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Development/Plasticity/Repair

Plexina2 and CRMP2 Signaling Complex Is Activated by
Nogo-A-Liganded Ngr1 to Restrict Corticospinal Axon
Sprouting after Trauma

Yuichi Sekine,> Percy T. Algarate,>* “William B.]. Cafferty,>* and ©“Stephen M. Strittmatter 2>
ICellular Neuroscience, Neurodegeneration, and Repair Program, Yale University School of Medicine, New Haven, Connecticut 06536, 2Departments of
Neurology, and *Neuroscience, Yale University School of Medicine, New Haven, Connecticut 06520

After brain or spinal cord trauma, interaction of Nogo-A with neuronal NgR1 limits regenerative axonal sprouting and functional
recovery. Cellular signaling by lipid-anchored NgR1 requires a coreceptor but the relevant partner in vivo is not clear. Here, we examined
proteins enriched in NgR1 immunoprecipitates by Nogo-A exposure, identifying CRMP2, a cytosolic protein implicated in axon growth
inhibition by Semaphorin/Plexin complexes. The Nogo-A-induced association of NgR1 with CRMP2 requires PlexinA2 as a coreceptor.
Non-neuronal cells expressing both NgR1 and PlexinA2, but not either protein alone, contract upon Nogo-A exposure. Inhibition of
cortical axon regeneration by Nogo-A depends on a NgR1/PlexinA2 genetic interaction because double-heterozygous NgR1 ™/,
PlexinA2 "/~ neurons, but not single-heterozygote neurons, are rescued from Nogo-A inhibition. NgR1 and PlexinA2 also interact
genetically in vivo to restrict corticospinal sprouting in mouse cervical spinal cord after unilateral pyramidotomy. Greater post-injury
sprouting in NgR1 */~, PlexinA2 */~ mice supports enhanced neurological recovery of a mixed female and male double-heterozygous
cohort. Thus, a NgR1/PlexinA2/CRMP2 ternary complex limits neural repair after adult mammalian CNS trauma.
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Several decades of molecular research have suggested that developmental regulation of axon growth is distinct in most regards
from titration of axonal regenerative growth after adult CNS trauma. Among adult CNS pathways, the oligodendrocyte Nogo-A
inhibition of growth through NgR1 is thought to have little molecular relationship to axonal guidance mechanisms active embry-
onically. Here, biochemical analysis of NgR1 function uncovered a physical complex with CRMP cytoplasmic mediators, and this
led to appreciation of a role for PlexinA2 in concert with NgR1 after adult trauma. The data extend molecular understanding of
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neural repair after CNS trauma and link it to developmental processes.

J

Introduction

During nervous system development, connectivity is sculpted by
repulsion of axons from inappropriate paths or territories
(Tessier-Lavigne and Goodman, 1996). Semaphorin, Ephrin,
Slit, and Netrin ligands play inhibitory roles for particular neu-
rons at particular locations. In the mature mammalian CNS,
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trauma of the spinal cord or brain results in persistent neurolog-
ical deficits in large part because of the severing of axons in the
neural network. The regenerative growth of axons is strongly
inhibited by the adult mammalian CNS environment, as well as
by cell-autonomous factors (Liu et al., 2006, 2011; Dell’Anno and
Strittmatter, 2017). These facts highlight the issue of whether
development axon repulsion shares mechanisms with inhibition
of adult reparative axonal growth.

Molecular investigations of molecules implicated in develop-
mental axonal repulsion and extrinsic limitation of adult repara-
tive axon growth have suggested little overlap. In general, ligand
and receptor expression shifts substantially as the nervous system
matures and does not shift back after adult CNS injury (Harel and
Strittmatter, 2006). The extrinsic inhibitory factors unique to the
adult CNS are derived to a major extent from glia and include
components of myelin-forming oligodendrocytes and astrocytic
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scars (Liu et al., 2006). Chondroitin sulfate proteoglycans are
prominent among astrocytic inhibitors (Snow et al., 1990; Brad-
bury et al., 2002; Fawcett, 2015) and oligodendrocyte inhibitors
of axonal growth include Nogo-A (RTN4A), MAG, and OMgp
(McKerracher et al., 1994; Mukhopadhyay et al., 1994; Chen et
al., 2000; GrandPré et al., 2000; Kottis et al., 2002). All three of
these oligodendrocyte ligands bind to NgR1 (RTN4R; Fournier et
al., 2001; Liu et al., 2002; Wang et al., 2002b; Laurén et al., 2007)
and to PirB (LiLRB2; Atwal et al., 2008; Huebner et al., 2011).
Genetic and pharmacological studies document that NgR1 has a
role in limiting axonal regeneration, sprouting and plasticity after
adult CNS trauma (GrandPré et al., 2002; Kim et al., 2004; Lee et
al., 2004; Li et al., 2004; McGee et al., 2005; Cafferty and Stritt-
matter, 2006; Wang et al., 2006, 2011, 2014; Akbik et al., 2013;
Fink et al., 2015; Bhagat et al., 2016).

Although NgR1 participates in limiting axonal growth in the
adult mammalian CNS, its mechanism of signaling is less clear.
The protein is GPI-anchored at the neuronal surface, implying
the existence of transmembrane coreceptor(s) to initiate signal
transduction (Fournier et al., 2001). A downstream effector of
Nogo-A-NgR1 signaling is RhoA (Jin and Strittmatter, 1997;
Fournier et al., 2003; Dufty et al., 2009), but the transmembrane
coupling mechanism to this cytoplasmic mediator is incom-
pletely understood. In certain cell systems, p75NTR and/or the
related protein TROY, together with Lingo-1 play a role (Wang et
al., 2002a; Mi et al., 2004; Park et al., 2005; Shao et al., 2005).
However, Lingo-1’s primary function may be in oligodendro-
cytes rather than neurons, and in vivo studies of these proteins
have demonstrated limited effects on axonal growth after trauma
(Song et al., 2004; Mi et al., 2005, 2007; Ji et al., 2006).

Here, we sought to explore NgR1 signal transduction, reason-
ing that association with relevant molecules in neurons would be
regulated by ligand. Analysis of Nogo-A-induced protein part-
ners of NgR1 revealed CRMP2 protein. Because CRMP proteins
mediate Semaphorin signaling by Plexin-containing receptors
(Goshima et al., 1995; Deo et al., 2004; Schmidt and Strittmatter,
2007; Schmidt et al., 2008), we explored a role for Plexins in
linking NgR1 to intracellular transduction. Coexpression of
PlexinA2 links NgR1 to CRMP2 and to non-neuronal cell con-
traction. Cortical neurons lacking PlexinA2 do not respond to
Nogo-A ligand. Although deletion of one allele of NgR1 or
PlexinA2 does not alter in vitro regulation of axon regeneration
by Nogo-A or recovery from corticospinal lesions in vivo, the
double-heterozygous state recapitulates the null phenotype with
greater axonal growth and recovery. Thus, biochemical studies
demonstrate a ternary NgR1/PlexinA2/CRMP2 complex in
which NgR1 and PlexinA?2 interact genetically to mediate axonal
growth inhibition.

Materials and Methods

Antibody use. The following antibodies were used with indicated dilu-
tions: mouse monoclonal antibodies to BIII-Tubulin (1:2000 ICC; Pro-
mega), B-Actin (1:3000 IB), c-Myc (1:2000 IB), HA (1:2000 IB, 1:1000
ICC), VSV (1:2000 IB; Sigma-Aldrich), CRMP2 (1:2000 IB; Immuno-
Biological Laboratories), CRMP4 (1:2000 IB), Jup (1:2000 IB), and
PlexinA2 (1:1000 IB; Santa Cruz Biotechnology): rabbit monoclonal an-
tibody to Myosin IIb (1:1000 IB; Cell signaling Technology): rabbit poly-
clonal antibodies to FLAG (1:2500 IB; Sigma-Aldrich) and PKC vy (1:
1000 THC; Santa Cruz Biotechnology): goat polyclonal anti-NgR1
antibody (1:2000 IB, 1:1000 ICC; R&D Systems). The following second-
ary antibodies were used: donkey antibodies to mouse IgG AlexaFluor
488, 568, 647, rabbit IgG AlexaFluor 568 (1:1000 ICC, IHC; Thermo-
Fisher Scientific), mouse IgG (H+L) IRDye 680, rabbit IgG (H+L)
IRDye 680, 800, and goat IgG (H+L) IRDye 800 (1:10,000 IB; Li-Cor).
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Table 1. Summary of statistical analyses for Figures 7E,F and 84,8

Summary p
Tukey’s multiple-comparisons test
Fig. 7E
WTvsNgR ™/~ ns 0.360
WTvs PlexA2 */~ ns 0395
WTvsNgR ™/~ Plex "/~ * 0.019
NgR /™ vs PlexA2 ¥/~ ns >0.999
NgR */~ vsNgR ™/~ Plex */~ ns 0.442
PlexA2 ™/~ vsNgR ™/~ Plex */~ ns 0.466
Fig. 7F
WTvsNgR ™/~ ns 0.100
WTvs PlexA2 */~ ns 0.441
WTvs NgR ™/~ Plex ™/~ * 0.023
NgR */~ vs PlexA2 ¥/~ ns 0.864
NgR ™/~ vs NgR "/~ Plex ¥/~ ns 0.880
PlexA2 */~ vsNgR ™/~ Plex */~ ns 0.468
Fig. 84, Day28
WTvsNgR ™/~ ns 0.272
WT s PlexA2 */~ ns 0.256
WT s NgR ™/~ Plex ™/~ o 0.003
NgR /= vs PlexA2 ™/~ ns 1.000
NgR */~ vsNgR ™/~ Plex */~ ns 0.174
PlexA2 /" vsNgR /" Plex */~ ns 0.232
Parametric paired t test
Fig. 88
WT, Day 2 vs Day 28 ns 0.1844
NgR */~, Day 2 vs Day 28 * 0.0165
PlexA2 */~, Day 2 vs Day 28 * 0.0477
NgR */~Plex */~, Day 2 vs Day 28 wxx 0.0004
Bonferroni correction
Fig. 88
WT, Day 2 vs Day 28 ns 0.7376
NgR */~, Day 2 vs Day 28 ns 0.066
PlexA2 */~, Day 2 vs Day 28 ns 0.1908
NgR */~Plex */~, Day 2 vs Day 28 o 0.0016

*p < 0,05, *p < 0,005, ***p < 0,0005.

Expression plasmids. FLAG-NgR1(Sekine et al., 2018a), Nogo22
(Huebner etal., 2011), PlexinA1-Myc (Takahashi et al., 1999), PlexinA4-
Myc (Suto et al., 2003), HA-neuropilin (Nakamura et al., 1998), AP-
Nogo66 (Laurén et al., 2007), p75, and Lingo (Budel et al., 2008) have
been previously described. VSV-PlexinA3 was a gift from Dr. Andreas
Puschel, University of Munster. Human PlexinA2 (Takahashi and Strit-
tmatter, 2001) was used for generating C-terminal HA-tagged WT (1—
1894 aa) and delta-cyto (1-1274 aa) constructs by PCR methods and
subcloned into pcDNA3.1 TOPO vector. Myc-DDK-tagged human
CRMP2 construct (catalog #RC209080) was obtained from OriGene.

Cell culture and transfection. Human embryonic kidney 293T
(HEK293T) and African green monkey kidney Cos7 were maintained in
DMEM containing 10% FCS, 100 U/ml penicillin and 100 ug/ml strep-
tomycin. Plasmids were transfected with Lipofectamine 2000 (Invitro-
gen) following the manufacturer’s instruction.

Immunoprecipitation, silver staining, and mass spectrometry. Twenty-
one day in vitro (DIV) neurons or transfected HEK293T cells were lysed
with a RIPA buffer (50 mwm Tris-HCl, pH7.4, 150 mm NaCl, 1 mm EDTA,
0.1% SDS, 0.5% sodium deoxycholate, and 1% Triton X-100) and cen-
trifuged at 20,000 X g for 20 min at 4°C. The supernatants were added
with the antibody and protein G-Sepharose mixture and incubated for
2 h at 4°C with gentle rotation. The beads were washed three times and
the immune complexes were then resolved by SDS-PAGE. For mass spec-
trometry, the gel was stained by Silver Stain MS kit (Wako, 299-58901)
according to the manufacturer’s instructions, and the bands were excised
and subjected to analysis by mass spectrometry (the MS and Proteomics
Resource of the WM Keck Foundation Biotechnology Resource Labora-
tory at Yale University).

Immunoblotting. Cell lysate or immunoprecipitated samples were re-
solved by SDS-PAGE and transferred to nitrocellulose membranes.
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Figure 1.

Identification of NgR1 interacting proteins by Nogo-A stimulation. A, Twenty-one DIV cortical neurons were stimulated without or with Nogo22 (100 nm) for 5 min and then the lysate

was immunoprecipitated with anti-NgR1 antibody. The immunoprecipitates were resolved by SDS-PAGE and visualized by silver staining. Black arrow bands were excised and analyzed by LC/MS to
determine their identity. Red arrow shows immunoprecipitated NgR1 protein band. B, List of proteins determined their identity by LC/MS. €, D, NgR1 immunoprecipitates from 21 DIV cortical
neurons stimulated without or with Nogo22 (100 nm) for 5 min were resolved by SDS-PAGE and immunoblotted for CRMP2, CRMP4 (C), and Myh10, Jup, and NgR1 (D). The graphs show the
quantification of each protein levels in the immunoprecipitates normalized to total cell lysate from CRMP2 (n = 3), CRMP4 (n = 3), Myh10 (n = 4),and Jup (n = 4). Mean = SE.*p << 0.05,***p <

0.005, Student’s two-tailed ¢ test.

Then, they were incubated in blocking buffer (Blocking Buffer for Fluo-
rescent Western Blotting, Rockland MB-070-010) for 1 h at RT and
immunoblotted with the appropriate primary antibodies. Following pri-
mary antibody incubation, secondary antibodies (Odyssey IRDye 680 or
800) were applied for 1 h at RT. Membranes were then washed and
visualized using a Li-Cor Odyssey Infrared imaging system.

Cos7 cell contraction assay. The Cos7 cell contraction assay was adapted
from protocols described previously (Takahashi et al., 1999). In brief,
Cos7 cells were cultured in 6-well tissue culture plates and transfected
with 0.5 ug of the indicated expression plasmids using Lipofectamine
2000 (Invitrogen). After 12 h, the cells were re-plated onto 96-well plates
at a low density (150 cells per well) and grown for an additional 24 h.
AP-tagged Nogo66 conditioned media was added to each well and cells
were incubated for 60 min at 37°C and then fixed with 4% paraformal-
dehyde for 15 min. Cells were incubated with antibodies against NgR1
(1:1000) and HA (1:1000), then, either AlexaFluor 488-conjugated don-
key anti-goat IgG and AlexaFluor 647-conjugated donkey anti-mouse
IgG (1:2000; all from Invitrogen) were used to be visualized. Images were
taken on a 10X objective in an automated high-throughput imager (Im-
ageXpress Micro XLS, Molecular Devices) and NgR1-positive cell area
was measured with using Image].

Primary cortical neuron culture and cortical axon regeneration assay.
Primary cortical cultures were established from E17 C57BL/6 WT
mice, NgRI N NgRI_/_, PlexinA2"/~, PlexinA2~/~, and NgR1 e
PlexinA2™/~ mice. Cortices were dissected in ice-cold Hibernate E me-
dium (catalog #HE-Ca; BrainBits) and incubated in digestion HBSS me-
dium containing 30 U/ml Papain (catalog #LS003127; Worthington
Biochemical), 1.5 mm CaCl,, 2.5 mm EDTA, and 2 mg/ml DNasel (cata-
log #DN25; Sigma-Aldrich) at 37°C for 20 min. Digested tissues were
triturated and suspended in neurobasal-A media supplemented with
B-27, GlutaMAX, and penicillin-streptomycin (all from Invitrogen). For
immunoprecipitation assay, cells were plated on 6-well tissue culture
plates coated with poly-p-lysine at a density of 1 X 107 cells per well.

The cortical axon regeneration assay was performed as described pre-
viously (Huebner et al., 2011). Neurons were plated on 96-well tissue

culture plates coated with poly-p-lysine at a density of 2.5 X 10* cells per
well in 200 pl of neurobasal-A. At 8 DIV, 96-well cultures were scraped
using a floating pin tool with FP1-WP pins (V&P Scientific) and allowed
to regenerate for another 48—60 h before fixing with 4% paraformalde-
hyde. Regenerating axons in the scrape zone were visualized using an
antibody against BIII tubulin (1:2000, mouse monoclonal; catalog
#G712A, Promega). Growth cones were visualized by staining for F-actin
using rhodamine-conjugated phalloidin (1:2000; catalog #R415, Life
Technologies). Cell density was visualized using nuclear marker DAPI
(0.1 ug/ml; catalog #4083, Cell Signaling Technology). Images were
taken on a 10X objective in an automated high-throughput imager (Im-
ageXpress Micro XLS, Molecular Devices) under identical conditions.
Without knowledge of the experimental group, the regeneration zone
was cropped to a 200 uwm width rectangle, the image was thresholded and
neurite length was quantitated using Image]J to determine the extent of
axon regeneration. Measurements from different wells for the same con-
dition in any one experiment were averaged together for one n value, and
statistics were calculated between cultures from n embryos.

Mice and surgery. Age-matched adult (12 weeks) C57BL/6 wild-type,
NgRI"™~ (Kim et al., 2004), PlexinA2™/~ (Shim et al, 2012) or
NgRI™"/~, PlexinA2™/~ mice were subjected to unilateral pyramidot-
omy (PyX) as described previously (Cafferty and Strittmatter, 2006). All
animals received subcutaneous injection of buprenex (0.01 mg/kg) 30
min before surgery and were deeply anesthetized with ketamine (100
mg/kg) and xylazine (15 mg/kg) and placed in a supine position: an
incision was made left of the trachea. Blunt dissection was performed to
expose the skull base, and a craniotomy in the occipital bone allowed for
access to the medullary pyramids. The dura mater overlaying the pyra-
mids was pierced with a 30-gauge needle, and the left pyramid was cut
with fine iridectomy scissors medially up to the basilar artery. The wound
was closed in layers with 5.0 Vicryl. All animals received subcutaneous
injection of 100 mg/kg ampicillin twice a day for the first 2 d after surgery.
To trace the corticospinal tract (CST), biotin dextran amine (BDA) was
injected bilaterally into the sensorimotor cortex 4 weeks after PyX. In
each animal, 150 nl of 10% solution of BDA was injected at each of the six
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Figure 2.

NgR1 interaction with CRMP2 and PlexinA2 driven by Nogo-A exposure. A—D HEK293T cells were transfected with indicated plasmid. At 36 h after transfection, cells were lysed and

immunoprecipitated with indicated antibodies, and immunoblotted for individual antibodies. TCL, Total cell lysates. E~H PlexinA2 immunoprecipitates from 21 DIV cortical neurons stimulated
without or with Nogo22 (100 nm) for 5 min were resolved by SDS-PAGE and immunoblotted for NgR1 () and CRMP2 (G). The graphs show the quantification of NgR1 (n = 4; F) and C(RMP2 (n =
5; H) protein levels in the immunoprecipitates normalized to total cell lysate. Mean = SE.**p << 0.01, ***p << 0.005, Student’s two-tailed ¢ test.
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NgR1 forms ternary complex with PlexinA2 and CRMP2. A, HEK293T cells were transfected with FLAG-NgR1 and Myc-CRMP2 or with HA-PlexinA2. Myc immunoprecipitates were

immunoblotted for NgR1, HA, and Myc. TCL, Total cell lysates. B, €, Twenty-one DIV cortical neurons from WT or PlexinA2 ™ were stimulated without or with Nogo22 (100 nm) for 5 min and then
lysed. The lysate was immunoprecipitated with anti-NgR1 antibody and immunoblotted for CRMP2, NgR1, and PlexinA2. C, The graph shows the quantification of CRMP2 protein level in the
immunoprecipitates normalized to total cell lysate (n = 3). *p << 0.05, one-way ANOVA followed by Tukey’s test. D, Schematic model of Nogo-A-induced ternary complex of NgR1, PlexinA2 and

CRMP2.

sites (coordinates from bregma in mediolateral/anterior—posterior for-
mat in mm: 1.0/0.0, 1.5/0.5, 1.5/0.5, 1.5/1.0, 1.0/—1.5, 1.5/—0.5, all at a
depth of 0.6 mm into cortex) for a total of 900 nl volume per hemisphere.
Two weeks after the tracing, animals were killed by transcardial perfusion
with PBS followed by 4% PFA. All procedures and postoperative care
were performed in accordance with the guidelines of the Institutional
Animal Use and Care Committee at Yale University.

Behavioral test. Surgery and behavioral tests were performed unaware
of the genotype of the mice. Animals were tested 3 d before Pyx for
baseline function, 3 and 28 d postlesion (dpl). The grid-walking test was
performed as described previously (Starkey et al., 2005). Mice were
placed on an elevated 300 X 200 mm metal grid with 10 X 10 mm square
space and allowed to freely explore the grid for 3 min. Mice were video-
taped via reflection from mirror placed under the grid and scored for the
percentage of impaired steps of the first 50 steps taken with left and right

hind limbs individually. Impaired steps were scored that the limb fell
between the rungs or an incorrectly placed step where either the ankle or
tips were placed on the rungs without proper grasping, or when the limb
was correctly placed but slipped off during weight bearing.

Histology and immunostaining. Spinal cords were dissected, postfixed
in 4% paraformaldehyde at 4°C, and subsequently embedded in 10%
gelatin. Serial sections (40 um) were collected on a vibratome (VT1000S,
Leica). Transverse sections at cervical enlargements were blocked and
permeabilized with 10% normal donkey serum and 0.3% Triton X-100 in
PBS for 1 h. Then, sections were incubated with anti-PKC vy (1:1000)
antibody and visualized with AlexaFluor 488-conjugated secondary an-
tibody (1:1000), or processed for BDA with streptavidin and tyramide
amplification (PerkinElmer Life Sciences) and stained sections were im-
aged by using the Zeiss LSM 800 confocal microscope with 20X lens.
PKC +y-positive signal intensity in dorsal columns from each side of each
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Figure 4.

NgR1/PlexinA2 complex is sufficient for Nogo-A-induced Cos7 cell contraction. A, Cos7 cells transfected with NgR1 or PlexinA2 were cultured for 36 h and incubated with AP or

AP-tagged Nogo66 for 60 min. Binding was visualized with AP substrate BCIP/NBT (left). Scale bars, 100 .um. B, AP substrate density was measured using ImageJ. Error bars represent SEM; n = 10.
*¥¥p < 0.005, one-way ANOVA followed by Tukey's test. , Cos7 cells were transfected with NgR1 or NgR1 plus HA-PlexinA2. After 12 h, the cells were re-plated onto 96-well plates at 150 cells per
well and grown for an additional 24 h. Then, cells were incubated with AP or AP-tagged Nogo66 for 60 min and stained with NgR1 (green) and HA (red). Scale bars, 100 um. D, The NgR1-positive
cell area was measured with using Image). Data are presented as the mean == SE; n = 3. E-G, Cos7 cells were transfected with NgR1 plus PlexinA1 (E), p75 (F), or p75 and Lingo (G). After 12 h, the
cells were re-plated onto 96-well plates at 150 cells per well and grown for an additional 24 h. Then, cells were incubated with AP or AP-tagged Nogo66 for 60 min and stained with NgR1 and
NgR1-positive cell area was measured with using ImageJ. Data are presented as the mean = SE;n = 3 (E),n = 5 (F, G). H, Cos7 cells transfected with indicated plasmids were incubated with AP
or AP-Nogo66, and cells were fixed and stained with NgR1 antibody. NgR1-positive cell area was measured using Image) and number of <<1500 um 2 cells was summarized. Error bars represent
SEM; n = 3 (NgR1, NgR1+PlexinA2, NgR1+PlexinA2), n = 4 (NgR1+p75, NgR1+p75+Lingo).***p << 0.005, one-way ANOVA followed by Tukey's test.

section (4 sections/mouse) was measured by using National Institutes of
Health (NIH) Image] 1.50 h. BDA-labeled fibers in the cervical enlarge-
ment of spinal cord gray matter from each side of each section (4 sec-
tions/mouse) were analyzed using ImageJ with AxonTracer (Patel et al.,
2018) by an observer unaware of genotype. Measurements from different
sections of one animal were averaged together for one n value, and sta-
tistics were calculated between n mice. The CST fiber length on the de-
nervated side was divided by that measured on the intact site for
normalization.

Experimental design and statistical analysis. For statistical comparison
between two groups, a two-tailed # test assuming unequal variance was
used. For comparisons among three or more groups, one-way ANOVA
was used to compare each group mean with the control mean with Dun-
nett’s correction, or multiple comparisons were corrected by Tukey’s
method. All statistical analyses were specified in the figure legends using
Excel and Prism software. Statistical significance was set at p = 0.05. All
data are mean = SEM. To set the sample size for the in vivo study, we
performed a power analysis using our previous unilateral Pyx data from
NgRI ~/~ (Cafferty and Strittmatter, 2006) and PlexinA2~/~ (Shim et al.,
2012) mice. That analysis indicated that 7-9 animals are required to
detect a 50% difference in axon sprouting between two genotype groups
with @ = 0.5 and power = 0.8.

The mouse cohorts for PyX were based on littermate matching with-
out regard to sex, and the male—female number was 6:3 for WT, 3:5 for
NgR1’+/_, 4:3 for PlexinA2%/~, and 2:5 for NgR1’+/_, PlexinA2"/ .
When combining outcomes from all four genotypes at 28 d after PyX, there
was no significant difference between males and females with regard to CST
axonal sprouting or grid walking errors (data not shown). No animal exclu-
sions were made. All behavioral and histological analyses were conducted
without knowledge of treatment group. For histological analyses, measure-

ments from different sections of one animal were averaged together for one
n value, and statistics were calculated between n mice. Statistical details for
Figures 7, Eand F, and 8, A and B, are provided in Table 1.

Data availability. All relevant data that support our experimental find-
ings are available from the authors.

Results

Identification of NgR1 interacting proteins by

Nogo-A stimulation

To identify proteins that form a physical complex with NgR1
induced by ligand binding, we stimulated 21 DIV cortical neu-
rons with the Nogo-A-derived ligand Nogo22 (Huebner et al.,
2011) for 5 min, and then the lysate was immunoprecipitated
with anti-NgR1 antibody. The immunoprecipitates were re-
solved by SDS-PAGE and visualized by silver staining (Fig. 1A).
NgR1 complexes contain a number of proteins with increased
abundance after stimulation with recombinant Nogo22, a 22 kDa
C-terminal fragment of Nogo-A containing the Nogo-66 peptide
and surrounding additional NgR1-interacting domains (Laurén
et al., 2007; Huebner et al., 2011). Protein bands associated with
ligand stimulation were excised, digested with trypsin, and pep-
tides analyzed by LC/MS to determine their identity (Fig. 1B).
The interaction of several proteins with NgR1 was confirmed by
subsequent immunoprecipitation and immunoblot (Fig. 1C,D).
Specifically, CRMP2, CRMP4, Myh10, and Jup form a complex
with NgR1 significantly increased by Nogo22 stimulation in cor-
tical neurons. Interaction between Hspa8 and NgR1 is also de-
tectable, but the binding is not changed by treatment with
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Figure 5.  NgR1/PlexinA2 signaling mediates Nogo-A inhibition of axon regeneration in vitro. A~L, Cortical neurons from WT, NgR7~/~ (A-C), NgR1™/~ (D~F), PlexinA2 "~ (G-1), and
PlexinA2 ™"~ (J-L) were scraped at 8 DIV and allowed to regenerate for 3 d in the presence of Nogo22 (100 nm). The microphotographs show Blll tubulin (in axons; green) and phalloidin (to stain
F-actin; red). The 200 .em width rectangle in which axon length was measured is shown as a white dotted box. Scale bars: 4, D, G, J, 200 em. Insets, Imunoblots of lysates cultures with anti-NgR1,
PlexinA2, and Actin antibodies for each of the genotypes (B, E, H, K). The graph shows quantification of axonal regeneration normalized to WT control (Nogo22—). Error bars represent SEM;
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0.01, ***p < 0.005, one-way ANOVA followed by Tukey's test.
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Tukey's test.

Nogo22 (data not shown). Previous work has revealed functional
coupling of NgR1 and CRMPs in EAE-related axonal damage,
and CRMPs had been shown to participate in MAG-induced
axonal growth inhibition (Mimura et al., 2006; Petratos et al.,
2012). However, no direct physical association between NgR1
and CRMPs has been documented in the literature. We chose
CRMPs for further study, because CRMP proteins are known
regulators of axon guidance and extension.

NgR1 forms a complex with CRMP2 and PlexinA?2 after
Nogo-A stimulation

The CRMPs are a family of cytosolic proteins known to form a
complex with transmembrane Plexin family receptor proteins,
and to transduce Semaphorin signals for axon guidance, den-
dritic branching and synapse formation (Deo et al., 2004;
Schmidt and Strittmatter, 2007; Schmidt et al., 2008). In the case
of soluble Sema3 ligands, the coreceptor neuropilin binds the
guidance cue and interacts with PlexinA proteins in cis- (Taka-
hashi et al., 1999). In contrast to the Plexins, mature NgR1 is a
GPI-anchor protein lacking an intracellular domain, and there-
fore requires one or more coreceptors to transduce signals to the
cell interior. For these reasons, we investigated the possibility that
Plexin family proteins interact with NgR1 functioning as core-
ceptors in the same manner as neuropilin/Plexin complexes for
Sema3’s. FLAG-tagged NgR1 was expressed without or with
epitope-tagged PlexinAl, 2, 3, or 4 in HEK293T cells and exam-
ined by coimmunoprecipitation assay (Fig. 2A—C). Previously,
we have reported that overexpressed NgR1 in HEK cells migrates
by SDS-PAGE as a doublet, and the more slowly migrating upper
band is the mature protein expressed on the cell surface (Sekine et
al., 2018a). As shown in Figure 2B, PlexinA2 interacted with both
upper and lower NgR1 bands, however, PlexinAl, 3, and 4 asso-
ciated with only the lower band of NgR1 (Fig. 2A—C). These data
suggest that PlexinA2, compared with PlexinAl, 3, and 4, selec-
tively forms a cell surface complex with expressed NgR1 in
HEK293T cells. We also assessed whether NgR1 interacts with
transmembrane neuropilinl, which associates with PlexinA2 in

Sema3 signal transduction. In HEK293T cells, overexpressed
NgR1 forms a complex with PlexinA2 WT, but not neuropilinl
(Fig. 2D). PlexinA?2 lacking the cytosolic domain (Acyto) is inca-
pable of signaling and also fails to associate with NgR1, suggesting
that Plexin conformational state contributes to affinity (Fig. 2D).
To evaluate the association of endogenous proteins, cortical neu-
rons were treated without or with Nogo22 for 5 min and then
coimmunoprecipitated. The NgR1 immunoreactivity in anti-
PlexinA2 immunoprecipitates is greater after ligand stimulation
(Fig. 2 E, F). Furthermore, CRMP2 association with PlexinA2 was
increased by NgR1 ligand stimulation in cultured neurons (Fig.
2G,H), paralleling the increased association of NgR1 with
CRMP2 (Fig. 1C). These data indicate that NgR1 forms a ternary
complex with CRMP2 and PlexinA2 after ligand binding.

In HEK293T cells, CRMP2 were able to interact with NgR1
but only when coexpressed with PlexinA2 (Fig. 3A). In this over-
expression system, NgR1 ligand was not essential for association.
Furthermore, the CRMP2 association with NgR1 immunopre-
cipitates stimulated by Nogo22 treatment in WT cortical neu-
rons, fails to occur in PlexinA2~’~ neurons (Fig. 3B,C). Thus, a
ternary complex of NgR1 with PlexinA2 and CRMP2 is stimu-
lated by NgR1 ligand stimulation in neurons (Fig. 3D).

NgR1/PlexinA2 complex is sufficient for Nogo-A-induced
Cos7 cell contraction

The evidence that NgR1 associates with intracellular CRMP2 via
PlexinA?2 after ligand binding suggests that PlexinA2 transduces
the Nogo-A-NgR1 signal into the cell as a co-receptor. This NgR1
signaling hypothesis parallels the role of neuropilin in Sema3
signaling. To consider this possibility, we conducted a Cos7 con-
traction assay. PlexinAl/neuropilinl expressing Cos7 cells con-
tract their cell perimeter in response to Sema3A mediated by
CRMP signaling (Takahashi et al., 1999). Using this non-
neuronal cell system, we examined whether Nogo-A-NgR1 sig-
naling is able to alter Cos7 cell morphology. As a first step, we
verified that the Nogo ligand binds to NgR1 but has no direct
affinity for PlexinA2 using an alkaline phosphatase (AP)-Nogo66
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Genetic coupling between NgR1 and PlexinA2 limits corticospinal axon sprouting after injury. A, Schematic image of unilateral pyramidotomy surgery. B, PKC -y density in dorsal

columns at cervical cord coronal sections from PyX mice was imaged. The intact side is bright and the lesioned side shows little or no staining. €, Each marker shows percentage of density of injured
side relative to intact side in each animal. Data are also presented as mean with SEM. No significant differences between groups with one-way ANOVA followed by Tukey's test. D, Representative
image of BDA traced fibers in cervical spinal cord. Scale bars, 500 wem. Right, High-magnification view of white boxes shown inimages. E, The graph shows the length of (ST axons in gray matter
onthe denervated side of the cervical spinal cord. Values are normalized by the intact side axon length in the same sections from pyramidotomized WT (n = 9), NgR1 ™+~ (n = 8), PlexinA2*/~ (n =
7),and NgR1™/~ PlexinA2™™/~ (n = 7) mice. Error bars represent SEM. *p << 0.05, one-way ANOVA followed by Tukey’s multiple-comparisons test. Results for four sections from each mouse were
averaged to create one value for each of n mice. F, The graph shows the number of midline crossing of uninjured CST axon from pyramidotomized WT (n = 9), NgR1 = (n=8),PlexinA2™’~ (n=
7),and NgR1+/~ PlexinA2™/~ (n = 7) mice. Error bars represent SEM. n.s., not significant, *p << 0.05, one-way ANOVA followed by Tukey’s multiple-comparisons test.

fusion protein (Fig. 4 A, B). This is consistent with a potential role
for PlexinA2 as a coreceptor for Nogo-A in a complex with
ligand-binding NgR1. For morphologic assays, Cos7 cells trans-
fected with NgR1 or NgR1 plus PlexinA2 were incubated with AP
or AP-Nogo66 for 1 h at 37°C, then fixed and visualized staining
with NgR1 antibody. Without any treatment, NgR1 and NgR1/
PlexinA2-expressing Cos7 cells show no morphologic change
(data not shown). Furthermore, neither AP nor Nogo66 treat-
ment has any effect on NgR1-expressing Cos7 cell morphology
(Fig. 4C,D). In contrast, NgR1/PlexinA2-expressing Cos7 cells

exhibit significantly reduced cell surface area after incubation
with Nogo66 but not AP. Consistent with IP experiment in Figure
2A, another Plexin family protein, PlexinAl, has no effect on
Cos7 contraction induced by Nogo66 incubation (Fig. 4E,H).
These data suggest that PlexinA2 functions as coreceptor for
NgR1 in Cos7 cells. In parallel, we examined p75NTR and Lingo,
which have been suggested to function as NgR1 co-receptors, in
this Cos7 contraction assay. Cos7 cells expressing NgR1/p75NTR
or NgR1/p75NTR/Lingo show no morphologic change by
Nogo66 treatment (Fig. 4F-H).
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Figure 8.  Enhanced behavioral recovery in double-heterozygous NgR1 ™/~ PlexinA2 /™ mice after pyramidotomy. A, Grid walk test at indicated days before or after PyX of WT (n = 9),
NgRI“’ (n = 8), PlexinA2™~ (n = 7),and NgRi“’PIexinAZ“’ (n = 7) mice. Each marker shows percentage of missed steps from average of right (injured side) forelimb and hindlimb of
each animal. Error bars represent SEM. n.s., not significant, **p < 0.01, one-way ANOVA followed by Tukey’s multiple-comparisons test. B, (, The graphs show percentage of missed step on right
limbs of grid walk test at indicated days for average of each genotype (n.s., not significant, *p << 0.05, ***p << 0.005, paired t test; B) and individual animal of each genotype (C).

NgR1/PlexinA2 signaling mediates Nogo-A-mediated axon
regeneration in vitro
As PlexinA2 has a functional role in Nogo-A-mediated NgR1
signaling transduction in non-neuronal Cos7 cell, we conducted
a neuronal in vitro axon regeneration assessment with cultured
cortical neurons (Huebner et al., 2011; Sekine et al., 2018b). E17
mouse derived cortical neurons were cultured for 8 d and scraped
with a metal pin tool for axotomy, and then incubated with
Nogo22 for 3 d to assess axon regeneration. As reported previ-
ously (Huebner et al., 2011), Nogo22 significantly suppresses ax-
onal regeneration in WT neurons, while NgR1 ™/~ neurons show
no inhibition of regeneration by Nogo22 (Fig. 5A—C). Deletion of
a single allele of NgR1 (NgRI™/™) fails to protect from Nogo22-
induced inhibition of axonal regeneration (Fig. 5D-F). Loss of
one or two PlexinA2 alleles phenocopies the NgR1I allele loss pat-
tern. Specifically, Nogo22-mediated suppression of axonal re-
generation is abolished in PlexinA2~’~ neurons (Fig. 5G-I) and
heterozygous (PlexinA2*’~) neurons exhibit Nogo22-inhibited
axonal regeneration similar to WT (Fig. 5/-L).

Next, we sought to determine whether there is a genetic
interaction between NgRI and PlexinA2 with regard to Nogo-

A-inhibited axon regeneration. Removal of single allele of ei-
ther NgR1 or PlexinA2 does not block axonal regeneration by
Nogo22, but deletion of one allele of both NgR1 and PlexinA2
(NgR1™~PlexinA2*/~) in double-heterozygous neurons
abolishes Nogo22 suppression of axon regeneration (Fig. 6A—
C). Together, these data demonstrate a genetic interaction
between NgRI and PlexinA2 in mediating Nogo-A-induced
biochemical signaling in neurons, as suggested by the bio-
chemical evidence for a ternary complex with CRMP2.

Genetic coupling between NgR1 and PlexinA2 limits
corticospinal fiber sprouting after injury

After lesions of the CST at the medullary pyramid, NgR1 /" mice
exhibit greater axonal sprouting of the unlesioned CST across the
midline to the contralateral side as compared with WT animals
(Cafferty and Strittmatter, 2006). Unilaterally pyramidotomized
PlexinA2~'~ mice exhibit the same injury-induced CST sprout-
ing after PyX (Shim et al., 2012), although the relevant ligand for
this PlexinA2 phenotype is not defined. Based on genetic interac-
tion between NgR1 and PlexinA2 with regard to in vitro axon
regeneration, we sought to examine whether their interaction is
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Figure 9.

Intact side function after PyX is weakly affected and recovery is limited by interaction of NgR1 and PlexinA2. A, Grid walk test at indicated days before or after PyX of WT (n = 9),

NgR1*/~ (n=8), PlexinA2™"~ (n = 7),and NgR1™/~ PlexinA2*/~ (n = 7) mice. Each marker shows percentage of missed steps from average of left (intact side) forelimb and hindlimb of each
animal. Error bars represent SEM. No significant differences between groups with one-way ANOVA followed by Dunnett’s multiple-comparisons test. B, €, The graphs show percentage of missed step
on leftlimbs of grid walk test at indicated days for average of each genotype (n.s., not significant,**p << 0.01, paired t test without correction for testing across 4 genotypes; Table 1; B) and individual

animal of each genotype (C).

involved in CST sprouting after PyX. We created PyX lesions in
WT, NgRI1"~, PlexinA2"™~, and NgR1"’~ PlexinA2*’~ mice.
BDA was injected into the intact cortex at Day 28 after injury to
assess the sprouting CST axons (Fig. 7A). All groups were killed 2
weeks after BDA injection for histological analysis. Protein kinase
C gamma (PKC y) immunoreactivity in the contralateral ventral
dorsal column was measured at cervical cord in all groups and
confirmed >95% ablation of the CST (Fig. 7 B, C). BDA-positive
sprouting CST axon length in the cervical cord was measured and
normalized to ipsilateral CST fibers as a measure of lesion-induced
sprouting axons. Pyramidotomized double-heterozygous NgR1™/~
PlexinA2"’~ mice show significantly increased lesion-induced
innervation compared with WT, phenocopying previous single-
homozygous mice. In contrast, neither the single-heterozygous
NgRI™*/~ nor PlexinA2"'~ mice exhibit increases in sprouting axons
(Fig. 7D, E; Table 1). Another measure of axon sprouting, the num-
ber of midline crossing CST axons is also significantly increased in
NgRI™~ PlexinA2™’~ mice relative to WT animals, but not in
NgRI™~ or PlexinA2"’~ samples (Fig. 7D, F; Table 1). Thus, a ge-
netic interaction between NgR1 and PlexinA2 limits injury-induced
axon growth in vivo.

Enhanced behavioral recovery in double-heterozygous
NgR1*/~PlexinA2*'~ mice after PyX

The same PyX cohort was evaluated behaviorally for neurological
function by counting missed steps in a grid walk. At 2 dpl, all
groups show comparable impairment with a 50% level of missed
steps for the right forelimb and hindlimb. By 28 dpl there is
greater recovery in NgR1"/~ PlexinA2*/~ mice compared with
WT (p = 0.003, one-way ANOVA with Tukey multiple-
comparisons test), whereas NgR1"/~ and PlexinA2"/~ animals
show no significant difference from WT (Fig. 8A4). In compari-
sons between all genotypes, only the double-heterozygous versus
WT pair shows a statistically significant difference (Table 1).
These deficits are specific to the lesion side because the intact side
left limb errors are between 10 and 38% missed steps at 2 dpl and
between 8 and 33% at 28 dpl in all genotype groups (Fig. 9A-C).
No significant functional recovery of the affected right-side limbs
between 2 and 28 dpl is observed in WT animals (p = 0.184,
paired f test). In contrast, the other three genotypes exhibit im-
provement (NgRI1™/~; p = 0.0165, PlexinA2™'~; p = 0.0477,
NgR1"/~ PlexinA2*'~; p = 0.004, paired t test; Fig. 8 B, C). After
Bonferroni correction for four genotypes, only the double-
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heterozygous improvement remains significant (Table 1). To-
gether, the data demonstrate a functional interaction of NgRI
and PlexinA2 to limit behavioral recovery after unilateral PyX
injury.

Discussion

The major findings of the present study are the ability of Nogo-A
to drive physical association of NgR1, PlexinA2, and CRMP2 in a
signaling complex. Expression of these three proteins allows non-
neuronal cells to respond morphologically to the presence of
Nogo-A ligands. Cortical neurons require both NgR1 and
PlexinA2 for Nogo-A inhibition of axonal regeneration. More-
over, genes for the two proteins interact, such that the double-
heterozygote state but not single-allele loss abrogates Nogo-A
cellular action. In mice, unilateral corticospinal tract interrup-
tion at the medulla is followed by greater regenerative sprouting
and neurological recovery when one allele of both NgR1 and
PlexinA2 is deleted. Together, these data define a signal transduc-
tion pathway limiting axonal growth after adult mammalian CNS
injury in which Nogo-A binding to NgRI1 recruits transmem-
brane PlexinA2 and intracellular CRMP2.

The double-heterozygous phenotype in vitro and in vivo is
indistinguishable from the single null for either NgRI or
PlexinA2. Neither single-heterozygous cultured neurons nor
single-heterozygous mice showed a significant difference from
WT. There was a nonsignificant trend toward greater recovery of
grid walking for the single-heterozygous mice. Increasing the sta-
tistical power with a larger n value might reveal a weak effect of
haploinsufficiency for Ngrl and PlexinA2 in neurological recov-
ery from PyX lesion.

A key aspect to uncovering this ternary signaling complex was
the analysis of ligand-induced protein associations in primary
neurons. The role of Plexin/CRMP downstream of Nogo-A/
NgR1 parallels their role downstream of Sema3/neuropilin dur-
ing developmental axon repulsion (Deo et al., 2004; Schmidt and
Strittmatter, 2007; Schmidt et al., 2008). The fact that Plexin
receptors are auto-inhibited in the basal state may explain their
diverse activation by a range of cues, including Semaphorins di-
rectly, neuropilin and NgR1 (Takahashi and Strittmatter, 2001;
Janssen et al., 2012; Kong et al., 2016). Once intramolecular basal
auto-inhibition is interrupted, then downstream activation re-
cruiting CRMPs can proceed.

The CRMP1-5 family of proteins form heterotetramers and
CRMP2 is the most prevalent family member (Goshima et al.,
1995; Wang and Strittmatter, 1996, 1997; Deo et al., 2004;
Schmidt and Strittmatter, 2007). The CRMP family titrates ax-
onal growth in multiple situations (Goshima et al., 1995; Arimura
etal., 2005; Niisato etal., 2012, 2013; Khazaei et al., 2014; Nagai et
al,, 2015, 2016; Takaya et al., 2017). Previous studies have sug-
gested an involvement of CRMPs in myelin ligand signaling. In
mouse experimental allergic encephalomyelitis, axonal degener-
ation requires both NgR1 and CRMP2 phosphorylation (Petratos
et al., 2012). In addition, CRMP participates in MAG-induced
axon growth inhibition and Rho activation in vitro (Mimura et
al., 2006). CRMP has also been linked with RhoA as a substrate of
RhoA/ROCK2, which is known to be downstream of NgR1
(Arimura et al., 2005; Petratos et al., 2012). However, coupling of
NgR1 with CRMPs has previously been thought to be indirect
without physical association. Our data document participation of
CRMPs in a NgR1/Plexin signaling complex. Specific CRMP iso-
forms form hetero-oligomers with other CRMPs, and to a greater
extent than homotetramers (Wang and Strittmatter, 1997; Deo et
al., 2004). Therefore, CRMP2 involvement implies likely partic-
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ipation of other CRMP family members as well. CRMP4 was
detected here in ligand stimulated NgR1 complexes and is a po-
tential contributor to NgR1 signaling in vivo.

PlexinA2 is well known to participate in Semaphorin axon
repulsion during development, both as a partner with Sema3-
binding neuropilins (Takahashi et al., 1999) and also as a direct
Semaé6 receptor (Renaud et al., 2008; Riinker et al., 2008; Shim et
al., 2012). In addition, we had previously demonstrated a role for
PlexinA2 in limiting corticospinal axon regenerative sprouting
after adult mouse pyramidotomy (Shim et al., 2012). However,
the ligand responsible for the PlexinA2 injury response pheno-
type was not defined. Sema6 expression by oligodendrocytes sug-
gested one potential ligand (Shim et al., 2012). Here, we show
physical coupling with NgR1 and a requirement for PlexinA2 in
Nogo-A mediated axon growth inhibition. It is likely that inter-
ruption of Nogo-A/NgR1 signaling underlies the neural repair
and recovery phenotype of PlexinA2 =/~ mice after PyX.

Previous work has implicated p75NTR, Troy, and Lingo1 as
coreceptors in NgR1 signaling (Wang et al., 2002a; Mi et al., 2004;
Park et al., 2005; Shao et al., 2005). Here, we find that PlexinA?2 is
required for cortical neuron inhibition by Nogo-A in vitro and for
corticospinal regenerative sprouting in vivo. The NgR1/PlexinA2
complex is also sufficient to mediate morphological responses in
non-neuronal cells. It is possible that cortical projection neurons
respond to Nogo-A via the NgR1/PlexinA2/CRMP pathway,
while other neurons use different pathways. This might explain
the limited in vivo regenerative phenotype focused on descending
spinal projection axons observed for p75NTR, Troy and Lingo1
despite in vitro evidence for a role in DRG and cerebellar projec-
tion neurons. PlexinA2 expression is substantially greater in adult
cerebral cortex than in cerebellum (Shim et al., 2012).

The utilization of PlexinA2 and CRMP?2 for signal transduc-
tion by Nogo-A/NgR1 complexes documents shared mecha-
nisms in axon growth inhibition during development and in the
injured adult. Although the ligands and consequences are unique
in these diverse situations, the inhibitory signaling pathways
share downstream molecular components. Further studies of de-
velopmental axon guidance mechanisms in the injured CNS may
accelerate progress toward overcoming barriers to neural repair.
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