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A B S T R A C T

Background: Treatment of Crohn's disease (CD) remains to be a challenge due to limited insights for its patho-
genesis. We aimed to determine the role of O-Linked b-N-acetylglucosamine (O-GlcNAc) in the development
of CD and evaluate therapeutic effects of O-GlcNAc inhibitors on CD.
Methods: O-GlcNAc in intestinal epithelial tissues of CD, adherent-invasive Escherichia coli (AIEC) LF82-
infected cells and mice was determined by immunoblot and immunohistochemistry. AIEC LF82 and dextran
sulfate sodium were administrated into C57BL/6 mice for estabolishing inflammatory bowel disease model
and for therapeutic study.
Findings: O-GlcNAc was increased in intestinal epithelial tissues of CD patients and AIEC LF82-infected mice.
Infection of AIEC LF82 up-regulated the level of UDP-GlcNAc and increased O-GlcNAc in human colon epithe-
lial HCT116 and HT-29 cells. We identified that IKKb and NF-kB were O-Glycosylated in AIEC LF82-treated
cells. Mutations of IKKb (S733A) and p65 (T352A) abrogated the O-GlcNAc in IKKb and NF-kB and inhibited
AIEC LF82-induced activation of NF-kB. Application of 6-diazO-5-oxO-L-norleucine, an agent that blocks the
production of UDP-GlcNAc and inhibits O-GlcNAc, inactivated NF-kB in AIEC LF82-infected cells, enhanced
the formation of autophagy, promoted the removal of cell-associated AIEC LF82, alleviated intestinal epithe-
lial inflammation, and improved the survival of the colitis mice.
Interpretation: Intestinal inflammation in CD is associated with increased O-GlcNAc modification, which is
required for NF-kB activation and suppression of autophagy. Targeting O-GlcNAc could be an effective ther-
apy for inflammatory bowel disease.
Funding: National Natural Science Foundation of China (Nos. 81573087 and 81772924) and International
Cooperation Foundation of Jilin Province (20190701006GH).
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Crohn’s disease (CD) is a chronic inflammatory disease of the gas-
trointestinal tract whose symptoms develop in an intermittent man-
ner of recurrence and remission. Progress of CD leads to intestinal
damage and disability [1,2]. The pathogenesis of CD involves multiple
factors, such as susceptibility to inheritance, environment and immu-
nity abnormalities [3,4]. Among the environmental factors, adherent
invasive E. coli (AIEC) pathogens are considered to be the major can-
didate pathogen bacteria [5-9]. These bacteria strongly adhere to and
invade intestinal epithelial cells (IECs), survive within macrophages,
migrate into deep tissues, and activate immune cells to induce
inflammatory cytokine secretion [7,8]. Accumulated evidence shows
that most of enteropathogens are equipped with a large set of specific
metabolic pathways to overcome nutritional limitations in vivo,
hence increasing bacterial fitness during infections [10].

Glycosylation, one of the most common modifications for proteins
and lipids, is essential for maintaining physiological cell functions.
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Research in context

Evidence before study

Bacterial cell wall is organized by peptidoglycan, which con-
tains a repetition of carbohydrates, N-acetylglucosamine
(GlcNAc) and N-acetylmuramic acid cross-linked by short
chains of peptides to form a lattice surrounding the entire cell.
Large amounts of GlcNAc and other bacterial cell wall building
blocks, such as UDP-GlcNAc, are released during bacterial
growth/division and bacterial host invasion. GlcNAc is not only
important for the biogenesis of bacterial cell wall but also
serves as a metabolite of the hexosamine biosynthetic pathway
(HBP) for host cells, one endpoint of which is the modification
and regulation of proteins by O-GlcNAcylation (O-GlcNAc). O-
GlcNAc is a reversible post-translational modification, attaching
a sugar moiety to serine/threonine residues of cytosolic or
nuclear proteins. The modification modulates cellular signaling
and transcription regulatory pathways in response to metabolic
cues and stresses. It is reported that O-GlcNAc is associated
with both pro- and anti-inflammatory effects in various condi-
tions. However, the role of O-GlcNAc in the development of CD
remains largely unknown.

Added value of this study

We have demonstrated that O-GlcNAc was markedly increased
in intestinal epithelial tissues of CD patients and adherent-inva-
sive Escherichia coli (AIEC) LF82-infected mice. Infection of
AIEC LF82, but not inactive AIEC LF82 or non-pathogenic bacte-
ria, up-regulated the level of UDP-GlcNAc, a donor glucosamine
for glycosylation, and increased O-GlcNAc in human colon epi-
thelial HCT116 and HT-29 cells. We identified that IKKb and
NF-kB were O-Glycosylated in AIEC LF82-treated cells. Muta-
tions of IKKb (S733A) and p65 (T352A) abrogated the O-GlcNAc
in IKKb and NF-kB and inhibited AIEC LF82-induced activation
of NF-kB. In addition, depletion of UDP-GlcNAc or inhibition of
O-GlcNAc suppressed NF-kB activation, and hence promoted
autophagosome/autolysosome formation, enhanced the
removal of intracellular AIEC LF82, alleviated intestinal epithe-
lial inflammation, and promoted the survival of AIEC LF82-
infected mice. Taken together, our data suggest that intestinal
inflammation in CD is associated with increased levels of O-
GlcNAc, which is required for NF-kB activation and suppression
of autophagy.

Implication of all the available evidence

Targeting O-GlcNAc could be an effective therapy for inflamma-
tory bowel disease.
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With respect to protein glycosylation, two major types of modifica-
tions have been characterized, i.e., N- and O-linked glycosylation. It
was reported that AIEC adhesion to ileal enterocytes of CD patients is
blocked in the presence of D-mannose, indicating that bacteria�host
cell interactions occur via glycosylated receptors [5]. In addition, an
elevated expression of mannosylated molecule(s) on ileal enterocytes
of CD patients was observed using the mannose-binding lectin ConA
[5]. Accordingly, Barnich et al. identified that AIEC strain LF82
adheres to ileal enterocytes via the common type 1 pili adhesin FimH
and recognizes carcinoembryonic antigen�related cell adhesion mol-
ecule 6 (CEACAM6), a glycosylated type 1 pili receptor, abnormally
expressed on CD ileal epithelial cells [5,6]. Together, these findings
suggest that glycosylation plays a critical role in AIEC-induced adhe-
sion and invasion.
O-GlcNAc is an O-linked-b-N-acetylglucosamine moiety attached
to the residue of serine or threonine on nuclear or cytoplasmic pro-
teins [11]. O-GlcNAc homeostatsis is controlled by two enzymes: O-
GlcNAc transferase (OGT), which adds GlcNAc to target proteins, and
O-GlcNAcase (OGA), which removes the GlcNAc [12]. The hexos-
amine biosynthetic pathway (HBP) converts intracellular glucose to
UDP-N-acetylglucosamine (UDP-GlcNAc), an essential precursor of
protein O-GlcNAc, which may in turn act as a hormone and nutrient
sensor to control multiple biological processes including cell signal-
ing, metabolism, development and aging [13�15]. O-GlcNAc modifi-
cation is associated with both pro- and anti-inflammatory effects in
various conditions [15]. However, the role of O-GlcNAcylation in the
development of CD remains largely unknown. In this study, we
detected the O-GlcNAc modification in intestinal tissues from CD
patients and experimental inflammatory bowel disease mice, deter-
mined the functional outcomes of AIEC-induced O-GlcNAc modifica-
tion in inflammation, characterized the mechanisms whereby AIEC
upregulates the modification and O-GlcNAc promotes inflammatory
responses in intestinal epithelial cells. In addition, we evaluated the
significance of O-GlcNAc inhibition in the removal of intracellular
AIEC and mitigation of the inflammatory response in an experimental
mouse model.

2. Materials and methods

2.1. Ethics statement

C57BL/6 mice [8-week-old males and females] were provided by
and housed in the animal facility in the College of Basic Medicine, Jilin
University in accordance with the University guidelines and Chinese
recommendations in experimental animals. The animals were in spe-
cific pathogen-free conditions. Food and drinking water were pro-
vided ad libitum. Protocols were approved by the Jilin University
Institutional Animal Care and Use Committee (IACUC) [approval ID
2018-R35] and the Ethics Committee of Jilin University [approval
Y2018-R35. Protocol for the application of human tissues was
approved by IRB in the University of Alabama at Birmingham (UAB).
No private information of patients was accessed. Informed consent of
the patients was waived (Protocol No. N120831003).

2.2. Cell culture, antibodies, and reagents

The human colon epithelial cell line HCT116 and HT-29 were
maintained in DMEM supplemented with 10% (vol/vol) fetal bovine
serum (FBS) (Atlanta Biologicals, Inc., Flowery Branch, GA) at 37 °C in
5% CO2. HCT116/GFP-LC3 was parental cell line stably transfected
with GFP-LC3 and established in the lab [16,17]. Polyclonal antibodies
against OGT and OGA were purchased from Sigma-Aldrich (St Louis,
MO, USA). Monoclonal antibodies against HA-tag, His-tag, and O-
GlcNAc (RL2) were purchased from Fisher-Thermo Scientific (Rock-
ford, IL). Monoclonal antibodies against IKK-b, IkBa, and NF-kB (p65)
were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Anti-GAPDH monoclonal antibody was obtained from Fitzgerald
Industries (Acton, MA). Anti-LC3, ATG16L1, Histon H3, b-actin, p62
polyclonal antibodies were purchased from Novus Biologicals Inc.
(Littleton, CO). Rabbit recombinant monoclonal glutamine:fructose-
6-phosphate amidotransferase 1 (GFAT1) antibody was purchased
from Abcam (Cambridge, MA). Puromycin, 2-phenylbenzofuran, 6-
diazo-5-oxo-L-norleucine (DON), and thiamet G (TG) were purchased
from Sigma-Aldrich.

2.3. DNA constructs, transfections, and establishment of stable cell lines

The pcDNA3/HA-IKKb and pcDNA3/His-NF-kB-p65 were cloned
in the lab [18]. pcDNA3/HA-IKKb S733A and pcDNA3/His-NF-kB-p65
T352A mutants were generated with Site-Directed Mutagenesis Kit
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from Invitrogen. Luciferase report plasmids for NF-kB p65 were pre-
viously reported [18]. Gene transfection was performed with Fugene
6 transfection reagent (Roche Diagnostics Corp., Indianapolis, IN.)
according to the manufacturer’s instruction.

Constructs for OGT, OGA, shRNA-Ctrl, shRNA-OGT, and shRNA-
OGA were packaged with lentiviral expression system as we previ-
ously reported [19]. HCT116 cells were infected with lentiviruses
expressing target genes and selected with puromycin (1.0 mg/ml) for
2 weeks, resistant stable clones were pooled and passaged. There
were no deleterious effects on the viability of selected cells, as deter-
mined by trypan blue exclusion and ATP levels. Early passages of the
cells were frozen and thawed for experimentation.

2.4. Measurement of UDP-GlcNAc

Measurement of UDP-GlcNAc in HCT116 and HT-29 cells with or
without AIEC LF82 infection was determined as previously reported
[20,21]. The content of UDP-GlcNAc was quantified by UV detection
(A254nm) after calibration with UDP-GlcNAc standard.

2.5. Immunoblotting, immunoprecipitation, and succinylated wheat
germ agglutinin (sWGA) pull down

Immunoblotting was performed using 30 to 50 mg of total
proteins in cell lysates. GAPDH was used as a loading control.
Monoclonal antibodies against O-GlcNAc (RL2) was used for the
detection of O-GlcNAc-ed proteins. HA-tag, His-tag, and O-GlcNAc
(RL2) antibodies were used for immunoprecipitation at 4 °C. Immu-
noprecipitated complexes were eluted and subjected to immuno-
blot analysis. For pulling down glycosylated proteins, sWGA beads
were mixed with 300 mg whole cell extracts and incubased at 4 °C
for overnight. The following day, the beads were washed with PBS
for 4 times and then solved in 1 X loading buffer for western blot
analysis.

2.6. Luciferase reporter assay

HCT116 cells were transfected with pGL3/NF-kB vector. The pRL
vector expressing wild-type Renilla luciferase was used as a control
reporter. Twenty-four hours later, cells were infected with AIEC LF82
in the presence or absence of O-GlcNAc inhibitor DON. Luciferase
activity was assessed using Dual-Luciferase Reporter Assay System
(Promega) after the treatment. Relative luciferase unit (RLU) was the
ratio of NF-kB luciferase activity to Renilla activity.

2.7. Bacterial strain and invasion assay

AIEC strain LF82 was provided by Dr. Philip M Sherman [22].
HCT116 cells with or without O-GlcNAc manipulations were infected
with AIEC LF82 for indicated time at a multiplicity of infection (MOI)
of 10 bacteria per cell. To determine the number of cell-associated
bacteria with colony forming units (CFU), infected cells were washed
with PBS at least three times before detachment. Collected cells were
repeatedly washed and centrifuged (200 g for 5 min) three times.
Cell pellets were then lysed with 0.1% Triton X-100. Lysates were
spun down at 200 g for 1 min. Supernatants were diluted and seeded
on LB agar plates to determine the number of CFU.

2.8. Immunofluorescence and fluorescence microscopy

Cells were grown and treated in 6-well plates. The location
and distribution of NF-kB were analyzed with an Olympus IX51
fluorescence microscope after immunostained with NF-kB anti-
body. GFP-LC3 punta representing autophagosome/autolysosome
formation were directly examined with the fluorescence micro-
scope [16,17].
2.9. Immunohistochemistry (IHC)

Ileal tissues from 4 healthy individuals, 14 active Crohn’s disease,
6 inactive Crohn’s disease, and colon tissues from 41 healthy individ-
uals, 22 active Crohn’s disease, 16 inactive Crohn’s disease, and 7
chronic inflammation of colon were provided by the Tissue Procure-
ment Facility of UAB. Avidin-biotin immunohistochemical analysis
was performed as previously described [19]. Staining regions were
reviewed by 3 different pathologists and categorized as negative,
weak, moderate, or strong. For determining the H score, antibodies-
stained tissues were scored by calculating the product of the percent-
age of cells staining at each intensity level and the intensity level (0,
negative; 1+, weak; 2+, moderate; 3+, strong). The H score was then
calculated by summing the individual intensity level scores [23].

2.10. IBD models

C57BL/6 mice (20 - 22 g) were given 3% dextran sulfate sodium
(DSS) in drinking water and/or 1 - 3 £ 108 AIEC LF82 per day in 200
mL PBS by gavage for 2 weeks. The mice were housed in animal bar-
rier facility by drinking water for 3 more days before euthanized for
analysis. For these treated with O-GlcNAc inhibitor, 1 mg/kg of DON
dissolved in 200 ml PBS was applied by i.p. on day 1 to day 3, then
administered every other day until the end of the experiment. The
body weight, feeding behavior, stool, hematochezia, motor activity,
and survival of mice were monitored. At the end of observation, the
mice were euthanized and intestinal tissues were fixed for histologi-
cal analyses.

2.11. Statistical analysis

All data presented are representative of 3 or more experiments
with similar results. Quantitative data are shown as mean § SD. The
Pearson’s x2-test was used to analyze the distribution difference of
O-GlcNAc and OGT staining among intestinal tissues from normal
and human CD subjects. Statistical significance was determined using
Student’s t-test if not specially indicated (* P < .05 and ** P < .01).

3. Results

3.1. O-GlcNAc is increased in CD intestinal tissues and in AIEC LF82-
infected subjects

To determine the involvement of O-GlcNAc in intestinal inflam-
mation, we detected O-GlcNAc in intestinal tissues from normal,
inactive, and active CD individuals by immunohistochemistry (IHC).
Normal intestinal epithelial cells bore a low level of O-GlcNAc (low H
scores) in general despite a scattered pattern of relatively strong
staining (Fig. 1a�c). In contrast, active CD individuals possessed a
strikingly high level of O-GlcNAc with a 3-fold increase in H score in
intestinal tissues as compared with those in normal controls
(Fig. 1a�c). Intestinal epithelial cells in inactive CD subjects exhibited
a modest increase in O-GlcNAc and an intermediate H score
(Fig. 1a�c).

Persistent infection of AIEC plays a critical role in the development
of CD [22]. To determine whether AIEC infection promotes the O-
GlcNAc, we exposed the intestinal epithelial HCT116 cells to inactive
and active AIEC LF82, a subtype of E. coli that has been characterized
in the induction of CD [22]. Cells co-cultured with heat-inactivated
AIEC LF82 displayed only a marginal escalation in the level of O-
GlcNAc for up to 8 h. In contrast, HCT116 cells co-cultured with active
AIEC LF82 showed an elevation of O-GlcNAc as early as 1 h after the
exposure (Fig. 1d), indicating that active AIEC infection may play a
role in the O-GlcNAc induction in CD individuals.

To characterize the role that AIEC LF82 plays in the escalation of
O-GlcNAc, we treated C57BL/6 mice with AIEC LF82 by intragastric



Fig. 1. O-GlcNAc is increased in intestinal tissues of CD individuals. Infection of AIEC LF82 leads to the increase of O-GlcNAc in intestinal epithelial cells in vitro and in vivo. (a - c)
Assessment of O-GlcNAc in ileal and colon tissues from healthy (n = 45), active CD (n = 36), and inactive CD (n = 22) individuals by IHC. (a) Representative staining of O-GlcNAc for
ileal tissues from each group is presented. Scale bar = 50mm. (b) Percentage of samples with high or low expression of O-GlcNAc in (a). (c) H-scores of O-GlcNAc in (a) (see Materials
and Methods for an explanation of H scores). (d) AIEC strain LF82 was used to infect HCT116 cells (MOI = 10) for the indicated time. Heat-inactivated AIEC LF82 was used in parallel.
After the infection, cells were washed and lysed for the western blot analysis. Thirty micrograms of the whole cell extracts were used for the detection. GAPDH was measured for
loading control. (e - g) C57BL/6 mice were given 1 - 3 £ 108 AIEC LF82 per day in 200mL PBS by gavage for 2 weeks. The mice were euthanized for the IHC analysis. (e) Ileal epithelia
were fixed for the O-GlcNAc staining by IHC. Scale bar = 50 mm. (f) Percentage of samples with high or low expression of O-GlcNAc in (e). (g) H-scores of O-GlcNAc in (e). * P < .05
and ** P< .01 (Student’s t-test).
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gavage for 2 weeks and analyzed O-GlcNAc in mouse ilea, in which the
CD tissue damges mostly occur. Consistent with previous reports, mice
exposed to 1 - 3 £ 108 LF82 for 2 weeks exhibited no marked tissue
damge in ilea (Fig. 1e). However, IHC staining showed that mice
exposed to AIEC LF82 had a gradual increase in O-GlcNAc staining
throughout the intestinal epithelial layers (Fig. 1e-g). Taken together,
our in vitro and in vivo experimental data suggest that O-GlcNAc is
increased in CD intestinal tissues and in AIEC LF82-infected subjects.
3.2. Expression of OGT and OGA in intestinal epithelial cells of CD is
marginally altered

Elevated OGT, reduced OGA, or both contribute to an escalated O-
GlcNAc. To interrogate these possibilities, we probed the expression
of OGT and OGA in intestinal tissues from normal subjects and inac-
tive and active CD individuals using IHC. Surprisingly, both OGT and
OGA were not strikingly alterated in intestinal epithelial cells of CD



Fig. 2. Expression of OGT and OGA in intestine epithelial cells of CD is marginally altered. (a - f) Assessment of OGT and OGA in intestine tissues from healthy (n = 45), active CD
(n = 36), and inactive CD (n = 22) individuals by IHC. Representative staining of OGT (a) and OGA (d) for ileal tissues from each group is presented. Scale bar = 50 mm. Percentage of
samples with high or low expression of OGT (b) or OGA (e) in intestinal tissues are shown. H-scores of OGT (c) and OGA (f) for the staining are also displayed. (g) HCT116 cells were
treated with AIEC strain LF82 as described in Fig. 1d. Whole cell extracts from the cells were used for the detection of OGT and OGA by western blot. GAPDH was detected for loading
control.
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as compared with those in normal intestinal tissues (Fig. 2a, d). Char-
acterization of additional tissue specimens confirmed these initial
findings (Fig. 2b, c, e, f). In addition, infection of AIEC LF82 had little
effects on the protein levels of OGT and OGA in HCT116 cells (Fig. 2g).
Collectively, our data indicate that alterations of OGT and/or OGA
may not be sufficient to explain the high level of O-GlcNAc in intesti-
nal tissues of CD individuals.
3.3. Infection of active, but not inactive AIEC LF82, leads to the increase
of intracellular UDP-GlcNAc and elevation of O-GlcNAc in host cells

Large amounts of N-acetylglucosamine (GlcNAc) and other bacte-
rial cell wall building blocks, such as UDP-GlcNAc, are released during
bacterial growth/division and bacterial host invasion [24]. To ascer-
tain whether intracellular invasion and proliferation of AIEC supply a
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high level of donor glucosamine to fuel in host cells, we measured
intracellular UDP-GlcNAc in HCT116 cells infected with active or
inactive AIEC LF82. Active AIEC infection led to a 3-fold increase in
intracellular UDP-GlcNAc as compared with mock treatment (Fig. 3a).
Interestingly, cells exposed to heat-inactive AIEC LF82 failed to
increase in UDP-GlcNAc (Fig. 3a). In addition, there was no significant
Fig. 3. Infection of active, but not inactive AIEC LF82, leads to the increase of UDP-GlcNAc in
HB101 (b), and DH5a (c) at MOI of 10 for 2 h. Heat-inactivated respective bacteria were use
UDP-GlcNAc measurement. Levels of UDP-GlcNAc in mock-treated cells were set as 100%. The
ues represent the mean § S.D. ** p < .01 as compared with mock-treated and inactivated b
determined in HT-29 cells with treatments and measurement as describled in a-c. (g,h) HC
with AIEC strain LF82 (MOI = 10) for 2 h. After the infection, cells were washed and cell ly
GlcNAc in mock-treated cells was set as 100%. The percentages of UDP-GlcNAc in AIEC LF82-t
Values represent the mean § S.D. ** p < .01 as compared with infection cells without 2-phe
lysates by western blot. Thirty micrograms of whole cell extracts were loaded for each lane
mined in HT-29 cells with treatments and measurement as describled in g,h.
alteration in the levels of UDP-GlcNAc in cells exposed to non-patho-
genic bacteria HB101 and DH5a regardless of the active or inactive
status (Fig. 3b, c). Similar results were obtained in AIEC LF82-infected
HT-29 cells, a cell line with characteristics of mature intestinal cells
and sharing similarities with enterocytes of the small intestine
(Fig. 3d�f). Together, our data suggest that infection of active AIEC
HCT116 and HT-29 cells. (a - c) HCT116 cells were infected with AIEC strain LF82 (a),
d in parallel. After the infections, cells were washed and cell lysates were used for the
percentages of UDP-GlcNAc in infected cells to mock-treated cells were displayed. Val-
acteria-treated groups, n = 3 (Student’s t-test). (d - f) The levels of UDP-GlcNAc were
T116 cells were pre-treated with 10 mM 2-phenylbenzofuran for 1 h before infection
sates were collected. (g) Meaurement of UDP-GlcNAc in the cell lysates. Level of UDP-
reated cells with or without 2-phenylbenzofuran to mock-treated cells were displayed.
nylbenzofuran treatment, n = 3 (Student’s t-test). (h) Detection of O-GlcNAc in the cell
. GAPDH was detected for loading control. (i,j) UDP-GlcNAc and O-GlcNAc were deter-
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LF82, but not inactive AIEC LF82 or non-pathogenic bacteria, leads to
the increase of UDP-GlcNAc in host cells.

To verify the role of AIEC-induced UDP-GlcNAc in the upregula-
tion of host cell O-GlcNAc, we suppressed the synthesis of bacterial
UDP-GlcNAc by pretreatment of cells with 2-phenylbenzofuran, an
agent that inhibits the acetyltransferase activity of bacterial GlmU
that catalyzes the two final steps of UDP-GlcNAc synthesis in bacteria
[25]. As expected, pre-treatment with 2-phenylbenzofuran signifi-
cantly reduced the level of intracellular UDP-GlcNAc and O-GlcNAc
modification in AIEC-LF82-infected HCT116 cells (Fig. 3g, h) and HT-
29 cells (Fig. 3i, j), whereas the bacterial GlmU inhibitor had no effects
on endogenous level of UDP-GlcNAc and O-GlcNAc modification in
host cells (Fig. 3g-j). Taken together, our data indicate that invasion
and proliferation of active AIEC LF82 in host cells lead to the increase
of intracellular UDP-GlcNAc, which consequently provides sufficient
donor glucosamine for the elevation of O-GlcNAc in host cells.

3.4. IKK and NF-kappa B are O-Glycosylated in active AIEC LF82-
infected cells

As a nutrient sensor, O-GlcNAc affects multiple cell signals to reg-
ulate physiological and pathophysiological processes of the cell. IKK-
IkB-NF-kB signaling pathway is critical in inflammation and its func-
tion is fine-tuned by post-translational modifications. To determine
whether the IKK-IkB-NF-kB signal nodes are O-GlcNAcylated in
response to AIEC invasion, we infected HCT116 cells with active AIEC
LF82 and measured O-GlcNAc of IKK / IkB / NF-kB with sWGA pull-
down assay. Consistent with our previous observations, exposure to
active AIEC LF82 led to markedly increases in O-GlcNAc (Fig. 4a). O-
GlcNAc of IKKb and NF-kB (p65) was stringkly increased following
exposure to AIEC (Fig. 4b). However, the total levels of IKKb, IkBa,
and NF-kB (p65) and O-GlcNAc of IkBa were not altered by the treat-
ment (Fig. 4a, b). Note that, in our experimental settings, there was
no detectible O-GlcNAc of GAPDH (Fig. 4b).

To validate the O-GlcNAc of IKKb and NF-kB, we performed a pull-
down assay using AIEC-infected HCT116 cell extracts. Immunoblots
verified that O-GlcNAc of IKKb and NF-kB was elevated following
AIEC LF82 infection (Fig. 4c, d). Previous reports demonstrated that
O-GlcNAc of IKKb at S733 decreases the phosphorylation of the resi-
due and promotes the activity of IKKb for the phosphorylation of its
downstream target, IkBa. Substitute S733 with S733A abrogated
AIEC LF82-induced O-GlcNAc of IKKb (Fig. 4e), indicating that S733 is
an important residue of IKKb in the mediation of AIEC-induced
inflammation. Two p65 O-GlcNAc sites were previously mapped to
T322 and T352, with the latter being a major residue for the activa-
tion of NF-kB. Thus, p65 T352 was mutated to alanine (T352A) and
transfected into HCT116 cells followed by the infection of AIEC LF82.
Compared to WT p65, p65 T352A mutation completely depleted the
O-GlcNAc of p65 induced by AIEC LF82 (Fig. 4f). Together, these
results indicate that AIEC LF82 infection promotes the O-GlcNAc of
IKKb and p65, which facilitates the activation of the IKK / IkB / NF-kB
signaling in the inflammatory response.

3.5. O-GlcNAc promotes the activation of NF-kB in AIEC LF82-infected
cells

To examine the role of O-GlcNAc in NF-kB activation by AIEC infec-
tion, we treated AIEC LF82-infected HCT116 cells with 10.0 mM 6-
diazo-5-oxo-L-norleucine (DON), a glutamine antagonist that inhibits
O-GlcNAc, and detected the activation of NF-kB in the cells. Treatment
of DON decreased AIEC LF82-upregulated O-GlcNAc and the O-GlcNAc
modification of IKKb / NF-kB although the expression of IKKb / NF-kB
and GFAT1, the first rate-limited enzyme in the HBP, was not affected
by either the treatment of AIEC or DON (Fig. 5a, b). NF-kB signaling
relies on nuclear translocation of NF-kB subunit p65, which facilitates
transcription of proinflammatory cytokines. Infection of AIEC LF82 led
to nuclear translocation and accumulation of p65, which were
reversed by the treatment of DON (Fig. 5c, d). Similarly, infection of
AIEC LF82 strikingly increased NF-kB activation measured by the lucif-
erase activity assay and by the secretion of proinflammatory cytokines,
IL-1 and IL-6 (Fig. 5e, f). These effects were dramatically decreased
with the co-treatment of DON (Fig. 5e, f). Together, our results suggest
that O-GlcNAc plays a critical role in AIEC-induced IKKb / NF-kB acti-
vation and inflmamtory response.

We previously reported that in human cell lines, MIR106B and
MIR93 reduce levels of autophagy-related gene 16L1 (ATG16L1) and
autophagy, and prevent autophagy-dependent eradication of intracel-
lular bacteria, such as AIEC LF82 [17]. This observation is also wit-
nessed in intestinal tissues from active CD individuals [17].
Interestingly, activation of NF-kB was reported to suppress autophagy
and promote inflammation. To determine whether O-GlcNAc affects
autophagy in AIEC LF82-infected cells, we transfected GFP-LC3, a vec-
tor for monitoring autophagy, into HCT116 cells [17] and infected the
cells with AIEC LF82 in the presence or absence of DON. AIEC LF82
infection slightly increased basal levels of autophagosome/autolyso-
some by measuring GFP-LC3 puncta formation in the immunofluores-
cence assay and concomitantly a cytosolic form of LC3 (LC3-I)
conjugated to phosphatidylethanolamine to form LC3-phosphatidyl-
ethanolamine conjugate (LC3-II) in the immunoblot assay (Fig. 5g, h).
Increased autophagosome/autolysosome formation in AIEC LF82-
infected cells was also verified by the reduction of p62, a well-known
substrate of autophagy and an indicator for the elevation of autoph-
agy-mediated degradation (Fig. 5g, h). DON treatment alone led to an
elevation in autophagy with an average of 11�20 GFP-LC3 puncta
being present in each cell (Fig. 5g) and an accumulation of LC3-II and a
reduction of p62 in the immunoblot assay (Fig. 5h). Treatment of DON
substantially enhanced the autophagy formation in AIEC LF82-infected
cells as demonstrated by a marked increase of GFP-LC3 puncta, a strik-
ing escalation of LC3-II formation and a decrease of p62 (Fig. 5g, h).
Interestingly, ATG16L1 expression was not influenced by AIEC and/or
DON in the current experimental settings. Taken together, our data
suggest that inhibition of O-GlcNAc promotes autophagy formation in
AIEC LF82-infected cells.

3.6. Inhibition of O-GlcNAc reduces intracellular AIEC LF82

The finding that inhibition of O-GlcNAc led to enhanced autoph-
agy formation in AIEC-infected cells (Fig. 5g, h) prompted us to ask
whether manipulation of O-GlcNAc will affect the removal of intra-
cellular AIEC. To pursue the goal, we downregulated O-GlcNAc with
O-GlcNAc inhibitor DON, shRNA-OGT, and overexpression of OGA in
HCT116 cells followed by infection of the cells with AIEC LF82. The
results showed that exposure to AIEC LF82 for 2�8 h led to marked
increases in cell-associated bacteria with the colony forming unit
(CFU) assay of the cell extracts (Fig. 6a-c). In stark contrast, suppres-
sion of O-GlcNAc by either chemical treatment or gene manipulations
led to a significant reduction of cell-associated bacteria (Fig. 6a�c).
Moreover, upregulation of O-GlcNAc with chemical thiamet-G
(TG,10.0 mM), overexpression of OGT, or shR-OGA markedly
increased intracellular AIEC accumulation (Fig. 6d�f). Taken together,
these results suggest that manipulations of O-GlcNAc affect the accu-
mulation of intracellular AIEC. Inhibition of O-GlcNAc enhances the
removal of intracellular AIEC LF82.

3.7. Inhibition of O-GlcNAc prevents mice from DSS and AIEC LF82-
induced enteritis

To verify the role of O-GlcNAc suppression in vivo, we established
an intestinal inflammatory model of mice with co-treatment of DSS
and/or AIEC LF82 and treated the mice with O-GlcNAc inhibitor DON.
Application of DSS and AIEC LF82 to mice for two weeks led to typical
symptoms of inflammatory colitis. Mice exhibited a reduced body



Fig. 4. IKKb and NF-kappa B are O-Glycosylated in active AIEC LF82-infected cells. HCT116 cells were infected with AIEC LF82 (MOI = 10) for the indicated time. (a) Whole cell
extracts were analyzed with immunoblots for O-GlcNAc, IKKb, IkBa, and NF-kB (p65) with respective antibodies. GAPDH serves as a loading control. (b) O-GlcNAcylated proteins in
HCT116 cells infected with AIEC LF82 were pulled down with sWGA beads. IKKb, IkBa, NF-kB (p65), and O-GlcNAc in the pull-down complexes were detected with immunoblot-
ting. (c, d) IKKb and NF-kB (p65) are O-GlcNAcylated. IKKb (c) and NF-kB (p65) (d) in HCT116 cells infected with AIEC LF82 were immunoprecipiated with anti-IKKb or anti-NF-kB
(p65) antibody. The O-GlcNAcylated IKKb and NF-kB (p65) were detected with an O-GlcNAc monoclonal antibody, RL2. (e) HCT116 cells were transduced with pcDNA3/HA-IKKb or
pcDNA3/HA-IKKb S733A for 48 h. The cells were then exposed to AIEC LF82 (MOI = 10) for 4 h before whole cell extracts were collected for the co-IP assay as describled in (c). (f)
HCT116 cells were transduced with pcDNA3/His-p65 or pcDNA3/His-p65 T352A for 48 h. The cells were then exposed to AIEC LF82 (MOI = 10) for 4 h before whole cell extracts
were harvested for the co-IP assay as describled in (d).
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weight, diarrhoea, bloody stools, and decreased stool weight (Fig. 7a
and data not shown). Forty percent of the mice died at the end of the
experiments (Fig. 7b). Adminstration of DON to normal control mice
did not produce visiable side effects in two weeks (data not shown)
[19]. In the current experimental settings, DSS or AIEC LF82 alone
showed only a modest effect on mice (Fig. 7a-e). The protective func-
tion of DON on these mice was also mild. DSS- and AIEC LF82-colitis
mice treated with DON exhibited a marked improvement in the
symptoms. Colitis mice treated with DON showed only a mild reduc-
tion in body weights (Fig. 7a). diarrhea, bloody stools, and decreased
stool weight in the colitis model mice were all improved with the
treatment of DON (data not shown). All the mice were survival during
the experimental observation (Fig. 7b). Consistently, IHC detection
demonstrated that administration of DON strikingly reduced the O-
GlcNAc of intestinal epithelial cells and alleviated the intestinal
impairment in the colitis mice (Fig. 7c-e). Taken together, our data
suggest that inhibition of O-GlcNAc improves DSS- and AIEC LF82-
induced colitis in mice, reduces the symptoms, mitigates the intesti-
nal damage, and promotes the survival of the colitis mice.

4. Discussion

Large amounts of GlcNAc and other bacterial cell wall building
blocks, such as UDP-GlcNAc, are released during bacterial growth /



Fig. 5. O-GlcNAc promotes the activation of NF-kappa B in AIEC LF82-infected cells. (a) HCT116 cells were pretreated with 10 mM DON for 6 h before exposure to AIEC LF82
(MOI = 10) for additional 4 h. Whole cell extracts were analyzed with immunoblots for O-GlcNAc, IKKb, and NF-kB (p65) with respective antibodies. GAPDH serves as a loading con-
trol. (b) IKKb and NF-kB (p65) in HCT116 cells treated with DON and AIEC LF82 were immunoprecipiated with anti-IKKb or anti-NF-kB (p65) antibody. The O-GlcNAcylated IKKb
and NF-kB (p65) were detected with an O-GlcNAc monoclonal antibody, RL2. (c) HCT116 cells were transfected with pcDNA3/His-p65 for 48 h. Cells were then treated with 10 mM
DON for 6 h before exposure to AIEC LF82 (MOI = 10) for additional 4 h. The cells were fixed and stained with anti-p65 antibody for the immunofluorescence analysis. (d) HCT116
cells were pretreated with 10 mM DON for 6 h before exposure to AIEC LF82 (MOI = 10) for additional 4 h. Cytosolic and nuclear components of the cells were isolated for the west-
ern blot analysis. (e) HCT116 cells were transduced with pGL3/NF-kB and pRL (Renilla A luciferase vector) for 24 h. Cells were then treated with 10mM DON for 6 h before exposure
to AIEC LF82 (MOI = 10) for additional 4 h. After the treatment, cells were harvested for luciferase activity assay using Dual-Luciferase Reporter Assay System (Promega). Relative
luciferase unit (RLU) was the ratio of NF-kB luciferase activity to Renilla A activity. ** P< .01 (Student’s t-test). (f) HCT116 cells were pretreated with 10mMDON for 6 h before expo-
sure to AIEC LF82 (MOI = 10) for additional 4 h. After the treatment, supernatants of the cell culture were collected and centrifuged for the measurement of IL-1 and IL-6. * P < .05
and ** P < .01 (Student’s t-test). (g, h) HCT116/GFP-LC3 cells were treated with DON and AIEC LF82 as described above. The cells were then analyzed with an Olympus IX51 fluores-
cence microscope for the GFP-LC3 punta representing autophagosome/autolysosome formation (g). The cell lysates were collected for the detection of autophagy markers LC3, p62,
and ATG16. GAPDH was detected as a loading control (h).
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division and bacterial host invasion [24,25]. In the current study, we
demonstrated that AIEC LF82 infection led to a high level of intracel-
lular UDP-GlcNAc, which serves as a donor glucosamine for O-GlcNAc
[26]. We found that intestinal epithelial tissues from CD individuals
and from AIEC LF82-infected mice exhibited a marked increase in
O-GlcNAc. We further identified that IKKb and NF-kB were



Fig. 6. Inhibition of O-GlcNAc reduces cell-associated AIEC LF82 accumulation. HCT116 cells in a 6-well plate were treated with 10mMDON (a), knockdown of shR-OGT (b), or over-
expression of OGA (c) for the suppression of the O-GlcNAc. Cells were exposed to 10 mM TG (d), knockdown of shR-OGA (e), or overexpression of OGT (f) for the upregulation of the
O-GlcNAc. AIEC strain LF82 was used to infect the cells (MOI = 10) for the indicated time. After the infection, cells were washed and lysed for bacterial colonel formation assay. Total
colony numbers per well were presented. Values represent the mean § S.D. * P< .05 and ** P< .01 as compared with non-O-GlcNAc-manipulated groups, n = 3 (Student’s t-test).
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O-Glycosylated in AIEC LF82-treated cells. Inhibition of O-GlcNAc or
mutations of IKKb (S733A) and p65 (T352A) abrogated the O-GlcNAc
of IKKb and NF-kB, and more importantly, abolished the activation of
NF-kB resulted from the infection of AIEC LF82. In addition, depletion
of O-GlcNAc also enhanced the formation of autophagy, promoted
the removal of intracellular AIEC LF82, and alleviated intestinal epi-
thelial inflammation of the colitis mice. Together, our findings sup-
port the conclusion that O-GlcNAc plays a critical role in AIEC
infection-induced inflammatory response in CD (Fig. 7f).

Glycosylation is the most common and the most dynamic protein
modification in eukaryotic cells. Various protein-linked glycan struc-
tures play crucial roles in numerous cellular processes including cell-
cell recognition, signal transduction, and ER protein quality control
[27-32]. Glycosylation defects have been identified as a pathome-
chanism for a variety of human diseases. It was reported that human
adhesion molecule CEACAM6 facilitates colonization by AIEC; its
gene expression in return is upregulated by inflammatory cytokines
and by microbes [5,6]. CEACAM6 is a highly glycosylated protein that
belongs to the large immunoglobulin superfamily. Increased serum
levels of CEACAM6 serve as prognostic indicators of chronic inflam-
mation in CD patients, given that no CEACAM6 production and man-
nosylation were observed in healthy ileal mucosa [5]. In addition, it
has been reported that AIEC effectively binds oligomannose glycans
[32]. In the current study, we characterized a new role of AIEC in the
promotion of host cell O-GlcNAc by upregulaing the donor glucos-
amine of the modification. Together, data from other groups and us
suggest that glycosylation plays a critical role in AIEC-associated
pathogenesis.

We recently reported that O-GlcNAc is markedly increased in high
risk HPV16/18 oncogene-transduced mouse embryonic fibroblasts, as
well as in cervical cancer and precursor lesions, attributable to the
ability of HPV16/18 E6 to upregulate OGT [19]. We showed that O-
GlcNAc promotes transforming activities of the viral oncogenes [19].
It was reported that CD-associated Nod2 mutant 702 is O-GlcNAcy-
lated [26]. Escalated O-GlcNAc of Nod2 increases the half-life of the
protein. Maintaining the stability of proteins is one of the primary
effects of the O-GlcNAc modification on proteins [27�32]. Further,
increasing O-GlcNAc levels in cells treated with thiamet-G could
affect the muramyl dipeptide (MDP)-induced NF-kB activity via Nod2
[33]. These data suggest that O-GlcNAc plays an important role in
both virus- and bacteria-induced inflammations.

It was reported that IKKb and NF-kB p65 are O-GlcNAcylated in
response to high glucose [15,34]. Accelerated aerobic glycolysis via
the exposure to high glucose promotes O-GlcNAc modification of
IKKb on S733, an inactivating phosphorylation site of the enzyme,
and in that way increases the activity of IKKb. This kind of functional
cross-talk between phosphorylation and O-GlcNAc has been exten-
sively observed [35]. O-GlcNAc of NF-kB p65 interrupts the interac-
tion between NF-kB and IkB, leading to the release and nuclear
translocation of O-GlcNAcylated NF-kB. In addition, O-GlcNAc of NF-
kB was reported to be important for T and B lymphocyte activation
[29]. In the current study, we demonstrated that AIEC LF82 infection
promoted O-GlcNAc of IKKb at S733 and NF-kB p65 at T352, and
hence activating NF-kB and inflammatory responses in intestinal epi-
thelial cells. Non-specific intestinal inflammation of CD is also medi-
ated by disturbed immune processes, during which various immune
cells including T cell, macrophages, and neutrophils are involved. As
a regard, IKKb and NF-kB are activated in immune cells in addition to
the intestinal epithelial cells in CD [1�4]. Thus, it is possible that O-
GlcNAc modification of IKKb / NF-kB p65 may also play a role in
interstitial inflammation of intestine in CD.

O-GlcNAc was increased in colonic tissues of azoxymethane
(AOM)/DSS-induced colitis-associated cancer (CAC) animal models
[36,37]. OGA heterozygote (OGA+/-) mice with an increased level of
O-GlcNAc bear a much higher susceptibility to DSS-induced colitis
and colon tumors than those in OGA+/+ mice [37]. It was believed
that elevated O-GlcNAc enhances the activation of NF-kB signaling
through increasing the binding of RelA/p65 to its target promoters,
contributable to the development of CAC [37]. Similarly, Li et al.
reported that O-GlcNAc of STAT3 possesses an inhibitory effect on
STAT3 phosphorylation and IL-10 production in macrophages and
promotes disease severity in chemically induced CAC model [27].
Together, these results suggest that O-GlcNAc may not only play a
positive role in intestinal inflammation but also be causal to inflam-
mation-associated tumorigenesis.

In an intestinal epithelium cell (IEC)-conditional knockout of OGT
mouse model, Zhao et al. recently reported that OGT depletion leads
to intestinal damage and inflammation in mice [38]. O-GlcNAc



Fig. 7. Inhibition of O-GlcNAc prevents mice from DSS- and AIEC LF82-induced intestinal inflammation. C57BL/6 mice were given 3% DSS in drinking water and/or 2£ 108 AIEC LF82
per day in 200mL PBS by gavage for 2 weeks. Mice were simultaneously treated with 1 mg/kg of DON dissolved in 200ml PBS by i.p. on day 1 to day 3, then administered every other
day until the end of the experiment. (a) The body weights of the mice were monitored every day. (b) Survival of the mice. (c) Colon intestine epithelia of the mice were fixed for the
O-GlcNAc staining by IHC at the end of experiment. Scale bar = 50 mm. (d) Percentage of samples with high or low expression of O-GlcNAc in (c). (e) H-scores of O-GlcNAc in (c).
* P < .05 and ** P < .01 (Student’s t-test). (g) Illustration of O-GlcNAc in the development of intestinal inflammation induced by AIEC LF82.
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deficiency results in disruptive epithelial barrier, Paneth cell dysfunc-
tion, and microbial dysbiosis [38]. O-GlcNAc plays a variety of roles in
physiology and pathophysiology. Mice with OGT knockout are lethal.
Conditional knockout of OGT in IEC may influence multiple targets
and functions of the cell, which may be dependent or independent of
O-GlcNAc modification, and hence affecting the regeneration of IEC.
In the current study, we demonstrated that escalated O-GlcNAc in
host cells was due to the accumulation of UDP-GlcNAc resulted from
the bacterial invasion and proliferation in the cells. These variations
in the experimental settings may explain the differences in character-
izing the role of O-GlcNAc in IBDs.

Genetically engineered mouse models have been established to
understand the molecular mechanisms of and to develop therapeutic
strategies for IBD [39,40]. However, only a handful of IEC-specific
genetic models, such as ATG16L1 IECKOmice, were shown to develop
spontaneous intestinal inflammation [40]. We previously reported
that ATG16L1 targeted by miRNA93/25 in CDs reduces intracellular
AIEC LF82 removal due to suppressed autophagy [17]. In the current
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study, we found that AIEC LF82 infection elevated O-GlcNAc in host
cells, inhibition of which prompted the autophagy formation and
AIEC LF82 removal in the cells. It is interesting in the future to deter-
mine whether ATG16L1 is O-Glycosylated in the AIEC LF82 infection
and thereby affects the autophagy formation and bacterial removal.

In conclusion, in the current study, we demonstrated that infection
of adherent-invasive AIEC strain LF82 up-regulated the levels of UDP-
GlcNAc, a donor glucosamine for glycosylation, leading to the increase
of O-GlcNAc in human intestinal epithelial HCT116 and HT-29 cells. O-
GlcNAc was markedly increased in ileal tissues of CD patients and AIEC
LF82-infected mice. We identified that IKKb and NF-kB were highly O-
Glycosylated in AIEC LF82-treated cells, inhibition of which suppressed
the activation of NF-kB resulted from the infection. Reduction of O-
GlcNAc by DON, an agent that blocks the production of UDP-GlcNAc
and inhibits O-GlcNAc, enhanced the formation of autophagy, pro-
moted the removal of cell-associated AIEC LF82, alleviated intestinal
epithelial inflammation, and improved the survival of the colitis mice.
Thus, we conclude that intestinal inflammation in CD is associated
with increased levels of protein O-GlcNAc. O-GlcNAc inhibitors, such
as DON, could be a potential therapy for CD.
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