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    Abstract     In the nervous system, various unique glycans not found in other tissues 
are expressed on glycoproteins, and their expression/functions have been studied 
using specifi c antibodies/lectins. Among brain-specifi c glycans in mammals, we 
focus on human natural killer-1 (HNK-1) and related Cat-315 epitopes, which can 
be detected using specifi c antibodies. It is known that the HNK-1 epitope is 
expressed on N- and O-mannosylated glycans and that Cat-315 mAb preferentially 
recognizes the HNK-1 epitope on brain-specifi c “branched O-mannose glycan.” 
The β1,6-branched O-mannose structure is synthesized by a brain-specifi c glycos-
yltransferase, N-acetylglucosaminyltransferase-IX (GnT-IX, also designated as 
GnT-Vb). Using GnT-IX gene-defi cient mice and specifi c antibodies/lectins, the 
function of GnT-IX was found to be quite different from that of its ubiquitous homo-
logue, GnT-V. Using Cat-315 mAb, the receptor protein tyrosine phosphatase-beta 
(RPTPβ) was identifi ed as an in vivo target glycoprotein for GnT-IX. Analysis of the 
function of branched O-mannose glycan on RPTPβ indicated that its loss promoted 
the recovery process after myelin injury (called remyelination) in brain and that this 
phenomenon is probably caused in vivo by reduced activation of astrocytes in GnT-
IX-defi cient brain.  
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6.1         Introduction 

 The mammalian nervous system is composed of various cell types, including 
 neurons, astrocytes, myelinating cells (oligodendrocytes and Schwann cells), and 
microglia. Each type of cell communicates with the others to elaborate a compli-
cated neural network. In the nervous system, unique glycan structures are expressed 
which are quite different from those in other tissues and are exemplifi ed by the 
human natural killer-1 (HNK-1) epitope and polysialic acid (PSA) (Kleene and 
Schachner  2004 ). Accumulating evidence has shown that brain-specifi c glycans are 
essential for maintaining brain functions, such as learning/memory, cognition, and 
behavior (Weinhold et al.  2005 ; Yamamoto et al.  2002 ). Specifi c lectins and anti-
bodies are useful for both carbohydrate detection and expression/functional studies. 
For instance, good monoclonal antibodies for detecting HNK-1 and PSA, anti-
HNK- 1 and 12E3 mAbs, respectively, are now widely used (Yamamoto et al.  2000 ; 
 2002 ). In addition to the use of these antibodies for the identifi cation of target gly-
coproteins (e.g., neural cell adhesion molecule), they are used for elucidation of the 
biosynthetic pathways of glycosylation. 

 Lectins, proteins which recognize specifi c glycan structures, are now widely 
used to detect glycans. Plant lectins such as conA (concanavalin A), WGA (wheat 
germ agglutinin), PHA (phytohemagglutinin), etc. (Sharon and Lis  2004 ), are often 
used to characterize glycans in cells or tissues. Meanwhile, in mammals, the func-
tions of animal lectins have been well studied in the immune system. For instance, 
some Siglecs (sialic acid-binding immunoglobulin type lectins) or C-type lectins 
are specifi cally expressed in subsets of immune cells and involved in regulation of 
immune cell activity or recognition of pathogens (Crocker et al.  2007 ; Hardison and 
Brown  2012 ). Recent advances in lectin biology allowed us to perform cellular 
glycomic analyses using lectin microarrays (Tateno et al.  2010 ). Although lectins 
are a useful tool, their affi nity and specifi city for their ligand glycans are often lower 
than that of anti-carbohydrate antibodies, which sometimes makes it diffi cult to use 
them to determine glycan structure. 

 This chapter focuses on a brain-specifi c glycan, the HNK-1 epitope. We describe 
its expression on branched O-mannose glycans and the function of a brain-specifi c 
glycosyltransferase, N-acetylglucosaminyltransferase-IX (GnT-IX) (Inamori et al. 
 2006 ), in its synthesis. Using specifi c antibodies/lectins, an in vivo target glycopro-
tein expressing this modifi cation was identifi ed. Using a mouse model, we also 
found that branched O-mannose glycans play key roles in the remyelination process 
after myelin injury by regulating astrocyte activation (Kanekiyo et al.  2013 ).  

6.2     HNK-1 Epitope 

 The HNK-1 epitope was fi rst found as an antigen on the surface of human natural killer 
cells in 1981 (Abo and Balch  1981 ). However, subsequent studies revealed that the 
HNK-1 glycan is almost exclusively found in the nervous system (Kruse et al.  1984 ). 
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The glycan structure of HNK-1 was identifi ed as HSO 3 -3GlcAβ1- 3Galβ1-4GlcNAc- 
(Fig.  6.1 ) (Ariga et al.  1987 ; Chou et al.  1986 ; Tokuda et al.  1998 ). The terminal 
sulfated glucuronic acid residue is a rare structure in mammalian N- and O-glycans 
other than glycosaminoglycans. A key step in its biosynthesis is the addition of GlcA, 
and the major enzyme responsible for this step, glucuronyltransferase- P (GlcAT-P), is 
specifi cally expressed in the nervous system (Terayama et al.  1997 ). Later, by expres-
sion cloning and use of an HNK-1 mAb, the sulfotransferase designated HNK-1ST 
was cloned (Bakker et al.  1997 ).

   Function of the HNK-1 glycan was examined using GlcAT-P-defi cient mice in 
which HNK-1 mAb reactivity almost disappears. GlcAT-P-defi cient mice have 
reduced synaptic plasticity and impaired learning/memory functions (Yamamoto 
et al.  2002 ). Spine (postsynapse) structure in primary neurons from GlcAT-P- 
defi cient brains was consistently abnormally immature (Morita et al.  2009b ). To 
explore the molecular mechanism by which the HNK-1 glycan regulates spine 
maturation and learning, HNK-1 mAb was used to identify glycoproteins express-
ing the HNK-1 glycan. This resulted in identifi cation of the glutamate receptor 

  Fig. 6.1    Putative structure of 
the Cat-315 epitope and 
unique O-mannose glycan 
structure on αDG. Cat-315- 
reactive glycan, which 
possesses terminal HNK-1 
epitope(s), is specifi cally 
expressed in brain. The 
Cat-315-reactive glycan is 
expressed on RPTPβ and 
other molecules expressed in 
brain. In contrast, unique 
phosphorylated O-mannose 
glycans that have never been 
identifi ed on other 
glycoproteins are expressed 
on αDG. Phosphorylated 
O-mannose glycan is 
essential for binding to 
ligands or IIH6 mAb       
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subunit GluA2 (Morita et al.  2009a ). Compared with other HNK-1-carrying 
 glycoproteins, GluA2 is highly enriched in the postsynaptic density fraction, and 
among glutamate receptor subunits was the one selectively modifi ed with HNK-1. 
GluA2 is also known to be an essential molecule for spine maturation and synaptic 
plasticity (Isaac et al.  2007 ), and the loss of HNK-1 in GlcAT-P-defi cient neurons 
causes instability of GluA2 at the synaptic membrane. These fi ndings strongly 
suggest that the HNK-1 glycan on GluA2 plays a key role in learning and memory 
function in vivo. 

 HNK-1 glycan is expressed on both N-glycan and O-mannose glycans in brain. 
Although the glycan structure and carrier glycoprotein for N-linked HNK-1 are well 
characterized (Kruse et al.  1984 ; Morita et al.  2009a ; Voshol et al.  1996 ), the expres-
sion pattern and function of O-mannose-linked HNK-1 are not. In the following 
sections, the expression and function of O-mannose glycans in brain are described 
prior to focusing on brain-specifi c “branched” O-mannose glycans carrying a termi-
nal HNK-1 modifi cation.  

6.3     O-Mannose Glycans in the Brain 

 Although O-mannose glycans are abundantly expressed in mammalian brain, with 
evidence that one third of brain O-glycans are O-mannosylated (Chai et al.  1999 ), 
their functions remain to be clarifi ed. The most well-studied O-mannosylated gly-
coprotein in mammals is α-dystroglycan (αDG), and a number of studies have dem-
onstrated that O-mannosylation of αDG is essential for skeletal muscle function in 
mice and humans (Godfrey et al.  2011 ). Previous reports have shown that αDG 
binds to ligands such as laminin or pikachurin via its unusual phosphorylated 
O-mannose glycan, which was detected using the IIH6 mAb (Fig.  6.1 ) (Chiba et al. 
 1997 ; Inamori et al.  2012 ; Sato et al.  2008 ; Yoshida-Moriguchi et al.  2010 ). 
However, in brain, the content of O-mannose glycan on αDG is almost negligible 
(Stalnaker et al.  2011 ), indicating that the O-mannose glycan in brain modulates 
functions of glycoproteins other than αDG. To date, several neural glycoproteins 
such as neurocan, neurofascin 186, and CD24, enriched and purifi ed using specifi c 
lectins or antibodies, have been shown to be modifi ed by O-mannose glycans 
(Bleckmann et al.  2009 ; Pacharra et al.  2012 ;  2013 ); however, the functions of their 
O-mannose glycans are still unclear. Meanwhile, a neural phosphatase, receptor 
protein tyrosine phosphatase-beta (RPTPβ), was found to be modifi ed by branched 
O-mannose glycans with terminal HNK-1 epitope(s) (Abbott et al.  2008 ; Kanekiyo 
et al.  2013 ). These glycans are detected by the HNK-1 mAb as well as the Cat-315 
mAb. Although the epitope for the Cat-315 mAb has not been accurately deter-
mined, it binds preferentially to O-mannosylated HNK-1 (6.1) (Dwyer et al.  2012 ). 
Moreover, the major glycoprotein carrying the Cat-315 epitope changes from 
RPTPβ to aggrecan during mouse brain development (Dino et al.  2006 ). Using these 
specifi c mAbs, the biological function of O-mannose modifi cations in brain was 
studied as described below. 
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 Expression in brain of a “branched” O-mannose glycan not found in 
O-mannosylated glycans from other tissues (Figs.  6.1  and  6.2 ) (Chai et al.  1999 ; 
Yuen et al.  1997 ) indicated the unique activity of a branching enzyme present spe-
cifi cally in brain. We and others identifi ed the brain-specifi c enzyme as GnT-IX (Vb).

6.4        GnT-IX Is a Brain-Specifi c O-Mannose Branching 
Enzyme 

 GnT-IX was originally identifi ed in silico as a homologue of GnT-V by both our 
laboratory and that of Dr. Pierce (Inamori et al.  2003 ; Kaneko et al.  2003 ), and for 
that reason, GnT-IX is also designated as GnT-Vb. GnT-V is ubiquitously expressed 
and is responsible for N-glycan branching at the α6-mannose arm (Fig.  6.2 ). Many 
studies have shown that GnT-V is involved in cancer progression and growth factor 
receptor signaling (Granovsky et al.  2000 ; Lau et al.  2007 ). In brain, the GnT-V 
product, which can be detected with the L4-PHA lectin, is involved in depression- 
like behavior (Soleimani et al.  2008 ). Although GnT-IX shows high sequence iden-
tity to GnT-V (42 % in the case of humans), its expression and function are different 
from those of GnT-V. GnT-IX is highly specifi c to brain (Kizuka et al.  2011 ) and 
exhibits weak activity toward N-glycans in vitro. We and others have reported that 
GnT-IX has preferential branching activity toward O-mannose glycans (Fig.  6.2 ) 
(Alvarez-Manilla et al.  2010 ; Inamori et al.  2004 ). As described above, branched 

  Fig. 6.2    Structures of a 
branched O-mannose glycan 
and an N-glycan. GnT-IX 
catalyzes formation of the 
β1,6-branch of an O-mannose 
glycan. GnT-V catalyzes 
β1,6-branch formation on the 
α6-mannose arm in an 
N-glycan. GnT-IX also 
shows modest activity 
toward N-glycans in vitro       
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O-mannosyl glycans terminally modifi ed with sialic acid, Lewis epitope, or HNK-1 
are found only in the brain (Chai et al.  1999 ; Yuen et al.  1997 ). To date, no lectin/
antibody has been developed that can specifi cally detect all O-mannose glycans or 
distinguish linear O-mannose glycans from branched ones. However, using some 
specifi c detection probes and mouse models, the functions and expression patterns 
of O-mannose glycans in brain have been gradually identifi ed.  

6.5     In Vivo Enzymatic Functions of GnT-IX and GnT-V 

 Our group and Dr. Pierce’s group independently generated GnT-IX (Vb) gene- 
defi cient mice (Kanekiyo et al.  2013 ; Lee et al.  2012 ). These mutant mice showed 
no overt phenotype in terms of brain morphology and fertility. However, they 
showed reduced reactivity to both Cat-315 and HNK-1 mAbs, supporting the idea 
that Cat-315 recognizes O-mannosylated glycans with terminal HNK-1 
modifi cation(s) in brain. Using immunoprecipitation, we identifi ed RPTPβ as one 
of the major target proteins for GnT-IX in brain, consistent with previous fi ndings 
in cultured cells (Abbott et al.  2008 ). Dr. Pierce’s group analyzed glycan structures 
from GnT-V- or GnT-IX-defi cient brain and found that GnT-IX acts on O-mannose 
glycans but not on N-glycans and that GnT-IX cannot compensate for GnT-V’s 
function in the biosynthesis of N-glycans in vivo (Lee et al.  2012 ). In addition, 
lectin blot analysis using L4-PHA showed that loss of lectin reactivity is solely 
caused by knockout of GnT-V but not by knockout of GnT-IX, indicating that 
GnT-V acts on N-glycans, while GnT-IX acts on O-mannose glycans in vivo 
(Kanekiyo et al.  2013 ). These fi ndings indicate that the in vivo function of GnT-IX 
is different from that of its homologue GnT-V. Moreover, Dr. Pierce’s group 
observed no apparent change in αDG binding to IIH6 mAb or laminin in GnT-IX-
defi cient mouse brain tissue, indicating that the target glycoprotein for GnT-IX 
function is probably not αDG.  

6.6     GnT-IX-Defi cient Mice Show Enhanced Recovery 
from Demyelinating Damage 

 Based on the fact that a target of GnT-IX, RPTPβ, is known to be critical for recov-
ery from demyelinating damage in vivo (Harroch et al.  2002 ), we hypothesized that 
O-mannose glycans on RPTPβ produced by GnT-IX are also involved in the demy-
elination/remyelination process. Demyelination is found in many pathological con-
ditions including multiple sclerosis, and promoting remyelination is a rational 
strategy for treating demyelinating diseases (Fancy et al.  2011 ). We induced demy-
elination in wild-type and GnT-IX-defi cient mice using the copper chelator “cupri-
zone,” which induces oligodendrocyte damage through oxidative stress (Torkildsen 
et al.  2008 ). In wild-type mouse brain, myelin is progressively damaged by 
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cuprizone. In contrast, in GnT-IX-defi cient mouse brain, once early-phase 
 demyelination has occurred as in the case of wild-type mice, signifi cant recovery of 
myelin (remyelination) was observed (Fig.  6.3 ) (Kanekiyo et al.  2013 ).

   As a potential mechanism for this effect, we found that astrocyte activation was 
reduced in the damaged region in GnT-IX-defi cient brain (Kanekiyo et al.  2013 ). In 
wild-type brain, Cat-315-positive astrocytes accumulated in demyelinated corpus 
callosum, and astrocyte activation is one of the mechanisms underlying suppression 
of the remyelination process by inhibiting oligodendrocyte differentiation from oli-
godendrocyte precursor cells (OPCs) (Wang et al.  2011 ). Concomitantly, oligoden-
drocyte lineage analysis revealed that oligodendrocyte differentiation is actually 
enhanced in GnT-IX-defi cient mice (Kanekiyo et al.  2013 ). Based on these data, we 
suggest that the branched O-mannose glycans on RPTPβ are involved in astrocyte 
activation, which probably suppresses oligodendrocyte differentiation and remye-
lination. A schematic model for the role of branched O-mannosyl glycans on astro-
cytic RPTPβ in remyelination is shown in Fig.  6.4 . Cultured primary astrocytes 
isolated from nascent pups also showed decreased activation in vitro (Kanekiyo 
et al.  2013 ), strongly suggesting that GnT-IX can regulate the astrocyte activation 
process with or without cuprizone treatment. Further analysis of the role of GnT-IX 

  Fig. 6.3    Recovery from 
myelin injury is promoted in 
GnT-IX-defi cient mice. 
Myelin in the corpus 
callosum was stained with 
anti-myelin basic protein 
antibody. Cuprizone feeding 
for 4 weeks causes 
demyelination in both 
wild-type and GnT-IX- 
defi cient mice. Further 
treatment with cuprizone 
causes more severe 
demyelination in wild-type 
mice, while GnT-IX-defi cient 
mice show recovery from 
myelin damage 
(remyelination). Figure is 
modifi ed from that published 
previously by Kanekiyo 
et al. ( 2013 )       
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is needed to clarify how branched O-mannose glycans are involved in astrocyte 
activation. On the basis of these fi ndings, we suggest that targeting of protein glyco-
sylation may be a novel therapeutic strategy for demyelinating disorders.

         Confl ict of Interest    No confl ict of interest is declared.  
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