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Abstract

Human Natural Killer-1  (HNK-1) carbohydrate, comprising a unique trisaccharide
HSO;-3GlcAB1-3Galp1-4GlcNAc, shows well-regulated expression and unique functions in the nervous
system. Recent studies have revealed sophisticated and complicated expression mechanisms for HNK-1
glycan. Activities of biosynthetic enzymes are controlled through the formation of enzyme-complexes
and regulation of subcellular localization. Functional aspects of HNK-1 carbohydrate were examined by
overexpression, knockdown and knockout studies of these enzymes. HNK-1 is involved in several neural
functions such as synaptic plasticity, learning and memory, and the underlying molecular mechanisms
have been illustrated upon identification of the target carrier glycoproteins of HNK-1 such as the
glutamate receptor subunit GluA2 or tenascin-R. In this review, we describe recent findings about HNK-1
carbohydrate which provide further insights into the mechanism of its expression and function in the

nervous system.
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Introduction

The expression and cellular functions of proteins are regulated by post-translational modifications such as
phosphorylation, proteolytic cleavage, ubiquitination, and acetylation. Glycosylation is the most frequent
protein modification in mammals, with over half of proteins estimated to be glycosylated [1]. Glycans
expressed on proteins have enormous structural diversity and play pivotal roles in many physiological
processes at molecular, cellular and individual levels [2]. Also, a specific glycan and the enzyme
producing it are expressed in a cell type-dependent manner, which is closely related to a specific function
such as sialyl 6-sulfo lewis”™ in lymph node and a specific N-glycan branch in pancreatic beta-cells [3,4].
Cell-specific glycans are also used as cell markers, such as SSEAs for stem cells [5]. In the nervous
system, unique glycans such as polysialic acids are involved in many neural functions, and the impaired
functioning of neural specific glycans causes neural disorders like schizophrenia, hydrocephalous and
neuropathy [6-9].

Human Natural Killer-1 (HNK-1) is one such neural glycan epitope that is predominantly
expressed in brain and peripheral nervous tissues. HNK-1 is composed of a sulfated trisaccharide,
HSO;-3GlcAB1-3Galp1-4GlcNAc- [10], found at the non-reducing terminus of glycans (Fig. 1A). This
glycan epitope is biosynthesized in the Golgi apparatus the same as many other glycosylation reactions. A
terminal sulfated glucuronic acid is quite rare among glycans. Usually the glycan terminus is capped with
another acidic monosaccharide, sialic acid, in mammals [11,12]. HNK-1 epitope is mainly expressed in
N-glycan and in O-mannose glycan [13-15], and is not found in other types of O-glycan under
physiological conditions. In addition, HNK-1 glycan has some structural varieties such as non-sulfated
form or 6-sulfation of the inner GIcNAc residue [16,17]. During the last few decades, we and others have
reported that this structurally unique glycan plays physiologically important functions in the nervous
system revealed by using specific antibody, gene-knockout and knockdown studies. Also, the
identification and cDNA cloning of key biosynthetic enzymes for HNK-1 glycan have been elucidating
well-controlled expression mechanisms for this unique glycan. Here, we focus on how HNK-1 glycan is

expressed and exerts its functions in the nervous system, and also discuss newly emerging issues.



Characteristic expression of HNK-1 glycan in the nervous system

HNK-1 was first identified as an antigen at the surface of human natural killer cells in 1981 [18], and a
HNK-1 monoclonal antibody was widely used in subsequent studies. The epitope of the HNK-1 antibody
was also designated as CD57 and is still used as a marker for some T-cell populations in immunology
[19]. However, later studies revealed that HNK-1 antigen is highly expressed in the nervous system
including in chick embryonic neural crest cells [20] and mammalian brain [21], while not detected in
other tissues. Now, with the identification of neural specific biosynthetic enzymes, HNK-1 epitope is
considered to be predominantly expressed in the nervous system.

In the central nervous system, HNK-1 is widely distributed over most of mouse brain [22], with
some characteristic expression patterns such as parasagittal stripes in cerebellum [23]. In the peripheral
nervous system, HNK-1 was found in myelinating Schwann cells that are associated with motor axon but
not in cells that are associated with sensory axon [24], suggesting that HNK-1 carbohydrate may be
specifically involved in axon outgrowth/regrowth of motor neurons. Of note, expression of HNK-1 in
Schawann cells seems to vary between human and rodents [25]. These previous studies as well as recent
studies often used specific antibodies, and some kinds of monoclonal antibodies commonly recognize the
HNK-1 epitope with slight different binding specificities. For example, 412 mAb and M6749 mAb can
detect both sulfated and non-sulfated form of HNK-1 carbohydrate [16,26].

Interestingly, HNK-1 glycan is only carried by certain kinds of molecules, indicating that this
glycan is biosynthesized in the Golgi in a tightly regulated manner. HNK-1-carrying molecules identified
in the nervous system to date include Ig-superfamily adhesion molecules (NCAM, L1, PO, MAG etc
[21,27]), a specific glutamate receptor subunit (GluA2) [28], a GPI-anchored protein (CD24) [29],
soluble extracellular proteins (tenascin-R, tenascin-C and phosphacan [30-32]), and glycolipids [10]. The
fact that even a highly homologous glycoprotein like GluA1l forming a complex with GluA2 is not
modified with HNK-1 in vivo suggests that the expression mechanism of HNK-1 is elaborate. Previously,
we compared specific activities of the biosynthetic glucuronyltransferase toward certain glycoprotein
acceptors. Surprisingly, however, the enzyme similarly transferred glucuronic acid to both a natural

acceptor protein (NCAM or L1) and a non-natural acceptor (asialo-orosomucoid), suggesting that the



HNK-1-synthesizing enzyme does not recognize their polypeptide sequence at least in vitro [33]. Thus we
now speculate that HNK-1-carrying molecules are somehow directed to a specific route for HNK-1
modification in the Golgi apparatus in living cells, but the molecular mechanism by which HNK-1

modification occurs on specific molecules in vivo has yet to be elucidated.

Biosynthetic enzymes of HNK-1 glycan

The most unique structural feature of the HNK-1 epitope is a f3-linked glucuronic acid attached to the
non-reducing end of a galactose residue (Fig. 1A). Our group had set out to biochemically identify the
glucuronyltransferase responsible. Sequential column chromatography procedures successfully isolated
one glucuronyltransferase from rat brain that we named GIcAT-P (B3GAT1 gene) [34,35]. This enzyme
completely satisfied the biochemical requirements for a HNK-I1-synthesizing enzyme such as
predominant mRNA expression in the brain, a type-II membrane topology typical of a glycosyltransferase,
and a mildly acidic optimal pH suitable for reactions in the Golgi. The transfection of GIcAT-P actually
elicited ectopic expression in HNK-1 antigen in non neural cells like COS-1 cells [34]. Also, a GIcAT-P
gene-knockout study clearly showed that it is the major enzyme responsible for HNK-1 synthesis in the
brain as described below. After that, we and another group independently cloned a homologous
glucuronyltransferase designated as GIcAT-S (or GIcAT-D) (B3GAT2) from a rat brain cDNA library
that also showed HNK-1-synthesizing activity [36,37]. Although GIcAT-P and —S showed similar activity
when overexpressed in cultured cells [38], they differed in their expression patterns, substrate glycan
specificity and physiological functions.

Another homologous f1,3-glucuronyltransferase was also identified, GIcAT-I (B3GAT3) [39].
GIcAT-I is involved in the synthesis of a linkage tetrasaccharide of glycosaminoglycan (Fig. 1B),
GlcAP1-3Galp1-3GalB1-4Xyl-Ser, which is commonly found in chondroitin or heparan sulfate [40].
GIcAT-I also displayed HNK-1-synthesizing activity only when overexpressed in cultured cells [40,41],
but its ubiquitous expression, biochemical analysis and knockout experiments all showed that the main
physiological function of this enzyme is to biosynthesize the linkage structure for glycosaminoglycan

[42].



The other structural determinant of HNK-1 is the terminal sulfate group. We and Dr. Fukuda’s
group independently identified the same sulfotransferase involved in this sulfation reaction, which is now
called HNK-1ST (CHSTI10) [43,44]. Although other sulfotransferases such as chondroitin
sulfotransferases show amino acid sequence similarity to this enzyme, biochemical properties and
knockout experiments suggested that HNK-1ST is the sole sulfotransferase for HNK-1 synthesis in vivo
[45]. Interestingly, however, HNK-1ST is expressed in non-neural tissues where GIcAT-P and S are not
expressed [44]. In addition, HNK-1ST can form enzyme complex with GIcAT-I despite no apparent
usefulness for HNK-1 synthesis [38]. These results suggest that this sulfotransferase has additional
functions other than in HNK-1 biosynthesis. Actually, we and Dr. Sugahara’s group demonstrated that
HNK-1ST can use a glycosaminoglycan linkage tetrasaccharide on thrombomodulin as an acceptor
substrate to form an unusual sulfated structure (Fig. 1B) [46,47]. The sulfated linkage region on
thrombomodulin was indeed identified in human urine, SO4-3GlcAB1-3Galf1-3Galp1-4Xyl [48], and a
non-elongated form of proteoglycan is known to exist as a part-time proteoglycan [49,50]. The sulfated
linkage region of thrombomodulin can no longer be used for the further elongation of chondroitin sulfate
[46], indicating that the action of HNK-1ST may be an off-switch for glycosaminoglycan biosynthesis. It
is an intriguing question whether this unusual sulfated linkage region is also expressed in other

proteoglycan molecules or in brain under physiological conditions.

Substrate specificity of GIcAT-P and GIcAT-S
The enzymatic properties of GIcAT-P and S have been characterized using recombinant enzymes [33,51].
Both enzymes efficiently transfer glucuronic acid from UDP-GIcA to the non-reducing terminus of the
acceptor glycan of glycoprotein, glycolipid and oligosaccharide substrates. However, they differ in
features like acceptor specificity. Our detailed enzymatic characterization revealed that while GIcAT-P
strictly recognizes the N-acetyllactosamine structure (Galf1-4GlcNAc) as an acceptor which is the
known inner structure of HNK-1 glycan, GIcAT-S can efficiently transfer GIlcA to a lacto-N-biose
structure (Galf1-3GIlcNAc) as well as N-acetyllactosamine. In addition, GIcAT-P exhibited almost

equally efficient activity toward bi-, tri- and tetra-antennary N-glycans [52], while GIcAT-S preferred



tri-antennary N-glycan [51]. The presence of a bisecting GIcNAc or core al,6-fucose in N-glycan had
little effect on the activities of GIcAT-P(S), indicating that the glycan structure of the non-reducing
terminus is the factor most critical to the specificity of GIcAT-P and S. Notably, the activities of these
glucuronyltransferases are regulated differently by phospholipids. For example, sphingomyelin increased
GIcAT-P activity toward the glycoprotein acceptor by five-fold but had no effect on GIcAT-S activity
[51]. These results suggest the activities of these enzymes to be regulated by the surrounding

microenvironment in the Golgi apparatus.

Crystal structure and catalytic reaction of GIcAT-P and -S
To elucidate the reaction mechanisms of GIcAT-P and S in more detail, the crystral structures of these
two enzymes were solved [53,54]. Recombinant catalytic domains of human GIcAT-P and -S were
expressed in and purified from E. coli, and these soluble enzymes showed levels of activity in vitro
comparable to those of the native enzymes [53]. Crystallographic studies revealed that the two enzymes
had a similar overall structure including GT-A type folding with a Rossman-like fold, a tight
homodimeric form, and a conserved DXD motif commonly found in UDP-sugar-utilizing
glycosyltransferases [55]. Binding sites for the donor substrate (UDP-GIcA) were almost completely
conserved between GIcAT-P and —S, but the two differed in how they recognized acceptor substrates.
Key residues of GIcAT-P for binding to Galp1-4GlcNAc are Phe245 and Val320 which form parallel
stacking interaction and hydrophobic interaction with the GIcNAc moiety, respectively. Computer-aided
modeling of the docking of Gal1-3GIcNAc (poor substrate) with GIcAT-P showed that Phe245 may
form poorer stacking interaction, and Val320 no longer interacts with GIcNAc, which is consistent with
the strict acceptor specificity of GIcAT-P toward Galf1-4GIcNAc. In the case of GIcAT-S, Phe245 and
Val320 of GIcAT-P correspond to Trp234 and Ala309, which probably allows GIcAT-S to recognize
Galp1-3GIcNAc as well as Galf1-4GlcNAc. Consistent with this, a mutant GIcAT-S in which Trp234
and Ala309 were replaced by Phe and Val, respectively, showed a drastic reduction in activity toward
Galp1-3GIcNAc, resembling GlcAT-P, which supports our observation that these residues are critical for

acceptor recognition. From a structural point of view, a catalytic mechanism was also proposed in which



an acidic residue (Glu284 for GIcAT-P and Glu273 for GIcAT-S) served as a catalytic base to
deprotonate the 3-position of Gal and then the nucleophilic deprotonated Gal attacks the C1 carbon of
GlcA in UDP-GIcA to create GlcAp1-3Gal.

Interestingly, both GIcAT-P and S have a disordered mobile loop region which shows no electron
density. Most glycosyltransferases have such a region, called a flexible loop, considered to be involved in
substrate binding [56]. In the case of f4GalT1, where the flexible loop can be traced even without
substrates, conformational change from an opened to closed form occurs upon binding with UDP-Gal.
After the binding to UDP-Gal, the flexible loop moves and acts as a lid to cover the binding pocket. In the
case of GnT-I, the loop was disordered in the apo-form, but structured in the donor-bound form [57]. In
GIcAT-P, the loop was still invisible even in a co-crystal with a donor-substrate. Deletion of the entire
loop (7 amino acids) or a point mutation of two acidic amino acids in the GIcAT-P loop almost
completely abrogated the activity in cells [58]. Although the loop obviously plays a pivotal role in

GIcAT-P activity, a more detailed analysis is needed to uncover its function.

Regulation of HNK-1 expression in cells
Gene regulation of biosynthetic enzymes

As described above, HNK-1 glycan is predominantly expressed in the nervous system. Consistent with
this, GIcAT-P and S showed tightly regulated expression patterns with high levels in brain tissue [34,36].
Studies have partially revealed the transcriptional control mechanisms for these glucuronyltransferase
genes. Our analysis suggested the cis-element in the GIcAT-P promoter including the binding site for Sp1
and Krox20 to be required for neural expression of the mouse GIcAT-P gene [59]. An in vivo study
showed that in Pax6 mutant rats, HNK-1 and GIcAT-P gene expression is ectopically upregulated,
suggesting that Pax6 is a negative regulator for the GIcAT-P gene in rat embryonic brain [60]. Another
report demonstrated that TNFa signaling up-regulates GIcAT-P(S) gene expression in brain endothelial
cells, which supports a role for HNK-1 in inflammatory responses through interaction between HNK-1
and selectin [61]. More recently, we found the brain-specific expression of the mouse GIcAT-P gene to be

highly correlated with epigenetic histone activation marks, indicating that the GIcAT-P gene is



epigenetically regulated [62].

One interesting finding is that the GIcAT-S gene is highly expressed in mouse kidney as well as
brain [16], while GIcAT-P and HNK-1ST are not expressed in mouse kidney, suggesting a specific role
for GIcAT-S in kidney even without the sulfotransferase action. Actually, expression of a non-sulfated
form of HNK-1 (GlcAB1-3Galp1-4GlcNAc) in mouse kidney was confirmed by a specific antibody and
tandem mass-spectrometry, and we identified three major glycoproteins carrying this glycan (CD13,
meprin-o. and laminin-111) [16,63]. CD13 and meprin are metalloproteases highly expressed in kidney
brush border membrane [64,65], and laminin-111 is a well-characterized component of basement
membranes that serves as a ligand for integrin or dystroglycan [66]. Another group reported that GIcA in
the N-glycan of a calcium channel, TRPVS, in kidney is required for its retention at the cell surface and
for calcium homeostasis [67], but we have not detected the expression of a non-sulfated HNK-1 on
TRPVS in mouse kidney (unpublished results). In addition, HNK-1 expression in kidney seems to differ
among species. In mouse, we found non-sulfated HNK-1 was expressed on apical membranes of proximal
tubules and thin ascending limb in medulla, but in other species sulfated HNK-1 is expressed in thin
ascending loop of Henle and may be carried by proteoglycan molecules [68]. So far, it is still unclear how
the non-sulfated HNK-1 regulates the functions of these glycoproteins. We have generated GIcAT-S
deficient mice and confirmed the disappearance of the non-sulfated HNK-1 in kidney (unpublished
results), and are currently investigating the role of GIcAT-S in kidney as well as in brain.

Regarding HNK-1ST, there has been almost no promoter analysis. But one intriguing report
showed that the HNK-1ST gene is a target for a transcription factor, retinoic acid receptor-gamma, and
upregulation of this gene through this pathway in melanoma cells is functionally involved in suppression
of invasiveness (as described below) [69]. HNK-1ST gene transcription must be regulated in a different
manner from GIcAT-P(S), and an analysis of its gene regulation mechanism would be an interesting

future study.

Functional enzyme complex for HNK-1 synthesis

Another regulatory mechanism for HNK-1 expression is that intracellular activities of biosynthetic



enzymes are controlled by the formation of a protein complex or fine subcellular localization in living
cells. The idea that GIcAT-P(S) might interact with HNK-1ST first came from the fact that almost all the
HNK-1 structures identified so far are sulfated. Thus we hypothesized that HNK-1ST associated with
GIcAT-P(S) to efficiently transfer a sulfate group to GlcA. This idea also suggests the functional
importance of the sulfate moiety in HNK-1. Actually, using co-immunoprecipitation experiments we
found that GIcAT-P(S) and HNK-1ST physically interact in living cells when they are transiently
expressed (Fig. 2A) [38]. This interaction is highly specific because we did not detect the binding using
either a sialyltransferase instead of GIcA-P(S) or other sulfotransferases instead of HNK-IST.
Functionally, we revealed that the specific activity of HNK-1ST is upregulated by interaction with
GIcAT-P(S), whereas the activity of GIcAT-P(S) is not influenced by HNK-1ST [38]. This result is
consistent with our assumption that the enzyme complex enables efficient sulfation as soon as
glucuronylation occurs during HNK-1 synthesis.

We also focused on the biosynthesis of the inner N-acetyllactosamine structure (Galp1-4GlcNAc).
This carbohydrate structure is used for a wide variety of glycans and is synthesized by a
B1,4-galactosyltransferase ($4GalT). The f4GalT family is composed of seven isozymes (f4GalTl1 to
B4GalT7), some of which are involved in the synthesis of Galp1-4GlcNAc in N-glycan [70,71]. Although
it had been unknown which B4GalT is responsible for synthesis of the inner Galf1-4GlcNAc of HNK-1
glycan, we found that HNK-1 expression almost completely disappeared in f4GalT2 deficient mouse
brain [72]. In contrast, knockout of 4GalT1, a major and ubiquitous p4GalT, did not affect HNK-1
expression at all [13,73]. These results strongly indicated that p4GalT2 is a key enzyme for HNK-1
synthesis and led us to hypothesize that f4GalT2 forms a specific complex with GIcAT-P(S) (and
HNK-1ST). When co-expressed with GIcAT-P, B4GalT2 but not $4GalT1 can be co-immunoprecipitated
with GIcAT-P [13]. In addition, expression of an ER-retained mutant of GIcAT-P redistributed 4GalT2
but not p4GalT1 from the Golgi to the ER, again indicating that $4GalT2 specifically associates with
GIcAT-P in cells. Functionally, addition of B4GalT2 upregulated the specific activity of GIcAT-P in vitro,
and co-expression of f4GalT2 and GIcAT-P enchanced HNK-1 expression in cells compared to that of

only GIcAT-P. All these results support that $4GalT2 plays a key role in HNK-1 synthesis by forming a
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complex with GIcAT-P.

These studies imply that a specific enzyme complex composed of B4GalT2, GIcAT-P(S) and
HNK-1ST is present and that this specialized machinery may be placed in a defined compartment in the
Golgi (Fig. 2A). Only specific acceptor molecules can pass by this compartment to become modified with
HNK-1 glycan. Dr. Goto’s group proposed that in drosophila, functionally related molecules form a
distinct functional unit in Golgi, called the Golgi unit [74]. The mammalian glycosylation machinery
might be similarly organized with different functional units. Unfortunately, however, endogenous levels
of HNK-1-synthesizing enzymes are quite low under physiological conditions. This is also the case for
many glycosyltransferases. Investigation of the endogenous molecular features of glycosyltransferases

and their complexes in the Golgi would be a difficult but fascinating challenge.

Regulated subcellular localization of GIcAT-P
The intracellular activity of GIcAT-P is also regulated by controlling its subcellular localization. We
found that isoforms of GIcAT-P generated by alternative splicing showed distinct localization patterns
which are well-correlated with their intracellular activities [75]. These isoforms had previously been
identified in mice and humans [59,76], differing in only the presence or absence of 13 N-terminal amino
acids (Fig 2B). The expression of these two isoforms (short GIcAT-P, sGIcAT-P and long GIcAT-P,
IGIcAT-P) resulted in a clearly different expression of the HNK-1 epitope in cells, and sGIcAT-P
exhibited quite high intracellular activity despite having the same catalytic domain and similar specific
activity in vitro [75]. More detailed analysis clarified that sGIcAT-P is localized to the Golgi but
IGIcAT-P resides in both the Golgi and the ER. ER-distributed 1GIcAT-P is assumed not to act as an
enzyme because of a lack of the acceptor Galf1-4GlcNAc in the ER, which accounts for the weak
intracellular activity of IGIcAT-P. ER-exit of some glycosyltransferases is dependent on binding with
COP-II vesicle component Sarl that directly recognizes a dibasic motif [K/R](X)[K/R] of the cytosolic
tail of glycosyltransferases [77]. GIcAT-P also has this motif in its N-terminal tail and is actually bound
by Sarl, but IGIcAT-P showed weaker binding with Sar1 than sGIcAT-P presumably because of the close

existence of the 13 additional amino acids (Fig. 2C) [75].
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Although we still do not know how these strong and weak GIcAT-Ps are used in nature, both
isoforms are indeed expressed in brain. B4GalT1 has two similar isoforms with or without an additional
13 amino acids in the cytoplasmic tail, which are distributed differently in cells and regulated
differentially at the transcriptional level. In somatic cells the longer mRNA variant is dominant, while in
mammary gland the shorter variant is upregulated [78]. It would be interesting to examine how
transcription of the two GIcAT-P mRNAs is regulated in specific brain regions, neural cell types, and

developmental periods.

In vivo HNK-1 Function
Role of HNK-1 during development

HNK-1 had received attention from developmental biologists because of its characteristic expression in
chick neural crest cells [20] which show a highly dynamic migration during development [79].
Application of an HNK-1 antibody perturbed the migration of cranial neural crest cells in the chick
embryo, indicating that HNK-1 glycan is functionally involved in neural cell migration [80]. Although
the expression of HNK-1 in rodent neural crest cells is still enigmatic [81], overexpression of GIcAT-P in
rat neural crest cells also affected the migratory distance and pattern [82], suggesting the importance of
HNK-1 in cell migration during neural development.

Another HNK-1 function was reported in neural stem cells [32]. HNK-1 glycan was expressed in
undifferentiated mouse neural stem cells and down-regulated upon differentiation. The carrier
glycoprotein for HNK-1 was identified as tenascin-C, and only the largest isoform seemed to be modified
with HNK-1. By depleting HNK-1 expression in neural stem cells using siRNA for HNK-1ST, it was
demonstrated that HNK-1 on tenascin-C is functionally involved in the proliferation of neural stem cells
via modulation of EGF receptor expression.

To examine the role of HNK-1 during development at the individual level in vertebrates, we
performed knockdown and overexpression of GIcAT-P (S) in medaka fish, a well established model for
developmental studies [83]. In medaka, HNK-1 expression is weak at the gastrulation stage and gradually

increases in neural tissues during development. We first cloned cDNAs of GIcAT-P and S that are

12



conserved also in medaka. Overexpression of each glucuronyltransferase affected embryogenesis along
with ectopic overexpression of HNK-1 glycan. In particular, abnormal curvature in the head region was
observed with a severer phenotype on the overexpression of GIcAT-S than of GIcAT-P. In knockdown
experiments using morpholino-oligonucleotides, depletion of GIcAT-P caused severe abnormalities in
head formation, while knockdown of GIcAT-S resulted in no obvious phenotype, suggesting that these
two glucuronyltransferases have different functions in vivo. These results indicate that GIcAT-P is
essential for medaka development especially for the formation of the head region and that well-controlled

expression of HNK-1 is required for proper embryogenesis in fish development.

Phenotypes of enzyme gene-deficient mice
We generated GIcAT-P gene-deficient mice to examine the physiological roles of HNK-1 in mammals
[84]. HNK-1 expression in the knockout mouse brain almost disappeared except in specific regions such
as the perineuronal net (described below), indicating that GIcAT-P is the major glucuronyltransferase in
mouse brain. Despite the marked loss of HNK-1 expression in the mutant mice, normal birth and overall
brain morphology were observed. However, electrophysiological analysis and behavioral tests revealed
that these knockout mice showed abnormal brain functions such as impairment of synaptic plasticity and
spatial learning. Frequent stimulation of afferent fibers in the hippocampus evoked long lasting changes
in synaptic strength (synaptic plasticity) called LTP (long term potentiation) that is considered to underlie
memory function [85]. The magnitude of LTP in the hippocampal CA1 region was significantly reduced
in GIcAT-P-deficient mice, suggesting that HNK-1 glycan is required for synaptic plasticity and memory
formation [84]. In addition, in the Morris water maze test and water-filled multiple T-maze test,
GlcAT-P-deficient mice showed reduced spatial learning and memory, which is consistent with impaired
synaptic plasticity [84]. Knockout of the HNK-1ST gene also caused a reduction of LTP in the
hippocampus and poor performance in the water maze tests [45]. In addition, 4GalT2-deficient mice,
which showed a marked reduction of HNK-1 expression as described above, also exhibited impaired
performance in the water maze test [72]. All these results support that HNK-1 glycan is required for

learning and memory formation. p4GalT2 knockout mice also showed retarded motor learning as
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assessed by the rota-rod test [72], while GIcAT-P knockout mice performed normally suggesting that this

phenotype is caused by a loss of intrinsic f4GalT2 function other than the loss of HNK-1 expression.

Mechanism underlying reduced synaptic plasticity caused by the loss of HNK-1 expression
HNK-1 stabilizes GluA2 on the neuronal cell surface

To examine the molecular mechanism underlying the reduced synaptic plasticity and memory formation
in GlcAT-P-deficient mice, we set out to identify the molecule responsible. We found a specific
glycoprotein carrying HNK-1 to be highly concentrated in the hippocampal postsynaptic density fraction
(PSD). This glycoprotein was immunoaffinity-purified and identified as a subunit of AMPA-type
glutamate receptors, GluA2 [28]. AMPA-type glutamate receptors mediate most of the fast excitatory
synaptic transmission in the mammalian brain and control synaptic strength. The regulated trafficking of
AMPA receptors to the postsynaptic membrane is thought to be a major mechanism contributing to
long-lasting changes in synaptic strength including LTP [86]. In mature pyramidal neurons, GluA1 and
GluA2 are predominantly expressed, and the great majority of AMPA receptors contain GluA2 subunits.
GluA2 subunits have important roles in the assembly and trafficking of AMPA-type glutamate receptors,
and recent studies also indicated that the redistribution of GluA2 from the intracellular compartment to
synaptic membrane underlies the mechanism of synaptic plasticity [86]. Thus, we hypothesized that
impaired trafficking of GluA2 may be a molecular mechanism of reduced LTP in GlcAT-P-deficient mice.
Actually, GluA2 was more prone to be internalized in GIcAT-P knockout hippocampal neurons than
wild-type neurons under basal and stimulated conditions, though expression of the GluA2 protein itself
was normal in the knockout neurons [28]. Moreover, we found that the interaction of GluA2 with
N-cadherin was impaired in GlcAT-P knockout neurons, conversely, the interaction was enhanced by the
overexpression of HNK-1 in cultured cells [28]. Since it was reported that GluA2-N-cadherin interaction
is required for neuronal surface expression of GluA2 and its spine-promoting activity [87], our results
suggest that HNK-1 glycan stabilizes GluA2 on the synaptic membrane through enhancement of the
interaction with N-cadherin (Fig. 3A). The unstable surface expression of GluA2 in GlcAT-P-deficient

neurons may be a molecular mechanism of the impaired induction of LTP in GIcAT-P knockout brain.
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Requirement of HNK-1 for dendritic spine maturation
Meanwhile, we examined the morphological features of dendritic spines and synapses in
GIcAT-P-deficient neuron, because morphological maturation of dendritic spines is highly related to
synaptic plasticity [88]. Dendritic spines are specialized actin-rich mushroom-like protrusions where an
input from another neuron (synapse) is received. One explanation of their origin is the maturation of
filopodium-like immature protrusions [89]. The abundance of AMPA receptors at the postsynapse is
related to spine size, and it was reported that overexpression of GluA2 resulted in promotion of spine
morphogenesis due to interaction with N-cadherin. [87]. Given that loss of HNK-1 impairs GluA2’s
association with N-cadherin and stabilization at the cell surface in GIcAT-P knockout neurons, we
hypothesized that spine morphogenesis may be impaired in these mutant mice. Expectedly, spines in both
GIcAT-P knockout mouse hippocampus and cultured neurons showed an immature long and thin
morphology compared to the mature mushroom-like spines in wild-type mouse hippocampus and neurons
(Fig. 3B) [90]. In contrast, spine density in the knockout neurons was almost the same as in the wild-type,
suggesting that the later maturation step in spinogenesis but not early budding step is impaired in
GIcAT-P knockout neurons. Consistent with the increased number of immature spines in knockout
neurons, the localization of GluA2 also changed from spines to dendritic shafts (Fig. 3B). Also, the
promoting effect on spine maturation by GluA2 overexpression was smaller in GIcAT-P knockout
neurons. All these results strongly suggest that the HNK-1 glycan on GluA2 is required for normal spine
maturation in developing hippocampal neurons. Although direct evidence that impaired spine maturation
is the main cause of reduced LTP in GlcAT-P-deficient adult brain is still missing, loss of HNK-1 may

also contribute to the impaired GluA2 localization under LTP-inducing conditions.

Modulation of perisomatic inhibition through HNK-1 on tenascin-R (TN-R)
Dr. Schachner’s group extensively studied the role of HNK-1 in perisomatic inhibition. The first evidence
came from the application of a HNK-1 mAb to hippocampal slices, which reduced perisomatic inhibitory

postsynaptic currents (pIPSCs), suggesting that HNK-1 glycan regulates perisomatic inhibition in
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hippocampal pyramidal cells [30]. This effect of the HNK-1 mAb was not observed in TN-R-deficient
mice but was observed in NCAM-deficient mice, suggesting that HNK-1 on TN-R but not on other
HNK-1-carrying molecules is responsible for the decreased inhibitory transmission by the mAb. Also,
similar perisomatic inhibitory currents were actually observed in TN-R-deficient mice. Subsequent study
using a synthetic HNK-1 carbohydrate or a peptide mimetic for HNK-1 proposed a mechanism
underlying the reduced inhibitory transmission whereby the HNK-1 carbohydrate directly inhibited
GABAp receptors by binding to them [91]. In the presence of the HNK-1 mAb, the constitutive inhibition
of the GABAj receptor by HNK-1 glycan is probably canceled out, leading to elevated extracellular K*
concentrations and a reduction in the amount of GABA released. Although reduced perisomatic inhibition
may be expected to promote LTP in vivo, a reduction of LTP in CA1 was observed in TN-R-deficient and
HNK-1ST-deficient mice [45,92]. This can be explained by a complicated metaplastic mechanism in
which reduced inhibitory synaptic activity and elevated excitatory transmission in the CAl region in
TN-R knockout brain may lead to an increase in the threshold for LTP induction and impaired LTP [93].
More detailed analyses are needed to clarify how GluA2 and TN-R studies are combined and how HNK-1

glycan regulates the function of each carrier glycoprotein.

HNK-1 in Perineuronal nets

Although HNK-1 expression is markedly reduced in the GIcAT-P knockout brain, it still occurs in
some neurons in characteristic regions. HNK-1 immunoreactivity in GlcAT-P knockout mice is mainly
detected in the perineuronal net (PN), a specialized lattice-like extracellular matrix around a subset of
neurons (Fig. 4) [22,84]. PNs, comprising TN-R, chondroitin sulfate proteoglycans such as aggrecan and
phosphacan, and hyaluronan, are formed 2-5 weeks after birth in mice. Although the precise functions of
PNs have not yet been elucidated, numerous studies support that PNs are involved in synaptic plasticity.
For example, degradation of PNs by chondroitinase ABC (ChABC) restores the ocular dominance
plasticity in visual cortex, an experience-dependent plasticity only observed in the juvenile period (called
critical period), suggesting that the maturation of PNs reduces the potential plasticity of neurons [94].

Another example was recently reported about fear memory [95]. Fear memories cannot be erased as
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easily in adulthood as during the postnatal period. ChABC treatment renders acquired fear memories
susceptible to erasure even in adults, suggesting that PNs in the adult brain protect fear memories.

Among the PN components, TN-R, phoshacan and aggrecan are modified with HNK-1. A deficiency
of TN-R caused morphological alterations of PNs [96], while the knockout of GIcAT-P did not alter PN
morphology itself [22], suggesting that the altered PN structure in TN-R knockout mice is caused by loss
of the core protein but not HNK-1 glycan. Phosphacan and aggrecan are suggested to have HNK-1
glycans on their O-glycans [97], and the major HNK-1-carrying glycoprotein between these two probably
switches from phosphacan in juveniles to aggrecan in adults along with the maturation of PNs [97]. This
study was dependent on a monoclonal antibody, Cat-315, whose epitope partially overlapped with
HNK-1 mAb, though its precise structure has not been clarified. Based on these results, a major
HNK-1-carrying molecule in GIcAT-P knockout PNs is likely aggrecan. The HNK-1-containing glycan
structures on these glycoproteins remain to be determined, and the function of HNK-1 on aggrecan in
mature brain is also unclear. Further study using our knockout mouse brains would be useful to address

these issues.

Involvement in disease

Although HNK-1 expression is tightly regulated in a nervous system-specific manner, it was reported that
this glycan is unusually expressed in some cancer cells especially in melanoma cells [98]. An
immunohistochemical study suggested that the expression of HNK-1 correlated with metastatic potential
and poor survival [99]. In contrast, another study showed that transcriptional upregulation of the
HNK-1ST gene via the direct binding of retinoic acid receptor gamma is involved in reduced metastasis
of murine melanoma cells, suggesting that HNK-1 glycan may suppress metastasis [69]. Recently, Dr.
Fukuda’s group reported that HNK-1 may act as a tumor suppressor in the case of gliomas through
attenuation of the ERK pathway [100]. Roles of HNK-1 glycan in cancer cells are still controversial. It
would be interesting to identify the HNK-1-carrying glycoproteins in melanoma cells to examine in detail
how this glycan affects their metastatic potential.

HNK-1 is also suggested to be involved in other diseases. HNK-1 glycan is highly antigenic and
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one of the epitopes for auto-antibodies in peripheral demyelinating neuropathy. The epitope for IgM
M-protein in some paraproteinemia patients was characterized as HNK-1 expressed on MAG and
glycolipid [101,102]. The injection of an anti-HNK-1/MAG IgM M-protein into cat sciatic nerve or
sensitization of rabbits and rats with a HNK-1-carrying glycolipid demonstrated the involvement of this
glycan in demyelination [103,104].

It was also proposed that HNK-1 or the enzymes that biosynthesize it may be involved in
schizophrenia or Alzheimer’s disease (AD). GIcAT-P and S (B3GAT]1 and 2, respectively) emerged as a
candidate for a risk factor for schizophrenia [105,106]. Another study found GIcAT-P to be a target of
oxidative stress induced by the stimulation of neurons with amyloid-beta, a peptide causative of AD [107].
It suggested that the development of AD may lead to oxidation of GIcAT-P, which in turn causes
downregulation of GIcAT-P activity and HNK-1 expression, leading to impaired memory and learning
function mediated by the loss of HNK-1 glycan. Although these studies have revealed clinically
interesting features of HNK-1 glycan, more detailed molecular and cellular experiments should be done
to clarify how HNK-1 is involved in these diseases.

Dr. Schachner’s group developed peptide mimetics of HNK-1 carbohydrate [108,109], and they
showed their potential for clinical use. The peptides were applied to reconstruction of femoral nerves in
mice and primates after nerve injury [110,111]. Muscle function recovery was greatly improved after
glycomimetic application compared to control, supporting their idea that HNK-1 glycan is involved in
axon outgrowth of motor neurons. These mimic peptides would be clinically useful for treatment of some

nerve injury.

Future perspective

In this review, we focused on HNK-1 glycan in terms of its well-regulated expression, functions in vivo,
and underlying molecular mechanisms. Although the gene knockout of HNK-1-synthesizing enzymes has
provided much information about the functions of HNK-1 in the nervous system, the molecular
mechanisms by which this glycan regulates each carrier and which carrier is really responsible for each

phenomenon observed in knockout experiments have yet to be elucidated. This is because of a common
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difficulty in glycobiological studies. That is, one glycosyltransferase is in charge of glycosylation for
many proteins, and knockout (knockdown) of the enzyme causes loss (downregulation) of glycans on all
carrier molecules, which makes our interpretation more difficult. Furthermore, even if the glycan
structures are the same, the glycans on different glycoproteins probably have different functions. Thus,
we have to investigate and identify a target carrier glycoprotein which mainly contributes to the
phenomenon observed. In our case, we found a great loss of HNK-1 expression on many glycoproteins in
the GIcAT-P knockout brain. Thus, we have to seek for a target in the brain (GluA2, TN-R etc) which is
really involved in synaptic plasticity in vivo.

One way of overcoming such a hurdle is to completely clarify the expression mechanism of a given
glycan. Glycosylation is not a simple process but a multi-regulated event which is controlled by the
expression level of the enzyme, substrate specificity of the enzyme, sugar-nucleotide level,
enzyme-complex, subcellular-localization of the enzyme, etc as described above. Also, we propose here
that specific multi-enzyme complexes may exist in defined Golgi compartments to form specific
glycosylation machineries. And this may enable a specific glycoprotein to get a specific glycan by
selectively passing by one of the multi-enzyme complexes. If we know the identity of such glycosylation
machinery and elucidate the complete mechanism of glycan biosynthesis, we might create a situation in
cells where only one glycoprotein is not modified with a specific glycan without knocking out the
biosynthetic enzyme. We believe that examination of the regulatory mechanisms of HNK-1 expression in
cells will uncover the whole picture of HNK-1 biosynthesis, providing us with further insight into the

functions of HNK-1 glycan on each carrier glycoprotein.
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Fig. 1 Structure of HNK-1 epitope and biosynthetic enzymes. (A)
Structure of HNK-1 and the enzymes that biosynthesize it. (B) Structure
of the proteoglycan linkage tetrasaccharide. Sulfation of this glycan by
HNK-1ST may be an off-switch for further biosynthesis of
glycosaminoglycan.
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Fig. 2 Regulation of HNK-1 expression in cells. (A) Complex of HNK-1-related enzymes
comprising f4GalT2, GIcAT-P(S) and HNK-1ST. This specialized complex may work for efficient
biosynthesis of HNK-1 carbohydrate. (B) Two GIcAT-P isoforms. The longer isoform has an
additional 13 amino acids in its cytosolic tail. A dibasic motif exists in the cytosolic tail in both
isoforms. (C) Distinct ER exiting processes for two GIcAT-P isoforms. The short isoform can be
easily bound by Sarl to be conveyed from the ER to Golgi, which results in higher intracellular
activity in the Golgi. In the case of the long form, the additional 13 amino acids weaken the
interaction between Sarl and the dibasic motif, which retains GIcAT-P in the ER leading to lower
intracellular activity.
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Fig. 3 HNK-1 on GluA2 regulates its synaptic membrane residency and
spine maturation process. (A) A glutamate receptor subunit, GluA2,
interacts with N-cadherin at the postsynaptic membrane. In GIcAT-P
knockout neurons, loss of HNK-1 on GluA2 results in weaker interaction
with N-cadherin and enhanced internalization of GluA2. This
phenomenon could be one mechanism behind the reduced long-term
potentiation in GIcAT-P knockout neurons. (B) In GIcAT-P knockout
neurons, immature thin spines are observed. Also, loss of HNK-1 on

GluA2 changes its localization from spines to dendritic shafts.
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Fig. 4 HNK-1 expression at perineuronal
nets (PNs) in GIcAT-P knockout brain. (A)
Mouse brain cortex was immunostained with
a HNK-1 mAb. HNK-1 expression was
markedly reduced in the knockout mice but
still detected in PNs. (B) Magnified images
of HNK-1 expression at PNs in cultured
GIcAT-P knockout neurons. PNs were stained
with Wisteria Floribunda lectin.



