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A Forward Genetic Screen in Mice Identifies Sema3A™'**"

which Binds to Neuropilin-1 but Cannot Signal
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We have performed a three-generation, forward genetic screen to identify recessive mutations that affect the patterning of the peripheral
nervous system. Using this assay, we identified Sema3A*'**N, a novel loss-of-function allele of Sema3A. Class 3 semaphorins, which
include Sema3A, are structurally conserved secreted proteins that play critical roles in the development and function of the nervous
system. Sema3A "N mutant mice phenocopy Sema3A-null mice, and Sema3A *'**N protein fails to repel or collapse DRG axons in vitro.
K108 is conserved among semaphorins, yet the loss-of-function effects associated with K108N are not the result of impaired expression,
secretion, or binding of Sema3A to its high-affinity receptor Neuropilin-1 (Npn-1). Using in silico modeling and mutagenesis of other
semaphorin family members, we predict that Sema3A *'°®N interacts poorly with the Npn-1/PlexA holoreceptor and, thus, interferes with
its ability to signal at the growth cone. Therefore, through the use of a forward-genetic screen we have identified a novel allele of Sema3A

that provides structural insight into the mechanism of Sema3A/Npn-1/PlexinA signaling.

Introduction
During development of the mammalian nervous system billions
of neurons elaborate axonal projections that extend through a
network of neurons and other cell types to connect with their
appropriate synaptic partners. Along their trajectories, axons
must survey the external surroundings and appropriately inter-
pret directional cues provided by the environment. The PNS is an
excellent model system to study the development of axonal pro-
jections and the establishment of neural connectivity. First, many
PNS neurons send extremely long axons to distal targets and in
the process encounter a myriad of cell and tissue types. Second,
the environmental diversity experienced by a single axon during
its pathfinding allows one to study a series of choice points for a
single axon. Third, neurons within a single ganglion often send
their axons to a variety of final targets both in the periphery and
CNS. Finally, most PNS neurons develop early and are, thus,
amenable to visualization in the context of the whole embryo.
Semaphorins are a large, conserved family of both secreted
and integral membrane proteins that canonically act on the
growth cone as guidance cues to control the establishment of
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neural connections. In addition, semaphorins are integral for
multiple aspects of neural development and for the development
and function of other organ systems (Yazdani and Terman, 2006;
Tran et al., 2007; Roth et al., 2009).

Semaphorins share a conserved N-terminal Sema domain but
are otherwise divergent and have been classified into eight fami-
lies on the basis of structure and species (Semaphorin Nomen-
clature Committee, 1999). Generally, a member of the plexin
family of transmembrane proteins serves as the receptor and
transducer of the semaphorin signal. Of the eight families, the
class 3 semaphorins are the only vertebrate secreted semaphorins.
Most members of this secreted subfamily are not capable of direct
functional interaction with a plexin receptor; Sema3E is the only
member that directly binds to a plexin, PlexinD1 (Gu etal., 2005).
Instead, most class 3 semaphorins bind with high affinity to a
neuropilin receptor—either neuropilin-1 (Npn-1) or neuropilin-2
(Npn-2)—transmembrane proteins with short cytoplasmic do-
mains lacking obvious signaling motifs. The Npns directly and
constitutively associate with Plexin signal transducing subunits
(Tran et al., 2007). Thus, a holoreceptor comprised of a Npn and
a Plexin is necessary to transduce intracellular signals for most
class 3 semaphorins (Takahashi et al., 1999; Rohm et al., 2000).
Consistent with this idea, mice with mutations in Npn-1 or Npn-2
receptors (Kitsukawa et al., 1997; Chen et al., 2000; Giger et al.,
2000; Gu et al., 2003) and the Sema3-transducing plexin recep-
tors PlexinA3 or PlexinA4 (Cheng et al., 2001; Yaron et al., 2005)
display phenotypes that in many ways parallel the major defects
observed in mice lacking the ligands.

Here we report an unbiased, genome-wide screen in the
mouse for novel loci that encode proteins that control develop-
ment of connectivity of the PNS. Using forward genetics, we
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have identified several allelic groups with
PNS axonal guidance defects and mapped
these mutant lines to discrete chromo-
somal regions. We describe here one mu-
tant harboring a mutation in Serma3A,
Sema3AX!%*N in which a single amino
acid substitution in the semaphorin do-
main of Sema3A creates a loss-of-func-
tion phenotype. Biochemical analysis of
Sema3A*'% indicates that the K108 resi-
due is critical for Sema3A function but is
not necessary for Sema3A—Npn-1 interac-
tion demonstrating an in vivo role for the
K108 region of Sema3A in transducing
downstream signals independent of bind-
ing to its high-affinity receptor. Analysis
of this novel Serma3A allele serves to define
structural parameters that govern Sema3A
signaling at the growth cone and validates
the power of forward genetic screens to ~ G3
identify factors affecting the growth and de-
velopment of the PNS.

Materials and Methods

N-Ethyl-N-nitrosourea mutagenesis and screen.
To observe recessive mutations, we designed a
three-generation strategy for our mutagenesis
screen (Fig. 1). First, 8- to 10-week-old, male,
C57BL/6 (BL6) mice (F,) were intraperitoneally
injected with 300 mg of N-ethyl-N-nitrosourea (ENU) (1 mg/ml in 95%
ethanol; 0.09 M sodium phosphate; 0.045 M sodium citrate; pH 5) per kg of
body weight. The ENU was delivered in a fractionated dose of 3 X 100 mg/kg
administered weekly. As anticipated, all injected males lost fertility.

F, males that recovered fertility were mated to C3H/He (C3H) fe-
males. All mice in this and in subsequent crosses were of the C3H strain
to generate the genetic diversity necessary for anticipated mapping of
interesting loci. Given that the injected mice were BL6, all mutations
would be carried on this background; thus, to establish linkage between a
phenotype of interest and the BL6 strain, all BL6 contributions to the
cross must be restricted to the injected males. From the series of injec-
tions that we performed, we were able to obtain 164 G, male mice.

Resulting G, males (BL6 X C3H hybrids harboring multiple single
copy mutations) were then mated to C3H females. Of the G, females
produced from this cross, 50% were expected to carry a single copy of any
specific mutation. These G, females were mated to their G, fathers to
produce homozygous mutants at a frequency of 1 in 8 embryos. The
crosses were timed, as measured by morning plug dates, and the G,
embryos were killed, stained, and scored at embryonic day 12.5 (E12.5).
For each G, male, 68 litters or >40 embryos were screened before a
decision was made whether to euthanize or to propagate the line for
further analysis.

Wholemount neurofilament assay. Given the large number of embryos
to be processed for the screen, we needed to develop a method to stain not
just single embryos but entire litters. Moreover, we needed to develop the
ability to process many litters simultaneously. To circumvent these po-
tential problems, we developed a staining assay that allowed us to process
each litter in a single 15 ml conical tube throughout the entire staining
process. Briefly, embryos were fixed overnight in 10 ml 4% paraformal-
dehyde at 4°C. All subsequent washes and incubations were in 10 ml,
shaking, and at room temperature unless otherwise indicated. The next
morning the embryos were washed with PBS for 30 min and then taken
through a series of 2-4 h methanol/PBS dehydrations (50%, 75%,
100%). Endogenous peroxidase activity was quenched with 3% H,O, in
80% methanol/DMSO overnight. The next morning, embryos were
washed in five 1 h incubations of TNT (0.1 mm Tris-base, 0.2 mm NaCl,
0.1% Triton X-100) and then incubated in primary 2H3 supernatant
antibody 1:150 in TNT with 5% DMSO, 2% Sheep Serum (Millipore
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Schematic diagram of the recessive screen for novel alleles affecting neural development. BL6 male mice (810
weeks old) were injected with 3 X 100 mg/kg body weight ENU. F, males that regained fertility were mated to (3H females to
produce G, male mice (lines). Each of these G, males was in turn mated to C3H females to produce G, daughters, some of which are
presumed heterozygous for a given mutation. After crossing the G, females to their G, fathers, recessive mutations were produced
and scored for developmental anomalies.

Bioscience Research Reagents), 5% milk extract, and 0.025% sodium
azide. After 48 h in primary antibody, the embryos were washed using
five 1 h incubations of TNT and then incubated in secondary sheep
anti-mouse HRP-conjugated antibody (Jackson ImmunoResearch Lab-
oratories) 1:300 in TNT with 2% sheep serum. After 36 h of secondary
antibody incubation, the embryos were washed with TBS (0.24 mm Tris-
base, 1.37 mm NaCl, 0.002 mm KCl) for two 30 min incubations and then
overnight in TBS. The following morning, the horseradish peroxidase
reactions were developed with diaminobenzidine and the embryos fixed
overnight in 4% paraformaldehyde at 4°C. The next morning, the em-
bryos were washed with PBS for 30 min and then taken through a series
of 2—4 h methanol/PBS dehydrations (50%, 75%, 100%). To better vi-
sualize the staining, the embryos were cleared in 2:1 benzyl alcohol/
benzyl benzoate.

Genotyping. The Sema allele does not encode a restriction-
sensitive polymorphism; therefore, standard genotyping methods can-
not be used. To assay the mutant versus wild-type single nucleotide
polymorphism (SNP), we used a standard allelic discrimination on ABI
7300 using 2X Jump Start PCR mix (Sigma) to assay the ratio of
the contribution of each allele. The Sema3AX'?*N allele is genotyped
using the following primers: CTTACACAAGGAGAGATGAATGC,
ACGAGAGAAGAGATCACATAGTAG and probes: TGGGCTGGA-
AAAGATATCCTGGTAAGC (wt), TGGGCTGGAAATGATATCCTG-
GTAAGC (mut).

DRG repulsion assay. DRG explants were cocultured in collagen with
293T cells as previously described (Gu et al., 2002, 2003, 2005) with
ligand concentration titrated as described previously (Cheng et al., 2001;
Yaron et al., 2005).

COS cell binding and morphology assays. Sema3A and Sema3A <'%N
binding assays were performed as previously described (Kolodkin et al.,
1997; Gu et al., 2005) with minor variations to a 48- and 96-well format.
Ligands were produced from AP-fusion proteins to both mouse and
human Sema3A. AP-Sema3E and AP-Sema3E*"'°N collapse assays were
performed as previously described (Gu et al., 2005).

Growth cone collapse assay. Growth cone collapse assays were per-
formed using mouse E12.5 DRG explants grown on laminin/poly-p-
lysine-coated coverslips as described previously (Kapfhammer et al.,
2007). Growth cones were visualized by staining with rhodamine-
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phalloidin (Invitrogen) for 1 h then washed and mounted with Vectash-
ield mounting medium (Vector Laboratories).

Results

Recessive screen for axon guidance molecules

To identify novel factors essential for the development of the
PNS, we have developed a three-generation, forward genetic
screen for recessive mutations affecting the patterning and guid-
ance of PNS axonal projections (Mar et al., 2005). First, 8- to
10-week-old, male, C57BL/6 (BL6) mice (F,) were intraperitone-
ally injected with 300 mg of ENU to randomly induce point mu-
tations throughout the mouse genome. The ENU was delivered
in a fractionated dose of 3 X 100 mg/kg administered weekly. As
anticipated, all males lost fertility. Those males that regained fer-
tility were mated to C3H/He (C3H) females to produce BL6:C3H
hybrid G, males (or lines) that are heterozygous for ~32 gene-
inactivating mutations (Justice et al., 1999, 2000; Weber et al.,
2000). To isolate the mutations in the BL6 genome, these G,
males were outcrossed to C3H females to produce G, daughters,
50% of which should also be heterozygous for any given muta-
tion. By mating the G, males to their G, daughters, recessive
mutations can be produced at a frequency of 12.5% (Kasarskis et
al., 1998). To examine the integrity of PNS axonal projections, we
performed a wholemount immunological assay using a mono-
clonal antibody directed against the 165 kDa isoform of neuro-
filament to stain the ganglia and axons of the developing sensory
and motor nervous systems at E11.5-E12 (Fig. 1). By waiting
1.5-2 d later than previous studies (Mar et al., 2005), we are able
to identify mutant mice exhibiting aberrations not only in the
development and position of the ganglia of the PNS, but also in
the growth and guidance of both the central and peripheral ax-
onal projections originating from these ganglia.

Using this approach, we generated and screened 164 G, lines
representing ~5200 gene-inactivating mutations. Five of these
lines (Lines 808, 3329, 687, 3140, and 574) had interesting aber-
rations in the development and patterning of the PNS. Subse-
quently, the genetic lesions associated with each of these
phenotypes were found to segregate in Mendelian ratios and were
localized to discrete chromosomal regions. Each of the five lines
exhibited distinct developmental disorders affecting unique sub-
sets of PNS neuronal populations (Fig. 2). Mutants in Line 808
exhibited extreme defasciculation and exuberant overgrowth of
axons within the ophthalmic branch of the trigeminal ganglia. In
contrast, mutants in Line 3329 displayed dramatic defascicula-
tion of all major peripheral branches of the DRG. This defascicu-
lation observed in Line 3329 was so extreme that, while the major
dorsal and lateral projections form and are distinct, all of the
secondary and tertiary branches are absent. Instead, upon reach-
ing their superficial targets, the axonal projections are splayed out
almost randomly within the dermatome. As with Line 808, the
most severe phenotype in 687 mutants was observed for projec-
tions of the trigeminal ganglia. These mutants derived from Line
687 were identified based on a defasciculation of the ophthalmic
branch of the trigeminal ganglia. Both major branches of the
ophthalmic nerve appeared to form and segregate properly and
also originated as tightly bound fascicles; however, distal to the
initiation point, the axons within the bundle defasciculated, oc-
cupying a more loosely defined tract and eventually spreading
prematurely within the face. In addition, spinal nerves of 687
mutants, although properly formed with respect to orientation,
were underdeveloped. Embryos of Line 3140 had significantly
underbranched and underdeveloped spinal nerve axons. Last, the
cell bodies of the dorsal root ganglia in Line 574 mutants were
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Figure 2.  Wholemount neurofilament assay reveals several interesting allelic groups. Mu-
tant and control embryos stained with wholemount neurofilament and examined at E11.5.
Arrowheads indicate aberrant axonal projections in the mutants.

improperly positioned along the anterior—posterior (A-P) axis of
the embryo. In general, the cell bodies of these neurons are nor-
mally located adjacent to the spinal column and coalesce to form
ganglia in a regular, metameric pattern with each ganglion occu-
pying a specific dermatome. In 574 mutants, however, the ganglia
were not regularly spaced and often fused. The most anterior
ganglia, specifically the cervical ganglia, were largely spared; how-
ever, all of the ganglia posterior to these seven ganglia were found
to be abnormal in all 574 mutants examined. Thus, our wholem-
ount assay allowed us to simultaneously assess the proper devel-
opment of a wide array of ganglia and their projections, resulting
in phenotypes limited to single ganglia as well as those with def-
icits in a large collection of ganglia. Moreover, our screen allows
us to identify interesting phenotypes affecting the development
of the PNS at a frequency of ~1/32 G, lines.

Line 808 mutants exhibit severe defasciculation of trigeminal
ganglia and DRG axons

Mutants in Line 808 exhibited extreme defasciculation and exu-
berant overgrowth of axons within the ophthalmic branch of the
trigeminal nerve. Compared with their littermate controls, oph-
thalmic branch axons in mutant embryos grew past their appro-
priate targets and extended farther anterior into the head of the
embryo (Fig. 3A). In addition, the spinal nerves in these mutants
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were defasciculated and overgrown within
their target fields. Last, sensory and motor
projections of the limb within the ulnar
and radial nerves were found to extend
beyond their appropriate targets, travel-
ing in bundles that were disorganized and
defasciculated. These phenotypes were
robust, completely penetrant and expres-
sive and were easily scored for the purpose
of genetic mapping.

Line 808 is a novel allele of Sema3A
The defasciculated ophthalmic branch
phenotype segregated in Mendelian ratios
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via backcrossing to C3H mice. Given the
similarity of phenotypes observed among L
Line 808 and Sema3A mutants (Behar et
al., 1996; Taniguchi et al., 1997) and in a
mutant allele of the Sema3A receptor,
Npn-1, that is incapable of binding Sema3A
(Guetal., 2003), we first checked for link- (|
age within regions of the mouse genome ,’ ‘
that contain these genes: proximal chro-
mosome 5 and distal chromosome 8, re-
spectively. Using PCR polymorphisms,
Npn-1 was eliminated and linkage was
instead established to a large (~25 Mb)
chromosomal region containing several
class 3 semaphorins (between D5SMIT346
and D5MIT148; Fig. 3B).

Additional polymorphisms contained
in this region of chromosome 5 allowed us
to identify a smaller region between
rs3714258 and rs6404215 (<2 Mb) that
contains Serna3A and in which no recombinants were observed
(Fig. 3B). This clearly established Serma3A as an excellent candi-
date for the Line 808 gene; thus, we sequenced all of the coding
exons of Serma3A. DNA was amplified from two mutants and also
from BL6 DNA as a control. The mutant locus was found to
contain a single base pair substitution in the end of exon 3 coded
by 324A>T (Fig. 3C). This nucleotide change results in a single
amino acid substitution, K108N, located in the Sema domain of
Sema3A (Fig. 3D). To verify that this amino acid substitution was
indeed responsible for the phenotypes we observed in this mutant
line, we crossed Sema3A heterozygotes (Sema3A™™) (Behar et
al., 1996) with the Sema3A 1N mouse line to obtain embryos
that were Sema3A™ "N Indeed, in these trans-heterozygous
embryos we observed the same ophthalmic nerve phenotype found
inSema3A™’~ and, mostimportantly, in Sema3AX NN mytant
embryos (Fig. 3E). Interestingly, homozygous Serma3AX!0¥N/KI0SN
mice are viable, survive into adulthood, and are fertile when main-
tained in a C3H genetic background. Two null alleles of Semna3A
have been made—one (Behar et al., 1996) was found to be embry-
onic lethal and the other (Taniguchi et al., 1997) to be adult viable.
These lines have been propagated in different backgrounds suggest-

mutant

Figure 3.

tion phenotype.

Sema3A 324 A>T

SemasA-/K108N

COOH

Sema3A K108N

Line 808 harbors a novel allele of Sema3A. A, Wholemount neurofilament staining of 808 mutant and control
embryos showing the region of the face containing the trigeminal ganglia and the projections of the ophthalmic branch.
B, Schematic diagram of the chromosomal region found to contain the mutation in Line 808, the markers used to diagnose linkage,
and the frequency of recombination observed at those markers. €, Sequence data highlighting the mutation Sema3A 324A>T
observed in 808 mutants compared with BL6 wild-type DNA. D, Schematic diagram of Sema3A. The 808 point mutation induces a
single amino acid substitution K108N in the Sema domain of Sema3A. E, Sema3A*"®" fails to complement the null allele. Neuro-
filament staining of E11.5 embryos from a Sema3A transheterozygous cross. Sema3

A~ /41% embryos also display a defascicula-

ing that this variation is due to the genetic background of the inbred
mouse strains.

In vitro analysis of Sema3A K108N function

Based on the similarity between Sema3A*'**N mutant embryos
and age-matched Serma3A-null mutant embryos, we assayed the
ability of Sema3A *'%*N to function as a repulsive guidance cue in
vitro. Alkaline phosphatase fusion proteins with mouse Sema3A
and mouse Sema3AX%®N (AP-Sema3A and AP-Sema3AX18N,
respectively) were overexpressed in 293T cells and cocultured in a
collagen gel matrix with wild-type DRG explants (Messersmith et
al., 1995; Yaron et al., 2005). Both fusion proteins were highly
expressed in 293T cells and were secreted, suggesting that K108N
does not grossly affect the expression, stability or secretion of the
ligand. Using this assay, all dilutions of AP-Sema3A-expressing
cells tested repelled DRG axons on the proximal side of the gan-
glia (Fig. 4A-C,G,H). In contrast, DRG explants show very little
responsiveness to Sema3A X% [proximal to distal (P/D) ratio,
Sema3A 0.1 * 0.04, Sema3A N 059 + 0.11, p < 0.001, Stu-
dent’s rtest] (Fig. 4 D-F,H ). Ata 1:8 dilution of ligand-expressing
cells, Sema3A (Fig. 4C,H) still repels DRG axons (P/D ratio
0.68 = 0.1, p < 0.001, Student’s ¢ test), however Sema3A K108N
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Sema3A ¥1%8V is deficient in DRG axonal repulsion and growth cone collapse in vitro. A-C, Coculture of DRG explants
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Sema3A ™M is greatly impaired in its
ability to repel axons and collapse the ac-
tin cytoskeleton of DRG sensory neuron
growth cones.

Receptor binding capacity of

Sema3A K108N

Given the in vivo loss-of-function pheno-

type and the failure of Sema3A™'**N to

induce axon repulsion and growth cone
I collapse in vitro, we sought to test the role
of the K108N substitution on the ability of
Sema3A to function as a ligand. To deter-
mine whether Sema3A™'®N could bind
Npn-1, its high-affinity binding partner in
the holoreceptor complex, AP-Sema3A or
AP-Sema3A ¥'%N_containing media was
AP applied to COS-1 cells overexpressing Npn-1.
Strikingly, we observed no apparent differ-
ence in the level of AP-Sema3A-Npn-1 and
AP-Sema3A*'°*N_Npn-1 binding using
this assay (Fig. 5A). To determine whether
there were more subtle differences be-
tween AP-Sema3A and AP-Sema3A<'**N
binding to Npn-1, we quantified the
amount of bound ligand as a function of
concentration of ligand applied to uni-
formly transfected COS-1 cells (Gu et al.,
2005). Again, we were unable to observe a

u AP Control
u Sema3A

Sema3AKIo8N

% 80 % I I difference between AP-Sema3A and AP-
e P i § Sema3A'**N binding to Npn-1 (Fig. 5B).
§ 60 I « AP Control The sensitivity of this assay does not allow
% 40 " I = Sema3A us to rule out very subtle differences in
3 ; 1 Sema3AK108N binding between AP-Sema3A-Npn-1 and
520 I I I l L B ! AP-Sema3A X' ®N_Npn-1, but it does in-
g - dicate that these molecules are capable of
S0 oo 0.1 1 0 (W) binding Npn-1 with comparable affini-

ties. Additionally, we compared the ability
of AP-Sema3A and AP-Sema3AX'*®N to

with different dilutions of Sema3A transfected cell aggregates. D—F, Coculture of DRG explants with different dilutions of
Sema3A X198 transfected cell aggregates. G, DRG axon outgrowth in the presence of AP control construct transfected cell aggre-
gates. H, Quantitation of P/D outgrowth ratios for explants cocultured with different dilutions of Sema3A and Sema3A "%V, At all
three tested dilutions, Sema3A %" showed a statistically significant difference from Sema3Ain its effects on DRG axon repulsion
(p << 0.001, Student’s t test). /=K, Morphology of DRG growth cones after exposure to 1 nm AP control, Sema3A or Sema3A K1%%
medium for 30 min. L, Quantitation of the dose-dependent collapse of DRG growth cones in response to AP control, Sema3A and
Sema3A X% Percentage of collapsed growth cones are shown. Sema3A ' does not collapse DRG growth cones at concentra-
tions of 0.01,0.1and 1 nm ( p > 0.05, Student’s ¢ test), and shows significant differences compared with Sema3A at all concen-
trations tested ( p << 0.01, Student’s ¢ test). All experiments were repeated three times, each time using at least four explants; for
growth cone collapse, ~100 growth cones were counted from each of at least four separate explants. Representative images are

bind to endogenous receptor complexes
expressed on the surface of cultured DRG
neurons. In contrast to findings in the
COS cell binding experiments, we ob-
served a modest, 35% reduction in surface
labeling of AP-Sema3A®'%*N compared
with AP-Sema3A (Fig. 5C). Thus, AP-
Sema3A ¥!%*N binds normally to Npn-1 but
is impaired in its ability to engage receptor

shown. Scale bars: A-G (in G), 200 m; I-K (in K), 20 m.

does not (Fig. 4 F,H) (P/D ratio 0.96 * 0.08, p > 0.05, Student’s
t test). Furthermore, similar results were observed with respect
to DRG growth cone collapse. DRG explants from E12.5
mouse embryos were incubated with medium containing AP
(Fig. 41), Sema3A (Fig. 4]) or Sema3A K108N (Fig. 4K) at concen-
trations of 0.1, 1.0 or 10.0 nm (Fig. 4 L). While all concentrations
of Sema3A led to robust collapse of DRG neuron growth cones,
Sema3A *'%*N did not induce growth cone collapse at concentra-
tions of 0.1 or 1.0 nm (collapsed growth cone Sema3A XN 27 +
8%, AP control 23 * 4%, p > 0.05, Student’s ¢ test). Even at a very
high concentration of 10 nm, Sema3A XN induced only ex-
tremely modest growth cone collapse (Sema3AX'**N 38 + 8%,
AP control 25 * 4%, p < 0.05, Student’s f test). Thus,

complexes expressed on the cell surface of
DRG sensory neurons.

In silico modeling of K108 in semaphorin signaling

K108 is conserved among all members of the class 3 secreted
semaphorins (Fig. 6A) and among all known plexin-binding
semaphorins but is not found in Sema7a, which interacts with
integrins and may not signal through a plexin (Fig. 6 B). Thus, we
used the crystal structure of Sema3A (Antipenko et al., 2003) to
evaluate the function of K108 in silico. K108 (blue) is found in an
interblade helical insertion between blades 1 and 2 and is present
on the surface of Sema3A (Fig. 7A). The side chain nitrogen of
K108 (blue) is not within salt-bridge or hydrogen bond donor
distance of any typical acceptor. Instead, K108 packs the aliphatic
portion of its side-chain against the aromatic side-chains of F137



5772 - ). Neurosci., April 21,2010 - 30(16):5767-5775

and F194 (yellow), from blades 2 and 3 of
the propeller, respectively (Fig. 7B). The
interblade insertion is internally stabilized
by a disulfide bond (red C103-C114; Fig.
7B); therefore, any perturbation caused by
mutation of K108 is likely to be local
rather than global. Indeed, computational
analysis of the K108N mutation predicts
that the point mutation would be energet-
ically favorable (AAG = 1.49 kcal/mol)
(Parthiban et al., 2006). Mutation to as-
paragine could function by altering the
precise orientation of the basic nitrogen at
the end of K108. Alternatively, K108
could contribute to the interaction sur-
face between the interblade insertion and
the core Sema domain, and K108 may
function in a global sense as a “snap” to
orient the interblade insertion in a fixed
conformation with respect to the rest of
the protein.

Sema3A*'%*N maintains high affinity
binding to Npn-1 yet is greatly impaired
in its ability to signal for growth cone col-
lapse, suggesting that K108 may be an
essential residue for the secondary sema-
phorin—plexin interaction within the
holoreceptor complex. Antipenko et al.
(2003) used sequence conservation pat-
terns and mutagenesis to identify a region
of Sema3A necessary for its interaction
with Npn-1. The identified site overlaps
with the semaphorin dimerization region
but is distant from K108, making direct
interaction between K108 and the major
binding partner of the holoreceptor com-
plex unlikely. However, regions of blade 3
may function as specificity determinants
for direct plexin—semaphorin interactions
in other secreted semaphorins. Interest-
ingly, with a segment of the sema domain
containing K108 was previously shown to
impart specificity to secreted semaphor-
ins (Koppel et al., 1997). K108 is adjacent
to blade 3—K108 directly contacts F194
from this region—suggesting that the
K108N substitution disrupts a plexin—
semaphorin interaction in the context of
the functional neuropilin—plexin—sema-
phorin complex (Fig. 8).

K108 signaling in other class

3 semaphorins

Given that the K108 residue is essential for
Npn-dependent semaphorin signaling,
we experimentally tested whether K108
functions as an essential part of the ligand—
receptor interaction surface of other
semaphorins. To investigate this possibil-
ity, we induced homologous substitutions
in a Npn-dependent class 3 semaphorin
(Sema3F*'%™) and in a Npn-indepen-
dent class 3 semaphorin (Sema3E*!'''Y),
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Figure5. Sema3Aand Sema3A "% exhibit similar binding affinities to Npn-1. 4, C0S-1 cells transfected with Npn-1, or mock
transfected, and incubated with AP-Sema3A or AP-Sema3A 1%V, Enzymatic detection of binding indicates that at 1 nm concen-
trations both ligands bind to the transfected cells, but not to the untransfected cells, with comparable affinity. B, Graphical
representation of the amount of AP-Sema3A or AP-Sema3A X" hound to C0S-1 cells transfected with Npn-1 as a function of the
amount of ligand applied. €, Differences between levels of AP-Sema3A and AP-Sema3A %" binding to dissociated DRG neurons
grown in culture. Dissociated DRG neurons were incubated with AP control ligand, AP-Sema3A or AP-Sema3A 1% (1 nw). Results
shown are averages and SEM of three independent experiments. The background AP control ligand binding levels were <<14%
that of Sema3A ligands, and were subtracted from the values for AP-Sema3A and AP-Sema3A¥1%®: 1U = change 0D ,4s/h.
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Figure 6.  K108N is conserved between all secreted and plexin-binding semaphorins. 4, ClustalW alignment of class 3 sema-
phorins showing K108 (red highlight) conserved among all family members. B, ClustalW alignment of vertebrate semaphorins
showing K108 (red highlight) conservation among all family members excluding Sema7a. This conservation extends to inverte-
brate semaphorins (data not shown).
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Figure 7.

disulfide bond (red).
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Figure8.  K108Nisremote from the Npn-1 binding site of Sema3A but near to the predicted

plexin-binding region of the protein. Surface features of Sema3A reveal the location of K108
(blue) relative to the known semaphorin dimerization and Npn binding loops (yellow and red)
and predicted blade 3 plexin interaction surface (green).

Using AP fusion proteins, we assessed the effect of these mutations
on the ability of these ligands (AP-Sema3F*'®N and AP-
Sema3E"''"N) to bind their high-affinity receptors, Npn-2 and
PlexinD1, respectively. We observed no difference in the ability of
AP-Sema3F or AP-Sema3F*'*N to bind COS-1 cells transfected
with Npn-2. Furthermore, we observed no difference in the abil-
ity of AP-Sema3E and AP-Sem3E*'"'° to bind to COS-1 cells
transfected with PlexinD1.

We then tested the ability of the mutant secreted sema-
phorin proteins to activate downstream signaling. To this end,
SCG explants from postnatal day 1 (PN1) mice were dissected
and cocultured with cell aggregates transfected with either

K108N is located in an interblade insertion and directly contacts the core Sema domain. A, K108 (blue) is within an
insertion located between blades 1and 2 of Sema3A and oriented parallel to one face of the Sema domain (PDB = 1Q47). B, K108
interacts with F137 and F194 (yellow) from blades 2 and 3, respectively. Additionally, the interblade insertion is stabilized by a
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wild-type Sema3F or mutant Sema3F for
72 h (Fig. 9). The response of SCG axons
to Sema3F*'%N (Fig. 9C) is significantly
abrogated compared with Sema3F (Fig.
9B) (P/D ratio, Sema3F 0.18 = 0.05,
Sema3FX'%N 0,96 + 0.07, p < 0.001, Stu-
dent’s ttest). Similar to AP—control trans-
fected cell aggregates, Sema3F*'*N cell
aggregates do not repel axons of SCG ex-
plants (Fig. 9A,C) (P/D ratio, AP control
0.98 = 0.11, p > 0.05, Student’s t test).
Next, we tested the possibility that mutant
AP-Sema3E is able to bind PlexinD1 but
not activate the PlexinD1 receptor, by as-
saying the ability of AP-Sema3E""'"N to
induce collapse in PlexinD1-expressing
COS-7 cells (Gu et al., 2005). Strikingly,
mutant Sema3E potently induced COS-7
cell collapse. We observed no difference in
the ability of either AP-Sema3E or AP-
Sema3E*!"'°N to induce collapse in COS
cells when 0.1, 0.5 or 1 nM concentrations
were incubated with the cells transfected
with PlexinD1 (Fig. 9E). Thus, the residue
corresponding to Sema3A K108 is essen-
tial for Npn-dependent signaling but is
dispensable for Npn-independent signal-
ing. These data support the idea that the
conserved region containing K108 is a sec-
ondary semaphorin-plexin binding site in
the holoreceptor complex.

Discussion
The connectivity of the adult nervous system underscores the
complexity of processes necessary to establish this pattern. The
number of cell-intrinsic and extrinsic factors required for neural
development is large. Current tools of molecular biology and
genomics allow us to survey the entire transcriptional profile of
single cells allowing for a catalog of all the genes expressed in a
particular cell type throughout the course of development to be
determined. This list can be culled into interesting candidates,
and animals genetically mutant at each of these independent loci
can be created. Yet, the task of surveying each cell type and cre-
ating thousands of animals is daunting, particularly given that
only a small subset of the genome is likely to be involved in any
one specific process. As an alternative to candidate-based ap-
proaches for surveying developmental effectors, a phenotype-
based, forward genetic approach can be used to survey the
contribution of both spontaneous and induced mutations to-
ward a developmental event.

We have designed and implemented a forward genetic screen
to identify novel alleles critical for the developing PNS. Using a
wholemount assay to label PNS neuron axons, we have identified
several allelic groups with a wide array of phenotypes each affect-
ing subsets of neurons. With each G, mouse line, we anticipated
the capacity to screen ~32 novel inactivating mutations. Thus,
for 164 lines generated and screened using our assay we sampled
the roles of ~5248 gene-inactivating mutations within the devel-
oping mouse embryo. These mutations are random and can
include multiple sampling events within the same locus. None-
theless, we have recovered interesting phenotypes in 5 of 164 of
our G, lines. We mapped each of these phenotypes to small chro-
mosomal regions and observed clear segregation according to
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Mendelian ratios. Our analysis of mice A
exhibiting these aberrant phenotypes un-
covered mutations in previously unchar-
acterized genes as well as interesting
mutations in genes encoding known axon .

guidance molecules. Using this screen, we \
identified Sema3A®'*N, a novel loss-of- '
function allele of Serma3A. Mice harboring o s
the Sema3AX'%N allele are homozygous ’

viable but share guidance deficits within
the PNS that are comparable to those ob-
served in homozygous embryos in Sema3A-

AP_ Control|| B Sema3sF

null alleles (Behar et al., 1996; Taniguchi C
etal., 1997). Previous characterized alleles
of Sema3A vary with respect to viability,
and these effects are likely the result of
variation in mouse genetic background
(Taniguchi et al., 1997). Sema3AX'%N
mutants, like both Sema3A-null mutants,
have exuberant overgrowth of the sensory
neurons within the developing DRG and
the trigeminal ganglia.

Sema3AX!%*N encodes a mutant form
of Sema3A that is stable and secreted.
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Given the robust loss-of-function pheno-
types seen of Sema3AX' N mutants, it was E 90 -
surprising to find that Sema3A™'%*N re-

tains its ability to bind with high affinity to 80 -
its receptor Npn-1 in vitro. Indeed, in
silico modeling suggests that K108 is distal
to the site of Sema3A—Npn-1 interaction.
Instead, we suggest that K108 is an essential
component of a Sema3A-Plexin interac-
tion site. Further experiments are needed
to compare and contrast the semaphorin—
plexin interaction surfaces in both Npn-
independent and -dependent systems. It is
possible that two distinct surfaces on the
semaphorin exist, representing high- and
low-affinity sites, that mediate Npn-
independent and -dependent binding to 10 ~
plexins, respectively. Alternatively, it is

possible that the high-affinity semaphorin— 0i 5
plexin interaction site in Npn-independent
systems is simply an extended version of a
secondary low-affinity site found in Npn-
dependent semaphorins. This second
possibility seems likely given that K108 is
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Figure9. Sema3F¥1*V

is unable to repel SCG axons whereas Sema3
A-C, Coculture of SCG explants with COS cell aggregates transfected with indicated constructs. D, Quantitation of P/D axon
outgrowth ratio in SCG explants. Sema3

B AP control
W AP-Sema3E
OAP-Sema3E K110N
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EXT1%js able to collapse PlexinD1-expressing C0S-7 cells.

F¥199N showed a significantly reduced ability to repel SCG axons in vitro compared with

conserved not only among all members of  gema3r (p < 0.001, Student’s ¢ test). All experiments were repeated twice, each time with at least 3 explants. E, C0S-7 cells
the class 3 secreted semaphorins but among  transfected with expression vectors encoding EGFP and PlexinD1 were incubated with AP control ligand (AP alone), AP-Sema3E or
all known plexin-binding semaphorins. In-  AP-Sema3E """, Treatment of cells with either AP-Sema3E or AP-Sema3E*""™ led to collapse of COS-7 cells. Representative
terestingly, K108 is not found in Sema7a,  images of SCG explants are shown. Scale bar: A=C (in €), 200 um.

which signals guidance responses via inter-
actions with integrins.

In addition to providing insights into the possible site of
sema—plexin interaction within the holoreceptor complex,
Sema3A®'®®*N may provide an interesting mouse model in which
to study Sema3A plexin-independent developmental events. Pre-
vious studies have proposed a Sema3A-Npn-1-L1 receptor com-
plex critical for the development of DRG projection and neurons
of the developing cortex. It is possible that comparisons between
Sema3A®' %N and Sema3A-null alleles might further elucidate the
role of L1 in semaphorin signaling.

In conclusion, we have identified a novel allele of Sema3A,
Sema3AX""*N which abolishes Sema3A signaling in vivo. Our in
vitro analysis suggests that this amino acid substitution does not
globally affect the expression or stability of the protein. More-
over, Sema3A *'**N appears to be able to bind its receptor, Npn-1,
with high affinity. We hypothesize that K108N alters the inter-
blade region between blades 1 and 2 of the Sema domain and
affects the ability of the mutant Sema3A to interact with PlexinA
in the Npn-1-PlexA holoreceptor complex. Thus, this novel
Sema3A allele establishes a new mouse model system for under-
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standing the roles of Sema3-Npn-1-Plexin signaling during
mouse development and in the adult.
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