieel Fig 2a

2e:Peripheral blood film in Patient 1 demonstrating a hypolobulated neutrophil (left) and a
PelgerHuet cell (right).

Figure 3a-b: 3a: Toluidine blue-stained section of an undecalcified tiias-bonebiopsy,
original magnificatio00x demonstrating cortex, with periosteum on the right showing high
turnover osteopenia with marked spéxiosteal bne resorption (arrow) and normal lamellar
bone matrix structure in Patiehf aged 9 years; 3b: appearance in ‘Classical OI' with
abnormal matrix pattern and increased periosteal bone formation surfage) (dwluidine

blue; Original magnification 0400x.
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Figure 3c-d: 3c: Electron Microscopy agkin biopsy fronPatient 1(left image) compared to
normal control (middle image) showing normal collagen in-retttular dermis with mildly
reduced mean collagen fibril diameter (CFDJjginal magnification o20,000x; Lower
magnification(right image)with arrows indicating deep reticular dermal fibroblast with
expanded protein filled rough endoplasmic reticulum; Original magnification x2,600.

3d: normal collagen species analysigh no deviation from control (1 and 3) in comparison
to patient with &COL1AL variart (2).

Figure 4a-e: 4ac: Facial appearance of Patient 2 aged <2, 3 and 5 years demonstrating
similar facial dysmorphism to Patient 1 with progeric appearamuegsclerae, broad
forehead, bilateraldw-set ears, proptosis; 4d-Skull and right lower limb Xays
demonstrating thin skull vault, slender bones and osteopenia.

Figure 5a and b: Electropherograms (forward sequendgejnonstrating NBAS variants in
Patient 1 compared to normal contaold Pagnt 2(sequence variant plot).

Figure 6: NBAS patientl cultured fibroblasts (A,B) and control sample (C,D) were grown
for 3 days in 96 well plates, fixed and stained with anti-Col1A1 antibody (green) and Hoechs
(blue) and imaged using a high content microscopeBjAhow increased diffuse
cytoplasmic staining. Collagen bundles from control (C, D).

Figure 7: Western blot on Patient 1 and 2 cultured fibroblasts showing reduced NBAS
protein levels compared to controls; HPF: Human primary fibroblasts.

Figure 8: Schematic representation BAS structure with known protein domains in human
(blue) and zebrafish (green) protein (shaded boxes represent the regions of sequence

conservation within proteins; the level of conservation is indicated in percentage).
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