UNIVERSITY OF MILAN
FACULTY OF MEDICINE

Doctoral School in Biotechnology applied to Medical Sciences

WORUAs
SYESRS
S O

A7 @
s s
2 >
7P S
Q S

Title:

The IgLON family member Negrl promotes neuronal arborization and
migration via FGFR2.

Author:

Francesca Pischedda
Advisor:

Prof. Grazia Pietrini
Co-Advisor:

Dr. Giovanni Piccoli



ABSTRACT ...ciiiiiinsinsnicsensicssissssssisssissssssssssssssssstssssssssssssssssssssstsssssssssssssssssssssssssssssssssssssssssssssssssaes
1. INTRODUCTION...uuccuiieisuecsaissenssesssnssesssnsssssssssssssssssasssssssssssssssssssssssssssssssssssssssssssasssssssssssssssssssss 2
1.1 Neurite Outh@rowWth........coueiiciverinsserinieicssnicsssensssnncsssnissssssssssssssssssssssssssssssssssssssses 2

1.2 ISLON CAMS family...cccceriicssnicssnncsssnncsssnncssnssssssssssssssssssssssssssssssssssssssssssssnsssssasssss 4
1.3 Negr1 (Kilon) 7
1.4 Ectodomain shedding and IZLON.........cccuiiinriiinsnicssnicssnnecssnnssssnnsssssssssssssssssssones 9

1.5 FGFRs role in neuronal morphology.......c.ccceicccvercsseicssnicsssnscsssssssssssssssssssssssses 12

1.6 Neuronal migration and CAMS.........cceeecivnccssnncsssnncsssssssssssssssssssssssssssssssssssssssssses 16

1.7 Cerebral Cortex Maldevelopment 19

1.7.1 Autism Spectrum DiSOrders .......ccceevreessurcssrnrcssercssassessssssssssssssssess 20

2. OBJECTIVE OF THE THESIS.....ccouueviniiruisrensecsnicsensesssnssssssesssissssssesssssssssssssssssssssssssssssssssssas 22
3. RESULTS cuoiiiiniieineicseissesssisssissssssssssissssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssssssss 23
3.1 Negrl in MOTPROIOZY....cccecueiervuricssenisssanesssancsssansssssissssssssssssssssssssssssssssssssssssssssssssnsssssnsssssnssse 23
3.1.1 Negr1 modulates neuritic tree acting in cis and in trans 23

3.1.2 Negrl shedding by ADAM10 modulates neuritic tree...........cceeeeereecseecseecnnens 25

3.1.3 Negrl impact on neuritic outgrowth requires ERK1/2 phosphorylation....... 29

3.1.4 Negrl induces the formation of gap-JunCtion.......ccceeevverersrercssercssercssnercssnencans 33

3.1.5 Soluble Negr1 influences neuron morphology acting via FGFR2.................... 34

3.1.6 Negrl forms hetero complex with FGFR2...........cicvveiirvvercnsnicssnicssnnicssanscsnnnes 40

3.1.7 Negr1 modulates FGFR2 signaling acting both in cis and in trans.................. 43

3.2 Negrl in MIGratioN....ueccciceccsserccssnncsssnncssssnesssssosssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnases 49
3.2.1 Negrl expression is temporally and spatially regulated in vivo..............cc..... 49

3.2.2 Manipulation of Negrl expression affects late-born neuron migration in

VEVOueveereresessesssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassne 50



5. DISCUSSION....cuutiiuensueisnesressuesnsssnssssssnessessacsssssassssssssssssssassssssasssssssassssssassssssasssssssassasssassssssasssssss 53

0. CONCLUSION..uucciuiiruinrnennnsnnnsnessnessessanssssssssssessassssssasssssssssssessassssssassssssssssasssassssssassssssssssasssassases 67
7. EXPERIMENTAL PROCEDURES........iiitinreninnninnennnssnsssesnessesssesssssssssssssssssssssessassase 68
8. BIBLIOGRAPHY ..uuuouiiiienninsnenensnnnsnesncssnssaesssssssssssssacsssssasssasssssssssssssssssssssassssssssssssssassssssassssssas 75
9. FIGURE INDEX.....ccootininsinnensnensuessnnsaessasssnsssnssacssessaesssssssssssssassssssassssssssssssssassssssassssssasssassssssssss 85
10. ABBREVIATION INDEX......ccouiiinnensunsnnsuessunsnnsaessasssesssessassssssssssssssssssessassssssasssssssassasssassssss 87
11. APPENDIX L...ouuiuiiiiiiinnnenneninsnessnnsnnssnessscssnssscssssssssssssssesssssssssasssssssssssessassssssassssssssssasssassssssase 90

12. APPENDIX IL...ccuuuinuiiiuienriniesensuennnsnnsssnssncssessasssssssesssssssssssssasssasssssssessassssssassasssssssssssassasssassane 106



ABSTRACT

Negrl is a member of [gLON adhesion protein family but its functions are largely unknown.

In our previous work ((Pischedda et al. 2014), APPENDIX I) we identified Negrl as a
developmentally regulated synaptic protein. Thus we examined the consequences of Negrl acute
down regulation. Strikingly, we found that Negrl ablation impairs neuronal maturation in vitro.

In this project we demonstrated thanks to complementary biochemical and imaging approaches that
Negrl organizes trans-synaptic heterodimer and influences neurites outgrowth via MAPK signaling.
In detail, we demonstrated that ectopic Negrl is sufficient to improve neurite arborization and to
rescue the morphological phenotype observed in Negr1 silenced cells.

This function is dependent on the activation of MAPK pathway through tyrosine kinase receptors.
In fact, we found that Negrl physically and functionally interacts with FGFR2, modulates FGFR2
response to FGF and consequently influences MAPK pathway.

FGFR2 pathway plays an important role during brain development. Not surprisingly, our
investigation of the radial migration of newly generated cortical neurons revealed that Negrl-
FGFR2 cross-talk controls cortical organization in vivo.

Noteworthy, mutations in NEGR1 and FGFR2 genes have been recently identified as ASD
candidates.

Autism spectrum disorder (ASD) affects 0.9% of children and it is recognized as the most genetic
of all developmental neuropsychiatric syndromes. Connectivity dysfunctions have been suggested
as causative alterations in ASD.

Given the functional, physical and genetic correlation among Negrl and FGFR2 and the impact of
Negrl on neuron morphology and migration, Negrl-FGFR2 molecular cross talk might arise as a

key mechanism during CNS development.



1. INTRODUCTION

1.1 Neurite outhgrowth

Neurite outgrowth is a fundamental process that allows the establishment of a functional network in
the developing brain.

During development of the nervous system, axons require a mechanism which guide them to their
specific targets. This process is regulated by a large panel of guidance molecules.

Neurons need a permissive adhesive substratum to extend their axons. There are two major
categories of adhesive cues: ECM (extracellular matrix) components, whose elements are localized
in interstices or basement membrane, and CAMs (cell adhesion molecules) expressed both on
neuronal and non-neuronal cells membrane. For example the ECM component laminin promotes
the extension of those growth cones expressing the receptors for the integrin family (Bozyczko e
Horwitz 1986; Jessell 1988; Letourneau 1978).

Neurons demonstrate selective affinity for different ECM molecules according to the particular
panel of integrine receptors that they express (McKerracher, Chamoux, e Arregui 1996).

Neurons and glia express a wide variety of CAMs that allow the axons to interact with other
cellular component or with themselves.

CAMs molecules are in fact the physical linkers between ECM and the intracellular cytoskeleton.
Furthermore, CAMs act also as receptor and activate intracellular cascade, such as the FAK-MAPK
pathway (Fiol et al. 1994; Bechara et al. 2007; Maness e Schachner 2007) .

A wide variety of CAMs direct growing axons toward their targets via growth-promoting and
inhibiting effects during development, and maintain the precise patterns of neuronal connectivity in
the mature nervous system (Doherty, Fazeli, e Walsh 1995).

Thus guidance cues include a large variety of molecular signals, including electrical and chemical

gradients and physical protein interaction tigthly regulated in a spatio-temporal manner(Raper e



Mason 2010).

Axons extending through the developing nervous system encounter many competing guidance
signals arising from a variety of sources that need to be integrated into a single and reproducible
command. For example axons simultaneously interact with ECM, glial cells and neuronal
membrane, each one expressing multiple permissive, trophic and modulatory signals all at the same

time (Fig. 1).
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Fig. 1. Neurite outhgrowth modulatory signals.

Along their path, axons pass contact to both neuronal and non-neuronal cells. These cells expose on their
surface or release into interstitial spaces and the ECM a multitude of signaling molecules, such as
differentiation, modulation or tropic factors. As a result, a growth cone may advance, pause, collapse,

withdraw, turn or fasciculate with other axons (adapted from (Raper ¢ Mason 2010).

Given that many of the molecules and relative receptors involved in axonal growth and neuronal
maturation have been identified, now the main goal is to understand how they cooperate to guide

the establishment of a functional neuronal network.



1.2 IgLON CAMs family

The formation of the neuronal network requires the establishment of functional neuronal contacts,
the synapse. One of the earliest and most critical steps in the formation of synaptic contact is the
induction and adhesion of precisely opposed pre-synaptic and post-synaptic structures. Numerous
neural recognition molecules involved in regulation of synaptic contact formation via homo/-hetero
dimerization have been now identified.

Neurons exhibit at their cell surface different types of cell adhesion molecules (CAMs) and related
signalling molecules. Many of CAMs belong to one of three most important families: the
cadherin(Takeichi et al. 1988), integrin (Ruoslahti 1988), and immunoglobulin superfamily
(Williams e Barclay 1988). Among them, major role is played by the molecules belonging to the
immunoglobulin superfamily (IgSF): integrins, receptor tyrosine kinases (including ephrin
receptors), neuroligins, neurexins, neuropilins and plexins. These molecules interact in a
developmental and spatial specific manner thus allowing the establishment of the correct pattern of
synaptic contact.

The IgSF proteins encompass one or more extracellular Ig-like domains and execute important
functions in the establishment and remodeling of the CNS (Salzer e Colman 1989).

IgSF proteins such as neural cell adhesion molecule (NCAM), F3, TAG-1, L1, and NgCAM include
also several fibronectin type-IlI-like repeats in addition to five or six immunoglobulin (Ig)-like
domains, whereas Thy-1, myelin-associated glycoprotein, SC1 and telencephalin are composed by
only Ig-like domain(s).

Many neural IgSF proteins do not include a transmembrane domain and are anchored to the plasma
membrane via a glycosylphosphatidylinositol (GPI) bridge.

LAMP (Levitt 1984), OBCAM (Schofield et al. 1989), neurotrimin (Ntm) (Struyk et al. 1995) and

Negrl (Kilon) (Funatsu et al. 1999) are classified as a subgroup of IgSF named as IgLON. IgLONs



are expressed at higher levels in the cerebral cortex and limbic system (Levitt 1984; Struyk et al.
1995). Each IgLON member is highly glycosylated, binds the membrane by a GPI-anchor and

includes three C2-type Ig-like domains (Fig. 2).
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Fig. 2. Molecular structure and classification of IgLON family members.

(A) Structure of the three C2-type Ig-like domains in IgLON family members. (B) IgLON family members.

Experimental evidence suggested that [gLONs modulate synaptic functions, synaptic formation and
plasticity (Hashimoto, Maekawa, e Miyata 2009). Furthermore, electron microscopic observations
showed the synaptic localization of LAMP (Zacco et al. 1990), Negrl and OBCAM (Miyata et al.
2003) in adult brains.

Recently, in vitro experiments performed in cultured hippocampal neurons have shown that Negrl
and OBCAM are directly implicated in synapse formation (Yamada et al. 2007; Hashimoto et al.
2008). IgLON members show heterophilic and homophilic binding within the plane of the plasma
membrane and might function in molecular complexes.

It has been supposed that different homo/heterophilic dimers of IgLON members characterized by

different affinities exist within the plasma membrane; in vitro evidences suggest that IgLON



homo/heterodimerization might have a dual impact on neurites extension (Schifer et al. 2005;
Orlando D Gil et al. 2002).

For example LAMP, which is an early marker of cortical and sub-cortical limbic regions, can act in
two different ways. On one hand it facilitates the extension of neurites from thalamic neurons
expressing LAMP and promotes the outgrowth of limbic axons. On the other hand, it inhibits
branch formation and acts as repulsive signal during axonal guidance in neurons which do not
express LAMP (Mann et al. 1998; Pimenta e Levitt 2004).

Neurotrimin (Ntm) is highly expressed in thalamus, subplate, lower cortical laminae of forebrain,
hippocampus, olfactory bulb, dorsal root ganglia and spinal cord (Struyk et al. 1995).

Ntm binds neurons that express Ntm at high levels e.g., dorsal root ganglion (DRG) and
hippocampal neurons. Interestingly, Ntm promotes neurite outgrowth of DRG neurons, but it
inhibits the outgrowth of sympathetic neurons lacking Ntm expression (Orlando D Gil et al. 2002).
Thus, both LAMP and Ntm promote via homophilic interactions neurite outgrowth, whereas the
lack of homophilic partner or in presence of heterophilic interactions they have the opposite
function (Orlando D Gil et al. 2002; Hashimoto et al. 2008). OBCAM expression was found in
dendritic spines of neurons in cerebral cortex and hippocampus (Miyata et al. 2003) and regulates
proliferation and cell size of cortical astrocytes (Sugimoto, Maekawa, e Miyata 2010).

OBCAM is able to bind homophylically and heterophilically with other members of IgLON
family(Lodge et al. 2000). In conclusion, each IgLON is expressed on different neuronal surfaces
and can form homo and hetero dimers with different functional consequences.

Thus, IgLON expression pattern may generate a complex molecular finger-print that can be

instrumental for the establishment of proper neuronal connectivity.



1.3 Negr1 (Kilon)

Negrl is a member of the IgLON family. Negrl mRNA is transcribed from a large gene (> 800 kb)
(NEGRI1, 1p31.1) that includes 7 exons for a total of 5809 bp. More than 8000 SNPs have been
identified in the gene region, 7 in the coding region. NEGR1 gene codes for a protein detected with
an apparent MW of 50 kDa, but it shifts at 36 kDa after de-glycosylation.

This corresponds to the expected size deduced from the amino acid sequence (Schéfer et al. 2005).
Negrl is highly expressed in the brain, but not in adult liver, spleen, kidney, or lung (figure 4A).
The expression gradually increased during postnatal brain development, reaching a steady-state
level in adulthood (Schéfer et al. 2005). In the adult murine brain, it is expressed quite ubiquitously
with higher levels in fore-brain regions (hippocampus, frontal cortex, amygdala) (figure 4B).
Western blotting analysis (figure 4C) and immuno-histochemistry approaches (figure 4D)
confirmed that Negrl is expressed by forebrain neurons with higher expression in hippocampus
(both DG and CA1-3) and frontal cortex (all layers) (Schafer, M., unpublished data).

Furthermore, in vitro studies demonstrated high levels of Negrl in axonal growth cones in early
stages, whereas its localization is mostly confined in dendritic spines in late cultures (Hashimoto et
al. 2008). In vitro studies suggested that Negrl may act as a trans-neural growth promoting factor in
regenerative axon sprouting (Schifer et al. 2005). Moreover, Negrl over-expression affects the
number of synapses with different outcome depending on culture stages: at early stages Negrl over-
expression decreases the number of synapses, conversely in later stage it is positively associated
with synapses number (Hashimoto, Maekawa, e Miyata 2009; Hashimoto et al. 2008).

Recently, we showed that Negrl also controls dendritic arborization and spine density in cortical
neurons in vitro and in vivo ( (Pischedda et al. 2014) APPENDIX 1).

Thus, Negrl appears to be an important cell adhesion molecule involved in the control of neurite

outgrowth and synapses formation with putative critical function in the adult brain.
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mouse embryos. Negrl mRNA appears expressed in the brain, olfactory bulb and spinal cord. (B) Negrl
mRNA expression increases during post-natal development. High expression was found in hyppocampus and
frontal cortex. (C) Western blotting analysis with Negr1 specific antibody (D) Immuno-fluorescence staining
with Negrl specific antibodies confirmed Negr1 protein expression in adult brain hippocampus and in frontal

cortex. Scale bar=150 um. (Schafer, M., unpublished data)



1.4 Ectodomain shedding and IgLLON

It has been demonstrated that several membrane bound proteins involved in neuronal development
are released from the membrane and exert their activity as soluble factors activating intracellular
cascades (Alfandari et al. 2001; Black 2002).

The process at the bases of the release of the extracellular portion of proteins by proteolitical
cleavage is called ectodomain shedding. This modification deeply influences protein function.
(Black 2002).

ADAMs (for “a disintegrin and metalloprotease domain™) are a family of transmembrane
glycoprotein able to execute the ectodomain shedding on different molecules. These protein are
important for fertilization, myogenesis and neurogenesis (Seals e Courtneidge 2003).

In humans, there are 19 genes coding for ADAM proteins. In total, considering also the other
species, 34 ADAM gene have been described.

ADAMs are composed by several domains. Starting from the N-terminal: a prodomain, a
metalloprotease domain, a disintegrine domain, a cysteine rich domain, a EGF-like domain, and a

cytoplasmic tail (Seals e Courtneidge 2003)(Fig. 4).
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Fig. 4. ADAM domains and ectodomain shedding. (adapted from (Seals e Courtneidge 2003),
review)

ADAMS proteins are involved in the cleavage of several proteins. For example MBP (Myelin
Basic Protein) is processed exclusively by ADAMI10, while TNF (Tumor Necrosis Factor) alpha is
shed by ADAM 17/ TACE (Tumor Necrosis Factor-a-Converting Enzyme) (Chantry, Gregson, e
Glynn 1989).

Furthermore, the proteolytic processing of APP (amyloid precursor protein) is an essential event in
the ezyogenesis of Alzheimer's disease. Buxbaum, J. D., et al underlined in 1998 the role of ADAM
9, ADAM 10, and ADAM17 in the cleavage of APP, suggesting an essential role for these proteins
in CNS (central nervous system) (Buxbaum et al. 1998). Fibronectin repeats (FN) of IgSF proteins
could be proteolitically processed by ADAM protein family, leading to the release in the cellular
media of extracellular portions of the protein. One of the first protein identified as a target for
ectodomain shedding was L1 (Rathjen e Schachner 1984) which is processed by ADAMI10 into 85
and 32 KDa active fragments (Mechtersheimer et al. 2001).

ADAMs may also play a pivotal role in the transfer of information from the cell to its environment

10



and vice-versa. Thus, is clear that ADAMs family members are positioned to play important roles in
development, cell signaling, and disease pathologies.

In fact, ADAMs are involved in shedding of cytokines and cytokine receptors (Black 2002), growth
factor (Izumi et al. 1998; Merlos-Suarez et al. 2001; Sunnarborg et al. 2002) and extracellular
matrix components such as type IV collagen and fibronectin. It has been speculated that such
activity may assist cellular migration (Alfandari et al. 2001).

Interestingly, recent in vitro data indicates that IgLONs, and Negr1 in particular, can be released via
shedding into neuronal media and it regulates as soluble factor neurite outgrowth in mature cortical
neurons (Sanz, Ferraro, e Fournier 2015).

Combining mass spectrometry, biochemistry and neuronal morphology analysis Sanz and
colleagues found that the treatment of mature neurons with pan-metalloproteinase inhibitors

correlates with a severe impairment in neurite outgrowth.
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1.5 FGFRs role in neuronal morphology

Trophic molecules like neurothrophins and growth factor support growth cone motility (Connolly,
Seeley, e Greene 1985; Reichardt 2006). In particular, the presence of trophic factor gradient guides
axonal outgrowth in vitro (Gundersen e Barrett 1979; Letourneau 1978) acting as chemo-attractant
for axons near-by when they become very close to their target (Patel et al. 2000; Geng et al. 2004).
The mammalian FGF (fibroblast growth factor) family comprises 18 molecules, which exert their
actions through four highly conserved tyrosine kinase receptors (FGFR 1, FGFR2, FGFR3 and
FGFR4) (Turner e Grose 2010).

FGFs are glycoproteins secreted and generally sequestered very fast by heparan sulphate
proteoglycans (HPSGs) present in the extracellular matrix (ECM), as well as on the cell surface.
FGFs are released from the ECM by heparinases, proteases or specific FGF-binding proteins and
subsequently bind first to cell surface HPSGs and then to FGFRs to trigger signalling cascades.(Ori
et al. 2009).

Moreover, cell surface HPSGs are important to stabilize the FGF-FGFR interaction.

In conclusion FGF-FGFR and HPSG exists and executes cellular function as a ternary complex
(Harmer et al. 2004; Mohammadi, Olsen, ¢ Goetz 2005).

FGFRs control a multitude of cellular processes including cell growth, differentiation, migration
and survival and have been related to a number of physiological and pathological processes.

The structure of FGFRs consists of three immunoglobulin (Ig) domains (Igl-Ig3), a transmembrane
helix and a cytoplasmic tyrosine kinase domain.

FGFR binding to FGF results in the dimerization of the receptor leading to auto-phosphorylation of
the intracellular tyrosine kinase domains. This event triggers a complex intracellular pathway that
involves AKT, Ras and PKC activation (Sternberg e Gullick 1990).

FGFRs play essential roles in almost every step during axonal elongation (Goetz ¢ Mohammadi

12



2013) . Axonal path-finding in the visual system and in the peripheral nervous system rely on
guidance mechanisms involving FGFRs (Haupt e Huber 2008). In particular, FGFR2 signalling
regulates axon patterning modulating the expression of the repulsive guidance cue Sema3A during
innervation (Kettunen et al. 2007).

The FGFR-ligand interaction occurs through the Ig2 and Ig3 modules, while the Igl module is

thought to have mostly a regulatory function (Christensen et al. 2006).
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Fig. 5. FGFR2 signaling cascades. The main intracellular pathway triggered by FGFR2-FGFs
interaction. FGFR2 transduces FGF signals to 1) ERK, 2) PI3K-Akt, 3) Ca*", and diacylglycerol (DAG)
signaling cascades. The FGF—ERK signaling cascade is mainly involved in cell proliferation. The FGF-PI3K
signaling cascade is important for cell survival and polarity control. The regulator factor Sprouty inhibits the
FGF-ERK signaling cascade acting on GRB2 and RAF, whereas DUSP (dual-specificity phosphatase)
inhibits the FGF—ERK signaling cascade at ERK. The regulation of FGFR2 signaling passes by the balance
of FGFs, heparan-sulfate proteoglycan (HSPG), FGFR2 isoforms, and endogenous inhibitors (adapted from

(Katoh 2009)).
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FGFs are not the only agonists able to activate FGFRs, for example FGFR1 signaling can also be
triggered by cell adhesion molecules such as L1 or N-cadherin.

NCAM provides another example of cell adhesion molecule activating FGFRs through direct
interaction (Kiselyov et al. 2005; Kochoyan et al. 2008). In 2003 Kielyov et al. for the first time
reported that NCAM directly binds to FGFR1 and activates an intracellualr signalling that
stimulates neurite outgrowth s (Kiselyov et al. 2005). Later Cavallaro’s group reported that NCAM
is a non-canonical ligand for FGFRI1 and its binding to the receptor induces different cellular
responses than the ones mediated by FGFs (Ditlevsen et al. 2008; Francavilla et al. 2009).

Whereas FGF induces degradation of the receptor, NCAM promotes its stabilization and recycling
into the membrane, resulting in FGFR1 sustained activation. Moreover, in contrast to FGF, NCAM
promotes cell migration inducing FGFR1 recycling and Src kinases activation (Francavilla et al.
2009). NCAM binding to FGFRs activates numerous signaling pathways including these requiring
the activation of PKCBII (protein kinase CII ), PLCy (phospholipase Cy) and Src kinases, which
ultimately lead to ERK kinases (extracellular signal-regulated kinases) phosphorylation (Fig. 6;
(Cavallaro e Dejana 2011; Ditlevsen et al. 2008; Francavilla et al. 2009; Lin et al. 2009)).

NCAM binds and co-localize also with FGFR2 during early embryonal development.

However, the physiological role of this interaction on neuronal migration is still not

resolved(Christensen et al. 2006; Vesterlund et al. 2011).
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Fig. 6. FGFR signaling can be mediated by NCAM and N-cadherin. a) N-cadherin can bind to

FGFR in ligand-independent manner and activate intracellular signaling pathway. N-cadherin-induced

activation of PLCy and calmodulin-dependent protein kinase Ila (CaMKlIla) stimulates neurite outgrowth.

b) N-cadherin binding to FGFR causes a sustained activation of the receptor by FGF. This leads to the

phosphorylation of ERK and matrix metalloprotease 9 (MMP9), which in turn promotes cell motility. c¢) and

d) FGFR activation by FGF or NCAM triggers different signaling pathway . The interaction of FGFR with

NCAM ultimately leads to cell migration via activation of proteins belonging to the Src family and

subsequent phosphorylation of ERK kinases (adapted from (Cavallaro e Dejana 2011)).
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1.6 Neuronal migration and CAMs

The correct positioning of newborn neurons in the cortex assures their proper identity and
connectivity patterns (Evsyukova, Plestant, ¢ Anton 2013). Pyramidal neurons and interneurons
migrate remarkably long distances from their place of birth in telencephalon to their final position
in the developing neocortex. There are two main types of migration in the cortex: pyramidal
neurons radial migration and interneurons tangential migration. In 1972 Rakic revealed that
pyramidal neurons align with the radial glial fibers during their migration (Rakic 1972).

This finding shed light on a possible role of radial glia in controlling the lamination of the cortex.
Newborn pyramidal neurons make their first step in radial migration by detaching from the
neuroepithelium at the ventricular surface. Then, they move to the SVZ (Subventricular Zone) where
they extend and retract their processes in all directions to adopt a multipolar morphology.

Then, they “wait” in the SVZ where they move tangentially in a random fashion for 24h.
Subsequently, many critical signaling cues are activated and neurons acquire a polarized shape with
a leading process (future dendrite) in the front of the cell and a trailing process (future axon) on the
rear of the body. However, before acquiring a bipolar morphology many neurons will move
retrogradly back to VZ (Ventricular Zone). Finally, when all neurons undergo multipolar-to-bipolar
transition, they align with the radial glial fibers and begin their glial-driven locomotion through
dense cellular environment toward the CP (Cortical Plate).

During this phase of migration, neurons repeat several important behaviors 1) extension and
retraction of the leading process; ii) formation of the membrane swellings in the leading process; iii)
shift of centrosome into the swelling; iv) nucleokinesis — nucleus and soma movement to the front
of the cell and v) trailing process retraction (Kriegstein e Noctor 2004; Nguyen e Hippenmeyer

2014) (Fig. 7).

16



Nucleus Centrosome

ntrosome
GEationing —>

Fig. 7. Nucleokinesis of the migrating neuron. The centrosome is positioned into the neuronal leading

process. Subsequently, the nucleus moves to the front of the cell (adapted from Cellular and Molecular

Control of Neuronal Migration; Nguyen, Laurent, Hippenmeyer, Simon 2014).

When the neuron reaches the correct location within the cortex its leading process attaches to the
MZ (Marginal Zone) and “pulls” up the soma and nucleus to the top of CP.

This process, called terminal somal translocation, helps the neuron to make final adjustments of its
position within the specific layer where it will reach the complete maturation (Fig. 8; (Ayala, Shu, e

Tsai 2007; Kriegstein e Noctor 2004; Nguyen e Hippenmeyer 2014)).

17



Marginal Zone (MZ)

Cortical Plate (CP)

Subplate (SP)

Intermediate Zone (1Z)

Subventricular Zone (SVZ)

Ventricular Zone (VZ)

Fig. 8. Radial migration of pyramidal neurons. During the migration to their final position, neurons
1) detach from neuroepithelium at the ventricular zone; 2) move to SVZ and acquire a multipolar
morphology; 3) undergo multipolar-to-bipolar morphology transition; acquire a polarized morphology with
the leading process heading toward the pia surface and the trailing process heading toward VZ; 4) continue
its migration along radial glia fibers; 5) reach the SP and enter the CP where 6) detach from the radial glia
and the leading process attaches to the MZ; 7) undergo terminal somal translocation to reach its final position

in the cortex (adapted from (Nguyen e Hippenmeyer 2014))
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Cell adhesion molecules (CAMs) play a pivotal role in the contest of neuronal migration.

For example, NCAM has been described as a modulator of migration, axon growth, axon
fasciculation and pathfinding (Bonfanti 2006). Accordingly, also FGFR signaling has a prominent
role in the migration of a variety of cell types, including neurons (Hasegawa et al. 2004; Lin et al.
2009; Smith et al. 2006).

NCAM and FGFs are therefore involved in multiple feedback mechanisms through which neurons
control the specification, migration, and differentiation of precursor cells in the cerebral cortex.
Interestingly, recent data pointed out that FGFR2 may play a major role in this respect.

The selective deletion of FGFR2 in radial glial progenitor cells results in decreased cortical volume
and decreased pyramidal cell number and density in the neocortex. Furthermore, the volume of
subcortical white matter is dramatically reduced due to decreased number of axonal fibers in

FGFR2 KO model (Vaccarino et al. 2009).

1.7 Cerebral Cortex Maldevelopment

Neuronal Migration Disorders (NMD) are caused by ectopic positioning and impaired
differentiation of cortical grey matter (Copp e Harding 1999). NMD are a heterogeneous group of
disorders with a range of clinical and pathological features. NMD are one of the most significant
causes of neurological, developmental, intellectual disabilities and epileptic seizures (Copp e
Harding 1999; Verrotti et al. 2010).

A wide range of diseases -including common disorders like schizophrenia, developmental epilepsy,
autism spectrum disorder, bipolar disorder or mental retardation- are caused by mutations in

specific genes involved in neuronal migration.
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1.7.1 Autism Spectrum Disorders

Autism refers to an etiologically and clinically heterogeneous group of neurodevelopmental
disorders which are replaced by one umbrella term “Autism Spectrum Disorder” (ASD).

The Diagnostic and Statistical Manual-Fourth Edition (DSM-IV), published by the American
Psychiatric Association, includes under ASD: Autistic Disorder, Asperger’s Disorder, and

Pervasive Developmental Disorder Not Otherwise Specified (PDD-NOS) (Fig.9).

Childhood
Disintegrative Rett's\Disorder
Disorder

Autistic Lhsore Asperger's
Disorder

Pervasive Developmental
Disorder - Not
Otherwise Specified

Fig. 9. ASD

Studies conducted in twins show that autism is a highly genetic disorder, with average concordance
of 65% for identical twins and 9% for fraternal twins (Folstein e Rosen-Sheidley 2001; Miles 2011;
Smalley, Asarnow, e Spence 1988).

Interestingly, there is almost 4:1 male to female gender ratio in ASD, with a prevalence of 0.6
(Banerjee, Riordan, e Bhat 2014; Veenstra-Vanderweele, Christian, ¢ Cook 2004).

Patients with autism display three core symptoms: social behavior impairment, language
impairment and repetitive and stereotyped behaviors. However, they may experience also comorbid
symptoms like anxiety and depression, seizures, attention deficits, aggressive behavior, sleep
disorders and sensory processing impairment (Spooren et al. 2012).

Interestingly, cell adhesion molecules (CAMs) have been largely implicated in ASD (Ye, Liu, ¢ Wu

20



2010).

The best characterized synaptic CAM pathways implicated in ASDs are those involving neuroligins

(NLGNSs) and neurexins (Tabuchi et al. 2007; Glessner et al. 2009).

Recently, several independent genetic studies have strongly associated a poorly described adhesion

molecule, Negrl, to ASD (Pinto et al. 2010; Pinto et al. 2010; Casey et al. 2012; Girirajan et al.

2012; Michaelson et al. 2012) (Table. 1).

Interestingly, alteration of Negrl protein/gene expression has been described in other two
neurological disorders characterized by marked connectivity dysfunctions, namely schizophrenia

(Maccarrone et al. 2013) and dyslexia (Veerappa et al. 2013), suggesting that Negrl plays pivotal

role in functional CNS establishment.

Intriguingly, as demonstrated for Negrl, also FGFR2 has been recently associated to ASD

(Hussman et al. 2011; Neale et al. 2012).

ASD candidates
Gene symbol or Locus Cytoband Type  Associated condition
B3GALT6 1p36.33 gene de novo deletion
CA6 1p36.2 gene rare CNV
MTF1 1p34.3 gene association
RIMS3 1p34.2 gene de novo deletion

I NEGR1 1p31.1 gene translocation breakpoint
DPYD 1p21.3 gene de novo deletion
GPREYA 1g21.1 gene rare CNV
RFWD2 1925.1-q25.2 gene rare CNV
PAPPA2 1925.2 gene rare CNV
ASTN1 1q25.2 gene paralogue of ASTN2
DIsC1 1g42.1 gene association
DPP10 2q14.1 gene rare CNV, paralogue of DPP6
GALNT13 2q24.1 gene rare CNV
SLC4A10 2q24.2 gene de novo deletion
SCN7A 2q24.3 gene rare CNV

Table. 1. ASD gene candidates. A translocation breakpoint has been found in NEGR1 gene in a family

affected by ASD (adapted from (Pinto et al. 2010).
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2. OBJECTIVE OF THE THESIS

In our previous work ((Pischedda et al. 2014); appendix I) by combining d LC-MS/MS,
biochemistry and morphological analysis to study synaptic proteins, we discovered that Negrl is
highly enriched in synaptosomes and that its expression increases with neuronal maturation.

Next, we demonstrated that Negr1 silencing induced a significant decrease in the number and length
of neuronal processes in mature neurons, thus causing a severe reduction of the overall complexity
of neurite arborization in vitro and in vivo.

Strikingly, it has been recently demonstrated that IgLONs family members, including Negrl can be
shed from the surface of cortical neurons through a metalloproteases dependent proteolysis (Sanz et
al., 2015).

We thus hypothised a triple effect for Negr1: I) the cis effect, in which the protein exerts its activity
in the cell expressing the protein; II) the soluble effect, in i.e Negrl acts as a released factor upon
shedding; III) the trans effect, in which Negrl exposed on neuronal membrane interacts with
proteins present on the juxtaposed cells.

Since Negrl1 is a synaptic protein involved in neuronal maturation the objective of this thesis was to

investigate its role in the development of a mature and functional cortical network.

22



3. RESULTS

3.1 Negrl in morphology

3.1.1 Negr1 modulates neuritic tree acting in cis and in trans

Recent evidence suggested that [gLONs members, including Negrl, are released into neuronal
media via metalloproteinase and that metalloproteinase activity on IgLONs has an impact on
neuronal maturation (Sanz, Ferraro, e Fournier 2015). We have previously showed that Negrl
influences neuritic tree development (Pischedda et al. 2014). At the light of all these findings,
Negrl may influence neuronal morphology acting in cis as membrane bound protein and/or in trans
as a soluble protein. To investigate these two scenarios, we infected cortical neurons at DIV4 with
viruses expressing GFP marker together with either Negrl specific siRNA (siNegrl) or scramble
control (siControl) following two experimental paradigms: 1) cultures infected with a high viral
titer (MOI= 3); 2) cultures infected with a low viral titer (MOI=0.3). In both cases, cultures were
processed for subsequent investigation at DIV18. Biochemical and imaging analysis showed that
the titer of infection was directly correlated to the extent of Negrl protein reduction and to infection
efficiency (Fig. 10A-C). Next we studied the morphology of GFP positive neurons in the two
different conditions. Interestingly we reported that cultures exposed to high viral titer show a more
pronounced reduction in terms of neurite number and length than cultures exposed to low viral titer
(Fig. 10D-E). Given that the two experimental settings were distinguished by the number of down
regulated neurons in the culture rather than the efficiency of Negrl silencing at the single cell level,
such outcome may suggest that the overall amount of Negrl (membrane bound and released)

influences neuronal morphology.
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Fig 10. Negr1 influences neuritic tree. Cortical neurons were infected at DIV4 with low (MOI= 0.3) or
high (MOI=3) titer of viruses expressing GFP and scramble siRNA (siControl) or siRNA against Negrl
(siNegrl). Cells were solubilized and then assayed for western-blotting at DIV18 (A). The graph reports the
optical density of the band relative to Negrl protein, normalized versus S6 ribosomial protein (S6 rib) value.
Data are expressed as mean + SEM, n=4. * p<0.05 vs not infected (n.i.), # p<0.05 vs low infection (B).
Infection with low or high viral titer resulted in different infection efficiency, evaluated as fraction of GFP
positive cells within the entire population, stained with DAPI. Data are expressed as mean = SEM; * p<0.05

vs siControl (CTRL), # p<0.05 vs low infection. Scale bar= 50 um
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3.1.2 Negr1 shedding by ADAM10 modulates neuritic tree

To confirm the biological relevance of Negrl as soluble factor, we investigated in detail the
presence of Negrl, NCAM and S6 ribosomial protein, a well established cytoplasmic marker, in
samples prepared from neuronal culture at DIV18 or from the relative conditioned media.

As expected, we detected the three protein in the cellular lysate, but only Negrl and NCAM in the
media. It is well established that NCAM can be released in media by shedding via ADAMI0
(Brennaman, Moss, € Maness 2014). Interestingly, when we treated neurons from DIV10 to DIV18
with the well established ADAM10 inhibitor, GI 254023X (20mM, every second day), we noticed a
robust reduction of the fraction of NCAM and Negrl protein released in the media (Fig. 11A-C).
These experiments suggest that Negrl can be shed from neuronal membrane by ADAM10.

Sanz and colleagues showed that metalloproteinase inhibitors severely impaired proper neuronal
morphological development in a [gLON dependent manner (Sanz, Ferraro, e Fournier 2015).
Consequently, we studied the morphological phenotype in cortical cultures treated with DMSO or
with ADAM inhibitor GI 254023X (20mM, every second day) from DIV10 to 18.

Noteworthy, we noticed that ADAM chronic inhibition affected neuritic outgrowth (Fig. 11 D-E).
ADAMI10 shed several membrane proteins involved in neurite outgrowth, including NCAM, N-
Cadherin and L1-NCAM (Brennaman, Moss, ¢ Maness 2014; Jorissen et al. 2010; Mechtersheimer
et al. 2001; Paudel et al. 2013). Thus we assessed the direct contribution of soluble Negrl to the
regulation of neuron morphology executed by ADAMI10. To this aim we purified on streptavidin
resin 2XStrep-FLAG Negrl (rNegrl) from transfected HEK293 cell.

Protein purity was assessed by silver-staining (Fig. 11F). Negrl is highly and specifically
glycosylated in vivo (Miyata et al. 2003).

Upon western-blotting, we detected rNegrl as a band with an apparent molecular weight (MW) of

50 KDa, corresponding to the glycosylated form of Negrl. Upon incubation with the N-linked
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deglycosilase PNGase, we detected instead a band at apparent MW 38 KDa, corresponding to the
predicted MW, as annotated in Expasy database (entry: Q80Z24) (Fig. 11G).

Thus, expression of rNegrl resulted in a protein that resembled the feature of endogenous Negrl.
Purified rNegrl was administered to either DMSO or ADAMI10 inhibitor treated cortical neuron at
DIV10 at concentration of 40 ng/ml. Cells were fixed at DIVI18 and processed for
immunofluorescence. Interestingly, we observed that rNegrl treatment was able to rescue the
morphological phenotype due to ADAMIO inhibition. Furthermore rNegrl treatment was
associated to an increase of neurite number and length in DMSO treated neuron (Fig. 11D-E). All
together these data suggest that soluble Negrl released by ADAMI10 positively modulates neuronal

morphology.
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Fig. 11. ADAM10 activity modulates neuritic tree. Cortical neurons were infected at DIV4 with

siControl and then treated every second day with DMSO (20 mM, not treated) or with ADAM10 inhibitor GI

254023X (20 mM) from DIV10 to DIV18. Cells and relative conditioned media were assayed for western-
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blotting to measure NCAM, Negrl and S6 ribosomial protein level (A). Graphs show NCAM, Negrllevel in
the cellular lysate expressed as optical density, normalized versus and S6 ribosomial protein (S6 rib) value
(B) and the extent of Negrl and NCAM release in media expressed as percentage of the relative amount
measured in cellular lysate (C). Data are reported as mean + SEM; n= 6, * p<0.05 vs not treated. Cortical
neurons were infected with siControl virus at DIV4 and treated every second day from DIV10 to DIV18 with
DMSO (not treated, NT) or with ADAMI10 inhibitor GI 254023X (20 mM, GI) and/or recombinant Negrl
(40 ng/ml, single administration at DIV 10, rNegrl). Neurons were processed for immunofluorescence at
DIV18 and GFP positive neurons imaged via confocal microscopy. Panels show camera lucida tracing (D).
Graphs show neurite total length and number (E). Data are reported as mean + SEM; * p<0.001 vs not
treated (NT); ° p 0.001 vs GI 254023X (GI). Scale bar= 50 um . Protein purity and glicosylation assessed by

silver-staining (F) and western blotting (G).
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3.1.3 Negr1 impact on neuritic outgrowth requires ERK1/2 phosphorylation

ERK1/2 pathway had been recognized as a key player in neurite outgrowth (Maness e Schachner
2007). Thus we wondered if soluble Negrl might influence neuronal morphology via ERK1/2
signalling. To this aim, we administered MEK inhibitor U0126 from DIV10 to DIV 18 (100 nM,
daily) to rNegrl or control treated neurons.

As expected, MEK inhibition significantly impaired neuron morphology. Noteworthy, Negrl
treatment was not able to rescue the morphological effect due to MEK inhibitors, neither in term of
total process length or number (Fig. 12A-B). All together these data suggest that Negrl influence

neuritic tree outgrowth activating a pathway that requires proper ERK1/2 phosphorylation.
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Fig. 12. MEK inhibition abolishes morphological effect of Negrl. Cortical neurons were infected

with siControl virus at DIV4 and treated every second day from DIV10 to DIV18 with DMSO or with MEK
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inhibitor U0126 (100 nM, IN) and/or recombinant Negrl (40 ng/ml, single administration at DIV 10,
rNegrl). Neurons were processed for immunofluorescence at DIV18 and infected GFP positive neurons
imaged via confocal microscopy. Panels show camera lucida tracing (A). Graphs show neurite total length
and number (B). Data are reported as mean + SEM; * p<0.001 vs not treated (NT), ° p<0.001 vs rNegrl.

Scale bar= 50 um

The role of Negrl in neurite guidance has been already characterized (Schifer et al. 2005).

Therefore, we investigated further the functional correlation among ERK1/2, Negrl and neurite
outgrowth. First we checked whether rNegrl was correctly shuffled to the plasma membrane in a
heterologous cellular system. Thus, we co-transfected HEK293 cells with strep-FLAG Negrl and
GFP, fixed and stained them with rat anti-FLAG antibody in non-permeabilizing condition followed
by incubation with rabbit anti-FLAG in permeabilizing conditions. Laser microscopy demonstrated

that rNegr1 is expressed at the extracellular membrane (Fig. 13).

rat FLAG rb anti FLAG  DAPI merge

Fig. 13. rNegrl localization. We tested rNegrl expression combining both non-permeabilizing (rat anti-

FLAG) and permibilizing (rabbit anti-FLAG) staining. Negr1 is expressed at the extracellular membrane.

Thus, we seeded on DIV1 cortical neurons HEK293 cells expressing GFP or an unrelated
transmembrane protein fused to GFP, GFP-Rhodopsin, or rNegrl. Mixed cultures of neurons and

HEK293T cells were fixed at DIV5 and processed for immunocitochemistry with an antibody

specific for neuronal-process, B-tubulin-III (Fig. 14 A). In order to statistically estimate the effect of
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rNegrl heterologous expression, we quantify the number and the length of the B-tubulin-III
processes those approached and passes above transfected HEK293 cells in the different
experimental conditions. We found that B-tubulin-III positive neurites stopped upon contact with
rNegrl-expressing HEK293T cells, whereas they were able to pass above control cells, despite an
overall similar length (Fig. 14B-C).

To demonstrate the functional correlation between rNegrl expression on HEK293 cells and neurites
phenotype, we treated living mixed culture with rat anti-FLAG antibody (AB) during the co-
culturing period. The idea behind this strategy is that once bound to the FLAG epitope fused to
Negrl, anti-FLAG antibody may mask rNegr1 protein via steric hindrance.

Interestingly, in presence of the anti-FLAG antibody, we experienced that neurites recover the
capability to pass above rNegrl expressing HEK293 cells. No effect was observed upon incubation
with rat IgG (data not shown). Eventually, we treated neuron-HEK293 co-cultures with MEK
inhibitor UO126 (100 nM) from DIV1 to DIV4. In presence of MEK inhibitor, we noticed a partial
rescue of the number of processes able to cross Negrl expressing cells. All together these data
suggest that Negrl influence neuritic tree outgrowth activating upon the physical interaction of two

juxtaposed membrane a pathway that requires proper ERK1/2 phosphorylation.
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Fig 14. Negr1 controls neurite guidance via MAPK. Cortical neurons were co-cultured at DIV1 with

HEK293 cells transfected with GFP, GFP-Rhodopsin or rNegr1. The cultures were fixed at DIV4 and stained
with antibodies against FLAG (green) and B-III-tubulin (red). Merge and higher magnification (merge 2.5X)
are shown. Scale bar= 25 mm (A). Where indicated, co-cultures were treated with anti-FLLAG antibodies
(ABs; 10mg/ml) or MEK inhibitor U0126 (100 nM) for 48 hours before fixation. The graphs report the
number of B-III-tubulin positive processes able to pass above HEK293 cells transfected as indicated (B) and
the average length of neurites (C). Data are reported as mean + S.E; n= 24, * p<0.05 vs control, # p<0.05 vs

rNegrl.

3.1.4 Negr1 induces the formation of gap-junction.

It is now clear that neuron communicate also through the formation of inter-cellular channels
(Cheung, Chever, e Rouach 2014). Inter-cellular connections such as connexin-43 gap junctions
allow direct electrical and metabolic communication between two adjacent cells; they are therefore
vital to many physiological processes. Besides connexins, other gap junction forming proteins have
been recently characterized, the pannexin proteins (Penuela et al. 2014). Although still debated, it
has been shown that pannexin 1 and 3 can form functional large pore gap junctions (Sahu,
Sukumaran, e Bera 2014). Studies examining the distribution and functional role of connexins and
pannexins indicate that they may allow cell-to-cell coupling among neurons, astrocytes and
microglia. The process instructing the formation of inter-cellular channels is far from understood.
Strickingly we discovered that Negrl is sufficient to instruct the formation of gap-junction between
neuronal and not neuronal cells. Our experimental strategy implied the co-culture among primary
neurons and not neuronal HEK293 cells expressing td-Tomato and Negrl or only td-Tomato.
Co-cultures were left running for two days, then fixed and analysed by confocal-microscopy.
Interestingly, we found that neurons in contact with HEK293 over-expressing td-Tomato and Negrl
became td-Tomato positive. Instead in the co-culture including neurons and HEK293 expressing

just the fluorescent reporter, td-Tomato remained confined only in HEK293 cells (Fig. 15).
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Furthermore, when we treated cortical cultures with conditioned media obtained from td-Tomato
and Negrl expressing HEK293 cells, we did not observe td-Tomato positive neurons. Thus we may
exclude the involvement of vesicle-driven DNA/protein transfer. Instead we deem that this
phenomenon, known as dye coupling, may reflect the formation of physical junction between two

adjacent cells.

HEK293 wild-type HEK293 Negrl

Fig. 15. Negr1 is sufficient to instruct the formation of intercellular channels. Cortical neurons
were infected with GFP (green) expressing viruses at DIV4 and then co-coltured from DIV10 to DIV12 in
presence of HEK cells expressing Td-Tomato (red) and either empty vector (left) or Negrl construct (right).
Inserts show HEK-neuron contact point at higher magnification. We observed a transfer of Td-Tomato from

Negrl expressing HEK cells to neurons.

3.1.5 Soluble Negr1 influences neuron morphology acting via FGFR2

Biochemical studies showed that IgLON protein can form stable homodimers (Miyata et al. 2003).
Thus we wondered whether soluble rNegrl may execute its function via binding with endogenous
Negrl expressed on neuronal membrane. To this aim we investigated the impact of soluble rNegrl
on cortical culture down-regulated for endogenous Negrl expression.

Cortical neurons were infected at DIV4 with viruses expressing GFP together with Negrl specific
siRNA (siNegrl) or scramble siRNA (siControl) and treated at DIV10 with soluble rNegrl. As
already observed, the abolishment of endogenous Negrl expression correlated with a reduction of

neuritic tree complexity (Pischedda et al. 2014). Interestingly, rNegrl treatment was able to fully
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rescue the morphological phenotype due to Negrl silencing (Fig. 16). This evidence suggests that
the formation of Negrl homodimer is not instrumental for the morphological effect associated to the

treatment with soluble Negrl.

35



B 25001 M not treated

5|Control siControl + rNegr1 OrNegr

A .
ol . :
siControl  siNegr1i
35+ W not treated
OrNegr1
}1 304 .
254 L

siNegr1 siNegr1 + rNegr1 201
151
107

5-
ﬁ\r/ W " siControl _ siNegri

50 um

[
=]
=1
=]
H*

*
I

total length,um
2 2
(=] (=]

H %

number

Fig. 16. Homodimerization is not essential to execute rNegrl morphological effect. Cortical
neurons were infected with siControl or siNegrl virus at DIV4 and treated with recombinant Negrl (40
ng/ml, single administration at DIV 10, rNegrl). Neurons were processed for immunofluorescence at DIV18
and infected GFP positive neurons imaged via confocal microscopy. Panels show camera lucida tracing (A).
Graphs show neurite total length and number (B). Data are reported as mean + SEM; * p<0.001 vs not

treated, same infection, # p<0.001 vs siControl, same treatment. Scale bar= 50 um

Soluble Negrl may associate with other protein to influence neurite outgrowth. It has been
demonstrated that [gLON members are able to influence tyrosine kinase associate receptor (RTK)
(McKie et al. 2012). Furthermore, it is well established that RTK can influence via ERK1/2
pathway neuronal morphology (Hausott et al. 2009). Consequently, we screened a battery of RTK
agonists for their ability to rescue the phenotype associated to Negrl silencing.

Cortical neurons were treated from DIV10 to 18 with IGF (5 ng/ml), FGFb (20 ng/ml) and FGF7
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(20 ng/ml). Interestingly, we noticed a complete rescue of the morphological phenotype due to
Negrl silencing only upon chronic treatment with FGF7, a specific FGFR2 agonist.
Similarly, when we administered RTK agonist to control infected cells, only FGF7 treatment was

associated to a significant increase in neuritic tree complexity (Fig. 17).
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Fig. 17. FGFR2 activation ameliorates morphological effect due to Negrl down-regulation.

Cortical neurons were infected with siControl or siNegrl virus at DIV4 and treated daily from DIV10 to
DIV18 with IGF (5 ng/ml), FGFb (20 ng/ml) and FGF7 (20 ng/ml). Neurons were processed for
immunofluorescence at DIV18 and infected GFP positive neurons imaged via confocal microscopy. Panels
show camera lucida tracing (A). Graphs show neurite total length and number (B). Data are reported as mean
+ SEM; * p<0.001 vs siControl, same treatment, ° p<0.001 vs not treated, same infection (NT), # p<0.01 vs

FGFb, same infection. Scale bar= 50 um
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To further appreciate the functional correlation among Negrl, FGFR2 and neurite outgrowth, we
studied neuron morphology upon acute FGFR2 silencing. To this aim, we took advantage of a
selective silencing construct targeting FGFR2 mRNA sequence (Zhou et al. 2006).

Cortical neurons were infected at DIV4 with siFGFR2 or control virus, treated or not with soluble
rNegrl at DIV10 and imaged at DIV18. We noticed that FGFR2 silencing was associated to a
robust reduction of neuritic tree complexity. Furthermore we did not observe any increase in neurite
number or total length upon rNegrl treatment in siFGFRF2 neurons (Fig. 18 A-B). Dendritic spines
constitute the main postsynaptic elements of excitatory synapses (Tada e Sheng 2006). Previous
reports, including our own, indicated that Negrl modulated dendritic spine number (Hashimoto,
Maekawa, e Miyata 2009; Pischedda et al. 2014). Thus we imaged dendritic protrusions treated or
not with soluble rNegrl. The quantification of spine number and morphology indicated that rNegrl
treatment correlates with an increase in total spine number.

To investigate the potential involvement of FGFR2 on this effect, we treated or not with rNegrl
neuronal cultures down-regulated for FGFR2 expression. Interestingly we noticed that FGFR2
silencing did not have an impact on spine number in control treated cultures but abolished the
positive effect reported upon Negrl treatment (Fig. 18 C-D). Eventually, we investigated whether
Negrl may activate FGFR2 dependent intracellular pathway.

To this aim, wild-type and siFGFR2 infected neurons were treated with rNegrl (40 ng/ml, 10
minutes) and processed for western blotting to assess the activation of ERKI1/2 pathway.
Interestingly, we noticed that acute Negrl treatment induced ERK1/2 phosphorylation in wild-type
neurons but not in siFGFR2 cells (Fig. 18 E-F).

All together these findings suggest that soluble Negrl influences neuron morphology in a FGFR2

dependent manner.
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Fig. 18. Negr1l modulates neuron morphology via FGFR2. Cortical neurons were infected at DIV4
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with virus expressing siControl or siRNA against FGFR2 (siFGR2) and treated at DIV10 with recombinant
Negrl (40 ng/ml, rNegrl). Neurons were processed for immunofluorescence at DIV18 and infected GFP
positive neurons imaged via confocal microscopy. Panels show camera lucida tracing (A). Graphs show
neurite total length and number (B). Data are reported as mean + SEM; * p<0.001 vs not treated, same
infection, # p<0.01 vs siControl, same treatment. Scale bar= 50 um. Dendritic spines were recognized as
mushroom like protrusions decorating the neurites (C). Spine density was calculated as protrusion number
along 10 mm of neuritic length. Data are reported as mean + SEM; * p<0.001 vs not treated, same infection,
# p<0.01 vs siControl, same treatment. Scale bar= 10 (D). Cortical neurons were infected with virus
expressing siControl or siRNA against FGFR2 (siFGR2) and treated with recombinant Negrl (40 ng/ml,
rNegrl 30 minutes). Neurons were processed for western-blotting to investigate ERK1/2 phosphorylation
(E). The graph reports p-ERK1/2 level normalized versus total ERK1/2 amount (F). Data are expressed as

mean + SEM n=5. ** p<(.01 vs not treated, same infection; # p<0.05 vs siControl, same treatment.

3.2.2 Negr1 forms hetero complex with FGFR2

The functional interaction between soluble Negrl and FGFR2 suggested the existence of Negrl-
FGFR2 heterocomplex.

Since that is known from literature that IgLON family protein are able to form homo-hetero
complex (O D Gil et al. 1998; Orlando D Gil et al. 2002; Schéfer et al. 2005) first we assessed the
capability of Negrl to form homo-dimers. Thus we assayed wild-type and FLAG-Negr! stable cells
N2A for their propensity to aggregate in vitro, being cellular cluster formation a read-out of protein
interaction. Cells were dissociated and collected in a buffer not permissive for cell-to-cell
aggregation and then incubated in adhesion permissive condition.

We noticed that Negrl expressing cells formed multi-cellular aggregates when compared with wild-
type counterpart (Fig 19A), suggesting that Negrl forms homo-dimer in trans.

Negrl belongs to the group of cell adhesion molecules, which are localized to the membrane raft

via glycosylphosphatidylinositol (GPI) anchor and lack transmembrane and intracellular domains.
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Thus, Negrl possibly requires interactions with other receptors to exert its biological functions.
Other IgLON family members interact physically and functionally with receptors associated to
tyrosine kinase activity (McKie et al. 2012).

Thus, we screened Negrl and control cell via FLAG immuno-precipitation upon chemical cross-
linking by western-blotting. We found that Negrl binds FGFR2, but not with FGFR1 (Fig. 19B).
These results were supported by immunoprecipitation of endogenous Negrl protein carried on adult
brain lysate (Fig. 19C). To further verify Negrl and FGFR2 interaction we took advantage of the
overlay assay, that investigates the interaction of protein left in native condition.

Thus we incubated living wild-type and FGFR2 over-expressing cells with purified recombinant
FLAG-Negrl protein. After incubation, we processed the cells for imaging purposes with anti-
FLAG antibody. We detected FLAG signal only in FGFR2-overexpressing culture (Fig. 19D,
panels I-III vs panels IV-VI).

FGFb induces FGFRs internalization (Francavilla et al. 2009).

Interestingly, upon FGFb treatment, we identified FLAG-positive aggregates in the perinuclear
region (Fig. 19D, panels VII-IX). This evidence indicates that Negrl internalizes together with

FGFR2. All together these data suggest that Negrl interacts with FGFR2 (Fig. 19).
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Fig 19. Negrl interacts with FGFR2. (A) Negrl expression induces the formation of multi-cellular
aggregates. Wild-type or Negr expressing N2A were assayed for cluster formation. (B) Negrl interacts with
FGFR2. N2A wild-type or expressing FLAG-Negrl were chemically cross-linked, solubilized and then
processed for FLAG-immunoprecipitation. Upon western-blotting, samples were decorated with indicated
antibodies. (C) Purified FLAG-Negr1 interacts with FGFR2. Wild-type or myc-FGFR2 expressing cells were
exposed to purified soluble FLAG-Negrl (40 ng/ml, 1h 4°C). Cell were fixed either directly after the

incubation with Negrl or upon FGFb stimulation (20 ng/ml, 1h, 37°C).
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3.2.3 Negr1l modulates FGFR2 signalling acting both in cis and in trans

Next, we investigated whether physical interaction of Negrl with FGFR2 receptor may modulate
FGFR2 signalling. Since FGFR2 stimulation activates different pathways that all impinge on
ERK1/2 phosphorylation (Maness e Schachner 2007), we investigated the impact of Negrl on
FGFR2 induced ERK1/2 phosphorylation. To this aim, we investigated by biochemistry neuronal
culture infected at DIV4 with viruses expressing scramble siRNA (siCTRL), Negrl siRNA
(siNEGR1) or FGFR2 siRNA (siFGFR2). Cultures were treated or not with FGFb (pan FGFR
agonist) 20 ng/ml, FGF7 (specific for FGFR2) 20 ng/ml and EGF 10 ng/ml ( EGFR agonist) for 10
minutes at 37°C.

By judging P-ERK fold over basal condition, we noticed that Negrl silencing impaired culture
answer to FGF7, while FGFb and EGF stimulation resulted not affected. Similarly, FGFR2
silencing reduced cellular response to FGF7 only (Fig. 20 A-B).

Interestingly, upon Negrl silencing we observed a robust and significant reduction also in FGFR2
expression. This suggest that Negrl could be important also for FGFR2 stabilization in the
membrane. To understand more in detail the mechanism underlying FGFR2 down regulation we
analyzed FGFR2 sub-cellular localization. To this aim, we processed by membrane fractionation
assays silenced and control neurons treated or not with FGFb. We observed a significant FGFR2
downregulation in total lisate obtained from silenced neurons in comparison with controls.
Furthermore, FGFb was able to induce FGFR2 downregulation in control neurons but did not affect
receptor levels in silenced neurons. Interestingly, we noticed that the amount of FGFR2 protein
present in the membrane fraction remain unaffected upon FGF stimulation or Negr1 silencing (Fig.
21 A-B). These results suggest that Negrl may be implicated in the regulation of FGFR2

trafficking.
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Fig 20. Negr1 influences FGFR2 signalling in cis. (A) Cortical neurons were infected at DIV4 with
control siRNA (siCTRL) , Negr2 siRNA (siNEGR1) or FGFR2 siRNA (siFGFR2) and treated at DIV16 with
FGFb (20 ng/ml), FGF7 ( 20 ng/ml) or EGF (5 ng/ml) for 1h at 37°C then processed for western-blotting .
(B) The graph reports pERK1/2/total ERK1/2 fold over untreated condition. Data are expressed as mean

+S.E; n=6, ** p<0.01 ANOVA.
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Fig. 21. Negrl silencing modulates FGFR2 expression. Membrane fractionation of siCTRL and
siNEGRI infected neurons (A). We observed a robust and significant reduction of FGFR2 level in silenced
culture in comparison with control neurons. Otherwise, FGFR2 levels in membrane remained similar (B).

Data are expressed as mean +S.E; n=3, # p<0.01 ANOVA.
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Our data suggest that Negrl modulates FGFR2 activity; however, given that Negrl is expressed as
membrane bound protein, two scenarios are possible: Negrl binds FGFR2 expressed on the same
cell as membrane bound protein (in cis); Negrl binds FGFR2 expressed on juxtaposed cell (in
trans). Thus, we decided to dissect the potential effect on ERK phosphorylation due to in trans
Negr1-FGFR?2 interaction. To this aim, we seeded at DIV16 wild-type or FLAG-Negrl expressing
HEK?293 cells on cortical neuronal cultures. Cultures were processed for western-blotting at DIV18.
We found a robust increase in pERK1/2 level when neurons where co-cultured with FLAG-Negrl
cells. Strikingly, increase in ERK phosphorylation was lost once we seeded FLAG-Negr1 cells on
neurons infected at DIV4 with siNEGR1 or siFGFR2, i.e. lacking Negrl or FGFR2 expression
(Fig. 22A-B). Altogether, these data suggest that Negrl positively triggers ERK pathway acting in
trans on Negrl-FGFRF2 heterodimer.

Furthermore, [gLON molecules have been recently shown to increase FGFR2 stability (McKie et al.
2012). Interestingly, when Negrl-HEK293 cells are co-cultured together with primary cortical
neurons we observed not only an increase in pERK levels but also a robust upregulation of FGFR2
in neurons in comparison with neurons cultured alone (Fig 23). This suggest that Negrl is important

to control FGFR2 signaling and trafficking also in trans.
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Fig 22. Negr1 influences FGFR2 signalling in frans. (A) DIV4 cortical cultures were infected with
control siRNA (siCTRL) , Negr2 siRNA (siNEGR1) or FGFR2 siRNA (siFGFR2), co-cultured at DIV16
with wild-type or FLAG-Negrl expressing cells and processed at DIV18 for western blotting. (B) The graph

reports pERK1/2 to total ERK1/2 ratio. Data are expressed as mean = S.E; n=6, ** p<0.01 ANOVA.
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Fig 23. Negr1 stabilizes FGFR2 in trans. Western blot analysis of FGFR2 levels in co-culture assay.

FGFR2 expression increases co-cultivating neurons with HEK-Negrl in comparision with HEK wt. Data are

expressed as mean + S.E; n=3, ** p<0.01 ANOVA.
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3.2 Negrl in migration

3.2.1 Negr1 expression is temporally and spatially regulated in vivo

To start the investigation on the role of Negrl in in vivo development, we first performed in situ
hybridization in the mouse brain with specific probes for Negrl mRNA expression (Fig. 24).

In the embryonic brain (E18), we found that Negrl mRNA expression was high in the ventricular zone
(SVZ), and at the border between the intermediate zone (IZ) and cortical plate (E18; Fig. 24). At later
stages, P7, adult), Negrl mRNA expression appeared progressively more confined to layer IV.
Interestingly, Negrl expression was also spatially regulated as its mRNA was detectable at higher levels
in some brain areas (e.g., somatosensory and visual cortices, hippocampus), than in others (e.g., motor

and prefrontal cortices, Fig. 24).

Fig. 24. Negr1 expression is temporally and spatially regulated in vivo. In situ hybridization
showing expression of Negrl at the indicated ages. White arrows point to strong expression of Negrl in VZ

(E18) and in layer IV (P7, adult).
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3.2.4 Manipulation of Negrl expression affects late-born neuron migration in vivo.

Given the expression of Negrl mRNA in the somatosensory cortex in new-born neurons committed
to layer II/I1I, we wondered whether Negrl may have a role in the development of these neurons.
To this aim, we used RNA interference against Negrl (Negrl siRNA) and cDNA encoding for WT
Negrl (Negrl cDNA;(Pischedda et al. 2014); APPENDIX I) to manipulate the expression levels of
Negrl in the developing somatosensory cortex, where its expression is the strongest.

We took advantage of standard in utero electroporation and we introduced scrambled siRNA
(control), Negrl siRNA or Negrl cDNA into the lateral ventricle of E15.5 mice in utero, and
transfected these constructs into a subpopulation of neural precursors and their progeny of newborn
neurons committed to migrate to the layer II/III of the somatosensory cortex (Fig.25A; (Saito e
Nakatsuji 2001)).

All constructs were co-electroporated with EGFP for visualization of transfected cells (Bony et al.
2013; Cancedda et al. 2007). After allowing for in vivo development, we analyzed the migration in
coronal brain slices obtained from mouse embryos at pups at P7 (Fig 25) and adult mice at P35
(Fig. 26). By P7, control and cDNA-transfected cells reached cortical layer II/III, whereas a large
number of Negrl siRNA-expressing cells were arrested in layer V and appeared not able to cross
the border between layer IV and layer V (Figure 25B). We defined these cells as “ectopic” neurons,
as they stopped in an ectopic layer. We quantified the number of these ectopic neurons at P7, and
normalized them to the total number of transfected cells (Figure 25C).

We found that in animals transfected with Negrl siRNA 16.49 + 1.96 % of migrating cells were
arrested in layer V, with an ~30 folds increase compared to controls (Fig. 25C, Control 0.51 + 0.17
%, Negrl cDNA 1.27 + 0.31 %; one way ANOVA Dunn’s post-hoc: ***p <0.001).

The effect of Negrl downregulation on ectopic cells arrested in layer V persisted also at P35,
indicating a long-lasting effect (Fig. 26; Control 0.20 + 0.20 %; Negrl siRNA 5.63 + 0.62 %;

Student’s #-test: *** p <0.001).

50



A Somatosensory Cortex (LII/1II)

Birth
v
[ I
E15.5 PO
Standard IUE Slice processing
B C
Control Negri siRNA  Negr1 cDNA ek ek
20 -~ (18)
3‘9‘
.3 15 -
I
2 10 -
Q
Q
g 5 .
] (13) (14)
i 0 1 —mim i
N
& & &
o o <
O N LS
& 8
S

Fig. 25. Negr1 downregulation, but not overexpression, causes accumulation of ectopic cells in

layer V at P7 in vivo. (A) Schematic cartoon of the experimental protocol with processing at P7. (B)
Confocal images of GFP fluorescence in coronal sections of somatosensory cortices at P7 after in utero
transfection (at E15.5) with control siRNA (black), functional Negrl siRNA (red) or Negrl cDNA (green).
Slices were counterstained with DAPI (left). Scale bar, 100um. WM = white matter. (C) Quantification of
the number of control, Negrl siRNA- and Negrl cDNA-expressing neurons that did not complete their
migration. Data are expressed as average percentage (= SEM) of the total number of fluorescent cells in the
section. Asterisks: statistically significant difference (One-way ANOVA; Dunn’s post-hoc: ***p <0.001).

Numbers in parenthesis: total number of animal processed (1 slice/animal).
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Fig 26. The effect of Negrl downregulation on neuronal migration is long-lasting. (A) Schematic
cartoon of the experimental protocol with processing in adulthood. (B) Confocal images of GFP fluorescence
in coronal sections of somatosensory cortices at P35 after in utero transfection (at E15.5) with scrambled
siRNA (Control, black) or Negrl siRNA (red). Slices were counterstained with DAPI (left). Scale bar,
100um. (C) Quantification of the number of control or Negrl siRNA-expressing neurons that did not
complete their migration. Data are expressed as average percentage (= SEM) of the total number of
fluorescent cells in the section. Asterisks: statistically significant difference (Student’s #-test: *** p < 0.001).

Numbers in parenthesis: total number of animal processed (1 slice/animal).
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S5.DISCUSSION

In this study we have shown that Negrl plays a key role in controlling neurite outgrowth and
neuronal migration. Our main hypothesis is that Negrl contributes to the proper formation and
stabilization of neuronal network. Furthermore, we brought evidences that Negrl regulates neuronal
morphology and migration during development of the central nervous system.

Interestingly, Sanz et al demonstrated recently that IgLON family protein are actively released in
neuronal media and their shedding is important for a proper neuronal maturation (Sanz, Ferraro, e
Fournier 2015).

Our data suggest that Negrl acts as a soluble factor, binds FGFR2 expressed in membrane and
triggers MAPK signaling pathway. Several experimental findings connect ADAMI10 mediated
shedding and FGFR2 to the regulation of neuronal functional and morphological maturation.
ADAMI10 modulates axonal growth via the cleavage of different membrane proteins including L1-
NCAM, N-cadherin and NCAM (Hinkle et al. 2006; Mechtersheimer et al. 2001; Paudel et al.
2013). NCAM ectodomain in particular can stimulate neurite outgrowth triggering ERK1/2
signalling via binding with B1 integrin (Diestel et al. 2005). Finally, it has been demonstrated that
NCAM binds and activates FGFR1 and 2 (Francavilla et al. 2009; Francavilla et al. 2007; Kiselyov
et al. 2005).

Our data suggest that ADAM10 shedding releases Negrl in the extracellular media.

In their work, Sanz and colleagues did not notice any difference in term of Negrl release upon
ADAMI10 acute silencing (Sanz, Ferraro, ¢ Fournier 2015). Instead in our study we abolished
ADAMI10 activity via ADAMI0 specific inhibitor. In fact, upon chronic treatment we observed a
robust reduction in Negrl release. Our different experimental approach may account for the
opposite outcome we reported here.

Thus our data suggest a mechanism implying that soluble Negrl influences positively neuron
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maturation stimulating via FGFR2 ERK1/2 intracellular signalling cascade, i.e acting in trans.
Nevertheless, a role for Negrl in cis has to be taken in account. In our previous publication
(Pischedda et al. 2014), we showed that acute Negrl down-regulation impairs severely neurite
outgrowth. In this study, we analyzed more in detail the impact of acute negrl down-regulation.

In particular, we noticed a clear morphological defect also upon infection with low titer of Negrl
siRNA viruses. In such condition, scarce and isolated Negrl silenced neurons were surrounded by
cells expressing and therefore releasing Negrl. Interestingly, also in this experimental setting we
observed a clear impairment of neuritic tree complexity upon Negrl silencing.

However the magnitude of the effect was lower than the one reported upon high viral titer infection,
1.e upon massive and general down regulation of Negr1 protein level in the culture.

These results may suggest that Negrl influences neuronal development acting both in cis and in
trans and that the two mechanisms contribute to determine neurite outgrowth.

It has been demonstrated that I[gLON proteins are able not only to bind RTKs but and also to
modulate their activity (McKie et al. 2012).

Here, taking advantage of immunoprecipitation and in cell overlay assay we found that Negrl binds
FGFR2. While our data suggest that Negrl acts in trans via FGFR2, we cannot exclude the
existence of Negrl and FGFR2 complex in cis. In fact, we can speculate that membrane bound
Negrl may form a heterocomplex with FGFR2. As reported for NCAM, Negrl in cis interaction
can influence FGFR2s downstream signalling upon agonist binding (including potentially soluble
Negrl itself as well as FGFs) (Francavilla et al. 2007; Francavilla et al. 2009).

In the attempt to analyze the cis effect of Negrl-FGFR2 co-expression, we treated neurons with
different growth factor such as EGF, FGFb and FGF7.

The biochemical analysis of pERK levels showed that Negrl silencing impaired cellular answer to
FGF7 (a specific agonist of FGFR2), while FGFb and EGF stimulation resulted not affected.

Similarly, FGFR2 silencing reduced cellular response to FGF7 only.

54



This suggest that the potential heterocomplex formed by Negrl and FGFR2 expressed on the same
cell does not induce ERK1/2 phosphorylation by itself, but it is instead important for FGFR2
response to its specific agonist.

Thus we conclude that Negrl has a regulatory role for FGFR2 in cis.

Finally, given that Negrl is expressed as membrane bound protein, two scenarios are possible:
Negrl binds FGFR2 expressed on the same cell as membrane bound protein (in cis); Negrl binds
FGFR2 expressed on juxtaposed cell (in trans).

Thus, we decided to dissect the potential effect on ERK phosphorylation due to in trans Negrl-
FGFR2 interaction taking advantage of the co-culture assay. We found a robust increase in
pERK1/2 level when neurons where co-cultured with Negrl positive cells. Strikingly, increase in
ERK phosphorylation was lost once we seeded Negrl cells on neurons lacking Negrl or FGFR2
expression. Altogether, these data suggest that Negrl positively triggers ERK pathway acting in
trans on Negrl-FGFRF2 heterodimer present on the justaxposed neuronal membrane.

In conclusion, our data show that Negrl activates in trans and as soluble factor FGFR2 while it
modulates FGFR2 in cis.

Furthermore, we demonstrated that Negrl might influence FGFR2 protein level.

In particular, we deem that Negrl may influence the amount of FGFR2 within the recycling pool
and/or discriminate between recyling and lysosomial degradation. Our working hypothesis is that
Negrl co-expression may be important to support ERK activation regulating both FGFR2 signaling
and trafficking inside the cell.

Given the pivotal role played by FGFR2 during CNS development, it is tempting to speculate that
Negrl might be involved in the formation of neuronal network.

Neuron migration requires several mechanisms, such as the recognition of the proper path and the
ability to move long distances. Many external factors might negatively influences a proper neural

migration and result in a misplacement of cells.
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Examples of such external influences are alcohol, cocaine or radiation, which may lead to numerous
mental disorders. Furthermore, mutations in genes that regulate this migration have recently been
shown to cause some rare genetic forms of mental retardation, schizophrenia and epilepsy.

FGFRs have been largely studied as key regulators of neuronal migration via ERK1/2 kinases
(Cavallaro e Dejana 2011; Francavilla et al. 2009). Importantly, conditional knock out of ERK1/2
leads to perturbation in cortical lamination with decreased number of pyramidal neurons in layer
II/IIT and increased number of neurons in layer V (Pucilowska et al. 2012).

ERK pathway and NCAM activation of FGFR1 have been extensively linked to the modulation of
neuronal proliferation and migration during embryonic brain development (Francavilla et al. 2007).
Fibroblast growth factors play multiple roles in the central nervous system (CNS) and control the
size of the cerebral cortex (Shin et al. 2004; Vaccarino et al. 2009) as well as its patterning
(Fukuchi-Shimogori e Grove 2001; O’Leary e Nakagawa 2002; Garel, Huffman, e Rubenstein
2003; Hébert e Fishell 2008).

Several FGF ligands, including FGF2, 3, 7, 8§, 10, 15, 17, and 18, are expressed in the rostral
telencephalic midline and early cortical primordium (Fukuchi-Shimogori e Grove 2001; Garel,
Huffman, e Rubenstein 2003; Cholfin e Rubenstein 2007), and have been demonstrated to regulate
neurogenesis (Raballo et al. 2000; Borello et al. 2008). Amongst the four FGFR, only FGFR1-3 are
expressed in the developing CNS (Ford-Perriss, Abud, e Murphy 2001).

Recent studies have demonstrated that FGFRs regulate CNS growth, including the hippocampus
(Ohkubo et al. 2004) and the cerebral cortex (Kang et al. 2009). Once neural progenitors have been
generated in the developing brain and spinal cord, FGFs play important roles in their survival and
expansion (Vaccarino et al. 2009; Diez del Corral et al. 2003; Inglis-Broadgate et al. 2005).
Furthermore FGF signalling has a prominent role in the migration of neurons.

FGFs secreted by neurons of the cerebral cortex signal back to cortical progenitors, as shown by the

FGF18-dependent expression of the Ets transcription factors Pea3, Erm, and Er81 by VZ cells
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(Hasegawa et al. 2004).

Blocking FGF signalling leads to neuronal migration defects, suggesting that FGF mediates a
feedback loop through which neurons that have reached their final position control the migratory
behaviour and laminar position of the next wave of neurons (Hasegawa et al. 2004).

Migration of young post-mitotic neurons from the ventricular zone to the cortical plate where they
differentiate is a key event in cortical development. Neuronal migration disorders lead neurons to
move and differentiate in an abnormal position (Rakic 1988). Ectopic positioning and impaired
differentiation of cortical grey matter cause pathologies called Neuronal Migration Disorders
(NMD) (Copp e Harding 1999).

In fact, periventricular and subcortical neuronal displacement have been described in the brain of
patients suffering from epilepsy (Barkovich e Kjos 1992; Flint e Kriegstein 1997).

Moreover, discrete intracortical disorganization also have been described in the brains of patients
affected by dyslexia schizophrenia and autism (Jones 1995).

Autism refers to an etiologically and clinically heterogeneous group of neurodevelopmental
disorders and is included in Neuronal Migration Disorders.

Both Negrl and FGFR2 are implicated in Autism Spectrum Disorders (ASD) (Kaminsky et al.
2011; Marshall et al. 2008; Michaelson et al. 2012; Pinto et al. 2010; Wentz et al. 2014).

However, ASD is a highly heterogeneous disorder with thousands of genes and molecular
mechanisms involved in its etiology. For this reason a very large effort has been recently put on
research focusing on finding convergent pathways affected by ASD genes during human
development (Li e Reiser 2011; Parikshak et al. 2013; Pinto et al. 2014). In this context is very
interesting that many of ASD genes are enriched in cortical pyramidal neurons of superficial layers
(Parikshak et al. 2013) and patches of abnormal laminar cytoarchitecture have been found in
patients suffering from ASD (Stoner et al. 2014).

Taking advantage of standard in utero electroporation Laura Cancedda's group in Genova silenced
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Negrl into a subpopulation of neural precursors and their progeny of newborn neurons committed
to migrate to the layer II/III of the somatosensory cortex. By P7, large number of Negrl silenced
cells were arrested in layer V and appeared not able to cross the border between layer IV and layer
V. We defined these cells as “ectopic” neurons, as they stopped in an ectopic layer and this effect is
long lasting until P35.

Furthermore, we found that acute down regulation of FGFR2 results in strikingly similar migration
defect with neurons arrested in layer V, as seen upon Negrl knockdown.

Finally, clear signaling cross talk between Negrl and FGFR2 is strengthen by the fact that Negrl
downregulation and FGFR2 overexpression in the same cell can completely rescue the migration
defect, proving for the first time an in vivo involvement of both molecules in the same signaling
pathway (Laura Cancedda, IIT Genova. Data not shown).

Because we found that: Negrl miRNA is present in high levels in layer IV of the somatosensory
cortex, is able to modulate FGFR2 signaling both in cis and in trans and furthermore MAPK are
fundamental for neuronal migration, we hypothesized that Negrl expressed by layer IV neurons
could interact in trans with FGFR2-Negrl complex located on neurons committed to layer II/III and
it could regulate their migration to the superficial layers of the cortex via pERK modulation.

ASD is characterized by complex behavioral defects, including emotional and motivation
impairments. USVs are socially-relevant communication sounds emitted by pups as a result of
separation from the mother and are widely used as an easy method to measure social and
communications behaviors in various models of neurodevelopmental disorders (Fischer e
Hammerschmidt 2011; Ju et al. 2014; Lai et al. 2014; Scattoni, Ricceri, e Crawley 2011).

In particular, USVs provide sensitive insight into the early emotional development of the pup (Gulia
et al. 2014; Wohr e Schwarting 2008) and, reduced number of USV calls with unusual patterns have
been reported in several mice models of ASD (Fujita et al. 2008; Scattoni, Ricceri, ¢ Crawley

2011).
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Thus, we investigated ultrasonic vocalizations (USV) in mice soon after birth to test possible
defects in communication skills. We found that pups after Negrl or FGFR2 downregulation in the
somatosensory cortex, a region believed to be analogous to the language area in the human cortex
(Sia, Clem, e Huganir 2013), display reduction in the number of ultrasonic vocalization calls with
lower probability of emitting complex calls. Interestingly, ERK kinases activation restored this
aberrant behavior (Laura Cancedda, IIT Genova. Data not shown).

These data suggest that Negrl is important not only for neuronal maturation, but also for neuronal
migration during the formation of cortical layers.

But how Negrl could regulate via FGFR2 cortical cyto-architecture and neuronal maturation during
development? We propose four models to explain the complex interconnession between Negrl-
FGFR2 and MAPK signaling.

We can distinguish two main mechanisms underlying Negr1 effect on FGFR2 activity: in cis and in
trans. In control neurons, which express both Negrl and FGFR2 in cis, Negrl binds and stabilizes
FGFR2 on the membrane, thus allowing agonist binding and subsequent activation of ERK1/2
signaling. Upon agonist binding, Negrl- FGFR2 heterocomplex is internalized and recycles on the

membrane, ready for a new cycle of activation (Fig. 27).
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Fig 27. Negr1 action in cis. Negrl binds FGFR2 regulating its response to FGF7.

When Negrl is missing, FGFR?2 is still exposed in membrane but answers less to FGF7 stimulation.
Furthermore, our biochemical evidence suggests that Negrl could impact on FGFR2 recycling.
It is known from the literature that growth factor receptors, more in the specific RTKs, activates

alternative pathways upon internalization (Sorkin e von Zastrow 2009). Furthermore, recycling is a
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fundamental process that disassembles FGF7-FGFR2 complex and allows the translocation of
receptors' subunit back to the membrane. Given such crucial role of the recycling, any alteration of
proper receptor trafficking may alter receptor activity. Finally, Negrl may discriminate beetween
the two fates that intra-cellular pool of FGFR2 might encounter: recycling or lysosomial
degradation. In presence of Negrl, FGFR2 pool might be driven towards recycling, while in

absence it is degraded.
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Fig. 28. Negr1 action in cis. If Negrl is missing FGFR2 is still exposed in membrane but answers less to

FGF7 stimulation.
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Furthermore, we know from our biochemical data that Negr1 is important also in trans.

In fact, our coculture assay suggest that Negrl-HEK overexpressing cells are able to trigger MAPK
signalling cascade in neurons. Interestingly we observed that at the same time Negrl induces the
stabilization of FGFR2 in neuronal cultures after 3 days in vitro.

All together these data suggest that Negrl in trans activates ERK pathway maybe recruiting Negrl-

FGFR2 heterodimer on the justaxposed membrane (Fig. 29).
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Fig. 29. Negr1 action in trans. Negrl trans activates MAPK signaling in neurons.
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In absence of Negrl, we did not observe an increase of ERK1/2 phosphorylation in silenced
neurons co-cultivated together with Negrl-HEK cells. This outcome might arise from the absence
of proper Negrl-FGFR2 heterocomplex on neuronal membrane: in such condition, Negrl exposed

from HEK cells cannot trigger any signalling pathways.
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Fig 30. Negr1 action in trans. In absence of proper Negr1-FGFR2 heterocomplex on neuronal membrane

Negrl exposed on HEK cells is unable to trigger ERK1/2 signaling.
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To support our hypotesis, in a recent paper (Song et al. 2015) Song and colleagues discovered a role
for Slitrk -a transmembrane protein- in regulating TrkB-BDNF trafficking and signaling.

Slitrk isotypes are highly expressed in the CNS, where they mediate neurite outgrowth,
synaptogenesis, and neuronal survival exactly like IgLON family proteins.

They report that Slitrk5 through direct interaction with TrkB receptors is able to modulate brain-
derived neurotrophic factor (BDNF)-dependent biological responses.

Under basal conditions, Slitrk5 interacts primarily with a trans-synaptic binding partner; however,
upon BDNF stimulation, Slitrk5 shifts to cis-interactions with TrkB. In the absence of Slitrk5, TrkB
has a reduced rate of ligand-dependent recycling and altered responsiveness to BDNF treatment.
Furthermore, they discovered that SlitrkS mediates optimal targeting of TrkB receptors to Rabl1-
positive recycling endosomes through recruitment of a Rabl1 effector protein, Rab11-FIP3 (Fig

31).
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Fig 31. SlitrkS regulates TrkB-BDNF trafficking and signaling via supporting RAB11

recycling at early endosomes (adapted from (Song et al. 2015)).
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Negrl may execute its function following a mechanism similar to the one proposed for Slitrk5.

In fact, we hypothesize a double action for Negrl: in cis, it interacts directly with the receptor,
mediates its biological response to agonist and influences receptor trafficking. /n trans it interacts
with Negrl-FGFR2 heterocomplex formed on the justaxposed membrane triggering FGFR2
signaling and supporting synaptic stabilization.

All these mechanisms may be called in action during neuronal migration.

Our main hypothesis is that neurons migrating from the ventricular zone (VZ) reach layer IV where
Negrl is highly expressed. If the migrating neurons express both Negr1-FGFR2, the heterocomplex
is assembled and the receptor is functionally exposed in membrane and triggers ERK intracellular
cascade. The recycling is functional so the signalling is long-lasting and the neuron can go further
reaching layer II-III of the cortex. If migrating neuron lacks Negrl or FGFR2 expression it is
blocked to layer IV - we called these neurons "ectopic neurons"- causing maldevelopment of the

cortex (Fig. 32)
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Fig. 32. Model for migration. Negrl-FGFR2 is important for the proper migration of neurons from

ventricular zone to cortical layer II-111.
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6.CONCLUSION
ASD affects 0.9% of children, and it is recognized as the most genetic of all developmental
neuropsychiatric syndromes (82-92% accordance in monozygotic twins, 90% familiar component).
Interestingly, many genes associated with ASD are fundamental in establishing neuronal networks,
and connectivity dysfunctions are causative alterations in ASD.
Cell adhesion molecules (CAM) and FGFR members drive neuronal wiring during development
and thus not surprisingly mutations in CAM and FGFR proteins have been widely identified as
ASD risk factors. In detail, mutations in NEGR1 and FGFR2 genes have been recently indicated as
relevant ASD candidates. Therefore, given the functional, physical and genetic correlation among
Negrl and FGFR2, the study of Negrl may disclose a pathway where different risk factors for
autism converge and therefore result in a powerful tool to disclose the pathogenesis of ASD.
Early educational intervention is the cornerstone for ASD management, indicating an early
temporal window during development for successful therapy. On the other hand, huge effort has
been spent to delineate a pharmacological treatment for ASD.
Yet, only antipsychotics Risperidone and Aripiprazole are currently accepted as treatments.
Moreover, these drugs only address comorbid clinical symptoms, rather than the underlying ASD
pathology. Large evidence points to defects in the development of neuronal networks as underlying
causes of ASD. Thus, understanding the molecular mechanisms underlying Negrl signaling in
physiological and pathological brain will possibly pave the way to clarifying the developmental
aspect at the basis of ASD. Finally, our study will directly tackle whether somatosensory deficits
contribute to social impairment in ASD, addressing a big issue in the field. Our project will open

new fields of research for the design of alternative pharmacological treatments.
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7. EXPERIMENTAL PROCEDURES

Constructs generation for Lentivirus production and in utero electroporation. Negrl and
FGFR2 target sequences were identified, synthesized and cloned into GFP-expressing pLVTH, as
previously described (Bauer et al., 2009; Pischedda et al., 2013; Zhou et al., 2006). All
recombinant lentiviruses were produced by transient transfection of HEK293T cells according to
standard protocols (Wiznerowicz and Trono, 2003). Primary neuronal cultures were transduced
with viruses at multiplicity of infection (MOI) 3 if not otherwise specified. mNegrl cDNA
(Addgene clone C3342IRCKp5014P057-rzpdm13-21) was cloned into strep-FLAG pcDNA3.1
vector (Gloeckner et al., 2009). FGFR2 cDNA has been purchased from GeneCopoeia [ORF

expression clone for FGFR2 (NM_010207.2)].

Negr1 purification and deglycosylation. For protein purification, HEK293 cells transfected with
strep-FLAG Negrl were lysed in RIPA buffer (150mM NaCl, 50mM HEPES, 0,5% NP40, 1%
Sodium-deoxycholate) for one hour at 4°C and then processed for streptavidin
immunoprecipitation. Protein were eluted from STREP resin in elution buffer (2.5 mM
Desthiobiotin, 100 mM Tris-HCL, 150mM NaCl, ImM EDTA) in mild agitation for one hour at
4°C. The protein concentration was measured via standard Bradford assay (Bio-Rad) and protein
purity was assessed by SDS-PAGE followed by silver staining. Where indictaed, after purification
strep-FLAG Negrl was treated with PNGase F (5 units, 20 minutes, 37°C) (Sigma-Aldrich,

Germany) and then analyzed by western blotting.

Neuronal cultures and drugs. The cortical neuron cultures were prepared from embryonic day 16
(E16) wild type CD1 mouse cortex (Harlan, Udine, Italy). E0 was considered the day at which the

copulation plug was observed in the mother. One day before the dissection day (D-day), the
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coverslips were placed in 24-well plates (First multiwell plate, Euroclone), coated and incubated for
no more than 16 hours with 250 pl/coverslip of poly-L-lysine (Sigma Aldrich) 50pg/ml in PBS
buffer pH 7.4. On D-day the polylysine solution was removed and the coverlips were rinsed three
times with sterile water, 10 minutes for each wash. After the last wash, the water was removed. The
pregnant dam was killed using approved methods of euthanasia and the fetuses were removed from
the uterus. The dissected brains were placed in a sterile 50 ml falcon containing ice cold HBSS 1X
(HBSS 10X (Invitrogen) + HEPES 10mM pH 7.3 + 1%Pen/Strep) and kept in ice.

Using a dissecting microscope, the two hemispheres were separated, meninges and striatum
removed, and the cortex dissected out. The cortexes were placed in a 15-ml conical centrifuge tube
containing ice cold HBSS 1X. Working under a laminar flow hood, the cortexes were rinsed with 5
ml 37°C sterile HBSS 1X medium for three times. After the last wash, the medium was removed
and the dissociating solution was added (9 ml 37°C HBSS 1X + 1 ml trypsin 10X).

After 15 minutes of incubation in a water bath at 370C the trypsine solution was gently removed
leaving the cortexes at the bottom of the tube. The cortexes dissociation was made in 5 ml final
volume of HBSS 1X by repeatedly pipetting them up and down in a Pasteur pipette.

Once the cortical neurons were separated, the cell density was calculated. An appropriate neuron
complete medium (Neurobasal (Invitrogen) + 1% L-Glutamine + 1% Pen/Strep + B27 50X
(Invitrogen)) volume containing 100.000 cells was added to each well containing the treated
coverslip. The neurons in 24-well plates were used for IHC. For the biochemistry experiments,
300.000 cells were added in 1ml of medium and plated in 12-well plates ( Euroclone). The neurons
were maintained at 37°C and 5% CO2 and the medium was changed once, three days after the
dissection. In these cultures glial growth is reduced to less than 0.5% of the nearly pure neuronal
population (Brewer et al., 1993). Neurons were treated daily with FGFb 20 ng/ml, FGF7/KGF 20
ng/ml, IGF 5 ng/ml (all from Peprotech, NJ USA) or every second day with GI 254023X 20mM

(TOCRIS Bioscience, UK) or MEK inhibitor U0126 100nM (Sigma-Aldrich, Germany). Strep-
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FLAG-Negrl treatment, 40ng/ml, was performed at DIV10. All procedures involving animals
complied with ARRIVE guidelines and were performed according to the National and Istitutional

Animal regulation (IACUC 625).

HEK cells and cortical neurons co-culture. At DIV14 on cortical neurons culture HEK293T cells
were seeded in ratio 300.000 neurons/100.000 HEK293 cells (3:1). For ERK kinases
phosphorylation experiments cells were transfected with control vector or with Negrl cDNA.

Mixed cultures were cultured until DIV16 and then lysed and processed for western-blotting.

Membrane fractionation. Primary neuronal cultures were plated in 12 well plates (Euroclone) at
the density of 600.000 cells per well and then transduced with siCTRL and siNEGR1 viruses at
MOI 3 on DIV 1. Neurons on DIV 16 were then resuspended in 600 ul of isosmotic buffer (4mM
HEPES, 32mM SUCROSE in PBS 1X) and spottered 10 times with glass potter. Then lysate was
centrifuged for 10 minutes at 600g to separate nuclei (pellet). The supernatant was then centrifuged
at 100.000g for 1 hour to separate citosol (supernatant) from membrane (pellet). The pellet was then
lysed in RIPA buffer (150mM NaCl, S0mM HEPES, 0,5% NP40, 1% Sodium-deoxycholate) and

processed for biochemical analysis.

Biochemistry and antibody. Neurons were washed in PBS and lysed in RIPA buffer (150mM
NaCl, 50mM HEPES, 0,5% NP40, 1% Sodium-deoxycholate). After 1 h under mild agitation,
lysate was clarified by centrifugation for 20 min at 16,000g. All procedures were performed at 4 °C.
Protein sample were measured via standard Bradford assay (Bio-Rad. USA). For protein
identification and relative quantification via Western blotting, a proper volume of sample
containing an equal amount of proteins was diluted with 0.25% 5X Laemmli buffer and loaded onto

10% SDS-PAGE gels; the proteins were transferred onto nitrocellulose membrane (Sigma-Aldrich)
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at 80 V for 120 min at 4 °C. The primary antibodies were applied overnight in a blocking buffer (20
mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween 20, and 5% nonfat dry milk); primary antibodies
(source in parentheses) included rabbit anti- FGFR2 1:200 (Santa Cruz Biotechnology, USA), goat
anti-Negrl 1:1000 (R&D, USA), mouse anti-NCAM 1:1000 (BD Biosciences, USA), rabbit anti-
GFP 1:5000 (Life Technology, USA), mouse anti-Actin 1:2000 (Sigma-Aldrich), rabbit anti RpS6
1:2000, rabbit antip42/44(pERK) and rabbit anti-42/44 (ERK) (Cell Signaling, USA).

The secondary antibodies (HRP-conjugated anti-mouse, anti-rabbit, or anti-rat) (Jackson
ImmunoResearch, UK) were used in a ratio of 1:8000. The signal was detected using an ECL
detection system (GE Healthcare). Films were acquired on a GS-800 densitometer (BioRad)
calibrated following the manufacturers’ instructions, and protein abundance was estimated as a
function of the optical density of a specific band quantified by Imagel] software (NIH). Unless

otherwise stated, all the other chemicals were purchased from Applichem, Germany.

Cross-link assay. The N2A cells were cultured in monolayer in IWAKI plates (10 cm diameter) in
10 ml of culture medium DMEM (Dulbecco's Minimum Essential Medium) containing glutamine
(2 mM), antibiotic (1% Penicillin/Streptomycin), and enriched with decomplemented fetal bovine
serum (FBS) at 10%. Formaldehyde to a final concentration of 0.8% was added directly in the
culture medium and the 10 ml dishes were put under mild agitation for 10 minutes at room
temperature. Then glycine was added to a final concentration of 125 mM to neutralize the effect of
formaldehyde. The plates were again put under mild agitation at room temperature for 10 minutes.
Finally the cells were lysed in a lysis buffer containing 150 mM NaCl, 50 mM Hepes and 0.2%
Triton X-100 and placed in agitation for 1 hour at 4°C. Finally the lysate was spin at 16.000g 10

minutes at 4°C.

Strep-IP. Streptactin Superflow beads (IBA) (50% in ethanol) were diluted 1:1 with wash buffer
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containing NaCl 150 mM and Hepes 50 mM and centrifuged for 2 minutes at 2000g to purify the
resine from ethanol. For a 10 ml dish we used 40 pl of purified beads. The lysate was added to the
beads and put under mild agitation for 1 hour at 4°C . After the incubation the resine was washed
twice with a wash buffer containing NaCl 150 mM, Hepes 50 mM, 0,1% Triton X-100. A brief

centrifugation at 2000g followed each wash. Finally the resine was resuspended in 60 pl of SB2X.

Overlay assay. Living wild-type and FGFR2 over-expressing HEK cells were incubated with
lug/ml of purified recombinant FLAG-Negrl1 protein at 4°C for 1hour to increase the binding and at
the same time reduce FGFR2 internalization. After 4°C incubation, cells were then treated with 20
ng/ml FGFb (peprotec) and put at 37°C for two hours to stimulate receptor internalization. Then
cells were fixed in 4% paraformaldehyde-sucrose in PBS1X and incubated with anti-FLAG
antibody. The fluorescence images were acquired using a LSM Zeiss 510 confocal microscope with

Zeiss 20X objective (Karl Zeiss, Jena, Germany).

Co-clustering assay. Strep-FLAG-Negrl and wt cells were dissociated in a solution not permissive
for cell-to-cell aggregation (2 mM EDTA in PBS) and collected in eppendorf tubes. Then cells were
counted and re-suspended in cell to cell adhesion permissive medium ( HBSS 1X, MgCl 2 mM,
CaCl 2 mM) at a concentration of 4 x10s cells/ml. Then 50.000 cells were seeded and incubated for
30 minutes at 37°C in a 24-well plate with coverslips. After the incubation, cells were fixed with a
solution of paraformaldehyde (4%), sucrose (4%) and phosphate buffer (240 mM) for 10 minutes at

room temperature.

Immunofluorescence and quantification. Neuronal cultures were infected with viruses at days in
vitro (DIV) 1-2 or transfected at DIV4 with Lipofectamine 2000 following manifacture's protocol
(Life Technology). For the immunostaining experiments, neurons were fixed at DIV 18 in 4%

paraformaldehyde and 4% sucrose at room temperature. GFP positive neurons were randomly
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chosen for quantification. The fluorescence images were acquired using a LSM Zeiss 510 confocal
microscope with Zeiss 63X objective (Karl Zeiss, Jena, Germany) at a resolution of
2,048x2,048pixels, pixel size=0.098 mm. All the measurements were performed using
NeuronStudio (available at http://research.mssm.edu/cnic/tools.html). Neurites were automatically
traced and quantified by the software in terms of length, number and morphology (Rodriguez et al.,

2008; Wearne et al., 2005). Data were then logged and analysed in Microsoft Excel.

In Utero Electroporation. All experimental procedures and animal care were conducted in
accordance with the IIT licensing and the Italian Ministry of Health. In utero electroporation was
performed accordingly to our recent protocol (Szczurkowska et al., under revision in Nature
Protocols, APPENDIX 6). Briefly, E13.5 and E15.5 timed-pregnant CD1 mice (Charles River SRL,
Italy) were anesthetized with isoflurane (induction, 4.0%; surgery, 2.5%), and the uterine horns
were exposed by laparotomy. The DNA (1.0 pg/ul in water) together with the dye Fast Green (0.3
mg/ml; Sigma, St. Louis, MO) was injected (3-4 pl) into right lateral ventricle of each embryos by
glass micropipette at E13.5 (World Precision Instruments, USA) or a 30G needle at E15.5 (Pic
indolor, Grandate, Italy). The embryo’s head was carefully held between tweezer-type circular
electrodes (3 mm diameter; Nepa Gene, Chiba, Japan) and 6 electric pulses were delivered with
square-wave electroporation generator (CUY21EDIT; Nepa Gene) accordingly to electroporation
protocol (amplitude, 25 and 30 V for E13.5 and E15.5, respectively; duration, 50 ms; intervals, 1s)
After electroporation, embryos were handed back into the dam’s abdominal cavity which allowed

their further development.

Slice Histology and Immunostaining. E18 brains were dissected and fixed at least 24 hrs in 4 %
PFA in PBS. P7 brains were fixed by transcardial perfusion of 4% PFA in PBS and cryopreserved

in 30 % sucrose. Coronal sections 80 pum thick were obtained with a microtome-refrigerator
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(Microm HM 450 Sliding Microtome equipped with Freezing Unit Microm KS34, Thermo
Scientific). Free-floating sections first underwent antigen retrival in 10mM citric acid (pH6) for
10min at 95°C. Subsequently slices were permeabilized and blocked with PBS containing 0.3%
Triton X-100 and 10% NGS. Primary antibodies were incubated in PBS containing 0.3% Triton X-
100 and 5% NGS [rat anti-CTIP2, 1:100 (Abcam), rabbit anti-Cux1, 1:100 (Santa Cruz), rabbit anti-
cFos, 1:1000 (Abcam)]. Immunostaining was detected using Alexa 543 or Alexa 647 fluorescent
secondary antibody (Invitrogen), 1:600, incubated in PBS containing 0.3% Triton X-100 and 5 %
NGS. Subsequently, cell-permeant nuclear counterstain was performed with Hoechst (2,5 pg/uL;
Sigma). Finally, samples were mounted in Vectashield Mounting Medium (Vector Laboratories,

Burlingame, CA) and acquired with confocal microscopy.

Statistical analysis

All data are expressed as mean + SEM. Data were analyzed with an unpaired Student’s t test (two
classes) or ANOVA followed by Tuckey’s post hoc test (more than two classes). The indication of
the level of significance (p) are indicated throughout the text. For the analysis of neurons
morphology in the different experimental condition we considered at least 12 cells randomly chosen

in at least 4 experiments.
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Fig. 25. Negrl downregulation, but not overexpression, causes accumulation of ectopic cells in
layer V at P7 in vivo.

Fig. 26. The effect of Negrl downregulation on neuronal migration is long-lasting.

Fig. 27. Negrl action in cis.
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Fig. 29. Negrl action in trans.

Fig. 30. Negrl action in trans.

Fig. 31. Slitrk5 regulates TrkB-BDNF trafficking and signaling via supporting RAB11 recycling at
early endosomes.

Fig. 32. Model for migration.
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10.ABBREVIATION INDEX

ADAM- disintegrin and metalloprotease domain
APP - Amyloid Precursor Protein

ASD - Autism Spectrum Disorders

CAM - Cell Adhesion Molecule

CaMKIla - Calmodulin-Dependent Protein Kinase Ila
cAMP - Cyclic AMP

CDKS - Cyclin-Dependent Kinase 5

c¢DNA — Complementary DNA

CNYV - Copy Number Variation

CP - Cortical Plate

DISC1 - Disrupted in Schizophrenia 1

DNA —Deoxyribonucleic Acid

DRG- Dorsal Root Ganglion

DSM-1V - Diagnostic and Statistical Manual-Fourth Edition
E18 — Embryonic Day 18

ECM - Extracellular Matrix

EGF - Epidermal Growth Factor

EGFP — Enhanced Green Fluorescent Protein
ERK - Extracellular Regulated Kinases

FAK - Focal Adhesion Kinase

FGFb - basic Fibroblast Growth Factor

FGF7- Fibroblast Growth Factor 7

FGFR - Fibroblast Growth Factor Receptor

FNIII - Fibronectin-type I1I
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GABA - y-aminobutyric Acid

GFP- Green Fluorescent Protein

GM - Gray Matter

GPI - Glycophosphatidyl Inositol Anchor
GWAS - Genome-Wide Association Studies
HPSGs - Heparan Sulphate Proteoglycans
IgCAM - Immunoglobulin-like Cell Adhesion Molecule
IgSF - Immunoglobulin Superfamily

IUE — In Utero Electroporation

IZ — Intermediate Zone

Kilon - Kindred of [gLON

KO — Knock Out

LAMP - Limbic Dystem-Associated Membrane Protein
MAPK - mitogen-activated protein kinase
MBP - Myelin Basic Protein

MMP?9 - Matrix Metalloprotease 9

mRNA — Messenger RNA

MZ - Marginal Zone

NCAM - Neuronal Cell Adhesion Molecule
NE - Neuroepithelial Cell

Negrl- Neuronal Growth Regulator 1 Protein
Nlgn — Neuroligin

NMD - Neuronal Migration Disorders

Nrxn — Neurexin

Ntm — Neurotrimin
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OBCAM - Opioid Binding Cell Adhesion Molecule
P7 — Postnatal Day 7

PDD-NOS - Pervasive Developmental Disorder Not Otherwise Specified
PKCBII - protein kinase CBII

PLCy - Phospholipase Cy

PSA - Polysialic Acid

RGC - Radial Glial Cell

RNA — Ribonucleic Acid

rNegrl — recombinant Negrl

RTK - Receptors Associated to Tyrosine Kinase
Sema3A - Semaphorin 3A

siRNA — Small Interfering RNA

SNV - Single Nucleotide Variation

SP — Subplate

SVZ - Subventricular Zone

TACE - Tumor Necrosis Factor-a-Converting Enzyme
TNF - Tumor Necrosis Factor

TUBAI1A - Alpha 1 Tubulin

USYV - ultrasonic vocalization

VZ - Ventricular Zone

WM - White Matter

WT — Wild Type
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membrane proteins play an important role in the establish-
ment of functional neuronal circuitries during development.
This process initially entails the growth, guidance, and sta-
bilization of neuronal processes (axons and dendrites) in a
timely, ordered manner involving cell surface molecules that
sense the extracellular surroundings and activate signaling
cascades (2).

Then, specialized cell-to-cell connections, the synapses,
are formed. These connections allow information to flow from
one neuron to another and relay the precise juxtaposition and
interactions between the pre- and postsynaptic membrane
proteins to support their final functional establishment. Sev-
eral families of synaptic transmembrane or membrane pro-
teins, such as semaphorin, neuroligin, neurexin, and the im-
munoglobulin superfamily (IgSF)," are implicated in neurite
formation and synapse establishment (3). However, the pic-
ture of membrane proteins expressed in neurons is still far
from being completely resolved, and it is expected that many
other key molecules are awaiting identification (4). Thus, un-
covering the nature of the dynamic multiprotein complexes
expressed at the plasma membrane will possibly strongly
support the understanding of the mechanism controlling
structural and functional neuron development. Here, we de-
scribe a biochemical approach to isolate and quantify pro-
teins exposed at the extracellular side of the plasma mem-
brane. Our assay utilized affinity purification on streptavidin
resin of bictinylated membrane proteins extracted from a
crude synaptosomal preparation. We combined this cell sur-
face biotinylation assay with MS/MS analysis and label-free
quantification to investigate protein patterns characterizing
immature and mature neuronal cultures. Our analysis identi-
fied a panel of 439 differentially expressed proteins, including
109 membrane proteins. In particular, we found that the ex-
pression profile of 20 cell adhesion molecules belonging to
the IgSF was tightly correlated to neuronal maturation. Among
our hits, we focused on Negri, and we demonstrated that it

1 The abbreviations used are: IgSF, immunoglobulin superfamily;
DIV, days in vitro; CAM, cell adhesion molecule; SV, synaptic vesicle;
P2, crude synaptosomal pellet; 52, cytosomal supernatant; GO, gene
ontology.
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plays a key role in regulating neuronal morphological devel-
opment in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Lentiviral Vector Constructs, Virus Production, and Plasmids—
Megri target sequences were identified using Ambion Web-based
oligo-search software, and four silencing ssquences for Negri (A2,
5"-CACCCTTTGATGCTCCATCTT-3"; B1, 5"-AAGATGGAGCATCAA-
AGGGETG-3"; D4, 5'-AATGTTGATGTAACAGATG-3"; CB, 5'-CTGGA-
GGCTGTAGTCTCTT-3') were selected, synthesized, and cloned into
GFP-expressing pLVTH, as previously described (5). In brief, oligo-
nucleotides coding for a 5'-pseudoBaglll site, a sense-oligonucleotide-
loop-antisense-oligonuclectide transcription termination site, and a
3'pseudo-Xbal restriction site were purchased from Metabion, Mar-
tinsried, Germany. Sense and antisense oligos were annealed and
subsequently phosphorylated. The fragments were cloned 3° to the
H1 promoter of pBC KS-+(Clal}-H1, resulting in pBC KS+(Clal)-sh.
The H1sh cassettes were isolated with Clal, blunted, and cloned into
the blunted Clal/BamH1 site of pLV transfer vector. pLV is a modified
plasmid transfer vector derived from original pLVTH (6) in which the
BamH1-tet0O-H1-Clal fragment has been excised. All recombinant
lentiviruses were produced by means of transient transfection of
HEK293T cells according to standard protocols (6). Primary neuronal
cultures were transduced with viruses at multiplicity of infection 1.
miegri cDMA (Addgene clone CA342IRCKp5014P057-rzpdm13-21)
was cloned into strep-FLAG pcDMNA3.1 vector. For rescue experi-
ments, we introduce into mMegr1 cONA via site-directed mutagenesis
two silent mutations in the region targeted by miRNA A2 using the
following primer: 5'-GCCGTGGACAACATGCTCGTCAGGAAAGS-
TGACACAGCG-3'.

Neuronal Cultures— Cortical neuron cultures were prepared from
mouse embryos (E17.5-18.5; strain C57BL/6). High-density (750 to
1000 cells/mm?) and medium-density {150 to 200 cells/mm?) neuronal
cultures were plated and grown on six-well plastic tissue culture
plates (lwaki, Bibby Sterilin, Staffordshire, UK) or on 12-mm-diameter
coverslips put into 24-well plastic tissue culture plates as previously
described (lwaki, Bibby Sterilin, Staffordshire, UK) (7). In these cul-
tures glial growth is reduced to less than 0.5% of the nearly pure
neuronal population (8). Meurconal cultures were infected with viruses
at days in vitro (DIV) 1 to 2 or transfected at DIV4 with Lipofectamine
2000 following the manufacturer's protocol (Lifetech, Carlsbad, CA).

Cell Surface Biotinylation Assay and Westemn Biotting— Neurons
were incubated at DIVE or DIV16 with 0.5 mg/ml nonpermeable biotin
(NHS-biotin, Sigma-Aldrich) in PBS for 30 min under gentle agitation.
After incubation, cells were washed with 100 mm glycine in PBS three
times and PBS once, with each washing lasting 10 min.

Subsequently, subcellular fractions were produced as previously
described (9). Briefly, high-density cultures were collected in HEPES-
buffered sucrose (0.32 m sucrose, 4 mm HEPES pH 7.4) and spun at
600g for 5 min to pellet the nuclear fraction. The resulting supematant
was centrifuged at 10,000g for 15 min to obtain a cytosolic supema-
tant (S2) and a crude synaptosomal pellet (P2). The P2 fraction was
solubilized in a dedicated lysis buffer (150 mm NaCl, 1% Monidet
P-40, 0.4% n-dodecyl-g-o-maltoside, 0.1% SDS, and 50 mm HEPES,
pH 7.4) for 1 h. The lysates from P2 and 52 were spun for 20 min at
16,000g, and the supematant was added to streptavidin-agarose
beads and put under mild agitation for 1 h. After the incubation, the
resin was washed twice with a wash buffer containing 150 mm NaCl,
50 mm Hepes, 0.1% Triton X-100. A brief centrifugation at 2000g
followed each wash. Proteins were eluted in 60 pl of 2X Laesmmli
buffer. To assay protein expression in wivo, C57BL/E mice were
sacrificed when indicated. Cortexes were isolated and homogenized
manually in lysis buffer. After 1 h under mild agitation, lysate was
clarified by centrifugation for 20 min at 16,000g. All procedures de-

scribed here were performed at 4 *C. The protein concentration in
each sample was measured via standard Bradford assay (Bio-Rad).
For protein identification and relative guantification via Western blot-
ting, a proper volume of sample containing an equal amount of
proteins was diluted with 0.25% 5X Laemmli buffer and loaded onto
4-12% NuPAGE gels (Invitrogen); the proteins were transferred onto
nitrocellulose membrane (Sigma-Aldrich) at 80 V for 120 min at 4 *C.
The primary antibodies were applied overnight in a blocking buffer (20
mm Tris, pH 7.4, 150 mm NaCl, 0.1% Tween 20, and 5% nonfat dry
milk); primary antibodies (source in parentheses) included rabbit anti-
NR2A 1:1000, goat anti-Negr1 1:1000 (R&D, Minneapolis, MN), rabbit
anti-HSP90 1:1000, rabbit anti-NSF 1:1000, rabbit anti RpS& 1:2000
(Cell Signaling, Danvers, MA), mouse anti-NCAM 1:1000 (BD Biosci-
ences), mouse anti-PSD-95 1:5000 (MeuroMab, Davis, CA), mouse
anti-MAP2 1:1000, mouse anti-SMAP-25 1:1000, mouse anti-Synap-
tophysin 1:1000, mouse anti-syntaxin 1A 1:1000, mouse anti-actin
1:1000, mouse anti-w-tubulin 1:1000 (Sigma-Aldrich), and mouse anti-
MNa/K ATPase « 1:2000 (10) (a generous gift from Grazia Pietrini,
University of Milano). The secondary antibodies (HRP-conjugated
anti-mouse, anti-rabbit, or anti-rat) (Jackson ImmunoResearch, Suf-
folk, UK) were used in a ratio of 1:8000. The signal was detected using
an ECL detection system (GE Healthcare). Films were acquired on a
GS-800 densitormeter (BioRad) calibrated following the manufactur-
ers’ instructions, and protein abundance was estimated as a function
of the optical density of a specific band quantified by ImageJ software
(MIH). Unless otherwise stated, all the other chemicals were pur-
chased from Applichem, GmBH, Darmstadt, Germany.

Electron Microscopy— Specimens from neurons at different DIV
were prepared for electron microscopy as previously described (11).
Briefly, neuronal culiures were fixed in cacodylate buffered with 3%
glutaraldehyde for 12 h and subsequently Epon-embedded. Ultrathin
sections were cut, mounted on copper grids, contrasted with uranyl
acetate and lead citrate, and observed with an electron microscope
(Zeiss EM10 at 60 kV). Electron microscopy images were processed
on Imaged (NIH), and single vesicles and synaptic structures were
annotated manually. Throughout the text, n refers to the number of
neurons measured. For transmission electron microscopy analysis of
the P2 fraction, samples were fixed with 2% glutaraldehyde in caco-
dylate buffer (Na-cacodylate 0.1 wm, pH 7.4) and processed for trans-
mission electron microscopy. Briefly, after fixation the samples were
post-fired with osmium tetroxide (2% Os0, in 0.1 M cacodylate
buffer), rinsed, stained with 1% uranyl acetate in water for 45 min,
dehydrated, and embedded in epoxy resin (Epon 812, Electron Mi-
croscopy Science, Hatfield, PA). The resin was then baked for 48 h at
60 =C. Thin sections (70 nm) were obtained with an ultramicrotome
(Reichert Ultracut E, Leica Microsystems, Heerbrugg, Switzerland).
Samples were observed with a Philips CM10 transmission electron
microscope at 80 kv, and images were acquired using a Morada
Olympus digital camera.

Immunofivorescence and Quantification— For the immunostaining
experiments, neurons were fixed in 4% paraformaldehyde and 4%
sucrose at room temperature or 100% methanol at —20 *C. Primary
and secondary antibodies were applied in GDB buffer (30 ma phos-
phate buffer, pH 7.4, containing 0.2% gelatin, 0.5% Triton X-100, and
0.8 m NaCl) for two hours at room temperature or overnight at 4 *C.
Primary antibodies included goat anti-OPCML 1:500, goat anti-
NEGR1 1:500 (R&D), mouse anti-LSAMP 1:1000 (DSHB, lowa City,
lowa), mouse anti-PSD-95 1:500 (MeurobMab), Alexa phalloidin-546
1:2000 (Invitrogen), rabbit anti-MAP2 1:400 (Millipore, Billerica, MA),
and mouse anti-Na/K ATPase « 1:100. GFP-positive neurons were
randomly chosen for quantification in at least four independent ex-
periments for each condition. The fluorescence images were acquired
using an LSM Zeiss 510 confocal microscope with a Zeiss 63x
objective (Karl Zeiss, Jena, Germany) at a resolution of 2048 = 2048
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pixels, with a pixel size of 0.098 pm. All the measurements were
performed using NeuronStudio. Meurites and dendritic spines were
automatically traced and quantified by the software in terms of length,
number, and morphology (12, 13). Data were then logoged and ana-
lyzed in Microsoft Excel.

Exo-endocytotic Assay— The endocytosis assay to monitor synap-
tic vesicle (SV) recycling was performed as previously described with
minor modifications (14, 15). Briefly, rabbit polyclonal antibodies di-
rected against the intravesicular domain of synaptotagmini (Synaptic
Systems, Goettingen, Germany) were diluted in Tyrode solution (124
mu NaCl, 5 mm KCI, 5 mm CaCl,, 1 mm MgCL,, 30 mm glucose, 25 mm
HEPES, pH 7.4) and applied for & min at room temperature. After
fiwation and pemmeabilization, a synaptophysin counterstain (mouse
anti-synaptophysin 1:400, Sigma-Aldrich) was performed 1o visualize
the totality of synaptic vesicles. Images were acqguired by means of
confocal microscopy, processed, and quantitatively analyzed with Im-
ageJ software, as previously described (16).

Mass Spectromeiry— Protein samples derived from cellular frac-
tions before Strep pull-down were processed via filter-aided sample
preparation as described elsewhere (17). Samples generated via
Strep pull-downs were directly digested on bead after reduction and
alkylation and repetitive washes with 6 m urea followed by one wash
in & m NaCl. The peptides generated by tryptic digests were acidified
and then subjected to LC-MS/MS as described elsewhere (18).
Briefly, LC-MS/MS analysis was performead on an Ultimate3000 nano-
HPLC system (Dionex, Sunnyvale, CA) coupled to an LTQ OrbitrapXL
mass spectrometer (Thermo Fisher Scientific) by a nanospray ion
source. Tryptic peptides were automatically injected and loaded at a
flow rate of 30 pl/min in 95% buffer C (0.5% trifluoroacetic acid in
HPLC-grade water) and 5% buffer B (98% actetonitrile and 0.1%
formic acid in HPLC-grade water) onto a nano trap column (100 wm
inner diameter x 2 cm, packed with Acclaim PepMap100 C18, 5 pm,
100 !5«; Dionex). After 5 min, peptides were eluted and separated on
the analytical column (¥5 pm inner diameter = 15 cm, Acclaim Pep-
Map100 C18, 3 pm, 100 A: Dionex) by a linear gradient from 5% to
40% of buffer B in buffer A (2% acetonitrile and 0.1% formic acid in
HPLC-grade water) at a flow rate of 300 nlmin over 120 min. Re-
maining peptides were eluted by a short gradient from 40% to 100%
buffer B in 5 min. The eluted peptides were analyzed by the LTQ
OrbitrapXL mass spectrometer. From the high-resolution mass spec-
trometry prescan with a mass range of 300-1500, the 10 most intense
peptide ions were selected for fragment analysis in the linear ion trap,
if they exceeded an intensity of at least 200 counts, and if they were
at least doubly charged. The normalized collision energy for collision-
induced dissociation was set to a value of 35, and the resulting
fragments were detected with normal resolution in the linear ion trap.
The lock mass option was activated, and the background signal with
a mass of 44512002 was used as the lock mass (19). Every ion
selected for fragmentation was excluded for 30 s by means of dy-
namic exclusion. The acquired spectra were processed and analyzed
using Mascot Daemon (V2.4.1) with the following settings: cystein
carbamidomethylation as a fired modification; methionine oxidation
and asparagine/glutamine deamidation as variable modifications; and
one missed cleavage allowed. Mass tolerances for parent and frag-
ment peptides were set at 10 ppm and 0.6 Da, respectively. The
database used was the Ensembl Mouse database (version GRCm38;
51,372 sequences, 23,210,570 residues) For the qualitative analysis,
Mascot result files were analyzed by Scaffold software (V4.0.7, Pro-
teome Software Inc., Portland, OR) to validate MS/MS-based peptide
and protein identifications. Peptide identifications were accepted if
they could be established at greater than 95% probability as specified
by the Peptide Prophet algorithm (20). Protein identifications weare
accepted if they could be established at greater than 99% probability
and contained at least two identified unique peptides. Protein prob-

abilities were assigned by the Protein Prophet algorithm (21). Protein
and peptide false discovery rates were fixed at 1% and 0.1%, re-
spectively. Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone wera grouped to sat-
isfy the principles of parsimony. All identified proteins with their
respective numbers of uniquely identified peptides are listed in sup-
plemental Table 51. All identified peptides are listed in supplemental
Table S2.

For relative quantification based on peptide intensities, three inde-
pendent biological replicates for each experimental condition were
analyzed. The raw files were directly imported into Progenesis Soft-
ware (version 4.0, Nonlinear Dynamics, Newcastle upon Tyne, UK)
and processed as described elsewhere (18). Briefly, profile data of the
MS scans and MS/MS spectra were fransformed into peak lists with
Progenesis LC-MS using a proprietary algorithm and then stored in
peak lists comprising m/z and abundance values. One sample was
set as a reference, and the retention times of the other sample within
were aligned (three to five manual landmarks, followed by automatic
alignment) to create maximal overlay of the two-dimensional feature
maps. Features with only one charge or more than seven charges
were masked at this point and excluded from further analysis. Sam-
ples were then allocated to experimental groups (DIVE and DIVE,
respectively). For quantification, all unique peptides (with Mascot
percolator score = 13) of an identified protein were included and the
cumulative abundance for that protein was calculated by summing
the abundances of all peptides allocated to the respective protein
normalized versus the total peptide abundance. No minimal thresh-
olds were set for the method of peak picking or selection of data to
use for guantification. Based on the cumulative intensities, a ratio
betwesn DIV16 and DIVE was calculated for each protein and evalu-
ated statistically via t test. All identified proteins with their respective
cumulated peptide intensities from each sample are listed in supple-
mental Table S3. Peptide quantification is reported in supplemental
Table S4.

In Uitero Electroporation—in ufero electroporation was performed
with the standard configuration, as described elsewhere (22). In brief,
the day of mating (limited to 4 h in the moming) was defined as
embryonic day zero (E0), and the day of birth was defined as post-
natal day zero (P0). E15.5 timed-pregnant CD1 mice (Harlan ltaly Srl,
Comezzana, laly) were anesthetized with isoflurane (induction, 4%;
surgery, 2.5%), and the uterine horms were exposed by laparotomy.
The DNA (1 to 2 pg/pl in water) together with Fast Green dye (0.3
mg/ml; Sigma, St. Louis, MO) was injected (5 to 6 pl) through the
uterine wall into one of the lateral ventricles of each embryo by a
30-gauge needle (Pic indolor, Grandate, Italy). After the uterine hom
had been soaked with a PBS solution, the embryo’s head was care-
fully held between tweezer-type circular electrodes (3-mm diameter,
MNepa Gene, Chiba, Japan). For the electroporation, six electrical
pulses (amplitude, 30 V; duration, 50 ms; intervals, 1 5) were delivered
with a sguare-wave electroporation generator (CUYZ21EDIT, Nepa
Gene, lchikawa-City, Chiba, Japan; ECM 830, BTX, Harvard Appara-
tus, Holliston, MA). After electroporation, the uterine horns were re-
turned into the abdominal cavity and embryos were allowed to con-
tinue their normal development.

Real-time Reverse-transcription PCR— Quantitative real-time RT-
PCR was performed as previously described (23). In short, RNA ex-
tracted by the RMeasy Mini Kit (Qiagen, Hilden, Germany) was reverse
transcribed using SuperScript®VILO (Invitrogen, #11904-018). For
quantification of Negr1 and Ncam? transcripts, real-time PCR was
performed using the ABI PRISM 7300 Sequence Detection System
(Applied Biosystems, Carlsbad, CA) and TagMan® reaction mixes
for murine Negr? (Mm01317328_m1, Applied Biosystems), Ncam?
(Mm01149710_m1, Applied Biosystems), and Actb (actin, beta)
(NM_007383.1, Applied Biosystems). All samples were measured in
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triplicate. The relative expression of endogenous Negr1 and Ncam?
was determined via normalization to Actb (2 1251),

Statistical Analysis— All data are expressed as means + S.E. Data
were analyzed with an unpaired Student's f test (fwo classes) or
ANOVA followed by Tuckey's post hoc test (more than two classes).
The number of experiments (n) and the level of significance (p) are
indicated throughout the text.

RESULTS

Cell Surface Biotinylation Assay Allows the Enrichment of
Membrane Proteins— Our cell surface biotinylation assay ex-
ploits the incubation of living neuronal cultures with nonper-
meable biotin moleties to tag protein domains at the extracel-
lular level. To minimize protein internalization, we performed
the biotinylation step at 4 °C (24). After extensive washing, we
collected via sequential centrifugation a series of biochemical
fractions, namely, S1 (mainly containing cell body), 52 (cyto-
sol), and P2 (enriched in synaptosome and mitochondria) (9).
Transmission electron microscopy investigation of P2 frac-
tions obtained from DIVE and DIV16 cultures confirmed that
both samples contained a subcellular structure recognizable
as the synaptosome (supplemental Fig. S1). After selublliza-
tion in dedicated lysis buffer, we immobilized biotinylated
proteins from P2 and S2 fractions on a streptavidin-agarose
resin. After washing, we eluted the proteins in Laemmli buffer
and analyzed the fractions via Western blotting. As bona fide
examples of proteins located at various cellular compart-
ments, we monitored the biochemical profiles of the synaptic
proteins NMDA-R subunit 24, syntaxin 1A, PSD-85, and NSF
(Fig. 1A); cytoskeletal components such as MAP2, actin, and
tubulin (Fig. 1B); and cytosolic proteins such as RpS6 and
HSP-80 (Fig. 1C) in fractions obtained from DIV16 cultures.
Western blot analysis showed that the P2 fraction was en-
riched in synaptic proteins such as PSD-95 and NSF and was
maostly lacking in cytosolic components such as RpS6 and
HSP-80; furthermore, we found that NMDA-R subunit 2A was
present in the eluate of streptavidin pull-down obtained from
the P2 fraction (NMDA in STREP-PD was around 26% of the
input; Fig. 18). A similar analysis performed on DIVE culture
produced comparable results (supplemental Fig. S2). To fur-
ther explore the performance of our assay, we analyzed four
biological sources obtained from DIV16 culiures by means
of MS/MS spectrometry: total cell lysate, P2 fraction, or
STREP-PD fraction resulting from total cell lysate or P2 frac-
tion. We detected 1405 unigue proteins, including 155
membrane proteins, in total cell lysate; 710 (147 membrane
proteins) in STREP-PD from total cell lysate; 1457 (153 mem-
brane proteins) in the P2 fraction; and 692 (166 membrane
proteins) in STREP-PD from P2. In particular, STREP-PD from
the P2 fraction was characterized by a peculiar subset of
proteins not shared with the P2 fraction (74, 24 membrane
proteins) or with STREP-PD from lysate (148, 36 membrane
proteins) (Fig. 24 and supplemental Tables S1 and S2). When
we ranked protein hits in function of the number of unique
peptides assigned by MS/MS analysis, we found three mem-
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Fiz. 1. Cell surface biotinylation assay isolates membrane pro-
teins. We developed an assay to enrich our sample in membrane-
associated proteins expressed in the synaptosomal fraction. Briefly,
cell surface proteins from cortical neurons were biotinylated for 30
min at 4 *C and then processed biochemically to produce input (j,
10% of lysate) and fractions containing nucleus-free supematant (S1),
cytosol (52), and crude synaptosomes (P2). Biotinylated membrane-
associated proteins were eluted in Laemmili buffer after affinity en-
richment on Streptavidin resins (STREP-PD). We monitored our pro-
tocol via Western blotting with antibodies raised against synaptic (4),
cytoskeletal (B), and cytosolic markers (C). Postsynaptic (NMDARZ2
subunit NR2A) and presynaptic (syntaxiniA) markers were enriched in
the P2 fraction, whereas cytoskeletal (actin and tubulin) or cytosolic
proteins (HSP-80) were not present. The left-hand panels show rep-
resentative blots. For each protein blotted on the left, the histograms
on the right report on the y-axis the optical density (0.0.) found in
each fraction normalized versus the input amount. Quantification of
the relative abundance of the different proteins in each fraction
showed that NA2A was enriched in STREP-PD P2 fraction relative to
the other subcellular markers.

brane proteins in STREP-PD fractions, only one in the P2
fraction, and none in total cell lysate among the top four
identifications (Fig. 2B). Gene ontology (GO) analysis per-
formed on DAVID Bioinformatics Resources 6.7 (25, 26) indi-
cated that the total cell lysate and P2 fraction included about
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Fiz. 2. Cell surface biotinylation assay isolates membrane proteins involved in synaptic functions. A, Venn diagrams compare the
protein datasets identified in total cell lysate and P2 fraction (inpuf), in the STREP-PD fraction obtained from total cell lysate and from P2
(STREP-PD), in STREP-PD from lysate and the lysate itself (lysate), and in STREP-PD from P2 and the P2 fraction itself (P2). “Input” refers to
the protein source used in the streptavidin-enrichment procedurs. The numbers in parentheses refer to the number of membrane proteins
within each fraction. Values reported arose from a combination of four independent experiments. B, the tables report the four top entries for
total cell lysate, STREP-PD lysate fraction, P2, and STREP-PD P2 fractions based on the number of unique peptides assigned. Protein name,
UniProtKB entry, cellular location, molecular weight (MW), number of unique peplides identified (Pep), and sequence coverage (Cov) are
indicated. C, the graphs report the GO analysis run considering cellular components relative to the proteins identified in total cell lysate,
STREP-PD lysate, P2, and STREP-PD P2 fractions. D, the graphs report the GO analysis run considering biological processes executed by
plasma membrane proteins identified in total cell lysate, STREP-PD lysate, P2, and STREP-PD P2 fractions. Additional information on protein
identification, GO annotation, TMHMM prediction, and peptide identification can be found in supplemental Tables S1 and S2.
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26% to 27% membrane proteins and that the incubation on
streptavidin beads enrichad the membrane protein yield by up
to 33% and 44% in STREP-PD from total cell lysate and from
P2, respectively (Fig. 2C). Once we considerad the biological
functions executed by plasma membrane proteins only, we
found that 38% were involved in synaptic functions and about
18% In cell-adhesion-related processes in total cell lysate or
the P2 fraction. These fractions rose to 55% and 20% In
STREP-PD from P2 (46% and 21%, respectively, in
STREP-PD from cell lysate; Fig. 2D). In STREP-PD from P2 we
listed a number of proteins that had not been previously
described at the synaptic site. Thus we considered for further
analysis a panel of these hits, namely, Na/K ATPase subunif «,
OPCML, and LSAMP. Through immunolocalization assays we
were able to confirm their synaptic localization (supplemental
Fig. S3). In conclusion, our cell surface biotinylation assay
allowed a robust enrichment of membrane proteins. Inter-
astingly, a high percentage of the identified hits were func-
tionally and/or topologically related to the synapse.
Identification of Membrane Proteins Differentially Expressed
during Neuronal Development—Membrane proteins play a
pivotal role in the functional and structural remodeling expe-
rienced by neurons along in vifro culturing (27-29). Thus, we
assessed the potential of our assay for identifying the mem-
brane-associated proteins involved in neuronal development.
In order to profile the main steps characterizing in vifro mat-
uration, we analyzed cortical cultures at four different time
points (i.e. DIV4, DIV8, DIV12, and DIV16) recognized as rep-
resentative of neuronal maturation (30). Cortical cultures were
infected with GFP-axpressing viruses (miRNA control; see
“Experimental Procedures™ at DIV1, fixed, and imaged at
DIv4, -8, -12, and -16 (Fig. 3A and supplemental Fig. S4A4).
We measured the neurite number, total length, and com-
plexity (as monitored by Sholl analysis and by the counting of
processes for each order of neurite branching; Figs. 38-3D
and supplemental Fig. S4B). The analysis revealed that neu-
rite arborization matured in terms of process number, length,
and branching during in vitro culturing. To verify whether the
structural maturation correlated with functional features, we
measured synaptic functions at the four different time points.
To this end, we monitored the SV exo-endocytotic rate by
exposing cortical living neurons to an anti-synaptotagmin an-
tibody, as previously described (15). Recycling SVs take up
the antibody and thus appear as synaptotagmin-positive clus-
ters after fixation and staining (Fig. 3E). The quantification of
synaptotagmin-positive clusters revealed that the percentage
of recycling SVs within the total S8V pool increased linearly
from DIV4 to DIV16 (Fig. 3F). The total vesicle pool estimated
via staining with antibodies against an SV integral protein
(synaptophysin) after fixation and permeabilization of the cells
showed a bimodal profile, with an increase from DIV4 to DIVS
followed by a decrease at DIV12 and a recovery at DIV16 (Fig.
3G). This pattern might reveal a process of rapid synaptogen-
esis followed first by the elimination of unnecessary contacts

and later by the establishment of new functional synapses
occurring in neuronal networks during physiological develop-
ment (31). Accordingly, when we examined the neuronal ul-
trastructure by means of electron microscopy, we noticed that
both post- and presynaptic structures changed with in wvitro
culturing, as previously reported (32). In particular, a number
of structural parameters such as postsynaptic density, length
and width, active zone length, number of SVs in total and
docked pools, and SV average diameter increased as cultura
proceeded in vitro (supplemental Fig. S5). In conclusion, we
observed major changes when comparing neurons kept in
culture until DIV4 with neurons kept until DIV16. Mext, we
used our biochemical approach to investigate cultures at two
time points, DIVE and DIV16, considered here as archetypes
of the immature and mature stages, respectively. We chose
DIVE instead of DIV4 to cope with two opposing issues: the
investigation of an early stage and the necessity of collecting
a sufficient yield of proteins. Indeed, we noticed from prelim-
inary experiments that we were not able o obtain an amount
of proteins sufficient for our analytical purposes from DIV4
culture (data not shown). In order to identify and obtain a
semi-quantitative evaluation of the transmembrane protein
pattern expressed at synaptic sites in the immature and ma-
ture stages, we combined our assay with MS/MS spectrom-
etry and label-free quantification. The analysis revealed 439
proteins differentially expressed between DIVE and DIV16
(supplemental Tables S3 and S4). With respect to the subcel-
lular localization, 40% of proteins were associated with the
plasma membrane (Fig. 4A and supplemental Table S3).
Functional analysis indicated that 58% of differentially regu-
lated proteins were involved in synaptic functions and 17% in
cell-cell adhesion (Figs. 48 and 4C; supplemental Table S3).
Interestingly, among those differentially expressed proteins,
we identified 109 transmembrane proteins including 20 cell
adhesion molecules (CAMs) belonging to the IgSF (Fig. 4D).
To support our proteomic evidence, we chose two proteins
for further analysis, Negri (33, 34) and NCAM-1 (35, 38).
Western blotting experiments indicated that MNegri and
NCAM-1 were enriched in the P2 and STREP-PD fractions
(Figs. 54 and 5B) and that they were both present at the
synaptic site (Fig. 5C). Next we confirmed that Negri and
NCAM protein expression in both P2 and STREP-PD P2
fractions as well as Negri and NCAM mRNAs increased
significantly from DIV6 to DIV16 (Figs. 5D and 5E; quantifi-
cation in Figs. 5G-5/). Furthermore, we noticed that Megri
and NCAM expression in cortex increased during in vivo
development (Fig. 5F; quantification in Fig. 5J), whereas the
expression of a nonrelated protein, RAB3A, remained con-
stant (supplemental Figs. S6A and S6EB). Thus, our cell
biotinylation assay proved to be a valuable tool for investi-
gation of the molecular mechanisms in play during neuronal
development.

Negr1 Modulates Neuronal Structural Maturation— Of the
differentially expressed CAMs identified in our assay, we fo-
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Fiz. 3. Neurons mature anatomically and functionally during in vifro culture. Dissociated cortical cultures were infected at DIV1 with
GFP-expressing viruses. At the indicated DIV, cells were fixed and imaged by means of confocal laser microscopy. A, camera lucida tracing
of neurons kept in culture until the indicated DIV. Scale bar = 20 pm. B, C, quantification of neurite total number and length. D, Sholl analysis
shows cumulative process length (y-axis) in the given spacial bin (in micrometers). Data are expressed as mean + S.E_; *p = 0.01 versus DIV4,
AMNOVA test; n = 12 neurons for each experimental case. E, the ratios of recycling synapses were estimated in incubating living cortical neurons
with anti-synaptotagmin (s-tagmin) antibodies for & min before fixation at the indicated DIV. Post-staining with synaptophysin (s-physin)
revealed the total number of synapses. Representative images were acquired with a laser-assisted confocal microscope at 63 magnification.
During in vitro development, neurons mature functionally as indicated by the growing number of actively recycling synapses. Scale bar = 20
pm. F, guantification of the ratio of clusters positive for both s-tagmin and s-physin (recycling synapses) expressed as a percentage of
s-physin-positive clusters (total number of synapses) in the same section. G, total number of s-physin-positive clusters/10 pm. Data are
expressed as mean = S.E; "p = 0.05 versus DIV4, ANOVA test; n = 4, 10 neurons for each experimental case.
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cused on Negri. Negri belongs to a subgroup of the IgSF
named IgLON. IgLOM CAMs are implicated in synapse forma-
tion, functions, and plasticity (37). Given the expression profile
we reported for in vitro culturing, we investigated the impact
of Negri on neuronal morphological maturation. To this aim,
we generated artificial viruses carrying GFP reporter and an
miRNA-like construct able to silence Negri exprassion down
to 20% of its endogenous level (supplemental Figs. S6C-
S6G), reducing the short-hairpin RMA-related adverse effect
(5). To evaluate the effect of Negri silencing on neuronal
structure, we infected cortical cultures at DIV1 with viruses
carrying miBNA Negri or miRMA control and fixed the cells at
an immature (DIVE) or mature (DIV16) stage. On these cul-
tures, we measured the neurite number, total length, and
complexity (as monitored by Sholl analysis and the count of
process number for each order of branching). The analysis
revealed that Megri down-regulation did not have a signifi-
cant effect on neurite arborization at DIVE (Fig. §). Instead,
when we analyzed neurens culiured until DIV16, we found that
miRNA MNegri-infected cells were characterized by signifi-
cantly less complex neuritic trees than culture-matched
miRNA control-infected cells (Figs. 7A and 78). In particular
we noticed that Negr1 silencing induced a decrease in neu-
rites’ total length and number (process total length, miRNA
control = 1287.6 = 91.1, miRNA Negrl = 799.0 = 77.1;
process number, miIBNA control = 54 = 3.7, miRNA Negr1
26.7 = 3.1; p = 0.01; Figs. 7C and 7D). The staining with
antibodies raised against the dendritic protein MAP2 (38)
suggested that Negri silencing affected mainly dendritic de-
velopment (supplemental Fig. S7). We obtained comparable
results when we down-regulated Negri expression via infec-
tion with a virus bearing a second Megri silencing construct
(supplemental Fig. S8). Dendritic spines constitute the main
postsynapiic elements of excitatory synapses and are mor-
phologically distinguished as mushroom, stubby, or filopo-
dia-like. Mushroom spines are considered mature and fully
functional and are decorated by postsynaptic density mark-
ers such as PSD-85 and actin, whereas immature protru-
sions lack these components (39, 40). Interestingly, a pre-
vious report indicated that Negri overexpression positively
modulates the dendritic spine number, but no evidence on
the role of endogenous Negri has been provided so far (33).
Thus we imaged dendritic protrusions in control and Negr1
silenced neurons at DIV16 and found mature protrusions
stained by PSD-95 and actin or filopodial-like structures

missing these markers (Fig. 84). Interestingly, when we
quantified the number and morphelogy of dendritic spines,
we found that Negri silencing decreased the total spine
number but did not have a significant impact on the mor-
phology of these structures (spine number/10 pwm: mIRNA
control = 1.9 = 0.2, miRNA Negr1 = 1.33 = 0.1, p < 0.05;
Fig. 88).

Given the implication of Negr1 involvement during neuronal
morphological maturation in vitro, we verified its role in vivo.
To this end, we injected mIRNA control or miRNA Negri into
the lateral ventricle of E15.5 mouse in utero and electropo-
rated them into a subpopulation of neural progenitors and
their progeny. After allowing in vivo development, we ana-
lyzed the somatosensory cortex in coronal slices obtained
from pups at P7. To appreciate neuron morphology, we ac-
quired confocal images of the GFP fluorescence in layer 11/
cortical neurons that were derived from miRNA-transfected
progenitors (Fig. 94 and supplemental Fig. S24). We found
that Megri miRNA cells displayed reduced basal dendrite
arborization relative to confrols, as demonstrated by the
quantification of total neurite length and number (process
total length: miRNA control = 538.8 = 38.1, miRNA Negri =
359.8.0 = 25.9, p = 0.01; process number: miBNA control =
30.4 = 2.9, mIBNA Negr1 15.7 = 1.5, p < 0.001; Figs. 98 and
9C) and by Sholl analysis (supplemental Fig. S9B8). Together,
these data indicate that Negr1 down-regulation prevents nor-
mal morphological development of pyramidal neurons in vivo.
Overall, our data suggest a critical role for Negri in modulat-
ing the structural maturation of neurons.

DISCUSSION

The investigation of membrane proteins is a hard task in
proteomic investigations because of their low absolute
amounts and their mostly hydrophobic nature. Notwithstand-
ing the huge list of synaptosomal proteins generated by high-
throughput proteomic studies, the repository of membrane
protein remains poorly represented. Recently, Pielot and col-
leagues generaied a meta-database from 12 proteomic pub-
lications describing approaches relying on enrichment of
membrane fractions from different brain areas (4). The dataset
included more than 2000 proteins, of which only 200 (less
than 10%) were allocated to the plasma membrane. However,
two articles specifically focusing on the investigation of the
neurcnal membrane subproteome achieved betier results. Li
and co-workers combined synaptic plasma membrane puri-

Fig. 4. Ildentification of synaptic membrane proteins differentially expressed during neuronal development. The comparison of
STREP-PD fractions obtained from neurons at DIVE and DIV16 via LC-MS/MS followed by label-free guantification revealed 439 differentially
expressed proteins. A, B, the graphs report the GO analysis for the differentially expressed proteins considering cellular components (4) and
biological processes (B). C, the graphs list differentially expressed membrane proteins clustered with respect to the indicated biological
processes. DIVA6/DIVE ratio is expressed as Log10. D, we found a panel of 20 neuronal IgSF CAMs that were differentially expressed. The list
reports the protein description, gene name, fold change between DIV16 and DIVE (DIV16/DIVE), p value as computed after t test, number of
peptides quantified (#), and cumulative Mascot confidence score (score). Additional protein information, including the protein accession
number, description, raw abundance, GO, and peptide quantification, can be found in supplemental Tables 53 and S4.
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Fiz. 5. Negr1i and NCAM expression increase during in witro and in vivo maturation. 4, Westem blotting analysis of Negr1 and NCAM1
distribution in the biochemical fraction extracted from DIV16 cortical neurons. B, the quantification of the relative abundance of Negrl and NCAM
in each fraction normalized versus the input amount indicated that Megr1 and NGAM were enriched in STREP-PD obtained from the P2 fraction.
G, the subcellular localization of Megr or NCAM was assayed via staining of DIV16 neuronal cultures with Negr- or NCAM-specific antibodies
(CH1, red) together with antibody against the synaptic marker SV2A (CH2, green). Both Megri and NCAM appear as clusters with overapping with
SV24 signals (“merge”). Scale bar = 50 pm. Western blotting analysis of Negrl expression in P2 (D) and STREP-PD from P2 (E) obtained from
neurons kept in culture until DIVE and DIV16. F, Western blotting analysis of Negr! expression in lysates obtained from cortexes of mice sacrificed
at postnatal day 0 (PO), 2 (P2), or 7 (P7). The panels report the quantification of the relative abundance of Megr (upper panels) and NCAM-1 (lower
panels) in P2 (G) and STREP-PD from P2 fractions (H); data were nommalized versus the DIVG amount. The analysis confirmed that the expression
of Negr1 and NCAM-1 in P2 total and STREP-PD fractions increased during in vitro maturation. /, primary cortical neurons (DIVD to DIVAE) were
analyzed by means of quantitative real-time RT-PCR for Negr-1 (upper) and Ncam-1 (lower) mBNA levels. Relative gene expression was normalized
to beta-actin (ACTB) as a housekeeping gene. Expression for DIVD was set at 1. Data are expressed as mean + S.E; # p = 0.05 versus DIVOD, *
p < 0,05 versus DIVE n = 3. Each sample was measured in triplicate. J, quantification of protein amount in postnatal cortices showed that the
expression of Negr (above) and NCAM-1 (below) increased during in wivo maturation. Data were normalized versus the PO amount. Samples
containing equal amounts of proteins were resolved by means of SDS-PAGE. Data are based on protein optical density nomalized as declared and
expressed as mean + S.E; Student's t test, * p < 0.05 versus DIVE or ANOVA # p <= 0.05 versus PO, n = 4.
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Fiz. 6. Negr1 silencing does not af-
fect neuronal morphology at imma-
ture stages. Cortical neurons were in-
fected at DIV1 with miRNA control and
miANA Megri. At DIVE, cells were fixed
and imaged by means of confocal laser
microscopy. A, B, confocal images high-
lighting the morphology of neurons in-
fected with miENA control and miRMNA
Megri. Their relative tracings are re-
ported on the right. C, D, quantification
of the neurite total length and number for
each neuron. E, Sholl analysis shows
that Megr1 silencing did not induce sig-
nificant modification of neurite immature
neuronal arborization. F, the graph re-
ports the number of neurites in each
branching order. Scale bar = 20 pm.
Data are expressed as mean = S.E;n =
4; 10 neurons were measured for each
experimental case. o 0-10
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fication from rat hippocampi with blue native/SDS-PAGE and
MS/MS analysis to describe 185 membrane proteins (about
36%) within a database of 514 (41). Additionally, Olsen and
colleagues identified 197 membrane proteins (about 35% of
555 total hits) in plasma membrane preparations obtained
from different mouse brain areas investigated by means of
cation-exchange chromatography coupled with LC-MS/MS
{42). In contrast to the approaches described so far in which
brain tissue was used as a protein source, we applied cell
surface biotinylation on primary neuronal cultures. Primary
cultures constitute a robust model to recapitulate neuron
physiology and ensure easy access for pharmacological and
genetic manipulations that might be difficult, if not impossible,
to perform in the intact brain. Furthermore, neurons can be
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cultured for up to 3 weeks, thus allowing the investigation of
dynamic molecular modifications in a time-dependent man-
ner. Our assay fostered the identification of up to 166 mem-
brane proteins. Nevertheless, we found a certain amount of
cytosclic/nonmembrane proteins in our dataset. The pres-
ence of cytosolic contaminants might have been due to un-
specific binding to the agarose matrix of such molecules,
characterized by a higher absolute cellular abundance and
better solubility in agueous buffer than membrane-passing
molecules. In spite of this technical issue, the performance of
our protocol far exceeds the results of similar investigations
on primary cultures, to the best of our knowledge. In partic-
ular, Stella and colleagues identified about 30 membrane
proteins from a preparation of membrane obtained from pri-
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Fiz. 7. Negr1 silencing affects neuronal morphology at mature stages. Cortical neurons were infected at DIV with miRNA control and
miRMA Megr1. At DIV16, cells were fixed and imaged by means of confocal laser microscopy. A, B, morphology of neurons infectad with miRMA
control and miRMNA Megri and relative tracing. C, D, quantification of neurite total length and number for each neuron. E, Sholl analysis showed
that the neurite arborization was severely affected by miENA Megr1 infection. F, miRMA Negri infection altered the distribution of neurites in
each branching order. Scale bar = 20 pm. Data are expressed as mean = S.E.; Student's t test, * p < 0.01, n = 4; 10 neurons were measured

for each experimental case.

mary cultures of cerebellar granule neurons (43). The protocol
we proposed here implies incubation with nonpermeable bi-
otin with the aim of tagging the proteins truly exposed to the
extracellular side at a given functional/developmental stage.
Chen and colleagues developed a similar approach and re-
vealed 27 proteins predicted to have at least one transmem-
brane domain in primary hippocampal cultures (44). Their

method lacked the biochemical fractionation utilized here.
This difference may account for the much higher recovery of
membrane proteins we reported here in comparison to the
results of Chen and colleagues. Furthermore, the P2 fraction
used In our assay enriches plasma membranes and synapto-
some (see supplemental Fig. S1 and Ref. 8), an artificial
organelle comprising pre- and postsynaptic elements (45).

744

Molecular & Cellular Proteomics 13.3

101



Proteomic Investigation of Neuronal Maturation Determinants

=3

merge

Fiz. 8. Negr1 silencing affects den-
dritic spine density. Cortical neurons
were infected at DIV1 with miRNA con-
trol and miRMNA Negri. At DIV16, cells
were fimed, stained, and imaged by
means of confocal laser microscopy. A,
we imaged neuron processes (green) to
highlight dendritic spines. Mature spines
were decorated by F-actin (red) and
PSD-85 (blue). B, quantification of
morphological parameters describing
spines. The panel reports spine density
(spine numberA0 pm), length, width,
and percentage of protrusions charac-
terized by a mushroom, stubby, or thin
morphology (type). Scale bar = 10 pm.
Data are expressed as mean + S.E.; 5t-
udent's t test, * p < 0.05, n = 3; seven
neurons were measured for each exper-
imental case.
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m

Accordingly, about 55% of the membrane protein identified
by our assay is synaptic or associated with synaptic function
according to the GO annotation.

When we compared immature versus mature neuronal cul-
tures, we identified a panel of 439 differentially expressed
proteins. Among them, we found 109 proteins localized at the
plasma membrane, and in particular we found 20 IgSF CAMs.
MNeurcnal IgSF CAMs associate at the cell surface to form
homo- and heterophilic complexes and regulate neurite out-
growth and synaptic-contact formation (3). The expression
levels of Thy-1 (48), cell adhesion molecule 3 (47), cell adhe-
sion molecule L1 (48), NrGAM (48, 50), neuroplastins (51), and
basigin (52) are necessary for the proper establishment of
functional neuronal circuitry. Thus, our data are perfectly in
line with the fact that the above-mentioned CAMs have a
precise expression profile tightly correlated to neuronal mat-
uration. Given their pivotal role during neuronal development,
several CAMs have been not surprisingly implicated in neu-
rological disorders (53-55). Recent genetic linkages have as-
soclated NrCAM and Negri with autism spectrum disorder
(56-58).

Megri is a synaptic adhesion protein member of the IgLON
CAM family (58). In dissociated neurons in culture, Negri s
mainly cbserved at axons and presynaptic terminals at early
culture stages, but it becomes also postsynaptic at late cul-
ture stages (33). Finally, Negr1 overexpression affecis the
number of synapses with different outcomes depending on
the culture stage. If it occurs in early stages, the overexpres-
sion of Negri decreases the number of synapses, whereas at
later stages it is positively associated with synapse number
(37). The silencing approach described here sheds light on the
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physiclogical function of endogenous Negri. In particular, we
demonstrated that Negrl hypoexpression induced a signifi-
cant decrease in the number and length of neuronal pro-
cesses in mature neurons, thus causing a severe reduction of
the overall complexity of neurite arborization in vitro and in
vivo. Given that we reported a similar phenotype in cells
overexpressing Negr1, overall our data demonstrate that the
Negri expression level is tightly associated with neuronal
maturation and that it controls the proper development of
neurite arborization and dendritic spines.

The pattern of dendrite arborization exhibited by a neuron is
tightly correlated to its function. Any alteration in dendrite
morphology has dramatic consequences for the proper for-
mation and functionality of the connectivity network within
surrounding cells (60, 61). Recent findings point to altered
brain connectivity as a key feature in autism spectrum disor-
der (62). Interestingly, evidence links the pathogenesis of
autism spectrum disorder specifically to neuronal-network
anomalies and dendritic spine dysmorphology (63-65). We
hypothesize that Negr1 regulates the development, formation,
and stabilization of a functional neurite network, and conse-
quently Negri mutation might contribute to the anatomical
abermrations reported In autism spectrum disorder. Independ-
ent approaches are needed to confirm the precise localization
of the hits identified. Nevertheless, we are confident that our
assay can increase the recovery of membrane proteins and
facilitate the isolation of molecules functionally and/or topo-
logically related io the synapse.

Finally, our study allowed the preliminary identification of a
panel of membrane proteins whose expression was corre-
lated with neuronal development. Although further studies
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Fiz. 9. Negr1 affects neuronal morphology in vivo. Mouse em-
bryos were electroporated in ufero at E15.5 with miRNA control or
miRNA Negri and sacrificed at P7. A, camera lucida drawing elab-
orated from confocal images of GFP fluorescence in coronal sec-
tions of mouse somatosensory cortices. Negrl down-regulation
resulted in a decrease in the total length (B) and number (C) of
neurite processes. Scale bar = 20 pm; Student’s t test, * p < 0.01,
**p < 0.001, n = 3; 10 electroporated cells were measured for each
experimental case.

will be required to clarify in detail the mechanisms orches-
trated by these molecules, our assay proved to be areliable
starting point to study the extracellular proteome and mon-
itor its implication in physiological and pathological neuro-
nal mechanisms.
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12. APPENDIX II
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Leucine-Rich Repeat Kinase 2 Binds to Neuronal Vesicles through
Protein Interactions Mediated by Its C-Terminal WD40 Domain
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Mutations n the lewcine-rich repeat kinase 2 pene (LRREZ) are assoctated with familial and sporadic Parkinson's disease (PD).
LERE2 15 a complex protein that consists of multiple domans, including predicted C-terminal W0 repeats. In this study, we
analyzed functional and molecalar featares conferred by the W40 domain. Eleciron microscopic analysis of the purified
LERE 2 C-terminal domain revealed dowghnut-shaged particles, providing experimental evidence for its WD40 fold. We demon-
sirate that LERE? W40 binds and sequesters synaptic vesides via interaction with vesicle-assedated proteins. In fact, a do-
main-based palldown approach combined with mass specirometric analysls identified LEEK? as being part of a highly spedfic

protein network involved in

vesicle trafficking. In addition, we found that a C-terminal sequence variant assoclated

with an increased risk of developing PD, G2385H, correlates with a reduced binding affinity of LERKZ WO to synapiic vesicles.
Oar data demonstrate a aritical role of the WD domain within LERK? funcion.

arkinson’s disease (PLY) 15 the second most common age-re-

lated nenredegenerative disease and 1s dinboally characterized
by movement Impatrments, bradykinests, rigidity, and Testing
tremar and pathologically by the progressive loss of dopaminerglc
neurons in the substantia nigra and the formation of Lewy bodies
{1, 2). Although the majority of cases are sporadic, mutations in
the bewcine-rich repeat kinase 2 (LREKZ) gene (PARKS: Online
Mendeltan Inheritance In Man [OMIM)] accesslon number
09007 had been unequivocally linked to late-onset autosomeal
dominant PO LRRE? mutations acconnt for op to 13% of famil-
1al PID cases compatible with dominant inheritance and are also
foand in 1 o 2% of sporadic PD patlents (52-64). LRRE2 &5 a
complex 285-kDa protein that consists of multiple domatns, n-
cluding (In order, from the amino to carboxyl termins) armes-
dilbo, ankytin, and the namesake bewcine-rich repeats [ LERs), fiol-
lowed by an ROC (Ras of complex proteins) GTPase domain, a
COR (C-termineal of ROC) dimerization domaln, 2 kinase do-
main, and 2 predicted C-terminal W40 repeat domain (4—6).
Several single-nuclectide alterations hawve been ldentified 1n
LRREZ, bot only five missense mutations within the ROC, COR,
and kinase domains cleardy segregate with P in large family stud-
1es (7, 8. [t has recently been shown that the WD40 domain is
required to stabilize the LEREZ? dimer and to execote LERE2-
amsociated kinase activity a5 well 25 newrotoxtidty (5. 10], bat the
tole of this domain within LERE2 physiological and pathological
fonction has nod yet been completely defined. The beta- propeller-
forming W40 domains are among the 10 most sbundant do-
main types across enkaryotic proteomes (11} and constituwte plat-
forms where multiprotein complexes assemble reversibly (12).
Here, we systematlically analyzed the proteln-protein interactions

Jung 30 Wolums 34 Nembar 12
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comferred by the LERE2 W0 domain. The nature of the LRREK2
Wlka0 interactors and the finding that the LRREZ W0 domaln
15 able to bind to synaptic vestdes (5Y) contribate to accumulkating
evidence suggesting that LRRK? serves as a scaffold protein con-
necting vesicle traffickdng and cytoskeleton (13). Strong genetic
association Indicates that the substitotion of argindne for ghecine
2385 (G2385R) within the LRRKZ2 WD40 domaln 1s a pathologl-
cally relevant variant { 14). This varlant 1s considered a commaon
risk Eactor for sporadic PD in Chinese Han and Korean ethnicity,
bnet 1ts functional impact i largely unknown (15, 16). We demon-
strate that the G2385R vartant alters LERK2 W0 binding to
synapiic vesicles. Altogether, these data suggest that the LRRK2
W0 domain is a determinant for LREK2 physiological and
pathological activities,

MATERIALS AND METHODS

Cell cultures. Cortical newron coltures were prepared from embryoaic
day 155 to 16.5 mouse cortexes (C57BLAG). Medimm -densty {150 to 200
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cells'mm®] neuron culfures were plated and grown in Meurobasal culhere
mezdimm supplementsd with 1% BI7 and 0.1%: pentamicin an 4-well
plastic tismae culture plates {Iwaki; Bibby Sterilin, Safordshire, United
Kinpdom). In such cul tures glial growth is reduced to less than 0.5% of the
nearly pure nearonal population (17} HEE293T [ATCC CHL-11268)
cellswere onltured in Chelbecoa’s modified Eagle’s mediam (DMEM ) sap-
plemented with | 0% fetal bovine serem [ FBE) and | % penicillin-sirepto-
mycin mix according to standard protools. Al media were punchasad
from Life Techmologies.

Plasmiids and transfection. Human LEEET LER {amino acds aa)
921 to 1356), LERK2 WIMO (2 2124 to 2527), fall-length RACK], and
full-length human LERK? were subcloned into pDIEST-15 (B-terminal
gutathione 5-transferase [G5T| tag) and'or pEST-733 (N-terminal red
floarescent protein | HFP| tzg) using the Gateway systemn (Life Tackmolo-
es) as described previoasly | 18], The LEEEZ WD40 GE3E5K varant as
well as FLAG- and RFP-tagged LERE? consisting of residas 1 to 2141
(heremafter termed LEREZD 1-2141) were generated by ste-direcied mm-
tagenesis using a ChaikChange mutageness kit {Strafagene). Cloning of
PGEX-RACK] and full-length FLAG-LEEKY was described previously
{18-20). LREEZ WIMD consisting of aa 2148 to 2527 with six copiesaf a
His tag (6xHis) was doned into pETM11. pGFF (where GFP is green
flmarescent protein) and plisRed2. ] were parchassd from Clontech lab-
aratories. Nenrons were transfected at 10 days of ir vire caltore (DI 10)
with (iFF and KFP-tagped constructs or Dsfed in a 1:3 ratio by calcmm
phosphate precipitation & previously described (21} and procesed when
indicated in the text.

Parification of G5T- and His-tagged proteins. (G5T fusion proteEms
contaiming single LRRK 2 domainsand GST-RACK | were expressed in the
Eschevichia ool BL21 strain [ Life Technalogies), purified 25 described ear-
lier (22). The purification procsdurs for the MN-terminal &< His-tagged
LRREZ WIMO constract {LAKK2 2146-end), used for slectron micras-
anpy (EM} analyms, has been adapted 1o that n=ed for the GST fosicn
proteins. Briefly, for expression, E cofi cells were grown in terrific broth
{TE) medimam with 0.1 mM isopropyl- B-o-thicgalacbopyrancside [IFTG)
indnction overmight at 15°C. Cells were lysed in 20 mM Trs, pH 7.5, 150
mM Na(l, 2 mM beta-mercaptoethanal (BME), 0.7% Sarkosyl, and 2%
Tritan X- 100 by somiction. The lysate was bhaded omio a midks] cohemn,
and the oplamn was then washed with 20 colomn volames sach of lysis
buffer and high-salt buffer (30 mM Tris, pH 7.5, 150 mM MNaCl, 350 mM
K1, 5mM Mg, | mM ATP). The His-tagped protein was finally eheted
with lysis buffer contzining 150 mM imidazale The protein was then
dialyzed overnight aginst 20 mM Tris, pH 7.5, 150 mM Na(l, and 5 mM
dithiathreitol {ITT).

Subcellular fractionation and synapiic veside binding assay. Sab-
cellular fractionation of rat forebrain tissue was carmied ont 2 previously
described in the presence of protease inhibitors (23], Brisfly, the freshly
dissected cerebral cortex was homogenized with a glas-Teflon homoge-
nixer in ice-oold buffered sacrase (0.32 M moraze, 5 mb HEPES, pH 7.4)
(homogenate] and centrifiaged at B » g for 10 min. The nodear pellet
was discarded, and the postnuclear supernatant {oontaining cell mem-
brane, cytosol, and organelles; 51 fraction) was cemirifaged at 9200 = g
for 15 min to give a supernatant fracton (conaimng cytose and micro-
sames; 51 fraction) and a crude mitochondrial pellet {containing mito-
chandria and synaptosomes;, P2 fraction). The P2 fraction was snbjected
o asmntic hysis by homogenization in 10 vwolumes of ice-cold water and
centrifoged at 25,000 = gfor 20 min to yield a lysate pellet (LFL) enriched
in presynaptic plasma membranes and a lyste supermatant (LEL). The
L51 fraction was further centrifoged at 16,500 x g for 2 b to yiedd a
mymapbosolic frackion (L52) and a oode 3V pallet {LP2) conlaining syn-
aptic vesickes and small presymapbic plasma membranes. The LP2 fraction
was farther fractionated by centrifagation throngh a continuons sacmoss
gradient and chromatography throngh a contralled- pore glass colomn o
yiedd highly purified 5% [untreated 5% US|} and a colamn flowthroagh
{FT). When regmired, purified 5% were partially depleted of endogencns
proteins by dilubion in 0.2 M MNa(l (sah-treated 5V, 35Y). 5% were cen-

I3

trifiaged at 200,000 = 7 for 2 h afier 2 b of incubation at IPC. After cen-
trifiagation, 5% were resuspendad in 0.3 M glycine, 5 mM HEPES-MNaOH,
pH 7.4, at a protein concentration of 1.5 o 2 mgfml. The binding of G5T
flasion progeins to 5% was cumied oat nsing a high-speed sedimentation
assay {24). Briefly, 5% (5 to 10 pg of total protein) were incobated for L h
at IFC with increzeng amounts of 2 G5T fusion protein in a buffer con-
taining 220 mM glycine, 30 mM Ma(l, 5 mM Tris-HCL 4 mM HEFES [pH
743, 0.22 mM MaM;, and 100 pgfml of bovine serum albumin [B5A).
After the incobation, GST fusion pratein which bound 1o 5V was sepa-
rated by high-speed centrifugation {400,000 < g for 30 min). Aliqguots af
the resaspended pellets were subjecied o SD5-PAGE and subsequent
Western blotting with GST-specific antibodies. The amount of GST pro-
t=in was determined as a fanchon of optic@l density in comparison o
knaown amoants of fusion proteins. The recovery of 3V, used to carrect the
amounts of fasion protsin bonnd e 5, was determined by Western
blotting with ambisynaptophysin antibodies. FLAG-LERK was parifisd
via affinity chromatography nsing FLAG-M2 agarose beads (Sigma-Al-
drich) from HEKZ93T cells transfecied by lipofection wsing Lipo-
fectamine 2004 {Life Technologies] according bo the manafacturer's in-
stroctions. The binding of FLAG-LERKZ to 5V was peformed as
desribed above with minor modifimbions oaly one concentration af
fasion pratein (30 nM ) was assayed, and FLAG-LERK2 yield was evahe-
ated via Western blotting with FLAG-specific antibodies.

Palldown, immmunoprecipitation, and antibodies. Far pulldowns, 5
2g of zach GET fosion protein was loaded onto ghetathione-Sepharase
resin (GE Healthare) and coinmbated with adult moase brain lyste or
the 151 fraction {1 mg of iotal protein). [n immunoprecipitation assys,
10 pg of 1E11 anti- LERE? antibody was incebated with | my of protein
lysate and loaded cnto protein G-Sepharnse resin (GE Healthcare). [n
both procedures, resins were extensively washed in Tris-EDTA buffer { 10
mM Tris-H(, pH 5.0, | mM EDTA, 150 mM Na(d, 0.2% Triton X- 1007,
followed by final efuticn of the samples with Laemmli boffer. Far protein
identification by Western blotting, samples were loaded ooio 4 o 2%
MuPAGE gds (Invitrogen s the proteins were transferred ando a nitroce -
hdase membrane [Sigma-Aldrich) at B0 ¥ for 120 min at 4%C. The po-
mary antibodies were applied overnight in bloding boffer {30 mb Tris,
pH 7.4, 1 50 mM B, 0.1% Tween 30, and 5% nonfat dry milk); primary
aniibodies {smarce in parentheses) inchaded rat monoconal anti- LERE?
1E1T at 121,000 (that recognizes an epitope within the LERK? kinase do-
main |25]), mouse anti-syrapsin [ at 1:1,000 {Synaptc System), monse
ant-SMAP-25 at 11000 (Chemicon), rabbit amti-MAP2 ae 11,0040,
mizse anbi-MAPGat 121,000, rabbit anti- N-ethyimaleimide-sensitive fac-
tar (ant-MN5F; 121,000 [Cell Signaling]), mowse anti-FLAG at 1:2.000,
mimzss anti-Racl at 1:1,00, monse anti-B-actn at 121, monse anti-
syntamin LA at 1:1,000, mouse anti-Hab3A at 121000, and moass anti-o-
tubualin 2t 1:1 000 (Sigma-Aldrich). Secondary antibodies (horseradish
peroxidase | HRP |-conjugated anti-moase, anti-rabbit, or anti-rat anti-
bodies; lackson ImmunoRessarch) were wsed im a ratio of 128,000, The
signal was detected using an enhanced chemiluminescence (ECL) detec-
tion system (GE Healtheare . Films | Hyperfilm ECL: GE Heal thoare] were
digitalized wsing a G5 800 densitometer (Bio-HRad) calibrated according
to the marufacturer’s instructions, and proésn abundance was estimated
= a function of the optical density of 2 specific band guantified by [mage]
software (MIH}.

MS5/MS identification. Lignid chromatography-andem mass spec-
trometry [ LC-MSMS) analysis was performed om an Ultimate 3000 Mano
high-performance liquid chrematagraphy {HPLC) system {Dionex) cou-
plad to a liner trap quadnpole (LT} OrbitrapXL mass spectrometer
[Therma Fisher Scentific) by a nanospray ion soarce. Tryptc peptide
mixtures were antomatically injected and loaded at a flow rate of 30 plf
min in 5% baffer C {0.5% triflnoroacetic acid in HPLC-grade water] and
5% baffer B (958% acetonitrile and 0.1 % formic acid in HPLC-grade wa-
ter) andr a nanatrap colemmn {100-m interior diameter [id.] by X oms
Acdaim PepMapl) C,; column, 5-pwm particle diameter, 100-4 pare
size | Dicmex| ). After 5 min, peptides were eluted and separated on the
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amalytical colemn (75-pm i.d by 15 om; Acdaim PepMapl00 Cp col-
umn, 3-um particles diameter, Iﬂl]-hpure:im [Dicnex|} by a linear gra-
dient from 5% to $0M% of baffer B in buffer A (2% acetonitnle and 0.1%
formicacid in HPLC grade water) at a flow rate of 300 nl'min over 30 min.
Remaining peptides were ehuied by a short gradient from 0% to 108G
buffer B in 3 min. The shated peptides were analyzed by the LTO Or-
bitrapX L. mass spectromeeter. From the high- resolution mass spectromes.
iry prescan with a mass range of 3 to 1 500, the |0 most intense peptids
jans were selecled for fragment analysis in the linear jon trap if they ex-
cesded an indensity of at lest 300 counts and if they were at least dombly
charged. The normalized collision enengy for collision-indnced dissocia-
tiom was s=t to a value af 35, and the resalting fragments were detected
with normal resclition in the limer ion trap. The lock mass option was
activated; thie backgronnd sgnal with a mass of 445.1 2002 was nsed aslock
mass [ 26]. Every ion selected for fragmentation was excheded for 30 s by
dhynamic exclasion. The acoquired spectra were processad and analyred by
using Masmot Daemaon (version 24.0) in combination with Extractb45M
{Thermo-Fisher) with the following settings oysteine carbamidomethy-
latiom = a fixed modification and methionine oxidation and aparagine'
glutamine deamidation as varizbles with 2 maximom of three modific-
tions per peplide allowed. Mass toleramces for parent and fragment
peptides were st to 10 ppm and 1.00 Da, respectively. The database: nsad
consisted of 2 combined s=t of mouse and E coiff sabsets of the Swiss- Prot
database {(UniProt release 2002 _7, published an 11 Jaly 2012; 20,847 en-
tries plas decoy ) with spiked-in bait proteins (heman LEREKT and GST of
Schizrozema japemioem). Reversed sequences generated by Scaffold wers
nsed as a decoy. Masoot resalt files were analyzed by the Scaffodd software
{versicn 4.1.1} (Proteome Software, Inc, Portland, OR) 1o validate M5
M5-based peptide and proten identifications. Peptide identifications
were accepied if they could be established at greater than 9% probability
as specified by the Peptide Prophet algorithm [ 27). Protein identifications
were scoepied if they could be established at greater than 95%: probability
and contained at least two identified nnique peptides. Protein probabili-
ties were assgned by the Protein Prophet algorithm (251 Proteins that
contained similar peptides and cowld not be differentiated bassd on
M5/M 5 amalysiz alone were gromped 1o satisfy the principles.of parsmany.
The final data sets describing the LEEK? interaciome were generated
bassd on at least four independent experiments for sach bait (LERK2
WMO, LKRKZ LER, and GST control). Prodeins were considered specific
LERE2 WHD interactors if they were fonnd im at least two independent
pulldown experiments and if they were, based an spectral counting, at
least 2-fold enriched in the LEREZ WIMO palldown set comipared o the
GET control set. Typical contaminants, incheding E coff proteins, rbo-
samal protems, and keratins, were exclnded.

Excendocytotic assay, immuanocytechemistry, and quantification.
The endocytosis assay o momitar 3V recycdling was performed as de-
scribed previomsly with minor modifications (13, 29) in nearons trans-
fected at DIV 12 with RFP-WDHD or RFP-RACK] or Dslad plus GFP to
visnalize cellular processes. Briefly, rabbit polydonal antibodies directed
aginst the imtravesicalar domain of symaptotagmin | (3ymaptic System)
were diheted 1:400 in Tyrode solation {124 mM Na(l, 5 mM KO, 5 mb
CaCly, 1 mM Mg(d,, 30 mM glucose, 25mb HEFES, pH 7.4} and applied
for 5 min at room temperaturs {KT) on ving coltares. After extensive
washing with Tyrode solabon, newrons were fixed i 4% paraformalde-
hyde and 4% snorase at room temiperature. Where indicated in the figere
legends, rat anbi-FLAG [1:114; kindly provided by E. Kremmer, Institute
af Molerular Immunalogy, Helmbaltz Zentrum Manchen), rabbit anti-
EW 1A {1400 Synaptic System ), or maowse anti-SNAP-25 (121 4 Sigma-
Aldrich) antibody was applied in GIB baffer (30 mM phosphate buffer,
pH 7.4, containing 0.27% gelatin, 0.5% Tritom X- 100, and 0.8 M NaCl)
avermight at 4% CyS-couplesd secondary antibodies and 4'5'-di-
amidino-2-phenylindole (PAPL; Life Technologies) were diluied 1:1,000
in DB baffer and applied for 1 he Transfected nearons were mndomly
chasen in at least fonr independent experimenits for each condition. The
flmorescence mmages were acquited n=ng an L5M feis 510 confocal mi-
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osmope with a Zess 633 objective (Karl Zeiss, Jena, Germany) at a
resalution of | pive egmal io 0.098 pm. Image analysiz was performed
using Image] (NIH ). To quantify synapéotagmin- or 3V 2A-pasitive ches-
ters, (GFPF-positive processes were manmally tracked, and the mumber of
positive chesters in the region of interest was awiomatically counted. To
evahuate nearon morphalogy, neurites were randomly sdected and man-
‘ually traced, and kength and sumber of processes were anfomatically de-
termined and logged into Microsoft Excel as desoribed previoashy {300,

Electron microscapy. Parified G5T- ar 6 His-tagged fosion proteins
were adsorbed onto carbom -coated grids that were glow discharged in air
before the applicaticn of 5 pl of protein sohetion. Excess protein solation
was hlotted off after 2 min. The adsorbed malecules were negatively
staimed for 30 s using 3 pl of smin solution as indicated in the figare
legends. Micrographs were recoeded on Kodak 50163 mage film (Sigma-
Aldrich) using JEOL JEM 2010 and JEOL JEM [00CYK sectron micro-
scopes operated at | 20and 100k, respectively, at defiooas vanes of 60010
‘U] nm. Smitable micrographs were selected by optical diffraction and
digitized n=ing a Flextight Predcion [l {Hassdblad) scanner, resnlting in
pinel sizes af 159 ar 1.28 A at the spedmen level. Particles were salected
and extracted using EMANI (31) and classified using IMAGIC, version
5.0 [Image Scence Software).

Homology modeling. Modeling templates were identified in the Pro-
tein Data Bank (FIDB) (32, 33) using the profile-profile dignment pro-
gram Phyre2 (3] The indtial homology modsl was bailt based on the
WD domain strwctore of RACE ] from Arabidopsis thalioms (PDE code
30000 (34 The model stracture was further refined using the YASARA
EneTgy minimiration server to increase the model accomacy (350 The
qaality af the fimal gructure model was validated nsing FROCHECEK (36].
PyMOL was nsed for vinmalization of the final modd.

Statistical analysiz. All data are expresssd as means * sandard error
of the means (5E]. Data were analyred with an unpaired Stodent’s ¢ test
[ twro classes ) or by analysis of varance [ ANOWA) followed by Takey's pest
froc best {miare than two dasses). The mdiation of the mumber of exper-
iments {n) and level of Sgnifiance () are given throughout the tent

Database accession member. The interactome data szt has been sub-
mitted 1o the [ntAct datmbase under accession rmmber IM-20537 (hittp:
{iwwrw.ebilac nkintact'ssarchidofssarchfsmarchtring = ime b - 20537 )

RESLILTS

W40 links LRRK? to presymaptic proteins. Previous findings,
induding oar own work, saggest that LREKZ regolates trafficking
of synaptic vesicles (5%) (13, 37, 38). Here, we Investigated the
Interaction between LREE2 and 5V at the molecular bevel. For this
purpose, we first tested the subcellular distribotion of LERKzZ.
Sobcellular fractionation of monse brain lysate revealed cosedi-
mentation of LERKZ with symapsin | and synaptophysin tn a bio-
chemically defined fraction enriched in 5V (Fig. 1A, lane US)
Interestingly, mild salt treatment, reported to partially remowve
assaciated protelns swch as synapsin | from Y (23], did not re-
duce the amount of LERE2 or syraptophysin found In the 5
fractlon (Fig. 1A, lane 55V ). Mext, we Incubated full-length FLAG-
LERKZ at a manomelar concentration with porified 5V and tested
the extent of binding in a high-speed sedimentation assay (24].
‘Western blot analysis using a FLAG-spedfic antibody revealed
that recombinant LRRK? associates to native 5¥. Interestingly,
LARK2 showed a binding affinity similar to that of 55V (Fig. 1B
and ). In the same 5V population we described a strong reduoc-
tion in the amoont of synapsin | wpon salt treatment (Fig. 18 and
[¥). These data soggest that LRRK?2 forms a complex with 5V.
Mext, we Investigated If LRREK2 associates to 5V through spe-
cific protein-protein interactions. The immumoprecipiiation of
LEREKZ2 showed that well-described 5V proteins such as M5F, syn-
taxin 14, synapsin |, dynamin- 1, MUNC1E-1, and VAMPZ 25 well
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FIG | LERE? binds pregynaptic proteins. (A) DHsirbotion of LRRK2, snapsin 1, and synaptophysin imemanoreactivities in subcelialar fractio s of rat forsbrain.
LRRK2 15 present im highly parified veside fradions {U15), and #is association with the veside membrane 1s mot affected by salt treatment (33Y ). H, homogesate.
() LENE? bimds tos SV Full-lesgth FLAG-LIRE?, purified from transfected HEE 93T calls, was incobated with anstipped 5Y (US) or salt-stripped SV (55}
before high-speed sadimentation. Representative Western blots sained with anil-FLAG anttbody show the Initlal amownt of FLAG-LREE2 protein (iotal), the
yeld of proteim preciphiated by US or 35V (boand), and the amoant of endogescons symapsim | assaciatsd to 5. Fosion probelss were inosbated with aqual
amonants of 3% {maonltored by antisyraptophysin staining). {C) The graph reports the yied of FLAG-LERK? predpiiated by US and 53V, expresed asa fraction
of FLAG-LREE? tolal protein and normalized against the 5\ iotal proteis amount. (D) The graph reports the amoant of endogesons smapsin | assodated to U3
or 55Y. Data are expressed 2= optical deseity (00 1m arbitrary umits. *, P2 0.05, n = 4 (Shadent’s riest ). (E) Immanoprecipitation of endogemons LARE? from

adult bralm lysate confirms the isteradion between LEEK 2 and selacted presymaptic amd cyinskeletal proteins.

25 actin and twbwlin are LRRK2-interacting proteins (Fig. 1E) (13,
3e). LERK? contalns two domains that typlcally mediate protein-
protein interactlions, an MN-terminal LER and a C-terminal W40
domatn (5, 10, 37). Thus, we proceeded with 2 systematic analysis
of protein-protein Interactons conferred by LERK2 LRR and
‘W40 domains. To this 2im, we expressed the LEREZ2 LER and
W40 domains as GST fosion proteins (hereln termed LERE2
LRR and LERKZ Wa0) (see Fig. S1A in the supplermental mate-
ral]l. G5T-only served asa control in order to detect false positives
caused by nnspedfic binding to the afindty tag or matrix. Equal
amounis of each protein (baits and control) were loaded onto
glutathlone-5epharose resin and incebated with adolt mouse
brain lysates. Interacting proteins were identified by silver sizining
[see Fig. 51B), Western blot assays (see Fig. 51C), and MSMd5
spectrometry (see Table 51 in the supplemental material). This

IS0 rchiasmuag

combined approach revealed a panel of 17 and 42 potative inter-
actors for LARK? LRR and LEREZ2 W40, respectively, and sug-
gested the C-terminal W40 domeain 35 an important hab for
proteln-proteln interaction within LERE2. Thus, we performsed a
mare detalled investigation of the interactions conferred by
LERKz W40 combining Western blot assays and M5/MS spec-
trometry. As a proteln soorce, we wsed monse brain lysate or the
L51 fraction, partislly enriched in 5¥. Ouor analysis identified 84
putative LERE? W0 Interactors (Table 1): in particular, we
demonstrated that LRRK?2 WD4o has affinity for N5SF, syniaxin
1A, synapsin [, YAMPZ, Rab3A, MAPZ, Racl, actin, tubalin, and
Hsp20 bot not for synaptophysin (Fig. 2. Surprisingly, we foond
that LEREZ WD binds endogenons LERK2, implying a role for
this domain in LRERKZ dimerization (10). WD40 repeats com-
manly constitube 2 malecalar platform for protein-prodein inter-
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TABLE 1 ldentification of LKREZ WIMO interactars

Mas Coverage No.of WMo

Accesion ma ® Protein mame Geme Experiment(s)® (k) (%)° repeats? Somree®
Pea7i1 {P6OTIO)  Actin, beta Actk M3, WE, IF 42 .0 17 L51, total brain
PE3ELS Alpha-cemtractin Actria ME WE 43 1&.0 4 L% fraction
Pra0e9 Adenylate kinase | AkT M3 n 14.0 2 L51 fraction
OsDBG3 Adaptor-relaied prodein complex 2, beta | ssbonit Ap2bi M5 15 4o 4 Total brain
{Joalsa Adenylyl cyclase-asociated protein 1 Capl M5 3z 60 2 L51 fraction
Pe4e ADP-ribosylation factor 1 Arjfi M3 bl | 150 2 L51 fraction
skl ktho GIWF dissoclabiom Inhibitor (GIN) alpha Aripdia M3 B 3.0 4 L51 fraction
JavINz ATPaze, Ma* /K" transporting. alpha | polypeptide  Agpiar M5 1m  17o 4 Total brain
QeFIEs ATPaze, Ma' /K’ transporting, alpha 2 pobvpeptide  Acplaz M5 1z 170 3 Tatal Brain
Possazy ATPaze, Ma* /K" transporting. alpha 3 polypeptide  Agpla3 M5 nm 1zo 10 L51 fraction
{sRoEr ATPase, Ca’* tramsporting, plasma membrane 2 Arpzh2 M5 133 40 3 Tatal brain
{Joazss ATP symthass alpha sobanit, tsoform | Arpsal M5 &0 LD 12 L51 fraction
Pss4a0 (F1o715)  ATP synthase beta sobunit Arpsb M3 35 13.0 3 L51 faction, total
braim
PeIE1LS V-type proton ATPase sibunit B, brain lsoform. Agpsvibz M3 57 30 14 L51 fraction
OsPCLZ ATPase, H" transporting, lyscscmal V1 smbunit E1 - Arpavies M35 5 15.0 4 L51 fraction
PaTT2E Calbindim 2 Calh2 M5 31 4.0 3 L51 fraction
Pze430 T-complex proteis 1 snbomit alpha Tpr M5 &0 1.0 5 L51 fraction
OnXIkig T-complex prodeim 1 subunit beta Caz M5 37 150 B L51 fraction
DwaFs Clathrin, heavy polypeptide (Hch Che M3 152 .0 8 Total brain
Pr3cd] Complexin 1 Cplxl M3 13 170 2 L51 fraction
Preoss Cyrmamin 1 Dinmel ME, IP T B 7 Total brain
Qezasz [ibrpdropyrimidisass-like 3 Omsls M5 &2 30 7 L51 fraction
PaEs50 Dymein cytoplasmic | heavy chain 1 Dymcithl M3 532 180 1 L51 fraction
PESE4S Fascin homodeg Fenr M5 34 9o 3 L51 fraction
Psoase Rab GI¥P dissociation Ishiblior alpha Gdir M5 31 .0 l& L51 fraction
Psoagg Rab: GIDP dissoclation Inhiblior beta Gdiz M5 51 =0 5 L51 fraction
Psszis (P1es72)  Goamine nucleotide-bimding prodein Gio) sobueht. Gaael M5 40 1.0 3 L51 fraction, total
alpha braim
Porsi Heat shock protein 20, alpha Hspoogal M5, WH 25 50 2 Total brain
L Hea shock protetn 20, beta Hspaoabs M3, WH -z 70 2 Total brain
0dasen4 Stress-Indizced phosphoprotein | Sdpi M5 &3 0.0 4 L51 fraction
RPOAZ Kimesin-1 heavy chaim Kifsb M3 1 40 3 L51 fraction
Osw¥a Kimesin-like protein KIFzA Kifra M3 &0 50 3 L51 fraction
Pr3oas M ibogen-act vated protetn kinase | Mapir M5 41 k.ol & L51 fraction
aBello Microtabule-ascociated proteim RPYED amily Maprez  ME kv 1.0 2 L51 fraction
member 2
P1s3az Microtobule-associated protein @o Mapr M5 TG 70 3 L51 fraction
Pa4925 Microbobule-associated proteim 1A MapIa M5 g o 3 L51 fraction
Flzs Microtobule-associated protein 1B Maprk M5 m o 5 L51 fraction
15146 {Pz0357)  Micombule-associated proteim 2 Map2 M5 159 6.0 B L51 fraction, total
braim
s Myosin VA Myota Ms M2 50 a8 L51 fraction
Js3610 Tropomyosin alpha-3 Tpma3 M5 5 15.0 4 L51 fraction
PrEs56 Eeig-soboble MEF attachment protein Napk M5 ER ] 1.0 3 L51 fraction
(s¥nED Neurochondrin Nofn M3 TS L0 2 L51 fraction
PasdiE0 MN-Ethylmaleimide senshitve fision protein MNsf M3, WH, IF -z 1.0 [ Total brain
Oe(iXia ProGAAS Pk im M3 ) 12.0 5 L51 fraction
OsEPCE Profilin 2 Pin2 M3 13 12.0 3 L51 fraction
Peozgs Proteoliptd proteis {myein] 1 Bip) M3 o 99 2 L51 fraction
Pa33z9 FP21 catalytic sobunit alpha 1soform Prpica M3 35 2D 1L L51 fraction
L8l 1 Peromtradaxin 1 Braxr ME 3 0.0 3 L% fraction
PasTO4 Peromiredaxin 2 Prax2 M5 n 3.0 8 L51 fraction
035244 Stmilar to peroxiredoxin & Prabos ME = Erli ] 3 L% fraction
P& Ras-related protein Rab-3A Habza Wi b= 3.0 7 Total brain
(swliag Neuros-specific saptin-3 Sepua M3 41 1.0 1 L%1 fraction
OsliMs Septin 3 Seprs M3 43 1o 3 L51 fraction
QeW¥in Septin 7 SeprT M3 51 150 | L51 fraction
Oas17e Endophilin-Al Shaglz M3 40 .0 9 L51 fraction
OsFPle Endophilin-H2 Shaglhz M3 43 B0 3 L51 fraction
{Contimmad on Sollowizg page)
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TABLE | {Contnmed)

Mass Coverage Mo, of WIMO

Acresion ma® Prodetn name Geme Experiment{s)® (k) (%) repeats” Source”
Proeal Synapinsome-associated protem 25 Smap2s M5 WB | 140 2 L51 fraction
[ LS Synaptnsome-assoclated protem 91 Smapai ME 2 40 3 Total brain
LETE K Symudeln, alpha Sma M= 14 390 3 L51 fraction
= 1EF3 Symudeln, beta S Mz 14 500 5 L51 fraction
Pl&546 Spectrin alpha 2 Spnaz M3 |5 4D 3 Total brain
Q62261 Specirin beta 2 Spmisa M3 1o 2 Total brain
Paa0ae &0-k1%a heat shock protein Hspal M= &l A b L51 fraction
035814 Stress-Induced phosphoproteis | Selpl M3 & 1o L] L51 fraction
Pl3ssg Slathmim Beran | ME 7 360 5 LE1 fraction
Prlzsd Syniaxin 1B Sexib M5 3 130 3 Tatal brain
Pa17ES Synianin-binding proteim | Sl ME IP &8 19.0 (=] L51 fraction, total
(Ooases) braim
Osllss Synaptic veside ghooprotein 2A Swza M5 23 50 I Total brain
Oaggas Synapdn-1 Sl WE, IF 75 160 5 Total braln
Qeasa7 Synapsin.-2 5m2 WE, IF & 10 7 L51 fraction, total
((je4332] braim
Qs2910 Synapinjamin 1 Syml M5 173 L1 3 L% fraction
DsPavia Tubultn alpha- 11 dhals Tubark M3 WH, [P 50 450 k| L51 fraction, total
((IsakAz) braim
OnXlFs Tubulin alpha-4A chain Tubada M3 ] 360 5 L51 fraction
PEz108 Tubulin beta-24 chain Tubb2e  MS 30 640 z L51 fraction
(aKREE Tubulin beta-28 dhaim Tubb2k  ME 30 640 1o L51 fraction
MOEE Tubulin beta-3 chain Tubbak  ME 30 A 12 L51 fraction
sPTa Tubulin beta-4B dhaim Tubbab  ME 30 63.0 = L51 fraction
Peses7 Tubulin beta-5 chain Tubbsk  ME 30 63.0 & L51 fraction
{Jooas] Ublquttim carboxyl-termimal hydrolase 1sozyme L1 Dichil M3 5 o 6 L51 fraction
Praogs Vesicle-acooctated membeane protein 2 VamepZ ME, W, [P 13 S50 6 LE1 fraction
Pasz13 14-3-3 protein beta polypeptide Twab M3 m 300 2 L51 fraction
Pazx259 14-3-3 protein epsilon polypeplide Twiae M5 5 160 z Total brain
Pazs11 14-3-3 protein eta polypeptide T M3 m 520 T L51 fraction
PaEI5S 14-3-3 protein theta Ywiag M3 i3 00 % L51 fraction
“UnFrotKHSwis- Prof Jocesion snmbers.
& Inieraciors were firesd by immmeopreciplEtion of endogen s LERK (1) or LERKZ W40 polldown asays analyesd by Wisizrs biotting (WE] aad mass spaciromesy (M5)

* Spqrence coverage for protetss |densted by LC-MAMS.
< Nmmber of Idemiified nniqoe pepSdes
* Lysate from adulkt mosse brain {lotal brain) or the L5 fradion

actions (12}, In order to determine the specificity/exclusiveness of
the protein Interactions determined by LERK2 W40, we Inves-
tigated the Interactome of RACK 1, an unrelated protein encom-
passing 2 well-defined WD repeat domain (40). We performed
pulldown expertments osing full-length RACEK fused to GST asa
batt protein and analyzed the coprecipliated proteins by Western
blotting (see Fig. 524 and B In the supplemental material) and
mass spectrometry (see Table 52). As a resolt of this analysis, we
fonnd that only seven putattve LEREKZ WD40 binding pariners
demanstrated affinity also for RACK]. Motably, among them, we
did not sdentify LRREK2 ttself, MAPZ, actin, syntaxcin 1A, and N5F,
indicating that these protelns are bona fide specific binders of
LRRK2 Wn.

Far further analysls, we elaborated the interactome conferred
to LRREZ by tts WD40 domeain, # silfco, using the STRING pro-
tein database tools [accessible online at hitp:ifstring-db.org) (417.
The resulting scale- free network was visualized by Cytoscape soft-
ware (42). The network iInduded 85 nodes (84 Interactors plus
LREKZ) conmected by 160 edges (see Flg. 53 and Table 53 tn the
supplemental material). In order toldentify major hubs withinthe
network, the complete data set was filtered for those nodes quals-
fied by a degree of connectvity higher than four. The filtered data

FI5F mchasmag

st formeed 2 subnetwork of 2 1 nodes associated through 62 edges
(Fig. 3A4). Interestingly, proteins represented in this subnetwork
are key deterrminants of 5V trafficking (Fig. 3B Taken together,
our data suggest that the C-terminal W40 domain of LREEK2
serves 35 3 major hub for 1ts interaction with other proteins and
that LEFEKZ 1s part of a highly interconnected protein network
Involved in synaptic vesiche trafficking.

The LERE 2 WD domain indwuces nenrotoxicity. 1t has been
reparted that the C-terminal LERK? WD40 domain 1s requined
for LERKZ -sssoctated newrotoatcdty (10). To galin 3 better wnder-
standing of this phenomenon, we cotransfected cortical newrons
at [NV3 with GFP and vectors expressing elther DsRed, the iso-
lated LRREK2 WDMD domain (RFP-LERK2 WD4o), truncaied
LRRK2 lacking the C-terminal domain (RFP LRREZ2 1-2141),
full-length LERKZ (REP-LRREZ), or full-length RACK!| (REP-
RACE1) and analyzed neuron morphology at DIV 16 (Fig. 41. The
overexpression of the foll-length RFP LEREK 2 severely reduced the
number of processes compared bo conirol neurons expressing
DsHed. This ontcome might be related to the high expression of
recombinant full-length LARK2 achieved in owr meodel (43). In-
terestingly, while ectoplic LEEEK2 1-2141 expression did not sig-
nificantly alter nenron morphology, overexpression of the single
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FIG T The C-terminal WO domatn of LERE? represenis a bmb for proteis.protein interacdions. Western blots are shown, confirmieg the spectfic interaction
of proteins following a domain-basad palldown asay for the LRRE? WIM0 domaln. s-physin, synaptophysin.

LREEZ WD40 domain significantly impaired process namber.
Given the severe neurotoxidty observed upon expression of REP
W0 and RFP LERE2 from DIV to DIV, we modified our
expertmental setup and investigated the effect of ectoplc LERE2
constract expression in newrons transfected at DY 10 and imaged
at DIV 16 (Fig. 5A). Given that we experienced an extremely low
efficiency when transfecting foll-length LERE2 in primary cuol-
tores at MV 10 (data not shown), we excluded this condition in
subsequent experiments. While ectopic [DsHed, RACED, and
LEREZ 1-2141 were diffusely distributed in neuronal soma and
along neuronal processes, partially colocalizing with the synaptic
marker SMAP-25, we found that the ectopically expressed LERK2
W40 domain was mainly localized ina perinwdear someatic re-
glon, with low coloclization with SNAP-25 (see Fig. 54 in the
supplemental matertal). Nexi, we constdered neuron morphaod-
ogy. The overexpression of RFP-LARK2 WD40 significantly re-
duced the member of processes and Increased the amount of swol-
len or fragmented neuriies compared o conirel neorons. [n
conirast, ectopic LRRK 2 1-2141 expresston did not influence total
neurite number and was assoclated to a milder increase of swollen
processes than LRREZ W40, Finally, we found an increased
number of processess tn RACK 1 -overexpressing nenrons (Fg. 5B
and ). Given that nenromnal fragmentation represents the first
slgn of neuronal sufferance (44, our data indicate that the pro-
longed expression of the 1solated LERK2 W40 domain induces
toxiclty In neurons.

LRRE2 WD40 domain and RACKD alter 5V trafficking.
Given the Interactions described between the LERE2 WD40 do-
main and presynaptc proteins, we wondered whether the LERE2
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WD domain affects proper 5V trafficking and distribotion. To
test this hypothesis, we cotransfected cortical nearons at DIV 1D
with GEP and efther DsRed, REP-LRRE2 WD40, REP-RACKL or
LERKZ 1-2141 expression vectors. At DI¥12 we determined the
5% exoendocytic rate by exposing living cortical nearons (o an
antisynapiotagmin antibody as previonsly described (13). Trans-
fiected neurons were then tracked via kaser confocal microscopy.
Recycling vesicles appeared as synaptotagmin-positive clusters
dlong GFP-positive neuronal processes (Fig. 640, The total vesicle
pioad was estimated by stalning with antibodies directed against an
Integral 5% prodein (5% 2A) after fixation and permeabiltzation of
the cells (Fig. sB). While ectopic LRRE2 1-2141 did not influence
synaplotagmin uptake, the overexpression of RFP-LREK2 WD
as well as RFP-RACK] indoced a significant decrexse in the nom-
ber of synaptotagmin-positive clasters { Fig. C). At the same time,
nelther LERE2 WD40 nor BACE] nor LRRKZ 1-2141 overex-
pression affected the amaount of 5% 2A-positive clusters compared
to DsRed transfected neurons (Fig. 0. Next, we examined 1f the
expression of LRRK2 WD40, RACK], or LRRK2 1-2141 had an
impact on the distribotion of cyciing or total 5V pools. To this end,
we tracked the distribution of symaptotagmin (cyding 5% and
SW2A-positive (total SV clusters along GFP-positive processes.
Interestingly, in LEREK2 WDkaD transfected neurons, synaptotag-
min-positive closters were mainly distriboted proxmally to the
cellular soma while 5% 2A-positive closters were homogeneously
diffused along the entire length of the neurites (Fig. 6E and F).
Taken together, these data strongly indicate that ectoplc expres-
sion of the LERKZ WDM0 domain influences trafficking, distribu-

tion, and topology of the 5V cycling poal.
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annotated inleraction

————agpanmental intarachon

B
gens proben name G0 biakagical functian
Apghd adapior-related profedn complex 2, beta 1 subuni vasicla-madiaied transno
Clis clatfwin, heswy polypeplide (Hc) vesicke-madialed lranspont
Cplxd camphasn 1 vesicle-madialed transpart
Damd | dynamin 1 vesicle-madiatid ransgan
Gt puarasine dphosphaie [G0) dissociation inhibitor 1 regulation bclogical process
Lz keugime-rich repaal kinasa 2 regulkation Dadogical process
Mapk milogen-acivated proten kinase 1 reguistion bological process
Maph H-athyimalemide sansitve fusian prolein alachmen probein Bala vasicla-madiated transpo
Ml M-glhyimaksmide sengitve fusion pralein vesicle-madialed ranspaon
Pin2 praflin 2 reguilation Diclogical process
Fabla | R&B3IA mamber RAS cncogers family vesicle-madialed ranspon
Lhigl2 SHdomain SR ke 2 vesiche-madiated ranspart
Snap?s | wynapiosoma-assccialad prolein 25 vaskcla-madiaiad ranspart
Sraphi syraplosame-asaocialed probein B1 vegiche-madisted iranspant
Snca synuciain, alpha vesicla-madialed transpart
Sl gynikaxin 18 vasicla-madialed ranspon
Stebpl | synbadn binding peotein 4 vesicle-madiated transpart
Syl EyTiageEin | aynaplic ranamission
Syri2 symapin 1 synaptic ransmission
Sy symagitajanin 1 vasicle-madialed ransgo
Wamp2 vaschks-azsopabed membrane protein 2 vesicle-madialed ranspart

FIG 3 LEREZ interacts with presymaptic proteins. (A} The network of LERE? Interaciors was modded from STRIMG anmotation on the Cytoscape represen-
tatlon. anmodated, Interactions asmotated on STRING; experimental, interactions described in the manuscript. (B) Gene symbols, mamees, and gene ontology

(G0 terms fior the proteins Inchided in the network.

The G23gsk PD sk vartant alters LRRE2 W40
properties to symaptic vesides. The critical rele conferred by the
LEREKZ W40 domaln &s suggested by the existence ofthe G2385H
polymorphism, described as a risk factor for the development of
PO {14-15).

Sequence alignments and secondary structure predictions sog-
gest that the LRERKZ C terminus contxins 2 WD propeller do-
main compased of seven B-blades. We assessed the strocore of
the region comprising LR EE 2 resichees 2 124 o 2498 using homod-

IS4 chiasmag

ogy modeling in order to gain Information about the structural
features of the LARE2 C terminuos (Fig. 7A; see also Fig 554 in the
suppbemental material). Oor model, based on the strachere of the
WD protein RACK ) from Arabidopsis ehallang (34), shows that
the LRRK2 C-terminal domaln Is compatible with the character-
Istic structore of WD40 domains, Le., seven B-propeller repeats
combined to a cleft of basic restdues (5, 15). A more detxled
analysis of the reglon surrounding the residwe (22385 revealed that
2385 Hes in close vidnity of two hydrophobic residues, ¥2375
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FIG 4 Expression of am LERE2 WIM0 domain construct |s suficiemt to indoce nearotoxicity in primary nearons. Mearons were transfecied at V32 and

imaged at MV 16 Long-lasting cverexprassion of RFP-LERE2 WI

Increassd the amount of swollen or fragmented newrites compared to levels in DsRed-, RTFF LR
red for CFP [channel 1, CH1), DsRed or RFP (channal 2, C
nel Ind!
AMOVA; Tukey's posrhoc test,

show signals acgal
Indicate an RFP
versus DsBed; £, P =
sire shown 15 200

IRK? WDH0-positive cell. Nombers I the tradn
versus fill-length RFP-LRR

00 .

and 12439, on one stde and with F2442 and R2443 on the other
slde. Ewen with 1is limitations, the stroctural model suggests that
the substitution of G2385 with a bulky and positvely charged
arginine residue would lead to unfavorable charge repulstons and
potentially conformational changes of the protein near the inter
face between B-blades 5 and 6. This might not only alter the local
conformation but also affect the binding surfice of W40 for
interaction with interacting proteins and thos impatr LERK? ac

tivity. In order to experimentally assess the structural properties of

the LREKZ C terminus and the slterations cansed by the G23s5H
variant, purified GST fusion proteins LERKZ WD40 and LERK2
W40 (G2385E were analyzed by transmission eleciron micros
copy (EM). To meet the demand of EM for highly pore meaterial,
purity and concentration of the G5T foslon proteins were con
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#0 and Fall-kength RFF-LERE2 signi

y reduced the mamber of procescas and
2141, P-RACK 1 -tramsfectad neurcns. Images
amd tracioes. Arrow heads
SE. "9, F= 001

. maperimposad channsl sigmals (merge],
e total process pambers and are expressad as means
3; 8 nearoms were amalyred for each experimental case]. Panel

firmed by 5005 FAGE (see Fig. 524 in the supplemental material ).
‘While particles with distinct shapes were discernible on electron
micrographs of negatively stained LEREZ WD foslon proteins,
stmilar structures were not vislble for the GST tag alone (see Fig.
550). Single- particle classification and averaging indicated the ex

Istence of particle populations with an anmular, dooghmut-Hke
appearance and diameters ranging from 5 to 8 nm for LREK2
Wk (Fig. 7B Structures similar in size and shape were also
detected for the G5T-RACK)] fuston protein (Fig. 7B, indicating
that the fold of the LRRE2 W40 domain &5 comparable despite
limited sequence homobogy. To ensure that the foslon of the
WD domalns to the G5T tag does induce ring-lke stroc

tures, M-terminal &= His-tagged LEREZ2 W40 was subjected to

EM (see Fig. 530 In the supplemental material). Although the

a
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protein kacking the GST tag turned oot to be more aggregation
prone, doughnot-lke structores similar In sl2e and appearance to
those observed in G5ST foslon proteins were stll present. The anal

yals of the LRRE2 W40 G2385R variant by EM revealed strong
similarity to the other W40 domain constrcts, however, with a
wider slze distribution ranging from 5 to 13 nm. This larger size
genelty may be doe to stractural alterations tn W40 In

duced by elecirostatic repulsion in the B-propeller fold, 2 sog

gested by the struciural model

56 mechiasmag

onstroct Indeces meuroboicily In primary menrnoo
of I'I'II LEREZ2 W0 significamtly reduced the mumiber of r'- cesees and Imcreased the amomnt of swollem or
, o1 RFP.IACK | -trancfacted nenrons. Images show stgnals acqaired for GFP (chansa 1,
rals (memge), and tr2 acings. Graphs report the number of botal proceses
versus Dsfled; &, P

tracing

—
o
. y
—— ¥ _'\._"
k| e,
1 1
Cs5. o
[ )
o
o
E 1
oy
g 1 #e
g :
[ 4
| - .
= . Il
= o . . . .
el Lkt LaEES W KT L RSES 1-214

z (&) Nenrons were transfected at [V'10 and imaged at

B} and mamber of fr
AMNONA; Tokey's pos bav test, 0

[0 versas LK 2 WIMa |

In order to forther characterize the (:2385H variant, we Inves
tigated the impact of LEREZ -'~I1I- (22385R overexpression on
neurons. Ectopic LRRK? W40 (2385 indoced neuronal toxdc
ity and sequestered cycling 5V toa stmilar extent as LERE2 W0
(see Fig. 56 In the supplemental matertal).

The data presented abowe suggest that the W40 domain
plays 2 major rabe in tethering LERKZ to 5% via proteln inter
actions: thos, we asked If the G2385HE vartant can influence

LERKZ binding to 5¥. To explore this hypothesis, we incubated
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FIG & The LREEZ: WO domaln sequesters oyding synaptic vesdes. The expendooyiot b asy was perfiormed at DIV 12 on corttcal newrons ransfected at DUV 0. (A
Cyding 5V appear assynaptotagmin (s tagein }-positive custersalong neuron processes. Images show sigrak: acqired for snapictagmin {channel 1, CH1jand Dsesd
ar PP or FLAG {channd 2, { and their azperimpostion phas GV {merge). (E) The total SV podl was revealed by staining with antt-5%24 anitbodies opon
:-erms] tzation [mapes show sigralsacquired for S¥2A (chassed 1, CH1 ) and DsRed or BFP {channel 2, CH2) and Sheir superimposttion phes GFF (mesgel. (1 5V
cyding 1s sroagly redisced npon sther LREK2 WDMO or RACK] overexpression. The graph reports the samber of synapiotagmin-postitve costers per 10 wm of
CFP-postttee process. (1) The total mamber of 5V pools was mot altered by LER A LRREEZ 1-2141 overexpression. (E and F) Ectoplcally expresssd
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n = 4 7 meurcns were anafyzed for each experimental @se]. Panel kength ts 10 pm.

LERKZ W0 and LEREK2 WD G2385R as well as BACK1  as LREK2 WD4n G2385H and RACKL binds to purified 5Y
GAT fusion proteins at nanomolar concentrations with porl-  (Fig. 7C to E) while G5T alone failed to bind 5% at significant
fied 5V and tested the extent of binding by the means of 2 rates (see Flg. 551 in the supplemental material). As mild salt
high-speed sedimentation assay (24). Western blot analysis us-  treatment partially washes away peripheral 5V proteins, we ex
ing a G5T-specific antibody revealed that LAEK? WD40as well  plodted this feature to further investigate the Mnding properties
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FIG 7 The Gz385R sohstimiion tmpacts the local stroctare of LRRKZ WIDM0. (&) Combined stick-and-ribbon representation showing a strucioral
homology modd (based on RACE | from Arabidepss thafiana, PDE 3000 for the LEREZ WDW40 domatm. The N termizms, C iermims, and the position of
2225 (red sphere) are Indicated. (B) Transmisdon EM images of negaiteely statmed (1% wranyd acetate) LRRE2 WDan, LERK? W40 C23a5E, and RACK)
prodeins show dooghemt-shaped particl= consistent with the cardedsic sinsdure of W40 folds. Four repressntattve averaged single-partide two-dimen-
sonal projections are shown for each protein {scale bar, 5 nm). (C) LRRK2 'WDM0 binds 5¥. Imcreasing nanomolar amonmts of LERK? W40, LREE2 WD
Gz225H domains, amd RACKD prodein were Immbated with umstnipped 5% (US) or sali-siripped 5V {(35V] before high-speed sadimentation. Repressntative
Western blots show Initlal amoant of fision protein {total) and the yield of GET foslon proteins preciphated by U5 or 55Y (bound). Faslon proteins were
incubated with sqaal amounts of 5V (monitored by antisymaptophy=m staining). {[¥] The table reports the dissclation constant (K] describing the binding
betweren the Indicated foston prodetn and U5 or 55%. Data are expresed as means + 3E. *, P 005 versus LERK?2 W40 G858 bimding to US; 5, P = 0.01 versos
LIRE: WiM0 bindisg to 55V { ANOVA; Tukey's pox hoc test, n = 4). {E) The graph reports the yield of precipitated GST fasiom protein normaltzed verss the
EY total protein amonnt {average data phes Gttieg] om the p axts and the nitial amoust of GET fision protein on the x axis.

of the three fuston proteins. Interestingly, the salt trestment
did not alter the 5V assoctation of LEREKZ W0 and RACEKI,
whereas the affinity/binding strength of the LREK2 WD4a
23850 domain to salt-treated 5% was significantly reduced
{Fig. 7C to E).

Taken together, these results suggest that the stractural alters-
tion induced by the G2385FH substitotion functionally disturbs
LRREE? W40 binding properties to 5V,

DISCUSSION

Simce the first description of LEREZ2 as a PD-cavsative gene, major
attention has been devoted to its GTPase and kdnase activity,
linking disesse-assoclated mutations to altered functional and

JISE  chiasmag

(patho)phystological enzymatic properties of the protein (45500
However, LRRKZ C-terminal deletion mutants fail to Induce
apoptosls and toxiclty and demonstrate a redoced kinase activity
(Fig. 4 and 5} {10, 51). These reporis, however, do not address the
question of whether the kinase domain or W40 domain or both
are cawsative for PD pathobogy. We, on the other hand, observed
that the severe toxicity Indoced by overexpression of full-length
LEREZ? in primary cultures 1s mimicked by ectopic expression of a
comstroct containing only the C-terminal WD domain of
LARK2. Moticeably, In contrast to LRRE2 WD40, RACK]L, an-
other W40 protein, has 3 positive effect on nenrite complexity.
These data snggest that the C-terminal W40 domaln has a major
role in LERK 2-associated toxicity (43].
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From stroctural prediction it appears Hkely that the LEREK2
‘W40 domain folds as a seven-bladed propeller (15, 52). How-
ever, sequence homology 15 considerably low, and no experimen-
tal evidence for this assumption has existed so far. According to
oar EM analysis, the parified LERK2 W40 fuston protein forms
donghmut-Hke structures with an average diameter of 5 to B nm,
resembling EM stroctores reported for known WO40-containing
proteins such as the splicing factor Prpl%p (53) or RACK] (this
paper). These findings suggest that the LAEK2 C terminus may
indeed form a propeller-Hke structure, n agreement with 2 W40
fold. W repeat-containing proteins execute 3 broad spectnam of
critscal functiens. They participate in organizing cytoskeleton as-
sembly, mitotic spindle formation, and vestoular trafficking (11,
12, 54, 55). Porthermore, Increasing evidence describes W40
repeat domains as molecalar hubs orchestrating complex protein-
protein Interactions. Structarally, this featore is based on the evo-
lationary principle to generate bnding epitopes with different
specificities by concatenation of stable folded repeats and loops
with varlable sequences (11). Following the *guilt by assoctation”™
prindple [ 56), we systermatical ly analyzed the domain-specific in-
teractome of the LREE2 C termims tn order to assign spacific
physiodogical functions to this domain. Throwgh fis W40 do-
main, LAEEK? Interacts with aritical players of the 5V oycle such as
MSF, syntaxin 1A, synapsin |, dynamin-1, MUNC18-1, VAMPZ,
synaptojanin, and spnuclein. Thus, the ability of LRREZ to infhe-
ence vesiche trafficking (13, 37, 38) & likely to involve s WD40
domain. Accordingly, we observed a severe redoction in the trans-
port of synaptotzgmin-labeled (cyding) 5V to distal parts of mew-
tonal processes npon overexpression of LRREZ2 WMo domain
constracts: such output might be read as a dominant negative
effect of ectoplc LARE2 WDM0 exeuted on endogenous LERK2
fonction. RACK] 15 2 seven-bladed WEMO propeller protetn {19,
40}, reported to bind and anchor recycling endosomal vesicles to
centrosomees (57 ). Accordingly, we reported that BACK! signifi-
cantly redaces 5V recyding (but not spatial segregation) once It is
overexpressed In nenrons and that 1t cosediments with pure 5V,
Thus, the ability to bind and sequester 5% might be 2 Mochemical
property common to several WOMO-containing proteins or, alter-
neatively, might arise as an in witro effect doe to high kel concen-
trations of W0 domains. Even If we cannot completely robe ont
the latter explanation, cur data suggest a pecullar phystological
tole for LRRK2 at the synaptic site. In fact, we demonstrated here
that endogenoas LERKZ can be detected in a pare 5V fraction,
that full-length LRREZ2 binds 5V, and that LRREK2 Wkao, but not
LREEZ LER ar full-length RACK 1, interacts with several protetns
involved in 5V trafficking. Thus, we propose that LRREZ xssocts-
tion with 5V 1s mediated by the Interaction of 1ts WD domain
with 5V -integral and -associated proteins.

The description of the G2385R point mutation within the
W0 domain as the main PL risk vartant in the Chinese Han and
Korean population forther underfines the fanctional and patho-
logical rode of this domain {14). G2385R carmer patients demon-
strate clinlcal features similar to noncarrier patients: however, the
(23850 vartant does correlate to a small bat significant effect in
lowering the 2ge of PI} onset {16). It has recently been reported
that G2385R has a mild impact on LRRK 2 bochemical properties,
such as reduced LR RK 2 kinase activity and interactiomns with other
proteins (9, while 1t nefther infleences LERK2? toxicity in neuron
cultures nor affects overall antophosphorylation (46}, Accord-
ingly, we reported here that LEREZ2 W4o G2355R behaved sim-

June X0 ¥olume 34 Nombar 12
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lkardy to LERK2 W40 once It was overexpressad in primary nen-
rons. Comparative protein maodels predict that the glycine 2385
residue stays at the surface of the W40 domain (Fig. 7A) (15).
The GI385R varlant replaces the glycine with a long, positively
charged arginine residwe, thus Increasing the net positive charge of
the domatn and Hkely indocing an electrostatic repulsion between
W40 repeats 5 and &. This may explain the Increxsed mean di-
ameter observed for LRRK2 WD40 G2385R in our EM analysis.
The changes in surface charge and local stnactural featuares in the
W0 fold are expected 1o result in altered biochemical properties
which affect profein-protein Interaction strength and guoality. In-
deed, we reported that the association with 5V is partially 1m-
paired by the glycine-to-arginine change. In particular, while
LAREK2 WDwo showed a high affinity toward both native and salt-
treated SV, LRRE2 W0 (523850 binding to 5V was significantly
semsitive to salt treatment. In line with our proposal of LREKZ asa
synaptic scaffold protein involved tn vestoolar trafficking and ves-
icle storage, our data strongly support the 1dea that in addition to
Increased kinase activity, other molecolar mechantsms, such as
altered protein binding, may underile LRRK2-assoctated forms of
PI. In partcular, given the recent independent evidence linking
LERE? dysfunction to nenrodransmission defects in PO models
(5860 and In patients carrying LRAE? muotations {61], an al-
tered presynaptic vesicle transportt, storage, and release kinetlcs
ey arise as 1 common pathway disturbed by the different LREREK2
pathological motations described so far and beoome a fotare tar-
get for pharmacological treatment.
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