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Like other biomolecules including nucleic acid and protein, glycan plays pivotal roles
in various cellular processes. For instance, it modulates protein folding and stability,
organizes extracellular matrix and tissue elasticity, and regulates membrane trafficking.
In addition, cell-surface glycans are often utilized as entry receptors for viruses,including
SARS-CoV-2. Nevertheless, its roles as ligands to specific surface receptors have not
been well understood with a few exceptions such as selectins and siglecs. Recent
reports have demonstrated that chondroitin sulfate and heparan sulfate, both of which
are glycosaminoglycans, work as physiological ligands on their shared receptor, protein
tyrosine phosphatase sigma (PTPo). These two glycans differentially determine the fates
of neuronal axons after injury in our central nervous system. That is, heparan sulfate
promotes axonal regeneration while chondroitin sulfate inhibits it, inducing dystrophic
endbulbs at the axon tips. In our recent study, we demonstrated that the chondroitin
sulfate (CS)-PTPo axis disrupted autophagy flux at the axon tips by dephosphorylating
cortactin. In this minireview, we introduce how glycans work as physiological ligands
and regulate their intracellular signaling, especially focusing on chondroitin sulfate.
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INTRODUCTION

The human neural circuit, composed of the central nervous system (CNS) and the peripheral
nervous system (PNS), reaches approximately 1 million km and is formed mainly by neural
axons. An axon is a structure that is elongated from the cell body and relays information to its
target cells, including neurons, glands, and muscles, by conducting electrical pulses and releasing
neurotransmitters.

Axonal injury to our mature CNS, including spinal cord injury and traumatic brain injury, is
still an untreatable condition, even with current medical knowledge. It was already recognized and
described as “incurable” in the Edwin Smith Surgical Papyrus published between 2,500 and 1,900
BC in Egypt (Hughes, 1988). Emerging evidence has revealed that the lack of trophic factors and
the existence of inhibitory environmental cues in the adult CNS made it difficult for nerve axons
to spontaneously regenerate. Once damaged, axons enter a dormant state. Regeneration is possible
only under certain circumstances.

Upon injury, the distal parts of axons that are separated from the cell body, undergo Wallerian
degeneration. The fragmented and degenerated axonal shafts are phagocytosed and removed by
microglia or macrophages. The process seems to be important for the regeneration of axons by the
surviving neurons. In PNS, Wallerian degeneration is mediated mainly by peripheral macrophages
and is accomplished quickly and completely, which is thought to be a factor in the high regeneration
capacity of PNS axons. In the CNS, on the other hand, Wallerian degeneration is largely delayed
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and finished incompletely, probably because of the poor
phagocytic capacity of microglia, major phagocytic cells in
the CNS. In the 1980s, Aguayo and his colleagues clearly
demonstrated that CNS axons regenerated through the implanted
sciatic nerve “bridge, confirming that the difference in
environmental cues between the CNS and the PNS defined each
axon’s regeneration capability (David and Aguayo, 1981; Benfey
and Aguayo, 1982).

In addition to Wallerian degeneration, matrix remodeling
after injury largely differs between the CNS and the PNS. In
the CNS, the lesion site is surrounded by activated astrocytes
(reactive astrocytes), forming a so-called glial scar (Silver and
Miller, 2004). This scar is important for fixing the damaged
blood-brain barrier (BBB), covering the lesion, protecting tissues
from infections, and secreting various regeneration factors
(Anderson et al., 2016). However, the glial scar also produces
chondroitin sulfate (CS) proteoglycans, which are molecules
that inhibit axonal regeneration (Snow et al, 1990, 1991;
Rauch et al,, 1991; Asher et al., 2000). When the regenerating
axon tip makes contact with the CS proteoglycan (CSPG), it
stops further extension and enters a dormant state called the
dystrophic endbulb.

In this review, we briefly summarize how glycans work
as physiological ligands and regulate axonal regeneration by
mediating intracellular signaling.

DYSTROPHIC ENDBULB

In 1928, Santiago Ramon Cajal found swollen axonal tips with
multiple vacuoles in a lesion of a canine spinal cord. He
reported that the structure was closely associated with poor
axonal regeneration ability in the CNS. That structure is now
recognized as the dystrophic endbulb or the dystrophic endball.
The dystrophic endbulb contains a disorganized cytoskeleton
and accumulations of membrane. It is formed acutely after
injury can persist for several decades at lesions in human
patients (Ruschel et al., 2015). Therefore, the structure was
regarded as a therapeutic target for traumatic CNS injury, as
Cajal suggested. However, the cellular and molecular mechanisms
underlying the formation of dystrophic endbulb were unclear.
Silver and his colleagues demonstrated that the increasing
concentration gradient of CS that mimicked the in vitro glial
scar was sufficient to induce dystrophic endbulbs on cultured
adult dorsal root ganglion neurons (Tom et al., 2004). Defects in
lysosomal secretion, including that of Cathepsin B, which might
be important for matrix degradation and axonal elongation, were
also suggested to be a characteristic of dystrophic endbulb (Tran
et al., 2018; Tran and Silver, 2021).

ROLES OF GLYCOSAMINOGLYCANS IN
CNS

CS is a glycosaminoglycan (GAG) and an unbranched polymer
chain, which consists of the repeating disaccharide unit,
glucuronic acid—N-acetylgalactosamine (GlcA-GalNAc)

(Figure 1; Margolis and Margolis, 1993; Kadomatsu and
Sakamoto, 2014; Sakamoto and Kadomatsu, 2017). In addition
to CS, GAG contains heparan sulfate (HS), keratan sulfate,
and hyaluronan. Except for HA, GAG is modified with sulfate
groups and covalently attached to specific core proteins,
forming proteoglycan (PG). HS is a linear polysaccharide
and consists of repeating disaccharide unit, uronic acid
and N-acetylglucosamine. The sequential modifications,
N-deacetylation of N-acetylglucosamines, N-sulfation of
glucosamines, and O-sulfations at the C2-position of uronic
acids as well as C3- and/or Cé6-position of glucosamines can
be occurred. Regarding its roles in axonal elongation and its
inhibition, HS, which is a linear polysaccharide of repeated
disaccharide of uronic acid and was revealed to be a positive
regulator (Wang and Denburg, 1992; Aricescu et al., 2002). For
example, mice lacking EXT1, one of the essential enzymes for
the synthesis of HS, showed abnormal commissure formation
of the corpus callosum (Inatani et al, 2003). On the other
hand, CS and keratan sulfate were revealed to be negative
regulators in axonal elongation. In addition to dystrophic
endbulb-forming activity in vitro as described above, several
works based on chondroitinase ABC, a CS-degrading enzyme
with bacterial origin, clearly demonstrated that CS was involved
in the inhibition of axonal regeneration after injury in vivo.
Enzymatic digestion of CS side chains on PG by the enzyme
dramatically enhanced both anatomical and functional plasticity
after various SCI models (Moon et al., 2001; Bradbury et al,
2002). Importantly, combined with intermittent hypoxia,
chondroitinase ABC promoted robust restoration of ventilation
after SCI, the impairment of which is a major cause of mortality
in human patients (Warren et al., 2018). A recent work also
showed that C-ABC improved both anatomical and functional
outcomes after spinal cord hemisection in monkey (Rosenzweig
et al.,, 2019). Keratan sulfate was also demonstrated to inhibit
axonal regeneration both in vitro and in vivo (Snow et al., 1990;
Smith-Thomas et al,, 1994; Ito et al., 2010; Imagama et al,
2011). It is noteworthy that CS and keratan sulfate often share
proteoglycans, such as aggrecan and phosphacan (Rauch et al.,
1991; Margolis and Margolis, 1993).

CS is a long glycan chain with approximately 50-100
saccharides on average. The C2-position of GlcA and the
C4- and/or C6-positions of GalNAc can be sulfated, resulting
in different disaccharide compositions including A-unit
(GlcA-GalNAc4S), C-unit (GlcA-GalNAc6S), D-unit (GlcA2S-
GalNAc6S), and E-unit (GlcA-GalNAc4S,6S), where 2S, 4S,
and 6S stand for 2- O-, 4- O-, and 6-O-sulfate, respectively.
Thus, a single chain of CS is heterogeneous in both length
and structure and has been proposed to contain a “functional
domain” to interact with other specific molecules (Mikami et al.,
2009; Dickendesher et al., 2012). In mammalian CNS, CSPGs,
neurocan, versican, brevican, aggrecan, NG2, and phosphacan,
contribute to assemble into an extracellular matrix. Along with
the development of the CNS, CS is enriched especially around
inhibitory neurons and synapses in a well-organized manner,
in what is known as a “perineurnal net,” where it regulates
synaptic plasticity (Pizzorusso et al., 2002, 2006; Frischknecht
etal., 2009; Gogolla et al., 2009; Miyata et al., 2012). Upon injury,
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FIGURE 1 | Mechanistic insight into the formation of dystrophic endbulb by CS. The severed axons run into the gradient of CS originated from the perineuronal net
and the reactive astrocyte in the lesion. The CS-E tetrasaccharide segment, which rarely appears on a CS chain, preferentially monomerizes and activates its axonal
receptor PTPo/LAR. Contrary, HS protects the formation of dystrophic endball by inducing clustering of the receptors. RPTP dephosphorylates cortactin, which is
localized onto the lysosome surface and stabilizes actin fibers to facilitate autolysosome formation. As a consequence, the CS-RPTP axis disrupts autophagy flux,
inducing the failure of fusion between autophagosomes and lysosomes, and thus abnormal accumulation of autophagosomes. That leadsto transforms of axon tips
to dystrophic endbulb. Xyl, xylose; Gal, galactose; GlcA, glucuronic acid; GalNAc, N-acetylgalactosamine; P, tyrosine phosphorylation.
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this organized CS matrix might be disrupted and diffused in a
disorganized manner and, together with CS newly synthesized
by the glial scar, inhibits regeneration of the dissected axons,
transforming the dystrophic endbulb at its tip (Silver and
Miller, 2004). However, the action mechanisms of CS on axons
remained unclear for about two decades after CS was recognized
as a major inhibitory cue for axonal regeneration in our CNS.
This was largely because specific neuronal receptors for CS had
not been identified.

PROTEIN TYROSINE PHOSPHATASE
SIGMA FUNCTIONS AS A CS RECEPTOR

It was a big surprise that protein tyrosine phosphatase sigma
(PTPo) and leukocyte common antigen-related (LAR) were
identified as neuronal receptors for CS (Shen et al., 2009; Fisher
et al, 2011), because these two molecules had already been
reported as receptors for HS and found to be positively involved

in axon guidance (Aricescu et al., 2002; Johnson et al., 2006).
Both PTPo and LAR, together with PTP3, belong to the type
ITa RPTP (receptor-type protein tyrosine phosphatase) family
(Tonks, 2006). They are type I transmembrane proteins that each
possess three immunoglobulin-like domains and typically four
or eight fibronectin repeats. Two tandem repeats of the PTP
domain composed of catalytically active D1 and inactive D2 form
the intracellular domain (Tonks, 2006). The catalytic activity is
regulated by receptor monomerization and multimerization. As a
monomer, the D1 domain is free and active, while the D1 domain
is cis-inhibited by the D2 domain as a multimer. Both CS and
HS share the same binding domain on the first immunoglobulin-
like domain of PTPo and LAR, in which the basic amino acids
form clusters at the surface, implying its ionic interaction with
the sulfate groups of CS and HS (Aricescu et al., 2002; Shen
et al., 2009). The additional binding site at the juxtamembrane
domain on PTPo for HS was also reported (Katagiri et al., 2018).
On the basis of biochemical and structural analyses, the “switch
model” of PTPc by HS and CS was proposed, in which HS
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induced receptor clustering, on the other hand, CS promoted
receptor monomerization (Coles et al., 2011). However, how
these two sulfated glycans act in such an opposing manner
remained unclear, as did the specific substrates for PTPo that are
responsible for forming the dystrophic endbulb.

DISRUPTION OF AUTOPHAGY IN
DYSTROPHIC ENDBULB BY CS

In our recent work, we tried to explore deeply how CS and
HS differentially regulate PTPo, which ultimately determines
axonal fate after injury (Sakamoto et al., 2019). The heterogeneity
of glycan sulfation patterns in a single chain of GAG makes
it harder to determine which segment binds to PTPo. To
overcome this, we synthesized and prepared a pure CS and
HS oligosaccharides library with defined lengths and sulfation
patterns. The surface plasmon resonance method was initially
used to determine the interactions between CS variants and
PTPo. We found that CS-E, which has a highly proportion
of E-unit (GlcA-GalNAc4S,6S), showed the best affinity to
PTPo among the CS variants, CS-A, CS-C, CS-D, and CS-E
(Sakamoto et al., 2019). We found that CS-E, which has C4-
and Cé6-sulfation on GalNAc residues, showed the best affinity
to PTPc. We then tested PTPo with different lengths of CS-
E and determined that the minimal binding segment of CS-E
was a tetrasaccharide (Figure 1; Sakamoto et al, 2019). It is
noteworthy that CS-E is a rare sulfation pattern and accounts
for only a small percentage of the total CS in the injuredCNS
in mice (Properzi et al, 2005). This means the frequency of
CS-E tetrasaccharide can be estimated to be one at most in a
single CS chain, and the CS chain is a preferable structure that
can induce monomerization and activation of PTPo (Figure 1).
In contrast, with similar methods, we found that HS with one
or more sulfate groups was sufficient to interact with PTPo
(Sakamoto et al., 2019). These structures account for nearly
half of the total HS in the injured CNS (Properzi et al., 2008).
Again, the results imply that the HS chain is preferable for
inducing multimerization and inactivation of the receptor. This
idea was confirmed by a cell culture experiment and synthetic
CS/HS oligosaccharides. Although how these two distinct GAG
chains with different levels of sulfation interact with PTPo is
still unclear, these data demonstrated that the frequency of the
binding domain, defined by both the sulfation pattern and length
in CS and HS, determined the action mode of each glycan
on PTPo .

To understand what a dystrophic endbulb is, and the
consequence of PTPo activation by CS, we deeply observed
adystrophic endbulb formed on a CS gradient in vitro by
electron microscopy. We found that autophagosomes abnormally
accumulated in the dystrophic endbulb. Immunostaining with
LC3, a specific marker for autophagosome, supported the results.
More importantly, autophagosomes also accumulated at the tips
of the dissected corticospinal tract in a mouse model of SCI
(Sakamoto et al., 2019).

Autophagy is an intracellular degradation system for
organelles and cytoplasmic components (Mizushima and

Komatsu, 2011). Phagophore,a bowl-like membrane structure
which is often formed at the contact site between endoplasmic
reticulum and mitochondria,engulfs and encloses these
components, producing autophagosome. The autophagosome
then fuses with lysosome and is converted to autolysosome. As a
consequence, components of autophagosome are delivered
into lysosome and degraded by lysosomal enzymes. In
axons, autophagy occurs preferentially at the axon tips and
autophagosomes are retrogradely transported on microtubules
to the cell body, fusing with lysosome during transport (Maday
et al., 2012; Maday and Holzbaur, 2014). Because elongating
axons have a high turnover of molecules and organelles
including cytoskeleton, mitochondria, and membrane, the
process seems to be essential to homeostasis for the elongation
of axon tips. There are two mechanisms for the accumulation of
autophagosomes (1) activation of autophagy and (2) disruption
of autophagy flux, especially at the fusion step between
autophagosomes and lysosomes. Immunocytochemical analysis
using tandem-fluorescent LC3 (Kimura et al, 2007), which
can distinguish between autophagosome and autolysosome,
revealed that autophagy flux was severely disrupted in the
dystrophic endbulb. Importantly, the knockdown of Syntaxin
17, Vamp 8, or Snap 29 by RNA interference, each of which is an
essential soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) for autophagosome-lysosome
fusion (Itakura et al., 2012), successfully transformed healthy
growth cones into dystrophic endbulb-like structures and
significantly suppressed axonal elongation in cultured mouse
dorsal root ganglion neuron. Consistent with this, treatments
of the growth cones with chloroquine or bafilomycin Al,
either of which inhibited the fusion between autophagosomes
and lysosomes, gave similar results. Taken together, these
results clearly demonstrated that disruption of autophagy flux
was essential and sufficient for the formation of dystrophic
endbulbs (Figure 1).

To link the PTPo-autophagy axis, we focused on finding
the specific substrate for PTPo that is involved at the fusion
step between autophagosomes and lysosomes (Sakamoto et al.,
2019). Cortactin is an actin-binding protein thatis required
for the process (Lee et al., 2010; Hasegawa et al, 2016).
It has several tyrosine phosphorylation sites, among which
the tyrosine 421 and 466 phosphorylation sites are essential
for its actin-stabilizing activity (Hasegawa et al., 2016). Some
of these tyrosine-phosphorylated cortactins are specifically
localized to the lysosome surface by the protein-lipid interaction
(Hasegawa et al., 2016), where they provide stabilized actin
fibers to lysosomes to fuse with autophagosomes. In the
primary cultured dorsal root ganglion neurons on a CSPG
gradient, reduced phosphorylation at tyrosine 421 of cortactin
was observed in the dystrophic endbulb compared to healthy
growth cones. Furthermore, silencing cortactin resulted in
dystrophic endbulb formation, similar to the case with CS
treatment. Thus, we conclude that CS binds to PTPo and the
activated PTPo dephosphorylates cortactin. This results in the
disruption of the completion of the autophagy flux, causing the
transformation of the growth cone into a dormant dystrophic
endbulb (Figure 1).
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CONCLUDING REMARKS

CS and HS, each with different backbones and sulfation
patterns, can bind to PTPo. Currently, it is well known that
CS inhibits axonal regeneration while HS promotes it. In
a recent study we prepared a library of HS octasaccharides
and found that, through these octasaccharides together with
CS octasaccharides, PTPo preferentially interacts with CS-E,
a rare sulfation pattern in the natural CS chain, as well as
with most HS oligomers bearing sulfate and sulfamate groups.
Consequently, short and long stretches of natural CS and
HS, respectively, bind to PTPo. CS activates PTPo, which
dephosphorylates cortactin, a newly identified substrate for
PTPo, and disrupts autophagy flux at the autophagosome-
lysosome fusion step. The failure of autophagy flux causes an
accumulation of autophagosomes at the growth cone and is
sufficient to turn the growth cone into a dystrophic endbulb.
As a result, we conclude that the sulfation patterns determine
the length of the GAG segment that binds to PTPo and defines
the fate of axonal regeneration through the PTPo-cortactin-
autophagy axis. Our results shed light on the mechanisms
by which GAGs function as ligands to cell surface receptors.
In addition, the present findings provide a new therapeutic
strategy, including glycomimetics. Indeed, we recently showed
that enoxaparin, a heparin oligosaccharide medicine clinically
used as an anticoagulant, promoted functional recovery in a
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