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Hereditary multiple osteochondromas
(HMO#MIM133700)

Phenotypic hallmarks of HMO
are:

» Multiple osteochondromas

Location:

» Distal femur
» Proximal tibia
» Fibula

» Humerus

Neoplastic Risk:

0,5-20%
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Prevalence: 1/50.000

Inheritance:
Autosomal dominant
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The pathogenic roles of heparan sulfate deficiency in
hereditary multlple exostoses

ER-Golgi
intermediate
compartment

cis Golgi
network

HS-Pol

— (GlcA — GlcNAc), —

tetrasaccharide linker repeating disaccharide
(common to HS and CS) unit (specific to HS)
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Mutational spectrum of EXT1 and EXT2 genes

EXT2 NM_207122
1D Exon #of patients  # of families DNA variants Predicted aminoacid change Reference

EXT2_01 2 15 10 C67C>T D.(AIg23%) Wuyts (1998) AmJ Hum Genet
EXT2_02 2 1 1 c.81del p.(Thr28Profs*31) Pedrini (2005) Hum Mutat
EXT2_03 2 1 1 ¢151G>T p.(Glu51*) present work
EXT2_04 2 1 1 c.173del p.(Val58Glufs*54) Ciavarella (2013) Gene
EXT2_05 2 1 1 c.244del p.(Asp82llefs*30) present work
EXT2_06 2 1 1 c.315del p.(Val106Cysfs*6) present work
EXT2_07 2 1 1 ¢.380del D.(Arg128Glyfs*142) Wuyts (2005) Clin Genet
EXT2_08 2 3 1 €.390T>A p.(Tyr130%) present work
EXT2_09 2 1 1 c.448del p.(Ala150Profs*120) present work
EXT2_10 2 1 1 c.454_457del p.(Val154Profs*115) present work
EXT2_11 3 1 1 c.607del p.(Leu203Trpfs*67) present work
EXT2_12 4 2 1 €.668G>C p.(Arg223Pro) Shi (2000) Hum Mutat
EXT2_13 4 4 1 c.684_688delins p.(Ser229Alafs*41) present work
EXT2_14 4 1 1 c.728del p.(Pro243GlInfs*27) present work
EXT2_15 5 3 1 C.863A>G p.(Asn288Ser) present work
EXT2_16 5 1 1 ¢.863del p.(Asn288Thrfs*44) present work
EXT2_17 5 1 1 ¢.883_887 del p.(Ser295Profs*2) present work
EXT2_18 6 1 1 €.991_992ins p.(Leu331*) present work
EXT2_19 6 1 1 c.1004del p.(Leud35Tyrfs*101) present work
EXT2_20 6 1 1 €.1052C>T p.(Pro351Leu) present work
EXT2_21 6 1 1 ¢.1016G>A p.(Cys339Tyr) Li (2009) Genet Test Mol Biomarkers
EXT2_22 8 1 1 c.1188G>A p.(Trp396*) present work
EXT2_23 8 1 1 €.1286G>A p.(Trpa29*) present work
EXT2_24 10 2 1 C.(1495+1_1496-1)_(1661+1_1662-1)de | p.0? present work
EXT2_25 16 4 2 C.(1495+1_1495-1)_(*1_?)del p.0? present work

EXT1 NM_000127
1D Exon #of patients  # of families DNA variants Predicted aminoacid change Reference

EXT1_01 1 2 1 c.64_71del p.(Tyr22Argfs*5) present work
EXT1_02 1 4 2 .173del p.(Phe58Serfs*78) Ciavarella, (2013) Gene
EXT1_03 1 3 1 €.250C>T p.(GIng4*) Francannet (2001) J Med Genet
EXT1_04 1 1 1 c.262dup p.(Ala88Glyfs*101) present work
EXT1_05 1 2 1 c.301del p.(Glu101Serfs*35) present work
EXT1_06 1 4 1 ¢.351C>G p.(Tyrl17*) Ciavarella, (2013) Gene
EXT1_07 1 1 1 c.437del p.(Ser146Trpfs*11) present work
EXT1_08 1 1 1 ¢.500C>A p.(Ser167*) Wuyts (2005) Clin Genet
EXT1_09 1 1 1 ¢552G>A p.(Trp184*) Sarrion (2013) i Rep
EXT1_10 1 2 2 ¢.60_64del p.(Tyr22Argfs*6) present work
EXT1 11 1 1 1 c.600G>A p.(Trp200*) present work
EXT1_12 1 2 1 c.620del p.(Val207Glyfs*45) present work
EXT1 13 1 1 1 €.637C>T p.(GIn213*) present work
EXT1 14 1 2 1 c.742del p.(Arg248Glyfs*4) present work
EXT1_15 1 1 1 c.752del p.(Leu251*) present work
EXT1_16 1 1 1 €.796_797ins p.(Phe266Leufs*24) present work
EXT1 17 1 1 1 ¢.806_807ins p.(Lys269Asnfs*20) present work
EXT1_18 1 1 1 c.808A>T p.(Arg270Trp) present work
EXT1_19 1 3 2 c.838A>G p.(Arg280Gly) Wuyts (1998) Am J Hum Genet
EXT1_20 1 1 1 €.943_944del p.(Asp315GInfs*5) Wuyts (2000) Am J Hum Genet
EXT1 21 1 2 2 c. (-1)_(962+1_963-1)del p.0? White (2004) Hum Mutat
EXT1_22 2 2 2 €.966T>G p.(Tyr322%) Lonie (2006) Hum Mutat
EXT1_23 2 3 3 ¢.1018C>T p.(Arg340Cys) Philippe (1997) Am J Hum Genet
EXT1 24 2 7 5 c.1019G>A p.(Arg340His) Raskind (1998) Hum Mutat
EXT1_25 2 1 1 ¢.1031C>T p.(Ser344Phe) present work
EXT1 26 3 1 1 €.1064G>T p.(Cys355Phe) Ishimaru(2016) BMC Genet
EXT1_27 3 2 1 c.1065C>A p.(Cys355*) present work
EXT1_28 3 2 1 c.1091G>A p.(Trp364*) present work
EXT1_29 1 1 1 c.1160del p.(Leu387Tyrfs*16) present work
EXT1_30 3 1 1 ¢.1162C>T p.(GIn388*) Wyts (2005) Clin Genet
EXT1 31 3 1 1 c.1164+1G>A p.0? present work
EXT1_32 4 2 1 c1213A>T p.(Arg405*) Dobson-Stone (2000) Eur J Hum Genet
EXT1_33 4 1 1 €.1278_1279del p.(Leud27Argfs*14) present work
EXT1_34 4 1 1 €.1284+1G>T p.0? present work
EXT1.35 4 1 1 €.1284+1G>A p.0? present work
EXT1_36 4 2 1 .1285-2A>G p.0? present work
EXT1_37 5 2 1 ¢.1316C>G p.(Ser439*) present work
EXT1_38 5 2 1 .1335G>A p.(Trp4ds*) present work
EXT1_39 5 1 1 ¢.1396_1399del p.(Pro466Thrfs*6) present work
EXT1_40 5 1 1 €.1418-2A>G .0? present work
EXT1 41 6 2 1 ¢.1425del p.(Lys475Asnfs*13) present work
EXT1_42 6 1 1 ¢.1469del p.(Leud90Argfs*9) Xu (1999) Hum Gen
EXT1_43 6 1 1 .1483C>T p.(GIn495*) Pei (2010) Genet Test Mol Biomarkers
EXT1 44 6 1 1 c.1490del p.(Val497Glyfs*2) present work
EXT1_45 6 1 1 €.1522C>T p.(GIn508*) Pedrini, not yet published*
EXT1_46 6 3 2 .1536+1G>T p.0? present work
EXT1_47 6 2 2 .1537-1G>T p.0? present work
EXT1_48 6 1 1 .1537-2A>T p.0? Ciavarella, (2013) Gene
EXT1_49 7 1 1 c.1561A>T p.(Lys521%) present work
EXT1_50 7 1 1 €.1633-2A>T p.0? Pedrini, (2013) Hum Mutat
EXT1 51 8 1 1 c.1642del p.(Ser548Alafs*73) present work
EXT1_52 8 5 2 c.1714del p.(Thr572GInfs*49) present work
EXT1_53 9 1 1 €.1746G>A p.(Trp582*) Francannet (2001) J Med Genet
EXT1_54 9 1 1 €.1757_1758del p.(Pro586Argfs*15) present work
EXT1_55 9 1 1 €.1759G>T p.(Glus87*) present work
EXT1_56 9 4 1 c1797G>A p.(Trp599%) Seki (2001) Am J Med Genet
EXT1_57 9 1 1 c.1841del p.(Asn614Thrfs*7) Jennes(2009) Hum Mutat
EXT1 58 10 1 1 €.1921_1922insAGCC p.(Ser641Lysfs*14) Pedrini, not yet published*
EXT1_59 10 2 2 €1942C>T p.(GIn648*) Vink (2005) Eur J Hum Genet
EXT1_60 1 1 1 €.2071dup p.(Arg691Profs*4) present work
EXT1_61 1 2 2 €.2098C>T p.(GIn700%) Pedrini (2005) Hum Mutat
EXTL_62 1 2 2 c. (?-1)_(*1_?)del p.0? Wyts (2002) Am J Med Genet
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Mean number of oste ochondromas
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Variable Category EXT1 EXT2 p-value
# patients 42 27
Age 28.90+17.81 31.96+16.53 0.4782
Sex Female 25 (59.52) 13 (48.15) 0.3539
Male 17 (40.48) 14 (51.86)
p=0.035
p=0.0085

EXT1

EXT2

& All subjects
B Males

B Females



Golgi subcellular localization of EXTs proteins
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Golgi subcellular localization of EXT1 variants
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Golgl subcellular localization of EXT2 variants
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Subcellular co-localization of
EXT2-EXT1 variants
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Subcellular co-localization of
EXT1-EXT2 variants
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Cell proliferation (fold)
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Cell viability report of EXTs variants
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Conclusions

- ™
Novel EXT1 and EXT2 variants

— _

- ™
Correlation genotype/phenotype

- /

- ™

Molecular and cellular studies
- /
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HMO DIAGNOSTIC WORKFLOW

Clinical suspect of HMO
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Variable Category EXT1 EXT2 p-value

# pafients 27

Age 2890217 807 | 31.963+16.528 |0.4782

Sex Female |25 (50.524) 13(48.1438) 03539

Wale 17 (40.476) 14 (51 852)

ANATOMICAL SITE # EXTT | MEAN SD MEDIAN MIN MAX #EXT2 | MEAN 5D MEDIAN MIN MAX p-value
HAND 42 067 141 0 0 6 27 059 1.42 0 0 6| 08334
DISTAL RADIUS 42 0.86 1.14 0 0 4 27 0.37 0.69 0 0 2| 0.0195
DISTAL ULNA 42 0.90 1.21 0 0 4 27 0.26 0.59 0 0 2| 0.0011
PROXIMAL RADIUS 42 0.02 015 0 0 1 27 0.00 0.00 0 0 0 1
PROXIMAL ULNA, 42 0.00 0.00 0 0 0 27 015 0.53 0 0 2| 0.0469
DISTAL HUMERUS 42 1.07 1.37 0 0 4 27 022 0.51 0 0 2]=0.0001
PROXIMAL HUMERUS 42 012 0.40 0 0 2 27 0.44 0.75 0 1] 2|1 00173
CLAVICLE 42 019 059 0 0 3 27 0.07 0.38 0 0 2| 03634
SCAPULAR 42 067 1.34 0 0 4 27 0.44 0.75 0 0 3] 0.3068
RIBS 42 1.07 211 0 0 o 27 0.37 1.21 0 0 6] 0.0014
SPINE 42 0.05 031 0 0 2 27 0.00 0.00 0 0 0] 0741
PELVIS 42 012 063 0 0 4 27 0.00 0.00 0 0 0] 01671
PROXIMAL FEMUR 42 081 123 0 0 4 27 074 1.20 0 0 5| 0.8685
DISTAL FEMUR 42 0.52 0.94 0 0 4 27 063 0.88 0 0 2| 06775
PROXIMAL TIBIA 42 043 1.06 0 0 4 27 074 0.86 0 0 2| 07852
PROXIMAL FIBULAR 42 083 1.06 0 0 4 27 0.44 075 0 0 2l 0073
DISTAL TIBIA 42 021 0.96 0 0 p 27 019 0.48 0 0 2 1
DISTAL FIBULAR 42 0.19 0.55 0 0 2 27 0.22 0.58 0 0 2] 09742
FOOT 42 033 1.05 0 0 4 27 0.30 1.20 0 0 6| 09751
KNEES 42 067 1.14 0 0 4 27 0.45 0.85 0 0 2] 04183
WRIST 42 0.02 0.15 0 0 1 27 0.04 0.19 0 0 1 1
ANKLE 42 0.0z 015 0 0 1 27 019 0.56 0 0 2| 00742
TOTAL 42| 10.02 6.44 8.5 1 25 27 6.96 5.32 6 1 24| 0.0351




ANATOMICAL SITE # Female | MEAN sD MEDIAN | MIN MAX #Male | MEAN 3D MEDAN| MIN MAX | pvalue
HAND 25| 048] 116 0 1] 4 17] 094 1.71 1] 0 6] 01112
DISTAL RADILS 25| 076 120 0 0 4 17]  1.00 1.06 1 0 3| 0.5091
DISTAL ULMNA, 25| 084 104 0 0 4 17] 129 1.36 1 0 4] 0.0451
PROXIMAL BADIUS 25| 004) 020 0 0 1 17] 000{ 000 1] 0 0 1
PROXIMAL ULMNA 25| 000 000 0 0 0 17] 0D00{ 000 1] 0 0].
DISTAL HUMERUS 25 0800 136 0 0 4 17] 147 1.46 1 0 4] 0.0553
PROXIMAL HUMERUS 25| 008 028 0 0 1 17] 018 053 0 0 2| 0.6514
CLAVICLE 25| 0.24] 072 0 0 3 17] 012 033 0 0 1 0611
SCAPULAR 25 080] 135 0 0 4 17| 047 1.33 0 0 4] 0274
RIBS 25 0520 119 0 0 4 17] 188 285 0 0 8| <0001
SPINE 25| 000 000 0 0 0 17] 012 049 1] 0 2] 03277
FELVIS 25| 016) 080 0 0 4 17] D06 024 i) 0 1| 0.6576
PROXIMAL FEMUR. 25| 072 138 0 0 4 17] 094 1.20 1] 0 4] 0.5396
DISTAL FEMUR 25 088 11 0 0 4 17] 029 059 1] 0 2] 01325
PROXIMAL TIBIA 25 084, 111 0 0 4 17] 082 1.01 1] 0 3 1
PROXIMAL FIBULAR 25| 072 098 0 0 3 17  1.00 1.17 1 0 4] 0.4196
DISTAL TIBIA 25| 008 025 0 0 1 17 0.41 0.80 0 0 2| 0.0537
DISTAL FIBULAR 25| 024 0860 0 0 2 17] 012 045 0 0 2] 0611
FOOT 25 052) 133 0 1] 4 17] 006 024 1] 0 1] 0.0147
KNEES 25| 036 119 0 0 4 17] 0582 1.07 1] 0 3| 04024
WRIST 25| 004) 020 0 0 1 17] 000{f 000 i) 0 4] 1
ANKLE 25 004) 020 0 0 1 17] 0.00{ 000 1] 0 0 1
TOTAL 25| B9S2 837 [ 2 24 17] 1165 €39 10 1 25| 0.1784

Distribution of exostoses by anatomical site in males and females carrying
EXT1 mutation.



AMATOMICAL SITE # Female | MEAN sD MEDIAN | MIN MAX # Male | MEAN sD MEDIAN MIN MAX p-value
HAND 13 1.08 1.89 0 0 6 14| 0.14] 0353 0 0 2| 0.0026
DISTALRADIUS 13 015 038 1] 0 1 14 057] 085 0 0 2] 01379
DISTALULNA 13 0.31 0.63 1] 0 2 14 01 0.58 0 0 2] 0.9191
FPROXIMALRADIUS 13 0.00f 0.00 0 0 0 14 000 0.00 0 0 0].
PROXIMALULNA, 13 0.00f 0.00 0 0 1] 14 029 073 0 0 2] D.1446
DISTALHUMERUS 13 015 038 0 0 1 14 029 061 0 4] 2] 0.7582
PROXIMALHUMERUS 13 0.46] 066 0 0 2 14| 043 085 0 0 2 1
CLAVICLE 13 015 0355 1] 0 2 14) 000 0.00 0 0 0] 0.4636
SCAPULAR 13 0639 0395 4] 0 3 14) 021 0.43 0 4] 1] 01134
RIBS 13 015 038 1] 0 1 14] 057 1.65 0 4] 6] 0.1379
SPINE 13 0.00f 0.00 1] 0 1] 14 000 0.00 0 0 0].
PELVIS 13 0.00f 000 8] 0 8] 14| 000 0.00 0 0 0].
PROXIMALFEMUR 13 0.54 1.39 0 0 o 14| 0593 1.00 0.5 0 2| 0341
DISTALFEMUR 13 0.85) 099 0 0 2 14| 043] 076 0 0 2| 0.261
PROXIMALTIBIA 13 077 083 1 0 2 14) 0.1 0.91 0 0 2 1
PROXIMALFIBULAR. 13 046 078 1] 0 2 14) 043] 076 0 0 2 1
DISTALTIBIA 13 023 D44 0 0 1 14 014 053 0 0 2] 0.9306
DISTALFIBULAR 13 0.31 0.63 0 0 2 14 014)] 053 0 0 2] 0.6194
FOOT 13 0.62 1.71 1] 0 2] 14 000] 0.00 0 0 0] 0.0058
KNEES 13 0.54] 0.85 0 0 2 14 043] 085 0 0 2| 0.8917
WRIST 13 008 028 1] 0 1 14| 000 0.00 0 0 0] 0.983
ANKLE 13 023 060 1] 0 2 14) 014)] 053 0 0 2] 0.9306
TOTAL 13 7.85] &6.01 7 1 24 14| 6.14] 4.67 5.5 1 14| 0.397

Distribution of exostoses by anatomical site in males and females carrying
EXT2 mutation.



ANATOMICAL SITE # EXTT | MEAN 3D MEDIAM MIN MAX # EXTZ | MEAN sD MEDIAN | MIN MAX p-value
HAND 17 0.94 1.71 4] 1] 5] 14 0.14 0.53 0 4] 2| 0.0048
DISTALRADIIS 17 1.00 1.06 1 1] 3 14 0.57 0.85 0 0 2] 0261
DISTALULNA 17 1.29 1.36 1 1] 4 14 0.21 0.58 0 0 2| 0.0009
PROXIMALRADIUS 17 0.00) 0.00 0 1] 0 14 0.00 0.00 0 0 0].
PROXIMALULNA 17 0.000 0.00 0 0 0 14 0.29 0.73 0 0 2| 0.0632
DISTALHUMERUS 17 1.47 1.46 1 1] 4 14 0.29 0.61 0 0 2| 0.0007
PROXIMALHUMERUS 17 0.15] 053 1] 1] 2 14 0.43 0.85 0 0 2| 0.3367
CLAVICLE 17 012 033 1] 1] 1 14 0.00 0.00 0 0 0] 0.6015
SCAPULAR 17 0.47 1.33 0 1] 4 14 0.21 0.43 0 0 1] 0.3764
RIBS 17 1.86] 2.85 0 1] (=) 14 0.57 1.65 0 0 &) 0.0017
SPINE 17 012 049 0 0 2 14 0.00 0.00 0 0 0] 0.6015
PELWVIS 17 006 0.24 0 0 1 14 0.00 0.00 0 0 0 1
PROXIMALFEMUR 17 0.94 1.20 1] 1] 4 14 0.93 1.00 0.5 0 2 1
DISTALFEMUR 17 0.29] 0359 1] 1] 2 14 0.43 0.76 0 0 2] 07421
PROXIMALTIBIA 17 0.82 1.01 1] 1] 3 14 0.71 0.91 0 0 2| 0.8951
PROXIMALFIBULAR 17 1.00 1.17 1 1] 4 14 0.43 0.76 0 0 2| 0.0988
DISTALTIBIA 17 0.41 0.60 4] 1] 2 14 0.14 0.53 0 0 2| 0.2945
DISTALFIBULAR 17 012 049 0 0 2 14 0.14 0.53 0 0 2 1
FOOT 17 0.06] 024 1] 1] 1 14 0.00 0.00 0 0 0 1
KNEES 17 0.62 1.07 1] 1] 3 14 0.43 0.85 0 0 2| 0.2538
WRIST 17 0.000 0.00 4] 1] 0 14 0.00 0.00 0 0 0.
AMKLE 17 0.00] 0.00 1] 1] 1] 14 0.14 0.53 0 0 2| 0.4079
TOTAL 17] 11.65] 86.39 10 1 25 14| 6.14| 4867 5.5 1 14| 0.0085

Distribution of exostoses by anatomical site in males carrying EXT1 and
EXT2 mutation.




ANATOMICAL SITE #EXTT | MEAN S MEDIAN MIN MAX | # EXTZ | MEAN sD MEDIAN MIN MAX p-value
HAMND 25 0.48 1.16 1] 1] 4 13 1.08 1.89 0 0 6| 0.0621
DISTALRADIUS 25 0.76 1.20 0 1] 4 13] 015 0.38 0 0 1] 0.0209
DISTALULNA, 29 0.64 1.04 0 0 4 13] 0.31 0.63 0 0 2| 0.2664
PROXIMALRADIUS 25 0.04 0.20 1] 1) 1 13] 0.00 0.00 0 0 1] 1
PROXIMALLLMNA, 25 0.00 0.00 4] 1] 0 13] 0.00 0.00 0 0 0].
DISTALHUMERUS 25 0.50 1.26 1] 1] 4 13] 0.15 0.38 0 0 1] 0015
PROXIMALHUMERUS 25 0.08 0.28 0 0 1 13] 046 0.66 0 0 2] D045
CLAVICLE 25 0.24 0.72 0 1] 3 13] 015 0.55 0 0 2] D.8936
SCAPULAR 29 0.80 1.35 0 0 4 13| 069 0.95 0 0 3| 0.5856
RIBS 29 0.52 1.19 0 0 4 13| 0.15 0.38 0 0 1] 0.1393
SPINE 25 0.00 0.00 1] 1] 0 13] 0.00 0.00 0 0 0].
PELVIS 25 0.16 0.50 4] 0 4 13] 0.00 0.00 0 0 0] 03747
PROXIMALFEMUR. 25 0.72 1.28 0 1] 4 13] 054 1.39 0 0 5] D6715
DISTALFEMUR 25 0.658 1.11 0 1] 4 13| 085 0.99 0 0 2| 07008
PROXIMALTIBA 29 0.584 1.11 0 0 4 13 077 0.83 1 0 2| 0.9844
PROXIMALFIBULAR 29 0.72 0.98 0 0 3 13| 046 0.78 0 0 2| 0.4692
DISTALTIBIA 25 0.08 0.28 1] 1] 1 13 023 0.44 0 0 1] 0.4461
DISTALFIBULAR 25 0.24 0.60 1] 1] 2 13]  0.31 0.63 0 0 2] 09294
FOOT 25 0.52 1.33 0 0 4 13| 062 1.7 0 0 6] 0.8659
KNEES 25 0.56 1.19 0 1] 4 13] 054 0.88 0 0 2 1
WRIST 29 0.04 0.20 0 0 1 13| 0.08 0.28 0 0 1 1
ANKLE 29 0.04 0.20 0 0 1 13| 023 0.60 0 0 2| 0.2381
TOTAL 25| 892 637 -] 2 24 13) 7.85 6.01 7 1 24| 0.5978

Distribution of exostoses by anatomical site in females carrying
EXT1 and EXT2 mutation.
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