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THE BRAKE WITHIN:
MECHANISMS OF INTRINSIC
REGULATION OF AXON GROWTH
FEATURING THE CDH1-APC

PATHWAY

Abstract

Neurons of the central nervous system (CNS) form a magnificent network destined to control bodily functions
and human behavior for a lifetime. During development of the CNS, neurons extend axons that establish connec-
tions to other neurons. Axon growth is guided by extrinsic cues and guidance molecules. In addition to environ-
mental signals, intrinsic programs including transcription and the ubiquitin proteasome system (UPS) have been
implicated in axon growth regulation. Over the past few years it has become evident that the E3 ubiquitin ligase
Cdh1-APC together with its associated pathway plays a central role in axon growth suppression. By elucidating
the intricate interplay of extrinsic and intrinsic mechanisms, we can enhance our understanding of why axonal
regeneration in the CNS fails and obtain further insight into how to stimulate successful regeneration after injury.

Keywords

« Axon growth « Development - Guidance molecules - Regeneration - Ubiquitin proteasome system

1. Introduction

Neurodevelopment is a fundamental process
involving axonal and dendritic growth to
establish a functional neuronal network. Axon
growth is crucial for making the appropriate
connections with the target tissue. A large body
of research in the neurodevelopment field led
to advanced knowledge of various mechanisms
underlying axon growth and guidance. During
development of the nervous system, growth
cones of neurons act as sensors to sample
the environment for cues that promote axon
growth and lead the way to the target area [1-3].
The growth cone harbors conserved receptors,
which distinguish between attractive and
repellent axon growth stimuli. Guidance cues
including Netrins, Semaphorins and Slits, which
bind to the respective Unc-5 or DCC, Plexin and
Robo receptors direct outgrowing axons [4-8].
Further essential requlators of axon growth and
guidance in the brain are Neurotrophins such
as NGF and BDNF, which bind to Trk receptors
and Ephrins together with Eph receptors [9-12].
Adhesion molecules are also crucial for axonal
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contact with its environment to ultimately
establish a functional network [13,14].

Once fully developed, the CNS in contrast
(PNS)
has very little capacity for axonal repair

to the peripheral nervous system
and regeneration following brain or spinal
cord injury [15,16]. Apart from damage to
axonal tracts, CNS injury inevitably destroys
surrounding structures like myelin and induces
unfavorable responses by glial cells [15]. To
date, we have a good understanding of the
mechanisms that inhibit axonal regeneration
as the major culprits have been extensively
studied: Myelin components including Nogo,
MAG (myelin associated protein) or OMGp
(oligodendrocyte

myelin glycoprotein)

represent strong inhibitors of successful
regeneration [17-20]. In addition, inflammation,
formation of a glial scar, and chondroitin
sulfate proteoglycans (CSPGs) create a hostile
environment, which inhibits regeneration
and CNS recovery [21-23]. Notably, the small
GTPase RhoA does not only play a major role
in axon growth during development but also

during axonal regeneration [24-26]. Several of
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the axon growth-inhibiting mechanisms, e.g.
those triggered by axonal contact of the Nogo-
Receptor complex with myelin proteins and
CSPGs, converge on RhoA, which negatively
regulates the microtubule cytoskeleton [24-28].
Hence, besides overcoming myelin inhibition
and recreating a permissive environment to
stimulate reinnervation, Rho signaling has
been the focus of regeneration models such
as spinal cord injury and optic nerve crush,
and in the treatment of CNS injuries [29-34].
Taken together, brain damage exposes axons
to a milieu that is no longer supporting axonal
health and growth but consists of a plethora
of inhibitory components, which thwart any
attempt of recovery.

2. Overview over intrinsic
regulation of axon growth and
regeneration

In addition to the unfavorable environment, it
has become increasingly clear that the intrinsic
potential of neurons to grow axons declines
with neuronal maturation. Studies of retinal
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neurons proved that while young neurons
have the potential to extend long axons, older
neurons fail to efficiently grow axons [35,36].
These findings posed another significant
obstacle to axonal regeneration and thus
ignited the search for intrinsic regulators of
axon growth, which stimulate axon growth and
possibly regeneration.

Owing to its pivotal role in axon growth, the
growth cone is equipped with a sophisticated
and tailored set of receptors. Over the past
decade, a large body of evidence has emerged
in support of transcriptional control of
axon growth and guidance [37,38]. Several
transcription factors have been identified
to control the expression of receptors at the
growth cone, which results in the intrinsic
programming of the neuron’s response to
its environment [39]. Eph/ephrin and Trk
are examples of crucial guidance receptors
whose developmental expression is precisely
regulated by homeobox transcription factors
and Runx1, respectively [40-42]. Consistent
with this concept of transcriptional control
of axon growth, gene expression patterns
associated with axon growth are very different
in neurons when they are young as compared
to when they are mature [43]. Similar to
neuronal maturation, CNS injury also triggers
a change in gene expression that affects axon
growth and regeneration [44]. For example the
transcription factor Kriippel-like factor 4 (KLF4),
a suppressor of axon growth, is upregulated in
mature neurons [43]. Consequently, deletion of
KLF4 stimulates axon growth of cultured retinal
neurons and axonal regeneration after optic
nerve injury [43]. Injury-induced upregulation
of Smad1 gene expression turned out to be
beneficial to axon growth as the activation
of Smad1 by BMP4 was found to efficiently
promote axon growth in spinal cord injury
[44,45].  Further
induction of regeneration after optic nerve
injury include the control of the JAK/STAT
pathway and mTOR (mammalian target of

examples of successful

rapamycin) pathway-regulated gene translation
by manipulating the upstream factors SOCS3
and Phosphatase and tensin homolog (PTEN),
respectively [46,47]. Simultaneous deletion of
SOC3 and PTEN proved to be an even more
potent promoter of regeneration in an optic

nerve injury model [48,49], which supports
the notion that a combinatorial approach
is required to stimulate efficient axonal
regeneration.

Although the growth cones display a
highly regulated responsiveness owing to
transcriptional control of receptor expression,
recent findings revealed that growth cones
of peripheral and central nervous system
neurons display a different morphology of
the microtubules. While PNS neurons have
noticeably bundled microtubules (MT) [50],
MTs in CNS neurons are disheveled and as a
consequence are incapable to forcefully drive
axon growth [50]. By stabilizing microtubules
with low doses of the microtubule-stabilizing
agent Taxol, the growth cone cytoarchitecture
can be reshaped and axons could even
overcome myelin inhibition [50]. Taxol has also
proven to stimulate axonal regeneration in
models of spinal and optic nerve injury [51,52].
Collectively, in addition to transcriptional
regulation of receptors at the growth cone,
MT stability contributes to the growth cone’s
intrinsic capability to stimulate axon growth.

Beyond transcription, growing evidence
indicates that post-transcriptional regulation
of gene expression by micro RNAs (miR) is also
instrumental in controlling axon growth. Micro
RNAs have gained tremendous interest in brain
developmentanddiseaseasthey provideameans
to specifically regulate gene expression [53-55].
The first clues that miRs are regulators of axon
growth and thus relevant to axonal regeneration
were established in non-mammalian organisms.
miR-124 for example was found to affect the
responsiveness of the growth cone to Sema3A in
Xenopus retinal ganglion cells [56]. By targeting
CoREST, a master regulator of neural cell fate,
miR-124 delays the expression of the Sema3A
receptor Neuropilin 1 [56]. The miR lin-4 affects
the responsiveness of a specific neuronal cell
type in C. elegans to the Netrin homologue Unc-6
by targeting the transcription factor lin-14
[57]. lin-14 is part of a regulatory loop that
facilitates the regeneration of young neurons
by downregulation of the miR let-7 [58]. In
older neurons, lin-14 fails to support axonal
regeneration owing to its downregulation by miR
let-7 [58]. In mammals, miR-9 has been implicated
in axon growth by regulating the microtubule
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binding protein MAP1b [59]. Mammalian mir-
124 targets the mRNA of the small GTPase RhoG
and thus promotes axonal branching [60]. These
studies indicate that temporal regulation and
fine-tuning of axon guidance is controlled by
micro RNAs. Not surprisingly, miRs also take
part in axonal regeneration. Here, miR-133b
targets RhoA and promotes functional recovery
after spinal cord injury in adult zebrafish [61]. A
recent study identified miR-138 as an intrinsic
suppressor of axon growth in rodents and
demonstrated loss of axonal regeneration upon
overexpression of miR-138 or by downregulating
its target SIRT1 in a sciatic nerve lesion model
[62].

Similar to changes in gene expression,
injury triggers a differential expression of
miRs. Axotomy-induced expression of miR-21
promotes axon growth in adult dorsal root
ganglion neurons [63]. Among the microRNAs,
that are upregulated in dorsal root ganglia after
nerve injury, miR-222 was identified and found
to target PTEN [64], suggesting that the injury-
response disengages inhibitory mechanisms to
stimulate regeneration in the PNS, which could
be useful in designing therapies for CNS injuries.

Further which
include the modifications of histones, are rather

epigenetic mechanisms,

unexplored but emerging evidence indicates
a role in axon growth and regeneration.
The histone acetyl transferases CBP/p300
and P/CAF appear to activate axon growth-
stimulating transcriptional programs [65]. In
an optic nerve crush model, expression of
p300, which is downregulated in mature retinal
ganglion neurons, has beneficial effects on
axonal regeneration [66].

Collectively, this overview demonstrates a
multi-layered regulation of axon growth and
guidance by transcriptional and epigenetic
mechanisms (Figure 1). The control of axon
growth however does not stop at the DNA or
RNA level. Protein degradation by the ubiquitin
proteasome system (UPS) has emerged as an
important regulator of axonal growth and
guidance. Before | present in greater detail the
regulation of axon growth by the E3 ubiquitin
ligase Cdh1-Anaphase Promoting Complex
(APQ), | will briefly introduce the UPS and then
discuss what is known about UPS components
in axon growth regulation.
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3. UPS-controlled axon growth

Micro RNAs

The UPS is unequivocally one of the most
complex machineries of the cell and is certainly Transcription Factors ]ﬂmm: Receptors and Ligands
an uncharted area in neurodevelopmental Target mRANA
biology. E1 ubiquitin-activating and E2- @@
ubiquitin-conjugating enzymes together with —[DUIII— = e
E3 i . : deth Start of e ; e

igases constitute an enzymatic cascade that N st +
facilitates the ubiquitination of target proteins & +

[67]. UPS component are numerous as there

are 2 E1, approximately 35 E2 enzymes, and
more than 600 E3 ubiquitin ligases encoded by

N\

the human genome [68], the ubiquitome thus Axon growth

outnumbers any other system in the cell. While >

the E1 enzyme activates ubiquitin in an ATP-

dependent manner and mediates the transfer Microtubules

to the E2 enzyme, substrate recognition is x
S 3
conferred by E3 ubiquitin ligases. In addition R

to the substrate, E3 ligases also recruit the E2-

ubiquitin conjugate to mediate the transfer DNA

of ubiquitin to the substrate. The two largest

families are the RING (really interesting new
gene)- and the HECT (homologous to E6AP
While RING
ligases act as both mono- and multimeric

C-terminus)-type E3 ligases.

Figure 1. Extrinsic and intrinsic mechanisms of axon growth control. Aside from permissive and repulsive extrinsic
factors that bind to specific receptors at the growth cone, nuclear events such as transcription and
histone modification regulate axon growth. Furthermore, micro RNAs and microtubule stability affect

axon growth. Ac= acetylation, Me= methylation.
a®
E.“““ -
m=p Protein

scaffold proteins to facilitate the transfer
of ubiquitin from the E2 to the substrate,

HECT ligases harbor enzymatic activity and
form a covalent E3-ubiquitin intermediate
before passing ubiquitin on to the substrate.
Ubiquitination of proteins is extremely versatile

AMP + PP, Degradation
and can result in monoubiquitination, multi- @ "
monoubiquitination or conjugation of various -
w - Ez | mmp E3 ubiquitin - DNA Repair, Endocytosis,
types of polyubiquitin chains linked through A u ligase Cell Signaling

the usage of distinct lysines of ubiquitin.

Such modifications encode specific responses
DNA
repair, cell signaling, receptor internalization,

Receptor Recyeling,
d s P Brcyciig

Gene Expression, Endocytosis

“ mmp Endocytosis

A Ubiquitin
() Substrate

‘ Proteasome

including proteasomal degradation,

and sorting of membrane proteins [69-72]

(Figure 2). In contrast to enzymes that

promote the assembly of ubiquitin chains,

Figure 2. Schematic of E3 ubiquitin ligase-mediated ubiquitination. The E1 ubiquitin-activating enzyme activates
ubiquitin in an ATP-dependent step and triggers the transfer to the E2 ubiquitin-conjugating enzyme.
The E3 ubiquitin ligase recruits both the substrate protein and the E2-ubiquitin conjugate to mediate
poly-, mono-, and multi-ubiquitination. Ubiquitination encodes the fate of a protein as the cellular
response ranges from protein degradation to functional modification and change of localization.

deubiquitinases (DUB) facilitate the cleavage
and release of ubiquitin from substrates [73],
adding another layer of complexity to an
already intricate system.

Emerging evidence revealed pivotal growth and guidance, by demonstrating induces the UPS-dependent degradation of

roles of the UPS in various aspects of
neurodevelopment and in
[74-771.

Campbell and colleagues underscored the

neurological

disorders A pioneering study by

importance of protein degradation in axon

that local inhibition of the proteasome at the
growth cone altered its response to extrinsic
cues such as Netrin-1 and Sema3A [78]. Another
study that implicated an important role of the
UPS in axon guidance reported that Netrin-1

DCC [79]. A role for the large RING E3 ligase
Phr1 in axon guidance was first discovered in C.
elegans (aka rpm-1), where it affects trafficking
of Robo and unc receptors [80]. Also, after
axotomy in C. elegans, Phr1-deficient motor

275



e
VERSITA

neurons regenerate more efficiently [81].
Rodent Phr1 was also found to be important
for accurate pathfinding of motor and sensory
neurons by associating with and stabilizing
microtubules in axons [82]. Phr1 together
with the F-box protein FBXO45 forms an
alternative E3 complex [83]. FBXO45 knockout
mice display severe axon tract defects similar
to those observed in the Phr1 mutant mouse
[82,83]. A closer look at Phr1 in the context of
axonal regeneration in mammals might thus
be worthwhile. Among the several hundred E3
ubiquitin ligases, RNF6 is another RING ligase,
which has been identified as a regulator of
axon growth [84]. By ubiquitinating LIM kinase
1 at the growth cone, RNF6 instructs the local
removal of this target by the proteasome [84].
A member of the HECT-type ligases Smurf1
was also found to be important in different
aspects in axon development. Phosphorylation
in the axon switches Smurfl’s substrate
preference from Par6 to RhoA for proteasomal
that
ubiquitination of substrates is crucial for

degradation, indicating localized
acceleration of axon growth [85]. Conversely,
disassembly of ubiquitination chains by DUBs
appears to be as crucial as ubiquitination. The
DUB USP33 interacts with and deubiquitinates
Robo1 receptor thereby affecting the response
of commissural neurons to Slits in midline
crossing [86]. Given the large number of
UPS components, future research is likely to
establish a great role of the UPS in axon growth
regulation and regeneration.

4.The Cdh1-APC pathway of
intrinsic inhibition of axon
growth

The large multisubunit E3 ligase Anaphase
(APQ) is
importance for rapidly removing key proteins

Promoting complex of crucial
during mitosis by proteasomal degradation to
facilitate smooth cell cycle transitions [87,88].
While the RING subunit APC11 binds the E2-
ubiquitin conjugate, the subunits Cdh1 and
Cdc20 are interchangeable activators of the
APC. By binding to signature recognition
motifs including destruction (D) box or KEN
box [89,90], Cdh1 and Cdc20 recruit their
substrate proteins in a very specific manner for
ubiquitination.

Several years after discovering the puzzling
presence of cell cycle regulator Cdh1-APC
in postmitotic neurons [91], Konishi
established the E3
ligase Cdh1-APC as an intrinsic suppressor

and
colleagues ubiquitin
of axon growth regulation in a landmark
publication [92]. Cdc20, which is also present in
neurons, mediates the regulation of dendritic
morphogenesis and synapse formation and
thus exhibits complementary functions in
neurons [93-96]. Several follow-up studies shed
light onto an entire Cdh1-APC pathway of axon
growth regulation and uncovered its relevance
in axonal regeneration.

Neuronal Cdh1-APCharbors E3 ligase activity
required for axon growth inhibition [91,92],
indicating that controlled substrate turnover is
essential in this process. In addition to its axon
growth-inhibiting function, Cdh1-APC appears
to control axonal patterning in the cerebellum
reflected by defasciculation of the parallel
fibers upon Cdh1 knockdown [92]. Strikingly,
downregulation of Cdh1 in neurons by RNA
interference overrides myelin inhibition of
axon growth [92]. Beyond axonal development,
these findings already forebode a crucial role
for Cdh1-APC in axon regeneration.

4.1 Nuclear targets of Cdh1-APC

The search for substrates of Cdh1-APC in the
control of axon growth led to the identification
of the transcriptional regulator SnoN, as Cdh1
is enriched and crucially active in the nucleus
[97]. SnoN has previously been identified as
a substrate of Cdh1-APC to regulate Smad-
dependent transcription in the TGF{ signaling
pathway, but SnoN's role in the brain remained
to be explored [98,99]. SnoN is expressed
in postmitotic neurons and promotes axon
growth. The degradation-resistant mutant
SnoN D-Box mutant (DBM) is particularly
efficient in stimulating axon growth [97]. Also,
epistasis experiments revealed that SnoN acts
downstream of Cdhl and established the
Cdh1-APC/SnoN pathway of axon growth. The
role of SnoN in axonal development was also
bolstered by in vivo electroporation analyses
of the cerebellum, where knockdown of SnoN
leads to underdeveloped parallel fibers in
the cerebellar cortex [97]. In contrast to its
proposed role as transcriptional repressor in
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the TGF{ signaling pathway in non-neural cells
[100], neuronal SnoN acts as a co-activator
together with the HAT p300 to promote axon
growth by regulating Ccd1, a signaling scaffold
protein enriched in axon terminals [101].
Consistent with this finding, p300 stimulates
axonal regeneration in an optic nerve crush
model [66,101]. In summary, the neuronal
Cdh1-APC/SnoN pathway serves as a crucial
regulator of axon growth.

SnoN is best known for its role in the
TGFB
[100]. Here, the stability and thus activity of
SnoN is regulated in a Smad2/3 dependent

signaling pathway in tumor cells

manner. TGFB triggers the phosphorylation
of Smad2/3, which results in the efficient
recruitment of SnoN to Cdh1-APC followed
by polyubiquitination and proteasomal
degradation [98,99,102]. This finding thus
raised the question if TGFB signaling also
influences the Cdh1-APC pathway of axon
growth.UsinganRNAiapproach, Smad2/3were
shown to repress axon growth downstream
of SnoN [103]. Furthermore, phosphorylated
Smads and low levels of SnoN in neurons are
indicative of active TGF{ signaling [103]. As a
consequence of pharmacological inhibition of
TGFp signaling, SnoN becomes stabilized and
axon growth is significantly enhanced [103].
Interestingly, Smad2 RNAi overcomes myelin
inhibition of axon growth, which suggests a
decreased sensitivity of axons to repulsive
myelin components [103]. Collectively, these
findings established an interaction of the
Cdh1-APC and TGF@ signaling pathways and
indicate a crosstalk of extrinsic cues with
intrinsic pathways of axon growth (Figure 3A).

In addition to SnoN, Lasorella and colleagues
identified the transcription factor Id2 as
another nuclear substrate of Cdh1-APC, [104].
1d2 inhibits the E protein E47, which in turn
controls the expression of axon growth-
inhibiting genes such as Nogo Receptor, Sema3F
and Unc5A [104]. Consequently, expression of
E47 suppresses the axon growth-stimulating
effect of both Cdh1 RNAi and the stabilized Id2
D-box mutant [104]. Collectively, these studies
identified Id2 as a crucial target of Cdh1-APC,
which critically regulates the expression of axon
guidance receptors that alter the sensitivity of
the growth cone (Figure 3A).
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Apart from extrinsic factors affecting the
Cdh1-APC  pathway,
Cdh1 seems to play a significant role in axon

phosphorylation  of

growth regulation. Cdh1 has several highly
conserved Cdk phosphorylation sites, which
not only regulate binding of Cdh1 to the
APC core [105] and Cdh1’s localization but
interestingly also the stability of Cdh1 [106].
The latter can be recapitulated by treatment
of neurons with the Cdk inhibitor Roscovitine,
which leads to destabilization of Cdh1 [106].
A hyperphosphorylated, stabilized mutant of
Cdh1 is unable to restrict axon growth as it
localizes predominantly in the cytoplasm and
it fails to interact with the core complex [106].
A role for Cdk5 e.g. in axonal growth and axon
formation has been previously shown [107],
but Cdk5 appears to have little or no benefit
in axon regeneration [108]. Phosphorylation of
Cdh1 by Cdks might thus plays a greater role in
development as compared to regeneration.

4.2 Cytoplasmic substrates of Cdh1-
APC
Cdh1-APC is
the nucleus where it performs its function,

predominantly localized to
however, it is also found to be active in the
cytoplasm. The cytoplasmic localization
together with the finding that Cdh1 RNAi
overrules myelin inhibition suggested a
crosstalk between the Cdh1-APC pathway and
Nogo-R signaling. A key experiment revealed
that the small GTPase RhoA, which acts
downstream of Nogo-R, acts in the Cdh1-APC
pathway [28,109]. Another important finding
was that RhoA levels are reduced in growth
cones upon Cdh1 knockdown [109]. Since
both Cdh1 and RhoA suppress axon growth,
it was unlikely that RhoA is a direct substrate
of Cdh1-APC. This led to the identification of
Smurf1, a downstream interactor of Cdh1
in the control of axon growth [109]. Smurf1
was previously found to target RhoA for
proteasomal degradation [110]. Consequently,
a degradation-resistant mutant of RhoA
counteracts both Smurf1 DBM overexpression
and Cdh1 RNAi-stimulated axon growth,
integrating RhoA in the Cdh1-APC/Smurf1
pathway [109]. In vivo knockdown of Smurf1
in the developing cerebellum bolstered its
role in axon growth regulation and revealed
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Figure 3. Cdh1-APC-regulated axon growth. (A) Cdh1-APC acts in the nucleus to ubiquitinate the transcriptional
regulators SnoN and Id2 and the E3 ligase Smurf1. SnoN acts upstream of the Ccd1, which promotes
axon growth. Also, SnoN is controlled by TGFf signaling, which negatively regulates axon growth. TGFf3
triggers the phosphorylation and subsequent translocation of Smad2/3 into the nucleus to regulate
SnoN’s stability together with Cdh1-APC. Id2 stimulates axon growth by blocking the expression of
genes that encode inhibitory axon guidance factors including Nogo Receptor, Sema3F and Unc5A.
(B) In the cytoplasm, Cdh1-APC acts upstream of the RhoGAP p250GAP and in addition ubiquitinates
Smurf1 for proteasomal degradation. Both p250GAP and Smurf1 are negative regulators of RhoA,
which has been identified as a component of the Cdh1-APC pathway.

additional defects in neuronal migration [109].

Just like SnoN and 1d2, Cdh1 binds to
Smurf1 in a D-box motif-dependent manner
to polyubiquitinate Smurf1, which leads to its
proteasomal degradation [109]. Consequently,
postnatal mouse brain with only one copy of
the Cdh1 gene revealed an increase in Smurf1
protein levels [109]. Further experiments also
demonstrated a significant stimulation of
axon growth by Smurf1-DBM expression in the
presence of myelin, indicating that that low
levels of Smurf1 contribute to myelin inhibition.

Since the activity of small GTPases such as
RhoA is tightly regulated by GAPs (GTPase
and GEFs
exchange factors), a candidate screen revealed
the RhoGAP p250GAP as a novel interactor of
Cdh1 [111]. RhoGAP has previously been shown
to act as a GAP for RhoA [112]. In addition to
Smurf1, p250GAP was also identified as an

activating proteins) (guanine

axon growth-promoting RhoA regulator in the
Cdh1-APC pathway [111]. These studies show
that Cdh1-APC in association with p250GAP
and Smurf1 controls RhoA, a key downstream
component of extrinsic inhibition (Figure 3B).

43The Cdh1-APC pathway as
therapeutic target in spinal cord
injury

As a suppressor of axon growth, the Cdh1-
APC pathway and its targets were obvious
candidates to test in axonal regeneration.
Two recent studies using spinal cord injury
models tested the potential of ID2 and
SnoN, which yielded exciting results. Yu and
colleagues showed that expression of the
stabilized mutant 1d2 (Id2 DBM) significantly
prevents sensory axon dieback at the injury
site [113]. Using the same injury model, Do
and colleagues demonstrated that expression
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of SnoN DBM led to regeneration of axonal
processes into the injury site [114]. Collectively,
these studies have validated that substrates of
Cdh1-APC hold regenerative potential in spinal
cord injuries.

5. Concluding remarks

By elucidating the Cdh1-APC pathway, it
became evident that axon growth inhibition
is an active, intrinsic process, highlighting the
difficulties that must be overcome in order to
stimulate axonal regeneration in the central
nervous system. The complexity of the Cdh1-
APC pathway also demonstrates that the
control of axon growth inevitably includes
the crosstalk between intrinsic and extrinsic
pathways, leading to a highly intertwined
mechanism with key inhibitors being engaged
by multiples pathways. As a consequence, the

not sufficient to promote regeneration. Future
strategies to stimulate regeneration require
both a permissive environment and an intrinsic
boost for axons to grow and eventually make
appropriate contact with the target tissue.

The Cdh1-APC pathway and its components
represent  potential therapeutic  targets
that have proven potencies to stimulate
regeneration. Namely, it will be important to
investigate the difference in effects of Smurf1
DBM expression and Cdh1 silencing on axonal
regeneration. It will also be crucial to get further
insight into mechanisms that regulate the
activity of neuronal Cdh1-APC, particularly in
young as compared to old neurons. A screen for
kinases that phosphorylate Cdh1 and trigger its
dissociation from the APC core might also be
informative. In addition, small molecules that
specifically inhibit Cdh1-APC activity could

be useful for future therapeutic approaches.
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substrates and block Cdh1-APC activity might
be effective as well. Investigation of further
crosstalk between the Cdh1-APC pathway
and other axon growth and guidance factors
might also help to understand if inhibition of
the Cdh1-APC affects the response to extrinsic
factors other than myelin. Collectively, it will
be important to identify and understand the
intrinsic programs underlying axon growth and
guidance in neurons to eventually be able to
successfully stimulate axonal regeneration in
the CNS.
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