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Various functions of CS, DS, and HS-proteoglycans
at cell surfaces and in extracellular matrix

Cartilage | Skin, Bone
Collagen fiber

€s) | (s)

Dermata“% Q‘E Q‘E % %

Decorin

Syndecan, Glypican etc.

Heparan sulfate (HS)

S %"3553%‘? e B o suroco

hbsobiii DSRASERL bindae

BSOS A A bt

Receptor | Cytoplasm

RMRRANY WA
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Cell Adhesion Molecules
CD44

L-Selectin

P-Selectin

RANTES

von Willebrand factor
MAC-1

N-CAM

Growth Factors/Morphogens
Fibroblast growth factors
Hepatocyte growth factor
Midkine/Pleiotrophin

Platelet derived growth factor

Virus protein
Glycoprotein C

Coagulation
Heparin cofactor Il
Antithrombin il
Factor Xa
Leuserpin
Thrombin

ECM Components
Tenascin-X
Opticin
Fibronectin

Vascular endothelial growth factor Collagens

Transforming growth factor-§

Laminins

Glial-derived neurotrophic factor Tenascin
Brain-derived neurotrophic factor Thrombospondin

HB-EGF

Amphiregulin

Neuregulin

Insulin-like growth factor
Bone morphogenetic proteins
Sonic hedgehog

Wints

Vitronectin

Proteinases
Elastases
Cathepsin G

Chemokines

Interferon-y

Interleukin-2, -3, -4, -5, -7, -8, -12
Macrophage inflammatory peptides 1
Monocyte chemoattractant protein-1
Secondary lymphoid tissue chemokir
Stromal cell-derived factor-13
Platelet factor 4

GM-CSF

TNF-alpha

Others

B-Amyloid peptide

Cardiotoxins from spitting cobra ven
a-Defensin

EGF-TM7 receptors CD97 and EMR2
Extracellular superoxide dismutase
Lipoprotein lipase

Thyroglobulin

Tissue plasminogen activator
Plasminogen activator inhibitor
Follistatin

Angiostatin

Endostatin

ApoB, ApoE
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MMPs: Matrix metalloproteinases

MMP1: 2545 F—¥-1
MMP2: £S5 FF+—+A
MMP3: APAAS A 2-1
MMP7: RMUS A 2-1
MMPS8: 254 F—F-2
MMP9: ¥5F+—+B
MMP10: ARAASA>-2
MMP11: ARAAS A 2-3
MMP12: ¥2077—
AIOTISRY—E
MMP13: 2545 —+-3

MMP14

MMP15:
MMP16:

MMP17:
MMP18:
MMP19:
MMP20):
MMP21:
MMP23:
MMP24:
MMP25:
MMP26:
MMP27:
MMP28:

JER (MT) 1-MMP
MT2-MMP
MT3-MMP

MT4-MMP
a5 F—1-4
ARAASA -4
TFASA >
X-MMP
CA-MMP
MT5-MMP
MT6-MMP
SRS A -2
C-MMP
TESA Y



Human heparanases

4922

HEPARANASE-1

10q23-24

HEPARANASE-2

/

chromosome
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Bradbury et al., Nature 416, 636-640 (2002)
Alilain et al., Nature 475, 196-200 (2011)
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DEGRADATION OF CS/DS

Al L4 4 LA



DEGRADATION OF CS/DS
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DEGRADATION OF CS/DS
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DEGRADATION OF CS/DS
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Z PERE(MPS)

Stored
Type Epo E e deficienc
yP ponym nzym elency substrates
Hurlur
MPS | _ o-lduronidase , HS
Scheie
MPS I Hunter Iduronate 2-sulfatase , HS
Heparan sulfate degradin
MPS Ill | Sanfilippo paran st grading HS
enzymes
MPSIV| Morquio Galactose-6-sulfatase K,S ’
MPS VI Maroteaux- MAcetyl- D-galactosamine
111} -4-sulphatase
MPS ViI Sly B- D-Glucuronidase , HS

< HS ‘Hebparan c<ulfate
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Tratment of lysosome
disease
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(Enzyme Replacement Therapy,
ERT)
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Problems on ERT
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Tratment of lysosome
disease

1. XERE
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3. BiEfotE - E M Er MR FE4E
4. BIzFoE




FERIEE

EiH 5 Ak

EH 4

EE

congenital disorder of glycosylation

(

HINAR., EESEERFEER
. CANMA. RFRIRGEDIEERER. &
/jl:# ?L EBI/EI/Qf&t 0)1

CDG)

N[

HIBDERELTIE, FLR A BRRIE T (RS

ISR DR

=T . q:#'fﬂﬂﬂ’]fzﬁﬁ

FRIE .. FFHEREfEE

/& I%E

AFEREGE,

HBAE AN
ZISEIR. IDERETHE

“ 1L



Biosynthesis of HS and CS backbones

Linker tetra-
saccharide region

HQ‘IQJnIQO—O—sﬁr-%

Repeating disaccharide region

GlcNAcT-I HSGICAT-Il GicNACT-Il HSGICAT-I GlcNACT-I
EXTLA1, (HS-polymerase) EXTL2,

EXTL3 EXT1, EXT2 EXTL3 | Rs EDSP2  EDSP1
ISDNA Osteochondroma ISDNA JDSCD SEMDJL1 EDSSLA DBRQD2

SSMS SOS
TRPS2
PSS

Chondroitin \
Ser

&5 —Q—O—O—sﬁr\

GalNAcT-Il CSGICATl aoINACT-Il CSGICAT-Il  GaINACT-I

CSGALNACT1, (CS-polymerase) CSGALNACT1,
CSGALNACT2 CSGALNACT2 EDSP1

CHSY1,3, LRS  EDSP2
MSDJL CHPF, CHPF2 MSDJL  JDSCD SEMDJL1 EDSSLA  DEUD2

HMSN

Shuji Mizumoto, Shuhei Yamada
Trends in Glycoscience and .GICNAC GalNAc Q IdoUA QGICUA OGaI ﬁXyl
Glycotechnology, 2020, 32, E45-E51




Human genetic disorders caused
by mutations in EXT1 or EXT2

Repeating disaccharide Linker tetra-
region of HS saccharide region

l_‘_\

Heparan

GIcNAcT-II HSGICAT-Il G icNACT-Il HSGICAT-IN GIcNACT-1
EXTL1, (HS-polymerase) EXTL2,

EXTL3 EXT1, EXT2 EXTL3  |Rs EDSP2  EDSP1

ISDNA Osteochondroma ISDNA JDSCD SEMDJL1 EDSSLA DBQD2
SSMS SOS
TRPS2
PSS

will:y © 1995 Nature Publishing Group http://www.nature.com/naturegenetics

- -l 00O
_ pavaml ¢

liHy © 1996 Nature Publishing Group http://www.nature.com/naturegenetics

article

article

Cloning of the putative tumour The EXT. 2fmu|_:ip|$ exostoses gene
suppressor gene for defines a family of putative tumour

hereditary multiple exostoses sSuppressor genes

Dominique Stickens'™, Gregory Clines'*, David Burbee!»?,

Jung Ahn*!, Hermann-Josef Liidecke*?, Steffi Lindow?,William A. Horton?, Brendan Lee’, Purita Ramos! , Sylvla Thomasl Deborah Hogue4 ]acquelme T Hecht‘*,
H g 1 o 2 P Tollc! .
Michael J. Wagner', Bernhard Horsthemke? & Dan E. Wells Michael Lovett!3 & Glen A. Evans"23




Hereditary multiple exostosis is caused by mutations

in HS biosxnthetic enzymes EXT1/EXT2

Hereditary multiple exostosis is an autosomal dominant
skeletal disorder characterized by the presence

of cartilage capped bony outgrowths mainly located at
the juxtaepiphyseal region of the long bones.

It is caused by mutations in EXT1 and EXT2.

The heterooligomeric complex of EXT1 and EXT2 represents
the biologically relevant form of the HS polymer modification

Solomon L, Am J Hum Genet, 16, 351, 1964



Hereditary multiple Is caused by
mutations in HS biosynthetic enzymes EXT1/EXT2

BEESHEETREIE
LIgi(d
BRESRIENBIE

Solomon L, Am J Hum Genet, 16, 351, 1964



Proteoglycan Linkeropathy caused by the mutations
in the biosynthetic enzymes of the linker region

Linker tetra-
saccharide region

Repeating disaccharide region

l—‘—\

{4} .—O—O—O—ﬁ?—&\

GlcNAcT-I HSGICAT-Il GicNACT-Il HSGICAT-Il GlcNACT-I
EXTLA1, (HS-polymerase) EXTL2,

EXTL3 EXT1, EXT2 EXTL3 LRS EDSP2 EDSP1
ISDNA Osteochondroma ISDNA | JDSCD SEMDJL1 EDSSLA DBQD2

&}

GalNAcT-Il CSGICAT-Il coINACT-Il CSGICAT-l GalNACT-I

CSGALNACT1, (CS-polymerase) CSGALNACT1,

CSGALNACT2 CSGALNACTZ
CHSY1,3, A LRs  EDsp>  EDSPi

I\SSB%IJDL CHPF, CHPF2 MSDJL \IDSCD SEMDJL{ EDSSLA 0289?
TPBS DBQD .

Chondroitin




Proteoglycan Linkeropathy

‘Proteogycan Linkeropathy is a collective term for diverse
connective tissue disorders caused by mutations in the
glycosyltransferases responsible for the biosynthesis of
the linker region tetrasaccharide, which is characterized
by bone, skin, connective tissue, and heart defects.

Genetic disorders Affected genes
Desbuquois dysplasia type 2 XYLT1
Spondyloocular syndrome XYLT2
Spondylodysplastic B4GALT7Z,
Ehlers-Danlos syndrome B3GALT6
Larsen-like syndrome GICcAT-I




Human genetic disorders caused by mutations in enzymes
responsible for biosynthesis of CS, DS, and HS

Genetic disorders

Affected genes

Refs.

Spondyloepiphyseal dysplasia, Omani type
Severe osteopenia and fractures

A mild skeletal dysplasia and joint laxity

Musculocontractural Ehlers-Danlos syndrome

A novel type of spondylo-epi-metaphyseal
dysplasia

Pseudodiastrophic dysplasia

Desbuquois dysplasia type 2
Pseudotorsion dysplasia

C6ST-1
GIcAT-I
GalNAcT1

D4ST-1
DSE

EXTL3

CANT1

XYLT1
XYLT2

Am. J. Med. Genet. 2008

BMC Med. Genet. 2016;
J. Med. Genet. 2020

Hum. Mutat. 2017; 2020
Hum. Mutat. 2010; Clin.
Biochem. 2017; BBA 2019

Mol. Genet. Genomic Med.
2020; Hum. Mutat. 2022

J. Hum. Genet. 2017

J. Med. Genet. 2020

In preparation




(D Ehlers-Danlos syndrome caused by mutations
in D4ST-1

@ A novel type of spondylo-epi-metaphyseal
dysplasia caused by mutations in EXTL3



(D Ehlers-Danlos syndrome caused by mutations
in D4ST-1

@ A novel type of spondylo-epi-metaphyseal
dysplasia caused by mutations in EXTL3
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-FZi&. Bfi. MEAREDESHBORSBEICEDGEEGHEKE,

(5,000 AIC1A)

- F/RAERICIT, BEECBETSHUP T, TP\, RECIENGAL,
HILYdWREMNEIFSND,

FER DB PREBEFICE>TEIC6DICH AN TV,

R REBEF

= Eidl COL5A1, COL5A2

BIER R EhiE TR TenescinXB, (K% #37<88)

meEz COL3A1

R AEE (ViaR) Lysyl hydroxylase
(VIbE)* DA4ST-1**

% R hiR T COL1A1, COL1A2

B2 & e 55 B ADAMTS2

*, Kosho et al., 2010 **, Miyake et al., 2010
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Kosho et al., Am. J. Med. Genet. (2010)




Identification of the mutations
in Ehlers-Danlos syndrome

P281L P281L P281L K69X P281L P281L
Y293C (homo) (homo) P281L C289S Y293C

B @@@z@z

D4ST-1 p.C289S

p.K69X 0.P281 L| p.Y293C*
N’ b 5-PSB 3'-PB 32,

1 40 60 155-161 213-221

5’-PSB, 5’-phosposulfate binding motif
3’-PB, 3’-phospo binding motif



Ehlers-Danlos syndrome

- A heritable connective tissue disorder characterized by joint and
skin laxity as well as tissue fragility.
(aged appearance, hypermobile joints, short stature, craniofacial
dysmorphism etc.)

Types Affected genes
Classic type (yHH) COL5A1, COL5A2
Vascular type (M%) COL3A1
Arthrochalasia type (% FRAE5thiEEY) COL1A1, COL1A2
Dermatosparaxis type (Z/SHz55E¢) ADAMTS2
Hypermobility type (B & BiZ@EEY) TenescinXB

Kyphoscoliosis type (% {81 %) Lysyl hydroxylase




Ehlers-Danlos syndrome

-The International EDS Consortium proposes a revised EDS
classification, which recognizes 13 subtypes. (Malfait et al.
American Journal of Medical Genetics, 2017)

New Types

Affected genes

Classical-like type (3EryELZ!)

Cardiac-valvular type (IDiEFE!)

Brittle Corbea Syndrome
(e 58 £ IR i 15 BF)

Spondylodysplastic type
(BHEBRE)

Musculocontractural type (FififigE!)

Myopathic type (S A /\F—H!)

Periodontal type (#§E %)

TenescinXB
COL1A2

ZNF469, PRDM5

B4GALT7, B3GALTS,
SLC39A13

DSE, D4ST-1
COL12A1
Ci1R




Biosynthesis of HS and CS backbones

Linker tetra-
saccharide region

HQ‘IQJnIQO—O—sﬁr-%

Repeating disaccharide region

GlcNAcT-I HSGICAT-Il GicNACT-Il HSGICAT-I GlcNACT-I
EXTLA1, (HS-polymerase) EXTL2,

EXTL3 EXT1, EXT2 EXTL3 | Rs EDSP2  EDSP1
ISDNA Osteochondroma ISDNA JDSCD SEMDJL1 EDSSLA DBRQD2

SSMS SOS
TRPS2
PSS

Chondroitin \
Ser

&5 —Q—O—O—sﬁr\

GalNAcT-Il CSGICATl aoINACT-Il CSGICAT-Il  GaINACT-I

CSGALNACT1, (CS-polymerase) CSGALNACT1,
CSGALNACT2 CSGALNACT2 EDSP1

CHSY1,3, LRS  EDSP2
MSDJL CHPF, CHPF2 MSDJL  JDSCD SEMDJL1 EDSSLA  DEUD2

HMSN

Shuji Mizumoto, Shuhei Yamada
Trends in Glycoscience and .GICNAC GalNAc Q IdoUA QGICUA OGaI ﬁXyl
Glycotechnology, 2020, 32, E45-E51
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-GlcA-GalNAc- - y -ldoA-GalNAc-
O unit iO unit
(basT

-GlcA-GalNAc(4S)- -GlcA-GalNAc(6S)- -ldoA-GalNAc(4S)- -ldoA-GalNAc(6S)-

A unit C unit iA unit iC unit

GalNAc4S GalNAc4S
UsD UsD
-GlcA-GalNAc(4S,6S)- -GIcA(2S)-GalNAc(6S)- -ldoA-GalNAc(4S,6S)- -ldoA(2S)-GalNAc(6S)-
E unit D unit iE unit iD unit
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Patient 3, P281L (homo)
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Control 2 Patient 3 (P281L)
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Fluorescence intensity

Retention time (min)
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Concentration of NaH,PO, (M) (---)
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Western blotting of decorin proteoglycan (PG)
secreted by fibroblasts from a patient

Control Patient ContrOI

CSaseB — + - + D.S
85.‘.‘ awf.

- DS-specific lyase
80— . > __1Decorin-PG P y
' Chondroitinase B

(CSase B)

i »
" 8,
Detected by anti-decorin antibody




The collagen fibers In the patient

Electron microscopy




The collagen fibers In the patient

Electron The structural alterations of collagen fibers
microscopy by mechanical compression in normal and affected states

Healthy cont. | Collagen bundle

RN e Collagen fibril

A

Tropocollagen

Decorin

Miyake, Kosho, Mizumoto, Yamada et al., Human Mutation, 2010



Conformation of GIcA and IdoA

”"Heparin” (Lane and Lindahl eds.) , 1989.




The collagen fibers In the patient

Electron The structural alterations of collagen fibers
microscopy by mechanical compression in normal and affected states

Healthy cont. | Collagen bundle
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Tropocollagen
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Miyake, Kosho, Mizumoto, Yamada et al., Human Mutation, 2010



Structural alteration of glycosaminoglycan side chains
in the skins of patients

Hirose, Mizumoto, Yamada et al., BBA General Subjects, 2019




Structure of collagen fibrils and GAG chains
in the skin of healthy individuals and patients

tokco

Healthy subjects Patients
2 .

(

Co

DS chains adhere to CS chains spread across
collagen fibrils. interfibrillar spaces.
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The collagen fibers In the patient

Electron The structural alterations of collagen fibers
microscopy by mechanical compression in normal and affected states

Healthy cont. | Collagen bundle

RN e Collagen fibril

A

Tropocollagen

Decorin

Miyake, Kosho, Mizumoto, Yamada et al., Human Mutation, 2010



Urine samples from EDS patients
with mutation in D4ST1

Patient D4ST1 References

P281L/Y293C P1 in Kosho et al. AJMG 2010
P281L/P281L P2 in "
P281L/P281L P3 in "
P281L/C289S PS5 in "

P2811./Y293C P6 in "
F209S/P281L Kono et al. Acta Derm Venereol 2016

F209S/P281L P2 in Shumizu et al. AJMG 2011

F209S/P281L Brother of patient 7

Urines from healthy subjects (15 samples)

M:6m, 10, 11, 30, 31y
F:3,10, 12, 18, 21, 29, 39, 43y

Mizumoto et al., Clinical Biochemistry, 50, 670, 2017.




Analysis of DS in urine
from a patient and a healthy subject

Control 3 Patient 2 (P281L/P281L)

23

Wb

AHexA-GalNAc(4S)

Fluorescence intensity

Retention time (min)

Mizumoto et al., Clinical Biochemistry, 50, 670, 2017.

Concentration of NaH,PO, (M) (---)



Total disaccharides of urinary CS and DS from
the EDS patients with mutation in D4ST1

Chondroitin sulfate

[l Healthy cont.
| | patient

mg creatinine
o

ko)
o
}
o
N -
(5]
O
O
o
©
0
©
[
S
c

Dermatan sulfate

Il Healthy cont.
. patient

D7

N13, N14

This result proposes the usefulness of a urinary
disaccharide compositional analysis of CS/DS chains as a

non-invasive screening method for this disorder.

Mizumoto et al., Clinical Biochemistry, 50, 670, 2017.




(D Ehlers-Danlos syndrome caused by mutations
in D4ST-1

@ A novel type of spondylo-epi-metaphyseal
dysplasia caused by mutations in EXTL3



Biosynthesis of HS backbone

Repeating disaccharide Linker tetra-
region of HS saccharide region

l_‘_\

Heparan

GIcNAcT-Il | HSGICAT-Il GlcNACT-Il HSGICAT-Il | GIcNACT-I
EXTL1, (HS-polymerase) EXTL2,

EXTL3 EXT1, EXT2 EXTL3 | |Rs EDSP2  EDSP1
ISDNA Osteochondroma ISDNA |JDSCD SEMDJL1 EDSSLA DBQD2

SSMS SOS
TRPS2

- L Bvius mavenOsaOry oy
_ aavemi ¢

Human tumor suppressor EXT gene family members EXTL1 and EXTL3
encode a1,4-N-acetylglucosaminyltransferases that likely are involved
in heparan sulfate/heparin biosynthesis

Byung-Taek Kim, Hiroshi Kitagawa, Jun-ichi Tamura, Toshiyuki Saito, Marion Kusche-Gullberg,
Ulf Lindahl, and Kazuyuki Sugahara

71767181 PNAS June 19, 2001 vol. 98 no. 13




Systemic ExtI3-knockout mice
are embryonic lethal

ExtI3**  ExtI3*" Extl3" Total

E6.5 3(19%) 8(50%) 5 (31 %) 16
E75 4(33%) 4(33%) 4(33%) 12
E8.5 6(22%) 16(59 %) 5 (19 %) 27
E9.5 12(26%) 33(69%) 1 (2 %) 46
E10.5 10 (31 %) 22 (69 %) 0
coweeks 91 (31 %) 47 (69 %) 0

(male)

5-9 weeks 14 (31 %) 31 (69 %) 0

(female)

Takahashi, Yamada, Mizumoto et al. Biochem. Biophys. Res. Commun., 2009



Biosynthesis of HS backbone

Repeating disaccharide Linker tetra-
region of HS saccharide region

GlcNAcT-I HSGICAT-l GicNACT-Il HSGICAT-II | GIcNACT-I
EXTLA1, (HS-polymerase) ==L,

EXTL3 EXT1, EXT2 EXTL3 | |Rs EDSP2 EDSP1
ISDNA Osteochondroma ISDNA ) JDSCD SEMDJL1 EDSSLA DBQD2

EXTL3 seems to be responsible for initiating the chain
elongation of HS polysaccharides.



Congenital diseases caused by mutations
in the human EXTL3 gene

Guo et al., ) Hum Genet, 2017
Oud et al., Am J Hum Genet, 2017
Volpi et al., ) Exp Med, 2017

Affected individuals presented with
1) various skeletal abnormalities,

2) neurodevelopmental defects, and
3) T-cell immunodeficiencies.



Spondyloepimetaphyseal dysplasia (SEMD) with immunodeficiency/
Neuro-immuno-skeletal dysplasia syndrome caused by mutation in EXTL3

- Clinical pictures (A, B): frontal bossing, prominent
eye, depressed nasal bridge, micrognathia and
severe brachydactyly

-Radiographs (G-G): broad thorax, severe
platyspondyly with kyphosis, broad ilia, broad ischia
and pubes, broad metaphyses of the long tubular
bones

Guo, Mizumoto, Yamada et al. Journal of Human Genetics, 62, 797, 2017.



EXTL3 mutation

Ref I\—ILGLI;I_I
GTATCALCCGICTGGTC

V S L L Vv
_—

GTATCALCTGICTGGTC

bl

Patients Tcos3c>T

human LYNVSTG AQSTFP4RYOYRIZGF PPQVPVKRKYLFFQGE
mouse LYNVSTG AQSTFINAOYRIAGF PPQVPVKRKYLFiFOGE
rat LYNVSTG AQSTEM:NAOYRIGF PPQVPVKRKYLFU{FQGE
bovine LYNVSTG AQSTFNOYRIZGF PPQVPVKRKYLFIFQGE
Xenopus LYNVSTG AQSTFYMEOYRIZGF PPQVPVKRKYLFEFOGE

zebrafish LYNVSTG AQSTFIFNIOYRIZGF PPQVPVKRKYLF{FQGE



Expression of recombinant EXTL3 (Wild-type,
P318L) and measurement of the enzyme activity

Recombinant EXTL3

HEK293T

O Expression vector

Purified EXTL3 10 uL
UDP-[3H]GIcNAc 8.3 uM
Heparan sulfate 10 ug
MES-NaOH (pH 6.5) 50 mM
ATP 0.17 mM
MnCl, 10 mM
Total 30 pL

37 'C for 2h

]

Gel filtration

: ]

[*H]GIcNAc-HS polymer

Liquid Scintillation Counting



GlcNAc-transferase activity of
recombinant EXTL3 (Wild-type, P318L)

Western blotting gcnAc-T activity of recombinant proteins
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GicN

]

GlcNAc  GlcN-6-P

N°l \e o9

GlcNAc-6-P Fru-6-P +—9 Glc-6-P Gal

@ v @ 1 @ v
5042_ + 2ATP GlcNAc-1-P Glc-1-P Gal-1-P
PAPS UDP-GalNAc *— UDP-GilcNAc UDP-GlcUA 4+— UDP-Glc «—» UDP-Gal

UDP-Gal
transporter

DP-GlcNAc
transporter

UDP-GlcUA

DP-GIcNAc
e transporter

transporter

PAPS UDP-GalNAc UDP-GicNAc UDP-GicUA @F UDP-Xyl UDP-Gal
el o o| o e o

PAP UDP UDP UDP ubDP UDP
o| e e] e e e

5'-AMP UMP UMP UMP UMP UMP




CONCLUSIONS

JVAYZ /TN NIRLATEEREBLEBEEDNH S,
(FE, HRERE, BRFAELL)

JVAYZ /TN DORBRBICEDEGHEE (A
OZHE) T E<05m5NTIVS,
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