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» OL epLlooOTePEC MEAETEC £lte a.popPOUV CUYKEKPLUEVOUCG TANBUOHOUC Elite
glvoll TePLypadLKEC — TOUTOTIOLNG YOVIOLAKWYV TapaAAoywV ayvwoTou
KALVIKA onupooiog

» OL OASEC TWV CUUUETEXOVTWYV Eival OTNV MAELOVOTNTA ETEPOYEVELG Kol
UTtAPXEL AdUVa it CUGYETLONG YOVOTUTTOU-PaLVOTUTIOU

» Agv £xeL EekaBaploTel TL akpLPwc PAXVOUHE... YEVETIKO uTtOBabpo, Latpiki
oKpLBEiaG, KovoupLa SLOYVWOTIKA EPYAAELQL..
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» H ooteondpwon eivat pa moAuyovidlaokr vooocg Le Ttapayovteg Kvduvou mtou adopolv
TO YEVETLKO UTIOOTPWHA AAAA Kol TO TtEPLBAANOV.
» Qot000, N MAELOVOTNTA TWV YOVLIOLWV TToU OXETL{OVTAL LE TNV OOTEOTIOPWON TIOPOLEVEL EV

mtoAAoi¢ ayvwoTtn.

» Awadopa evdokuttapla onUATOSOTLKA povoratia puBuilouv TNV 00Tk HAlo Kol WG €K
TouTtou, SuoAeltoupyieg piog evdokuttaplag onpatodotikng odol odnyel o petafoAkn
0O0TIKA VOOoO e uPnAn  xapunAr ootk pada.
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The Genetic Architecture of High Bone
Mass

Celia L. Gregson'” and ﬁ Emma L. Duncan®

Musculoskeletal Research Unit, Translational Health Sciences, Bristol Medical School, University of Bristol, Bristol,
United Kingdom

’Department of Twin Research & Genetic Epidemiology, School of Life Course Sciences, Faculty of Life Sciences and
Medicine, King's College London, London, United Kingdom

Gregson CL, Duncan EL. The Genetic Architecture of High Bone Mass. Front Endocrinol (Lausanne). 2020 Oct 29;11:595653



What is Genetic Architecture?

Edvikov kot KoamnodietpLokov
I[Movemoetnuiov Adnvov
\_ J

»H YEVETLKN OPXLTEKTOVLKI) avadEPETAL OTOV APLOUO TWV YOVIOLAKWY TOTIWV
nou oupPBaAlouv otov auvénuevo kivobuvo epdaviong HLOC  KALVIKAC
ovToTNTaC Kol 0TI aAANAemdpaocelc petaél Twv aAAnAopopdwyv Ta omoia
dnuLloupyouV Tn oxeon HETAéL YyovOTUTIOU Kol GpolvoTUTIoU.

Gregson CL, Duncan EL. The Genetic Architecture of High Bone Mass. Front Endocrinol (Lausanne). 2020 Oct 29;11:595653
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Movoyovidiaka

Ootwka Noonpato

Gregson CL, Duncan EL. The Genetic Architecture of
High Bone Mass. Front Endocrinol (Lausanne). 2020
Oct 29;11:595653

Disease Gene Locus
Autosomal dominant CLCN7? 16p13
Osteopetrosis type |l
Autosomal dominant FGF23 12p13.32
hypophosphataesmic rickets
Early-onset osteoporosis WINTT 12g13.12
Familial hypocalciuric CASR 3021.1
hypercalcaemia (FHH) GNAT1 19p13.3
AP251 19g13.3
Hereditary hypophosphatasmic SLC34A3 9034.3
rickets with hypercalciuria
Hypophosphatasia TNS/ALPL 1p36.12
Juvenile Paget disease TNFRSF11B 8g24.12
Osteogenesis imperfecta (Ol) COL1AT 17g21.33
COL1AZ 7921.3
IFITMS 11p15.5
SERPINF1 17p13.3
CRTAP 3p22.3
FPRH1/LEPRET 1p34.2
WNTT 12q13.12
Pseudohypoparathyroidism GMNAS 20013.3
Sclerostosis SOST 17g21.31
LRP4 11pi11.2
\itamin D-dependent rickets CYP3A4 70221
CYP27B1 12q14.1
VDR 12q13.11
X-linked hypophosphatemic PHEX Xp22.11
(XLH) rickets
¥-linked osteoporosis Pl 53 ¥a23
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KAnpovopoUpeEVEC MOLOOYOVECG YEVETIKEC TTOLPOAAOLYEC
rtov odnyouv o€ avénon tTng 0oTIKAG HAlog
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:Condition MIM Inheritance Gene Mutation Protein Function Clinical Features
Increased bone formation
Sclerosteosis 269500 AR SOST Loss of function Sclerostin Osteoblast Wnt signaling Cutaneous digital syndactyly excessive height. Skul/mandible
inhibitor thickening, tori®, CN palsies (incl. neonatal),. Headaches, raised
ICP, coning. Back/bone pain. Fracture resistance
Van 239100 AR SOST® Reduced function Sclerostin Osteoblast Wnt signaling No syndactyly, no excess height. Skull/mandible thickening, tori®,
Buchem's inhibitor CN palsies. Headaches, back/bone pain. Fracture resistance
Disease"
LRP4 HBM 604270 AD & AR LRP4  Loss of function LRP4 Impaired sclerostin- Syndactyly, dysplastic nails, gait disturbance, facial nerve palsy,
LRP4 interaction deafness
LRP5 HBM 603506 AD LRP5  Gain of function LRP5 Osteoblast cell Asymptomatic or tori®, skul/mandible thickening, CN palsies,
membrane co-receptor  neuropathy, neuralgia, headaches, back/bone pain, spinal
regulating Wnt signaling  stenosis, reduced buoyancy, craniosyntosis, increased height.
Fracture resistance
LRP6 HBM awaited AD LRP6  Gain of function LRP6 Osteoblast cell Mandible thickening, torus palatinus, teeth encased in bone,
membrane co-receptor absence of adult maxillary lateral incisors, inability to float.
regulating Wnt signaling  Fracture resistance. Increased height
SMAD9 HBM awaited AD SMADS9 Loss of function SMADS Inhibits BMP dependent Mandible enlargement, broad frame, torus palitinus/mandibularis,
targetgene transcription  pes planus, increased shoe size, inability to float
to reduce osteoblast
activity
Cranio- 123000218400 AD ANKH  Gain of function Homolog of mouse Osteoclast-reactive Macrocephaly, cranial hyperostosis CN palsies, wide nasal
metaphyseal ANK vacuolar proton pump bridge, dental overcrowding, craniofacial hyperostosis &
dysplasia AR GJAT  Loss of function Gap junction sclerosis, metaphyseal flaring, and high BMD
protein alph-1
Lenz- 151050 SP PTDSS1 Gain of function Phosphatidylserine  Phospholipid Mandible enlargement, generalized hyperostosis, proximal
‘Majewski synthase 1 biosynthesis symphalangism, syndactyly, brachydactyly, cutis laxa,
hyperostotic developmental delay, hip dislocation, marked hypertelorism, and
dysplasia enamel hypoplasia

Gregson CL, Duncan EL. The Genetic Architecture of High Bone Mass. Front Endocrinol (Lausanne). 2020 Oct 29;11:595653



Human diseases characterized by HBM are

EQvikév kot Kanodictpiakév

e | gssociated with mutations of components of the
Wnt/B-catenin signaling pathway
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o,

Osteocyté

LRP5 LRP6

Osteoblast
0 sclerostin @ YWTD B-propelior @ nexy motif — PPPSP motif

® EGF-like domain m LDLR type A domain

Gregson CL, Duncan EL. The Genetic Architecture of High Bone Mass. Front Endocrinol (Lausanne). 2020 Oct 29;11:595653
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* O enutoAaouUOC TwV MaBoyovwV YEVETIKWYVY apaiiaywyv twv yovidilwv
LRP avépyetal oe 5 / 100.000, CUVETIWC TO YEVETIKO UTIOOTPWHA OTN
CUVTPUTTIKN TTAsLOPNdLa TWV ATOUWV ME QUENUEVN OCTLKN TTUKVOTNTO
TOPOLEVEL AYVWOTO

* 41% eixav ouyyevnl Tpwitou Pabuouv pe mapopolo GAWVOTUTIO
aveénynta auENUEVNC OO0TLKNG MAlaC, CUVETIWC TIPOKELTAL ylo Hio
KANPOVOUOULEVN KOTAOTAON

Gregson CL, Duncan EL. The Genetic Architecture of High Bone Mass. Front Endocrinol (Lausanne). 2020 Oct 29;11:595653

Gregson CL, et al. Mutations in Known Monogenic High Bone Mass Loci Only Explain a Small Proportion of High Bone Mass Cases. J Bone
Miner Res (2015) 31(3):640-9
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Diagnostic yield of bone fragility gene panel sequencing in children and
young adults referred for idiopathic primary osteoporosis at a single
regional reference centre

Coline Hnuleau,“-1 Margaux r‘-ﬂal{rrie,h"'I Corinne Collet,© Valérie Porguet-Bordes,? |sabelle Gennem,d Sanaa En:?.hc?.lir:..g,‘EL

Michel Lamche,b Jean Pierre Salles,® Guillaume Cnuture,b and Thomas Edouard®-

» NAnBuopoc MeA€tnc: 66 aoBeveic (19 modiad, 47 evAkec; 28 avdpec, 38 yuvaikec;
HAwkiag amo 3.8 ewg 65 €tn)

» Kptutripla etoaywync Kot amokAELoHoU: (LOlomabnc ooteonmopwon HE anovoia
XOLPOKTNPLOTIKWY YVWOTWV YEVETIKWY OUVOPOUWV)

Rouleau C, et al Diagnostic yield of bone fragility gene panel sequencing in children and young adults referred
for idiopathic primary osteoporosis at a single regional reference centre. Bone Rep. 2022 Feb 23;16:101176.
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Katavopn tTwv yovidLakwy TOMwV ITou aviXVELONKAV 6TOUC CUMUUETEXOVTEC
" Hovemorinios Abwor ALL PATIENTS
) ALPL; 1; 2%
COL1A1;2; 3%
COL1A2;5;7%
DKK1; 1; 2%
LRPS5; 6; 9%

Absent or non-pathogenic
variant; 33;49% WNT1; 4; 6%

LRPS p.(Val667Met); 7;
10%
COL1AL;1; 2%
FKBP10;1; 2%
LRPS; 1; 1%
WNT1; 2; 3%RANK; 3: 4%

Rouleau C, et al Bone Rep. 2022 Feb 23;16:101176.
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CHILDREN GROUP

COL1A2;2;10%

Absent or non-pathogenic
variant; 6; 32%

LRPS; 3; 16%

WNT1;1;5% WNT1; 3; 16%

RANK; 2; 11%

LRPS p.(Val667Met) ; 2;
10%

Rouleau C, et al Bone Rep. 2022 Feb 23;16:101176.
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) ’ ADULT GROUP

ALPL; 1; 2%
COL1AL;2;4%

COL1A2;3; 7%

DKK1; 1; 2%

LRPS; 3; 6%

WNT1; 1; 2%

LRPS p.(Val667Met) ; 5;
11%

Absent or non-pathogenic
variant; 27;56%

Click on image to zoom
FKBP10; 1; 2%
LRPS; 1; 2%

RANK; 1; 2%
WNT1; 1; 2%

Rouleau C, et al Bone Rep. 2022 Feb 23;16:101176.
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Bone Rep. 2022 Jun; 1&6: 1011 76. PMCID: PMCBB892094

Fublished anline 2022 Feb 23. doi: 10.1016/.bonr.2022. 101176 FMID: 35252483

Diagnostic yield of bone fragility gene panel sequencing in children and
yvoung adults referred for idiopathic primary osteoporosis at a single
regional reference centre

Coline HGL“EEIL.I,E".‘ Margauos h"lEIlDI"iE__b"‘ Corinne Collet,® Walérie Porquet-Bordes,® Isabelle GEI"II“IEI"-:'_‘I__d Sanaa Eddir;.{,a

MMichel LEII"I:'_‘l'ChE,b Jean Pierre Salles,® Guillaume Gc:-uture,t’ and Thomas Edouard®--

2YMMNEPAZMATA

» YTApYXEL peyaAUTEPN avaAoyia appevwy ota adld (63%) kal OnAewv otoug eviAlkeg (66%) (p = 0,030).

» 2€ oUYKPLON UE TOUC EVNALKEC, TA TALOLA ELXOV ONUAVTLKA XAUNAOTEPN CUXVOTNTA OTIOVOUALKWVY KATOyHATWVY (26
gvavtL 57%, p = 0,022) kat upnAotepn cuxvotnta ePLPEPLKWV KaTayUatwy (84 evavtt 53%, p = 0,019).

» O npoodbloplouoc tn¢ aAAnAouyiac tou naveA twv yovidiwv mou oxetilovral Ue TNV ooTIKN eudpavotoTnTa
(300 yovidia) emeTpey e tnv tautomoinon etepoluyng radoyovou rapaAAaync oto 27% twv acdevwv
(ocuxvotepa o LRP5, WNT1 kat COL1A1 n 2 yovibdia) .

» H ouyxvotnta twv naboyovwv tapaAdaywv Telvel va eivatl upnAotepn ota madLd o€ cUYKPLON UE TOUC
eVAALKEC (42 €vavtl 19%, p = 0,053).

» H ouyxvotnta tng mapaAlayng p.(Val667Met) LRP5 sival mapopolo og matdid Kot EVAALKEC
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Morris JA, et al Nat Genet. 2019 Feb;51(2):258-266. doi:
10.1038/s41588-018-0302-x.

An atlas of genetic influences on osteoporosis
in humans and mice

John A. Morris @234, JohnP.Kemp ©3434, ScottE. Youlten @5, Laetitia Laurent?, John G.Logan$,
RyanC.Chai®, Nicholas A.Vulpescu ©7, Vincenzo Forgetta?, AaronKleinman®, Sindhu T. Mohanty®,
C.MarceloSergio©5, JulianQuinn5, Loan Nguyen-Yamamoto?®, Aimee-LeeLuco®, Jinchu Vijay™,
Marie-Michelle Simon'®, Albena Pramatarova'®, Carolina Medina-Gomez ©", Katerina Trajanoska"
Elenal.Ghirardello®, Natalie C. Butterfield®, KatharineF. Curry®, Victoria D.Leitch®, Penny C.Sparke
Anne-Tounsia Adoum¢, NailaS. Mannans, Davide S. K. Komla-Ebri$, Andrea$. Pollards,

Hannah F.Dewhurst¢, Thomas A.D.Hassall?, Michael-John G. Beltejar'2, 23andMe Research Team'
Douglas ). Adams', Suzanne M. Vaillancourt™, Stephen Kaptoge', Paul Baldock?, Cyrus Cooper'8
Jonathan Reeve ©", Evangelia E. Ntzani ©2°%, Evangelos Evangelou®®??, Claes Ohlsson®,

David Karasik?*, Fernando Rivadeneira®", Douglas P.Kiel ©2*252627 Jonathan H. Tobias?8,

CeliaL. Gregson 2, Nicholas C. Harvey ©"7"8, Elin Grundberg™?®, David Goltzman®, David J. Adams
Christopher J. Lelliott ©3°, David A. Hinds @8, Cheryl L. Ackert-Bicknell®, Yi-Hsiang Hsu?*252627,
Matthew T. Maurano’, Peterl. Crouchers, GrahamR. Williams ©¢, J.H. Duncan Bassett ©¢
David M.Evans ©3435* and J. Brent Richards [12153233.35%
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» Aedopéva ano 426,824 0GTEOMOPWTLKA ATOUOL

» Tavtonoinon 518 onpavtikwyv yovidtokwyv tonwyv (301 véa evpnpata),
g€nyouv 1o 20% TNV ETEPOYEVELOC OTNV OOTLKA TIUKVOTNTA TWV OTOMWV

» Avayvwplon 13 yovidLakwv TOnwv tov oXetilovtal HE TNV 00TIKA
guBpavototnta

» Avantuxonkav 126 dtayovidlaka IELPAMATIKA LOVTEAQ HE avTtioTowyn
yovidiakn anoowwnnon (knockout mice)

Morris JA, et al Nat Genet. 2019 Feb;51(2):258-266. doi: 10.1038/s41588-018-0302-x.
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Fig. 1| Manhattan plot of genome-wide association results for eBMD in the UK Biobank. The dashed red line denotes the threshold for declaring genome-
wide significance (6.6x10-%). 1,103 conditionally independent SNPs at 515 loci passed the criteria for genome-wide significance in n=426,824 UK Biobank
participants. 301 novel loci (defined as =1 Mbp from previously reported genome-wide significant EMD variants) reaching genome-wide significance are
displayed in blue. Previously reported loci that reached genome-wide significance are displayed in red, and previously reported loci failing to reach genome-wide
significance in our study are shown in black. P.NI, non-infinitesimal mixed model association test p-value; GWS, genome-wide significance; N5, not significant.

Morris JA, et al Nat Genet. 2019 Feb;51(2):258-266. doi: 10.1038/s41588-018-0302-x.
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pwnanoman | Table 1] Target Gene identification methods enrichment for 57

Target gene workflow
Novemctaptov Adnvov
\1

e positive control genes

Target Gene set Odds ratio (95% CIl) P Conditionally independent SNPs
Sa0S-2 ATAC-seq peak gene 58.5 (26.4-129.3) 1.3x10-7 ittt ettt
Coding SNP gene 41.8 (14.3-121.6) 1.0x10-3° - v -
Fine mapping
Osteoblast Hi-C interaction gene 211 (6.4-69.6) 7.8x108 Input all SNPs within 500 Mbp of each conditionally
i I SNP for fine-mappin
Closest gene 12.9 (71-23.4) 1.8x10-2 ——
Overlapping gene body 1.2 (5.2-23.8) 34x%10°"® _ Fine mapped SNPs
| Consndof cothuonalry }ndepondqyt_ lead SNPs and SNPs
All genes within 100 kbp 6.8 (3.9-11.7) 21x10-* e ey
Osteocyte Hi-C interaction gene - - v
Gene selection
Enrichment was calculated with a chi-square test against 19,455 total protein-coding genes. Identify closest protein coding gene to a
No positive control genes were identified via osteocyte Hi-C interactions; therefore, we did not condiﬁonal'windeogrsglmsl;zd SNP or pausibly

calculate its enrichment. Distance to gene was determined using 3’ and 5’ ends, instead of the
transcription start site.

v

SNP annotation Gene annotation

Morris JA, et a

Osteoblast and Expressed in
Table 2 | Target Gene identification methods enrichment for S lre| pogpeun | SRIEG | | | wemotianl|| Eipneetf | Medfiociin
1,240 osteocyte signature genes e i - A e
Target Gene set Odds ratio (95% CI) P

Positive control gene enrichment
Coding SNP gene 7.4 (3.8-14.5) 52102
Sa0S-2 ATAC-seq peak gene 6.1(3.5-10.6) 26x10-5 Construct target gene sets
Overlapping gene body 51(3.8-6.7) 11x10°% Test six approaches to identify target genes
Closest gene 4.6 (3.7-5.6) 41x10- . v v v v s 4
Osteoblast Hi-C interaction gene 3.8 (1.9-7.4) 25x10:° Closastgono [ ©V9182500 9 | Gogng S gons [S20S ZATAC 520 iyt B v
interaction e

Osteocyte Hi-C interactiongene 2.9 (1.0-8.6) 4.0 X102 I T v I -
All genes within 100 kbp 21(1.7-2.5) 1.8 x10-7 Test positive control gene enrichment

Enrichment was calculated with a chi-square test against 19,455 total protein-coding genes.
Distance to gene was determined using 3’ and 5’ ends, instead of the transcription start site.

at Genet.

ol:

/s41588-018-0302-x.

| Calculate odds of target genes being positive control bone genes |
(Table 1) or in the osteocyte gene signature (Table 2)
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Edvikév kot Kamodiotprokév

Novemctaptov Adnvov
IAPY®EN TO 1837

' DAAM2 as a protein with critical effects on bone strength,

porosity, composition, and mineralization.
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Daam2-PIP5K Is a Regulatory Pathway for Wnt Signaling and Therapeutic Target for Remyelination in the CNS
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Lee HK et al,. Daam2-PIP5K is a regulatory pathway for Wnt signaling and therapeutic target for remyelination in the
CNS. Neuron. 2015 Mar 18:85(6):1227-43.




EAAHNIKH AHMOKPATIA
Jvikév kot Kamnodietptakov

Hovemetapiov Adnvov
PYOEN TO 1837

»H yovidLoKN ETEPOYEVELA TTOU K L T OOTLKN TTUKVOTNTA ELVOLL
EVTUTIWOLAKI)

» To onupatodotiko povonatt Wn gTolL va Stadpapatilel KEVTIPLKO
POAO OTN VEVETIKN SLAHOPPWO OTLKNG padac

> H BaBltepn katavonon TNG VEVETIKAG Olapopdwonc NG
0O0TEOMOPWONG €ivol mLo mMOOVO vl 06NYNOEL OE Mol TLEPLOCOTEPO
e€ELOLKEUMEVN  OVTLHETWITLO PIKN akplBeiog) mapa otnv
ovayvweLon VoG Kot lOVO YoV OU 1tov Oa e€nyei OAec Tic popdEc
TNC OOTLKNG AIMWAELOC




