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Chondroitin 4-0-sulfotransferase-2 requlates the number of chondroitin
sulfate chains initiated by chondroitin N-acetylgalactosaminyltransferase-1

Tomomi IZUMIKAWA, Toshiyasu KOIKE and Hiroshi KITAGAWA'

Department of Biochemistry, Kobe Pharmaceutical University, Higashinada-ku, Kobe 658-8558, Japan

Recently, it has been shown that a deficiency in ChGn-1
(chondroitin N-acetylgalactosaminyltransferase-1) reduced the
numbers of CS (chondroitin sulfate) chains, leading to skeletal
dysplasias in mice. Although these results indicate that ChGn-1
regulates the number of CS chains, the mechanism mediating
this regulation is not clear. ChGn-1 is thought to initiate
CS biosynthesis by transferring the first GalNAc (N-
acetylgalactosamine) to the tetrasaccharide in the protein linkage
region of CS. However, in vitro chondroitin polymerization does
not occur on the non-reducing terminal GalNAc-linkage pentas-
accharide structure. In the present study we show that several
different heteromeric enzyme complexes composed of different
combinations of four chondroitin synthase family members syn-

thesized more CS chains when a GalNAc-linkage pentasaccharide
structure with a non-reducing terminal 4-O-sulfation was the CS
acceptor. In addition, C4ST-2 (chondroitin 4-O-sulfotransferase-
2) efficiently transferred sulfate from 3’-phosphoadenosine 5'-
phosphosulfate to position 4 of non-reducing terminal GalNAc-
linkage residues, and the number of CS chains was regulated
by the expression levels of C4ST-2 and of ChGn-1. Taken together,
the results of the present study indicate that C4ST-2 plays a key
role in regulating levels of CS synthesized via ChGn-1.

Key words: chondroitin sulfate, glycosaminoglycan, glycosyl-
transferase, proteoglycan, sulfotransferase.

INTRODUCTION

CSs (chondroitin sulfates) are covalently bound to specific serine
residues in the core regions of many proteins through a common
carbohydrate—protein linkage tetrasaccharide GlcAB1-3Galg1-
3GalB1-4XylB1-0-Ser. Following the complete synthesis of
the linkage-region tetrasaccharide, the first GalNAc (N-
acetylgalactosamine) residue is transferred to a GlcA (glucuronic
acid) residue in the linkage-region tetrasaccharide, triggering
the synthesis of CS. Next, GlcA and GalNAc residues are
alternately transferred on to growing CS chains, resulting in
the formation of the polymer sugar backbone of CS [1]. After the
synthesis of the CS sugar backbone on this tetrasaccharide,
numerous modifications, including sulfation, occur under tight
spatio-temporal regulation producing mature and functional
GAG (glycosaminoglycan) chains that exert specific biological
functions that are dependent on their specific structures.

To date, six glycosyltransferases involved in the biosynthesis
of CS have been cloned. We and others have identified the six
chondroitin-synthesizing enzymes: ChSy (chondroitin synthase)-
1, ChSy-2, ChSy-3, ChPF (chondroitin-polymerizing factor)
and ChGn (chondroitin GalNAc transferase)-1 and -2 [2-9].
ChSy-1, ChSy-2 and ChSy-3 show dual glycosyltransferase
activities, GIcAT-II (GlcA transferase II) and GalNAcT-II
(GalNAc transferase II), that are responsible for synthesizing
the repeating disaccharide units of CS [2-4], and ChGn-1 and
-2 catalyse chain initiation and elongation, exhibiting activities -
of GalNAcT-I and -II [6-9]. In addition, seven sulfotransferases
involved in the sulfation of CS, including four sulfotrans-
ferases involved in the sulfation of position 4 of the GalNAc
residue, have been cloned [10]. C4STs (chondroitin 4-O-
sulfotransferases)-1, -2 and -3 are responsible for the sulfation

of position 4 of the GalNAc residues in CS, whereas D4ST-1
(dermatan 4-O-sulfotransferase-1) catalyses the transfer of sulfate
residues to GalNAc residues located next to IdoUA (iduronic acid)
residues in DS (dermatan sulfate) [11-15]. C6ST-1 (chondroitin
6-0-sulfotransferase-1) transfers sulfate to position 6 of GalNAc
residues [16,17]. The 2-O-sulfation of GlcA and IdoUA is cata-
lysed by uronyl 2-O-sulfotransferase [18]. GaINAc4S-6ST (Gal-
NAc 4-sulfate 6-O-sulfotransferase) transfers a sulfate residue to
position 6 of GalNAc(4-O-sulfate) formed by C4ST [19].

Previously, we demonstrated that chondroitin is polymerized
with alternating GalNAc and GIcA residues on the linkage-
region tetrasaccharide of «¢-TM (a-thrombomodulin) when any
two of four proteins, ChSy-1, ChSy-2, ChSy-3 and ChPF, were
co-expressed [3-5]. These results indicated that ChGn-1 and
ChGn-2, both of which have both GalNAcT-I and -II activity,
were dispensable for chondroitin polymerization on the linkage-
region tetrasaccharide [3-5]; however, recently it was shown
that a deficiency in ChGn-1 reduced the number of CS chains,
leading to skeletal dysplasias in mice [20]. Taken together, these
results indicate that the transfer of a single GalNAc residue to
the tetrasaccharide linkage region by ChGn-1 and the activity
of chondroitin polymerases comprising any two of the ChSy-
1, ChSy-2, ChSy-3 and ChPF proteins are both important for
efficient biosynthesis of CS chains.

Given these findings, we hypothesized that the non-reducing
terminal GalNAc-linkage structure formed by ChGn-1 would
markedly enhance the number of CS chains produced by
chondroitin polymerases comprising any two of the ChSy-1,
ChSy-2, ChSy-3 and ChPF proteins (Figure 1). However, the
results of the present study demonstrated that a non-reducing
terminal GalNAc-linkage structure did not serve as a chondroitin
polymerization substrate. In the present paper we report that

Abbreviations used: ChGn, chondroitin N-acetylgalactosaminyliransferase; ChPF, chondroitin-polymerizing factor; ChSy, chondroitin synthase;
CS, chondroitin sulfate; C4ST, chondroitin 4-O-sulfotransferase; D4ST-1, dermatan 4-O-sulfotransferase-1; GAG, glycosaminoglycan; GalNAc, N-
acetylgalactosamine; GalNAcT, GalNAc transferase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GIcA, glucuronic acid; IdoUA, iduronic acid;
OA, osteoarthritis; PAPS, 3'-phosphoadenosine 5'-phosphosulfate; RT, reverse transcription; shRNA, short hairpin RNA; «-TM, a-thrombomodulin.
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Figure 1 Initiation of CS polymerization

Chondroitin GalNac transferase-l
{CHGa-1}

CS is synthesized as proteoglycans on specific serine residues in the GAG-protein linkage region, GlcAB1-3Galg1-3Galp1-4Xylg1-0-Ser. Following the complete synthesis of the
linkage-tetrasaccharide sequence, the transfer of a single GalNAc residue to the tetrasaccharide linkage region by any two of ChSy-1, ChSy-2, ChSy-3 or ChPF (broken ling), or by ChGn-1
(solid ling) initiates the assembly of CS. Thus it was expected that the non-reducing terminal GalNAc-linkage structure formed by ChGn-1 would markedly enhance the number of CS chains produced

by chondroitin polymerases, meaning any two of ChSy-1, ChSy-2, ChSy-3 and ChPF.

a non-reducing terminal GalNAc(4-O-sulfate)-linkage structure
on CS resulted in an increase in the number of CS chains that
were synthesized by multiple enzyme complexes comprising
combinations of four ChSy family members and that C4ST-2
was involved in the mechanism that resulted in an increase in the
number of CS chains that was mediated by ChGn-1.

EXPERIMENTAL
Materials

UDP-[*H]GalNAc (10 Ci/mmol) was purchased from NEN Life
Science Products, and *S-labelled PAPS (3'-phosphoadenosine
5'-phosphosulfate) (1.69 mCi/mmol) was purchased from
PerkinElmer Life Sciences. Unlabelled UDP-GlcA, UDP-
GalNAc and PAPS were obtained from Sigma. Chondroitinase
ABC isolated from Proteus vulgaris (EC 4.2.2.20) and
chondroitinase ACII isolated from Arthrobacter aurescens (EC
4.2.2.5) were purchased from Seikagaku. Superdex™ Peptide
HR10/30 and Superdex™ 200 10/300 GL columns were
purchased from Amersham Pharmacia Biotech. «-TM with
a truncated linkage-region tetrasaccharide, GlcAB1-3Galf1-
3Galf1-4Xyl, was purified and structurally characterized as
described previously [21,22].

Polymerization assay and identification of polymerization reaction
products

First, a GalNAc transfer reaction was conducted; o-TM that
contained the linkage-region tetrasaccharide GlcAB1-3GalB1-
3GalB1-4Xyl (1 nmol) was used as an acceptor in the incubation
mixture, which contained the following constituents in a total
volume of 20 ul: 10 pl of the soluble form of ChGn-1-bound
beads [6] as the enzyme source, 0.25 mM UDP-GalNAc or
UDP-[*H]GalNAc (2x10° d.p.m.), 100 mM Mes buffer (pH 5.8)
and 10 mM MnCl,. Then, the reaction products were separated by
gel-filtration chromatography on a Superdex™ peptide column
that had been equilibrated and eluted with 0.25 M NH,HCO,/7 %
propan-1-ol. Next, 4-O-sulfation of the GalNAc residue was

© The Authors Journal compilation © 2012 Biochemical Society

performed using GalNAc-TM (GalNAcf1-4GlcAB1-3Galf1-
3Galp1-4Xylf1-0O-TM) (1 nmol) as an acceptor in an incubation
mixture, which contained the following constituents in a total
volume of 30 ul: 10 wl of the soluble form of C4ST-2-bound beads
[15] as the enzyme source, 50 mM imidazole/HCl (pH 6.8), 2 mM
dithiothreitol and 10 uM [*S]PAPS (3x10° d.p.m.). Then, the
reaction products were separated by gel-filtration chromatography
on a Superdex™ peptide column that had been equilibrated and
eluted with 0.25 M NHHCO,/7 % propan-1-ol. The fractions
containing the enzyme reaction products were pooled and
evaporated to dryness. The isolated reaction products were used as
substrates for polymerization reactions. Polymerization reactions
were simultaneously incubated in parallel in reaction mixtures
containing the following constituents in a total volume of 20 ul:
1 nmol of [PH]GalNAc-TM or [*S]GalNAc(4-O-sulfate)B1-
4GlcAB1-3GalB1-3Galp1-4XylB1-0-TM  {[*S]GalNAc(4S)-
TM}, 0.25 mM UDP-GalNAc, 0.25 mM UDP-GlcA, 100 mM
Mes buffer (pH 6.5), 10 mM MnCl,, and 10 ul of the soluble
form of ChSy-1-ChPF-, ChSy-1-ChSy-2-, ChSy-1-ChSy-3-,
ChSy-2-ChPF-, ChSy-2-ChSy-3- or ChSy-3-ChPF-bound
beads. The mixtures were incubated at 37°C overnight, and the
3H- or ¥S-labelled products were then separated by gel-filtration
chromatography on a Superdex™ 200 column equilibrated
and eluted with 0.25 M NH,HCO,/7 % propan-1-ol. Fractions
(0.4 ml each) were collected at a flow rate of 0.4 ml/min, and
radioactivity was measured with a liquid scintillation counter.

Establishment of an expression vector for ChGn-1 and preparation
of cells that stably expressed ChGn-1

A cDNA fragment encoding ChGn-I (HUGO nomenclature
CSGALNACTI) was amplified by RT (reverse transcription)
using total RNA from G361 human melanoma cells (A.T.C.C.
CRL-1424) as a template, and the forward primer 5-CGGGAT-
CCTCTGGACGCATGGCTGATTC-3 and the reverse primer
5-CGGGATCCCAGCTGGCACTGCCCAGG-3'; each primer
contained a BamHI site. PCR was performed with KOD-Plus
DNA polymerase (TOYOBO) for 30 cycles at 94°C for 30s,
58°C for 42s and 68°C for 180s in 5% (v/v) DMSO. The
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PCR fragments were subcloned into the BamHI sites of the
pCMV expression vector (Invitrogen). The insert of the plasmid
constructs (pPCMV-ChGn-1) was confirmed by DNA sequencing.
The expression plasmid (6.7 ug) was transfected into L and
s0g9 cells on 100-mm plates using FuGENE® 6 (Roche Applied
Science), according to the manufacturer’s protocol. Transfectants
were cultured in the presence of 300 g/ml G418, after which the
resistant colonies were picked and propagated for experiments.

ChGn-1 silencing in L cells was performed using MISSION
shRNA (short hairpin RNA) (Sigma). Plasmids (6.7 ng) enco-
ding shRNA were transfected into L cells on 100-mm plates
using FuGENE® 6 according to the manufacturer’s protocol.
Transfectants were cultured in the presence of 0.4 mg/ml
puromycin. Resistant colonies were then picked and propagated
for experiments.

Quantitative real-time RT-PCR

Total RNA was extracted from L cells or sog9 cells using
TRIzol® reagent (Invitrogen). The c¢cDNA was synthesized
from ~1 ug of total RNA using Moloney murine leukemia
virus reverse transcriptase (Promega) and oligo(dT);-M4
adaptor primers (TaKaRa). The primer sequences used
were as follows: ChGn-1, forward primer 5-AGAA-
GAAATAAATGAAGTCAAAGGAATAC-3' and reverse primer
5-GAAGTAGTAGTCCACATCACAG-3'; ChGn-2, forward pr-
imer 5-CCTAGAATCTGTCACCAGT-3' and reverse primer
5'-GTTAAGGAATTCGGCTGAGAAATA-3'; C4ST-1, forward
primer 5-ACCTCGTGGGCAAGTATGAG-3' and reverse primer
5-TCTGGAAGAACTCCGTGGTC-3; C4ST-2, forward pri-
mer 5-ATCAGCATCACCAGCAACA-3' and reverse primer
5-TGTGGCCTGGAGAGAGAC-3; and GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase), forward primer 5'-CATC-
TGAGGGCCCACTG-3' and reverse primer 5-GAGGC-
CATGTAGGCCATGA-3'. Quantitative real-time RT-PCR was
performed using a FastStart DNA Master plus SYBR Green
I kit (Roche Diagnostics) in a LightCycler ST300 (Roche
Diagnostics). The expression levels of ChGn-1, ChGn-2, C4ST-1
(HUGO nomenclature CHST11) or C4ST-2 (HUGO nomenclature
CHSTI2) mRNA were normalized to that of the GAPDH
transcript.

Derivatization of GAGs from L and sog9 cells using a fluorophore,
2-aminobenzamide

GAGs from L and sog9 cells were prepared as described
previously [23]. The purified GAG fraction was digested with
chondroitinase ABC, and the digests were then derivatized
with 2-aminobenzamide and analysed by HPLC as described
previously [24].

Gel-filtration chromatography of GAGs

To measure the GAG chain lengths, the purified GAG fraction was
subjected to reductive S-elimination using NaBH,/NaOH, and
then analysed by gel-filtration chromatography on a Superdex™
200 column (10 mmx300 mm) eluted with 0.2 M ammonium
bicarbonate at a flow rate of 0.4 ml/min. Fractions were collected
at 3-min intervals, freeze-dried and digested with chondroitinase
ABC. The digests were derivatized with 2-aminobenzamide, and
then analysed by HPLC on an amine-bound PA-03 column, as
described previously [24,25].

Expression of the soluble forms of the recombinant C4ST-1, C48T-2
and D4ST-1, and identification of the reaction products

Each expression plasmid (6.0 ug) was transfected into COS-
1 cells on 100-mm plates using FuGENE® 6 according to
the manufacturer’s protocol and as described previously [15].
At 2 days after transfection, 1 ml of the culture medium was
collected and incubated with 10 u1 of IgG-Sepharose (Amersham
Pharmacia Biotech) for 1h at 4°C. The beads recovered by
centrifugation (150 g at 4°C for 5 min) were washed with and
then resuspended in the assay buffer [S0 mM imidazole/HCI
(pH 6.8)], and the washed beads were tested for sulfotransferase
activity. The assays used to detect sulfotransferase have been
described previously [15] and were used with slight modifications.
Briefly, the standard reaction mixture (30 ul) contained 10 ul
of resuspended beads, 50 mM imidazole/HCl (pH 6.8), 2 mM
dithiothreitol, 10 uM [*S]PAPS (3x10° d.p.m.) and 1 nmol of
GalNAc-TM as an acceptor substrate. The reaction mixtures
were incubated at 37°C overnight and subjected to gel filtration
using the Superdex™ peptide column with 0.25 M NH,HCO,/7 %
propan-1-ol as the eluent. The radioactive fractions containing
the enzyme reaction products were pooled and evaporated
to dryness. The isolated reaction products were subjected to
reductive B-elimination using NaBH,/NaOH, and then digested
with chondroitinase AC-II. The enzymatically digested products
were analysed using the Superdex™ peptide column with 0.25 M
NH,HCO,/7 % propan-1-ol as the eluent.

Construction of an expression vector for C4ST-2 and preparation of
cells that stably expressed C4ST-2

A cDNA fragment encoding C4ST-2 was amplified using
mouse heart Marathon-Ready ¢cDNA (Clontech) as a template
by two-round PCR using specific primer sets. The first PCR
was performed with the forward primer 5'-CCAGCTGTG-
CACAAGGCTGA-3 and the reverse primer 5-TGCCTG-
TCACACCAGGAAGC-3', followed by nested PCR with the
nested forward primer 5-GCACAAGGCTGAAGTGAAGG-3'
and the reverse primer 5'-AAGGAAGCCAGGAGAGAACC-3'.
Each PCR was carried out using KOD-Plus in the presence of
5% (v/v) DMSO and was subjected to 30 cycles at 94°C for
30s, 55°C for 425, and 68°C for 2.5 min. Amplified cDNA
fragments of the expected size (~1.4kb) were purified and
subcloned into pGEM®-T Easy vectors (Promega). The cDNA
encoding a full-length form of C4ST-2 from pGEM®-T Easy-
C4ST-2 vectors was digested with EcoRI and subcloned into
the EcoRI site of a pCMV expression vector. The insert of
the plasmid constructs (pCMV-C4ST-2) was confirmed by DNA
sequencing. The expression plasmid (6.7 pg) was transfected into
L or sog9 cells on 100-mm plates using FuGENE® 6, according
to the manufacturer’s protocol. Transfectants were cultured in the
presence of 300 pg/ml G418, after which the resistant colonies
were picked and propagated for experiments.

RESULTS

A GalNAc-linkage structure did not serve as a chondroitin
polymerization substrate

Recently, it has been shown that ChGn-1-deficient mice showed
a 50% decrease in CS levels in developing cartilage and a
delay in cartilage development [20]. These results indicated
that the non-reducing terminal GalNAc-linkage structure formed
by ChGn-1 could markedly enhance the production of CS
chains mediated by chondroitin polymerases that synthesize
the CS backbone. Previously, we demonstrated that chondroitin
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Figure 2 Comparison of CS chain lengths polymerized using various
acceptors containing different non-reducing terminal structures

a-TM(O), whichisapart-time proteoglycan and bears atruncated linkage region tetrasaccharide
(GlcAB1-3Galg1-3Gal g 1-4Xyl), [*HIGaINAC-TM (L), which bears the non-reducing terminal
(GalNAc-linkage pentasaccharide, and the % S-labelled pentasaccharide TM [ S1GalNAG(4S)-TM
(@), were each tested as acceptors of polymerization reactions, and the co-expressed ChSy-1
and ChPF (A), ChSy-1 and ChSy-2 (B), ChSy-1 and ChSy-3 (C), ChSy-2 and ChPF (D),
ChSy-2 and ChSy-3(E), and ChSy-3 and ChPF (F)were used as the enzyme source, as described
in the Experimental section. 3H-Labelled or *°S-labelled polymerization reaction products were
first isolated by gel filtration, subjected to reductive B-elimination using NaBHs/NaCH, and
then rechromatographed on a Superdex™ 200 column with 0.25 M NH,HC03/7 % propan-1-ol
as the eluent. Arrowheads numbered 65.5, 37.5 and 18.1 indicate the eluted position of
65.5 kDa saccharides, 37.5 kDa saccharides and 18.1 kDa saccharides respectively, derived from
commercial polysaccharides of known sizes (dextran average molecular masses of 200 kDa,
65.5kDa, 37.5 kDa and 18.1 kDa; all from Sigma). The total volume was a fraction of ~60 (not
shown).

polymerization takes place when any two of four proteins
(ChSy-1, ChSy-2, ChSy-3 or ChPF) were co-expressed and the
acceptor substrate was «-TM with a truncated linkage-region
tetrasaccharide, GlcAB1-3Galf1-3GalB1-4Xyl [3-5]. Therefore
in the present study we measured polymerization activity using c-
TM or [*H]GalNAc-TM with the non-reducing terminal GalNAc-
linkage pentasaccharide structure as an acceptor substrate and
co-expression of any two of the ChSy-1, ChSy-2, ChSy-3
and ChPF proteins as the enzyme source (see the Experimental
section). Polymerization did not occur with any enzyme subunit
combination when [PH]GalNAc-TM was the acceptor substrate
(Figure 2, open squares). These results indicated that the non-
reducing terminal GalNAc-linkage structure did not serve as a
chondroitin polymerization substrate.

Involvement of ChGn-1 in increasing the number of CS chains

Previously, we found that overexpression of ChGn-1 slightly
increases CS levels in L cells (see Table 2 in [26]). This
result indicates that ChGn-1 might regulate the production of
CS. Therefore we examined the effects of shRNA-mediated
knockdown of ChGn-1 in L cells in the present study. The

© The Authors Journal compilation © 2012 Biochemical Society

efficiency of gene shRNA-mediated silencing was determined
by quantitative real-time RT-PCR. Transfection with ChGn-1
shRNA (L-shRNA ChGn-1-1 and L-shRNA ChGn-1-2 cells: two
different shRNAs targeted against ChGn-1 were used) resulted
in a 60-80% reduction in steady-state ChGn-1 mRNA and an
18-22 % decrease in CS when compared with control L cells
(Table 1). These findings indicate that the knockdown of ChGn-1
decreases CS levels in L cells, corresponding to expression levels
of ChGn-1 (Table 1).

We next compared the CS chain lengths in L-shRNA ChGn-1-1,
L-shRNA ChGn-1-2, and mock-transfected L cells. Gel-filtration
analysis using a Superdex™ 200 column revealed that the length
of CS chains in L-shRNA ChGn-1-1- and L-shRNA ChGn-1-
2-transfected cells was similar to that in mock-transfected cells
(Figure 3). Thus both in vitro and in vivo studies have shown that
ChGn-1 regulates the number of CS chains, in spite of the fact
that chondroitin polymerization did not occur on the non-reducing
terminal GalNAc-linkage structure.

Involvement of the GalNAc(4-0-sulfate)-linkage structure in
chondroitin polymerization

We recently found that the non-reducing terminal 4-O-sulfation of
GalNAc residues on the repeating disaccharide region synthesized
by C4ST-1 and ChGn-2 facilitates the elongation of CS chains
only by chondroitin polymerase consisting of ChSy-1 and ChPF
[26]. On the basis of this result, we predicted that the non-
reducing terminal 4-O-sulfation of newly synthesized GalNAc-
linkage regions might promote the elongation of CS chains by
chondroitin polymerases. We measured polymerization activity
using [*S]GalNAc(4S)-TM as acceptor substrates, and the co-
expression of any combination of two ChSy-1, ChSy-2, ChSy-3
and ChPF as the enzyme source. Reaction products obtained were
subjected to reductive S-elimination using NaBH,;/NaOH, and the
radiolabelled saccharides released were analysed by gel-filtration
chromatography using a Superdex™ 200 column. Chondroitin
polymerization was induced on the [®*S]GalNAc(4S)-TM when
any combination of protein subunits was used as the enzyme
source (Figure 2, closed circles). Notably, the length of the
chondroitin chains synthesized on [*S]GalNAc(4S)-TM by
ChSy-1-ChPF, ChSy-1-ChSy-3 or ChSy-3-ChPF, and on ¢-TM
were comparable (Figures 2A, 2C and 2F), but the chondroitin
chains polymerized on [**S]GalNAc(4S)-TM by ChSy-1-ChSy-2,
ChSy-2—-ChPF or ChSy-2—-ChSy-3 were longer than those formed
on a¢-TM (Figures 2B, 2D and 2E). These results indicated that
chondroitin polymerization was facilitated by the non-reducing
terminal GalNAc(4-O-sulfate)-linkage structure. Thus multiple
enzyme complexes, which each comprised any two of four ChSy
family members, synthesized more CS chains when there was a
non-reducing terminal GalNAc(4-O-sulfate)-linkage structure on
the CS acceptor substrate.

Identification of sulfotransferases involved in the 4-0-sulfation of
the GalNAc-linkage pentasaccharide

Reportedly, C4ST-1, C4ST-2 and D4ST-1 catalyse the transfer
of sulfate from PAPS to position 4 of the internal GalNAc
residue of chondroitin [14,15]. However, it is not clear
whether C4ST-1, C4ST-2 or D4ST-1 is also responsible for
transferring the sulfate to position 4 of the non-reducing terminal
GalNAc-linkage residue. Hence, we examined whether C4ST-
1, C4ST-2 and/or D4ST-1 could sulfate the GalNAc-linkage
residue. For this analysis, the recombinant C4ST-1, C4ST-2 and
DA4ST-1 were expressed and initially evaluated for sulfotransferase
activities towards internal GalNAc residues using polymer
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Table 1

Values are expressed as pmol of disaccharide per mg of dried homogenate of the cells and are means+S.EM. for three determinations. ADI-0S, AHexA(e1-3)GalNAc; ADI-6S,
AHexAe1-3GalNAC(B-0-sulfate); ADI-4S, AHexAx1-3GalNAc(4-O-sulfate); ADi-GiSp, AHexA(2-0-sulfate)e1-3GalNAG(B- 0-sulfate); ADi-diSe, AHexAx1-3GalNA(4-0-sulfate,6-0-sulfale);
N.D., not detected (<0.01 pmol/mg).

Disaccharide composition of CS in mock- and shChGn-1-transfected L cells

(a) Composition

Disaccharide L-mock {pmol/mg (mol%)] L-shRNA ChGn-1-1 [pmol/mg (mol%)] L-shRNA ChGn-1-2 [pmol/mg (mol%)]
ADI-0S 34+8(5) 20+1(7) 1441 (6)
ADI-6S 4+2(1) 13+1(5) 1141(4)
ADI-4S 251 +18(76) 210+16(78) 199 +19(77)
ADI-diSp N.D. N.D. N.D.

ADI-diSe 39+9(12) 21 +4(10) 34+3(13)

Total (pmol/mg) 328+ 20 270+22 258+ 25

(b) Relative expression

Transcript L-mock L-shRNA ChGn-1-1 L-shRNA ChGn-1-2
Relative expression of ChGn-1* 10 04 02

Relative expression of ChGn-2 1.0 1.0 12

Relative expression of C4ST-1 1.0 09 11

Relative expression of C45T-2 1.0 11 13

*Relative amounts of the ChGn-1 transcript were quantified by quantitative real-time RT-PCR. ChGn-1 mRNA expression values were normalized to GAPDH mRNA levels and are given relative to
those in L cells.

Table 2 Disaccharide composition of CS in mock-, C48T-2- and shC4ST-2-transfected L cells

Values are expressed as pmol of disaccharide per mg of dried homogenate of the cells and are means+S.EM. for three determinations. ADI-0S, AHexA(er1-3)GalNAc; ADI-6S,
AHexAc1-3GalNAc(6-0-sulfate); ADI-4S, AHexAc1-3GalNAc(4-0-suifate); ADi-diSp, AHexA(2-0-sulfate)e 1-3GalNA(6- O-sulfate); ADi-diSe, AHexAa1-3GalNAc(4- O-sulfate,6- O-sulfate);
N.D., not detected (<0.01 pmol/mg).

(a) Composition

L-C4ST-2-1 [pmol/mg L-C4ST-2-2 [pmol/mg L-shRNA C4ST-2-1 L-shRNA C4ST-2-2
Disaccharide L-mock [pmol/mg (mol%)] (mol%)] (mol%)] [pmol/mg (mol%)] [pmol/mg (moi%)}
ADI-0S 54 +6(15) 110+7(16) 85+4(15) 47 +1(20) 33+4(17)
ADI-6S 6+2(2) 1+5(2) 31+3(5 7+1(3) 3+1(2)
ADI-4S 250+ 20 (70) 472 +23 (69) 393 +7(69) 150 +2 (63) 132 +19(69)
ADI-diSp N.D. N.D. N.D. N.D. N.D.
ADI-diSe 48+12(13) 89+6(13) 60+4(11) 35+4(15) 22+3(12)
Total (pmol/mg) 358+8 682 +19 569+ 12 239+6 190+ 25
(b) Relative expression
Transcript L-mock L-C4ST-2-1 L-04ST-2-2 L-shRNA C4ST-2-1 L-shRNA C4ST-2-2
Relative expression of C4ST-2* 1.0 76 34 0.3 0.2
Relative expression of C4ST-1 1.0 08 1.2 08 1.0
Relative expression of ChGn-1 1.0 09 09 1.1 1.0
Relative expression of ChGn-2 1.0 10 1.0 1.0 12

*Relative amounts of the C4ST-2 transcript were quantified by quantitative real-time RT-PCR. C4ST-2 mRNA expression values were normalized to GAPDH mRNA levels and are given relative to
those in L cells.

chondroitin as an acceptor [15]. The activity of C4ST-1, C4ST- peptide column, and a large peak was detected at the position

2 or D4ST-1 was 550, 81 or 89 pmol/ug per h respectively.
Then, sulfotransferase activity was determined using GalNAc-
TM as the acceptor substrate and [*SIPAPS as the donor
substrate. C4ST-2 transferred sulfate to GaINAc-TM much more
efficiently than did C4ST-1 (Figure 4A). D4ST-1 showed no
activity when GalNAc-TM was used as an acceptor (Figure 44,
open triangles, inset). To identify the **S-labelled products
synthesized on the GalNAc-linkage pentasaccharide of «-TM,
the products were subjected to reductive S-elimination and then
digested to completion with chondroitinase AC-II, which cleaves
the B1-4-N-acetylgalactosaminidic linkage. The digests were
separated by gel-filtration chromatography using a Superdex™

corresponding to GalNAc-4-0-SO, (Figure 4B, closed circles).
In sharp contrast, C4ST-1 transferred sulfate to the GalNAc
residues and to a Gal residue of the linkage region, albeit transfer
to the linkage region was much less efficient (Figure 4B, open
circles, inset). These results indicated that C4ST-2 efficiently and
selectively transferred sulfate from PAPS to the non-reducing
terminal GalNAc-linkage residue.

Introduction of ChGn-1 to sog9 cells

Previously we found that C4ST-1 regulates the 4-O-sulfation
of CS and the length and amount of CS chains [23], and that,

© The Authors Journal compilation © 2012 Biochemical Society
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Figure 3 Analysis of the iength of CS chains from L, L-shRNA ChGn-1-1
and L-shRNA ChGn-1-2 celis

Purified CS fractions were subjected to reductive g-elimination using NaBH,/NaOH and then
analysed by gel-filtration chromatography on a Superdex™ 200 column (10 mmx300 mm).
The digests of individual fractions obtained with chondroitinase ABC were derivalized with
2-aminobenzamide and then analysed by HPLC. The amounts of the 2-aminobenzamide
derivatives of unsaturated disaccharides were calculated based on fluorescence intensity.
Samples from L-shRNA ChGn-1-1 (A), L-shRNA ChGn-1-2 (A) and mock-transfected
L (O) cells are shown. Arrowheads indicate the size of molecular mass standards in kDa.
Data represent one of a series of three independent experiments, where all three experiments
gave essentially the same results.
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Figure 4 Identification of **S-1abelled sulfotransferase reaction products
prepared using C4ST-1, C4ST-2 and D4ST-1 as the enzyme sources

(R) GalNAcB1-4GIcAB1-3Gal g 1-3Gal p1-4Xyl81-0-TM was tested as a potential acceptor
for sulfotransferase reactions, where C4ST-1 (O), C4ST-2 (@) or DAST-1 (A) was used as
an enzyme source, as described in the Experimental section. °S-Labelled sulfotransferase
reaction products were first isolated by ge! filtration, subjected to reductive g-elimination using
NaBH,/NaOH, and then rechromatographed on a Superdex™ peptide column with 0.25 M
NH4HCO3/7 % propan-1-ol as the eluent. The inset shows a different scaling when C4ST-1
(O) or DAST-1 (A) was used as an enzyme source. (B) ®S-Labelled sulfotransferase reaction
products were digested with chondroitinase AC-Il. The chondroitinase AC-1l digests derived
from reaction products using C4ST-1 (O) or CAST-2 (@) were isolated by gel filtration on a
Superdex™ peptide column using 0.25 M NHsHCO3/7 % propan-1-ol as the eluent. The inset
shows a different scaling when C4ST-1 (O) was used as an enzyme source. The arrowhead
indicates the elution position of GalNAc-4-SO,. The peaks marked by an asterisk indicate the
elution position of GlcAB-Gal(4- 0-sulfate)-Gal-Xyl-ol.
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Figure 5 Analysis of the length of CS chains in sog9 and sog3-ChGn-1-1
cells

Purified CS fractions were subjected to reductive B-elimination using NaBH,/NaOH and then
analysed by gel-filtration chromatography on a Superdex™ 200 column (10 mmx 300 mm).
The digests of individual fractions obtained with chondroitinase ABC were derivatized with
2-aminobenzamide and then analysed by HPLC. The amounts of the 2-aminobenzamide
derivatives of unsaturated disaccharides were calculated based on fluorescence intensity.
Samples from sog3-ChGn-1-1 (B) and mock-transfected sog9 () cells are shown. Arrowheads
indicate the size of molecular mass standards in kDa. Data represent one of a series of three
independent experiments, and all three experiments gave essentially the same results.

however, overexpression of ChGn-1 increases CS levels in C4ST-
1-deficient sog9 cells (see sog9-ChGn-1-1 and sog9-ChGn-1-2
cells in Table 3 in [26]). To further assess whether C4ST-1 was
dispensable for regulating the number of CS chains synthesized by
ChGn-1, the lengths of CS chains in sog9-ChGn-1-1-transfected
and mock-transfected sog9 cells were compared. Gel-filtration
analysis using a Superdex™ 200 column revealed that the length
of CS chains in sog9-ChGn-1-1 cells was similar to that in mock-
transfected cells (Figure 5). These results indicated that ChGn-1
regulated the number of CS chains without C4ST-1, and that
C4ST-2 might play a key role in controlling the number of CS
moieties synthesized by ChGn-1.

Introduction of C4ST-2 into L cells

We next examined whether C4ST-2 regulates the number of CS
chains by preparing L cells in which C4ST-2 is overexpressed. The
amount and disaccharide composition of CS isolated from two
stable L cell clones that express different levels of C4ST-2 (high
expression L-C4ST-2-1 and low expression L-C4ST-2-2 cells)
were analysed by HPLC (Table 2). Although the disaccharide
compositions of CS found in L-C4ST-2-1 and L-C4ST-2-2 cells
were similar to those in control L cells, the levels of CS were
higher in L-C4ST-2-1 and L-C4ST-2-2 cells; moreover, the CS
levels corresponded to the C4ST-2 expression levels (Table 2).
We then determined whether knockdown of C4ST-2 decreased
the amount of CS in L cells. The efficiency of gene silencing was
determined by quantitative RT-PCR. Transfection with C4ST-2
shRNA (L-shRNA C4ST-2-1 or L-shRNA C4ST-2-2 cells: two
different shRNAs targeted against C4ST-2 were used) resulted in
a 70-80 % knockdown of C4ST-2 mRNA and a 33-47 % decrease
in the amount of CS when compared with control L cells. These
results indicated that C4ST-2 regulated CS levels, and that CS
levels were proportional to C4ST-2 expression levels (Table 2).

Involvement of C4ST-2 in the increased number of CS chains

We next compared the lengths of CS chains in L-C4ST-2-
1-, L-C4ST-2-2-, L-shRNA C4ST-2-1-, L-shRNA C4ST-2-2-
and mock-transfected L cells. Gel-filtration analysis using a
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Figure 6 Analysis of the length of CS chains in L, L-C4ST-2, L-shRNA
C4ST-2-1 and L-shRNA C48T-2-2 cells

Purified CS fractions were subjected to reductive g-elimination using NaBHa/NaOH and then
analysed by gel-filtration chromatography on a Superdex™ 200 column (10 mm>x300 mm).
The digests of individual fractions obtained with chondroitinase ABC were derivatized with
2-aminobenzamide and then analysed by HPLC. The amounts of the 2-aminobenzamide
derivatives of unsaturated disaccharides were calculated based on fluorescence intensity. (A) The
samples from L-C4ST-2-1 (4), L-C4ST-2-2 (<) and mock-transfected L (O) cells are shown.
(B) The samples from L-shRNA C4ST-2-1 (A), L-shRNA C4ST-2-2 (A ) and mock-transfected
L (O) cells are shown. Arrowheads indicate the size of the molecular standards in kDa. Data
represent one of a series of three independent experiments, and all three experiments gave
essentially the same results.

Superdex™ 200 column revealed that the CS chain lengths in
cells transfected with L-C4ST-2-1, L-C4ST-2-2, L-shRNA C4ST-
2-1 or L-shRNA C4ST-2-2 were comparable with those in control
L cells (Figures 6A and 6B), indicating that C4ST-2 regulated
only the number of CS chains in L cells and that the number of
CS chains corresponded to C4S7-2 expression levels.

DISCUSSION

Previously, we have demonstrated that co-expression of any two of
four ChSy family members, ChSy-1, ChSy-2, ChSy-3 and ChPF,
promoted chondroitin polymerization with alternating GalNAc
and GlcA residues on the linkage-region tetrasaccharide of «-TM
[3-5]. These results indicated that ChGn-1 and ChGn-2, both of
which have GalNACT activity, were not required for chondroitin
polymerization on the linkage-region tetrasaccharide. In fact, our
recent studies found that knockdown of ChGn-2 resulted in a
decrease in CS chain length and that ChGn-2 was involved in CS
chain elongation [26]. In contrast with ChGn-2, ChGn-1-deficient
mice had fewer CS chains in developing cartilage and a delayed
cartilage development [20]. These results suggest that ChGn-1
is required for efficient initiation of CS chain polymerization;
moreover, the presence of chondroitin polymerase, meaning any
two of ChSy-1, ChSy-2, ChSy-3 and ChPF, does not compensate
for the loss of ChGn-1. In addition, the number of CS chains on

specific core proteins may be tightly regulated during cartilage
development by temporal and spatial regulation of ChGn-1
expression, and progression of cartilage disease may result from
defects in these regulatory systems.

Sakai et al. [27] reported that in virro overexpression of ChGn-
1 in chondrosarcoma cells increased the number of CS chains.
Their observations, like ours, indicate that ChGn-1 regulates the
initiation of CS. Nevertheless, the results of the present study
indicated that chondroitin polymerization did not occur on the
non-reducing terminal GalNAc-linkage structure (Figure 2, open
squares). Interestingly, the non-reducing terminal GalNAc(4-0-
sulfate)-linkage structure of CS was associated with an increased
number of CS chains when the enzyme source was any one of
several complexes that comprised any two of the four ChSy family
(Figure 2). In addition, C4ST-2 efficiently transferred sulfate to
the non-reducing terminal GalNAc-linkage residue (Figure 4). In
conjunction with our previous findings, these results indicate that
ChGn-1 co-operates with C4ST-2 to increase the number of CS
moieties.

Notably, on the basis of the data in Figure 2, ChSy-
1-ChSy-3 enzyme complexes seemed to play a central
role in chondroitin polymerization on «-TM, although
every ChSy complex tested polymerized chondroitin on a-
TM. In our previous study, ChSy family members co-
expressed in various combinations exhibited distinct but
overlapping acceptor substrate specificities with two synthetic
acceptor substrates, GlcApB1-3Galp1-O-naphthalenemethanol
and GlcApB1-3GalB1-0-C,H;NH-benzyloxycarbonyl, both of
which share a disaccharide sequence with the GAG-protein
linkage region tetrasaccharide [4]. When using the two synthetic
acceptor substrates, two complexes, ChSy-1-ChPF and ChSy-1-
ChSy-3, polymerized more chondroitin than other complexes [4].
Moreover, we recently found that the non-reducing terminal 4-O-
sulfation of GalNAc residues synthesized by C4ST-1 and ChGn-2
facilitated the elongation of CS chains only when the chondroitin
polymerase comprised ChSy-1 and ChPF, and no polymerization
was induced on these acceptors when ChSy-1 and ChSy-2, ChSy-
1 and ChSy-3, ChSy-2 and ChSy-3, ChSy-2 and ChPF, or ChSy-3
and ChPF were co-expressed [26]. Furthermore, as shown in the
present study, the non-reducing terminal GalNAc(4-O-sulfate)-
linkage structure of CS was associated with an increase in the
number of CS chains when any one of six ChSy complexes was
the polymerase (Figure 2). Thus each ChSy complex may play a
specific role in the biosynthesis of CS.

In the present study we propose that the chondroitin backbone
was synthesized via two pathways (Figure 7). Pathway A shows
that after synthesis of the linkage-region tetrasaccharide, the
ChSy-1-ChSy-3 complex is primarily responsible for chondroitin
polymerization. Pathway B shows that following complete
synthesis of the linkage-region tetrasaccharide, ChGn-1 catalyses
the transfer of a single GalNAc residue to the tetrasaccharide-
linkage region and C4ST-2 then mediates the 4-O-sulfation of the
non-reducing terminal GalNAc residue. Finally, the non-reducing
terminal 4-O-sulfation of the GalNAc-linkage structure facilitated
the elongation of CS chains via chondroitin polymerases that
comprised any combination of two ChSy family members,
although the chain lengths of chondroitin synthesized by different
ChSy enzyme complexes differed (Figure 2). These results
indicated that the mechanism of CS chain initiation, which is
largely mediated by the ChGn-1 and C4ST-2, were similar to, but
distinct from, the mechanisms of chain elongation, which was
largely mediated by ChGn-2 and C4ST-1 [26].

In a previous study, it was shown that the synthesis of
abnormally long CS chains that occurs during the development
of atherosclerosis is accompanied by increases in expression

© The Authors Journal compilation © 2012 Biochemical Society
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CS is synthesized via two pathways. (A) Following complete synihesis of the linkage-region tetrasaccharide, chondroitin polymerization with alternating GalNAc and GIcA residues occurs by an
enzyme complex comprising any two of four proteins: ChSy-1, ChSy-2, ChSy-3 and ChPF. (B) Following complete synthesis of the linkage-region tetrasaccharide, a single GalNAc residue is
transferred to the tetrasaccharide-linkage region by ChGn-1, and C4ST-2 catalyses the 4-0-sulfation of the non-reducing terminal GalNAc residue. Finally, the non-reducing terminal 4-0-sulfation
of the GalNAc-linkage structure facilitates the elongation of CS chains, which is catalysed by chondroitin polymerase consisting of any two of the following four proteins: ChSy-1, ChSy-2, ChSy-3

and ChPF.

of C4ST-1 and ChGn-2 [28]. In contrast, C4ST-2 and ChGn-
1 expression levels do not change during the progression of
atherosclerosis, suggesting that C4ST-2 and ChGn-1 may not
be involved in CS chain elongation during the development
of atherosclerosis [28]. These results indicate that functions of
ChGn-1 and ChGn-2, or C4ST-1 and C4ST-2, are different, despite
their overlapping substrate specificities in vitro. In addition, the
C4ST-1-ChGn-2 and C4ST-2-ChGn-1 complexes are important
in the regulation of CS chain length and the number of CS chains
respectively. An analysis of ChGn-2- or C4ST-2-knockout mice
should provide further insight into the distinct functions of these
proteins. C4ST-2-knockout mice may exhibit a similar phenotype
to ChGn-1-knockout mice.

ChGn-1-knockout mice had less cartilage than wild-type
mice. Sato et al. [29] also indicated that ChGn-1-deficient mice
exhibited slight dwarfism due to a minor impairment of
endochondral ossification. These results suggest that ChGn-1
is required for normal cartilage development. To date, many of
these cartilage deficiencies are characteristic of the degenerative
alterations observed with OA (osteoarthritis). OA is a
degenerative disease characterized by a loss of matrix CS and
cartilage integrity [30]. A genome-wide gene expression analysis
that compared human OA cartilage with normal donor cartilage
identified an altered level of C4ST-1 expression in OA cartilage
[31]. In fact, C4ST-1-knockout mice have severe cartilage defects,
and are characterized by disorganized and hypercellular cartilage
growth plates with a fibrillated ECM (extracellular matrix) and
an overall loss of CS [32]. On the basis of the findings that both
C4S8T-1 and ChGn-1 play key roles in mammalian chondrocyte
development and in the maintenance of healthy cartilage, it is

© The Authors Journal compilation © 2012 Biochemical Society

likely that abnormal ChGn-1 and C4ST-2 expression may be
involved in the pathogenic mechanisms of OA.

More recently, we found two missense mutations in the ChGn-1
gene, and both were associated with a profound decrease in
enzyme activity in two patients with neuropathy [33]. As we
found in the present study, ChGn-1 regulated the chain number
and amount of CS in these patients, which indicates that patients
with neuropathies may suffer from decreased levels of CS. In
addition, we demonstrated that ChGn-1 co-operates with C4ST-2
to increase the number of CS moieties. Thus C4ST-2 may also
be associated with the pathogenesis of peripheral neuropathies
because C4ST-2 abnormalities may inhibit recovery from minor
trauma. Studies on larger numbers of patients and complete family
studies are in progress.
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Regiospecifically sulfated chondroitin sulfate repeating tetrasaccharides, CS-00, GlcAB-GalNAcB-GIcAB-
GalNACB;CS-EE, GlcAB-GalNAc(4S6S)B-GlcAB-GalNACc(4S6S)B; and CS-AA, GlcAB-GalNAc(4S)p-GlcAB-Gal-
NAc(4S)p, having biotin linked with a hydrophilic linker at the reducing terminal were synthesized
effectively by a coupling of the corresponding disaccharide units and regioselective sulfation. CS-EE

showed greater affinity for midkine than CS-AA and CS-00.
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Chondroitin sulfates (CSs) play pivotal roles in neuronal growth
control,’? lymphocyte homing, viral infections? and cancer metas-
tasis.? These biological processes are caused by interaction between
CSs and characteristic proteins. It is known that regiospecific sulfate
groups on glycans are involved in these interactions. It was also
revealed that midkine interacted with GlcAB-GalNAc(4S6S)B-type
CS, though only naturally occurring oligosaccharides were
employed in the experiments.® It is difficult to achieve accurate re-
sults with natural substrates because of incomplete homogeneity
especially in relation to sulfation patterns.? We have been synthesiz-
ing CS repeating oligosaccharides of different lengths.”~® This Letter

R?20

describes the facile synthesis of CS repeating tetrasaccharides; CS-
00, GIcAB-GalNAcB-GlcAB-GalNAcB (1); CS-EE, GlcAp-Gal-
NACc(4S6S)B-GlcAB-GalNAc(4S6S)B (2); and CS-AA, GIcAB-Gal-
NACc(4S)B-GIcAB-GalNAc(4S)B (3) (Fig. 1), having biotin attached
with a hydrophilic linker at the reducing terminal in order to clarify
the effect of the microenvironment on glycans in protein-carbohy-
drate interactions. Jacquinet and his co-workers have just reported
the synthesis of biotinylated CS oligosaccharides but with GalNAc-
GlcA type sequences having a hydrophobic linker.'®!! We investi-
gated the interaction of midkine with the synthesized substrates
(1-3) immobilized on plates for the first time.
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Figure 1. Target compounds (1-3).
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Scheme 1. Synthesis of 1 and 2. Reagents and conditions: (a) TMSOTf, MSAW300, CH,Cl, —20 °C to rt, 65% (for 6), 58% (for 8); (b) HoNNHz-AcOH, toluene-EtOH, 77%; (c)
camphorsulfonic acid, CH,Cl,-MeOH, quant.; (d)SOs-NMes, DMF, 60 °C, 86%; (e)BH3.NMes, AlCl3, MS4A, CHaCl-Et;0, 13%; (f) aq LiOH, THF, then aq NaOH, CH,Cl,-MeOH,
quant. (for 14), 97% (for 15); (g) Ha, Pd-C, cat. AcOH, aq EtOH; (h) NHS-PEO,-biotin, 0.1 M Na3PO4, 0.15 M NaCl, 93% (for 1), 69% (for 2).
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Table 1
Kp values for the interaction of the synthesized tetrasa-
charides and midkine in the BlAcore system

CS-type Kp (nM)
00 2.03 x 10°
AA 17.8

AE 11.6

EE 2.62

We prepared a tetrasaccharide (8) common to the three target
compounds. The diaosyl trichloroacetimidate® was coupled with
HO(CH;);NHZ in the presence of TMSOTS to give 6 in 65% yield
(Scheme 1). The levulinoyl group was chemoselectively removed
with H,NNH,-AcOH to afford 7 in 77% yield. Another imidate hav-
ing a pivaloy! ester at the non-reducing end (5)° was coupled with
7 in the same manner as for the synthesis of 6 to give the tetrasac-
charide 8 in 58% yield. We removed both benzylidene acetals un-
der acidic conditions to obtain 9 in a quantitative yield.
Unprotected 12 was also quantitatively obtained by saponification
of 9. Subsequent hydrogenolysis afforded free amine (14) which
was coupled with a biotin linker to obtain the target compound
(1, 93%, 2 steps). Conversely, the tetraol (9) was sulfated with
S03-NMe; in DMF at 60 °C to give 11 in 86% yield. The same sapon-
ification procedure afforded 13 in 97% yield. Subsequent hydrogen-
olysis and biotinylation gave the target compound (2, 69%, 2 steps).

We tried to obtain another target compound, CS-AA (3). The
benzylidene acetal of 8 was reductively and regioselectively
opened with selected amounts of BH3;-NMes, AlCl; and H,0 in

THF'? to obtain 10 having di-O-benzyl ether at 0-6 of both GalNAc
residues in 13% yield. At the same time monobenzylated com-
pounds having intact benzylidene acetals were obtained in 36%
yield together with 30% of recovered 8. However, subsequent sul-
fation at two 4-OHs of 10 was unsuccessful. Although TLC showed
a complete change to a slower moving spot which suggested O-sul-
fation, 'TH NMR showed no downfielded signals for H-4" and 4V
(data not shown). The oxygen of the acetamide might be sulfated
as we have already reported,” but no O-sulfation occurred even
with a longer reaction time.

We re-examined the O-sulfation with a disaccharide having lib-
erated 4-OH at the GalNAc residue (20) which was synthesized by
regioselective pivaloylation at the primary position of 18 with Piv-
Cl in pyridine at —40 °C in 73% yield (Scheme 2). We observed a
similar phenomenon on TLC during the sulfation of 20 and
obtained a polar product in 92% yield (as a monosulfate) which
was subjected to a saponification reaction. The final product
proved to be non-sulfated 227 (59% yield) as expected. This result
indicates the polar product obtained by the sulfation to have an
imine-like structure (21).

To avoid sulfation at the acetamide we changed the synthetic
route as pictured in Scheme 2, employing azide instead of acetam-
ide on the galactosamine residue. The benzylidene acetal of the
known disaccharide (16)’ was removed under acidic conditions
to give 17 in 78% yield. We obtained 19 by the regioselective piva-
loylation of 17 at 6-OH. The sulfation of 19 at 4-OH afforded sulfate
(23) in 96% yield. The azide of 23 was successfully converted to
acetamide with AcSH'® to give 24 in 90% yield, thus proving that
this strategy is reasonable for obtaining the 4-O-sulfated CS.
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As shown in Scheme 3, the imidate (25)% having azide was ste-
reoselectively coupled with HO(CH,),NHZ in the same manner as
for the synthesis of 6 to give 27 in 50% yield. The levulinoyl group
of 27 was removed in 84% yield and the other imidate (26) was
coupled in the same manner as above to afford the tetrasaccharide
(29) in 43% yield. Two benzyliden acetals of 29 were removed to
obtain 30 and the primary alcohols of which were pivaloylated
to give 31 in a quantitative yield (2 steps). The two liberated hy-
droxyl groups were sulfated with SO3-NMejs in DMF to give 32 in
92% yield. All the acyl groups were quantitatively removed by
saponification to obtain 33.

We then examined the chemoselective reduction of the azide of
33 in the presence of Z. Z is thought to usually resist hydrogenoly-
sis in the presence of a Lindlar catalyst,'* but was completely re-
moved in our case. It seems that this reaction deeply depends on
the lot of the reagent or degree of Pd by PbSO,. An alternative Pd
catalyst, Pd-C/Ph,S,!> afforded the same result. We also tried the
reduction of azide with AcSH, but obtained a very low yield. Naka-
hara’s group achieved the reduction of azide with Zn and AcOH in
ethyl acetate.'® We employed Zn in AcOH but this afforded a
complicated reaction mixture. However, aq AcOH (AcOH:
H,0 =5:1) instead of glacial AcOH completely improved the reac-
tion to give 34 in 62% yield after N-acetylation. The final removal
of Z by hydrogenolysis and subsequent biotinylation at the non-
reducing end as above afforded CS-AA (3) in 58% yield (2 steps).
We confirmed the structures of 1-3 by 'H NMR spectroscopy and
TOF-MS.1?

The tetrasaccharides having a biotin linker were immobilized
on plates and their affinity for midkine was investigated.'® We also
prepared a CS-AE type substrate, GlcAB-GalNAc(4S)B-GlcAB-Gal-
NAc(4S6S), by digestion with 6-O-sulfatase. Midkine exhibited
interaction with these tetrasaccharides. The Kp values are summa-
rized in Table 1. Midkine had the highest affinity for CS-EE among
the tetraosyl biotins with other types of sulfation patterns. The Kp
value of CS-AE is larger than that of CS-EE. It seems that the 6-0-
sulfate at the non-reducing terminal is important for binding to
midkine. The sulfate at the 4-position at the non-reducing end is
also involved in the interaction with midkine.

In summary, we synthesized chondroitin sulfate tetrasaccha-
rides having different sulfation patterns via the 2+2 coupling of
disaccharide units. These oligosaccharides are linked to biotin via
a hydrophilic linker. We clarified that midkine preferred the highly
sulfated EE-type sequence to the AE, AA and OO-type chondroitin
tetrasaccharides.
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3.65 (m, 7H, H-4"> ™ 5 11 6" Vx4), 3.80 (m, 1H, H-3V), 3.76 (m, 5H, H-n, 1), 3.68
(m, 2H, H-3", 5", 3.68 (br s, 12H, H-m), 3.64-3.57 (m, 4H, H-3" ", | x 2),3.43
(m, 4H, H-k, q), 3.36 (m, 2H, H-2" "}, 332 (m, 1H, H-e), 2.98 (dd, 1H,
Jgem = 13.02 Hz, H-d), 2.77 (d, 1H, H-d’), 2.52 (br t, 2H, ] = 6.09 Hz, H-0), 2.26 (br
t, 2H, ] = 7.30 Hz, H-i), 2.02, 1.99 (2s, 3H x 2, 2NAc), 1.70 (m, 1H, H-f), 1.64 (m,
2H, H-h), 1.58 {m, 1H, H-f), 1.40 (m, 2H, H-g).MALDI-TOFMS: m/z calcd for
Cs1HgaNgO30SNa, 1315.49; found, 1315.49 [M+Na*].Compound 2: "H NMR: &
474 (s, 1H, H-4"), 4.67 (d, 1H, J34 = 2.28 Hz, H-4"), 4.59 (m, 2H, H-1", ¢), 4.54
(d, 1H, J12 = 9.78 Hz, H-1"), 452 (d, 1H, J12=9.72 Hz, H-1' > ™), 4,52 (d, 1H,
J12=7.74 Hz, H-1" °1), 442 (dd, 1H, Jyc = 7.87 Hz, Jue = 4.50 Hz, H-b), 4.02 (d,
1H,J] = 9.78 Hz, H-5'), 4.01 (brd, 1H, J = 3.90 Hz, H-2"), 3.95 (d, 1H, J4 5 = 9.86 Hz,
H-5"), 3,92 (m, 1H, H-r), 3.88 (dd, 1H, Jo3 = 12.43 Hz, H-2"), 3.86 (m, 1H, H-
3y, 3.84-3.65 (m, 6H, H-5" IV, 6" V x 2), 3.82 (m, 2H, H-4" ™), 3.81 (m, 1H, H-
3H%),3.77 (m, 3H, H-n, 1), 3.67 (m, 14H, H-3" ", m), 3.62 (m, 2H, H-1), 3.42 (m,
4H, H-k, q), 3.38 (m, 2H, H-2" ™) 333 (m, 1H, H-e), 2.99 (dd, 1H,
Jgem = 13.08 Hz, Jcq=4.98 Hz, H-d), 2.77 (d, 1H, H-d'), 2.52 (t, 2H, J=6.15 Hz,
H-0), 2.27 (t, 2H, ] = 7.32 Hz, H-i), 2.02, 2.00 (25, 3H x 2, 2NAc), 1.72 (m, 1H, H-
f), 1.62 (m, 2H, H-h), 1.59 (m, 1H, H-F), 1.41 (m, 2H, H-g). MALDI-TOFMS: m/z
caled for Cs1HgoNgO42SsNas, 1723.19; found, 1723.24 [M+Na*]. Compound 3:
TH NMR: 6 4.76 (m, 1H, H-4"), 4.71 (d, 1H, Ja4 = 2.10 Hz, H-4"), 4.62 (m, 1H, H-
1", 460 (m, 1H, H-c), 4.60 (d, 1H, J1,=7.80Hz, H-1V), 455 (d, 1H,
J12=7.98Hz, H-1' " ™), 454 (d, 1H, J12=7.92 Hz, H-1" " '), 4.42 (dd, 1H,
Joe=7.92 Hz, Joo = 4.50 Hz, H-b), 4.29-4.20 (m, 4H, H-6" "V x 2), 4.11 (m, 2H,
H-5" V), 4,03 (m, 2H, H-2"3"), 4.02 (d, 1H, J=9.66 Hz, H-5"), 3.97 (d, 1H,
Jas=9.78 Hz, H-5 "), 3.92 (m, 1H, H-r), 3.88 (m, 2H, H-2", 3"), 3.83 (m, 2H, H-
4Ly 377 (m, 3H, H-n, 1), 3.71-3.64 (m, 14H, H-3" ", m), 3.62 (1 2H,
J=5.34 Hz, H-1), 3.42 (m, 4H, H-k, q), 3.39 (m, 2H, H-2" "), 3.33 (m, 1H, H-e),
2.99 (dd, 1H, Jgem = 13.08 Hz, Jcq = 4.98 Hz, H-d), 2.77 (d, 1H, H-d'), 2.52 (t, 2H,
J=6.09 Hz, H-0), 2.27 (t, 2H, J = 7.30 Hz, H-i), 2.02, 2.00 (2s, 3H x 2, 2NAc), 1.72
(m, TH, H-f), 1.64 (m, 2H, H-h), 1.57 (m, 1H, H-f), 1.41 (m, 2H, H-g).
Streptavidin-coated sensor chip (Sensor Chip SA)(GE Healthcare) was washed
with 1M NaCl at a flow rate of 30 pl/min according to the manufacture’s
instructions. Biotinylated tetrasaccharides diluted in HBS-EP buffer (10
mMHEPES, 0.15 M NaCl, 3.4 mM EDTA, 0.005% surfactant P20, pH 7.4) were
perfused and allowed to interact with the surface of the sensor at a flow rate of
30 pl/min. Kinetic analyses were performed using a range of recombinant
midkine concentrations (90, 180, and 360 nM)at 30 pl/min. Midkine was
applied to the sensor chip (30 pl/min) for 2 min and left to dissociate for 3 min.
Surfaces were regenerated using 1M NaCl. Data were analyzed by BIA
evaluation 3.0 software using a 1:1 Langmuir binding model.
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Persistent cortical plasticity by upregulation of

chondroitin 6-sulfation

Shinji Miyata'2, Yukio Komatsu®, Yumiko Yoshimura*, Choji Taya® & Hiroshi Kitagawa!-?

Cortical plasticity is most evident during a critical period in early life, but the mechanisms that restrict plasticity after the critical
period are poorly understood. We found that a developmental increase in the 4-sulfation/6-sulfation (4S/6S) ratio of chondroitin
sulfate proteoglycans (CSPGs), which are components of the brain extracellular matrix, leads to the termination of the critical
period for ocular dominance plasticity in the mouse visual cortex. Condensation of CSPGs into perineuronal nets that enwrapped
synaptic contacts on parvalbumin-expressing interneurons was prevented by cell-autonomous overexpression of chondroitin
6-sulfation, which maintains a low 4S/6S ratio. Furthermore, the increase in the 4S/6S ratio was required for the accumulation
of Otx2, a homeoprotein that activates the development of parvalbumin-expressing interneurons, and for functional maturation of
the electrophysiological properties of these cells. Our results indicate that the critical period for cortical plasticity is regulated by
the 4S/6S ratio of CSPGs, which determines the maturation of parvalbumin-expressing interneurons.

Ocular dominance plasticity is a classic example that has been used
to study the effects of experience on cortical circuits'. Brief mon-
ocular deprivation leads to a reduction in the responses of visual
cortical neurons to the deprived eye and an increase in the responses
to the nondeprived eye. Sensitivity to monocular deprivation is high
in juvenile animals during a critical period in early life (postnatal
days 19-32 (P19-32) in the mouse visual cortex), after which cortical
neurons become less plastic’. Considerable evidence indicates that
functional changes in the balance between excitation and inhibition
control ocular dominance plasticity®. In particular, maturation of a
subset of inhibitory interneurons expressing the calcium-binding
protein parvalbumin has been proposed to be crucial for defining
the timing of the critical period®*>.

CSPGs consist of a core protein with covalently attached chon-
droitin sulfate glycosaminoglycan chains (Fig. 1a) and are major
components of the brain extracellular matrix®. During postnatal
development, CSPGs condense around the soma and proximal den-
drites of parvalbumin-expressing interneurons, forming perineu-
ronal nets (PNNs), a specialized extracellular matrix structure that
interdigitates with synaptic contacts’. PNNs are composed of several
CSPGs and hyaluronan, and the interaction between CSPGs and
hyaluronan is stabilized by tenascin-R and cartilage link proteins®.
Although the cellular origins of their components are not fully under-
stood, both neurons and glial cells may contribute to the formation of
PNNs®. Digestion of chondroitin sulfate chains with chondroitinase
ABC disrupts PNNs and reactivates ocular dominance plasticity in
adult animals after the closure of the critical period, indicating that
the chondroitin sulfate moieties of CSPGs are responsible for PNN
formation and control of the critical period plasticity'?. It has been

suggested that chondroitin sulfate chains present a physical barrier
that limits the critical period plasticity by preventing rearrangements
of synaptic connections because they inhibit axonal sprouting and
regeneration after nerve injury'!. However, it is unlikely that all chon-
droitin sulfate chains inherently inhibit plasticity, as chondroitin sul-
fate chains are very abundant, even in the juvenile brain during the
critical period.

Recent studies have proposed that the functional information of
CSPGs is encoded by the specific sulfation sequence of chondroi-
tin sulfate chains®!2-14, Chondroitin sulfate chains are long linear
polysaccharides that are composed of a repeating disaccharide unit
that consists of glucuronic acid and N-acetylgalactosamine (GalNAc)®.
During biosynthesis, GalNAc residues of the repeating disaccharide
units are sulfated at C6 and C4 by chondroitin 6-sulfotransferase-1
(C6ST-1) and chondroitin 4-sulfotransferase-1 (C4ST-1), respectively
(Fig. 1a). Chondroitin sulfate chains can act as both inhibitory mol-
ecules for axonal growth and neuritogenic molecules depending on
their sulfation status®!3. Previously, we found that the neuritogenic
effect of particular chondroitin sulfate chains was mediated by spe-
cific interaction with a cell adhesion molecule, contactin-1 (ref. 13).
Despite increasing in vitro evidence that chondroitin sulfate chains
act in a sulfation pattern—-dependent manner, the role of CSPG sul-
fation patterns in cortical plasticity has garnered little attention.
Specifically, the relationship between sulfation patterns of chondroi-
tin sulfate and functional maturation of inhibitory interneurons has
not been addressed. Moreover, the importance of specific sulfation
patterns of chondroitin sulfate to cortical plasticity may have been
overlooked in previous studies of chondroitin sulfate and plastic-
ity because chondroitinase ABC treatment destroys all chondroitin
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sulfate chains, irrespective of sulfation status. The 4S/6S ratio changes
during several biological processes'®!5; thus, we hypothesized that
sulfation patterns of chondroitin sulfate regulate the critical period
plasticity. To test this hypothesis, we generated transgenic mice
that overexpress human C6ST-1, a sulfotransferase catalyzing the
6-sulfation of chondroitin sulfate chains, under the control of a
chicken B-actin promoter.

RESULTS

Sulfation patterns of chondroitin sulfate in mouse brain

We initially examined sulfation patterns of chondroitin sulfate in the
developing mouse brain. Chondroitin sulfate chains isolated from
mouse brain at different ages were digested with chondroitinase ABC
and the resultant disaccharides were analyzed by high-performance
liquid chromatography (Supplementary Table 1). In wild-type mice,
the proportion of chondroitin 6-sulfation gradually decreased, whereas
that of chondroitin 4-sulfation progressively increased (Fig. 1b,c),
which resulted in a sharp increase in the 45/6S ratio during develop-
ment (Fig. 1d). In adult wild-type brain, chondroitin sulfate chains
were mostly composed of chondroitin 4-sulfation, with chondroitin
6-sulfation only accounting for 2% of the total chondroitin sulfate.
C6ST-1 (also known as CHST3) transgenic mice showed an increased
proportion of chondroitin 6-sulfation and a decreased proportion of
chondroitin 4-sulfation throughout development relative to control
mice. The 4S/6S ratio in C6ST-1 transgenic mice was substantially
lower than the ratio in control mice from P14 onward. Although the
sulfation patterns of chondroitin sulfate changed markedly, the total

a CS chain

Core protein

amount of chondroitin sulfate remained constant during develop-
ment and did not differ between C6ST-1 transgenic and wild-type
mice (Fig. 1e).

We also found that the developmental shift of the 4S/6S ratio cor-
related with the maturation timing of cortical regions. The 45/6S ratio
shift in the visual cortex occurred after that in the somatosensory
cortex (Fig. 1f), which is consistent with the later maturation of the
visual cortex!”. Raising animals in complete darkness (dark rearing)
delays the onset and termination of the critical period for ocular
dominance plasticity in the visual cortex?. However, the 45/6S ratio
in the visual cortex was not affected by dark rearing (control, n = 4,
45/6S ratio = 16.8 +0.39; dark rearing, n = 4, 45/6S ratio = 15.9 £ 0.30;
P >0.1), suggesting that the temporal shift of the 45/6S ratio is devel-
opmentally programmed, but is not dependent on visual experience.
On the basis of immunohistochemical analysis using CS56 antibody
that recognizes chondroitin 6-sulfation-related structures'®, we found
that the shift in the sulfation patterns of chondroitin sulfate in C6ST-1
transgenic mice was delayed relative to that in wild-type mice (Fig. 1g),
which is consistent with the results of our chemical disaccharide com-
position analysis. These results indicate that the sulfation patterns,
but not the amount of chondroitin sulfate chains, changed during
the critical period and that C6ST-1 transgenic mice retain immature
sulfation patterns of chondroitin sulfate throughout life.

C6ST-1 transgenic adults retain ocular dominance plasticity
To investigate whether the sulfation patterns of chondroitin sulfate
influence the onset of the critical period, we assessed ocular dominance

b
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Figure 1 Developmental changes of sulfation patterns of chondroitin sulfate in mouse brain. (a) Schematic
of the sulfation of the chondroitin sulfate (CS) chain. During biosynthesis, most of the repeating disaccharide
units consisting of glucuronic acid (GIcA) and GalNAc are sulfated by C6ST-1 or C4ST-1. (b-e) The proportion
of chondroitin 6-sulfation (b), chondroitin 4-sulfation (c), the ratio of 48/6S (d), and the total amounts of
chondroitin sulfate chains (e) in wild-type (WT, filled square) and C6ST-I transgenic (TG, open circle) mice
during development. Molar percentages in b and ¢ were calculated by dividing the amount of chondroitin

PO P14 P21 P35

6- and 4-sulfation, respectively, by the total amount of disaccharides. The 4S/6S ratio was calculated by dividing the molar percentage of chondroitin
4-sulfation by that of chondroitin 6-sulfation. (f) The ratio of 4S/68 in the somatosensory cortex (SSC, filled square) and visual cortex (VC, open circle)
in wild-type mice. Error bars represent s.d. (n = 3 for each point). *P < 0.05 (Student's ¢ test) between the two groups at the same time point. (g) C6ST-1
transgenic mice showed a delayed decrease in CS56 staining in the developing visual cortex. Cortical layers are indicated with Roman numerals on the

left. Scale bar represents 100 pm.
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sulfate participate in the termination of the
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critical period. (a) Monocular deprivation
periods of 3 or 6 d beginning at P24-26
resulted in a significant decrease in the
contralateral/ipsilateral (C/1) ratio in both
wild-type and C6ST-1 mice as compared with
nondeprived (No MD) mice. (b) In both groups,
3-d monocular deprivation depressed responses
to the deprived eye (open bars) and 6-d
monocular deprivation potentiated responses to

C/l ratio
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the nondeprived eye (filled bars) (No MD: wild
type n= 12, C657-1, n=10; 3-d monocular
deprivation: wild type n=18, C6ST-1, n= 14;
6-d monocular deprivation: wild type n= 12,
C6ST-1, n=11). (¢) In adulthood (P60-90),
3-d monocular deprivation did not affect the
contralateral/ipsilateral ratio in wild-type mice,
but did induce a significant contralateral/
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ipsilateral shift in C6ST-1 mice. 6 d of monocular deprivation caused a significant contralateral/ipsilateral shift in both groups. (d) In wild-type mice,
6-d monocular deprivation induced potentiation of the responses to the nondeprived eye (filled bars), but no change in the responses to the deprived
eye (open bars). C6ST-1 mice showed depression in the responses to the deprived eye and potentiation of the responses to nondeprived eye (No MD:
wild type n= 11, C6ST-1, n= 12; 3-d monocular deprivation: wild type n= 10, C6ST-1, n = 11; 6-d monocular deprivation: wild type n= 8, C6ST-1,
n=14). *P < 0.05 (Student’s t test) from No MD groups. Error bars represent s.e.m. Representative waveforms of VEPs are shown at the top of b and d.

Scale bars represent 100 ms and 100 pV.

plasticity by recording visual evoked potentials (VEPs) from the bin-
ocular zone of the primary visual cortex. In both groups, the baseline
ratio of contralateral eye VEP amplitude to ipsilateral eye VEP ampli-
tude (the contralateral/ipsilateral ratio) was approximately 2, reflecting
the contralateral eye dominance (Fig. 2a). We found that a 3- or 6-d
monocular deprivation from P24-26 (the peak of the critical period)
resulted in a significantly decreased contralateral/ipsilateral ratio in
both groups (P < 0.05; Fig. 2a). Comparison of VEP amplitudes before
and after monocular deprivation revealed two temporally distinct
mechanisms for ocular dominance shift, as have been reported pre-
viously'®. In both groups, the decrease in the contralateral/ipsilateral
ratio was mediated by rapid depression of the responses to the deprived
eye and by delayed potentiation of the responses to the nondeprived
eye (Fig. 2b). Eye-specific projections from the retina to the dorsal
lateral geniculate nucleus (dLGN) are known to be established in
the first postnatal week?. C6ST-1 transgenic mice had normal eye-
specific segregation of retinogeniculate axon terminals in the dLGN
(Supplementary Fig. 1). Together, these results suggest that the initial
construction of visual pathway and the onset of the critical period
occur normally in C6ST-1 transgenic mice.

We next explored the effect of an altered sulfation pattern of chon-
droitin sulfate on the termination of the critical period. A 3-d mon-
ocular deprivation period did not alter the contralateral/ipsilateral
ratio in wild-type adults as it had in juvenile mice (Fig. 2c). However,
C6ST-1 transgenic adults did experience a significant contralateral/
ipsilateral shift (P = 0.02) following 3 d of monocular deprivation
imposed after the critical period. Although recent studies have sug-
gested that a longer period of monocular deprivation can induce a
weak shift in the contralateral/ipsilateral ratio in adult animals, the
nature of juvenile and adult ocular dominance plasticity is markedly
different?!. In wild-type adults, 6 d of monocular deprivation caused
a mild, but statistically significant (P < 0.05), contralateral/ipsilateral
shift that was mainly mediated by increased responses to the non-
deprived eye, rather than by decreased responses to the deprived eye
(Fig. 2d). This indicates that depression in responses to the deprived
eye in wild-type mice is restricted to the critical period. In contrast,
the contralateral/ipsilateral shift in C6ST-1 transgenic adults caused
by 6 d of monocular deprivation resulted from both depression in

responses to the deprived eye and potentiation of responses to the
nondeprived eye, which is similar to that observed in juvenile mice.
These results suggest that C6ST-1 transgenic adults retain juvenile-
like ocular dominance plasticity.

C6ST-1 transgenic mice have reduced PNNs formation

We next examined whether the sulfation patterns of chondroitin sulfate
affected formation of PNNs using a well-established marker, Wisteria
floribunda agglutinin (WFA)?2. During the first postnatal week, CSPGs
were diffusely distributed and no PNN was observed in the visual
cortex (Fig. 3). Formation of WFA* PNNs began around P14, gradually
increased after the critical period and displayed a time course similar to
the shift in the 4S/6S ratio (Fig. 3a,b). In the visual cortex of wild-type
adults, most parvalbumin-expressing interneurons (90%) were sur-
rounded by WFA* PNNs. Notably, C6ST-1 transgenic mice showed a
significantly reduced (P = 0.002 for P28, P = 0.0005 for adults) number
of WFA* PNNs during and after the critical period (Fig. 3a,c); how-
ever, the number of parvalbumin-expressing interneurons was similar
in wild-type and C6ST-1 transgenic mice (Fig. 3a,d). This indicates
that developmental changes in sulfation patterns of chondroitin sulfate
are required for normal formation of PNNs.

Notably, some parvalbumin-expressing interneurons (10%) in
C6ST-1 transgenic mice were enwrapped by a distinct PNN-like struc-
ture that was recognized by CS56 antibody (Fig. 3e). These CS56*
PNNss rarely colocalized with conventional WFA* PNNs in C6ST-1
transgenic mice and were not observed in wild-type controls (Fig. 3f).
Thus, the lack of WFA staining does not necessarily mean the absence
of PNNs in C6ST-1 transgenic mice. Instead, subpopulation of
parvalbumin-expressing interneurons was surrounded by chondroi-
tin 6-sulfation-enriched PNNs. Western blot analysis showed that
the overall quantity of various core proteins, including aggrecan, a
major CSPG in PNNs??, were not altered in C6ST-1 transgenic mice
(Supplementary Fig. 2), indicating that abnormal formation of PNNs
in C6ST-1 transgenic mice is not a result of the reduced expression of
PNN components. These results indicate that overexpression of C6ST-1
reduces the formation of conventional WFA* PNNs and increases
the number of CS56* PNNss rich in chondroitin 6-sulfation around
parvalbumin-expressing interneurons.
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Figure 3 Impaired PNNs formation in C6ST-1
mice. (a) Adult C6ST-1 mice showed

decreased formation of WFA* PNNs relative to
controls. Right, high-magnification images of
parvalbumin (PV)-expressing interneurons

with or without (arrowhead) WFA* PNNs.

(b) WFA* PNNs (red) first appeared at P14 in
the visual cortex of wild-type mice. Nuclei were
counterstained with Hoechst (blue). Cortical
layers are indicated with Roman numerals on
the left. (c,d) The number of WFA* PNNs (c),
but not parvalbumin-expressing interneurons {d)
in C6ST-1 mice (closed bars) was significantly

less than controls (open bars) throughout life. b
*P < 0.005 (Student’s t test) between control
versus C6ST-1 transgenic for P28 and adult
(P60-90), and P28 versus adult for control and
C6ST-1 transgenic. Error bars represent s.e.m.;
n=4-9. (e) Subpopulation of parvalbumin-
expressing interneurons were surrounded

by chondroitin 6-sulfation—enriched CS56*
PNNs (arrowheads) in C6ST-1 mice. (f) CS56*
PNNs (arrowheads) were not colocalized with
conventional WFA* PNNs in C6ST-1 mice and
were not observed in wild-type mice. Scale bars
represent 100 um (left panels in a,b), 10 um
(right panels in a) and 50 um (e,f).

Sulfation patterns of PNNs regulate accumulation of Otx2
How could the sulfation patterns of chondroitin sulfate in PNNs influ-
ence critical period plasticity? The Otx2 homeoprotein was recently
shown to regulate ocular dominance plasticity via its effects on matu-
ration of parvalbumin-expressing interneurons®. Previous data sug-
gest that Otx2 protein produced in the retina and dLGN is transported
to the visual cortex via thalamocortical axons, secreted from thalam-
ocortical terminals and internalized by postsynaptic parvalbumin-
expressing interneurons®. However, because less than 20% of all
thalamocortical synapses contact inhibitory interneurons, including
parvalbumin-expressing interneurons?, it is unclear how Otx2 selec-
tively accumulates in parvalbumin-expressing interneurons. Thus, we
tested whether the sulfation patterns of PNNs around parvalbumin-
expressing interneurons affect the incorporation of Otx2. In the
visual cortex of wild-type mice, Otx2 protein first became evident
in parvalbumin-expressing interneurons during the critical period,
and the number of Otx2* cell was substantially increased by adult-
hood (Fig. 4a,b). Notably, there were significantly fewer (P = 0.001
for P28, P = 0.0002 for adults) Otx2" cells in C6ST-1 transgenic mice
than in wild-type mice (Fig. 4a,b). Otx2 was mostly detected in
parvalbumin-expressing interneurons surrounded by WFA* PNNs,
but was not observed in parvalbumin-expressing interneurons sur-
rounded by CS56* PNNs (Fig. 4c), suggesting that the accamulation
of Otx2 was dependent on the sulfation patterns of chondroitin sulfate
in PNNs. Closer observation revealed that Otx2 was distributed in a
punctate pattern in the soma and proximal dendrites of parvalbumin-
expressing interneuron (Fig. 4d). Otx2-immnopositive puncta did not
overlap with, but were closely apposed to, WFA* PNNs. The expression
of Otx2 mRNA in the retina and dLGN was indistinguishable between
the two groups, excluding the possibility that overexpression of C6ST-1
affects expression of Otx2 transcripts (Supplementary Fig. 3).
Neither wild-type nor C65T-1 transgenic mice expressed detectable
levels of Otx2 mRNA in the visual cortex.

We further analyzed the spatial relationship between PNNs and tha-
lamocortical synaptic contact sites in layer 4, which receives most of
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the thalamocortical input. Three-dimensional reconstruction of WFA*
PNNis revealed a distinct meshwork surrounding soma and proximal
dendrites of parvalbumin-expressing interneurons in wild-type mice
(Fig. 5a). We selectively labeled thalamocortical boutons using anti-
body against vesicular glutamate transporter 2 (VGluT2)?% The holes
in the meshwork of WFA* PNNs were evidently the areas occupied
by thalamocortical boutons. In contrast, C$56* PNNs showed sparse
dot-like particles rather than a meshwork structure, and thalamo-
cortical boutons projecting onto parvalbumin-expressing interneu-
rons in C6ST-1 transgenic mice were not surrounded by PNNs
(Fig. 5a). Because both WFA lectin and CS56 antibody recognize
the chondroitin sulfate moiety of CSPGs, we stained WFA* and
CS56* PNNs with an antibody recognizing the core protein portion
of aggrecan. This confirmed the meshwork structure of WFA* PNNs
in controls and the diffusely spread and less condensed morphology of
CS56* PNNs in C6ST-1 transgenic mice (Fig. 5b). These results indi-
cate that diffuse PNNs that are rich in chondroitin 6-sulfation may be
unable to tightly surround thalamocortical synaptic contacts, leading
to diffusion and reduced accumulation of Otx2 at these contacts.

Overexpression of C6ST-1 in inhibitory interneurons

To address the cellular origin of the abnormal PNNs formation in
C6ST-1 transgenic mice, we carried out two series of experiments.
First, we assessed the possible contribution of astrocytes to the forma-
tion of CS56 PNNs using a heterologous neuron and astrocyte co-
culture system. We found that parvalbumin-expressing interneurons
were surrounded by CS56* PNNs when cortical neurons from C6ST-1
transgenic, but not wild type, mice were grown on an astrocyte mono-
layer, regardless of the origin of the astrocytes (Supplementary Fig. 4).
This suggests that overexpression of C6ST-1 in neurons, but not in
astrocytes, is required for the formation of CS56" PNNs.

Second, we sought to directly determine whether cell-autonomous
upregulation of chondroitin 6-sulfation in parvalbumin-expressing
interneurons induces the formation of CS56* PNNs in vivo. In
contrast with excitatory pyramidal neurons that are born in the

ADVANCE ONLINE PUBLICATION NATURE NEUROSCIENCE

—159—



o
]
2
@
o
o
e
)
2
E
2
-
<
S
£
o
o
=
]
E
<
e
3
]
®
<
o~
-
S
&
©

Figure 4 Sulfation patterns of chondroitin
sulfate-dependent accumulation of Otx2
homeoprotein in parvalbumin-expressing
interneurons. (a) In adult visual cortex, C6ST-1
mice had reduced accumulation of Otx2 in
parvalbumin-expressing interneurons as relative
to controls. (b) Quantitative analysis of the
number of Otx2* cells in wild-type (open bars)
and C6ST-1 (closed bars) mice. *P < 0.05
(Student’s t test) between P28 versus adult for
control and control versus C6ST-1 transgenic
for P28 and adult. Error bars represent s.e.m.
(n = 3-6). (c) Otx2 (arrowheads) accumulated
in parvalbumin-expressing interneurons
surrounded by WFA* PNNs in controls, but

not in parvalbumin-expressing interneurons
surrounded by CS56* PNNs (arrows) in C6ST-1
mice. (d) Otx2-immnopositive puncta in
parvalbumin-expressing interneurons closely
apposed to WFA* PNNs. Scale bars represent
100 um (a,c) and 2 pum (d).

cortical proliferative zones, inhibitory inter-
neurons, including parvalbumin-expressing
interneurons, originate from the ganglionic
eminences and migrate tangentially into the
cortex?>. Thus, to achieve interneuron-specific gene expression, we per-
formed ganglionic eminence-directed in utero electroporation?5?7 with
C6ST-1-expressing and yellow fluorescence protein (YFP)-expressing
plasmids at embryonic day 12.5 (E12.5; Fig. 6a). Immunohistochemical
analysis of the postnatal cortex at P30 showed that 26% of transfected
neurons (n = 24 of 91 YFP-positive neurons) were immunoreactive for
parvalbumin (Fig. 6b). Notably, in contrast with untransfected con-
trol parvalbumin-expressing interneurons, most C6ST-1-transfected
parvalbumin-expressing interneurons were surrounded by CS56%
PNNs (88%, n = 21 of 24 YFP and parvalbumin double-positive neu-
rons; Fig. 6b). As observed in C6ST-1 transgenic mice, Otx2 was not
accumulated in parvalbumin-expressing interneurons surrounded by
CS56™ PNNs (0%, n = 0 of 20 YFP and CS-56 double-positive neurons;
Fig. 6¢). No CS56* PNNs were formed when C6ST-1 was overexpressed
in excitatory pyramidal neurons (Fig. 6d). These results indicate that
PNNs formation and Otx2 accumulation were locally affected by
parvalbumin-expressing interneuron autonomous production of
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chondroitin 6-sulfation. In addition, these results suggest that sulfa-
tion patterns of chondroitin sulfate are involved in the uptake of Otx2
at the postsynaptic level, but not at the presynaptic level (for example,
transport from subcortical to cortical areas and secretion from presy-
naptic terminals).

Electrophysiological properties of visual cortical neurons

We then asked what kinds of changes are produced in the electrophysi-
ological properties of parvalbumin-expressing interneurons by overex-
pression of C6ST-1 using slice preparations of visual cortex at P30-34,
after the peak of ocular dominance plasticity. Whole-cell recordings
were conducted from nonpyramidal neurons located in or near
layer 4 with patch pipettes containing biocytin in the current-clamp
mode. We analyzed fast-spiking cells, as parvalbumin-expressing
interneurons are practically equivalent to fast-spiking cells?8. We
encountered cells showing spike discharges that were characteristic
of fast-spiking cells in C6ST-1 transgenic, as well as in wild-type, mice.
A relative lack of spike-frequency adapta-
tion during repetitive firing, a characteristic

Figure 5 Chondroitin 6-sulfation-enriched
PNNs show a diffuse structure and are unable
to tightly surround thalamocortical synaptic
contacts. (a) Three-dimensional reconstruction
revealed a distinct meshwork of WFA* PNNs

in controls. In contrast, CS56* PNNs in
C6ST-1 mice were sparse dot-like structures.
Right, magnification of boxed regions in the
left panels. VGluT2-labeled thalamocortical
boutons (arrowheads) were embedded in the
meshwork of WFA* PNNs in controls, whereas
these boutons were not surrounded by CS56+
PNNs in C6ST-1 mice. (b) Staining with
antibody to aggrecan (Agg) revealed a well-
formed meshwork and almost the same pattern
as that with WFA lectin in controls. In contrast,
aggrecan staining of CS56* PNNs in C6ST-1
mice appeared diffuse and less condensed over
the soma. Scale bars represent 2 um.
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