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LGI1 Is a Nogo Receptor 1 Ligand that Antagonizes
Myelin-Based Growth Inhibition
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Mutations in leucine-rich glioma inactivated (LGI1) are a genetic cause of autosomal dominant temporal lobe epilepsy with auditory
features. LGI1 is a secreted protein that shares homology with members of the SLIT family, ligands that direct axonal repulsion and
growth cone collapse, and we therefore considered the possibility that LGI1 may regulate neuronal process extension or growth cone
collapse. Here we report that LGI1 does not affect growth directly but instead enhances neuronal growth on myelin-based inhibitory
substrates and antagonizes myelin-induced growth cone collapse. We show that LGI1 mediates this effect by functioning as a specific
Nogo receptor 1 (NgR1) ligand that antagonizes the action of myelin-based inhibitory cues. Finally, we demonstrate that NgR1 and
ADAM?22 physically associate to form a receptor complex in which NgR1 facilitates LGI1 binding to ADAM22.

Introduction

Leucine-rich glioma inactivated 1 (LGI1) is a secreted leucine-
rich repeat (LRR) protein expressed in the developing and adult
CNS (Head et al., 2007; Ribeiro et al., 2008). LGI1 and its ho-
mologs (LGI2-4) each contain four N-terminal LRR domains
and a C-terminal epitempin domain and LGI1 has been shown to
specifically bind cell surface receptors on PC12 cells, cortical neu-
rons and cerebellar granule neurons (Fukata et al., 2006; Sirerol-
Piquer et al., 2006). The gene encoding LGI1 is mutated in
patients with autosomal dominant lateral temporal epilepsy
(ADLTE) (Kalachikov et al., 2002; Morante-Redolat et al., 2002)
and, to date, all of the ADTLE causative mutations identified in
LGII result in retention of the protein in the endoplasmic retic-
ulum and prevent LGI1 secretion (Senechal et al., 2005; Sirerol-
Piquer et al., 2006). Therefore, extracellular LGI1 plays a crucial
role regulating neuronal circuits in the intact human brain.

The precise function of LGI1 remains uncertain. An initial
proteomic analysis suggested that LGI1 associates with Kvb
(Schulte et al., 2006), a cytoplasmic regulatory protein that is a
component of the Kvl (shaker-type)-potassium channel com-
plex but how secreted LGI1 gains access to this cytoplasmic pro-
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tein remains unknown. Another proteomic study identified the
transmembrane proteins ADAM22 and ADAM?23 as LGI1 recep-
tors and suggested that LGI1 modulates synaptic function by
stabilizing levels of cell surface AMPA receptors (Fukata et al.,
2006). More recently, Zhou et al. (2009) reported that LGI1 plays
arole in the pruning and maturation of excitatory synapses in the
hippocampus.

The LGI proteins are members of a superfamily of secreted
LRR family members and within this group, the closest LGI1
homologs are Slit proteins, secreted ligands that bind Robo re-
ceptors to mediate axonal repulsion and growth cone collapse
(Dolan et al., 2007). The structural relationship between LGIs
and Slits raised the possibility that LGI proteins may also regulate
neuronal growth or repulsion. We tested this hypothesis and
show here that LGI1 enhances growth of neurons plated on
growth-inhibitory substrates, such as myelin and Nogo66, and
demonstrate that LGI1 blocks growth cone collapse induced by
myelin. These data led us to test whether LGI1 binds a compo-
nent of a myelin-derived growth inhibitor receptor complex and
consistent with this, we report that LGI1 is a specific ligand for the
NgR1 Nogo receptor and that LGI1 and Nogo66 compete for an
overlapping binding site on NgR1.

Since ADAM?22 has recently been identified as a LGI1 receptor
(Fukata et al., 2006), we considered the possibility that NgR1 and
ADAM22 associate to form an LGI1 binding moiety. We show
that NgR1 and ADAM22 are physically associated in intact brain
and in overexpression paradigms and we demonstrate that NgR1
expression facilitates the interaction of LGI1 with ADAM22. We
conclude that LGI1 is an endogenous antagonist of myelin-based
inhibitors that binds the NgR1 receptor and show that NgR1 and
ADAM?22 collaborate to form a functional LGI1 binding moiety.
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Materials and Methods

Cell culture, plasmids, and generation of conditioned media. HEK293T and
COS7 cells were maintained as described by Boutilier et al. (2008) and
HEK293E cells were maintained as described by Durocher et al. (2002).
Secreted alkaline phosphatase (AP), AP-LGI1, and AP-Nogo66 were pro-
duced in HEK293E cells and normalized for molar concentrations
(Flanagan and Cheng, 2000). To produce biotinylated LGI1, LGI1 cDNA
was tagged with a biotin acceptor peptide at the N terminus, carboxy to
the signal peptide, and then cotransfected with secreted BirA in
HEK293T cells to produce biotinylated LGI1. To deplete LGI1 from
conditioned media, the media was dialyzed (Tris, pH 8.0, 150 mm NaCl)
to remove free biotin and then biotinylated proteins were captured using
streptavidin beads, as directed by the manufacturer (Pierce). For produc-
tion of Fc-NgR1, the NgR1 open reading frame was amplified by PCR
and ligated into a vector containing a secreted N-terminal Fc fusion tag.

Pullouts and immunoblotting. 293T cells overexpressing Fc or Fc-NgR1
were lysed in Nonidet P40 buffer (Boutilier et al., 2008) and incubated
overnight with protein A-agarose at 4°C, washed extensively, then incu-
bated with biotinylated-LGI1 and AP media overnight at 4°C. Bound
proteins were eluted using sample buffer and analyzed by SDS-PAGE and
immunoblotting (Boutilier et al., 2008) using anti-LGI1 (Santa Cruz
Biotechnology, #SC-9583), anti-biotin (Jackson Laboratories #200-002-
096), anti-ADAM?22 (University of California, Davis/National Institutes
of Health NeuroMab Facility, #75-083), or anti-NgR1 (R&D Systems,
#AF1440).

AP binding assays. For qualitative assays, COS-7 cells were seeded on
poly-L-lysine-coated plates, transfected using Lipofectamine 2000 (In-
vitrogen) and 2 d later, exposed to AP or AP-LGI1 conditioned medium
for 90 min at room temperature. Subsequent steps were performed as
described by Boutilier et al. (2008). Qualitative binding assays were per-
formed in a similar manner except that transfected 293T cells were used
and cells were plated on poly-L-lysine-coated 96 well plates.

DRG growth cone collapse and neurite outgrowth assays. For DRG
growth cone collapse, E13 DRG explants were plated overnight on
laminin-coated chamber slides, then incubated with LGI or control con-
ditioned media for 1 h and then exposed to myelin (Igarashi et al., 1993)
for 30 min. Cultures fixed in 4% PFA/20% sucrose were permeabilized
and stained with rhodamine-conjugated phalloidin. Growth cones were
considered collapsed if they showed no lamellipodial structures or an
actin-rich bulbous end. For CGN outgrowth assays, neurons were pre-
pared from P8 Sprague Dawley rats and plated on wells coated with
poly-L-lysine and myelin. After 24 h in culture, cells were fixed with 4%
PFA, permeabilized, and stained with anti-bIII tubulin antibody
(Covance) and Hoechst 33342 (Sigma) to reveal neurites and nuclei,
respectively. Neurite outgrowth lengths per cell were assessed using the
Neuron] plug-in as described previously (Fournier et al., 2003). For DRG
outgrowth assays, neurons were prepared from P5 Sprague Dawley rats
and plated on poly-L-lysine-coated chamber slides coated with GST or
GST-Nogo66 (GrandPré et al., 2000). Outgrowth was measured using
the neurite outgrowth module of MetaXpress (Molecular Devices).

Results

LGI1 inhibits myelin-induced growth inhibition and growth
cone collapse

To determine whether LGI1 affected neuronal growth, we first
asked whether LGI1 affected neurite outgrowth from postnatal
day 8 (P8) rat cerebellar granule neurons (CGNs) plated on dif-
ferent substrates. LGI1 did not alter outgrowth of CGNs plated
on poly-L-lysine but intriguingly, LGI1 consistently potentiated
neurite outgrowth of CGNs plated on a range of myelin concen-
trations (Fig. 1A). We next asked whether LGI1 altered growth
cone collapse of embryonic day 13 (E13) chick dorsal root gan-
glion (DRG) sensory neurons. Collapse was induced using in-
creasing doses of soluble myelin in the absence and presence of
control- or LGI1-containing conditioned media. LGI1 did not
change the incidence of collapsed growth cones in control con-
ditions but was a potent antagonist of growth cone collapse in-
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Figure 1. Myelin-induced growth cone collapse and neurite outgrowth inhibition is antag-

onized by LGI1. A, P8 rat CGNs plated on the indicated concentrations of myelin were main-
tained in normal media or in media conditioned by 293T cells that had, or had not, been
transfected with an LGIT expression plasmid, as indicated. B, Representative images of E13
chick DRG neurons incubated for 1 h in the presence of the indicated conditioned media then
exposed to either PBS or soluble myelin (100 w.g/ml) for 30 min. For depletion, media were
preincubated with streptavidin agarose beads to remove metabolically biotinylated LGI1 (see
Materials and Methods). €, Quantification of DRG neuron growth cone collapse. Neurons were
exposed to increasing amounts of myelin in the presence of the indicated conditioned media.
For A and C, statistical differences between groups was established using two-way ANOVA
followed by Bonferonni post hoc tests (*p << 0.05, **p << 0.01, ***p < 0.001).

duced by myelin (Fig. 1 B). The LGI1 produced for these assays
was engineered such that it was metabolically tagged with biotin
(see Materials and Methods) and to confirm that LGI1 mediated
these effects, streptavidin-agarose was used to deplete LGI1 from
conditioned media. Figure 1, B and C, shows that LGI1-
containing media attenuated growth cone collapse whereas
LGI1-depleted media did not. We conclude that LGI1 antago-
nizes myelin-induced neurite outgrowth in CGNs and growth
cone collapse in DRG sensory neurons.
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Figure 2.  LGI1 binds NgR1 but not NgR2 or NgR3. A, The indicated cDNAs were transfected
into COS7 cells and binding of AP-LGI1 to cell surfaces was tested 48 h later, as described in
Materials and Methods. AP-LGI1 showed robust binding to NgR1 but did not bind Lingo1 or
p75NTR. B, To confirm cell surface expression of receptor components, p75NTR, LINOT and NgR1
were transfected into C0S7 cells and, 48 h later, cell surfaces were biotinylated, subjected to
streptavidin pullout and then immunoblotted asindicated. C, Saturation curve of AP-LGI1 bind-
ing to NgR1-expressing 293T cells. Data shown are aggregated mean values from three inde-
pendent experiments; K, value of 10.6 was calculated from nonlinear best fit regression.
D, Interaction between AP-LGIT and myc-tagged NgR1, NgR2 and NgR3. Upper row shows
binding to AP-LGI1, middle row shows binding to AP alone and bottom row confirms NgR
expression using anti-myc staining of nonpermeabilized cells. £, Binding of AP-LGI1 to NgR1,
ADAM22 and ADAM23 was assessed in transfected COS7 cells, as indicated.
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Figure 3.  LGI1 and Nogo66 compete for the same binding site on NgR1. A, Fc or Fc-NgR1
fusion proteins were bound to protein A beads, extensively washed, and then incubated with
purified LGI1. After extensive washing, proteins bound to beads were eluted and analyzed by
immunoblot, as indicated. Purified LGI1 bound Fc-NgR1 but not Fc alone. The position of Fc-
NgR1 is indicated by a single arrowhead, Fc is indicated by a double arrowhead. B, Fc-NgR1
fusion proteins bound to protein A beads were incubated with purified LGI1 in the presence of
AP alone, AP-LGIT or AP-Nogo66. After extensive washing, proteins bound to the protein A
beads were eluted and analyzed by immunoblot, as indicated. C, P5 rat DRG neurons were
grown on GST or GST-Nogo66 in the absence or presence of purified LGI1 (5 nm). For C, statistical
differences between groups was established using Student’s  tests (*p << 0.05, **p << 0.001).

AP-LGI1 binds to the surface of COS7 cells

overexpressing NgR1

Growth-inhibitory molecules that are present in myelin include
Nogo66, myelin-associated glycoprotein (MAG) and oligoden-
drocyte myelin glycoprotein (OMgp) and we postulated that
LGI1 may antagonize these ligands’ interaction with the myelin-
derived growth inhibitor receptor complex. Components of this
receptor complex include NgR1, the p75 neurotrophin receptor
(p75NTR) and Lingo1 and we asked whether LGI1 bound any of
these cell surface proteins. Figure 2 A shows that an alkaline phos-
phatase fusion of LGI1 (AP-LGI1) showed robust association
with COS7 cells that expressed NgR1 but did not bind untrans-
fected cells or those transfected with p75NTR or Lingol. Cell
surface biotinylation assays confirmed that these receptors were
expressed on COS7 cell surfaces after transfection (Fig. 2 B) and
therefore of these, only NgR1 is a specific receptor for LGI1. By
performing AP-LGII saturation curves on NgRI1-transfected
COS7 cells, we determined that the K of binding of LGI1 was
10.6 nM (Fig. 2C), placing LGI1 in the same range as Nogo66 and
MAG, which bind NgR1 with K, values of 7 and 20 nm, respec-
tively (Fournier et al., 2001; Liu et al., 2002).

NgR1 has two closely related homologs termed NgR2 and
NgR3 (Venkatesh et al., 2005). We expressed myc-tagged forms
of each of these in COS7 cells and confirmed that these GPI-
linked proteins were abundantly expressed at the cell surface.
Binding assays showed that of these, only NgR1 bound LGI1 (Fig.
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2D). Recent studies have indicated that
ADAM?22 and ADAM23, transmembrane
proteins that lack the metalloprotease ac-
tivity typical of the Adams family, may
also function as LGI1 receptors (Fukata et

al., 2006; Sagane et al., 2008). We there-
fore compared NgR1, ADAM?22, and |
ADAM?23, expressed in COS7 cells, for
their ability to bind AP-LGI1. Figure 2E
shows that as expected, NgR1, ADAM22,
and ADAM23 each show robust binding
of AP-LGII.

E14 >

E16

LGI1 directly binds NgR1 in a region

overlapping the Nogo66 binding site

To determine whether LGI1 directly binds
NgR1, we asked whether an Fc-NgR1 fu-
sion protein bound purified biotinylated
LGI1 in pulldown assays. LGI1 does not
bind control Fc, but an interaction be-
tween LGI1 and Fc-NgR1 was readily de-
tected (Fig. 3A). The specificity of this
direct interaction was confirmed in com-
petition assays in which AP-LGI1, but not
AP alone, antagonized the interaction of
biotinylated-LGI1 with Fc-NgR1. Inter-
estingly, the interaction of LGI1 with Fec-
NgR1 was reduced, but not abolished, in
the presence of AP-Nogo66 (Fig. 3B). Be-
cause Nogo66 partially antagonized the
interaction of LGI1 with NgR1, we were
interested in determining whether LGI1
could antagonize growth inhibition in-
duced by Nogo66. To address this, P5 rat
DRG sensory neurons were plated on GST
or GST-Nogo66, in the absence and pres-
ence of LGI1. Neurons plated on GST-
Nogo66 showed a significant inhibition in
growth but this effect was completely re-
lieved in the presence of LGI1 (Fig. 3C).
Therefore, we conclude that LGIl and
Nogo66 occupy overlapping binding do-
mains on NgRI and that LGI1 antago-
nizes Nogo66-induced growth inhibition.
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NgR1and ADAM22 form a complex that enhances the association of LGIT with ADAM22. 4, Expression of NgR1, LGI1,
ADAM22 and actin in lysates prepared from developing rat brain were assessed by immunoblot as indicated. B, NgR1 and Myc-
ADAM22 were overexpressed in HEK293T cells and ADAM22-containing immunocomplexes were purified and immunoblotted as
indicated. NSG indicates a nonspecific goat Ig used as a negative control forimmunoprecipitations. ¢, NgR1-containing immuno-
complexes were isolated from P8 rat brain and then immunoblotted as indicated. g indicates a nonspecific mouse monoclonal

antibody used as a negative control forimmunoprecipitations. D, NgR1 and Myc-ADAM22 were overexpressed in HEK293T cells,

NgR1 and ADAM22 associate to form
an LGI1 binding complex

LGI1 mutations cause ADTLE in humans
and recent studies have shown that the interaction of LGI1 with
ADAM?22 has profound effects on synaptic transmission and
dendritic maturation (Owuor et al., 2009; Zhou et al., 2009).
Interestingly, analysis of NgR1 nulls has revealed that NgR1 also
functions at central synapses (McGee et al., 2005; Lee et al., 2008).
We therefore considered the possibility that NgR1 may form a
physiological complex with ADAM22 to mediate synaptic effects
of LGI1. To address this, we first compared expression of LGI1,
NgR1, and ADAM22 in the developing brain and found that
NgR1, LGI1, and ADAM?22 are expressed at low levels in embryos
and that all three show parallel increases in expression up to P8
(Fig. 4A). Levels of NgR1 and LGI1 remain relatively stable after
P8 whereas ADAM22 levels increase from P8 to adulthood. We
then asked whether NgR1 and ADAM?22 are capable of forming a
complex in vivo. Figure 4 B shows that NgR1 and ADAM?22 ro-

pullouts were performed using Fc or Fc-LGI1 and resulting complexes were analyzed by immunoblot, as indicated.

bustly associate when overexpressed in HEK293T cells and Figure
4C demonstrates that ADAM22 is present in NgR1 immunopre-
cipitates prepared from P8 rat brain lysates. We conclude that
LGI1, NgR1 and ADAM?22 are present in the developing brain
and that ADAM?22 and NgR1 do indeed associate to form a com-
plex in vivo.

To determine whether coexpression of NgR1 with ADAM22
alters the ability of either receptor to associate with LGI1, we
expressed NgR1 and ADAM?22 in HEK293T cells and then per-
formed pullouts assays with an Fc-LGI1 fusion protein. Figure
4D shows that when NgR1 and ADAM?22 were expressed alone,
Fc-LGI1 associated robustly with NgR1 but only modestly with
ADAM?22. However, when the two receptors were coexpressed,
the association of LGI1 with NgR1 was reduced and the associa-
tion of LGI1 with ADAM22 was dramatically enhanced. These
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data suggest that NgR1 acts as a coreceptor that enhances the
association of LGI1 with ADAM22.

Discussion

Here we identify LGI1 as an antagonist of myelin-induced growth
cone collapse and neurite outgrowth inhibition. We show that
LGI1 binds directly to NgR1 and show that LGI1 competes with
Nogo66 for occupancy of the receptor. The LGI1-NgR1 interac-
tion is highly specific since LGI1 binds to NgR1 but not to NgR2
or NgR3, its closely related structural homologs. Together, these
studies establish that LGI1 is a bona fide ligand for the NgR1
receptor that physically and functionally antagonizes myelin-
based growth inhibitors. Endogenous NgR1 ligands previously
identified function as receptor agonists that promote growth
cone collapse and neurite growth inhibition (Ferraro et al., 2004;
Zhang et al., 2009). To our knowledge, LGI1 is the first endoge-
nous NgR1 antagonist to be identified and its presence raises the
possibility that NgR1 activation in vivo may reflect relative occu-
pancy by endogenous agonists and antagonists. It is noteworthy
that one study has shown that NgR1 did not mediate the chronic
growth-inhibitory actions of myelin inhibitors but did trans-
duce acute growth cone-collapsing effects of OMgp, MAG and
Nogo66 (Chivatakarn et al., 2007). However, our studies show
that LGI1, a NgR1 binding protein, not only antagonizes myelin-
mediated growth cone collapse but also facilitates neurite exten-
sion over myelin and Nogo66. NgR1 is expressed on rat cerebellar
granule neurons (supplemental Fig. 1, available at www.jneurosci.
org as supplemental material) and it seems likely that LGI1 functions
via NgR1 antagonism. However, we cannot rule out the possibility
that this ligand may also exert positive effects on neurite extension
through alternate mechanisms or through alternate receptors, such
as ADAM22 or ADAM?23. In this regard, it is noteworthy that
Owuor et al. (2009) have recently reported that LGI1 can mediate
ADAM22-dependent neurite outgrowth from cortical neurons.
Testing the physiological role of LGI1 on neuronal growth in vivo
will be an important priority as appropriate genetic resources come
available. Since other NgR1 antagonists facilitate growth in vivo
(GrandPré et al., 2002; Li et al., 2004; Harvey et al., 2009), we specu-
late that local application of LGI1 or derivatives will facilitate neuro-
nal growth in vivo after injury or lesion.

ADAM22 had been previously identified as an LGI1 receptor
and emerging evidence suggests that an LGI1-ADAM?22 complex
may regulate dendritic pruning and synaptic function (Fukata et
al., 2006; Zhou et al., 2009). Here, we confirm that LGI1 is a
ligand for ADAM22 and show that NgR1 and ADAM22 form a
stable complex in the developing rat brain. Intriguingly, we found
that LGI1 binding to ADAM22 is enhanced in the presence of
NgR1, suggesting that a physiological function for NgR1 may be
to function as an accessory receptor for ADAM22. NgR1 null
mice have defects in dendritic spine morphology and display
supranormal experience-driven plasticity. (McGee et al., 2005).
Interestingly, a recent study has demonstrated that NgR1 is re-
quired for lasting memories (Karlén et al., 2009). Given that LGI1
is critically important for glutamatergic synapse maturation and
dendritic pruning (Zhou et al., 2009), determining whether
LGI1, NgR1 and ADAM?22 function collaboratively to drive syn-
apse maturation and dendritic sculpting is a key priority for fu-
ture studies. Mice lacking PirB (Atwal et al., 2008), a recently
identified receptor for Nogo, MAG, and OMgp, also display su-
pranormal experience-driven plasticity, and it is conceivable that
PirB may function in similar pathways.

LGI1 was identified as a causative locus in autosomal domi-
nant partial epilepsy with auditory features, a rare form of human
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epilepsy (Kalachikov et al., 2002; Morante-Redolat et al., 2002).
However, mutations in LGI1 account for only ~50% of human
cases and the loci responsible for the remaining idiopathic cases
are not known. Analyses performed to date have ruled out roles
for genes encoding ADAM22 and the Kvl channel subunits
KCNA1, KCNA4, and KCNABI (Diani et al., 2008). The identi-
fication of NgR1 as an LGI1 binding protein suggests that NgR1 is
a viable candidate gene for idiopathic cases of ADLTE.

In conclusion, we have identified LGI1 as a novel binding
partner for the NgR1 receptor. These findings raise the possibility
that LGI1 may function as endogenous antagonists of myelin-
based growth inhibitors. We have also found that NgR1 forms a
complex with ADAM?22 and facilitates LGI1 binding to this re-
ceptor and we propose that NgR1 and ADAM?22 collaborate to
create an LGI1 binding complex in vivo that is important for
synapse maturation.
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