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Alterations in glycosylation play an important role during
intestinal cell differentiation. Here, we compared expression
of mucin-type O-glycan synthases from proliferating and
differentiated HT-29 and Caco-2 cells. Mucin-type O-glycan
structures were analyzed at both stages by mass spectro-
metry. Core2 �1,6-N-acetylglucosaminyltransferase-2 (C2GnT-2)
wasmarkedly increased in differentiatedHT-29 and Caco-2 cells,
but the core3 structure was hardly detectable. To determine
whether such differential expression of mucin-type O-glycan
structures has physiological significance in intestinal cell differ-
entiation, expression of sucrase isomaltase (SI) and dipeptidyl-
peptidase IV (DPP-IV), two well known intestinal differentia-
tionmarkers, was examined. Interestingly, the fully glycosylated
mature form of SI was decreased in C2GnT-2 knock-out mice
but not in core2 N-acetylglucosaminyltransferase-3 (C2GnT-3)
nulls. In addition, expression of SI andDPP-IVwas dramatically
reduced in C2GnT-1–3 triple knock-out mice. These patterns
were confirmed by RNAi analysis; C2GnT-2 knockdown signif-
icantly reduced cell surface expression of SI and DPP-IV in
Caco-2 cells. Similarly, overexpression of the core3 structure in
HT-29 cells attenuated cell surface expression of both enzymes.
These findings indicate that core3O-glycan structure regulates
cell surface expression of SI and DPP-IV and that core2 O-gly-
can is presumably an essential mucin-type O-glycan structure
found in bothmolecules in vivo. Finally, goblet cells in the upper
part of the crypt showed impaired maturation in the core2
O-glycan-deficient mice. These studies are the first to clearly
identify functional mucin-typeO-glycan structures modulating
cell surface expression of SI and DPP-IV during the intestinal
cell differentiation.

Alterations in glycan structures reportedly have significant
effects on the glycoprotein function and play an important role
in cell differentiation and proliferation (1). Glycan structure is

determined by serial activity of several glycosyltransferases, and
it has been reported that expression of specific glycosyltrans-
ferases is regulated by developmental or tumorigenic processes
(2).
Among the numerous glycan structures, mucin-type O-gly-

cans function in cell adhesion (3, 4), signaling (5), and tumori-
genesis (6–8). Mucin-type O-glycans are classified as four dif-
ferent types: core1, core2, core3, and core4 (4). Core3O-glycan
is synthesized by single glycosyltransferase, �3-N-acetylglu-
cosaminyltransferase-6. Reduced core3 synthase3 activity has
been detected inmalignant tumor cells (9, 10), and we reported
that increased core3 O-glycan structure negatively regulates
tumorigenesis by regulating the function of �2�1 integrin in
prostate cancer (8).
In contrast to core3 O-glycan, formation of the core2 O-gly-

can structure containing N-acetylglucosamine �1,6 branching
is catalyzed by three different glycosyltransferases as follows:
core2 �1,6-N-acetylglucosaminyltransferase-1–3 (C2GnT-1–
3). C2GnT-1 reportedly functions to control lymphocyte roll-
ing (11), and its expression is highly correlated with cellular
malignancy (7). C2GnT-2 has been described as the major
enzyme that catalyzes formation of core2- and core4-type
O-glycan structures in the intestinal tract (12). However,
decreased expression of C2GnT-2 was observed in colorectal
cancer compared with normal mucosa (13). C2GnT activity is
increased in T-cell activation (14). C2GnT-3 is expressed in
activated T-cells (15), and its deletion results in reduced thy-
roxine levels in the circulation (12). Recently our group pub-
lished that core2 O-glycan-deficient mice show abnormal
mucosal barrier formation in vivo (12). These results suggest
that glycosyltransferases ofmucin-typeO-glycans differentially
regulate cell function and that core2-type O-glycans regulate
expression or sorting of highly glycosylated molecules in large
intestinal enterocytes.
Changes in glycosylation likely play significant roles during

the course of intestinal epithelial cell differentiation. During
differentiation, as proteins are transported to different cellular
compartments (16, 17), their glycan structure is modified by* This work was supported by National Institutes of Health Grants CA33000
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several glycosyltransferases. The N-glycan profile and related
glycoproteins have been compared in proliferating versus dif-
ferentiated HT-29 cells, which are a colon cancer line (18).
However, changes in the O-glycan profile during intestinal cell
differentiation have not been evaluated. Sucrase isomaltase (SI)
and dipeptidyl-peptidase IV (DPP-IV) are well known marker
proteins of differentiation of intestinal cells, and both are
expressed in the brush border of the intestinal tract (19, 20). SI
and DPP-IV are type II heavily N- and O-glycosylated mem-
brane glycoproteins, and inhibition of N- or O-glycan modifi-
cation of both molecules using glycosyltransferase inhibitors
promotes abnormal apical expression of both enzymes in
HT-29 and Caco-2 cells (21–23).
Enzymatic and chemical inhibition reagents are often

employed to evaluate the function of specific glycosylation
structures. Among them is the well known O-glycan synthesis
inhibitor, 1-benzyl-2-acetamido-2-deoxy-a-D-galactopyrano-
side (GalNAc�-bn). GalNAca-bn inhibits almost all O-glycan
syntheses (24, 25), but it is not useful to analyze specific O-gly-
can structures. Additionally, it has been reported that, depend-
ing on cell type, GalNAc�-bn can alter intracellular trafficking
and induce expression of other glycosyltransferases such as
sialyltransferase and fucosyltransferase in HT-29 cells (26).
In this study, we analyzed expression levels of several mucin-

typeO-glycans to understand their role in intestinal cell differ-
entiation. RT-PCR and mass spectrometry analysis of prolifer-
ating and differentiated cells showed that core2 O-glycans and
its related O-glycans are altered when cells begin to differenti-
ate. We also found that core3 type O-glycan was not detected
even in the differentiated cells. SI and DPP-IV expression was
decreased on the surface of C2GnT-2 RNAi-treated Caco-2
cells and in core2O-glycan-deficientmice. Reduced cell surface
expression of SI and DPP-IV was also seen in core3 synthase-
expressing HT-29 cells. These results suggest that core3O-gly-
cans regulate SI and DPP-IV localization and that core2O-gly-
can is an essential mucin-type O-glycan structure that has a
potential role in apical sorting of SI and DPP-IV in vitro and
their expression in vivo.

EXPERIMENTAL AND PROCEDURES

Materials—Goat anti-SI antibody and rabbit anti-CD26
(DPP-IV) antibody were obtained from Santa Cruz Biotechnol-
ogy, and anti-mouse SI antibody (HBB 2/614/88) was kindly
provided by Dr. Hauri (27). Rabbit anti-occludin antibody was
obtained from Invitrogen. Mouse anti-�-actin antibody and
�-benzyl GalNAc (GalNAc-bn) were purchased from Sigma.
Mice—C2GnT-2, C2GnT-3, and C2GnT-1–3 triple knock-

out mice were reported previously (12). Mice were treated
according to guidelines of theNational Institutes ofHealth, and
experiments were approved by the Animal Research Commit-
tee of the Sanford-BurnhamMedical Research Institute.
Cell Culture—HT-29 and Caco-2 cells were obtained from

the American Type Culture Collection and maintained in
DMEM/high glucose media supplemented with 10% FCS.
HT-29 cells were differentiated by reducing glucose levels
through changing media to RPMI 1640, and Caco-2 cells
underwent spontaneous differentiation, according to a previ-
ous report (28). During differentiation, themediawere changed

once a day. A core3 synthase expression vector was constructed
by inserting the open reading frame of human core3 synthase
cDNA into the mammalian expression vector pcDNA3.1-
hygromycin. HT-29 cells were transfected with pcDNA3.1/core3
synthase or pcDNA3.1 using Lipofectamine 2000 (Invitrogen),
according to themanufacturer’s instruction. Selection was per-
formed by a 2-week incubation in medium containing 1 mg/ml
hygromycin (Promega). Hygromycin-resistant colonies were
isolated and maintained in 500 �g/ml hygromycin. Expression
of core3 synthasewas confirmed by RT-PCR and FACS analysis
according to Lee et al. (8).
Metabolic Labeling and Western Blotting—Differentiated

monolayers of HT-29 or Caco-2 cells in 6-well dishes were pre-
incubated for 2 h at 37 °C in methionine/cysteine-free RPMI
1640 medium (Mediatech) containing dialyzed 10% FBS. For
metabolic pulse labeling, L-[35S]methionine and L-[35S]cysteine
(Promix; GE Healthcare) were added at a concentration of 200
�Ci/ml to media of each culture and incubated for 1 h at 37 °C.
After rinsing three times with PBS, cells were solubilized and
immunoprecipitated as described below.
Cellswere solubilized in lysis buffer composed of 20mMTris-

HCl, pH7.4, 150mMNaCl, 5mMEDTA, 1% (w/v)TritonX-100,
5 mM sodium pyrophosphate, 10 mM NaF, 1 mM sodium
orthovanadate, 10mM �-glycerophosphate, 1 mM phenylmeth-
ylsulfonyl fluoride, and a protease inhibitor mixture (Sigma).
For immunoprecipitations, whole cell lysates (500 �g) were
incubated with 4 �g of goat anti-SI antibody and rabbit anti-
DPP-IV antibody with 20 �l of protein A-Sepharose overnight
at 4 °C. For Western analysis, protein samples were subjected
to SDS-PAGE and transferred to nitrocellulose membranes
(Schleicher&Schuell).Membraneswere incubatedwithmouse
anti-SI antibody (1:1000) followed by HRP-conjugated anti-
mouse IgG. ECL reagents (Amersham Biosciences) were used
to detect signals.
Cell Surface Biotinylation—Cells were incubated with sulfo-

succinimidobiotin (Pierce) (1 mg/ml) for 1 h on ice, and the
reaction was stopped with 50 mM NH4Cl. After washing two
times with PBS containing 1 mM MgCl, 0.1 mM CaCl2, lysates
were immunoprecipitated with goat anti-SI and rabbit anti-
CD26 (DPP-IV) antibody, as described above. Biotinylated pro-
teins were visualized using a Vectastain ABC kit (Vector Labo-
ratories, Burlingame, CA).
O-Glycan Structure Analysis—Proliferating and differenti-

atedCaco-2 cellswere suspended in 0.1MNH4HCO3, boiled for
10 min, and lyophilized. O-Glycan was purified by �-elimina-
tion methods, according to Yu et al. (29). O-Glycans were per-
methylated and analyzed byMALDI-MS andMS/MS on a 4700
Proteomics Analyzer (Applied Biosystem, Farmington,MA), as
described previously (29, 30).
Semi-quantitative RT-PCR—Total RNA was isolated from

proliferating and differentiated HT-29 and Caco-2 cells using
TRIzol (Invitrogen). RT-PCR of core1 synthase, Cosmc (31),
core3 synthase (�3-N-acetylglucosaminyltransferase-6) (32),
C2GnT-1 (33), C2GnT-2 (34), and C2GnT-3 (35) was under-
taken. cDNA was synthesized using AmpliTaq DNA polymer-
ase (Applied Biosystems) and the following PCR primers:
Cosmc, 5-cactgtgacaaagcaga-3 (5�-primer) and 5-ggttggggt-
gataagtca-3 (3�-primer); core1 synthase, 5-gtgggactgaaaac-
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caa-3 (5�-primer) and 5-agatcagagcagcaacca-3 (3�-primer);
C2GnT-1, 5�-tcggtggacacctgacgactatat-3� (5�-primer) and 5�-
aggtcataccgcttcttccacctt-3� (3�-primer); C2GnT-2, 5�-agtccag-
ggaatctcaaagccagt-3� (5�-primer) and 5�-tgagctctggagcaagtctt-
ccat-3� (3�-primer); C2GnT-3, 5�-gacatccagttctctagacctctg-3�
(5�-primer) and 5�-aaggcgaggtacttagggagtact-3� (3�-primer);
�3-N-acetylglucosaminyltransferase-6, 5�-agcactgcagcagtgg-
ttc-3� (5�-primer) and 5�-gaggaaggtgtccgcgaag-3� (3�-primer),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5�-
cctggccaaggtcatccatgaca-3� (5�-primer) and 5�-atgaggtccaccac-
cctgttgct-3� (3�-primer). The PCRwas carried out at 94 °C for 5
min, followed by 28 cycles of 94 °C for 30 s, 56 °C for 30 s, and
72 °C for 30 s and by a single incubation at 72 °C for 5min. PCR
products were separated by electrophoresis on 1% agarose gels.
Expression levels were normalized to GAPDH expression.
RNAi—siRNAoligonucleotides specific for humanC2GnT-2

(s17678) and a control siRNA were obtained from Ambion.
Transient introduction of oligonucleotide (20 nM) was
achieved using DharmaFECT-4, according to the manufac-
turer’s instructions (Thermo Scientific). After 72 h of trans-
fection, knockdown of both SI and DPP-IV was found to be at
least 75% efficient, based on semiquantitative RT-PCR.
Immunocytochemistry—Differentiated cells were fixed by

incubation with PBS containing 4% paraformaldehyde for 10
min at room temperature. After washing with PBS three times
for 5 min each, cells were blocked with PBS containing 5%
bovine serum albumin for 1 h at room temperature and then
incubated with goat anti-SI and rabbit anti-CD26 (DPP-IV)

FIGURE 1. Illustration of mucin-type O-glycan synthesis. Starting from
N-acetylgalactosamine on serine or threonine residues in a polypeptide,
core1 synthase transfers galactose to make the core1 structure Gal�13
3GalNAc�13Ser/Thr, and core3 synthase (b3GnT-6) transfers N-acetylglu-
cosamine to form a core3 structure GlcNAc�133GalNAc�13Ser/Thr
(core3). The core1 extension enzyme �3GnT-3 transfers N-acetylglucosamine
to a core1 structure to make a core1 extension structure, and core1 is con-
verted to core2 by C2GnT-1, C2GnT-2, and C2GnT-3.

FIGURE 2. Expression of enzymes forming mucin-type O-glycans. Total RNA was isolated from proliferating and differentiated HT-29 and Caco-2 cells.
Cells at 30 – 40% confluency were used as proliferating (Pro) cells, and 3 days after confluency cells were judged to be differentiated (Differ). In the case
of HT-29 cells, culture media were changed to RPMI 1640 when it reached confluency. After reverse transcription, levels of cDNAs encoding enzymes
were semi-quantitatively estimated by PCR (left panel). mRNA levels were normalized to that of glyceraldehyde phosphate dehydrogenase (GAPDH).
Expression levels were assessed by the ImageJ program, and levels of each mRNA in differentiating cells were compared with that seen in proliferating
cells (right panel).
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antibodies (1:100) for 1 h at room temperature. Primary anti-
body binding was detected with an Alexa Fluor 488-labeled
antibody to goat IgG (Invitrogen).
Immunohistochemical Analysis—To detect SI or DPP-IV in

mouse intestine, tissues from wild-type or C2GnT-1–3 triple
knock-out mice were fixed in 0.1 M phosphate buffer containing
4%paraformaldehyde andembedded inparaffin or frozen, respec-
tively. For SI detection, dewaxed sections were pretreated with
hydroperoxide and a nonspecific staining reagent (Dako Cytoma-
tion) for 10 min at 37 °C and then incubated with 1:100 diluted
goat anti-SI antibody (Santa Cruz Biotechnology) at 4 °C over-
night.Sectionswere then incubatedwith1:200dilutedhorseradish
peroxidase-conjugated anti goat IgG antibody. Immunoreactivity
was visualized using the manufacturer’s protocol for DAB sub-
strate kit (Zymed Laboratories Inc.), and sections were counter-
stained with Gills’ hematoxylin solution. For DPP-IV detection,
sections were washed with PBS for 1min and fixed in 0.1 M phos-
phate buffer containing 4% paraformaldehyde for 10min at room
temperature. After washing with PBS three times, sections were
incubatedwith5%goat seruminPBS for1h.Sectionswere reacted
with rabbit anti-DPP-IVantibody (1:50) at 4 °Covernight and then
reacted with Alexa Fluor 488 anti-rabbit IgG (Invitrogen).

Mucin Histochemistry—Hematoxylin and eosin staining was
used for morphological examination. Periodic acid-Schiff reac-
tion and Alcian blue, pH 2.5, staining were carried out for
mucin histochemistry. For immunohistochemistry for MUC2
mucin, microwave irradiation in a 1.0 mM EDTA, pH 8.0, was
carried out before incubation of rabbit polyclonal anti-MUC2
antibody (H-300; Santa Cruz Biotechnology). Envision� (Dako),
which is dextran polymers conjugating a large number of goat
antibodies against rabbit immunoglobulins and horseradish
peroxidase, was used for secondary antibody, and the perox-
idase reaction was developed using a diaminobenzidine/
H2O2 solution, and counterstaining was performed with
hematoxylin.

RESULTS

Core2 O-Glycan Is Increased in Differentiated HT-29 and
Caco-2 Cells—Because glycosylation patterns reportedly differ
during cell differentiation, expression levels of several glycosyl-
transferases (Fig. 1) important for synthesis of mucin-type
O-glycan structure were measured in two different intestinal
cell lines HT-29 and Caco-2 by RT-PCR (Fig. 2A). In prolifer-
ating conditions, core1 synthase and its chaperone protein,

FIGURE 3. Comparison of mucin-type O-glycans by mass spectrometric analyses of proliferating and differentiated Caco-2 cells. MALDI-MS
analysis of permethylated O-glycans in positive ion mode from proliferating and differentiated Caco-2 cells. 30 – 40% confluent Caco-2 cells served as
proliferating cells. At both 3 and 13 days after confluency, Caco-2 cells were assessed as differentiated and further differentiated cells. The m/z values
of the labeled peaks correspond to monoisotopic mass, and assignment of the molecular composition is shown in the figure. Ions at m/z 983.5, 1157.6,
1344.7, 1518.8, 1705.9, and 1800.0 correspond to core3 O-glycans, Gal3GlcNAc3(Gal3)GalNAcitol, Gal3(Fuc3)GlcNAc3(Gal3)GalNAcitol,
Gal3GlcNAc3(Sialic acid3Gal3)GalNAcitol, Gal3(Fuc3)GlcNAc3(sialic acid3Gal3)GalNAcitol, (sialic acid)23Gal3GlcNAc3(Gal3)GalNAcitol,
and (sialic acid)23Gal3(Fuc3)GlcNAc3(Gal3)GalNAcitol, respectively.
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Cosmc, were abundantly expressed in both HT-29 and Caco-2
cells. However, over the course of differentiation, expression of
core1 synthase remained fairly unchanged. Caco-2 cells, unlike
HT-29 cells, showed increased C2GnT-1 expression in differ-
entiated conditions; however, C2GnT-2 expression was highly
increased in both differentiated HT-29 and Caco-2 cells com-
pared with proliferating conditions (Fig. 2B). Core3 synthase
(�3-N-acetylglucosaminyltransferase-6) and C2GnT-3 were
not detected in either line, even in differentiation conditions,
and only HT-29 cells showed expression of core1 extension
(Fig. 2B).
To confirm these findings, we analyzed cell surfaceO-glycan

structures in proliferating anddifferentiatedHT-29 andCaco-2
cells by mass spectrometry (Fig. 3). We found that core1- and
core2-related O-glycan structures constitute a major popula-
tion ofO-glycans in bothHT-29 andCaco-2 cells. Interestingly,
the relative intensity of core2-based O-glycan structures (m/z
983.5, 1157.6, 1344.7, 1518.8, 1705.9, and 1800.0) gradually
increased with the degree of differentiation. However, we did
not observe detectable levels of core3 and core1 extended struc-
ture in either line. These results suggest that core2 O-glycans
may have an important function as these cells differentiate, and
their levels are regulated transcriptionally, possibly through up-
regulation of the C2GnT-2 gene.
Mature Form of Sucrase Isomaltase Is Decreased in C2GnT-2

Knock-out Mice—Because the core2-type O-glycan structure
was dramatically increased in differentiated HT-29 and Caco-2
cells, we hypothesized that core2-type O-glycans could play an
important role in the intestinal tract in vivo. To elucidate that
function, we first examined expression of the differentiation
marker SI. Interestingly, the highly glycosylated, mature form
of SI was decreased in C2GnT-2 knock-out mouse intestine,
although no difference relative to wild-type mice was detected
in C2GnT-3 knock-out mice (Fig. 4). Proper maturation of SI
is reportedly required to regulate apical sorting (36). Taken
together, these data suggest that C2GnT-2-mediated core2
O-glycans have an important role in expression of a functional
form of SI.

C2GnT-2 Knockdown Promotes Decreased Cell Surface
Expression of SI and DPP-IV—To confirm a role for C2GnT-2-
mediated glycosylation in the maturation of SI and DPP-IV, we
evaluated cell surface expression of SI and DPP-IV after down-
regulation of C2GnT-2 expression by RNAi. Because DPP-IV
reportedly exhibits a functionalO-glycan structure similar to SI
(26), we evaluated expression of both molecules in C2GnT-2
knockdown Caco-2 cells. After confirming that a specific RNAi
sequence for C2GnT-2 efficiently inhibited C2GnT-2 expres-
sion in Caco-2 cells (Fig. 5A), SI or DPP-IV protein levels were
examined byWestern blotting and immunoprecipitation using
metabolically labeled proteins. Because there is no high quality
antibody commercially available for immunoblotting mouse
DPP-IV, we were only able to compare DPP-IV molecular
weight differences with and without RNAi treatment. SI and
DPP-IV from GalNAc-bn-treated Caco-2 cells showed a
decreased molecular weight, as reported previously (23, 37),
and only DPP-IV showed significant decreases in molecular
weight after RNAi treatment (Fig. 4B, right panel). However,
cell surface expression of both SI and DPP-IV was dramatically
decreased in C2GnT-2 RNAi-treated cells based on cell surface
biotinylation and immunoprecipitation analysis (Fig. 6A).
Those levels were further reduced when the most O-glycan
structures were eliminated by GalNAc-bn treatment (Fig. 6A).
Immunocytochemistry analysis confirmed these following
findings (Fig. 6B): control RNAi-treated Caco-2 cells showed
greater numbers of SI- and DPP-IV-positive cells than did
C2GnT-2 knockdown cells in a nonpermeable condition. These
results support the idea that C2GnT-2-mediated core2 O-gly-
can structure is important for cell surface SI and DPP-IV
expression in intestinal Caco-2 cells.

FIGURE 4. Maturation of SI is attenuated in C2GnT-2-deficient mice.
Expression of SI was compared from two different intestinal tissue samples
from wild-type and C2GnT-2-deficient mice (A). Attenuated maturation was
seen only in C2GnT-2-deficient and not in C2GnT-3-deficient mice (B). Four
mg of each tissue sample was homogenized, and the resulting supernatant
was used in Western blotting. Anti-goat SI antibody was used in this experi-
ment as described under “Experimental and Procedures.” FIGURE 5. Targeted inhibition of C2GnT-2 by RNAi in HT-29 and Caco-2

cells. A, 20 nmol of control (Cont) RNAi and C2GnT-2-targeted (C2-2) RNAi
was transfected using DharmaFECT-4, according to the manufacturer’s
protocols. Most C2GnT-2 expression was attenuated following transfec-
tion of C2GnT-2-targeted RNAi. B, SI expression was determined using an
anti-SI antibody (HBB/214/88) after transfection of control RNAi and
C2GnT-2 RNAi (left panel). In the case of DPP-IV, 35S-metabolically labeled
protein was used for immunoprecipitation (IP) (right panel). GalNac-bn
treatment served as a positive control to inhibit O-glycosylation of both SI
and DPP-IV in Caco-2 cells.
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Core2O-Glycan Is Important for Expression of SI andDPP-IV—
Although defective maturation of SI and reduced cell surface
expression of SI and DPP-IV were seen in the C2GnT-2 single
knock-out mouse intestine and in a C2GnT-2 knockdown
experiment, respectively, interpretation of these findings was
complicated by the fact that there are two other core2O-glycan
synthases. To eliminate the contribution of these factors, SI
expression levels were determined in wild-type and in C2GnT-
1–3 triple knock-outmice byWestern blotting. Surprisingly, SI
expression levels were dramatically reduced in triple knock-out
compared with wild-type mice (Fig. 7). Immunohistochemical

analysis showing weak expression
of SI in C2GnT-1–3-deficient mice
compared with wild-type mice
confirmed these findings (Fig. 8A).
DPP-IV positivity was also de-
creased in C2GnT-1–3 knock-out
mouse intestine (Fig. 8B). These
results strongly suggest that the
core2 mucin-type O-glycan struc-
ture is essential for the expression of
these proteins in vivo.
Increased Core3 O-Glycan Struc-

ture Decreases Cell Surface Expres-
sion of SI and DPP-IV—Because
the core3-type O-glycan structure
was not detected in differentiated
HT-29 and Caco-2 cells, we com-
pared cell surface expression of SI
and DPP-IV using mock-trans-
fected (HT-29-mock) and core3
synthase-expressing HT-29 cells
(HT-29-core3). After confirming
expression of core3 synthase in
HT-29 cells by direct and indirect
methods such as RT-PCR and FACS
analysis, respectively (Fig. 9), cell
surface expression of SI andDPP-IV
was compared in HT-29-mock and
HT-29-core3 cells. Interestingly,
DPP-IV surface expression was
strongly decreased, and the mature
form of SI was slightly decreased in
HT-29-core3 cells (Fig. 10A). How-
ever, immunocytochemistry analy-
sis showed that DPP-IV and SI
positivity was decreased in HT-29-
core3 cells. In addition, the staining
pattern of DPP-IV and SI, which is
normally apical, changed to the
basolateral surface in confluent
HT-29-core3 cells (Fig 10B). These
data suggest that core3 O-glycans
can regulate DPP-IV and SI and that
increased core3 O-glycan structure
may attenuate cell surface expres-
sion of both molecules.
Core 2 O-Glycan Is Important for

Functional Maturation of Goblet Cells—The above findings
suggest that colonic epithelial differentiation might be altered
in the C2GnT-deficient mouse. Because the expressions of SI
andDPP-IVwere defective in the C2GnT-1–3-deficientmouse
comparedwithwild-typemouse, we examinedmore closely the
morphology of colonic mucosa from both wild-type and
C2GnT-1–3-deficient mice. Histological examinations of the
large intestines revealed that the goblet cells lining themucosal
crypt of triple knock-out mice were increased in number com-
pared with those of wild-type mice, and the mucin vacuoles in
these cells were also enlarged in size (Fig. 11). Interestingly, the

FIGURE 6. Cell surface expression of SI and DPP-IV is attenuated by targeted knockdown of C2GnT-2.
Confluent Caco-2 cells were treated with control RNAi (Cont), C2GnT-2 RNAi (C2-2) and 4 mM GalNAc-bn (Bz) for
3 days. Surface-biotinylated Caco-2 cells (A) were immunoprecipitated (IP) using anti-goat SI (left panel) and
anti-rabbit CD26 (DPP-IV) antibodies (right panel). Confluent Caco-2 cells on glass bottom plates were treated
with control RNAi and C2GnT-2 RNAi. Three days later, SI and DPP-IV cell surface expression was assessed by
immunofluorescence (upper panels) (B). Cell density of the area depicted is shown by phase-contrast micros-
copy (lower panels). Scale bar, 20 �m.

FIGURE 7. SI expression is decreased in C2GnT-1–3 triple knock-out mice. The intestine and colon of wild-
type and C2GnT-1–3 triple knock-out mice were homogenized, and the supernatant was isolated. A, expression
of SI was determined by Western blotting with increasing loading amounts (left panel), and the same amount
of protein was used in a control experiment and checked by Coomassie staining (right panel). B, intestine and
colon tissues were isolated from another pair of wild-type and C2GnT-1–3 triple knock-out mice, and SI expres-
sion was similarly examined. 40 �g of cell lysate was used, and anti-goat SI antibody (1:1000) served as the first
antibody. W, wild-type; KO, C2GnT-1–3 triple knock-out.
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mature goblet cells containing larger mucin vacuoles, which
were found in the upper portion of the crypt in wild-type mice,
already appeared in the crypt base of the triple knock-out
mice. We also found that MUC2mucin in the triple knock-out
mice was secreted by the goblet cells largely located in lower
half of the crypt, whereas MUC2 mucin in the wild-type mice
was distributed throughout the mucosal crypt (Fig. 11). These
results indicate that the goblet cells in the upper part of crypts
of the triple knock-out mice hardly synthesize MUC2 and thus
exhibit a defect in functionalmaturation of goblet cells. In addi-
tion, the acidity of goblet cell mucin secreted by the triple
knock-out mice was reduced (Fig. 11), suggesting that sialyla-
tion and/or sulfation of O-glycans in the goblet cells were
decreased in knock-out mice. Because the core2 branch is
highly sialylated, the loss of core2 branch likely contributes to
diminished acidity of mucin secretions from the C2GnT-1–3
triple-deficient mice.

DISCUSSION

In this study, we investigated detailed O-glycan structures
over the course of intestinal cell differentiation by mass spec-
trometry. We observed not only structural differences but also
transcriptional changes in specific glycosyltransferases cata-
lyzing mucin-type O-glycan synthesis as cells differentiated.
Among the three different glycosyltransferases responsible

for synthesis of the core2O-glycan structure, C2GnT-2 expres-
sion was most greatly increased in differentiated compared
with proliferating HT-29 and Caco-2 cells, although C2GnT-1
also showed increases in differentiated HT-29 cells (Fig. 2). In
support of this finding, mucin-type O-glycan structures based
on core2-typeO-glycans weremainly detected in differentiated
Caco-2 cells, and their relative levels increased as cells differen-
tiated (Fig. 3). We also showed that expression of the intestinal
markers SI andDPP-IVwas down-regulated in core2O-glycan-
deficient mice. To our knowledge, this is the first data demon-
strating that O-glycan modification by a specific glycosyltrans-
ferase functionally regulates expression of SI and DPP-IV
in vivo.
Core1-type O-glycan structure reportedly plays an impor-

tant role in development (38) and is abundantly expressed in
intestinal cells. Although increased core1 synthase levels are
onlymarginally higher than those of C2GnT-2, total expression
levels of core1 synthase in differentiated Caco-2 cells were sim-
ilar to those of C2GnT-2 (Fig. 2). This could account for why
an increased disialylated core1 structure (m/z 1256.7) was
detected in differentiated Caco-2 cells. Using the core1-type
O-glycan structure as an acceptor, the core2O-glycan structure
is synthesized by three C2GnTs (Fig. 1). Conversely, the core1
O-glycan structure remained in C2GnT-1–3 triple knock-out

FIGURE 8. Immunohistochemical and immunofluorescence analysis of
C2GnT-1–3 triple knock-out mice. Sections from the intestine of wild-type
and C2GnT-1–3 triply deficient mice were stained with goat anti-SI and rabbit
anti CD26 (DPP-IV) antibody. A, paraffin sections were used for SI detection,
and positive SI signals were strongly detected in wild-type mouse tissues
(upper left panel). Control staining without the first antibody showed no signal
(lower panel). Weak expression of SI was shown in C2GnT-1–3 triply deficient
mouse intestine, compared with that of wild-type mice. B, frozen sections
were used for DPP-IV detection, and Alexa Fluor-labeled anti-rabbit IgG
served as second antibody (upper panels). Nuclear staining with DAPI was
used as the control for DPP-IV staining (lower panels). Positive SI and DPP-IV
signals were detected in the apical area of intestinal enterocytes. Scale bar,
50 �m.

FIGURE 9. Establishment of core3 synthase-expressing HT-29 cells.
A, HT-29 cells were transfected with mock and core3 synthase expression
plasmids, and several hygromycin-resistant clones of each were isolated.
A, RT-PCR results of core3 synthase expression of each mock- and
pcDNA-core3-transfected clone. mRNA levels were normalized to that of
glyceraldehyde phosphate dehydrogenase (GAPDH). B, FACS analysis for
PNA (peanut agglutinin) staining after neuraminidase treatment. Two dif-
ferent core3-expressing HT-29 clones were compared with mock-trans-
fected HT-29 cells. M, mock-transfected clone; C, core3-transfected clone.
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mice as well as on the SI and DPP-IV in the intestinal tract. In
our study, incompletely glycosylated SI and reduced expression
of SI and DPP-IV were shown in C2GnT knock-out mice.
Taken together, these results suggest that the C2GnT-medi-

ated O-glycan structure constitutes
an essential minimum O-glycan
structure important for expression
of both SI and DPP-IV.
In differentiated Caco-2 cells,

although the core2-based O-gly-
can structure was predominant,
C2GnT-2 could make not only
core2 but also the core4 structure.
Because the core4 structure could
be detected in the normal intestinal
tract, it may also function in the
expression of SI andDPP-IV in vivo.
Detailed analysis of the glycan
structure using purified SI and
DPP-IV proteins should be in-
formative in future analysis of the
function of both core2 and core4
structures. The fact that there is
decreased expression of MUC2 in
the mucosal crypt of C2GnT-1–3
triple knock-out mice compared
with wild type (Fig. 11) could be a
reason for the increased perme-
ability shown in core2 O-glycan-
deficient mice in our previous
study (12).
In addition, there is a possibility

that defective function of absorptive
cells might cause abnormal size
and maturation of goblet cells in
C2GnT-1–3 triple knock-out mice.
It is also possible that the anomaly in
the differentiation of absorptive and
goblet cells is caused by impaired
secretion ofMUC2. These data sup-
port the functional role of core2
O-glycan in intestinal track in vivo.
Although both Caco-2 and

HT-29 lines are often used to ana-
lyze enterocytic function, both are
intestinal carcinoma cells. Core3
structure is reportedly down-regu-
lated in several cancers (9, 10), pos-
sibly accounting for why core3
O-glycan was not detected in our
study (Fig. 1). To understand the
role of core3 mucin-type O-glycan
structure in SI and DPP-IV expres-
sion, cell surface expressions of both
proteins were compared in mock
versus core3 synthase-transfected
HT-29 cells (Fig. 10). Interestingly,
increasing core3 structure hindered

cell surface expression of both SI and DPP-IV, and core3-ex-
pressingHT-29 cells exhibited an expression pattern character-
istic of the basolateral surface. Our group previously reported
that an increased core3 structure on �2�1 integrin attenuated

FIGURE 10. Cell surface expression of SI and DPP-IV is decreased in core3 synthase-expressing HT-29 cells
compared with mock-transfected cells. A, differentiated mock- and core3 synthase-transfected HT-29 cells
(mock clone 2 and 3 and core3-expressing clones 9 and 13) were biotinylated, and cell surface expression of SI
(right) and DPP-IV (left) was compared after immunoprecipitation (IP) with DPP-IV and SI antibodies. B, DPP-IV
and SI cell surface expression was examined by immunofluorescence. Both mock- and core3 synthase-trans-
fected HT-29 cells were stained with goat anti-SI (upper right) or rabbit anti-CD26 (DPP-IV; upper left) antibodies
in nonpermeable conditions. Cell density of the depicted areas is shown by phase-contrast microscopy (lower
panels). Arrowhead and arrows indicate the apical and basolateral area, respectively. Scale bar, 20 �m.

FIGURE 11. Histology of the large intestine of wild-type and C2GnT-1–3 triple knock-out mice. HE, PAS,
and AB indicate hematoxylin and eosin, periodic acid-Schiff, and Alcian blue, pH 2.5, respectively. WT, wild-type
mice; KO, C2GnT-1–3 triple knock-out mice; mm, muscularis mucosae; bar, 50 �m.
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its cell surface expression on prostate cancer cells (8). These
results suggest that core3 type O-glycan is a functional mucin-
type O-glycan structure required for proper sorting of SI and
DPP-IV in intestinal epithelial cells.
In polarized epithelial cells, two sorting pathways have been

suggested. First, the trans-Golgi network and other compo-
nents sort proteins to the surface by carrier proteins. Second,
the transcytosis pathway delivers proteins to another surface
via early and recycling endosomes (39). Although unknown
mechanisms likely regulate both pathways, glycosylation pat-
terns are thought to underlie these processes. In fact, it is sug-
gested that intracellular lectin-like proteins such as mannose
6-phosphate receptor, calnexin, calreticulin, and vesicular inte-
gral membrane protein 36 play important roles in intracellular
vesicular transport (40, 41). In addition, a specific glycosylation
structure by single glycosyltransferase such as core fucosylation
on hepatic glycoprotein is suggested to be a signal for secretion
into liver bile ducts (42).O-Glycosylation of SI and DPP-IV has
been proposed to regulate apical sorting by several groups,
because apical SI and DPP-IV expression is disrupted by
GalNAc-bn, a strong inhibitor of almost allO-glycan synthesis.
In this study, cell surface expression of SI and DPP-IV was
decreased by knockdown of a single glycosyltransferase,
C2GnT-2. Interestingly, decreased expression of SI was
detected in C2GnT-1–3 triple knock-out mice. However, only
the mature form of SI was attenuated without changing overall
expression levels in C2GnT-2 single deficiency mice, which
show partially decreased core2 synthase activity (Fig. 4). These
results, taken together, suggest that not all O-glycans, but
rather C2GnT-2-mediatedO-glycans, can function as signaling
factors in apical sorting as well as protein expression. It is also
possible that novel sorting machinery complexes include core2
O-glycan recognition molecules, an idea that requires further
study.
In summary, ours is the first description of the function of

a specific mucin-type core2O-glycan structure in vivo in intes-
tinal cells. Using C2GnT-deficient mice, C2GnT-mediated
O-glycan structures, primarily the core2 O-glycan structure,
were determined to be important for SI andDPP-IV expression.
Our analysis should lead to further exploration of carbohy-
drate-mediated mechanism in intracellular trafficking.
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