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Development/Plasticity/Repair

Leukocyte Common Antigen-Related Phosphatase Is a
Functional Receptor for Chondroitin Sulfate Proteoglycan
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Chondroitin sulfate proteoglycans (CSPGs) are a family of extracellular matrix molecules with various functions in regulating tissue
morphogenesis, cell division, and axon guidance. A number of CSPGs are highly upregulated by reactive glial scar tissues after injuries
and form a strong barrier for axonal regeneration in the adult vertebrate CNS. Although CSPGs may negatively regulate axonal growth via
binding and altering activity of other growth-regulating factors, the molecular mechanisms by which CSPGs restrict axonal elongation are
not well understood. Here, we identified a novel receptor mechanism whereby CSPGs inhibit axonal growth via interactions with neuronal
transmembrane leukocyte common antigen-related phosphatase (LAR). CSPGs bind LAR with high affinity in transfected COS-7 cells and
coimmunoprecipitate with LAR expressed in various tissues including the brain and spinal cord. CSPG stimulation enhances activity of
LAR phosphatase in vitro. Deletion of LAR in knock-out mice or blockade of LAR with sequence-selective peptides significantly over-
comes neurite growth restrictions of CSPGs in neuronal cultures. Intracellularly, CSPG-LAR interaction mediates axonal growth inhibi-
tion of neurons partially via inactivating Akt and activating RhoA signals. Systemic treatments with LAR-targeting peptides in mice with
thoracic spinal cord transection injuries induce significant axon growth of descending serotonergic fibers in the vicinity of the lesion and
beyond in the caudal spinal cord and promote locomotor functional recovery. Identification of LAR as a novel CSPG functional receptor

provides a therapeutic basis for enhancing axonal regeneration and functional recovery after CNS injuries in adult mammals.

Introduction

Following axonal injuries, chondroitin sulfate proteoglycans
(CSPGs) generated by the reactive glial scar tissues significantly
contribute to axon growth failure in the CNS (Snow et al., 1990;
McKeon et al., 1991; Bradbury et al., 2002; Silver and Miller,
2004). The major CSPGs found in the CNS include neurocan,
versican, aggrecan, brevican, phosphacans, and NG2. Structur-
ally, CSPG molecules contain a single core protein and one or
more polysaccharide glycosaminoglycan (GAG) chains. After
CNS injuries, CSPGs are considerably upregulated in reactive
astrocytes and oligodendrocyte progenitors and the increased
CSPG concentrations form a potent chemical barrier for axonal
regeneration by preventing elongation (Bradbury et al., 2002;
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Jones et al., 2003; Sherman and Back, 2008). The GAG chains of
CSPGs play a critical role in regulating the suppression properties
of CSPGs because removing chondroitin sulfate GAGs from the
core protein attenuates CSPG inhibition and facilitates axonal
regeneration. Particularly, enzymatic cleavage of GAG chains
with bacterial chondroitinase ABC (ChABC) reduces CSPG sup-
pression and enhances axonal regeneration of nigrostriatal,
corticospinal, and ascending fibers, and improving functional
recovery after CNS injuries (Moon et al., 2001; Bradbury et al.,
2002; Cafferty et al., 2007; Garcia-Alifas et al., 2008; Tester and
Howland, 2008; Jefferson et al., 2011). ChABC combined with
cell transplants further promotes axonal regeneration after spinal
cord injury (SCI) (Fouad et al., 2005; Houle et al., 2006; Kim et
al., 2006; Tom etal., 2009; Alilain et al., 2011). Thus, CSPG axonal
growth inhibitors are important targets for overcoming growth
repression in the injured CNS.

The molecular mechanisms by which CSPGs restrict axonal
growth are not well understood. The inhibitory actions of CSPGs
are dependent on the sulfation pattern of GAG chains (Sherman
and Back, 2008). CSPGs have been shown to suppress axonal
growth via negatively charged sulfate (Gilbert et al., 2005) or via
binding and blocking growth-promoting effects of some extra-
cellular matrix molecules, such as laminin and tenascin (Sher-
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man and Back, 2008). CSPGs may also contribute to repressing
properties of the inhibitory molecule semaphorin 5A by binding
its thrombospondin domain via the GAG chains (Kantor et al.,
2004). However, most axonal growth inhibitors in the CNS re-
strict axonal extension via binding their interacting receptor pro-
teins on the membrane (Klein, 2004; Liu et al., 2006). It is very
likely that CSPGs mediate neuronal growth suppression primar-
ily through binding and activating functional receptors on the
membrane. Most recently, two studies indicate that receptor pro-
tein tyrosine phosphatase o (RPTPo) acts as a receptor for CSPGs
and partially mediates the ability of CSPGs to restrict regenerative
neurite outgrowth (Shen et al., 2009; Fry et al., 2010). Here, we
report that the transmembrane leukocyte common antigen-
related phosphatase (LAR) receptor, another member in the LAR
subfamily of RPTPs, plays an important role in regulating inhi-
bition of axonal elongation by functioning as a receptor for CSPG
inhibitors. We demonstrate that CSPGs bind LAR phosphatase
with high affinity and CSPG stimulation significantly enhances
LAR activity in vitro. Functional blockade of LAR reverses neurite
growth inhibition induced by CSPGs. Treatments with LAR-
targeting peptides induce significant descending axonal growth
in the caudal spinal cord and promote locomotor functional re-
covery in rodents with SCI. Our study suggests that LAR phos-
phatase is a novel molecular target for promoting axonal
regeneration and functional recovery in the injured CNS.

Materials and Methods

Sources of compounds. Antibodies against the following proteins were
used: CSPG (clone Cat-316; 1:4000; Millipore), rabbit anti-LAR (the
intracellular domain amino acids 1081-1150; 1:200 for immunostaining;
Santa Cruz Biotechnology), goat anti-LAR [the C-terminal cytoplasmic
domain of rat origin LAR for coimmunoprecipitation (co-IP); Santa
Cruz Biotechnology], mouse anti-LAR (the N-terminal cytoplasmic do-
main of human origin LAR; 1:500 for Western blots; BD Biosciences
Transduction Laboratories), versican (the amino acid residues 436—
4416 of human versican; 1:1000 for blotting; Sigma-Aldrich), rat neuro-
can (1:1000 for blotting; Sigma-Aldrich), c-myc (9E10; Santa Cruz),
NeuN (1:500 for neuronal staining; Millipore), neurofilament (1:200;
Sigma-Aldrich), neuron-specific class III B-tubulin (Tujl; 1:500; Ab-
cam), 5-HT (1:4000; ImmunoStar), Akt, Akt-p, collapsin response me-
diator protein-2 (CRMP2), CRMP2-p (1:1000; Cell Signaling
Technology), and RhoA (1:1000; Santa Cruz Biotechnology). The major
proteins used include the mixture of purified CSPGs containing neuro-
can, versican, phosphacan, and aggrecan (Millipore), purified chondroi-
tin sulfate (400 ug/ml; Sigma-Aldrich), protease-free ChABC (2 U/ml;
Sigma-Aldrich) (Qin et al., 2006), Rho binding domain (RBD) beads
(Cytoskeleton), and laminin (Sigma-Aldrich). The random sequence
peptide (RP), the extracellular LAR peptide (ELP) [described as L59 in
the study by Yang et al. (2005)], and the intracellular LAR peptide (ILP)
[described as WLAR in the study by Xie et al. (2006)] were synthesized by
CHI Scientific, and their purity was analyzed via HPLC. The LAR muta-
tion in the first Ig-like domain was generated by changing lysine residues
K68, K69, K71, and K72 of human LAR to alanines with PCR. The other
LAR plasmids were provided by M. Sheng, including wild-type LAR
(LAR-WT), LAR with the D2 domain deletion mutant AD2, and LAR
mutant C1522S containing a cysteine-to-serine missense mutation in the
D1 domain (Dunah etal., 2005). The protein tyrosine phosphatase (PTP)
activity in the lysates of transfected COS-7 cells was measured via a non-
radioactive phosphotyrosine phosphatase assay using the PTP-101 kit
(Sigma-Aldrich).

Immunohistochemistry and immunoprecipitation. To visualize cellular
distribution of LAR in CNS tissues, we stained sections of fixed spinal
cord and brain harvested from wild-type or LAR mutant mice after per-
fusion with 4% paraformaldehyde. The parasagittal spinal cord and cor-
onal brain sections were incubated with a rabbit anti-LAR antibody. LAR
protein was visualized via an Alexa 594 anti-rabbit secondary antibody.
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To localize LAR signal to definite cells, cell type-specific antibodies
(NeuN for neurons, neurofilament for axon cylinders, and 5-HT for
serotonergic neuron/axons) were applied in some sections.

COS-7 cells were grown in DMEM supplemented with 10% fetal bo-
vine serum in 60 mm dishes and transfected with LAR-WT or LAR mu-
tants. Two days after transfection, cells were prepared in 300 ul of cold
lysis buffer supplemented with protease inhibitors (1 mm phenylmethyl-
sulfonyl fluoride, 2 mm orthovanadate, 10 ug/ml leupeptin, and 10
ug/ml aprotinin) and clarified by centrifugation at 15,000 X g for 10 min
at 4°C. The tissue lysates were prepared from adult mice with spinal cord
injury or from the age-matched normal mice. For the former, a dorsal
hemitransection injury was performed at T7 level in female mice (8-10
weeks of age). Seven days after the injury, mice were perfused through
heart with cold PBS for 5 min, and the spinal cord containing injury site
at T4-T10 was harvested immediately after perfusion. For the latter,
age-matched adult female mice with sham surgery were perfused with
PBS, and the spinal cord at T4-T10, brain, aorta, lung, and skeletal
muscle were dissected out. All of these tissues were collected on dry ice
immediately and stored at —80°C. Tissues were prepared in lysis buffer
supplemented with protease inhibitors. Following sonification and cen-
trifugation to remove tissue debris, total protein concentration in super-
natants was determined with Bio-Rad DC protein assay reagents.
Samples containing the same amount of protein in cell or tissue super-
natants were used for Western blot and co-IP assays. For LAR expression
in COS-7 cells or tissues, a rabbit antibody against the LAR intracellular
domain amino acids 1081-1150 (Santa Cruz Biotechnology) or a puri-
fied mouse antibody against the N-terminal sequence of human LAR was
used. For versican protein determination in tissues, a rabbit antibody
against amino acid residues 436—4416 of human versican was applied
(Sigma-Aldrich).

In selected experiments, cell or tissue supernatants containing the
same amount of protein were used for co-IP with Pierce protein G im-
munoprecipitation kit. After bead preparations following the manufac-
turer’s instructions, a mouse monoclonal antibody against amino acids
408-439 of c-myc (9E10; Santa Cruz) was coupled to beads to pull down
LAR protein in COS-7 supernatants. The constructs of LAR-WT and
LAR mutants were conjugated to c-myc (Dunah et al., 2005). A bait—prey
protein complex in COS-7 cell supernatants was created by adding puri-
fied CSPGs to the supernatants at 5.2 ug/ml before incubating with
antibody-coupled beads. For tissue supernatants, a goat antibody raised
against the C-terminal cytoplasmic domain of rat origin LAR (Santa
Cruz Biotechnology) was coupled to the beads. After 2 h incubation with
various tissue supernatants, beads were washed with coupling buffer four
times. After 5 min heating in 2X Laemmli buffer, the denatured samples
were loaded to 4-20% gradient SDS-PAGE gels for Western blotting.
The blots were probed with a mouse anti-neurocan (for COS-7 cell su-
pernatants) or rabbit anti-versican (for tissue supernatants; Sigma-
Aldrich) antibody. Proteins were transferred to nitrocellulose membrane
and bands were visualized with enhanced chemiluminescence reagents
(GE Healthcare).

CSPG binding assays in COS-7 cells. COS-7 cells were grown as de-
scribed above. Cells cultured on poly-L-lysine-coated 96-well plates were
transfected with a control DNA, LAR-WT, LAR with the D2 domain
deletion mutant AD2, or LAR mutant C1522S containing a cysteine-to-
serine missense mutation in the D1 domain (Dunah et al., 2005). Forty-
eight hours after transfection, cells were incubated with a mixture of
purified CSPGs containing neurocan, versican, phosphacan, and aggre-
can (5.2 ug/ml; Millipore) for 2 h. These CSPGs are highly upregulated
around the lesion several days to weeks after a CNS injury and signifi-
cantly contribute to the growth failure of injured axons (Jones et al.,
2003; Carulli et al., 2005). In selected experiments, transfected COS-7
cells were incubated with CSPGs in the presence of ChABC to digest the
GAG chains. Following three washes with PBS, CSPG binding signals to
COS-7 cells were detected via immunostaining. In brief, after blocking
nonspecific binding sites with 10% goat serum in PBS for 30 min, fixed
COS-7 cells were incubated with a mouse monoclonal antibody against
CSPGs (clone Cat-316; Millipore) followed by a biotin-conjugated goat
anti-mouse secondary antibody (Lander et al., 1997). After five washes
with PBS, cells were treated with avidin—biotin peroxidase complex
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(ABC) for 60 min, and CSPG binding signals were visualized with ABC-
diaminobenzidine (DAB)-based reaction. The intensity of reaction color
in multiple wells was read with a 96-well plate reader at 405 nm.

Quantitative binding assay of CSPG to LAR protein in COS-7 super-
natants was performed with immobilized LAR coated onto 96-well assay
plates via ELISA. COS-7 cells were cultured in 60 mm dishes and trans-
fected with vehicle, LAR-WT, or LAR mutant AD2. After 48 h transfec-
tion, cells were washed with ice-cold PBS three times and prepared in 300
ul of cold lysis buffer supplemented with protease inhibitors. Following
clarification via centrifugation at 15,000 X g for 10 min at 4°C and total
protein quantification with Bio-Rad DC protein assay reagents, 25 ul of
supernatant samples containing the same concentration of protein were
added to 96-well plates and incubated for 1 h at room temperature. After
two washes with PBS, wells were treated with a mixture of purified CSPGs
(5.2 pg/ml) for 2 h at 37°C. Following five washes with PBS and fixation
with 4% formalin, coated proteins on wells were blocked with 10% goat
serum for 30 min and treated with a mouse antibody against CSPG
followed by a biotin-conjugated anti-mouse secondary antibody. CSPG
binding signals to LAR in the cell supernatants were detected with ABC-
DAB-based reaction as above. All the binding experiments in the trans-
fected cells were performed in 5-10 replicates.

PTP activity assay in COS-7 cells. COS-7 cells were grown in 24-well
plates and transfected with LAR-WT, LAR mutations, or control DNA as
above. Two days after transfection, cells were washed with phosphate-
free saline two times and prepared in phosphate-free lysis buffer supple-
mented with I mm phenylmethylsulfonyl fluoride, 10 ug/ml leupeptin,
10 pg/ml aprotinin, and a protease inhibitor mixture (Sigma-Aldrich).
Then, 30 ul of cell lysates were treated with purified CSPGs (7.5 pg/ml;
Millipore) or purified chondroitin sulfate (CS) (400 ug/ml; Sigma-
Aldrich) for 3 min at room temperature. The same amount of samples
from each well was also treated with vehicle for 3 min. The PTP activity in
samples after stimulation with CSPG, CS, or vehicle was measured via a
nonradioactive phosphotyrosine phosphatase assay using PTP-101 kit
(Sigma-Aldrich). This assay measures the levels of phosphate generated
from PTP reaction in the presence of insulin receptor phosphopeptides,
the substrates of PTP including LAR. The PTP activity in each well was
determined by calculating the ratio of PTP activity in the presence and
absence of CSPGs or CS.

LAR knock-out mice. LAR knock-out mice were provided by F. M.
Longo (Xie et al., 2001) and LAR /= littermate crosses were used to
generate LAR /", LAR "7, and LAR /" littermates. Genotyping was
conducted via reverse transcription-PCR following the protocols from
the laboratory of F. M. Longo (Xie et al., 2001). Homozygous and
heterozygous LAR mutant mice are viable and grossly normal in appear-
ance. The LAR knock-out mice contain a 3-galactosidase/neomycin (3-
geo) reporter transgene in the intron between exons 6 and 7 of LAR gene.
This transgene contains an En-2 splice acceptor that functions as a “gene
trap” and results in expression of a fusion protein containing a small
segment of LAR extracellular N-terminal (the first two Ig-like domains)
and 3-geo protein (Xie etal., 2001). The LAR/3-geo fusion protein omits
>90% of the LAR protein domains, including most of the extracellular
region (the third Ig-like domain along with eight FNIII domains) and the
entire intracellular region (including phosphatase domains).

Neurite growth assay in primary neuronal cultures. The neurite out-
growth from neurons was performed in dorsal root ganglion (DRG) and
cerebellar granular neuron (CGN) cultures 24 h after growth. In some
cases, coverslips were coated with a mixture of purified CSPGs (1.5 ug/
ml; Millipore) or CNS myelin (50 wg/ml). DRGs were dissected out from
different genotypes of LAR mutant mice or from C57BL/6 mice (for
peptide experiments) aged 7-10 weeks. After incubation with collagenase
and 0.25% trypsin/EDTA and washing with culture medium, dissociated
DRG neurons were plated onto plastic coverslips in 24-well plates and
grown in culture medium (DMEM/F12 mixture plus 10% fetal bovine
serum, 2 mMm glutamine, 100 pg/ml penicillin, and 100 ug/ml streptomy-
cin) for 24 h or 4 d at 37°C (Fu et al., 2007; Dill et al., 2008).

Primary cerebellar granular neuron cultures were prepared from cer-
ebelli of postnatal 7-9 d C57BL/6 mice. After trypsin digestion, cells were
dissociated and grown in culture medium (DMEM/F12 containing 10%
fetal bovine serum, 2 mum glutamine, 100 ug/ml penicillin and 100 pg/ml
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streptomycin, 25 mm KCl, and 25 mm glucose) for 24 h at 37°C. After
coating with poly-L-lysine (100 pg/ml), cell culture coverslips were incu-
bated with 10 wg/ml laminin for 2 h at 37°C before cell plating. NGF was
not applied to neuronal cultures for neurite outgrowth assays.

After cell plating, dissociated neurons were treated with vehicle, RP
(7.5 um), ELP (7.5 um), or ILP (2.5 um). These peptides were synthesized
by CHI Scientific, and their purity was analyzed via HPLC. For neurite
outgrowth, neuronal cells were fixed 24 h after plating and stained with a
mouse antibody against Tujl. Images of each culture were captured with
a Nikon image-collecting system, and neurite outgrowth was quantified
with Photoshop and NTH Image software (GrandPré etal., 2002; Fu etal.,
2007; Dill et al., 2008). For outgrowth quantification, the total neurite
length for each neuron was determined from 40 to 150 representative
DRG neurons or from 120 to 180 CGNs in each experiment. The mean
values were calculated from four to six separate experiments.

Akt, CRMP2, and active RhoA assays in CGNs. The primary CGN cul-
tures were prepared from cerebelli of postnatal 7-9 d LAR*'* or
LAR ™/~ mice. After 24 h growth, CGN cultures were incubated with
CSPGs (1.5 ug/ml) for 2-30 min. After washing with ice-cold PBS, cells
in each dish (60 mm) were prepared in 300 ul of cold lysis buffer supple-
mented with protease inhibitors and clarified by centrifugation at
15,000 X g for 10 min at 4°C. Following total protein quantification in
supernatants with Bio-Rad DC protein assay reagents, samples contain-
ing the same amount of proteins were prepared for Western blot using
antibodies against phosphorylated Akt Ser473, CRMP2 Thr514, and total
Akt or CRMP2. The levels of phosphorylated Akt and CRMP2 represent
active Akt and inactive CRMP2, respectively. Proteins were transferred to
nitrocellulose membrane, and bands were visualized with enhanced
chemiluminescence reagents. The levels of GTP-bound RhoA in CGNs
were measured via precipitation with RBD beads as we reported (Fu etal.,
2007; Dill et al., 2010). For band densitometry, the images of Akt-p,
CRMP2-p, and active RhoA bands were captured with a Bio-Rad Gel Doc
XR documentation system, and band density was determined using
Quantity One software (Fu et al., 2007). For each group, four separate
experiments were performed, and the values of band density measured
from cells collected at different time points were compared with those
treated with vehicle PBS.

Dorsal transection lesions of the spinal cord, histology, and behavioral
tests in SCI mice. Adult female C57BL/6 mice (8—10 weeks of age; The
Jackson Laboratory) were deeply anesthetized with intramuscular ket-
amine (100 mg/kg) and intraperitoneal xylazine (15 mg/kg). A complete
laminectomy was performed, and the dorsal part of the spinal cord was
fully exposed at levels T6 and T7 (Li and Strittmatter, 2003). A dorsal
over-hemisection was performed at T7 with a 30 gauge needle and a pair
of microscissors to completely sever dorsal part of the spinal cord. The
depth of the lesion (1.0 mm) was ensured by passing the marked needle
several times across dorsal part of the spinal cord. The muscle layers over
the laminectomies were sutured, and the skin on the back was closed with
surgical staples. Two days after SCI, mice started to receive daily subcu-
taneous injections of vehicle DMSO (14 ulin 86 ul of PBS per injection),
ELP (140 pg/mouse per day), or ILP (75 ug/mouse per day) for 10
successive days with syringes at lower part of the hindquarters. These
peptides were dissolved in DMSO first before diluted in sterile PBS.
During the first 6 d after SCI, one to three mice died in each group due to
poor general health. For axonal quantification and behavioral analysis,
six, five, and eight mice were used in the control, ELP, and ILP groups,
respectively.

Mice were perfused transcardially 5 weeks after SCI with PBS followed
by 4% paraformaldehyde. After postfixation in the same fixative, trans-
verse sections (40 um) were collected from the spinal cord 5-7 mm
rostral to and 5-7 mm caudal to the injury center. To visualize seroto-
nergic fibers, transverse sections of the spinal cord were stained with an
antibody against 5-HT. To determine serotonergic fibers at the spinal
cord 5-7 mm caudal to the lesion, individual fibers stained by 5-HT
antibody in the ventral and dorsal half of the spinal cord were traced
manually, and the mean density of traced 5-HT fibers was measured
blindly from two random transverse sections in each mouse using NIH
software. To further compare axon number in the caudal spinal cord
among different groups, we counted 5-HT axons in the spinal cord 0-2.4
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mm caudal to the lesion epicenter from all the parasagittal sections in
each animal (~25 sections per mouse) in a blind manner. The lesion
center was determined based on the characteristic staining patterns for
glial fibrillary acidic protein and cavitations around the injury. To deter-
mine whether treatments with peptides benefit functional recovery after
SCI, we evaluated locomotion recovery during 5 weeks of survival by
measuring the Basso mouse scale for locomotion (BMS) 2 d and per week
after SCI and the grid walk performance 5 weeks after SCL.

Statistical analysis. SigmaPlot software was used for statistical analysis.
Data are shown as means = SEM in the graphs. A repeated-measures
ANOVA was used for the BMS data analysis. Statistical significance for
other analyses was tested with the unpaired Student’s ¢ test with Welch’s
correction or Mann—-Whitney modification. The differences with p <
0.05 were considered significant between different groups.

Results

Neuronal expression of LAR in the brain and spinal cord and
coimmunoprecipitation of LAR with CSPG

If LAR is a functional receptor for CSPGs, LAR protein should be
widely expressed in various neurons in the adult CNS. We ana-
lyzed LAR expression using a rabbit polyclonal antibody against
the intracellular domain (amino acids 1081-1150) of human or-
igin LAR. Immunohistochemistry revealed the wide expression
of LAR protein in different populations of neurons in the brain
and spinal cord, including axonal cylinders along the white mat-
ter tracts (Fig. 1A, C). In contrast, LAR knock-out mice did not
exhibit any obvious LAR staining signal in the CNS, suggesting
the selectivity of this LAR antibody (Fig. 1B, D). Of note, NeuN-
positive neurons were present in the white matter tracts of the
brain (Fig. 1A,B) (Loup et al., 2009). To confirm LAR protein
expression in wild-type mice, we examined the levels of this pro-
tein via Western blots with an antibody against the N-terminal
sequence (24—196) of human LAR. In LAR ** mice, we detected
LAR protein at 150 kDa from the spinal cord and brain (data not
shown). This 150 kDa band appears to represent three Ig domains
and eight Fn III domains of the E-subunit of LAR (Tsujikawa et
al,, 2001).

The membrane protein LAR has been reported to bind several
extracellular ligands including syndecan and Dallylike, two hepa-
ran sulfate proteoglycans (HSPGs), at the neuromuscular junc-
tion in flies (Fox and Zinn, 2005; Johnson et al., 2006). LAR
interacts with the GAG chains of syndecans with nanomolar af-
finity and regulates syndecan-dependent presynaptic growth.
Similar to CSPGs, syndecans structurally possess an extracellular
core protein and long GAG side chains (repeating sulfated disac-
charide units). Functionally, both HSPGs and CSPGs play a role
in guiding axons during neuronal development (Van Vactor et
al., 2006). For example, HSPGs contribute to growth cone col-
lapse induced by Ephrin-A3 in mouse cortical neurons (Irie et al.,
2008). Considering structural and functional similarities between
CSPGs and HSPGs, we have hypothesized that CSPGs repress
axonal elongation of mature neurons principally via interaction
with membrane LAR on the axons. Co-IP has been widely used to
detect protein interaction. To determine potential interaction
between CSPGs and LAR in vivo, we performed co-IP for LAR in
supernatants of several tissue sources and precipitated LAR com-
ponents by immunoblotting for CSPG molecule versican. From
all the supernatants of tissues, including the injured spinal cord,
uninjured spinal cord, brain, aorta, and lung, we pulled down two
major bands for versican, the 150 kDa core protein and 70 kDa
N-terminal cleavage fragment (Fig. 1 E) (Y. Zhangetal., 1998). In
some supernatants of tissues, including lung and injured spinal
cord, we also detected a weak band of 220 kDa. Previous studies
confirmed the identity of 220 kDa versican fragment from mam-
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malian tissue extracts (Sandy et al., 2001). Using Western blot, we
confirmed the high level expression of LAR protein (Fig. 1 E)
and this CSPG (data not shown) in various tissues. Thus, these
experiments suggest that high levels of extracellular CSPGs,
including versican, interact with neuronal LAR in the normal
or injured CNS.

CSPGs bind LAR phosphatase in COS-7 cells with high
affinity

To confirm interaction between CSPGs and LAR in vitro, we
performed a CSPG binding assay for LAR expressed in non-
neuronal COS-7 cells 48 h after transfection. After incubation
with a purified CSPG mixture (5.2 ug/ml; ~20 nm), CSPG bind-
ing signal was visualized with biotin-conjugated secondary anti-
body and ABC-DAB-based reactions. In non-transfected COS-7
cells, we detected weak baseline staining probably due to a low
level of CSPG expression in COS-7 cells. However, cells trans-
fected with LAR-WT DNA exhibited dramatically enhanced sig-
nals for CSPG staining (Fig. 2B, F), especially in the cytoplasmic
membrane areas (Fig. 2C). Our result indicates that the affinity is
due to LAR expression in COS-7 cells (Fig. 2 D). Dose-response
curves indicate that CSPG binding signal increases in a dose-
dependent manner (Fig. 2G) and reaches its maximal level at
~7.5 pug/ml CSPGs (~30 nMm).

The intracellular D2 domain of LAR has been shown to regu-
late binding of ligands, including Liprin-« and the insulin recep-
tor (Serra-Pages etal., 1998; Tsujikawa et al., 2001). To determine
whether the D2 domain of LAR contributes to CSPG binding in
cell cultures, we overexpressed a LAR mutation with deleted D2
domain (AD2) (Dunah et al., 2005). This mutated construct has
been reported to disrupt the interaction of endogenous LAR with
Liprin-a, a family of proteins recruiting synaptic proteins and
regulating synaptic cargo transport during synaptic maturation.
In contrast, C1522S mutation in the D1 domain inactivates cat-
alytic activity of LAR, but does not have any effect on the bind-
regulating domain D2 (Dunah etal., 2005). We found that COS-7
cells transfected with AD2 mutation exhibited significantly re-
duced CSPG binding compared with those transfected with LAR-
WT. Transfection with the D1 domain mutant C1422S did not
affect the binding of CSPGs to LAR protein (Fig. 2B, F). The GAG
chains have been reported to play a critical role in regulating
axonal growth inhibition of CSPGs (Snow et al., 1990; Bradbury
etal., 2002; Cafferty etal., 2007). We next tested whether the GAG
chains participate in CSPG binding to LAR protein by removing
GAGs from the core protein via ChABC digestion. Incubation
with CSPGs (4.5 pg/ml) increased CSPG binding signal in COS-7
cells transfected with LAR-WT, but treatments with CSPGs plus
ChABC significantly attenuated the binding signals of CSPGs to
LAR in transfected COS-7 cells (Fig. 2 H).

Recently, a study reported that CSPGs interact with RPTPo
through a basic motif in the first Ig-like domain (Shen et al., 2009).
Given that RPTPo is also a member in the LAR subfamily and has an
almost identical domain organization with LAR, we next examined
whether the first Ig-like domain of LAR would play a role for medi-
ating CSPG binding to LAR. We generated a point mutation by
changing lysine residues K68, K69, K71, and K72 to alanines in the
first Ig domain of LAR (Shen et al., 2009). As shown in Figure 2 I, the
mutated LAR in Ig-like-1 domain (LAR Ig1M) significantly reduced
the CSPG binding signals in COS-7 cells 48 h after transfection.
Thus, this experiment indicates that the first Ig-like domain of LAR
also contributes to the CSPG binding to LAR.

To confirm the interaction between CSPGs and LAR, we also
evaluated the binding of purified CSPGs to the supernatants of
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Figure 1. LARis highly expressed in CNS neurons and coimmunoprecipitated with CSPG versican in various tissue supernatants. A, €, LAR is expressed in different populations of neurons in the

gray matter (GM) areas and white matter (WM) tracts of the brain and spinal cord derived from wild-type mice. Neuronal marker NeuN and axonal marker neurofilament (NF) were used to label
neuronal bodies and axon cylinders, respectively. B, D, LAR staining signals are absent in the gray matter areas and white matter tracts of the brain and spinal cord in LAR ~/~ mice. Scale bars: 4,
B, 50 um; C, D, 25 pum. E, LAR was coimmunoprecipitated with CSPG versican in the supernatants of different tissues from wild-type mice using antibodies against LAR (IP) and versican (blot). LAR

protein was detected from these tissue lysates (bands on the right).

cells transfected with vehicle, LAR-WT or AD2 mutation. We
incubated 96-well plates with COS-7 cell supernatants at the
same protein concentrations and then with purified CSPGs (5.2
wg/ml). After five washes, CSPG binding signals were detected via
an ELISA. Consistently, the supernatants of cells transfected with
LAR-WT displayed remarkably enhanced CSPG binding signals
than those from control and AD2 mutation (Fig. 2]). Western

blot analysis confirmed expression of LAR protein in COS-7 cells
transfected with LAR-WT (220 kDa) or the D2 mutation (a
shifted band <220 kDa) (Fig. 2K). Immunostaining displayed
high levels of LAR-WT (Fig. 2D) and LAR D2 mutant (Fig. 2E)
proteins in LAR-transfected COS-7 cells, including the cytoplas-
mic membrane areas. We also performed co-IP experiments with
COS-7 cell supernatants and purified CSPGs. Consistently, LAR
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Figure 2.  (SPGs bind LAR protein with high affinity in C0S-7 cells. 4, Schematic diagram indicates the LAR transmembrane protein. LAR ectodomain includes several Ig-like and fibronectin
type-lll domains. Itsintracellular portion consists of two cytosolic phosphatase domains called D1and D2. B, C0S-7 cells were transfected with control, LAR-WT, LAR mutant with D2 domain deletion
(AD2), or LAR mutant with D1 domain mutation (C15229). Forty-eight hours after transfection, cells were incubated with purified CSPGs and CSPG-binding signal was detected viaimmune-based
staining. Scale bar, 100 m. €, Image at high magnification indicates CSPG binding signal to COS-7 transfected with LAR-WT. Scale bar, 25 m. D, Immunostaining for LAR indicates LAR expression
in C0S-7 cells 48 h after transfection. Scale bar, 50 wm. E, Inmunostaining for LAR AD2 indicates expression of this mutated LAR in COS-7 cells 48 h after transfection. Scale bar, 50 um. £, Bar graph
indicates CSPG binding signal for C0S-7 cells in 96-well plates. The binding signal was quantified in each group with a plate reader at 405 nm. n = 6 wells in each group. G, A dose—response curve
for CSPG binding was determined in COS-7 cells transfected with LAR-WT. H, 1, The bar graphs indicate CSPG binding signals to COS-7 cells quantified from 96-well plates with a plate reader at 405
nm.n = 610 wells in each group. CS, (SPG. LAR IgTM, LAR mutation in the first Ig-like domain. J, The affinity of CSPG interaction with LAR was determined from the supernatants of C0S-7 cells
via an ELISA. K, Western blot indicates expression of LAR protein in COS-7 cells transfected with LAR-WT, but not in the control. COS-7 cells transfected with AD2 mutation exhibit a reduced band
size for LAR. L, LAR conjugated to c-mycin COS-7 supernatants was coimmunoprecipitated with CSPG neurocan using antibodies against c-myc (IP) and neurocan (blot). In F=J, *p << 0.05, **p <
0.01, Student’s t test. Error bars indicate SEM.
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Figure 3.

(SPGs and chondroitin sulfate activate LAR phosphatase in COS-7 cells. A, A dose—response curve indicates the high correlation between color changes (0D at 595 nm) and phosphate

gradients. B, C, The bar graphs indicate that stimulation with CSPG (7.5 g/ml) or CS (400 wug/ml) increases LAR activity (fold changes after CSPGs or CS) in COS-7 cells transfected with LAR-WT, but
not with LAR mutants AD2 or (1522S. n = 6 wells per group in Band €. *p << 0.05, **p << 0.01, Student’s t test. Error bars indicate SEM.

protein was robustly coprecipitated with CSPG detected by an
antibody against neurocan, one of the lecticans highly expressed
in the injured CNS (Jones et al., 2003). Together, these experi-
ments suggest that CSPGs bind LAR protein with high affinity
and that the LAR D2 domain contributes to the binding of CSPGs
to LAR phosphatase.

CSPGs and chondroitin sulfate enhance LAR phosphatase
activity in COS-7 cells

If LAR mediates the growth-inhibitory nature of CSPGs by acting
as their functional receptor, stimulation of LAR with CSPG mol-
ecules should alter the activity of LAR phosphatase. We tested this
hypothesis by measuring LAR activity in COS-7 cells transfected
with either LAR-WT or LAR mutations. Two days after transfec-
tion, COS-7 cells were prepared in phosphate-free lysis buffer
and cell lysates were incubated with a mixture of purified CSPGs
(7.5 pg/ml; 3 min) or with chondroitin sulfate (400 wg/ml; 3
min), the component of sulfated glycosaminoglycans that can
mimic the suppressive features of CSPGs by inducing growth
cone collapse and inhibiting axonal extension (Ughrin et al.,
2003; Wang et al., 2008). LAR activity in cell lysates was deter-
mined with a PTP kit by monitoring colorimetric changes of free
phosphate generated by PTP-based dephosphorylation reactions
in the presence of a substrate. To confirm the reliability of this
measuring system, we first obtained a dose—response curve using
a standard phosphate solution. As shown in Figure 3A, the color
reactions in 96-well plates are linearly correlated to phosphate
concentrations. Next, we measured concentrations of phosphate
generated by dephosphorylating an insulin receptor peptide sub-
strate in the presence of COS-7 cell lysates. Stimulation with
CSPGs or CS significantly increased PTP activity in the lysates of
cells transfected with LAR-WT compared with the cells trans-
fected with a control DNA (Fig. 3 B, C). However, CSPGs and CS,
the major inhibitory component of CSPGs, failed to induce such
an effect in the lysates of cells transfected with the D1 (C1522S)
and D2 mutations of LAR, which mutated the enzymatic activity
domain and deleted the binding-recognizing domain of LAR,
respectively. Our data suggest that CSPGs and CS are able to
activate LAR phosphatase in vitro.

LAR deletion in knock-out mice overcomes growth restriction
of CSPGs on neurites in neuronal cultures

If binding of CSPGs to LAR mediates CSPG suppression, LAR
deletion should attenuate the inhibitory function of CSPGs on

axon growth. To test this hypothesis, we evaluated LAR protein
deletion on neurite outgrowth from cultured DRG neurons ex-
posed to a mixture of purified CSPGs, which contains neurocan,
versican, phosphacan, and aggrecan. These CSPGs are highly up-
regulated in the lesioned CNS (Jones et al., 2003; Sherman and
Back, 2008). Although the number of progeny in LAR ™/~ mice is
significantly lower than that of LAR */* mice (17 vs 25%) (Yeo et
al., 1997), LAR '~ and LAR ™/~ mice are viable and grossly nor-
mal in appearance. Morphologically, LAR '~ mice exhibit sig-
nificantly reduced size of basal forebrain cholinergic neurons and
loss of cholinergic innervation to their target neurons in the
dentate gyrus (Yeo et al., 1997). Behavioral evaluations of mice
lacking LAR phosphatase domains exhibit spatial learning im-
pairment and increased activity (Kolkman et al., 2004). In adult
wild-type mice, DRG neurons express high level of LAR protein
(Xie etal., 2001), but morphological analyses of DRGsin LAR ~/~
mice indicate normal overall appearance, fiber density, axonal
area, and myelin area (Xie et al., 2001). Functional evaluation of
sensory pathways via pain withdrawal responses shows no differ-
ences in phenotype between LAR ™" and LAR ™/~ littermate
mice. As we expected, application of CSPGs (1.5 pug/ml) remark-
ably attenuated the length of neurites in dissociated DRG neu-
rons derived from adult LAR ™" or LAR™~ mice 24 h after
growth. However, DRG neurons derived from adult LAR ~/~
mice exhibit significantly increased neurite length when cul-
tured on CSPG substrates (Fig. 4A,B). The remaining CSPG
suppression in LAR ~/~ DRG neurons appears to be regulated
by additional receptors, such as RPTPo (Shen et al., 2009), or
non-receptor-mediated mechanism. These results demon-
strate that LAR protein mediates growth repression of CSPG
molecules in mature neurons.

LAR selective blockade with sequence-targeting peptides
overcomes growth restriction of CSPGs on neurites

To confirm that functional blockade of LAR attenuates CSPG
suppression on neurite elongation, we next used two LAR bind-
ing peptides derived from the LAR extracellular and intracellular
domains, respectively. ELP contains 37 residues corresponding to
the fifth LAR fibronectin type III (FN-III) domain and blocks
LAR homophilic interaction by binding the same LAR domain
(Yang et al., 2005). ILP has 35 aa including 24 residues derived
from the wedge-shaped helix-loop-helix sequence located be-
tween the membrane proximal region and the D1 catalytic
domain (Xie et al., 2006). The C-terminal of ILP contains a
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LAR deletion in mutant mice significantly reverses neurite outgrowth in DRG neurons cultured on CSPGs. A, DRG neurons derived from adult LAR I LART T, or LAR /™ mice were

cultured in the absence or presence of CSPGs (1.5 wg/ml). Neurons were fixed and stained with an antibody against BlII-tubulin 24 h after growth. DRG neurons derived from LAR '~ mice
remarkably recovered neurite length of DRG neurons on CSPGs. Scale bar, 50 um. B, Neurite length per DRG neuron was quantified 24 h after cell plating. LAR deletion increased neurite length in
the presence of (SPGs compared with cells from control mice. The numbers indicate means = SEM from four coverslips (31— 40 images/coverslip) in each group. **p << 0.01, compared with

LAR */* group in the presence of (SPGs, Student’s t test.

membrane-penetrating sequence (GRKKRRQRRRC) derived
from the transactivator of transcription (TAT) peptide. Given
that TAT-fusion proteins retain their biological activity and are
able to rapidly and efficiently access the intracellular space of
cultured cells and intact tissues following in vitro and in vivo
extracellular applications (Schwarze et al., 1999; Futaki et al,,
2001), the TAT-containing ILP should efficiently penetrate into
cells after extracellular administration. ILP may block LAR func-
tions by selectively interfering with the access of LAR substrates
to the D1 enzymatic site and interaction of D1 domains with
other important LAR regions and/or intracellular functional pro-
teins (Xie et al., 2006). Studies from the group of F. M. Longo
support efficient binding of ELP and ILP to LAR domains be-
cause ILP could precipitate the full-length LAR protein in vitro
and administration of ELP and LIP stimulated neurite outgrowth
of PC12 cells or embryonic neurons in cultures (Yang et al., 2005;
Xie et al., 2006). We next examined the effect of LAR functional
interference with these peptides on neurite outgrowth from cul-
tured DRG neurons exposed to purified CSPGs. CSPGs remark-
ably attenuated the number and length of neurites in dissociated
DRG neurons derived from adult C57BL/6 mice 24 h after growth
(Fig. 5A,E). As predicted, treatments with ELP (7.5 um) or ILP
(2.5 uM) significantly increased neurite length of DRG neurons
cultured on CSPG substrates. To examine whether ELP and ILP
overcome growth suppression selectively induced by CSPGs, we
assessed the effects of these peptides on neurite growth of DRG
neurons in the absence of any axonal growth inhibitors as well
as in the presence of inhibitory substrates other than CSPGs.
We demonstrate that ELP and ILP did not significantly alter
neurite outgrowth of DRG neurons in the absence of axon
growth inhibitors (Fig. 5F) or in the presence of CNS myelin
inhibitors (Fig. 5G).

To explore the role of LAR activation in limiting axonal elon-
gation in central neurons, we assessed neurite growth in cultured
CGNs derived from postnatal 7-9 d mice (Dill et al., 2008). Like
DRG neurons, the CGNs treated with ELP or ILP dramatically
overcame growth suppression of CSPGs 24 h after cell plating

(Fig. 5C,H ). While ELP and ILP target different domains of LAR,
both induced a similar degree of neurite extension in neurons
cultured on CSPG inhibitors. The remaining CSPG suppression
after LAR peptide treatments might be regulated by additional
receptors, such as RPTPo (Shen et al., 2009). Immunostaining
for LAR indicates LAR protein expression in the soma and neu-
rites of DRG neurons and CGNs (Fig. 5B, D). These experiments
suggest that targeting LAR rather than other members of the
RPTP family mediates the growth-enhancing activity detected
here and that LAR activation contributes to neurite growth sup-
pression of CSPGs.

Akt and RhoA mediate the downstream signaling pathways of
CSPG-LAR interaction in neurons

Our results indicate that CSPGs enhance LAR phosphatase activ-
ity in vitro. We next determined the intracellular downstream
signaling mechanisms by which CSPG-LAR interaction might
mediate axonal growth inhibition. Our recent studies, together
with other reports, indicate that Akt and RhoA signals contribute
to CSPG-mediated growth suppression of neurons (Monnier et
al., 2003; Fu et al., 2007; Dill et al., 2008). Thus, we evaluated
whether LAR deletion alters activities of Akt and RhoA by mea-
suring phosphorylated Akt (Akt-p) (Ser473) and active RhoA in
cultured CGNs following CSPG incubation. By using CGN cul-
tures, we could easily collect enough samples for Western blot-
ting analysis. Phosphorylated Akt at residue Ser473 in its
C-terminal hydrophobic motif is necessary for full activation of
Akt and the cellular levels of Akt-p at Ser473 correlate with the
activity of this kinase (Zhou et al., 2004; Chadborn et al., 2006).
Following 24 h of growth, CGNs were treated with CSPGs (1.5
wg/ml) for 2-30 min and the levels of Akt-p and active RhoA in
supernatants were detected via Western blot or precipitation with
RBD beads. Application of CSPGs at 1.5 ug/ml induced signifi-
cant reduction of phosphorylated Akt and enhancement of active
RhoA signals in CGNs derived from postnatal 7-9 d LAR*/*
mice (Fig. 6 A, C). Nevertheless, stimulation with CSPGs (1.5 ug/
ml) failed to induce significant changes of Akt-p and active RhoA
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LAR deletion eliminates CSPG-induced Akt inactivation and RhoA activation in CGN cultures. 4, B, Western blots indicate the levels of Akt-p (active form) in the supernatants of CGNs 24 h

after cultures. Application of CSPG inhibitor (1.5 wg/ml) significantly reduced the levels of Akt-p 2—30 min after exposures in CGNs derived from LAR */* mice (4), although the total protein levels
(Akt-t) are similar in the supernatants. However, application of CSPGs did not induce such a change of Akt-p in CGNs derived from LAR /™ mice (B). The differences indicated are compared with PBS
control. €, D, RhoA activity (top bands) was determined in cell supernatants of cultured CGNs 24 h after growth via RBD precipitation and Western blotting. Total RhoA levels (bottom bands) were
determined from the same cell supernatants with blotting. Treatment with CSPGs (1.5 wg/ml) for 20 min significantly increases RhoA activation in neurons (C). Nevertheless, LAR deletion
significantly eliminates RhoA activation induced by CSPG stimulation (D). E, F, Western blots indicate the levels of phosphorylated CRMP2 (CRMP2-p) (Thr514) in the supernatants of CGNs 24 h after
cultures. Following 230 min exposures, CSPG (1.5 g/ml) did not significantly alter the levels of CRMP2-p in CGNs derived from either LAR */* or LAR ~/~ mice. The graphs in A~F at the bottom
of the bands indicate the levels of signaling proteins in CGN supernatants quantified from four separate experiments. *p << 0.05, **p << 0.01, Student’s t test. Error bars indicate SEM.

in cultured CGNs derived from LAR ™/~ mice (Fig. 6 B, D). These
experiments suggest that CSPG-LAR interaction mediates ax-
onal growth inhibition of neurons partly via inactivating Akt and
activating RhoA signals.

CRMP-2 plays a critical role in regulating axonal formation
and outgrowth during neuronal development via binding tubu-
lin heterodimers and promoting microtubule assembly (Gu and

<«

(Figure legend continued.)  Immunostaining indicates LAR expression in the soma and neu-
rites of DRG neurons and CGNs. The scale is the same asin A. E-G, Neurite length per DRG neuron
was quantified 24 h after cell plating. ELP and ILP treatments increased neurite length in the
presence of (SPGs compared with cells treated with Veh or RP (E), but did not significantly alter
neurite length in the absence of axonal growth inhibitor (F) orin the presence of (NS myelin (G).
H, Neurite length per CGN was quantified 24 h after cell plating. ELP and ILP treatments in-
creased neurite length of CGNs in the presence of CSPGs compared with cells treated with Veh or
RP. Inthe graphs in E-H, the numbers indicate means == SEM from four to six coverslips (8 —10
images/coverslip) in each group. *p << 0.05, **p << 0.01, Student’s ¢ test.

Thara, 2000; Fukata et al., 2002; Yoshimura et al., 2005). Given
that activation of GSK-3f, the downstream signal of Akt, and
RhoA contributes to growth cone collapse of axons by phosphor-
ylating CRMP-2 at the threonine site and inactivating this protein
(Arimura et al., 2005; Petratos et al., 2008), we examined whether
altered Akt and RhoA activities following CSPG application
would change the levels of phosphorylated CRMP-2 at Thr514
(CRMP2-p) in cultured neurons. We found that CSPG (1.5 g/
ml) stimulation did not significantly affect the levels of CRMP2-p
in cultured CGNs derived from either LAR */* or LAR ™/~ mice
(Fig. 6E,F). This finding suggests that phosphorylation of
CRMP2 at Thr514 does not play a remarkable role for regulating
CSPG-LAR interaction in neurons.

LAR-targeting peptides stimulate growth of descending fibers
in mice with a thoracic dorsal transection injury

Given the inhibitory effect of LAR on axonal extension in vitro,
suppression of this phosphatase via a pharmacological approach
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should enhance axonal growth following a CNS injury in vivo. We
tested this hypothesis using a spinal cord injury model in rodents
with a dorsal transection lesion at T7. This model is widely used
for axonal regeneration and functional recovery studies (Grand-
Pré et al., 2002; Fu et al., 2007) because it interrupts a group of
defined pathways and provides tissue bridging for regenerating
axons in the ventral spinal cord. Following SCI, the blood—brain
barrier is absent for weeks to months around the lesion (Schnell
et al., 1999), suggesting a route for penetration of peptides into
the CNS after systemic administration. Conjugation of the TAT
sequence to the intracellular LAR-targeting peptide can not only
facilitate its penetration into cells (Schwarze et al., 1999; Futaki et
al., 2001), but enhance its diffusion into the CNS following a
systemic application (Rapoport and Lorberboum-Galski, 2009).
Thus, LAR peptides should be able to efficiently penetrate into
the lesioned spinal cord and bind cellular LAR following a sys-
temic application. Several CSPGs are upregulated around 1-3 d
after SCI and reach peak levels 1-2 weeks following the lesion
(Jones et al., 2003). Based on the time course of CSPG upregula-
tion, for in vivo axon regeneration experiments, we initiated
treatments with vehicle DMSO, ELP (140 ug/mouse per day) or
ILP (75 png/mouse per day) 2 d after injury via daily subcutaneous
injections with syringes for 10 consecutive days. Because these
peptides were dissolved in DMSO before dilution with PBS, we
chose this solvent as the control in our in vivo experiments. Ve-
hicles have been frequently used as controls for peptide or protein
treatments in axon regeneration studies (GrandPré et al., 2002; Li
and Strittmatter, 2003; Alilain et al., 2011; Zai et al., 2011) due to
possible unforeseen toxic effects of using scrambled peptides in
vivo. We applied a lower dose of ILP than ELP because of the
higher in vitro potency of ILP for reversing CSPG inhibition. A
few descending axonal pathways contribute to the extent of be-
havioral recovery after SCI, including descending raphespinal
fiber tracts (Li et al., 2004). Thus, we characterized serotonergic
fibers from transverse sections of SCI mice treated with vehicle or
peptides via immunostaining with an antibody against 5-HT.
Rostral to the lesion, a high density of 5-HT fibers were detected
in transverse sections of the spinal cord, particularly in the ventral
horns as well as the central and intermediolateral areas (Fig.
7 A, B). Five weeks after dorsal transection injury, the density of
5-HT-positive fibers was dramatically reduced in the caudal spi-
nal cord (Fig. 7C,D) compared with sections rostral to the lesion
(Li and Strittmatter, 2003). However, in samples from injured
mice treated with ELP or ILP, the density of 5-HT fibers in the
spinal cord 5-7 mm caudal to the lesion epicenter (at the upper
lumbar levels) was significantly increased (Fig. 7E-H ) compared
with SCI controls although the density of 5-HT fibers 5-7 mm
rostral to the lesion was similar among the three groups (data not
shown). Moreover, longitudinal sections containing the lesion
site displayed projection of a greater number of 5-HT-labeled
axons into the reactive scar tissues around the lesion (data not
shown) and the caudal spinal cord in ELP- and ILP-treated mice
than in vehicle-treated controls (Fig. 7],K). Although a similar
number of 5-HT-positive axons was observed at 0—2.5 mm cau-
dal to the lesion in ELP- and ILP-treated mice, ELP treatment
induced a greater degree of axonal growth in the lumbar spinal
cord more caudal to the injury site (5-7 mm to the lesion) than
ILP (Fig. 7I), suggesting longer distance axonal growth in SCI
mice treated with ELP.

We also evaluated whether treatments with ELP and ILP
would promote functional recovery several weeks after SCI in
mice. The standardized BMS was used to assess the outcome of
these SCI rodents (Basso et al., 2006). The mice usually show no
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observable movement or slight-extensive ankle movement
(BMS, 0-2) 2 d after the dorsal transection injury (Fig. 8 A). A few
weeks after the dorsal transection injury, control mice exhibit
partial recovery probably due to short-range sprouting from
spared fibers and reorganization of segmental circuitry including
propriospinal reconnections (Courtine et al., 2008). The recovery
reaches a stable level by 2—3 weeks after SCI. Generally, the con-
trol mice have frequent or consistent plantar stepping with lim-
ited or no coordination, and paws rotate when making the initial
contact with the testing surface at initial contact and lift off. In
contrast, the locomotor BMS in the ELP- or ILP-treated mice
initiated 2 d after injury continues to increase 3—5 weeks after SCI
and the majority of them have consistent coordination plus
parallel paw position at initial contact with the testing surface
(Fig. 8A).

To further characterize locomotor recovery after SCI, we also
performed a grid walking test in these mice. In this test, mice
walked on a metal grid runway (10 mm between grids) and the
incidence of their hindlimb slipping below the grid plane was
evaluated from videotapes watched at a slow speed by an observer
blind to experimental condition (Metz et al., 2000). Uninjured
mice made very few errors on this test. Five weeks after injury,
control mice made numerous errors by misplacing their hind-
paws and falling into grid holes, but the mice treated with pep-
tides, especially with ELP, made significantly fewer errors (p <
0.01 for ELP, p < 0.05 for ILP, Student’s ¢ test) by correctly
placing their hindpaws on the grid (Fig. 8 B). Thus, these results
demonstrate that treatments with LAR-targeting peptides signif-
icantly improve axonal growth and foster behavioral recovery in
adult rodents with a dorsal transection SCI.

Discussion

Several strategies have been reported to repress CSPG inhibition
(Grimpe and Silver, 2004; Laabs et al., 2007), but digestion of
glycosaminoglycan chains with local application of bacterial
chondroitinase ABC is the major in vivo approach to surmount
growth inhibition of CSPGs after CNS injuries in rodents (Kwok
et al., 2008; Alilain et al., 2011; Bradbury and Carter, 2011). Im-
portant disadvantages, however, may limit the use of ChABCas a
therapeutic option for axonal injury patients, including incom-
plete removal of inhibitory components from CSPGs, short pe-
riod of enzymatic activity at body temperature, inability to cross
the blood—brain barrier due to large molecular size, and potential
immune reactions after repeated injections. Thus, it is important
to develop novel and more effective strategies for surmounting
CSPG-mediated growth inhibitions. In this report, we have iden-
tified the transmembrane LAR phosphatase as an important me-
diator of CSPG effects in vitro. CSPGs bind LAR with high affinity
and activate this phosphatase in vitro. LAR deletion in knock-out
mice or blockade with peptides targeting sequences in either the
extracellular or intracellular domains largely reverses growth
suppression mediated by CSPG growth inhibitors. Our results
suggest that LAR is a novel molecular target for overcoming
growth restriction of the reactive glial scar tissues following CNS
injuries.

The LAR subfamily of RPTPs has three vertebrate homologs,
including LAR, RPTP§, and RPTPo. The LAR ectodomain con-
tains IgG-like and fibronectin type-III domains, and its trans-
membrane domain is followed by two cytosolic phosphatase
domains D1 and D2 (Fig. 2A). D1 has protein tyrosine phospha-
tase (PTPase) activity by itself, and its conserved cysteine residue
is essential for the PTPase activity (Tonks, 2006). The three-
dimensional structure of D2 is very similar to that of D1, but D2
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vehicle-treated SCI controls, repeated-measures ANOVA, or Student’s £ test.

has no or very little intrinsic catalytic activity (Paul and Lom-
broso, 2003) and is mainly responsible for recognition of phos-
phorylated ligands and substrate specificity (Tsujikawa et al.,
2001). Using dominant-negative LAR mutation and three differ-
ent in vitro binding assays (Fig. 2A,F,],L), we consistently dem-
onstrate that the LAR D2 domain, the binding site of Liprin-a;, at
least partially mediates the protein interactions between CSPGs
and LAR. Similarly, LAR D2 has been shown to be important for
recognition of LAR substrates including the insulin receptor as
removal of the D2 domain altered the binding specificity of the
LAR extracellular domain in vitro (Tsujikawa et al., 2001). The
molecular mechanisms by which intracellular D2 regulates the bind-
ing of LAR to extracellular CSPG molecules are not clear. Previ-
ous studies suggest that RPTP dimerization is important for
regulating functions of these phosphatases (Chagnon et al., 2004;
den Hertog et al., 2008). Intracellular changes of RPTPs, such as
phosphorylation or oxidation, may result in quaternary confor-
mation alterations within RPTP dimers and modify their ligand-
binding properties (den Hertog et al., 2008). Given the potential
multiple functions of the intracellular LAR D2 domain (Chagnon
et al., 2004), deletion of this domain might affect the binding
capacity of extracellular ligands by altering the status of LAR
dimerization or through other mechanisms. Intracellularly, the
interaction of LAR with catenin and other proteins appears to
regulate actin cytoskeleton dynamics and neuronal extension
(Dunah et al., 2005; Haapasalo et al., 2007). Moreover, our find-
ing suggests that the GAG chains of CSPGs are critical for their
binding to LAR since CSPG digestion with ChABC largely re-
moves the binding affinity (Fig. 2 H).

LAR is highly expressed by multiple neuronal populations
(Fig. 1) and has been localized to neurites and neuronal growth
cones (Fig. 5) (J. S. Zhang et al., 1998). LAR is conserved during
evolution and predominantly functions in the nervous system by
regulating cell adhesion, synaptic formation and maintenance,
and learning and memory during development and in the adult
(Paul and Lombroso, 2003). The extracellular domains of LAR
have been reported to bind a few axon growth-regulating mole-
cules, including laminin—nidogen complex in HeLa cells and
HSPGs in Drosophila (O’Grady et al., 1998; Fox and Zinn, 2005;
Johnson et al., 2006), but the physiological ligand(s) for LAR in

5 weeks after SCI

Systemic treatments with ELP and ILP improve locomotor recovery in SCl mice. 4, The graph indicates the locomotor
BMS in vehicle, ELP-treated (red color), or ILP-treated (green color) mice following dorsal transection SCI. B, Graph indicates grid
walk errors in vehicle, ELP-treated (red color), or ILP-treated (green color) mice 5 weeks after dorsal transection SCI. In graphs,
means == SEM from six, five, and eight mice in control, ELP, and ILP groups are reported. *p << 0.05, **p < 0.01, compared with
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mammals remains unclear. Our study

demonstrates that CSPG molecules bind

LAR with high affinity and interact with

this phosphatase, suggesting that CSPGs

* may function as the ligands for LAR in

mammals. In fact, CSPGs have been

shown to have similar regulatory func-

tions to LAR in neurons, including those

*k involving cell adhesion and differentia-

tion during development as well as con-

trolling synaptic and structural plasticity

in adult CNS (Carulli et al., 2005). Fur-

thermore, a recent study indicates that a

conserved, positively charged region on

the surface of the first IgG-like domain of

RPTPo, also a member in the LAR sub-

family, interacts with chondroitin sulfate,

the negatively charged region of CSPGs

(Shen et al., 2009). Thus, our study, to-

gether with the most recent report (Shen

et al., 2009), suggests that CSPGs are the

ligands for some RPTP members, includ-
ing LAR and RPTPo.

Our results support the crucial role of LAR in mediating CSPG
inhibition of axon outgrowth. CSPG stimulation increases LAR
phosphatase activity. LAR deletion in transgenic mice or block-
ade with peptides derived from either the ectodomain or in-
tracellular wedge-shaped helix-loop-helix of LAR promotes
significant neurite and axon outgrowth in mature DRG neurons
or in postnatal cerebellar neurons cultured on CSPG substrates.
LAR antagonistic peptides also effectively reverse growth cone
collapse of embryonic DRG neurons induced by CSPGs (data not
shown). In contrast, LAR-targeting peptides did not surmount
growth repression induced by other types of axonal growth
inhibitors such as CNS myelin (Fig. 5G). Also, transgenic LAR
deletion eliminates CSPG-induced intracellular Akt inactiva-
tion and RhoA activation in neurons. Moreover, using a SCI
model, we demonstrate that systemic application of LAR-
targeting peptides enhances axonal growth of the descending
raphespinal tracts as well as locomotor functional recovery in
adult rodents. Inhibition of CSPG signals is most likely to be
the basis for the increased axonal growth and improved be-
havioral recovery of SCI rodents in this study, although we
cannot exclude the possibility that LAR inhibition benefits
recovery through other mechanisms because LAR ligands in
the CNS are largely unknown. Previously, the laboratory of
F. M. Longo demonstrated that LAR-targeting peptides in-
creased neurite elongation in immature cells including PC12
cells and mouse E16—E17 hippocampal neurons (Yang et al.,
2003, 2005; Xie et al., 2006). The positive effect of the LAR
peptides detected in previous studies might represent LAR
blockade overcoming repression of CSPGs expressed on neu-
ronal/glial membrane (Lander et al., 1997) and/or interfering
with other functions of LAR (Xie et al., 2006).

Following SCI, the extent of locomotor function recovery
generally depends on reorganization of segmental circuitry and
restoration of supraspinal input. Segmental mechanisms appear
to play a major role in the locomotor recovery of control SCI mice
treated with vehicle due to lack of obvious axonal regeneration.
However, in addition to enhanced plasticity at segmental levels,
restoration of supraspinal input to the caudal spinal cord appears
to participate in the functional improvement in the animals
treated with LAR-targeting peptides. Treatment with ELP or ILP

ELP ILP
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induces axonal growth in the spinal cord below the lesion and
significantly increases the number of descending raphespinal
tract fibers. Consistently, serotonergic neurons express high lev-
els of LAR protein (data not shown). Given the widespread neu-
ronal distribution of LAR in the CNS, it is very likely that
additional fiber systems are responsive to the LAR-targeting pep-
tides and could contribute to the improved performance of SCI
mice.

LAR blockade with transgenic or pharmacological approaches
partially recovers neurite growth of neurons on CSPG inhibitors
(Figs. 4A,B, 5E,H). The remaining suppressing effects of CSPGs
following LAR inhibition are likely to be mediated by additional
receptors and receptor-independent mechanisms. By using
RPTPo mutant mice, the groups of J. G. Flanagan (Harvard Med-
ical School, Boston, MA) and J. Silver convincingly demonstrate
that neuronal RPTPo is a receptor for CSPG molecules and partly
mediates inhibitory effects of reactive scar tissues. Following a
dorsal transection SCI, sensory axons in RPTPo /'~ mice ex-
tended into the glial scar tissues but did not regenerate robustly
beyond the lesion center of the spinal cord (Shen et al., 2009).
Consistently, another group reported a limited degree of cortico-
spinal axonal regeneration in RPTPa /™ mice after SCI (Fry et
al., 2010). Thus, our study, together with these reports, suggests
that axon growth inhibition of the CSPG-rich scar tissues is
mainly or completely mediated by neuronal transmembrane LAR
and RPTPo, two members in the LAR subfamily, although we
cannot exclude other possible CSPG receptor proteins and
receptor-independent mechanisms. Thus, it will be very interest-
ing to determine whether inhibition of both LAR and RPTPo via
transgenic or pharmacological approaches will more completely
surmount CSPG suppression and achieve more extensive axonal
regeneration in vivo.

The current identification of a novel receptor for mediating
CSPG actions should greatly advance our understanding of axon
growth inhibition mediated by glial scar tissues following CNS
injuries. More importantly, our study should facilitate develop-
ment of an effective therapy for a number of neurological disor-
ders that involve inhibition of axonal outgrowth including spinal
cord injury, brain trauma, and white matter stroke. Particularly,
subcutaneous injections of the LAR antagonistic peptides initi-
ated 2 d after axonal lesions might provide a basis for achieving
effective axonal regeneration and locomotor recovery in adult
mammals with CNS axonal injuries given the obvious advantages
of peptides over the bacterial enzyme ChABC and the wide appli-
cations of Food and Drug Administration-approved peptide
drugs in humans.
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