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Summary

Perineuronal nets (PNNs) are the key regulators of neuronal plasticity and
regeneration in the mature central nervous system (CNS). They are a unique and highly
organised extracellular matrix (ECM) structure, found around sub-population of neurons,
composed mainly of chondroitin sulphate proteoglycan (CSPG). Chondroitin sulphate (CS) is
a linear polysaccharide belonging to glycosaminoglycans (GAGs) family. The sulphation
pattern defines different types of CS, which interact with different signalling proteins
including those regulating axonal outgrowth and guidance such as semaphorin 3A (Sema3A).
Sema3A is a secreted chemorepulsive protein found accumulated in the PNN through its
interaction with CS. This process is believed to potentiate Sema3A signalling through plexin
Al (PIxnAl) and neuropilin 1 (Nrpl) and regulate plasticity and regeneration. The aim of the

thesis project is to characterise the interface of Sema3A-CS interaction.

For this purpose, Sema3A is expressed in eukaryote cells and purified. Interestingly,
two major forms were obtained: a full length Sema3A (90 kDa) which remains attached to the
cell surface GAGs and a truncated form without the C-ter part (65 kDa) which is released to
the culture medium. With the use of surface plasmon resonance (SPR), we observed that full
length Sema3A binds selectively to CS-E (4,6-disulphated chondroitin) and heparan sulphate
with a high affinity (Kp in the sub pM range), while the truncated Sema3A does not bind to
any GAG. Four putative GAG-binding sequences were identified in the C-ter of Sema3A and
mutated using site directed mutagenesis. SPR analysis then revealed that two out of these four
sites are required for the binding to CS-E. The importance of these GAG-binding sequences
in inhibition of neurites outgrowth of dorsal root ganglion neurons in culture was also
reported, indicating thus the importance of GAG-binding in Sema3A signalling. In parallel,
the minimal required sequence of Sema3A-binding of CS-E was determined as being a
tetrasaccharide. The Sema3A-CS interface was thus characterized. Furthermore, quartz crystal
microbalance with dissipation monitoring analysis suggested that Sema3A could crosslink
GAG chains. This suggests Sema3A could be involved in stabilising the PNN network and

induces mechanical changes on neuronal surface.

The detail characterization of Sema3A-CS interaction may enable the design of new
strategies aiming at enhancing plasticity and regeneration for neurodegenerative diseases or

spinal cord injury.






Acknowledgements

Je remercie les membres du Jury : Joost VERHAAGEN, Dulce PAPY-GARCIA, Jean-Maurice
MALLET et Anne IMBERTY d’avoir accepté d’évaluer mes travaux de these.

Je ne pourrais jamais remercier assez mon directeur de thése Hugues. Quand je suis venue
pour [’entretien et je t’ai vu pour la premiere fois, je me suis dit « il a I’air trés bien ce directeur de
thesey et apres trois ans je le pense toujours. Merci de m’avoir fait confiance deés le début et de
m’avoir donné l’opportunité de faire une thése dans des conditions « optimales ». Merci pour tout ce
que j’ai appris durant ces trois années de thése. Merci pour tes encouragements et tes conseils pour
les manips, rédaction, présentations... Merci de t’étre toujours rendu disponible et cela malgré ton
emploi du temps chargé. J'ai vraiment apprécié le travail avec toi sur le plan scientifique et humain.
Je suis trés contente que mon post-doc sera toujours en collaboration avec toi. Infiniment Merci
Hugues !

Un tres grand merci @ mon autre directeur de these Jessica. Je t’ai aimé dés notre premier
skype pour ’entretien. Je me suis aussi dit « gu’est-ce qu’elle est gentille ! » Et cela ne s est fait que
confirmer au cours de ces trois années. Et je n’oublierai pas ce que tu m’as dit au début de ma thése
« fais toutes les erreurs que t’as a faire pendant la these, car c’est pendant la thése qu’on apprend » et
cela m’a mis a ['aise. J apprécie ton dynamisme et ton esprit scientifique. Merci pour tout ce que tu
m’as appris. Merci pour ta confiance, ton soutien, tes encouragements et ta gentillesse. Merci pour
["opportunité que tu m’as offerte de poursuivre sur la méme thématique que ma theése et surtout sur ma
protéine préférée «Sema3A ». Je suis trés contente de poursuivre en post-doc avec toi.

Je remercie les membres de ma deuxiéme famille « SAGAG ». Rabia, merci beaucoup pour
ton amour, ta gentillesse et tes délicieux gateaux. Je me rappellerai toujours du premier jour quand je
t’ai vu a entretien, t’étais adorable comme toujours et je me suis dit j 'aimerais bien étre prise dans
cette équipe. Et merci de m’avoir appris a faire les WB et dot blot. Romain, ¢’es le chercheur le plus
cool que je connaisse et cela je ’ai su, avant méme de te rencontrer, dans le premier mail que tu m’as
envoyé. J'apprécie énormément ton enthousiasme, ton raisonnement scientifique et ton sens de
[’humour et merci. Merci de m’avoir appris « heparin-beads approach » et [’analyse disaccharidique.
Evelyne, je suis chanceuse que t’as intégré le SAGAG avant que je parte, je suis trés contente de
t’avoir connue. Merci pour ta gentillesse, ta bonté et ton aide. Rabia et Evelyne, je ne dirai pas vous
étes les mamans du SAGAG mais plutot les grandes sceurs. Yoan, quand je t’es vu la premiere fois je
me suis dit « pas tres souriant, ce post-doc» mais en fait c’est juste une premiere impression, t’es
sympa et tres serviable. Merci d’avoir toujours pris le temps de discuter les difficultés que j’ai
rencontrées surtout pendant la purification de la Sema. Merci de m’avoir montré tous les logiciels et
tous les sites requis pour mon projet. Rana, ma petite Rana, j’ai su qu’on allait devenir amies avant
méme de te rencontrer. Tout aurait été moins drole si tu n’étais pas la. Je suis trés contente de t’avoir
rencontrée. Merci pour tous les moments agréables passés au labo surtout aprés 19h, au bureau, au
coin café en dehors du travail. Merci pour ta complicité dans tout et surtout ton amitié.

Merci & tous les membres du SAGAG d’avoir contribué a ma formation scientifique. On dit
« il faut tout un village pour élever un enfant » et moi je dis «il faut tout un groupe de recherche pour



former un étudiant ». Vous allez beaucoup me manquer mais je reviendrai vous voir. Je m’arréte la
pour le SAGAG sinon je vais écrire une deuxiéme theése de remerciements ...

Je remercie les HBB de la « pause 17:00 » : Rana (tu vois c’est comme les groupes de FB et
WhatsApp, t’es partout), Rida, je suis trés contente d’avoir fait ta connaissance. T’es la libanaise la
plus dréle que je connaisse aprés Rana biensir. T'es une fille formidable. Merci pour tous les
moments géniaux qu’on a passé ensemble a I’IBS ou en dehors de I’IBS et merci pour le GreenMango
du mois de juillet. Kevin, infatigable Kevin, j étais ravie de rédiger ma thése au méme temps que toi.
Merci pour les amandes et ton sens de [’humour. Guillaume, merci pour ta gentillesse, et les
friandises du distributeur et ton sens de détection de fautes d’orthographe.

Rime ma compatriote, merci pour ton soutien, ta gentillesse et ta bonté. llham, mon autre
compatriote, contente de t’avoir rencontrée. Merci Elodie pour ta gentillesse. Merci aux voisins du
SAGAG, IRPAS, pour les pauses café du matin, leur gentillesse et de partager le matériel de leur
labo. Merci a tous les amis que j’ai rencontrés a I’IBS : Muge, Tomas, Laura, Catarina, Amal,
Stefaniia, Aldo, Simon, Silvia, Quentin, Marko, Justine...

Je tiens a remercier également tous les gens qui m’ont aidé a la réalisation des manips. Merci
a Ralf RICHTER de m’avoir accueillie dans son laboratoire a Leeds. Merci a Luke SOUTER de
m’avoir montré le fonctionnement du QCM-D. Merci a Chrystel LOPIN-BON pour les
oligosaccharides de CS. Merci a Joél BEAUDOUIN pour la mutagenése dirigée. Merci a Jean-
Pierre ANDRIEU pour le « N-ter sequencing » et les mousses au chocolat. Merci au personnel des
plateformes SPR et M4D. Merci Joélle BOENIGEN pour ta gentillesse et ton efficacité pour le
traitement des dossiers administratifs. Merci a Mounia, de m’avoir aidée a construire la table des
abréviations. Merci aux deux membres de mes deux CSI : Nicole THIELENS et Alain BUISSON
pour leurs conseils. Enfin, merci a tous les gens de I’IBS ou en dehors de I’IBS qui ont contribué d’une
maniere ou d 'une autre pour [’aboutissement de ce projet de thése.

Merci a Marie-Jeanne et Pierre pour leur présence, gentillesse et soutien pendant ces trois
années.

Enfin merci a ma famille : mes parents, mes deux fréres, mes tantes et mes cousins qui ont
toujours été la pour moi.



Table of contents

SUIMIMAIY L. et h bt b s oot AE e R R e b e E e e bt e R e e R e AR e e b e e b e e s e b ne e e Rt e bt e b e e e et e e nn e nenbeene s 3
(IS ) o] o] (Y T A [0 01RO 9
LISE OF FIGUIES ...ttt b e bbb bbbt h s e bt e b st eb e s b et eb e e b e e eb e nb e b ebenr e enenrene e 11
TS ) o] TSRS 12
[T ) 1o 1= 1o =TS 12
T oo [UTex AT o BSOSO TSR 13
1. Extracellular matrix in the central NErVOUS SYSTEIM ........ccviiiiciiirieiiie e 14
1.1 NEUral ECM COMPONENTS .....cuveuieitiitesiesteeeeteseestes e steste e eseesaessestestestesseeseeseeseseseestessesseeseenseseessenses 15
1.2 Foetal and adult neural ECIM COMPONENTS ......ccueieiiiiiieiiierieesieniee et 23
1.3 ROIE OF NBUFAI ECM ...ttt ettt ettt bbbt e n e et e e e e 25
1.4 Types OF ECM INThe CNS ..ottt ettt e ne e e e naesrenne 29
2. Perineuronal NS (PININS)......ciuiiiie e et sttt ettt st e et e s tesbesteeseese e s e aestesbesreaneeseenseneenrens 30
2.1 Composition and organisation 0f PNINS ..ot s 32
2.2 CharaCterization OF PNINS......ccciiiiie ettt st stesre e e e nnentenne s 33
2.3 Spatial and temporal formation 0f PNINS ..o 35
24 Cell SOUICE OF PININS ...ttt ettt sb bbbttt bbb e bt e e e e e b e 37
25 (] [0 o AN OSSR 38
2.6 PNINS N PALNOIOGY ..neeveiteieeieteee bbb bbbt b et st nr e 41
2.7 MOAUIALION OF PINNS ...t bbbttt b bbb eb e e e e nne e 46
3. Glycosaminoglycans and central nervous system chondroitin sulphate ............cccceevveiieii e 49
3.1 Generalities on glycoSAMINOGIYCANS ........civiiieie et sre et enraenreens 49
3.2 Modification of glycosaminoglycan backbone ... 50
3.3 GlyCcoSaMINOGIYCAN TYPES ...oviiiiiitiieiiete ettt ettt 51
34 Chondroitin sulphate DIOSYNTNESIS........ccviiie i 54
3.5 Chondroitin sulphate CatabOlISM ..........ccoiiii i 61
3.6 Chondroitin sUlphate in the CNS..........oii s 62
4, Semaphoring and tNEIT FECEPLIONS .......iviiiiieeeite ettt bbbttt sr e b bbb 69
4.1 SEMAPNOTIN CIASSES ....vvivreitreie ettt ettt e et e e be e be e st e s teesteesteesteeeeenseansesnsesreesreens 69
4.2 SEMA AOMAIN ...ttt e bbbt sb e bt bbb e b e et e besbesbesbeebeere et e benbe s 72
4.3 Semaphoring SIGNAIZALION. ........cviiiiiiirec bbb 73
4.4 SEMAPNOTING TOIES ...ttt bbbt b ettt 77
4.5 T RaTo o] g0 T T USSR 81
5. ATM OF ThE PIOJECT ...ttt e et e s e e s e e steesteebeeneesnsesneenreens 90
Materials and METNOMAS ..o bbb bbbt bt e e e b b 92
1. Recombinant semaphorin 3A (SEMA3A) ....c.ciieiiiie et 92
11 Sema3A-WT subcloning and EXPreSSION ..........cociriiiiieieirieeesie s 92
1.2 Cell ClUSEriSAtION ANAIYSIS ....c.vieiieieiie ettt e et este e sbeeneeenaeeneeeneesraenreens 92
1.3 Sema3A labelling in overexpressing HEK Cell ..o 93
14 SeMa3A WT PUFIFICALION ..c.eoviiiiieiiieic ettt 93
15 Furin inhibitor-treatment of Sema3A transfected HEK CellS .........coovvviieiininieicnse e, 94
2. Recombinant NeuropilinL (NFPL) .c.eoeioie ettt bbbt se e e nae 95
2.1 INFPL EXPIESSION ...ttt ettt sttt sttt ettt b e eb e b e e he e e b e be e bt eb e e bt ehe e st et e besbeebenbeebeebe e e e aenaeeas 95
2.2 INFPL PUFTFICALION ...ttt bbbttt be bbb bt b e et e b sae e 95
2.3 Chondroitinase ABC digestion OF NFPL .......cooiiiiiiiiiiireese e 95
3. Identification of GAG-binding sites in Sema3A (strategy of “the beads approach™) ........c.ccccooevvvrnnnnn. 96



4, e Y AN 1 V1= L SRR 97

4.1 Sema3A site direCted MUEAGENESIS .......c.eiveiieirtiiet ittt 97

4.2 Sema3A mutants expression and PUrfiCAtION ..........cccocviieiieiieicre e 98

5. Rat brain chondroitin SUIPhALES (CSS).....ciuiiiiiiiiiciciee sttt ne e e s e eesrea 99
5.1 Rat Drain GAGS EXEFACTION ......ouviieiitiie ettt st st be b s e e e saeneas 99

5.2 Rat brain CSS PUITICALION ........c.iitiiiiiiiiei e 101

5.3 Rat brain CSs disacCharides analySiS .......c.cceveiviierieiiinieeieie s e e seens 101

6. Sema3A-GAGS INEraCtion ANAIYSIS .......cccviiviierieiiie et beere e e e e e e e sre e 102
6.1 Commercial GAGS DIOINYIALION. .........ccccviiiieieicc e e 102

6.2 Rat brain CSS DIOtINYIALION ..o 102

6.3 Preparation of synthetic, size-defined CS-D and CS-E oligosaccharides...........cccccoovrvriveienennne. 103

6.4 Surface Plasmon Resonance (SPR)-based binding assay .........cccccevvivrvviveiieienenie s 104

6.5 Quartz Crystal Microbalance with dissipation monitoring (QCM-D) measurement...................... 105

7. FUFIN CIEAVAGE GSSAYS ... vveivireeteitiittiiite sttt etttk bbbt b bbbttt b ettt 106
8. Effect of Sema3A WT and mutants on dorsal root ganglion NEUIONS..........cceveirereinenenieeseee e 107
e eV To e [T oL U TSt To ] o OSSPSR 109
1. LT a g T o] T 117 A USROS 109
1.1 SEMASA WT BXPIESSION ..ecuvieutietiesieesieesteesteetesseesssesteeste e teasaessaesteesseesteaseanseaseeassesseesseesseeseeaneesnes 109

1.2 Sema3A cleavage DY FUMIN ..o e 112

13 SEMA3A PUFITICALION ...eviiiiiitiicict bbb et ebe e 113

14 Identification of GAG-binding SiteS iN SEMABA .....c.oiiiiiiir s 115

15 Sema3A mutants expression and PUrifiCatioN ...........cociveiviiiiie i 117

16 Interaction analyses of Sema3A WT and mutants to GAGs using SPR (GAG-binding)............... 122

1.7 Sema3A WT — CS oligosaccharides interaction analysis using SPR (CS oligosaccharides-binding).
........................................................................................................................................................ 132

1.8 Role of GAGs in furin-cleavage 0f SEMA3A.........cccv i e 134

19 Sema3A WT and mutants-GAG interaction analysis using QCM-D (rigidification of GAG film) ....
........................................................................................................................................................ 135

1.10  Effect of Sema3A WT and mutants on neurite outgrowth of dorsal root ganglion neurons in culture
........................................................................................................................................................ 140

2. Rat brain chondroitin SUIPREES (CSS)......viuirtiiiiriiiiirieie e 142
2.1 Rt Drain GAGS EXEFACTION ......c.viiiiitiieitietie ettt sttt sne 142

2.2 Disaccharides analysis 0f Brain CSS.........ciiiiiiiii e 145

2.3 Biotinylation of rat brain CS and their immobilisation on SPR sensor chip .........c.ccoceevvenicniennn. 146

24 Sema3A-brain CS interaction analysis USING SPR ..ot 147

3. [N T=TUT o] o 11 1T SRS 149
3.1 Nrpl expression and PUFTICAION ..........ciieiiieie e nre e 149
General diSCUSSION aNd PEISPECLIVES .....ccviiiiieiiiie e see sttt rte ettt e e te e e s e e s e e steesteesteanseanseeseesseesraens 151
Sema3A expression and purification ProtOCOL...........coeiiiriiiiiiiie s 151
Identification of GAG-Sema3A interaction INtErfaCe........ccccvviveieierere s 154
Potential roles of GAG in Sema3A signalling and proCessing ..........coceoererereiineeieie e 156
Interests of Sema3A-GAG interaction CharaCterization ............cooereriiiniiesieee e 157

(@0 o T 113 o] o S 159
F N o]0 LT o Lot OO TSRS 162
A T [o] I 1 = L o= U T OSSP RPN 181
RETEIENCES ...t et bbbttt b e et e b e Erreur ! Signet non défini.

8



List of abbreviations

a.a: amino acid
A: Alanine
AD: Alzheimer’s Disease

ALS: Amyotrophic Lateral Sclerosis

AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

AMPAr: AMPA receptor

AR: Amyloid Beta peptide

ATP: Adenosine Triphosphate

AUC: Analytical Ultracentrifugation Analysis
BBB: Blood—Brain Barrier

BDNF: Brain-Derived Neurotrophic Factor
Bral : Brain-specific link protein

BSA: Bovine Serum Albumin

C: Cysteine

C6ST1: Chondroitin-6-sulphate Sulfotransferase
CAM: Cell Adhesion Molecule

CD: Cluster of Differentiation

Cdk5 : Cyclin-dependent kinase 5

ChABC: Chondroitinase ABC

ChPF: Chondroitin Polymerising Factor

CIH: Colloidal Iron Hydroxide

CMV: Cytomegalovirus

CNS: Central Nervous System

CPC: Cetylpyridinium Chloride

CRAM: CRMP-Associated Molecule

CRMP: Collapsin-Response Mediator Protein
CRP: Complement Regulatory Protein

Crtl: Cartilage link protein

CS: Chondroitin Sulphate

CSPG: Chondroitin Sulphate Proteoglycan
C-ter: C-terminal

DAPI: 4',6-Diamidino-2-Phenylindole, Dihydrochloride
DCN: Deep Cerebellar Nuclei

DEAE: Diethylaminoethyl

DMEM: Dulbecco's Modified Eagle's Medium
DOPC: Dioleoylphosphatidylcholine

DOPE: Dioleoylphosphatidylethanolamine
DRG: Dorsal Root Ganglion

DS-epi: Dermatan Sulphate epimerase

E: Embryonic day

EBNA: Epstein Barr Nuclear Antigen

ECM: Extracellular Matrix

EDC: I-Ethyl-3-(3-Dimethylaminopropyl) Carbodiimide
EDTA: Ethylenediaminetetraacetic Acid

EGF : Epidermal Growth Factor

ELISA: Enzyme-Linked Immunosorbent Assay

Em: Emission

ER: Endoplasmic Reticulum

Ex: Excitation

EXT: Exostosin

FACE: Fluorophore-Assisted Carbohydrate Electrophoresis
FBS: Foetal Bovine Serum

FC: Flow Cell

FGF: Fibroblast Growth Factor

FPLC: Fast Protein Liquid Chromatography

FRAP: Fluorescence Recovery After Photobleaching
GABA: Gamma-Aminobutyric Acid

GAG: Glycosaminoglycan

Gal: Galactose

GalN: Galactosamine

GalNac: N-acetylgalactosamine

GalNacT: N-acteylgalactosaminetransferase
GalT-I: B1,4-Galactosyltransferase |

GAP: GTPase-Activating Proteins

GFP: Green Fluorescent Protein

GlcA: Glucoronic Acid

GlcNac: N-acetylglucosamine

GIcNH,: D-Glucosamine

GnRH: Gonadotropin-Releasing Hormone
GPI: Glycosylphosphatidylinositol

GSK-3: Glycogen Synthase Kinase-3

H: Histidine

HA: Hyaluronic Acid

HAPLN: Hyaluronan and Proteoglycan Binding Link Protein
HAS: Hyaluronan Synthase

HBS: HEPES-Buffered Saline

HBSS: Hank's Balanced Salt Solution

HEK: Human Embryonic Kidney

HGFR: Hepatocyte Growth Factor Receptor
His: Histidine

hMSCs: human Mesenchymal Stem Cells
Hp: Heparin

HPLC: High Performance Liquid Chromatography
HRP: Horseradish Peroxidase

HSPG: Heparan Sulphate Proteoglycan
HYAL: Hyaluronidase

Hz: Hertz



IdoA: Iduronic Acid

Ig: Immunoglobulin

IHC: Immunohistochemistry

ITS: Insulin-Transferrin-Selenium

KO: Knockout

KS: Keratan Sulphate

KSPG: Keratan Sulphate Proteoglycan

LEDCN: Large Excitatory Deep Cerebellar Nuclei Neurons
LRP1: Low-density lipoprotein Receptor-related Proteinl

MAM: Meprin A5
MCSP: Melanoma-associated Chondroitin Sulphate Proteoglycan

MD: Monocular Deprivation
MRI: Magnetic Resonance Imaging

MS: Multiple Sclerosis

Mut: Mutant

MW: Molecular Weight

MWCO: Molecular Weight Cut-Off
NG2: Neural/Glial antigen 2

NGF: Nerve Growth Factor

NHS: N-Hydroxysuccinimide
Ni-NTA: Nickel-Nitrilotriacetic Acid
NMDA: N-Methyl-D-Aspartate
NMR: Nuclear Magnetic Resonance
Nptx2: Neuronal pentraxin2

Nrp: Neuropilin

NSC: Neural Stem Cell

NT3: Neutrophin3

N-ter: N-terminal

OD: Ocular dominance

ON: Over Night

Otx2: Orthodenticle homeobox 2

P: Postnatal day

PAGE: Polyacrylamide Gel Electrophoresis
PAPS: 3’- Phosphoadenosine 5’-Phosphosulphate
PBS: Phosphate-Buffered Saline
PCR: Polymerase Chain Reaction
PEI: Polyethylenimine

PFA: Paraformaldehyde

PG : Proteoglycan

pH: Potential of hydrogen

PLC: Phospholipase C

PIxn: Plexin

PNEM: Perineuronal Net of Extracellular Matrix
PNG: Perineuronal Net of Glia

PNN: Perineuronal Net

PNS: Peripheral Nervous System

PPC: Proprotein Convertase

PSF: Penicillin-Streptomycin-Fungizone
PSI: Plexins-Semaphorins-Integrins
PTK: Protein-Tyrosine Kinase

PTPo: Protein Tyrosine Phosphatase

PV: Parvalbumin

QCM-D: Quartz Crystal Microbalance with Dissipation
monitoring

RBD: Rho GTPase-Binding Domain
RGC: Retinal Ganglion Cell
ROS: Reactive Oxygen Species

RPIP-HPLC: Reverse-Phase lon-Pair High-Performance Liquid
Chromatography

rpm: Revolutions Per Minute

RPTPB: Receptor-type Protein-Tyrosine Phosphate f3
RT: Room Temperature

S: Serine

SCI: Spinal Cord Injury

SDS: Sodium Dodecyl Sulphate

SEC: Size Exclusion Chromatography

SEM: Standard Error of the Mean

Sema3A: Semaphorin 3A

SICHI: Semaphorin-Induced Chemorepulsion Inhibitor
SP: Sulpho Propyl

SPAML1: Sperm Adhesion Moleculel

SPR : Surface Plasmon Resonance
SP-sepharose: Sulphopropyl-sepharose

ST: Sulfotransferases

TBS: Tris-Buffered Saline

TCA: Trichloroacetic Acid

TetO: Tet-off and Tet-On

TN-C: Tenascin-C

TN-R: Tenascin-R

Tris: 2-amino-2-hydroxyméthyl-1,3-propanediol
UDP: Uridine Diphosphate

UST: Uronyl 2-O Sulfotransferase

VEGF: Vascular Endothelial Growth Factor
VVA: Vicia Villosa Agglutinin

WB: Western Blot

WEFA: Wisteria Floribunda Agglutinin

XylIT-1: Xylosyltansferase-I

AD: Dissipation shift

Af: Frequency shift

10



List of figures

Figure 1: Diagram of hyaluronic acid synthesis by the hyaluronic acid synthase............c.ccccviveieveninie s seinennns 16
Figure 2: Domain StrUCtUIES OF IECTICANS. ......uviviiicieice sttt st e e e besrentesreeneas 17
Figure 3: Structure of receptor-type protein-tyrosine phosphate g (RPTPS) and phosphacan. ...........c.ccocevvvneene. 18
Figure 4: Structure of decorin and DIGIYCAN ........c.coviiiii it reeneas 18
FIQUre 5: STTUCLUIE OF NG2. ...ttt bbbt bbbt bbbt bbbt n et nb s 19
Figure 6: Structure of syndecan and gIYPICAN. ........c.ooviiiiiiiieeree bbb 19
Figure 7: Structures of tenascin-C and tenascin-R MONOMETS. ...........ccuiiiiiriieiieeiseeee e 21
Figure 8: Structure of hyaluronan and proteoglycan binding link proteinl (HAPLNL). ..o 23
Figure 9: ECM Changes at CINS SYNAPSES. ....eveuriuireiiieierteteti sttt sttt sttt ettt nb et nb b nne s 25
Figure 10: ECM and MYEHNALION. ......cc.oiiiiitiiecieieiieie st ste e sttt te e e e e e e beste st e s neesaesee s e tesaestesreaneas 27
Figure 11: extracellular matrix within the central nervous system (CNS). .....ccoevieieriiieviesnsieeeeree e 29
Figure 12: Perineuronal nets as drawn by various authors at the turn of the century.........cccccooveeeieiici i, 31
Figure 13: Structure 0F the PNIN. ....ceiii sttt et te st e teenaese et e besnestenreaneas 32
Figure 14: Distribution patterns of PNNs stained by the three methods applied in cortical and subcortial brain
=0T ToL gl T Lo a0 T-Too] o)/ 34
Figure 15: Electron microscopic demonstration of PNN in the hippocampal CA1 region of a slice culture fixed
after vital labelling with biotinylated WA, ... 34
Figure 16: PNNs around a parvalbumin-expressing inhibitory neuron in rat lateral secondary visual cortex. ..... 35
FIQUIE 17 CrItICAI PEITOU. ...ttt bbb bbbt b bttt ettt e 36
Figure 18: The appearance of PNNs in wild-type and Crtl1 knockout animals. .............ccccoeoiiiiiieiniiiinns 37
Figure 19: Three possible ways in which PNNs may act to restrict plastiCity. .........ccccoveriininiinininecen 39
Figure 20: Otx2-PNN feedback loop for critical period plastiCity. ........ccccvvveviiiiiiiie e 41
Figure 21: Distribution of aggrecan-based PNNs compared to AD-typical neurofibrillary degeneration in the
PUMEIN COPTEX. ...ttt ettt e bbb e b e a e s e e b e b e b e eh £ e b e e R b et eb e b e bt eb e e b e e mt et e sneebenbesbeens 43
Figure 22: Schematic representation of the spinal COrd INJUIY. ........ccooiviiiiie e 45
Figure 23: Chondroitinase ABC treatment 0f the PNINL..........coiiiii i 48
Figure 24: Structure of disaccharide unit of GAG MEMDEIS. .......c.ccovi i 50
Figure 25: The sulphation cycle in mammalian CellS. ...........cooiiiriiiiii s 51
Figure 26: Heparan SUIPNAtE SETUCTUNE. ........ciriiiiiiieicicsteiet ettt 52
Figure 27: Structure of chondroitin sulphate disaccharide UNits. ..o, 54
Figure 28: Subcellular localization of proteochondroitin/dermatan Sulphate. ..........c.ccccoeiiininiininineee, 55
Figure 29: Conventional scheme for CS biosynthetic machineries. ... 57
Figure 30: A schematic diagram of pathways for biosynthetic modification of CS/DS chains. ............ccccceevueee. 59
Figure 31: Action of hyaluronidase and ChONArOItINASE. .........cc.vciueiieiiee i 62
Figure 32: Immunohistochemical localization of chondroitin sulphate-D in the developing mouse brain after
011 OSSOSO PSSRSO 66
Figure 33: The semaphorin family. ..ot sre e sreeneas 71
Figure 34: The sema domain: common feature of the extracellular regions of semaphorins and plexins............. 73
Figure 35: Structure of neuropilin-1 and NEUrOPIIN-2. ........ccoiiiiiiiii s 77
Figure 36: GrOWLh CONE QUITANCE. ....c..cuiiiiitiiecrt ettt ettt bbb 78
Figure 37: schematic representation of dorsal root ganglion (DRG). .......cccccuviriiriniiiinineese e 79
Figure 38: Schematic diagram of sSemaphorin 3A SITUCLUIE. .......coriiiiiiiiiree e 82
Figure 39: Crystal structure of Sema3A and Sema3A in complex with Neuropilinl and plexinAl. .................... 83
Figure 40: Model for Semaphorin 3A Signalling COMPIEX. ......cviiriiiiiiii e 84
Figure 41: Main signal transduction pathways activated by class 3 semaphorin binding to neuropilins. ............. 87
Figure 42: Schematic view of possible roles for Sema3A in PNN related plastiCity. ........cccccovevveieiie e ieeseenne. 88
Figure 43 : Schematic representation of the aim of the thesis project. ..o, 91
Figure 44: Sema3A heterologous expression in HEK293-6E CellS...........ccccooiiiiiiiiiiie e 111
Figure 45: SemMa3A Cleavage DY TUMIN. ..o bbb sb e 112
Figure 46: SEMAa3A WT PUFTICALION. ....c..oiiiiiiiiieieee bbbttt b bbb 114
Figure 47: Sema3A-90 binds to GAG via specific sequences located in the C-ter domains..........c.ccovevereneenns 116
Figure 48: Deletion Of CIUSIEr 1 ANG 2.......oiiiiiiiii ittt st b ebe e 118
Figure 49: Sema3A mutants PUFTICATION. ......coviiiiiiiiiiec bbbt 120
Figure 50: Comparison between complete and partial substitution of cluster 2 basic amino acids. ................... 121
Figure 51: Surface plasmon resonance (SPR) and GAG-surface preparation for interaction analysis. .............. 124
Figure 52: Sema3A WT-GAG analysiS iN SPR. ...t s 126
Figure 53: Disaccharide composition of commercial CS-E and CS-D. .......ccccoiiiiiiiiiiiieeceee e 128
Figure 54: Comparison between purified and commercial Sema3A-90 binding to CS-E.........cccccoeiiiiiennnnene 129

11



Figure 55 : SeMa3A-65 DINAING 10 GAGS. .....eiueiuieiiiiee ettt ettt st sb e b e e et et e see b sbe b e ane e 130

Figure 56: Sema3A Mutants-CSE interaction analysis in SPR. ... 131
Figure 57: Sema3A requires a minimal motif of tetrasaccharide to bind to CS-E. .........ccccvevvvvveveievcne i, 133
Figure 58: SEMa3A Cleavage DY TUIN. ..ot sa et sresreane e 135
Figure 59 : Schematic representation of QCM-D principle measuring frequency and dissipation. .................... 136
Figure 60: different steps of GAG film formation in QCM-D. .......c.ccceiiiiiiii i 138
Figure 61: Sema3A WT and mutants - GAGS analysis in QCM-D ..........cccceevveiieieiiiisie e 140
Figure 62 : Effect of Sema3A WT and mutants on neurites outgrowth of dissociated DRG neurons in culture. 141
Figure 63: Extraction of GAGS from rat Drain. .........cccooiiiiiiiiii e 144
Figure 64: Reverse-phase ion-pair high-performance liquid chromatography (RPIP-HPLC). ........cccccovvevinenne 145
Figure 65: Disaccharide composition of CS iN rat Drain. ..o 146
Figure 66: Biotinylation of rat brain CS and their immobilisation on SPR sensor ship.........c.ccccocvviiinciinnnn. 147
Figure 67: Nrpl purification and ChABC digeStion. ........ccciieiiiiiiiireisi e 150
Figure 68: Theoretical Sema3A isoforms and their approximate MWS...........ccoviiiiiiiiiiinci e 154
Figure 69: A schematic model constructed from literature data and our results on Sema3A signalling regulation

at eXIraCEllUIAr IEVE] TN PININS. .....iiiiiiiiiiiee bbb bbbttt sttt et nens 161

List of tables

Table 1: Typical proteoglycans expressed in the central NErvOUS SYSTEM. .........ccivveiiiiieieeie s 17
Table 2: Changes in ECM components after traumatic brain injury (TBI). ......cccooeiiiiiiiie e 28
Table 3: mRNA expression of PNN components in adult rat deep cerebellar nuclei (DCN) and large excitatory

deep cerebellar NUCIET (LEDCN). .....ciiiiece ettt et et e e e e tesseesreesteesaeeteeneeaneenneenes 38

Table 4: Overview of the most important findings regarding the different experimental approaches using human
postmortem tissue, in vitro trials, or animal models to investigate the protective action of ECM components.... 43

Table 5: Effect of chondroitinase ABC treatment on neuronal plastiCity. ..........cccocvviiiiniiiiiciic s 47
Table 6: Structure of disaccharide units derived from chondroitin sulphate and dermatan sulphate by
ChoNdroitinaSe QIGESTION. .....e.viiiitieiiect ittt bbbt bbb bbbt b ettt bbb 53
Table 7: CS-GAG proportions: changes with development of rat brain. ... 63
Table 8: Disaccharide composition of CS/DS-GAG chains in buffer 1, 2, 3, and 4 extracts from adult rat brain. 64
Table 9 : CS-GAG proportions: changes with brain cortex lesion of adult rat. ...........ccccooov e 65
Table 10: Influence of CS variants on neuronal growth and gUIdanCe...........cccooviieiieiee s 67
Table 11: Generated MULALIONS IN SEMABA. ... ..cueiiiie et b bbbttt a bbb be s 98
Table 12: Kinetic parameters resulting from the fit to 1:1 Langmuir binding model with mass transfer of
Sema3A WT, Mut 1 and Mut 2 — CS-E/HS interaCtion in SPR. ...ttt 126
Table 13: Frequency and dissipation shift resulting from injecting Sema3A-90 WT, Mut-1 and Mut-2 over HS,
CS-E and CS-D films iN QCM-=D.....c.ooiiiiie ettt st e e teseestesneeneeseensenaeseesresreenens 139
List of appendices

Appendix 1: Chondroitin sulphates and their binding molecules in the central nervous system. .............c......... 175
AppendiX 2: PTT22SSP4 @XPreSSION VECLOL. ......cvieveiieieeieesieesteesteatesssesssestaestaesteasessaesseessaesseesseessesnsesssesseesns 176
Appendix 3: Amino acids sequence of expressed SEMa3A ProteiN. .......cccvevieiieieeie s 177
AppendiX 4 : NrpL-FC-HiS eXPreSSiON VECIO.........ciuiiieieeiee st ecie ettt ste et teesreesteenae e e sneennee e 178
Appendix 5: Amino acids sequence of expressed NIPL Protein. ........cccoveiieiieii e 178
Appendix 6 : Strategy Of the beads aPPrOACH. ..........coiii i e 179
Appendix 7: Sulfo-NHS plus EDC (carbodiimide) crosslinking reaction SCheme. ..........cccocoveviineneicnienecnen, 179
Appendix 8: Examples of elution profile in Ni-NTA and SP-sepharose of cell surface-associated protein and
culture Medium OF Al MULANTS. ......ccvieir et e et e besresteereeneeeeneeneenresneenes 180

12



Introduction

The central nervous system (CNS) is made of brain and spinal cord. It is responsible
for the integration of information sent by all the physiological systems composing the living
organism and provision of reaction accordingly. In addition to control the function of other
systems, the CNS has to manage its own functions such as learning and memory. This makes
it the most complex system in the organism. The functional units of the CNS are neurons and
glial cells. Information transmission and storage are performed by the ability of the CNS in
establishing, withdrawing and modifying the connections between neurons. This modulation
of connection between neurons in response to environmental stimuli is called neuronal
plasticity. Neuronal plasticity is one of the most important mechanisms in setting up the
CNS function and maintaining its integrity during development as well as in the adult. This
neuronal plasticity is ensured in part by the extracellular matrix (ECM) which occupied a
significant part in the CNS. ECM is important in all tissues; in the CNS it plays a role at the
same level as the neural cells. The complexity of neural ECM can further be stratified into a
specialised structure called perineuronal nets (PNNs). These PNNs are the key regulators of
neuronal plasticity and regeneration. How these PNNs regulate plasticity is an open question
which is not completely elucidated yet. Compared to classical ECMs, PNNs are enriched in a
type of glycosaminoglycan (GAG), chondroitin sulphates (CSs) which are important in
recruiting of signalling molecules, such as semaphorin 3A (Sema3A), and modulating their
downstream signal. As such, PNNs could regulate plasticity. In this introduction, we will go
through all these highlighted elements starting by neuronal ECM which is the cradle of this
project to introduce PNNSs. Then, we will detail the PNN and its potential roles in CNS before
focusing our description on the main molecules of the project: CS and Sema3A to finish by
CS-Sema3A interaction which is the aim of the project.
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1. Extracellular matrix in the central nervous system

ECM is the cement which connects cells to form a tissue. It is composed of plethora of
molecules secreted by the surrounding cells. In addition to maintain the tissue structure, it is
also involved in various physiological and pathological mechanisms. Its composition varies
according to cell type constituting the tissue, which enables it to exert a multitude of
functions. Moreover, ECM is the entrance and exit gate of all signalling molecules. It

represents 50-70% of the dry body mass®.

It is believed three centuries ago that fibers are alive and constitute the main
component of the tissue, this is designated as “fiber theory”?. In 1830, Johannes Miiller
submitted “Bindegewebe” concept, a German term meaning connective tissue. It was then
postulated that connective tissue is composed of cells and their products. It is only one
century later the term “extracellular matrix” came into use and its components started to be
analysed with the apparition of electron microscopy and x-ray diffraction®. Collagen is the
first analysed molecule and solubilised for the first time by Nageotte at the Collége de France
in Paris®. At the same time, medical specialties such as rheumatology started to be interested
to the GAG®. With the development of chemical method and cell biology, other molecules

composing ECM were discovered?.

In this introduction, we focus on neural ECM which includes the background of this
thesis project. It is only in 1971 that the existence of brain ECM is reported®. Neuronal ECM
is unique by its organisation, composition and diversity. It constitutes 20% of the total volume
of adult brain, showing its quantitative importance in the CNS°. Neural ECM is important in
early development and persists in the adult. It is involved in vital functions of the CNS such
proliferation, migration, differentiation, plasticity and regeneration of neural cells. In adult
CNS, ECM maintains the homeostasis of the brain by playing sometimes opposite roles.
However in pathological conditions, ECM undergoes changes in its composition and a
reorganisation of its structure. These changes are either the cause or the consequence of the

7

pathology’ 8 These changes can occur to overcome the abnormalities or in contrary to
promote the spread of the cognitive impairment. For that, neural ECM thus potentially offers
a multitude of therapeutic target choices given the diversity of its composition and functions.

In addition, it is a much more accessible environment for therapeutic molecules than the
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intracellular environment where thousands of signalling pathways are triggered and cross-
talk. However given its diversity, complexity and interaction between the different
components, it is unlikely to assign a single role to a given molecule to target it. Several
researches have been carried out which allowed characterising and understanding more and
more the neural ECM and its components. Despite that, there are still many questions to
decipher.

1.1 Neural ECM components

Neural ECM is secreted by neurons and glia®. In contrary to ECM of other tissues,
neural ECM contains less fibrous proteins (such as collagen, laminin, elastin...) and more
proteoglycans (PGs)!®. The ratio of GAGs to collagen is around 10:1''. The major
components of neural ECM are hyaluronic acid, PGs, link proteins and tenascins*?. Features
of each of these components are detailed below. It is worth noting that in addition to these
major classes, other important neural ECM components are also present such as the
glycoprotein, reelin, involved in considerable development processes™ and ECM receptors,

integrins.

1.1.1 Hyaluronic acid

Hyaluronic acid (HA) (Figure 1), also known as hyaluronan, is a large linear
polysaccharide composed of repeating disaccharide units: glucuronic acid (GIcA) and N-
acetylglucosamine (GIcNAcC) [-B(1,4)-GlcA-B(1,3)-GlcNAc-],**. It constitutes the only non-
sulphated member in the GAG family and non-covalently linked to a core protein®. In
physiological conditions, HA is made of 2000-25000 disaccharide units which corresponds to
1000-10000 kDa and 2-25 pm of length'®. HA is synthetized by one of three hyaluronan
synthases (HAS: 1-3) and degraded by hyaluronidases. HAS enzymes are transmembrane and
synthesise HA chains of different length at different speed and are expressed in different
neural tissues'’. HA chain is extruded through the plasma membrane into ECM while it is

being synthesized™®.

HA was long regarded as “goo” holding cells together to form tissue. However, its
roles are much more than that™. It constitutes the backbone of the ECM on which other ECM
molecules aggregate and assemble, thus forming the ECM net. Because of its large size,

random-coil structure, and negatively charged and hydrophobic faces due to the carboxyl
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groups and a cluster of hydrogen atoms, respectively, HA influences greatly physicochemical
and hydrodynamic properties of the tissue'™ ° 8 1% These characteristics confer it an
important use in tissue engineering®. Moreover, HA interacts with CD44, and thereby

influences cell adhesion and migration®®.

Hyaluronic acid

Hyaluronic acid
synthase

L

EXTRACELULAR
SPACE

Plasma
membrane

Figure 1. Diagram of hyaluronic acid synthesis by the hyaluronic acid synthase.
(Modified from Escudero, 2009%).

1.1.2 Proteoglycans

Proteoglycan (PG) is the key component of neuronal ECM. It is made of a core protein
linked covalently to one or more GAG chains. GAG chain(s) of PGs contributes to their
biological function, while the core protein determines localisation and promotes the
interaction with other ECM molecules®®. The GAG chain can be either heparan sulphate (HS)
or chondroitin sulphate (CS) giving rise to HSPG or CSPG, respectively. Hybrid PGs
containing both HS and CS chains are also reported. Small amount of keratan sulphate PGs
(KSPG) are found in the CNS?®. In 1985, HSPGs were the first isolated and characterised
adult CNS PG by Klinger et al.** ® ?®, In 1990, Herdon et al. have identified 25 CSPGs and
HSPGs in rat brain?’. These PGs are distributed over the different level of ECM (ECM
compartmentalisation is discussed in section 1.4). Some of them were found in the soluble
fraction of the brain (secretory). Others are transmembrane or glycosylphosphatidylinositol
(GPI)-anchored®. Major species of PGs expressed in the CNS are summarized in Table 1. An

overview of these typical PGs structure is presented in the next paragraphs.
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Table 1: Typical proteoglycans expressed in the central nervous system.

Nature Core proteinsize ~ Number of
(kDa) GAG chains
Aggrecan 224 ~100 secretory
VersicanVV0 370 17-23 secretory
VersicanV1 262 12-15 secretory
VersicanV2 180 5-8 secretory
Brevican 97 0-5 secretory
CSPG Neurocan 133 3 secretory
Phosphacan 173 3-4 secretory
RPTPpS 253 3-4 transmembrane
Decorin 36 1 secretory
Biglycan 38 1-2 secretory
NG2 252 0-3 transmembrane
Syndecan ~ (21, 22,45 and 3-8 transmembrane
HSPG (4 members) 32, respectively)
Glypican ~53 2-4 GPI-anchored
(6 members)

1.1.2.1 Chondroitin sulphate proteoglycans

CSPGs are the most abundant PG in the mammalian CNS?® and are represented mostly
by lecticans family including aggrecan, versican, neurocan and brevican. Lecticans are
determined by globular domains in N- and C-termini. The N-ter part contains HA-binding
sites, allowing the lecticans to bind to HA. The C-ter part, which interacts with tenascins,
contains complement regulatory protein (CRP)-like domain, lectin and two epidermal growth

factor (EGF)-like repeat. The central part includes attachment sites for CS? (Figure 2).

Aggrecan Versican Neurocan Brevican

pomein: ° e Q

Figure 2: Domain structures of lecticans.

All lecticans contain N-ter G1 domains and C-ter G3 domains. Only aggrecan contains the G2 domain. The G1
domain consists of an Ig-like loop and two link modules, whereas the G2 domain consists only of two link
modules. The G3 domain consists of one or two EGF repeats, a C-type lectin domain and CRP-like domain. All
lecticans contain chondroitin sulphate chains (yellow) in the central domain. Aggrecan also contains keratan
sulphate chains (pink) in the N-ter part of the central domain (from Y. Yamaguchi.2000)%.
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Receptor-type protein-tyrosine phosphate g (RPTPg) is a transmembrane PG. It is
made of a N-ter carbonic anhydrase-like domain, a fibronectin type Il domain, a CS
attachment site, a transmembrane domain and finally two intracellular tyrosine phosphatase
domains. Phosphacan results from alternative splicing of RPTPS mRNA. It does not contain

the intracellular and transmembrane domains, which makes it a secretory protein'? (Figure 3).

D2 D1 FN CA
-—-—]. RPTP

—

Figure 3: Structure of receptor-type protein-tyrosine phosphate g (RPTPg) and phosphacan.

RPTPp has a N-ter carbonic anhydrase-like domain (CA), a fibronectin type 11l domain (FN), CS attachment
regions and two intracellular tyrosine phosphatase domains (D1 and D2). Phosphacan is a soluble form that lacks
the intracellular tyrosine phosphatase domains (modified from Galtry and Fawcett. 2007)*.

hosphacan

Biglycan and decorin are small leucine-rich PG secreted in ECM. The majority of the
core protein (70%) is represented by leucine-rich repeats flanked by cysteine-rich clusters that
may oxidize to form disulfide bond. They usually contain one or two CS chains in the N-ter®
(Figure 4).

( IIII ...". .... II Decorin
CS chain <<
ver ~ HEHHOO00000000 0T cisvear

Cysteine-rich Leucine-rich Cysteine-rich
clusters repeats repeats

Figure 4: Structure of decorin and biglycan

Neural/glial antigen 2 (NG2) is a transmembrane protein, also known as melanoma-
associated chondroitin sulphate proteoglycan (MCSP). Its core protein is made of a large
ectodomain, transmembrane region and short cytoplasmic domain (Figure 5). The
ectodomain is composed of the globular N-ter, the globular C-ter and the rod-like central

region which contains CS (CSPG repeats). Intracellular domain interacts with intracellular
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ligands and triggers signalling pathways involved in several functions such as proliferation,

migration and modulation neuronal network®?,

e L Ectodomain
Cschain

Transmembrane domain

Cytoplasmicdomain

Figure 5: Structure of NG2.

1.1.2.2 Heparan sulphate proteoglycans

The two most reputable HSPG in the CNS are syndecan and glypican. Syndecan is
transmembrane protein family including four members (Syndican-1, -2, -3 and -4). Syndecan
members are composed of a large ectodomain, a transmembrane domain and a short
cytoplasmic domain (Figure 6). The ectodomain is poorly conserved among different family
members, while the intracellular domain is highly conserved among all family members.
Syndecan-3 is the longest member containing at least seven HS chains. In addition to HS
chains, syndecan-1 bears CS chains. In syndecan-1 and -3, HS chains are located at the N-
and C-ter ends of the ectodomain, while in syndecan-2 and -4, HS chains are tethered to the
N-ter only™.

Syndecan Glypican

Ectodomain+ v

a-helical N-ter domain

HS chain

[ (! (I Tt [ Glycosylphosphatidylinositol anchor
Transmembrane domain ™ LG GG

ORI

i
Wl 5
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[ A f X Ul
At LA

’
LAAIL
|

i
AL i
B

Cytoplasmic domain-

Figure 6: Structure of syndecan and glypican.
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Glypican is the other HSPG family in the CNS constituted of six members. They are
anchored into the plasma membrane through GPI anchors. The N-ter domains of glypicans

adopt an elongated a-helical structure. It undergoes a furin-like convertase cleavage to
generate two chains that remain connected by disulfide bonds**. HS chains are mainly located

at the C-ter part of the ectodomain, close to the membrane® (Figure 6).

A significant amount of evidence that PG is an important molecule in ECM has been
accumulated, during development as well as in maintaining of adult brain homeostasis. As
most of the molecules composing ECM, PGs contribute in the assembly and structure of
ECM. In embryonic brain, HSPG, for example, promotes the fibroblast growth factor (FGF)-
2-mediated proliferation of neuroepithelial cells®. CSPGs, as phosphacan and neurocan, are
involved in promoting or inhibiting neurite outgrowth and cell adhesion, depending on cell
type®” ®, CSPGs interact with a plethora of molecules involved in synaptogenesis, axon
guidance and migration. In the mature brain, Versican V2 which constitutes the most
abundant CSPG, is described as the major inhibitor of axonal growth®. Brevican inhibits
neurite outgrowth of cerebellar granule neurons. It is also suggested to control the infiltration
of axons and dendrites into the mature glomeruli. PGs are also involved in
neurodegenerative disease such as Alzheimer disease (AD) and CNS injury. Both HSPG and
CSPG are found in amyloid plaques in AD®®. Otherwise, many studies have reported the
inhibitory effect of CSPGs on axon regeneration after glia scars*’. After injury CSPGs
expression is upregulated around the lesion area®. HSPG appears to be increased after CNS
injury, but its effect is less investigated than that of CSPG?.

1.1.3 Tenascin-C and -R

Tenascins are a family of glycoproteins found in the ECM of several tissues,
composed of five members: tenascin-C, -X, -R, -Y and ~W*. Only tenascin-C and -R are
reported in the CNS, playing important roles in cell proliferation, migration and
differentiation, axonal guidance, synaptic plasticity and myelination**. Tenascin-C (TN-C) is
the first discovered member. It is a ~ 1800 kDa protein, assembled from six monomers linked
covalently with disulfide bonds. The monomer consists of a tenascin assembly domain, a
cysteine-rich domain, 14.5 epidermal growth factor (EGF)-like domains, 8 constitutive
fibronectin-type 111 homologous domains and a fibrinogen-like domain® (Figure 7.A). TN-C

expression is regulated during development and in the adult brain. It is highly expressed in

20



early development in the CNS (day 10 in mouse CNS) by different type of cells, mainly
immature astrocytes and restricted population of immature neurons®. TN-C acts either by its
interaction with cell surface receptors such as integrins or by modulation of ECM components
such as CSPGs™. It is known to be involved in progenitor cells proliferation and migration
and neurite outgrowth®”. Its role in neuronal plasticity is also reported. Indeed, it was
identified as one of molecules mediating learning and synaptic plasticity™.

A TA EGF FNIIl  FG

Figure 7: Structures of tenascin-C and tenascin-R monomers.

TN-C: tenascin-C, TN-R: tenascin-R, TA: amino-terminal tenascin assembly, EGF: epidermal-growth factor-
like domain, FN: fibronectin-like domain, and FG: fibrinogen-like domain (modified from Reinhard et al.,
2016%).

Tenascin-R (TN-R) is exclusively expressed in the CNS. TN-R is 180 kDa protein
from which a 160 kDa form is generated by a proteolytic cleavage. Expression of this two
isoforms changes during CNS development. TN-R is assembled from two or three monomers
linked with disulfide bonds. As TN-C, the monomer is also composed of a tenascin assembly
domain, cysteine-rich N-ter region, 4.5 EGF-like domains, 8 fibronectin type Il repeats (FN
111 repeats), and a carboxyl-terminal region and fibrinogen-like domain*® (Figure 7.B). TN-R
undergoes a post-translational modification consisting in addition of three distinct sulphated
oligosaccharides. Among these, one is a CS oligosaccharide which may mediate TN-R
interaction with TN-C and fibronectin to inhibit neurite outgrowth®. It is expressed by certain
subpopulation of neurons and oligodendrocytes in particular cortical region and laminae®.
TN-R plays sometimes opposite roles, which earned it the name of “Janusin” in reference to
Roman god with two faces, according to the type of targeted cells and receptors, and the time
of interaction. TN-R plays on one hand an important role in oligodendrocytes
differentiation®?. On the other hand, it is involved in generation of GABAergic neurons. These

different effects are mediated by its different domains. The FN6-8 domains inhibit neuronal
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stem cells proliferation and differentiation into astrocytes at the expense of neurons, while the
EGF domain enhances their differentiation into neurons at the expense of astrocytes and
oligodendrocytes®. TN-R is also qualified as a neuroprotector after brain injury by
modulation microglia function. On one hand EGF-like repeats inhibit adhesion and migration
of microglia through a protein kinase A-dependent mechanism. On another hand, fibronectin
6-8 repeats promote adhesion and migration of the primary microglia through a protein

kinase C-dependent mechanism®2.

Retina is considered as an excellent model to analyse proliferation and differentiation
of neuronal cells as well as axonal guidance and growth. For this purpose, TN-C and TN-R
roles were investigated in optic nerve and retinal neurodegeneration. In the optic nerve, huge
amount of TN-C is secreted by astrocytes and TN-R is mainly expressed in
oligodendrocytes*. Expression of these tenascins is found dysregulated in retinal ischemia. In
optic nerve damage, TN-C and TN-R have opposing roles in regeneration of optic nerve

fibers. TN-C is chemoattractive, whereas TN-R is inhibitory and chemorepulsive®.

1.1.4 Hyaluronan and proteoglycan binding link proteins

Hyaluronan and proteoglycan binding link protein (HAPLN) family contains four
members (HAPLN 1-4). As their name indicate, they stabilise the interaction between HA and
CSPG. HAPLNS are 38-43 kDa and made of Ig-like V-type, link 1 domain and link 2 domain
(Figure 8). The structure of HAPLNSs is homologous to that of G1 domain of lecticans which
also binds to HA. Genomic structure revealed that these HAPLN2 and HAPLN4 genes were
physically linked to the genes encoding brevican and neurocan, respectively supporting thus
the hypothesis of common evolutionary origin from an ancestral gene respectively™.
HAPLNZ2 and HAPLN4 are restricted in expression to the CNS, hence their other names are
the brain-specific link proteins: Brall and Bral2, respectively®*. HAPLN1 is 40 kDa protein
initially identified in articular cartilage, hence its other name is cartilage link protein (Crtl1).
It interacts with HA and aggrecan. It is also expressed in the CNS where it is crucial for the
highly organisation of the specialised matrix, the PNNs that we will discuss in detail in the
later chapter. Animals lacking HAPLN1 in the CNS attenuate PNNs>. Similar results are
observed in animal lacking HAPLN4 which is mainly expressed in cerebellum and brain
stem. Moreover, it affects the localization of brevican>®. HAPLNS3 is not detected in the CNS.
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Little is known about HAPLNSs family. The 3D structure is not yet solved and their interaction

with HA and CSPG still poorly characterised as well as its functional role in the CNS.

HAPLN1

Figure 8: Structure of hyaluronan and proteoglycan binding link proteinl (HAPLN1).
IGv: immunoglobulin-like domain and LINK: Link domain.

1.2 Foetal and adult neural ECM components

ECM composition changes with aging, responding thus to brain functions needs
(Figure 9). Expression of some components is upregulated, while it is downregulated for
others. These components can also play an inhibitory as well as an activatory role depending
of the conditions. Alternative mRNA splicing of some ECM proteins leads to numerous
combinations of isoforms, thereby increasing the functional diversity at different stages of
development and in the adult CNS. Embryonic neural ECM is very dynamic and highly
plastic. Indeed, this is required to control different mechanisms occurring in developing CNS
such as proliferation, migration, differentiation and synaptogenesis. CNS is the most complex
organ responsible of multiple vital functions. In human, its development starts at 4 weeks and

it continues until after birth. All these need a dramatical remodelling of ECM components.

HA is the most abundant GAG in foetal rat brain (>60 %) and it decreases after birth®’.
During development of the chick, HA is concentrated in the intermediate zone which gives
rise to the white matter®®. HA is crucial in maintaining neural progenitor cells in an
undifferentiated state®. Whereas in adult animals, it localizes around myelinated fibers in
white matter and it is more diffuse®. It is also found in grey matter in PNNs that are involved

in neuronal plasticity®.

HSPG and CSPG function in different way in developing and adult brain. It has been
observed that HS represents 25 % of all GAG in the foetal rat brain, this makes it the most
abundant Sulphated GAG®’. In the postnatal brain, it represents only 10 % of all GAGs. CS
represents 10 % of all GAGs in the foetal brain, and it becomes the most abundant GAG 20
days after birth®’. Neurocan and RPTPp/phosphacan are the most abundant CSPGs in
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developing CNS where they are required for cells adhesion and neurite outgrowth. They are
exerting an opposite effects on neurite outgrowth. Neurocan and phosphacan inhibit the
neurites outgrowth of cortical and dorsal root ganglion (DRG) neurons®, while phosphacan
promotes the neurite outgrowth of mesencephalic and hippocampal neurons®. In adult CNS,
versican is the major CSPG®. It inhibits the neurite outgrowth of granular neurons®. CSPGs
in adult brain play an important role in neuronal plasticity. Indeed, they are related to synaptic
activities. Lacking in neurocan reduces late-phase hippocampal long term potentiation
(LTP)®. Interestingly, after birth CS chains of neurocan change in size and in sulphation
pattern®®. Furthermore, lacking RPTPp/phosphacan enhances LTP and impairment in memory
task®.

HSPGs interact with several proteins present in developing brain to achieve their
functions. HSPG-FGF is one of the well characterised interactions. Binding to HSPG i)
stabilises and protects FGF from proteolysis®® ii) concentrates FGF locally and thus enhances
binding to their receptor, and iii) induces the oligomerization of FGF, thereby receptor
dimerization and signalling®”. FGF1 and FGF2 are required for proliferation, migration and
differentiation of neuronal precursor cells. First, HSPG binds to FGF2 to promote neuronal
precursors cells proliferation. Then, HSPG switches rapidly its potentiating activity from
FGF2 to FGF1 to promote differentiation of neural cells*®. HSPGs are associated to human
mesenchymal stem cells (hMSCs) lineage-specification to neural progenitors®®. They are also
involved in the development of specific synaptic connectivity patterns important for neural
circuit function®. The four members of syndecan are expressed differently in developing and
adult brain. Syndecan-2 is highly expressed in adult brain and concentrated in synapses, while
syndecan-3 is highly is expressed in development and concentrated in axons’. Syndican-4 is
dynamically expressed in the early stages of zebrafish embryonic neurogenesis where it

inhibits neural proliferation’.

TN-C and TN-R are highly expressed during early development of the CNS. TN-C is
expressed at early stages of developing brain, while TN-R is expressed later during
development and its expression is restricted to the oligodendrocytes®®. TN-C isoforms are
secreted by numerous neural cells during development to accomplish different processes such
as migration®®. Despite expression of TN-C persists in the adult brain, it is restricted to well
defined areas where neuronal plasticity and regeneration are still possible such as the nuclei of

hypothalamus and olfactory system, respectively*®. TN-R is detected at one week in postnatal
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mice and the peak is reached at 2-3 weeks and remains stable in adulthood”. TN-R is
considered as a key component of adult CNS matrix. Indeed, it modulates adult but not
developmental neurogenesis in the olfactory bulb™. Furthermore, TN-R is transiently
expressed in peripheral nervous system (PNS) in the sciatic nerve of mice embryos (E14-18)

and neonatal”®. HAPLN1 expression is reported during late embryonic and early postnatal ™.
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Figure 9: ECM changes at CNS synapses.

Synapses are embedded into an ECM meshwork (blue) composed of hyaluronan, chondroitin sulphate
proteoglycans (CSPGs), tenascins, and others. The composition of the ECM changes during development. For
example, neurocan, versican V1, and tenascin-C are abundant in the immature CNS, whereas tenascin-R,
versican V2, and Brall are prominent in the mature CNS. The mature ECM is thought to restrict dendritic spine
motility and lateral diffusion of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors
(AMPAXr) (from barros et al., 2011%).

1.3  Role of neural ECM

ECM plays a crucial physical barrier for the cells that it surrounds by preventing the
infiltration of external agents. It is also a structural support for the cells and maintains the
tissue integrity. ECM allows the communication between adjacent cells, but also with distant
cells by promoting the transport of different molecules. It offers an adequate environment for

enzymes responsible of post-synthesis modifications, signalling molecule cleavage for
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activation or inhibition, and degradation. In addition to its structural role, ECM is involved in
plethora of physiological and pathological functions.

It is important to mention that cell control by ECM is not one-way. Indeed, the cells
are the principal actor of ECM formation and reorganisation. They contribute actively in
producing ECM components and the enzyme responsible of its maintenance and restructure,

responding thus to changes of conditions in the tissue.

Importance of ECM is reported earlier in development. Regulated spatial and temporal
distribution of the components in developing ECM makes it very dynamic. Several studies
indicate that the ECM affects all aspects of nervous system development. TN-C-deficient
mice show a delay of the developmental program of neural stem due to changes in growth
factor responsiveness’®. ECM components support different migratory trajectories of neural
crest cells. Versican isoforms VO and V1 implanted micromembranes in chick embryos leads
to attraction of neural crest cells, while micromembranes of aggrecan retain migratory cells
near the implant and thereby perturb their spatiotemporal migratory pattern. Interestingly, this
inhibitory effect of aggrecan is mostly due to the GAGs chains (CS and KS)’. These
observations suggest that neural crest cells may migrate on versican-containing matrix and
avoid aggrecan-containing matrix. Pattern expression of these two proteins could be a
mechanism of guidance for neural crest cells migration. Neural crest migration is also
influenced by laminin. Laminin a5 mutant mice exhibit abnormalities in neural cell migration
which demonstrates in expanded neural crest streams. This suggests that laminin a5 may
restrict migration into narrow streams’®. Mice lacking laminin a2 display a detachment of
embryonic neural stem cell (NSCs) apical process from ventricular zone”. This phenomenon
is also observed when 1 integrin function is disrupted. Laminin and integrin thus play a role
in anchoring embryonic NSCs in the ventricular surface and maintaining the physical integrity
of the neocortical niche’. Moreover, conditional Bl-integrin gene deletion in neural crest
cells causes severe developmental alterations of the peripheral nervous system leading to
lethality of mice after birth®. ECM provides an adequate microenvironment which controls
the NSCs behaviour'! **. ECM shapes the niche of stem cells and contributes actively in their

maintenance, differentiation and migration.

ECM plays an important role in myelination of axons™ (Figure 10). Myelination is a

vitally important process for the proper function of neurons. It involves the accumulation of
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myelin around axons. Myelin is formed by oligodendrocytes in the CNS and Schwann cells in
the PNS. Myelination results in the concentration of voltage-gated sodium channels at the

1. One of remarkable role of myelination

nodes of Ranvier, regenerating thus action potentia
is to enable a very fast action potential propagation in vertebrate®*. In PNS, ECM components
notably laminin and collagen promote myelination of peripheral nerves by regulating

82 83 a5 well as neurite outgrowth®. In

Schwann cells proliferation, adhesion and spreading
CNS, B1 integrin is required for myelination by promoting myelin sheaths outgrowth through
AKT activation®. On the contrary, CSPGs are myelination inhibitors by inhibiting
oligodendrocytes process outgrowth and myelination®. Roles of ECM in the CNS and PNS
are innumerable. It influences all the cerebral process in physiological and pathological

conditions and from the development to adult.
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Figure 10: ECM and myelination.

The ECM surrounding nodes of Ranvier may regulate the local concentration of cations and clusters voltage-
gated sodium channels, which allow for saltatory electrical conductivity. Several proteoglycans, tenascin-R,
laminin and dystroglycan contribute to the formation of nodal matrices. Nav, voltage-gated channel; Nap,
sodium cations (from Barros et al., 2011%).

Neural ECM undergoes several changes in structure and composition in response to a
trauma in the CNS. Expression of certain component is upregulated, while it is downregulated
for the other as showed in Table 2. These changes can both promote or inhibit the recovery of
function. Traumatic brain injury (TBI) induces oxidative stress, leading to the release of
reactive oxygen species (ROS). These ROS degrade HA and generate small HA fragments.
These biologically active fragments thus modulate angiogenesis®. TBI upregulates the
expression of domains B and D of fibronectin type Il in tenascin-C, thus promoting axonal

regeneration and repair processes®’. However, TBI also results in sulphation pattern
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modification of GAG chains carried by PGs. These changes induce the inhibition of axon

regeneration, guidance and neuronal plasticity®®. Role of the sulphation pattern after brain

injury is discussed in PNNs section (section 2.7). All aspects of ECM after TBI are reviewed
in detail by George N and Geller HM, 2018%.

Table 2: Changes in ECM components after traumatic brain injury (TBI).
(from George N and Geller HM, 2018%)

Matrix protein
C5PG

= Lecticans

O Aggrecan

Brevican

0

2 Meurocan

Versican-W2

0

2 Phosphacan

« MG2

H5PG

= Syndecans

e Glypicans

« Perlecan

*  Agrins

KSPG

Hyaluronan

Fibromectin

Tenascin-C

Tenascin-R

Laminin

Osteopontin

Cellular source

Meurons, astrocytes

MNeurons, astrocytes, olippdendrocytes

Meurons. astrocytes

Oligodendrocytes

MNeurons, astrocytes, olipodendrocytes

Oligodendrocyte precursor cells,
pericytes, microglia

Meuron, astrocytes, oligodendrocyte,
oligodendrocyte precursors,
microglia

Meurons, astrocytes, olipopdendrocyte,
oligodendrocyte precursors

Endothelial cells, astrocytes,
oligodendrocytes, oligodendrocyte
progenitor cells, microglia

Meurons, astrocytes

Meurons and microglia
Astrocytes, oligodendrocytes, meurons
Endothelial cells, pericytes,

macrophages

Astrocytes, oligodendrocytes and
MEUrcns

Oligodendrocytes

Astrocytes, endothelial cells, pericytes

Astrocytes, microglia

Changes after TBI

Decreased in injury core

Secreted isoform is up-regulated;
GPl-anchored isoform unchanged.

Increased meurocan in a tight band
surrounding the injury core

Increased in the injury core

Reduced in the glial scar

Increased expression

Increased immunoreactivity

increased immunoreactivity

Increased immunoreactivity

Increased in reactive astrocytes

Increased immunoreactivity

Altered dymamics in symthesis and
degradation.

Increased levels

Increased expression in animal and
hiumans

Increased

Immunoreactivity imcreased

Increased expression
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1.4 Types of ECM in the CNS

ECM in the CNS is organised in three different compartments (Figure 11), with
difference in composition and function. Basal lamina (basement membrane) surrounds the
blood vessels and the entire pial surface of the CNS. At the electron microscopic level, the
basal lamina is composed of an electron-dense layer called the lamina densa (composed of
type 1V collagen) and an electron-lucid layer called the lamina lucida (consisting of laminin,
dystroglycan and associated proteins)®. Basal lamina is involved in neurogenesis, CNS injury

% 91 1t constitutes a key component in maintaining the

repair’™® and nerve regeneration
integrity of the blood—brain barrier (BBB). Basal lamina is required early in CNS
development where it is important for the maturation of endothelial cells required for the

BBB*.
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Figure 11: extracellular matrix within the central nervous system (CNS).

The three major compartments of the extracellular matrix in the CNS are the basement membrane, perineuronal
net and neuronal interstitial matrix. The basement membrane is found surrounding cerebral blood vessels, the
perineuronal net is a dense matrix immediately surrounding neuronal cell bodies and dendrites, and the neuronal
interstitial matrix occupies the space between neurons and glial cells (from Lau L.W et al., 2013%).

Interstitial matrix corresponds to molecules that fill the space between CNS cells in
parenchyma. Interstitial matrix is the classical matrix of the CNS whose components and

function are described above (section 1.1 and 1.3, respectively). Two different levels of
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interstitial matrix can be distinguished: loose matrix and membrane-associated matrix. Loose
matrix (diffuse matrix) consists of unbound or loosely attached ECM that can be extracted
easily with physiological saline (150 mM NaCl). Membrane-associated matrix consists of
ECM molecules bound to the plasma membrane and will only be detached or solubilised with
higher salt concentration (1000 mM NaCl) and detergent (0.5% tritonX-100)*. In some
regions of the CNS, interstitial matrix becomes more complex to give rise to the condensed

matrix structure called perineuronal nets (PNNs).

PNNSs are the third type of ECM in the CNS. As its name indicates, PNN is a specific
and highly organized structure found only on the surface of neurons. PNN is important in
controlling neuronal plasticity®™. PNN components are solubilised only with the combination
of 1 M NaCl, 0.5% tritionX-100 and 6 M of urea®.

2. Perineuronal nets (PNNSs)

Camillo Golgi (1843-1926) is known by its discovery of Golgi apparatus which
carries his name. However, long before he highlights the existence of Golgi apparatus in the
CNS in 1888. He described a particular reticular structure surrounding several neuronal
populations, impregnated by his staining “black reaction”. He first mentioned his observation
in Enciclopedia Medica in 1882. In 1892, he announced the existence of reticular network
enwrapping cell bodies and proximal dendrites in a publication of Accademia dei Lincei. In
1888, during a conference in the Societa Medico-Chirurgica on the discovery of the Golgi
apparatus, Golgi officially stated this reticular structure on neuronal surface as “pericellular
net”. He described Golgi apparatus as an internal reticular structure of the nerve cell and
pericellular net as an external reticular structure. This external structure is described as
“delicate covering, mainly reticular in structure, but also in the form of little embraced tiles or
an interrupted envelope which covers the body of all the nerve cells continuing along their
protoplasmic extensions up to the second and third order arborisations” (Figure 12). At the
same time, pericellular net was also observed by other neurobiologists among them Santiago
Ramon y Cajal. However, since Golgi and Cajal conflicted about the organization of the
nervous system, reticular theory vs neuron doctrine, he postulated then that the pericellular

nets were staining artefact claiming that “The pericellular net is not nervous in nature. We do

30



not think it is neuroglial because there is never a continuity with the ramifications of Deiters’
cells and it has not any morphological or histological characteristic of these cells. If we can
propose another solution, waiting for a new one, we should say that this net is due to a
coagulation of a substance in the pericellular fluid”. After these words of the giant of neuronal
theory, pericellular nets were fell into oblivion till 1980s* *. Cajal was correct in one sense
that the pericelluar nets are coagulation of a substance in the pericellular fluid (i.e.
aggregation of ECM molecules). However, he was wrong to disregard the nets as staining
artefact. The composition of PNNSs started to be elucidated (glycoconjugates®, hyaluronate-
protein aggregates® and tenascin®) as well as their roles. The number of papers about PNNs
has steadily increased since. Discovery of PNNs is reviewed in more detail by Celio and
Bliimcke (1994 )®, Celio et al.,(1998)** and Spreafico et al., (1999)%°.

Figure 12: Perineuronal nets as drawn by various authors at the turn of the century.

(A) Nerve cell with reticular covering (anterior horn of cat spinal cord) (a) and (b) enlarged detail of (a)
illustrating the fine texture of the perineuronal net. (B) Two cerebral cells with short axons (adult cat), stained
with reduced silver nitrate after fixation in formol acetone: (2) cell with ascending axon viewed in the equatorial
plane; (b) cell with descending axon viewed in the superficial plane. (C) Nerve cell derived from the anterior
horns of the dog spinal cord (a). The cartwheel pattern (raggere di Donaggio), formed by thin filaments radiating
from a central spot, recognizable within the meshes of the perineuronal net (b). These cartwheel structures
probably represent shrunken synaptic endings, which occupy the meshes of the net. (D) Cell with Golgi’s net
and a diffuse net (anterior horn of the spinal cord of a calf embryo), stained according to Bethe’s method
(Ehrlich’s methylene blue and ammonium molybdate). (E) Cortical cell of an adult dog, stained according to a
modification of Bethe’s method. (F) Alterations within the perineuronal net of a human cortical cell, derived
from a patient with paralytic dementia. (G) Cell derived from the nucleus of the vagus (medulla oblongata) of
Lacerta muralis. Within the meshes of the peripheral apparatus (or perineuronal net), a typical cartwheel pattern
radiating from a central small spot is evident. Filaments originating from the cell surface connect with the
surrounding stroma (from Celio et al., 1998%).
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2.1  Composition and organisation of PNNs

PNNs are derived from ECM, thus all PNN components can be found in classical
ECM. However, the amount and organisation of PNN components makes it different from the
interstitial ECM. It is also important to know that PNN composition and structure vary in time
and space. Expression of PNN components such as brevican, phosphacan and TN-R is
inhomogeneous in distinct areas of the spinal cord. Moreover, the amount of CS varies

significantly in different spinal cord PNNs. This variation is correlated to expression of the

fast-spiking neurons marker, Kv3.1b subunit of the potassium channel. Fast-spiking neurons
100

contains more amount of CS in their PNNSs
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Figure 13: Structure of the PNN.

PNN is composed of hyaluronan (HA) synthetized by hyaluronase synthase. Chondroitin sulphate proteoglycans
(CSPGs) interact with HA and this interaction is stabilised by the link protein. Tenascin-R bridges different
CSPGs. Itis involved in the stabilisation of the PNN.

Identified PNN components so far are: HAS and its synthesized product HA, CSPGs
(aggrecan, neurocan, brevican, versican and phosphacan), link proteins (Crtl1 and Bral2) and
TN-R® 1 (Figure 13). HA constitutes the backbone of PNNs. Traditionally, HA can attach
to the cell surface either by binding to its receptor such as CD44 or by remaining attached to
HAS while being extruded. However, as no expression of CD44 or other HA receptors on the
PNNs-bearing neurons have been identified'®?, PNN is likely remained attached to neurons
via HAS'™™. CSPGs are attached to HA and their interaction is stabilised by link proteins.

32



Link proteins (HAPLNSs) are the other PNN components which are important for PNN
structural stability. Bral2 (HAPLNA4) is required for the proper localization of brevican in the
brainstem and cerebellum, and a correct organisation of PNN>® 1%, The trimeric TN-R bridges
three CSPGs, thus strengthening the network. Linking PNNs to neurons via HAS, stabilising
the interaction HA-CSPG via HAPLNSs and bridging CSPGs via TN-R, makes the structure of
the PNN highly condensed and stabilised.

2.2 Characterization of PNNs

PNNs were first observed using staining techniques (Figure 14), as mentioned above,
using the “black reaction technique”®. This technique consists of incubating the tissue in a
silver nitrate solution for one to two days. The silver nitrate solution reacted with the
potassium dichromate to form fragments of silver chromate on the cell membrane which are
black, hence the name black reaction. These fragments aggregate on the cell membrane of
some neurones (presumably those bearing PNNSs) stain the entire cell surface. Other scientists
interested by PNNs used methylene blue staining or its derivatives™. It is a cationic thiazine
dye with redox-cycling properties. It binds to the dendrites of certain subpopulations of
neurons in the brain. The presence of a strong anionic residues in PNNs attracts the cationic

104

dye™". Wisteria floribunda agglutinin (WFA) is currently the most popular staining for
PNNs. It is a plant lectin that labels selectively N-acetylgalactosamines of chondroitin
Sulphate , enriched in PNNs'®. Vicia villosa agglutinin (VVVA) is another plant lectin used to
stain PNNs'%. Colloidal iron hydroxide (CIH) staining uses an acid-base reaction whereby
ferric cations in a colloidal ferric oxide solution are attracted and bound to carboxylated and
sulphated substances'®. This staining can be visualized with light microscopy. Monoclonal
antibodies against CSPGs are another alternative to visualize PNNs'®’. Labelling PNNs in
spinal cord with an antibody directed against aggrecan is better than WFA. Indeed, only
~60% of the CSPG-positive PNNs co-localised with WFA in the spinal motoneurons*®. For
review, a table of markers labelling PNN identified before 1994 is provided by Celio and
Bliimcke®. Monoclonal labelling and lecticans staining can visualized in fluorescence in
confocal microscopy. PNNs stained with WFA can be visualized with electron microscopy™®

(Figure 15).
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Figure 14: Distribution patterns of PNNs stained by
the three methods applied in cortical and subcortial
brain regions in light microscopy.

(a) Retrosplenial granular cortex. (b) Reticular thalamic
nucleus. (c) Gigantocellular reticular nucleus are stained
with colloidal iron hydroxide (CIH) staining (upper row);
Vicia villosa agglutinin (VVA) staining (middle row) and
Wisteria floribunda agglutinin (WFA) staining (bottom
row). Scale bar = 100 pm (from Seeger et al., 1994'%).

Figure 15: Electron microscopic demonstration of PNN in the
hippocampal CAL region of a slice culture fixed after vital labelling
with biotinylated WFA.

(A) The stained components (arrows) of a PNN reveal the contours of a
presumed interneuron (nl) which is contacted by numerous synaptic
boutons (asterisks). Two adjacent neurons (n2, n3) are devoid of label.
(B) Somatic part of a PNN. The labelled zone of extracellular matrix is
associated with the non-synaptic surface of the neuron (n) but covers
synaptic boutons (asterisks) and surrounds clusters of preterminal axon
profiles. An astrocytic process containing glial fibrils (g) borders the
outer matrix zone. A myelinated axon (m) is seen in its vicinity. (C)
Two adjacent synaptic boutons contacting a net-associated neuron (n).
The labelled extracellular matrix is absent between boutons (asterisks)
and in the axosomatic contact area but is accumulated around
preterminal axons. Glia profiles (g) can be seen in close proximity to
presynaptic boutons. W. floribunda agglutinin was applied for 3 days to
a 4-week-old slice culture grown in medium with 25 mM KCI. After 7
days, the slice was fixed and the bound lectin visualized with the
peroxidase technique. Bars: A, 5um; B, 2um; C, 1um (from Brickner
et al., 2004'%),
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2.3  Spatial and temporal formation of PNNs

PNNs are expressed in multiple regions in the brain, enwrapping subpopulations of
neurons. With the use of lectins (VVA and WFA) and CIH staining, PNNs are mapped in rat
brain and they are present in more than 100 regions (see Seeger et al., 1994'% for the list of
identified regions) and recently reviewed by van't Spijker and Kwok, 2017*°. The regions
expressing PNNs in the CNS are: cortex, amygdala, hippocampus, cerebellum and spinal
cord. Neurons enwrapped by PNNs appear as a mesh or honeycomb (Figure 12). The holes
correspond to connection point of nerve terminals on neuron (synaptic boutons). Using lectin
staining, population of parvalbumin-containing GABAergic interneurons in the rat cerebral
cortex was identified*''. GABAergic neurons are the main inhibitory neurons in the mature
CNS secreting the gamma aminobutyric acid (GABA) neurotransmitter. GABA reduces the
excitability of neurons, controlling thus the plasticity. Subpopulation of GABAergic neurons
expresses parvalbumin (PV), a calcium-binding protein. PV positive neurons are the largest
neuronal population bearing PNN in the brain*'?, with 80% being surrounded by PNNs>®
(Figure 16). In the cortex, PV neurons are fast spiking interneurons controlling pyramidal
neurons (excitatory neuron whose soma shaped like pyramid able to send their axons for long
distances), which in turn project out of the cerebral cortex and provide excitatory signals. PV-
GABAergic neurons are the largest population bearing PNNs. However, another population
of PNN-bearing neurons could be found in amygdala: calbindin (other calcium-

binding protein)-containing GABAergic interneurons°.

Figure 16: PNNs around a parvalbumin-expressing inhibitory neuron in rat lateral secondary visual
cortex.

Green: WFA-stained PNNs and red: neuron (National Academy of Sciences'*?).
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Contrary to what is often thought, PNNs are not only specific to inhibitory neurons.

Indeed, in amygdala regions responsible of emotional learning and memory, PNNs are mainly

1% In the hippocampus, PNNs surround excitatory

115

expressed around excitatory neurons
synapses of pyramidal neurons to supress their plasticity . In cerebellum, in addition to
Purkinje cells, Golgi neurons and molecular layer interneurons (GABAergic neurons), PNNs
are found enveloping large excitatory deep cerebellar nuclei neurons (LEDCN)™. In spinal
cord, motoneurons (neurons projecting to control , directly or indirectly, effector organs or
gland) express also PNNs on their surface™'® 1%, Widespread expression of PNNs in the CNS

demonstrates their importance.

Although PNNs components such as HA, CSPGs and tenascins are detected in the
ECM of developing and neonatal CNS, PNN formation occurs late in postnatal development
(in rodents 2-5 weeks after birth) and coincides with the closure of the critical period. Critical
period is defined as “a maturational time period during which some crucial experience will
have its pick effect on development or learning, resulting in normal behaviour attuned to a
particular environment to which organism has been exposed”. Each individual CNS system
has its own critical period (Figure 17). During the critical period, neurons are able to
modulate their connections in response to environmental stimuli (high plasticity). At the end
of the critical period, PNNs appear and wrap on the neuronal surface when the mature
synaptic circuitry is established’. Therefore, PNNs stabilize the established connections and
the plasticity is restricted. However, this plasticity can be restored by limiting external stimuli
or modulating PNNs. For example, in the visual system, the critical period can be delayed by
dark rearing or by degrading CS chains of the PNNs in adult visual cortex, thus restores

experience-dependant plasticity™!’.

Sensitivity

SOURCE: US National Research Counci & instituteof Medicine ~ AQ/@ (years)

Figure 17: Critical period.
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Some components such as CSPGs (neurocan, phosphacan and versican), HAS and
TN-R were already expressed at postnatal day 3 (P3)"*®. However, molecules triggering PNN
construction are upregulated as the PNN form. PNNs develop around rat deep cerebellar
nuclei (DCN) neurons from postnatal day P7, around Golgi neurons from P14 *® and in the
visual cortex at P14 and (at the same age in mice)®. In the visual cortex, Crtl1 and Bral2 are
the only proteins upregulated at the time of PNNs formation and Crtll displays a peak of
expression at P14 and Bral2 at P21. Mice lacking Crtl1 have attenuated PNNs and persistent
plasticity®® (Figure 18). Crtl1 is a key component in the formation of condensed PNNs in the
visual cortex. In rat cerebellum, aggrecan, Crtl1l and HAS are all upregulated during PNNs

formation**2,

Figure 18: The appearance of PNNs in wild-type and Crtl1 knockout animals.
Left: WT; right: Crtl1 KO. Green: parvalbumin stained neurons; Red: WFA-stained PNN (from Carulli et al.,
2010%).

2.4 Cell source of PNNs

Origin of PNNs is one of the first arise questions, neuron and/or glia? In the other
hand, PNNs are considered as part of the terminal arborisations of nerve processes™. In the
other hand, PNNs are observed in continuity with glial cells°. Then, it was shown that two
reticular structures around nerves cells exist: (i) an outer one consisting in PNN of glia (PNG)
and (ii) an inner one consisting in PNN of ECM (PNEM). The two structures are not
superimposed, and glial end-feet are sometimes observed to pass through PNEMs. Analysis of
the cellular origin of PNN components reveal that both glial cells and neurons provide CSPGs
and TN-R of PNNs. However, only neurons express the mRNA of HAS and link proteins
(Crtll and Bral2)!® (Table 3). Hence, neurons and glia both are responsible in building
PNNs.
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Table 3: mRNA expression of PNN components in adult rat deep cerebellar nuclei (DCN) and large
excitatory deep cerebellar nuclei (LEDCN).
(from Carulli et al., 2006™%)

LEDCN DCN neurons NG2 Oligo
neurons without nets Astrocytes cells dendrocytes

Neurocan + + — - -
Aggrecan -+

Brevican + t+

Versican - - - ++ t
Phosphacan - - = e -
RPTPbeta b+

TN-R + - - ++ ++
Crtll ++ - - - -
Bral2 +

HAS1

HAS2 + - - — -
HAS3 + - — — _

'Sw[ning intensity: ++, strong; +, weak; —, not detected

2.5 Role of PNNs

This highly organised network of PNNs looks optimally designed to accomplish very
specific functions. The most known and studied function of PNNs is the plasticity restriction.
Three mechanisms by which PNN regulates the plasticity has been proposed: i) PNNs act as a
physical barrier inhibiting further synapses formation; ii) attract inhibitory signalling

molecules such as Sema3A; iii) restrict the lateral mobility of AMPA receptors'®’ *%

(Figure
19). Neuronal plasticity is at the basis of learning and memory. Impairment of memory is a

result of several neurodegenerative diseases notably AD.

To demonstrate the role of PNNs in plasticity, the most classical model for plasticity
which is the reactivation of ocular dominance (OD) plasticity in the adult visual cortex, has
been employed. Monocular deprivation (MD) is usually used to analyse experience-dependant
plasticity in the CNS. This technique consists of depriving one eye of the animal from light by
suture during the visual critical period. This results in a shift of OD plasticity of cortical
neurons in favour of the non-deprived eye. However, MD during adulthood (after PNNs
surround the established synapses) does not result in OD showing thus absence or diminution
of plasticity in the visual cortex. Moreover, the critical period for OD and PNN maturation are
delayed for animal reared in complete darkness. MD of adult rats underwent chondroitinase
ABC (ChABC) injection results in OD shift toward the non-deprived eye, attesting thus de

novo plasticity™".
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Figure 19: Three possible ways in which PNNs may act to restrict plasticity.

PNNs could regulate plasticity by three mechanisms: (a) a physical barrier by PNNs to incoming synaptic inputs;
(b) binding of molecules via specific sites on CSPGs of PNNs (molecules, such as semaphorin 3A, inhibit new
synaptic inputs); and (c) prevention of lateral diffusion of AMPA receptors, limiting the ability to exchange
desensitized receptors in the synapse for new receptors from extrasynaptic sites (from Sorg et al.,2016%).

PNNs are also involved in controlling regeneration. This role is highlighted by
disrupting PNN by ChABC treatment. In animals with SCI, ChABC treatment induces de
novo sprouting in degenerating areas where CSPGs are digested'??. CSPGs are principal
actors in inhibiting axonal growth and sprouting as long as their expression is upregulated
around the lesion after SCI and their removing restores the sprouting'?. In addition to the

plasticity control and regeneration, PNNs play several roles described below:

2.5.1 Physical role

One of the first suggested roles of PNNs is a protective and supportive scaffolding®?*.
By enwrapping the whole cell body of neuron, PNNs prevent the formation of new neuronal
contacts and synapses, restricting thus the plasticity. In addition, PNNs stabilise the existing
synapses, ensuring their maintenance. PNNSs can act as a physical barrier between the neuron
and the extracellular space precluding the penetration of neurotoxic protein species such as

amyloid B-protein’®. The negative charges of GAG chains confer to PNN an ion exchanger
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function regulating ion mobility and sorting properties in the brain'?®. They provide an ion
buffering capacity around specific subpopulation of neurons notably buffering for cations
involved in the neurotransmission of fast spiking interneurons*?® *2”. This buffering capacity

also prevents oxidative stress by retaining Fe®* ions'%.

PNN constitutes a barrier for the lateral diffusion AMPA receptors'?. AMPA receptor
mobility on plasma membrane is required for the regulation of receptor numbers at the
synapse. The compartmentalisation of synaptic membrane by PNNSs reduces the availability of
naive AMPA receptors. AMPA receptors are glutamate-gated ion channels and are
indispensable for fast excitatory synapses. Glutamate binding to the AMPA receptor results in
the opening of the ion channels resulting in a cation influx which depolarizes the post-
synaptic membrane. PNNs could also connect ECM components to the cytoskeleton via

receptors, such as with HA receptor'?*,

2.5.2 Functional roles

Immature PNN already acts as a molecule reservoir. It attracts the neurotrophic factors
responsible for the survival and the growth of neurones®. The diversity of PNN components
confers a multitude of protein-binding sites. For example, different GAG motifs enable a
specific binding of different type of proteins. Some of these proteins are responsible for the
control of plasticity, outgrowth and guidance such as our protein of interest Sema3A and
orthodenticle homeobox2 (Otx2)**. Sema3A accumulates on PNN through its interaction
with CSs. Sema3A on PNN can induce the chemorepulsion of the neurons bearing the PNN as

well as the adjacent neurons*®

(accumulation of Sema3A in PNN is detailed in section 4).

In the visual cortex, the transcription factor Otx2 is produced in other areas (retina and
dorsal lateral geniculate nucleus) and then transferred to PV-cells via thalamocortical axons to
be involved in the maturation of PNNs which results in the closure of the critical period. Once
PNNs are formed, in turn, they lead to accumulation of Otx2 on the surface of PV-cells thus
the mature structure of PNNs and regulate the plasticity for binocular vision in the visual
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cortex™ (Figure 20). Otx2 as Sema3A, it is accumulated on PNN via its interaction with

specific epitopes in CS in addition to its interaction with TN-R**,

40



Before CP During CP After CP

Immature PV-cells Maturing PV-cells Mature PV-cells
Not plastic Plastic Not plastic
[ PNN assembly
~ Ow2 —— PNNT o217 PNN T Otx2 PNN
ﬁ Import ¢
'f
\\\_ Extracortical "V specificity

SOUrces [ Otx2 accumulation

Figure 20: Otx2-PNN feedback loop for critical period plasticity.

At critical period onset (CP), sensory activity induces initial formation of the PNNSs, allowing the internalization
of extracortical Otx2 by PV-cells. During critical period, the increasing PV-cell Otx2 content enhances PNN
assembly. In turn, PNNs ensure the specific accumulation of Otx2 in the PV-cells. In the adult, the constant
transfer of Otx2 into the PV-cells, due to the positive feedback loop between the Otx2 and the PNNs, maintains a
mature, consolidated, non-plastic state (modified from Bernard and Prochiantz, 2015"%).

Neuronal pentraxin2 (Nptx2, also called Narp) binds and clusters AMPA receptors and
accumulates at excitatory synapses on PV-interneurons'®. PNNs are implicated in Nptx2-
mediated AMPA receptors clustering in mature PV cells as a homeostatic response to
elevated circuit activity™>. In addition to the physical barriers that PNN constitutes to regulate
AMPA receptors, PNN could regulate these receptors with a molecular way, through Nptx2.
Recent data from the lab also shows that the binding of Nptx2 to neuronal surface facilitates

the formation and maturation of PNNs (unpublished data).

PNN concentrates specifically all these plasticity regulating actors. Each molecule has
its own expression pattern in time and space and triggers different signalling pathways. It is
not known yet if they could act in dependant or independent ways, but certainly they are all

required for the regulation of plasticity.

2.6 PNNs in pathology
Only some notes from Nissel and Alzheimer reported on an alteration of PNN in case
of dementia before 1911. Besta (1911) and Belloni (1933) are the pioneers in PNN and
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pathology. Baesta highlighted that PNNSs are resistible to brain injury and remain intact even
after a destruction of axonal endings. In addition, modifications occurring within PNNs are
independent of those observed in neurons. Belloni mentioned that PNNs are altered and
disintegrated in dementia, diffuse gliosis and psychiatric cases®. These last two decades, the
number of papers analysing the behaviour of PNNs in cerebral pathology is dramatically
increased. PNN is a dynamic structure that responds to changes of its environment.
Expression of PNN components is regulated and likely their rearrangement as well. As it was
discussed earlier, PNN recruits signalling molecules involved in different processes. These
molecules require a specific binding site. Thus, PNN should adapt its composition,
modulating the availability of these binding sites for recruiting the adequate molecules to the
environmental conditions. PNN is considered as double edged sword because on one hand it
protects the neuron against disorders and abnormalities, but on other hand it promotes the
spread of the disease and the perpetuity of the disorder. PNN is involved in lot of pathologies
of the CNS among them neurodegenerative diseases such as AD and CNS trauma such as

spinal cord injury (SCI).

2.6.1 Neurodegenerative diseases

Neurodegenerative diseases are a group of chronic, progressive disorders characterized
by the gradual loss of neurons. Mechanisms underlying their progressive nature remain
unknown. Millions of people worldwide are affected. AD is the most common type™**. AD is
a chronic degenerative disorder that destroys memory and other important mental functions. It
is the most common cause of dementia. AD is characterized by beta aggregate fibrillary of
neurotoxic elements: amyloid beta peptide (AR) and Tau-protein. Among the neuroprotective
role of PNN: they are able to restrict the processes of distribution and internalization of Tau
protein, thus protecting the neuron that they surround™*®. Neurons enwrapped by PNNs are not
affected by the accumulation of neurofibrillary tangles despite the severity of damaged
region™®. This could explain the selective neuronal vulnerability of most neurodegenerative
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diseases™" (Figure 21). This neuroprotective effect in AD usually assigned to CSPGs.

Neurons in culture expressing CSPGs-rich PNNs withstand to AR treatment, while neurons

devoid PNN succumb to the treatment*?®

. CSPGs protect also neurons in culture from delayed
cell death induce by glutamate, AMPA and N-methyl-D-aspartate (NMDA)*®. Moreover,
brevican expression is upregulated in PNNs of AD. Other non-CSPG components are also

upregulated such as Crtl1®*°. These upregulated components could be the actors of the
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neuroprotective effect of PNNs. Furthermore, PNNs protect the neurons that they enwrap
from oxidative stress in normal-aged brain and AD. The negative charges of HA and CS
neutralize ions generated from the oxidative stress such as iron'*°. Several examples presented

in Table 4 show the neuroprotective effect of PNNSs.

Figure 21: Distribution of aggrecan-based PNNs compared to AD-typical neurofibrillary degeneration in
the human cortex.

Area 20— 22. Complementary pattern of aggrecan-immunoreactive PNN and neuropil (HAG, gray/black) with
anti-tau phosphospecific immunoreaction (pT205, brown) becomes clear. PN-rich regions are not or less affected
by taij3—7pathology, whereas regions with less or no PNNs display high amounts of pathology. (from Suttkus et al.,
2016™").

Table 4: Overview of the most important findings regarding the different experimental approaches using
human postmortem tissue, in vitro trials, or animal models to investigate the protective action of ECM
components.

(from Suttkus et al,. 2016™").

Experimental design Results
Studies using Immunohistochemical and histological staining proceeded PNs-associated cortical neurons are unaffected by NFT
postmortem on AD affected tissue formation
tissue tau pathology is mostly found in regions with a low

proportion of PN
PN-ensheathed neurons are lesser affected by lipofuscin
inclusion
In vitro studies  Exposure of cultured neurons to excitotoxic concentrations  CSPGs reduce the delayed cell death
of NMDA, AMPA, and kainate
Treatment of human neuroblastoma SH-SYSY cells with  purified chondroitins 4 and 6 reduce significantly the
H,0; or a combination of rotenone and oligomycine generation of free radicals
to induce oxidative stress
Incubation of cultured neurons with toxic concentrations of sulphated GAGs attenuate the neurotoxic effects
B-amyloid of B-amyloid
PNs protect neurons against B-amyloid toxicity

Approaches Stereotactical injection of trimethyltin into the hippocampus  PN-enwrapped neurons persist in the vicinity of the lesion
using animal 1y munohistochemical studies on the AD mouse model Aggrecan-based PN-associated neurons are not aflected
models Tg2576 by amyloid plaques

Induction of oxidative stress by GBR using the PNs limit induced oxidative stress
schizophrenia mouse model Gelm KO
Stereotactical injection of iron chloride to induce PNs protect neurons against oxidative stress

oxidative stress

AD: Alzheimer’s disease, PN perineuronal net, NFT: neurofibrillary tangle, NMDA: N-methyl-D-aspartic acid,
AMPA: a-amino-3-hydroxy-5-methyl-4 isoxazoleproprionic acid, CSPG: chondroitin Sulphate proteoglycan,
GAG: glycosaminoglycan.
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On the other hand, PNN is described as noxious for neurons in AD. For example,
disruption of the PNN in the hippocampus or peripheral cortex by digesting CS chains with
injection of ChABC restores the memory lost in mice AD** 2, Furthermore, the depletion of
Crtll KO mice enhances long term object recognition memory and facilitates long-term
depression in the perirhinal cortex'*. In contrary to CSPG, HSPGs are found co-localising
with AR promoting AD by accumulation of AB and hyperphosphorylation of Tau protein™*
% 'HSPGs act in cooperation with low-density lipoprotein receptor-related protein 1 (LRP1)
to mediate cellular AR uptake*®. PNNs are also involved in other degenerative diseases such

as multiple sclerosis and Parkinson disease.

On one hand PNNSs protect neurons from oxidative stress and accumulation of AR. On
the other hand, PNNs removal by ChABC enhances plasticity to compensate for the function
of the lost neurons, thus memory. This aspect should be considered to target PNN in

neurodegenerative disease.

2.6.2 Traumatic CNS injury

Traumatic CNS injury (SCI and TBI) comprises disorders resulting from spinal cord
and brain trauma (e.g car crash and fall), stroke or cancer. SCI is the most common.
According to the WHO (World Health Organization) the annual global incidence ranges from
40 to 80 cases per million inhabitants. Up to 90% of these cases are due to traumatic causes.
Men are most at risk in early adulthood (20 to 29 years) and in old age (over 70). For women,
the risk is greatest in adolescence (15 to 19 years), then from the age of 60. Most spinal cord
injuries result in permanent impairment of some degree or loss of sensation in areas of the
body below the level of the lesion. The degree of disability depends on the severity of the
injury and the location in the spinal cord. There is no effective treatment to date. SCI causes
deleterious secondary injury mechanisms including glutamate-induced excitotoxicity,
inflammation and oxidative stress, in addition to the primary pathology due to the initial
impact which results in cut axons, then degeneration. This secondary injury leads to failure of
axonal sprouting and progressive neuronal death. After SCI, the BBB is disrupted due to
rupture of the blood vessels and the site of the lesion is rapidly infiltrated by blood
neutrophils. This process leads to formation of glial scar and contributes to the secondary
alteration that follows the primary lesion**’ **8. Thus, the primary injury affects the lesion site

leading to axonal degeneration and cell death. The secondary injury resulted from the glia scar
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broadens this lesion through the chronic inflammatory and oxidative stress and prevent the
axonal regeneration. Despite some surviving cut axons which are able sprouting but they

cannot traverse the glial scar tissue to connect to other neurons**® (Figure 22).

Secondary Demyelinated
Initial damage axons
< Rostral injury site zone Caudal =—p

Intact Astrocytes & Severed
myelin Meningeal axons Intact Myelin
cells forming axon degeneration
the scar

Figure 22: Schematic representation of the spinal cord injury.

The site of the primary lesion is often restricted and secondary injury mechanisms such as inflammation,
oxidative stress, and glutamate-induced excitotoxicity contribute significantly to broaden the primary lesion site
(from Mueller et al., 2006"*°).

The composition of PNNs changes drastically after CNS injury notably CSPGs.
CSPGs are inhibitory for axonal regeneration and neurite outgrowth®® **!. Phosphacan,
neurocan, brevican, versican and NG2 are upregulated following SCI**? 3. In addition to
these CSPGs, TN-C are found upregulated™®. Furthermore, axotomy (cutting axons) of
nigrostriatal tract (one of the major dopaminergic pathway in the brain) induces an increase of
CSPGs expression’™. Removing CS chains of CSPGs by injecting ChABC promotes
sprouting of spinal system and the functional recovery after SCI®* . In nigrostriatal tract

axotomy, ChABC treatment enables dopaminergic nigral axons regeneration*.

In conclusion for PNNs in pathology, PNNs should be modulated according the
context of the pathology. Traumatic CNS injuries result in axon cut. The injury environment,
whose upregulation of PNN CSPGs, constitutes a barrier for functional recovery by
preventing the axonal regeneration and the reconnection between neurons. Hence, disrupting

these PNNs through ChABC digestion promotes the functional recovery. However, first this
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treatment does not target only CSPGs of the PNN, second it targets only CS chains of CSPG
and potentially HA, hence the core protein and the other components remain intact and third
we do not know about the inhibitory effect of the other PNN components in traumatic CNS
injury. Thus, we cannot attribute an inhibitory effect to the whole PNN structure. In addition,
in AD, PNN seems to be neuroprotective and protects neurons that it surrounds against
oxidative stress. This oxidative stress is also a consequence of the primary injury and the
cause of the secondary injury in TBI and SCI. Hence, the question is what about the

protective role of PNNs against the oxidative stress following the trauma?

2.7 Modulation of PNNs

The most common way to modulate PNNSs in order to analyse their role is ChABC
treatment. The role of PNN in plasticity and regeneration is thus highlighted. In 2001, Fawcett
lab treated rat injured in the brain with ChABC which results in axonal regeneration™. In
2002, Bradbury et al. have demonstrated the benefit of ChABC treatment in functional
recovery following SCI™. In the same year Pizzorusso et al. have shown the reactivation of
plasticity in visual cortex through ChABC treatment*?*, Since, a multitude analysis of ChABC
treatment effect on different functions in the CNS was performed and some examples are

summarised in Table 5.

ChABC digests the CS chains of CSPGs, but also it acts slowly on HA which
constitutes the backbone of the net (ChABC, Sigma, C3667) resulting thus in the disruption of
the organisation of the net (Figure 23). However, it is hard to know if the observed results are
due to the disruption of the 3D organisation of the net or due to the absence of CS chains and
HA, or both. Although, this is the question which should be asked when we modulate one of
the PNN components (tenascins, link proteins and CSPGs KOs), since the effect of PNN is
not due only to the role played by each component individually but also to their disposition
and interaction. Despite the efficiency of ChABC treatment and its importance to analyse the
involvement of CSPGs in plasticity and regeneration, it could not be used as a treatment
because of i) it is not targeting a specific region, since CSPGs are present in the whole ECM
and in addition PNNs cover different type of neurons, ii) it is degrading all CS types and some
of them are promoters rather than inhibitors and iii) PNN plays a neuroprotective effect on the
neuron that it surrounds. Thus, other treatment(s) more targeted and more specific need to be
elaborated.
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Table 5: Effect of chondroitinase ABC treatment on neuronal plasticity.
(from Karetko and Skangiel-Kramska et al., 2009**°).

Species Place of ChABC Effect of PNs degradation
action
mouse hippocampal slices reduction of LTP
rat axotomized long-distance regeneration of interrupted

nigrostriatal pathway dopaminergic nigral axons

rat visual cortex restoration of ocular dominance plasticity
in adult
rat injured spinal cord functional recovery of locomotor and

proprioceptive behaviors

rat injured spinal cord sprouting of injured and intact spinal cord
projections

rat injured spinal cord regeneration of damaged dorsal root fibers

rat injured spinal cord sprouting of intact dorsal root fibers;

restoration of sensory function

mouse amygdala abolishment of spontaneous recovery and
context-dependent renewal of conditioned
fear in adult

mouse amygdala impairment of LTP at thalamo-LA inputs
rat culture of hippocampal increase of lateral diffusion of AMPA
neurons receptors

(ChABC) chondroitinase ABC; (LA) lateral amygdala; (LTP) long term potentiation; (PNs) perineuronal nets

PNN can also be modulated by exercise training. While exercise is usually used to
improve the functional recovery after SCI in human patients, ChABC treatment enhances the
functional recovery after SCI in rat. Combining these two treatments, promotes the greatest
recovery of rat with SCI. Exercise training alone leads to an increase in the level of Crtl1 and
WEFA staining, likely for the consolidation of an efficient circuitry. However, administration
of ChABC during the rehabilitation removes PNNs and prevents their upregulation during the
exercise. Moreover, ChABC treatment induces sprouting and reconnection which can be
strengthen with the exercise training™’. However, exercise training regulates differently
PNNs expression in different region of the CNS. Indeed, exercise training decreases
expression of PNN in the brain, while it increases it in the spinal cord. This divergence
indicates different regulatory mechanisms of plasticity via PNN in the brain and the spinal

cord™®.
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Figure 23: Chondroitinase ABC treatment of the PNN.

ChABC treatment of the PNN degrades all of the CS (red line) as well as all of the matrix hyaluronan (pink line),
which causes major disruption to the macromolecular heterophilic interactions that hold the PNN together.
Disruption of PNN may allow extension of axons into the vacated space and closer interactions between the
memtl)srgnes of neighbouring neurons, contributing to a restoration of neuronal plasticity (from Fox and Caterson,
20027°).

One of mechanism by which PNN regulates plasticity is by recruiting signalling
molecules such as Otx2 which is important for PNN maturation and stability. The effect of
PNN can be modulated by manipulating the recruitment of these signalling molecules. The
Otx2-binding motif in CS is already determined as well as the CS-binding site on Otx2. Based
on the CS-binding sequence, a peptide mimicking this sequence has been conceived. This
peptide is able to inhibit the Otx2 transfer in vivo restoring then the visual cortical plasticity in
adult mice™. Modulation of PNN through the interaction of its CS chains and signalling
molecule requires an understanding of the expression, distribution, function and specifically
the structure of both the signalling molecule and CS chains. In the next chapter we detail the
CS in the CNS.
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3. Glycosaminoglycans and central nervous system chondroitin sulphate

CS belongs to GAGs family. It is an important component of the cartilage and CNS
matrix notably PNNs. CS was first obtained from cartilage in 1861 by Fisher and Boedecker
and then isolated in 1884 in purer form by Krukenburg'®. In 1913, Levens published a paper
discussing already the composition and structure of sulphuric acid (the name at that time) and
developed a method to isolate one component which is GIcA™. The correct composition of
CS was then elucidated by the same author in 1925. He found that CS is composed by GIcA
and galactosamine (GalN) conjugated to sulfuric acid*®. Before to identify its correct

structure, it was thought that the CS is a tetrasaccharide®?

, then a complex molecule
represented in branched chain®®.The correct structure was only identified later. Furthermore,
the linkage between CS molecule and its conjugated core protein remained a mystery for a
while. It was thought that protein-CS interaction was an ionic bond®?. In 1965, Lindahl has

reported the nature of CS-4S (CS isoform)-protein linkage®®

. With the progress in structural
biology notably the progress in sugar field, the structure of CS is increasingly analysed. The
crystal structure of CS-4S was reported in 1978 by Winter et al.*®*. Furthermore, benefits and
the virtues of CS were then highlighted notably in osteoarthrosis. Cartilage notably marine

animal cartilage is the principal source of CS.

3.1 Generalities on glycosaminoglycans

GAGs are an important family of linear polysaccharides found mostly in the
glycocalyx and ECM of most animal tissues. They are made of repeating disaccharide units:
hexosamine and uronic acid (except keratan sulphate) which can be epimerized and sulphated
at different positions. The nature of hexosamine (glucosamine or galactosamine) gives rise to
two principal subfamilies: glucosaminoglycan and galactosaminoglycan. Glucosaminoglycan
subfamily contains heparin (Hp)/ HS, KS and HA (detailed in section 1), the only non-
sulphated GAG member. Galactosaminoglycan subfamily contains chondroitin/dermatan
sulphate (CS/DS) (Figure 24). Except HA, other GAGs are synthetized as a part of the
proteoglycan molecule composed of a core protein and at least one chain of GAG. Hp/HS and
CS/DS are linked covalently to serine residue (by O-glycosylation posttranslational
modification) of the core protein at specific amino acid sequence Gly-Ser-Gly via a specific
linkage tetrasaccharide. This tetrasaccharide consists in xylose (Xyl) - galactose (Gal) — Gal -

G ICA163 165
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Figure 24: Structure of disaccharide unit of GAG members.

Hyaluronan: B(1,4)-GlcA-B(1,3)-GlcNAc. Chondroitin Sulphate: B (1,4) GlcA-p (1,3) N-GalNAc, heparin
sulphate and heparin: a(1,4) GlcA- B (1,4) N-GlcNAc / a(1,4) IdoA-(1,4) N-GIcNAc and keratin Sulphate:
B(1,4) Gal-B(1,3) GlcNAc.

3.2  Modification of glycosaminoglycan backbone

Sulphation consists of the transfer of a sulphate group (SO4*) at specific positions on
the disaccharide unit. The process occurs in the Golgi apparatus via specific sulfotransferases
(STs) enzymes which transfer the sulfo group from the universal sulphate donator 3’-
phosphoadenosine 5’-phosphosulphate (PAPS) to the GAG backbone. PAPS is synthetized in
the cytosol and then translocated to the Golgi apparatus by PAPS translocase where it serves

as sulphate donator (Figure 25).

Epimerisation is the other modification that GAG backbone can undergo during its
synthesis in the Golgi apparatus to generate astereisomers. It consists in inverting the
configuration of the asymmetric centre at C5 position of the glucuronic acid to give rise to its
epimer iduronic acid (IdoA). This reaction is catalysed by glucuronyl C5-epimerase. Its

occurrence may require specific sulphation modification beforehand.
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Figure 25: The sulphation cycle in mammalian cells.

3’-Phosphoadenosine 5’-phosphosulphate (PAPS) is synthesized in the cytosol and then transported into the
Golgi apparatus by a specific transporter known as PAPS translocase. In this cellular compartment, the
carbohydrate sulfotransferases (STs) catalyse the transfer of a PAPS sulfonyl group onto a hydroxyl or amino
group(s) of the nascent glycoconjugates, which are then secreted into the extracellular matrix or inserted into the
plasrr;gl6 membrane. So far, more than 30 Golgi-associated STs have been identified (from Soares da Costa et al.,
2017°™).

The structure of the GAG backbone is simple by itself. However, the epimerisation of
the uronic acid, the position and number of sulphate on one monosaccharide and the size
variety between molecules results in plethora isoforms within subfamilies and infinite
variation within the same isoform. Moreover, since in contrary to the DNA and protein
molecule, GAG synthesis is not template-based model, the structure of each molecule could
be unique. Furthermore, this variability notably in sulphation pattern allows a specific
interaction with numerous proteins. Sulphation pattern encodes molecular recognition and
activity. This makes GAGs involved in a multitude of physiological and pathological

processes.

3.3 Glycosaminoglycan types
e Hyaluorinc acid: detailed in ECM chapter (section 1.1.1)
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e Heparin and heparin Sulphate

HS constitutes the most abundant sulphated GAG in several tissues. The disaccharide
unit of Hp/HS is composed of al, 4 GlcA which can be epimerised to give rise to iduronic
acid (IdoA) and B1, 4 N-GIcNAc which undergoes an N-deacetylation to give rise to
glucosamine (GIcNH2). They undergo also an O-sulphation (at C6 of GIcNH; and C2 of
GlcA/ldoA) and N-sulphation (at C2 of GIcNH,). These modifications occur in clusters
resulting thus in sulphated (S-domains) and non-sulphated (NA-domains) domains (Figure
26). Difference between Hp and HS is the degree of these modifications. Hp is most modified
with 2.7 sulphates per disaccharide unit on average'®” and he N- and 2,6-di-O-sulphated
structure (-IdoA2S-GICNS6S-) as generally the predominant disaccharide unit. However,
IdoA2S-GIcNS6S is minor unit in most HS*®. With other words the majority of uronic acid
of Hp is IdoA, while it is GIcA in HS. HSs are involved in lot of mechanisms notably the
interaction host-pathogen'®®. HS plays an important role in the CNS. Mice deficient for the
expression of exostosinl (EXT1) glycosyltransferase, mediating polymerisation of HS chain
during biosynthesis, failed to gastrulate and died by embryonic day (E) 8.5*%°. HSs are also
involved in signalling of FGF which is indispensable for neural cell proliferation'®®. HSs are

also known for their role in AD by modulating brain amyloid-p clearance and aggregation®’.
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Figure 26: Heparan sulphate structure.

HS, whose biosynthesis is initiated by the attachment of xylose (star) to specific serine residues in HSPG core
proteins, followed by the formation of a linking tetrasaccharide (xylose-galactose-galactose-glucuronic acid), is
initially polymerized by an enzyme complex composed of Extl and Ext2 as a GlcA-GIcNAc repeat (black). In
restricted regions, called S-domains (shown in red), the chain is extensively modified by a series of enzymatic
reactions that remove the acetyl group from GIcNAc residues and substitute the resulting free amino groups with
sulphates, epimerize the adjacent GIcA into L-iduronic acid (IdoA) and add sulphates on various positions: the
C2 of the IdoA (and less frequently that of the GIcA), the C6 of the GICNS (and less frequently that of the
GlcNac), and finally at the C3 of GIcNS or GIcN units. Altogether, these modifications can generate (the
theoretical number of) 48 different disaccharides, whose combination within the S-domain gives rise to a large
diversity of structures and make up binding sites for protein ligands (from Connell and Lortat-Jacob. 2013'%).
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e Keratan Sulphate

KS is the most particular GAG member with a lot of exceptions comparing to other
GAGsS: the disaccharide unit of KS is composed of 1, 4 Gal instead an uronic acid and 1, 3
GIcNACc; the sulphation can occur at C6 of both Gal and GIcNAc but GIcNAc sulphation is
most abundant. There are three types of KS: KS | (identified in cornea), KS Il (identified in
cartilage) and KS 1l (identified in CNS). KSs are attached to their core protein in two
different ways: N-glycosylation (KS I) and O-glycosylation (KS 11 and Il1). The KS displays

usually a ramification and can be capped by sialic acid *"*.

e Chondroitin Sulphate /dermatan Sulphate

CS and DS are the only two members of galactosaminoglycan subfamily. CS is the
second most known sulphated GAG member after HS. CS disaccharide unit is composed of 3
(1,4) GlcA-B (1,3) N-acetylgalactosamine (GalNAc). GIcA can be epimerized at C5 and gives
rise to DS unit. CS unit can be sulphated at different positions resulting in different isoforms

summarized in Table 6. Most of them are obtained from marine invertebrate.

Table 6: Structure of disaccharide units derived from chondroitin sulphate and dermatan sulphate by
Chondroitinase digestion.
(from Volpi 2006"%)

Hexuronic acid Galactesamine
No  Name Other namics R* R’ Rt; R? R R’ R®
1 ADi-nonSgies ADI-08¢s H H COOH H Ac H H
2 ADi-nonSisa H H H COOH _Ac H H
3 ADi-mono4Scea  ADI-4S/ A unit H H COOH H Ac SO:H H
4 ADi-mono4Sig, H H H COOH Ac SOsH H
5 ADi-mono6Sces  ADi-68/ C unit H H COOH H Ac H SOH
6 ADi-mono6S;4 H H H COOH  Ac H SOH
7 ADi-mono2Sgia SO4H H COOH H Ac H H
8  ADI-mono2S;g, SOsH H H COOH  Ac H H
9 ADi-mono3Sgia H SO.H  COOH H Ac H H
10 ADi-mono3Si H SO:H H COOH Ac H H
11 ADi-monoNSis H H H COOH SO«H H H
12 ADi-di(2,6)Scica ADi=diSy/ D unit SO,H H COOH H Ac H SO:H
13 ADi-di(2,6)S14e4 SOH H H COOH  Ac H SO:H
14 ADi-di(2,4)Scxa SO.H H COOH H Ac SO\H H
15 ADi-di(2,4)S14.4 ADi-diSg / B umit SO4H H H COOH Ac SO:H H
16  ADi-di(4,6)Sgica ADi-diSg/ E unit H H COOH H Ac SO,H SOH
17 ADi-di(4,6)S10s __ ADi-diSp/iE unit _H H H COOH Ae  SOH  SOH
18 ADi-di(3,6)Scia ADi-diS¢ / L unit H SOsH  COOH H Ac H SOsH
19 ADi-di(2.3)Sis04 SOsH  SO:H H COOH Ac H H
20 ADI-di(3,4)Sgia ADi-diSg / K unit H SO:H COOH H Ac SO;H H
21 ADI-d(2N)S 160 SOsH H H COOH SO:H H H
22 ADI-ri(2,4,6)S¢ea  ADi-triS SO:H H COOH H Ac  SOH  SOH
23 ADi-tri(2,4,6)S14ea  ADi-triSiz / iT unit  SO:H H H COOH Ac SO:H  SO:H
24 ADi-trif3.4,6)Sqica ADi-triSy / M unit H SO:H COOH H Ac SOH SO:H
25 ADi-tri{ 2,6, N)Sjaon SO4H H H COOH SOH H SOsH

Subscripts G and | show the GIcA and IdoA origins of A-disaccharide, respectively. The IdoA- or GIcA- derived
disaccharides have obtained the same structure at C-5 after digestion with chondro-/dermatolysases. The
commonest disaccharides are those in bold. The others have been determined only in CS/DS chains from marine
invertebrate.
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The most common sulphation pattern is C-4 and/or C-6 of the GalNAc and C-2 of the
GIuA or IdoA resulting in monosulphated or disulphated units. Disaccharide unit sulphated at
C-4, C-6, C-4 and C-6 or C-6 and C-2 are called CS-A, CS-C, CS-E and CS-D unit,
respectively. CS-A unit can be epimerized and results in CS-B or DS unit (Figure 27)'"%. CS
chains are referred by the name of the most abundant unit constituting the chain e.g a chain is
referred as CS-E chain when CS-E units are the most abundant in the chain.

GlcA GalNAc

0S03H
CO0- CH20H
CS-A- 0
OH 0

OH

CHZOSOS H

Cs-B SO03H

CH20H
. v\\/

AcNH

CH20503H
m %
CHZDSOS H

0503H AcNH

CO0-

Figure 27: Structure of chondroitin sulphate disaccharide units.

Disaccharide unit of the chondroitin sulphate is made of glucuronic acid (GIcA) and N-acetylgalactosamine
(GalNAc). Sulphation can take place on the C4 and/or C6 of the GaINAc and C2 of GlIcA. Disaccharide unit can
be mono or disulphated resulting in numerous isoforms: CS-A (4S), CS-C (6S), CS-E (4S6S) and CS-D (6S2S).
GIcA of CS-A can be epimerised at C5 to give rise to CS-B or dermatan sulphate (DS).

3.4  Chondroitin sulphate biosynthesis

Chondroitin sulphate (CS) biosynthesis was investigated since 1960s with the isolation
of the PAPS and sulfokinase (transfers the sulphate from PAPS to nitrophenol). At that time,
PAPS was demonstrated as a sulphate donor in GAG, notably in CS synthesis. Moreover,
uridine diphosphate (UDP)-GIcA and UDP-GalNAc were also demonstrated as sugar unit
donors for the CS chain synthesis. The mechanism of the CS biosynthesis has been started to
be elucidated i) as consisting of an equimolar and simultaneous incorporation of GaINAc and
GIcA,; ii) GIcA was added to the non-reducing end of GalNAc and iii) the enzymes involved
in the chain polymerisation and sulphation were located together and work together which

leads to understand that the sulphation occurs simultaneously with the polymerization*’? "2,
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As CS is synthetized as a part of CSPG, CS synthesis does not take place without the
core protein. Once the core protein is formed in the endoplasmic reticulum (ER) and
transferred to the Golgi apparatus, CS chain is synthetized in three steps detailed below:
formation of the linkage region, polymerization and modification (sulphation and
epimerization) of the nascent polysaccharide. CS biosynthesis requires a multitude of specific
enzymes: glycosyltransferases, sulfotransferases and epimerases (Figure 28).
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Figure 28: Subcellular localization of proteochondroitin/dermatan Sulphate.
ER: endoplasmic reticulum, Xyl: xylose, Gal: galactose, GIcA: glucuronic acid, GaINAc: N acteylgalactosamine
formation (from Silbert et al., 20027%).

3.4.1 Biosynthesis of the core protein

As most proteins, the CSPG core protein is first translated from the mRNA in the
cytosol then translocated to the ER lumen where disulfide bonds are made and the folding of
the protein occurs, in addition to the N-glycosylation (which consists of attaching an N-linked
oligosaccharides to asparagine residues from dolichol phosphate intermediates). Correctly
folded proteins are transferred to Golgi for gagosylation (enzymatic reaction which consists in

synthesis a GAG chain on a core protein) by a mechanism that is not clear'”

. Another point
needed to be elucidated is what determines the gagosylation of the core protein. An alignment
of amino acid (a.a) primary sequence over 50 chondroitin sulphate attachment sites from 19
different core proteins generated the consensus sequence XXXXGSGXY X (with X = E or D

and Y = G, E, or D). Numerous exceptions to this consensus sequence were found: A residue
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can substitute to G residues of the consensus sequence, potential consensus sequences escape
commonly to the gagosylation and xylosyltansferase may transfer xylose to a T residue
instead S residue. This indicates that they are likely other mechanisms regulating the

gagosylation decision*™ 17,

3.4.2 Synthesis of the linkage region

The biosynthesis of CS chain initiates with the formation of the linkage region in ER
and Golgi apparatus. The linkage region is a tetrasacchride made of: Ser-O- Bl Xyl 4 ->
B1Gal 3 -> B1 Gal 3 -> B1 Glc A (Figure 29). The assembly of this oligosaccharide on the
core protein proceeds by direct transfer of a monosaccharide from their donor to the core
protein. Glucose and galactose are the main precursor for all sugars of CS through formation
of UDP-Xyl, UDP-Gal, UDP-GIcA and UDP-GalNAc. The addition of the xylose to the
hydroxyl group of serine, followed by a first Gal then a second to terminate with CIcA is
catalysed by O-xylosyltansferase-1 (XylT-1), B1,4-galactosyltransferase | (GalT-I), B1,3-
galactosyltransferase Il (GalT-II) and B1,3-glucuronyltransferase | (GICAT-I), respectively.
Solubilisation of the xylosyltrasferase was easily achieved, while it was complicated for
GalT-1 and GalT-Il indicating that the galactosyltransferases are more attached to the Golgi
membranes'™® 1"# 12 Xylosylation (xylose addition) begins in ER and continues in Golgi
where the two Gal and GIcA were added"’®. It was postulated that Xyl T-I interacts with GalT-
I in early Golgi but not with GalT-11 and GalT-I does not interact with GICAT-I indicating that
GalT-l1 and GalT-1I are located in different part of the Golgi. GICA addition occurs in
medial/trans Golgi where the polymerisation takes place. Hp/HS and CS/DS share the same
linkage region. Thus, the fate of the GAG chain being synthesized is determined by the type
of the first transferred hexosamine to the tetrasaccharide, if it is a GalNAc, the chain will be a
CS*™. However, what is the molecular signal determinant for the type of hexosamine to be
added is poorly known. Investigating about this, it was found that the linkage region
undergoes a post-translational modification. Indeed, the galactose residues can be sulphated at
position O-4 and O-6 in CS chain synthesis but not HS. This could constitutes the molecular
signal for the type of GAG chain that will be synthetized'’”. Moreover, N-
acteylgalactosaminetransferase (GalNACcT-I) could recognise the sulphated galactose of the
linage region'’?. Phosphorylation of the xylose can also take a place but in both HS and CS

177

synthesis™" ‘. Xylose is phosphorylated only once the first Gal is added and dephosphorylated
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just after GIcA addition'”®. Furthermore, the structure of the core protein could also influence
the type of the GAG chain that will be synthetized.

Chondroitin polymerase complex
ChSy-1/ChSy-2/ChSy-3/ChPF

4 2 5

S

GalNAcT-Il GalNAcT-Il
ChGn-1/ChGn-2/C4ST

Repeating disaccharide region

Linkage region

Core protein

(o @ur Doww Ow )

Figure 29: Conventional scheme for CS biosynthetic machineries.

A number of glycosyltransferases participate in the synthesis of the common tetrasaccharide linkage region and
repeating disaccharide region characteristic to CS chains. The Chain backbone is further modified by specific
sulfotransferases and epimerases. XylT, xylosyltransferase; GalT-I, p1,4-galactosyltransferase-1; GalT-IL,31,3-
galactosyltransferase-11,GICAT-1, B1,3-glucuronyltransferase-1; GalNAcT-I,GalNAc transferase-l; GICAT-II,
GIcA transferase-11; GalNAcT-Il, GalNAc transferase-1l; ChSy, chondroitin synthase; ChPF, chondroitin
polymerizing factor; ChGn, chondroitin GalNAc transferase; C4ST, chondroitin 4-O-sulfotransferase; C6ST,
chondroitin 6-O-sulfotransferase; D4ST, dermatan 4-O-sulfotransferase; UST, uronyl 2-O-sulfotransferase;
GalNACc4S-6ST, GalNAc 4-sulphate 6-O-sulfotransferase; DS-epi, GICA C-5 epimerase (DS epimerase) (from
Mikami and Kitagawa. 2013%).

3.4.3 Chain initiation, polymerization and sulphation

The transfer of the GalNAc to the linkage region by GalNACcT-I constitutes the initial
step for the polymerization of the CS chain. Then, the polymerization occurs in alternative
highly organized process orchestrated by two types of polymerases, GICAT-I1 and GalNACT-
I, to synthetize the repeating disaccharide motif GIcA-GalNAc, respectively (figure 29).
These enzymes add an individual sugar to the non-reducing end of growing nascent chain.
GalNACT-I1 is not able to polymerize the CS chain, the same applies to GaINAcT-11 which is
not able to recognize the tetrasaccharide of linkage region. This is also noticed for GICAT-I
and GICAT-Il. Another type of enzyme in human referred as a chondroitin synthase
displaying both GalNACcT-Il and GICAT-II activities was reported. This enzyme is able to
transfer GalNAc to GIcA via B1, 4 linkage and GlcA to GalNAc via B1,3 linkage.
Nevertheless, no polymerisation activity was observed in vitro with the recombinant protein.

In vivo, this enzyme is probably associated to another protein as chondroitin polymerising
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factor (ChPF) to allow the polymerisation. Indeed, the co-expression of chondroitin synthase
and ChPF leads to a polymerisation on the linkage region of a-thrombomodulin. Furthermore,
this enzyme appears to act on longer acceptors, while GalNAcT-II acts on the shorter,
suggesting that they are involved at different stages of the polymerisation’? ’* 1>, The size
of the synthetized chain can reach 70 kDa. However, to get this extensive polymerization a
core protein is required. Indeed, in experiment of cell culture where CS chains, xylosides or

oligosaccharides were added as acceptors they accepted only few sugar units*’.

Modifications such as epimerization and sulphation occur during the synthesis of CS
backbone by glycosyltransferases (Figure 30). As we mentioned above, GalINAc and GIcA
can be sulphated at different positions which involves several CS sulfotransferases. In the
same chain, all sulphation patterns can be found. Sulphation at position 6 is catalysed by
chondroitin-6-sulphate sulfotransferases (C6STs). C6ST1 is the first characterized enzyme. It
transfers the sulphate group on GalNAc at position O6 in GIlcA-rich regions, resulting in CS-
C units. Moreover, it is also able to sulphate the KS galactose residues. Other homologues of
C6ST1 have been identified later and they are involved in 6-sulphation in different regions e.g
in residues adjacent to IdoA or in non-reducing end GalNAc 4-sulphate residues. The enzyme
acting on non-reducing end GalNac-4S is referred as chondroitin 6-O-sulphate
sulfotransferase (GalNAc4S-6ST) and is involved in the generation of highly sulphated non-
reducing terminal sequence in CS-4S, thus CS-E (4S6S) motif in non-reducing end (Figure
30). The 6-sulphation occurs in the medial/trans Golgi while 4-sulphation occurs in a later
trans Golgi region.

4-0 sulphation is catalysed by 4-O sulfotransferases (C4STs) and it consists in the
most common sulphation in CS and DS chains. Similar to C6ST, different isoforms of C4ST
exist and sulphate different region: C4ST-1, C4ST-2 and C4ST-3 catalyse the 4-O sulphation
on GIcA-rich region, while the D4ST-1 catalyse the 4-O sulphation on GalNAc residues
adjacent to 1doA*™* 1”2 (Figure 30). C4ST-1 is also involved in cooperation with GaINACT-11
in the amount of CS synthesis since its loss can be compensated by C4ST-2 and C4ST-3 and
affects drastically the amount of synthetized CS which results probably from the shorter chain
length. 4-O-sulphation by C4ST-1 promotes the CS chain elongation”. C4ST-2 cooperates
with GalNACT-1 to increase the number of CS chains. Furthermore, the 4-sulphation in IdoA-

rich region prevents back epimerization into GIcA'"™.
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2-0 sulphation of the uronic acid occurs more on IdoA than on GIcA. This reaction is
catalysed by uronyl 2-O sulfotransferase (UST). It 2-O sulphates either the GIcA adjacent to
6S-GalNac (in the CS-C unit) to give rise to CS-D unit (6S2S) or the IdoA adjacent to 4S-
GalNAc to give rise to iB unit (4S2S) (Figure 30) Since 2-O sulphate occurs after the
GalNAc sulphation, it is likely the last sulphation step in CS and DS biosynthesis. Thus, it

occurs in a relatively late Golgi trans network'™ 172 17,
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Figure 30: A schematic diagram of pathways for biosynthetic modification of CS/DS chains.

On the basis of the substrate specificities of the sulfotransferases, the biosynthetic pathways for CS-type
disaccharide units can be classified into the initial “4-O-sulphation” and “6-O-sulphation” pathways. In contrast,
the DS-type disaccharide units are synthesized through the intermediate iO units formed by GIcA C-5
epimerases, DS-epil and DS-epi2 (from Mikami and Kitagawa, 2013'").

The presence of 0.2 mM sulphate in the culture medium is the minimal required
concentration for the normal sulphation of CS, while the sulphation of HS is affected only at
very lower concertation. DS is also less affected by lower PAPS concentration. In addition,
CS and DS involve distinct sulfotransferases. All these suggest that the lower sulphate
concentration in the organism would affect first the sulphation of CS before DS and HS'"*. CS
sulphation degree depends also to anchoring of nascent CSPG at the site of the membrane-
bound enzyme. Indeed, when B-xyloside, compound derived from xylose able to interfere
with proteoglycan synthesis by acting as an artificial acceptor for glycosaminoglycan

synthesis, is added to the culture cell, the resulted xyloside-CS chain is less sulphated than the
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concurrent CS chain of the CSPG'"*. Furthermore, sulphation of the same core protein is
tissue-dependant e.g of decorin from bovine which contains 6-O sulphated Glc-A rich

domains in sclera, while it contains 4-O rich domains in cartilage and bone®".

DS is resulted from the conversion of the GIcA to its IdoA (epimerization) at the C-5
of GIcA (Figure 30). This reaction is catalysed by two C-5 epimerases: DS-epil and DS-epi2.
IdoA residues are either altering with GIcA forming thus hybrids structure or clustered
together to form IdoA blocks*”®. Epimerization occurs usually in concomitant with the 4-
sulphation, even that the 4-sulphation increases the epimerization. Epimerization is affected
by monensin which inhibits the secretory pathway in the medial Golgi region as well as the 4-

sulphation, indicating that 4ST and C5 epimerase are juxtaposed™.

3.4.4 Chain termination

There is no universal motif at the end of CS chain as a termination signal of the CS
biosynthesis. It can terminate with GIcA, GalNAc, GalNAc-4S, GalNAc,-6S and GalNAc-
4S6S. Nevertheless, GalNAc-4S6S (CS-E) motif seems to be a predominant terminal
structure’’2. Indeed, this motif is found in several mammalian species e.g in human cartilage
aggrecan, in vitro culture of chick and rat embryo cartilage and in rabbit thrombomodulin®’2.
These CS-E motif are 60 times more abundant in the non-reducing end than interior of the
chain'”®. In support to CS-E motif as a termination signal is the existence of GalNAc4S-6ST
which adds 6-O-sulphate to the non-reducing GalNAc4S*"2. Moreover, GalNAc4S-6ST KO

mice display larger CS chains and heterologous terminal structure'®.

From all that has been described on CS biosynthesis, it is clear that all these enzymes
cross-talk and work together in order to elaborate an adequate CS length and pattern of
sulphation and epimerization. Lot of evidences pointing the existence of “GAGosome”
notion, complex of membrane-bound enzyme working together. Furthermore, despite all we
know about the GAG biosynthesis in general and especially CS, it remains a lot to know
about the detailed location of each step, the mechanisms of their regulation and how these
enzymes communicate? Understanding all these will enable us to modulate it, thus controlling
length, numbers and epimerization/sulphation pattern of CS in order to understand their role
in physiological condition or their modulation in pathological conditions. The chemical

synthesis is not enough developed yet to be able to synthetize a long polysaccharide. Even
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oligosaccharide synthesis is very challenging. Indeed, more than 40 chemical steps have been

required to create a single oligosaccharide'®.

3.5  Chondroitin sulphate catabolism

Mechanisms of CS catabolism are even less known than the CS biosynthesis
mechanism. CS/DS degradation is supposed to occur mainly in lysosomes to generate
monosaccharides which are used again in the biosynthesis. There are two types of enzymes
degrading CS: CS/DS-hydrolases and CS/DS-lyases. These two families act on glyosidic
bond B GalNAc 1-> 4-B GIcA. Degradation of CS/DC in mammal is based only on
hydrolases, since no lyases in vertebrates are identified so far. CS can be degraded by
B-glucuronidase which cleaves the 3 -GIcA residue. Sulphate groups of non-reducing GalNAc
at position O-4 and O-6 are removed by GalNAc-4-sulfatase and GalNAc-6-sulfatase,
respectively, followed by -N- acetylhexosaminidase to cleave the GaINAc. DS catabolism is
achieved with iduronate-2-sulfatase which removes 2-sulphate groups of idoA, then followed
by a-iduronidase which cleaves terminal non-reducing IdoA. No mammalian
endoglycosidases specific for CS/DS have been reported'®. Nonetheless, some
hyaluronidases (HYAL), which hydrolyse initially HA, can catalyse CS chain
depolymerisation: HYAL-1, HYAL-4 and sperm adhesion moleculel (SPAM1)
corresponding to PH-20 testicular hyaluronidase (Figure 31). These enzymes act at the initial
step in the catabolism of CS at cellular level in vivo. HYAL-1 and SPAM1 degrade CS to a
limited extent. Interestingly, HYAL-4 does not show activity on HA, while it degrades the
CS. Indeed, human HYAL-4 is a CS hydrolase acting as endo-B-N-acetylgalactos-
aminidase'™. HYAL-4 is expressed after SCI in rat model in areas surrounding CSPGs,

suggesting thus its involvement in degrading CSPGs™

. Defect in expression of these
enzymes leads to a disorder in the catabolism and accumulation of polysaccharides in

lysozymes and then pathology such as mucopolysaccharidose'®.

CS/DS lyases (chondroitinases) exist only in bacteria and regroup several members:
Chondroitinase-C (cleaves CS-C units), chondroitinase-AC (cleaves CS-A and CS-C units),
chondroitinase-B (cleaves DS unit) and ChABC (cleaves CS-A, CS-C, CS-E, CS-D and DS
units) (Figure 31). Chondroitinase-C, -AC and —ABC are also able to depolymerize HA.
Resulted products varying from degree of polymerization (dp) 2 to 4-6. However, higher dp

can be obtained. These enzymes serve to generate oligosaccharides libraries. ChABC is
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frequently used for the disaccharide composition analysis of CS chain in high performance
chromatography (HPLC) in a particular cells or tissues. Moreover, it shows a great benefit in
treatment of SCI in vivo models. Unlike lyases, chondroitinases result in unsaturated

disaccharides units which absorbs at 232 nm*"?
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Figure 31: Action of hyaluronidase and chondroitinase.

Testicular hyaluronidase cleaves the N-acetyl-D-galactosaminidic linkages in CS chains in a hydrolytic fashion
to yield tetra-, hexa-, octa-, deca-, and polysaccharides with glucuronic acid at the non-reducing ends as major
products. In contrast, bacterial chondroitinase is a lyase that cleaves N-acetyl-D-galactosaminidic linkages in an
eliminative fashion to give unsaturated disaccharides as major products. G: N-acetyl-D-galactosamine, U:
glucuronic acid, AU: unsaturated uronic acid (https://jcggdb.jp/GlycoPOD/protocolShow.action?nodeld=t19).

3.6 Chondroitin sulphate in the CNS

3.6.1 Sulphation pattern of CS in the CNS

CS is the most abundant sulphated GAG in the ECM matrix notably in PNN (70% CS
and ~ 30% HS)™. Its sulphation pattern varies dynamically from embryo to adult CNS of
vertebrate, from physiological to pathological conditions indicating thus the importance and
role of the sulphation pattern in the CNS. The monosulphated units are the most abundant
units in mammals, while the disulphated units represent negligible amounts. Indeed, the 6-

sulphation (CS-C) is enriched in the CNS during embryogenesis and decreases progressively
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over development until ~ 2.5% of total CS in adult brain, while the 4-sulphation (CS-A)
expression increases over development to constitute the predominant unit in adult CNS (~
92% of the total CS units)>® % 318 (Table 7). These changes are essentially due to the
changes in expression and activity of C4ST and C6ST, which supports the idea that the
resulted sulphation pattern is mainly due to the availability and activity of sulfotransferases'®.
Disulphated units (CS-E and CS-D) are present in tiny amounts during ontogenesis of
mammals. However, they are upregulated over the development®® (Table 7). Important
changes of sulphation pattern occurs between P21 and adulthood, but no changes are observed
between birth and P21 in rat cortex™. Interestingly, CS-E and CS-D amounts decrease in the
rat cortex during postnatal development® **’. Moreover, CS-E profile expression correlates
perfectly with GaINAc4S-6ST expression indicating thus CS-E unit apparition is regulated by
this enzyme®’. In the postnatal developing cerebellum, GaINAc4S-6ST expression decreases

as well as CS-E units*e.

Table 7: CS-GAG proportions: changes with development of rat brain.
(from Properzi et al., 2005%)

Distribution (%) of disaccharide components

Disaccharide Embryonic Postnatal Adult
components day 18 day 0

Di-0S and Di-4S 84.7 87.2 05.5
D1-68 14.2 1.6 2.4
Di-diSD 0.1 0.1 0.6
Di-diSE 0.7 0.9 1.1

Sequential extraction of CS from different brain ECM compartments using four
different buffers (buffer 1: normal saline; buffer 2 containing detergent: loose matrix; buffer 3
containing 1 M NaCl: membrane-bound matrix and buffer 4 containing 6 M urea: PNN) was
developed in Fawcett lab. Disaccharide CS composition of each compartment is analysed
anion exchange HPLC (Table 8). Results show while the CS-A units decreases over the

buffers, CS-C units increases. In addition, the disulphated units are enriched in the late buffers
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notably in 6 M urea (PNNs). Furthermore, PNNs-associated CSs represent a tiny amount of
the total CS (~ 1.3%)"®. Sulphation profile in PNNs changes with aging. CS-A units increases
progressively from 3 to 18 months rat, while CS-C units proportion decreases in PNNs.
Furthermore, PNNs from aged rats are more inhibitory for axon growth than younger rat*®°.
This is likely due the increase CS-A/CS-C ration. The role of the 6 sulphation in cortical
plasticity is highlighted by an interesting study with transgenic mice that overexpress human
C6ST-1, thus CS-C units amount decreases and a decrease of CS-A units (decrease of CS-
AJ/CS-C ratio). This adult mice retains the ocular dominance plasticity by reducing PNNs
formation and failure accumulation of Otx2 in PNNs overexpressing CS-C, indicating thus
the importance of sulphation pattern of PNNs in Otx2 accumulation'®. However, in this study
the authors did not investigate the expression of the disulphated units CS-E and CS-D to
which Otx2 binds with a high affinity. The failure of Otx2 accumulation in PNNs
overexpressing CS-C units could due to a defect in CS-D/CS-E expression in these transgenic

mice.

Table 8: Disaccharide composition of CS/DS-GAG chains in buffer 1, 2, 3, and 4 extracts from adult rat
brain.
(from deepa et al., 2006'%°)

Buffer 1 extract Buffer 2 extract Buffer 3 extract Buffer 4 extract
mmol/g brain

ADi-08" 2.51 (3.6%) 1.29 (6.6%) 0.39 (6.8%) 0.13 (10.4%)
ADi-65 1.57 (2.3%) 0.54 (2.8%) 0.22 (3.9%) 0.06 (4.9%)
ADi-45 62.90 (91.2%) 16.97 (87.0%) 4.87 (85.5%) 1.03 (80.6%)
ADi-diS, 0.45 (0.7%) 0.15 (0.8%) 0.06 (1.0%) 0.02 (1.2%)
ADi-diS, 0.48 (0.7%) 0.10 (0.5%) 0.03 (0.6%) 0.01 (0.8%)
ADi-diS; 0.98 (1.4%) 0.43 (2.2%) 0.13 (2.3%) 0.03 (2.1%)
ADi-TriS 0.06 (0.1%) 0.02 (0.1%) ND* ND
Total disaccharides 68.95 (72.3%)° 19.50 (20.4%) 5.7 (5.9%) 1.28 (1.3%)
Sulfation degree" 0.99 0.97 0.97 0.94

®ADIi-0S, AHexUA-GalNAc; ADi-6S, AHexUA-GalNAc (6-O-Sulphate); ADi-4S, AHexUA-GalNAc (4-O-
Sulphate); ADi-diSD, AHexUA (2-O-Sulphate)-GalNAc (6-O-Sulphate); ADi-diSB, AldoUA (2-O-Sulphate)-
GalNAc (4-O-Sulphate); ADi-diSE, AHexUA-GalNAc (4,6-O- diSulphate); ADi-TriS, AHexUA (2-O-Sulphate)-
GalNAc (4,6-O-Sulphate).

®ND, not detected.

‘The values in parentheses represent the percentage of disaccharides in the four extracts, taking the sum of
CS/DS disaccharides found in all four extracts as 100%.

Sulphation degree was calculated as the average number of sulphate groups per disaccharide unit.

CS expression is upregulated in damaged CNS. Moreover, changes in sulphation
pattern are observed. Indeed, the sulfotransferase C6ST as well as its product CS-C are
upregulated in glial types around cortical injuries in mammalian model. CS-E units are the
first motif upregulated after CNS injury (Table 9). In addition, CS-C units are enriched in
oligodendrocytes, oligodendrocyte precursors cells and astrocytes cell lines (A7 and Neu7)

which are inhibitory for axon regeneration®. Interestingly Neu7 astrocytic cell line, the most
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inhibitory for axon regeneration®*, contains 7.5% of CS-E units®®. Furthermore, CS-E units
are reported to be upregulated (17% of total CS, analysed in fluorophore-assisted
carbohydrate electrophoresis: FACE) in glial scar of injured cortex analysed at day 30 post
injury, while this sulphation is not detectable in normal cortex'®*. These CS-E units, on one
hand, are inhibitory of neurites extension, induce growth cone collapse and repel axons of
embryonic day E7**? and E9™ chick DRG neurons in culture in dose-dependent manner,
while CS-A and CS-C do not affect neurites outgrowth even when used at concentration 100
times higher than CS-E. This suggests the importance of sulphation pattern rather than high

192

overall negative charges™*. CS-E could mediate its inhibition through transmembrane protein

tyrosine phosphatase PTPc'*. Treatment of mice displaying an optic nerve crush injury,

which upregulates CS-E expression around the lesion site, with an antibody directed against

CS-E promotes axon regeneration*®
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. On the other hand, CS-E promotes neurites outgrowth of
E16 mouse hippocampal neurons—". Moreover, CS-E synthetic tetrasaccharide stimulates the
outgrowth of hippocampal neurons neuons'®'. CS-E mediates neurites outgrowth via its
interaction with contactin-1, a cell adhesion molecule (CAM)*“. Furthermore, CS-E with CS-
B appear to promote proliferation of neural stem cells via FGF-2 at E14*®. CS-E may play

different roles according to the surrounding environment.

Table 9 : CS-GAG proportions: changes with brain cortex lesion of adult rat.
Analyses were performed 4, 7 and 14 days post-injury. Control consist in GAG of non-injured hemisphere (from
Properzi et al., 2005%).

Disacchande

components Control Day 4 Day7 Day 14
di-08 11.2 14.5 10.6 92
di-68 24 iR 4.5 3.7
di-45 83 T8 81 84
di-5D 0.9 0.7 1.2 0.8
di-SE 2.2 3.1 2.8 2.4
(Total GlcA in (3500) (364) (454) (447)

pmol/mg dry tissue)

CS expression profile is analysed in goldfish spinal cord lesion model in which
descending axons regenerate beyond the lesion to connect with distal spinal neurons. CS-A-

positive PNN is maintained after the lesion, while CS-C-positive PNN population decreases
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progressively. Moreover, the regeneration of descending axons occurs preferentially on
neurons not enwrapped with CS-C-positive PNN, suggesting the inhibitory role on formation

of new contacts'®®,

Sulphation pattern over the brain is heterogeneous. Labelling of mouse cerebral cortex
and cerebellum with an antibody against CS-D units (MO-225) has revealed a differential
expression of CS. In addition, it has showed a differential expression of CS-D units which are
enriched in the cerebellum (Figure 32). These results are confirmed by disaccharide
composition analysis*®’. This is consistent with the upregulation of UST (responsible for the
synthesis of CS-D units) during development®®
disulphated CS (GalNAc4S-6ST, UST and D4ST), expression in different cell population:

granule cells, Purkinje cells and inhibitory interneurons in cerebellum mouse shows a great

. Analyses of sulfotransferases, responsible of

inter-diversity between cell population and intra-diversity according the stage of

development™®.

MO-225

h > Ce
i .j . Ii

Figure 32: Immunohistochemical localization of chondroitin sulphate-D in the developing mouse brain
after birth.

Sagittal sections from P7 mouse brains were stained immunochistochemically MO-225 monoclonal antibodies.
The staining varies between cerebral cortex (Cx) and cerebellum (Ce) (modified from Maeda et al., 2003"°7).

Cx

3.6.2 Role of chondroitin sulphate in the CNS

CSs in the CNS have drawn attention of neurobiologists, since the observation that
their digestion using ChABC promotes the persistence of plasticity in adulhood*** and allows
regeneration of axons following SCI'%. This highlights the CS part importance of the CSPG
in the CNS. Indeed, ChABC treatment highlighted plethora roles of CSs in the CNS. CS are
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involved in the guidance of axons by repulsion in the optic chiasm of mouse embryo*,
Furthermore, neural pathfinding is sulphation-dependent. Hippocampal cells growing on
different sulphated CS chains show a preference to CS-A, CS-B and CS-E, but ovoid CS-C
substrate. This indicates the variation in sulphation pattern contributes to the pathfinding of
neurons®®’. CSs are also required for early embryonic cell devision'®. CS-D units enriched in
the cerebellum retains pleiotrophin, growth factor promoting neurites outgrowth, around
Purkinje cells and could be required for pleitrophin signaling®®*. During embryogenesis, CS-E
units appears to have a positive role on neural cell proliferation'® and neurites outgrowth of
hippocampal neurons™ '3, Several studies used synthetic CS-E tetrasaccharide as a substrate
for hippocampal and dopaminergic culture'® 22, CS-E tetrasaccharide promotes neurites
outgrowth of these neurons through midkine, pleiotrophin, tyrosine phosphatase ¢ and brain-
derived neurotrophic factor (BDNF) pathways followed by activation of phospholipase C
(PLC) pathways®®?, while the disaccharide or unsulphated tetrasaccharide have no effect,
suggesting thus tetrasaccharide is the minimal required motif to promote the neurite
outgrowth?®®. Synthetic oligosaccharides allow analysis of any sulphation pattern effect. In
addition, oligosaccharide could be a promising therapeutic approach in the CNS. Some roles

of the sulphation pattern on neurons are summarized in Table 10.

Table 10: Influence of CS variants on neuronal growth and guidance.
(from Swarup et al., 2013?%)

CS variant sulfation or disulfation observed effect on neurons
CS-A 48 presented negative guidance and growth cues to cerebellar granule neurons
CSA/CSB/CSE 45 stimulated neurosphere formation in EGF dependent mouse embryonic

neuronal stem cells

CS-B/CS-D/CS-E 48 CS-B and CS-E significantly promoted FGF-2 mediated cell proliferation.
CS-D led to a slight increase in proliferation

CS-E/CS-B 45 interacts with pleiotrophin; promoted neurite outgrowth in hippocampal
neurons by interacting with pleiotrophin

CS-C 65 expressed in barrier tissues to axons in avian embryo; upregulated after CNS
injury; up regulation was associated to axonal regeneration in nigrostriatal
axons of mice; resulted in schwann cell motility

CS-DICS-E 25,45 or 45,65 promoted growth in embryonic rat hippocampal neurons

CS-E 45,65 stimulated outgrowth in neurons by binding to several CNS growth factors;
assembled neurtophin-Trk complex; inhibited rat cortical cell binding by
interacting with midkine, inhibited hippocampal neurons

In some cases, it is not obvious to assign a role for CS alone, since it is a part of PG
molecule. Moreover, their enzymatic digestion highlights partially their importance, as it is
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discussed before, chondroitinases can act on HA which is present in all matrices, thus resulted
consequences could due to the HA digestion. To overcome the effect of chondroitinases on
HA and since the ChABC digestion is not complete by leaving an inhibitory “stub”
carbohydrate behind, a DNA enzyme targeting mRNA of XyIT-1 (involved in the first step of
linkage region biosynthesis) was designed. Its application on injured mouse spinal cord
reduces CS amounts in the lesion and improves axon regeneration®. However, CS and HS
share the same linkage region, hence this DNA enzyme inhibits the HS synthesis as well.
Thus, HS may be involved. Furthermore, mutation of CS biosynthesis enzymes is not a better
way, since some enzymes are redundant. In addition, since one motif into CS chain can bind
to several proteins, mutation of one enzyme responsible for a specific sulphation will affect
the interaction with numerous proteins involved in different mechanisms, hence difficulties in

evaluating the role.

CSs, thanks to their structure and negatives charges, are involved in most of physical
roles of ECM and especially of PNN. However, their importance and involvement in
regulation of the functional mechanisms is mainly due to their specific interaction and with a
high affinity with signalling molecules regulating different processes in developing and adult
CNS. Indeed, CS interacts with growth factors crucial for the neural cells survival,
proliferation and differentiation, with receptors involved in axonal outgrowth and guidance,
with adhesion molecules and finally with guidance protein such as Sema3A. Indeed, Sema3A
accumulates in PNNs via its interaction with CS-E motifs®®. In a review published in 2017
(Appendix 1), we described most of proteins found interacting with CSs in the CNS?® in
developing and adult brain, in physiological and pathological conditions. Specific motifs on

both protein and CS are involved in the interaction®®

. Multiple consensus sequences basic a.a
rich, linked by a peptide bond or approximated by the secondary and tertiary structure, are
found on the protein binding GAG: XBBXBX, XBBBXXBX and XBBBXXBBBXXBBX
where B is a basic residue and X is a hydropathic residue. These proteins bind selectively to
different CS motifs. A specific binding motif is required for the interaction to take place®®.
For example, Otx2 involved in PNN formation and plasticity binds selectively to CS-E and
CS-D motif via specific R and K-rich sequence: RKQRRER™. Interestingly, such sequence
is also found in Sema3A RKQRRQR [708-714]. This specificity of CS-interaction is mainly
due to the spatiotemporal variation of CS sulphation pattern. Although, epimerization, length
and number of chains, and especially the distribution of the sulphated motif over the chain are

less investigated but should be considered as being important in CS functions.
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4. Semaphorins and their receptors

Sema3A belongs to semaphorin (Sema) family. The name “semaphorin” is derived
from “semaphore”, which refers to a method of visual signalling with lights or flags used in
maritime and rail transportation. Semaphorin members are secreted, transmembrane or GPI-
linked proteins. They all share a “Sema domain™ of approximately 500 a.a in their N-ter®®.
The first semaphorin member is discovered in 1992 in Grasshopper embryo axons and it is
referred fasciclin IV (Sema | later). It is a transmembrane repulsive guidance protein®”.
Indeed, it is believed that the guidance of the growth cone can be achieved by a repulsive
signal during development and also in damaged adult CNS. One year later, the first vertebrate
semaphorin is reported in chick brain and referred as a “collapsin” since it induces the
collapse of the neuronal growth cone in vitro (Sema D, Sem D or Sema3A in mammals)*®. It
is described as a 100 kDa secreted glycoprotein with an immunoglobulin (Ig)-like domain and
highly basic regions in its C-ter and N-ter sharing similitudes with fasciclin IV. Collapsin is
responsible for the repulsive guidance cues in chick?®. Then, semaphorin family began to
expand by the identification of other members such as Sema Il in drosophila, viral Sema®*®
and five members of mammalian Sema (Sem A-Sem E), where most of them share the Ig-like
domain®°. Sem F and Sem G were later characterized and confirmed that they do not contain
Ig-like domain but a thrombospondin motif known to promote neurites outgrowth suggesting
thus Semas can also act as attractive guidance cues®*’. Comparing their sequences showed
certain diversity allowed to class them under eight classes. The gene encoding Semas are
highly conserved during evolution. Common functions of semaphorin members are targeting
the cytoskeleton and modulation of microtubules, and actin polymerization. Semas mainly
signal through plexin (PIxn) and its co-receptor neuropilin (Nrp)?®. Semas were first
considered as CNS proteins involved in axon guidance, but their involvement in other
physiological processes are reported afterward notably in immune response, angiogenesis,

cardiovascular development, bone remodelling and tumour progression®®.

4.1  Semaphorin classes

Semas are a large family of guidance molecules grouped in eight classes and each
class is composed of 1 to 8 members. While classes 1 and 2 are invertebrate Semas encoded
by 8 genes, classes 3 to 7 are vertebrate Sema (with an exception for Sema 5C found in
invertebrates) encoded by 21 genes and the last class are viral Semas®*® (Figure 33). Genes

encoding Semas are found dispersed throughout the genome containing several exons.
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Diversity of Semas is a result of an alternative splicing®®. Classes 1, 4, 5 and 6 are
transmembrane proteins. Class 7 are GPl-anchored molecules, and Class 2, 3 and viral Semas
are soluble®®. Some members of class 4, 5 and 7 members could be proteolytically cleaved
into soluble forms which are biologically active such as Sema4D*? Sema5B**® and
Sema7A#*. The N-ter Sema domain is common to all Semas. It is made of seven-bladed p-
propeller. It constitutes the principal part interacting with their receptors and thus mediates
semaphorin effect?®. Crystal structure of some members is already solved. Sema3A and
SemadD are the first solved structure in 2003 by Antipenko et al.?® and Love et al.*®,
respectively. In 2010s, crystal structures of Sema3A, Sema4D, Sema6A and Sema7A
ectodomain on their receptors are solved (most of them by Jones’s lab)®!" #® #° These
structures indicate a homophilic dimerization between Sema domains which seems to be
important for Semas function. In addition to sema domain, Semas share another domain
which is plexins-semaphorins-integrins (PSI) domain containing a cysteine-rich region
forming a knot based on three conserved disulfide bond. PSI domain is so called because it is
also found in PIxns and it is homologous to the p chain of integrins. PSI domain appears to
couple tightly to the sema domain. Ig-like domain is found only in some classes: 2, 3, 4 and 7
and viral at the C-ter to the PSI domains. Interestingly, Sema and PSI domains are also found
in the extracellular part of Plxns and MET receptor which is tyrosine kinase receptor for

hepatocyte growth factor receptor (HGFR)?.
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Figure 33: The semaphorin family.

Semaphorin protein family (Semas) members are grouped into 8 classes based on their domain structure. Class 1
and 2 Semas and Sema5C are found in invertebrates, Class 3—7 Semas are found in vertebrates and Class V
Semas are found in viruses. Plexin receptors, the predominant receptors for Semas, are grouped into 4 classes
(A-D) and each plexin receptor class interacts with a particular Sema class or classes to mediate signalling. A
number of other membrane-associated receptors and co-receptors are also important for Sema signal
transduction. These proteins directly bind Semas and initiate signalling (e.g., integrins), act as ligand binding co-
receptors (e.g., Npnl, 2), and/or work as part of multimeric receptor complexes (e.g., RTKs). At least some
transmembrane Semas also function as receptors in reverse signalling (e.g., leftward arrows) and participate in
cis (within the same cell) interactions with plexin receptors (e.g., asterisk). Semi-transparency of Class V
semaphorin Ig and PSI domains indicates that these domains are present in some, but not all, viral semaphorins.
Sema (semaphorin domain), PSI (plexin-semaphorin-integrin domain), Ig (immunoglobulin domain), Basic
(basic domain), PDZ (PDZ domain), TSP (Thrombospondin domain), GPI (glycosylphosphatidylinositol
linkage), RTK (receptor tyrosine kinase), Npnl (Neuropilin 1), Npn2 (Neuropilin 2), CAM (cell adhesion
molecule) Tim-2 (T-cell Ig and mucin domain containing protein 2), CD72 (B cell differentiation antigen CD72),
CLCP1 (CUB, LCCL-homology, Coagulation factor V/VIII homology domains protein 1), TREM2 (Triggering
Recegztom Expressed on Myeloid Cells 2), DAP12 (DNAX activating protein of 12 kDa) (from Alto and Terman,
2017°%).
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4.2  Semadomain

Sema domain is composed of approximately 500 a.a, common to all semaphorin
members and also found in PIxns receptors. It constitutes the N-ter which is required for the
binding and triggering a signal. Sema domain topology consists in seven blades arrayed
sequentially around a central axis and each blade is composed of four anti-parallel B sheets.
This arrangement earned him the name of B-propeller. The inner strand of each blade lines the
channel at the center of the propeller. The blades are arranged in a locked circle by N-ter
strand completing the C-ter blade (Figure 34). This organization of B-strands provides a high
rigidity and stability platform. One of the features of Sema domain revealed by crystal
structure is their homodimerization. A two-fold symmetric interface results from an off-center
“face-to-face” interaction between the top surfaces of the two propellers (Figure 34.C).
However, this dimerization behaviour is not reported for non-semaphorin proteins (Plxns and
MET). Furthermore, the dimerization of Sema-Sema is quite specific since variation in the
exact composition at the level of individual residues of the interface is reported. This thus
excludes the heterodimerization between classes but not within class members. Disruption of
the dimerization by point mutation of the residues involved in the dimerization generated
monomers. The monomer kept the binding capacity to its PIxn receptor without inducing a
signalling pathway, hence the importance of dimerization in biological activity. Crystal
structure of Semas revealed also that the stability of Sema dimer is variable between classes
e.g of Sema3A which has less hydrophobic dimer interface comparing to Sema4D. However,
this dimerization can be strengthened by other mechanism(s). Indeed, some classes such as
class 3 contain an Ig-like domain which tends to dimerize contributing thus to the stability of
the dimerization. Moreover, Sema3s form a covalent dimer by a disulfide bond in their C-ter.
At least six independent crystal structures of Sema domain are available and allowed us to
gain insight on the mechanism of function of this large family*?® 22! %2, However, there is still

a lot to know about the other members, if they also share the same similitude or no.
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Figure 34: The sema domain: common feature of the extracellular regions of semaphorins and plexins.

(A) Schematic of the sema domain, a seven-blade - propeller. (B) Cartoon representation of semaphorin family
members. The Sema domain is coloured in rainbow (blue: N-ter, red: C-ter), PSI domains are depicted in light
pink, 1G-like (or IPT) domains in violet. PDB IDs are as follows: Sema4D: 10LZ, Sema3A: 1Q47, SemabA:
30KW, Sema7A: 3NVQ. (C) Schematic (left) and cartoon representation (right) of the Sema4D dimer.
Orientation of the right panel is 90° rotated around the y axis compared to Figure. 1B left panel. (D) Cartoon
repreggntation of the PIxnA2 ectodomain (D; PDB ID: 30KT). Colour-coding is as in (B) (from Siebold et al.,
2013°).

4.3  Semaphorins signalization

As indicated in Figure 33, several proteins can bind to Semas and act as receptors or
coreceptors. The major known receptors to Semas are Plxns and all Semas are found to
interact with them (Figure 34). However, while most of classes bind directly to specific Plxn,
class 3 need to bind to Nrp as a coreceptor to signal via PIxns®. Nrp is the common co-

receptor. Here we describe some features of both PIxns and Nrps.
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4.3.1 Plexins

The PIxn receptors are grouped in 2 classes in invertebrates: A and B and in 4 classes
in vertebrates: PIxn-A 1-4, PIxn-B 1-3, PIxn-C1 and plxn-D1. PIxn molecule is single-pass
protein which consists of N-ter ectodomain made of Sema domain, PSI domains (PSI1), IPT
(Ilg domain shared by PlIxns and transcription factors) domains and second PSI (PSI2), a
transmembrane segment predicted to be a helical and finally an intracellular C-ter domain
which contains guanosine triphosphatase (GTP)ase-activating proteins (GAP) domain®?.
PIxn-B contains PDZ-binding motif?®. Several crystal structures of the ectodomain are
reported for pIxnA2 (in complex with Sema6A%® %2 and Sema3A#’), PIxnB1(in complex
with Sema4D)*® and PIxnC1 (in complex with Sema7A)?*. Biophysical analysis of these
complexes revealed their mechanisms of interaction and signalling. Janssen et al., 2010
analysed the crystal structure of the complexes: human PLXNB1-SEMA4D and murine
PIxnA2-Sema6A. SemabA and Sema4D are both transmembrane proteins whose dimers bring
together two PIxn monomers to allow their dimerization and form a symmetric 2:2 complex
and allow a further oligomerization via a cis interactions of the intracellular domains of PIxns
(upper panel of Figure 34). Indeed, the Sema domain of Plxn is not predisposed to
dimerization as seen in Sema domain of Semas. However, some regions in the ectodomain of
PIxn presents sufficient flexibility enabling it to have cis interaction with other Plxns leading
to oligomerization (lower panel of Figure 34)*%. The trans interaction “head-to-head”
between transmembrane Semas and PIxns receptors promotes the signalling in opposing cells.
It has also reported that unlike Semas, the PSI1-IPT1-PSI2 segment in PIxnA2 extends away

from the sema domain?*.

The binding of Semas to their PIxn receptors induces their dimerization which is
required to trigger a signalling cascade by engaging the intracellular part to a Rho GTPase
(intracellular small protein binds and hydrolyses GTP to GDP to trigger signal). Crystal
structures of Plxn cytoplasmic region have now been obtained for PIxnA3 and PIxnB1%??. The
intracellular part of PIxn consists of ~ 600 a.a organized in two segments (Al and A2)
separated by Rho GTPase-binding domain (RBD) with coiled-coil propensities®®®. Al and A2
domains form GAP domain for Rap, another member of small GTPases catalysing GTP
hydrolysis on Rap*® #*. The Rap GAP activity of Plxns is regulated by the induced
dimerization of PIxns?**. The intracellular signal could also be triggered by the binding of
Racl, a small Rho GTPase at the RBD of one PIxn and in the same time interacts with an

adjacent binding site on a second PIxn, which suggests that the role of Rho GTPase in
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clustering PIxn monomers??>. PIxnA modulates the cytoskeleton for repulsive axon guidance
through MICAL1, multidomains protein found in axons and induces oxidation of actin
molecules®®®. This could be a mechanism by which the interaction of semaphorin to Plxn

affects the cytoskeleton to mediate the guidance.

Extracellular
spacea

Extracellular
spaca

Figure 34: Model for semaphorin-stabilized plexin signalling.

Binding of semaphorin stabilizes plexin dimerization, sufficient plexin ectodomain flexibility may enable plexin-
to-plexin cis interaction in their membrane-proximal regions (upper panel) and seed further oligomerization.
Possibly, dimerization is preceded by a ‘switch-blade’ conformational change in the plexin ectodomain (lower
panel) exposing cis interaction sites leading to extracellular clustering. Two types of initial binding events
(dotted enclosures) could result in the dimer and cluster architecture of either the upper or lower panel. The
precise arrangement of the cytoplasmic region in the active state triggered by extracellular clustering cannot be
specified (from Janssen et al., 2010%'%).

4.3.2 Neuropilins

Nrp was first postulated as the semaphorin receptors??’. However, the binding of
chicken Sema3A (collapsin-1) to Nrp through its C-ter is not responsible for the specific
binding in situ, while Sema domain does, suggesting thus Nrp alone is not the functional

receptor for Semas®?®

. Indeed, the short intracellular domain of Nrp does not allow a signal
transduction. PIxns are thus complexed to Nrp to transduce the signal resulted by Sema 3
binding. Nrp is a single-pass transmembrane receptor. Nrp family comprises two members
neuropilin 1 and 2 (Nrpl and Nrp2) which share 44% a.a sequence identity in humans. Nrp

ectodomain is made of two CUB (for complement C1r/C1s, Uegf, Bmpl) domains (referred
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as al and a2 domains) at the N-ter followed by two coagulation factor V/VIII homology-like
domains (referred as b1 and b2 domains) and a meprin A5 (MAM) domain (c domain)??° 22°
% The a2, b1, and b2 domains form a tightly packed core that is only loosely connected to
the al domain®®. The MAM domain was first proposed as involved in Nrpl and Nrp2
homo/hetero dimerization and oligomerization®'. However, the crystal structure of MAM is
solved recently and showed that no evidence for dimerization®*. Transmembrane part of Nrp
is single helix which contains a GXXXG sequence required for Nrp dimerization and
oligomerization®2. The intracellular part consists in a short cytoplasmic tail of 42-44 a.a
without a catalytic activity but presents a PDZ binding site for Nrp binding proteins (Figure
35). Nrpl binds to all class 3 Semas, while Nrp2 binds to Sema3B, Sema3C, Sema3D,
Sema3E, and Sema3F but not to Sema3A®*, Nevertheless, the binding to Nrpl and Nrp2 is
very heterogeneous. Nrpl preferentially interacts with SEMA3A, SEMA3B, and SEMA3E,
whereas Nrp2 has higher affinity for SEMA3F and SEMA3G, but SEMA3C binds both Nrps

234

with similar affinity™. Moreover, different Sema3F domains show a differential binding to

Nrpl and Nrp2. The binding of the truncated form, Sema-lg domain, binds with a higher

affinity to Nrp2, while the C-ter basic tail binds effectively to Nrp1 but not Nrp22**,

In addition to class 3 Semas, Nrps are also coreceptors for proangiogenic factors,
including several vascular endothelial growth factors (VEGF) which signal through VEGF
receptor (VEGFR). Nrp KO mice are embryonic lethal due to abnormalities in the
cardiovascular system and neural vascularization® ?*°. Their implication in angiogenesis
makes them also involved in tumorigenesis. They are also involved in the attractive guidance

of axons during CNS development®*’

. VEGF and Semas are structurally unrelated. While the
first two domains al and a2 in Nrp are the Sema3s binding site, the b1l and b2 are VEGF¢s
(VEGF isoform resulted from alternative splicing) binding site®?® 2 23 (Figure 35). Indeed,
the mutation at the N-ter of Nrp-1 affects dramatically the binding of Sema3A, but not
VEGF15°. A soluble form of Nrpl consisting of only al/a2 and bl1/b2 portions of
ectodomain is reported and may act as a natural antagonist for VEGF, promoting thus an
antitumor activity?*°. Interestingly, Nrp1, but not Nrp2, can carry a single CS or HS chain at
S%2 (between b2 domain and MAM domain), with CS chain as the more common
modification. This Nrpl GAG modification enhances VEGF binding to Nrpl and regulates
VEGFR protein expression. In addition, this GAG chain could induce the oligomerization of
Nrp1 receptor?’. Further experiments should be performed to characterize in detail the role of

this modification notably in the CNS.
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Figure 35: Structure of neuropilin-1 and neuropilin-2.

These proteins contain five extracellular domains, a single-pass transmembrane domain, and a short cytosolic tail
that lacks tyrosine kinase activity. SEMA3s bind to the al/a2/bl segment, and vascular endothelial growth
factors (VEGFs) bind to b1/b2 (from Elpek, 2015%%).

4.4  Semaphorins roles

Semas are involved in physiological and pathological mechanisms during
development and in adult?®’. Semas are required for neural circuit assembly in the CNS
development and even in the adult. They are considered one of the 4 classes of canonical axon

guidance molecules in addition to netrins, ephrins, and slits?*°

(Figure 36). During
development, axons follow specific paths to reach their corresponding targets in order to
establish connections. A mistake in the neural paths and circuits could result in numerous
disorders in development or in adult CNS such as autism spectrum disorder and AD?**® %,
The human brain contains about 100 billion of neurons, how can each one of them find its
appropriate target neuron is a key question and already been asked more than one century ago
by Ramoén y Cajal. Indeed, neuronal pathfinding is achieved by several molecular
mechanisms consisting mainly in receptors expressed by axons in their growing type, growth
cone, responding to the molecular environment. This results in their guidance by attraction or
repulsion and a switching between them?®. The target could be local (short-range guidance)
and reached easily by the axon, or it can be distant (long-range guidance) and in this case

intermediates targets are required. The role of this intermediate target is not to establish
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connections with them but providing a guidance information allowing to continue the path

and even to switch from an attractive cue to repulsive cue®®.

Repulsive

Growth ;
cone
Attractant '__/" )

EphnnS-EphB

Figure 36: Growth cone guidance.

(A) Schematic representation of growth cone response to classic family of axonal guidance cues: semaphorins,
netrins, slits, and ephrins. Guidance cues can trigger an attractant response (green) or a repulsive response (red)
in the traveling axonal growth cone (from Gamboa et al., 2017%"). (B) Scanning electron micrograph of a
growth cone of a sympathetic neuron in culture (from Landis, 1983%%).

Semaphorin molecules signalling through Plxns and Nrps could be either a repulsive
or attractive cue, while some of them can be both according to the environment and stage of
development such as Sema3E**, Sema3F*° and Sema5A. Indeed, Sema5A which is able to
interact with CS and HS of PGs through its thrombospondin repeats and elicits either a
repulsive or attractive response respectively®!. Sema5A and other transmembrane Semas
such as Sema5B and Sema6A are required for establishment neural circuit formation within
mammalian visual system notably retina lamination. Lamination is the biological process by
which cells are arranged in layers (stratification) within a tissue during development and
governed mainly by migration and axon guidance. Laminated structures in the nervous system
include the cerebral cortex, retina and hippocampus. Sema5A and Sema5B are involved in
this process by inhibiting retinal neurites outgrowth through PIxnAl and PIXnA3 receptors
and provide a repulsive guidance cue®. Sema6A and its receptor plxnA4 trigger also a

78



repulsive guidance for the correct stratification of neurons®?. Retinal ganglion cells (RGCs)
are initially guided by attraction with netrin-1 then by repulsion with Sema3A. The
responsiveness of RGCs to Sema3A is regulated by Nrpl expression which is in turn
upregulated by miRNA®*. Guidance role of Semas in the developing CNS is also reported for
the olfactory system with members of class 3 such as Sema3A®°. Semas play crucial role in
all aspects of neural circuity assembly in the brain.

Semas are also involved in axons guidance in the spinal cord. Sema3A are expressed
in the ventral region of the developing spinal cord®®. Sema3A repulses cutaneous but not
proprioceptive axons of sensory neurons, whose their cell bodies are located in DRG,
preventing thus their extension to the ventral region during embryogenesis. Indeed in vitro,
Sema3A acts as a repulsion signal for nerve growth factor (NGF)-induced cutaneous axons
but not for neutrophin3 (NT3)-induced proprioceptive axons®®. DRG belongs to PNS which
is located between the dorsal root and the spinal nerve. It contains pseudounipolar sensory
neurons that transmit sensory information from the periphery to the CNS (Figure 37).
Inhibition of the NGF-induced DRG axonal sprouting by Sema3A through Nrpl persists in
the adult®®”. This is interesting as NGF is upregulated after SCI and induces sprouting of
nociceptive axons (sensors of the pain) resulting in chronic pain. Sema3A maintains its
inhibitory effect on the sprouting and acts upon sprouting in a dose-dependent manner of
NGF. Sema3A could be used therapeutically to attenuate the pain after SCI?*®. Sema3A is
also involved in the guidance and correct extension of motor neuron axons during spinal

nerve development of the chick embryo®®.
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Figure 37: schematic representation of dorsal root ganglion (DRG).
(medical dictionary.thefreedictionary.com).
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Semas are also involved in cell migration in the CNS. There are two main types of
migration: radial migration consisting in the migration along radial glia and tangential
migration consisting in migration independently of radial glia. For example, Sema3A is a
chemoattractive cue in radial migration of cortical neurons in developing CNS*®. Sema4D
promotes the migration of cells secreting gonadotropin-releasing hormone (GnRH) originally
from the outside the CNS®'. The role of Semas notably Sema3A as a guidance cue in the
CNS development as well as in adult is innumerable and here we have listed only a few main

examples.

Semas are related to several neurodegenerative diseases. Sema3A is involved in
amyotrophic lateral sclerosis (ALS). ALS is characterized by a progressive loss of motor
neurons in the spinal cord and brain. Patients are initially paralyzed, followed by death due to
breathing problems. Sema3A might be upregulated within the neuromuscular junction where
ALS starts and leads to the repulsion of axons from motor neuron resulting in degeneration®®,
In AD, Sema3A is upregulated and induces growth cone collapse resulting again in
neurodegeneration. Moreover, Sema3A enhances the phosphorylation of collapsin-response
mediator protein-2 (CRMP-2), belonging to Sema3A signalling pathway which induces the
growth cone collapse. Indeed, CRMP-2 is found upregulated in AD?®?. Involvement of other
members is also reported such as SemabA in Parkinson disease; Sema3A, Sema3F, SemadA,

Sema4D, Sema6D and Sema7A in multiple sclerosis®®.

Semas and their receptors have a multitude of roles outside the CNS. Semas are
involved in immune system regulation. Sema4D is the first characterized member with
immunoregulatory function. Sema4D and other members including Sema3A, SemadA,
Sema6C, Sema6D and Sema7A enhance the activation of B-cells, T-cells and dendritic
cells?®. Semas play also an important role in bone homeostasis. Osteoblasts and osteoclasts
are the two types of bone cells found in bone tissue. Osteoblasts are responsible for bone
tissue formation, while osteoclasts are responsible in breakdown of bone tissue. Sema4D

derived from osteoclast inhibits the differentiation of osteoblasts®®
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, While Sema3A, mainly
expressed in osteoblasts, inhibits osteoclasts differentiation®, thus maintaining the bone
homeostasis. As mentioned above Semas notably Sema3A are involved in angiogenesis.
VEGFs family are the major angiogenesis regulators. It has been hypothesised that Sema3A
competes with VEGF in binding to Nrpl in order to inhibit VEGF-induced angiogenesis®®.

Indeed, it was shown recently that Sema3A is able to partially reverse the VEGF effects via
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binding to Nrp1?®”. However, Semas and VEGF have different binding sites on Nrp1. This
leads to the suggestion that Sema3A may also activate its own signalling pathway
independent of VEGF. Other members such as Sema3E, Sema3F and Sema4D are also
involved in angiogenesis modulation®®. Furthermore, Semas affect several mechanisms in
tumour progression including tumour angiogenesis. While some Sema members display pro-
angiogenic and pro-tumorigenic effects (Sema4D, Sema5A and Sema6D), class 3 Semas
show antiangiogenic and antitumorigenic properties (Sema3A, Sema3B, Sema3F and
Sema3E), both in vitro and in vivo, and by several mechanisms which trigger apoptosis in

endothelial cells?.

45  Semaphorin 3A

Sema3A, the first vertebrate semaphorin, is a one of the best characterized member of
semaphorin family. Since its discovery, the numbers of studies reporting its involvement in
different vital processes steadily increased. However, the mechanisms of its signalling notably
in the CNS are not yet completely elucidated. Sema3A is a secreted covalent dimer of two
~90 kDa (86.5 kDa without post-translational modifications) monomers. Similar to other class
3 members, Sema3A monomer is composed of a Sema domain, a PSI domain, an Ig-like
domain and a C-ter basic tail (figure 38). Sema3A is most known for its role as a
chemorepulsive cue and inhibitor of the growth cone in the CNS. However, as described
below, it is involved in other different mechanisms in or outside the CNS notably as anti-

angiogenesis.

4.5.1 Semaphorin 3A activity

Sema3A is naturally cleaved by a ubiquitous protease called furin. Sema3A monomer
has two furin-cleavage sites KRRRTRR at amino acid 535 and KKGRNRR at amino acid
741. Complete cleavage of Sema3A by furin could results in three peptides with theoretical
MWs of 60.8 kDa (N-ter domain of 65 kDa after post translational modifications), 24.4 kDa
and 1.3 kDa*® (Figure 38). This process occurs in vivo as well as in vitro during the
recombinant expression of Sema3A. Furin is a ubiquitous subtilisin-like proprotein convertase
(PPC) belonging to Ca**-dependent serine protease family which cleaves preferentially
upstream of a consensus sequence “R-X-K/R-R”. It is the major processing enzyme of the
secretory pathway and is mainly localized in the trans-Golgi network but can be found on the

cell surface. It cleaves precursors of many functional proteins such as enzymes®®® 270 271 272,
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Class 3 Semas have two highly conserved sequences for furin or related PPC. The most
known study on the activity of Sema3A cleaved by furin is realized by Adams et al.1997%%°,
In this study, it was suggested that Sema3A undergoes a differential proteolytic processing
which determines the magnitude of its repulsive activity. In the suggested model, Sema3A is
synthetized as a precursor with limited chemorepulsion activity, it undergoes a first cleavage
at the second furin cleavage site (release the 1.3 kDa peptide) to acquire the maximum of its
activity and finally inactivated by the cleavage in the first furin-cleavage site (release the N-
ter domain of 65 kDa)?*. In addition, in this study they performed several mutations, and the
one at the first furin-cleavage site (R532A and R535A) prevents the cleavage. This is the most
used mutation to prevent the furin-cleavage of Sema3A and it even used in commercial
Sema3A®®°. Sema3A activity is also dependant of its covalent dimerization. The disulfide
bond at C"® in the C-ter allows a covalent dimerization of Sema3A. Mutation of C* to A

results in Sema3A monomer and abolishes repulsion activity?’.

65 kDa Sema domain

90 kDa - First furin-cleavage site PS| domain

J LJ lg-like domain
‘V

Disulfide bond S S
C-ter basic tail
Second furin-cleavage site

Figure 38: Schematic diagram of semaphorin 3A structure.

Sema3A is made of Sema domain, PSI (plexin-semaphorin-integrin) domain, Ig (immunoglobulin)-like domain
and C-ter basic tail. It is a covalent dimer (90 kDa X 2) with one disulfide bond at C™. Sema3A contains two
furin cleavage sites in PSI domain and in C-ter basic tail. It is thus physiologically cleaved by this protease. The
cleavage at the first site releases the N-ter domain of 65 kDa.

4.5.2 Semaphorin 3A structure

Sema3A domains are characterized as early as its discovery in chick brain. Its cloning
revealed the presence of the conserved N-ter Sema domain of 500 a.a, 1g-like domain and C-
ter basic tail’®®. The first crystal structure of Sema domain is reported for Sema3A in 2003 at
2.8 A resolution?™ (Figure 39.A). In this study, only the Sema domain and a part of PSI
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(Sema3A-65: 26-546 a.a residues) are expressed in insect cells using the baculovirus system
and its binding to Nrp1 was analysed. Interestingly, Sema3A-65 interacts very weakly to ala2
or b1lb2 of Nrpl alone comparing to Nrpl (ala2/b1b2). As described above Sema domain
adopts a seven-bladed B-propeller structure with approximate dimensions of 60 X 40 X 45 A.
Each blade is constituted of ~ 70 a.a arranged in a secondary structure. For example, the first
strand and first helix of the first blade (1S1 and 1h1, respectively), the second blade has two
inserted helices (2H1 and 2H2), the fourth blade has an extra helix (4H1), and the fifth blade
has the largest insertion composed of three helices (5H1, 5H2, and 5H3) and two strands (5S5
and 5S6). This domain is also characterized by some very long loops connecting the
secondary structures. The shape of central tunnel is slightly conical with the top face defined
by the N-ter part and the bottom face determined by the C-ter part. To lock the circle, Sema
domain use “loop and hook” system with its N-ter. The 3D structure of Sema domain is
stabilized by four disulfide bonds (C'® - c'*4 ¢ . c*, c*° - c*®*and C** - C**). The
identified post-translational modification consists in glycosylation (N-acetyl-p-D-

glucosamine) at N** and N'?°. Residues 515-568 corresponding to PSI part are not well
|215.

ordered, thus not included in the Sema mode

PixnA2-PSI2 T A9

Figure 39: Crystal structure of Sema3A and Sema3A in complex with Neuropilinl and plexinAl.

(A) The structure of Sema3A-65K viewed from the “top” face of the molecule. The disulfide bonds and the N-
acetyl-p-D-glucosamine moieties are coloured in grey (from Antipenko et al., 2003*°). (B) The Sema3A
PIxnA2-Nrpl complex, with Sema3A and PIxnAz2 in ribbon representation, Nrpl in surface representation and a
schematic drawing (middle) (PDB 30KY) (from Janssen et al., 2012%7).

This Sema3A-65 is found as a noncovalent homodimer (Kp=3 puM). Homodimer
interface contains ~ 40% of hydrophobic residues. The dimer breaks down into monomers in
order to bind to the soluble Nrpl (ala2/b1b2) (Kp= 0.23 uM) to form 1:1 complex. Deletion
of residues 252-260 corresponding to strand 3 and 4 of the fourth blade or deletion of residues
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359-366 corresponding to the stand 5 and 6 of the sixth blade prevent the dimerization of
Sema3A-65. These deletions do not affect the correct folding of the protein, but affect Nrpl

215

binding and Sema3A activity“”. From these data and previously published work, they

constitute a model for Sema3A signalling initiation (Figure 40).

Semaphorin 3A

s 2"
b & #

Figure 40: Model for Semaphorin 3A Signalling complex.

Initiation of Sema3A-mediated signalling via the Nrp-1/Plexin-Al complex. Sema3A is in magenta (Sema
domain, heptagon; PSI domain, circle; Ig domain, oval). In plexin, the Sema domain is in dark blue, the IPT
domains in green, and the PSI regions in light blue. The intracellular Plexin domain is in brown, and the star
corresponds to the activated form (the red arrow indicates signalling directing growth cone collapse). In Nrp-1,
the Al and A2 domains are in red, B1 and B2 are in orange, and the MAM domain is in yellow. Sema3A
binding results in a 2:2:2 ligand/receptor/coreceptor complex formation and the release of the plexin membrane-
proximal extracellular region, which in the absence of constrains adopts an active conformation (right panel)
(from Antipenko et al., 2003%°).
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The binding of the ligand to its receptor(s) constitutes the first step of signalling.
Crystal structure of Sema3A complexed to Nrpl and PIxnA2 is reported. Different length of
Sema3A (residues 21-555) and soluble part of Nrpl (residues 22-586) and PIxnA2 (residues
35-703) were expressed in HEK293-F. The interaction between different components of the
ternary complex was analysed in surface plasmon resonance (SPR) separately. Sema3A does
not interact with PIxnA2, while it interacts with Nrpl. Nrpl interacts with PIXnA2 in the
absence of Sema3A. The crystal structure is defined for the ternary complex Sema3A Nrpl
and PIxn2A (Figure 39.B). This structure revealed the role of Nrpl in bridging and stabilizing
Sema3A-PIxnAl interaction. Sema domain of Sema3A interacts with Sema domain of

PIxnA2 and this is assembled by Nrpl al domain which serves as cross braces. Complex
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formation does not induce conformational changes. They also crystalized the Sema3A (21-
675: Sema -PSl-Ig-like domains) with the mutation of the first furin-cleavage site. In addition
to Sema domain, PSI domain is ordered and showed a clear electron density, but not the Ig-
like domain. In the previous crystal structure of Sema3A (crystal structure of 2003°* and the
one of the ternary complex), the PSI domain is partially present, it is thus disordered®"’.
However, the probability that Sema3A binding induces oligomerization of PIxns to trigger a

signal is not discussed.

45.3 Semaphorin 3A signalling

It was first postulated that Sema3A binds mainly to Nrpl via its C-ter. Indeed,
truncated collapsin-1 (chick homologue of Sema3A) containing Ig-basic tail binds to Nrpl
with almost the same affinity as the full length, whereas truncated collapsin-1 missing this
part binds very weakly the Nrp-1. Moreover, it was suggested that the positive charges of the
basic tail of the Sema3A interacts with the negative charges of MAM domain. However, this
fragment (Ig-basic tail) is not enough to trigger a signal®?®. Further study has shown that Sema
domain of Sema3A binds to Nrpl at CUB and MAM domains. Moreover, it was suggested in
this study that Sema3A needs another receptor to transduce its signal®’*. Furthermore,
structural studies presented above, analysing the interaction of the purified Sema3A-65 kDa
(without the C-ter domains) to Nrpl, reported the correct binding of this Sema3A-65 to
Nrp1*® 2. The functional receptor of Semas notably Sema3A was identified as a Plxn
family. The first identified Plxn as a functional receptor was for semaphorin virus®”. In
drosophila, two PlIxns are identified as receptors for class 1 Semas®’®. Subsequently, plxnAl-
Nrpl complex is characterized as a functional receptor for Sema3A. PIXnAl increases the
affinity of Nrp1 to Sema3A and the Nrp1 MAM domain is required for Sema3A signalling®’’.
Sema3A signals through Plxn A (1-4)%"8 27° 280 281 ang pIxn D1%%2 according to the triggered
function and the tissue. Sometimes their role is redundant®”®. Taken together, these studies
demonstrate that Sema3A binds to Nrpl and one of the PIxns to induce an intracellular signal
via the intracellular part of Plxns. Interestingly, pIxnAl is able to induce autoinhibition

through its Sema domain. This inhibition is removed with Sema3A-Nrp12™®,

Sema3A is involved in different signalling pathways®® ?** (Figure 41). The most
common one is its effect in the reorganization of the cytoskeleton. CRMP-2 is the first

identified member to be involved in the growth cone collapse®®. CRMPs are intracellular
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proteins exclusively expressed in the CNS?®* %>, Another partner of CRMP was identified and
referred as CRAM for CRMP-associated molecule. It has been proposed that CRMP and
CRAM form a ternary complex with an unidentified molecule bearing the protein-tyrosine
kinase (PTK) activity?®®. The identity of the PTK molecule is later revealed as Fes tyrosine
kinase which interacts with PlexAl. Moreover, Sema3A binding enhances the binding of Fes
to PlexAl and phosphorylation of PIxnA, CRAM and CRMP2%*. This complex acts on
microtubule polymerization. CRMP-2 by itself is able to bind to tubulin and regulates
microtubule assembly®®’. Rho GTPase Racl is also identified to mediate the collapse induced
by Sema3A®®. Moreover, Plxns have a Rho GTPase-binding domain (RBD)??. Fyn (a
member of the Src family of nonreceptor tyrosine kinases) and cyclin-dependent kinase 5
(Cdk5) (a member of the serine/threonine kinase) participate also in Sema3A signalling. Fyn
interacts with Plex-A2 and phosphorylates Cdk5 to trigger the Sema3A signal and reorganize
the cytoskeleton and induce the repulsion®®®. In addition to microtubules, Sema3A leads to
depolymerisation of the F-actin and its loss, hence the growth cone collapse?®. This could be
mediated through the subsequent phosphorylation/dephosphorylating of cofilin, highly
expressed actin-binding protein in the CNS and induce the actin depolymerisation, by LIM

kinase and induce the growth cone collapse.

Phosphatase and tensin homologue deleted on chromosome ten (PTEN), known for its
tumour suppressor role, is identified to be involved in Sema3A signalling to control growth
cone behaviour. Indeed, the binding of Sema3A activates PTEN which in turn inhibits
phosphatidylinositol 3-kinase (PI3K) responsible of phosphorylation, thus inhibition of
glycogen synthase kinase-3 (GSK-3). GSK-3 mediates axon elongation, determination and
maintenance of axonal identity®®:. Sema3A can induce two types of response: growth cone
collapse and retraction. These two responses are mediated by different type of myosin II.
Collapse is associated with the movement of myosin IIA, while retraction is associated to

myosin 11B%2,
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Figure 41: Main signal transduction pathways activated by class 3 semaphorin binding to neuropilins.
Notes: These pathways involve either neuropilin alone (A) or neuropilin/plexin receptor complexes (B-D). In
the absence of plexins (A), semaphorins can signal through neuropilin interactions with Fer and GIPC, which
regulate cell viability, matrix stiffness, and tumour growth. This latter mechanism involves integrin activation by
the protein c-Abl. However, class 3 semaphorin function has been mainly described to involve plexins (B-D). In
this context, cell migration (B) is regulated by the release and activation of the protein FARP2 from the plexin
cytoplasmic domain, which leads to the activation of the small G-protein Racl. In addition, R-Ras is inhibited by
interacting with plexin GAP domain, and this inhibition prevents cell adhesion. The binding of the proteins
MICAL (C), Fes, and Fyn (D) to the cytoplasmic domain of plexins affects actin dynamics and induces cell
collapse through molecular mechanisms involving CRMPs. Sema 3 binding to neuropilin-plexin complex is also
known to promote cell repulsion (or chemorepulsion) (C). This mechanism involves the interaction of a
p190RhoGAP-p120RasGAP-FAK complex with plexins and integrins, and inactivates the small G-protein
RhoA. Finally, in neural cells (D), the protein L1-CAM has been shown to inhibit neurite outgrowth through a
mechanism involving interactions of RanBPM with plexins and L1-CAM itself, and inhibition of the MAP
kinases ERK1/2 by L1-CAM. Green arrows: activation; red bars: inhibitory mechanisms. Abbreviations:
CRAM, CRMP-associated molecule; CRMP, collapsin response mediator proteins; MAP, mitogen-activated
protein; MICAL, mono-oxygenase molecule interacting with CasL; NRP, neuropilin; VEGFR, vascular
endothelial growth factor receptor; oxid, oxidized (from Nassar et al., 2014%*%).
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4.5.4 Expression of Semaphorin 3A in the CNS

Sema3A is found concentrated in the PNN and suggested to be one of the mechanisms
by which PNN modulates plasticity during and beyond the critical period*® #** (Figure 42).
Expression of Sema3A in the brain is reported in early development, before PNNs formation.
It is involved in setting up the neural circuity of the CNS as presented above®® . Sema3A
expression persists in the adult CNS™° #*3. Several regions in brain are enriched in Sema3A,
cerebral cortex, hippocampus and olfactory system, where Sema3A immunoreactivity varies
between different subpopulation of neurons®*®. Immunohistochemistry (IHC) in adult rat brain
using antibodies recognizing selectively Sema3A shown that Sema3A staining is colocalized
with WFA staining of PNNs, around inhibitory interneurons. In addition, the colocalization of
Sema3A staining and other PNN components such as aggrecan, versican, phosphacan and
TN-R was observed. These results showed that Sema3A is a component of PNN?%%, Sema3A
staining is only observed around cells bearing PNN in the adult CNS. Nevertheless, not all
PNNs contain Sema3A’®*. Sema3A is commonly present in PNN enwrapping PV-positive

neurons'®,
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Figure 42: Schematic view of possible roles for Sema3A in PNN related plasticity.

Sema3A protein molecules (red spheres) derived from the more distant cells in the environment, that is,
meningeal cell or cells of the choroid plexus, or secreted along axons or by presynaptic terminals (yellow)
integrate in the PNN surrounding parvalbumin (PV) positive interneurons. PV-interneurons express Sema3A
receptor components (Nrpl/PIxnA) which may trigger an internal response upon Sema3A binding that
eventually may change the properties of the PV cell (A). Alternatively, Sema3A may act on (hew) presynaptic
terminals. Sema3A bound to the PNN may repel growing axons (green) away from the PV cell membrane and
thereby prevent the formation of new synapses between PV-interneurons and ingrowing axons (B). Sema3A in
the PNN may also “stabilize” synaptic contacts on the PV-interneuron surface by preventing local
rearrangements of existing synaptic terminals (C) (from De winter et al., 2016'%).
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The origin of PNN-Sema3A is not well characterised. Indeed, cells expressing mRNA
of Sema3A do not necessarily have Sema3A-positive PNN and vice versa. It was then
supposed that Sema3A is produced elsewhere and transported to PNNs*®. This phenomenon

is already seen with Otx2™"

, another PNN binding molecule. Moreover, existence of
secretory vesicles transporting Sema3A is reported. Punctate distribution is reported for
Sema3A at axon and growth cone of immature neurons and at cell body and neurites in more
mature neurons®®* ?*®. Another study supports the existence of vesicle transporting Sema3A.
Glioblastoma (highly vascularized brain tumours) releases extracellular vesicles expressing at
their surface Sema3A that promotes vascular permeability’®. It has been hypothesized that
Sema is produced by cells in the choroid plexus or the meninges and diffuse over the brain to
bind to PNNs as Otx2™*. Further studies should be performed to elucidate the origin of PNN-

Sema3A.

Several studies have reported the upregulation of Sema3A expression in glia scar after
CNS trauma due to its high expression in invading fibroblasts and is an inhibitor of axonal
regeneration and sprouting, and neuronal plasticity®®’ **® 2°. Moreover, Sema3A inhibits the
differentiation of oligodendrocytes, thus leading to remyelination failure, notably in MS®®.
Sema3A negatively influences immune cells, for example it triggers the apoptosis of
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macrophages™'. These place Sema3A as a therapeutic target for CNS recovery.

4.5.6 Semaphorin 3A-glycosaminogan interaction

In addition to Sema3A, its receptors are also expressed by PV-positive neurons of the
visual cortex'®. Hence, the question that Sema3A is found in PNN through the binding to
their receptor or retained by other components of PNN. Disruption of PNNs with ChABC

removes Sema3A from PNNs?*®

, suggesting binding to CSs. Moreover, Sema3A displays a
high binding to the GAGs isolated from PNNs than any other compartments. Sema3A binds
with a high affinity to commercial CS-E chain. It has been postulated that Sema3A
accumulates in PNNs via its interaction with CS-E motif, enriched in PNNs?®. Interaction of
Sema3A with brain CSs was already reported before. Treatment of neuronal culture with
ChABC or GAGs displaces the cell surface Sema3A”®. Furthermore, IHC and co-
immunoprecipitation assay demonstrated that a fraction of total CS binds to Sema3A.
Sema3A and CS act together to induce repulsion guidance®. It was suggested that Sema3A

binds to CSs through its C-ter because of the positive charges of the C-ter tail and negative
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charges of the CS. According to this, recently two peptides bearing two different basic
sequences of the C-ter basic tail were produced and their binding to GAG was analysed. Both
of them interact with GAGs. Besides of this, a peptoid referred semaphorin-induced
chemorepulsion inhibitor (SICHI) charged positively at neural pH inhibits selectively the
chemorepulsion and growth cone collapse mediated by Sema3A. Interestingly this peptide
interferes between Sema3A and GAG, but not between Sema3A and its receptors, suggesting

thus the importance of GAG in Sema3A signalling®*? 3%,

5. Aim of the project

As we can conclude from this introduction, neural ECM notably the PNN, which is
responsible in maintaining the plasticity homeostasis in the CNS, contains and recruits a wide
variety of molecules with equally important roles. In this project, we are particularly
interested in two molecules of different nature. The first molecule is of a GAG nature, CS,
and the second molecule is of protein nature, Sema3A. CS, a permeant component of PNN,
adapts its sulphation pattern according to spatiotemporal changes of the environment, hence
recruits a variety of signalling molecules which participate in inhibition of plasticity and
regeneration of neurons mediated by PNNs. Sema3A, which is an important member of a
large family of axon guidance proteins, is one of those molecules. Its importance is proven
since early development and persists in adult. Indeed, recruiting Sema3A in PNN via CS
could be one of mechanisms by which PNN inhibits plasticity. The aim of this project is to
characterise the interaction interface of CS-Sema3A in the perspective of developing
inhibitors of a GAG or a protein nature. The inhibitor(s) could serve against CNS pathology
like SCI. Moreover, interaction of Sema3A with CS of Nrpl or CS of adjacent CSPGs could
be involved in the first step of Sema3A signalling via its receptors, thus characterising the
Sema3A signalling complex in the CNS and the other tissues where Sema3A is involved
(Figure 43).
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Figure 43 : Schematic representation of the aim of the thesis project.

The aim of the project consists in characterization of chondroitin sulphate (CS: the most abundant sulphated
GAG in the CNS, synthetized as a part of proteoglycan) and semaphorin 3A (Sema3A: secreted chemorepulsive
protein) interaction in perineuronal nets (PNNs). PNNs (highly organized ECM) are the key regulators of
neuronal plasticity and axonal regeneration in the mature CNS. Binding to CS may potentiate Sema3A signalling
to regulate the plasticity and regeneration. This could be one of mechanisms by which PNNs regulate the
plasticity.
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Materials and methods

1. Recombinant semaphorin 3A (Sema3A)

1.1 Sema3A-WT subcloning and expression

Rat Sema3A cDNA was subcloned downstream of CMV5 2xTetO promoter in
pTT22SSP4 (Appendix 2 and Appendix 3) mammalian expression vector (NRCC,
Biotechnology Research Institute) containing a secreted alkaline phosphatase signal peptide
and a N-ter 8 x His tag. 250 ml of HEK293-EBNA1-6E (HEK293-6E) cells growing in
suspension (NRCC, Biotechnology Research Institute) at 1.5-2 x 10° cells/ml were transfected
with 250 pg of the recombinant plasmid using 500 ul of 1 pg/ul linear polyethylenimine (PEI,
Polysciences, 23966-1). The cells were cultivated in FreeStyle™ F17 Expression Medium
(Thermo Fisher scientific, A1383501) supplemented with 4 mM L-glutamine, 0.1% Kolliphor
P188 (Sigma, K4894) and 25 pg/ml G418, in a humidified incubator at 37°C with 5% CO,
under stirring at 120 rpm. 0.5 % Tryptone TN1 (Organotechnie, 19553) was added 24 h post-
transfection. One tablet of protease inhibitors cocktail ethylenediaminetetraacetic acid
(EDTA)-free (Roche, 5056489001) was added at 1 and 3 days post-transfection to minimise
protease degradation of Sema3A. Sema3A expression was followed by collecting 500 pl of
cells during 5 days post transfection and was analysed by western blotting using an antibody
against the Sema3A domain (1:1000, Abcam, Ab23393). At 4 days post-transfection, where

the expression was maximal, cells were collected for protein purification

In some cases, stable Sema3A expressing HEK-6E cell line was obtained by adding 5
pug/ml puromycin 2 day post-transfection and maintaining the selection for 30 days. Dead

cells were eliminated by dilution and centrifugation for 3 min at 300 xg.

1.2  Cell clusterisation analysis

100 pl of HEK293-6E cells transfected or not with Sema3A were collected at day 3
post transfection and centrifuged. Cell pellet was washed, resuspended in PBS, deposited on
coverslip and left to settle. Coverslips containing cells were mounted on slide and observed in
epifluorescence microscope equipped with an interference contrast (DIC) at magnification
20X.
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1.3 Sema3A labelling in overexpressing HEK cell

1 ml of Sema3A transfected HEK cells were collected and centrifuged. Cell pellet was
washed 2 times in PBS before fixing with 4 % paraformaldehyde (PFA) for 10 min. After
PBS washing to remove PFA, cells were permeabilized by incubation 30 min at room
temperature (RT) in PBS-0.2 % tritonX-100. No-specific sites were blocked by incubation 30
min at RT in PBS-1% bovine serum albumin (BSA)-1 mM EDTA. Cells were first labelled
for 1 h at RT with the primary antibody against the Sema3A domain (Abcam 23393) diluted
at 1:1000 in PBS-1% BSA-1mM EDTA. After 3 washes, Cells were incubated 1 h at RT with
the secondary goat anti rabbit antibody diluted at 1:2000. After several washes, cells were
mounted on slides with ProLong Gold Anti-fading mountant containing 4',6-Diamidino-2-
Phenylindole, Dihydrochloride (DAPI). The slides were observed with an epifluorescence
microscope (V-M4D, Olympus and Perkin-Elmer) using DAPI and green fluorescent protein
(GFP) filters. The images were recorded with 20x magnification and with SCMOS camera

(Hamamatsu Orca Flash4, Volocity).

1.4 Sema3A WT purification

Three tablets of protease inhibitors were added to 250 ml of cells 1h before harvesting
cells from the incubator. Cells were first centrifuged for 5 min at 300 xg at 4°C (low speed
prevents cell damage and cell content release notably proteases). Both supernatant (culture
medium) and pellet (cells) were collected. Supernatant which contains Sema3A truncated
form was re-centrifuged for 30 min at 6000 xg at 4°C. It was collected and dialysed (3.5 K
MWCO) 3 times against 2 L of PBS (10 mM phosphate-150 mM NaCl, pH 7.4). To
dissociate Sema3A full-length which remains attached to the cell surface, cell pellet was
treated with 20 ml of PBS-1 M NaCl pH 7.2, incubated on ice for 30 min and centrifuged at
3000 xg for 30 min at 4°C and the supernatant was collected. Both supernatants (culture

medium and 1M NaCl wash) were subjected to different steps of chromatography.

1.4.1 Nickel-affinity chromatography

Supernatants were loaded separately on 1 ml of Ni-NTA (Nickel-nitrilotriacetic acid)
column chromatography (Qiagen, 30210) equilibrated in PBS, pH 7.2. The column was
washed with 50 ml of PBS-1 M NaCl, 50 ml of PBS-0.5% triton X-100 and then 50 ml of
PBS-25 mM imidazole. Sema3A was eluted with 10 ml of PBS-300 mM imidazole, pH 7.2.
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All Ni-NTA chromatography steps were performed in gravity-flow at 4°C and all buffers used
here contain protease inhibitors (1 tablet: 50 ml).

1.4.2 Sulpho-Propyl cation exchange chromatography (SP-sepharose)

Eluates of Ni-NTA column were injected at 0.5 ml/min on 1 ml of SP-sepharose (GE
Healthcare, 17072901) on AKTA fast protein liquid chromatography (FPLC) system
equilibrated in PBS, pH 7.2 at RT. The column was washed with 20 ml of PBS and the
protein was eluted with NaCl gradient: 150 mM NaCl-1 M NaCl in 30 min. Fractions of 1 ml
were collected and placed immediately at 4°C. Fractions of interest (full length Sema3A)
were pooled and centrifuged at a high speed for 5 min and the absorbance at 260 and 280 nm
was measured, from which the concentration was calculated. Protein samples were stored at -
80°C until use.

1.4.3 Size exclusion chromatography (Superdex 200)

The flow through of SP-sepharose which contains the Sema3A truncated form was
concentrated using Millipore Centricon (30 K MWCO) up to 500 pl and injected at 0.5
ml/min over 1 ml loop in 20 ml superdex 200 10/300 GL (GE Healthcare, 17517501) on
AKTA FPLC system equilibrated with PBS, pH 7.2. Fractions of 1 ml were collected and
placed immediately at 4°C. Fractions of interest were pooled, concentrated and stored at -
80°C until use.

To follow the purification, 15 pl were collected at each step, run on SDS-PAGE (10 %

acrylamide gel) and stained with InstantBlue protein stain.

1.5 Furin inhibitor-treatment of Sema3A transfected HEK cells

One day post transfection, 100 pM of furin inhibitors “Dcanoyl-R-V-K-R-
chloromethylketone” (bachem N1505) were added to the cell culture, in addition to EDTA-
free protease inhibitors cocktail. At 2, 3 and 4 days post transfection, an aliquot of culture was
centrifuged and the cell pellet was treated with 1 M NaCl to release Sema3A from the cell
surface. Both culture medium and cell surface-associated protein were analysed in western

blot (WB) with an antibody directed against Sema3A domain.
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2. Recombinant Neuropilinl (Nrpl)

2.1  Nrpl expression

Recombinant plasmid pCMVi-SV40ori-Nrp1, coding for the expression of the soluble
domain of mouse Nrpl with an Fc and poly-His tag was a gift of Woj Wojtowicz (Addgene
plasmid # 72097, Appendix 4). 250 ml of Floating HEK293-F at 1.7 — 2 x 10° cells/ml were
transfected with 250 pg of this recombinant vector using 500 pl of 1 pg/pl linear PEI. The
cells were cultivated in FreeStyle™ 293 Expression Medium (Thermo Fisher scientific,
12338-026) in a humidified incubator at 37°C with 5% CO, under stirring at 120 rpm. 0.5 %
Tryptone TN1 was added 24 h post-transfection. Nrpl expression was followed by collecting
500 pl of cells during 5 days post transfection and was analysed by WB with an antibody
against poly His-horseradish peroxidase (HRP). 4 days post-transfection cells were collected

for protein purification.

2.2 Nrpl purification

Three tablets of protease inhibitors were added 1 h before harvesting cells from the
incubator. Floating cells were centrifuged for 5 min at 300 xg and 4°C and the pellet was
thrown. The supernatant which contains secreted Nrpl (protein sequence is Appendix 5), was
centrifuged again for 30 min at 6000 xg at 4°C and purified using nickel-affinity
chromatography (Ni-NTA column). The Ni-NTA column (1 ml, equilibrated in PBS, pH 7.2)
was loaded with the supernatant and washed with 50 ml of PBS-1 M NaCl and 50 ml of PBS-
25 mM imidazole. Nrpl was eluted with 10 ml of PBS-300 mM imidazole, pH 7.2. All Ni-
NTA chromatography steps were performed in gravity-flow at 4°C. Imidazole of Ni-NTA
eluate was removed by a serial dilution in PBS and concentration using Millipore Centricon
(30 K MWCO). To follow the purification, 15 ul were collected at each step, run on SDS-
PAGE (8 % gel) and stained with InstantBlue protein stain. The absorbance at 260 and 280
nm was measured, to calculate the concentration, in spectrophotometer and the protein was

stored at -20°C until use.

2.3  Chondroitinase ABC digestion of Nrpl

95 ul of 4.8 uM purified Nrpl was treated with 5 pl of 25 U/ml ChABC (Sigma,
C3667-10UN) in ChABC buffer containing 50 mM tris HCI-50 mM NaCl-2 mM CaCl;, pH
7.5, ON at 4°C. Control was Nrpl in ChABC buffer without the enzyme. After treatment, the

protein was checked in WB with an antibody directed against poly-His tag.
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3. ldentification of GAG-binding sites in Sema3A (strategy of “the beads

approach”)
Identification of GAG-binding sites was performed according to the method published by

Vives et al. 3%

(Appendix 6). 30 pl of Heparin coated beads: HyperD® M (particle size=80
um, PALL Life Sciences, 20029-062) were washed (suspension in 1 ml of buffer and
pelleting by a quick centrifugation in a mini centrifuge) 3 times with PBS before use. This

method comprises the following steps:

e Heparin beads activation

Heparin was activated by incubating the beads in 80 ul of 100 mM N-
hydroxysuccinimide (NHS) and 80 pl of 400 mM I-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) for 10 min under stirring. Excess of EDC and NHS was removed by 3
washes in PBS. Water soluble-EDC reacts with the carboxylic acid group to form an unstable

reactive ester which is stabilised by addition of NHS (Appendix 7).

e Heparin beads-Sema3A crosslinking

Sema3A was then crosslinked to the activated heparin beads. Amine-reactive NHS
ester formed in the precedent step reacts with primary amine (-NH;) of lysine or arginine
through amine bond (Appendix 7). For that purpose, full length Sema3A, which was stored in
high salt conditions (about 700 mM NaCl), was diluted 4 times in HBS-P (10 mM HEPES pH
7.4, 150 mM NaCl and 0.005% v/v Surfactant P20) and incubated 2 h at RT under stirring
with the activated heparin beads. 4 batches of protein were used at these final concentrations:

25, 24, 35 and 40 uM which correspond respectively to 86, 108, 189 and 86 g of protein.

Sema3A truncated form, which was stored in PBS, was directly incubated with the
activated heparin beads. 4 batches of protein were used at these concentrations: 1.2 and 4 uM

which correspond respectively to 40 and 104 g of protein.

The reaction was stopped by adding 10% of 1 M tris pH 7.5 and incubating for 10 min
at RT. the beads were centrifuged to remove the unbound proteins.

e Sema3A denaturation
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The crosslinked protein was denatured by incubation in 1 ml of PBS - 2 M NaCl - 1%
tritonX-100 - 6.5 % 2-mercaptoethanol for 15 min at RT under stirring, this step was repeated
2 times without incubation. The beads were then washed with PBS before incubating in PBS-
2 M urea for 1 h at 100°C.

e Sema3A digestion with thermolysin

The denatured protein was digested with 2 pl of 1 mg/ml thermolysin in 50 pl of PBS
at 50°C overnight (ON) under stirring. Released peptides were removed by washing the beads
3 times with PBS.

An additional denaturation step with PBS - 2 M NaCl - 1% tritonX-100 - 6.5 % 2-
mercaptoethanol and thermolysin-digestion were carried out. The beads were washed 5 times
with PBS and resuspend in Milli-Q H;0.

e Heparin-binding site(s) identification

Crosslinked GAG-binding sites were identified by Edman degradation automated N-
ter sequencing performed directly on the beads in the protein sequencing platform of IBS,

Grenaoble.

4, Sema3A mutants

4.1  Sema3A site directed mutagenesis

The GAG-binding sites, as identified by the beads approach and primary a.a sequence
analysis (4 potential GAG-binding sites in the C-ter, Appendix 3) were mutated individually.
Mutations consist in deletion of the whole site or substitution of basic a.a by alanine (A) or
serine (S) present in this site (Table 11). Generated mutants were labelled Mut 1, Mut 2, Mut
3 and Mut 4 respectively according to their position starting from N-ter (5”). Double mutant,
missing sites 3 and 4, referred as Mut 3/4, was also generated. Mut C consists in the
substitution of the cysteine (C), responsible for the disulfide, by a serine (Table 11).
Mutations were realized by PCR quick change using pTT22SSP4-Sema3A as a template and
phusion hot Start Il high-fidelity PCR master mix (ThermoFisher scientific,

F565S). PCR conditions were provided as indicated in ThermoFisher data sheet.
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Table 11: Generated mutations in Sema3A.

Label Type of mutation Initial amino acid Generated amino acid Secreted
sequence sequence
Mut 1 Deletion - No
Mut 1 Substitution KSSTRR No
Mut 1 Substitution KRRTRR KSSTSA No
Mut 1 Substitution ASSTSA Yes
Mut 2 Deletion - No
Mut 2 Substitution RRNEDRK SANEDRK Yes
Mut 2 Substitution SANEDAA No
Mut 3 Deletion KRDRKQRRQR - Yes
Mut 4 Deletion KKGRNRR - Yes
Mut 3/4 Deletion KRDRKQRRQR]x.x- Yes
.. KKGRNRR
Mut C Substitution MDEFCEQVW MDEFSEQVW Yes

Basic amino acids are shown in red and those underlined represent the realised substitution. “-* represents the

deletion.

4.2  Sema3A mutants expression and purification
Mutants were expressed in HEK-6E as Sema3A-WT (see above Sema3A WT

expression and purification sections). Not all generated mutated constructs leads to a soluble

and secreted protein to be purified. Thus, the purified mutants were:

Mut 1: substitution of all basic a.a of the sitt (AS ST S A)
Mut 2: substitution of 2 basic a.a of the site (SA N E D R K)
Mut 3: deletion of the site

Mut 4: deletion of the site
Mut 3/4: deletion of 2 sites (3 and 4)
Mut C: substitution of C"® by S
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5. Rat brain chondroitin sulphates (CSs)

5.1 Rat brain GAGs extraction
Male Sprague Dawley rat 3 months old brains were used to extract GAGs. GAGs were
extracted according to the method published by Kwok et al.*®® They were stored at -80°C until

their use. Extraction lasted five days:

e Day 1: homogenization and dialysis

Four sequential extraction Buffers were prepared freshly from 10x tris buffer saline
(TBS) stock solution which can be stored at RT for 1 month: 500 mM tris buffer saline (TBS)
and 1.5 M of NaCl in d-H,0.
v' Buffer 1 (B1, extraction of soluble ECM): TBS 1X +2 mM EDTA. pH was adjusted to
7 with NaOH. This solution was filtered using 0.22 um filter.
v’ Buffer 2 (B2, extraction of membrane-associated molecules): 100 ml of B1 + 500 pl of
tritonX-100 (0.5 % v/v).
v’ Buffer 3 (B3, extraction of membrane-associated molecules): 100 ml of B1 + 1 M
NaCl. This solution was filtered using with 0.22 pum filter. Then, 500 ul of was added.
v Buffer 4 (B4, extraction of PNNs): 100 ml of B1 + 6 M urea. This solution was
filtered using with 0.22 pm filter. Then, 500 pl of TritonX-100 was added.

Two rat brains were thawed out on ice. Then, one brain was cut into small pieces using
a scalpel and transferred into the homogenizer. 5 ml of B1 was added. The mixture was
homogenized gently one time with homogenizer piston on ice. Then, Pasteur pipettes of
decreasing diameter were used to homogenize gently until obtaining a smooth homogenous
solution. The second brain was manipulated in the same way. Homogenates of the two brains
were pooled and centrifuged at 23000 xg for 20 min at 4°C. The supernatant was collected in
50 ml falcon tube and kept on ice. The pellet was resuspended again in 10 ml of B1 and
centrifuged at 23000 xg for 30 min at 4°C. The supernatant was pooled with the previous one.
The same steps are followed using B2, B3 and B4. At the end of treatment, four solutions of
20 ml were obtained and dialysed (3.5 K MWCO) against 8 L of 25 mM tris-HCI, 5 mM
EDTA, pH 7.8 at 4°C ON. To check that PNNs were extracted with the right buffer (B4), 30
pl of each solution were analysed by WB with an 1 pg/ml of HAPLN1 antibody
(R&D ,AF2608) in PBS-0.05 % tween 20 -5 % milk.

99



e Day 2: Pronase treatment

After dialysis, the samples were collected in 50 ml Falcon tubes. Pronase (Sigma,
P5147) was added to a final concentration of 2 mg/ml. The digestion was performed at 37°C
with shaking, ON.

e Day 3: protein precipitation

After pronase digestion, samples were centrifuged at 23000 xg and 4°C for 15 min and
the supernatants were collected. Ice-cold 100 % trichloroacetic acid (TCA) was added to a
final concentration of 5% (v/v). Samples were incubated for 1 h on ice. Then, they are
centrifuged at 15000 xg and 4°C for 20 min. Supernatants were collected and kept on ice.
Pellets were resuspended in 10 ml of ice-cold 5% TCA and centrifuge again at 15000 xg and
4°C for 20 min. supernatants were pooled with the previous ones. This last step was repeated
one more time. The acidity resulted from TCA was neutralized after the last centrifugation

with 1 M sodium carbonate until pH 7 was reached.

To eliminate fats from the samples, diethyl ether was added to final concentration 50
% and shacked vigorously and settled for 1 min. The upper phase was discarded. This step
was repeated until there are no micelles forming in the upper phase (about 5 times). The
remaining diethyl ether was evaporated in the fume hood ON.

e Day 4: GAGs precipitation

Sodium acetate and cold absolute ethanol were added to a final concentration of 5 %
and 75 % respectively. Samples were incubated ON at 4°C.

e Day5: GAGs collection

Samples were centrifuged at 2000 xg for 15 min at 4°C. Supernatants were discarded
and pellets containing GAGs were air-dried at RT to be resuspended in 300 ul of milli-Q
H,O. The presence of GAGs at the end of extraction was checked in PAGE (20% gel) and

azure A staining.

e GAGs quantification
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GAGs extracted with each buffer were quantified using cetylpyridinium chloride
(CPC) turbidity assay. 1 pl (B1, B2), 2 pl (B3) and 3 ul (B4) of extracted GAGs were diluted
in H,O to a final volume of 25 ul in 96-wells plate in triplicate. CS-A concentrations ranging
from 0 to 0.06 pg/ml of H,O (8 concentrations) were also prepared in triplicate in 96-wells
plate to constitute the standard curve. 25 pl of CPC reagent, composed in an equal ratio of 0.2
% CPC and 133 mM MgCl,, was added to each well and mixed. The absorbance was
measured at 405 nm in a plate reader spectrophotometer. The quantity of extracted GAGs was

calculated from the linear regression equation of CS-A standard.

5.2 Rat brain CSs purification

To purify CS from the GAGs brain, extracted GAG were first treated with 10 mU/ml
heparinase | and Il (Grampian enzymes, Orkney, UK) in 5 mM tris-50 mM NaCl-2 mM
CaCl,-1 mg/ml BSA, pH 7.5 for 5 hours at 30°C. 100 mM sodium acetate-5 mM MgClI, were
added afterward for a digestion with DNasel (Roche, 10832500) for 15 min at 37°C to

remove potential DNA contaminants.

To remove the digestion products, the samples were loaded at 12 ml/h on 2 ml of
anion exchange chromatography, diethylaminoethyl (DEAE)-sepharose (GE healthcare, 17-
0709-01), equilibrated beforehand with 20 mM phosphate, pH 6.5. The column was washed
with 1 column volume of 20 mM phosphate, pH 6.5, then for 2 h (24 ml) with 20 mM
phosphate-0.3 M NaCl, pH 6.5. CSs were eluted with 5 ml of 20 mM phosphate-1.5 M NacCl,
pH 6.5 and lyophilized. The powder was resuspended in 2 ml of milli-Q H,O and split in 3
fractions (670 ul). Each fraction was loaded into Sephadex G-25 in PD-10 desalting column
(GE healthcare, 17085101) washed with 2 ml of H,O and CSs were eluted with additional 2.5
ml of H,0. Eluates of the 3 fractions were pooled and lyophilized again to be resuspended in
500 pl of H,0.

5.3 Rat brain CSs disaccharides analysis

100 pl of purified CSs were centrifuged using the SpeedVac system to evaporate the
H,O under vacuum and resuspended in 40 ul of milli-Q H,O. To generate disaccharides units,
CSs were digested with 100 mU of ChABC at 37°C for 24 h in 10 pl of buffer containing 50
mM tris HCI-50 mM NaCl-2 mM CaCl, pH 7.5.
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1 ul (B1 and B2) and 2 ul (B3 and B4) of digested CS diluted in 100 pl of milli-Q
H,O were used for the disaccharides analysis using reversed-phase ion-pair high-performance
liquid chromatography (RPIP-HPLC). Samples were injected in a Luna 5um C18 reversed
phase column (4.6 x 300 mm, Phenomenex) equilibrated beforehand at 1.1 ml/min for 2 h in
1.2 mM tetra-N-butylammonium hydrogen Sulphate -8.5% acetonitrile pH 3. Disaccharides
were eluted using multi-steps NaCl gradient: 0-30 mM in 1 min, 30-90 mM in 39 min, 90—
228 mM in 2 min, 228 mM for 4 min, 228-300 mM in 2 min, 300 mM for 4 min. Eluted
disaccharides underwent a post column derivatization using 0.25% of fluorogenic 2-
cyanoacetamide in 0.5% NaOH at 0.35 ml/min flow rate, at 130°C for 4 min. Resulted
fluorescent disaccharides were detected by an excitation at 346 nm and emission at 410 nm.
The column is calibrated with a mix of CS disaccharide standards (1pmol/ul each): 0S, 4S,
6S, 2S, 6S4S, 4S2S, 6S2S and tri S (Iduron, Alderley Edge, UK) to assign the results peaks.

1 pl of 125 ng/pl commercial CS-E (Amshio, AMS.CSR-NACS-E2.SQC-10) and CS-
D (Seikagaku, 400676) were also analysed by RPIP-HPLC as purified brain CSs.

6. Sema3A-GAGs interaction analysis

6.1 Commercial GAGs biotinylation

Commercial CS-E (30 kDa, Squid cartilage, Amshio, AMS.CSR-NACS-E2.SQC-10),
CS-D (38 kDa, ,Shark cartilage, Seikagaku, 400676), CS-B (porcine intestinal mucosa,
Sigma, C3788-25 MG) and HS (12 kDa, porcine intestinal mucosa, Celsus laboratories,
Cincinnati Ohio) were biotinylated on their reducing end essentially according to Saesen et
al.*®, Biotinylation reaction was achieved by reacting 5 mg/ml of GAG with 10 mM of EZ-
link Alkoxyamine PEG4-SS-biotin (Thermo Scientific, 26138) in the presence of 20 mM
aniline in the coupling buffer (50 mM sodium acetate) in 200 pl of reaction final volume at
37°C ON. Excess of biotin and other reagents were removed by dialysis against water and
biotinylation level was estimated by a dot blot as described below in rat brain CS

biotinylation section.

6.2 Rat brain CSs biotinylation

400 pl of purified CSs were centrifuged using the SpeedVac system to evaporate the
H,O under vacuum and resuspended in 95 ul of biotinylation buffer (20 mM Hepes-150 mM
NaCl, pH 8). 5 ul of 100 mM Sulfo NHS-LC-LC-biotin (Pierce Biotechnology, 21338) was
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added to the solution. The reaction was performed during 3 h at room RT. 10 pl of 1 M
ethanolamine-HCI, pH 8.5 ( to final concentration of 100 mM) was then added and incubated
15 min at RT before dialysis (3.5 K MWCO) 3 times over 24 h against 2 L of milli-Q H,O to

remove excess of biotin and other reagents.

A dot blot was performed to check the efficiency of biotinylation. For this purpose, 10
ul of dialyzed CSs (B1 and B2) and 20 ul (B3 and B4) were diluted in milli-Q H,O to final
volume of 250 pl. Serial dilution (8 dilutions) was carried out (dilutions of 1: 5) for each
sample and in the range 0.0003-10 ng/ml for the positive control (biotinylated commercial
CS-B; Sigma, C3788). 100 pl/well of each sample was spotted on Nylon transfer membrane
(hybond-N+) mounted on dot blot system and pre-equilibrated with TBS (50 mM tris-150
mM NaCl). Two washes were performed afterward with 200 pl of TBS/well. The membrane
was incubated first in TBS-5% of skimmed milk for 20 min at 37°C and washed 2 times with
TBS to remove the milk. Then, the membrane adsorbed biotin was revealed by incubation
with 1:4000 diluted extravidin-peroxidase (Sigma, E2886)-TBS-0.05% tween20 for 1 at RT
under shaking. After incubation, the membrane was washed 5 min x 6 in TBS-0.05% tween20
and incubated in 2 ml of Luminata classico western HRP substrate (Millipore, WBLUCO0500)
for 3 min. Revelation was performed by exposition of the membrane to X-ray film for 30 s
and soaking the film in developer bath, water, fixer bath, water (GBX Developer, Fixer and

Replenisher - Carestream Dental, 310-1458) in a darkroom.

6.3  Preparation of synthetic, size-defined CS-D and CS-E oligosaccharides
Oligosaccharides used in this study were synthetized in university of Orleans by
Chrystel Lopin-Bon. CS-D, CS-E oligosaccharides were prepared from a single disaccharide
precursor bearing a benzylidene acetal on the GalN moiety and a naphylmethyl group as
aglycon that was prepared by semisynthesis from commercially available chondroitin sulphate
polymer. Di, tetra and hexasaccharides were then synthesized after several selective
protection and deprotection steps followed by sulphation of hydroxyl group and deprotection

as previously described®”’

. In some cases, oligosaccharides were biotinylated. For that
purpose, 2-benzyloxycarbonylaminoethyl group was introduced on the key disaccharide and
after similar steps of selective protection/deprotection, sulphation, biotinylation and

deprotection, the biotinylaed oligosaccharides were isolated as described*®.
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6.4  Surface Plasmon Resonance (SPR)-based binding assay

SPR analysis were performed using Biacore SPR technology (T3000) on CM4 sensor
chips (contains 4 flow cells: FC1-FC4) with HBS-P (10 mM HEPES pH 7.4, 150 mM NacCl
and 0.005% v/v Surfactant P20) as a running buffer at 25°C. The surface has a
carboxymethylated dextran matrix covalently attached to a gold film. The free carboxyl
groups of dextran were activated by 50 pl of 100 mM NHS and 400 mM EDC and then
coupled covalently to the primary amine of 80 pg/ml streptavidin (Sigma, S4762) in 10 mM
sodium acetate buffer, pH 4.2 which results in 1000 resonance units (RU) of coupled
streptavidin. Remaining activated groups were blocked with 50 pl of 1 M ethanolamine
hydrochloride-NaOH, pH 8.5.

e GAGs immobilisation

5 pl of biotinylated commercial GAGs (CS-D, CS-E or HS), biotinylated CS-E (di,
tetra or hexasaccharide) oligosaccharides and 10 pl of biotinylated rat brain CSs were
immobilized separately on the streptavidin-functionalized chip at concentration of 2.5 pg/ml,
1 uM and 10 pg/ml, respectively, in 10 mM Hepes-300 mM NaCl, pH 7.4 and at 10 pl/min
flow rate. GAGs immobilization resulted in about 60 (commercial GAGs) and 70 (synthetized
oligosaccharides) RU shift. FC1 was left as a negative control. Before injecting protein, 2
washes with HBS containing 2 M NaCl were performed. All solution used were filtered (0.22

pum) and degassed.

e Sema3A binding

Sema3A-WT, commercial Sema3A or mutants were injected in “kinject” mode at 60
pl/min for 5 min (250 ul) with a concentrations range of 0 - 10 nM. Dissociation time of the

complex protein-GAG lasted 300 s.

¢ Regeneration

The GAG surfaces were regenerated with several injections of 250 pl of 2 M NaCl at
60 pl/min. Control sensorgrams were subtracted on line from GAG sensorgrams. The data
were analysed by fitting both the association and dissociation phases for each Sema3A
concentration to a 1:1 Langmuir model using the biaeval 3.1 software, to determine the
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association and dissociation rate constants (Ko, and Kog) from which the affinity (Kp = Kofi/Kon)
was calculated.

6.5 Quartz Crystal Microbalance with dissipation monitoring (QCM-D)

measurement

Q-sense E4 system was used for QCM-D analysis as previously described in
Migliorini et al.*® 4 NV (normal volume) flow cells connected via tubing to a pump were
passivated with 10 mg/ml of BSA at 50 pl/min for 10 min then washed with 2 ml of milli-Q
H,0 at 100 pl/min until dry. 4 SiO2 sensors washed beforehand with ethanol and milli-Q H,O
and exposed at least for 30 min to UV light were placed in the flow cells under a continuous
flow of HBS (10 mM Hepes-150 mM NaCl, pH 7.4) at 20 pl/min. Before starting
measurement, all resonances of each sensor were searched and checked. Once a stable
baseline was obtained (30 min after starting running buffer), GAG film formation was carried

out in 3 steps:

o Bilayer formation

300 ul of 50 pg/ml dioleoylphosphatidylcholine (DOPC): dioleoylphosphatidyl-
ethanolamine (DOPE)-CAP-biotin in a molar ratio 95:5 solution were injected on each sensor
at 20 pl/min. Spreading of the lipid vesicles leads to for liposomes formation. Lipid bilayer

was washed for at least 10 min with HBS.

e Streptavidin layer formation

300 pl of 20 pg/ml streptavidin (Sigma, S4762) was injected at 20 pl/min through
each flow cell. The formed streptavidin layer covered the whole lipid bilayer. It was washed
for at least 10 min with HBS.

e GAGs layer formation

Before adding GAGs, running buffer was changed for PBS containing 220 mM NaCl,
pH 7.2 and ran for 20 min. 400 ul of 10 pg/ml biotinylated CS-E or CSD, or 200 pl of 10
pg/ml biotinylated HS were then injected at 20 pl/min (until to reach the equilibrium).
Formed GAGs film was washed for at least 10 min with the running buffer before injecting
the protein. One of the four flow cell was left as a negative control.
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e Protein binding

20 pg/ml Sema3A WT, truncated form (65 kDa), Mutl, Mut 2, Mut 3 or Mut 4 were

injected at 20 pl/min for 20 min over the assembled film.

Changes in frequency Af and dissipation AD were recorded at six overtones (3, 5, 7, 9,
11 and 13). The data are presented in results by Af and AD of the 3™ overtone since all

overtones provide a similar changes. Q-tool software was used to analyse data.

7. Furin cleavage assays

Furin enzyme cleaves Sema3A in 2 specific cleavage sites: KRRTRR and KKGRNRR
(on the right of amino acid 535 and 741, respectively) releasing three peptides with theoretical
MWs of 65 kDa, 24.4 kDa and 1.3 kDa. To investigate if GAGs protect Sema3A from furin
cleavage, 2 assays were performed on the cell expressing Sema3A and on purified Sema3A
protein. Furin activity was checked by its ability (4 U) to cleave 0.5 or 100 uM fluorogenic
peptide substrate Boc-RVRR-AMC (Ex: 360-380 nm, Em: 440-460 nm; Enzo, ALX-260-040)
for incubation time of 0, 1/2, 1, 2.5, 6, 8 and 21 h.

10° of stable Sema3A WT expressing HEK-6E cells were centrifuged for 3 min at 300
xg and washed one time with PBS to remove the remaining culture medium. Cell pellet was
resuspended in 200 ul of furin buffer (25 Mm tris, pH 7.5 -10 mM CaCl2 - 0.5% Brij-35), 2
pl of 110 ng/ul furin (R&D, 1503-SE-010) were added or no (negative control) and incubated
at 37°C for 5 h. 0, 1, 2 and 5 h post-furin treatment, 30 ul of sample was taken, centrifuged
for 3 min at 300 xg. Supernatant was collected and cell pellet was treated with PBS-1 M NaCl
for 10 min and centrifuged again at high speed for 20 min and the supernatant was collected.
WB with an antibody directed against Sema3A N-ter (1:1000, Abcam, Ab23393) was

performed to follow the cleavage kinetic.

0.25 UM purified Sema3A WT (4.5 pg=50 pmol) was treated with 2 pl of 110 ng/ul
furin (molar ration furin: Sema3A = 1:15) in furin buffer and in the presence or no of 2.5 uM
CS-E (16.8 pg) or HS (5.8 pg) (molar ration Sema3A: GAG = 1:10) in 200 pl final reaction
volume. Samples were incubated at 37°C for 8h. 30 ul of sample was taken at 0, 1h, 2 h, 5 h
and 8 h post-furin treatment, and ran on SDS-PAGE for an InstantBlue staining or a WB

against Sema3A N-ter.
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8. Effect of Sema3A WT and mutants on dorsal root ganglion neurons

Male Sprague Dawley rats 3 months old were used and the experimental procedure in

this study was approved by the animal ethic committee of university of Leeds.

e DRGs extraction

Animal were killed by an overdose of Pentoject (animalcare). The spinal cord was
quickly removed, cleaned of the flesh, cut in 3 pieces and placed in cold Dulbecco's Modified
Eagle's medium (DMEM). Each piece was cut off in sagittal plane and then desiccated in cold
Hank's Balanced Salt Solution (HBSS) under dissection microscope. DRGs were removed
one by one by their nerves (to avoid damaging DRGSs) using a micro-scissor and fine point
forceps #5 and kept in HBSS on ice until all DRGs were removed (about 40 DRGs). A
supplementary cleaning was realised to remove nerves and remaining arachnoid matter and
transferred to DMEM medium.

e DRGs dissociation into individual neurons and culture

DRGs were incubated in 2 ml of 0.2% collagenase (Sigma, C9407) - 1 ml of DMEM
in the incubator at 37°C for 90 min. 2 ml of 0.1% trypsin (Sigma, T0303) were added and
incubated for 10 min at 37°C. Trypsin activity was stopped by resupending DRGs in 1 ml of
DMEM containing 10 % foetal bovine serum (FBS, Invitrogen, 10500064)-1% penicillin-
streptomycin-fungizon (PSF, Invitrogen, 15240062). Loose DRGs were then triturated with
decreasing diameter Pasteur pipettes until to obtain a homogenous solution. To remove
enzymes, cell suspension was centrifuged at 2000 xg for 2 min and the pellet was resuspended
in 1 DMEM-10 % FBS -1% PSF. To separate debris from cells, the suspension was laid down
carefully on 2 ml of DMEM-15 % BSA and centrifuged at 1000 xg for 15 min. Pelleted alive
cells were resuspended in 2 ml of DMEM-1 % insulin-transferrin-selenium (ITS, VWR, 734-
1315) - 1% PSF- 0.1% NGF (Sigma, N2513) and centrifuged at 2000 xg for 2 min. The cells
were resuspended again in 12 ml of DMEM- 1 % ITS - 1% PSF- 0.1% NGF and distributed
over 24 wells plate (500 ul/well) containing coverslips coated beforehand with 1 ml/well of
20 pg/ml Poly-D-lysine (Sigma, P1149) ON and then with 500 pl/well of 1pg/ml laminin
(Sigma, L2020) for 1 h. DRGs neuros were cultivated in an humidified incubator at 37°C with
5% of CO, for 24 h.
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e Sema3A proteins treatment

Once neuros have adhered to the coverslips (3h post-culture), Sema3A WT was added
at final concentration of 0.5, 0.125 and 2 pg/ml , while Mut 1, Mut 2, Mut 3 or Mut 4
were added at final concentration of 2 pg/ml and incubated 48 h before fixing with 4%
PFA for an immunostaining. The negative control was PBS and each condition was
repeated in 3 wells x 3 different rats.

e Immunocytochemistry : against BIlI tubulin

B III tubulin antibody (Sigma, T8660) recognises an epitope of BIII tubulin specific to
neurons microtubules. The fixed cells were rinsed with PBS two times and incubated in 500
pl/well of PBS - 0.1 % triton X-100 - 3% normal donkey serum (NDS) for 30 min at RT to
block the nonspecific sites. Then, they were incubated for 2h at RT under stirring in the
primary antibody solution: 250 pl of PBS - 0.1 % triton X-100 - 3% NDS-0.2% B III tubulin
antibody. The excess of primary antibody was removed by 3 washes of 5 min in 500 pl/well
of PBS. Cells were then incubated 1 h at RT under stirring with the secondary antibody: 0.2%
of donkey anti-mouse-alexa 488 in PBS - 0.1 % triton X-100 - 3% NDS. The excess of
secondary antibody was removed by 3 washes of 5 min in 500 ul/well of PBS and 2 washes
of 5 min in 500 pl/well tris non saline buffer. Dried coverslips were mounted on slides with
ProLong Gold Anti-fading mountant containing DAPI. The slides were examined in
epifluorescence microscope as previously described (section 1.3) and the number of neurons
with neurites was quantified (only neurons which have neurite length 2 times longer than the
cell body were taken into account). Data were obtained from culture of 3 rats, 3 coverslips per
rat and 5 views per coverslip. Percentage of neurons with neurites was counted. One-way

Anova test was used to confirm the variation between different conditions.
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Results and discussion

1. Semaphorin 3A

1.1 Sema3A WT expression

Sema3A was overexpressed in HEK293-6E cells that were transfected with a
pTT22SSP4 mammalian expression vector, containing the secreted alkaline phosphatase
signal peptide and a poly-His tag in the N-ter (see the purification protocol of Figure 44.A).
As Sema3A is a secreted protein, its expression was analysed into the collected culture
medium. Interestingly, WB screening at 1 to 5 days post transfection with an antibody
directed against the poly-His tag revealed the existence of two forms of Sema3A, with
molecular mass of 90 kDa and 65 kDa, the latter being the most represented (Figure 44.B).
As the antibody used to detect the protein was directed against the N-ter His-tag, the Sema3A-
65 is likely a truncated form of Sema3A without its C-ter domains (Figure 38). The existence

° and adult rat brain®®* and

of such form has been reported in both mouse embryo®
presumably corresponds to a furin-cleaved fragment of Sema3A. There are two furin cleavage
sites of which (RX[K/R]R) being found in the Sema3A sequence at position 535 and 741,
which can be cleaved by furin-like proprotein convertase (PPC) mediated processing. The
cleavage in the first site releases an N-ter domain of 65 kDa composed of Sema domain and a
part of PSI (Figure 38). It is worth noting that commercial full length Sema3A (R&D) is

mutated in the first cleavage site (R532A & R535A) to prevent processing at this position.

We then postulated that full length Sema3A, which contains the highly basic C-ter tail,
may remain on the cell surface by its interaction with cell surface GAGs. We thus treated cell
pellet with PBS containing 1 M NaCl to disrupt GAG-protein interaction and analysed the
presence of the Sema3A in the high salt washes, using antibodies directed against both the N-
(anti His-tag) and C- (C17) terminal domains (Figure 44.C-D). WB data confirm our
hypothesis that Sema3A-90 remains attached to the cell surface and Sema3A-65 is released in
the culture medium. Sema3A-65 is not observed in C17 WB confirming thus the specificity of
this antibody to the C-ter domain of Sema3A. In addition, the WB screening with these two
antibodies at 1 to 5 days post transfection of Sema3A expression on the cell surface and the
culture medium shows that the expression of both forms are higher at day 4 (Figure 44.C-D).

To further support that Sema3A-90 remains associated to the cells surface, we labelled
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permeabilized HEK cells expressing Sema3A at day 3 with C-17 antibody. Immunostaining
images show that Sema3A accumulates on the cell surface notably in the areas between cells
(Figure 44.E). Sema3A-90 remains attached to the cell surface probably by electrostatic
interaction of the C-ter domains with GAGs of the cell surface. These results are the first

indication of importance the C-ter domain in the binding to HEK cell surface.

Furthermore, other information can be deduced from Sema3A expression in HEK
cells. We noticed that HEK cells expressing Sema3A are forming clusters (Figure 44.F). This
suggests that Sema3A on the cell surface oligomerises with Sema3A molecules from adjacent
cells or that Sema3A binds and cross-links GAG chains from different cells, thus bridging
them. This last suggestion will be investigated in a later chapter (section 1.9). Control
presented in Figure 44.E and F were naive HEK cells without transfection, while a
comparative control should be transfected cells expressing another protein. In order to
confirm that the clustering phenomenon is specific to Sema3A expression, a proper control
with the expression of another protein should be performed. However, transfected cells with
the same vector (pTT22SSP4) expressing another protein were used in the lab, but no cells
clusters were noticed. HEK cells tend naturally to form clusters. However here, we
supplemented the culture medium with kolliphor P188 which protects cells from shear stress

and hydrodynamic damage, preventing thus clusters formation.

Stable cell line expressing Sema3A was created from transfected cells. Some
difference in expression were noticed in this stable line comparing to the transient expression:
i) Furin cleavage is more prominent in this line: only Sema3A-65 is found in the supernatant
and the cleavage in the second furin-cleavage site is stronger in Sema3A-90 found in the cell
surface and ii) clustering phenomenon is more obvious in the stable line. Thereby, in order to
be able to compare the expression with the other proteins (Sema3A mutants in section 1.5),
we opted for a transient expression of Sema3A WT, as long as we do not have stable line for

the other proteins.
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Figure 44: Sema3A heterologous expression in HEK293-6E cells.

(A) Schematic diagram of Sema3A purification protocol. Two samples were collected: from the cell surface and
from the culture medium supernatant. (B-C-D) Kinetic of Sema3A expression in HEK293-6E cells during 5 days
examined by western blotting using a poly-His antibody (B and C) and C-17 (D) antibody recognising the C-ter
domain of Sema3A. Both supernatant and cell surface-associated protein, detached by washing with 1 M NacCl,
were analysed in C and D. Absence of band in condition “poly-His, Supernatants, day 5 is probably due to an
issue in transfer. Two forms of Sema3A were identified in the supernatant: 90 kDa and 65 kDa, while, on the cell
surface only Sema3A-90 is present. (E) Immunocytochemistry of Sema3A expression on HEK293-6E cells
surface using an antibody directed against the N-ter Sema3A domain (green), nuclei were stained with DAPI in
blue, at magnification x 40. Control represents non transfected HEK293-6E cells. (F) Sema3A induces HEK
cells clusterisation during Sema3A expression (pictures were taken 3 days after transfection, in differential
interference contrast (DIC), at magnification x 20.
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1.2  Sema3A cleavage by furin

As previously mentioned, Sema3A-65 form is likely resulted from a cleavage by
endogenous furin. To check this, furin inhibitors “Dcanoyl-R-V-K-R-chloromethylketone”
was added to transfected cell culture 1 day post-transfection and culture medium aliquots
were collected at days 2, 3 and 4 post-ransfection and centrifuged. The cell pellet was treated
with PBS containing 1 M NacCl to release the bound Sema3A from the cell surface. Both the
culture medium and cell surface-associated protein were analysed in WB with an antibody
directed against Sema3A domain. Sema3A-65 form was neither found in the cell surface-
associated protein, nor in the supernatant with furin inhibitor treatment (Figure 45.A),
whereas the full length Sema3A-90 was detected in both fractions. Furin is therefore
responsible of Sema3A-90 cleavage in HEK293-6E expressing Sema3A to generate Sema3A-
65.

WB: Sema3A domain antibody
+ Furin inhibitors - Furin inhibitors
Cell Surf?Octee-ia:]sSsociate Supernatant Cell surface-associate  Supernatant
- ki \ - A \ proteins N —— Senﬁ?,A
Days: 2 3 4 2 3 4 2 3 4 2 3

90 kDa| - &

90 kD4

65 kD4

Figure 45: Sema3A cleavage by furin.

(A) WB with an antibody directed against Sema3A domain (N-ter) analysing the cleavage of expressed Sema3A
in HEK293-6E cells by the endogenous furin in the presence or not of furin inhibitors “Dcanoyl-R-V-K-R-
chloromethylketone”. At day: 2, 3 and 4 post-transfection, fraction of cells was collected, centrifuged and the
cell pellet was treated with PBS containing 1 M NaCl to release Sema3A from the cell surface. Both culture
medium and cell surface associated proteins were analysed. (B) Example of coexistence of Sema3A full length
and Sema3A missingl.3 kDa peptide in purified sample analysed by InstantBlue staining. Overlapping of the
two protein bands is indicated by two arrows.

Sema3A contains two furin cleavage sites. Cleavage in the first site releases Sema3A-
65 and a peptide of 25 kDa (Figure 38). Cleavage in the second site releases a small peptide
of 1.3 kDa. Difference between the full length Sema3A and Sema3A missing this peptide is

generally insignificant in SDS-PAGE. Using this inhibitor could overcome the confusion
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between these two forms, in addition to increasing the yield of Sema3A-90. However, this
inhibitor commercially available is very expensive and requires to be used at high
concentration of “100 uM” for a total inhibition. It is thus not practical for Sema3A
purification. Nevertheless, we can purify a significant quantity of full length Sema3A-90 from
the cell surface without resorting to furin cleavage inhibition. Surprisingly, the small
difference between the full length and Sema3A missing 1.3 kDa peptide can be detected in

SDS-PAGE. Indeed sometimes, overlapping of the two forms can be observed (Figure 45.B).

1.3  Sema3A purification

Since Sema3A is conjugated with a poly-His tag at the N-ter, supernatant and cell-
surface proteins were first subjected to Ni-NTA chromatography for purification. Protein was
eluted with 10 ml of 300 mM imidazole and analysed in SDS-PAGE with InstantBlue staining
(Figure 46). Results show that two forms of Sema3A were purified from the supernatant:
small fraction of 90 kDa and a large fraction of 65 kDa, while only Sema3A-90 is purified
from cell surface-associated protein sample. Contaminants of different MW are also observed
(gels of Figure 46.A and Figure 46.B). As Sema3A contains a C-ter basic tail which could
allow interaction with negative charges, a second step of purification using cation exchange
chromatography onto SP-sepharose was performed. Sema3A-65, which does not contain the
C-ter basic tail, is found in the flow through of SP-sepharose, whereas Sema3A-90 is eluted
with ~ 700 mM NaCl (chromatograms of Figure 46.A and Figure 46.B). SP-sepharose
purification allows likewise elimination of contaminants of Ni-NTA elution resulting in pure
Sema3A (gels of Figure 46.A and Figure 46.B). Two forms of Sema3A were purified with
high yield: ~ 5.5 mg/L of culture Sema3A-65 and ~ 5 mg/L of Sema3A-90. Altogether, these
results show the importance of C-ter domains positive charges to interact with SP-sepharose.

Initially, Sema3A-65 from the SP-sepharose flow through (containing imidazole of the
Ni-NTA elution) was stored without exchanging the buffer. After thawing out, we observed
that the protein precipitates, suggesting that the high concentration of imidazole induces
protein precipitation. To overcome this issue, Sema3A-65 collected from the SP-sepharose
flow through was subjected to size exclusion chromatography (SEC) S200 in order to
exchange the buffer against PBS. Using these conditions, we do not observe Sema3A-65
precipitation anymore and therefore the protein can be stored using these conditions (gel of
Figure 46.A). Sema3A-90 was eluted from SP-sepharose with ~ 700 mM NaCl. NaCl
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concentration was decreased down to physiological concentration (150 mM NaCl) by either
dialysis against PBS or by dilution in PBS (more than 100 times) and then concentration
using Millipore Centricon (30 K MWCO). In both cases, Sema3A-90 precipitates. We
concluded that the stability of purified Sema3A-90 is salt-dependant. Sema3A-90 is thus
stored in PBS containing 700 mM NaCl. Moreover, Sema3A-90 is sensitive to the
concentration using centrifugal filters likely because of its interaction with the filter

membrane. Therefore, Sema3A-90 is stored as eluted from SP-sepharose.
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Figure 46: Sema3A WT purification.

(A-B) Supernatant and cell surface-associated protein detached with 1 M NaCl, respectively, were subjected to
Ni-NTA column affinity (Elution with 300 mM imidazole), then cation exchange chromatography SP-sepharose
(elution with NaCl gradient: 150 mM-1M). FPLC chromatograms (absorbance at 280 nm and conductivity) of
supernatant protein (A) and cell surface-associated protein (B) are presented in the left. In the supernatant,
Sema3A cleaved form of 65 kDa was found in the flow through of SP-sepharose. In cell surface-associated
protein, Sema3A full length of 90 kDa was eluted at ~ 700 mM NaCl from SP sepharose. Eluates of each
purification step were analysed in InstantBlue staining of 10% gel. Sema3A of the culture medium supernatant
underwent a supplementary purification step in SEC S200. (C) Covalent dimerization of purified Sema3A-90
was analysed in WB (C-17 antibody directed against the C-ter domain of Sema3A) in +/- reducing conditions.
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It was previously described that Sema3A full length is a covalent dimer. To check if
purified Sema3A is a covalent dimer, we analysed in WB the dimeric state of purified
Sema3A using C17 antibody in the presence or absence of reducing agent (2-
mercaptoethanol). Purified full length Sema3A is 180 kDa without 2-mercaptoethanol
treatment and, while it is 90 kDa in reducing conditions. This indicates that the purified

Sema3A is covalent dimer as reported before?” (Figure 46.C).

To our knowledge, this is the first time full length Sema3A is purified without
resorting to mutation of furin cleavage site. Indeed, given that Sema3A is a secreted protein, it
is automatically collected from the culture medium in predominantly cleaved form (Sema3A-

65) which contains the receptor-binding domain, thus the activity*®

. Once the full length is
needed, the first furin cleavage site is mutated®®® #*’. However, this does not prevent the
cleavage in the second furin cleavage site, thus there is no control on the cleavage at this
second site by the furin. Here, we reported for the first time a protocol of the full length
Sema3A purification without any modification of amino acids composition. Moreover,

Sema3A purified from the cell surface is protected from furin cleavage in both sites.

1.4  Identification of GAG-binding sites in Sema3A

Protein-GAG interaction is of great importance to several of physiological processes
including that of Sema3A. This interaction constitutes generally the first step before
triggering a signalling pathway. Characterising this interaction enables a better upstream
control on the signalling pathway. Electrostatic forces usually contribute significantly to
protein-GAG interactions, and binding sites are thus commonly enriched in basic residues.
Multiple consensus amino acids sequences were discovered, mostly heparin-binding
sequences such as XBBXBX, XBBBXXBX and XBBBXXBBBXXBBX where B is a basic
residues and X is a hydropathic residue®® **. Sema3A has previously been shown to bind to
CS-E?®. To order to elucidate the GAG-binding domain on Sema3A, we examined the amino
acid sequence of Sema3A and revealed the presence of four such basic clusters, herein
referred as clusters 1 to 4 (red sequences in Figure 47.A), two of which (clusters 1 and 4) are
also the furin cleavage sites. These clusters, KRRTRR [residues: 530-535], RRNEDRK
[residues: 593-599], KRDRKQRRQR [residues: 708-717] and KKGRNRR [residues: 735-
741] are located in the PSI domain, the Ig like domain and the downstream unstructured C-

terminal sequence of the protein respectively (Figure 47) (Appendix 3).
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Figure 47: Sema3A-90 binds to GAG via specific sequences located in the C-ter domains.

(A) Schematic diagram of Sema3A domains and the sequence of the C-ter domains: PSI domain (blue), Ig like
domain (green) and C-ter basic tail (purple). Numbering starts from the first amino acid of Sema3A sequence.
Four basic amino acids-rich clusters (red) designed as cluster 1 to 4 are identified based on primary sequence in
the C-ter domains and postulated to be the potential GAG-binding sites. (B) Identification of potential GAG-
binding sequence(s) using heparin beads approach (Appendix 6). This strategy is based on crosslinking of K/R
residue(s) of heparin-binding sequence with the carboxyl group of heparin. X residue of resulted sequences
represents the crosslinked residues K or R which are not visible in the N-ter sequencing or another unidentified
amino acid. n=2 for Sema3A-65 and n=4 for Sema3A-90.

To analyse the possible involvement of these clusters in GAG recognition, we used a
mapping strategy based on the formation of cross-links between heparin carboxyl groups and
protein side chain-primary amine (of K or R). The bound material is subjected to proteolytic
digestion, the resulting complexes and the identification of the polysaccharide-covalently
bound peptides are performed by N-ter sequencing®®. For this analysis we used both
Sema3A-90 and Sema3A-65. N-ter sequencing results yielded several sequences. Only
sequences containing a cross-linked K residue(s) are presented here (the cross-linked K is
represented by an X): sequence 1 [residues 12-20: LSYXEMLES], sequence 2 [residues 706-
710: VWXRD] and sequence 3 [residues 731-737: MQESXXX] (Figure 47.B). Sequence 1 is
found in both Sema3A-90 and -65 analyses. Sequence 2 and 3 are generated from Sema3A-90
and encompass clusters 3 and 4, respectively, identified by Sema3A primary sequence
analysis. Revelation of other sequences which do not contain a cross-linked K could due to an
incomplete digestion by thermolysin. They are maintained on heparin through crosslinked K

or R of the next involved sequence.

Mapping strategy results confirm in part the potential GAG-binding sites identified by
analysing the primary sequence. Altogether, these results confirm the importance of the C-ter
in GAG-binding using heparin as a ligand. However, GAG-binding sites might be different

116



according to GAG type and the current method is only able to analyse heparin binding. To
further analyse the Sema3A-GAG interaction, to identify potential CS-binding sites, and
evaluate their respective importance in the interaction, site directed mutagenesis of the 4

identified consensus sequences was performed in the next section.

1.5 Sema3A mutants expression and purification

Further investigation of GAG-binding sites in Sema3A was performed using PCR-based
site directed mutagenesis. This technique allows an analysis of the involvement of the
mutated amino acid(s) or even a full sequence in a binding site or a role in function. Herein,
we mutated individually the previously identified potential GAG-binding sequences to
analyse if their deletion or modification influences GAG-binding of Sema3A.

1.5.1 Deletion/mutation of the potential GAG-binding sequences

Since there are 4 potential GAG-binding sites and each sequence is composed of 6-10
amino acids, we opted in the first place for deletion of the entire individual sequences. The
four resulting mutated constructions were expressed in HEK293-6E as the WT. In the cells
transfected with constructions carrying a deletion of cluster 1 or 2, Sema3A was neither found
in the culture medium nor at the cell surface, but remained intracellular. We thus tried to
purify it from cellular extract using different detergents but the protein remains insoluble
(Figure 48.A). This suggests the importance of these 2 clusters in the correct folding of the
protein and/or in the secretion. Cluster 1 and 2 are located in structured domains PSI and Ig
like domain, respectively (Figure 48.B). The deletion of a whole sequence of 6 or 7 amino
acids could drastically influence the protein structure and hence, an unfolded or misfolded
protein could aggregate inside the cells. To our knowledge, there is no study reporting the role
of these 2 sequences in secretion. Further investigation should be done to highlight this
phenomenon. Furthermore, we noticed that the cells expressing these 2 mutants do not display
clusterisation as observed in the cells expressing Sema3A-WT. This demonstrates that i) the
clusterisation phenomenon in Sema3A WT condition is due to the secreted Sema3A itself but
not to another phenomenon that would be linked to the manipulation required for transfection,
and ii) on the other hand, the clusterisation constitutes an indication of success of transfection

and protein secretion.
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Figure 48: Deletion of cluster 1 and 2.

(A) WB using an antibody directed against Sema3A domain, of Mut 1 and Mut 2 (deletion of cluster 1 and
2, respectively). Cells expressing Mut 1 or Mut 2 were treated with different detergents (conditions: 1-6) to
solubilise the non-secreted protein and then centrifuged. Both the cell pellet and supernatant were analysed.
Most of protein remains insoluble into the cell pellet. (B) Prediction of intrinsically unstructured Sema3A-
90 using IUPred software (http://iupred.enzim.hu/). Disorder tendency: [0-0.5] refers to structured region
and [0.5-1] refers to disordered regions. Structured regions are shown in blue on the top of the plot. Amino
acid residues position is represented in horizontal axis. Numbering starts from the first amino acid of
Sema3A. Cluster 1 [residues 530-535] and cluster 2 residues [593-599] are located in structured regions.
Cluster 3 [residues708-717] and cluster 4 [residues 735-741] are located in disordered regions.

In contrast to the deletion of cluster 1 and 2, deletion of cluster 3 or 4 does not affect
the solubility and the secretion of the protein. Resultant proteins are designated Mut 3 and
Mut 4, respectively (Figure 49). The same strategy of expression and purification for
Sema3A-WT was used (Figure 44.A). Both full-length Sema3A of ~ 90 kDa bearing the
mutation and truncated form of 65 kDa were resulted, but only Sema3A full length was
purified since Sema3A-65 was already purified from the WT. Interestingly, most of Mut 3
and 4 were found in the culture medium, unlike Sema3A-WT which is remains attached to the
cell surface. They were also eluted from the SP-sepharose at lower NaCl concentration (~ 450
mM NaCl) than the WT (~ 700 mM NaCl) (Figure 49.A and B). Small fractions of Mut 3
and 4 remain attached to the cell surface are also eluted at 450 mM of NaCl in SP-Sepharose.
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However, this fraction was contaminated with other proteins which are not eliminated in SP-
sepharose (Appendix 8). Hence, we did not use Mut 3 and Mut 4 proteins purified from the
cell surface for subsequent analysis. As WT expression and purification profile indicated the
importance of C-ter domains, Mut 3 and Mut 4 expression and purification profiles provide
evidence that these 2 deleted sequences are important in binding to the cell surface and SP-
sepharose. Deletion of both of them abolishes the binding. Furthermore, as clusters 3 and 4
are located in the unfolded C-ter basic tail of the protein (Figure 48.B), we assumed that their

elimination did not cause structural modifications to the tertiary structure of the protein.

Double mutant containing deletion of cluster 3 and 4 was designed and referred as Mut
3/4. Similar to individual Mut 3 and Mut 4, this double mutant did not remain at the cell
surface, and was thus purified from the culture medium. As for Sema3A-65, the deletion of
the charged sites in Mut 3/4 abolished its binding to SP-sepharose. Mut 3/4 sample, purified
form culture medium, is thus contaminated with Sema3A-65 that results from furin cleavage
within the cluster 1. To separate Sema3A-65 from Mut3/4 Sema3A-90, the flow through of
SP-sepharose was subjected to SEC-S200 (Figure 49.B). This observation shows that
Sema3A-90 remains bound to cell surface and SP-sepharose through cluster 3 and 4. In
addition, Sema3A-65 is released in the culture medium and SP-sepharose because of absence

of cluster 3 and 4 and not because of the absence of the whole C-ter domain.

To analyse the involvement of cluster 1 and 2 in GAG-binding and to overcome the
resulted issue from their deletion, we secondly opted for the substitution of all basic amino
acids of each cluster by an alanine or serine. This substitution interrupts the consensus GAG-
binding sequences. We substitute cluster 1 [KRRTRR] by [ASSTSA] or cluster 2
[RRNEDRK] by [SANEDAA]. While the substitution in cluster 1 resulted in secreted protein,
substitution in cluster 2 yielded to the same problem as a deletion (Figure 50). This result
further suggests amino acids within cluster 2 are in involved somehow in the structure and/or
secretion of the protein. We then decreased the number of mutated amino acids by
substituting just the two first amino acids [i.e: SANEDRK]. Finally, the protein is

successfully secreted (Figure 50).

119



E) Mut 1 Mut 3
£ 400 - r 120 — 2 200 100
£ £ £ T r
£ - 100 2 T =
§ 300 Lo 2 £ 600 - Ls0 &
o = =] )
© 200 ez 2 400 - Lo £
g = E z
5 100 4 4 g s 2
: -0 3 £ 2001 0 2
2 0 ' ' ' o 3 5 0 ‘ 0
0 20 40 60 80 é 20 40 60 3 S
-200 - Lo
Volume (ml) Volume (ml)
5 Mut 2 Mut 4
<I,
£ oo 100 1950 120 _
— 2 E
c = =@ 100 &
2 400 4 -8 S £ 1450 a0 &
~ v =
o = E —
® 60 = £ 950 60 =
g 2004 5 & 0 2
© L s = o
3 40 3 7 450 0 3
[} = Q £ o
2 0 == ' ———1 0 =& £ 50 —— . Lo &
20 40 o 8 g 20 40 60 80
-200 Lo g
Volume (ml) -~ Volume (ml)
- Mut 3/4 Mut C
P =
A <L P
£ 1200 - r 120 £ 400 - - 100
£ ] iy E = T
I3 1000 F 100 S g 300 4 -8 &
% 800 - ) S &
o~ F 8 E © IS
-— (o] ~ L
< 600 A I = 200 + - 60 =
2 0 D g 100 w0 2
3 - 40§ g S
2 200 ~ E: 8 al =
2 0 \_ ; ; -2 § g O ‘ — 0 5
< 00 | 20 40 60 oo 2 0 4 20 40 60 ®©, -
Volume (ml) Volume (ml)
C ®, o O
S, Q’é %, & Q,/(‘
(W 7 (9% J‘(, €,
4% " e “ Ox Do Y
z L L 1 % SC e,
T 2 > O ‘o g O, ‘e g
v e v Y = o ‘B %, O %,
1 | [ ] ] % ) < >
90 kDa
90kDa 90 kD - 65 kD
a
65 kD ‘
+2- -2-
mercaptoethanol mercaptoethanol

Figure 49: Sema3A mutants purification.
(A) Examples of FPLC chromatograms (absorbance at 280 nm and conductivity) of Sema3A-90 mutants: Mut 1,
Mut 2, Mut 3, Mut 4, Mut 3/4 and Mut C. Sema3A-90 of Mut 1, Mut 2 and Mut C were found on the cell surface
and detached with PBS containing 1 M NaCl. Mut 1 and Mut 2 were eluted at ~ 700 mM NaCl from SP-
sepharose, while Mut C was eluted at ~ 500 mM. Sema3A-90 of Mut 3, Mut 4 and Mut 3/4 were purified from
the culture medium. Mut 3 and 4 were eluted at ~ 450 mM NaCl from SP-sepharose, while Mut 3/4 did not bind.
(B) InstantBlue staining of purified Sema3A-90 mutants (10 % acrylamide gel in reducing conditions). (C) WB
with an antibody directed against Sema3A domain of cell surface and culture medium Mut C, in reducing or not

conditions (+/- 2-mercaptoethanol).
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This suggests that the two last amino acids “RK” of the cluster 2 or at least one of them are
required for the correct folding and/or the protein secretion. Resulted proteins from the
substitution in cluster 1 and 2 are designated as Mut 1 and Mut 2, respectively. Mut 1 and Mut
2 expression and purification profile is as the WT. In Mut 1, full length Sema3A is purified
from the cell surface and eluted at ~ 700 mM NaCl as the WT. As cluster 1 is the first furin-
cleavage site, Sema3A-65 form does not exist in Mut 1. In Mut 2, full length Sema3A is also
purified from the cell surface and eluted at ~ 700 mM NaCl, while Sema3A-65 was found in
the culture medium as the WT (Figure 49.A and B). These expression and purification
profiles of Mut 1 and Mut 2 indicate that cluster 1 and 2 are not required for the binding to the
cell surface and SP-sepharose. Furthermore, Mut 1 and Mut 2 bear a complete or partial
substitution mutation of basic amino acids, respectively. Substitution affects less the structure

than deletion, especially cluster 1 and 2 are located in structured domains (Figure 48.B).

Cellsurface- Culture
associated medium
protein

Figure 50: Comparison between complete and partial substitution of cluster 2 basic amino acids.
Comparison in WB, using an antibody directed against Sema3A domain, between Mut 2 displaying a
substitution of all basic amino acids and substitution of the two first basic amino acids of cluster 2. Both the
cell surface-associated protein, detached with PBS containing 1 M NaCl, and culture media were analysed.
Sema3A is found on the cell surface and culture medium in “partial substitution condition”, but not in
“complete substitution condition”.

To summarise this section, we expressed and purified five mutants. Mut 1 and Mut 2
bear a complete or partial substitution of basic amino acids of cluster 1 and cluster 2,
respectively and Mut 3 and Mut 4 bear a deletion of cluster 3 and cluster 4, respectively. Mut

3/4 bears deletion of both cluster 3 and 4. Mut 1 and Mut 2 were purified from the cell surface
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and eluted at ~ 700 mM NaCl from SP-sepharose as the WT, while Mut 3 and Mut 4 were
purified from the culture medium and eluted at ~ 450 mM NaCl from SP-sepharose. These
results indicate that cluster 3 and 4 are required for the binding to the cell surface and the

strong binding to SP-sepharose, while cluster 1 and 2 are not.

1.5.2 Substitution of the cysteine (C) responsible for the disulfide bond

Sema3A-90 is a covalent dimer with a disulfide bond at position C™®. To study the
role of this covalent dimerization in GAG-binding, we mutated this C by substituting it with
S, we called this Mut C. Sema3A-90 was purified from the cell surface as the WT, but eluted
at lower salt concentration (~ 500 mM NacCl) from SP-sepharose. This weaker binding to SP-
sepharose comparing to the WT could be explained by the fact that positive charges from both
monomers composing the dimer are involved in the interaction with the column and these
charges are 2 times lower in mutant, hence the binding is weaker. Sema3A-65 was found in
the culture medium as in the WT. However, total protein quantity is lower in this mutant than
in the WT, especially the Sema3A-90 form whose yield was 200 pg/L of culture compared to
that of the WT (5 mg/L of culture) (Figure 49.A and B). Absence of disulfide bond in the
purified protein was checked in non-reducing condition in WB with Sema3A domain
antibody. WB data show that the band at 90 kDa corresponding to full length Sema3A
remains unchanged in non-reducing conditions confirming thus the full length Mut C is not a

covalent dimer (Figure 49.C).

Eluates of Ni-NTA and SP-sepharose of cell surface-associated proteins and culture

medium proteins of different mutants are appended (Appendix 8).

1.6 Interaction analyses of Sema3A WT and mutants to GAGs using SPR
(GAG-binding)

1.6.1 SPR (Biacore) principle

Biacore system measures interaction between two biomolecules in real time, using
SPR: one of the two partners is immobilised on the gold sensor chip surface, another one
flowing in solution, over the surface. The increase in mass on the sensor chip surface, that
occurs upon binding induces changes in the refractive index at the surface of the sensor chip

which results from angle incidence alteration (SPR angle), displaying thus the interaction
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(Figure 51.A). Binding response is quantified in resonance unit (RU) which indicates a shift
in the angle, 1 RU = 10™° shift or 1 pg/mm?®'?, The binding is interpreted in a sensorgram
composed of association-dissociation phase. Fitting the resulted sensorgrams to an adequate
binding model allows calculation of various parameters (Rmax, Kb, Kon, Kofr..). Herein, we
immobilized GAGs chain on the sensor chip (ligand) and proteins of interest (Sema3A WT

and mutants (Figure 51.C) were injected in solution in the flow (analyte).

1.6.2 GAG-surface preparation for interaction analysis

GAGs were biotinylated at their reducing ends (CS-E, CS-D and HS) (Figure 51.B)
and immobilised on streptavidin-coated surfaces. This type of immobilization of GAGs via
their reducing end mimics the orientation of GAGs at the cell surface or within the ECM and
present the GAGs as in their natural orientation, i.e. all GAG chains are facing up allowing
for a homogeneous disposition and exposition for interaction. Indeed, GAG chains are
attached to the core protein by their reducing ends. We started our investigation by
immobilizing ~ 3000 RU of streptavidin and ~ 200 RU of GAGs without having reached
surface saturation. We injected the protein at 10 pl/min flow rate in a concentration range of
[5 - 100 nM].

With these conditions, we could analyse and compare interactions between Sema3A
and different GAGs, whose results are discussed below. However, resulted curves do not fit to
any model to calculate affinities, presumably because of mass transfer phenomenon (Figure
51.D). Binding of the protein delivered in the flow to the GAG on sensor chip takes place in
two steps. The first one consists in the transfer of the protein from the bulk to sensor chip
surface. The second step consists in the binding with the immobilized ligand. First step is also
known as mass transfer (Figure 51.D). Mass transfer depends on diffusion coefficient of the
protein and the flow rate. If the association rate is higher than the diffusion rate, binding is
limited by mass transfer. Sensorgram measures the rate of protein diffusion rather than
association to the ligand. Three common ways can limit mass transport effect on kinetic data.
The first one is to decrease the surface density of GAGs thus reduce the number of binding
sites. Less protein needs to diffuse to interact with the GAG. To this purpose, we reduced the
amount of streptavidin on the surface to immobilise less GAG chains (~ 1000 RU) and we
immobilised ~ 60 RU of GAG (Figure 51.E). A second way is to increase the flow rate,

providing thus more proteins in a short time for interaction. We then increase the flow rate

123



from 10 pl/min to 60 pl/min. The last way is to include mass transfer in the fitting model
correcting thus the association rate to the GAG. We then fitted the resulted data to Langmuir

binding model 1:1lincluding mass transfer step.
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Figure 51: Surface plasmon resonance (SPR) and GAG-surface preparation for interaction analysis.

(A) Schematic diagram of SPR technique. GAG are immobilised on SPR sensor chip and Sema3A is injected in
the flow. (B) Dot blot showing the biotinylation of commercial CS-E and CS-D. Positive control is a biotinylated
HS. Blots of each lane correspond to a serial dilution of biotinylated GAG. (C) SDS-PAGE (10 %) in reducing
conditions of analysed proteins in SPR after freeze-thaw, stained by InstantBlue (Sema3A- WT, Sema3A-65,
Mut 1; Mut 2, Mut 3 and Mut 4) used in SPR analysis. (D) Schematic representation of protein delivery from
the bulk to the GAG surface which takes place in two steps: mass transfer and binding to the ligand. (E)

Example of SPR sensorgrams of commercial CS-E immobilisation on CM4 sensor chip which results in ~ 60
RU shift.

All these modifications in working conditions enabled us to limit the mass transport
effect and obtaining sensorgrams with curvatures that we can fit to a binding model to

calculate kinetic parameters. This also reduced 10 times the injected concentration range to
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[2-10 nM]. Moreover, with the starting conditions high amount of protein bounds to the GAG,
generating thus an important binding response (> 1000 RU). To elute the bound protein from
GAGs chains (regeneration), we have injected 0.05% SDS and 2 M NaCl. With the new
conditions, lower amount of protein bound to GAG, hence lower binding response (<500
RU). In addition, only 2 M NaCl is sufficient to elute the protein from GAGs.

1.6.3 Sema3A WT and mutants —-GAG interaction analysis

1.6.3.1 Sema3A WT-GAG interaction

As it has been reported that Sema3A binds to CS-E in ELISA and carbohydrate
microarray assays’>*, we hence analysed this interaction in SPR to determine the Kp, We first
analysed the binding of purified Sema3A-90 WT and commercial Sema3A as a positive
control of binding to CS-E, CS-D and HS. CS-E chains (from squid cartilage) are enriched in
disulphated units CS-E (4S6S). CS-D (from shark cartilage) enriched in another type of
disulphated units (2S6S) was used as a control for a sulphation pattern (position of sulphate)-
dependent binding. As HS-protein interaction is the most studied GAG-protein interaction, we
analysed also the binding to HS. SPR data show that Sema3A binds to CS-E and HS with a
high affinity in pM range (Figure 52.A-C and Table 12). However, Sema3A does not bind to
CS-D (Figure 52.A). This very high affinity to CS-E and HS is mostly due to both high
association rate and weak dissociation rate. Indeed, the resulted complex is stable over time.
Plethora of proteins in the CNS were reported to interact with CS-E with high affinity as in
the case of Sema3A, for example the multi-functional fibroblast growth factors involved
notably in neurons proliferation: FGF-16, FGF-18, and HB-EGF (Kp ~ 47.2, 8.9 and 16 nM,
respectively)®®. These affinities were measured using different techniques. It is thus
difficult to compare with our own results. It is worth noting that Sema3A binds to GAGs with

much higher affinity.

The large difference of Kp between the binding to HS and CS-E is due to the
difference in analysis conditions. Indeed, the binding to HS was analysed with starting
conditions (200 RU of GAG, 10 ul/min flow rate and concentration range [5-100 nM]), while
the results of the binding to CS-E presented in Figure 52.B were obtained with the new
conditions (60 RU of GAG, 60 ul/min flow rate and concentration range [2-10 nM]). In
addition, a comparable Kp to HS was obtained for CS-E with the starting conditions (Kp=
414.68 + 128.8 pM).
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Figure 52: Sema3A WT-GAG analysis in SPR.

(A) 10 nM Sema3A-90 was injected over HS, CS-E and CS-D. Sema3A-90 binds selectively to CS-E and HS
and does not bind to CS-D. (B-C) Sema3A-90 was injected over immobilized CS-E and HS, respectively.
Binding curves (coloured lines) were fitted tol:1 Langmuir binding model with mass transfer (dotted lines).
Binding parameters were calculated from the fit are listed in Table 12. In these experiments, 200 RU (A and C)
or 60 RU (B) of GAGs were immobilized on CM4 sensor chip via their biotinylated reducing extremity.
Sema3A proteins were injected at 10 pl/min (A and C) and 60 pl/min (B) for 300 s. The complex protein-GAG
was left for dissociation for 300 s. All the experiments were repeated at least two times.

Table 12: Kinetic parameters resulting from the fit to 1:1 Langmuir binding model with mass transfer of
Sema3A WT, Mut 1 and Mut 2 — CS-E/HS interaction in SPR.

CS-E HS
Kon £ SEM (1/Ms) Ko SEM (1/s)  Kp = SEM (pM) Koy £ SEM (1/Ms) Koft £ SEM (1/s) Kp = SEM (pM)
WT 1.11E" + 3.05E® 5,28E*+ 9.78E° 73.75+ 26.10 3.11E°+ 8.26E* 1.84E*+257E°  1371.16%424.34
Mut 1 1.54E7 + 5.82E® 6,21E*+ 7.18E® 56+ 10.9

Mut 2 6.93E" + 1.54E® 5.60E*+ 1.94E* 74.28+ 15.20

kon: @ssociation constant expressed in M™s™; k. dissociation constant expressed in s; Kp: Dissociation
equilibrium constant expressed in pM, resulting from the ratio Ke/ko,. Values present the mean of two
experiments * standard deviation of the mean. “-”: not analysed yet. CS-E and HS kinetic parameters values are
obtained in different conditions.
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According to SPR results, Sema3A binds specifically to CS-E and not to CS-D
suggesting that the binding is not charge-dependent but sulphation pattern-dependent.
However, purified CS chains are made of mixt of different disaccharide CS units. It is
important to analyse the percentage of CS-E and CS-D units in commercial CS-E and CS-D
chains, respectively, to be able to compare their interaction with Sema3A. For this purpose, a
disaccharide composition analysis of the commercial CS-E and CS-D used in binding assays
was performed (see disaccharide analysis principle in section 2: brain CS). Results show that
CS-E chains are enriched in CS-E units (~70 % of 4S6S and 30 % of 0S units) (Figure 53.A),
while, CS-D is made only of ~ 30 % of the 2S6S units. It is composed in addition, of 50 % of
6S and ~20 % of 0S (Figure 53.B). These results indicate that the CS-E and CS-D samples
also differ in the level of disulphated disaccharide (70% for CS-E versus 30 % for CS-D).
Therefore, they do not feature the same global charge. In addition, this analysis does not
indicate how such units are distributed within the polymer. Protein binding to GAGs usually
requires a continuous stretch of 2 to 5 sulphated disaccharides units. With 70 % of 4S6S
disulphated disaccharide, such stretches are likely to be present along the CS-E chain. In
contrast, for CS-D, which contains only 30% of disulphated 2S4S disaccharides whose the
distribution is unknown, the existence of such stretches can only be hypothetical. It is
therefore not possible to definitively conclude that Sema3A specifically binds to CS-E units
and not to CS-D units. The absence of Sema3A binding to CS-D chains may due to the low
percentage of CS-D units distributed in homogenous way along the chain, preventing thus
CS-D-enriched domain formation. Analysis of Sema3A binding to oligosaccharide CS-D
would elucidate the presence or no of interaction. Indeed, oligosaccharide is size-defined and

contains a homogeneous sulphation pattern.

In a previous study, Dick et al., reported the binding of Sema3A-90 to CS-E**, and
also that Sema3A does not bind to HS, while we observed such interaction in SPR. This
contrasting data could be explained by the difference in HS sources. We used HS from
porcine intestinal mucosa which is 50% sulphated, while in in this previous study they used
bovine kidney HS which are less sulphated. Once again, in the absence of knowledge on the
chain organisation, it is difficult to bring definitive conclusions solely based on the overall

composition of the various samples used in binding assays.
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Figure 53: Disaccharide composition of commercial CS-E and CS-D.

(A-B) Disaccharide composition analysis of commercial CS-E and CS-D, respectively. CS chains were digested
with chondroitinase ABC to generate disaccharides units (A CS) and analysed using RPIP-HPLC. 0S: non-
sulphated units. 6S: CS-C units. 4S6S: CS-E units. 256S: CS-D units. CS-E is composed of ~70 % of 4S6S
units. CS-D is composed only of ~ 30 % of 2S4S units.

We next compared the binding response of purified Sema3A-90 kDa with that of the
commercial Sema3A. This analysis showed that the resulted binding is five time higher in
purified Sema3A than commercial Sema3A (Figure 54). The commercial Sema3A is mutated
in the first basic cluster (furin cleavage site): R532A & R535A and lacks thus two basic
residues compared to the WT. We can however exclude that it caused the observed reduced
binding as we showed that this cluster 1 is not involved in GAG-binding (Figure 56.A). It is
worth noting that the commercial Sema3A is linked to a FC-domain, which could affect its
structure and/or the orientation of the two monomers. Finally, information obtained from
R&D company, revealed that the commercial preparation contains no more 20.4 % of full
length Sema3A of 120 kDa (90 kDa of full length Sema3A + 30 kDa of the FC-tag in the C-
ter) the remaining being 53.6% of the cleaved form at the second furin cleavage site (without
the FC-tag and small part of the C-ter) and 23.7% of the FC-tag and small part of the C-ter of
the Sema3A. This is likely the reason for the low binding of commercial Sema3A to CS-E.
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Figure 54: Comparison between purified and commercial Sema3A-90 binding to CS-E.

50 nM of full length purified Sema3A or commercial Sema3A was injected over CS-E. Binding response of
commercial Sema3A is lower than the purified Sema3A. In this experiment 200 RU of CS-E is immobilized on
CMA4 sensor chip via its biotinylated reducing extremity. Sema3A proteins were injected at 10 pl/min for 300 s.
The complex protein-CS-E was left for dissociation for 300 s.

Having set up a CS-E-Sema3A binding assay that enables us to quantify the kinetics
and the affinity of the interaction, we next analyse the importance of the C-ter domain of the
protein for the interaction. Binding experiments were first performed with purified Sema3A-
65 (Figure 55.A). SPR data show that Sema3A-65 does not bind to any GAG. This indicates
that the GAG binding sites are not present within the Sema3A domain of the protein but at the
C-ter domains. In particular, as cluster 1 is present in Sema3A-65 (furin cleaves on the right
of KRRTRR), this result further indicates that cluster 1 is not involved in GAG binding. In
addition, this finding does not support the involvement in the GAG-binding of the sequence
LSYKEMLES, that was identified by N-ter sequencing during the “heparin-bead approach”
described above (section 1.4). The crosslinked K of this sequence could be a part of a basic
sequence resulted from the tertiary structure of Sema domain. However, electrostatic surface
analysis of Sema3A-65 reveals a homogenous distribution of positive charges (Figure 55.B).
Nevertheless, it is near the poly-His-tag, which might be positively charged (usually below
pH 6.5) and could have interact with the negative charges of heparin that is much more
electronegative than CS-E. We could thus postulate that poly-His tag could have

approximated the K residue of this peptide to heparin and as such promote cross-linking.
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Figure 55 : Sema3A-65 binding to GAGs.

(A) 100 nM Sema3A-65 was injected over HS, CS-E and CS-D. No binding is observed at this concentration. In
this experiments 200 RU of GAGs were immobilized on CM4 sensor chip via their biotinylated reducing
extremity. Sema3A-65 was injected at 10 pl/min for 300 s. The complex protein-GAG was left for dissociation
for 300 s. This experiment was repeated at least two times. (B) Distribution of K and R (blue) residues on
Sema3A-65 monomer (beige).

1.6.3.2 Sema3A mutants- GAG interaction

To determine GAG-binding site(s) in Sema3A, we next examined the interaction of
full length Sema3A Mut 1, Mut 2, Mut 3 and Mut 4 to CS-E. As observed for the WT, Mut 1
and 2 bind with a high affinity to CS-E (Figure 56.A and B, Table 12). In contrast, both Mut
3, Mut 4 and Mut 3/4 do not bind at all to CS-E in the investigated concentration range
(Figure 56.C and D). These results are in accordance with the “heparin beads experiments”
exposed above (section 1.4). Altogether, these results indicate that cluster 3 and 4 are the
GAG-binding sequences on Sema3A. Deletion of one of them is sufficient to abolish the
GAG-binding of Sema3A, demonstrating thus both of them are required for the interaction to
take place. Cluster 3 and 4 are located in unstructured C-ter basic tail, and separated by only
17 amino acids containing two K. It is therefore interesting to know if cluster 3 and 4 belongs
to one long GAG-binding sequence or they constitute two independent sites. Mutation of the

two K residues within the sequence in between the 2 clusters could confirm this.
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Figure 56: Sema3A Mutants-CSE interaction analysis in SPR.

(A-B) Full length Mut 1 and Mut 2 bind highly to CS-E. Binding curves were fitted tol:1 Langmuir binding
model with mass transfer. Binding parameters calculated from the fit are listed in Table 12. (C-D) Mut 3, Mut 4
and Mut 3/4 do not bind to CS-E at analysed concentrations. (E) Comparison between full length WT and Mut C
at 50 nM. In these experiments 60 RU (A-D) and 200 RU (E) GAGs were immobilized on CM4 sensor chip via
their biotinylated reducing extremity. Sema3A proteins were injected at 60 pl/min (A-D) and 10 pl/min (E) for
300 s. The complex protein-GAG was left for dissociation for 300 s. Coloured and dotted lines represent the
binding data and the result of the fit, respectively. All the experiments were repeated at least two times.

We also compared the binding of Mut C (mutation in C involved in disulfide bond)
and the WT, and no significate difference was concluded (Figure 56.E). Mutation of C'®
prevents the formation of the disulfide bond but not the dimerization. Indeed, non-covalent

131



dimerization can take a place between two Sema3A domains®®. To study the effect of
dimerization on GAG-binding, mutation of the dimerization interface, which have been

already reported by Antipenko et al., would be required®®.

1.6.3.3 Limits of SPR study

Despite the originality of this interaction study, orientation of CS chains on SPR
sensor chip which mimics the orientation in ECM, we are far from reproducing the ECM
conditions. We are able to control the quantity of GAG on SPR surface but not their
distribution and disposition. Density of GAGs on the cell surface potentially influences the
protein binding. In addition to the “immobilization heterogeneity” and “mass transfer”,
binding of the analyte to several GAG chains and “crosslink” them can also affect the data.
“Re-binding” of the protein to the unoccupied site, before diffusing out, distorts the ko Which
becomes slower than the true ko. On the other hand, association rate are very high (over 10)
which is the limit of the instrument measurement. The affinity of Sema3A to CS-E could be

much higher than what we obtained.

1.7 Sema3A WT - CS oligosaccharides interaction analysis using SPR (CS
oligosaccharides-binding)

To identify the minimal oligosaccharide length Sema3A requires to bind to CS-E, we
made use of size defined CS-E molecules (di-, tetra-, or hexa- saccharides) that were
produced and biotinylated by chemical synthesis by Chrystel Lopin-Bon lab, Orleans®®
(Figure 57.A). Injection of Sema3A over these size-defined oligosaccharides that were
immobilized at a level of 70 RU, demonstrated that Sema3A binds well to the tetra- and hexa-
saccharides, for which Kp of 96.72 + 35.16 pM and Kp=74.67 + 23.23 pM, respectively, were
calculated. However, Sema 3A does not bind to the disaccharide (Figure 57.B-D). Hence,

tetra CS-E motif is the minimal oligosaccharide length sufficient for Sema3A binding.

This analysis allows us a better understanding of interaction between well-defined CS
structure and Sema3A. However in physiological conditions, CSPGs are usually composed of
long CS chains containing different type of CS units, hence a plethora of combinations arises.

For example, we do not know about two units of CS-E separated by one unit of CS-A. We do
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not know how the rest of chain, surrounding the potential binding domain, could influence
this binding.
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Figure 57: Sema3A requires a minimal motif of tetrasaccharide to bind to CS-E.

(A) Synthetic biotinylated chondroitin sulphate CS-E (di, tetra and hexasaccharide) oligosaccharides. (B)
Sema3A-90 does not bind to di-CSE in [2-10 nM] range. (C and D) Sema3A-90 binds with a high affinity to
tetra and hexa CS-E respectively. 70 RU of oligosaccharides were immobilised by their biotinylated reducing
end. [0-10 nM] range of concentrations for Sema3A-90 were injected at 60 pl/min. Kp values were determined
by fitting to1:1 Langmuir binding model with mass transfer. Coloured and dotted lines represent the binding data
and the result of the fit, respectively. Ky value presents the mean of two experiments + standard deviation of the
mean.

Further analysis with CS-D oligosaccharides should be performed. Indeed, we have a
synthetic di and hexa-saccharide of CS-D which are not and cannot be biotinylated. We tried
to set up competition assay between immobilised CS-E and CS-D in solution. We incubated
Sema3A-90 with CS-D or no (as a control) in [150-350 mM] NaCl concentration. Resulted
data showed that the binding is decreased in both CS-D condition and control. Incubation of
Sema3A-90 in lower salt concentration leads to its precipitation, thus a decrease in the CSE-
binding. Other alternatives should be considered to overcome this issue such adding BSA
which may stabilise the protein and prevents Sema3A to stick to the tube wall. As CS-D

chains contain only 30 % of CS-D units and no interaction was observed between these chains
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and Sema3A in SPR, it will be very interesting to analyse CS-D oligosaccharide-Sema3A

interaction.

1.8 Role of GAGs in furin-cleavage of Sema3A

The role of Sema3A binding to GAG remains poorly known. Here we hypothesised
that GAG could protect Sema3A from furin cleavage, hence a role of Sema3A binding to the
GAG. To experiment this, we first treated HEK293-6E cells expressing Sema3A with furin
after washing them with PBS. After different time, a fraction of cells was taken for
centrifugation. The cell pellet was treated with PBS containing 1 M NaCl to release the bound
Sema3A from the cell surface. Both the culture medium and cell surface-associated protein
were analysed in WB with an antibody directed against Sema3A domain. Results show that
Sema3A-65 fraction increases over time in cell surface-associated protein and supernatant in
furin-treated cells condition (Figure 58.A). GAGs on HEK cells surface do not protect
Sema3A from furin cleavage at least at the first furin-cleavage site (since we only analysed
the release of the 65 kDa fragment). This is consistent with the observation that the first furin
cleavage site is not involved in binding to GAGs and thus should remain accessible to furin
mediated processing. Sema3A-65 of the supernatant is probably resulted from the cleavage of
cell surface Sema3A-90 and from the cleavage of Sema3A-90 released in furin buffer that we

observed already in T=0 h.

Another experiment was performed, in solution, to analyse the role of CS-E in furin-
cleavage of Sema3A at site 1. Purified Sema3A-90 was incubated with CS-E and treated with
furin. Furin cleaves Sema3A-90 in the presence of CSs (Figure 58.B). Thus, CS does not
protect Sema3A from furin cleavage.

Together, these two furin cleavage assays, on cells expressing Sema3A and purified
Sema3A, show that binding to GAGs does not prevent the furin cleavage, hence GAG binding
is likely having another role. However, we cannot exclude the fact that CS could help the

furin-cleavage especially in physiological conditions.
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Figure 58: Sema3A cleavage by furin.

(A) WB analysis of the cleavage of Sema3A in HEK293-6E cell surface by an addition of commercial furin.
HEK293-6E cells expressing Sema3A were washed with PBS and treated with furin. After 0, 1/2, 1, 2 and 5 h,
fraction of cells was centrifuged and the cell pellet was treated with PBS containing 1 M NaCl. Both culture
medium and cell surface associated protein were analysed. (B) Purified Sema3A-90 was treated with furin in the
presence or not of CS-E for 1, 2 and 8 h and analysed by WB. WB analysis was performed with an antibody
directed against a Sema3A domain.

1.9 Sema3A WT and mutants-GAG interaction analysis using QCM-D

(rigidification of GAG film)

We have reported earlier that Sema3A-transfected HEK293-6E cells clusters once
Sema3A is secreted (Figure 44.F). We hypothesized that the Sema3A on the cell surface
interacts with GAG chains from different cells, which results in cells clusterisation. To test
this hypothesis, we first analysed in QCM-D the changes in GAG (HS, CS-E or CS-D) film
thickness and softness induced by full length Sema3A WT and mutants (1-4), and Sema3A-
65.
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1.9.1 QCM-D principle

QCM-D is an acoustic technique measuring frequency (Af, Hz) of oscillating quartz
crystal and energy loss (dissipation, AD) per oscillation. Changes in mass (e.g. through
binding of molecules) on the quartz surface induces changes in frequency of oscillating
crystal and dissipation. Af measures the binding of molecules to the quartz surface, and AD
measures viscoelasticity properties related to the film thickness and softness (Figure 59). In
this analysis, as in SPR, biotinylated GAGs: CS-D, CS-E and HS are immobilized on
streptavidin layer supported by lipid bilayer. This disposition allows the GAG chains
movement in the film. Sema3A proteins were injected over the film (Figure 59). For
example, here if Sema3A binds to the GAG film, the oscillation frequency will decrease and
dissipation will increase (the film becomes thicker due to the binding of protein). However,
dissipation can decrease if Sema3A induces the collapse of the film (the film becomes
thinner) upon binding, hence more rigid. This rigidification could be the result of crosslinking

of several GAG chains.
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Figure 59 : Schematic representation of QCM-D principle measuring frequency and dissipation.
GAGs are immobilized on a streptavidin layer supported by lipid bilayer. Sema3A is injected over the film.

While SPR measures only one parameter which is the interaction of two molecules,
QCM-D measures in addition to the binding, the energy dissipation providing us information
about the film thickness and rigidification. Moreover, GAGs are immobilised on lipid bilayer

that mimics the plasma membrane and allows the movement of GAG chains. In contrast to
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SPR, QCM-D (although it is quantitative) will not provide information on the binding affinity
(Kp) of Sema3A to the GAG film. QCM-D measures the change of total mass. This mass
includes amount of H,O varying between 10-90 %. Dissipation could inform us if the formed
film is rigid (less water) or soft (water rich). Furthermore, as in SPR, four conditions can be
analysed in the same time. Nevertheless, the flow cells are completely independent from each
other in QCM-D, in contrary to SPR sensor chip where the flow cells are connected.

1.9.2 GAG film formation

To form the GAG film, first lipid bilayer, which serves as a support for the GAG film,
was constituted by injecting biotinylated vesicles which spread to form lipid bilayer.
Adhesion of the lipid on the sensor reaches -50 Hz of frequency shift and +4 x 10° of
dissipation shift in ~ 3 min after injection (Figure 60.A). Then, the frequency increases to -25
Hz and dissipation decreases to regain its initial value (0), indicating thus the spread of
vesicles and rigid lipid bilayer formation. Formed bilayer was then coated by streptavidin
which engages at least two biotin-binding sites for a stable immobilisation®'®. Streptavidin
was added up to saturation, allowing thus a homogeneous streptavidin monolayer formation
which serves as tool of GAG anchoring in the lipid bilayer. Addition of streptavidin leads to a
consistent -25 Hz of frequency shift and ~ 0.5 10° of dissipation shift (Figure 60.B).
Biotinylated GAGs (HS, CS-E or CS-D) were then immobilised by their biotinylated reducing
end, as in SPR. They were also injected up to saturation at 10 pg/ml concentration. HS
saturates the surface in > 10 min and induces a decrease of dissipation to ~ -20 Hz and
increase of dissipation to +4 x 10, confirming HS binding to the surface, while CS-E and
CS-D saturate the surface in 20 min and the association rate is slower than HS. CS-E and CS-
D decrease frequencies to ~ -40 and -43 Hz, respectively and increase dissipation to 12 and 9
x 10°®, respectively (Figure 60.C and D). Difference in saturation rate between HS and CS-
E/CS-D is due to MWs difference (HS =~ 12 kDa, CS-E =~ 30 kDa and CS-D = 38 kDa)
resulting differences in molar concentrations. Frequency shift induced by the GAG is
proportional to the MW, while the dissipation shift is related to MW and sulphation pattern of
GAGs, as observed with CS-E and CS-D. Indeed, despite the higher MW of CS-D, dissipation
shift is higher in CS-E and this could due to the higher sulphation in CS-E as reported above.
The resulted values (frequency and dissipation shifts) after each step of the film formation are

reproducible in all experiments and constitute an indication of correct film formation.
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Figure 60: different steps of GAG film formation in QCM-D.
(A-B) Frequency and dissipation shift induced by lipid bilayer and streptavidin layer formation, respectively. (C-
D) Frequency and dissipation shift, respectively, induced by different types of GAG (HS, CS-E and CS-D).

1.9.3 Sema3A proteins binding analysis

To analyse the effect of Sema3A and its mutants on the GAG film, proteins were
injected at 20 pl/min up to reach equilibrium. Sema3A-90 WT and Mut 1 bind to HS and CS-
E as seen in SPR, but also to CS-D (Figure 61.A; Table 13). In parallel, they induce a strong
decrease of dissipation in HS and CS-E film but weaker in CS-D film (Figure 61.B; Table
13). This indicates that Sema3A rigidifies HS and CS-E film and it is confirmed by the
parametric plot, measuring ratio AD /-Af versus -Af, indicating thus changes in the film
softness (Figure 61.C). Immobilisation of the GAG (blue and green dots) results in
unchanged AD /-Af ratio showing formation of a soft film. Whereas, once WT or Mut 1 was
added, AD /-Af ratio decreases drastically with CS-E and HS showing a rigidification
induction (Figure 61.C). Mut 2 binds strongly to HS as the WT, but the association to CS-E
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is very slower without reaching the equilibrium (Figure 61.A; Table 13). Moreover, the
binding does not induce any film mechanical property changes (Figure 61.B; Table 13). Mut
3, Mut 4 and Sema3A-65 do not display any binding to any GAG as obtained in SPR (Figure
61.A and B).

Table 13: Frequency and dissipation shift resulting from injecting Sema3A-90 WT, Mut-1 and Mut-2 over
HS, CS-E and CS-D films in QCM-D.

Frequency shift (Hz) Dissipation shift (X 10°°)
HS CS-E Cs-D HS |CS-E CS-D
WT -20 -28 -11 -1.3 -4.3 -1
Mut 1 -20.5 -42 -11.2 -1.3 -6 -1.2
Mut 2 -34 -9 0 0 0 0

The frequency shift results confirm the binding in SPR, unless for CS-D. No binding
to CS-D was observed in SPR, while it is detected in QCM-D. This could be due to the fact
that in QCM-D, in contrary to SPR, we saturated the sensor chip surface with GAG, making
GAG chains closer to each other. This could promote the binding of Sema3A to GAG chains
especially if Sema3A binding is multivalent. In addition, movement of GAG chains on lipid
bilayer would also help the binding. Dissipation results indicate that Sema3A-90 binding
induces rigidification of the GAG film suggesting that Sema3A could cross-link GAGs
chains. This will be confirmed by further investigation as fluorescence recovery after photo
bleaching (FRAP). Cluster 2 is not important for binding to GAGs, but it is somehow
involved in the rigidification of GAGs film as the WT. This suggests that two mutated amino
acids of this cluster are important for an adequate structure allowing crosslink of GAG chains.

It has been reported before that Sema3A is a component of PNNs*®. Our finding
suggests thus another role to Sema3A in PNNs, in addition on its role as a signalling molecule
controlling guidance and plasticity. It could also serve as a molecule involved in the building
of the highly structured net by crosslinking the CS chains of CSPGs in the PNNs.
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Figure 61: Sema3A WT and mutants - GAGs analysis in QCM-D

(A and B) QCM-D analysis of WT, Mut 1 and Mut 2 binding to HS, CS-E and CS-D measuring the frequency
(A £, Hz) and dissipation shift (A D) induced by the binding of proteins to the GAG film. 20 pg/ml proteins were
injected up to the equilibrium at 20 pl/min. A decrease in frequency indicates the binding of the protein and the
decrease of dissipation indicates GAG film rigidification. (C) Parametric plot indicating the film softness
changes, expressed by A D / -A f versus -A f, induced by the binding of Sema3A-WT (red) or Mut 1 (grey) to the
GAG film (HS, CS-E or CS-D). The softness for the GAGs film formation, on which Sema3A or Mut 1 were
injected is also represented in blue and green, respectively.

1.10 Effect of Sema3A WT and mutants on neurite outgrowth of dorsal root

ganglion neurons in culture

Activity of Sema3A is usually evaluated by its ability to induce the collapse of the
growth cone or to inhibit the neurites outgrowth of DRG neurons in culture. Here, we
assessed the effect of Sema3A and its mutants on inhibition of DRG neurons neurites
outgrowth, to check the activity of purified Sema3A and to assess the importance of identified
GAG-binding sequences in Sema3A signalling in vitro. Dissociated adult rat DRG neurons,
which lose their neurites during extraction process, were cultivated in the presence of 100
ng/ml NGF. Neurons were then treated with PBS (negative control), 2 pg/ml of commercial
Sema3A (positive control), different concentrations of Sema3A-90 WT and 2 pg/ml of
Sema3A-65, Mut 1, Mut 2, Mut 3 and Mut 4 (Figure 62.A). The number of neurons
projecting neurites in each condition was quantified and presented as percentage of neurons

with neurites (Figure 62.B).
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Figure 62 : Effect of Sema3A WT and mutants on neurites outgrowth of dissociated DRG neurons in
culture.

(A) DRG neurons were cultured in the presence of various forms of Sema3A (WT concentrations are indicated
on the top of each image and the concentration of other proteins is 2 pg/ml) for 48 hours before fixation.
Neurons were then stained with beta-111 tubulin and DAPI. Confocal images were taken using Zeiss LSM 700
microscope. (B) Data were obtained from culture of 3 rats, 3 coverslips per rat and 5 views per coverslip.
Percentage of neurons with neurites were counted (i.e. the length of neurite is 2 times longer than the cell body)
and an average was calculated for every rat (black dots). Blue lines represent the average from the three rats.
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The results show firstly that purified Sema3A-90 WT inhibits neurites outgrowth,
thus, the purified protein is active. Secondly, this inhibition effect is Sema3A concentration-
dependant (Figure 62.B). Sema3A displays an important inhibition effect at 2 pg/ml. This
concentration was then used to analyse the effect of other proteins. Sema3A-90 is more
inhibitory (three times) than Sema3A-65, indicating thus the importance of C-ter domains to
potentiate the inhibitory effect of Sema3A. Mut 1 and Mut 2 induce the same level of
inhibition as the Sema3A-90 WT, while Mut 3 and Mut 4 display the same level of inhibition
as Sema3A-65 (Figure 62.B).

Results of this functional assay on DRG neurons are proportional to the GAG-binding
assays which showed that clusters 3 and 4 of the basic C-ter tail are required for the GAG-
binding. These data indicate the importance of GAG-binding sequences to reach an important
inhibition of neurites outgrowth, suggesting thus binding of Sema3A to GAGs enhances
Sema3A function. It has been already reported that Sema3A-65 has a reduced activity”®. This
diminution in activity could due to the absence of GAG-binding sequences and not to absence
of the whole C-ter part. Indeed, GAGs may stabilise the binding of Sema3A to Nrpl-PIxAl
and could be a part of the signalling complex.

2. Rat brain chondroitin sulphates (CSs)

Interaction study of Sema3A with commercial GAGs (which are mainly from marine
animal), discussed in the previous sections, enabled us to characterise the Sema3A binding to
GAGs: GAG-related specificity, affinity, binding sites on Sema3A and finally minimal
required motif on CS. Since we are interested in Sema3A in PNNs context, it would be
interesting to evaluate Sema3A interaction with PNNs GAGs, notably CSs. To this purpose,

we proceeded by extraction of adult rat brain GAGs.

2.1 Rat brain GAGs extraction

GAGs of each brain ECM compartment (loose matrix, membrane-associated matrix
and PNNs) were extracted separately from two 3 months Sprague Dawley rat brains (1 brain =
2 @) using four sequential buffers (B1-B4) as described in material and methods and

according to Kwok et al.*®® (Figure 63.A). Since the first step of extraction, which consists in
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mechanical homogenisation, could induce the releasing of PNNs in earlier buffers®®, the
quality of the extraction is checked by WB analysis using an antibody against HAPLNL1, a
link protein specific to PNNs. In the optimal conditions of extraction and a gentle
homogenisation, HAPLN1 appears gradually throughout the extraction and is much more
abundant in B4. This analysis confirmed that PNNs were extracted in the right buffer (Figure
63.B). The presence of GAGs at the end of extraction was visualised in PAGE (20% gel) and
azure A staining, a basic dye. The staining shows that GAGs are more abundant in the
extraction with B1 and B2. The staining of extracted GAGs showed an expanded migration
throughout the lane, as compared with the commercial GAGs (CS-A, CS-B and heparin),
indicating a large size heterogeneity of rat brain GAG chains (Figure 63.C). The quantity of
isolated GAGs was measured using CPC turbidity assay and calculated from the linear
regression equation of commercial CS-A standard. As seen in azure A staining, B1 and B2
contain more GAGs (~ 500 and 200 pg, respectively) than B3 and B4 GAGs (~ 100 and 50
Hg, respectively) (Figure 63.D and E).

To purify CSs from extracted GAGSs, heparinases digestion was performed to separate
CS from HS. DNase treatment was also performed to remove potential contaminating DNA.
DEAE anion exchange chromatography was then carried out to discard the digested products
and hyaluronan. Purified CSs were used for disaccharides analysis and biotinylation for SPR

analysis.
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Figure 63: Extraction of GAGs from rat brain.

(A) Schematic representation summarising the protocol followed for CS purification from rat brain. (B) Western
blot identifying the PNN link protein HAPLN1 in B1-B4, exposition time: 30 s. (C) Azure A staining of
extracted GAGs (20 % acrylamide gel) with four sequential buffers (B1-B4). Commercial CS-A, CS-B and
heparin (Hp) represent positive controls. 5 pug of GAGs are loaded in each well. (D) Example of CS-A standard
curve resulting from the turbidity assay as measured by absorbance at 405 nm. R2 represents the coefficient of
determination. (E) Representative quantities of GAGs extraction with B1-B4 of two rat brains, calculated from
the linear regression equation of the standard.
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2.2  Disaccharides analysis of brain CSs

2.2.1 Principle

Disaccharides analysis using reversed-phase ion-pair high-performance liquid
chromatography (RPIP-HPLC) is a sensitive quantitative method to analyse the disaccharides
composition of GAG chains after a complete digestion. This technique is based on resolutive
separation in reverse phase chromatography of disaccharides units charged and sulphated
differently. An ion pairing agent is added to the mobile phase. The hydrophobic part of this
reagent is retained by the apolar stationary phase. The hydrophilic part interacts with the
disaccharide units, thus resulting in important retention of the sample. Elution of molecules is
performed by NaCl gradient. Eluted molecules undergo then a post-colon labelling by a
fluorogenic component which interacts with the reducing end of the disaccharide. The
fluorescence is then detected on line and quantified (Figure 64). This method reduces the
sample amount from 30 ng in a usual HPLC to 2 ng in the current method. Previous PNNs
composition analysis was mainly performed with semi-quantitative fluorophore-associated
carbohydrate electrophoresis (FACE) due to its sensitivity. Traditional HPLC is not able to
analyse the small amount of glycans isolated from the PNN in a single rat brain. Using RPIP-
HPLC method, we could analysis CS content from as less as 0.5 % of the total glycans
extracted from one adult rat brain. The method could allow regional analysis of PNN glycans

in the brain.
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Figure 64: Reverse-phase ion-pair high-performance liquid chromatography (RPIP-HPLC).
(Left) Schematic representation of RPIP-HPLC system and post-column labelling. (Right) Examples of
generated chromatograms of standards (top) and samples (bottom).
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2.2.2 Disaccharide analysis

20 % (~ 2 pg) of total purified brain CSs (from 2 rat brains) was digested using
ChABC to generate CS disaccharide units from which 2% were used for the RPIP-HPLC
analysis. The results show that CS-A unit is the predominant isoform and it is more abundant
in the soluble ECM and membrane associated-ECM (B1 and B2). The non-sulphated CS unit
increased from the soluble ECM to PNNs (B1 to B4). On the contrary, the disulphated CSs:
4S6S and 2S6S (CS-E and CS-D, respectively) are enriched in PNN fraction. Whereas, 2S4S
units are the same in all extracts (Figure 65). This disaccharide analysis results are
comparable to the observation of Deepa et al.'® It demonstrates that PNN has a specific
sulphation pattern which may account for the different functions of PNN-associated CSs.
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Figure 65: Disaccharide composition of CS in rat brain.

Disaccharide percentage of CS/DS units in B1-B4 extracted from adult rat brain. Results present the mean of 3
different extracts £ SEM. The blue square represents the magnification of the disulphated units; n=4 different
samples.

2.3 Biotinylation of rat brain CS and their immobilisation on SPR sensor chip
The 80 % remaining from the purified brain CS was biotinylated using NHS-biotin.
Indeed, digestion of the core protein by the pronase, which digests the proteoglycan core
protein, left a small peptide containing the serine attached to the GAG via it OH. Biotin is
then crosslinked with the primary amine of peptide. The success of biotinylation was checked
by a dot blot (Figure 66.A). The same intensity was obtained for the same concentration in all

conditions, indicating thus all CSs are biotinylated in the same way.
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Figure 66: Biotinylation of rat brain CS and their immobilisation on SPR sensor ship.

(A) Dot blot showing the biotinylation of CS extracted with B1-B4 from adult rat brain. Biotinylated CS-B is
used as a positive control. Blots of each lane corresponds to a serial dilution of biotinylated CS. (B-C) SPR
sensorgrams of B1 and B4 CS immobilisation on CM4 and CM5 sensor ship, respectively. CSs were injected
until saturation at 10 pl/min flow rate. Immobilisation of B1 CS on CM4 and CMS5 results in 223 and 631 RU,
respectively. Immobilisation of B4 CS on CM4 and CM5 results in 122 and 377 RU, respectively.

2.4  Sema3A-brain CS interaction analysis using SPR

It has been reported that Sema3A accumulates in PNNs via its interaction with CS?** 2%,
To analyse this interaction, biotinylated CSs from B1 (as a control) and B4 were immobilised
on a CM4 sensor chip to analyse their binding to Sema3A using SPR. SPR data show that
biotinylated CS of B1 and B4 are well immobilised on the sensor chip, leading to a shift of
223 and 122 RU, respectively, following the injection over a streptavidin activated surface
(Figure 66.B). As CS were injected till saturation, the observed difference in immobilisation
level between B1 and B4 extracted CS could be due to a difference in length of CS from loose
matrix (B1) and PNN (B4); PNN CS are shorter. Injection of Sema3A, using the conditions
set up above, did not result in the formation of a complex. Several hypotheses might explain

this absence of interaction:
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i)

The quantity of CS on the surface is not sufficient for Sema3A binding. To answer this
hypothesis, we used CM5 sensor chips that have a higher capture capacity than the
CM4 sensor chips used until now. With such surface, we immobilized 16000 RU of
streptavidin on which CS 631 and 377 RU of CS from B1 and B4 were captured
respectively (Figure 66.C). No binding could be observed on such surfaces, upon
Sema3A injection in the 50-375 nM range. Absence of binding is thus due to another
phenomenon.

The percentage of CS-E motif (<2 %) is not sufficient for Sema3A binding.
Nevertheless, we demonstrated that a tetrasaccharide of CS-E is sufficient for Sema3A
binding. It will be interesting to know in one hand, how the few CS-E units are
distributed over the CS chains: individually or organised in domains? On the other
hand, how Sema3A binds to PPN CSs: one molecule for one chain or one molecule
binds to more than one chain? In this last case, Sema3A could bind and assemble
individual units of different chains.

Distribution of different types of CS units in PNNs could not be homogenous. For
example, the low percentage of CS-E units carried by different chains could be
concentrated in one area allowing the binding of Sema3A in physiological conditions.
Extraction of CS from PNN disrupts this local concentration of CS-E motifs leading to
a homogenous repartition of CS chains carrying CS-E units. Despite immobilisation of
CS on SPR surface mimics the orientation of CS chains in PNNs, The CS-E units
might not be sufficiently close to each other to enable Sema3A interaction.

According to Azure A staining (Figure 63.C) revealed that the length of extracted CS
could be heterologous notably in B4 where the staining is more intense at the bottom
of the gel (small size CS). The length of immobilised B4 CS could be not sufficient to
Sema3A binding. Especially if Sema3A binding requires more than one CS chain. It
will be also interesting to analyse the length of CS chains in PNNs in order to know to
which size of CS Sema3A binds and which size of CS is enriched in CS-E units.
Therefore, it is very interesting to know if the sulphation pattern is dependent of chain

length or vice versa.

Isothermal Titration Calorimetry (ITC) which allows analysis of interaction between

molecules in solution could be an alternative for brain CS-Sema3A analysis.
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3. Neuropilin 1

Nrpl is a coreceptor of Sema3A and VEGF. Binding of Sema3A to Nrp 1 is required
to trigger a signalling pathway via PIxn A, the Sema3A receptor. Interestingly, it has been
shown that fraction of Nrpl could carry a CS type GAG chain and thus that Nrp 1 is a CSPG.
CS modification of Nrp1 modulates VEGF signalling®'*. Here, we wanted to analyse the role
of this CS chain in Sema3A signalling to attribute a functional role for GAG-binding of
Sema3A. To do this, we first produced, purified and analysed the protein

3.1 Nrplexpression and purification

Recombinant plasmid containing soluble part of mouse Nrpl (al/a2, b1/b2 and MAM
domain) tagged in C-ter with human Fc 1g-G1 and 6 X His, was expressed in HEK293-F cells
growing in suspension. 4 days post-transfection, supernatant containing soluble Nrpl was
collected and purified using Ni-NTA column. Imidazole was exchanged against PBS by
dilution-concentration. InstantBlue staining of Ni-NTA eluate reveals existence of two forms
of protein: ~ 130 kDa which consists the majority of protein and high MW protein >170 kDa
(Figure 67.A). Theoretical MW of the expressed Nrpl is 120 kDa. This ~10 kDa shift could
due to post translational modifications, such as glycosylation. As it is reported before that
fraction of Nrpl could be a CSPG®*, we hypothesised that the upper band of > 170 kDa is
gagosylated form of Nrpl. To confirm this, we treated the purified Nrpl with ChABC to
digest the CS chain and then analyse it in SDS-PAGE and WB. Results confirmed that this
small fraction is CS-modified Nrpl (Figure 67.B). This is also confirmed in WB with an
antibody directed against poly-His tag (Figure 67.C).

We are here for now. In future experiments, we will separate the gagosylated and non-
gagosylated Nrpl (using DEAE which binds to the negative charges of the GAG) i) to analyse
their interaction with Sema3A in SPR and ii) to check if the absence of the chain affects the
binding. Whether it is the case, we can suppose that Nrpl CS chain is thus involved in
recruiting and binding of Sema3A to Nrpl. Furthermore, we will also analyse the interaction
of Sema3A mutants and Nrpl to identify maybe the Nrpl-binding site on Sema C-ter. Indeed,
in addition to the Sema domain, the C-ter is also involved in Nrpl binding. In conclusion this
analysis would help us to gain insight about the role of GAG-binding in the first step of
Sema3A signalling.
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Figure 67: Nrpl purification and ChABC digestion.
(A) Nrpl expressed in HEK293-F cells was purified from the culture medium using Ni-NTA chromatography.

(B and C) Purified Nrpl was digested with ChABC and analysed in SDS-PAGE/ InstantBlue staining and in
western blot with an antibody directed against poly-His tag.
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General discussion and perspectives

Several proteins interact with GAGs to achieve their functions. The importance of this
interaction is especially investigated and highlighted for the first step of protein signalling
(receptor binding)®®. However, this interaction could be involved in other processes. For
example, GAG chains gather several proteins to constitute a reservoir of these molecules, link
ECM components to enhance the stability of ECM network, and assembles multimeric
complexes **°. HS-protein interaction is the most investigated GAG-protein interaction due to
the abundance of HS in several tissues, e.g HS-growth factors®!’” and HS-chemokines®!® 3.
CS, the most abundant sulphated GAG in the CNS and cartilage, -protein is less investigated.
Nonetheless, several molecules of the CNS are reported to interact with CS to implement their
functions and we have listed them in the review Djerbal et al.2017°®® (Appendix 1). In this
project we are interested in characterising the Sema3A-CS interaction interface. Both of these
two molecules are found in PNNs which regulate the plasticity of neurons in adult CNS.
Sema3A signalling could be involved in the inhibitory mechanisms of PNNs. The role of the
interaction of Sema3A with CS is not elucidated. However, at least, CS is responsible of
Sema3A accumulation in the PNN. Indeed, ChABC digestion of PNN CS leads to the
removal of Sema3A from PNNs>*. In addition to the proper location of Sema3A in PNN, CS
may be involved in the Sema3A signalling and/or Sema3A processing by furin. Hence, the

importance of characterising Sema3A-CS interaction.

Sema3A expression and purification protocol

We produced the recombinant Sema3A and its mutant proteins in HEK 293-6E cells.
Two major forms are purified: full length Sema3A (90 kDa in reducing conditions) which
remains attached to the cell surface and detached with 1 M NaCl and truncated Sema3A (65
kDa comprising Sema domain and a part of the PSI domain) which results from furin
cleavage and released in the culture medium. Here for the first time Sema3A full length
(Sema3A-90) is purified without resorting to the mutation of the first furin-cleavage site as
what has been done to our knowledge in all previous studies analysing full length Sema3A2%°
217 Moreover, the mutation at the first cleavage site does not protect the cleavage at the
second cleavage site. Thus, the C-ter peptide of 1.3 kDa could be missed in the collected
Sema3A. Here we set up a simple protocol to collect Sema3A full length and with a good

yield (~ 5 mg/L). In addition of producing the protein, Sema3A expression in HEK293-6E
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cells informs us about the interaction of the Sema3A and cell surface GAG. Indeed, detaching
Sema3A-90 with NaCl ions suggests an ionic interaction between Sema3A and the GAG of
the cell surface. Location of Sema3A on the cell surface was already observed in neurons in
culture. The treatment of these neurons with ChABC releases full length Sema3A in the
culture medium. Moreover, addition of GAG to the culture which competes with GAG of the
cell surface, decreases Sema3A on the cell surface”®. In further experiment, HEK293-6E
expressing Sema3A will be treated with heparinases as HEK cells express more HS than CS
to show that Sema3A remains attached to the cell surface through GAGs. The presence of
Sema3A-90 on the cell surface and Sema3A-65 in the supernatant indicates likewise the
importance of the C-ter domain in GAG interaction. Purification step in SP-sepharose
indicates also the importance of the C-ter in the interaction with the negative charges of the
resin since Sema3A-90 binds to the column, but not Sema3A-65. Furthermore, expression and
purification of Sema3A mutants have also indicated the importance of different mutated
sequences in GAG-binding. Indeed, mutants missing cluster 3 or cluster 4 which are
responsible for the GAG-binding do not bind to the cell surface and bind weakly to the SP-
sepharose, unlike the mutants displaying a mutation in cluster 1 or cluster 2 which are not
involved in GAG-binding and purified from the cell surface as the WT and eluted at higher
salt concentration from SP-sepharose as the WT. Sema3A expression in HEK293-6E cells
and purification steps in order to produce the protein is thus also a first indication of the
importance of a.a sequences in GAG-binding. The C-ter domain is already been thought to be
the GAG-interacting sequence since it has a C-ter basic tail carrying the clusters 3 and 4. Two
peptides containing cluster 3 or cluster 4 have been designed in a previous study and show an
interaction with GAG. However, an a.a sequence in a peptide does not behave and interact in

the same way as in the context of a 3D structured molecule®®.

A key issue in Sema3A expression and purification is the precipitation of full length
Sema3A. Indeed, the protein precipitates at physiological salt concentration which causes
issues notably in Sema3A-GAG interaction analysis in SPR. Therefore, the injections are
performed manually to allow for a fresh and quick dilution before each injection, thus
preventing long-term precipitation. Full length Sema3A precipitates also in the Centricon
during concentration. This is a limiting factor to obtain a high concentration of this protein for
analysis needing a high protein concentration such as SEC and crystallography. This
sensibility and instability of the protein is likely due to the disordered C-ter basic tail. Indeed,

this issue is not encountered with Sema3A-65. Moreover, Sema3A containing Sema domain,
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PSI domain and Ig like domain (without the C-ter basic tail) has been produced for
crystallography at a high concentration®’. This suggests that the C-ter basic tail is responsible
for the poor stability of the purified full length Sema3A. The high salt concentration and weak
Sema3A-90 concentration in UM range did not perturb our analysis so far. However, further
analysis may require finding optimal conditions for a higher stability. Combination Sema3A-
90 with GAG could stabilise more the protein to reduce the NaCl concentration.

Another significant issue of purified Sema3A is the heterogeneity of the sample
beyond the two common isoforms, Sema3A-90 and Sema3A-65, due to the dimerization of
Sema3A and two furin-cleavage sites per monomer. On one hand, most of Sema3A studies
use reducing conditions for the analysis. On the other hand, the cleavage at the second furin
cleavage site releases a small peptide with negligible MW in SDS-PAGE. Hence, only the
existence of the two forms Sema3A-90 (in non-reducing conditions) and Sema3A-65 are
reported in vitro and even in vivo®® . Analytical ultracentrifugation analysis (AUC) (data
not shown) confirmed the heterogeneity in our purified samples which is also observed in
SDS-PAGE where we can notice sometimes a superposition of bands. Indeed, the activity of
furin on Sema3A is variable from one cell batch to another e.g older cells display a high rate
of cleavage than younger ones, in addition to other physiological parameters in which we
have no control. Thus, the ratio between different isoforms varies from batch to batch. There
are two ways of dimerization, the noncovalent dimerization conferred by the Sema domains
which dependant of the buffer conditions notably pH and a covalent dimerization conferred
by the C-ter disulfide bond. Combination of all these parameters potentially generates
numerous isoforms of variable MWs (Figure 68). However, some isoforms have
approximately the same MW. Thus, it is not obvious to distinguish between them in SDS-
PAGE or to separate them in SEC e.g the non-cleaved covalent dimer and the cleaved one in
the second furin-cleavage site in one monomer (only 1.3 kDa missed). Does this small
difference have an effect on the structure and activity of Sema3A? We do not know yet as the
heterogeneity and isoforms resulted from dimerization and furin cleavage was almost not
reported and discussed. However, this is an important issue and should be taken in
consideration when analysing the importance of an a.a sequence in biochemical or

physiological effect.
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Figure 68: Theoretical Sema3A isoforms and their approximate MWs.
Furin cleavage sites are represented in red lines.

During Sema3A purification we did not pay enough attention to the released C-ter part
resulted from furin cleavage at the first site. Indeed, we perform SDS-PAGE analysis in
reducing conditions. Hence, the band corresponding to the peptide is at ~25 kDa and usually
comes out the gel since we run it for long time to get a better separation. However, in cases
that 25 kDa ladder does not exceed the gel, the band corresponding to the C-ter is absent or
present in weak intensity. Thus, what is the fate of this peptide, does it remain attached to the
cell surface despite 1 M NaCl treatment, or is it degraded? It will be interesting to purify the
25 kDa peptide and analyse its structure, for example using nuclear magnetic resonance
(NMR) as the structure of the Sema3A C-ter part is not solved yet. Crystallising full length
Sema3A bound to CS may stabilise the C-ter part and thus solving the 3D structure of the
entire protein. It is also interesting to use it as a competitor of Sema3A full length for GAG-

binding in physiological studies, as it contains the GAG-binding sequences.

Identification of GAG-Sema3A interaction interface
Based on the a.a primary sequence of Sema3A, we identified four potential GAG-
binding sites rich in basic a.a which are common to the GAG-binding sites of proteins®® 3%,

Only two of them, the two basic clusters on the C-ter basic tail, are validated in “heparin-
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beads approach” and in site directed-mutagenesis. Indeed, the mutation of cluster 1 and 2
located on the structured domain, PSI and Ig-like domains, respectively, by a complete or
partial substitution of the basic a.a, respectively, does not affect the CS-binding in SPR and
QCM-D. In contrary, deletion either of cluster 3 or cluster 4, located at the C-ter basic tail,
completely abolishes the CS-binding. Hence both of them are required at the same time for
the binding. Cluster 3 sequence of Sema3A “KRDRKQRRQR” [708-717] encompasses a
GAG-binding sequence reported in Otx2 “RKQRRER” [36-42] located in its C-ter. More
precisely, the first two basic a.a are responsible for the binding as their mutation abolishes the
GAG-binding™®. It will be interesting to know which a.a are exactly involved in the
interaction with CS by their individual substitution. Since we have shown that a tetra CS-E
motif is sufficient for the binding and both clusters 3 and 4 are required, probably only some
basic a.a from these two clusters could participate in the GAG-binding. Indeed, tetra CS-E
length is approximately 2 nm and one a.a is about 3.5 A (~ 7 a.a per tetrasaccharide). Thus,
the flexible C-ter basic tail may adapt a conformation to involve a.a from both clusters
separated by 17 a.a to interact with an oligosaccharide as small as a tetrasaccharide. In fact, it
is common to find GAG-binding sites in flexible regions of the protein such as loops, whose
positioning can adapt according to the structure of the opposite GAG e.g the GAG binding

site of CC chemokine ligand 5 (CCLS5) is located in loop strucutre®?,

The heterogeneity of the sulphation within GAG motifs as well as the distribution of
different motifs throughout the GAG chain complicate the characterisation of protein-GAG
interaction. The synthetic oligosaccharides with defined size, of which sulphation pattern are
controlled, enables us to characterise confidently the required sulphate number and motif. We
determined that CS-E tetrasaccharide as the minimal motif required for the binding.
Interestingly, this length of CS-E is already reported to be required and sufficient to trigger
physiological mechanisms such as neurites outgrowth of neurons through its interaction with
growth factors such as midkine/pleiotrophin, already shown to interact with CS chains™®* 22
Structural analysis of CS-E tetrasaccharide revealed that all four sulphate groups are
presented along a single face'®!. That may concentrate the negative charges in one side and
may favour interaction with proteins. We reported that the disaccharide CS-E is not sufficient
to make an interaction with protein. Is the length, the number of sulphate or both are not
sufficient for the binding? For example, what about a monosaccharide CS-E in non-sulphated
tetra or hexasaccharide? How much the negative charges of the two CS-E disaccharides

should be close in order to mediate an interaction with protein? For example, two
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disaccharide CS-E separated by another disaccharide would interact with protein? A lot of
combination can be resulted from the diversity of motifs and their length and could be found
within CS chains on the cell surface. However, for now, only some oligosaccharides of CS
with homogeneous sulphation are synthetized, given the complexity of the synthesis
processes®® 3% In coming years, advances in synthesis chemistry should open opportunities
to design a range of oligosaccharides with desired sulphation.

It is also in perspectives to analyse the minimal required sequence in HS, since
Sema3A interacts with HS with the same affinity as with CS. Moreover, HSs are not as much
abundant in brain as CSs but they represent a significant percentage in PNN (~30 %). HS may
also participate in retaining Sema3A on the cell surface. Here we only purified and
characterised CS of the rat brain. It is important to also purify the rat brain PNN HSs and
analyse their binding to Sema3A in SPR. We characterised the binding of Sema3A mutants to
only CS-E chains. It will be relevant, to analyse their interaction with commercial HS chains

in SPR to know whether Sema3A binding to CS and HS involves the same binding sites.

Potential roles of GAG in Sema3A signalling and processing

Nrpl could carry a single CS chain (CSPG). The role of this CS chain in VEGF
signalling was already reported. GAG chain enhances the binding of VEGF to Nrp®*.
Moreover, the presence of heparin improves 100-fold the binding of VEGF to Nrp, suggesting
thus that HS could help in bridging or stabilizing the VEGF-Nrp interaction®®. It will be
interesting to investigate this in Sema3A-Nrpl interaction, i.e. whether the CS chain of Nrp 1
Is important for recruiting Sema3A and help its binding to Nrp1 and whether the CS chains of
CSPGs of the CNS matrix are involved in the binding of Sema3A to its receptor? This would
enable to assign a role of Sema3A-GAG interaction in binding to the receptor, thus in

Sema3A signalling, and this will be investigated in future studies.

Despite furin is mostly found in trans-Golgi, Sema3A is probably cleaved on the cell
surface, after its secretion. Indeed, deletion of cluster 1, or deletion or substitution of all basic
a.a of cluster 2 resulted in non-secreted protein. WB analysis of this non-secreted Sema3A
showed the existence of only the full length Sema3A. In contrary, Adams et al., in their
suggested model of Sema3A cleavage by furin, mentioned that Sema3A could undergo a furin
cleavage during secretion process?®®. However, they did not analyse the intracellular

Sema3A?. All these raise an interesting question, how Sema3A is protected from furin
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cleavage in Golgi? Do GAGs on the cell surface required for the optimal and differential
cleavage of Sema3A by furin? Indeed, it is already reported that GAGs enhances the furin
cleavage of viral proteins such as HIV-1 gp160 peptides and papillomavirus®? ***. Moreover,

325 326 as in

usually furin cleavage site and GAG-binding site frequently overlap in proteins
Sema3A where the cluster 4 is the second furin cleavage site. In addition, we showed that
GAG does not protect Sema3A from furin cleavage as we hypothesized it in the beginning.
Further experiments should be performed to investigate whether Sema3A binding to GAG
influences furin activity. This would enable to assign a role of Sema3A binding to GAGs in

Sema3A activation/inactivation.

Interests of Sema3A-GAG interaction characterization

Characterisation of GAG binding site of Sema3A-GAG interaction interface would
enable to design inhibitors, which could be of GAG or protein nature, to block the interaction.
Some inhibitors blocking Sema3A effect were already reported. We have mentioned the
existence of SICHI peptoid which blocks the Sema3A-GAG interaction and inhibits the
Sema3A effects in vitro®® *®. No in vivo analysis is reported yet on SICHI. Peptoids are
synthetic molecules exogenous to the organisms, thus could be toxic as they are resistant to
enzymes. In addition, the affinity of SICHI to GAG is not that high (Kp = 17 + 2 pM)*%,
Using oligosaccharides of tetrasaccharide in size to block Sema3A could be more relevant
since CS is naturally present in the organisms, thus availability of its catabolism machinery.
CS chains and CS oligosaccharides are already used in treatment of osteoarthritis and knee
joint pain and do not show any toxicity so far?’ 3¢, Moreover, Sema3A binds to CS

oligosaccharides with a very high affinity, in pM range (Kp of tetra CS-E=96.72 + 35.16 pM).

CS oligosaccharides are more stable and resistant to degradation and denaturation,
contrary to peptides which are very sensitive to the degradation. Indeed, Nrpl-derived
peptides have been already reported to inhibit the Sema3A effect. The first ones are peptides
mimicking MAM domain of Nrpl or Ig-like domain of Sema3A which inhibit Sema3A
response, but at higher concentrations®?°. Soluble part of Nrp1 composing of al/a2, b1/b2 and
MAM domain is also reported to interfere with Sema3A binding to Nrpl and inhibits growth
cone collapse mediated by Sema3A in vitro®°. However, soluble Nrp 1 is a high MW protein
(~120 kDa) for administration and it is more subjected to degradation and denaturation. Thus,

it is not the most recommended inhibitor for therapeutic use.
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Finally, designing small probes, based on CS-binding sites identified in the C-ter basic
tail of Sema3A that would enable in vivo imaging of PNNs using magnetic resonance imaging
(MRI) will be very interesting. Indeed, the probes will interact with Sema-binding motif of
PNN CS and would allow following the PNN development with age, changes within disease

and comparison between different regions of the CNS.
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Conclusion

To gain insight about how PNNs regulate plasticity, we aimed at characterising the
interaction between Sema3A and CS. In fact, binding of Sema3A to CS is believed to
potentiate Sema3A signalling to modulate plasticity. Characterizing this interaction may
enable the design of new strategies aiming at enhancing plasticity and thus regeneration for

neurodegenerative diseases or spinal cord injury.

For this purpose, we set up a protocol to express and purify full length Sema3A (90
kDa) as well as the furin-cleaved form composed of the N-ter part (65 kDa). We analysed the
binding of the purified proteins to different type of GAGs: CS-E, CS-D and HS in SPR and
Q-CMD. Full length Sema3A binds selectively and with a high affinity in the pM range to
CS-E and HS, while truncated form does not. We then identified potential GAG-binding sites
in the C-ter that we mutated using site directed mutagenesis and analysed their binding to CS-
E to validate their importance in GAG-binding. Indeed, two basic clusters referred as cluster 3
and cluster 4 located in the C-ter basic tail are both required in the Sema3A binding to CS-E.
Thus they constitute the CS-E-binding sites. Furthermore, using CS-E oligosaccharides
produced by synthetic chemistry, we showed that the minimal binding sequence of CS-E for
Sema3A binding is a tetrasaccharide. Thus the CS-Sema3A interaction interface is

characterized.

To validate the importance of these GAG-binding sequences in Sema3A signalling in
vitro, we analysed the effect of their mutation on DRG neurons in culture. Mutation of cluster
3 as well as cluster 4 reduces the inhibition effect of Sema3A on neurites outgrowth of DRG
neurons. Thus, binding to CS may potentiate Sema3A signalling. Further experiments
analysing interaction of Sema3A and its mutants with NRP1 containing a single CS chain
(that we already expressed and purified) would highlight more the first signalling step of
Sema3A. Moreover, we demonstrated that GAGs do not protect Sema3A from furin cleavage
as hypothesised in the begging. It will be very interesting and relevant to highlight the
relationship between furin-cleavage, CS-binding and receptors-binding of Sema3A to trigger
a cell signal. This would determine the action of Sema3A not only in the CNS but also in

other tissues where Sema3A is involved.
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We also analysed Sema3A WT and mutants effect on CS-E, CS-D and HS films in
QCM-D. Resulted data showed that Sema3A binding to CS-E and HS induces a decrease of
dissipation which suggests that Sema3A may induce a crosslink of GAG chains. This
hypothesis is supported by our observation of the clustering phenomenon of HEK-293-6E
cells expressing Sema3A. However, furthers assays such as FRAP would confirm the
crosslinking effect of Sema3A. Hence, Sema3A could participate in stabilizing the PNN

network by crosslinking CS.

We extracted and purified CSs from different brain ECM compartments and analysed
their sulphation pattern. CS from PNN displays a different sulphation pattern than that of
other ECM compartments. We analysed the interaction of these CS, purified from PNN, with
Sema3A but no-binding was observed. As a perspective, we will work in setting up the

required conditions to analyse the binding of Sema3A to PNN CSs.

Our data, combined with that of the literature allowed us to propose the following

model of Sema3A signalling regulation at extracellular level in PNNs (Figure 69).
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Figure 69: A schematic model constructed from literature data and our results on Sema3A signalling
regulation at extracellular level in PNNs.

1: Full length Sema3A binds through sequence 3 and 4 mainly to CS-E motif found mostly at the non-reducing
end of CS chain(s)*"? of PNN CSPGs or Nrp1, crosslinks them and participates thus in consolidation of the PNN
network. 2: Sema3A binding to CS would enhance furin-cleavage at the second furin cleavage-site (sequence 4)
which results in activated Sema3A?®, 3: Activated Sema3A binds to Nrpl and PIXAL to trigger a signalling
pathway which influences the cytoskeleton remodelling®® ***. CS may also help and stabilise the binding to the
receptors. 4: Once Sema3A achieved its effect, furin cleaves again in the first furin-cleavage site (sequence 1)
which releases the N-ter domain (inactivated form®®°).

Seq: Sequence; Sema3A: Semaphorin 3A; PIxn Al: Plexin Al; Nrpl: Neuropilin 1; CS: chondroitin Sulphate;
CSPG: CS proteoglycan.
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Abstract Chondroitin sulfate (C5) is the most abundant
glycosaminoglycan (GAG) in the central nervous system
(CNS) matrix. ts sulfation and epimerization patterns
give nse to different forms of C8, which enables it to
interact specifically and with a significant affimity with
various signalling molecules in the matrix including
growth factors, receptors and guidance molecules.
These intemctions comtrol numerous biological and path-
ological processes, during development and in adulthood.
In this mreview, we describe the specific intemctions of
different families of poteins involved in various physio-
logical and cognitive mechanisms with T3z in CHS ma-
trix. A better understanding of these interactions could
promote 8 development of inhibitors to treat neumdegen-
erative discases.
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Introduction

Chondmoitin sulfat: (C8) is animportint sulfated carboby drate
belonging to glveosamimoglyean family (GAG). C5 was fimst
obtained from cartilage by Fisher and Boedecker in 1861 and
was isolated n purer form by Krukenburg in 1884, Seven
years later, Schmiedeberg showed that it contains a
hexosaming and hexuronic acid but the presence of a
sulfuronic group was not mentioned at that time [1]. It was
umntil 1915, Levene and Forge finally resolved the complete
structune of C5 [2-5]. CS is composed of a D-ghoumonic acid
(GleA) and N-acetylgalactosaming (GalMAc) [1, 6]. Sulfation
is ong of the main modification on C8s, The sulfation is often
added on C-4 and/or C-6 of GalNAc andior C-2 of Glea [7].
The sulfation position results in different forms of C8: C5-A
C5-C, C5-D, C5-E (Fig. 1). This sulfation patern confers
different roles to CSs and allows sclective intoractions with
different molecules. Apart from sulfation, GleA can be
epimenzed into L-iduronic acid (idoA) resulting in C5-B,
which is also called dermatan sulfate (DS; Fig. 1)

Like most GAGs, U5 is located in the extracellular matrix
(ECM), at the cell surface or associgted to the plasma mem-
brane, in most amimal tssues [8]. As such they appearsd to be
strategically positioned © contmol vanous important processes
occurnng at the celktssue interface. [t 15 ako found in the
intracellular granules of cortam cells like mast cells [B—10]).
Baoth in the ECM and at the cell surface, C5 is Imked © a cone
protein to form chondroitin sulfate proteoglycan (CSPG).
Localimtion of CSPGs m BCM make them more accessible
fordifferent molecules involving in different mechanisms [11].

The expression of U5 is tissue dependent and it is present at
a high level in the ECM in cartilage and central nervous sys-
tem (CM5). C8 constitutes the most abundant GAG in the
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cartilage [12]. Many studies have reported the positive effect
of C5 in treatment of ostecarthnitis [13]. Indeed, C% inhibits
the apoptosis of chondrocytes, metlloprotases degradation
of cartilage, and activation of pro-inflammatory ercymes [ 14,
15]. CSPGs are also the major components of ECM in the
(CMN%. They are critical for the formation, development and
mantenmee of brin morphology md function [16]. C5PGs
ar: highly upregulated in glial scar after CNS injury and they
inhibit axonal regenemation [ 16]. Recently, CSPGs have also
been shown to control memory retention in mouse model of
Alzheimer's discase. Enzymatic mmoval of CSPGs en-
hances memory retention via enhanced plasticity, which
would be useful in improving condition such s neurnde-
generation [17, 18]

5 composition is alko cell-tvpe dependent and changes at
different development stages. In nervous svsiem, C5 in the
ECM changes during omogenesis. While C5-C is the most
expressed C8 durmg embryogenesis, C8-A 1s the most abun-
dant in adulthood [19, 20]. Apart from biochemical evidence
using high performance liquid chromatography, these devel-
opmental changes in C8s are also confimmed using immuno-
logical techmgues. Monoclonal antbodies are developed to
speafically recognise different isoforms of C5 cham. This
toal provides the possibility of mapping the C5 disfribution
during ontogenesis [ 21]. Furthermore, the spatio-tempomal ex-
pression of C8s in brin ECM has been imvestigated. It has
been shown that brain C8s exhibit stuctuml diversity and
devdopmental regulation, which suggests that CSs are tmpli-
cated in diverse functions [22, 23]

The am of this review is to provide an overview of all
reporied CS-interacting profeins, with respect to bram func-
tion, how they are involved in the mainienance of the BCM
structure and ther potential fanctional role. We focus on the
intemction of pmteins with vanous CS sulfation patiern and
how these promote their signalling to accomplish their fime-
tion inchiding growth, differentiation, guidance and plasticity
within the CNS.
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Organization of the CSPG network in the CNS

CSPG is the major component of ECM in the CNS
representing as much as ~20% of its total volume [24]
While the ratio of total 5 vs heparan sulfate (HS) in the
CN3 iz 9:1, this mtio decreases to 73 in the perineuronal net
(PNN) matrix [25].

CSPG extmction from the brain ECM, using 2 sequential
method based on different buffers, revealed three distinet com-
partments: a diffuse matnx, a cell surfice-associated matnx and
a condensed matrix, which comtains different types and
amounts of CSPGs [25-27]. Almost all common CSPGs are
found in all three compartments, which bear different BCM
properties, but n different concentmtions and with different
molkecular chamatenistics. The use of physiological saline al-
lorars the extraction of BCM moleculss from the diffose ECM.
Western blotting anabysis showed that the diffise matrix octmet
contuns all forms of newrocan, phosphacan (400 kDa) and
brevican (145 kDa) and aggrecan (2500 kDa). The cell
surface-associated matrix, which is released wath detergent- or
high-salt buffer contains membrane associted CSPG — NG2
and also the other CSPGs. Finally the condensed matnx assem-
bly such as PMNs is extracted with 6 M urea buffer and con-
tains almost similar species of neumcan, brevican and
agerecan, but without MG2. This compartment also contains
a large amount of versican [25, 27]. Other than core proteins,
the sulfation pattern of C5 chamns s also different - these
compartments. [hsaccharide malysis has revealed that CS-A
is the major C§ GAG in adult mt bram ECM and it 5 more
aundant in the diffuse matnx, whensas, the disulfated and'or
ldoA comtaiming CSs including C5-B, C5-D and CS5-E are
more abhundant in the PNMs [25].

FMM is a highly organized ECM (Fig. 2) found mainly in
parvalbumin (FV) positive GAB Asrgic inierneurons in the
CHN35 although PNN is also obsarved in neurons without PY
expression [28-31]. This macomoleoular assembly, in addi-
tion to O SPCrs, 18 composed of hyahmonan (HA ), link protems
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and tenascin-B { Tn-R). HA is the backbone of PNM on which
CSPGs mteract. [t is synthetized by a tansmembrane ereyme,
hyahimonan synthase (HAS) and is responsible for anchoring
PNM on the neuronal surface [32, 33]. Agprecan is the key
CSPG for PNN formation in the cortex although its role can be
substituted by other CSPGs in other regions [33-35]. The
interaction of CSPGs and HA is stabilised by a family of
protens called link protein, hyaluronan and proteoglycan-
bnding link protems (HAPLN=) [36]. This molecular interac-
tion is further sibilized by the mmeric Tn-R which can bind
up to three CSPGs [37]. Both HAPLN and Tn-R are crucial
for the smbilization and condensed nature of PNN [17, 18]
This unique molecular network looks optimally designed
to accomplish very specific functions. It has been proposed
that the immature PNNs adt like a reservoir of moleales. ;t
attracts the neurntrophic factors responsible for the survival
and the growth of the neuronal cells [39]. Moreover, the ap-
peamnce of the mature form of PNN coinades with the clo-
sure of the critical period, a period when expenience-
dependant plasticity s consolidated [40]. It has been proposed
that PNM is important in stabilizing existing synapses and
inhibiting further or aberrant synapses formation [38, 407, In
addition, PNNs are desaribed as an ion exchanger in the brin.
The two major components of the PNM, HA chain and
C5PGs, are highly negatively charged, they can bind to the
cations i the ECM and regulate the ion mobility [41].

Proteins-{:AGs interaction

GAGs interactwith alarge army of prokeins to implament their
fimctions [42, 43]. This intemection is of great importance to
many physiological processes such as cell migration, growth,
differentiation, guidance and development [44, 45]. They ane
also mvolved in pathological processes such as metastasis,

& Link protens
Wl cs-Gass & Tensscis

neumdzgmmemtion and inflammation [46—49]. Most GAGs
are sulfated, including heparin (Hp), heparan sulfate (HS),
keratan sulfake (K5), CS, DS and it was mtially sssumed that
GAG-protein interaction 15 based on charge intemction.
Multiplz consensus amino acid sequences on the various
GAG-binding proteins were later discovered on this basis
[50]. Cardin and Weintraub identified that heparin binds to
heparinbinding protins through peptide sequences enriched
in basic residues such as X-B-B-X-B-X and X-B-B-B-X-X-B-
X where B is a basic residue and X is a hydropathic residue
[51]. A third hepann specific sequence X-B-B-B-X-X-B-B-B-
M-X-B-B-X was later reported, first in Willebmnd factor and
then in other proteins [52). Furter investigation has showed
the importnce of secondary and tertiary structure or the spa-
tial distribution of hasic residues. It has beem shown, for ex-
ampke, that a distance of about 20 A frequently separates two
hasic amino acids in a number of heparin-binding peptides,
facing opposite directions of an alpha-helix [53]. More recent
wiork, however, also demonstrated that GAG binding sites can
be well identified by considering neutral hydrogen bond do-
nors, such as aspamgine and ghitamine, amino acids that im-
portantly contribuke to the specificity of the interction [54).
For C8s, they bind to CNS protens containing a specific motif
rich in arginine and lysine, such as Otx2, which we shall
discuss mone in the laker section [55, 56].

The specificity and selectvity do not confine to protein
sequences, but are also dependent on the oligosacchande se-
quence and the pattemn of sulfation. Chanoregpellent molecule
semaphorm 34 is found to interact with CS5-E and B, but not
with C 58-I even though these three CSs are all disulfaked with
the same charge over mass ratio per disaccharide urit [56, 57).
Selective binding of neurotrophic factors like midkine and
BDNF to synthetic CS-E tetrasacchande 1s ohserved and lead
to neurite outgrouth, Whereas the bmding of these facions to
(CS-R, a synthetic tetasacchande with the same number of

&) Springes
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sulfate groups as C5-E but distributed differently, is very weak
and does not display a neuriingemnic activity [58]. Also, differ-
ent types of HS bnds to different types of fibroblast growth
factors (FGFs). For example, 2-0 sulfake is required for the
bmding of FGF-2, 6-0 sulfat is required for the binding of
FGF-110 [59-62]. Recent evidence also shows that sulfation in
CS/DS affects the binding and activation of FGF-2 [63-635].
These findings suggest the importance of sulfation patiern of
GAGSs mn the specific binding to various protans, Since HS is
the most abundant GAG in the extrmeellular environment of
muny tissues, binding to HS/Hp is more documented than
those to C5 and KS. Most of intemctions proteins-C58s has
been characterized in the CNS.

Interactions of CSs with different families
of molecules in the CNS ECM

Dnuring development, immature neunons clongate ther axons
through a complex tissue structure to reach their appropriate
synaptic partners located millimetres or even centimetres
away. Diverse celhlar and molecu lar mechanisms are adopted
by embryos to guide the axons to their targets [66]. ECM
molecules play a crucial role during this process through the
mvolvemant of ather the BCM molecules or ECM-binding
molecules [67]. C8s interact and cooperate with extracellular
signalling prokeins and recepions © modulabe the axonal out-
grovwrth. Removal of CSs by injection of chondmoitinase ABC
(ChABC) results in abnommal axonal outgrowth in zebrafish
and mt embryos [68, 9] and dismuption of retinal avons n
mouse embryos [ 0], Otherwise, CNS development and CNS
injury share certain neurnl mechanisms mchiding newral out-
growth, puidance and plasticity. Indeed, after CNS injury, the
same moleculss involved in development are up-regulated
again, including CSPGs [71] They form a chemical barrier,
which inhibits axonal projection and regeneration [72].
Ereymatic removal of C8s using Ch ABC promotes functional
recovery after spinal cord injury (SCI in adub rats [73, 74].
BECM m the CNS is a nch soume of signalling molecules
imvolved in different mechanisms of proliferation. differentia-
tion, survival and migmtion of neumns. Activities and inteme-
tions of C SPGs with signalling molecules in ECM depend on
marmy parameters: the coreprotein, hieattached C8 chains, their
length, the degree and position of sulfates [ 75]. Compositon of
CSPGsvanies instages of development and physiological state,
and this enables a large families of molecules, as desoribed
below, to inemct with C5PGs via CSs chains to accomplish
their functions (Fig. 3). The degree and positon of sulfation on
the C8 chans confer different specific binding siies to various
soluble factors m the BCM. Previous studies have reported an
upregulation of CS-E unit and also chondroitin -
sulfotrmsforase, an enzyme synthesising C5-C, after spinal
comd imjury [76, 77]. In the PNMNs, C5-E are mesponsible for

£ springer

the binding of negative guidance molecule semaphorin 34
(Sema3A) and Oix2 [55, 57, 78, 79]. Recently, there arc also
shadies describmg the potential imvolvement of CS-C in epilep-
sy [B0, 81]. These interactions kad to selective activation or
inhihition of various signalling pathways. Here, we describe a
familizs of proteins hinding 0 C5s chain of CSPG to modulat:
the monal mutgrowth nd guidmee.

i} Growth factars (GFs)

GiFs are biomolequles which support prolifertion, growth,
migration and differentiation [B2-84]. In addition, they ar
imvolved in regulating metabo bsm, tissue repairand mantan-
ing tissue homeostasts in adult organsms [85]. Some mem-
bers exist ubiquitously in all issues but some are expressed in
a tissue-specific mammer [86, 87). GFs are usually seoraed by
neighbouring cells or at nerve terminals into the ECM and act
locally due to their short life [88] The scereted GFs bind to
specific receptors on the surface of target cells and nduce
intracellular signalling pathway. Proteoglyeans in the ECM
bind to the GFs, facilitate the access and presentation of GFs
to the receptor for subsequent signalling pathways [B9].
[Dring CMS development, many growth facoms are shown
to interact with CS chains, which we shall discuss below.

Meurotrophic factors are the family of GFs that promote
survival, growth and differentiation of neuronal cells [90,
91]. Different newrotrophic fuctom, such as fibmblast growth
factor, has been postulated to ineract with heparin to promote
the neunte outgrowth, henee their name “heparin-binding
proteins™ [92]. Interaction of neurotrophic factors with
hepann/HS has attracted much attention similar to the n-
volvement of HS in development [93]. However, these last
decades more interest has bemn diverted to CSs notably in
the CNS [94]. Hem we describe hepann-binding proteins
which imteract with CSs in CMS.

Fibroblast growth factors (FGFs) are a lage family of pro-
teins, which exert a plaotropic effects in different tissues.
Basic fibroblast growth factor (bFGF) or FGF 2 is a multi-
functional growth factor including its effect on survival of
neurons and stimulate neurte extension [95). It has been
shown that bFGF bmding & HS-, Hp-, or HA-bound surfaces
stirmu bates neunte outgrowth from hippocampal neurons whik
the binding to CS- or DS-surfaces doss not lead to the same
ohservation [96). On the other hand, Kamumbaiah e ol has
rgported the potential of C5-A hydrogel enriched in bFGF in
creating an endogenous niche for neurl stem cells [97].
Surface plasmon resonance (SPR) analysis shows that C5-A
from boving trachea binds with high affinity to bFGF, bran-
derived neumtrophic factor (BDNF) and intereukin 10 [97].
Screming of different GFs incuding FGF-2, —10, —16, —18
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and Hp-binding epidermal growth factor-bike growth factor
(HB-EGF) agamst CS-E using filter bnding assay, resonance
miror biosensor [Asys and GAG microarrays showed that
these GFs bind to the CS-E from squid cartilage in a dose-
dependent manner [64. 65]. FGF-16, FGF-18, and HB-EGF
bmds to CS-E (Kd = 47.2, 8.9 and 16 nM, respectively) ina
comparable affmity to the bnding to Hp (Kd =34.7, 10.8 and
4.7 nM, respectively ), while the affinity of FGF-2 and FGF-10
toward CS-E was lower than Hp [64, 65]. Screening of these
GFs with oversulfated CS/DS hybrid chain punfied from hag-
fish (CS-H) showed no binding by SPR, suggesting that the
bmding of the GFs to CS-Eis a spedfic mteraction but not due
to non-specific charge interaction [98]. The binding of CS to
FGF2 is important for the formation of neural spheres, probif-
cration and self-renewal of neural stem cells through the
FGF2YMAPK pathway [99]. Removal of CSs using ChABC
reduces neuronal proliferation and differentiation, and on the
confrary, it increases the proliferation of astrocytes [100].

Midkine and pleiotrophin are two basic heparm-binding pro-
teins localized in the mdial ghal fibres in embryonic brain,
along which neural stem cells migrte [101]. They mediate

CS chain tums the sttractive guklance prokin ink 2 repulsive cue.
%nnﬁumn 3A (Sems 3A) & 2 repulsive guklance proten found in
| nets and & specificdly with CS-E motif. It exerts i
chemaqwlsw effect by signallmg vis plexin-neuropilin receptors. CS
could be =n additions] constituent of sems 3A signalling complex

neuronal cell adhesion and migration, and promote neurnite out-
growth by interacting with cell surface heparin during develop-
ment [102, 103]. It has been shown that CS-C inhibits the
binding of pkiotrophin to its receptor 6B4 Proteoglycan/
Phosphacan, which is an extmcellular varant of receptor-like
protein-tyrosme phosphatase (RPTP) JRPTP  (this receptor
family will be discussed in the next section), in rat bram. The
binding of CS-C reduces pleiotrophin-induced neuronal migra-
tion along radial glial fibres. [t has been postulated that CS and
a portion of RPTP{RPTPS could constitute the binding site of
pleiotrophin [104, 105]. Similarly, Ucoka e al. have also
shown that the adhesion of embryonic cortical neurons to
midkine in culture is specifically inhibited by CS-E [106).
The ineeraction of midkine to CS-E is as strong as the bindng
to Hp[106]. The specific and direct mieraction between CS-E/
CS-H and midkme/pkiotrophin has also been shown by filter
binding assay, [Asys and SPR [64, 98, 107]. Midkine and
pletotrophin are mvolved in neurodegencrative diseases such
as Alzheimer’s disease. Depaosition of midkme and pleiotrophin
has been observed in the pathological senile plague and/or
neurofibrillary tangles in Akzheimer's bram [102, 108]. LDL
receptor-related protein (LRP) is a receptor of midkine and
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pletotrophin and it is genetically Imked to Alzheimer’s discase
[102]. C5-Midkaneplaotrophin mteraction could be a pobential
tarpet i treat these disesses. Thus, furtherundemstanding of this
interaction should be performed. These findmgs suggest that
C8s could be a binding partner or co-recepior for neurotrophic
factors in the coantral nervous system.

i) Recepiors

Receptor protein tyvrosing phosphatases (RPTPs) ane o
family of receptor-ereymes that remove phosphate from tymo-
sing in a protein. RPTPs are commonly found on growth
congs [109] and are involved in the control of oon growth,
guidance, regeneration and plsticity during development as
well as after injury [110-112]. Indeed, a deficit of -
mannosylaed RFTP £ contnbutes © congenitalmuscular dys-
trophies [ 113-115).

Members of class [ A RFTP ncluding RFTPo, RPTPS and
LAR {levkocyte common mtigenrelated phosphatase) bmd
with high affinity to C3PGs md HS proteoghveans (HSPGs)
[116]). They are postulated to be the receptors of CSPG [117.
118). RPTPo knockout mice display a reduced CSPG inhibi-
tion after spmal cord imjury and an enhanced rgeneration after
sciatic merve aush injury [112, 119). Mimetic pgptide of
RFTPo wedpe domain releasss CSPG-medinted moonal inhibi-
tion in vitro by bindmg to RFTPo and mprove the fimctional
recovery after SCI [120]. Binding of CSPG o BPTPo induces
a dephosphorylation of tropomyos m-elated kinase B (TrkB),
which leads to a down-regulation of dendritic spine formation
[121]. TrkB & the BINF receptor which, m contrast to CSPG,
positively regulaies the plastiaty and spines formation in cor-
tical neuroms. Remarably, binding of RFTPo to CSPGs or
HS5P(Gs induces opposite offect on monal growth, Cole ef al
have shown that RFTPo binding to HSPGs activates axonal
growth while binding to CSPGs mbibits it [118]. The bindng
with C8 chains inhibit the olipnmerzation of RPTPo which ane
induced by HSPG [118).

LAR & another CSPG receptor [122]. |t has been demon-
sirated by co-immunoprecipitation that LAR interacts with
CSPG direatly. This mtemction leads to an mactivation of Akt
and an actrvation of R hoA, thus inhibiting woonal growh [122],
Moreover, LAR Ikmockout mice or mice treated with LAR-
targetng peptides show animprovemant of locomotor function
after SCI[122, 123]. PG-RPTPs interaction may be a potertial
therapeutic target for functional recovery afier CNS injunes.

Mogo receptors Nghl and NgR3 bind to Mogo and induce
neurite mutgrowth inhibition [1 24]. It has recently been repart-
ed that apart from MNogo, they can also bnd to C8PGs and act
a5 CSPGs receptors [ 125]. Both NgR1 and NgR3 bind speaf-
ically to disulfated C5-B, C8-D md CS-E with high affinity.
The binding of CSPG to MgR1 and NgR3 inhibit neurnite

4l Spainger

outgrowth, Double knockout of Mgh 1 and 3 shows increased
regenemation after injury, and this is further mhanced with
additional ahlation of RPTPo [125].

i) Adhesion malacules

Cell adhesion molecules (CAMs) are surface glycoproteins
mediating cell-cell and cellextracellular imteraction. The
established connections between cells ane important for main-
taining tissue integrity and for cell communications [126].
Moreover, CAMs are fundamental for cell migration, notably
during development of the CNS [127] and after tranmatic
brain injury [128]. Neural-CAM (N-CAM) is an adhesion
molecule spedfic to the CN5. It has been implicated in vari-
ous neuronal mechanisms. Indeed, this molocule s required
for motor newron sprouting. having thus a benefical role n
recovery after SCIL NCAM—/— mice show a significantly re-
duced locomotor recovery comparing the WT after SCI [129,
130]. N-CAM and nouron-glia CAM (Ng-CAM) bind with
high affinity (Kd = 0.5 nM) to the CSPG phosphacan [131].
Treatment with ChABC only reduces this binding by ~1 5%
sugpesting that the bnding is mostly due to an interaction with
the phosphacan core protein. The mnteraction of phosphacan
and N-CAM or Ng-CAM leads to an reduced newrite ont-
growth and adhesion i vitra [131]. Newrocan, another
CSPG in the CNS matnx, also binds to N-CAM and MNg-
CAM, and inhibits the neurite outgrowth [132]. Unlike
phosphacan, ChABC tresment of neurocan significanty re-
duces this binding suggesting the intemction is maimn by medi-
ated through the C8 GAG chams [132]. These findings sug-
gst that N-CAM and Ng-CAM could be the meegptors for the

tarn CSPGs phosphacan and neurncan.
CAMs are also involved in other neuronal mechanisms n
addition to neuronal migration. Contactin-1 1s a

glyoosylphosphatidyl mosiio] (GPIFinked membrane ghyoo-
protein. It is a CAM and implicated in axonal growth, moonal
and dendritic mteractions of cenchellar interneurons and guid-
ance [133]. With the use of SPR analysis, it has been shown
that C5-E binds to contactin-1 with sigmificant affinity
(Kd = 1.4 pM) and that this interaction is required for the
neumgenesis mediated by CS-E [134],

) (fuidance progEing

Guidanee of dendrites and woons to therr appropriate tangets
15 a aritical process for building a functional CNS durmg de-
velopment [135]. These guidance molecules come from differ-
ent families of protemns ncluding seoreted or cell surface guid-
ance molecules and they can be attractive or repulsive [136].

Semaphorin = a large family of seareted and membmne-
associated guidance molecules [137]. nitially being identified
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as repulsive guidance molecules, several studies in the last
decades have reported a chemoattmetive role of semaphorins
[138—140]. Semaphorms guide the development of parpheml
narve projection and involved in synapogenesis m the CNS
[141, 142]. The pemsistence of their expression in adulthood
suggests & le in the mantmance of pre-cstablished connec-
tions and cercbral homeostasts [ 143].

Semaphorin 3A (Sema 3A) is one of the most studied
members in class 111 semaphorins, which are upregulated
after CNS injuries [144]. Owing to its ability in inducing
gmwth cone collapse, Sema 3A is also called collapsin-1
and is the first member being identified in the semaphorin
family [138]. It is a secreted protein, signaling via
newropilin-1{Nrp-13 and plexin (Plan) receptors located at
synapses [145-147) During development, Sema 3A is
expressed inoa gradient across the cortical layers. It acts
a5 & chemoattmctive protein to guide the mdial migration
of cortical ncurons [148]. In adult CNS, Sema 3A is found
in the FNMNs [78]. It modulates synapse morphology and
function [147]. ChABC digestion reduces Sema 3A stain-
ing on the PMMNs, sugpesting an interaction betwesn Sema
3 A and CSPG [78]. Further investigations have shown that
Sema 3A interacts with CS5-E with high affimty [57].
Morsover, Nrp-1 can be modified post-translationally by
CS chains, and this modification affects its ability to one of
its effoctor VEGF [149]. These studies suggest that CSPGs
could be additional constituents in the Sema 3 A-Nmp-Pln
signalling complex. Morover, Sema 3A 1s one of the most
paotent inhibitoms to neuronal sprouting after SCL 1t inhibits
the axonzl sprouting induced by nerve growth factor after
SCI[150]. Indeed, Sema 3A could be one of the mecha-
nisms which C5PG modulates plasticity. Targeting Sema
3A or its interaction with C8s could be a strategy to im-
prove the plasticity after CNS trmama.

Semaphonn 5A (Sema 5A) 15 a membmne-assoctated
semaphonn. Like other semaphonns, it s important in the
development of the CNS [151]. Semaphonns class 5 is char-
ackerized by aspeafic doman contunmg two clusters of type-
| thrombospondin repeats { TSR.s), which promote neurnite out-
growth [15Z]. TSR displays a basic motif which can interact
with the negative chain of HSPG and CSPG [153, 154]
Interestingly, the hinding of Sema 5A to HSPG or CSPG
triggem opposite responses. Sema 5A medistes neuronal at-
tmetion when it hinds to HSPG and it becomes repulsive upon
bmding to CSPG [155]. This study indicates the proteog bycan-
dependent function of Sema SA.

Crher than Sema 34 and 54, Conrad er al have tried to
identify other ECM protems which mmteract with CNS GAGs
to promote the growth and differentation of embryonic sm-
sory nerve fibres using SPR and microarmys. The results in-
dicate a significant interaction between CS5-A and various
guidmnce molecules, including Sema 3E, Sema 68, ephrin
A3 and Robo 2 [156].

Collapsin response mediator protein-4 (CRMP-4) is 2
65 kDa phosphoprotein expressed in the CNS dunng devel-
opment and in adulthood [157]. Dendnites ectension of hip-
pocampal newrons induced by Sema 3A is impaired
CRMP-4—/— hippocampal neurons, suggesting that CRMP-
4 belongs to the Sema 3A signallmg pathway which induces
the growth cone collapse [158). Moreover, CRMP-4 is iden-
tified as crucial prowin that overcomes both axonal growth
inhibition and scaming after SCI in adult mouse [158])
Imterestingly. this intracellular protein interacts with C5.
Indzed, CRMP4 was purified using a C5 affinity column
[159, 160). During cady development in the CNS, active
apoptosis which is essential for the normal development of
CMS, causes the release of CEMP-4 into the extracellular
space where it binds to CS [161, 162] The downstream
mechanism of the interaction betwem CRMP<4 and C8 re-
mains unknown but the above finding suggests an additional
role of CNS ECM in sequestraing intmcellular proiein (s)
releasad flom apoptosis.

Orthodenticle homeobox protem 2 (Ote2) is another in-
tmeelular protein found intemcting with C8 in the BCM
Otx2 is a non-cell-autonomons tanscripton factor mvo bved
in bram morphogenesis [163]. | has been shown to interact
with C8s in postnatal development and comtrol plasticity
[79]. Indeed, the role of (ix2 in plasticity has been investi-
gated in the visual system inmice during the critical period.
[Dhring this peniod, Ote2 15 tmnsfered from choroid plexus
into the visual cortex and accummulates on the PMNN of PY-
cells [164]. Ot accelemtes PV-cells maturation and FNNs
formation. In return, PNNs concentrate Otx2 into the surface
of PV-cells to be internalized [55]. A positive feedback loop
between (ix2 and PNMs, during critical period as well = in
maintaning PNN in adulthood, has been proposed [165).
Conzsidering the important role of Ot and PNNs in con-
trollmg plasticity, further expenments have been performed
to chamcteree the binding site of Otx2 in PNNs. sothermal
titration calorimetry (ITC) expenments show that a specific
basic sequence in Otx2, rich in arginine and lysing, interacts
specifically and with high affmity with CS-E and CS-D, lowr
affinity with C5-C and not with C5-A [55). This fnding
indicates, once more, that the interaction CS-protein is
sulfation patem-dependent, not chanze dependent.

v) Extracellular matric protens

A mumber of fibnllar and glyco- prokeins are also key com-
ponents of the newronal ECM i addition to CSPGs. They
consist mainly ofelastins, collagens, lammins and fitronectns
[166)]. Despite ther small proportion in CHS matnix compar-
ing to CSPGs, these proteins mpose significant influence on
the growth cone of neurons and regenaration [ 167, 168]. An
addition of laminin to neurons in @il results in a drastic
aocelaration of neunite outgrowth [168]. Similarky, fibronectin
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promotes the neurite outgrowth and axonal regeneration of
adult bmin neurons in vitre [169]. Collagen VI protects the
brain from newrodegenertion in ageing [170]. CSPGs and
fihmus proeins have a complementary fimctions. Both work
on the mantamance of the ECM homaoostasis and the sur-
rounding neurons. An implantation of a collagen/chondroitin
f-sulfate (C5-4C) hydrogel contaming embryonic striatl ne-
rons allows the reconstruction of matrix and glial repair aftera
leston in mt strigtum [171]. |t is likely that CSPGs and fibrous
proteins interact with each other to accomplsh their function.
Astrochondrm, a CSPG on astrocyte surface and 15 mmvolved
in cerebellar gmmile coll migraton, has been shown to interact
specifically with laminm and collagen but not with fibronee-
tin, Implication of C5 chain of astrochondrin in this interac-
tion is demonstrated by anabysis of the astrochondnn binding
to collagen in the presence of soluble C5 in 2 mdioligand
bmding assay. Indeed, soluble C8s are able to compete with
astrochondrin to bind to collagen [172]. Snow er all have
reporied that laminin and fibronectin ane responsible for the
inhibition effect of CSPGs on the growth cone [ 173].

Photomedin is another brain BCM protein, intemcting
with C%, less known companng to fibmonectin and lammin
bocanse it is less sbundant and its spatictemporal expression
is restricted [174). Photomedin 1 and 2 are identified as
novel members of the olfactomedin family (OLF) [174].
OLFs are glyooproteins expressed manly in the BECM of
olfactory neurepithelium, while photomeding are expressed
mainly in retina ECM. They contam a specific ssquence in
their C4erminal, called OLF domain which has crucial im-
phcations in mamy neuronal mechanisms, mchiding axonal
growth and differentiation of chemosmsory cilia [175].
ELISA expaiments have shown that photomedins bind to
CS-E with high affimty [174]. This is yat another evidence
that CS-E interacts with different growth factoms imvolved in
neumnal migration and axonal guidance. Taken together, it
may suggest that photomedins and growth factos could
compete to bind to C5-E. Photomedms are proposed as a
reservoir of CS-E and facilitates the localized action of
growth factors [174].

vil  Pathological pratein

Amyloid precursor protein (APF) is 2 tmnsmembrans
glveopmotein. APP undergoes a proteolytic processes giv-
ing rise to various peptides. Some of the resulting pep-
tides are involved in neuronal plasticity and neurogenesis,
but some of the others are pathological like amyloid beta
peptide (AB) [176]. Indeed, AP is neurotoxic and found
accumulated in neurons suffenng from Alzheimer’s dis-
ease [177]. HSs and CSs have been reported to enhance
the Af aggregation and the sulfate moieties on GAGs an
the crucial key for this aggregation [178] Recent study

has reported that an overexpression of heparanase
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decreases the amyloid burden in wive [179], and that
PNN neurons mesist neurotoxicity from AR and oxidative
stress suggesting the neuroprotective mle of PNNs [180,
151]. Otherwise, an interaction of APP and PG enhances
the neurite outgrowth [182]. The direct interaction of
CS5PGs and APP has been demonstrated using solid
phase binding assay. ChABC digestion of CS reduces
the binding by 79%, this confirms the binding is through
8 GAG chams [182].

While CS5s/C8PGs are abundant in the CNS, study of
PG=/GAGS interaction has been focused on HSPGsHSs in-
stead. Since amyloid beta peptide (AJ) is accumulated in
the extracellular space, which is rich in CSPGs, a specific
and significant interaction coukd be suspected. Further imves-
tigation will shed light on the role of CSPG and C5 chain in
this disease. In addition, CS has been implicated in 2 num-
ber of other neumpathological conditions mcluding epikepsy,
stroke, schizophrenia, an in-depth understanding of the mle
of C5 in these diseases will be crucial for targeting CS in the
conditions [§1, 183, 184].

Conclusion

5 15 the most abundant GAG in the CNS matnix. ks diverse
pattern of sulfaton and epimerization pattern allows precse
controls of various physiological processes including the
propar development of the CN5 and the maintmamnece of neu-
ronal homeostasis. Moreover, this divemsity cnables differen-
tial bindmng to a large family of proeins, with different affin-
itizs. This huge mtemction betaeen C8s and protens places
them at the first position in diverse signalling pathways, Thus,
their mvolvement in varnous mechanisms during onto genesis
notahly the grvth cone, regenemtion and plasticiy.
Targeting the compositional change in C5 as well a5 their
interactions could be a promising approach to treat different
pathologies. Chemical synthesis of C8 oligosaccharides with
defmed sequences has recently made progresses [185, 186].
opening the possibility © use those to manipulate a protein-
C8 interaction. Meanwhile, a better understanding of C5
structure, their organization withm the matrix, the mode of
interaction with different types of prokins, are essential for
targeting the important ECM component in the CHS.
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Appendix 1: Chondroitin sulphates and their binding molecules in the central nervous system.
(Djerbal et al., 2017%%).
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Appendix 2: pTT22SSP4 expression vector.

pTT22SSP4 was from NRC biotechnology research institute, Cananda. Sema3A sequence was sub-cloned

between Nhel and BamHI sites.
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Appendix 3: Amino acids sequence of expressed Sema3A protein.
8 His TEV cleavags site [l (a. residues: 3.752) PSI domain [GERE
Defined potential GAG-binding sites Cystein responsible of the disulfide bond
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Appendix 4 : Nrpl-FC-His expression vector

Mouse Nrpl-Fc-His was a gift from Woj Wojtowicz (Addgene plasmid # 72097). Vector backbone is pCMVi-
SV40ori. It expresses the extracellular region of the Neuropilin 1 protein, C-terly fused to the Fc region of
human IgG1 + 6X histidine tag. More information is available in: https://www.addgene.org/72097/.

NVERGIEPIICATIANANANAGAFRSDKCGGTIKIENPGYLTSPGYPHSYHPSEKCEWLIQAPEPYQRIMIN
FNPHFDLEDRDCKYDYVEVIDGENEGGRLWGKFCGKIAPSPVVSSGPFLFIKFVSDYETHGAGFSIRYEIF
KRGPECSQNYTAPTGVIKSPGFPEKYPNSLECTYIIFAPKMSEIILEFESFDLEQDSNPPGGMFCRYDRLEI
WDGFPEVGPHIGRYCGQKTPGRIRSSSGVLSMVFYTDSAIAKEGFSANYSVLQSSISEDFKEMEALGMES
GEIHSDQITASSQYGTNWSVERSRLNYPENGWTPGEDSYKEWIQVDLGLLRFVTAVGTQGAISKETKKK
YYVKTYRVDISSNGEDWISLKEGNKAIIFQGNTNPTDVVLGVFSKPLITRFVRIKPVSWETGISMRFEVY
GCKITDYPCSGMLGMVSGLISDSQITASNQADRNWMPENIRLVTSRTGWALPPSPHPYTNEWLQVDLG
DEKIVRGVIIQGGKHRENKVFMRKFKIAYSNNGSDWKTIMDDSKRKAKSFEGNNNYDTPELRTFSPLST
REIRINPERATFSCECIRVENIGEE VEAPTAGPTTPNGNPVDECDDDQANCHSGTGDDFQLTGGTTVLA
TEKPTIIDSTIQSEFPTYGFNCEFGWGSHKTFCHWEHDSHAQLRWSVLTSKTGPIQDHTGDGNFIYSQAD
ENQKGKVARLVSPVVYSQSSAHCMTFWYHMSGSHVGTLRVKLRYQKPEEYDQLVWMVVGHQGDH
WKEGRVLLHKSLKLYQVIFEGEIGKGNLGGIAVDDISINNHISQEDCAKPTDLDKKNTEIKIDETGSTPGY
EGEGEGDKNISRKPGNVLKTLTSDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVS
HEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIE
KTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDG
SFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHY TQKSLSLSPGKGGHHHHHH

Appendix 5: Amino acids sequence of expressed Nrpl protein.
CuB 1 CUB2 FSISNYREION FS/BHYPEIC2IMAM Human Fc Ig G1 6X His
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Appendix 6 : Strategy of the beads approach.
Heparin immobilized beads are first incubated with EDC/NHS resulting in the activation of the polysaccharide
carboxylic groups (I). After washing to remove ex- cess of cross-linking reagents (11), Heparin-beads are
incubated with the protein of interest that will interact with the heparin chain at the level of a defined
oligosaccharide motif. This interaction causes contacts between amine-bearing amino acids of the protein (pale
grey arrow- heads) and activated carboxyl groups of the heparin, resulting in the formation of covalent linkages
(111). After washing to remove unbound protein, beads are submitted to proteolysis. Protein fragments released
are cleared away by extensive washing (IV), while those remaining trapped on the heparin, i.e. containing the
heparin binding site, can be identified by solid phase N-ter protein sequencing performed directly on the beads
(V) (from Vivés et al. 2004%).
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Appendix 7: Sulfo-NHS plus EDC (carbodiimide) crosslinking reaction scheme.
Carboxyl-to-amine crosslinking using the carbodiimide EDC and Sulfo-NHS. Addition of NHS or Sulfo-NHS to
EDC reactions (bottom-most pathway) increases efficiency and enables molecule (1) to be activated for storage

and later use.

Stable Conjugate
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Appendix 8: Examples of elution profile in Ni-NTA and SP-sepharose of cell surface-associated protein
and culture medium of all mutants.
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Version francaise

Caracteérisation de I’interaction semaphorine 3A-chondroitine sulfate dans le systéme
nerveux central

Résumé

Les réseaux périneuronaux (PNN) sont des régulateurs clé de la plasticité et de la
régénération des neurones au niveau du systeme nerveux central chez 1’adulte. Le PNN est
une matrice extracellulaire hautement organisée, qui entoure des populations spécifiques de
neurones, enrichie en protéoglycanes a chondroitine sulfate (CSPG). La chondroitine sulfate
(CS) est un polysaccharide linéaire, appartenant a la famille des glycosaminoglycanes (GAG),
qui peut étre sulfaté a différentes positions et donner lieu a plusieurs isoformes. Ces isoformes
interagissent de maniere spécifique avec de nombreuses molécules de signalisation dont la
semaphorine 3A (Sema3A). Sema3A est une protéine secrétée, qui interagit avec les CS et
s’accumule ainsi dans les PNN. Elle est impliquée dans la guidance des neurones sur lesquels
elle agit par chimio-répulsion. Les aspects structuraux et fonctionnels de 1’interaction entre
Sema3A et CS sont encore mal connus, mais celle-ci pourrait étre requise pour renforcer la
liaison de la Sema3A avec ses récepteurs et déclencher une voie de signalisation qui aboutit a
I’inhibition de la plasticit¢é synaptique. Le but du projet est donc de -caractériser
biochimiquement I’interface d’interaction Sema3A-CS. Il a pour perspective d’élaborer des
molécules interférant avec cette interaction qui pourraient permettre une amélioration de la

plasticité neuronale aprés une maladie neurodégénérative ou une lésion de la moelle épiniére.

Pour ce faire, la Sema3A est exprimée dans un systéme hétérologue de cellules
eucaryotes pour étre purifiée. Deux formes ont été purifiées : une forme entiére de 90 kDa qui
reste accrochée a la surface cellulaire et une forme clivée de 65 kDa secrétée dans le milieu de
culture. La Sema3A-90 interagit d’une maniére sélective et avec une trés haute affinité avec la
CS-E (chondroitine disulfatée en position 4 et 6) et I’héparane sulfate, alors que, la forme
clivée n’interagit avec aucun GAG, comme observé par résonance plasmonique de surface
(SPR). Quatre sites, situés dans le domaine C-terminal de la protéine, susceptibles d’interagir
avec les GAG ont été identifiés et analysés par mutagenéese. Deux d’entre eux sont impliqués
dans la reconnaissance des GAG et sont nécessaires a la Sema3A pour inhiber la croissance
de neurites sur des cultures de neurones issus de ganglion de la racine dorsale de cerveaux de
rats. En paralléle, nos travaux montrent qu’un tetrasaccharide de CS-E est la taille minimale

requise pour l’interaction avec la Sema 3A. Enfin, des analyses réalisées en utilisant une
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microbalance a cristal de quartz avec dissipation ont montré que la Sema3A pourrait réticuler

les chaines de GAG, participant ainsi a la stabilisation du réseau périneuronal.

Introduction
La matrice extracellulaire du systeme nerveux central et les réseaux périneuronaux

La matrice extracellulaire (ECM) est le ciment qui connecte les cellules entre elles afin
de former un tissu. Elle est composée de nombreuses molécules secrétées par les cellules
environnantes. En plus de son role structural, I’ECM est impliquée dans plusieurs processus
physiologiques et pathologiques pendant le développement et chez I’adulte. L’ECM du
systéeme nerveux central (SNC) est unique par sa composition. En effet, contrairement aux
autres ECM, celle du SNC contient plus de protéoglycanes (PG) que de protéines fibreuses.

D’ailleurs le ratio glycosaminoglycanes (GAG): collagéne est de 10 :1.

Les principaux composants de la matrice du SNC
1. Acide hyaluronique (HA)

HA est un polysaccharide linéaire composé d’une répétition de I’unité disaccharidique
acide glucuronique (GlcA) and N-acetylglucosamine (GIcNAc) [-B(1,4)-GlcA-B(1,3)-
GIcNAc-],. HA constitue le squelette de PECM sur lequel toutes les autres molécules
s’assemblent.

2. Protéoglycanes (PG)

Les PG sont les composants clés la matrice neuronale. Un PG est constitu¢ d’un core
protéique et une ou plusieurs chaines de GAG attachées d’une maniére covalente. Ces chaines
de GAG sont souvent de nature héparane sulfate (HS) et/ou chondroitine sulfate (CS) et
donnant lieu a des HSPG (e.g syndecan) ou des CSPG (e.g lecticans), respectivement. Les
CSPG sont plus abondants dans le SNC. Les PG sont impliqués dans la régulation de
nombreux processus physiologique pendant le développement et chez I’adulte telle que la
croissance des neurites.

3. Tenascine-CetR

Les tenascines (TN) sont une famille de cing glycoprotéines dont TN-C et TN-R qui

sont exprimés dans le SNC. Elles sont impliquées dans les processus de chimio-attraction et

chimio-répulsion.

4. Proteine de liaison des hyaluronanes et des protéoglycanes (HAPLN)
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Les HAPLN est une famille de quatre membres (HAPLN 1-4). Ces protéines sont
surtout impliquées dans la stabilisation de I’interaction entre HA et CSPG, comme leur nom

I’indique.

Les types de matrices dans le SNC

La matrice du SNC est organisée sur plusieurs niveaux (Figure 11) i) la membrane
basale qui entoure les vaisseaux sanguins et toute la surface piale du SNC ; ii) la matrice
interstitielle  (matrice classique) composée de molécules remplissant 1’espace
intercellulaire et elle peut étre solubilisée facilement avec NaCl 150 mM; iii) les réseaux
perineuronaux (PNN) qui est une matrice hautement organisée et condensée, qui a pour role
principal « la régulation de la plasticité neuronale ». Les PNN sont solubilisés seulement avec
une combinaison de NaCl 1 M, tritionX-100 0.5% et urée 6 M. Nous nous intéressons aux
PNN.

Les réseaux périneuronaux

Les PNN ont été découverts par Camillo Golgi en 1882 bien avant la découverte de
I’appareil de Golgi. Ils sont souvent visualisés grace a une agglutinine extraite de la plante
Wisteria floribunda (WFA) qui a une affinité pour les CS enrichie dans les PNN. Les PNN
sont composés de HA, de CSPG (aggrecan, versican, neurocan et brevican), TN-R et HAPLN
(Figure 13). Ces différents constituants sont secrétés soit par les neurones ou/et les cellules
gliales. Les PNN sont spécifiques a des populations particuliéres de neurones qui sont souvent
les neurones a parvalbumine (neurones PV) inhibiteurs. lls sont exprimés dans des régions
telles que le cortex, les amygdales, hippocampe, le cervelet et la moelle épiniére®.
L’apparition des PNN coincident avec la fin de la période critique qui a lieu pendant les
derniers stades du développement du SNC. Cette derniére est la période de maturation
pendant laquelle le cerveau est trés sensible aux stimuli de I’environnement, donc
I’apprentissage. A la fin de la période critique, aprés 1’établissement des connexions entre
neurones, les PNN entourent les neurones sous forme de nid d’abeilles stabilisant ainsi les

connexions mises en place.

La structure des PNN hautement organisée est certainement congue pour accomplir
des fonctions bien spécifiques. Les PNN sont surtout connus pour leurs dans la régulation de
la plasticité neuronale dans le SNC mature. La perturbation des PNN par chondroitinase ABC
(ChABC) restore la plasticité neuronale, montrant ainsi I’importance des PNN dans la
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plasticité. Trois mécanismes sur la régulation de la plasticité par les PNN ont été proposeés :
les PNN i) agissent comme une barriere physique inhibant la formation de nouvelles
synapses ; ii) restreint la mobilité latérale des récepteurs du glutamate (un neurotransmetteur
excitateur) AMPA (acide alpha-amino-3-hydroxy-5méthyl1-4-isoxazolepropionique) et iii)
retiennent les molécules de signalisation inhibitrices telles que la semaphorine 3A (Sema3A)
via les chaines CS des PG, par exemple.

Les chondroitine sulfates du systéeme nerveux central

Les chondroitine sulfates (CS) appartiennent a la famille des GAG. Les GAG sont des
polysaccharides linéaires composés d’une répétions d’unités disaccharidiques qui peuvent
subir des modifications telles que la sulfatation et I’épimerisation. Les GAG sont organisés
en cing familles distinctes : acide hyaluronique, héparane sulfate/héparine, kératane sulfate et
chondroitine sulfate. L’unité disaccharidique du CS est composée de [ (1,4) acide
glucuronique (GIcA)-B (1,3) N-acetylgalactosamine (GalNAc) qui peut étre sulfatée a
différentes positions et épimerisée en carbone C5 de GIcA. Cela donne lieu a différents
isoformes et les plus communs sont présentés dans la Figure 27. Les CS constituent le GAG
sulfaté le plus abondant dans I’ECM du SNC, notamment les PNN™. Son expression et sa
sulfatation varie en fonction du temps et de 1’espace. Ce qui permet aux CS d’interagir avec
une large gamme de protéines de signalisation dont la Sema3A, requises pour chaque

condition.

La semaphorine 3A

La semaphorine 3A (Sema3A) est une protéine de guidance axonale par chimio-répulsion
appartenant a la classe 3 de la grande famille des semaphorines. La signalisation de la
Sema3A se fait via son recepteur plexinAl (PIxnAl) et son corécepteur neuropilinel (Nrpl).
Sema3A est un homodimere covalent grace a un pont disulfure situé dans sa région C-ter. Le
monomere est de 90 kDa, composé d’un domaine Sema (qui peut se dimériser d’une maniere
non-covalente avec un autre domaine Sema) en N-ter suivi d’un domaine PSI, Ig-like et d’un
domaine C-ter basique. Sema3A contient deux sites de clivage pour la furine, une protéase
ubiquitaire. Le premier site est situé au niveau du PSI domaine et le deuxiéme site est situé au
niveau du domaine C-ter basique. Le clivage au niveau du premier site a pour conséguence un
fragment N-ter de 65 kDa (Figure 38).
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Le but du projet

La Sema3A s’accumule au niveau des PNN par son interaction avec la CS, contribuant
ainsi a la régulation de la plasticité neuronale. En effet, la digestion de la CS des PNN par une
enzyme specifique (ChABC) entraine la suppression de la Sema3A. Dans ce contexte, le but
du projet consiste d’une part a caractériser 1’interaction entre la Sema3A et la CS : caractériser
le site d’interaction de la Sema 3A avec les CS et vice versa ; et d’autre part comprendre le
role de cette interaction : effet de la Sema sur les GAG et vice versa. Tout cela permettrait de
développer des stratégies dans le but d’inhiber cette interaction et améliorer la plasticité et la

régénération des neurones, notamment aprés une lésion de la moelle épiniere.

Résultats et discussion

Semaphorine 3A

Expression et purification de la Sema3A

La Sema3A a été clonée dans un vecteur d’expression en cellules de mammiféres, qui
contient une étiquette poly-His au niveau de son N-ter, pour étre ensuite surexprimée dans des
cellules HEK293-E. Deux formes de Sema3A ont été obtenues (Figure 44.C). Une forme de
90 kDa qui reste accrochée a la surface cellulaire et une forme 65 kDa secrétée dans le milieu
de culture. Sema3A-90, qui constitue la forme entiere de la protéine, reste accrochée a la
surface cellulaire en interagissant via son C-ter basique avec les GAG de la surface des HEK.
Cette forme est décrochée par du PBS contenant 1 M NaCl pour étre purifiée par la suite. La
forme 65 correspond au N-ter de la Sema3A clivée par la furine au niveau du premier site du
clivage. Cette forme ne contient pas les domaines C-ter qui pourront interagir avec les charges
négatives des GAG. Ce qui explique son relargage dans le milieu de culture. Ces deux formes
ont subi deux étapes de purification (Figure 46). La premiere étape consiste en purification
sur une colonne d’affinité Ni-NTA, puisque la protéine contient une étiquette poly-His. La
deuxiéme étape consiste en chromatographie échangeuse de cations (SP-sépharose) pour
séparer les deux formes. La Sema3A-90 est éluée avec 700 mM de NaCl, alors que la
Sema3A-65 ne s’accroche pas a la colonne. Ces résultats de purification constituent une
premiére indication sur I’importance du C-ter de la Sema3A dans I’interaction avec les GAG

de la surface cellulaire des HEK et avec les charges négatives de 1’échangeuse de cations.
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Identification des sites d’interaction avec la CS sur la Sema3A

Dans le but d’identifier de potentiels sites d’interaction avec les GAG sur la Sema3A,
nous avons d’abord analysé la séquence primaire d’a.a de la Sema3A. Nous avons identifié
quatre sites potentiels, riches en acides aminés basiques: KRRTRR [résidus: 530-535],
RRNEDRK [résidus: 593-599], KRDRKQRRQR [résidus: 708-717] et KKGRNRR [résidus:
735-741] localisés au niveau du domaine PSI, Ig-like et la queue C-ter basique,
respectivement (Figure 47.A). Ce genre de séquences est souvent retrouve dans les sites
d’interaction des protéines avec les GAG. Pour confirmer leur interaction avec les GAG, nous
avons utilisé une méthode basée sur des billes liées d’une manicre covalente a I’héparine.
Nous avons analysée I’interaction de la Sema3A et 1’héparine. Les résultats montrent que
deux des sites identifiés par 1’analyse de la séquence primaire (les deux localisées au niveau

de la queue C-ter) interagissent avec 1’héparine (Figure 47.B).

Puisque le but était de trouver les sites interagissant avec la CS, nous avons mutés
individuellement les quatre sites potentiels par mutagenese dirigée. Quatre mutants appelés,
Mut 1, Mut 2, Mut 3 et Mut 4, respectivement, sont obtenus (Figure 49). Mut 1 et Mut 2,
comme le WT, sont purifiés a partir de la surface cellulaire. Alors que, Mut 3 et Mut 4 sont
purifiés a partir du milieu de culture. Ces résultats de purification indiquent 1I’importance de

ces deux sites mutés (3 et 4) pour rester accroché aux GAG de la surface cellulaire.

Analyse de I’interaction Sema3A WT et ses mutants — chondroitine sulfate en SPR

Nous avons analysé I’interaction de la Sema3A purifiée (Sema3A-65 et Sema3A-90)
avec les chaines de CS enrichie d’unités disulfatés (CS-D et CS-E) en SPR. La Sema3A-90
interagit avec la CS-E avec une trés haute affinité de I’ordre du pM. Par contre, elle
n’interagit pas avec la CS-D (Figure 52 A et B). Cela indique que l’interaction de la
Sema3A-90 avec la CS serait dépendante de la sulfatation. La Sema3A-65 n’interagit avec
aucune CS (Figure 55). Cela confirme 1’importance du domaine C-ter dans 1’interaction avec
les CS.

Nous avons également analysé I’interaction des mutants (Mut 1, Mut 2, Mut 3 et Mut
4) avec la CS-E en SPR (Figure 56). Les resultats obtenus montrent que Mut 1 et Mut 2
interagissent fortement avec la CS-E, comme ce qui a été vu avec le WT. Alors que, le Mut 3
et le Mut 4 ne présentent aucune interaction avec la CS-E dans la gamme de concentrations

analysées. Cela confirme que les sites 3 et 4 mutés sont tous les deux sites importants pour
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interagir avec la CS-E. Les sites d’interaction de la Sema3A avec la CS-E sont ainsi
identifiés.

Analyse de I’interaction Sema3A- oligosaccharides de la chondroitine sulfate-E en SPR
Nous avons analysé en SPR I’interaction de la Sema 3A et des oligosaccharides de
CS-E de différentes tailles : disaccharide, tetrasaccharide et hexasaccharide (Figure 57). La
Sema3A n’interagit pas avec le disaccharide. Cependant, elle interagit avec une trés haute
affinité, du méme ordre qu’une longue chaine, avec le tetra- et le hexasaccharide. Ces
résultats montrent que le tetrasaccharide CS-E est suffisant pour interagir avec la Sema3A et

c’est le motif minimal requis pour cette interaction.

Analyse de ’interaction Sema3A WT et mutants — chondroitine sulfate en QCM-D

Nous avons analysé I’interaction de la Sema3A et la CS-E en QCM-D (Figure 61). Le
QCM-D est une technique qui permet de mesurer I’interaction entre deux molécules, comme
en SPR. En plus, il peut mesurer 1’épaisseur des films et suggérer un effet de réticulation des
chaines de GAG par la Sema3A. Le QCM-D mesure deux parameétres : la fréquence et la
dissipation. La fréquence nous renseigne sur une eventuelle interaction entre les deux
molécules. La dissipation nous renseigne sur I’épaisseur du film. L’addition de la Sema3A sur
le film de CS entraine une diminution de 1’épaisseur (diminution de la dissipation). Cette
diminution pourrait étre due a un effet de réticulation des chaines de CS par la Sema3A. Par
conséquent, la Sema3A pourrait interagir avec différentes chaines de CS-E et entrainer ainsi
leur réticulation. La Sema3A participerait ainsi a la stabilisation du PNN.

Effet de la Sema3A et ses mutants sur la croissance des neurites de neurones du ganglion
de la racine dorsale

La Sema 3A est connue pour son effet inhibiteur sur la croissance des neurites de
neurones du ganglion de la racine dorsale (DRG) en culture. Dans le but de savoir si
I’interaction de la Sema3A avec les GAG est importante pour son activité, Nous avons traité
des neurones de DRG avec la Sema3A WT et les mutants (Figure 62). Ensuite, nous avons
quantifié le nombre de neurones possédant des neurites. Les résultats obtenus montrent que le
Mut 1 et le Mut 2 présentent le méme effet (une forte inhibition) que le WT. Alors que, le
Mut 3 et le Mut 4 présentent un effet d’inhibition moins important que le WT. Cela indique

que les séquences 3 et 4 mutées, requises pour I’interaction avec la CS-E, sont requises pour
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une activité importante de la Sema3A (I’inhibition). Cela suggére que ’interaction de la

Sema3A avec les GAG pourrait renforcer 1’activité de la Sema 3A.

Chondroitine sulfates du cerveau de rat

Nous avons extrait des CS des différents compartiments de I’ECM, dont les PNN, du
cerveau de rat adulte. Nous avons analysé leur composition disaccharidique en RPIP-HPLC
(Figure 65). Les résultats obtenues révélent un pattern de sulfatation différent d’un
compartiment a un autre. Les PNN ont donc une sulfatation propre a eux, ce qui leur confére

une interaction spécifique avec les molécules de signalisation.

Conclusion et perspectives

En conclusion, la forme entiere de la Sema3A a été purifiée pour la premiére fois sans
avoir recours a la mutation des sites de clivage de la furine. Nous avons par la suite
caractéris¢ d’une part les sites d’interaction des CS sur la Sema3A. Et d’autre part, le motif
d’interaction de la Sema3A sur la CS-E. Nous avons également mis en évidence les réles
potentiels de cette interaction Sema3A-CS qui peuvent étre potentiellement I’effet de
réticulation de la Sema3A sur les chaines de CS, participant ainsi a la stabilisation du PNN.
Le second role pourrait consister dans ’effet des CS sur 1’augmentation de 1’activité de la
Sema3A. En perspective, il serait intéressant d’analyser de plus pres le role physiologique de
cette interaction Sema3A-CS. Par ailleurs, chercher des inhibiteurs de cette interaction serait

d’un tres grand intérét sur I’amélioration de la plasticité et la régénération des neurones.
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