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Abstract

Protection of neuronal homeostasis is a major
goal in the management of neurodegenerative
diseases. Microtubuassociated Ser/Thre
kinase 2 (MAST2), inhibits neurite outgrowth,
and its inhibition therefore represents a
potential therapeutic strategy. We previously
reported that a viral protein {(@otein from
rabies virus) capable of interfering with
proteindprotein interactions betwa the PDZ
domain of MAST2 and the-@rminal moieties

of its cellular partners counteracts MAST2
mediatel suppression of neurite outgrowth.
Here, we designed peptides derived from the
native viral protein to increase the affinity of
these peptides for th®IAST2 PDZ domain.
Our strategy involved modifying the length and

1

flexibility of the noninteracting sequence
linking the two subsites anchoring the peptide
to the PDZ domain. Three peptides, Neurovital
(NV1), NV2, and NV3, were selected, and we
found thatthey all had increased affinities for
the MAST2 PDZ domain, withKy values
decreasing from 1300 to 60 nM, while target
selectivity was maintained. A parallel
biological assay evaluating neurite extension
and branching in cell cultures revealed that the
NV peptides gradually improvedneural
activity, with the efficacies of these peptides for
stimulating neurite outgrowth mirroring their
affinities for MAST2PDZ. We also show that
NVs can be delivered into the cytoplasm of
neurons as a gene or peptide. Immary, our
findings indicate that viruderived peptides
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targeted to MASTZPDZ stimulate neurite
outgrowth in several neuron types, opening up
promising avenues for potentially using NVs in

the management of neurodegenerative diseases.

Introduction

The dabilization of homeostasisand the

promotion of neuron survival are major

challengs in the treatment of
neuodegenerative  diseasesand neuron
protectionafter nervedamage The PI3K/AKT

signaling pathway mediate=ell survival and
promotes resistance apoptosis by inactivating
components of the apoptotic machindty?).

ThePI3K/AKT signaling pathwaylsocontrols
neuronal morphology andthe dynamic
formation of neuriteduring developmentin

mature neurons the PI3K/AKT signaling

pathway activates neurite extension and
branching (referredto hereafter as eite

outgrowth)

Neurite outgrowth isstrongly repressed by
inhibitory factors suchas PTEN phosphatase
and tensin homolog deleted on chromosome
ten), an upstream inhibitor of the
PI3K/AKT/mTOR cascadesignaling pathway
(3-5). PTEN silencing restores neurite
outgrowth invarioustypes of neurong-9) and
promotes branching8,10,11)in cells andin
vivo. Neurite  outgrowth in  human
neuroblastomacells (SHSY5Y) could be
restored by thesilencing ofan AGC kinase
widely expressed in the nervous systeirg
microtubuleassociated serifd@areonine kinase
2 (MAST2) (12). The similar impacs of gene
silencing observed for boPTENandMAST?2
probably reflects the occurrence pfotein
protein interactios between these proteins,
involving the PDZ domain (postsynaptic
density protein 95Drosophla disc large tumor
suppressorra Zonaoccludens 1pf MAST2.
Valiente andcoworkers(13) showedthat the
PDZ domain of MAST2 (MASTZDZ) binds
the C-terminal PDZbinding notif (PBM) of
PTEN greatly increasing the phosphorylation
of PTEN by MAST2 at sites thought to control
both the cellular distribution and activity of
PTEN Through the formation othis binary
complex MAST2 and PTEN acin synergyto
inhibit the signal transduction pathways
required for neurca survival, neurite

outgrowth and regeneratiofi3-15). Specific
disruption of the complex formed by MAST2
PDZ and the PBMf PTENwould thereforebe
expected toblock this inhibition, stimulating
neuron survival, neurite outgrowth and
regeneration.

We previously showd that virulent strains of
the rabiesvirus (RABV) promote the survival
of infected neurons, through the binding of the
C-terminus of theviral G proteinto MAST2via

a PDZ/PBM interaction resembling that
betweerPTENandkinase(16). Wehave shown
that the RABV G-protein of virulent strains
promotes neurite outgrowth by activating the
AKT signaling pathway in a PBMependent
manner(16,17) Using NMR, we determined
the highrresolutionstructures othe PDZ/PBM
complexedormed by MAST2 and PTENand
by MAST2 andRABV G-protein(18,19) The
PBMs of RABV G-proten and PTENboth
display an unconventional mode of binding to
MAST2-PDZ involving two anchor siteand
similar binding affinities enabling these
proteins tocompete at the binding site of
MAST2-PDZ. Finally, wehave shown that the
expression of RABV G-protein in human
neuroblastomacells modifies the cellular
distribution of PTEN in a PBMdependent
manner(18,19) Thus, he C-terminalsequence
of RABV G-protein promotes neuron survival
by disrupting the complex formetletween
MAST2-PDZ and PTENMAST2-PDZappears
to be a promisingtarget for neuroprotective
therapy.We aimed todesign shorinterfering
polypeptidescapable ofefficiently promoting
neuite outgrowthby targeting MAST2PDZ

In this article, ve first identified theminimal
coreof the viralG-proteinrequired for geptide
to triggerneurite outgrowth in different types of
neurons after lentiviral vectormediated
transduction Then usingthe original PBM of
the RABV G-protein (NVIPBM) as our
starting material we performed a rational
search forsequencemodificationsincreasing
the affinity of the PBM for MASTZPDZ. We
investigated theefficacy of three peptides?
Neurovital (NV1), Neurovita2 (NV2) and
Neurovita3 (NV3)2 by comparing their
capacitiesto trigger neurite extension and
branching in neuran transduced with the
corresponding lentiral vectors The affinity
and speidicity profiles of theNV-PBMs were
checked with acollection of 222 human PDZ
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domaing20). Finally, NV3-PBM was delivered
to cells as a peptide after fusioto a cell
penetratingmolecule (CPM), as an alternative
to lentivectorstransductiorwith the aim to use
it as a potential drug compound for
neurodegenerative diseasasdthe capacity of
the peptide to stimulate neuriteitgrowthwas
assessed

Results

Relevanceof thein vitro biological modes we
choseto study Neurovita properties

The aim of the study i® analyz the biological
propertiesof different sequences of Neurovita
basedon the basis othe strength  their
interaction with the PD&f MAST2. Thus, it is
requiredthat theselected cell modelssedn the
biological assayslo expressMAST2. MAST2
expressiorwas detectedby Q-PCRin human
neuroblastoma, mouse primary cells and rat
neuroscreen(NS) cells (Fig S1A) and by
immunocytochemistry using a specific MAST2
antibodyin human neuroblastoma amdt NS
(Fig S1B). In addition, we confirmed that
MAST2 silencing in the human SH-SY5Y
neuroblastoma cell line used in our laboratory
stimulates neurite outgrowti(Fig 1A) as
previously shown by Loh &t al(12).

Construction ofthe initial Neurovital (NV1)
peptide

The infection of neuronsvith RABV leads to
the expression dive viral proteins, the N, M,
G, NSand L proteirs. The G-protein (Fig. 1B
Diagramof thefull-lengthRABV G-protein) is
a524 aaype lglycoprotein It is synthaizedin
the endoplasmiaeticulum (ER)of the soma
and isthenglycosylated irnthe Golgi apparatus
(seeG protein traffickingin Fig.1B). The G
proteinthen migrates tohe plasmanembrane
of theneurites whereit associates with the viral
RNP and M proteinfor virion formation and
egresdy budding The Gproteinis attachedo
ER-and plasmamembrane via its unique
transmembrane domain (TMJhe ectodomain
(EC) of the Gprotein is locatedwithin the
luminal compartment of the Ehnitially, and
then at theell surface after fusion to tiptasma
membraneDuring G-protein traffickingfrom
the ER to the plasma membrane the
cytoplasmic domain (Cytogontaining the €
terminal PBM is always exposed tothe
cytoplasm of the somatedentritic neuronal

area where it can interact witbellular partners
such as MAST2via its PDZ domain The
formation of this complex triggers
neurosurvival signaling pathwaysand the
localizationof MAST2 to a submembrane area
of the infected cell$16).

We identified the parts of theiral G-protein
required for ashort interferingpolypeptideto
mimic theneurosurvivalpropertiesof the viral
G-protein. We constructed a miARABV G-
protein NV1, (Fig. 1B, NV1 scheme). NV1
harboursa 996% deletion of the EC domabut
retains theSP, TM and CytePBM domains
which are required for its processingWe
investigatedhe role of the @eminal PBM in
the biological properties dfiV1 by generating
apolypeptiddackingfour aa at the @erminus
NVldelta NV1') (Fig.1B NV1' scheme)The
properties of theNVs were investigated
following the transduction oftwo types of
neuronal cell linesSH-SY5Y cellsandNS. The
NV1 and NV1' proteins were detected by
westernblotting (WB) with a specific CyteG
antibody in SHSYS5Y cell lysates 24 h after
transductior(Fig. 1C) andin NS cell lysate€l8
h after transduction (Fig.1D). Neurite
outgowth in NV1'-transduced cellswas
similarto thatin nontransducedells(Fig. 1C
andD). By contrastNV1 triggereda significant
strongerneurite outgrowthby comparison to
NV1' in both types of cell1.6 times stronger
in SHSYS5Y cells 30 h after transductipand
3.1 times stronger iNNS cells 72 h after
transduction(Fig. 1C and D, right panelsand
Fig S2 forNeuronJdrawingg.
Neuriteoutgrowthwasalso triggered neurons
other than neurobhstoma and
pheochrormcytomacells grownin the presence
of aDF medium (NGFor db-cAMP for NS and
SHSY5Y, respectively. The effects ofNV1
were assessedn transduced humanPSc
derived motor neurons(Fig. 2A), and in
transducedE16 mouse primary cortical neurons
(Fig. 2B). In thesetwo modelswhere lentivirus
transduced more than 80% of cells (data not
shown), NV1 stimulaed neurite outgrowth
more efficiently than NV1' (1.8fold increase
in human motor neurorand 12-fold increase
in primary mouse cortical neurong)hus,NV1
inducesneuite outgrowthin a PBMdependent
mannerin primary cultures of neuronghether
of mouse and human origin.

These results show that itfesasibk to construct
a polypeptideconservingthe properties of the
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viral G proteinif this polypeptideincludesthe
cytoplasmic parof the G proteirandthe last4
aa from the @erminusof the PBM

Optimization of NV-PBMs sequences to
improve their binding to MAST2PDZ

We previously solved the higkesolution
structures of the @erminal sequences o013
residues oPTEN andRABV G-proteinbound
to MAST2-PDZ and calculatedtheir affinities
(.99 and 1.26 pM, respectively19). We
discovered thatunlike most BBMs, the PBMs
of PTEN and of viral G protein have an
unusually largeinteraction surface(70049),
encompassingiot only the 4 aa at the G
terminusof the PBM (QTRLcoonfor G protein
and -ITKV coon for PTEN), but also a second
anchoring region located at thetéminus of
the assayed peptisiénH2SW- for G protein and
nw2PF for PTEN), (Fig. 3A). The sequence
interacting with MAST2PDZ are
nH2SWESHKSGGQTREooH and
nH2PFDEDQHTQITKVeoon for G proteinand
PTEN, respectively They contain three
contiguous regions, the-términal anchor (2a
residuesn blue in Fig.3), a linker (7aaresidues
in green and the conventional -@rminal
anchor (daaresiduesn orangs.

We began our search for peptides withraater
affinity for MAST2-PDZ by focusing on the 13
residues at the @rminal endof the viral G
protein (swCyto 13tr) and human PTEN
(PEPTENTkw). Using our highresolution NMR
structures of MASTZ2PDZ/peptide complexes,
we rationally designed sequescéikely to
increase the enthalpic contribution and decrease
the entropic cost of binding to MASTR2DZ.
Isothermal titration calorimetry was performed
in binding experimentsvith the MAST2-PDZ
domain; the thermodynamic  quantities
associated witlpeptide bndingwere compared
with thedata obtainetbr the original sequences
(18,19)

We focused on optimizing the sevessidue
linker (positions-4 to -11) tethering the N
terminal and Gteminal anchors of viralG-
protein onto MASTZPDZ, which has been
shownto be a sensitive target famproving
binding affinity(18) (21). By contrast, we kept
the Gteminal anchor -QTRLcoorn, Which
maintains specificityjntact, together withthe

N-terminal  dipeptide  nH2SW-,  which

significantly increases binding affinity

We began by maintaining linker length at seven
residues and mutatingxposed residueso
increasethe degree ohydrophobic contacof
the two original linker sequencfS(-6) andK(-

7) for sw Cytol3yrr. Or D(-8), and D¢10) for
PFPTENTKv] (Flg 3B)

These modifications increased affinity
modestly withrespect toswCytol3yrre, by a
factor of threeat best(Fig. 3B). This was not
unexpectedbecaus, for all assayed sequences
with a linker of this lengthanydecrease ithe
free enthalpy of binding is strongly
compensated bg simultaneous decrease in the
associated entropy. Theean compensation
between these two thermodynamic quantities
wasestimatedat 80% from the slope of the plot
of the corresponding datisplayed irFig. 3C.

By analyzing the kinetic behavior of potential
candidates with severresidue linkers, we
previously showed18) that the flexibility of
linker sequence strongly affect their affinity
for MAST2-PDZ. However, the highesolution
3D structures of the PDZ/PBM complexes
provided no evidence of contact between
MAST2-PDZ and the linker present ithe
Cytol3 of viral G protein or PTEN. This
discrepancy wagprobably mostly due to the
conformational entropy of the potential ligand
in the unbound statdecausehe polypeptides
most disordereavhenfreein solutionwere the
poorer bindersWe therefore reduced linker
length from7 to 5 aaand designedeven new
sequences, for which we comparbeihding
abilities (lines 5 to 11 ifrig. 3B). The deletion
of 2 aafrom sequene 442to generatsequence
441 led toa significant increase in the entropy
of bindingwith no markedchange in enthalp
contribution,resulting in dour-fold increase in
affinity. For these shorter sequences, the
compensation between the entlyaland the
entropy ternms remainedat 80% Fig. 3C). The
binding affinities of the new candidates were
also modulatedby the substituion of one or
both of thedoubletglycine present at positions
-4 and-5. The G to Q change g@bsition -4
yielded thecandidate with the highest affinjty
PBM 454,

Weretained the two sequences with the highest
affinities from this second step in peptide
design PBM 441(which we nameilV2-PBM)



and PBM 454 (vhich we named\V3-PBM).
Affinity was 10 times higher than that of the
starting sequencéNV1-PBM) for NV2-PBM
(Kg of 120 nM) and 2Q@imes higher folNV3-
PBM (Kq of 60 nM). The kinetics dbinding for
NV1-PBM (original sequence) and NWV3BM
(sequence with the highest affinitywere
comparedin stoppedflow experiments For
NV3-PBM, wewere able to obtaian accurate
valuefor theassociation rate constant (1.4%10
M1.s? al.6fold increase with respect dV1-
PBM). We could obtain estimates only for the
very slow dissociation processwith an
approximate dissociation rate constant of 0:89 s
! more tharone order of magnitude higher than
the corresponding values ftite other peptides
tested such as theriginal PBM, PTEN-PBM
(9.7 s and NViPBM (16.6 sY). The
residence time of NV\PBM on the MAST2
PDZ domainwvasl.1 secong avalue 10 times
greater than that for the initiaNV1-PBM
sequence.

Affinity profiles of the three NV sequences
We addressed théssue of PDZ-NV-PBM
specificitiesby performingautomated holdup
assag (20). We used this highthroughput
chromatographic approacto quantify PDZ-
PBM interaction affinities at equilibrium in
solution for a collection of 222 human PDZ
domains,corresponding t@3% of the original
PDZome (266 PDZ domainsverexpresseih

a soluble form The holdup screexprobing the
interaction of the PDZome witNV1-, NV2-
and NV3PBM, were peformed in triplicate. In
Fig. 4, the PDZ binding intensities (Bl) MV -
PBMs are rankeih descending orddrom left
to right. Using astringentBl threshold of 0.2 to
retain only highconfidence binding pairs, the
holdup assay identified, 8 and 15 hits for
NV1-PBM, NV2-PBM and NV3PBM,
respectively. The PDZ domaimecognized by
NV1-PBM also bound ttNV2-PBM. The NV2
PBM binderswere also included in the set of
proteinsrecognized by NV3°BM. The number
of binders detected increased wiffinity for
MAST2-PDZ, but the slope dBl decay in the
binding profiles indiceed that recognition
specificity wasroughly maintainedfrom NV1-
PBM to NV3-PBM. Furthemore, thisaffinity-
based rankinglemonstratedhat all three NV
PBMs targeted MAST2-PDZ preferentially
among the 222 PDZ domains tested.
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Comparison of the biological activitiesf NV
constructs in NS cells

Mini-G sequencesencoding NV2-PBM or
NV3-PBM were constructeds describedFig.
5A). They were deliveredto NS cells by
lentivirus vectors The viability of the three
lentivirusvectorsencoding NV1, NV2 and NV3
was demonstrated by quantifyingNV
transcripts in the transduced NS cells (B8,
left pane). Each viral vectoproduced similar
amounts of theorresponding NV1, NV2 and
NV3 polypeptides as shown byVB (Fig. 5B,
right panel).We then compared the effects on
neuriteoutgrowthof NV1, NV2 and NV3n NS
cells, 72 h after transductidfig. 5C and Fig
S2 forNeuronJddrawing9. Peptide rankings for
the dimulation of neurite outgrowth
(NV3>NV2>NV1) were identical to those
obtainedn vitro for affinity for MAST2-PDZ.

We thenanalyed whethethe greatecapacity

of NV3 and NV2to stimulate neuriteudgrowth
was associated with a greater complexity of
neurite arborization We performed Sholl
analsis (22) to determinénow many tims the
neurites of a given cell crossetbncentric
circles of increasing rads centredon the cell
soma The results of the analysis are expressed
as themeannumkber of neurites crossing each
circle of inceasingradiusfrom 0 to 250 pumfor

NS cellstransduced with each type of construct
and for nontransduced cellgFig. 5D). The
expression of the varioudVs was associated
with a significant increase in neurite
arborizationcomplexity relative to that fanon-
transduced cellseven though the increase
between arborization triggered by NV1 and
NV2 stays modestAs already shown above for
the neurite outgrowth phenotype, Ny&lded
thebestincrease in arborization

Practical impact on drug desigmheNVs were
expressedin neurons via lentiviral vector
transduction. However, this type of
vectorization is not optimal for human
therapeutic applications, therebglternative
way to deliver NV need to beconsidered
Peptide delivery ia possibleption only if two
criteria are respected) the active sequences
coupled with aell-penetratingnolecule CPM,
to facilitate passage across the outer membrane
of the neurons anl)) the entire polypeptidgze
remainssmallto facilitateits production.



We reduced thsize ofthe most active peptide
NV3, by restricting the peptide to its
cytoplasmic domain (NV:&Eyto). A new
lentiviral vector, NV3-Cyto, was designed, to
determine whetheéhe removal of the part of the
sequence responsible for endomembrane
anchoragdthe SPtwo amino acidof the EC
and the TMdoman) could be toleratedFig.
6A). We assesseentivectorviability for NV3
and NV3Cyto by performingRT-PCRon NS
cells after transductior{Fig. 6B). NS cells
transduced withNV3-Cyto displayed neurite
outgrowth, but less than that observed with the
parental peptideNV3 (Fig.6C). Unlike cells
transduced with the parental peptide, tedls
transduced with NVZyto were unable to
achieve higher levels dfranching(data not
shown. The properties of NV3-Cyto
trarsduced cellswere similar to those of cells
transduced with the initial construdtV1 (as
shown in Fig6C for neuriteoutgrowth and Fig.
6D for branching). Thus, NV polypeptids
encodingthe PBM sequence having high
affinity for MAST2-PDZ can still trigger
neurite elongation even if membrane
anchorages lost

To directlydeliver NV3-Cyto into neuronsas a
peptide we coupledthe NV3-Cyto constuct
and its control, NV&yto' to a CPM, as
displayed in Fig7A. We usedthe varable part
(VHH) of asinglechain llama antibodwpsthe
CPM, because this molecutas been shown to
crossthe Hood-brain barrier andthe plasma
membrane of brain cell§23,24) Constructs
encoding CPM-NV3-Cyto and CPM-NV3-
Cyto' as acontrol(CPM-Neurovita and CPM
Neurovita' respectively, were genetically
engineered(Fig. 7A), expressedin bacteria
periplasm andthe resulting proteins were
purified. We have previously shown thahen
CPM-Neurovitawas added to a mixed culture
of humans neuronsastrocytes and microglia
CPM-Neurovita targetsieurons preferentially
(25). Here, we analyzed whether CPM-
Neurovitacould be detecteéh NS by WB or
flow cytometry after CPMNeurovita was
added to the culture mediuffhig S3).Six hours
after the addition ofCPM-Neurovita to the
culture medium, CPMNeurovita could be
detected byWB in the cell lysates at the
expected molecular weight &2.7 kDa (Fig.
S3A). Thirty minutes after the addition of CRM
Neurovita to the culture medium, CPM
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Neurovitaentry wagdetected bylow cytometry

when the cells had beenpreviously
permeabilizedFig. S3Bleft panel)whereasio

staining was observed on npermedilized

cells Fig. S3B, right pangl This indicatesthat

CPM-Neurovita associates wittkomecellular

area made accessibte the antibodyby the

permeabilization treatment such as the
cytoplasm or the submembrane area.

When added to the culture mediaiNS cells,
CPM-Neurovita (2.35 pg/cell) triggeed
stronger neurite outgrowththan the one
observedior CPM-Neurovita(itreated cells or
norttreated cells (Fig. 7B). Time-lapse
recording over a period o012 h (startingl8hto
after treatmentip to 30h post treatmenivith
Incugyte Technologyvere used to compare the
speed of neuritgrowth Thenumber of neurites
per neuon (Fig. 7C)and the speed of growth
(Fig. 7D)weresignificantly greaterin NS cells
treated with CPM-Neurovita than incells
treated with CPIMNeurovita'

Thus, NV efficacy is qualitatively maintained
when theNV sequence is delivered as a <ell
penetrating interfering peptide.

Discussion

Proteinprotein interactiondomainsincluding
PDZ domains governing signaling pathways
critical for cell homeostasisre emerging as
promising targes for therapeutic applications
(26-30). These signaling pathways can be
manipulated withshort interfering peptides,
which disrupt these interactions Viruses are
obligae intracellular parasites and ther
multiplication is dependent on cellular
resources The mimicry of PBM by vial
proteirs is a simple strategyby which several
virusestake control ofthe cellular machinery.
In particularthis mimicryenablesome viruss
to modify the canmitment ofinfected cellsto
death or survival16,31,32) Identification of
theviral sequencesvolved andelucidation of
their mechanisms of actiooould potentially
facilitate the design of efficient interfering
peptidesWe have identified a viral protejithe
RABV G-protein that promotes neuite
outgrowth by disrupting interactions between
the PDZ of the MAST2 kinase and its
endogenous ligandsuch as PTENvia its G
terminal PBM In this study, we investigated
whether we can leverage the robsstategy
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evolved by a virus for ensuring its own
propagation in the brajnto developa short
interfering peptide that promotes neuite
outgrowth by specifically targeting MAST2
PDZ

We hypothesizedthat NV peptides derived
from the RABV Gproteinand competing with
the endogenous ligand for binding tthe
MAST2-PDZ domain wouldpromote neurite
outgrowth following their deliveryinto cells
We first showed thashort peptides encoding
the Gyto-domain of the Groteinreproduce the
properties of RABV However the presence of
certain parts of the viral RABV Gprotein
involved in associationwith endomembranes,
such as the SP and Tdbmain,werenecessary
to insure their correct cellular targetinghe
resulting interferingpeptide NV1, encodes a
PBM boundto MAST2-PDZ with an affinity in
the micromolar range similgrto PTEN,which

is one ofthe endogenosi ligand of MAST2-
PDZ We suggested that increasing the affinity
of the interfering peptidefor MAST2-PDZ
wouldincrease the peptide potency to stimulate
neurite outgrowthWe usedstructural,kinetic
and thermodynamic datar a large number of
PDZ/peptide complexds designpeptideswith
ahigher affinity forMAST2-PDZ, with theviral
and one endogenous partre of MAST?2 (i.e.
RABV G-protein and PTEN as the starting
material One of the original features of our
approach relates to thepecificity of MAST2
PDZ recognitionln addition to increasinghe
affinity of NV peptides for MASTZ2PDZ, we
also wished tomaintain ths specificity for
MAST2-PDZ to prevenundesirable additional
interactions with other endogenous proteins.
PDZ binding selectivity seems to have been
achieved throughout evolution (33,34)
Extensive scans of random peptides against a
large collectionof PBM domainsled to the
definition of discrete sets of PDZ classes,
conserved from worms to humans,
encompassing the lasseven aminacid
residues of potential PBM candidat€35).
Most attempts to improve the strength of a given
PDZ-PBM interaction have focused on
modifications to thepreexisting stretchof
seven aminacid residues at the-t&rminus of
the PBM, position by position Such efforts
have generally resulted in doss of the
specificity of this interaction pair with respect
to competing PDZ or PBM moleculé¢$6,36

38). Indeed, we previously showed that one
mutationat position-3 in the PBM sequence of
the RABV G-protein is sufficient to extend
cellular protein recognition patterns and to
switch cell fate from survival to deafh6). We
therefore decided to keep tiE®OOH terminus
QTRL>intact inthenewNVs.

Some PDZ domainsake use of aminacid
sequences beyond the canonical PDZ domain
fold, which are referredto as extended PDZ
domains. Similarly, some PDZ ligasdequire
extension squences beyond the-t€minal
PBM, including somemore than 10 residues
from the last @erminal residue for complex
formation with thePDZ domain of the partner
protein (38). We have showrthat both RABV
G-protein andPTEN make use of aPBM
extensionup to position-12 for binding to
MAST2-PDZ (1819). The unusually large
interactioninterfacebetweerMAST2-PDZ and
G-protein orthe PTENC-terminusinvolves not
only the fouramino acidcanonical PBM but
alsoatwo-amino acidN-terminal anchor W
andPF for G-protein andPTEN, respectively.
This N-terminal anchorincreasesMAST2 +
PDZ binding affinity and probably plays a
crucial role in narrowing the specificity of
interaction between MAST2 and its partners
(18). This findingis reminscent of observations
from other studies indicatinthat PTENalso
usesan N-terminal extension @ bind thethird
PDZ domain of PAR-3, improving the
specificity of PTEN for its target andits
subcellular distribution at thejunctioral
membrane of polarizezklls(39). We suggested
thatin this casethe N-terminalanchomight be
involved in PBM-PDZ specificity and might
increase thaffinity of the PBM for MAST2
PDZ We therefore did not modify this part of
the molecule either

By conserving the two viral anchoring sites
nH2SW- and ) TRLcoow, from virulent RABV
strains which promote neuron survival, we
were able to conserve thepecificity of NV
peptides for MASTZDZ as illustrated by
high-throughput PDZome screening

We increased thaffinity of NV peptides for
MAST2-PDZ mostly by decreasing themtropic
cog of binding by modulating the flexibility of
the central linker connecting the two binding
sites of NV peptideghereby greatly increasing
the residencetime of NV on MAST2PDZ
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After two rounds of optimization, webtained
peptides with an affinity 20 tmes higher
(Kp=60 nM) than that of the initial viral or
endogenouspeptides (1300 nM). Such an
affinity, in the nanomolar rangés particularly
high for a PDZ/ligandsystem especially for
molecules targeting single PDZ domain.For
example interfering peptide targeting the
DisheveldPDZ andfunctioningas an inhibitor
of the Whnt/betacatenin signalingpathway or
targeting the PDZ1 of PSD%nd functioning
as an inhibitor ohitric oxide (NO) synthesis,
haveKgy valuesin themicromolarrange(40-42).

A few examples ofnanomolaraffinity (3-16
nM) have been reported for multivalent
inhibitors targeting multPDZ containing
proteins,suchas thosdargeting proteins of the
MAGUK family (43).

The selected peptidedNV 1, 2 and 3 are
capable of inducing theeurite outgrowth of NS
cells withan efficiency related to their affinity
for MAST2-PDZ These data strongly support
our hypothesis that NVs activity cabe
increased by enhancing the strength of
interaction with the cellular partner.

Given their capacity to promote neuron
survival NVs could have therapeutic
applications for diseases of the nervous system
in which neuron survivakk compromisedThe
different ways to deliver NVs will be
determired by the naturef the diseaseFor
chronic diseasest may be advantageous to
deliver NVs in gene form, viaa viral vector
such as a leittirus or an adenassociated virus
(AAV), which can transduce eurons. The
delivery of a peptiderather than a gene, may be
more appropriate&vhen a fast mode of action is
required for example in the case ah acute
nerveinjury. We therefore tried to adaptV
sequencegfor peptide productionby redugng
the peptide size, tdacilitate productionand
delivery.

We showed thafor the optimized peptide NV3
that the processing and translocationexe
dispensableThereby, ve wereable to halve the
size of the peptides, wkilmaintainng the
activity of the original construcHowever,the
20-fold improvement in affinity initially
achieved was counterbalanced by imperfections
of targeting This design was feasible onfgr
NV3, the peptide with the highest affinity for
the targetIndeed our first attempto generate

a similar construct from theNV1 peptide
resulted in a total loss afieurite outgrowth
stimulation(data not shown)e subsguently
demonstrated the feasibility of replacing the
viral vector delivery system by fusing a
shortenedNV3 peptide to a CPM.

In this study resultingfrom a combination of
biophysical and cellulapproacks we showed
for the first time thata virus-derived peptide
couldbe optimized to trigganeurite outgrowth,

in severatypesof neuronsThis workopensup

a number of very promising perspectives for the
use of NV as a potential drug candidate in
neurodegenerative diseases.

Experimental procedures

Cell lines, plasmids encoding RABV -G
protein sequences, lentivectors and CPM
Neurovita

Neuroscreen cells (NS), a subclone of rat
pheochromacytoma 12C12 neuronal cells,
were obtained from Cellomics (USA) and
FXOWXUHG DFFRUGLQJ WR
instructions. NS cells were grown in non
differentiating (NDF) medium Roswell Park
Memorial Institute 1640RPMI 1640medium,
Thermo Fisher Scientific France #8/5093;
5% foetal bovine serum, FBS; 10% horse
serum; 1% 200 mM glutamine, Thermo Fisher
Scientific France #25030149 and 1% 100 x
Penicillin  Streptomycin, PenrStrep, Thermo
Fisher Scientific France #15140148). The
differentiating (DF) medium had the same
composition with the addition of 200 ng/ml of
nerve growth factor (NGF; SIGMA USA
#N2513). A clone of the human SHY5Y
neuroblastoma cell line, which was originally
used to decipher the role of the kinome,
including the role of MAST2, in neurite
outgrowth,was obtained from Dr S.H. Loh and
was grown as previously describét?). The

NDF for these cells consisted ofXOEHFFR{V

Modified Eagle Medium 12, DMEMF12
(Thermo Fisher Scientific France # 31330038)
supplemented with 10% FBS plus 1% 100 x
PenStrep and 1% 200 mM glutamine. TH&
medium for these cells was Neurobasal medium
(Thermo Fisher Scientific France #21103049)
supplemented with B27medium (Thermo
Fisher Scientific France #A3582801), 1% 100 x
PenStrep, and 1% 200 mM glutamine and 1
mM db-cAMP (SigmaAldrich USA #D06627).

W K
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Cortical neurons were prepared from E16
Swiss mice as described by S. Vigyal (44).
Embryonic mouse brains were dissected in
+DQNTV
Technologies #14175) supplemented with 10
mM Hepes 4-(2-hydroxyethyl}1-
piperazineethanesulfonic  acid (Life
Technologies #15630), 0.05% glucose (Sigma
#G8769) and 50 pg/ml gentamicin (Life
Technologies #15750)Meningefree brain
cortices were collected in HBSS supplemented
with 400 U/ml DNAse (Roche #04536282001)
and incubated with the Liberase HD enzymatic
cocktail (Sigma #5401054001). The digested
tissues were triturated mechanically and the
enzymatic reactiowas stopped by adding FBS.
The suspension was washed in HBSS and
centrifuged for 5 min at 200 x, and the
resulting cell pellet was suspended in
Neurobasal medium (Life Technologies
#21103) supplemented with 25 nM- 2
mercaptoethano(Sigma #M7522) 50 pgml
gentamicin, 5mM Hepes, 2 mM Glutamax
(Life  Technologies #35050), N2 (Life
Technologies #17502) and B27 (Life
Technologies #17504). Viable cells were used
to seed the wells at a density of*16 3 x 10
cells per cr on plates coated with poly-
lysine (Sigma #P6407) and laminin (Sigma
#L.2020). The cells were allowed to sediment,
and to adhere for 20 min at room temperature.
They were then transferred to an incubator
containing 9% C@in air maintained at 37°C,
for 40 min, before the addition of 10 ug/m
fluodeoxyuridine (Sigma #F0503) and 25 pg/ml
uridine (Sigma #U3003).

The iPSc clones (clone 2.@5) and clone 3.1,
unpublished) were stimulated to differentiate
into motor neurons as described by Maeiral
(46).

The G[SP-(2aa}TM-Cyto] plasmid, which
encompasses all the protein domains of the full
length RABV Gprotein (RABVvir strain) 2
(signal peptide SP, transmembrane TM,
cytoplasmic domain Cyto and the two amino
acids (2aa) flanking the TM), was described in
patent application W0O2010/1162%87). The
nucleotide sequences of NV1, NiINV2 and
NV3 were obtained by PCR and inserted into
the pLenti6.3/VSTOPO® (Blasticidin) or
pLenti7.3/V5TOPO® (eGFP) vector with the
TA cloning kit (Invitrogen France # K53120).
Lentiviruses were produced in 293T cells by
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standard procedures, as described by Zufferey
R. et al (48). The number of HIV particles was
determined with the HIV p24 ELISA kit (Perkin

%DODQFHGIBED Q¢ 6 R &M UBA# NEK 050B). The infectivity of

recombinant lentivectors was systematically
monitored by RTQPCR and/or flow cytometry.
The GenBank accession numbers of the
lentivectors are: LentN\V1 (KJ742386), Lenti
NV1 0 (KJ742387), LentNV2 (MH197113)
and LentiNV3 (MH197112). The CPM-
Neurovita) and its PBMieleted counterpart
(CPM-1HXURYLWDIU
patent application EP14306349).

CPM-Neurovita is a 20aa long (MW
=22.7kDa) chimeric molecule consisting of
Neurovita andi) a CPMformed bya Neure
Tag domain (a RABMWerived peptide from the
RABVvirG-Protein ectodomain that recognizes
the AChR Alpha 7 subunit), aay the variake
part (VHH) of a llama singlehain antibody
capable of crossing biological membranes and
the blood brain barrigf23), andiii) a StrepTag
sequence to label the molecule. CPM

IHXURYLWDO LV WKH GLVDEOHG IR

with a deletion othe last 4 aaf the PBM.The
GenBank accession numbers akd784393
(CPM-Neurovita) and KJ784394 (CRM
Neurovita). The genes were synthesized
chemically (MWG Operon, Germany) and
inserted into the pASKBA2 plasmid (IBA,
BioTAGnology, Germany) under themwtrol of

the tetracycline promoter. The ompA signal
sequence added by this plasmid directs the
expressed protein into the periplasmic space of
the bacteria and is cleaved during translocation.
The recombinant plasmids were used to
transform  XLXblue E. «cdi Dbacteria
(Stratagene, USA). Recombinant bacteria were
identified by PCR and glycerol stocks were
generated. CPMNNeurovita peptides were
expressed and purified from the bacterial
periplasm as described by Lafage al (50).
The periplasmic extract was further purified by
immunoaffinity chromatography with a mouse
high-affinity anti-StrepTag IgG1 mAb, C23.21
(kindly provided by Pierre Lafaye). The
molecules were stored in 0.25 x PBS&Q1°C.
CPM expression was monitored by western
blotting with the C23.21 mAb, with
gquantification by Odyssey Cor infrared
chemo luminescence (LCor, USA) with a
standardized VHFStrepTag preparation.

Neurite outgrowth

Z id BufopedhV F U L E H C
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SH-SY5Y and NS cells Neurite outgrowth
assays o’sHSY5Y and NSwere performed as
described in detail by Loh S.Ktal. (12) and
Prehaud Cet al (16). Briefly, SHSY5Y or NS
cells were used to seed-2#ll plates (CellBind
plastic ware, Corning USA # 83337)
containing nordifferentiating medium, at a
density of 40 000 cells per well. They were
cultured overnight at 37°C. The medium was
then replaced with DF medium and the cells
were incubated for a furthérh. They were then
infected with 30 ng p24 lentiviral vector or
treated with 2.35 pg/cell CPMeurovita or
CPM-1HXURYLWDO LQ
cells were washed once with DF medium, and
incubated in DF medium for 24 h at 37°C.
Thirty hours (SHSY5Y) or 72 h (NS) post
transduction, the cells were fixed by incubation
with 3% paraformaldehyde (PFA)jaosphate
buffered saline (PBS, Thermo Fisher Scientific
France # 14040141) for 20 min at room
temperature and treated for 5 min with 0.1%
Triton-X-100 and 50% normal goat serum
(NGS) in PBS. Neurorspecific ant Ill-
tubulin antibody (Promega France # G7121)
and Hoechst 33342 (Thermo Fisher Scientific
France #62249) were used to stain the neurite
processes and the nuclei, respectively.
Alternatively, the cells were also stained with
crystal violet, which preserveshe neurite
processes.SHSY5Y human neuroblastoma
cells (30 fields, mean of 300 cells per field) and
NS cells (36 fields, mean of 324 cells per field)
were imaged with a Leica DM 5000B UV
microscope equipped with a DC 300FX camera
(x40 or x20 objective).The images were
analyzed using ImageJ 1.38X Software (Wayne
Rasband, NIH, USAQttp://rsb.info.nih.gov/ijy
and its plugn NeuronJ  (51)
(http://www.imagescience.org/meijering/softw
are/neuron). The efects of bias were
minimized by performing the experiment blind,
with relabeling of the samples

Motor neuronsMotor neurons were plated at a
density of 10 000 cells per well (48l plates).
Gene transfer was performed with lentiviral
vectors (six ng p2per well)after the next day.

Transduction was obtained in-80% of cells.
Nontreated conditions was used as a quality
control of the culture.Cells were fixed three
days later (4% PFA in PBS for 20 min at room
temperature). The cells were washed irsRBd
incubated for 1 h at room temperature in PBS
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containing 2% NGS, 1% bovine serum albumin
(BSA, SIGMA USA # A2153) and 0.1% Triton
X-100 (SIGMA USA # X100). Cells were then
incubated overnight at 4°C with anti -,
tubulin antibody (TUBBS3, Biolegend &nce #
801201), washed three times BBS and
incubated for 1 h at room temperature with
Alexa Fluor 555conjugated artinouse IgG2a
antibody (Thermo Fisher Scientific #21137).
Nuclei were stained with 1 mg/ml Hoechst
H33342 {Thermo Fisher Scientific Bnce
#62249). Motor neurons (500 cells) were
analyzed with the Cell Insight platform

") PHGLXP (Qdldunics,KrhernkoH-isher Scientific France),

using the Neuronal Profiling Biapplication
suite. Neurite outgrowth phenotype was
determined in triplicate experiments

Mouse cortical neurondouse cortical neurons
(3DIV) were plated on S8vell darksided ceH
binding plates (Corning USA #3340). They
were infected with 10 ng p24/well of lentiviral
vector 2 h after seeding. The medium was
changed 12 h after infection. & days post
infection, the medium was carefully removed
and the neurons were fixed by incubation with
4% PFA for 20 min at room temperature. Plates
were washed three times with PBS and the cells
were permeated by incubation with 0.3 % Triton
X-100 (SIGMA USA # X100)for 10 min at
URRP WHPSHUDWXUH $QDO\VLV
tubulin  immunofluorescence and Hoechst
staining were performed as described above for
SH-SY5Y/NS cells.Primary cortical neurons
(10 fields, mean of 650 cells per field) were
analysed with the Cell Insight platform
(Cellomics, Thermo Fisher Scientific France),
using the Neuronal Profiling Biapplication
suite. Neurite outgrowth phenotype was
determined in triplicate experiments

Time-lapse experiments NS cells

We determined the nete-bearing cell
phenotype and assessed the speed of neurite
outgrowth by using NS cells iNDF to seed
collagencoated 24well plates (CellBind
plastic ware, Corning USA # 83337) at a
density of 40 000 cells per well. The cells were
cultured overnightit 37°C. TheNDF medium
was replaced by DF medium containing only 10
ng/ml of NGF and 7% FB$52), 24 h after
seeding, and the cells were incubated for a
further 3 h. They were then treated with070

R

ng/well CPMNeurovitaor CPM1IHXURYLWDO LQ
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DF medium. Cells were incubated in DF
medium for 48 h at 37°C, under an atmosphere
containing 5% C@in an IncuCyte LiveCell
analysis system. Images were recorded every
hour over a twalay period. For live-cell
imaging on IncuCyte, NS cells (nine fields
mean of 43 cells per field) were recorded on
brightfield images and analyzed with
Fiji/lmaged (ttps:/fiji.sc) and the Neurond
plug-in. The percentage of neurbearing cells
(53) and tre speed of neurite outgrowth and
elongation were monitored over 12 h, from 18
to 30 h after treatment.

Arborization analysis

Sholl analysis (22,54) was used to assess
dendritic arborization. This analysis was
performed as described by Sahayef\al (22)
and Lioy DT. et al (55). Measurements &re
obtained from &it converted images with the
Sholl analysis plugin of Neuron (http://www-
biology.ucsd.edu/labs/ghosh/software/
Branching complexity was quantified by
counting the itersection of neurites with each
of 10 concentric circles of increasing radius
drawn around the cell body. We picked 30
neurons at random from each group for analysis.
Experiments were performed at least three
times. Bias was minimized by performing the
experiments blind after sample relabeling.

Reverse transcription and

polymerase chain reaction

quantitative

The procedures used for reverse transcription
and quantitative polymerase chain reaction
(RT-gPCR) have been described elsewhere
(56). Basically, cDNA was synthesd from 1

g total RNA with the SuperScript Il reverse
transcriptase (Thermo Fisher Scientific France
#18064014). Quantitative redine RT-PCR
(RT-gPCR) was performed in triplicate with an
ABI Prism 7500 fast sequence detector system
with GoTag PCR mast mix (Promega France
#M7133). After normalization against 18S
rRNA, the relative abundance of mRNA was
obtained by calculating the difference in
threshold cycles between the test and control
samples (mock value set at 1), as according to
the O @Cr method. The primers used were
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Lenti-1
(AGACGCCATCCACGCTGTTTTGACCTC
CATAG),

Lenti-2
(CCAAAACACAATGGAAAAACCAGAAG
GGGTAQ),

Lenti-3
(GTGTTGCGTAGGTTCTGATCGATTGAC
TCTTC),

18S (F: CTT AGA GGG ACA AGT GGC (R:
ACG CTG AGC CAG TCAGTG TA)

MAST2: Quantitect primer (Qiagen,
Germany)QT00042574
Western blotting (WB)
Proteins were suspended inRadio

Immunoprecipitation Assay,RIPA, buffer
(Sigma USA #R0278) supplemented with
Complete ULTRA EDTA (Roche USA
#05892970001), PhosSTOP (Roche USA
#04906845001) and nuclease (Thermo Fisher
Scientific France #88701). Protein extracts
were diluted in NUPAGE LDS buffer (Thermo
Fisher Scientifickrance #NP0007) containing
NuPAGE reducing agent (Thermo Fisher
Scientific France #NP0004). Protein samples
(15 pg/ul) were then loaded onto NUPAGE
Novex 12% BisTris gels (Thermo Fisher
Scientific France #NP0341) and subjected to
electrophoresis in MOPSDS running buffer
(Thermo Fisher Scientific France #NP0001).
The protein bands were blotted onto PVDF
ImmobilonrFL membranes (Millipore France
#IPFL0O0010). Membranes were blocked with
5% BSA in PBST buffer (BS with 0.1%
Tween 20) and incubated overnigitt4°C with
the primary antibody in blocking buffer
containing 0.1% Tween 20 (SIGMA USA
#P1379). The membrane was washed with 0.1%
Tween 20 in PBS and the antigen/antibody
complex was detected with a horseradish
peroxidase  (HRPyonjugated  secondary
antibody. Membranes were washed with PBST
and visualized with the ECL western blot kit
(Thermo Fisher Scientific France #35055) on a
G-Box (SYNGENE USA). The primary
antibodies were the anti, ,-fubulin (Promega
France # G7121) and an aRABV G-cyto
domain fproduced irhouse, NIV biological
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collection) antibody. The secondary antibody
was an HRP-conjugated artinouse IgG
antibody (GE Healthcare U.K. #NA9310).

MAST2 immunofluorescencein NS or SH
SY5Y cells

Neuronal cells were seeded onl\RPL-lysine
Collagen coated glass slide (3e+04 cells per
slide) in a 24wells cell culture plateTwenty
four hours later, cells were sad with PBS
buffer (3 times) ad fixed with 100% methanol
at -20°C for 20min. Then cells were washed
three times with PBS, bloekl with 5% goat
serum in PBS for an hour at room temperature,
rinsed three times withPBS and incubated
overnightat 4°C with the amMAST2 antibody
(1/500, Thermo Fisher Scientifirancet#PAS>
75974) diluted in 5% goat serum in PBS. The
day after, the giss slides were washed three
times with PBS incubated with the secondary
antibody conjugated with AF555 (1/500
Thermo Fisher ScientifiErance#A27039 and
Hoescht 33342 (Thermo Fiskr Scientific
France #H3570)for one hour atroom
temperatureThen theslides were washed three
times with PBS and mounted with prolong gold
(Thermo Fisher Scientific France #P36R82
Cells were imaged with a Zeiss LSM70
confocal UV microscope.

Penetration of CPMNeurovita inNS

The flow cytometry procedures, have been
descibed in Prehaudet al. (47,57) Briefly,
NGFtreated (6 hours) NS cells which had been
seeded on 6 well plates (%06 cells per well)
were treated wit 20 ng of CPMNeurovitaor
mocktreated with PBS buffefor 30 min at
4°C. Then cells were washed 3 times with PBS
buffer beforeto bepermeabiliedto detectboth
the molecules bound to ttmembrane anthe
molecules in the cytoplasmThe CPM-
Neurovita molecules were detected with an
arti-strep Tag mAb C23.2 (IP collection, Dr
Pierre Lafaye)plus a Cy5 conjugated anti
mouse antibody (Jackson laboratory, USA).

For WB analysesle+06NS cells cultivated in
NDF mediumwere processed as abouéer
being treated with ig of CPMNeurovitaor
mock-treated with PBS buffefor 6 hours at
37°C. Then cells were washed 3 times with PBS
buffer, lysed with RIPA buffer and processed
for WB using the antstrep tag antibody C23.2.
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MAST2-silencing

SH-SY5Y were silenced for the expression of
MAST2 by using specific lentiviral shRNA
MAST?2 (TRCNOO00001733,
TRCNO0000001735 and TRCNO0000001736)
and pL.KO1shRNARHS4080)s controlThe
lentiviral shRNA were found among the
collection of the Open Biosystes Expression
S$UUHVWE 75& OLEUDU\
Harvard, USA, sold by Thermofisher).
Lentiviral shRNA viral stocks were produced as
previously describedriefly, SH-SY5Y (74 x

1P cells in 12ml of medium) were infected with
900ng of p24 equivant of each lentiviral
shRNA vector stock for two days. Then an
aliquot of the cells was taken, total RNA was
extracted and gene expression was monitored
by Q- RTPCR. Neurite outgrowth was assayed
in cultures exhibiting a knockdown of
expression of >80%S&ilencing experiment was
conducted on triplicate individual samples.

Statistical analysis

$129% ZLWK %RQIHUURQLYV

%URDG ,Q'

f

comparison post he®WHVW DQG VWXGHQW

were conducted with Graph Pad Prism version
7 or 8software.

Sample preparation fobiophysical methods

MAST2#DZ was expressed and purified as
previously describe@8). PBM peptides were
synthesized on solighase supports, with the
Fmoc (9fluorenyl methoxycarbonyl) strategy
(ProteoGenix; see Fig. 3B for sequences). All
biophysics experiments were performed in 50
mM Tris/HCI, 150 mM NacCl at pH.5.

Isothermal titration microcalorimetry

ITC measurements were performed as
previously described16) with VP-ITC and
ITC200 calorimeters (Malvern). MASTRDZ
(10 to 30 RVl) was titrated at 298 K by 20 to 45
consecutive injections of 2 to Taliquots of the
peptides (110 to 280mV). Raw data were
normalized and corrected for the heats of
dilution of the peptides. Equilibrium
dissociation constants werdetermined by
fitting nonlinear curves to the corrected based
on a model with one set of sites, with Origin7.0
software (OriginLab).

Stoppedflow experiments
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The kinetics of association between MASH 2
PDZ and the NV3 peptide were studied at 20°C
with  SFM300 stoppedflow equipment with
fluorescence detection (BioLogic). Typically,
150 | of MAST2#DZ solution was rapidly
mixed with an equal volume of peptide solution.
For each peptide, three concentrations (2.5, 5
and 10 V) were testecita constant MASTZ2
PDZ peptide ratio of 1:10 to respect pseudo
first-order conditions. The maximal
concentration of MASTZ2’DZ was 1 M. A
mixing time of 15mswasused (total flow rate
of 20ml-s™), resulting in a dead time of 2n8s.
Data points recorded between 0 antis8were
excluded from the fitting process. The flow cell
was illuminated with a monochromatic UV
light at 295nm (bandwidth &m) and emitted
fluorescence was collected perpendicularly to
the incident beam through a 325 nm hjigss
filter. Kinetic data were @uired and analyzed
as previously describel8). We stored and
processéd 1012 averaged traces independently.
Averaged Kkinetic traces from stoppiow
experiments were fitted independently with the
following mongexponential equation:
F(t)=A-e'bst + offset. For each peptide
concentration, the mean values of amplitude,
the observed rate constant and the
corresponding SDs were calculated from the
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PDZ domains clones from a complete collection
of 266 PDZome clones were successfully
expressed. The automated holdup assay
protocol was performed on a Tecan freedom
Evo200 machine with 38#ell plates. A 41V
stock solution of biotinylated Neurovita peptide
fixed on streptavidin beads was incubated with
a4 Pl His-MBP-PDZ domain solution. After
incubation, the liquid phase of the plates was
collected and filtered and the concentration of
unbound PDZ domains in the filtered flow
throughs was measured by microfluidic
capillary gel electrophoresis with a Lakigh
GX Il machine (Caliper, PerkinElmer). Binding
intensities (BIs) were calculated as described in
the supplementary data of the paper by
Vincentelli R.et al (20).

This work was supported by the following graldR (Agence Nationale de la RechercheBSV8&
000801 MAST2-PTEN.AFM (Association Frangaise contre les MyopathiesCharacterization of

pathological defects in motor neurons derived from patients Amyotrophic Lateral Sclerosis (ALS).
Grand Prix de Of$FDGpPLH GHV 6FLHQFHV )R Q GridWdeRi@ gp@ fretlDOH GH

Institut Carnot -Pasteur Maladies InfectieusesUnraveling the neuroprotective functions and
optimization of new neuroprotectigempoundThe research leading to the results d8QFhas received
funding from the programsQ YHVW LV V HP H Q W-V0-BIHY YO8 ehndANR-1 B5INBS-0011
NeurATRIS: Translational Research Infrastructure for Biotherapies in Neuroscidfitesd FD are

UHFLSLHQWY RI 3K' IHOOR ZV Keh&\gneéhPSWidfielr @Ld® la\R&tlgdltHe.GH O

O was supported by a PhD fellowship from Revive (ANRLABX -73).
We thank Sylviane Hoos (Biophysics Core, Institut Pasteur) for ITC expertise and the tedm of t
Technology Core of the Center foranslational Science (CRTpstitut Pastey for their helpour with

theIncucyte Technology.

Conflict of interest statement

KZ, LM, PC, TE, VS and WN are eaventors of the two following patents:

Prehaud C, Lafon M, Wolff N, Khan Zerrien EandVitry S are ceinventors of Institut Pasteur
SDWHJEDWAST2-DIILQLW\ SRO\SHSW L GRCV/EPZD2/07 20M3/ W ROH30 68830

European patent 11 306 454.7.

13



Interfering peptides stimulating neurite outgrowth

Prehaud C and Lafon M are-goventors of Institut Pasteur Pateftl D Q R E sufBablefdd neuron
UHJHQHUDW PRTEREZKLE/Qr068¥EP14306388.1.

References

1.

2.

10.

11.

12.

13.

14.

15.

Datta, S. R., Brunet, A., and Greenberg, M. E. (1999) Cellular survival: a play in three Akts.
Genes De%3, 29052927

Brunet, A., Bnni, A., Zigmond, M. J., Lin, M. Z., Juo, P., Hu, L. S., Anderson, M. J., Arden, K. C.,
Blenis, J., and Greenberg, M. E. (1999) Akt promotes cell survival by phosphorylating and
inhibiting a Forkhead transcription factdCell96, 857868

Knafo, S., athEsteban, J. A. (2017) PTEN: Local and Global Modulation of Neuronal Function
in Health and Diseas&rends Neurosdi0, 8391

Zhang, Y., Granholm, A. C., Huh, K., Shan, L-ROiBz0., Malik, N., Olson, L., Hoffer, B. J.,
Lupica, C. R., Hoffman,A, and Backman, C. M. (2012) PTEN deletion enhances survival,
neurite outgrowth and function of dopamine neuron grafts to MitoPark mirain135,

27362749

Gregorian, C., Nakashima, J., Le Belle, J., Ohab, J., Kim, R., Liu, A., Smith, K. B., Groszer, M.,
Garcia, A. D., Sofroniew, M. V., Carmichael, S. T., Kornblum, H. I., Liu, X., and Wu, H. (2009)
Pten deletion in adult neural stem/progenitor cells enhancesstitutive neurogenesis.
NeuroscP9, 18741886

Wyatt, L. A., Filbin, M. T., and Keirstead, H. S. (2014) PTEN inhibition enhances neurite
outgrowth in human embryonic stem celerived neuronal progenitor cell§.Comp Neurol

522, 27412755

Zhang X. C., Piccini, A., Myers, M. P., Van Aelst, L., and Tonks, N. K. (2012) Functional analysis
of the protein phosphatase activity of PTENbchem 344, 457464

Kwon, C. H., Luikart, B. W., Powell, C. M., Zhou, J., Matheny, S. A., Zhang, Wakeér, 8., B

J., and Parada, L. F. (2006) Pten regulates neuronal arborization and social interaction in
mice.Neuron50, 377388

Markus, A., Zhong, J., and Snider, W. D. (2002) Raf and akt mediate distinct aspects of
sensory axon growtiNeuron35, 6576

Drinjakovic, J., Jung, H., Campbell, D. S., Strochlic, L., Dwivedy, A., and Holt, C. E. (2010) E3
ligase Nedd4 promotes axon branching by downregulating PN&Non65, 341357

Chow, D. K., Groszer, M., Pribadi, M., Machniki, M., Carmichaell.i8, X., and

Trachtenberg, J. T. (2009) Laminar and compartmental regulation of dendritic growth in
mature cortex.Nat Neurosci?2, 116118

Loh, S. H., Francescut, L., Lingor, P., Bahr, M., and Nicotera, P. (2008) Identification of new
kinase clustersequired for neurite outgrowth and retraction by a lestfunction RNA
interference screenCell Death Diffet5, 283298

Valiente, M., Andre®ons, A., Gomar, B., Torres, J., Gil, A., Tapparel, C., Antonarakis, S. E.,
and Pulido, R. (2005) BindingRTEN to specific PDZ domains contributes to PTEN protein
stability and phosphorylation by microtubusssociated serine/threonine kinasekBiol

Chem280, 2893628943

Lachyankar, M. B., Sultana, N., Schonhoff, C. M., Mitra, P., Poluha, W., L&nbert,
Quesenberry, P. J., Litofsky, N. S., Recht, L. D., Nabi, R., Miller, S. J., Ohta, S., Neel, B. G., and
Ross, A. H. (2000) A role for nuclear PTEN in neuronal differentiatiteuros0, 1404

1413

Stambolic, V., Suzuki, A., de la Pompa, Jrdthdss, G. M., Mirtsos, C., Sasaki, T., Ruland, J.,
Penninger, J. M., Siderovski, D. P., and Mak, T. W. (1998) Negative regulation of-PKB/Akt
dependent cell survival by the tumor suppressor PTEN95, 29-39

14



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Interfering peptides stimulating neurite outgrowth

Prehaud, C., Wolff, N., Terrien, E. dgaf M., Megret, F., Babault, N., Cordier, F., Tan, G. S.,
Maitrepierre, E., Menager, P., Chopy, D., Hoos, S., England, P., Delepierre, M., Schnell, M. J.,
Buc, H., and Lafon, M. (2010) Attenuation of rabies virulence: takeover by the cytoplasmic
domain ofits envelope proteinSci Signa, ra5

Seo, W., Prehaud, C., Khan, Z., Sabeta, C., and Lafon, M. (2017) Investigation of rabies virus
glycoprotein carboxyl terminus as an in vitro predictive tool of neurovirulence. A 3R
approachMicrobes Infecl9, 476-484

Delhommel, F., Chaffotte, A., Terrien, E., Raynal, B., Buc, H., Delepierre, M., Cordier, F., and
Wolff, N. (2015) Deciphering the unconventional peptide binding to the PDZ domain of
MAST2Biochem 469, 153168

Terrien, E., Chaffotte, A., Lafage, M., Khan, Z., Prehaud, C., Cordier, F., Simenel, C.,
Delepierre, M., Buc, H., Lafon, M., and Wolff, N. (2012) Interference with theAABN2
interaction by a viral protein leads to cellular relocalization of PHEISignalb, ra58

Vincentelli, R., Luck, K., Poirson, J., Polanowska, J., Abdat, J., Blemont, M., Turchetto, J., Iv, F.,
Ricquier, K., Straub, M. L., Forster, A., Cassonnet, P., Borg, J. P., Jacob, Y., Masson, M.,
Nomine, Y., Reboul, J., Wolff, N., Chariger, S., and Trave, G. (2015) Quantifying domain

ligand affinities and specificities by higiroughput holdup assayNat Methodsl2, 787793

Terrien, E. (2012) Implication de la kinase MAST? et de la phosphatase PTEN dans la survie
neuronale induitepar la glycoprotéine du virus de la ragghD Thesis, Paris 6 University

Sahay, A., Scobie, K. N., Hill, A. S., O'Carroll, C. M., Kheirbek, M. A., Burghardt, N. S., Fenton,
A. A., Dranovsky, A., and Hen, R. (2011) Increasing adult hippocampal mesisge

sufficient to improve pattern separatioiNature472, 466470

Li, T., Vandesquille, M., Bay, S., Dhenain, M., Delatour, B., and Lafaye, P. (2017) Selection of
similar single domain antibodies from two immune VHH libraries obtained from two alpacas

by using different selection methodsnmunol Lettl88, 8995

Li,T., Bourgeois, J. P., Celli, S., Glacial, F., Le Sourd, A. M., Mecheri, S., Weksler, B., Romero, I.,
Couraud, P. O., Rougeon, F., and Lafaye, P. (201-pe@eitating aniGFAP VHH and
corresponding fluorescent fusion protein VHHFP spontaneously crage bloodbrain

barrier and specifically recognize astrocytes: application to brain imagikfgEB2b, 3969

3979

da Costa, A., Prehaud, C., Bakoa, F., Afonso, P., Ceccaldi, P. E., Lafaye, P., and Lafon, M.
(2019) A Human BloeBrain Interface Modeld Study Barrier Crossings by Pathogens or
Medicines and Their Interactions with the BrairVis Exp

Fujii, N., Haresco, J. J., Novak, K. A., Stokoe, D., Kuntz, I. D., and Guy, R. K. (2003) A selective
irreversible inhibitor targeting a PDZ proteinaraction domainJ Am Chem Sa4e5, 12074

12075

Bach, A., Pedersen, S. W., Dorr, L. A., Vallon, G., Ripoche, I., Ducki, S., and Lian, L. Y. (2015)
Biochemical investigations of the mechanism of action of small molecules ZL006 and IC87201
as potentialinhibitors of the nNO®DZ/PSB5-PDZ interactionsSci Rep, 12157

Khan, Z., and Lafon, M. (2014) PDZ domadiated protein interactions: therapeutic

targets in neurological disorder€urr Med Cherfdl, 26322641

Mo, S. F., Liao, G. Y., YangMang, M. Y., Hu, Y., Lian, G. N., Kong, L. D., and Zhao, Y. (2016)
Protection of neuronal cells from excitotoxicity by disrupting nNR3B®95 interaction with a

small molecule SC#026.Brain Red4648 250256

Wu, Q. J., and Tymianski, M. (2018) €angg NMDA receptors in stroke: new hope in
neuroprotection.Mol Brainll, 15

Javier, R. T., and Rice, A. P. (2011) Emerging theme: cellular PDZ proteins as common targets
of pathogenic virusesl VirolB5, 1154411556

Lafon, M. (2011) Evasive digies in rabies virus infectioAdv Virus Reg9, 3353

15



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Interfering peptides stimulating neurite outgrowth

Stiffler, M. A., Chen, J. R., Grantcharova, V. P., Lei, Y., Fuchs, D., Allen, J. E., Zaslavskaia, L. A.,
and MacBeath, G. (2007) PDZ domain binding selectivity is optimized across the mouse
proteome.Science17, 364369

Stiffler, M. A., Grantcharova, V. P., Sevecka, M., and MacBeath, G. (2006) Uncovering
guantitative protein interaction networks for mouse PDZ domains using protein microarrays.

J Am Chem Sa4@8, 59135922

Tonikian, R.,tANg, Y., Sazinsky, S. L., Currell, B., Yeh, J. H., Reva, B., Held, H. A., Appleton, B.
A., Evangelista, M., Wu, Y., Xin, X., Chan, A. C., Seshagiri, S., Lasky, L. A., Sander, C., Boone, C.,
Bader, G. D., and Sidhu, S. S. (2008) A specificity map fdbZzhddain familyPLoS Bid,

e239

Karlsson, O. A., Sundell, G. N., Andersson, E., lvarsson, Y., and Jemth, P. (2016) Improved
affinity at the cost of decreased specificity: a recurring theme inpdpfide interactionsSci

Rep6, 34269

Thomas, M, Myers, M. P., Massimi, P., Guarnaccia, C., and Banks, L. (2016) Analysis of
Multiple HPV E6 PDZ Interactions Defines I§pecific PDZ Fingerprints That Predict

Oncogenic PotentiaPLoS Pathofj2, e1005766

Luck, K., Charbonnier, S., and Trave2@.Z) The emerging contribution of sequence

context to the specificity of protein interactions mediated by PDZ dom&IiaB.S Le&86,

26482661

Feng, W., Wu, H., Chan, L. N., and Zhang, M. (2008}Rediated junctional localization of

the lipid phasphatase PTEN is required for cell polarity establishnieBiol Cher283,

2344023449

Zhang, Y., Appleton, B. A., Wiesmann, C., Lau, T., Costa, M., Hannoush, R. N., and Sidhu, S. S.
(2009) Inhibition of Wnt signaling by Dishevelled PDZ peptid&tsChem Bidb, 217219

Cook, D. J., Teves, L., and Tymianski, M. (2012) Treatment of stroke wit®a iRBDitor in

the gyrencephalic primate braibNature483, 213217

Cui, H., Hayashi, A., Sun, H. S., Belmares, M. P., Cobey, C., Phan, TerSéhgailter, M.

W., Wang, Y. T., Tasker, R. A., Garman, D., Rabinowitz, J., Lu, P. S., and Tymianski, M. (2007)
PDZ protein interactions underlying NMDA receptwediated excitotoxicity and

neuroprotection by PSB5 inhibitors.J Neuros@7, 99019915

Nissen, K. B., Haugaakadstrom, L. M., Wilbek, T. S., Nielsen, L. S., Aberg, E., Kristensen, A.
S., Bach, A., Jemth, P., and Stromgaard, K. (2015) Targeting Jpratieiim interactions with

trimeric ligands: high affinity inhibitors of the MAGUKgin family.PLoS On&0, e0117668

Vitry, S., Ausseil, J., Hocquemiller, M., Bigou, S., Dos Santos Coura, R., and Heard, J. M. (2009)
Enhanced degradation of synaptophysin by the proteasome in mucopolysaccharidosis type
[1IB.Mol Cell Neuroseil, 818

Toli, D., Buttigieg, D., Blanchard, S., Lemonnier, T., Lamotte d'Incamps, B., Bellouze, S., Baillat,
G., Bohl, D., and Haase, G. (2015) Modeling amyotrophic lateral sclerosis in pure human iPSc
derived motor neurons isolated by a novel FACS doulidetsen techniqueNeurobiol Dis

82, 269280

Maury, Y., Come, J., Piskorowski, R. A., S4ddtellibi, N., Chevaleyre, V., Peschanski, M.,
Martinat, C., and Nedelec, S. (2015) Combinatorial analysis of developmental cues efficiently
converts human pluipotent stem cells into multiple neuronal subtypé@éat BiotechnoB3,

89-96

Prehaud, C., Lafon, M., and Schnell, M. J. (2010) Neuron generation, regeneration and
protection. European PaterPCTWO 2010/116258

Zufferey, R., Nagy, D., Mandel, R. J., Naldini, L., and Trono, D. (1997) Multiply attenuated
lentiviral vector achieves efficient gene delivery in vNiat Biotechnoll5, 871-875

Prehaud, C., Lafon, M., and Lafaye, P. (2015) Nanobodies suitableifon megeneration
therapy.W0/2016/038122Patent application

16



50.

51.

52.

53.

54.

55.

56.

57.

58.

Interfering peptides stimulating neurite outgrowth

Lafaye, P., Achour, I., England, P., Duyckaerts, C., and Rougeon, F. (200@)18aigle

antibodies recognize selectively small oligomeric forms of amyloid beta, prevent-Abeta
induced neurobxicity and inhibit fibril formationMol Immunol46, 695704

Meijering, E., Jacob, M., Satrria, J. C., Steiner, P., Hirling, H., and Unser, M. (2004) Design and
validation of a tool for neurite tracing and analysis in fluorescence microscopy images.
Cytometry A58, 167176

Radio, N. M., Breier, J. M., Shafer, T. J., and Mundy, W. R. (2008) Assessment of chemical
effects on neurite outgrowth in PC12 cells using high content screehingcol Sci05, 106

118

Yeyeodu, S., Gilyazova, N., Huh,. EDandepally, S. R., Oldham, C., Williams, A., and Ibeanu,

G. (2011) A trifluoromethyl analog of verbenachalcone promotes neurite outgrowth and cell
proliferation of NeuroScreef cells.Cell Mol Neurobid1, 145153

Sholl, D. A. (1953) Dendritic argzation in the neurons of the visual and motor cortices of

the cat.J Anat37, 387406

Lioy, D. T., Garg, S. K., Monaghan, C. E., Raber, J., Foust, K. D., Kaspar, B. K., Hirrlinger, P. G.,
Kirchhoff, F., Bissonnette, J. M., Ballas, N., and Mand&0E1) A role for glia in the
progression of Rett's syndromBature475, 497500

Chopy, D., Detje, C. N., Lafage, M., Kalinke, U., and Lafon, M. (2011) The type | interferon
response bridles rabies virus infection and reduces pathogenicitjeurovbl 17, 353367
Prehaud, C., Lay, S., Dietzschold, B., and Lafon, M. (2003) Glycoprotein of honpathogenic
rabies viruses is a key determinant of human cell apoptdsiérol77, 1053710547

Terrien, E., Simenel, C., Prehaud, C., Buc, H., DetepirrLafon, M., and Wolff, N. (2009)
1H, 13C and 15N resonance assignments of the PDZ of microagsdeiated

serine/threonine kinase 205 (MASTZ205) in complex with ter@inal motif from the rabies
virus glycoproteinBiomol NMR Assig® 4548

17



Interfering peptides stimulating neurite outgrowth

A p<0.0001
150 =
£ ' :
B B4
3 100 - $.3 $
£
5 IR
z 50 ; PRER I
w
£ ‘!':’!*
3 0 T T
Control SH MAST2
B
RABV G full
19aa 439aa 22aa 44aa
vam(3) e
2aa
NH2 o g T ey —cmH NV1A
c 2aa z
g 250+ .
NV1 NV1A N.T =
14kDa — X -'Ea 200 .
- - Neurovita S _ 150 - .

6kDa ! ; 5. ..-

43kDa — £ 4004 I3 .

—— T — v— Tubulin 3 to; °.: I;';'l;
§, 50 e®a0ee .=.. - by ry ey oy
E 0 T T T
> N - %
< &y &
 — e

D s
E 600— ARAR
= H
S NV1 NV1A N.T. -§’ 100 ;
-‘ Neurovita 2= 7 -

6kDa = g g_ ‘ 2

49KkDa — § 2004 & .

SokDe — | Tubulin g . .&. T
g 0 T T T
> 4\ '\\ A -
< - N > .

i Fig1

Figure 1: Lentivector-delivered Neurovita 1 (NV1)in SH-SY5Y or NS triggers neurite outgrowth
in a PBM dependent manner.

A. Silencing ofMAST2(SH MAST2) triggers spontaneous neurite outgrowth iRS%Y culture. This
effect is not observed when cells were treated witiKO1shRNA (Control).Two-tailed unpaired
6 W X GtHe3tWHW.0001.These results are representative of two independentiengres.

B. Structure of the RABV &roteingeneencodinga signal peptide (SP, H3) an extracellular domain
(EC), a transmembrane domain (TM,&&) and a cytoplasmic domain Cyto (44 tagether witha G
terminal PBM Scheme on thaght showsG-proteintrafficking from the ER to the plasma membrane
in RABV-infected cellsDiagram of thdentiviral vector transgenexpression cassettddV1 contains
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the SRtwo amino acidérom the EC domain (2a),the TM, and theCyto domain NV1' is identical
except that it lacks the lastedat the Gterminus of thaPBM.

C. Neurite outgrowth triggered by NV1 and NV1n SH-SY5Y cells 24 h post transduction with the
lentivectorsLeft pane] expression of NV1 and NV1assesselly WB with aRABV G-protein Cyte
specific antibodyTheexpected MV of NV1 ' and NVl1are 9.0 an®.5kDa, respectivelyExpression
of tubulin is used as a loading contrbh note, NV1 and NV1 bands obtained in the same membrane
but on norcontiguous lanesvere spliceqdashed line) Right panel, measungentof neurite outgrowth

in SHSYS5Y cells expressing NV1 ddV1' 30 h posttransductionimages of30 fields(mean of 300
cells per field) were taken with avUmicroscope for each conditioifhe images were analyzed by
ImageJ and the NeuronJ plugin to calculate the average neurite. ISNHth Non-Transduced cells.
Results are representative of 6 independent experiments.

D. Neurite outgrowth triggered by NV1 and NVIn NS cells 72 h posttransduction with the
lentivectors. Left panel, proteievels assessed BiB. Expression of tubulin is used as a loading
control Right panel, measumgentof neurite outgrowth itNS cells expressing NV1 &fV1' 72h post
transductionN=36 fields(mean number of cells per field: 324\.T. = nontransduced celldkesults
are representative of 5 independent experiments.

ForCandD: $129% ZLWK %RQIHUURQLYV P-Xd Wdt-&Sdd0PBP.SDULVRQ SRV’
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Figure 2: NV1 stimulates neurite outgrowth in human iPSederived motor neurons and mouse
cortical neurons.

A. Neurite outgrowth in iPSderived human motor neuroespressing NV1 and NV172 h post
transduction. Images @ fields (500 cells) were taken with the Cell Insight Platformalysis was
performed using the Neuronal Profiling Bapplication Neurite outgrowth was measured in triplicate
wells. Two-tailed tnpairedSW X G Ht€s®-§3=0.0081.Scale bar =20 um. Results are representative
of two independent experiments.

B. Neurite outgrowth in mouse cortical neuramgressing NV1 and NV172 h posttransduction.

Image of10 fields(mean of 650 cells per field) were taken with the Cell Insight Platfdleurite

outgrowth was measured using the Neuronal Profiling-Aiplication Neurite outgrowth was

measured in triplicate experiments.T. = Non-Transduced cellsf 129% ZLWK %Y RQIHUURQLTTV F
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comparison poghoc test, -+ =p<0.0001 Scale bar=50 pum. Results are representative of two
independent experiments.
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Figure 3: Search for improved NV-PBMs

A. Structure of MASTZPDZ (in gray) bound to the viral peptide Cyto13 (PDB code 2KQL). The N
terminal anchor, the linker, and thet€&minal anchor of Cyto13 ashownin blue, green and orange,
respectively. The 13-@rminalaaof NV1 and PTEN are indicated

B. Thermodynamic parameters from ITC experiments for 11 peptitesictingwith MAST2-PDZ.

C. Enthalpy (' H) and entropy (TS) values for peptides from the first and second reahdptimization
areshownin blue and orange, respectively. ValuesNdfl, 2 and 3, and PTEN peptides are indicated.
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Figure 4. PDZome binding profilesfor NV peptides PDZ domainsx axis) are rankeah descending
order ofbinding intensiy (Bl) (y axis) Magnifications showing thbest binders of NV1, 2 and BI(>
0.21U). BI values greatethan 0.6lU, between 0.3U and 0.61U, andlower than 0.3U areshownin
red, orange and yellow, respectiveBjotin was used as a control for the Bl prafile
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Figure 5: Increasing the affinity of NV-PBMsfor MAST2 protein increasegheir biological activity

A. Diagramof the lentiviral transgene expression cassetaswingthe length of the cytoplasmic
domain of the constructs (44 for the Cyto domain of NV1 and 42 for the Cyto domasof NV2
and NV3).The PBM is underlinedstar* indicates the replacement or the deletion of one residue.

B. Transductiorefficiencies forNV1, NV2 and NV3 as assessed RT-PCR (left) or byWB on NS
cells48h posttransduction with lentivectors. NTNon-Transduced cells. Tubulwasused as ading

control

C. Neurite outgrowthof NV3-, NV2-, NV1-, and 19 Gexpressing NS cells 72 posttransduction.

N ILHOGV

19 19 19 ILHO&M2939ZL WK %RQIHUURQLTV

comparisorposthoc testy=p=0.00@, -+ =p<0.0001 Resultsare representative of threelependent

experiments.

24

f



Interfering peptides stimulating neurite outgrowth

D: Arborization (Sholl analysis) iNV3-, NV2- andNV1-expressing NS cells 72 posttransduction
The analysis was performed in the same s#tBlV1-, NV2- and NV3treated NScells N=10 fields
(NV3, NV2, NV1, NT) Two-way ANOVA =« =p<0.0008. Results are representative of three
independent experiments.
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Figure 6: NV3-Cyto is as efficient as NV1

A. Diagramof the two NV3 lentivector transgemenstructs. NVaCyto istruncatedand lackghe SP,
the2 aafrom the EC domainand the TM domain. It consists of the Cyto domain of NV3 only.

B. Transcription of theNV3, NV3-Cyto and NVitransgenef NS cells. 18S is used #w standard.
N=3. Two-tailed inpairedSW X G H€¥8Y-fp=0.0017.

C. Neurite outgrowth in NV3 NV3-Cyto- and NVZexpressing NS cells 72 posttransduction. NT
=non-transduced celldN=30 fields (NT, NV3cyto), N=40 fields (NV1, NV2, NV3).ANOVA with
%RQIHUURQLYV PXOWh&Qddt.TwB-Ried ldpavde QW X RE\H@s8/ §-¥p=0.0002,
=+ =p<0.0001.Results are representative of three independent experiments.

D Arborization (Sholl analysisfor NV1- and NV3-Cyto-expressing\NS cells 72h posttransduction.
NT = non-transduced cellsN=5 fields, two-way ANOVA. n.s= not significant Results are
representative of three independent experiments.
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Figure 7. Delivery of Neurovita as a peptide using £PM.

A. Diagramof the CPMNeurovita molecule and its PBhlleleted counterpart (CRM HXURYLWD (O
CPM=Cell-PenetratingMolecule

B. Neurite outgrowth in CPMNeurovita/CPM 1 H X U R-YtlaMgddéed or netransducedNT) NS
cells 72h post treatmentN=13 fields (NT), N=6 fields (CPMNeurovita), N=10 fields (CPM

1 HXUR YTwb-failed nnpairedSW X G 1#@siV-$ ¥p<0.0001.Results are representative of four
independent experiments.

C. NSneurite outgrowth was monitored by lkgell imaging on Incucyte (Sartorius, USild)nine fields
((mean of 43 cells per field) and analyzed with ImageJ and NeuronJ .pRmyicentage of neurite
bearing NS cell§53) after treatment with either CRMeurovita or CPMNeurovital Over a 1zhtime
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period, from18 h to 30h post tratment, CPMNeurovita triggeed neurite outgrowth in NS cells in a
PDZ-BM-dependenmanner The marks correspond to the percentages of neurite bearing cells observed
every hour over the 12 houperiod in CPMNeurovita treated culture (left) or in CRNeurovita'

treated culture (right).Two-way ANOVA, p<0.0001.Results are representative of two independent
experiments.

D: Over this 12hour period the speed of outgrowtlexpressed as pm/houwwas monitored on the
recorded live cell image€PM-Neurovitaincreased the speedmédurite outgrowthin the NGFtreated

NS cellsTwo-WDLOHG XQ S Diitdd;pS0.60005Re G W répresentative of two independent
experiments.
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Figure S1.Relevance of than vitro biological models

A. Detection of MAST2mRNA by Q3&5 7KH 0&W LV WKH &W REWDLQHG IRU 0%$6
reference gene (18S). In these conditions the transcripts of a gene is considedeteciea for a
a&W!

B. Immunofluorescence detection of MAST2 protein in oeat cells, SKN-SH (left) and NS cells
(right). MAST2 is in red, nuclei are in blue. Bars are 10{iwo-tailed unpaired6 W X G H&3W TV
=p<0.0001 These esults are representative of two independent experiments.
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Figure S2 Representative NeuronJ tracing of the NS cells phenotypes following lentivectors
delivery of NV molecules.
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Figure S3 CPM-Neurovita associates with cells when added to the culture medium

A. Western blotting detection of CRMeurovita in NS cells 6 hosrafter treatment witthe CPM
Neurovita (CPMNV) or mocktreated The control CPIMNeurovita is a loading control. These results
are representative of two independent experiments.

B. Flow cytometry detection of CPMeurovita after 30mn treatment (4°C)NMGF differentiated NS
cells. The internal staining is shown on the,l¢fie surface staining on the rigliglack histogram

represents the control conditiofhe cells treated with CPiMeurovitacorrespond to the red solid line
These results are represante of two independent experiments.
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