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Abstract
Neuropilin-1 (NRP1) is a transmembrane receptor for semaphorin3A
(SEMA3A), and vascular endothelial growth factor (VEGF), mediating neuronal
guidance and angiogenesis respectively. Modulating the VEGF-NRP1 pathway
by means of introducing soluble versions of the receptor has shown promise as
anti-angiogenic or anti-tumor therapies. The purpose of the current study was to
generate and characterize secreted NRP1 molecules (so called receptor bodies)
that could serve to interfere with the activity of SEMA3A and study its role in
the motorneuron disease amyotrophic lateral sclerosis (ALS). Using mutations
described in the literature we generated a battery of soluble NRP1 receptor (NRP1Fc) isoforms designed to sequester both, either, or neither ligand, and specifically
investigated their abilities to neutralize SEMA3A in a growth cone collapse assay.
We show that variants retaining intact SEMA3A-binding sites (NRP1-Fc, or NRP1Y297A-Fc) prevented SEMA3A-induced growth cone collapse, whereas the variant
in which the SEMA3A-binding site is mutated (NRP1-VEGF-Fc) was unable to
rescue SEMA3A-induced growth cone collapse. Contrary to its designed purpose,
the variant which should bind to neither ligand (NRP1-T316R-Fc) was capable of
neutralizing SEMA3A function in the growth cone collapse assay. We speculate
that this effect may be mediated by the a1a2 domains of the NRP1, which are
known to be involved in SEMA3A-NRP1 binding. We also included a soluble NRP2
receptor, and observed that it too was able to reduce SEMA3A-induced growth
cone collapse consistent with recent literature that suggests NRP2 and SEMA3A
are able to bind. To complete the characterization, further work will need to be
done to determine their functions in terms of VEGF-neutralization. However, our
results clearly demonstrate the efficacy of neutralizing SEMA3A function in vitro
by way of scavenging for the ligand with soluble receptors.
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Introduction
During development of the central nervous system (CNS), a variety of
guidance cues direct growing axons to their targets. These cues, either repulsive
or attractive, are sensed by the growth cone (the leading edge of the neuron’s
extending axon) and influence its movement either toward or away from neuronal
and non-neuronal tissues. The semaphorin (SEMA) family is a well-characterized
group of guidance cues comprised of 8 classes. These 8 classes are defined by
a conserved extracellular SEMA domain and exist as membrane-bound (class
I, IV – VII) or secreted (class II, III and Viral) forms. The class III semaphorins
(SEMA3A-SEMA3G) have been extensively studied over the last 20 years and their
biological roles have been revealed to include axon retraction and repulsion, cell
migration, tumor suppression, vasculature development, and apoptosis during
both development and in pathological situations (Gu and Giraudo, 2013; Roth et
al., 2009). The prototype member of the class III semaphorins, SEMA3A, initially
termed collapsin due to its ability to collapse neuronal growth cones in vitro, was
discovered in 1993 by Jonathan Raper and colleagues (Luo et al., 1993). In the last
20 years the binding partners and downstream signaling mechanisms of Sema3A
have been elucidated to a large extent.
The mechanisms of action of SEMA3s is mediated via a heteromeric complex
of membrane receptors, predominantly composed of neuropilins (NRPs), plexins
(PLXNs) and cell adhesion molecules (CAMs; reviewed in Sharma et al., 2012).
Neuropilins are transmembrane glycoproteins that were initially identified as
receptors for SEMA3s (Chen et al., 1997; He and Tessier-Lavigne, 1997; Kolodkin et
al., 1997), but do not actually transduce the SEMA3 signal themselves (Nakamura
et al., 1998; Renzi et al., 1999). PLXNs, specifically the PLXN-A and PLXN-D
families, were later discovered to function as the signal transducing unit within the
SEMA3 receptor complex (reviewed in Kruger et al., 2005) and are responsible for
modulating the activity of several GTPases, such as Rho and R-Ras to mediate the
repulsive effects of the SEMA3s (Hota and Buck, 2012; Pasterkamp and Giger, 2009;
Püschel, 2007). Downstream effects of these GTPases involve activation of several
pathways including the PI3K/Akt pathway to modulate multiple cytoskeletal
processes (reviewed in Kruger et al., 2005): phosphorylation of collapsin response
mediated protein-2 (CRMP-2)(reviewed in Schmidt and Strittmatter, 2007) can
destabilize microtubules (Gu and Ihara, 2000; Schmidt and Strittmatter, 2007),
and molecule interacting with CasL (MICAL) has been shown to mediate SEMA3PLXN-related actin disassembly (Hung et al., 2010). Furthermore, PLXN-mediated
activation of the MAPK pathway via R-Ras can influence cell adhesion behavior
by regulating integrin function (reviewed in Kruger et al., 2005). Interestingly,
L1-CAM was also identified as a signal transducer within the SEMA3A receptor
complex (Castellani et al., 2004), but is not essential for all SEMA3A-mediated
41
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signaling events (Bechara et al., 2008; Ben-Zvi et al., 2008) as it is not necessary
for the binding of SEMA3A to NRP1 (Castellani et al., 2000). Neuronal cell
adhesion molecule (NrCAM) can modulate both SEMA3B and SEMA3F signaling by
associating with NRP2, but as with L1-CAM, it is not critical for SEMA3B or SEMA3F
signaling via NRP2 (Charoy et al., 2012; Falk et al., 2005)
With the exception of SEMA3E, all SEMA3s require a NRP to act as a ligandbinding mediator between the SEMA3 and the PLXN for signal transduction to
occur (Janssen et al., 2012; Kolodkin et al., 1997; Takahashi et al., 1998, 1999). In
the early 1990s the first studies on neuropilin-1, then called the A5 antigen, were
published, describing the receptor as a “neuronal recognition molecule” containing
domains homologous to complement component and coagulation factors (Takagi
et al., 1991, 1995). Several years later two groups independently showed that
NRP1 is a SEMA3A receptor and discovered a second NRP receptor, NRP2, which
shares 44% homology of its extracellular domains with NRP1 (Chen et al., 1997;
Kolodkin et al., 1997). These transmembrane receptors are composed of 5 large
extracellular domains; two N-terminal complement component CUB domains
(a1a2), two coagulation factor V/VIII domains (b1b2) and a MAM domain (c), a
transmembrane domain, and a small cytoplasmic tail (reviewed in Nakamura and
Goshima, 2002). Currently it is known that NRP1 interacts with all SEMA3s except
for SEMA3G , and NRP2 interacts with SEMA3B, SEMA3C, SEMA3F and SEMA3G
(reviewed in Sharma et al., 2012), the specificity of the SEMA3-NRP binding being
determined by interaction of a short N-terminal 70 amino acid sequence within
the SEMA domain of the SEMA3 (Koppel et al., 1997) and the a1 domain of NRP
(Nakamura et al., 1998), while the high affinity is mediated through interaction
between the SEMA3 basic C-terminal and the NRP b1 domains (Gu et al., 2002;
Parker et al., 2013; Renzi et al., 1999)
Functional NRP receptors exist as dimers and can form homo- or heteromultimers (Janssen et al., 2012). Dimerization of NRP1 has been shown to be
essential for the inhibitory effects of SEMA3A and evidence suggests that several
regions in the transmembrane domain contain features that can enhance receptor
dimerization of the receptor (Roth et al., 2008; Vander Kooi et al., 2007). However
the MAM domain mediates the majority of dimerization (Chen et al., 1998; Giger
et al., 1998; Nakamura et al., 1998). Interestingly, the SEMA3s themselves also
function as dimers (Koppel and Raper, 1998) thus allowing for a large repertoire of
possible receptor-ligand interactions and signaling outcomes.
The cytoplasmic tail of NRP receptor was shown to possess no signaling
capacity itself (Nakamura et al., 1998), but may have a role in recruitment of
other components to the signaling complex. NRPs are also receptors for vascular
endothelial growth factor (VEGF145, VEGF165; (Gluzman-Poltorak et al., 2000;
Herzog et al., 2011; Mamluk et al., 2002), mediating a variety of functions including
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angiogenesis and tumor progression in cancerous tissues (reviewed in Ellis, 2006).
In terms of VEGF signaling, recruitment of VEGFR1 or VEGFR2 by NRP1 to transduce
VEGF signals requires interaction between synectin (a PDZ-domain protein) and
the PDZ-binding domain in the cytoplasmic domain of NRP1 (Cai and Reed, 1999;
Lanahan et al., 2013; Wang et al., 2006). PDZ domains have been shown to regulate
protein clustering in the cell membrane and recruit signal transducers to certain
locations (Saras and Heldin, 1996). In terms of SEMA3 function, no such role for the
cytoplasmic tail of NRP has been described. Thus, although the transmembrane
and cytoplasmic domains may enhance the biological functions of the NRP
receptor by strengthening dimerization and/or improving the clustering of the
receptor complex, these domains are not essential for basic biological function
upon ligand-binding.
Due to the overlapping nature of the binding sites of VEGF-165 or SEMA3A on
the NRP1 receptor (Geretti et al., 2008), NRPs can mediate a variety of physiological
functions and by interfering with ligand-receptor interaction one can study the
effects of blocking ligand-dependant signaling pathways. Various in vitro studies
have shown that manipulation of SEMA3-NRP interaction with neuropilin-1 blocking
antibodies (Kolodkin et al., 1997), genetic ablation of neuropilin-1 (Kitsukawa et
al., 1997) or expression of a dominant negative neuropilin-1 receptor (Renzi et al.,
1999) results in blockage of SEMA3A-induced growth cone collapse of dorsal root
ganglion neurons (Luo et al., 1993). These approaches are based on interfering
with the membrane-bound form of the receptor, however, naturally occurring
soluble isoforms of the NRP receptors exist containing only the extracellular a/
CUB and b/coagulation domains (Gagnon et al., 2000; Rossignol et al., 2000). Some
of these soluble NRP1 isoforms were shown to act as VEGF-165 antagonists in vivo,
but with no mention on its effect on SEMA3 signaling (Gagnon et al., 2000). Soluble
human isoforms containing all extracellular domains except the c/MAM domain
were later described and were shown to bind both VEGF-165 and SEMA3A and act
as an antagonist for NRP1-mediated cell behaviors (Cackowski et al., 2004).
In terms of clinical applications, most research to date has focused on the
potential role for NRPs as targets for anti-angiogenic or anti-tumor therapies
(Geretti and Klagsbrun, 2007; Prud’homme and Glinka, 2012; Tamagnone, 2012):
administration of a VEGF antagonist in the form of an engineered soluble NRP1
(the extracellular domains fused to the Fc fragment) was shown to improve
survival in a murine model for systemic leukemia, illustrating the potential use of
soluble receptor proteins as an alternative therapy in disease paradigms (Schuch
et al., 2002). Similar studies have shown the potential of soluble NRP2 receptors
in antagonizing VEGF bioactivity (Geretti et al., 2007, 2010). However, in both of
these scenarios, the ability of the soluble receptor to bind SEMA3 is still present,
potentially introducing unwanted or off-target effects. It would be of greater
43
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scientific and clinical use if engineered soluble receptors were able to sequester
specific ligands, e.g. to select between the SEMA3-NRP and VEGF-NRP pathways in
regenerative therapy for spinal cord injuries (Fawcett, 2006; De Winter et al., 2002)
versus anti-angiogenic or anti-tumorigenic therapies in cancer systems (Ellis, 2006;
Geretti and Klagsbrun, 2007).
Of particular interest is the potential of modulating the SEMA3-NRP pathway
in the context of the motor neuron degeneration disease Amyotrophic Lateral
Sclerosis (ALS). Previous work has identified presymptomatic expression of
SEMA3A at the neuromuscular junction of G93A-hSOD1 ALS mice (De Winter et
al., 2006) giving rise to the hypothesis that it may be acting as a chemorepulsive
molecule to induce detachment of the motor neuron from its target. Our approach
here is to generate soluble NRP1 receptors that would selectively sequester
SEMA3A while allowing VEGF to remain unsequestered. This selectivity is of even
greater importance given that VEGF has neuroprotective effects in ALS (Azzouz et
al., 2004; Lambrechts et al., 2003; Storkebaum et al., 2005).
In this study, we aimed to further investigate and characterize the use of
soluble NRP receptors to specifically neutralize SEMA3s. Soluble NRP1 and NRP2
receptors were created by fusing the extracellular domain of the NRP to the human
Fc fragment. Using the NRP1-Fc as our template, we then mutated various residues
to create mutant isoforms. Several mutagenesis studies have revealed residues in
NRP1 essential for either SEMA3 or VEGF ligand binding: the T316R mutation was
shown to completely abolish VEGF binding, and has a severely reduced capacity
to bind a peptide consisting of the C-terminal SEMA3F domain (and presumably
the full length SEMA) to the b1b2 NRP domain in the absence of heparin (Parker
et al., 2012), while the Y297A variant retains the ability to bind SEMA3, but VEGF
binding is abolished (Herzog et al., 2011). We also adapted the transmembrane
“npn12ABC” isoform created by Kolodkin and colleagues (Gu et al., 2002) to create
a soluble variant which has a reduced capacity to bind SEMA3 but retains the ability
to bind VEGF. Using this battery of soluble NRP receptors, we tested their function
in vitro using the dorsal root ganglion (DRG) collapse assay (Kapfhammer et al.,
2007) for their ability to inhibit SEMA3A-induced growth cone collapse.

Materials and methods
Expression constructs
The neuropilin-1 receptor body (NRP1-Fc) was kindly provided by Prof. Roman
Giger (University of Michigan, USA) cloned into the lentivirus expression vector
pRRL-sinPPTh-CMV-MCS-wpre. The sequence of the neuropilin-1 receptor body
is based on the full length rat neuropilin-1 (NRP1; NM_145098.2). The coding
sequence (base 541 to 3309) was truncated by removing the transmembrane
and cytoplasmic domains and the genomic portion of the Fc fragment of human
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TABLE 1: Overview of NRP1-Fc constructs available in the pTR-CGW backbone to produce AAV
vector for use in vivo.

Construct

SEMA3A
binding

VEGF165
binding

Reference

NRP1-Fc

+

+

(Gu et al., 2003)

NRP1-VEGF-Fc

-

+

(Gu et al., 2002)

NRP1-Y297A-Fc

+

-

(Herzog et al., 2011)

NRP1-T316R-Fc

-

-

(Parker et al., 2012)

IgG1 (DQ917567.1) was fused in their place creating the pRRL-CMV-NRP1-Fcwpre plasmid (referred to as NRP1-Fc). The coding sequence (base 279 to 3056)
of rat neuropilin-2 (NRP2; NM_030869.3) in the expression vector pCOS served
as a template to amplify the NRP2 ectodomain (a1a2/b1b2/c domains) using the
following primer pair; forward: 5’CCC AAGCTT ATG GAT ATG TTT CCT CTC ACC
3’(the first 9bp contain the HindIII restriction site, followed by the start codon of
the neuropilin-2) and reverse: 5’CGG CTC GAG GTG TGT ACA GCC AGC TCT TTT C
3’(the first 9bp contain the XhoI restriction site). The Fc fragment was ligated to
the 3’end of the NRP2 ectodomain, and the entire construct (NRP2-Fc) was cloned
into the pRRL-sinPPTh-CMV-MCS-wpre vector to create the pRRL-CMV-nrp2Fcwpre plasmid (referred to as NRP2-Fc).
Several mutated isoforms of the neuropilin-1 receptor body were created
to discriminate between the effects of SEMA3A or VEGF165 neutralization.
To selectively bind VEGF165, but not SEMA3A, the neuropilin1-2ABC mutant
published by Gu and colleagues was kindly provided by Prof. Alex Kolodkin (Johns
Hopkins University, Baltimore, USA). This mutated neuropilin-1 contains 7 amino
acid substitutions in the a1 domain (H46E, S47A, S51A, E52R, K53D, D79K and
R80E) which disrupt SEMA3A binding without affecting VEGF165 binding (Gu et
al., 2002). The ectodomain was excised by PCR amplification with the following
primer pair; forward: 5’-CTAGCTAGCATGGAGAGGGGGCTGCCG-3’ (the first 9 bp
contain the NheI restriction site, followed by the start codon of the NRP1) and
reverse: 5’-CCGCTCGAGGGTCCAGGGTCTTAAGCAC-3’ (the first 9bp contain the
XhoI restriction site). The PCR fragment was subcloned into the pRRL-CMV-NRP1Fc-wpre to substitute the wild-type NRP1 ectodomain with the mutant version,
creating the pRRL-CMV-NRP1-VEGF-Fc-wpre plasmid (referred to as NRP1-VEGFFc).
To selectively bind SEMA3A, but not VEGF165, the NRP1-Y297A mutant
reported by Birger Herzog and colleagues was employed (Herzog et al., 2011). The
following primers were designed to substitute the tyrosine (Y) at position 297 of the
b1 domain to an alanine; forward: 5’-gatcactgcatcttcccaggctggtaccaactggtctgtt-3’,
and reverse: 3’-CTAGTGACGTAGAAGGGTCCGACCATGGTTGACCAGACAA-5’. Site45
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directed mutagenesis (SDM; QuikChange II XL Site-directed Mutagenesis Kit;
Agilent Technologies) was used to introduce the mutation in the pRRL-CMV-NRP1Fc-wpre plasmid, creating the pRRL-CMV-NRP1-Y297A-Fc-wpre plasmid (referred
to as NRP1-Y297A-Fc).
To control for the presence of the human Fc fragment and its potential effects
in vitro (Shimamoto et al., 2012; Wu and Sun, 2014)an additional mutant was
created based on the study of Parker and colleagues (Parker et al., 2012). Mutation
of the threonine (T) at position 316 to an arginine (R) results in a complete
abolishment of VEGF-A164 binding (NRP1-T316R). The ability of SEMA3 to bind
is also reduced in the absence of heparin (personal communication, Craig Van der
Kooi), thus generating a binding-deficient receptor. Using SDM and the following
primers (forward: 5’-CCTGAAAACGGGTGGAGACCAGGAGAGGAC-3’ and reverse:
3’-GTCCTCTCCTGGTCTCCACCCGTTTTCAGG-5’) the mutation was introduced into
the pRRL-CMV-NRP1-Fc-wpre plasmid, creating the pRRL-CMV-NRP1-T316R-Fcwpre plasmid (referred to as NRP1-T316R-Fc).
All plasmids were sequenced (BigDye® Terminator v3.1 Cycle
Sequencing Kit, Life Technologies) with the following primers (forward:
5’-GAGTGATAAAGTCCCCTGGG-3’, or 5’-CCCACTTGGCAGTACATCAA-3’ and reverse:
5’-gagacagcaaccaggattta-3’) to confirm the presence of the desired mutations and
to ensure the correct open reading frame is created between the NRP sequence
and the Fc fragment, complete with the appropriate stop codon at the end of the
Fc fragment.

Expression in HEK cells and western blotting
To characterize the expression and secretion of the neuropilin receptor bodies
HEK293T cells were transiently transfected with pRRL-CMV-NRP1 -Fc-wpre, pRRLCMV-NRP1-VEGF-Fc-wpre, pRRL-CMV-NRP1-Y297A-Fc-wpre or pRRL-CMV-NRP1T316R-Fc-wpre using the PEI method (Reed et al., 2006); for 20ug DNA, 80ug of PEI
was used. The culture medium (DMEM-GlutaMax, supplemented with 2% FCS and
1x PenStrep) was refreshed one day after transfection. Conditioned medium was
collected 48h after transfection and processed for Western Blot analysis. Briefly,
samples were spun to remove cell debris, and boiled with 5x SDS loading buffer
(containing 10% SDS and 10% B-mercaptoethanol) and loaded onto 8% SDSPAGE gels. After transferring to nitrocellulose membranes, the membranes were
blotted with goat-anti-Fc (1:5000, Chemicon AP113), goat-anti-neuropilin-1 (1:200,
R&D systems AF566) or goat-anti-neuropilin-2 (1:200, R&D systems MAB567),
followed by anti-goat IRDye800® (1:2500, LI-COR Biosciences 925-32214). Blots
were scanned using the Odyssey Infra-red imaging system (LI-COR Biosciences).
In preparation for immunocytochemistry, transfected cells were fixed with 4%
paraformaldehyde (PFA) in 0.1M phosphate buffer (pH 7.4) for 15 minutes.
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Table 2: Overview of concentrations SEMA3A or NRP-Fc protein in conditioned medium used in the
DRG growth cone collapse assay
Treatment

Concentration
(determined
by WB)

Volume in
well*

Amount
in well
(ng/ml)

Molecular
weight

Molarity
(nM)

Ratio
SEMA3A:
NRP

SEMA3A

109.21ng/ul

3.75ul

819.08

95kDa

8.6

-

NRP1-Fc

21.3ng/ul

15ul

639

150kDa

4.26

1:0.5

NRP1-VEGF-Fc

39 ng/ul

15ul

1170

150kDa

7.8

1:1

NRP1-Y297A-Fc

45.8 ng/ul

15ul

1374

150kDa

9.16

1:1

NRP1-T316R-Fc

44.9 ng/ul

15ul

1347

150kDa

8.98

1:1

NRP2-Fc **

44.64 ng/ul

15ul

1339.2

150kDa

8.92

1:1

2

* Total volume in well is 500ul. **conditioned medium of NRP2-Fc obtained from LV-NRP2-Fc infected
Fibroblasts, 5 days post transfection.

Preparation of SEMA3A- or NRP-conditioned medium
HEK293T cells were transiently transfected as mentioned above with the mycSEMA3A expression plasmid (De Wit et al., 2005) or the neuropilin receptor body
plasmids to prepare samples of soluble test proteins. The medium was harvested
48h after transfection, centrifuged to remove any cell debris, and loaded onto SDS
PAGE gels as previously described after (see above). NRP1-VEGF-Fc conditioned
medium was concentrated using an Amicon 100kDa MWCO Ultra-15 device
(Millipore) prior to loading onto the SDS PAGE gel. A standard curve of known
protein concentrations (200ng, 400ng, 800ng per well; hSema3A-Fc, R&D systems,
1250-S3) was loaded alongside the conditioned medium samples in order to
determine the concentration of sema3A or neuropilin in the conditioned medium.
Membranes were blotted with rabbit-anti-Sema3A (1:1000, Abcam, Ab23393)
or goat-anti-Fc (1:5000, Chemicon, AP113), developed using IRDye-secondary
antibodies and scanned with the Odyssey Infra-red imaging system (LI-COR
Biosciences). The resulting bands were analyzed for quantification purposes (see
Table 2, column 2).

Dorsal root ganglion explants culture
Glass coverslips were pre-coated overnight with 0.5mg/ml poly-ornithine
(Sigma Aldrich, P-3655). On the day of use, the glass coverslips were washed with
water and subsequently coated with 40ug/ml laminin (Invitrogen). After a 2 hour
incubation at 37oC, the laminin solution was removed, coverslips were washed
briefly with DMEM/F12 medium and freshly prepared culture medium [DMEM/F12
1:1 (GIBCO) containing N2 supplement (Sigma Aldrich), 20ng/ml NGF (Recombinant
Rat beta-NGF, 556-NG-100, R&D Systems Europe Ltd.), PenStrep (GIBCO), 2mM
L-Glutamine (GIBCO)] was placed in each well before the DRG explants were added.
A timed-pregnant (E15) Wistar rat was deeply anaesthetized by CO2-inhalation
and decapitated. The uterus was removed and placed into ice-cold Lebowitz
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(L15, GIBCO) medium. Under sterile conditions, embryos were removed from the
uterus, and the spinal cord was dissected to reveal the dorsal root ganglia (DRGs).
Individual DRGs (clean of any loose connective tissue and nerve roots) were
centered on the laminin-coated glass coverslips, submerged in 500µl of culture
medium. DRG explants were cultured overnight at 37oC with 5% CO2 to allow for
neurite outgrowth and growth cone formation.

Growth cone collapse assay
Treatment solutions containing various quantities of GFP-, SEMA3A- and/or
NRP-receptor body-conditioned medium were prepared (see Table 2, last column
for molar ratios). These samples were incubated on ice for 1 hour to allow for
stabilization of the protein interactions and were warmed briefly (in a water bath
at 37oC) before slowly applying the mixtures onto the DRGs. The volume added per
well did not exceed 10% of the total volume in the well (maximum 50ul treatment
mixture in a well containing 500ul of culture medium).
DRGs were incubated with conditioned medium samples for 30 minutes at
37oC. Following a 1 hour fixation in 4%PFA/10% sucrose in PBS, DRGs were washed
with PBS/0.2% Triton X (PBS/Tx) and subsequent incubated with Phallodin-TRITC
(Sigma, P1951) in PBS/Tx for 3 hours at RT to visualize the actin cytoskeleton.
Following a second wash in PBS/Tx, coverslips containing the DRGs were mounted
onto glass slides using Mowiol 4-88 mounting medium (Sigma-Aldrich). Fluorescent
images were obtained using a Zeiss Axiovert microscope, and growth cones were
scored as normal (presence of lamellipodia and/or ≥ 3 fillopodia) or collapsed (no
lamellipodia, < 3 fillopodia or bullet shaped) based on the classification described
by (Kapfhammer et al., 2007). For each treatment group, the percentage of growth
cones was normalized to the percentage growth cones in the GFP-condition. Data
represents pooled data from DRGs across 5 independent experiments.

Statistical analysis
In relation to the DRG growth cone collapse assay counts of collapsed and
non-collapsed cones were tabulated in Microsoft Excel. A Student’s T-test was
performed to identify differences between treatment groups with the statistical
significance set at p≤0.05 (GraphPad, Prism5.0).

Results
Engineered soluble neuropilin receptor bodies are expressed and secreted
after transfection
Using the soluble neuropilin1 receptor (Fig. 1a: NRP1-Fc, composed of the
NRP ectodomain fused to a human IgG Fc fragment) supplied by Prof. Roman
Giger (University of Michigan, USA), we performed site directed mutagenesis to
alter specific residues that had been shown to form the basis for selective SEMA3
48
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binding (Fig. 1e: Y297A mutation; Herzog et al., 2011) or which abolished VEGF
binding (which can be partially restored in the presence of heparin), and severely
reduced SEMA3(F) binding in the absence of heparin (Fig. 1f: T316R mutation;
(Parker et al., 2012). We also adapted the “npn12ABC”mutant, created by Gu and
colleagues (Gu et al., 2002), by amplifying the ectodomain of this mutant and
fusing it to a human IgG Fc fragment to create a soluble receptor that selectively
binds VEGF (Fig. 1d). These constructs were inserted into lenti-viral and adenoassociated viral plasmids under the control of the CMV promoter (Fig. 1c). The
presence of the desired mutations was confirmed by sequencing. The NRP2-Fc
construct was created by amplifying the ectodomain of the neuropilin2 gene, and
fusing it to a human IgG Fc fragment (Fig. 1b). Sequencing of the NRP1-Fc and the
NRP2-Fc confirmed that the NRP portion is in frame with the Fc, and that only one
stop codon exists, positioned at the 3’end of the Fc portion.
To characterize the expression and secretion properties of the soluble
neuropilin receptors, HEK293T cells were transiently transfected with the
different NRP constructs. Immunocytochemistry was performed on cells 3 days

C
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c
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Figure 1: Construction
of the soluble neuropilin
receptor
bodies.
(A)
The
ectodomain
of
the rat NRP1 or NRP2
receptor was fused to a
human IgG Fc fragment
and (B) inserted into
lentiviral
(pRRL)
or
adeno-associated
viral
(pTR) expression vectors
under the control of the
CMV promoter. Both
constructs are flanked by
a WPRE at the 3’end, with
an additional polyA tail in
the pTR plasmid. Mutant
isoforms of NRP1-Fc were
generated to selectively
bind (D) VEGF (NRP1VEGF-Fc), (E) SEMA3A
(NRP1-Y297A-Fc) or (F)
neither (NRP1-T316R-Fc).
Colored asterisks denote
the domains which are
mutated to create each
isoform. See materials
and methods for more
information. Note that
SEMA3(A) still retains
the capacity to bind to
the T316R variant in the
presence of heparin.
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Figure 2: Soluble neuropilin receptors
are expressed and secreted from NRPFc transfected cells. (A) HEK293T cells
were transiently transfected with NRPFc expression vectors, and processed
for immunocytochemistry with a-Fc-HRP.
NRP1-Fc and NRP1-VEGF-Fc are produced
in the cell after transfection. Cells also
secrete the transgene product, albeit
with different efficiencies: note the
purple haze around cells in the NRP1-Fc
condition compared to the NRP1-VEGF-Fc
(A). This difference in secretion capacity is
clearly visible after western blot analysis.
Medium samples were loaded onto 8%
SDS-PAGE gels and blotted with a-Fc.
All soluble NRP receptors are secreted,
detected by a band at 150kDa (B). NRP1VEGF-Fc is the least efficiently secreted,
but after concentration through an
Amicon filter, a more intense band is
generated, indicative of enrichment of
the conditioned medium for NRP1-VEGFFc (C). SEMA3A-myc conditioned medium
was prepared by transient transfection of
HEK293T cells and quantified alongside
known concentrations of recombinant
SEMA3A-Fc (D). NRP conditioned medium
was quantified in a similar fashion (data
not shown).

95kDa

post-transfection and results indicate NRP1-Fc is expressed by the transfected
cells, with a faint cloud of positive staining found outside the cells suggestive of
secreted protein (Fig. 2a). The NRP1-Y297A-Fc and NRP1-T316R-Fc variants show
a similar cellular expression pattern as the NRP1-Fc (data not shown). NRP1-VEGFFc showed a more intense intracellular stain mirrored by a decrease in staining
outside the cell, consistent with its reduced secretion capability as shown by
Western blotting (Fig. 2c). Western blot analysis on conditioned medium harvested
3 days post-transfection shows that all soluble receptors are secreted into the
medium (Fig. 2b). However, the NRP1-VEGF-Fc isoform results in a fainter band
compared to the wild-type NRP1-Fc (Fig. 2c). Concentration of the NRP1-VEGF-Fc
conditioned medium was carried out by passing the sample through an Amicon
filter effectively producing a test solution with similar NRP1-mutant levels as the
NRP1-Fc samples (as detected by Western blot, Fig. 2c).
SEMA3A-myc conditioned medium was prepared by transiently transfecting
HEK293T cells, and both the SEMA3A-myc and soluble NRP conditioned medium
samples were quantified by measuring the intensities of the bands obtained
and comparing them to a standard curve created by loading known quantities
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Figure 3: Dorsal Root Ganglion (DRG)
A
B
growth cone collapse assay. (A) The
growth cones E15 rat embryo DRG neurons
collapse in the presence of SEMA3A, the
neurite tip contains no lamellipodia and
≤1 fillopodia (arrowhead). (B) Application
of a SEMA3A and NRP1-Fc mix prevents
SEMA3A-induced collapse, the lamellipodia
of the growth cones remains spread (open
C
arrow head), and ≥2 fillopodia (filled
arrowhead). (C) Quantification of growth
***
cones after treatment with SEMA3A and
*
soluble NRP receptors. All conditions were
***
normalized to GFP (open bar). Untreated
***
(horizontally scored bar) and NRP-alone
**
(vertically scored bar) conditions did
not differ from GFP condition. SEMA3A
treatment (8.6 nM; light grey bar) results in
a significant decrease in growth cones. The
remaining 5 grey bars illustrate the effects
of pre-incubating SEMA3A with soluble
NRP receptors. From left to right: upon
GFP +
- + + + + + + +
combined SEMA3A and NRP1-Fc treatment
- - - - - UT there is a significant increase in numbers
- - + - - NRP-Fc - - + + + + + +
SEMA3A of growth cones; NRP1-VEGF-Fc does not
- - + - + NRP1-Fc rescue SEMA3A-induced growth cone
- + - - + - NRP1-VEGF-Fc - + - - - + NRP1-Y297A-Fc collapse; NRP1-Y297A-Fc and NRP1-T316R
- + - - NRP1-T316R-Fc - + show a similar and significant ability for
- - +
- + - NRP2-Fc neutralizing SEMA3A function and lastly,
NRP2-Fc treatment significantly reverses SEMA3A-induced growth cone collapse. Data was obtained
from 5 independent experiments, error bars were generated using the S.E.M. and a Student’s t-test
was used to determine significance (* p <0.05, ** p<0.01, *** p<0.001). Scale bar = 20µm

of recombinant hSEMA3A-Fc (800ng, 400ng and 200ng per well). Bands were
selected (selection box was the same size for all samples) and the intensity of
the signal was measured. Values were adjusted to take the background intensity
into account. An overview of the concentrations of SEMA3A-myc and soluble NRP
receptor conditioned medium used in the DRG assay is provided in Table 2.

Soluble NRP receptors, except for NRP1-VEGF-Fc, are able to inhibit
SEMA3A-induced growth cone collapse.
Explanted dorsal root ganglion (DRG) neurons from an E15 rat embryo were
cultured overnight on laminin in the presence of 20ng/ml NGF. DRGs were treated
for 30 minutes with GFP, SEMA3A and/or soluble NRP receptors, after which the
explants were fixed and the cytoskeleton was visualized using Phalloidin-TRITC.
The total number of collapsed growth cones (Fig. 3a) and intact growth cones (Fig.
3b) were manually counted, and graphed to illustrate the % growth cones (Fig. 3c).
Untreated (Fig. 3c, horizontally scored bar) and NRP-alone (Fig. 3c, vertically scored
bar) conditions did not differ from GFP condition. All conditions were normalized
to the GFP treatment condition (Fig. 3c, open bar) and represent pooled data from
DRGs across 5 independent experiments.
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Upon SEMA3A treatment, approximately 44% growth cones remain (Fig. 3c,
light grey bar; p< 0.001, compared to GFP treatment). The remaining grey bars
illustrate the effects of pre-incubating SEMA3A with soluble NRP receptors (Fig.
3c). When SEMA3A and NRP1-Fc are applied in combination, 60% growth cones
remain after 30 minutes of treatment (Fig. 3c, p < 0.01, compared to SEMA3A
treatment alone). NRP1-Y297A-Fc, the isoform which is reported to selectively
bind SEMA3A and not VEGF, is the also efficient in neutralizing SEMA3A function
with 68% of growth cones remaining intact in the presence of a 1:1 molar ratio
of SEMA3A and NRP1-Y297A-Fc (p<0.001, compared to SEMA3A treatment
alone). Contrary to expected, the NRP1-T316R-Fc variant, which has no VEGFbinding ability, and limited SEMA3-binding ability in the absence of heparin, also
neutralizes SEMA3A function (71% growth cones in the presence of a 1:1 molar
ratio of SEMA3A and NRP1-T316R-Fc, p<0.01). As expected, NRP1-VEGF-Fc, the
isoform which should only bind VEGF, does not prevent SEMA3A-induced collapse
(50% growth cones, p=0.28, ns compared to SEMA3A treatment). Lastly, NRP2-Fc
, a non-conventional SEMA3A receptor (Cariboni et al., 2011; Nasarre et al., 2009),
is able to significantly inhibit SEMA3A-induced growth cone collapse (56% growth
cones, p<0.05, compared to SEMA3A treatment).

Discussion
The neuropilin (NRP) receptor is an important component in various signaling
pathways, the most studied being the SEMA3- or VEGF-pathways (Chen et al., 1997;
Gluzman-Poltorak et al., 2000; He and Tessier-Lavigne, 1997; Kolodkin et al., 1997;
Mamluk et al., 2002; Soker et al., 1998). NRPs are predominantly transmembrane
receptors and act as ligand-binding modules in a receptor complex, while the
ligand’s signal is transduced via membrane-bound co-receptors called plexins
(PLXNs; in the case of SEMA3 signaling; (reviewed in Kruger et al., 2005) or VEGFRs
in the case of VEGF signaling; (Soker et al., 2002). In this way NRPs can mediate a
variety of physiological functions ranging from angiogenesis, tumor progression
in cancer, neuronal guidance during development or regeneration after injury
(reviewed in Ellis, 2006; Pasterkamp and Giger, 2009).
In this study we showed that SEMA3A function can be effectively neutralized
by the presence of soluble NRP receptors. Isoforms retaining intact SEMA3Abinding sites (NRP1-Fc, or NRP1-Y297A-Fc) prevented SEMA3A-induced growth
cone collapse, whereas the isoform in which the SEMA3A-binding site is mutated
(NRP1-VEGF-Fc) was unable to rescue SEMA3A-induced growth cone collapse.
Contrary to its designed purpose, the variant which should bind to neither ligand
(NRP1-T316R-Fc) is capable of neutralizing SEMA3A function in the growth cone
collapse assay. These results will be further discussed below.
By interfering with ligand-receptor interaction, it is possible to study the
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importance of each signaling pathway and how they influence a variety of
physiological functions. This has been elegantly shown by numerous studies,
whereby SEMA3A-induced growth cone collapse is abolished when the normal
function of NRP1 is blocked by genetic means or via function-blocking antibodies
(Kitsukawa et al., 1997; Kolodkin et al., 1997; Renzi et al., 1999). In terms of the
VEGF-signaling pathway, several studies have shown the potential of using soluble
NRP receptors as ligand-scavengers; this approach reduces the amount of ligand
available for binding to the membrane-bound version of the receptor and thus
decreases the signaling capacity of the ligand. Naturally occurring soluble versions
of the NRP receptors exist and have been shown to act as antagonists for the
VEGF ligand in vivo (Gagnon et al., 2000; Rossignol et al., 2000). In addition, soluble
human isoforms were described to bind both VEGF and SEMA3A and antagonize
NRP1-mediated cell behaviors (Cackowski et al., 2004). By engineering soluble
NRP isoforms one can specifically target either the VEGF- or SEMA3-signalling
pathway to study the effects of blocking one pathway or the other, and therefore
increase their potential for therapeutic use by reducing the chance for unwanted,
off-target effects.
For the purpose of our study, we created soluble NRP receptors by substituting
the cytosolic and transmembrane domains of either the NRP1 or NRP2 protein with
a portion of the human IgG Fc fragment. The Fc fragment was used to enhance the
stability of the soluble NRP protein and to enhance dimerization (Dumont et al.,
2006), an important feature as dimerization is essential for correct ligand-binding
by the receptor (Appleton et al., 2007; Vander Kooi et al., 2007). By introducing
specific mutations in the extracellular region of the NRP1-Fc, we then generated
ligand-specific receptors based on the mutations described in the literature (Gu et
al., 2002; Herzog et al., 2011; Parker et al., 2012). In this way we created a range of
soluble NRP receptors targeted to specifically interfere with the SEMA3- or VEGFsignaling pathways (see Table 1, Materials and Methods, and Fig 1).
The gene inserts for the various soluble NRP receptors were cloned into
expression vectors based on the lenti-viral or adeno-associated viral vector
backbones. By transfecting HEK293T cells with the expression vectors we confirmed
the expression and secretion of the various soluble NRP receptors. We show that
all soluble NRP receptors, except for NRP1-VEGF-Fc, are secreted in comparable
amounts from transfected HEK cells. This is consistent with the literature as a
reduced efficiency in expression of the transmembrane npn12ABC mutant (which
our NRP1-VEGF-Fc mutant is based on) is reported by Gu and colleagues, although
the data is not shown and they do not speculate why this could be (Gu et al., 2002).
Due to the proximity of the mutations in this isoform (in the a1 domain) to the
secretion signal at the N-terminal end of the protein, we hypothesized that the
mutations may be affecting the efficiency of the secretion signal by altering the
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tertiary structure of the a1 domain. However, substitution of the secretion signal
with an artificial one reported to be stronger than the natural one (Barash et al.,
2002) did not improve levels of secreted NRP1-VEGF-Fc in the conditioned medium
(data not shown). To overcome the low secretion ability of the NRP1-VEGF-Fc, we
concentrated the conditioned medium to create a sample with similar NRP-Fc
levels to the other soluble NRP receptors. This allowed for less variation in our
loading volumes when using the soluble NRP receptors in the dorsal root ganglion
(DRG) growth cone collapse assay, an assay known to be quite sensitive to external
stimulations such as loading volume, vibrations, or temperature (Kapfhammer et
al., 2007).
We employed the DRG growth cone collapse assay (Kapfhammer et al., 2007) to
characterize the ability of the various NRP receptor bodies to neutralize SEMA3Afunction in vitro. As expected, both variants retaining intact SEMA3A-binding sites
(NRP1-Fc and NRP1-Y297A-Fc) prevented SEMA3A-induced growth cone collapse
on DRG neurites, illustrating their ability to scavenge for soluble SEMA3A and
inhibit its interaction with the membrane-bound receptor. Interestingly, both
variants produce a similar result (60% vs. 68% growth cones), and this is consistent
with the binding studies of Herzog and colleagues, who show that the ability of
the membrane-bound Y297A variant to bind SEMA3A is comparable to that of the
wild-type receptor (Herzog et al., 2011). As anticipated, the NRP1-VEGF-Fc variant
is unable to rescue SEMA3A-induced growth cone collapse, and this is consistent
with the data of Gu and colleagues who describe this variant as specifically binding
VEGF only and is unable to bind to SEMA3 (Gu et al., 2002).
Surprisingly, the NRP1-T316R-Fc variant, which in theory should not bind
to either ligand does in fact neutralize SEMA3A function in the DRG assay.
Unpublished data from Vander Kooi and colleagues indicate that this variant has
limited SEMA3F binding ability, but it can be enhanced the presence of heparin,
albeit never to the levels of the wild-type receptor (Craig Vander Kooi, personal
communication). Our cultures were not specifically supplemented with heparin,
thus we assumed that any “endogenous” heparin present was constant in all
conditions. In the DRG collapse assay, the soluble NRP1-T316R-Fc is as effective
in neutralizing SEMA3A function as the NRP1-Y297A-Fc SEMA3A-only binding
variant, both being slightly more effective than the wild-type NRP1-Fc. There
are several possible explanations to describe the outcome of the NRP1-T316RFc variant. Firstly, the results of Parker and colleagues showing that the T316R
mutation affects ligand binding are based on a truncated NRP1 protein containing
the b1b2 domains only (Parker et al., 2012) and thus do not take into account the
effects of the other domains on the binding behavior of the variant. It is known
that residues in the a1a2 domains are vital for SEMA3A binding (Geretti et al., 2008;
Gu et al., 2002), so it is plausible that in the NRP1-T316R-Fc variant, where the a1a2
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domains are intact, these residues “override” the effect of the T316R mutation
and allow the NRP1-T316R-Fc to continue binding SEMA3A. In line with this is a
second possibility; the T316R mutation has only been described as interfering with
SEMA3F binding (Parker et al., 2012) and although SEMA3A and SEMA3F share
homology (Kolodkin et al., 1993), no data exists to suggest that this mutation
also interferes with SEMA3A binding. It is interesting to note that SEMA3F binds
NRP2 with 10 times more affinity than to NRP1 (Chen et al., 1997), thus one could
speculate that a mutation which interferes with SEMA3F and NRP1 binding (which
is weak in itself) may not have an impact on the ability of SEMA3A to bind. Both of
these viewpoints are supported by our DRG collapse assay results which indicate
that the T316R substitution does not abolish the ability of NRP1 to bind SEMA3A.
There is some inconsistency within the literature as to whether NRP2 and
SEMA3A are able to bind. Early studies showed that NRP2 was unable to bind
SEMA3A (Chen et al., 1997; Takahashi et al., 1998) and that soluble NRP2 receptors
were unable to abolish SEMA3A-induced neuronal repulsion (Chen et al., 1998).
But, more recent data suggests the opposite, namely that NRP2 can indeed bind
SEMA3A and that functional interference with this binding can abolish SEMA3A’s
chemorepulsive action in vitro (Nasarre et al., 2009). Our data corroborates the
latter finding; soluble NRP2-Fc inhibits SEMA3A-induced growth cone collapse in
vitro, surprisingly to a similar extent as NRP1-Fc. An interesting study by Cariboni
and colleagues suggests that redundancy may exist between the two NRPs within
the SEMA3A-signalling pathway (Cariboni et al., 2011), depending on which NRP is
expressed at the site of interest. This is a potential explanation for the SEMA3Aneutralising abilities of NRP2-Fc in vitro, i.e. when soluble NRP2-Fc is present in
excess (compared to membrane-bound NRP1) the SEMA3A will bind preferentially
to the NRP2-Fc and thus will not be able to mediate an effect through the
membrane-bound NRP1.
We set out to characterize the ability of soluble NRP receptors to specifically
modulate SEMA3A-dependent growth-cone collapse. Our results indicate that
four variants (NRP1-Fc, NRP1-Y297A-Fc, NRP1-T316R-Fc and NRP2-Fc) are capable
of neutralizing SEMA3A function in vitro, while NRP1-VEGF-Fc does not function as
a SEMA3A-scavenging molecule. We currently aimed for a 1:1 molar ratio between
the NRP-Fc and the SEMA3A; however it would also be interesting to identify
if SEM3A-dependent growth cone collapse could be completed inhibited by
increasing the ratio of NRP-Fc molecules. To further complete the characterization
in terms of the ability of NRP-Fc to modulate VEGF-signaling, a VEGF-dependent
in vitro assay can be employed. One well-studied assay is the endothelial cell
tube formation assay, a widely used assay to study angiogenesis requiring
administration of VEGF for appropriate tube formation. Using the same approach
as with the DRG assay, mixtures composed of VEGF and the various soluble NRP
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receptors could be applied to the endothelial cells, and various parameters such as
number, length and surface area of the capillary-like structures can be quantified
to obtain a measure of how effectively VEGF availability has been changed due
to the presence of the soluble NRP receptors. Unpublished data from the lab of
Dr. Simone Niclou has already shown that NRP1-Fc is capable of inhibiting VEGFdependent tube formation, supporting the use of this assay to define the VEGFscavenging properties of the remaining soluble NRP receptors.
In conclusion, the SEMA3A-neutralising ability of the various soluble NRP
receptors has been determined, which enables their use in biological scenarios
where neutralizing SEMA3A would be of therapeutic use. However, in vivo scenarios
involve a variety of signaling pathways in which NRPs are involved, which were not
modelled in the in vitro setup. Thus, interpreting the outcomes of using each of the
soluble NRPs in vivo will not be straight-forward; nevertheless we can be confident
that, in vitro, their functions regarding SEMA3A scavenging have been determined.
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