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Abstract

CRMP2, also known as DPYSL2/DRP2, Unc-33, Ulip or TUCZ2, is a cytosolic phosphoprotein
that mediates axon/dendrite specification and axonal growth. Mapping the CRMP2 interactome
has revealed previously unappreciated functions subserved by this protein. Together with its
canonical roles in neurite growth and retraction and kinesin-dependent axonal transport, it is now
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known that CRMP?2 interacts with numerous binding partners to affect microtubule dynamics;
protein endocytosis and vesicular cycling, synaptic assembly, calcium channel regulation and
neurotransmitter release. CRMP2 signaling is regulated by post-translational modifications,
including glycosylation, oxidation, proteolysis and phosphorylation; the latter being a fulcrum of
CRMP2 functions. Here, the putative roles of CRMP2 in a panoply of neurodegenerative, sensory
and motor neuron, and central disorders are discussed and evidence is presented for therapeutic
strategies targeting CRMP2 functions.

Keywords

Alzheimer’s disease; amyotrophic lateral sclerosis; axon elongation; CRMP2; CRMP2/CLN6/
KLC4 signaling complex; CRMP2 hyperphosphorylation; excitotoxicity; multiple sclerosis;
neuropathic pain; oxidative damage

First identified in chick dorsal root ganglia as a protein responsible for growth cone
retraction evoked by negative guidance signals in the Sema3A pathway of the developing
CNS [1], CRMP2 analogs were subsequently identified in Caenorhabditis elegans (Unc-33)
[2], in rodents (named TOAD-64) in rats and Unc-33 like phosphoprotein [Ulip] in mice)
[3-5], in humans (HUIip) [6,7] and in Drosophila melanogaster[8]. A nomenclature of TUC
(TOAD-64/Ulip/CRMP) was proposed to define this family of proteins but has not been
universally adopted [9]. Probing of the genome led to identification of a total of five
mammalian CRMP proteins (CRMPs 1-5) of which CRMP2 is the most well studied
[10,11]. Pronounced increases in CRMP2 following neurogenesis [4] led to its identification
and likely correlate with its canonical roles in axonogenesis, axon outgrowth and neuronal
polarity as well as migration [12-15]. These roles are further supported by increased
CRMP2 expression in neuronal cell lines and primary cells following differentiation [16—
18]. CRMP2 is expressed widely in neuronal tissues, such as the brain, retinal ganglia,
spinal cord and dorsal root ganglion [1], with some developmental plasticity that peaks
during the middle-embryonic to early-postnatal period followed by reduced but constitutive
expression throughout adulthood [1,4,5,10,19]. CRMP2 is also expressed in
oligodendrocytes [20] as well as in non-neuronal cells, including fibroblasts [21], which
may suggest roles for the protein in proliferation and possibly tumorigenesis; and in T cells
[22,23], suggesting roles in immune function (see ‘Future perspective’ section).

Even prior to crystallization, it was known that CRMP2 forms both hetero- and homo-
tetramers with other members of the CRMP family [24] as well as with a variant long form
of CRMP2 [25]. Two variants of CRMP2 have been reported: a long (~68-75 kDa) and
short (~62 kDa) form, with a common core polypeptide but different N-terminal domains
that are products of alternative mRNA splicing [25]. The CRMP-long or 2A form is
specifically localized in neuronal soma and/or axons but is absent from dendrites, whereas
the CRMP2-short or 2B form is localized in both axons and dendrites [26]. The balance
between the expression of the two subtypes is involved in the control of axonal branching
and elongation. The crystallization of CRMP2 revealed a *bilobed lung-shaped’
configuration with the majority of CRMP2 packed within this structure [27-29]. Notably,
the structure is missing the carboxyl-terminus (amino acids 479-572) residues likely due to
their inherent instability. The presumed native confirmation of CRMP?2 is tetrameric but
how this stoichiometry defines the function of CRMP2 is unknown.

Delineating CRMP2 as an obligatory signaling molecule in Sema3A-induced growth cone
collapse resulting from engagement of the neuropilin-1/plexin-A receptor complex [30] has
emphasized the importance of phosphorylation as a fulcrum in CRMP2 signaling (Table 1).
CRMP2 is a multiphosphorylated protein in neurons [15,31,32]. Phosphorylation, by

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Khanna et al.

Page 3

GSK-3p, Cdk5 and ROCK [10], as well as CaMKII [33] and the Src family kinase Fyn [34],
induces neurite retraction and collapse of growth cones. Phosphorylation by GSK-3p and/or
ROCK lowers the ability of CRMP2 to interact with tubulin, leading to axonal growth arrest
and growth cone collapse [15,31,32]. CRMP2 phosphorylation is essential for Sema3A-
induced growth cone collapse as CRMP2 mutants lacking the Cdk5, GSK-3 or Fyn
phosphorylation sites exhibit reduced functionality. In contrast to the Sema3A signaling,
lysophosphatidic acid-induced growth cone collapse requires CRMP2 phosphorylation by
ROCK only [31]. In an elegant study, Yamashita and colleagues demonstrated that the
phosphorylation of CRMP2 at Ser522 by Cdk5 is essential for proper dendritic field
organization /in vivo [35]. As phosphorylation of CRMP2 leads to axon retraction it is not
surprising that dephosphorylation of CRMP2 by phosphatases leads to enhanced neuritic
growth [36,37]. Two phosphatases, PP1 [36] and PP2A [37], are able to dephosphorylate
CRMP2 at GSK-3p sites (i.e., Thr509/514) [38]. The fact that CRMP2 is modified by
cytosolic O-glycosylation suggests another mechanism for regulating growth cone guidance
[39]; however, there is no evidence for how O-glycosylation regulates CRMP2 function.
Oxidation of CRMP2 has also been demonstrated and is believed to link the redox protein
thioredoxin to regulation of CRMP2 phosphorylation and subsequent Sema3A-induced
growth cone collapse [40]. Proteolysis of CRMP2 by calpains has been demonstrated
[41,42] and, in this truncated state, CRMPs have been linked with neurodegeneration and
cell death as reviewed recently by Taghian and colleagues (see also ‘Traumatic injury,
excitotoxicity & ischemic stroke’ section) [43]. Nuclear translocation of a cleaved form of
CRMP2 has been reported [44]. It is hypothesized that a balance between cytoplasmic full-
length CRMP2 and post-transcriptionally processed forms of CRMP2 translocated to the
nuclear c ompartment may govern neurite outgrowth [44].

In addition to post-translational regulation, transcriptional control for CRMP2 has been
described. Transcriptional suppression of CRMP2 by BMP signaling downstream of the
transcription factor SMADL has been demonstrated and implicates CRMP2 as playing an
essential role at multiple stages of neuronal development [45]. GDNF enhances CRMP2
expression through the GDNF/RET tyrosine kinase signaling pathway, and this CRMP2
induction depends on the ERK pathway [46]. CRMP2 promoter analysis showed that
transcription factors, such as Sp1, E2F and GATA-1/2, may play a role in the regulation of
CRMP?2 transcription [46].

Together with its canonical roles in neurite growth and retraction and kinesin-dependent
axonal transport, it is now known that CRMP2 interacts with numerous binding partners to
affect microtubule dynamics, protein endocytosis and vesicle recycling, synaptic assembly,
calcium channel regulation and neurotransmitter release Table 2 (see also review by Hensley
et al. [47]). Perhaps unsurprisingly, the first CRMP2 partner identified was the cytoskeletal
protein tubulin [48]. In addition to tubulin, CRMP2 binds to the cytoskeletal proteins actin
and vimentin [22,32]. CRMP2 acts largely by stabilizing polymerized tubulin at the plus end
of microtubules, thus promoting axon extension [1,12,49,50]. Several distinct signaling
pathways regulate CRMP2 phosphorylation to change CRMP2—protein binding interactions
in a way that either collapses growth cones or promotes axon extension [47]. In the first
discovered pathway, Sema3A signaling through its receptors NRP1 and plexin A triggers
Rac1 activation, affecting downstream kinases and ultimately activating cyclin-dependent
Cdk5 and GSK-3p, which then phosphorylate CRMP2 on Ser 522 and Thr 509/514,
respectively [15,27,51]. Phosphorylated CRMP2 loses affinity for tubulin heterodimers, thus
reducing microtubule stability, and encouraging axon retraction [1,12,49,50].

A second pathway through which CRMP2 affects neurites is an anterograde axonal transport
mechanism by which CRMP2 adapts the microtubule motor Kinesin-1 to transport packets.
These packets contain various critical synapse-regulating proteins such as TrkB [52] or the
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Sral/WAVEL1L complex [53]. At the distal axon and in synapses, WAVEL1 activates the
Arp2/3 complex, which in turn nucleates actin monomers that would otherwise be
kinetically impeded from polymerizing into microfilaments [54]. RNA interference of
CRMP2 delocalizes WAVE1 from growth cones, triggering cone collapse [53]. Similarly,
knockdown of Sral and WAVEL1 cancels CRMP2-induced axon outgrowth [53], indicating
that proper connection of CRMP2 to Sral/WAVEL1 is essential to preserve the integrity of
distal actin networks. In normal neuronal cultures, CRMP2 seems to be a limiting factor in
neurite outgrowth because increasing CRMP2 expression is entirely sufficient to stimulate
neurite extension [53,55].

Analogous to its role in axonal transport, CRMP2 adapts kinesin motors to endocytic vesicle
proteins, such as Numb, involved with cell-surface protein internalization and sorting [13].
Less is known about CRMP2’s role in trafficking than about its function in axonal transport,
although the two processes are largely analogous in terms of the roles of CRMP2 with
regards to kinesin and microtubules. In a recent study, Kaibuchi’s group showed that
depletion of CRMP2 reduces the amount of TrkB in the axonal membrane and decreases the
input signals (ERK1/2 phosphorylation) from BDNF stimulation, suggesting that CRMP2
mediates BDNF signals via two distinct pathways: recruitment of TrkB into the distal part of
an axon and enhancement of axon elongation through microtubule formation induced by
dephosphorylation of CRMP2 [56]. Thus, CRMP?2 is a critical mediator for several essential
types of protein trafficking in neurons.

While the majority of CRMP2’s characterized interactions make a clear link to its role in
axon outgrowth, several recently discovered interactions hint at more diverse functions. For
example, CRMP2 interacts with the Ca2*-binding protein CaM [57]. Pharmacological CaM
antagonism inhibits CRMP2-mediated outgrowth of neurite-like processes, tetrameric
assembly of CRMP2 and reduces calpain-mediated CRMP2 proteolysis [57]. Another
example is the protein neurofibromin, a RasGAP protein whose loss results in the disease
neurofibromatosis type 1 [58]. CRMP2 was demonstrated to interact with a 558 amino acid
domain in the carboxyl terminus of neurofibromin [59] and has been shown to directly
regulate CRMP2 phosphorylation or do so indirectly by increasing activity of the kinases
that phosphorylate CRMP2 [59]. The functional consequence of this interaction is currently
unknown; the authors’ laboratory is investigating the molecular mechanisms underlying the
signaling of the tripartite complex between Ca%* channel: CRMP2—-neurofibromin in NfZ
haplo-insufficient mice [60].

The authors’ laboratory has added the N-type voltage-gated calcium channel (CaV2.2) to the
growing list of CRMP2-binding partners [61,62]. While it is well established that
presynaptic voltage-gated CaZ* channels trigger release of neurotransmitters at synapses,
little is known about the role of CRMPs in presynaptic biology [63]. The authors’ results
demonstrated that a direct interaction between CRMP2 and CaV2.2 increases cell surface
trafficking of CaV2.2 as well as calcium current density, which leads not only to an
increased release of the neurotransmitter glutamate and synaptic vesicle recycling but also
impacts axonal growth of hippocampal neurons. The CRMP2—Ca?* channel association may
serve multiple purposes in neurotransmitter release: to sustain Ca2* influx through
functional regulation of Ca2* channels, to target the N-type Ca2* channel to immature
synapses during synaptogenesis, to provide a scaffold for the Ca2* channel macromolecular
complex and to recruit synaptic vesicles to Ca2* channels [61]. These findings were
recapitulated in sensory neurons where CRMP2 also coupled to CaV2.2 to enhance the
release of the peptide neurotransmitter CGRP [62]. Thus, these results identify CRMP2 as a
novel ‘neuromodulator’ of Ca2* channels and of synaptic connectivity and strength.
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The Wenthold group reported binding of CRMP2 to the NMDA receptor (NMDAR)
subunits NR2A/2B [64], which was further mapped by the authors’ laboratory to two short
domains within the carboxyl terminus of the NR2B subunit [65]. The relevance of this
interaction in the context of neuroprotection will be presented in a later section in this
review.

Given the breadth of interactions of CRMP2 with motor proteins, kinases, channels,
receptors, enzymes and endocytosis/exocytosis-related proteins, it is becoming increasingly
clear that CRMP2 may serve as adaptors/scaffold molecules and as traffic ‘cops’ (see review
by Schmidt and Strittmatter [10]). In the next sections of this article, we highlight
accumulating evidence for the involvement of CRMP2 in a panoply of disorders will be
highlighted: neurodegenerative (neuronal ceroid lipofuscinosis [NCL], also known as Batten
disease, Alzheimer’s disease [AD] and prion disease), sensory and motor neuron
(amyotrophic lateral sclerosis [ALS], multiple sclerosis [MS] and chronic neuropathic pain)
and central (excitotoxicity and ischemic stroke, epilepsy and bipolar/schizophrenia/
schizoaffective disorders). Understanding the molecular etiology underlying CRMP2’s
involvement in these disorders has resulted in tremendous progress towards targeting,
directly or indirectly, CRMP2 for therapies for AD [66], ALS [67], MS [68], inflammatory
and neuropathic pain [69-71], ischemic stroke [42,71], as well as post-traumatic epilepsy
(Table 3) [72].

Targeting CRMP2 in neurodegenerative disorders

Could CRMP2-associated signhaling complexes serve as potential therapeutic targets for
Batten disease?

NCLs are a heterogeneous group of autosomal-recessive disorders that are collectively the
most prevalent neurodegenerative disease of childhood. In the vast majority of cases, disease
onset occurs in early childhood with visual deterioration, cerebellar ataxia, seizures and
mental deterioration. Common disease symptomology and pathology has long suggested a
common molecular mechanism underlying NCLs. Although NCL-associated proteins, many
of whose function remains elusive, show fairly ubiquitous expression throughout the body,
selective neuronal vulnerability suggests that a common link may lie in cellular functions
unique to neurons. Recently, studies have suggested that a common NCL pathway,
particularly for NCLs associated with membrane-localized proteins (such as CLN3, CLNG,
CLNS5 and CLN8) may be intracellular transport via disrupted interaction with molecular
motors and the cytoskeletal network. Through yeast two-hybrid and proteomic studies,
CLN3, CLN6 and CLNS8 have all been shown to associate in varying aspects to the
microtubule network and neuronal cytoskeleton [73,74]. One conundrum in this theory is
that these membrane-associated NCL proteins have been localized to cellular organelles
often viewed as nonreliant on the microtubule network for cellular transport such as the
Golgi, endoplasmic reticulum, lysosome and mitochondria [75-82]. Unique to neurons,
transport of essential building blocks to distal sites within axons and dendrites, often up to
1000-10,000-times the length of the cell body, relies on coupling of cargo to the
microtubule network and this cargo often includes mitochondria, endoplasmic reticulum-
associated/synaptic vesicles and lysosomes. Both the initial specification and outgrowth as
well as the long-term maintenance of neuronal processes is reliant on sustained, efficient
transport of cargo and defects in axonal outgrowth and transport are a common theme of
neurodegeneration [83].

Mutations in the CLN6 gene result in the variant late infantile NCL form (vLINCL) with age
of onset between 2 and 6 years with death occurring by the third decade of life [84-87] as
well as the type A adult-onset form of NCL, or Kuf ’s disease [88]. This dual role in
infantile and adult forms of NCL underscores the crucial function of CLN6 both in neuronal
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development, but also in the maintenance of the mature nervous system. Naturally occurring
animal models with mutations in CLN6 include the CIn6”¢/ mouse and the New Zealand
South Hampshire sheep (OCL6), both of which faithfully recapitulate pathological
phenotypes seen in the human form of the disease, including accumulation of storage
material, eventual limb paralysis, selective neuronal loss, cortical thinning and glial
activation [89-91]. The CIn6”¢f mouse harbors an insertion mutation of one additional
cytosine (c.307insC, frameshift after P102) resulting in 25 novel amino acids followed by a
premature stop codon, which is identical to a common mutation found in vLINCL human
patients [79], and thus provides a unique /77 vivo model for exploring the cellular function of
CLN®6. CLNG6 is an endoplasmic reticulum-associated protein that has been shown to
complex with CRMP2 [73]. CRMP2’s ability to specify axon/dendrite fate and regulate
cargo transport during axonal growth/regeneration has been shown to be facilitated and/or
antagonized through a complex network of alternative protein—protein interactions,
including KLC1, dynein, chimaerin, phospholipase D, calmodulin, neurofibromin and
CaV2.2 (see Table 3 and review by Yoshimura and colleagues [92]). Disruption in
CRMP2’s ability to partner with these proteins has detrimental effects, including disruption
in modulation of cytoskeletal dynamics, and has been associated with a whole host of
neuropsychiatric disorders [23,33,47,51,93-96]. The common truncation mutation found in
CIn6/ mice and humans, which results in a rapidly degraded truncated protein product,
would preclude interaction with CRMP2 [86]. Moreover, recent studies have demonstrated
that expression of the CIn6”¢/ mutation disrupts CRMP’s ability to interact correctly with its
other partners, such as microtubules, kinesins and NF1 [Weimer JM, Unpublished Data],
thus could therapies aimed at stabilizing CRMP’s interaction with these partners prove
beneficial in the treatment of NCLs? Additionally, the authors’ recent studies have shown
that CLN6 and CRMP2 can complex with the kinesin light chain protein, KLC4 or KNSL8
[Weimer JM, Unpublished Data], imparting specificity for unique kinesin motors and
suggesting a role for this complex in providing a unique mechanism for localized CRMP2/
CLNG6-dependent signaling and segregation of cellular cargo or packets.

CRMP2 in AD progression & pathogenesis

AD is an age-related neurodegenerative disease and the sixth leading cause of death in the
USA [97]. AD is diagnosed using cognitive examinations as well as the exclusion of other
possible disease states, while definite diagnosis is still obtained post-mortem by the
histopathological hallmarks of AD. Histopathologically, AD is characterized by synapse
loss, the presence of abnormal protein deposits such as senile plaques (rich in B-amyloid
peptide [AB]) and neurofibrillary tangles (NFTs; rich in hyperphosphorylated tau) [98].

The exact mechanism(s) for the development and progression of AD are still unclear.
Genetic analysis has demonstrated a link between mutations in £SZ, PS2and APP genes,
and increased AD risk. In addition, other genes, such as APOE4, CLU (also known as
APOJ), PICALM, endothelial nitric oxide synthase 3 and a2-macroglobulin, have been
suggested as risk factors for AD [99-102].

A number of hypotheses, including the amyloid cascade, excitotoxicity, oxidative stress and
inflammation hypotheses, have been proposed to explain the histopathology, biochemistry
and clinical symptoms of AD. All these hypotheses implicate, to some extent, Ap as a
common thread. The oxidative stress hypothesis is based on the fact that AD brains have
increased markers of oxidation of proteins, lipids, carbohydrates and nucleic acid compared
with aged-matched controls [103-106]. The increase in the markers of oxidative stress has
been shown to be associated with Ap, a 40-42 amino acid peptide [107]. ApP1_42 has been
shown to aggregate quickly and is proposed to play a central role in AD pathogenesis. A
has been shown to exist in at least four aggregated states: monomers, oligomers, protofibrils
and fibrils. Furthermore, studies suggest that oligomeric Ap is the toxic species of this
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peptide rather than Ap fibrils themselves [108-111]. Studies from the Sultana and
Butterfield group and others have shown that AB-induced oxidative stress markers can be
alleviated by free radical scavengers such as vitamin E, estradiol and melatonin, among
others [112-115].

The Sultana and Butterfield group proposed the AB-induced oxidative stress model for AD
pathogenesis. In this model, AP1_42 can insert itself into the lipid bilayer as toxic oligomers
and can therein undergo a one-electron oxidation of methionine, which leads to the
formation of sulfuranyl or hydroxysulfuranyl radical cations that remove allylic hydrogen
atoms from phospholipid acyl chains, leading to the formation of lipid peroxidation products
via catalytic chain reactions [116,117]. Other proposed mechanisms of Met-35 neurotoxicity
involve oxidative transfer from methionine to redox metal ions, such as copper or zinc (i.e.,
Fenton chemistry), which would generate superoxide radical anions and highly reactive
hydroxyl radicals and increase AP aggregation [107,118-120]. Met-35 is also important in
AD pathology because its redox state directly correlates with amyloid fibril formation.
When Met-35 is oxidized to methionine sulfoxide, the rate of fibril formation with AB1_4> is
lowered and protofibrils are not formed [121-123]. Oxidized Met-35 exists in high
abundance in senile plagues from post-mortem AD patients [124,125]. A recent /n vivo
study showed that Met-35 is critical to Ap-induced oxidative stress and AD pathogenesis
[126].

CRMP2/DRP-2 has been shown to be carbonylated in the inferior parietal lobules and
hippocampus of AD patients [127-130]. CRMP2 was also reported to be hydroxynonenal,
and 3-NT-modified in AD brains [131,132]. A study by Reiderer and coworkers showed that
CRMP2 also undergo S-nitrosocysteine modification [133]. This oxidative modification of
CRMP2 is expected to affect the cytoskeletal organization and membrane trafficking,
consequently leading to the shortening of axons; in addition, it might also affect the
functions of other proteins that are downstream to it in its functional proteome set. The
oxidation of CRMP2 may provide an explanation for the reported impaired neuronal
communication, neuropathological hallmarks: such as NFTs, loss of synapses, and the
consequent learning and memory impairment as reported in AD.

In addition to oxidative modif ication, CRMP2 has been reported to be hyperphosphorylated
in the AD brain [134]. The hyperphosphorylation of CRMP2 is mediated via the priming
kinase Cdk5 and subsequently by GSK-3p (Figure 1). The phosphorylation of CRMP?2 is
first initiated by Cdk5 followed by GSK-3p, suggesting that Cdk5 activity is important in
regulating the GSK-3 activity. Cdk5 has been shown to regulate axonal transport via
GSK-3p [135], and it also regulates phosphorylation of APP on the cytoplasmic domain,
which may play a role in the increased APP processing to produce Ap [136,137].
Interestingly, the Ihara group showed that phospho-CRMP2 colocalizes with NFTs, and
WAVE protein, a key molecule for actin assembly [138]. Furthermore, they also showed
that the brains of 3xTg-AD mice exhibit accumulation of both phospho-CRMP2 and
WAVE, suggesting that WAVE accumulation may require both AB/APP and tau
pathologies, and might contribute to the synaptic alterations induced by disturbances in actin
assembly in AD brains [139]. In both AD and mild cognitive impairment brains, the levels
of Cdkb are altered [140]. Therefore, it is possible that Cdk5 dysregulation may play an
important role in the Ap production, synapse loss and NFTs [141].

The existence of CRMP2 along with NFTs points to a likely relationship between these
proteins. To date, however, there is no clear evidence to explain whether NFT oxidation
affects the CRMP2 function or vice versa. Based on the available literature, it is tempting to
speculate that through unknown mechanism(s) tau protein is hyperphosphorylated inhibiting
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tau function and leading to impaired axonal transportation, which might recruit CRMP2 to
axonal sites to promote neuronal sprouting and synapse formation.

The acetylated tripeptide rER (NH2-D-arg-L-glu-D-arg-COOH), derived from the external
domain of APP, protects against Ap-induced memory loss for a passive avoidance task in
young chicks and enhances retention for a weak version of the task when injected
peripherally up to 12 h prior to training [66]. Anti-CRMP2 antibodies injected intracranially
30 min prior to training induced amnesia for the passive avoidance task, which was rescued
by acetylated rER, if injected prior to the anti-CRMP2. The fact that acetylated rER exerts
its effects via CRMP2, a protein known to be abnormally phosphorylated in AD, bolsters its
potential usefulness as a possible therapy for AD and places CRMP2 as a determinant of
memory consolidation [94].

The present evidence demonstrates that Ap-induced oxidative modification of CRMP2
might lead to impaired axonal transportation and synapse loss (an early feature observed in
AD). Moreover, increased phosphorylation suggests that post-translational modifications
(i.e., oxidation and phosphorylation) might play an important role in the progression and
pathogenesis of AD. Hence, targeting CRMP2 could prevent or delay the progression of this
devastating disorder [47,72].

CRMP2 in prion disease

Prion diseases, including Creutzfeldt—Jakob disease, Gerstmann—Straussler—Scheinker
syndrome and familial or sporadic fatal insomnia, are rare and fatal neurodegenerative
disorders characterized pathologically by neuronal loss, astrocytosis and deposition of PrP
aggregates throughout the brain [142]. Approximately one in six human prion diseases are
autosomal-dominant and are linked to point mutations or insertions in the gene encoding PrP
[143]. Misfolding and oligomerization of mutant PrP are thought to initiate the pathogenic
process [144]. Although the molecular neuropathology of prion disease is not fully
understood, the axon-related attrition observed following prion infection is likely to involve
proteins involved in axonal growth and guidance, such as CRMP2. A recent proteomic study
on brains from mice infected with a scrapie prion strain identified an increase in a truncated
version of CRMP2 (lacking carboxyl terminal amino acids 518-572, a region harboring
several important phosphorylation sites) and a concomitant decrease in full-length CRMP2
[145]. Overexpression of this truncated form of CRMP2 /n vitro in neurons phenocopied the
increased development of neurite tips observed with overexpression of the
nonphosphorylated version of CRMP2, suggesting that a lack of regulatory phosphorylation
may underlie degenerating neurons in prion diseases. These findings are consistent with the
demonstration that phosphorylation of CRMP2 at Ser522 by Cdk5 is critical for maintaining
proper dendritic arborization /n vivo [35]. Hagiwara and colleagues also proposed the idea
that the truncated CRMP2 may not oligomerize properly, thus impairing the normal
physiological function of CRMP2 [145]. Interestingly, a study with fly CRMP showed that
circadian activity rhythmicity is impaired in Drosophila CRMP mutants [8]; but it is too
early to speculate whether this may be linked to diseases such as fatal insomnia.

Targeting CRMP2 in sensory & motor neuron disorders

Evidence for CRMP2 dysfunction as a pathogenic factor & target of therapy for ALS

ALS is a rapidly progressive, invariably fatal, degenerative motor neuron disease with no
effective treatments [146,147]. Epidemiologically, approximately 20% of ALS cases are
caused by various, mostly dominant genetic mutations (familial ALS [FALS]) whereas the
other 80% of sporadic ALS cases have unknown etiology [146]. The most common familial
forms of FALS map to mutations in cytosolic Cu, SOD1 and transgenic mice overexpressing
these mutations demonstrate a disease very similar to human FALS [147]. ALS appears to
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be non-cell autonomous in mice because disease appearance requires the expression of
mutant SOD1 in both motor neurons and surrounding non-neuronal cells [148]. In mice and
humans, ALS can be described as a progressive distal axonopathy as the lower motor neuron
axons first denervate from neuromuscular junctions, then progressively retract toward the
neural somas in the spinal cord ventral horns [149]. It is unclear how SOD1 mutations give
rise to ALS; however, cellular inclusions are found in both neurons and glia in mutant
SOD1-bearing tissue, whereas a variety of other proteinacious inclusions are observed in
human sporadic ALS [146,147]. Frequently, these inclusions contain cytoskeletal
components, especially neurofilament aggregates [150]. Expression of mutant SOD1 renders
glia more prone to neuroinflammatory activation or exacerbates production of glial
cytokines and reactive oxygen species [147], and interferes with axonal transport [151,152].

The involvement of axonal protein aggregates coupled with the distal axonopathic nature of
ALS motor neuron degeneration and the presence of axonal transport deficits in ALS mice
begin to suggest that motor axonal cytoskeletons are a central component to the cellular
deterioration that produces ALS clinical presentation. Accordingly, some researchers have
begun to test microtubule stabilizing drugs in ALS mouse models. For instance, a 2007
study by Fanara and colleagues reported that the microtubule-stabilizing agent noscapine
extended the lifespan of SOD1G93A mice by >10%, restored axonal transport deficits and
reduced motor neuron death [152]. This is encouraging when one considers that many
attempts to prevent somatic death of motor neurons through antagonism of death pathways
and apoptosis has generally been met with poor results [147].

Recent findings suggest that aberrations in CRMP function may contribute to ALS
axonopathy in a fashion that is amenable to therapeutic manipulation. Notable among these
studies is a 2006 report by Verhaagen’s group, which documented expression of the
chemorepellant protein Sema3A in specific populations of terminal Schwann cells near fast-
fatiguable type-I1l1 muscle fibers after nerve injury and in murine ALS [153]. Sema3A is
normally expressed during embryonic development where it acts to repel neuritic growth
cones through a CRMP2-dependent action (Figure 2). In this mechanism, Sema3A binds
NRP1, which dimerizes to its plexin-A coreceptors. This complex recruits intracellular
effector kinase cascades. Ultimately, Cdk5 and GSK-3p phosphorylate CRMP2 on Ser 522
and Thr 509/Thr 514, respectively [15,27,51]. Phosphorylated CRMP2 releases tubulin
heterodimers, thereby reducing microtubule growth at the distal end of axons, encouraging
axon retraction. Conversely, NT-3 and BDNF inhibit GSK-3p via the PI3K/AKT pathway,
reducing CRMP2 phosphorylation and promoting axon growth (Figure 1) [154]. Thus,
Sema3A expression near the ALS neuromuscular junction could explain one of the initial
triggers that begin the process of axon pull-back in ALS motor neurons.

A separate, independent study by Pettman and colleagues has uncovered another mechanism
by which CRMP2 dysfunction may contribute to motor neuron disease [155]. These
researchers found that a variant of CRMP4 is induced in cultured motor neurons by
exposure to nitric oxide. Forced adeno-associated virus-mediated expression of CRMP4 in
wild-type motor neurons triggered axon degeneration and cell death, whereas silencing of
CRMP4 in mSOD1 motor neurons protected them from nitric oxide-induced death [155].
Thus, ectopic CRMP4 seems to oppose CRMP2 and promote neurodegeneration. If this is
the case, then boosting CRMP2 function would be expected to compensate for CRMP4 in
order to promote healthy neuritic structure and function.

A serendipitous discovery of endogenous CRMP2-binding sulfur amino acid metabolites
may have opened a pathway forward to develop small-molecule, CRMP2-acting therapeutic
molecules [67,156]. Lanthionine ketimine (LK) is derived by alternative reactions of the
transsulfuration enzyme CBS upon serine and cysteine, followed by metabolism through the
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kynurenine pathway enzyme GTK, also known as KATI [67]. The Hensley group found that
LK and especially its synthetic cell-penetrating ester derivative, LK ester (LKE), were
potent stimuli for growth factor-dependent neurite elongation [156]. Affinity proteomics
assays for LK binding partners identified CRMP2 as a plausible candidate for mediation of
the neurotrophic activities inherent to LK and LKE [156]. Subsequently, the Hensley group
administered LKE to SOD1G93A mice, a transgenic model of FALS [67]. Dosage with 100
mg/kg/day LKE in saline (intraperitoneal) beginning at 90 days of age (clinical stage
disease) slowed subsequent functional motor loss and modestly extended animal lifespan
[67]. Although other mechanisms of action for LKE cannot be ruled out, this initial data
should encourage further investigation for molecules that affect CRMP2 pathways either
directly or indirectly, in order to bolster axonal microtubule structure and function, so as to
slow the progression of ALS.

Limiting MS-related axonopathy by blocking Nogo receptor & CRMP2 phosphorylation

MS is a severe neurological disorder that involves inflammation in the brain and spinal cord,
axonal damage and demyelination. Increased CRMP2 levels were detected in cerebrospinal
fluids from patients with MS. Phosphorylated CRMP2 levels were reported to be
upregulated in human brain sections containing chronic, active MS lesions and plaques
compared with the absence of such reactivity in normal brains post-mortem [157]. Using a
well-established animal model of MS, experimental autoimmune encephalomyelitis, which
mimics many of the pathophysiological hallmarks of MS, Petratos ef a/. showed that
CRMP2 is phosphorylated and hence inhibited during the progression of experimental
autoimmune encephalomyelitis in degenerating axons [68]. This seminal work also showed
that /n vivo administration of an antibody against the axonal growth inhibitor, Nogo-A,
reduced the levels of phosphorylated CRMP2 (at Thr 555) in the spinal cord and improved
pathological outcome. This exciting discovery hints at the potential therapeutic utility of
targeting CRMP2 by demonstrating that phosphorylation of CRMP2 results in the activation
of Nogo-66 receptor 1 (NgR1) and plays a pivotal role in axonal degeneration in
experimental autoimmune encephalomyelitis and MS.

Targeting CRMP2 to curb chronic neuropathic pain

Despite the availability of a variety of analgesics, treatment of chronic pain remains a large
unmet medical need. Although some chronic pain conditions may be treated adequately by
existing drugs, many patients fail to achieve adequate pain relief. This is especially the case
for patients suffering from neuropathic pain due to trauma, disease and neurotoxic
antiretroviral treatment, which are often unresponsive to conventional analgesics.
Furthermore, the chronic use of many analgesics is limited by side effects or by the
development of tolerance. In 2010, analgesics accounted for sales of $22 billion globally and
$13 billion in the USA [158,159]. The highest selling were opiates, followed by nonsteroidal
anti-inflammatory drugs, antiepileptics, antidepressants and local anesthetics.

Recently, ziconotide (Prialt®, Jazz Pharmaceuticals, CA, USA) was approved by the US
FDA for the treatment of severe pain that was refractory to other therapies [160]. This drug
is a synthetic version of the naturally occurring cone snail toxin w-conotoxin MVIIA and is
a highly potent and selective peptide blocker of CaV2.2, validating N-type calcium channels
as a promising target of novel analgesics. The use of Prialt is limited by the need for it to be
administered by the intrathecal route and major side effects, including confusion,
somnolence, orthostatic hypotension and nausea [161-163]. Presumably, the side effects
occur through a nonselective blockade of N-type channels in all tissues [164,165] and thus, a
strategy of modulating N-type channels in injured tissues through a state-dependent
mechanism could prove advantageous.
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Our laboratory has advanced a strategy for targeting modulators of channel trafficking based
on our discovery of the interaction between CaV2.2 and CRMP2, which enhanced channel
function by increasing cell surface trafficking of calcium channels [61,62,166]. In a
subsequent study, it was found that the interaction between CaV2.2 and CRMP2 can be
disrupted by a short peptide (calcium-binding domain 3; CBD3; Figure 3) corresponding to
a 15-amino acid region of CRMP2, which results in a reduction in functional channels in the
plasma membrane. Fusing CBD3 to the transduction domain of the HIVV-1 TAT resulted in a
cell permeable peptide, TAT-CBD3, which abrogated the CRMP2-CaV2.2 interaction,
reduced CaV2.2-mediated currents /n vitro, decreased neuropeptide release from sensory
neurons and inhibited excitatory synaptic transmission in dorsal horn neurons of the spinal
cord [70]. TAT-CBD3 administration /7 vivo reduced pain behavior in a number of pain
models, including two animal models of neuropathic pain; antiretroviral drug treatment [70]
and focal nerve demyelination [71]. In a battery of rodent behavioral tests to examine off-
target effects, TAT-CBD3 was mildly anxiolytic without affecting memory retrieval,
sensorimotor function or depression. Importantly, sympathetic activity was not affected by
TAT-CBD3 [71]. This is in contrast to Prialt, which is poorly tolerated mainly because of
effects on the autonomic nervous system [161,167].

Targeting CRMP2 in central disorders

Traumatic injury, excitotoxicity & ischemic stroke

The expression of modified forms of CRMP2 changes following various kinds of injury. For
example, a sciatic nerve crush [4] as well as a hypoglossal nerve injury [168] in rodents
result in upregulation of CRMP2, whereas nerves regenerating from a spinal cord injury in
chicks exhibit increased levels of phosphorylated CRMP2 [169]. These studies highlight that
dynamic regulation of post-translationally modified CRMP2 forms are putative contributors
to the maintenance of spinal cord regenerative ability, likely via a transient stabilization of
the neuronal cytoskeleton. In the middle carotid artery occlusion model of focal ischemia,
expression of a calpain-cleaved and phosphorylated version of CRMP2 are elevated [170-
172]; similar cleavage was reported following controlled cortical impact, an in vivo model
of traumatic brain injury (TBI) [173]; the cytolytic agent maitotoxin or NMDA-mediated
neurotoxic injury [173], glutamate-induced excitotoxicity [174] or NGF-induced neurite
degeneration [175]. CRMP2 cleavage appears to be neuroprotective [174] as expression of a
cleaved CRMP2 construct (mimicking calpain cleavage) increases neuronal survival
following excitotoxic challenge and decreases the amount of neurons responding to NMDA
challenge [174]. The authors’ laboratory recently investigated the mechanism of this
neuroprotection and tested the hypothesis that as CRMP2 has been linked to NMDAR
trafficking, it may be involved in neuronal survival following excitotoxicity [42]. It was
found that lenti-viral-mediated CRMP2 knockdown or treatment with the CRMP2 peptide
TAT-CBD3 blocked neuronal death following glutamate exposure likely via blunting
toxicity from delayed calcium deregulation. Application of TAT-CBD3 attenuated
postsynaptic NMDAR-mediated currents in cortical slices. While exploring the modulation
of NMDARSs by TAT-CBD3 further, it was also found that TAT-CBD3 induced NR2B
internalization in dendritic spines without altering somal NR2B surface expression, probably
via disruption of the interaction between NR2B and CRMP2 [42]. Furthermore, TAT-CBD3
reduced NMDA-mediated Ca2* influx and currents in cultured neurons. Importantly,
systemic administration of TAT-CBD3 following a controlled cortical impact model of
traumatic brain injury decreased hippocampal neuronal death [42]. The authors also showed
that an intraperitoneal injection of TAT-CBD3 peptide significantly reduced infarct volume
in an animal model of focal cerebral ischemia; neuroprotection was observed when TAT-
CBD3 peptide was given either prior to or after occlusion but just prior to reperfusion [65].
Collectively, these data support the utility of TAT-CBD3 as a novel neuroprotective agent
that may increase neuronal survival following injury by reducing surface expression of
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dendritic NR2B receptors. Another study demonstrated a reduction in brain infarct volume
following intracerebroventricular injection of a CRMP2 peptide, partially overlapping (i.e.,
six of 15 amino acids) with the authors’ TAT-CBD3 peptide, in mice just before middle
cerebral artery occlusion [176]. These findings validate CRMP2 as a therapeutic target for
glutamate-mediated neurotoxicity as well as excitotoxicity-mediated neuronal death.

Targeting CRMP2 for acquired & post-traumatic epilepsy

Acquired epilepsy is the development of a chronic epileptic phenotype following an
identifiable insult, such as TBI or stroke [177,178]. As at-risk populations are more readily
identifiable, this class of disorders presents a unique opportunity for prevention.
Understanding the molecular determinants of epileptogenesis will aid in the identification of
novel therapeutic targets. While the major contributing factors in epileptogenesis remain
elusive, current literature suggests a combination of increased excitability, loss of inhibition
and reorganization of excitatory circuitry, among others (for review see Pitk&nen and
Lukasiuk [179]). As targeting excitability alone does not prevent the development of chronic
epilepsy [180], epileptogenesis is most likely a multifactorial phenomenon. However, the
exact causal relationship between circuit plasticity and epileptogenesis has yet to be
determined. The most prominent example of such reorganization is the sprouting of mossy
fibers within the hippocampus. Mossy fiber sprouting (MFS) is observed in the human
epileptic hippocampus as well as in rodent models of acquired limbic epilepsy, including,
but not limited to, electrically and chemically induced status epilepticus, kindling and post-
traumatic epilepsy [181]. Sprouting of these fibers leads to the formation of recurrent
excitatory circuits via aberrant innervation of the inner molecular layer [182]. Interestingly,
MFS following induction of status epilepticus is associated with reduced expression of the
chemorepellant Sema3A within the entorhinal cortex. In a working model, the VVerhaagen
group suggests that secretion of Sema3A into the molecular layer by entorhinal stellate cells
prevents innervation of the inner molecular layer by granule cell axons [183], which express
the receptor neuropilin 1 [184]. Accordingly, loss of this repulsive signal would allow for
mossy fiber innervation of the inner molecular layer. As the chemorepulsive properties of
Sema3A signaling are mediated by changes in CRMP2 phosphorylation [51], loss of
Sema3A signaling could potentially lead to an accumulation of unphosphorylated CRMP2,
which can actively promote neurite sprouting and outgrowth. With the intention of targeting
CRMP2-mediated sprouting, the authors’ laboratory has recently characterized a functional
interaction between CRMP2 and the novel antiepileptic, lacosamide (Vimpat®, UCB Inc.,
NY, USA).

Lacosamide, recently approved for the treatment of partial-onset seizures, impairs voltage-
gated sodium channel function through the selective enhancement of slow inactivation
(Figure 4) [185]. However, the authors have demonstrated that lacosamide also inhibits the
ability of CRMP2 to enhance tubulin polymerization, thereby impairing CRMP2-mediated
neurite outgrowth [72]. Lacosamide treatment prevented enhanced excitatory connectivity
associated with sprouting of injured laver V cortical pyramidal neurons in an animal model
of post-traumatic epileptogenesis. The ability to target this process may prove instrumental
in dissecting not only the role of CRMP2, but of aberrant sprouting and outgrowth in the
development of acquired epilepsy.

Much attention has recently been bestowed on the involvement of the growth factor receptor
TrkB in epilepsy. Increased expression of the ligand BDNF has been observed in the
hippocampi of kindled animals and is accompanied by increased levels of TrkB activation
[186]. Moreover, expression of a constitutively active receptor facilitated epileptogenesis
following status epilepticus [187]. In a landmark study, the McNamara group observed that
conditional deletion of the TrkB receptor is one of the only genetic modifications that
completely prevents kindling in rodents [188]. TrkB signaling also appears to be of
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particular importance in mossy fiber reorganization. Increased levels of activated TrkB are
observed within this pathway in kindled animals [189,190]. In experiments with organotypic
slice cultures, lesion-induced sprouting is observed in multiple regions within the
hippocampus [191], which is prevented by TrkB receptor knockdown [192]. Most
interestingly, infusion of BDNF into the hilus of the hippocampus was sufficient to induce
MFS, as well as the formation of recurrent excitatory circuits [193]. Aside from its innate
ability to promote outgrowth, CRMP2 may also play an important role in MFS as it is
involved in forward trafficking of the TrkB receptor. CRMP2 associates with Slp1, forming
a complex along with Rab27B, which links TrkB to the motor protein kinesin [56]. Taken
together, the ability to regulate axon dynamics (sprouting, guidance and outgrowth) as well
as TrkB signaling, position CRMP2 as a potential target in determining the underlying
mechanisms associated with circuit reorganization during epileptogenesis.

Evidence for CRMP2 in bipolar/schizophrenia/schizoaffective disorders

Bipolar, schizophrenia and schizoaffective disorders are common, highly heritable
psychiatric disorders for which familial co-aggregation, epidemiological and genetic
evidence suggests overlapping etiologies. To date, however, no definitive susceptibility
genes have been identified for any of these disorders. The expression of CRMP2 in humans
was reported to be decreased in the frontal cortex regions of the brains of individuals with
schizophrenia and affective disorder [194]. Notably, CRMP2 is located on chromosome
8p21, a region that has been implicated in schizophrenia in genetic linkage studies. A
genetic association between five polymorphisms of the CRMPZ gene and schizophrenia in a
Japanese population reported that the frequency of a 2236 T>C polymorphism in the 3’
untranslated region was higher in control subjects than in patients with schizophrenia,
suggesting that the presence of this allele may reduce the susceptibility to schizophrenia
[195]. A single-nucleotide polymorphism genotyping screen of 64 genes among Ashkenazi
Jewish individuals demonstrated that CRMP2 met the criterion, using single-nucleotide
polymorphism and haplotype-based transmission/disequilibrium tests, to strongly associate
with genes implicated in schizophrenia or schizoaffective disorder and bipolar disorders
[196]. In rats with pharmacologically induced chronic inhibition of NMDARs (a model for
schizophrenia), CRMP2 protein levels were increased by approximately twofold compared
with rats with normal NMDAR function [197]. As to how CRMP2 changes or allelic
variations contribute towards these neuropsychiatric diseases is presently unknown.

Conclusion

As highlighted throughout this article, the landscape of interactions and functions subserved
by CRMP2 is far more complex than previously appreciated. The authors’ hypothesize that
CRMP2 may serve as an adaptor/scaffold molecule and as a traffic “‘cop’ directing surface
trafficking of several ion channels and receptors. While studies on CRMP2’s canonical roles
in axon specification and growth still abound, novel roles are being ascribed to CRMP2
from both /n vitroand in vivo studies. Studies examining the mechanistic consequences of
post-translational modifications of the CRMP2 protein and CRMP2 interactions with its
binding partners in normal physiology and pathophysiology will be invaluable in furthering
CRMP2’s role as an important neuronal protein.

Future perspective

Basic research into CRMP2 is flourishing with reports ranging from splicing and single-
nucleotide polymorphisms, to mechanistic details of CRMP2-mediated axon outgrowth and
steering, discovery of novel kinases involved in phosphorylation of CRMP2 and
identification of novel binding partners, to reports implicating CRMP2 in a cornucopia of
diseases. Despite a largely neurocentric focus of most studies to date with CRMP2, it has
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been linked to cancer and immune-related disorders. CRMP2 was selectively detected in a
colorectal carcinoma cell line and was found to be increased in patients with colorectal
carcinoma identifying it as a potential biomarker for colorectal carcinoma [198]. Recent
studies have linked CRMP2 to the migration and polarization of T cells; it is thought that
CRMP2 is required for rearrangement of the cytoskeleton required for proper T-cell function
[23,199]. T-cell polarization and migration following onset of inflammation is an important
aspect of the adaptive immune system. However, aberrant activation and migration of T
cells in tissues where there is no pathogen present leads to immune disorders such as
Crohn’s disease, transplant rejection and airway inflammation. Therefore, strategies
targeting CRMP2 to prevent T-cell migration and activation could be vital options to treat
these disorders.

In summary, future research should focus on a deeper understanding of the post-translational
modifications of CRMP2, particularly phosphorylation, and the functional interconnectivity
of the CRMP2 protein network to allow researchers to develop specifically tailored
therapeutics for ‘CRMPopathies’, broadly defined as a collection of diseases linked to
CRMP2 dysfunction. Examples of this are already in place with the work of the Petratos
group on mitigating MS [68] and the authors’ work on the identification of small
biomolecules to target CRMP2 interactions with CaV2.2 to ameliorate chronic pain [69-71].
We must also look beyond proteomic-based methods for identification of CRMP2 in
nervous system disorders to evaluations of the structure—function relationship of CRMP2
that is likely altered in these disease states. For example, although CRMP2 levels have been
reported to be decreased in aborted human fetuses with Down’s syndrome, it is unknown
how this CRMP2 decrease contributes to the impaired axon outgrowth observed in Down’s
syndrome [200]. Targeting CRMP2 phosphorylation or interfering with CRMP2 protein—
protein interactions may offer some clues to mitigating the abnormalities in neural migration
in Down’s syndrome brains. One hypothesis is that a common thread in the CRMP2-related
disorders may be dysregulation of calcium and this should be investigated further.
Translating these basic research discoveries into clinically relevant therapies for some of the
nervous system disorders in which CRMP?2 is altered is imminent.

Acknowledgments

We apologize to some of our CRMP2 colleagues for not being able to cite their work due to space restrictions.

References

Papers of special note have been highlighted as:
» of interest
mm of considerable interest

1. Goshima Y, Nakamura F, Strittmatter P, Strittmatter SM. Collapsin-induced growth cone collapse
mediated by an intracellular protein related to UNC-33. Nature. 1995; 376(6540):509-514.
[PubMed: 7637782]

2. Hedgecock EM, Culotti JG, Thomson JN, Perkins LA. Axonal guidance mutants of Caenorhabditis
elegans identified by filling sensory neurons with fluorescein dyes. Dev Biol. 1985; 111(1):158—
170. [PubMed: 3928418]

3. Geschwind DH, Hockfield S. Identification of proteins that are developmentally regulated during
early cerebral corticogenesis in the rat. J Neurosci. 1989; 9(12):4303-4317. [PubMed: 2593003]

4. Minturn JE, Fryer HJ, Geschwind DH, Hockfield S. TOAD-64, a gene expressed early in neuronal
differentiation in the rat, is related to unc-33, a C. elegans gene involved in axon outgrowth. J
Neurosci. 1995; 15(10):6757-6766. [PubMed: 7472434]

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Khanna et al.

Page 15

. Byk T, Dobransky T, Cifuentes-Diaz C, Sobel A. Identification and molecular characterization of

Unc-33-like phosphoprotein (Ulip), a putative mammalian homolog of the axonal guidance-
associated unc-33 gene product. J Neurosci. 1996; 16(2):688—-701. [PubMed: 8551352]

. Hamajima N, Matsuda K, Sakata S, Tamaki N, Sasaki M, Nonaka M. A novel gene family defined

by human dihydropyrimidinase and three related proteins with differential tissue distribution.
Genetics. 1996; 180(1-2):157-163.

. Kitamura K, Takayama M, Hamajima N, et al. Characterization of the human dihydropyrimidinase-

related protein 2 (DRP-2) gene. DNA Res. 1999; 6(5):291-297. [PubMed: 10574455]

. Morris DH, Dubnau J, Park JH, Rawls JM Jr. Divergent functions through alternative splicing: roles

of the Drosophila CRMP gene in pyrimidine metabolism, brain and behavior. Genetics. 2012;
191(4):1227-1238. [PubMed: 22649077]

9. Quinn CC, Chen E, Kinjo TG, et al. TUC-4b, a novel TUC family variant, regulates neurite

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

outgrowth and associates with vesicles in the growth cone. J Neurosci. 2003; 23(7):2815-2823.
[PubMed: 12684468]

. Schmidt EF, Strittmatter SM. The CRMP family of proteins and their role in Sema3A signaling.
Adv Exp Med Biol. 2007; 600:1-11. [PubMed: 17607942]

Fukada M, Watakabe I, Yuasa-Kawada J, et al. Molecular characterization of CRMP5, a novel
member of the collapsin response mediator protein family. J Biol Chem. 2000; 275(48):37957—
37965. [PubMed: 10956643]

Inagaki N, Chihara K, Arimura N, et al. CRMP-2 induces axons in cultured hippocampal neurons.
Nat Neurosci. 2001; 4(8):781-782. [PubMed: 11477421]

Nishimura T, Fukata Y, Kato K, et al. CRMP-2 regulates polarized Numb-mediated endocytosis
for axon growth. Nat Cell Biol. 2003; 5(9):819-826. [PubMed: 12942088]

Arimura N, Menager C, Fukata Y, Kaibuchi K. Role of CRMP-2 in neuronal polarity. J Neurobiol.
2004; 58(1):34-47. [PubMed: 14598368]

Yoshimura T, Kawano Y, Arimura N, Kawabata S, Kikuchi A, Kaibuchi K. GSK-3p regulates
phosphorylation of CRMP-2 and neuronal polarity. Cell. 2005; 120(1):137-149. [PubMed:
15652488]

Minturn JE, Geschwind DH, Fryer HJ, Hockfield S. Early postmitotic neurons transiently express
TOAD-64, a neural specific protein. J Comp Neurol. 1995; 355(3):369-379. [PubMed: 7636019]

Byk T, Ozon S, Sobel A. The Ulip family phosphoproteins — common and specific properties. Eur
J Biochem. 1998; 254(1):14-24. [PubMed: 9652388]

Gaetano C, Matsuo T, Thiele CJ. Identification and characterization of a retinoic acid-regulated
human homologue of the unc-33-like phosphoprotein gene (hUlip) from neuroblastoma cells. J
Biol Chem. 1997; 272(18):12195-12201. [PubMed: 9115293]

Charrier E, Reibel S, Rogemond V, Aguera M, Thomasset N, Honnorat J. Collapsin response
mediator proteins (CRMPs): involvement in nervous system development and adult
neurodegenerative disorders. Mol Neurobiol. 2003; 28(1):51-64. [PubMed: 14514985]

Ricard D, Rogemond V, Charrier E, et al. Isolation and expression pattern of human Unc-33-like
phosphoprotein 6/collapsin response mediator protein 5 (Ulip6/CRMP5): coexistence with Ulip2/
CRMP2 in Sem3- sensitive oligodendrocytes. J Neurosci. 2001; 21(18):7203-7214. [PubMed:
11549731]

Tahimic CG, Tomimatsu N, Nishigaki R, et al. Evidence for a role of Collapsin response mediator
protein-2 in signaling pathways that regulate the proliferation of non-neuronal cells. Biochem
Biophys Res Commun. 2006; 340(4):1244-1250. [PubMed: 16414354]

22=m_Vincent P, Collette Y, Marignier R, et al. A role for the neuronal protein collapsin response

mediator protein 2 in T lymphocyte polarization and migration. J Immunol. 2005; 175(11):7650-
7660. Identifed CRMP2 in the immune system and demonstrated that CRMP2 plays a critical
role in T-lymphocyte function. It also showed that increased CRMP2 expression in T
lymphocytes of patients suffering from neuroinflammatory disease endowed them with enhanced
T-cell-transmigrating activity, highlighting a novel role for CRMP2 in pathogenesis. [PubMed:
16301675]

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Khanna et al.

23.

24.

25.

26.

Page 16

Vuaillat C, Varrin-Doyer M, Bernard A, et al. High CRMP2 expression in peripheral T
lymphocytes is associated with recruitment to the brain during virus-induced neuroinflammation. J
Neuroimmunol. 2008; 193(1-2):38-51. [PubMed: 18006081]

Wang LH, Strittmatter SM. Brain CRMP forms heterotetramers similar to liver
dihydropyrimidinase. J Neurochem. 1997; 69(6):2261-2269. [PubMed: 9375656]

Yoneda A, Morgan-Fisher M, Wait R, Couchman JR, Wewer UM. A collapsin response mediator
protein 2 isoform controls myosin I1-mediated cell migration and matrix assembly by trapping
ROCK I1. Mol Cell Biol. 2012; 32(10):1788-1804. [PubMed: 22431514]

Bretin S, Reibel S, Charrier E, et al. Differential expression of CRMP1, CRMP2A, CRMP2B, and
CRMP5 in axons or dendrites of distinct neurons in the mouse brain. J Comp Neurol. 2005;
486(1):1-17. [PubMed: 15834957]

27=m. Deo RC, Schmidt EF, Elhabazi A, Togashi H, Burley SK, Strittmatter SM. Structural bases for

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

CRMP function in plexin-dependent semaphorin3A signaling. EMBO J. 2004; 23(1):9-22.
Solved the CRMP1 structure and provided a structural view of CRMP function in plexin-
dependent Sema3A signaling. [PubMed: 14685275]

Stenmark P, Ogg D, Flodin S, et al. The structure of human collapsin response mediator protein 2,
a regulator of axonal growth. J Neurochem. 2007; 101(4):906-917. [PubMed: 17250651]

Majava V, Loytynoja N, Chen WQ, Lubec G, Kursula P. Crystal and solution structure, stability
and post-translational modifications of collapsin response mediator protein 2. FEBS J. 2008;
275(18):4583-4596. [PubMed: 18699782]

Takahashi T, Fournier A, Nakamura F, et al. Plexin-neuropilin-1 complexes form functional
semaphorin-3A receptors. Cell. 1999; 99(1):59-69. [PubMed: 10520994]

Arimura N, Inagaki N, Chihara K, et al. Phosphorylation of collapsin response mediator protein-2
by Rho-kinase Evidence for two separate signaling pathways for growth cone collapse. J Biol
Chem. 2000; 275(31):23973-23980. [PubMed: 10818093]

Arimura N, Menager C, Kawano Y, et al. Phosphorylation by Rho kinase regulates CRMP-2
activity in growth cones. Mol Cell Biol. 2005; 25(22):9973-9984. [PubMed: 16260611]

Hou ST, Jiang SX, Aylsworth A, et al. CaMKII phosphorylates collapsin response mediator
protein 2 and modulates axonal damage during glutamate excitotoxicity. J Neurochem. 2009;
111:870-878. [PubMed: 19735446]

Uchida Y, Ohshima T, Yamashita N, et al. Semaphorin3A signaling mediated by Fyn-dependent
tyrosine phosphorylation of collapsin response mediator protein 2 at tyrosine 32. J Biol Chem.
2009; 284(40):27393-27401. [PubMed: 19652227]

Yamashita N, Ohshima T, Nakamura F, et al. Phosphorylation of CRMP2 (collapsin response
mediator protein 2) is involved in proper dendritic field organization. J Neurosci. 2012; 32(4):
1360-1365. [PubMed: 22279220]

Astle MV, Ooms LM, Cole AR, et al. Identification of a proline-rich inositol polyphosphate 5-
phosphatase (PIPP) collapsin response mediator protein 2 (CRMP2) complex that regulates neurite
elongation. J Biol Chem. 2011; 286(26):23407-23418. [PubMed: 21550974]

Zhu LQ, Zheng HY, Peng CX, et al. Protein phosphatase 2A facilitates axonogenesis by
dephosphorylating CRMP2. J Neurosci. 2010; 30(10):3839-3848. [PubMed: 20220019]

Cole AR, Soutar MP, Rembutsu M, et al. Relative resistance of Cdk5-phosphorylated CRMP2 to
dephosphorylation. J Biol Chem. 2008; 283(26):18227-18237. [PubMed: 18460467]

Cole RN, Hart GW. Cytosolic O-glycosylation is abundant in nerve terminals. J Neurochem. 2001;
79(5):1080-1089. [PubMed: 11739622]

Morinaka A, Yamada M, Itofusa R, et al. Thioredoxin mediates oxidation-dependent
phosphorylation of CRMP2 and growth cone collapse. Sci Signal. 2011; 4(170):ra26. [PubMed:
21521879]

Zhang Z, Ottens AK, Sadasivan S, et al. Calpain-mediated collapsin response mediator protein-1,

-2, and -4 proteolysis after neurotoxic and traumatic brain injury. J Neurotrauma. 2007; 24(3):460—
472. [PubMed: 17402852]

42=m_Brittain JM, Chen L, Wilson SM, et al. Neuroprotection against traumatic brain injury by a

peptide derived from the collapsin response mediator protein 2 (CRMP2). J Biol Chem. 2011;
286(43):37778-37792. Demonstrated that a CRMP2 peptide protects against NMDA receptor-

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Khanna et al.

Page 17

mediated excitotoxicity /n vitro and in vivo following traumatic brain injury. Findings suggest
that targeting CRMP2 could lead to development of neurotherapeutics against traumatic brain
injury as well as other neuronal insults. [PubMed: 21832084]

43. Taghian K, Lee JY, Petratos S. Phosphorylation and cleavage of the family of collapsin response
mediator proteins may play a central role in neurodegeneration after CNS trauma. J Neurotrauma.
2012; 29(9):1728-1735. [PubMed: 22181040]

44. Rogemond V, Auger C, Giraudon P, et al. Processing and nuclear localization of CRMP2 during
brain development induce neurite outgrowth inhibition. J Biol Chem. 2008; 283(21):14751-14761.
[PubMed: 18332147]

45.SunY, Fei T, Yang T, et al. The suppression of CRMP2 expression by bone morphogenetic protein
(BMP)-SMAD gradient signaling controls multiple stages of neuronal development. J Biol Chem.
2010; 285(50):39039-39050. [PubMed: 20926379]

46. Kodama Y, Murakumo Y, Ichihara M, Kawai K, Shimono Y, Takahashi M. Induction of CRMP-2
by GDNF and ana lysis of the CRMP-2 promoter region. Biochem Biophys Res Commun. 2004,
320(1):108-115. [PubMed: 15207709]

47=m, Hensley K, Venkova K, Christov A, Gunning W, Park J. Collapsin response mediator protein-2:

an emerging pathologic feature and therapeutic target for neurodisease indications. Mol
Neurobiol. 2011; 43(3):180-191. Reviewed the association of CRMP2 with Alzheimer’s disease
and other neurological disorders. Demonstrated that the CRMP2-interacting compound
lanthionine ketimine ethyl (LK) ester promoted the growth of primary chick dorsal root ganglia
at low nanomolar concentrations in cell culture, consistent with a positive effect on CRMP2.
[PubMed: 21271304]

48. Fukata Y, Itoh TJ, Kimura T, et al. CRMP-2 binds to tubulin heterodimers to promote microtubule
assembly. Nat Cell Biol. 2002; 4(8):583-591. [PubMed: 12134159]

49. Quach TT, Duchemin AM, Rogemond V, et al. Involvement of collapsin response mediator
proteins in the neurite extension induced by neurotrophins in dorsal root ganglion neurons. Mol
Cell Neurosci. 2004; 25(3):433-443. [PubMed: 15033171]

50. Chae YC, Lee S, Heo K, et al. Collapsin response mediator protein-2 regulates neurite formation
by modulating tubulin GTPase activity. Cell Signal. 2009; 21(12):1818-1826. [PubMed:
19666111]

51. Uchida Y, Ohshima T, Sasaki Y, et al. Semaphorin3A signalling is mediated via sequential Cdk5
and GSK3p phosphorylation of CRMP2: implication of common phosphorylating mechanism
underlying axon guidance and Alzheimer’s disease. Genes Cells. 2005; 10(2):165-179. [PubMed:
15676027]

52. Lykissas MG, Batistatou AK, Charalabopoulos KA, Beris AE. The role of neurotrophins in axonal
growth, guidance, and regeneration. Curr Neurovasc Res. 2007; 4(2):143-151. [PubMed:
17504212]

53. Kawano Y, Yoshimura T, Tsuboi D, et al. CRMP-2 is involved in kinesin-1-dependent transport of
the Sra-1/WAVEL complex and axon formation. Mol Cell Biol. 2005; 25(22):9920-9935.
[PubMed: 16260607]

54. Pollitt AY, Insall RH. WASP and SCAR/WAVE proteins: the drivers of actin assembly. J Cell Sci.
2009; 122(Pt 15):2575-2578. [PubMed: 19625501]

55. Chu CC, Wang JJ, Chen KT, et al. Neurotrophic effects of tianeptine on hippocampal neurons: a
proteomic approach. J Proteome Res. 2010; 9(2):936-944. [PubMed: 20000655]

56. Arimura N, Kimura T, Nakamuta S, et al. Anterograde transport of TrkB in axons is mediated by
direct interaction with Slp1 and Rab27. Dev Cell. 2009; 16(5):675-686. [PubMed: 19460344]

57. Zhang Z, Majava V, Greffier A, Hayes RL, Kursula P, Wang KK. Collapsin response mediator
protein-2 is a calmodulin-binding protein. Cell Mol Life Sci. 2009; 66(3):526-536. [PubMed:
19151921]

58. Xu GF, O’Connell P, Viskochil D, et al. The neurofibromatosis type 1 gene encodes a protein
related to GAP. Cell. 1990; 62(3):599-608. [PubMed: 2116237]

59. Patrakitkomjorn S, Kobayashi D, Morikawa T, et al. Neurofibromatosis type 1 (NF1) tumor
suppressor, neurofibromin, regulates the neuronal differentiation of PC12 cells via its associating
protein, CRMP-2. J Biol Chem. 2008; 283(14):9399-9413. [PubMed: 18218617]

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Khanna et al.

Page 18

60. Wang Y, Brittain JM, Wilson SM, Hingtgen CM, Khanna R. Altered calcium currents and axonal
growth in Nf1 haploinsufficient mice. Transl Neurosci. 2010; 1(2):106-114. [PubMed: 21949590]

61=m_Brittain JM, Piekarz AD, Wang Y, Kondo T, Cummins TR, Khanna R. An atypical role for
collapsin response mediator protein 2 (CRMP-2) in neurotransmitter release via interaction with
presynaptic voltage-gated Ca2* channels. J Biol Chem. 2009; 284(45):1375-31390. Identified
the N-type calcium channel as a novel biochemical and functional binding partner of CRMP2.

62. Chi XX, Schmutzler BS, Brittain JM, Hingtgen CM, Nicol GD, Khanna R. Regulation of N-type
voltage-gated calcium (CaV2.2) channels and transmitter release by collapsin response mediator
protein-2 (CRMP-2) in sensory neurons. J Cell Sci. 2009; 23:4351-4362. [PubMed: 19903690]

63. Catterall WA, Few AP. Calcium channel regulation and presynaptic plasticity. Neuron. 2008;
59(6):882-901. [PubMed: 18817729]

64. Al-Hallag RA, Conrads TP, Veenstra TD, Wenthold RJ. NMDA di-heteromeric receptor
populations and associated proteins in rat hippocampus. J Neurosci. 2007; 27(31):8334-8343.
[PubMed: 17670980]

65. Brittain JM, Pan R, You H, et al. Disruption of NMDAR-CRMP-2 signaling protects against focal
cerebral ischemic damage in the rat middle cerebral artery occlusion model. Channels (Austin).
2012; 6(1):52-59.

66m. Mileusnic R, Rose SP. The memory enhancing effect of the APP-derived tripeptide Ac-rER is

mediated through CRMP2. J Neurochem. 2011; 118(4):616-625. Demonstrated that CRMP?2 is
important for memory consolidation in a chick passive avoidance behavioral task, suggesting
potential usefulness in Alzhemier’s disease. [PubMed: 21255016]

67. Hensley K, Venkova K, Christov A. Emerging biological importance of central nervous system
lanthionines. Molecules. 2010; 15(8):5581-5594. [PubMed: 20714314]

68mm. Petratos S, Ozturk E, Azari MF, et al. Limiting multiple sclerosis related axonopathy by
blocking Nogo receptor and CRMP-2 phosphorylation. Brain. 2012; 135(Pt 6):1794-1818.
Identified phosphorylation of CRMP2 and resulting downstream of Nogo-66 receptor 1
activation as key to mitigating axonal degeneration in experimental autoimmune
encephalomyelitis and multiple sclerosis. [PubMed: 22544872]

69. Ripsch MS, Ballard CJ, Khanna M, Hurley JH, White FA, Khanna R. A peptide uncoupling
CRMP-2 from the presynaptic Ca2* channel complex demonstrates efficacy in animal models of
migraine and AIDS therapy-induced neuropathy. Transl Neurosci. 2012; 3(1):1-8. [PubMed:
22662308]

70. Brittain JM, Duarte DB, Wilson SM, et al. Suppression of inflammatory and neuropathic pain by
uncoupling CRMP-2 from the presynaptic Ca?* channel complex. Nat Med. 2011; 17(7):822-829.
[PubMed: 21642979]

71. Wilson SM, Brittain JM, Piekarz AD, et al. Further insights into the antinociceptive potential of a
peptide disrupting the N-type calcium channel-CRMP-2 signaling complex. Channels (Austin).
2011, 5(5):449-456. [PubMed: 21829088]

72=m_\Wilson SM, Xiong W, Wang Y, et al. Prevention of posttraumatic axon sprouting by blocking
collapsin response mediator protein 2-mediated neurite outgrowth and tubulin polymerization.
Neuroscience. 2012; 210:451-466. Demonstrated that the novel anticonvulsant lacosamide
inhibits CRMP2-mediated neurite complexity in a concentration-dependent manner; half-
maximal inhibition of neurite complexity was achieved at a concentration approximately 20-fold
lower than the therapeutic levels at which lacosamide affects the presumed primary target, the
sodium channel. [PubMed: 22433297]

73. Benedict JW, Getty AL, Wishart TM, Gillingwater TH, Pearce DA. Protein product of CLN6 gene
responsible for variant late-onset infantile neuronal ceroid lipofuscinosis interacts with CRMP-2. J
Neurosci Res. 2009; 87(9):2157-2166. [PubMed: 19235893]

74. Uusi-Rauva K, Luiro K, Tanhuanpaa K, et al. Novel interactions of CLN3 protein link Batten
disease to dysregulation of fodrin-Na*, K™ ATPase complex. Exp Cell Res. 2008; 314(15):2895—
2905. [PubMed: 18621045]

75. Haskell RE, Carr CJ, Pearce DA, Bennett MJ, Davidson BL. Batten disease: evaluation of CLN3
mutations on protein localization and function. Hum Mol Genet. 2000; 9(5):735-744. [PubMed:
10749980]

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Khanna et al.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

Page 19

Jarvela I, Lehtovirta M, Tikkanen R, Kyttala A, Jalanko A. Defective intracellular transport of
CLN3 is the molecular basis of Batten disease (JNCL). Hum Mol Genet. 1999; 8(6):1091-1098.
[PubMed: 10332042]

Jarvela |, Sainio M, Rantamaki T, et al. Biosynthesis and intracellular targeting of the CLN3
protein defective in Batten disease. Hum Mol Genet. 1998; 7(1):85-90. [PubMed: 9384607]

Kremmidiotis G, Lensink IL, Bilton RL, et al. The Batten disease gene product (CLN3p) is a Golgi
integral membrane protein. Hum Mol Genet. 1999; 8(3):523-531. [PubMed: 9949212]

Bronson RT, Donahue LR, Johnson KR, Tanner A, Lane PW, Faust JR. Neuronal ceroid
lipofuscinosis (NCLF), a new disorder of the mouse linked to chromosome 9. Am J Med Genet.
1998; 77(4):289-297. [PubMed: 9600738]

Mole SE, Michaux G, Codlin S, Wheeler RB, Sharp JD, Cutler DF. CLN6, which is associated
with a lysosomal storage disease, is an endoplasmic reticulum protein. Exp Cell Res. 2004; 298(2):
399-406. [PubMed: 15265688]

Lebrun AH, Storch S, Ruschendorf F, et al. Retention of lysosomal protein CLN5 in the
endoplasmic reticulum causes neuronal ceroid lipofuscinosis in Asian sibship. Hum Mutat. 2009;
30(5):e651-e661. [PubMed: 19309691]

Lonka L, Kyttala A, Ranta S, Jalanko A, Lehesjoki AE. The neuronal ceroid lipofuscinosis CLN8
membrane protein is a resident of the endoplasmic reticulum. Hum Mol Genet. 2000; 9(11):1691—
1697. [PubMed: 10861296]

Roy S, Zhang B, Lee VM, Trojanowski JQ. Axonal transport defects: a common theme in
neurodegenerative diseases. Acta Neuropathol. 2005; 109(1):5-13. [PubMed: 15645263]

Cannelli N, Garavaglia B, Simonati A, et al. Variant late infantile ceroid lipofuscinoses associated
with novel mutations in CLN6. Biochem Biophys Res Commun. 2009; 379(4):892-897. [PubMed:
19135028]

Al-Muhaizea MA, Al-Hassnan ZN, Chedrawi A. Variant late infantile neuronal ceroid
lipofuscinosis (CLAN6 gene) in Saudi Arabia. Pediatr Neurol. 2009; 41(1):74-76. [PubMed:
19520283]

Heine C, Quitsch A, Storch S, et al. Topology and endoplasmic reticulum retention signals of the
lysosomal storage disease-related membrane protein CLN6. Mol Membr Biol. 2007; 24(1):74-87.
[PubMed: 17453415]

Jalanko A, Braulke T. Neuronal ceroid lipofuscinoses. Biochim Biophys Acta. 2009; 1793(4):697—
709. [PubMed: 19084560]

Arsov T, Smith KR, Damiano J, et al. Kufs disease, the major adult form of neuronal ceroid
lipofuscinosis, caused by mutations in CLN6. Am J Hum Genet. 2011; 88(5):566-573. [PubMed:
21549341]

Oswald MJ, Palmer DN, Damak S. Splicing variants in sheep CLN3, the gene underlying juvenile
neuronal ceroid lipofuscinosis. Mol Genet Metab. 1999; 67(2):169-175. [PubMed: 10356317]
Oswald MJ, Kay GW, Palmer DN. Changes in GABAergic neuron distribution /n7 situand in
neuron cultures in ovine (OCL6) Batten disease. Eur J Paediatr Neurol. 2001; 5(Suppl A):S135-
S142.

Oswald MJ, Palmer DN, Kay GW, Barwell KJ, Cooper JD. Location and connectivity determine
GABAergic interneuron survival in the brains of South Hampshire sheep with CLN6 neuronal
ceroid lipofuscinosis. Neurobiol Dis. 2008; 32(1):50-65. [PubMed: 18634879]

Yoshimura T, Arimura N, Kaibuchi K. Molecular mechanisms of axon specification and neuronal
disorders. Ann NY Acad Sci. 2006; 1086:116-125. [PubMed: 17185510]

Cole AR, Knebel A, Morrice NA, et al. GSK-3 phosphorylation of the Alzheimer epitope within
collapsin response mediator proteins regulates axon elongation in primary neurons. J Biol Chem.
2004; 279(48):50176-50180. [PubMed: 15466863]

Gu Y, Hamajima N, Ihara Y. Neurofibrillary tangle-associated collapsin response mediator
protein-2 (CRMP-2) is highly phosphorylated on Thr-509, Ser-518, and Ser-522. Biochemistry.
2000; 39(15):4267-4275. [PubMed: 10757975]

Soutar MP, Thornhill P, Cole AR, Sutherland C. Increased CRMP2 phosphorylation is observed in
Alzheimer’s disease; does this tell us anything about disease development? Curr Alzheimer Res.
2009; 6(3):269-278. [PubMed: 19519308]

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Khanna et al.

Page 20

96mm, Takata K, Kitamura Y, Nakata Y, et al. Involvement of WAVE accumulation in AB/APP
pathology-dependent tangle modification in Alzheimer’s disease. Am J Pathol. 2009; 175(1):17—
24. Demonstrated that phospho-CRMP2 becomes sequestered in complex with Sra/WAVE and
phospho-tau, within neurofibrillary-tangle deposits in a human Alzheimer’s disease brain as well
as brains of aged 3xTg-Alzheimer’s disease mice, that model Alzheimer’s disease amyloid
plaques and tangles. [PubMed: 19497998]

97. Hebert LE, Scherr PA, Bienias JL, Bennett DA, Evans DA. Alzheimer disease in the US
population: prevalence estimates using the 2000 census. Arch Neurol. 2003; 60(8):1119-1122.
[PubMed: 12925369]

98. Selkoe DJ. Alzheimer’s disease: genes, proteins, and therapy. Physiol Rev. 2001; 81(2):741-766.
[PubMed: 11274343]

99. Bertram L. Alzheimer’s disease genetics current status and future perspectives. Int Rev Neurobiol.
2009; 84:167-184. [PubMed: 19501718]

100. Bertram L, Tanzi RE. Genome-wide association studies in Alzheimer’s disease. Hum Mol Genet.
2009; 18(R2):R137-R145. [PubMed: 19808789]

101. Feulner TM, Laws SM, Friedrich P, et al. Examination of the current top candidate genes for AD
in a genome-wide association study. Mol Psychiatr. 2010; 15(7):756-766.

102. Harold D, Abraham R, Hollingworth P, et al. Genome-wide association study identifies variants
at CLU and PICALM associated with Alzheimer’s disease. Nat Genet. 2009; 41(10):1088-1093.
[PubMed: 19734902]

103. Butterfield DA, Reed T, Newman SF, Sultana R. Roles of amyloid B-peptide-associated oxidative
stress and brain protein modifications in the pathogenesis of Alzheimer’s disease and mild
cognitive impairment. Free Radic Biol Med. 2007; 43(5):658-677. [PubMed: 17664130]

104. Butterfield DA, Drake J, Pocernich C, Castegna A. Evidence of oxidative damage in Alzheimer’s
disease brain: central role for amyloid B-peptide. Trends Mol Med. 2001; 7(12):548-554.
[PubMed: 11733217]

105. Markesbery WR. Oxidative stress hypothesis in Alzheimer’s disease. Free Radic Biol Med. 1997;
23(1):134-147. [PubMed: 9165306]

106. Nunomura A, Moreira Pl, Lee HG, et al. Neuronal death and survival under oxidative stress in
Alzheimer and Parkinson diseases. CNS Neurol Disord Drug Targets. 2007; 6(6):411-423.
[PubMed: 18220780]

107. Varadarajan S, Yatin S, Aksenova M, Butterfield DA. Review: Alzheimer’s amyloid B-peptide-
associated free radical oxidative stress and neurotoxicity. J Struct Biol. 2000; 130(2-3):184-208.
[PubMed: 10940225]

108. Viola KL, Velasco PT, Klein WL. Why Alzheimer’s is a disease of memory: the attack on
synapses by Ap oligomers (ADDLs). J Nutr Health Aging. 2008; 12(1):S51-S57.

109. Selkoe DJ. Soluble oligomers of the amyloid p-protein impair synaptic plasticity and behavior.
Behav Brain Res. 2008; 192(1):106-113. [PubMed: 18359102]

110. Drake J, Link CD, Butterfield DA. Oxidative stress precedes fibrillar deposition of Alzheimer’s
disease amyloid p-peptide (1-42) in a transgenic Caenorhabditis elegans model. Neurobiol
Aging. 2003; 24(3):415-420. [PubMed: 12600717]

111. Demuro A, Mina E, Kayed R, Milton SC, Parker I, Glabe CG. Calcium dysregulation and
membrane disruption as a ubiquitous neurotoxic mechanism of soluble amyloid oligomers. J Biol
Chem. 2005; 280(17):17294-17300. [PubMed: 15722360]

112. Yatin SM, Varadarajan S, Butterfield DA. Vitamin E prevents Alzheimer’s amyloid p-peptide (1-
42)-induced neuronal protein oxidation and reactive oxygen species production. J Alzheimers
Dis. 2000; 2(2):123-131. [PubMed: 12214102]

113. Quintanilla RA, Munoz FJ, Metcalfe MJ, et al. Trolox and 17p-estradiol protect against amyloid
B-peptide neurotoxicity by a mechanism that involves modulation of the Wnt signaling pathway.
J Biol Chem. 2005; 280(12):11615-11625. [PubMed: 15659394]

114. Subramaniam R, Roediger F, Jordan B, et al. The lipid peroxidation product, 4-hydroxy-2-trans-
nonenal, alters the conformation of cortical synaptosomal membrane proteins. J Neurochem.
1997; 69(3):1161-1169. [PubMed: 9282939]

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Khanna et al.

115

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Page 21

. Olivieri G, Hess C, Savaskan E, et al. Melatonin protects SHSY5Y neuroblastoma cells from
cobalt-induced oxidative stress, neurotoxicity and increased p-amyloid secretion. J Pineal Res.
2001; 31(4):320-325. [PubMed: 11703561]

Butterfield DA, Boyd-Kimball D. The critical role of methionine 35 in Alzheimer’s amyloid p-
peptide (1-42)-induced oxidative stress and neurotoxicity. Biochim Biophys Acta. 2005;
1703(2):149-156. [PubMed: 15680223]

Butterfield DA, Sultana R. Methionine-35 of ap (1-42): importance for oxidative stress in
Alzheimer disease. J Amino Acids. 2011; 2011:198430. [PubMed: 22312456]

Bush Al, Pettingell WH, Multhaup G, et al. Rapid induction of Alzheimer AB amyloid formation
by zinc. Science. 1994; 265(5177):1464-1467. [PubMed: 8073293]

Pogocki D. Mutation of the Phe20 residue in Alzheimer’s amyloid p-peptide might decrease its
toxicity due to disruption of the Met35-cupric site electron transfer pathway. Chem Res Toxicol.
2004; 17(3):325-329. [PubMed: 15025502]

Varadarajan S, Kanski J, Aksenova M, Lauderback C, Butterfield DA. Different mechanisms of
oxidative stress and neurotoxicity for Alzheimer’s Ap (1-42) and Ap (25-35). J Am Chem Soc.
2001; 123(24):5625-5631. [PubMed: 11403592]

Bitan G, Tarus B, Vollers SS, et al. A molecular switch in amyloid assembly: Met35 and amyloid
B-protein oligomerization. J Am Chem Soc. 2003; 125(50):15359-15365. [PubMed: 14664580]
Hou L, Kang I, Marchant RE, Zagorski MG. Methionine 35 oxidation reduces fibril assembly of
the amyloid AB-(1-42) peptide of Alzheimer’s disease. J Biol Chem. 2002; 277(43):40173—
40176. [PubMed: 12198111]

Johansson AS, Bergquist J, Volbracht C, et al. Attenuated amyloid-p aggregation and
neurotoxicity owing to methionine oxidation. Neuroreport. 2007; 18(6):559-563. [PubMed:
17413657]

Kuo YM, Kokjohn TA, Beach TG, et al. Comparative analysis of amyloid-p chemical structure
and amyloid plague morphology of transgenic mouse and Alzheimer’s disease brains. J Biol
Chem. 2001; 276(16):12991-12998. [PubMed: 11152675]

Naslund J, Schierhorn A, Hellman U, et al. Relative abundance of Alzheimer Ap amyloid peptide
variants in Alzheimer disease and normal aging. Proc Natl Acad Sci USA. 1994; 91(18):8378-
8382. [PubMed: 8078890]

Sultana R, Robinson RA, Bader LM, et al. Do proteomics analyses provide insights into reduced
oxidative stress in the brain of an Alzheimer disease transgenic mouse model with an M631L
amyloid precursor protein substitution and thereby the importance of amyloid-p-resident
methionine 35 in Alzheimer disease pathogenesis? Antioxid Redox Signal. 2012 (Epub ahead of
print). 10.1089/ars.2011.4470

Castegna A, Aksenov M, Thongboonkerd V, et al. Proteomic identification of oxidatively
modified proteins in Alzheimer’s disease brain Part I1: dihydropyrimidinase-related protein 2, a-
enolase and heat shock cognate 71. J Neurochem. 2002; 82(6):1524-1532. [PubMed: 12354300]

Castegna A, Aksenov M, Aksenova M, et al. Proteomic identification of oxidatively modified
proteins in Alzheimer’s disease brain Part I: creatine kinase BB, glutamine synthase, and
ubiquitin carboxy-terminal hydrolase L-1. Free Radic Biol Med. 2002; 33(4):562-571. [PubMed:
12160938]

Choi J, Levey Al, Weintraub ST, et al. Oxidative modifications and down-regulation of ubiquitin
carboxyl-terminal hydrolase L1 associated with idiopathic Parkinson’s and Alzheimer’s diseases.
J Biol Chem. 2004; 279(13):13256-13264. [PubMed: 14722078]

Sultana R, Boyd-Kimball D, Poon HF, et al. Redox proteomics identification of oxidized proteins
in Alzheimer’s disease hippocampus and cerebellum: an approach to understand pathological and
biochemical alterations in AD. Neurobiol Aging. 2006; 27(11):1564-1576. [PubMed: 16271804]
Perluigi M, Sultana R, Cenini G, et al. Redox proteomics identification of 4-hydroxynonenal-
modified brain proteins in Alzheimer’s disease: Role of lipid peroxidation in Alzheimer’s disease
pathogenesis. Proteomics Clin Appl. 2009; 3(6):682-693. [PubMed: 20333275]

Sultana R, Poon HF, Cai J, et al. Identification of nitrated proteins in Alzheimer’s disease brain
using a redox proteomics approach. Neurobiol Dis. 2006; 22(1):76-87. [PubMed: 16378731]

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Khanna et al.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.
143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Page 22

Riederer IM, Schiffrin M, Kovari E, Bouras C, Riederer BM. Ubiquitination and cysteine
nitrosylation during aging and Alzheimer’s disease. Brain Res Bull. 2009; 80(4-5):233-241.
[PubMed: 19427371]

Cole AR, Noble W, van Aalten L, et al. Collapsin response mediator protein-2
hyperphosphorylation is an early event in Alzheimer’s disease progression. J Neurochem. 2007;
103(3):1132-1144. [PubMed: 17683481]

Morfini G, Szebenyi G, Brown H, et al. A novel CDK5-dependent pathway for regulating GSK3
activity and kinesin-driven motility in neurons. EMBO J. 2004; 23(11):2235-2245. [PubMed:
15152189]

lijima K, Ando K, Takeda S, et al. Neuron-specific phosphorylation of Alzheimer’s p-amyloid
precursor protein by cyclin-dependent kinase 5. J Neurochem. 2000; 75(3):1085-1091. [PubMed:
10936190]

Lee MS, Kao SC, Lemere CA, et al. APP processing is regulated by cytoplasmic phosphorylation.
J Cell Biol. 2003; 163(1):83-95. [PubMed: 14557249]

Yoshida H, Watanabe A, lhara Y. Collapsin response mediator protein-2 is associated with
neurofibrillary tangles in Alzheimer’s disease. J Biol Chem. 1998; 273(16):9761-9768.
[PubMed: 9545313]

Rahajeng J, Giridharan SS, Naslavsky N, Caplan S. Collapsin response mediator protein-2
(Crmp2) regulates trafficking by linking endocytic regulatory proteins to dynein motors. J Biol
Chem. 2010; 285(42):31918-31922. [PubMed: 20801876]

Sultana R, Butterfield DA. Regional expression of key cell cycle proteins in brain from subjects
with amnestic mild cognitive impairment. Neurochem Res. 2007; 32(4-5):655-662. [PubMed:
17006763]

Shelton SB, Johnson GV. Cyclin-dependent kinase-5 in neurodegeneration. J Neurochem. 2004;
88(6):1313-1326. [PubMed: 15009631]

Prusiner SB. Prions. Proc Natl Acad Sci USA. 1998; 95(23):13363-13383. [PubMed: 9811807]
Mastrianni JA. The genetics of prion diseases. Genet Med. 2010; 12(4):187-195. [PubMed:
20216075]

Gerber R, Tahiri-Alaoui A, Hore PJ, James W. Conformational pH dependence of intermediate
states during oligomerization of the human prion protein. Protein Sci. 2008; 17(3):537-544.
[PubMed: 18218718]

Shinkai-Ouchi F, Yamakawa Y, Hara H, et al. Identification and structural analysis of C-
terminally truncated collapsin response mediator protein-2 in a murine model of prion diseases.
Proteome Sci. 2010; 8:53. [PubMed: 20961402]

Bento-Abreu A, Van DP, Van Den Bosch L, Robberecht W. The neurobiology of amyotrophic
lateral sclerosis. Eur J Neurosci. 2010; 31(12):2247-2265. [PubMed: 20529130]

Hensley K, Mhatre M, Mou S, et al. On the relation of oxidative stress to neuroinflammation:
lessons learned from the G93A-SOD1 mouse model of amyotrophic lateral sclerosis. Antioxid
Redox Signal. 2006; 8(11-12):2075-2087. [PubMed: 17034351]

Clement AM, Nguyen MD, Roberts EA, et al. Wild-type nonneuronal cells extend survival of
SOD1 mutant motor neurons in ALS mice. Science. 2003; 302(5642):113-117. [PubMed:
14526083]

Fischer LR, Culver DG, Tennant P, et al. Amyotrophic lateral sclerosis is a distal axonopathy:
evidence in mice and man. Exp Neurol. 2004; 185(2):232-240. [PubMed: 14736504]

Lin H, Schlaepfer WW. Role of neurofilament aggregation in motor neuron disease. Ann Neurol.
2006; 60(4):399-406. [PubMed: 17006927]

Bilsland LG, Sahai E, Kelly G, Golding M, Greensmith L, Schiavo G. Deficits in axonal transport
precede ALS symptoms /n vivo. Proc Natl Acad Sci USA. 2010; 107(47):20523-20528.
[PubMed: 21059924]

Fanara P, Banerjee J, Hueck RV, et al. Stabilization of hyperdynamic microtubules is
neuroprotective in amyotrophic lateral sclerosis. J Biol Chem. 2007; 282(32):23465-23472.
[PubMed: 17567579]

De Winter F, Vo T, Stam FJ, et al. The expression of the chemorepellent Semaphorin 3A is
selectively induced in terminal Schwann cells of a subset of neuromuscular synapses that display

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Khanna et al.

Page 23

limited anatomical plasticity and enhanced vulnerability in motor neuron disease. Mol Cell
Neurosci. 2006; 32(1-2):102-117. [PubMed: 16677822]

154. Wakatsuki S, Saitoh F, Araki T. ZNRF1 promotes Wallerian degeneration by degrading AKT to
induce GSK3B-dependent CRMP2 phosphorylation. Nat Cell Biol. 2011; 13(12):1415-1423.
[PubMed: 22057101]

155. Duplan L, Bernard N, Casseron W, et al. Collapsin response mediator protein 4a (CRMP4a) is
upregulated in motoneurons of mutant SOD1 mice and can trigger motoneuron axonal
degeneration and cell death. J Neurosci. 2010; 30(2):785-796. [PubMed: 20071543]

156=m. Hensley K, Christov A, Kamat S, et al. Proteomic identification of binding partners for the
brain metabolite lanthionine ketimine (LK) and documentation of LK effects on microglia and
motoneuron cell cultures. J Neurosci. 2010; 30(8):2979-2988. Identified CRMP2 as a prominent
binding partner for the mammalian brain sulfur amino acid metabolite, LK. Demonstrated that
LK and a synthetic cell-penetrating ester derivative of LK, LK ester, promoted neurite growth in
cell culture, consistent with action as a functional CRMP2 enhancer. [PubMed: 20181595]

157. Menon KN, Steer DL, Short M, Petratos S, Smith I, Bernard CC. A novel unbiased proteomic
approach to detect the reactivity of cerebrospinal fluid in neurological diseases. Mol Cell
Proteomics. 2011; 10(6):M110.000042. [PubMed: 21421798]

158. Melnikova I. Pain market. Nat Rev Drug Discov. 2010; 9(8):589-590. [PubMed: 20651743]

159. Harstall C. How prevalent is chronic pain? Pain Clin Updates. 2003; X:1-4.

160. Doggrell SA. Intrathecal ziconotide for refractory pain. Expert Opin Investig Drugs. 2004; 13(7):
875-877.

161. Schmidtko A, Lotsch J, Freynhagen R, Geisslinger G. Ziconotide for treatment of severe chronic
pain. Lancet. 2010; 375(9725):1569-1577. [PubMed: 20413151]

162. Rauck RL, Wallace MS, Burton AW, Kapural L, North JM. Intrathecal ziconotide for neuropathic
pain: a review. Pain Pract. 2009; 9(5):327-337. [PubMed: 19682321]

163. Skov MJ, Beck JC, de Kater AW, Shopp GM. Nonclinical safety of ziconotide: an intrathecal
analgesic of a new pharmaceutical class. Int J Toxicol. 2007; 26(5):411-421. [PubMed:
17963128]

164. Abbadie C, McManus OB, Sun SY, et al. Analgesic effects of a substituted N-triazole oxindole
(TROX-1), a state-dependent, voltage-gated calcium channel 2 blocker. J Pharmacol Exp Ther.
2010; 334(2):545-555. [PubMed: 20439438]

165. Swensen AM, Herrington J, Bugianesi RM, et al. Characterization of the substituted N-triazole
oxindole, TROX-1, a small molecule, state-dependent inhibitor of CaV2 calcium channels. Mol
Pharmacol. 2011; 81(3):488-497. [PubMed: 22188924]

166. Wang Y, Brittain JM, Wilson SM, Khanna R. Emerging roles of collapsin response mediator
proteins (CRMPs) as regulators of voltage-gated calcium channels and synaptic transmission.
Commun Integr Biol. 2010; 3(2):172-175. [PubMed: 20585514]

167. Snutch TP. Targeting chronic and neuropathic pain: the N-type calcium channel comes of age.
NeuroRx. 2005; 2(4):662—670. [PubMed: 16489373]

168. Suzuki Y, Nakagomi S, Namikawa K, et al. Collapsin response mediator protein-2 accelerates
axon regeneration of nerve-injured motor neurons of rat. J Neurochem. 2003; 86(4):1042—-1050.
[PubMed: 12887701]

169. Gogel S, Lange S, Leung KY, Greene ND, Ferretti P. Post-translational regulation of Crmp in
developing and regenerating chick spinal cord. Dev Neurobiol. 2010; 70(6):456—-471. [PubMed:
20162635]

170. Jiang SX, Kappler J, Zurakowski B, Desbois A, Aylsworth A, Hou ST. Calpain cleavage of
collapsin response mediator proteins in ischemic mouse brain. Eur J Neurosci. 2007; 26(4):801-
809. [PubMed: 17672855]

171. Chung MA, Lee JE, Lee JY, Ko MJ, Lee ST, Kim HJ. Alteration of collapsin response mediator
protein-2 expression in focal ischemic rat brain. Neuroreport. 2005; 16(15):1647-1653.
[PubMed: 16189471]

172. Chen A, Liao WP, Lu Q, Wong WS, Wong PT. Upregulation of dihydropyrimidinase-related
protein 2, spectrin a Il chain, heat shock cognate protein 70 pseudogene 1 and tropomodulin 2

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Khanna et al.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Page 24

after focal cerebral ischemia in rats — a proteomics approach. Neurochem Int. 2007; 50(7-8):
1078-1086. [PubMed: 17196711]

Zhang Z, Ottens AK, Sadasivan S, et al. Calpain-mediated collapsin response mediator protein-1,
-2, and -4 proteolysis after neurotoxic and traumatic brain injury. J Neurotrauma. 2007; 24(3):
460-472. [PubMed: 17402852]

Bretin S, Rogemond V, Marin P, et al. Calpain product of WT-CRMP2 reduces the amount of
surface NR2B NMDA receptor subunit. J Neurochem. 2006; 98(4):1252-1265. [PubMed:
16787405]

Touma E, Kato S, Fukui K, Koike T. Calpain-mediated cleavage of collapsin response mediator
protein(CRMP)-2 during neurite degeneration in mice. Eur J Neurosci. 2007; 26(12):3368-3381.
[PubMed: 18052987]

Bu X, Zhang N, Yang X, et al. Proteomic analysis of cPKCpII-interacting proteins involved in
HPC-induced neuroprotection against cerebral ischemia of mice. J Neurochem. 2011; 117(2):
346-356. [PubMed: 21291475]

Pitkanen A. Therapeutic approaches to epileptogenesis — hope on the horizon. Epilepsia. 2010;
51(Suppl 3):52-S17.

Shorvon SD. The etiologic classification of epilepsy. Epilepsia. 2011; 52(6):1052-1057.
[PubMed: 21449936]

Pitkdanen A, Lukasiuk K. Molecular and cellular basis of epileptogenesis in symptomatic epilepsy.
Epilepsy Behav. 2009; 14(Suppl 1):S16-S25.

Temkin NR. Antiepileptogenesis and seizure prevention trials with antiepileptic drugs: meta-
analysis of controlled trials. Epilepsia. 2001; 42(4):515-524. [PubMed: 11440347]

Nadler JV. The recurrent mossy fiber pathway of the epileptic brain. Neurochem Res. 2003;
28(11):1649-1658. [PubMed: 14584819]

Sutula TP, Dudek FE. Unmasking recurrent excitation generated by mossy fiber sprouting in the
epileptic dentate gyrus: an emergent property of a complex system. Prog Brain Res. 2007;
163:541-563. [PubMed: 17765737]

Holtmaat AJ, Gorter JA, De WJ, et al. Transient downregulation of Sema3A mRNA in a rat
model for temporal lobe epilepsy A novel molecular event potentially contributing to mossy fiber
sprouting. Exp Neurol. 2003; 182(1):142-150. [PubMed: 12821384]

Murakami Y, Suto F, Shimizu M, Shinoda T, Kameyama T, Fujisawa H. Differential expression
of plexin-A subfamily members in the mouse nervous system. Dev Dyn. 2001; 220(3):246-258.
[PubMed: 11241833]

Errington AC, Stohr T, Heers C, Lees G. The investigational anticonvulsant lacosamide
selectively enhances slow inactivation of voltage-gated sodium channels. Mol Pharmacol. 2008;
73(1):157-169. [PubMed: 17940193]

Danzer SC, He X, McNamara JO. Ontogeny of seizure-induced increases in BDNF
immunoreactivity and TrkB receptor activation in rat hippocampus. Hippocampus. 2004; 14(3):
345-355. [PubMed: 15132434]

Heinrich C, Lahteinen S, Suzuki F, et al. Increase in BDNF-mediated TrkB signaling promotes
epileptogenesis in a mouse model of mesial temporal lobe epilepsy. Neurobiol Dis. 2011; 42(1):
35-47. [PubMed: 21220014]

He XP, Kotloski R, Nef S, Luikart BW, Parada LF, McNamara JO. Conditional deletion of TrkB
but not BDNF prevents epileptogenesis in the kindling model. Neuron. 2004; 43(1):31-42.
[PubMed: 15233915]

Binder DK, Routbort MJ, McNamara JO. Immunohistochemical evidence of seizure-induced
activation of trk receptors in the mossy fiber pathway of adult rat hippocampus. J Neurosci.
1999; 19(11):4616-4626. [PubMed: 10341259]

He XP, Minichiello L, Klein R, McNamara JO. Immunohistochemical evidence of seizure-
induced activation of trkB receptors in the mossy fiber pathway of adult mouse hippocampus. J
Neurosci. 2002; 22(17):7502—7508. [PubMed: 12196573]

McKinney RA, Debanne D, Gahwiler BH, Thompson SM. Lesion-induced axonal sprouting and
hyperexcitability in the hippocampus /in vitro. implications for the genesis of posttraumatic
epilepsy. Nat Med. 1997; 3(9):990-996. [PubMed: 9288725]

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Khanna et al.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Page 25

Dinocourt C, Gallagher SE, Thompson SM. Injury-induced axonal sprouting in the hippocampus
is initiated by activation of trkB receptors. Eur J Neurosci. 2006; 24(7):1857-1866. [PubMed:
17040478]

Koyama R, Ikegaya Y. Mossy fiber sprouting as a potential therapeutic target for epilepsy. Curr
Neurovasc Res. 2004; 1(1):3-10. [PubMed: 16181061]

Johnston-Wilson NL, Sims CD, Hofmann JP, et al. Disease-specific alterations in frontal cortex
brain proteins in schizophrenia, bipolar disorder, and major depressive disorder The Stanley
Neuropathology Consortium. Mol Psychiatr. 2000; 5(2):142-149.

Nakata K, Ujike H, Sakai A, et al. The human dihydropyrimidinase-related protein 2 gene on
chromosome 8p21 is associated with paranoid-type schizophrenia. Biol Psychiatr. 2003; 53(7):
571-576.

Fallin MD, Lasseter VK, Avramopoulos D, et al. Bipolar I disorder and schizophrenia: a 440-
single-nucleotide polymorphism screen of 64 candidate genes among Ashkenazi Jewish case-
parent trios. Am J Hum Genet. 2005; 77(6):918-936. [PubMed: 16380905]

Zhou K, Yang Y, Gao L, et al. NMDA receptor hypofunction induces dysfunctions of energy
metabolism and semaphorin signaling in rats: a synaptic proteome study. Schizophr Bull. 2012;
38(3):579-591. [PubMed: 21084551]

Wu CC, Chen HC, Chen SJ, et al. Identification of collapsin response mediator protein-2 as a
potential marker of colorectal carcinoma by comparative analysis of cancer cell secretomes.
Proteomics. 2008; 8(2):316-332. [PubMed: 18203259]

Varrin-Doyer M, Vincent P, Cavagna S, et al. Phosphorylation of collapsin response mediator
protein 2 on Tyr-479 regulates CXCL12-induced T lymphocyte migration. J Biol Chem. 2009;
284(19):13265-13276. [PubMed: 19276087]

Weitzdoerfer R, Fountoulakis M, Lubec G. Aberrant expression of dihydropyrimidinase related
proteins-2,-3 and -4 in fetal Down syndrome brain. J Neural Transm Suppl. 2001; (61):95-107.
[PubMed: 11771764]

Brown M, Jacobs T, Eickholt B, et al. a2-chimaerin, cyclin-dependent Kinase 5/p35, and its
target collapsin response mediator protein-2 are essential components in semaphorin 3A-induced
growth-cone collapse. J Neurosci. 2004; 24(41):8994-9004. [PubMed: 15483118]

Cole AR, Causeret F, Yadirgi G, et al. Distinct priming kinases contribute to differential
regulation of collapsin response mediator proteins by glycogen synthase kinase-3 /in vivo. J Biol
Chem. 2006; 281(24):16591-16598. [PubMed: 16611631]

Pawlik M, Otero DA, Park M, Fischer WH, Levy E, Saitoh T. Proteins that bind to the RERMS
region of B amyloid precursor protein. Biochem Biophys Res Commun. 2007; 355(4):907-912.
[PubMed: 17335780]

Ip JP, Shi L, ChenY, et al. a2-chimaerin controls neuronal migration and functioning of the
cerebral cortex through CRMP-2. Nat Neurosci. 2011; 15(1):39-47. [PubMed: 22138645]
Leung T, Ng Y, Cheong A, et al. p80 ROKa binding protein is a novel splice variant of CRMP-1
which associates with CRMP-2 and modulates RhoA-induced neuronal morphology. FEBS Lett.
2002; 532(3):445-449. [PubMed: 12482610]

Inatome R, Tsujimura T, Hitomi T, et al. Identification of CRAM, a novel unc-33 gene family
protein that associates with CRMP3 and protein-tyrosine kinase(s) in the developing rat brain. J
Biol Chem. 2000; 275(35):27291-27302. [PubMed: 10851247]

Brot S, Rogemond V, Perrot V, et al. CRMPS5 interacts with tubulin to inhibit neurite outgrowth,
thereby modulating the function of CRMP2. J Neurosci. 2010; 30(32):10639-10654. [PubMed:
20702696]

Arimura N, Hattori A, Kimura T, et al. CRMP-2 directly binds to cytoplasmic dynein and
interferes with its activity. J Neurochem. 2009; 111(2):380-390. [PubMed: 19659462]

Kimura T, Watanabe H, Iwamatsu A, Kaibuchi K. Tubulin and CRMP-2 complex is transported
via Kinesin-1. J Neurochem. 2005; 93(6):1371-1382. [PubMed: 15935053]

Doty P, Rudd GD, Stoehr T, Thomas D. Lacosamide. Neurotherapeutics. 2007; 4(1):145-148.
[PubMed: 17199030]

Errington AC, Coyne L, Stohr T, Selve N, Lees G. Seeking a mechanism of action for the novel
anticonvulsant lacosamide. Neuropharmacology. 2006; 50(8):1016-1029. [PubMed: 16620882]

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Khanna et al.

Page 26

212. Wang Y, Brittain JM, Jarecki BW, et al. In silico docking and electrophysiological
characterization of lacosamide binding sites on collapsin response mediator protein 2 (CRMP-2)
identifies a pocket important in modulating sodium channel slow inactivation. J Biol Chem.
2010; 285(33):25296-25307. [PubMed: 20538611]

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1Xa1-)lewarems

1Xa1-)lewarems

Khanna et al.

Page 27

Executive summary
CRMP2

» CRMP2 is a cytosolic protein that functions in axon growth/specification,
migration, proliferation and as a trafficking ‘cop’ for channels and receptors.

» CRMP2 is subject to post-translational modifications, including glycosylation,
oxidation, proteolysis and phosphorylation.

»  CRMP2 phosphorylation by Cdk5, GSK-3p, RhoK, CamKIl and Fyn induces
neurite retraction and collapse of growth cones.

» CRMP2 has an extensive network of binding partners that affect microtubule
dynamics, protein endocytosis and vesicle recycling, synaptic assembly, calcium
channel regulation and neurotransmitter release.

Targeting CRM P2 in neur odegener ative disorders

e Mutations in CLN6 alter CRMP2/CLN6/KLC4 signaling and presumptive
CRMP2 interactions contributing to variant late-infantile as well as adult-onset
neuronal ceroid lipofuscinosis.

e Hyperphosphorylated CRMP?2 is present in the brains of patients with
Alzheimer’s disease progression and may contribute to its pathogenesis.

e Atruncated CRMP2 lacking phosphorylation site is found in prion-infected
brains and may underlie degenerating neurons in prion diseases.

Targeting CRMP2in sensory & motor neuron disorders

»  Aberrations in CRMP2 function may contribute to amyotrophic lateral sclerosis
axonopathy, which may be rescued by the CRMP2-acting small molecule
lanthionine ketamine ester.

»  Experimental autoimmune encephalomyelitis can be mitigated by /n vivo
administration of an antibody against the axonal growth inhibitor, Nogo-A,
which reduces the levels of phosphorylated CRMP2 and improves pathological
outcome.

Targeting CRMP2in central disorders

e A peptide (TAT-CBD3) uncoupling CRMP2 from the presynaptic N-type
calcium channel suppressed inflammatory and neuropathic pain.

 TAT-CBD3 protects from glutamate-induced excitotoxicity and is
neuroprotective in focal cerebral ischemia or a closed-head concussive model of
traumatic brain injury.

»  The clinically used drug lacosamide, a target of CRMP2, inhibits CRMP2-
mediated neurite outgrowth and tubulin polymerization and decreases excitatory
synaptic connectivity due to post-traumatic axon sprouting.

Conclusion

o  Calcium dysregulation may be a common denominator in ‘CRMPopathies’ and
should be investigated in depth.

» It will be important to investigate the non-neuronal roles of CRMP2 (e.g., in
cancer and in immunology).
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Microtubules NFTs

p-amyloid

Figure 1. Phosphorylation of CRM P2 and tau proteinsis mediated by Cdk5 and GSK-3p, and is
key to the Alzheimer’s disease pathogenesis

B-amyloid-induced oxidative stress directly/indirectly leads to increased activity of Cdk5
and GSK-3p. Both CRMP2 and tau proteins are phosphorylated by Cdk5 and GSK-3,
consequently leading to impaired neuronal communication, to neuropathological hallmarks,
such as neurofibrillary tangles, to loss of synapses and ultimately to the learning and
memory impairment observed in Alzheimer’s disease.

A: ATP; NFT: Neurofibrillary tangle; P: Phosphate group; Pi: Liberated phosphate group;
RNS: Reactive nitrogen species; ROS: Reactive oxygen species.
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Deficiency in axonal transport, protein aggregation and
further damage to distant axons and synapses

Figure 2. A model of Sema3A signalingto CRM P2 via the NRP1-plexin-A receptor system

This is a regulated pathway for axon microtubule restructuring that appears to be affected in
amyotrophic lateral sclerosis, either by virtue of increased Sema3A expression in terminal
Schwann cells near amyotrophic lateral sclerosis-sensitive neuromuscular junctions through
aberrant CRMP4a expression, or by sequestration of CRMP2 within axonal inclusion
bodies.

P: Phosphate group.
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CRMP5 C@E{?TLKVE@J@TPL

Figure 3. The antinociceptive and neur oprotective CRM P2 peptide CBD3

(A) Surface representations of the 3D structure of the CRMP2 monomer (Research
Collaboratory for Structural Bioinformatics databank Protein Data Bank code: 2GSE) [27].
The six amino acids of the CBD3 peptide present in the structure are shown in green.
Crystallographic images were rendered using PyMol™ (Schrodinger LLC, MD, USA). (B)
A helix model of the entire 15-amino acid CBD3 region. (C) Amino acid alignment of the
region of CBD3 across CRMP1-5. Fully conserved residues are indicated by the asterisk
while the period indicates conserved substitutions. The purple dotted line represents the
CBD3 peptide present in the crystal structure (boxed region in [A]).
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Figure 4. A model of lacosamide tar geting of CRM P2 and sodium channels

In silico docking reveals five putative binding pockets for the antiepileptic drug lacosamide
on CRMP2 (purple) [212]. Binding of lacosamide to these pockets may alter the efficacy of
action of lacosamide on its primary target, the voltage-gated sodium channel (red). Sodium
currents (yellow traces) are reduced by lacosamide. Evoked epileptiform events (light blue
traces) in the undercut model of post-traumatic epilepsy rats are reduced by lacosamide.
Emerging evidence suggests that lacosamide’s mode of action involves interactions with
CRMP2 to inhibit post-traumatic axon sprouting (dark blue).

Future Neurol. Author manuscript; available in PMC 2013 January 08.



1X31-)ewiarems 1Xa1-)ew1a1ems

1Xa1-)1ewa1ems

Khanna et al.

Table 1
Summary of CRMP2 phosphorylation.

Phosphorylation site  Kinase  Effect on processgrowth — Signaling pathway(s) Ref.
Tyr 32 Fyn, Fes - Sema3A [34]
Tyr 479 Yes + CXCL10 [199]
Thr 509 GSK-38 - Sema3A [15,51,93,201]
Thr 514 GSK-38 - Sema3A [15,51,93,201]
Ser 518 GSK-38 - Sema3A [15,51,93,201]
Ser 522 Cdk5 - Sema3A [51,201,202]
Thr 555 RhoK - LPA [31,32]

CaMKIl - Glutamate [33]

CRMP2 phosphorylation decreases process growth.

Page 33

+: Increased cell process growth following CRMP2 phosphorylation (directly or indirectly through cell migration enhancement); —: No data/effect;
CaMKII: Ca2*/Calmodulin (CaM) kinase I1; Cdk5: Cyclin-dependent kinase 5; CXCL10: C-X-C motif chemokine 10; Fyn: Fes, src-type tyrosine
kinases; GSK-3p: Glycogen synthase kinase 3B; LPA: Lysophosphatidic acid; RhoK: Rho-associated protein kinase; Sema3A: Semaphorin 3A,;

Ser: Serine; Thr: Threonine; Tyr: Tyrosine; Yes: A src-type tyrosine kinase.
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Table 2
Currently known interaction partners of CRMP2.
CRMP2 interaction partner Validation Effect of interaction Ref.
Biochemical  Functional
Abl Y N Weak binding partner; role not determined [199]
Actin Y f Y CRMP2 regulates actin dynamics [25,31,32,40,156]
a-actinin v’ N Role not yet determined [156]
AP-2 Y Binding reduces endocytosis [13]
SAPP Y Phosphorylated CRMP2 reported in neurofibrillary [203]
tangles may deplete neurons of necessary CRMP, leading
to abnormal neuritic and/or axonal outgrowth, thereby
accelerating neurodegeneration
Blk Weak binding partner; role not determined [199]
CaM Binding prevents CRMP2 proteolysis and enhances [57]
process growth
Cav2.2 Y Y Binding regulates trafficking of CaV2.2 and downstream [61,62]
neurotransmitter release
a2-chimaerin Y Y Binding decreases axon growth and neuronal migration; [201,204]
regulates bipolar transition and neuronal migration by
modulating CRMP2 activity
CLN6 Y Y Disruption of binding decreases CRMP2 expression and [73]
likely contributes to neuronal dysfunction and pathology
in vLINCL
CRMP1 Y Y Overexpression of CRMP1 and CRMP2 opposes the [205]
effects of RhoA on neurite retraction
CRMP5 Y Y CRMP5 acts a dominant-negative in preventing neurite [206,207]
outgrowth promotion induced by CRMP2
Dynein Y Y Binding regulates dynein by linking it to cargo [139,208]
alN v’ N Role not yet determined [156]
Kinesin-1 Y Y Binding regulates kinesin by linking it to cargo [53,209]
MICAL-L1 Y Y Links to intracellular dynein motors [139]
MBP v’ N Role not yet determined [156]
NFL/NFM v’ N Role not yet determined [156]
Neurofibromin Y Y Changes in neurofibromin expression alters CRMP2 [59]
phosphorylation
Neuropilin 1 Couples Sema3A to CRMP2 signaling [27,201]
Numb Binding regulates endocytosis [13,32]
NMDARs Y CRMP2 expression regulates surface expression of NR2B [64,65]
subunit
PIPP Y Y Binding reduces neurite growth [36]
PI3KPB Y N Moderate strength binding partner; role not determined [199]
PLCy Y N Strong binding partner; role not determined [199]
PLD, Y Y Binding inhibits PLD, activity [199]
Plexin-1 Y Y Couples Sema3A to CRMP2 signaling [27,201]
PP2A Y Y Dephosphorylation of CRMP2 enhances axon growth [37]
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CRMP2 interaction partner Validation Effect of interaction Ref.
Biochemical Functional
ROCK-II Y Y CRMP2 prevents ROCK-1I from aiding in cell migration [25]
Slpl Y Y Links TrkB to CRMP2 for TrkB trafficking [56]
a- and/or B-spectrin v’ N Role not yet determined [156]
Sral Y Y CRMP2 links Sral/WAVE complex to kinesin for [53]
trafficking
Tau Y N CRMP2 binds to both phosphorylated and [96]
nonphosphorylated forms; phosphorylated CRMP2
accumulation is observed in brains of Alzheimer’s disease
transgenic mice models
Thioredoxin Y Y Binding induces CRMP2 phosphorylation causing growth [40]
cone collapse
TrkB Y Y Links TrkB to kinesin for anterograde trafficking [56]
a-/B-tubulin v Y Binding enhances microtubule formation [48]
VAV1 N Moderate strength binding partner; role not determined [199]
Vimentin Y CRMP2 phosphorylation at Tyr 479 alters vimentin [22,199]
mobilization
WAVE1 Y Y CRMP2 links Sral/WAVE complex to kinesin for [53]
trafficking
Yesl Y Y Moderate strength binding partner; CRMP2 [199]

phosphorylation at Tyr 479 regulates CXCL12-induced T
lymphocyte migration

fldentified by mass spectrometry to co-immunoprecipitate with CRMP2 [156].

t

Cdk5/RhoK/CamKII phosphorylation decreases interaction [32].

CaM: Calmodulin; CaV2.2: N-type voltage-gated calcium channel; CLN6: Ceroidlipofuscinosis neuronal protein 6; MICAL1: Molecule interacting
with CasL; NMDARs: NMDA receptors; N: No; PI3K+y: Phosphoinositide-3-kinase p85 regulatory p-subunit; PIPP: Proline-rich inositol
polyphosphate 5-phosphatase; SAPP: Amyloid precursor protein secreted from (SAPP) RERMS (328-332) neurotrophic domain; VAV1: Vav
proto-oncogen SH2 domain 1; vLINCL.: variant late-onset neuronal ceroidlipofuscinosis; Y: Yes; Yes 1: Yamaguchi sarcoma virus oncogene

homolog 1.
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Table 3
Current experimental and clinical drugs targeting CRMP2.
Rationale or
mechanism of
Compound Disorder targeted action
Experimental

Ac-rER [66] (D-arg-L-glu-D-arg)

Alzheimer’s disease

Mimic of soluble
APPa., binds to
CRMP2

Lanthionine ketamine ester [67]

Amyotrophic lateral sclerosis

Binds to CRMP2,
likely confers
increased axonal
microtubule
structure and
function to CRMP2

Tianeptine [55]

Depression

Increases CRMP2
protein levels

TAT-CBD3 [70,71] (YGRKKRRQRRRARSRLAELRGVPRGL)

Inflammatory and AIDS therapy-induced
neuropathic pain

Migraine

Glutamate-induced excitotoxicity
Anxiety

TBI

MCAO

Inhibits functional
interaction between
CaV2.2 and CRMP2
and reduces
transmitter release;
blocks neuronal
death following
glutamate exposure
likely via blunting
toxicity from
delayed Ca%*
deregulation;
attenuates
postsynaptic
NMDAR-mediated
currents in cortical
slices

TAT-CBD3A6K [71] (YGRKKRRQRRRARSRLKELRGVPRGL)

Migraine

Inhibits functional
interaction between
CaV2.2 and CRMP2
and reduces
transmitter release

TAT-CBD3G14F [69] (YGRKKRRQRRRARSRLKELRGVPRFL)

Migraine
AIDS therapy-induced neuropathy

Inhibits functional
interaction between
CaV2.2 and CRMP2
and reduces
transmitter release

TAT-CRMP2 peptide [176]
(YGRKKRRQRRRGVPRGLYDGPVCEV)

MCAO

Autohypoxia-induced hypoxic preconditioning

Prevents the
cleavage of
endogenous CRMP2
and may inhibit
CRMP2
dephosphorylation

(R)-lacosamide ((2R)-2-(acetylamino)- A-benzyl-3-
methoxypropanamide (lacosamide, LCM)

Post-traumatic epilepsy

Inhibits CRMP2-
mediated neurite
outgrowth and
tubulin
polymerization;
decreases excitatory
synaptic connectivity
due to post-traumatic
axon sprouting [72]

anti-Nogo(623-640) antibody [68]

Experimental autoimmune encephalomyelitis,

a model of MS

Blocks CRMP2
T555 site
phosphorylation

Clinical
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Rationale or
mechanism of
Compound Disorder targeted action
Tianeptine (Stablon®) Depression Increases CRMP2
Anxiety protein levels
Lacosamide (Vimpat®) [210,211] Epilepsy Enhances slow

inactivation of
sodium channels;
CRMP2 expression
likely modifies this
effect

The TAT sequence (YGRKKRRQRRR) is appended A-terminal to the wild-type and point mutant CBD3 peptides.

MCAO: Middle cerebral artery occlusion; MS: Multiple sclerosis; NMDAR: NMDA receptor; TAT: Transduction domain of the HIV-1 trans-
activator of transcription; TBI: Traumatic brain injury.
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