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N-Acetylglucosamine 6-O-sulfotransferase-2 (GlcNAc6ST-2)
catalyzes the sulfation of mucin-like glycoproteins, which func-
tion as ligands for a lymphocyte homing receptor, L-selectin, in
the lymph node high endothelial venules (HEVs).We previously
showed that GlcNAc6ST-2 is expressed not only in lymph node
HEVs but also in the colonic epithelial cells in mice. Here we
investigated the regulatorymechanism and physiological signif-
icance of colonic expression of GlcNAc6ST-2 in mice. Treat-
ment of a mouse colonic epithelial cell line with butyrate, a
short-chain fatty acid produced by anaerobic bacteria, induced
GlcNAc6ST-2 expression in the presence of epidermal growth
factor. Administration of butyrate in the drinking water stimu-
lated GlcNAc6ST-2 expression in the mouse intestine, indicat-
ing that butyrate could serve as a regulatory molecule for the
GlcNAc6ST-2 expression in vivo. Immunohistochemical analy-
sis indicated that the sulfation of colonic mucins was greatly
diminished inGlcNAc6ST-2-deficientmice. Liquid chromatog-
raphy coupled to electrospray ionization tandem mass spec-
trometry of the colonic-mucin O-glycans from wild-type and
GlcNAc6ST-2-deficientmiceshowedthatGlcNAc-6-O-sulfationwas
the predominant sulfate modification of these mucins, and it
was exclusively mediated by GlcNAc6ST-2. After colitis induc-
tion by dextran sulfate sodium, significantly more leukocyte
infiltrationwas observed in the colonofGlcNAc6ST-2-deficient
mice than in that of wild-type mice, indicating that the sulfa-
tion of colonicmucins by GlcNAc6ST-2 has a protective func-
tion in experimental colitis. These findings indicate that
GlcNAc6ST-2, whose expression is regulated by butyrate, is a
major sulfotransferase in the biosynthesis of sulfomucins in the
mouse colon, where they serve as a mucosal barrier against
colonic inflammation.

Sulfated glycans have been shown to elicit diverse biological
effects (1–4). The addition of sulfate groups to carbohydrate
chains is catalyzed by sulfotransferases, which transfer a sulfate

group from the sulfate donor, 3�-phosphoadenosine 5�-phos-
phosulfate, to a specific position on the acceptor oligosaccha-
ride.N-Acetylglucosamine 6-O-sulfotransferases (GlcNAc6STs)2
catalyze the 6-O-sulfation of N-acetylglucosamine (GlcNAc)
on the acceptor oligosaccharide. So far, five GlcNAc6STs in
humans and four in mice have been identified (5, 6).
Among the GlcNAc6ST family members in mice, GlcNAc6ST-2

(also called HEC-GlcNAc6ST or L-selectin ligand sulfotrans-
ferase (LSST)) is known to be specifically expressed in lymph
node high endothelial venules (HEVs), where L-selectin-me-
diated lymphocyte recruitment to the lymph nodes primarily
occurs (7, 8). Another member of this sulfotransferase family,
GlcNAc6ST-1, is also expressed in HEVs (9). Our group (10)
and others (11) previously generated mice deficient in the
two HEV-expressed sulfotransferases, and showed that
GlcNAc-6-O-sulfation of the L-selectin ligand oligosaccharides
plays a major role in lymphocyte recruitment to lymph nodes.
The contact hypersensitivity responses are also significantly
diminished in the double-null mice, due to a reduction in lym-
phocyte homing to the draining lymph nodes (10).
During the course of generating a transgenic mouse line

expressing Cre recombinase under the transcriptional regulatory
elements for the gene encoding GlcNAc6ST-2, we previously
found that GlcNAc6ST-2 is strongly expressed not only in lymph
node HEVs but also in the colonic villi (12). Further analysis indi-
cated that the cells expressing GlcNAc6ST-2 are reactive with an
antibody againstMuc2, a major intestinal mucin produced by the
goblet cells in the colon (13, 14), suggesting that GlcNAc6ST-2
catalyzes the sulfation of not only the L-selectin ligands in HEVs
but also the colonic mucins in mice.
The gastrointestinal epithelium is covered by a protective

mucus gel composedpredominantly ofmucins secreted by gob-
let cells (14).Muc2 is themost abundant intestinalmucin in the

* This work was supported by National Institutes of Health Grant
P01CA71932 (to M. F.), Grants-in-aid for Scientific Research, Category (B)
and Grants-in-aid for Scientific Research on Priority Areas, Dynamics of
Extracellular Environments, from the Ministry of Education, Culture, Sports,
Science and Technology, Japan (21390023 and 20057022, respectively, to
H. K.), and the Takeda Science Foundation (to H. K.).

1 To whom correspondence should be addressed. Tel.: 81-54-264-5710; Fax:
81-54-264-5715; E-mail: kawashih@u-shizuoka-ken.ac.jp.

2 The abbreviations used are: GlcNAc6ST, N-acetylglucosamine 6-O-sulfo-
transferase; GlcNAc, N-acetylglucosamine; HEVs, high endothelial
venules; C3GnT, core 3 �1,3-N-acetylglucosaminyltransferase; C2GnT2,
core 2 �1,6-N-acetylglucosaminyltransferase-2; SCFA, short chain fatty
acid; EGF, epidermal growth factor; TSA, trichostatin A; pAb, polyclonal
antibody; KSST, keratan sulfate sulfotransferase; Gal3ST, galactose 3-O-sul-
fotransferase; LC-ESI-MS/MS, liquid chromatography coupled to electro-
spray ionization tandem mass spectrometry; DSS, dextran sulfate sodium;
mAb, monoclonal antibody; DAPI, 4�,6-diamidino-2-phenylindole; HDAC,
histone deacetylase; KO, GlcNAc6ST-2-deficient; DKO, GlcNAc6ST-1 and
GlcNAc6ST-2-doubly deficient; WT, wild-type; PBS, phosphate-buffered
saline; BSA, bovine serum albumin.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 9, pp. 6750 –6760, February 26, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

6750 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 9 • FEBRUARY 26, 2010



mucus gel produced by goblet cells (13). Muc2-deficient mice
spontaneously develop colitis (15), and frequently develop
adenomas in the small intestine that progress to invasive ade-
nocarcinoma and rectal tumors (16), indicating that Muc2 is
important for intestinal protection. Mice deficient in core 3
�1,3-N-acetylglucosaminyltransferase (C3GnT) display a
colon-specific reduction in Muc2 protein and are highly sus-
ceptible to experimental triggers of colitis (17). In addition,
mice deficient in core 2 �1,6-N-acetylglucosaminyltrans-
ferase-2 (C2GnT2) show an increased susceptibility to colitis
(18). In the carbohydrate moieties of the mouse Muc2, fucosy-
lated and sulfated oligosaccharides are abundant (19). How-
ever, it is unclearwhich sulfotransferases are responsible for the
sulfation of Muc2, or whether the sulfation of Muc2 by those
sulfotransferases affects the protective function of Muc2
against colitis.
Our previous study using the above-mentioned

GlcNAc6ST-2-Cre transgenic mice also showed that the
colonic expression of GlcNAc6ST-2 is regulated by commensal
bacteria, as revealed by antibiotic administration (12), suggest-
ing that bacterial components or their metabolites regulate the
expression of GlcNAc6ST-2 in the mouse colon. In the present
study, we first examined whether short-chain fatty acids
(SCFAs), which are metabolites of anaerobic bacteria, might
regulate the intestinal expression of GlcNAc6ST-2 in mice,
because SCFAs regulate the expression of various genes in the
colon (20). We show that one of the SCFAs, butyrate, induced
GlcNAc6ST-2 in colonic epithelial cells. We also show that
GlcNAc6ST-2 plays a major role in the biosynthesis of sulfo-
mucins in the mouse colon, by immunohistochemical and bio-
chemical analyses. Furthermore, we provide evidence that the
sulfation of colonicmucins by GlcNAc6ST-2 inmice has a pro-
tective function against massive leukocyte infiltration in exper-
imental colitis.

EXPERIMENTAL PROCEDURES

Mice—Mice deficient in GlcNAc6ST-1 and GlcNAc6ST-2
were backcrossed 5 generations to C57BL/6 mice and main-
tained as described previously (10, 21). GlcNAc6ST-2-Cre�/
R26Rmice were generated bymatingGlcNAc6ST-2-Cre trans-
genic mice with ROSA26 reporter (R26R) mice (22) as
described previously (12). p53-deficient mice (23) were gener-
ated by crossing C57BL-p53�/� mice (BRC No. 01361), pro-
vided by RIKEN BRC. Genomic DNA was isolated from the
mouse tail and used for PCR genotyping. C57BL/6 mice were
purchased from Japan SLC (Hamamatsu, Japan). The mice
were treated in accordance with the guidelines of the Animal
Research Committee of the University of Shizuoka.
Establishment of a Mouse Colon Adherent Cell Line and Cell

Culture—The colon was removed from p53-deficient mice and
placed into sterile tubes containing the digestion buffer (RPMI
1640 containing 1 mg/ml collagenase A, 0.5 mg/ml dispase I,
and 20 units/ml DNase I) at 37 °C for 1 h. The dissociated
colonic cells were incubated in PBS containing 0.1% trypsin and
0.02% EDTA at 37 °C for 5 min, and passed through a 70-�m
cell strainer. After centrifugation, the cell pellet was suspended
in Dulbecco’s modified Eagle’s medium (Sigma) supplemented
with 10% fetal bovine serum and 10 ng/ml recombinant human

epidermal growth factor (EGF) (Invitrogen), and plated in a
100-mmcell culture dish at 37 °C in a humidified 5%CO2 atmo-
sphere. The adherent cell line thus obtained was named
CAdC1.
Immunofluorescence with Anti-Muc2 Antibody—CAdC1

cells were fixed with 0.5% glutaraldehyde, incubated with 3%
BSA in PBS, and incubated with rabbit anti-Mucin 2 polyclonal
antibody (pAb) (sc-15334, Santa Cruz Biotechnology, Inc.) or
normal rabbit IgG (Zymed Laboratories Inc.). After washing,
the cells were incubated with Texas Red-conjugated goat anti-
rabbit IgG (H�L) (Vector Laboratories) together with 4�,6-di-
amidino-2-phenylindole (DAPI).
Treatment of CAdC1 Cells with Short-chain Fatty Acids—

CAdC1 cells were treated with 4 mM each of sodium acetate
(Kanto Chemicals Co., Inc.), sodium propionate (Wako Pure
Chemicals Industries, Ltd.), or sodium butyrate (Sigma) in the
cell culturemedium in a 12-well plate for 24 h in the presence or
absence of 10 ng/ml EGF. In some experiments, CAdC1 cells
were treated with 0.5 �M trichostatin A (TSA) (Calbiochem) in
the presence of 10 ng/ml EGF. The cells were subjected to RT-
PCR analysis as described below, or Western blotting using a
rabbit anti-acetylated-lysine pAb (Abcam) and horseradish
peroxidase-conjugated goat anti-rabbit IgG (H�L) (Zymed
Laboratories Inc.).
RT-PCR—The total RNA was purified from the ileum and

colon of C57BL/6 mice, or from CAdC1 cells, and used for
RT-PCR. The primers used were: 5�-TGTGGTCTGTGTGG-
GAACTTT-3� and 5�-CATAGATGGGCCTGTCCTCAGG-3�
for mouse Muc2, 5�-ACCGCGTGTGCAAAAAG-3� and 5�-
CTGTTTGCAGCGTCTTGG-3� formouseGlcNAc6ST-1, 5�-
TCCATACTAACGCCAGGAACG-3� and 5�-TGGTGACTA-
AGGCTGGAACC-3� for mouse GlcNAc6ST-2, 5�-TGCTGG-
TACTGTCCTCGTGG-3� and 5�-TGATGTTGCCACGAGC-
GAAGG-3� for mouse GlcNAc6ST-3, 5�-TCAACCTAAAGG-
TGGTGCAACT-3� and 5�-GGTTAAGAAGAAATCAGCG-
CGT-3� for mouse GlcNAc6ST-4, 5�-AAGCCCTACAACCT-
GGATGTG-3� and 5�-GAGTTGCGCACTGTGCTGTAT-3�
for mouse keratan sulfate sulfotransferase (KSST), 5�-ATG-
ACTCTGCTGCCAAAGAA-3� and 5�-GTGCGTCTTCAT-
GAACACAA-3� for mouse galactose 3-O-sulfotransferase
(Gal3ST)-1, 5�-ATGTCCATCCTGAGAGGCAC-3� and 5�-
GGTGGTTGCACATGATGTTA-3� for mouse Gal3ST-2, 5�-
ATGCCACCTATCCTCCAGCG-3� and 5�-CGTGAGGTT-
GTGGCGTTCTG-3� for mouse Gal3ST-3, 5�-TGCCCACT-
ACCAGTTTGGCT-3� and 5�-GTTACGGGCGTAGTGGT-
TGC-3� for mouse Gal3ST-4, and 5�-TGGAATCCTGTGGCA-
TCCATGAAAC-3� and 5�-TAAAACGCAGCTCAGTAACA-
GTCCG-3� formouse�-actin. The PCR cycle (94 °C, 30 s; 62 °C
30 s; 72 °C 30 s) was repeated 38 times for GlcNAc6ST-1,
GlcNAc6ST-3, GlcNAc6ST-4, and KSST; 32 times for Muc2,
GlcNAc6ST-2, and �-actin; and 35 times for Gal3STs.
Histology and Immunostaining—LacZ staining was per-

formed as described previously (12). For Alcian blue staining,
frozen sections (7-�mthick)were fixedwith 10% formaldehyde
in PBS for 30 min. The fixed sections were stained with 1%
Alcian blue 8GX (Sigma) in 0.1 N HCl (pH 1.0) for 2 h, and
counterstained with Nuclear Fast Red solution (Sigma). For
immunohistochemical analyses, the sections were fixed with
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0.5% glutaraldehyde in PBS for 10 min, and the nonspecific-
binding sites were blocked with 3% BSA in PBS for 30 min. The
sections were then incubated with 4 �g/ml rabbit anti-Mucin 2
pAb (sc-15334, Santa Cruz Biotechnology, Inc.) for 2 h. After
washingwith PBS containing 0.1% BSA, the sections were incu-
bated with 0.03% hydrogen peroxide in PBS containing 0.1%
BSA to inactivate the endogenous peroxidase. After washing,
the sections were incubated with horseradish peroxidase-con-
jugated goat anti-rabbit IgG (H�L) (Zymed Laboratories Inc.,
diluted 1:400) for 2 h. After washing, the colored reaction prod-
uct was developed using a metal-enhanced DAB substrate kit
(Pierce Biotechnology, Inc.), and the sections were counter-
stained with Nuclear Fast Red solution.
Preparation of Muc2-enriched Fraction—A Muc2-enriched

fraction was obtained according to amethod described by Her-
rmann et al. (24) with somemodifications. In brief, mucus from
the colon was removed from the epithelial surface of themouse
colon by mechanical scraping. The mucus fraction thus
obtained was solubilized by 6 M guanidinium chloride. After
centrifugation at 12,500 � g for 60 min at 4 °C, the supernatant
was decanted, and the gel-like pellet was re-extracted twice, as
above. The pellet was finally suspended in water, dialyzed, and
lyophilized.
SDS-PAGE and Lectin Blot Analysis—The Muc2-enriched

fractionwas solubilized in SDS-PAGE sample buffer containing
2-mercaptoethanol by heating at 95 °C for 5 min, and alkylated
by incubation in 25mM iodoacetamide for 30min at room tem-
perature. The sampleswere separated by SDS-PAGEusing a 3%
stacking and 4% running gel, and stained with 0.125% Alcian
blue in solvent A (25% ethanol and 0.1 N hydrochloric acid,
pH1.0) for 30 min. The gel was destained with solvent A for 10
min, 100%methanol for 20min, and solvent A for 12 h. In some
experiments, the samples separated by SDS-PAGE were trans-
ferred onto a polyvinylidene difluoride membrane, and lectin
blot analysis was performed using biotinylated AAL (Vector
Laboratories) and horseradish peroxidase-conjugated strepta-
vidin (Zymed Laboratories Inc.).
Carbohydrate Structural Analysis—The lyophilized Muc2-

enriched fraction (2 mg) was dissolved in 100 �l of water. To
this was added 100 �l of 0.1 M KOH and 2.0 M NaBH4, and the
mixture was incubated at 50 °C for 15 h. After cooling, 100�l of
4.0 M acetic acid was added to the reaction mixture, and the
sample was applied to a 1-ml column of AG50W-X8 resin (H�

form; Bio-Rad). The oligosaccharides were eluted from the col-
umn with 5 ml of water. The solvent was then evaporated, and
the sample was dissolved in 200 �l of methanol with 20 �l of
acetic acid, and evaporated. The last step was repeated three
times, and the sample was stored in a desiccator at room tem-
perature. The oligosaccharides thus obtained were dissolved in
water and separated on a Hypercarb column (150 � 0.32 mm,
5-�m particles; Thermo Fisher Scientific) at a flow rate of 15
�l/min, with a 10mM ammoniumbicarbonate-acetonitrile gra-
dient (0–40% acetonitrile) over 40 min. The column was cou-
pled to a quadrupole orthogonal acceleration time-of-flight
mass spectrometer (Q-TOF; Agilent Technologies), operated
in negative or positive ion mode. For liquid chromatography
coupled to electrospray ionization tandem mass spectrometry
(LC-ESI-MS/MS) operated in the negative ion mode, the elec-

trospray voltage applied was �4.5 kV, and [M-H]� ions were
collided with argon as the collision gas, with a collision energy
from 5 to 90 eV for m/z 200–2000. For LC-ESI-MS/MS oper-
ated in the positive ion mode, the electrospray voltage applied
was �3.5kV, and [M�H]� ions were collided with a collision
energy from 5 to 15 eV form/z 200–2000.
Induction of Colitis by Dextran Sulfate Sodium (DSS)—Coli-

tis was induced in mice by adding 5% DSS (M.W. � 36,000–
50,000, MP Biomedicals) to their drinking water. The animals
were allowed free access to theDSS-containingwater for 7 days,
then they were sacrificed, and their colon was dissected out,
mounted in OCT compound, and stored at �80 °C until use.
Frozen sections (7-�m thick) of the colons were stained with
AlexaFluor 647-labeled anti-mouse CD45 monoclonal anti-
body (mAb) (BioLegend), AlexaFluor 647-labeled anti-mouse
F4/80mAb (BioLegend), orAlexaFluor 647-labeled anti-mouse
Gr-1 mAb (BioLegend) together with DAPI. The CD45� leu-
kocyte infiltration and Gr-1� granulocyte infiltration were
assessed by counting the number of cells in a defined area using
a BZ-9000 fluorescence microscope (Keyence, Co., Osaka,
Japan). The F4/80� macrophage infiltration was assessed by
measuring the pixel area positively stained for F4/80 and divid-
ing it by the total pixel area in the colon. Granulocyte infiltra-
tion into the colonwas also quantified bymeasuring peroxidase
activity. Briefly, a dissected colon was homogenized in the
homogenizing buffer (20 mM HEPES-NaOH, 1.5 mM magne-
sium chloride, 400 mM sodium chloride, 1 mM EDTA, 1 mM

DTT, 1� protease inhibitor mixture (Roche Applied Science),
1% nonidet-P40, and 20% glycerol, pH7.9) on ice using a pestle
(AsOne, Tokyo, Japan). The homogenatewas sonicated for 10 s
and centrifuged at 12,500 � g for 15 min. To the supernatant
3,3�,5,5�-tetramentylbenzidine (Pierce) was added and incu-
bated for 30 min, and the absorbance at 450 nm was measured
to determine the peroxidase activity. One unit was defined as
the activity of 1 mmol of peroxidase.
Statistical Analysis—The Student’s t test was used for statis-

tical analysis.

RESULTS

Regulation of GlcNAc6ST-2 Expression by Sodium Butyrate—
To test the effects of SCFAs on the expression of GlcNAc6ST-2
in the mouse colonic epithelium, we first prepared an immor-
talized colonic epithelial cell line, termed CAdC1, from
the colon of p53-deficient mice, because cells from these mice
become immortal at a high rate (23). The immunofluorescence
study using the anti-Muc2 antibody indicated that all the
CAdC1 cells expressed Muc2 (Fig. 1D), a major colonic mucin
secreted from the goblet cells (13, 14), suggesting that CAdC1
cells were derived from goblet cells. The CAdC1 cells were
treated with or without the sodium salt of one of the three
major SCFAs: acetate, propionate, or butyrate. Only sodium
butyrate strongly induced the expression of GlcNAc6ST-2, as
revealed by RT-PCR analysis (Fig. 1A). The expression Muc2
was clearly detected in the CAdC1 cells without stimulation,
and was slightly enhanced in the presence of sodium butyrate.
The induction of GlcNAc6ST-2 was completely abolished in
the absence of EGF, indicating that both sodium butyrate and
EGF are required for the induction of GlcNAc6ST-2.
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Because sodium butyrate has an inhibitory effect on histone
deacetylases (HDACs) (25), we next examined the effect of
TSA (26), an HDAC-specific inhibitor, on the expression of

GlcNAc6ST-2 in CAdC1 cells (Fig.
1B). TSA also clearly induced
GlcNAc6ST-2 mRNA, indicating
that the inhibition of HDACs in
the presence of EGF induces
GlcNAc6ST-2 expression. Western
blot analysis showed that a 14-kDa
band corresponding to the molecu-
lar size of histoneH2A andH2B (27)
became reactive with an anti-acety-
lated-lysine antibody after sodium
butyrate or TSA treatment, con-
firming that sodium butyrate and
TSA inhibitedHDACs in this exper-
iment (Fig. 1C).
We previously generated a trans-

genic mouse line, GlcNAc6ST-2-
Cre, which expresses Cre recombi-
nase under the regulatory elements of
the gene encoding GlcNAc6ST-2
(12). The GlcNAc6ST-2-Cre trans-
genic mice were crossed with
ROSA26 reporter (R26R) mice (22),
which express lacZ following Cre-
mediated recombination. Because
the expression of lacZ in the off-
spring (GlcNAc6ST-2-Cre�/R26R
mice) recapitulates that of intrinsic
GlcNAc6ST-2 (12), we next exam-
ined the effects of sodium butyrate
on the expression of GlcNAc6ST-2
in vivo using these mice (Fig. 2). As
described previously, a weak expres-
sionofGlcNAc6ST-2wasobserved in

the jejunum and ileum of GlcNAc6ST-2-Cre�/R26R mice that
were given normal drinking water. The administration of
sodium butyrate in the drinking water significantly
enhanced the LacZ staining in the jejunum and ileum in
these mice, indicating that sodium butyrate could induce the
expression of GlcNAc6ST-2 in the mouse intestinal tissues
in vivo. The reason why only some epithelial cells were pos-
itive for LacZ staining is probably because only goblet cells in
the epithelium strongly express GlcNAc6ST-2 (12).
Expression of Sulfotransferases in the Mouse Intestine—Al-

though we detected the intestinal expression of GlcNAc6ST-2
in mice, other sulfotransferases might also be expressed in
the mouse intestine. Thus, we next examined which types
of carbohydrate sulfotransferases are expressed in the mouse
intestine, by RT-PCR analysis (Fig. 3). Among the four GlcNAc
6-O-sulfotransferases in mice (6), only GlcNAc6ST-1 and
GlcNAc6ST-2 were clearly detected in the ileum and colon in
the RT-PCR analysis. In themedial and distal colon, only a very
faint band of GlcNAc6ST-3 was detected, in contrast to the
finding in humans that GlcNAc6ST-3, also called I-GlcNAc6ST,
is highly expressed in the intestinal tissues including the colon
(28), which may be due to species difference. Regarding galac-
tose 6-O-sulfotransferase (Gal6ST), KSST expression was
detected in the mouse colon. Among the Gal3STs, only the

FIGURE 1. Induction of GlcNAc6ST-2 mRNA by sodium butyrate. CAdC1 cells were treated with or without
(Control) 4 mM sodium acetate, sodium propionate, or sodium butyrate in the presence or absence of 10 ng/ml
EGF, and subjected to RT-PCR analysis using primer pairs for GlcNAc6ST-2, Muc2, and �-actin (A). CAdC1 cells
were treated with or without (Control) 4 mM sodium butyrate or 0.5 �M TSA in the presence of 10 ng/ml EGF, and
subjected to RT-PCR analysis for GlcNAc6ST-2 or �-actin (B), or Western blotting using an anti-acetylated-lysine
antibody (C). For PCR, single-stranded cDNAs prepared in the presence (�RT) or absence (�RT) of reverse
transcriptase were used as templates. Arrowhead in C indicates a 14-kDa band corresponding to the molecular
size of histone H2A and H2B (27). CAdC1 cells were stained with normal rabbit IgG (Control) or rabbit anti-Muc2
pAb (Muc2) together with Texas Red-conjugated secondary antibody and DAPI, and analyzed under fluores-
cence microscope BZ-9000 (D). Bar, 20 �m. Data are representative of four independent experiments.

FIGURE 2. Induction of LacZ by sodium butyrate in the small intestine of
GlcNAc6ST-2-Cre�/R26R mice. GlcNAc6ST-2-Cre�/R26R mice (12) were
given drinking water with or without (Control) 5 mM sodium butyrate for 24 h.
Frozen sections of the jejunum and ileum were subjected to LacZ staining as
described previously (12). Bar, 50 �m. Data are representative of four inde-
pendent experiments.
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Gal3ST-1 and Gal3ST-2 expressions were detected. These
results indicate that multiple carbohydrate sulfotransferases
are expressed in the mouse intestine.
Sulfation of the Colonic Mucins Is Largely Dependent on

GlcNAc6ST-2—Because GlcNAc6ST-1 and GlcNAc6ST-2 were
the twomajor sulfotransferases expressed in themouse intestine
among the GlcNAc6ST family members, we next sought to
determine whether these sulfotransferases are involved in the
sulfation of intestinal mucins, using GlcNAc6ST-2-deficient
(KO) (21), and GlcNAc6ST-1 and GlcNAc6ST-2-doubly defi-
cient (DKO) mice (10). To assess the mucin sulfation, serial
sections were stained with Alcian blue and an antibody against
Muc2, a major intestinal mucin (Fig. 4). The Alcian blue stain-
ing was performed at pH 1.0, because Alcian blue selectively
binds to sulfated carbohydrates under this condition (29). In

wild-type (WT)mice, both Alcian blue and the anti-Muc2 anti-
body clearly stained colonic villi, suggesting that the colonic
mucins were highly sulfated. In the KO mice, the Alcian blue
staining of the colon was significantly diminished, while the
staining intensity with the anti-Muc2 antibody did not differ
from that observed in theWTmice. No obvious further reduc-
tion of the staining intensity with Alcian blue was observed in
the DKO mice, suggesting that GlcNAc6ST-1 is not very
involved in the sulfation of colonic mucins, if at all. These
results indicate that the sulfation of colonic mucins is largely
mediated by GlcNAc6ST-2, although other sulfotransferases
are also expressed in the mouse colon. In addition, a reduction
in Alcian blue staining was also observed in the small intestine
of KO andDKOmice, indicating that the sulfation of mucins in
the small intestine is also largely mediated by GlcNAc6ST-2.
Sulfation of Colonic Mucins by GlcNAc6ST-2—To elucidate

the role of GlcNAc6ST-2 in the sulfation of colonic mucins, we
next performed SDS-PAGE of the Muc2-enriched fraction from
theWT, KO, and DKOmice, followed by lectin blot analysis and
Alcianblue staining (Fig. 5). First, themucus layerwaspreparedby
scraping the luminal surfaceof themousecolon, andsolubilizedby
guanidinium chloride. After centrifugation, the Muc2-enriched
fractionwas recovered as the guanidinium chloride-insoluble pel-
let, according to a publishedmethod (24). After solubilization, the
Muc2-enriched fraction was subjected to SDS-PAGE followed by
lectin blot analysis using a fucose-binding lectin, AAL. An almost
equivalent amount of colonic mucin reactive with AAL was pres-
ent in the samples fromWT,KO, andDKOmice.However, stain-
ing of the gel with Alcian blue at pH 1.0 showed that the sulfation
of the colonic mucins was significantly decreased in the KO
and DKO mice to a similar extent, suggesting that the
GlcNAc-6-O-sulfation of colonic mucins is mediated by
GlcNAc6ST-2, and not by GlcNAc6ST-1.
Carbohydrate Structural Analysis of the Colonic Mucins—

We next performed carbohydrate structural analysis of the
O-glycans of the colonic mucins using LC-ESI-MS/MS spec-
trometry. The O-linked oligosaccharides were released from
the colonic mucins in the Muc2-enriched fraction, by �-elimi-

nation and reduction with sodium
borohydride, and separated by
HPLC coupled to ESI-MS/MS. As
shown in Fig. 6A, 15 types of oligo-
saccharides from the Muc2-en-
riched fraction of WT mice were
detected as their [M-H]� ions in the
LC-ESI-MS analysis. Oligosaccha-
rides containingGlcNAc-6-O-sulfate
were found on core 2-branched oli-
gosaccharides fromWTmice atm/z
667, 813, 975a, and 1121. In con-
trast, these sulfated oligosaccha-
rides were completely absent from
the oligosaccharide fraction ob-
tained from the KO mice (Fig. 6B).
The structures of these sulfated oligo-
saccharides were characterized by
analyzing the daughter ion spectra
obtainedby theLC-ESI-MS/MSanal-

FIGURE 3. Expression of sulfotransferases in the mouse intestine. RT-PCR
analysis for various sulfotransferases was performed using mRNAs from the
ileum, proximal colon, medial colon, and distal colon of the C57BL/6 WT
mouse. For PCR, single-stranded cDNAs prepared in the presence (�RT) or
absence (�RT) of reverse transcriptase were used as templates. Data are rep-
resentative of three independent experiments.

FIGURE 4. Expression of sulfated carbohydrates and Muc2 in the intestine of WT, KO, and DKO mice.
Frozen sections from WT, KO, and DKO mice were stained with Alcian blue (pH 1.0), or anti-Muc2 pAb. Bar, 50
�m. Data are representative of three (WT and KO), or two (DKO) independent experiments.
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ysis (Fig. 7). Two isomeric sulfated oligosaccharides at m/z 975,
namely975aand975b,were found in theLC-ESI-MS/MSanalysis.
The former, containing GlcNAc-6-O-sulfate, was completely
absent in the oligosaccharide fraction from the KOmice, whereas
the latter, containingGal-3- orGal-6-O-sulfate, was present in the
KO mice at a comparable level as in the WT mice. We also ana-
lyzed the neutral oligosaccharides by LC-ESI-MS/MS operated at
the positive ion mode, because the daughter ions of neutral
oligosaccharides were less stable in LC-ESI-MS/MS oper-
ated at the negative ion mode. As shown in Fig. 8, [M�H]�
ions atm/z 532, 589, 735, 897, and 1043, which correspond to
[M-H]� ions at m/z 530, 587, 733, 895, and 1041, respec-
tively, were detected. Table 1 summarizes the carbohydrate
structural analysis of the O-glycans of the colonic mucins
from WT and KO mice. Collectively, these results indicate
that GlcNAc-6-O-sulfation is the predominant sulfate mod-
ification of the colonic mucins, and that GlcNAc6ST-2 is
essential for this carbohydrate modification.
Protective Function of GlcNAc6ST-2 in DSS-induced Colitis—

Colonic mucins are regarded as a
mucosal barrier to infection (30).
However, the contribution of the
structures of the mucins’ carbohy-
drate moieties to their barrier func-
tion is not well known. To examine
the role of the colonic mucin sulfa-
tion by GlcNAc6ST-2 under patho-
logical conditions, we measured the
extent of inflammation in DSS-in-
duced experimental colitis. Seven
days after 5% DSS was administered
to WT and KO mice in their drink-
ing water, a significant increase in
the CD45� leukocyte infiltration
into the colon was observed in the
KO mice compared with the WT
mice (Fig. 9, A and D). Staining of
the sections with an anti-F4/80
mAb, which is specific for macro-
phages, showed that significantly
more macrophages infiltrated the
proximal colon of the KOmice than
that of the WT mice (Fig. 9, B and
E). Furthermore, staining of the
sections with anti-Gr-1 mAb,
which is specific for granulocytes,
and the measurement of peroxidase
activity, which reflects granulocyte
numbers, showed that significantly
more granulocytes infiltrated the
proximal colon of the KOmice than
that of theWTmice (Fig. 9,C, F, and
G). These results indicate that the
sulfation of colonic mucins by
GlcNAc6ST-2 has a protective
function against massive leukocyte
infiltration in experimental colitis in
mice.

FIGURE 5. Lectin blot and Alcian blue staining of colonic mucins. Muc2-
enriched fractions from WT, KO, and DKO mice were separated by SDS-PAGE
and subjected to lectin blotting using AAL, and to Alcian blue staining. Arrow-
heads indicate the boundary between the stacking and separating gel. Data
are representative of three independent experiments.

FIGURE 6. LC-ESI-MS analysis of the oligosaccharides on colonic mucins. LC-ESI-MS total ion chromatogram
of the oligosaccharides in the Muc2-enriched fraction from the colon of WT (A) and KO (B) mice. LC-ESI-MS was
operated in the negative ion mode. The annotations correspond to the [M-H]� ions listed in Table 1. Data are
representative of five independent experiments.
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DISCUSSION

The questions addressed by the present study were whether
GlcNAc6ST-2 catalyzes the sulfation of colonicmucins inmice,
and if so, whether the sulfation affects the protective function of
the mucins against colitis. Previous studies, including those
from our group, indicated that GlcNAc6ST-2 plays a critical
role in the biosynthesis of the 6-sulfo sialyl Lewis X structure,
which functions as a major L-selectin ligand in lymph node
HEVs (10, 11).We also previously showed thatGlcNAc6ST-2 is
expressed not only in lymph node HEVs but also in colonic
epithelial cells in mice (12). In the present study, we demon-
strated that GlcNAc6ST-2 plays a major role in the sulfation of
colonic mucins in the mouse, and that the sulfation of colonic
mucins has a protective function against massive leukocyte
infiltration in the experimental colitis induced by DSS.We also
showed that butyrate, a metabolite from anaerobic bacteria in
the colon, induces the expression of GlcNAc6ST-2.
The expression of GlcNAc6ST-2 was thought to be specific

for the HEVs in lymph nodes (31, 32). However, our recent
study indicated that GlcNAc6ST-2 is also strongly expressed in
the goblet cells in the mouse colon, and that its expression is
inhibited by the elimination of commensal bacteria in the colon
(12). These previous findings led us to investigate in the present
study whether metabolites from commensal bacteria regulate
the expression of GlcNAc6ST-2 in the colon. It was reported
that the colonic lumen contains total SCFAs at a concentration
of 80–130 mmol per kg of total intestinal contents (33). The

three major SCFAs, acetate, propionate, and butyrate, consti-
tute about 90%of the total SCFAs, with amolar ratio of 60:20:20
for acetate/propionate/butyrate (33). Our finding that 4 mM

butyrate, which is lower than its physiological concentration,
induced the expression of GlcNAc6ST-2 in an immortalized
colonic epithelial cell line, suggested that butyrate induces
GlcNAc6ST-2 expression in vivo. In support of this idea, the
administration of sodium butyrate in the drinking water in-
duced the expression of GlcNAc6ST-2 in vivo in the small
intestines of mice that weakly expressed GlcNAc6ST-2 (Fig. 2).
Our finding that EGF is required for the butyrate-induced

expression of GlcNAc6ST-2 suggested that multiple extracel-
lular signals are required for its gene induction. Because buty-
rate functions as an HDAC inhibitor and enhances the accessi-
bility of transcription factors to the enhancer/promoter region
of various genes by inducing histone acetylation (25), it is
plausible that transcription factors activated by the EGF-
EGF receptor pathway are involved in the induction of the
gene encoding GlcNAc6ST-2. It is reported that the normal
human colon expresses little, if any, GlcNAc6ST-2 (34, 35).
Because butyrate is produced by commensal bacteria in the
human colon (33), signals equivalent to those transmitted
from the EGF receptor might be lacking in the human colon.
In this regard, it is noteworthy that some human colon ade-
nocarcinoma cells express GlcNAc6ST-2 (34, 35), because
those colon adenocarcinoma cells might be receiving certain
growth signals from the environment, similar to those from

FIGURE 7. LC-ESI-MS/MS analysis of the sulfated oligosaccharides on colonic mucins. ESI tandem mass spectra of the [M-H]� ions obtained from m/z 667
(A), m/z 813 (B), m/z 975a (C), m/z 975b (D), and m/z 1121 (E). The collision energies applied were: for m/z 667, 50 eV; for m/z 813, 60 eV; for m/z 975a, 80eV; for
m/z 975b, 70 eV; and for m/z 1121, 90 eV. LC-ESI-MS/MS was operated in the negative ion mode. Note the presence of m/z 97 (HSO4

�) in all the ESI tandem mass
spectra. Data are representative of three independent experiments.
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EGF receptors. Further studies are required to determine the
detailed molecular events leading to the induction of
GlcNAc6ST-2 in the mouse colon.

Our carbohydrate structural analysis of mouse colonic
mucins indicated that sulfation was preferential on the C-6 of
GlcNAc residues on the core 2 branch of O-glycans. We also

FIGURE 8. LC-ESI-MS/MS analysis of the neutral oligosaccharides on colonic mucins. ESI tandem mass spectra of [M�H]� ions obtained from m/z 532 (A),
m/z 589 (B), m/z 735a (C), m/z 735b (D), m/z 897c (E), and m/z 1043b (F), corresponding to the [M-H]� ions obtained from m/z 530, m/z 587, m/z 733a, m/z 733b,
m/z 895c, and m/z 1041b in Table 1, respectively. LC-ESI-MS/MS was operated in the positive ion mode, and the collision energies applied were: for m/z 532, and
589, 5 eV; for m/z 735a, and 735b, 10 eV; and for m/z 897c and 1043b, 15 eV. Data are representative of three independent experiments.

TABLE 1
Structural characterization and relative abundance of the O-glycans on the colonic mucins from WT and KO mice

Molecular ion �M-H�� Proposed sequence/compositiona
Relative

abundance
(%)b

WT KO

587 Gal-3(GlcNAc-6)GalNAcol 9.89 8.39
530 Fuc-Gal-3GalNAcol 30.43 30.50
733a Fuc-Gal-GlcNAc-GalNAcol 2.14 1.30
733b Fuc-Gal-3(GlcNAc-6)GalNAcol 18.08 34.98
895a, 895b, 895d Fuc, 2Gal, GlcNAc, GalNAcol 3.58 2.46
895c Gal-3(Gal-(Fuc-)GlcNAc-6)GalNAcol 3.68 3.41
1041a 2Fuc, 2Gal, GlcNAc, GalNAcol 2.41 1.70
1041b Fuc-Gal-3(Fuc-Gal-GlcNAc-6)GalNAcol 10.27 16.16
667 Gal-3(SO3

�-6GlcNAc-6)GalNAcol 2.05 –c

813 Fuc-Gal-3(SO3
�-6GlcNAc-6)GalNAcol 9.13 –

975a Gal-3(Fuc-Gal-(SO3
�-6)GlcNAc-6)GalNAcol 2.13 –

975b Gal-3(Fuc-(SO3
�-3/6)Gal-GlcNAc-6)GalNAcol 0.99 1.10

1121 Fuc-Gal-3(Fuc-Gal-(SO3
�-6)GlcNAc-6)GalNAcol 5.21 –

a For structural characterization, the following assumptions weremade based on the reported structures ofO-glycans: the hexose and deoxyhexose areGal and fucose, respectively, the
N-acetylhexosamine residue linked toN-acetylhexosamininitol is GlcNAc linked to GalNAcol, and the core 2 branch is formed after the core 1 structure is formed (46).

b The relative abundance was calculated by dividing the area of each peak by the total area of the peaks annotated in Fig. 6, A and B. Peaks of impurities, which did not produce
secondary ions of oligosaccharide fragments in the MS/MS analysis, were excluded from the calculation.

cNot detected.
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detected a small amount of galactose-sulfated oligosaccharides,
consistent with the RT-PCR results that KSST and Gal3STs
were expressed in the mouse colon. The extended core 1 struc-
turemodifiedwithGlcNAc-6-O-sulfate that is reactivewith the
mAbMECA-79 (36)was not detected in our carbohydrate anal-
ysis of colonic mucins, consistent with our observation that the
MECA-79 antibody does not bind to frozen sections of the
mouse colon.3 In contrast to the abundant GlcNAc-6-
O-sulfation of mouse colonic mucins, most of the sulfation of
human MUC2 is found on galactose residues (37). Consistent

with this finding, the mAb 91.9H, which was raised against
human colonic sulfomucin, recognizes the HSO3-3Gal�1-
3(Fuc�1–4)GlcNAc structure (38). Interestingly, this mAb
binds well to normal epithelial cells in the human colon, but
minimally to the adjacent colon carcinoma cells in clinical spec-
imens (39), and this finding was confirmed by biochemical
studies (40). In addition, studies using rectal biopsies taken at
colonoscopy from patients with ulcerative colitis indicated that
the sulfation of the mucins is significantly reduced in these
patients (41). These clinical data suggest that the sulfation of
colonic mucins plays important roles in maintaining the nor-
mal physiological function of the colon. In this regard, it is nota-3 H. Kawashima, unpublished observations.

FIGURE 9. Accelerated leukocyte infiltration in KO mice after DSS treatment. WT and KO mice were given drinking water containing 5% DSS for 7 days.
A, frozen sections of the proximal, medial, and distal colon were stained with AlexaFluor 647-labeled anti-CD45 mAb (red) and DAPI (blue), and analyzed by
fluorescence microscopy (BZ-9000). Bar, 20 �m. B and C, frozen sections of the proximal colon were stained with AlexaFluor 647-labeled anti-F4/80 mAb (B) or
anti-Gr-1 mAb (C) (red), and DAPI (blue). Bar, 20 �m. D, number of CD45� leukocytes per 1 �m2 in the colon after DSS treatment. Each bar represents the mean �
S.D. of triplicate determinations. n � 3. *, p � 0.015; **, p � 0.054, and NS, not significant. E, percentage of the total area that was F4/80� in the proximal colon.
Each bar represents the mean � S.D. of triplicate determinations. n � 3. ***, p � 0.006. F, number of Gr-1� granulocutes per one mm2 in the proximal colon after
DSS treatment. Each bar represents the mean � S.D. of triplicate determinations. n � 3. †, p � 0.019. G, determination of peroxidase activity as an index of
granulocyte infiltration into the proximal colon. Results are expressed as peroxidase milliunits per gram total protein. Each bar represents the mean � S.D. of
triplicate determinations. WT, n � 5; KO, n � 4. ‡, p � 0.020.
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ble that the colonicmucins in both humans andmice are highly
sulfated, even though different monosaccharides are preferen-
tially sulfated on the colonic mucins in humans and mice.
Our experiments using KO mice showed that the GlcNAc-

6-O-sulfation of colonic mucins was exclusively mediated by
GlcNAc6ST-2 in the mouse colon, even though GlcNAc6ST-1
was also expressed in the colon. Considering the previous find-
ing that both of these sulfotransferases can transfer sulfate onto
core 2-branched oligosaccharides (10, 35), and our present
observation that sulfate residues were exclusively present on
core 2 branched oligosaccharides of the colonic mucins, the
preference for a particular acceptor oligosaccharide structure
may not account for the differential activity of GlcNAc6ST-1
and GlcNAc6ST-2 for the colonic mucins. One possible expla-
nation is that the subcellular distribution of GlcNAc6ST-2 is
more suitable for transferring sulfate to the GlcNAc-
terminated O-glycans of colonic mucins, because GlcNAc6ST-
1 is confined to the trans-Golgi network,whereasGlcNAc6ST-2 is
distributed throughout the Golgi apparatus (42). Another possi-
bility is that differential preferences of GlcNAc6ST-1 and
GlcNAc6ST-2 for the Muc2 protein, a major colonic mucin,
accounts for the difference. Indeed, some glycosyltransferases
preferentially act on specific core proteins andmodulate the func-
tions of such glycoproteins (43, 44).
The mucus layer of the intestinal tract functions as a barrier

against pathogens and inflammatory stimuli (30). Spontaneous
colitis (15), the frequent development of adenomas in the small
intestine, and rectal tumors (16) are all found inMuc2-deficient
mice, indicating the importance of Muc2 as a mucosal barrier.
However, only a few reports have shown the consequences of
structural changes in the carbohydrate moiety of Muc2. FUT2-
deficient mice lack the terminal fucosylation of colonic mucin
(19), but it is still unclear if the fucosylation of colonic mucins
has functional significance in inflammation or other biological
responses. C3GnT-deficient mice are highly susceptible to
experimental triggers of colitis, whichwas attributed to a colon-
specific reduction in Muc2 protein (17). C2GnT2-deficient
mice also show an increased susceptibility to colitis without a
reduction in Muc2 core proteins (18), indicating that the core
2-branched O-glycans are required to protect the animal
against colitis. Because our results showed that GlcNAc-
6-O-sulfation was exclusively present on core 2-branched
O-glycans and that the KOmice did not show any reduction in
the Muc2 core protein, we thought that our KO mice could
serve as useful tools for examining the roles of GlcNAc-
6-O-sulfation on the core 2 branch. Recently, Dawson et al. (45)
reported that mice lacking a sulfate transporter, NaS1, show a
decrease in mucin sulfation, accompanied by an enhanced sus-
ceptibility to experimental colitis. However, the NaS1-null
mice show only a partial reduction in mucin sulfation, and no
structural data for the O-glycans attached to the mucins were
reported. To our knowledge, there are no previous reports
describing the phenotype of mice lacking the GlcNAc-
6-O-sulfation of O-glycans on the colonic mucins in experi-
mental colitis. The results shown in the present study provide
evidence that the GlcNAc-6-O-sulfation of colonic mucins was
completely eliminated in GlcNAc6ST-2-deficient mice, and
that this sulfation is important for the barrier function of

colonic mucins to prevent the massive leukocyte infiltration
induced by DSS administration, indicating a relationship
between structure and function of the carbohydratemoieties of
colonic mucins in mice.
In conclusion, the present study demonstrated that the

expression of GlcNAc6ST-2 is regulated by a SCFA, butyrate,
produced by anaerobic bacteria, and that GlcNAc6ST-2 func-
tions as a major sulfotransferase in the sulfation of colonic
mucins in mice, which serve as a mucosal barrier against
inflammatory stimuli in the intestinal tract. These findings pro-
vide new insights into the importance of the structure of the
carbohydrate moieties of mucins in health and disease.
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