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INHERITED PERIPHERAL NEUR\Qﬁ@ATHIES

\\ ﬁv
{\\,
N

&
=

&
Group of hereditay diseases affg@ting the peripheral nervous system
0
- Charcot-Marie-Tooth dlseasgﬂfmotor and sensory)

- Pure motor forms (« splnaﬁ) CMT or dCMT)
- Pure sensitive forms (I-LS‘N HSAN)

5\@

S
ﬁarcot-Magjé’fTooth disease \
&

o
One of thgﬁ%ost most common inherited neurological
dlsord%&':> prevalence: 1/2500

<
- @'fProgressive distal muscular weakness and

(,9"'(1' atrophy beginning at the lower limbs and slowly
progressing to the upper limbs

-  Feet and hand deformations

- cramps
- scoliosis

- variable loss of sensitivity ¥
- hypo- or areflexia ©q$>

P
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Charcot-Marie-Tooth disegas‘&é@

Genetic Heterogeneity: 10(2%@@enes described to date 1
1 2 3 . 6@0‘ 6 7 8 10

PLEKHGS [ AR dHMN 1SPG ARHGEF10 hduood NCV
1
N VNEFL[ |ICMT2E 9

DHTKD1 CMT2Q

FiGé CMT4)
CMT4C o

dHMN 1I-CMT2L
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MECANISMES PHYSIOPATHOLOGIQU@\ES@\COMPLEXES

IFN2 Intracellular trafficking
PRX Cvtogﬁeleton SIMPLE DNM2

FBLNS @Q SH3TC2 NDRG1

DRP2 /\05@ v MTMR2 FIG4

Feba FGD4 ARHGEF10 @
ﬁEIAPl;dﬂllmo_chgn.dL% o3 (@6‘

& Myelin 8
SUSPL ' y MRZ &
& :

. XY
«8BR2 MRNA mﬂmml . Schwann cell Qro&
gz CTDPJmaturatlon s <@
< , ¥
(b% 1 (\®
e\ S i chx\(’
1
ellﬂltochondrla ' S
S MFN2 &
w @
e GDAP1 <o°
& DHTKD1 .
N AIFMt A N\ T
v PDK3
CHCHD1
0
Nuclear structure L @Q‘
LMNA IGHMBP2 Axonal transport °
AARS DNMT1 HSPB1 %be’
YARS SETX ATL1 DNM?2 NEFL o . x .
RARS PLEKHGS ATL3 N DYNC@Q Synaptg:CtTrS?sm sion
HINT1 VRK1 SIGMAR1 WNK1 TUBR® €| Ocn7
PRDM12 BSCL2 NTRK1 KIREFA
ver NGF-B &rt@FSA Figure de Nathalie Bernard-Marissal
v
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Neurolagy

departent Anatomo-

Reverence pathology
Centers
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OBJECTIFS &

X
Q)@G‘,
© 1
&
Q

- Better understand th@@éenetlc bases of Inherited Peripheral Neuropathies to
improve dlagn05|s
é

Kb\ ¥

vl \6‘
% >
N &
> \\®

- Undgr’stand the pathomechanisms underlying those diseases by stuﬁylng the
rol,e ‘of the defective proteins in the Peripheral Nervous System @ﬁd discover

@‘few actors of the PNS @9'/\
~© &
v 2
& &
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ETUDES GENETIQUES &

\.

Identification de nouveaux genes gmtes dans les IPNs/CMT q \J)

: ﬁf = %ﬂ%‘?@%ﬁ%ﬁﬁ

- Large consangum@%s families with peripheral nerve diseases
- Autosomal receaéive transmission
- Collaboratlon@’etwork with geneticists from the Mediterranean area and the Middle East

Q-
AN
&

o
A

Methodolgéy

o Ta(,geted sequencing
S, WGS sequencing of trios, quattors..
q/@qidentlty by Descent analysis of WES and WGS for SNV
(19("0 WGS-based linkage analysis combined with variant analysis of WGS
data
o CNV detection on WES, WGS data or by using BioNano Genomics
o Study of the genetic “burden”

Objectives @
o Contribute to improve diagnosis strategies §Q’
o ldentify new players in muscle and peripheral nerves e}o
o Study the underlying pathomechanisms (@e@
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ANALYSES FONCTIONNELLES/EI&UDE DES MECANISMES

Quels modeéles?

00
&

Modeles animaux

S
&
2
R
o
Q
&
&
&
Q(‘\w . . . QJQ\A
N Modeéles in vitro &
& y <0
@qg)@ Cellules de patients Modeéles cellulaires
R m ummm dériyes de modéles animaux

| -

Lignées lymphoblastoides

Fibroblastes

>
Neurones moteurs¥

ou sensitifs dég‘;’gs d’hiPSC +/-

coculture a;{é‘% des myoblasts

SC/DRG cocultures
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LEBANESE FAMILY &

* Non consanguineous Leba»‘hese family
&@

*  Two affected sibs &
* Refered to me as afjected with dHMN+ Upper motor Neuron disease signs

a\@;
*  Onset: second d@fade .@G‘b
X
*  Slowly progrebss?ive | @\Q&
&0\}? Q’b&
& Clinical examination ,Q,@‘Z’
S
| Q@ * Motor deficit of the four |II'T£& with distal
o&;@ . A predominance @Q
6\@5 * Muscle atrophy of ha\gﬁs and legs
©‘§’® ' * Proprioception ar’kd?wbratlon sensation
(9’9 deficit dlstally bﬁaterally
. Hyperrefle@ﬁ throughout
I . Babmslq@gns bilaterally
1 2 3 4

. Norm‘al cranial nerves

Elegfrophvswlogv
SU

6"5& EMG: axonal peripheral neuropathy,

r]/@q’ motor predominant
K
F
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GENETIC ANALYSES R
Variant segregation and 1‘Qi,$f®ering

PR
~o°® | O ‘
1

After alignment to the huma!;ef\enome (hgl9) , we found: 2
20911 SNPsvn patient 1.2
21438 SNP€'In her brother I1.3
o X9
\0
: 5
&o\ 1 2 ,,\\Q’:P 4
< &
Quipsomal re%;(:@ssive transmission ‘ « Compound »heterozygous mutatigns
No Consanguinity shared by the 2 patients &
(@Q"b éob\‘t
©‘f:°® VarAFT: Variant Annotation and Filter Tool. Lp?i'\ouse software tool
¥ déveloped by Christoph o Gl
S éveloped by Christophe Beroud’s team\%@ 1251, MMG)
&

Coverage Analysis

\ Documentation

‘Analysis & Filter Tool

Version 2.13-1 (2018-0502)  Developed by Desvignes JP

S
9
Desvignes et al. 2018. VarAFT: a V@fﬁ)ant annotation and filtration
system for human next genera{fﬁ?n sequencing data. Nucleic Acids
Res doi: 10.1093/nar/gky47;&’-ﬁ5pub ahead of print]
'00

0&0
https://va raft.eu/dowa&&oad.php
@

@fb

q,
9/
(19
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https://www.ncbi.nlm.nih.gov/pubmed/?term=varaft
https://varaft.eu/download.php

Identification of mutationsd#h VRK1
VRK1 (NM_003384) : c.656G>T (@Qﬁrgmmle) et c.761G>T (p.Trp254Leu) ~

-

R\
)
N

Q
X

WT/p.Trp254Leu

3

S
WT/p. ArngQI@ \
\e

P

%
O
1 oe’ 3 4
WTQNQI' p.Arg219lle p.Arg219lle WT/p.Arg219lle
q?’@ /p.Trp254Leu  /p.Trp254Leu
©
N

%

¢.656G>T variation (p.Arg219lle)
Affected patient (heterozygous)

Pro Lys Arg/lle Cys His
CCC AAAANATGT CAC

€.656G>T

Mansi o
Control
Pro Lys Arg Cys His

CCCAAA AGATGT CAC

€.761G>T variation (p.Trp254Leu)
Affected patient (heterozygous)
lle GInTrp/Leuleu Thr

ATCCAATNG CTT ACT

Control @
lle GIn Trp. t(é\u Thr
ATC CAAT@CG CTT ACT

/

k;’:

Homo sapiens
Bos taurus

Mus musculus
Rattus norvegicus 214
213 KEDPKRCHDGTIEYTSIDAHKGVAPSRRGDLEILGYCMVHWLSGHLPW--EDNLKDPNFVRDSKIRCRDN----------

Gallus gallus
215 KEDPKRCHDGTIEFTSIDAHKGVSPSRRADLEIMGYCMIQWLCSRLPW--EDKLQDPLYVRDSKLRCRDN----------50282

Danio rerio

€.656G>T (p.Arg219lle)

214 KEDPKRCHDGTIEFTSIDAHNGVAPSRRGDLEILGYCMIQWLTGHLPW--EDNLKDPKYVRDSKIRYREN---------- 281

214 KEDPKRCHDGTVEFTSIDAHNGVAPSRRGDLEILGYCMIQWLSGHLPW--EDNLKDPNYVRDSKIRYREN---------- 281 6@

214 KEDPKRCHDGTLEFTSIDAHKGVAPSRRGDLEILGYCMIQWLSGCLPW--EDNLKDPNYVRDSKIRYRDN--- --- 281 ¢
KEDPKRCHDGTLEFTSIDAHNGVAPSRRGDLEILGYCMIQWLSGCLPW--EDNLKDPNYVRQSKIRYRDN-----—-=-— 2 be

€.761G>T (p.Trp254Leu)

21/01/2022

Xenopus tropicalis 214 KEDPRKCHNGTIEFTSIDAHKGVSPSRRGDLEILGYCMIQWLCGRLPW--EDNLGDANYVTNSKIRYGDD------ @- 281
D. melanogaster 225 &~~~ HNGTIEYTSRDAHLGV-PTRRADLEILGYNLIEWLGAELPWVTQKLLAVPPKVQKAKEAFMDN-—--60---- 286
elegans 201 KPDKKRAHNGTCIFTSTDAHRGNNPSFRGDIEILAYNLMMWATGTLPWM--ALESSPEKVFDAKQKFIAG-mg¥-—-———— 268
cerevisiae 174 S =——== TGTARYASVNTHLGIEQSRRDDLESLGYVLIYFCKGSLPW—-QGLKATT!\KQKYDRIMEKK(U SVETLCSG Zy
‘D’

Marseille Medical Genetics

v Qb%?ent from frequency datasets
,b%“?gnomAD, EXAC, base locale) and

from a cohort of de 300 lebanese
v’ Predicted Pathogenic




VRK1: Vaccinia-related kir@la‘&ée 1

@
>

Fonctions cellulaires

Sérina-thréonine kinase Prolifération cellulaire
et tumorigénese

Régulation

trancsriptionnelle Régulation du cycle

cellulaire

Peu de données sur son role dans les neurones et
le SN : Knock-down de vrkl in utero dars le
cerveau d’embryons de souris =

role dans la migration neuronale , dans
prolifération des progéniteurs neuronaux et dans
le guidage axonal (Vinograd et al; 2015 et 2018)
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VRK1: Vaccinia-related kir;a‘&;‘e 1 N\«
Etudes fonctionnelles N \J)

&
) \00
?@é

«U
LModeles cellulaires issus de patients
A

Protocole de différenciation
développé par Khalil RIHAN
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EXEMPLE 1 &

&
&
& w
Novel mutations in VRK1 in a new Qfﬁ’?}m of CMT with upper motor neuron signs
rrﬂ\‘@

1. In patient’s fibroblasts: decrease of VRK1 levels in p&t@nts’ cells is due to post-translational defects and VRK1 depletion in patients’ fibroblasts leads to
reduced coilin levels by facilitating its proteasomalggyradation.
S

QO
Q '
— — \\)@ﬁ - . o -

o -
Human Molerular Genetics, 2009, Vol 28, Mo 14 FIFE-39 I o
&
doi: 10,1093/ hmgidd=nsn @
Advance Acoess Publication Date: 7 April 2019 &
General Article
\&
= &
?gfbﬁ GENERAL ARTICLE ;\\OQ I-
O
S

& " Loss of Cajal bodies in motor neurons from patients &
@

Q" 3independent experiments
N X o .

o> Plockadeoithet writh novel mutations in VRK1 F

.0\ ’ - =
2. 1nBatients’ hiPSC-derived Motor L ara El-Bazzal', Khalil Rihan?, Nathalie Bernard-Marissal', Christe} Castro?, 3C-derived®iS:

Contro 4
Contro 5
Patien, 2
Contro) 1
Controp 57
Patiens I3

//‘I
iy

%

MW kp,

}
s
H

VRK1/ GAPDH
o
o

Q(I,’D@he nucleus lead to disassembly < Fliane Chouery-Khoury?, Jean-Pierre Desvignes!, Alexandre Ati#hson’, »
: . : . ent’s motor
P Mot s : Karine Bertaux?, Salam Koussa?, Nicolas Lévy®, Marc Bartql', signs. These
i André Mégarbané®’ Rosette Jabbour® and Valérie Delag%@ﬂ‘ o 1gth
5. o %: = 2|2 Odependent axonopathy affecting both lower
- Qe 2% 3 § H » and upper motor neurons in patients.
P Pz 8 §
£ = ;
60 g 0\‘0 o 25
e % == Patient 112 8 ,ob £ =201 <
3 2 a0 mm Control w' =g S 28 g
3 2 g S £ g151 ez
T M P2 0 .\_0-5 3‘0@5‘01 1.09 q—\‘,\;\‘,\ :{;Sc‘)e; § °‘05' g é
| G Gg‘are:‘(pm?)‘ © 0 Control 1M Patient Il.2 00 -Comro\ M Patient 112 Control 1M~ Patient I1.2
VRK1 is necessary for Cajal Bodies assembly in hiPSC-derived MNs Mgrﬂ Motor Neurons Motor Neurons Motor Neurons
3 independent experi D 3 independent experiments

14
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are 1 | an & [erns

&
I MNs 2

NI
hiPSC-derived MNs are functional and s%g;f\ain firing patterns, typical of spinal MNs

— & & & - W ___§ _ - & A =

O
1. Co-culturing human hiPSC-MNs with myoblastsQ & al | 2. Control hiPSC-MNs co-cultured with myoblasts display fou
| at hysioloc

\@
A

( &0\) . . - C
IPS-derived MN IPS-derived MN IPS derived MN + myoblasts IPS-derived MN Sustained Firing Sustained Firing Sustained Firing Voltage-dependent o
Stable Increasing Decreasing Oscillatory Firing: *
(DIV18) (DIV29) (DIV32) (DIV36) 8\\

b \\
20.
# % %,
: )
|40mv “ g
49 d ined Firi [ 34
nsient Firing Sustained Firing Sustained Firing 7omV -70mV ey 0%
|40mv | | ! 200pA L | Hph 0pA L"Qf(\ .E_.,p — |
T’ 2
72myv I Q
-72m!
&)

>

8

Flnng Frequen(y (Hz)
3
'
?
o
0
Firing Frequency (Hz)
S

w
S

©0000000000000600000

Firing Frequency (Hz)

O - N wa G

Firing Frequency (Hz)

o - N waGw
o

&
o

°
°

Single AP

g
/j
LOE

| 100pA &0 il 80pA | J 40pA L J 40pA 1 | \\’(’}3 |
> = S
& Q
N B 3 50, @Y
| go n=7cells g2 n=8cells F201 L% =21 cells 61 n=11cells |
40mv >8 210 > 2
£o) 4341 Zs g 2a
63mV -70mV -72mv -72mV By 26 @ .g
ML | m £ £4 210 g2
Vv A VAV o JVAAAAAAAAMAAAN AL g £3 o £ g,
© = mdggggcégagc{&moz T 3 62466012
Time (s) Time (s) Tnme (s) Current (pA)
g F L ’
Vv 1PS-derived MN 1PS-derived MN 1PS-derived MN + myoblasts  IPS-derived MN + myoblasts — . B —
(<DIV30) (>DIV30) (<DIV30) (>DIV30)
& Not Sustained Firing u Not Sustained Firing || 3.Co-cultureof control.oléPSC MNs co-cultured with mouse myoblasts
W Sustained Firing W Sustained Firing
n=13cells n=27 cells n=7 cells n=28 cells q-;
| | é
o~
100% 5 |
N
O
z
=
°
[
>
T
| 5}
&
i’ 4 - i 4 N ¢ - .
Bos, Rihan et al. 2022. Neurobiol ,19‘1’
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XS
&
06
o L
N\
3
Q>
?JQ
3
1. hiPSC-MNsfrom display similar eIectrophysio$6(g\icaI firing patterns than controls
&O
Four distinct electrophysiological signatures obtained 5b° hiPSC-MNs with myoblasts (>DIV30) hiPSC-MNs from (>DIV30)
patient 1.2 hiPSC-MN QJQK
A C e‘ﬁ Patient I1.2 Patient I1.2 Patient I1.2
e o st e I S — P — S ——
tned Fing t 9 st 9 &0 Bitage-depen P i P . » Sustained/Bursting Sustained/Bursting Firing Snxu:nmnngfmng

Neurobiology of Disease 164 (2022) 105609

Firing Frequency (Hz)

Contents lists available at ScienceDirect . .
Neurobiology
of Disease
i

3

Neurobiology of Disease

2. hiPSC-MNs fi journal homepage: www.elsevier.com/locate/ynbdi

decrease or pez

2
A pRs]
¥

=< @™ Altered action potential waveform and shorter axonal initial segment in
()

L, hiPSC-derived motor neurons with mutations in VRK1

% Q
Qq/‘lx Rémi Bos™ !, Khalil Rihan"', Patrice Quintana ”, Lara El-Bazzal °, {090
v Nathalie Bernard-Marissal °, Nathalie Da Silva ", Rosette Jabbour ©, André Mégarbané ‘é{@
Marc Bartoli b, Frédéric Brocard :"1, Valérie Delague b, 1,7 &
C D
Stable Increased Decreased Oscillatory 4 Stable Increased Decreased  Oscillatory All Cells
y B c [} s
== AT . ¥ ¢ » 1000000 L 100
SR A -
g4 r 'Qgr’ 5 &
0.5nA 2 ~CE £ 600000 2 60
Sms g 4 &s - E s
3, . -4
. ] ko] )] BN el Q,BO % 'E g
- g - £2 £z N w 2 200000 g 20
- Control (n=3) = Control (n=3) = Control (n=5) s Control (n=2) 85 S5 S5 SE SE .e, = < 2
== Patient I1.2 (n=3) e Patient I1.2 (n=3) w Patient I1.2 (n=3) - Patient I1.2 (n=6) E E !f" E 5 qg) o &= 5
@ control patient control patient control  patient
(1/ 2 n2 .2
Bos, Rihan et al. 2022. (19(1’
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Summary &
Novel mutations in VRK1 in a new fog?n of CMT with upper motor neuron signs ™ \J)

m_

R“/\o" The levels of VRK1 are decreased in patients’ cells including
G " motor neurons

MN

v)
e
(%)
A
o)
o
=
—
(15

g Coilin, a protein from the CB is not phosphorylatéd leading to
f,@ ubiquitination and degradation by the prote»a%ome as well as
(&& CB disintegration %060
Q
"’ ) COILIN Role for VRK1 in the assembly of Cajqkﬁodles in motor neruons
s S
Qé
& Signs of axonal degeneration i iPS-MNs due to the absence of
[ VRK1 &
50
2 & & AP of shorter amphtg&"é and larger duration/ Shorter AIS
s ¥
(1/
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Perspectives: development of blotheraplgs
Gene replacement therapy by intrathecal mjectlon of viral vectors in two mouse models,_
of inherited peripheral neuropathies <‘\

0
=
1. Design of gene replacement therapy ){)e‘é\tors 3. Evaluation of the therapeutic benefits in vivo
N
\\’0
ELF HMN: 06 * Intrathecal injection at 6 week-old
Delivery of VRK1 in MR
\‘)@
N AAV9-CMV-VRK1
AAV9 appr(cjach approach for VRK1-HMN 6\
‘ )

(\
A\
\ \'

% VRK1GT3/GT3 mouy model

% !
. Vingghad-Byk et al., 2018
~
> (\&
2. Evaluatiq;a of the therapeutic efficiency in vitro oc*,\\o
* Transq\détlon efficiency of the cell type of interest /
. @
3° MN derived from hiPSC * Locomotor function assesment g\@étudy of cellular defects
& AAV9-EGFP o
© At 6 and 12 months-old o2 Myelin -
© abnormalltles NMJ denervation
Qq,q’ F‘WT”‘ ) ; L
v

* Efficiency capacity to improve the cellular defects

VRK1-HMN: restoration of Cajal bodies

-
e

sciatic _s»
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Perspectives & C0
7

X
06
The MYOPHARM Project &
@Qrb
X
Q
.00(0
c}}
b\)
QO
Q)KQQ
e MYOPHARM
/—3@'\ PROGRAM ORGANIZATION N
¢ @
&° O
Clinical data &6\\6& Natural history Animal models Pharmacological data \oef}
Pa\
| < | | @
o\ N
e - r@%
Obsenditional | %(\0
Stdy High-throughg
& molecular@en
§etple collect ©
N ‘ &
®§0 o\*)\,@
& ) S
o

" " 2 ‘ "
Biological resources be’\ Biological data
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@.

The MYOPHARM Project
Novel mutations in VRK1 in a new f%@’n of CMT with upper motor neuron signs ™ \J)

<%
©
<

Q
O

00
e Use the molecular and ele‘ctrophysmloglcal defects already identified to define
the readouts to use in theo‘hlgh throughput screen (HTS)

(40% KS\@'
o N4
e Study these pargﬁeters in iPS-MN from the two other patients &
c? &Q}\Q
* Define com?non readouts for the three different patients (with different mutgeti”ons)
\fb o
e &
. Idemﬁfy other readouts using transcriptomics and proteom|cs/phosphogfoteom|cs study
6‘@30 /\0‘&
*o ﬂ% Miniaturize » the processes to adapt to the conditions requwedjﬁr the HTS
(19(1/ \0%

e Use Multielectrode arrays to study electrphysiological propgﬁles of iPSC-MNs
(also keeping in mind that we will need to adapt and « mm;{gtunze » for HTS)
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. . 3 .
Patients and families & O, | Marselle
R Medical
38 .
<9 Genetics
NEUROMYOLOGIE & Nd
Y ’{.’ TRANSLATIONNELLI‘EQ?QGQ 6@‘6
<
* Lebanese American Unlvgef‘sny
Dr André Mégabané eq'b&
"e@
* Institut des neug@@ciences de la
. S
Timone &
e,\
S wr i P RémiBos <&
,?’ T fer Frederlc %card
- Meoas Yo il 7 - : :

* Saint George Hospital, University Megdeal Center-
University of Balamand, Beirut, Legé*non

* Khalil Rihan Dr Rosette Jabbour N

<
Christel Castro cm
b

Marc Bartoli Ma%giﬂathrop
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CONCLUSION &

X
Q)e'6
@ Ny
be
(%]

P

q/‘lz

* We have |dent|f|%d novel mutations in VRK1 in a new form of CMT with upper &
motor neuron;ﬁgns ,f

* The levels gsfb\/RKl are decreased in patients’ cells including motor neuroﬁs
. Addltloaﬁﬁaly, VRK1, a nuclear kinase is mislocalized to the cystoplasm&

. C0|I|ga, a protein from the CB is not phosphorylated leading to ublqatiltmatlon
a@ﬁdegradatlon by the proteasome, as well as CB dlsmtegratl

“FAbsence of CB in motor neurons is likely to lead to aItered@g@anscrlptlon and
splicing &

* These findings suggest the existence of converging pg;;hogemc mechanisms in
our disease, SMA and ALS, with aIteratlon/depIetlgﬁ ‘of CBs as a hallmark
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