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Clinical indications and medical needs
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Barak et al., Nature Neuroscience, 2019



What is the genetics of WS?

7q11.23

Chromosome 7

2 Mb inversion polymorphism

Common Larger 1.83 Mb deletion

rearrangement )
Classic 1.55 Mb deletion
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Structural protein affecting connective tissue mechanics

Features in individuals

with Williams syndrome

* Stenosis of large and
medium arteries,
especially aorta and
l)llll"()n(ll)’ ar l(,‘Yy

* Hypertension and arterial
stiffness

* Mechanical changes to
lungs and skin, resulting

Features of Eln-mutant mouse models
* Eln*”" (~50% usual elastin),
Eln’;ELN" (~30% usual elastin)
Increased elastic lamellar number
and wall thickness
Elevated BP, altered vessel mechanics
No hourglass stenosis
* Eln” (no elastin),
SM22aCre; Eln"> (incomplete aorta internal
elastic lamina, outer media elastin clusters)

GTF2l and GTF2IRD1

Transcription factors

Features in individuals

with Williams syndrome

* Intellectual disability

* Increased social approach
to familiar people

* Indiscriminate social
approach to strangers

* Difficulties with social
pragmatics

es of Gtf2i-deletion
mouse models
yonic deficits in
idevelopment
ination deficits
ased calcium entry to neurons
* Increased axonal outgrowth
* Increased social interaction
* Increased anxiety-like behaviour
* Impaired object recognition

1]

NSUNS5
TRIM50
FKBP6

TBL2 STXIA
BCL7B ABHD11
BAZ1B
FZD9 ABHD11-AS1

METTL27 MIR590
CLDN4 EIF4H
CLDN3

Classic 1.55-1.83 Mb deletion
Includes GTF2I

Includes GTF2l and GTF2IRD1
Spares GTF2I

Spares GTF2l and GTF2IRD1

Variably deleted
protein-coding gene

Commonly deleted
protein-coding gene

Repetitive

blocks

Low-copy
repeat

GTF2I
NCF1

Flanking

gene

GTF2IRD2

ID and WS social behaviours

1D

ID and WS social behaviours
No ID but WS social behaviours

No ID or WS social behaviours

Non-coding Atypical
RNA deletion

Chromatin remodelling

Neural crest development
* Craniofacial structure

* Enteric nervous system

Actin polymerization
Cytoskeletal remodelling

* Visuospatial processing

* Visuospatial construction
* Long-term memory

Exocytosis
Neurotransmitter release
and insulin secretion

* Diabetes mellitus

* ADHD and/or ASD

MLXIPL

Transcription factor (ChREBP)
Metabolic homeostasis

* Insulin sensitivity

* Lipid regulation

Studied the neuronal functions of Gtf2i
by deleting it from excitatory neurons in the mouse brain

Kozel et al., Nature Reviews Disease Primers, 2021




What are the behavioral outcomes?

Pair dyadic Social preference Tube test Open field Zero maze
Interaction time Duration Wins Total distance Time in open arms
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What are the transcriptional outcomes?

Significantly downregulated genes | |
1 month-old cKO cortex Relative expression
_____  E—

Gene ID Gene description Row min Row max

DIk1 Protein delta homolog 1
Neurodb Neurogenic differentiation factor 6

Myl4 Myosin light chain 4
Gtf2i General transcription factor Il-| _

Controll

Control2
L cKO1

cKO3

8
B B ko2

.
B .| [Control3

70% of the total genes
significantly downregulated
were related to myelination
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Cldn11  #Claudin-11

~Gsn  #Gelsolin 0000000000000
Adamis4 # ADAM metallopeptidase with thrombospondin motif, 4
Rspo?2 #R-Spondin 2
Plp1 #Proteolipid protein
Wnt7b #Wingless-type MMTYV integration site, member 7B
Tspan2 #Tetraspanin 2
Gltp #Glycolipid Transfer Protein

Barak et al., Nature Neuroscience, 2019



What is myelin and why is it important?

OLs
properties?*




How does that affect myelin structure and function?

% axons myelinated g ratio
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Error rate (%)

To spinal cord

Barak et al., Nature Neuroscience, 2019



Control Gtf2iPIexP. New Cra*

Deletion of Gif2i

@ in forebrain
excitatory neurons

Fewer

& N oligodendrocytes,
' ' fewer myelinated

axons, and
thinner myelin

M'_u,.relln Axon

Slower action
potential
conduction

Control
cKO

Hypersociability

k.. .u{,,«f

Osso and Chan, Nature Neuroscience (commentary), 2019

Barak et al., Nature Neuroscience, 2019



Can we rescue myelination deficits?

Clemastine

l >
Increase OPC
differentiation to mOL

Social preference index

mOLs number g ratio .
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DNA  RNA Protein Synapse Neuron Circuit Behavior Human patients




Control

Downregulated in WS human cortex

Myelin ultrastructure
in human cortex

Myelinating oligodendrocytes
in human cortex

50 -

40

cc1*+0lig2”
cells number

WS

Downregulated genes in WS human cortex
Reiative expression

T TTTI—
Gene ID Gene description Row min Row max
TF Transferrin

_PLP1 Proteolipid protein 1

ERMN Ermin
MoBP Myelin-associated oligodendrocxte basic protein
ENPP2 Ectonucleotide pyrophosphatase/phosphodiesterase 2
ASPA Aspartoacylase
MAG Mrolin associated glycoprotein
OPALIN Oligodendrocytic myelin paranodal and inner loop protein
GPR37 G protein-coupled receptor 37

GLON Gliomedin

MOG Myelin oligodendrocyte glycoprotein
NKX6-2 NK6 homeobox 2

FA2H Fatty acid 2-hydroxylase

TSPAN1S Tetraspanin 1§

MYRF elin_regulatory factor

M
Mzolin basic protein

MBP

PLLP Plasmolipin

NINJ2 Ninjurin

GJc2 Gap junction protein gamma 2

CNP 2"3"-cyclic nt ide 3" phosphodi ase
ERBB3 Erb-B2 receptor tyrosine kinase 3

_CloN11 Claudin11
UGTs UDP glycosyfransferase 8
MAL Mal T-Cell Differentiation Protein

Individual with
Williams syndrome

Barak et al., Nature Neuroscience, 2019



Can we treat Williams syndrome in humans?

SPARK
TELAVIV Barak et al., Nature Neuroscience, 2019




Reduced myelin thickness Social behaviour

OR0,

Lower number of mOL A / 9 ?

Altered transcriptome /

" Clemastlne

Motor skills

Individual with
Williams syndrome




Can we treat Williams syndrome in humans with clemastine?
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Clinical trial project team
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Are there detectable motor deficits in WS?

Wearable inertial- /\ Passive vision-
based system

based system

GaitRite electronic walkway

In collaboration with Prof. Doron Gothelf, Sheba Hospital Ariel Nir et al, Unpublished data



Control

Downregulated in WS human cortex

Myelin ultrastructure
in human cortex

Myelinating oligodendrocytes
in human cortex

50 -

40

cc1*+0lig2”
cells number

WS

Downregulated genes in WS human cortex
Reiative expression

T TTTI—
Gene ID Gene description Row min Row max
TF Transferrin

_PLP1 Proteolipid protein 1

ERMN Ermin
MoBP Myelin-associated oligodendrocxte basic protein
ENPP2 Ectonucleotide pyrophosphatase/phosphodiesterase 2
ASPA Aspartoacylase
MAG Mrolin associated glycoprotein
OPALIN Oligodendrocytic myelin paranodal and inner loop protein
GPR37 G protein-coupled receptor 37

GLON Gliomedin

MOG Myelin oligodendrocyte glycoprotein
NKX6-2 NK6 homeobox 2

FA2H Fatty acid 2-hydroxylase

TSPAN1S Tetraspanin 1§

MYRF elin_regulatory factor

M
Mzolin basic protein

MBP

PLLP Plasmolipin

NINJ2 Ninjurin

GJc2 Gap junction protein gamma 2

CNP 2"3"-cyclic nt ide 3" phosphodi ase
ERBB3 Erb-B2 receptor tyrosine kinase 3

_CloN11 Claudin11
UGTs UDP glycosyfransferase 8
MAL Mal T-Cell Differentiation Protein

Individual with
Williams syndrome

Barak et al., Nature Neuroscience, 2019



What is the role of epigenetic regulation in WS?

Environment Genetics

Epigenetics Lack of 25
modifications genes (WSCR)

g 3

Gene Gene
Regulation Regulation

Hypothesis:
Some of the pathological outcomes in WS are the
result of epigenetic changes propagating from the

genetic variation in the WSCR Typically Williams
Developed Syndrome
controls




What is the role of epigenetic regulation in WS?

Differentially
methylated sites (DMYS)

log-fold-change

264 Hyper:-DM.S:in WS

w'..\' .

158 Hypo -DMS in WS

Pathway analysis

Dopaminergic neuron differentiation
MAPK cascade

Immune, cell surface receptor signaling
pathway involved in phagocytosis
axonogenesis

axon guidance

learning or memory

forebrain neuron differentiation

central nervous system neuron differentiation

requlation of cell adhesion

Iforebrain development

cell-substrate adhesion
neuron fate commitment
neuron fate specification

cognition

T T
4 i

Average log CPM

Differentially
methylated regions (DMR)

| = ]

CONT_62
CONT_52
CONT 42
CONT 82
CONT_12

WS 22

WS 3.2

face development

axon development

ERK1 and ERK2 cascade

cranial skeletal system development
Signaling by Receptor Tyrosine Kinases
Dopaminergic neurogenesis

behavior

Oligodendrocyte specification and differentiation,

leading to myelin components for CNS

MAPK family signaling cascades
RAF/MAP kinase cascade
MAPK1/MAPKS3 signaling

positive regulation of secretion

stem cell proliferation

anterograde trans-synaptic signaling
trans-synaptic signaling

NCAM signaling for neurite out-growth
Axon guidance

COPI-mediated anterograde transport

Cell-type specific methylation enrichment
Nott et al. Science 2019: Active promoters and enhancers in
cell types of the human brain

“og10(P)

[WP382: MAPK signaling pathway

G0:0007268: chemical synaptic transmission

G0O:0018209: peptidyl-serine modification

R-HSA-9662360: Sensory processing of sound by inner hair cells of the cochlea
G0:0006479: protein methylation

G0:0007219: Notch signaling pathway

: " positive regulafion of cellular component movement
WP4949: 16p11 .2 proximal deletion syndrome
GO: 1901137 carbohydraie denvatwe blosynthetlc process

D
GO 0099504 synapuc vesmle cycle
A\

U ON
R HSA 8873719 RAB geranylgeranylat|un
R-HSA-72165: mRNA Splicing - Minor Pathway
G0:0019915: lipid storage
G0:0080135: regulation of cellular response to stress
G0:0046486: glycerolipid metabolic process
G0:0045936: negative regulation of phosphate metabolic process
G0:0051668: localization within membrane
G0:0048812: neuron projection morphogenesis
G0:0007009: plasma membrane organization
R-HSA-109582: Hemostasis
G0:0030029: actin filament-based process

pathways

G0:0042552: myelination

Nervous system development

G0:0044272: sulfur compound biosynthetic process
G0:0051345: positive regulation of hydrolase activity
G0:0097178: ruffle assembly

G0:0007041: lysosomal transport

G0:0034382: chylomicron remnant clearance

G0:0007264: small GTPase mediated signal transduction
G0:1902905: positive regulation of supramolecular fiber organization
GO: 0070997 neuron death

\WP366: TGF-beta signaling pathway
GO:0032535: regulation of cellular component size

Hyper -DMS
Hypo -DMS

In collaboration with Dr. Asaf Marco, HUJI Sari Trangle et al., Under revision, Molecular Psychiatry




Grad et al., Cells, 2022
Barak et al., Nature Neuroscience, 2019 Nir et al., Glia, 2020

Oligodendrocyte
precursor cell
> \

Bar et al., Submitted MicrngIiév s
Bar and Barak, Glia, 2019

Levy et al., In preparation

Neuron

Mitochondrial \

dysfunction

m Fission Mitochondrial

Fusion networks
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Mitophagy =&
COUR

Autophagy Apo;?tisis

Nir et al., In preparation
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Mitophagy
Autophagy

Microglia

S VB
Mitochondrial
dysfunction
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Summary

Oligodendrocyte Reduced myelin thickness

A\, precursor cell
Clemastine

Oligodendrocyte
Cnp-KO
Lower number of mOL

Neuron \7,
NexCre co culture

Altered transcrlptome

l \‘ “ 4 Altered epigenetic regulation

ROS
Apoptosis

i Methyl group
oy ﬂ) Fission Mitochondrial o0 é

Fusion networks

Promoter  Target gene

Social behaviour

) Cognition
Clemastine

—

Motor skills

Individual with
Williams syndrome
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RESPIRATION

The electron transport chain

A. B.
= Antimycin A Oligomycin 2504 ‘ Antimycin
< Rotenone 4ll‘/ 2H' \'3H' H* e T Oligomycin FCCP Rotenone
A ST o ga200] | |
A \ \TH | & y .‘ ~r \ \ 4 3 |
’ , " ‘ \ ‘El 1504 Spare capacity-
@ 100 |
FCCP H' 8 Proton leak
NADH NAD H' H* W 50 Non-mitochondrial
H' H 0
0 20 40 60 80 100
3H Time (minutes)

Oxygen consumption rate (OCR) measurements of purified mitochondria. (A) Simplified drawing of the electron transport chain located within the inner
mitochondrial membrane. Electron transfer is coupled to the transfer of protons (H+) across the inner mitochondrial membrane into the inner membrane space,
creating a proton gradient. This gradient is utilized by complex V for ATP synthesis. The protons react with oxygen to generate water. Thus, the OCR can be
monitored by the Seahorse XF analyzers and used as a surrogate of mitochondrial respiration. The targets of the inhibitors (oligomycin, antimycin A, and rotenone)
and uncoupler (FCCP) are indicated. (B) A representative OCR curve generated using isolated mitochondria showing the characteristic responses to mitochondrial
inhibitors and the uncoupler FCCP.

Taken from: “a method for assessing tissue respiration in anatomically defined brain regions”



What leads to the reduced genes expression?

{

Oligodendrocytes Differentiation 4 _Myellnatlng
precursorcells ~ —————————* ~—~/oligodendrocytes

( ) d (CCL)

< Oligp— =

Oligodendrocytes markers Mature oligodendrocytes

in development in cortex and corpus callosum midline
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Barak et al., Nature Neuroscience, 2019



Gtf2i-Hets as a model to the human genetic condition in WS

Protein levels Margins distance
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Myelination-related genes qPCR summary

Relative expression

Gtf2i-Het 1 month

B WT B Gtf2i-Het

Gtf2i Mobp Mbp

DNA RNA  Protein Synapse Neuron
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Barak et al., Nature Neuroscience, In press



No effect on basal neuronal properties

Resting potential Rheobase
-60

“ o9

o W

e Control
e cKO

400 600 800 1000
Input Current (pA)

Barak et al., Nature Neuroscience, In press



[s it simply a delayed myelination?

Myelination-related OPCs number mODCs number

genes qPCR — 6 months 6 months 6 months g ratio — 6 months

B Control (6 months) B cKO (6 months)
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Barak et al., Nature Neuroscience, In press



Does Gtf2i-KO affect electrophysiological properties?

Motor cortex

Lucifer Yellow

Barak et al., Nature Neuroscience, In press
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Can we rescue myelination deficits?

Peak latency Peak amplitude
CST EMG -4-AP CST EMG -4-AP
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g ratio
Clemastine

o Control
@ cKO - Vehicle
o cKO - Clemastine

3 4 5 6
Axon diameter (um)

Error rate (%)

Irregular ladder Social preference
walking — 4-AP index - 4-AP

Em Control - Baseline 3.0171 mm Control
Control - 4-AP B cKO
cKO - Baseline 2.5
cKO - 4-AP

2.0

1.51

1.0

Social preference index

0.51

- 0.0-
Baseline 4-AP

Social preference index
Clemastine

4.0+
3.54
3.0+
2.5+
2.0+
1.5

Social preference index

Barak et al., Nature Neuroscience, 2019
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Mitochondrial network and morphology in primary neuronal cultures at DIV14

Ariel Nir and Dr. Sari Trangle, Unpublished data
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DCF test in primary culture
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(@)

WM volume
Parieto-occipital
Anterior cingulate cortex
Corpus callosum
Cingulate gyrus
Splenium
Isthmus
Fusiform gyrus
Hippocampus
Amygdala
Cerebellar peduncles
Basal ganglia

Internal capsule

(b)

Superior longitudinal fascicles
Inferior fronto-occipital fasciculus
Uncinate fasciculus
PFC-amygdala
Inferior longitudinal fascicles

OFC-amygdala

Inferior frontal gyrus
« Frontal mirror area

* Emotional judgment

Anterior insula
= Social cognition

Orbitofrontal cortex

= Social adjustment

« Self-monitoring

« Adaptive interpersonal
behavior

Fusiform gyrus

» Face perception
 Face processing
 Face recognition

» Recognition of others'

emotions

Anterior cingulate cortex
= Social cognition
» Detection and processing
of social exclusion
» Responding to social feedback

Medial prefrontal cortex

= Social information processing
Social information presentation
Social information integration
Understanding of self and others

» Person perception and judgment

» Assigning social significance to faces

* Theory of mind processes

Nir and Barak, GLIA, 2020

How can we further study WS in humans?

Premotor cortex
* Mirror system

y

Interparietal sulcus
« Directing eye gaze
« Interpreting others' goals

* Social stat

us judgment

Inferior parietal cortex
* Mirror system

Temporoparietal junction
* Reasoning about beliefs
* Theory of mind

Posterior superior temporal
sulcus

Responses to face expression
Processing eye gaze direction
Voice perception

Perception of biological
movement and interpretation
of others' social intentions
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Barak and Feng, Nature Neuroscience, 2016




Interim summary
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Nir and Barak, GLIA, 2020



DNA methylation
5

DNA methylation has been widely studied in the context of numerous biological and brain
functions, including cell differentiation, neurodevelopment, myelination and neurogenesis.
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How translational are these findings?

Frontal cortex human tissue samples
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Barak et al., Nature Neuroscience, 2019



Myelination-related abnormalities in WS subjects

Oligodendrocyte precursor cells Myelinating oligodendrocytes MBP intensity
in human cortex in human cortex in human cortex
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Barak et al., Nature Neuroscience, 2019
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