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Abstract

Collapsin response mediator proteins (CRMPs) are a family of ubiquitously expressed, homologous phosphoproteins best known
for coordinating cytoskeletal formation and regulating cellular division, migration, polarity, and synaptic connection. CRMP2,
the most studied of the five family members, is best known for its affinity for tubulin heterodimers and function in regulating the
microtubule network. These functions are tightly regulated by post-translational modifications including phosphorylation,
SUMOylation, oxidation, and O-GlcNAcylation. While CRMP2’s physiological functions rely mostly on its non-
phosphorylated state, dysregulation of CRMP2 phosphorylation and SUMOylation has been reported to be involved in the
pathophysiology of multiple diseases including cancer, chronic pain, spinal cord injury, neurofibromatosis type 1, and others.
Here, we provide a consolidated update on what is known about CRMP2 signaling and function, first focusing on axonal growth
and neuronal polarity, then illustrating the link between dysregulated CRMP2 post-translational modifications and diseases. We
additionally discuss the roles of CRMP2 in non-neuronal cells, both in the CNS and regions of the periphery. Finally, we offer
thoughts on the therapeutic implications of modulating CRMP2 function in a variety of diseases.
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First identified as a regulator of growth cone collapse during
brain development [1], the members of the collapsin response
mediator protein (CRMP) family are now well known for their
role in cytoskeletal formation, cellular division, migration,
neuronal polarity, and synapse dynamics [2—8]. Starting with
Alzheimer’s disease [9], CRMP dysregulation has now been
described in numerous diseases such as pain [10—13], neuro-
degenerative disorders [14-19], psychiatric syndromes
[20-22], and cancer [2, 23-28], making them of high interest
for therapeutic drug targeting across these diverse human con-
ditions [29]. There are five CRMPs (CRMP1-5), with
CRMPI, 3, and 5 contributing to dendrite morphogenesis
while CRMP2 and CRMP4 have roles in axon guidance, elon-
gation, and specification [2—4, 8, 29-33]. Here, we focus on
the known mechanisms of CRMP2, the most studied member
of the CRMP family. We provide a consolidated overview on
post-translational modifications of CRMP2, tying these alter-
ations into functional consequences in the central nervous
system (CNS). We also discuss CRMP2’s potential role(s) in
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non-neuronal CNS cells and cells outside the nervous system.
Finally, we touch on the therapeutic implications of these ba-
sic scientific studies, with the aim of providing a platform for
future drug discovery endeavors.

The DPYSL2 (CRMP2) Gene

The CRMP2 homolog from C. elegans, unc-33, was first de-
scribed in 1985 in a screen for gene mutations affecting axon
growth [34]. Mutations in unc-33 likely resulted in axon guid-
ance and growth defects due to a superabundance of microtu-
bules, whereby mutant microtubules of a larger diameter
formed doublets or triplets [34]. These early reports on unc-
33 represent the first findings that fueled research on CRMP2
functions for the following 20 years. After the sequencing of
unc-33in 1992 [35], CRMP2 (alternatively named CRMP-62,
TOAD-64, DRP-2, Ulip) was identified in chicken [36], rat
[37], human [38], and mouse [39].

The coding region for DPYSL?2 (gene coding for CRMP2)
is found on chromosome 8p21 in humans. Multiple protein
isoforms can rise from the alternative splicing of the first exon
of CRMP2 mRNA [22, 40] (Fig. 1). The extensive genome
and transcriptome sequencing performed in the last 20 years
allowed us to mine experimental evidence of transcripts for
any gene. In the Ensembl (EMBL) and Nucleotide (NIH) da-
tabases, alternative transcripts leading to a long form of
CRMP2 are referenced for humans with published evidence
at the protein level [22]. We found that pigs express several
splice variants for CRMP2 corresponding to the CRMP2-A
(long, Ensembl: ENSSSCT00000031898.2, Nucleotide:
XM 001927801.6, Uniprot: I3LJE2) and CRMP2-B (short,
Ensembl: ENSSSCT00000052840.1, Nucleotide:

XM 021073575.1, Uniprot: AOA286ZKKO0) forms. These
splice variants are not present in mice (Ensembl:
ENSMUSG00000022048, Nucleotide: NM_009955.3,
Uniprot: O08553) or rats (Ensembl:
ENSRNOG00000009625, Nucleotide: NM_001105717.2,
Uniprot: P47942) but were originally described in the chick
embryo (CRMP2-A, Ensembl: ENSGALT00000031500.2,
Nucleotide: XM_015297296.2, Uniprot: Q71SG2 and
CRMP2-B, Ensembl: ENSGALT00000000305.6,
Nucleotide: XM _015297298.2, Uniprot: Q90635) [40].
Although CRMP2-A and CRMP2-B isoforms have been re-
portedly observed in rodents, these are inferred from higher
molecular weight bands in western blots, which does not nec-
essarily allow conclusions on whether they are a result of
alternative splicing of the mRNA. Thus, the differential detec-
tion of multiple molecular weight bands for CRMP2 in western
blots may not necessarily represent CRMP2 isoforms but is
likely a result of cleavage and/or post-translational modifica-
tions. One publication claimed mass spectrometry evidence of
CRMP2-A isoform in an immunoprecipitate from mouse brain,
but this interpretation remains controversial because the identi-
fied peptides can be mapped on the common sequence between
CRMP2-A and CRMP2-B but not on the alternative exon 1
belonging exclusively to CRMP2-A (long isoform) (see sup-
plementary Fig. 1 in [41]). Further, the authors had to use a
heterologous system (human HEK293 cells) expressing recom-
binant human CRMP2-A to confirm their CRMP2-A interac-
tion of interest (prolyl Isomerase Pinl/CRMP2-A interaction)
[41]. Finally, mining unbiased RNA-seq data from multiple
brain cell populations showed no significant reads on the region
from the mouse chromosome 14 corresponding to the putative
alternatively spliced CRMP2-A variant (see notes in [42]).
However, an antibody raised against the exon 1 of CRMP2-A

Exon [ (Il IV VVIVIEVIIL IXX XI XXl XIV Protein Uniprot ID Ensembl ID
Rat HH CHHIHHT{H Hl—H— 5722a P47942 ENSRNOT00000012996.6
Mouse HH CHHIHH{H Hl—H—& 5722a 008553 ENSMUST00000022629.8
—7 H1 CHHIHHT—{H Hil—BHE— 677 a2a A0A1C7CYX9 ENST00000521913.6
Human HH ] THHIHF T HE——F 572aa Q16555-1 ENST00000311151.9
H THHIHF{H HE— Bl 536aa Q16555-2 ENST00000523027.1
Chicken|—l H1 CHHHFT+—{H 1— - 676aa Q71SG2 ENSGALT00000031500.3
—H1 CHHHFT—{H 1——-§ 572aa Q90635 ENSGALT00000000305.7
—] H1 THHHH+{H HE—BH— 677 aa 13LJE2 ENSSSCT00000031898.2
0 H CHHHT{HH—H— 635aa A0A287BD54 ENSSSCT00000049046.1
Pig —H1 CHHHH—{H H— R 593aa F1RJT3 ENSSSCT00000010592.3
HH1 THHEHFH HEl—HI—B 5722a A0A286ZKKO ENSSSCT00000052840.1
1 CHHH—HH—H—& 549aa A0A287BQR7 ENSSSCT00000064710.1
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Fig. 1 Schematic representation of DPYSL2 gene across species. The
intron/exon DPYSL2 gene organization is shown for the indicated spe-
cies. Each alternative splicing product is identified by its Ensembl ID and
corresponding Uniprot ID. Protein length was extracted from Uniprot.
The red boxes indicate the alternative Exon 1 specific to each mRNA
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isoform. The amino acid sequence shows the positions of known CRMP2
post-translational modifications, color-coded to indicate the exon carry-
ing the modified amino acid. When known, the enzyme responsible for
each modification is indicated
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(a protein blast indicated that this epitope is not predicted to
cross-react with other proteins on the mouse proteome) was
able to detect a higher molecular weight band in western blot
on adult mouse brain and primary cortical neurons [43]. We
conclude that expression of alternatively spliced CRMP2 iso-
forms in rodents is controversial from lack of evidence at the
transcript and protein levels. Further studies need to be carried
to definitively confirm or exclude whether CRMP2-A is
expressed in rodents or if higher molecular weight bands are
evidence of a post-translational modification increasing
CRMP2 molecular weight by ~ 10 kDa, which could be a
SUMOylation event [12, 44—47].

Not much is known about the distinct role of the two
CRMP2 isoforms. CRMP2-A protein product represents the
longer form at ~ 75 kDa, while CRMP2-B is ~ 62 kDa [29, 40,
43]. CRMP2-A expression had no effect on primary axon
elongation but was able to counteract CRMP2-B-mediated
inhibition of axonal growth [40]. It is important to note that
the main protein isoform found in all species (572 amino
acids) is conserved with 96.9% identity and 99.1% similarity
(amino acids with similar side chains). All known phosphor-
ylation, SUMOylation, oxidation, and O-GlcNAcylation sites
are fully conserved from chicken to humans. This suggests
that CRMP?2 functions are likely conserved between species
and that using rodents or pigs to study CRMP2 therapeutic
targeting has high translational potential.

Crystal structures of CRMPs have shown them to be ho-
mologous to the catalytic dihydropyrimidinase (DHPase)
family, though CRMPs do not share the catalytic activity of
DHPase [45, 48]. What would have been the catalytic site on
CRMP2 is maintained as a corresponding pocket that may
allow for ligand binding when opened [48, 49]. Rather than
being catalytic, CRMP2 is modified by a series of post-
translational modifications, including redox regulation, O-
GlcNAcylation, SUMOylation, and phosphorylation at multi-
ple sites [48, 50-53].

CRMP2 Expression Pattern in the Central
Nervous System and Other Cells

CRMP2 Expression in Neurons

CRMP2 is expressed mainly in the nervous system as inferred
from positive immunoblotting signals from brain and DRG
homogenates while no expression was detected in intestine,
lung, liver, kidney, heart, muscle, or any other tissues from
chicken [36]. CRMP2 expression pattern in the mouse and cat
brain is very high during embryonic development and de-
creases significantly after birth [43, 54, 55]. In the adult brain,
CRMP2 is expressed in the soma, axons, and dendrites of
neurons from the primary motor and somatosensory cortex
but also in the hippocampus and the cerebellum [43].

@ Springer

CRMP2 expression was found in progenitors of oligodendro-
cytes, thus showing that CRMP2 expression is not restricted to
neurons in the CNS [56]. RNA-seq and machine learning
mapping of all cell types of the mouse nervous system allowed
for a more detailed analysis of CRMP2 expression pattern in
different neuronal and non-neuronal cell populations (http://
mousebrain.org/genesearch.html [57]). This revealed high
CRMP2 expression in the sensory neuron afferents to the
cranial nerves III to XII, the adrenergic/noradrenergic neurons
of the medulla, the serotonergic neurons from the nucleus
raphe pons, excitatory neurons of the hindbrain, cholinergic
enteric neurons, and in immature oligodendrocytes from the
pons. Thus, CRMP2 expression in the CNS is mostly
contained in neurons or precursor cells.

CRMP2 Expression in Non-neuronal Cells
Oligodendrocytes

Early evidence for CRMP2 expression in oligodendrocytes
(OLs) came from in situ hybridization studies, where it was
revealed to be the most highly expressed of the five CRMP
isoforms in the adult brain, with mRNA present in the major-
ity of immature OLs [56]. CRMP2 immunolabeling has also
been observed in primary non-myelinating OL cultures [43].
More specifically, CRMP2 immunolabeling has been ob-
served in the white matter of the cerebellum, as well as in
other areas containing white matter, including the myelinated
tracts in the brain and spinal cord [56, 58]. Consistent with
RNA-seq data, CRMP2 immunolabeling in vivo and in vitro
was weak or absent present in astrocytes, microglia,
ependymal cells, and pericytes (http://mousebrain.org/
genesearch.html [56, 57]). CRMP2 has been involved in OL
process retraction and oligodendrocyte progenitor cell (OPC)
migration and directionality [59]. Both OL and OPCs express
the semaphoring 3A (Sema3A) receptor neuropilin-1 [58,
60-62]. Sema3A can inhibit oligodendrocyte process exten-
sion in vitro [58]. Blocking CRMP2 by adding an anti-
CRMP2 antibody to the culture medium prevented the
Sema3A-induced inhibition of oligodendrocyte branching.

Astrocytes

Although CRMP2 mRNA has been detected in highly puri-
fied adult mouse astrocytes (Fig. 2 and see notes [63]), there
are only two published studies demonstrating CRMP2 protein
expression in these cells by either immunostaining or immu-
noblotting. An immunolabeling study based on anti-bovine
CRMP2 N-terminal residues 1-17 found a positive signal in
mouse astrocytes (as well as in neurons and OLs); however,
the epitope used is not fully conserved in rodents (K7N mu-
tation) and is identical between CRMP2 and CRMP4 [64]. In
contrast, immunostaining using an antibody directed against


http://mousebrain.org/genesearch.html
http://mousebrain.org/genesearch.html
http://mousebrain.org/genesearch.html
http://mousebrain.org/genesearch.html

Mol Neurobiol (2019) 56:6736-6755

6739

704
60+
504
40+
304
20+
10+

04

l Astro

l Neuron

forC

B Imm OLG
Mat OLG

| Endothel.

Bl uglia

Relative CRMP2 expression

Fig. 2 Relative CRMP isoform mRNA expression in neural cell types
determined by RNA-seq analysis. RNA-seq was carried out using highly
enriched cell populations isolated from healthy adult mouse brain [42].
The expression level is plotted relative to the level of CRMP2 in neurons
which is set to 100%. After neurons, the 2nd most abundant cell source
are immature oligodendrocytes (Imm OLGs) at about 80% of that in
neurons, followed by mature myelinating OLGs (Mat OLG, about 45%
of that in neurons). Astrocyte and OLG progenitor cell (OPC) expression
is about 30% that of neurons, while expression in endothelial cells and
microglia is the lowest, roughly 10% that of neurons. The level of
CRMP2 measured in neurons was 59.9 FPKM (fragments per kilobase
of transcript per million mapped reads). For comparison, the FPKM for
several housekeeping genes were 1733 for a-tubulin, 334 for 33-tubulin,
and 323 for (3-actin

CRMP2 residues 217-232 failed to detect CRMP2 in astro-
cytes [56]. With the consideration of the recent RNA-seq data
and the inconsistent data obtained using antibodies and immu-
nostaining, whether CRMP2 is expressed in astrocytes re-
mains undetermined.

Microglia

Similar to astrocytes, RNAseq analysis identified low levels of
CRMP2 in microglia of adult mice [42, 57]. Subsequent anal-
ysis across developmental stages showed CRMP2 microglial
expression at E17 (132 reads per kilobase million (RPKM)
through post-natal day 60 (90 RPKM) (Supplementary dataset
1 in [65]). Microglial CRMP2 mRNA is also influenced by
inflammatory activation as evidenced by treatment with bac-
terial endotoxin lipopolysaccharide (LPS). CRMP2 expres-
sion level in microglia (392 RPKM) was reduced by 2-fold
following treatment with LPS, suggesting a regulation of
CRMP?2 transcript levels during microglial activation (see
supplementary Table 1 in [66]). Aside from RNAseq analyses,
there is no direct evidence documenting CRMP2 expression
in microglia. Indirect support for microglial CRMP2 comes
from studies showing the inflammatory responses of mouse
EOC-20 microglial cells and primary rat microglia are re-
duced by treatment with lanthionine ketimine ester (LKE), a
naturally occurring metabolite shown to interact with CRMP2
[67]. Similarly, providing LKE to mice with spinal cord injury
(SCI) suppresses microglia activation, as indicated by reduced
numbers and more ramified appearance (quiescent) of ionized
calcium-binding adapter molecule 1 (Ibal)—a microglia/
macrophage-specific calcium-binding protein—positive cells
in the spinal cord [68]. LKE treatment also reduced pathology
in a mouse model of Alzheimer’s disease (AD), in which it

reduced amyloid deposition, phospho-tau accumulation, and
the density of Ibal-stained microglial cells [69]. However,
whether LKE’s actions are mediated through CRMP2 or
through an alternate target protein (LKE also binds to
LanCl1, complement H factor, heat shock protein-70, myelin
basic protein (MBP), myelin proteolipid protein, syntaxin
binding protein-1 (STXBP1/Munc-18) [67]) have not been
addressed. The mechanism of action of LKE on CRMP2 re-
mains unclear. For instance, LKE decreases CRMP2 interac-
tion with tubulin but increases neurite outgrowth and axon
formation [67, 68]. It is still unknown whether LKE changes
CRMP2 expression level or targets CRMP2’s post-
translational modifications. Since CRMP2 has been shown
to be expressed in peripheral macrophages [70], it is also not
clear if the effects of LKE in the above neurological models
were due to suppression of parenchymal microglia or of
blood-derived macrophages, both of which express the Ibal
antigen. Taken together, possible roles for CRMP2 in these
cells remain to be fully explored, though it is possible that
CRMP2 exerts similar roles in regulating microtubule dynam-
ics in these cell types. As the majority of studies have been
carried out in rodents, it remains to be determined if localiza-
tion of CRMP2 expression (and function) in human cells is
similar or distinct from rodents. In this respect, RNA-seq anal-
ysis of different cell types isolated from adult human brain
shows significant differences compared to mouse, with mature
astrocytes showing higher CRMP2 expression than either
neurons or OLs (http://brainrnaseq.org [63]). As such, more
work remains to be done in the field of CRMP2 dynamics in
non-neuronal CNS cell populations.

CRMP2 Functions and Regulation in Neuronal
Polarity Establishment

CRMP2 plays an important role in neuronal polarity establish-
ment and in axonal guidance. A role for CRMP2 in axon
guidance was identified in an oocyte screen of proteins partic-
ipating in the collapsin (former name for Sema3A) response
pathway [36]. Using a complementary DNA library from E7
chicken dorsal root ganglia (DRG), the CRMP2 coding se-
quence allowed for an inward current response to the bath
application of Sema3A [36]. CRMP2’s role in axonal guid-
ance is due to the CRMP2-dependent collapse of the growth
cone of axons in response to Sema3A [36]. Neuronal polari-
zation is the developmental stage where small processes from
a neuron will differentiate into an axon and dendrites [71].
Increasing CRMP2 expression level was able to change the
polarization of hippocampal neurons and induced multiple
axons in 57% of neurons [72]. CRMP2 functions in axonal
growth and guidance are tightly regulated through different
post-translational modifications.
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Mechanism of CRMP2-Dependent Tubulin
Polymerization

CRMP2 is a cytosolic phosphoprotein regulating the microtu-
bule network, playing an important role in cell division, neuro-
nal polarity establishment, and axonal guidance in the develop-
ing cerebral cortex [36, 72, 73]. As basal levels, CRMP2 can
form hetero-tetramers with the other members of the CRMP
family [74]. In the presence of tubulin o/f3 heterodimers,
CRMP2 homotetramers are dissociated into monomers to
reassociate as hetero-trimers with o/f3 tubulin, promoting their
transport to the PLUS end of the growing microtubule with the
aid of the motor protein kinesin-1 tubulin [5, 75, 76]. Several
regions of CRMP2 have been identified as key for this mecha-
nism. First, the domain corresponding to the aa 323-381 is
sufficient to induce microtubule assembly in vitro [5].
However, the aa 466490 domain of CRMP2 is required to form
GTP-state (class I, usually found at the tip of the growing axon
[77]) growing microtubules, due to CRMP2 GAP (GTPase ac-
tivating protein) activity located within its C-terminal domain aa
480-510 [75, 78]. Second, CRMP2 interaction with tubulin
heterodimers engages the aa T246-N247 and K483-R485-
R487, and X-ray crystallography has shown helix H19 of
CRMP2’s N-terminal globular domain interacting tightly with
[-tubulin [75, 76]. Upon interaction, CRMP2 enhances the
GTPase activity of the [3-tubulin subunit [78] to promote the
polymerization of tubulin heterodimers on the curved sheets
(class I) of the microtubule ends [75]. Interestingly, this function
of CRMP2 can be pharmacologically inhibited by two enantio-
mers ((2R)-2-(acetylamino)-N-benzyl-3-methoxypropanamide;
Vimpat®) (R- and S-) of lacosamide, the former enantiomer a
clinically available anti-epileptic [79]. Lacosamide binds to
CRMP2 on the pocket formed by the residues E360-S363-
K418-1420-P443, a binding domain located away from helix
H19 [80, 81]. Thus, it appears that this region could have an
allosteric function in regulating CRMP2-dependent polymeriza-
tion while maintaining CRMP2’s affinity for tubulin.

Finally, the interaction of CRMP2 with tubulin also engages
the unresolved C-terminus of CRMP2 with the E-hook of tu-
bulin, allowing CRMP?2 to additionally tether into the existing
microtubule network, providing crucial stabilization and
allowing CRMP?2 to act as a cargo adaptor [75, 82]. This region
of tubulin is rich in acidic (negatively charged) residues while
the C-terminus of CRMP2 is rich in positively charged lysine
residues (aa K511-K520-K525). Importantly, this domain of
CRMP2 is enriched in phosphorylation sites (aa S522-T509-
T514-S518) which add multiple negative charges upon phos-
phorylation, thereby dissociating CRMP2 tetramers via novel
negative charges, and adding repulsive forces between the
CRMP2 C-terminus and the E-hook of tubulin [82]. Thus, the
phosphorylation of CRMP?2 inhibits its interaction with tubulin
heterodimers, modulating CRMP2’s role in multiple processes
throughout neuronal development.
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CRMP2 Phosphorylation Events Regulate Neurite
Outgrowth, Polarity, and Division

The regulation of CRMP2 by phosphorylation (Table 1) was
first identified in 1996 in the now classic semaphorin-Cdk5-
GSK3f pathway [39]. The semaphorins are prominent extra-
cellular chemorepulsant cues that bind to either neuropilin 1
(NP1) or plexin A1l receptors [112]. Semaphorins have been
implicated in coupling with various plexin A signaling path-
ways to modulate CRMP2, complicating the understanding of
precise mechanisms of each of these ligand-receptor pathways
[113, 114]. Classically, Sema3A binds to the ligand NP1,
which forms a complex with plexin Al, promoting an intra-
cellular signaling cascade leading to the activation of Cdk5
(Fig. 3a) [115]. Cdk5 phosphorylates CRMP2 at S522, prim-
ing CRMP2 for subsequent phosphorylation by GSK3[3 at
residues T509-T514-S518 [73, 115-117]. Importantly, Cdk5
phosphorylation is resistant to dephosphorylation, thus mak-
ing CdkS5 a permanent regulatory switch of CRMP2 functions,
including tubulin polymerization, cellular proliferation [27],
and ion channel trafficking [46, 88, 89]. Alternatively, Sema
cascades may activate members of specific tyrosine kinases
(Fes/Fps, Fer, Fyn), leading to phosphorylation of PlexinAl
and subsequently CRMP2 (Fig. 3a). These kinases can phos-
phorylate CRMP2 [83, 87, 118] on residues Y32 (Fyn, Fes/
Fps [83], not tested for Fer), Y479 (Yes [85], Fer [87], puta-
tively Fyn, Fes [83]), and Y499 (Fer [87], not tested for Fyn,
Fes/Fps). Interestingly, Fyn can also activate CdkS through
phosphorylation at residue Y15 [84], suggesting a coordina-
tion between all CRMP2 kinases during Sema3A-induced
growth cone collapse.

As such, Sema3A and other similar semaphorin cascades
are negative regulators of microtubule dynamics. Indeed, this
has been reported to be crucial for proper positioning of caudal
primary motor neurons of the zebrafish spinal cord, the proper
bifurcation of apical dendrites in hippocampal CA1 pyramidal
neurons, axon elongation, and cell division [119-121].
Specifically, in cell division, extracellular Sema3B released
from cerebrospinal fluid modulates CRMP2 at T514, thereby
regulating the cell division cleavage plane of neuroepithelial
cells in the developing mouse spinal cord [114]. CRMP2 has
been additionally implicated in the proper formation and lo-
calization of the mitotic spindle in anaphase and metaphase
using residues 488-572 of its C-terminal tail [122, 123], as
well as the proper centrosome movement and positioning of
Drosophila sensory organ precursor cells [124] through
CRMP2’s interaction with Numb, a crucial component of en-
docytosis [75, 125, 126]. Specifically, CRMP2-Numb medi-
ated endocytosis promotes the recycling of L1, a neuronal cell
adhesion molecule whose incorporation into the leading plas-
ma membrane is necessary for forming new adhesions and
promoting axon outgrowth (Fig. 3c). A reasonable hypothesis
is that CRMP2 tethers Numb-mediated endocytic complexes
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Fig. 3 Summary of signaling cascades regulating CRMP2 microtubule
dynamics. a Description of semaphoring-mediated signaling, resulting in
(1) C5- and GSK33-mediated pCRMP?2 (stabilized by Pinl) and/or (2)
Fes/Fps/Fer/Fyn-mediated pPCRMP2 at tyrosine sites. b Description of
various signaling pathways that result in (1) the dephosphorylation of
CRMP2, (2) the phosphorylation of GSK3f3, and/or (3) pCRMP2 at

to motor proteins, such as kinesin and dynein, but the specific
role of CRMP2-binding to motor proteins has not been inves-
tigated in the context of endocytosis.

A number of other signaling pathways have been found to
modulate CRMP2 phosphorylation, and as a consequence,
microtubule outgrowth and stabilization. Neurotropins, such
as brain-derived neurotrophic factor (BDNF) and
neurotrophin-3; kainates, such as glutamate; and Axin, a scaf-
folding protein important in Wnt signaling; can all induce
phosphorylation of GSK3{ at residue S9, thereby increasing
CRMP2’s affinity for tubulin (Fig. 3b) [73, 103, 116, 127,
128]. Neurotrophins in particular achieve this through the ac-
tivation of phosphoinositide 3-kinase (PI3K), which in turn
phosphorylates Akt at residue S473, thereby phosphorylating
GSK3p at S9. Interestingly, upon Sema3A binding, phospha-
tase and tensin homolog (PTEN) accumulates in the growth
cone [129] and inactivates PI3K [130]. This, in turn, decreases
Akt activity to allow GSK3f3 to inactivate CRMP2 by phos-
phorylation after Sema3A stimulation [130].

CRMP2’s affinity for tubulin can also be modulated by
platelet-derived growth factor (PDGF), whose stimulation
leads to the activation of protein phosphatase 1, thereby de-
phosphorylating CRMP2 at T514 and directing cell migration
[90]. Conversely, kainates, ephrins, lysophosphatidic acid
(LPA), and lipids such as sphingosine-1-phosphate (S1P)
can simulate CRMP2 phosphorylation at T555 via their asso-
ciation with their respective ligands. This leads to the activa-
tion of either protein kinase C (PKC) or rho-associated kinases
(ROCK), thereby promoting dissociation with Numb and tu-
bulin (Fig. 3b) [103—106]. As such, these pathways have been
implicated in the regulation of sensory neuron and peripheral
neuron outgrowth [105, 127]. However, inhibiting T555 phos-
phorylation had only moderate effects on reducing the growth
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Thr555. ¢ CRMP2’s association with Src-1/WAVEI and kinesin light
chain 1 (KLC1) modulates actin remodeling. Numb-mediated endocyto-
sis of the adhesion molecule L1 may be shuttled using similar processes.
LRP is low-density-lipoprotein-related protein. d Description of redox
regulation of CRMP2, modifying its affinity to thioredoxin (TRX)

cone collapse induced by LPA [104] or ephrin-A5 [106].
Thus, CRMP2 phosphorylation at T555 plays a role in regu-
lating CRMP2 affinity for tubulin heterodimers but is proba-
bly accompanied by additional phosphorylations of CRMP2
(likely by Cdk5 and GSK3f3) to induce growth cone collapse.

CRMP2 also functions as a cargo adaptor to the molecular
motors kinesin-1 [76] (for anterograde transport) and dynein
[131] (for retrograde transport). Direct interaction between
CRMP2 and kinesin light chain (KLC) was confirmed by im-
munoprecipitation and in vitro binding assays, whereby
CRMP2’s C-terminus domain at residues aa 440-572 was
found to bind to the six-tetratricopeptide repeat domain of
KLCI1 to transport various cargoes to the distal tip of the axon
[76, 132]. The same domain of CRMP2 can bind to dynein and
inhibit its retrograde transport activity [131], thus controlling
the balance between anterograde and retrograde transport [131].
As such, CRMP2 binds tubulin dimers/oligomers and protein
complexes such as the Sra-1/WAVEI complex to KLC-1, there-
by regulating axon specification and elongation through Sra-1/
WAVET1’s regulation of actin (Fig. 3c) [76, 132]. Additionally,
other proteins such as dynactin 1, a critical component of dy-
nein function, and Numb may be tethered to kinesin-1 via
CRMP2 as well to regulate microtubule dynamics, though
Numb remains to be confirmed [76, 125, 132, 133].

Taken together, these studies identified numerous phos-
phorylation sites on CRMP2 that can regulate the function
of the protein. CRMP2 phosphorylation (i) dissociates
CRMP2 tetramers, (ii) inhibits CRMP2 interaction with tubu-
lin, (iii) inhibits CRMP2 interaction with endocytic proteins,
and (iv) appears to be irreversible at T555 via CdkS. Thus,
while CRMP2 expression levels remain stable during neuro-
nal differentiation, CRMP2 phosphorylation is a dynamic
event acting to remove CRMP2 from its function in
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cytoskeleton remodeling and force it into other cellular func-
tions. As such, post-translational modifications of CRMP2
have the ability to regulate a number of dynamic processes
throughout neuronal development and maintenance, including
cell division, migration, polarity, outgrowth, and synaptic
output.

The Regulation of CRMP2 by Other Means: Oxidation,
Protein—Protein Interactions, SUMOylation,
and O-GIcNAcylation

CRMP2-mediated neurite outgrowth can be reportedly regu-
lated by a variety of other means. For example, oxidation or
reduction by either peroxiredoxin 2 (Prdx2) and glutaredoxin
2 (Grx2) or thioredoxin 1 (Trx1), respectively, aid in the reg-
ulation of CRMP2 dimerization and phosphorylation
[109—111]. When oxidized at Cys504 via a hydrogen peroxide
(H,0,)-dependent process following Sema3A stimulation, a
disulfide-linked CRMP2 homodimer forms a transient com-
plex with Trx1, enabling the activation of GSK3f3, stimulation
of pS14-CRMP2, and growth cone collapse (Fig. 3d) [110].
CRMP2 was identified as a Trx1 protein substrate in vivo
[134], highlighting the physiological relevance of the
CRMP2 redox switch for regulation of microtubule dynamics
during redox perturbations [135].

CRMP2’s association with the ion and metabolite channel
pannexin 1 (Panx1) [136] and recently discovered glycation at
approximately K406-483 were predicted [136, 137].
Conversely, CRMP2’s association with CRMP4 leads to sta-
bilization of both tubulin and actin fibers simultaneously [32].
Lastly, while CRMP2 is SUMOylated at Lys374, there has
been only one report stating this modification regulates micro-
tubule dynamics [45, 47, 107, 138]. As such, further study on
this, and all these mechanisms of action, should be pursued.
Taken together, the vast diversity of CRMP2 post-
translational modifications underscore the dazzling variety of
functions this protein performs in neuronal development.

Another post-translational modification that occurs on
CRMP2 is the addition of (3-linked N-acetylglucosamine (O-
GlcNAcylation). While this has been known since 2001 [53],
the role of this modification is still unclear. Proteomic analyses
revealed that CRMP2 O-GlcNAcylation is located on the resi-
due S517 and coexists with CRMP2 phosphorylation on the
neighboring residue S518 [139]. Phosphorylation of the Cdk5
site (S522) alone did not change the amount of O-
GlcNAcylation on the residue S517 [52]. However, adding a
phosphorylation of the GSK3f sites (T509-T514-S518)
inhibited the subsequent O-GlcNAcylation of S517 [52].
Similarly, CRMP2 S517 O-GlcNAcylation did not impact sub-
sequent phosphorylation by Cdk5 (at S522) but interfered with
GSK3f3 phosphorylation of CRMP2 [52]. Thus, this O-
GlcNAcylation site on CRMP2 could act as a regulatory point
preventing the subsequent phosphorylation by GSK3{ even

when the priming phosphorylation event has occurred.
Interestingly, CRMP2 cleavage by calpain occurs between the
amino acids S517-S518 (US patent: US20120196307A1).
Thus, CRMP2 O-GlIcNAcylation could also regulate CRMP2
cleavage by calpain. The exact function of this post-translational
modification remains to be elucidated.

CRMP2 Post-Translational Modifications
in Pathology

Multiple Sclerosis

Multiple sclerosis is a degenerative disease occurring in the
brain and spinal cord and characterized by inflammation, axonal
damage, and demyelination. In an animal model of multiple
sclerosis (myelin oligodendrocyte glycoprotein peptide 25-35
(MOGss_s5) induced model of experimental autoimmune en-
cephalomyelitis (EAE)), CRMP2 phosphorylation on T555
was increased in the axons located around inflammatory lesions
in the spinal cord during the onset and the peak of EAE [19]. In
the CNS, CRMP2 pT555 was detected in all active MS lesions
while it was absent from non-diseased samples. Additionally,
MS degenerating axons and motor neurons became immune-
positive for CRMP2 pT555 as well [19]. Importantly, the
CD3* T-cells infiltrating the spinal cord from MS patients were
not positive for CRMP2 pT555. In the EAE model, inhibiting
CRMP2 phosphorylation on T555 prevented axonal degenera-
tion, while an antibody to Nogo-A, a neurite outgrowth inhibi-
tor, was able to prevent both the development of EAE and in-
crease of CRMP2 pT555. Whether an anti-Nogo-A antibody
was able to prevent both the development of EAE and the in-
crease of CRMP2 pT555. Whether Nogo signaling activation
directly increases CRMP2 T555 phosphorylation level remains
unknown but, in this example, inhibiting the pathological phos-
phorylation of CRMP2 was beneficial to prevent some features
of this chronic disease [19].

Alzheimer’s Disease

As the therapeutic implications of CRMP2 modulation in AD
have been extensively reviewed previously, we will briefly sum-
marize what has already been discussed while expanding on
new insights [3, 14, 29, 140-144]. In AD, hyperphosphorylated
CRMP2 (on S522, T509-T514-S518, T555) aggregates in am-
yloid plaques and neurofibrillary tangles prior to the onset of
disease pathology as shown in various AD mouse models and
human samples. A3 accumulation increases CRMP2 phosphor-
ylation by Cdk5 at S522 [9, 93-96], removing the pool of
CRMP2 from the microtubule network, thereby dysregulating
many basic neuronal processes. Genetically interfering with
CRMP2 phosphorylation on S522 prevented A 3-mediated im-
pairment of long-term potentiation (LTP) [95]. A number of
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CdkS, GSK3f3, and CRMP2 phosphorylation blocking com-
pounds have been used with varying success in AD models,
resulting in fewer and smaller aggregates, improved memory
and learning, and improved synaptic signaling [91, 95, 145,
146]. Further studies are needed to fully characterize the thera-
peutic potential of CRMP2 phosphorylation inhibition for AD.
Another interesting hypothesis was recently raised with the dis-
covery of an extracellular pool of CRMP2, whereby extracellu-
lar CRMP?2 acted as an agonist for NMDA receptors [147, 148].
In AD, emerging evidence suggests that the propagation of the
disease relies on the trans-synaptic transfer of pathological Tau
and other prion-like proteins [149]. This raises the hypothesis
that trans-synaptic transfer of phosphorylated CRMP2 in AD
could be participating in this prion-like propagation of the pa-
thology. More studies will be needed to understand the mecha-
nisms and consequences of extracellularly localized CRMP2.

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) or Charcot disease is a
neurodegenerative disorder affecting mostly motor neurons.
Genetic rodent models of ALS exist to mimic familial mani-
festations of ALS; for instance, by introducing a G93 A muta-
tion in the superoxide dismutase 1 (SOD1) gene. Because
CRMP2 phosphorylation by CdkS5 is involved in axonal de-
generation, it was hypothesized that CRMP2 phosphorylation
would be important for ALS. Genetic suppression of CRMP2
phosphorylation on S522 in the SOD1 G93A mouse model
delayed the aggravation of the motor symptoms observed in
this ALS model [150]. Similar to the phenotype observed in
multiple sclerosis, suppressing CRMP2 phosphorylation
protected the motor axons from degeneration [150]. Thus,
targeting CRMP2 phosphorylation on S522 could be benefi-
cial for ALS.

Stroke: NMDARs, Kainate, AMPARs, and NCX—AlII
Link to CRMP2

NMDA During excitotoxicity, CRMP2 is cleaved into a small-
er, 58-kDa form via calpain, which then downregulates
NMDA receptor function [151-153]. Interestingly, CRMP2
was also identified as an interactor of NMDA receptors, with
a preferential interaction for GluN2B-containing NMDARSs
[154]. As with N-type CaV2.2 channels, a HIV-1 transduction
motif (TAT) coupled to the CRMP2-derived calcium-binding
domain 3 (CBD3) (TAT-CBD3) peptide reduces NMDAR-
mediated Ca?* influx in cultured neurons and post-synaptic
NMDA receptor-mediated currents in cortical slices, empha-
sizing the ability of CRMP2 to regulate NMDAR function and
trafficking (Fig. 4) [155—157]. Specifically, this was mediated
by an activity-dependent downregulation of GluN2B-
containing NMDAR surface expression in dendritic spines,
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providing neuroprotection against excitotoxic neuronal loss
in multiple rodent models [155-158].

Though several studies have reported a biochemical inter-
action between CRMP2 and NMDA receptors and a function-
al regulation of NMDA receptors by CRMP2, it is not known
if this interaction is direct or is mediated through other pro-
teins [154—156]. Peptide-array experiments have revealed two
possible binding-sites for CRMP2 in the C-terminus of the
GluN2B subunit of NMDARs [155]. Notably, as recently
demonstrated, CRMP2 may also bind on the extracellular por-
tion of NMDA receptors and act as an atypical neurotransmit-
ter, thereby triggering Ca”* influx [147, 148]. Where CRMP2
originates from in the extracellular medium is not well studied
though because the extracellular CRMP2 used in the above
experiment was derived from the media of degenerated sciatic
nerves, and so the relevance of this finding under physiolog-
ical conditions remains to be confirmed. Notwithstanding, this
novel finding sheds new light on the effects of CRMP2 in
NMDAR regulation, with the implication that the action of
CRMP2-based peptides could also involve an extracellular
component [147, 148].

Kainate Kainate receptors are ionotropic receptor to the neu-
rotransmitter glutamate. Although they are ubiquitously
expressed in adults, their function is less understood compared
to the function of ionotropic glutamate receptors AMPA and
NMDA. As discussed above in the context of neuronal matu-
ration and elongation, an interaction between CRMP2 and the
GluK5 subunit of kainate receptors was identified by
coimmunoprecipitation and GST pull down assay, participat-
ing in the regulation of Ser9 pGSK3f and Thr555 pCRMP2
[103, 106]. The same study proposed that higher concentra-
tions of kainates rely on CRMP2’s interaction with the N-type
CaV2.2 channel, as downstream effects were blocked by the
N-type CaV2.2 blocker w-conotoxin [103]. However, down-
stream effects were also sensitive to tetrodotoxin (TTX) which
could indicate involvement of TTX-sensitive voltage-gated
sodium channels, such as NaV1.7, a known partner of
CRMP2 [103]. As such, further studies to parse out the dis-
tinct role of kainite receptors in CRMP2 regulation should be
pursued.

AMPAR CRMP2 was identified as a possible substrate for
PKA-mediated phosphorylation through immunoprobing
coupled with mass spectrometry and was suggested to be in-
volved in a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR) up-regulation in cocaine-sensitization
[159]. The extent of this interaction remains to be fully
explored.

NCX CRMP2 has been identified as a regulator of the Na*/
Ca®* exchanger 3 (NCX3) function, which is involved in reg-
ulation of Ca>* and Na* neuronal homeostasis [156]. The cell-
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NMDAR

TAT-CBD3

\/T[Cay] /

Fig. 4 Overexcitation by glutamate induces an NMDAR-mediated in-
crease in intracellular calcium. The massive influx of calcium in neurons
leads to hyperactivation of deleterious signaling pathway, and thus
excitotoxicity. Among the enzymes activated, calpain, a Ca**-activated

permeant TAT-CBD3 peptide stabilized this NCX3-CRMP2
interaction, thereby reversibly inducing NCX3 internalization.
Moreover, TAT-CDB3 was able to inhibit NCX3-mediated
calcium flux both in reverse (influx of Ca®* toward the intra-
cellular compartment) and forward (extrusion of Ca** toward
the extracellular compartment) mode [156].

Overall, CRMP2 is critical for Ca®* homeostasis and the
proper recycling of various membrane receptors.
Dysregulation of these properties, such as that occurring dur-
ing stroke, impairs neuronal survival.

Chronic Pain

In chronic neuropathic pain, presynaptic sensitization occurs
in the spinal cord. The pre-synaptic terminal from the dorsal
root ganglia sensory neurons is burdened with gain of function
of voltage-gated Ca®* and Na* channels. CRMP2 S522 phos-
phorylation and SUMOylation are regulatory events of these
channels’ pre-synaptic localization [12, 13]. In chronic neuro-
pathic pain, CRMP2 phosphorylation on S522 was augment-
ed in the sensory neurons and at the pre-synaptic terminals
concomitantly with its SUMOylation [12, 13]. Thus, in-
creased CRMP2 phosphorylation and SUMOylation appears
as a major pathological event driving neuropathic pain.

CRMP2 and Ca** Influx

The N-type presynaptic Ca®* channel CaV2.2 is the predom-
inant source of Ca** influx required for neurotransmitter re-
lease at immature synapses [160]. Initially discovered in a
proteomics screen of CaV2.2-interacting partners, CRMP2
was subsequently shown to colocalize with CaV2.2 at synap-
ses and to coexist in a protein complex [161, 162]. Direct
interaction of the two proteins was confirmed using a short

. -

Calpain
—

N !-

protease, cleaves CRMP2. TAT-CBD3 is proposed to prevent the increase
in intracellular calcium concentration, preventing CRMP2 cleavage and
enhancing NMDAR internalization and thus providing neuroprotection.
Adapted from Brittain and colleagues [155]

15-amino-acid peptide from CRMP2, which when conjugated
to the cell penetrant peptide from the TAT protein of HIV
(designated TAT-CBD3), abrogated the interaction between
CRMP2 and CaV2.2. As such, TAT-CBD3 reduces CaV2.2
plasma membrane content, Ca®* current density, and excitato-
ry synaptic transmission in vitro and in vivo [163, 164].
Specifically, CRMP2 exerts a regulatory activity on CaV2.2
surface expression and CaV2.2-mediated Ca®* currents by
modulating synaptic vesicle recycling through three regions
of calcium binding domains [5, 162]. Through modulation of
CaV2.2, CRMP2 controls glutamate release in developing
neurons as well as calcitonin gene-related peptide (CGRP) in
sensory neurons [162, 165]. In physiological conditions,
CRMP2’s interaction with CaV2.2 is finely tuned by post-
translational modifications. Opposite to its effect on CRMP2
binding to tubulin and Numb, CRMP2 phosphorylation by
Cdk5 enhances CaV2.2-mediated Ca®* currents, whereas
blocking this phosphorylation via (S)-lacosamide, decreases
CaV2.2-mediated Ca”* currents (Fig. 5a) [89, 106, 166].
Similarly, SUMOylation of CRMP2 at Lys 374 also decreases
CaV2.2-mediated calcium influx in sensory neurons [107]. As
such, CRMP2 is a major regulator of CaV2.2-mediated Ca**
current through a series of reversible post-translational
modifications.

CRMP2 and Sodium Channel Regulation

CRMP2 regulation of NaV1.7 was studied based on the ob-
servation that the anti-epileptic drug (R)-lacosamide (R)-
LCM) modulates voltage-gated sodium channels in a slow-
inactivated state via its binding to CRMP2 [81, 167]. CRMP2
and NaV1.7 coexist in the same protein complex but whether
there is a direct interaction between the two proteins is still
unclear [46, 81, 168]. However, blocking a single
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CaV2.2 Currents

¢ TAT-CBD3

b NaV1.7 Currents

§522 K374

5522

Fig.5 Regulation of voltage-gated calcium channel CaV2.2 and voltage-
gated sodium channel NaV1.7 by CRMP2 post-translational modifica-
tions. a Regulation of CaV2.2. SUMOylation of CaV2.2 at K374 induces
internalization of the channel and thus reduction of CaV2.2-mediated
currents. Small molecules and peptides have also been shown to regulates
CaV2.2. TAT-CBD3 peptide downregulates CaV2.2 by preventing its
interaction with CRMP2, while (S)-lacosamide ((S)-LCM)) has a similar
effect by preventing phosphorylation of CRMP2 at S522 by Cdk5.
Notably, preventing CdkS-mediated phosphorylation also prevents

K374

SUMOylation site (K374) on CRMP2 reduces surface expres-
sion and current density of sodium channel NaV1.7, likely via
endocytic mechanisms (Fig. 5b) [44-47, 108]. As
SUMOylation of CRMP2 at K374 requires CRMP2 phos-
phorylation by Cdk5 [46]. Blocking Cdk5 mediated phos-
phorylation of CRMP2 impaired NaV1.7 surface localization
and currents in rat and human DRG neurons [46]. However,
Fyn-mediated CRMP2 Y32 phosphorylation was also neces-
sary to negatively regulate NaV1.7 density and current; it is
involved in the recruitment of the molecular machinery nec-
essary to tag NaV1.7 for clathrin-mediated endocytosis and
transfer toward recycling endosomes [46]. Specifically, upon
loss of CRMP2 SUMOylation, its affinity for Numb acts as a
scaffold between the ubiquitin-ligase Nedd4-2, marking
NaV1.7 for endocytosis and the endocytic machinery, includ-
ing the Eps15 protein [46, 126, 169].
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downstream event such as phosphorylation by GSK3 at T509 and
T514 as well as CRMP2 SUMOylation. b Blocking CRMP2
SUMOylation at K374 residue, as well as preventing the upstream event
Cdk5-mediated phosphorylation at S522, causes a reduction of NaV1.7
membrane content and currents. Fyn-mediated phosphorylation of
CRMP2 at Y32 favors binding with Numb and recruitment of Nedd4-2
which mono-ubiquitinates (Ub) NaV1.7. Numb then recruits the
endocytic machinery necessary for clathrin-mediated endocytosis.
Adapted from Dustrude [46] and Moutal and coworkers [89]

Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1) is a genetic autosomal domi-
nant disease arising from loss of function mutations in the Nf7
gene [170]. NF1 is a multi-systemic disease characterized by
among other things, spontaneous tumor generation, cognitive
disorders, and idiopathic pain [170, 171]. Neurofibromin, the
protein encoded by NF/, interacts with CRMP2 and regulates
its phosphorylation during neuronal polarity establishment [97].
Upon loss of neurofibromin, CRMP2 phosphorylation by Cdk5
is increased [97]. This elicited a decrease of CRMP2-dependent
neurite outgrowth [97]. In sensory neurons, deleting the CRMP2
interacting domain on neurofibromin, increased CRMP2 phos-
phorylation level (S522) which led to sensitization of the
voltage-gated ion channels CaV2.2 and NaV1.7 [11, 98], an
observation replicated in a porcine model of NF1 [172]. Using



Mol Neurobiol (2019) 56:6736-6755

6747

NfI gene editing in sensory neurons in vivo induced a
hyperalgesic phenotype in rats [11]. This hypersensitivity to a
noxious heat stimulus was dependent on CRMP2 expression
[10]. More precisely, hyperalgesia developed by the rats was
dependent on the CRMP2-neurofibromin interface that regulat-
ed CRMP2 interaction with syntaxin 1A [99, 173]. In addition,
inhibiting CRMP2 phosphorylation by Cdk5 with (S)-
lacosamide was sufficient to reverse CaV2.2 and NaV1.7 sensi-
tization, increased nociceptive neurotransmitter (CGRP) release
and the hyperalgesic phenotype of the rats [10, 11, 99]. Whether
other CRMP?2 post-translational modifications are altered in
NF1 remain to be explored. These studies showed that
CRMP2 dysregulation underlies the hypersensitivity to pain re-
ported by NF1 patients. Whether CRMP2 influences any other
phenotypes in NF1 has not been investigated.

Spinal Cord Injury

Oshima and colleagues reported that the phosphorylation level
of CRMP2 was enhanced after spinal cord injury (SCI) spinal
cord [174]. Their data demonstrated that inhibition of CRMP2
phosphorylation (i) promotes axonal regeneration and/or
sprouting of motor and sensory axons, (ii) stabilizes microtu-
bules in astrocytes to inhibit fibrous scar formation after SCI,
and (iii) reduces infiltration of inflammatory cells. Using
CRMP2 KI/KI mice where CRMP2 phosphorylation site for
Cdk5 was eliminated by replacing Ser-522 with an inactive
Ala residue [6], this study demonstrated the existence of a per-
missive environment for axonal growth due to reduction of mi-
crotubule destabilization in white matter axons, inflammation,
and scarring, hypothesizing that inhibition of CRMP2 phosphor-
ylation, by controlling both inhibitory factors and neurotrophic
responses to injury, would make an ideal target for repairing SCI.

Nearly half of SCI patients develop neuropathic pain [175]
and recent data suggest that the presence of autoantibodies to
CRMP2 at 16 days post-SCI increases the odds of developing
neuropathic pain within 6 months of injury by 9.5 times [176].
How CRMP2 autoantibodies are related to development of
neuropathic pain is at present unknown but may involve
CRMP2-mediated sprouting of neurites and axonal growth
cones in neurons mediating pain or a block of function of
CRMP2 by endocytosed autoantibodies. Autoantibodies to
CRMP2 have also been reported in patients with autoimmune
retinopathy and cancer-associated retinopathy [177] as well as
in maternal autoantibody-related autism [178], but the outcome
of'these to the disease or clinical symptoms is largely unknown.

Psychiatric Diseases: Bipolar Disorder

CRMP2 dysregulation has also been implicated in neuropsy-
chiatric diseases. In Down’s syndrome and depression,
CRMP2 levels are increased in the cortex [179, 180]. Also,
CRMP2 gene alterations were correlated with autistic

syndromes and schizophrenia [20, 21, 181, 182]. In bipolar
disorders, CRMP2 was identified as the main target of lithium
chloride, a common therapeutic used for psychiatric diseases.
Lithium chloride inhibits both GSK3 3 and Cdk5, thus leading
to a drastic reduction of CRMP2 phosphorylation. In cells
from patients with bipolar disorders, CRMP2 phosphorylation
by Cdk5 was increased [22]. These observations show that the
alteration of CRMP2 phosphorylation is a pathological feature
in bipolar disorder. Disruption of the well-known risk gene for
schizophrenia, ankyrin 3 (ANK3), has been reported to lead to
increased GSK3f3 activity, followed by increased pCRMP2
and altered microtubule dynamics [183].

Cancer

CRMP2 has recently been implicated in cancer progression,
with CRMP2 S522 or T514 phosphorylation increased in the
tumors of several cancer variants, including glioblastoma,
breast, lung, small intestinal neuroendocrine tumors, and lym-
phoma [23, 27, 100—102]. One particular study found that
many cancer variants express the specific CRMP2A isoform
phosphorylated at S522 [100]. Although phosphorylated
CRMP2 is dissociated from the microtubule network, it was
found in the nucleus of cancers cells [100, 102]. This ultimate-
ly increases Rho-ROCK-mediated CRMP2 signaling, when
present at low levels, resulting in non-polar cells with greater
motility [184]. Targeting pCRMP2 may be a viable cancer
therapy as well, as (S)-LCM treatment decreases glioblastoma
cell proliferation and tumor growth in vivo [27]. Inhibiting
Fer-mediated CRMP2 phosphorylation stabilized the micro-
tubule network, thus enhancing the ability of cytotoxic com-
pounds, such as paclitaxel, to bind to microtubules [23, 27].

Neuronal Ceroid Lipofuscinosis

Neuronal ceroid lipofuscinosis (NCL; Batten disease) is a rare,
lysosomal storage disorder presenting with visual, motor, and
memory/learning decline, followed by early death [185, 186].
Progression varies by the 13 genetic subtypes and specific ge-
netic mutations, and therapeutic strategies have been limited due
to the unknown functions of many of the NCL gene products
[187]. Interestingly, a number of years ago the ER-associated
ceroid-lipofuscinosis neuronal protein 6 (CLN6) protein was
found to interact with CRMP2 in a yeast two-hybrid screening
[15]. This study also reported that CLN6-deficient mouse neu-
rons were less mature and died much earlier than their wild-type
counterparts. Expanding on that report, data from our group has
identified a mechanism of this CLN6-CRMP2 interaction,
where CLN6, CRMP2, and KLLC4 form a unique complex that
aids in anterograde transport of ER-derived vesicles in the axon
(manuscript in preparation). We found that CLNG6 acts as a mo-
lecular barcode on ER-derived vesicles, transporting these ves-
icles to the distal end of the axon through CRMP2’s association
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with KLC4. In the absence of CLNG6, vesicle transport and
neurite branching is disrupted, while the CRMP2 modulator
LKE is able to rescue many of these disturbances (manuscript
in preparation). These data suggest that targeting CRMP2 may
prove to be beneficial in CLN6-Batten disease. Whether other
NCL proteins are directly involved in CRMP2-mediated trans-
port remains to be studied.

Future Directions

CRMP2 is widely involved in cytoskeletal remodeling
through a number of post-translational modifications includ-
ing phosphorylation, SUMOylation, oxidation, and O-
GlcNAcylation. These modifications control CRMP?2 interac-
tion with tubulin heterodimers in a variety of cell types. In
neurons, CRMP?2 is essential for regulating cell division, neu-
ronal migration, polarity, and Ca®* homeostasis. There are
convincing studies demonstrating CRMP2 expression in
OLs and OPCs, suggesting a role for CRMP2 in OL matura-
tion, process extension, and retraction. In contrast, evidence
for CRMP2 in other glia is limited but was suggested by
RNA-seq analyses. While CRMP2 expression level is rarely
altered, increases of CRMP2 post-translational modification
state were found in multiple diseases such neurodegenerative,
neuropsychiatric, chronic pain, and cancer. The dysregulation
of CRMP2 phosphorylation appears to be a pathological event
contributing to the progression of diseases. Multiple studies
pointed at the therapeutic potential of inhibiting CRMP2
phosphorylation and SUMOylation. In the future, efforts to
develop small molecules able to manipulate CRMP2 post-
translational modification state would allow for a better inter-
rogation of the role of these events in diseased states. For
instance, in chronic pain, the CRMP2 phosphorylation inhib-
itor (S)-lacosamide allowed for the characterization of
CRMP2 S522 phosphorylation involvement in pain, mi-
graine, brain cancer, and NF1 in vivo [11, 88, 89, 188].
Novel molecules are emerging with a therapeutic potential
for stroke [92] or with blood—brain barrier penetration abilities
[49, 92]. While interesting, these compounds were the result
of serendipitous findings. Further studies are needed to iden-
tify structural “hotspots” on CRMP2 amenable for small mol-
ecule development.
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