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BACKGROUND AND PURPOSE
Previously, we demonstrated that glucosamine (GlcN) exerts a suppressive effect on LPS-induced inducible NOS (iNOS)
through the inhibition of NF-κB activation in BV2 mouse microglial cells. The purpose of the present study was to examine
the mechanisms by which GlcN inhibits NF-κB activation.

EXPERIMENTAL APPROACH
BV2 cells were stimulated with LPS with or without GlcN. NF-κB/c-Rel activities were studied by EMSA, nuclear translocation,
reporter assay or chromatin immunoprecipitation. Wheat germ agglutinin precipitation or galactosyltransferase assay were
used to measure O-linked N-acetylglucosamine (O-GlcNAc) modification (O-GlcNAcylation) of c-Rel. Protein-protein
interactions were examined by co-immunoprecipitation.

KEY RESULTS
LPS stimulated the activation of c-Rel, increased the O-GlcNAcylation of c-Rel and enhanced the binding of c-Rel to the NF-κB
site in the iNOS promoter; GlcN attenuated these effects of LPS. O-GlcNAcylation of both nuclear and cytosolic forms of c-Rel
was increased by LPS and reduced by GlcN. LPS increased the interaction of c-Rel with O-GlcNAc transferase (OGT) and
p50/p105, and GlcN suppressed these interactions. Knockdown of OGT reduced the c-Rel O-GlcNAcylation and c-Rel–p50
interaction in response to LPS, but did not affect either the binding of c-Rel to the iNOS promoter or the transcriptional
activity of c-Rel.

CONCLUSIONS AND IMPLICATIONS
In BV2 microglial cells, the anti-inflammatory effect of GlcN is mediated by prevention of the prolonged activation of
transcription factors, c-Rel and NF-κB. Further clarification of the mechanism by which GlcN exerts this effect will facilitate the
development of pharmacological strategies for preventing excessive NO formation when targeting inflammatory diseases of
the periphery or CNS.

Abbreviations
BFA, brefeldin A; CRE, cAMP-response element; CREB, cAMP-response element binding protein; GRP7, 78-kDa
glucose-regulated protein; GlcN, glucosamine; O-GlcNAc, O-linked N-acetylglucosamine; LTA, lipoteichoic acid; MTT,
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrasolium bromide; OGT, O-GlcNAc transferase; PI-PC,
polyinosinic:polycytidylic; TG, thapsigargin; TM, tunicamycin; UPR, unfolded protein response

Introduction
NF-κB is the principal regulator of the transactivation of
pro-inflammatory genes such as inducible NOS (iNOS)

(Pahan et al., 1998; Dasgupta et al., 2004) (and see the review
in Saha and Pahan, 2006). NF-κB/Rel proteins exist as
homodimeric or heterodimeric complexes formed by various
combinations of five distinct DNA-binding subunits: p65/
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RelA, RelB, c-Rel, p50 (a cleaved product of p105) and p52 (a
cleaved product of p100). Under unstimulated conditions,
these complexes are found in the cytosol, bound to IκB pro-
teins (Karin and Ben-Neriah, 2000). The main mechanism of
NF-κB activation is signal-induced proteolytic degradation of
IκB. This, in turn, is followed by nuclear translocation of Rel
proteins. In contrast to this simplistic model, recent research
has indicated that NF-κB activation is much more sophisti-
cated in nature. For example, post-translational modification
of Rel proteins appears to be a component of an alternative
regulatory mechanism. Phosphorylation of the regulatory
protein p65/RelA at specific amino acids results in distinct
functional changes (reviewed in Viatour et al., 2005). Addi-
tionally, O-linked N-acetylglucosamine (O-GlcNAc) modifica-
tion (O-GlcNAcylation) of p65 has been suggested to play an
important role in the regulation of NF-κB activity (Hwang
et al., 2010).

A number of studies have examined the anti-
inflammatory effects of GlcN. For example, GlcN is known to
modulate the ability of IL-1β to activate NF-κB in chondro-
cytes (Gouze et al., 2002; Largo et al., 2003). GlcN also inhib-
its LPS-induced NO production in RAW264.7 macrophages
and microglia (Meininger et al., 2000; Yi et al., 2005). Further,
studies from our laboratory have demonstrated that GlcN
exerts neuroprotective and anti-inflammatory effects under
conditions of middle cerebral artery occlusion. Such effects
are mediated by suppression of NF-κB activity in microglia
(Hwang et al., 2010).

Infusion of GlcN into the cell elevates the level of uridine
diphosphate (UDP) N-acetylglucosamine, which is an essen-
tial substrate for the transfer of O-GlcNAc to proteins induced
by O-GlcNAc transferase (OGT) (Kreppel et al., 1997; Love
and Hanover, 2005). This enzyme catalyses the addition of
a single β-N-GlcNAc unit to serine or threonine residues
of various nuclear and cytoplasmic proteins (Whisenhunt
et al., 2006). This modulation of proteins by O-GlcNAc
(O-GlcNAcylation) occurs ubiquitously and has been sug-
gested to serve as a signalling mechanism analogous to
dynamic protein phosphorylation (reviewed in Kamemura
and Hart, 2003; Wells and Hart, 2003).

More recently, we found that c-Rel is modified by
O-GlcNAc and that this effect is dynamically regulated by LPS
with or without GlcN. We further investigated the possible
functional implications of the O-GlcNAcylation-induced
changes in c-Rel in the regulation of the transcriptional activ-
ity of c-Rel.

Methods

Reagents
Except where otherwise noted, all reagents were purchased
from Sigma Chemical (St. Louis, MO, USA).

Cell cultures
A murine BV2 microglial cell line (obtained from Professor
Tong H. Joh, Neurobiology Dept, Weill Cornell Medical
College, New York, USA) which has been used as a suitable
model for in vitro studies of activated microglia (Kim et al.,
2004), and RAW264.7 murine macrophage cells (purchased

from the Korean Cell Line Bank) were maintained at 37°C at
5% CO2 in DMEM supplemented with 10% FBS (Hyclone,
Logan, Utah), streptomycin and penicillin.

Reverse transcription PCR
Total RNA from cells was extracted with TRIzol™ (Invitrogen,
Carlsbad, CA, USA). PCR was performed using OGT specific
primers of mouse F:TATGCCCGTTATTCCCATGA, R:ACTG-
CTGGAAAACGCAACAG. The final PCR products were elec-
trophoresed in 1% agarose gel.

Immunoblotting and immunoprecipitation
Whole cell protein lysates was prepared in lysis buffer (10 mM
Tris, 140 mM NaCl, 1% Triton, 0.5% SDS and protease inhibi-
tors, pH 8.0). For immunoprecipitation, 500 μg of cell lysates
were incubated with anti-OGT (Sigma Chemical) or -c-Rel
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies
for 1 h. Antibody-protein complex was precipitated with
protein G sepharose beads and analysed by Western blotting.
Protein samples (20–40 μg for each) were separated by
SDS-PAGE and transferred to Hybond™-Enhanced Chemilu-
minescence (ECL)™ nitrocellulose membrane (Amersham
Biosciences, Piscataway, NJ, USA). The membrane was incu-
bated with antibodies (Santa Cruz Biotechnology, otherwise
noted) against c-Rel, p100/p52, p105/p50, RelB, OGT, IκBα,
GAPDH, O-GlcNAc CTD110 (Covance, Berkeley, CA, USA),
O-GlcNAc RL-2 (Han and Kudlow, 1997) or p65 antibodies.
Next, HRP-conjugated (Amersham Biosciences, Piscataway,
NJ, USA) (1:10 000 dilution in Tris-buffered saline with tween)
or pre-adsorbed (abcam, Cambridge, MA, USA) secondary
antibodies were applied and developed by the ECL detection
system (Amersham Biosciences).

EMSA
Nuclear protein extracts were prepared as described previ-
ously (Kim et al., 2004). The double-stranded DNA oligonu-
cleotide probe containing the consensus NF-κB binding site
(Promega, Madison, WI, USA) was labelled by polynucleotide
kinase (New England Biolabs, Beverly, MA, USA). Nuclear
protein extracts (10 μg) were incubated with labelled oligo-
nucleotides in binding buffer (50 mM KCl, 12.5 mM HEPES
pH 7.6, 6.25 mM MgCl2, 0.05 mM EDTA, 0.5% Nonidet P-40,
0.5 mM DTT, 5% glycerol and 2 μg poly-[dI-dC]) for 30 min
on ice. For supershift experiments, EMSA assay mixtures
were pre-incubated with antibodies against p65, p50, c-Rel,
RelB or p52 (Santa Cruz Biotechnology) for 15 min at room
temperature.

Immunofluorescence microscopy
Cells were fixed in 4% paraformaldehyde and permeabilized
with 0.1% Triton X-100 in PBS. Cells were then blocked with
5% BSA, incubated with anti-c-Rel antibody (Santa Cruz Bio-
technology) overnight at 4°C, followed by 1 h incubation
with FITC-conjugated secondary antibody (Molecular Probes,
Eugene, OR, USA). Nuclei were counterstained with 2 μg·mL−1

of DAPI for 10 min. Slides were cover-slipped and viewed
using a confocal laser scanning microscope (Zeiss LSM 510
META).

Galactosyltransferase labelling
Galactosyltransferase labelling assays were performed as
described previously (Kelly et al., 1993). Protein lysates were
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immunoprecipitated with anti-c-Rel antibody and mixed
with labelling buffer (5 mM MnCl2, 10 mM galactose, 50 mM
HEPES pH 7.4). Galactosyltransferase labelling reactions were
initiated by addition of 2 μCi UDP-[3H]-galactose (American
Radiolabeled Chemicals, St Louis, MO, USA) in 5'-AMP solu-
tion (2.5 mM 5'-AMP) and 50 mU galactosyltransferase
(Sigma Chemical), and then incubating at 37°C for 1 h. Reac-
tion mixture proteins were separated by SDS-PAGE, intensi-
fied with EN3HANCE fluor (Perkin Elmer, Waltham, MA,
USA), dried and exposed to X-ray film.

Streptavidin-agarose pull-down assay
Biotin pull-down assays were performed as described previ-
ously (Deng et al., 2003). The procedure allows for quantita-
tive binding of transactivators or molecules of interest to a
specific probe: a 20-nucleotide sequence containing the
NF-κB binding site (5'-GCTAGGGGGATTTTCCCTCT-3') at
position −957/-977 of the iNOS promoter. Two complemen-
tary DNAs were synthesized and biotinylated by Bioneer
Corporation (Bioneer Corporation, Daejeon, Korea) and
annealed. Binding assays were performed by incubating
500 μg nuclear protein extracts with 2 μg biotinylated DNA
probe and 25 μL streptavidin-conjugated agarose beads for
1 h. DNA-protein complexes were analysed by Western blot-
ting using the indicated antibodies.

Transient transfection and luciferase assay
The NF-κB reporter contained three copies of the κB-binding
sequence fused to the firefly luciferase gene (Clontech, Moun-
tain View, CA, USA). An iNOS promoter containing a 973-bp
region upstream from the transcription start site has been
described previously (Kim et al., 2004). The plasmids encod-
ing c-Rel, p50 and p65 were kindly provided by Dr C. Gélinas
at Rutgers University. The pFR-luc vector was purchased from
Stratagene (La Jolla, CA, USA). c-Rel (309–588) fused to GAL4
DNA-binding domain (DBD) corresponding to amino acids
1–147 (GAL4-c-Rel) was a generous gift from Dr Fresno
(Martin et al., 2001). Cells were transfected by electroporation
(Microporator, Digital Bio Technology, Daejeon, Korea).
Luciferase activity was assayed 24 h after transfection and
normalized to transfection efficiency using a cotransfected
β-galactosidase plasmid. Bioluminescence was measured
using a Turner Designs luminometer (TD-20/20).

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were per-
formed as described previously (Boyd and Farnham, 1999;
Hwang et al., 2010). Briefly, formaldehyde (1%) was added for
cross-linking, and cell lysates were prepared. Samples were
sonicated on ice in a Bioruptor (COSMO Bio Co., Ltd, Tokyo,
Japan). Supernatant was precleared with 20 μg sheared salmon
sperm DNA, 5 μg normal IgG and 50 μL protein G-sepharose
for 2 h, and was immunoprecipitated by addition of c-Rel
antibody (Santa Cruz Biotechnology, SC-71). After being
washed, the immunoprecipitates were eluted with elution
buffer. The eluted immunoprecipitates were treated with
RNase A overnight at 65°C, and proteins were removed by
treatment with EDTA, 1 M Tris Cl (pH 6.5) and proteinase K
at 42°C for 1 h. The DNA was extracted using a DNA purifica-
tion kit (QIAGEN, Hilden, Germany). The gene promoter

sequences in the immunoprecipitates were amplified by PCR
using the primers for iNOS promoter F (-904): GTGTACCTCA
GACAAGGGC, R (-1058): CACACATGGCATGGAATTTT.

Quantitative real-time PCR
Precipitated DNAs were used as templates for PCR amplifica-
tion, and products were quantitatively detected by measuring
incorporation of fluorescent SYBR green into double-stranded
DNA (iCycler iQ, Bio-Rad, Hercules, CA, USA). Relative DNA
levels were calculated from the PCR profiles of each sample
using the threshold cycle (Ct), corresponding to the cycle at
which a statistically significant increase in fluorescence
occurred. Ct is considered the amount of template present in
the starting reaction. To correct for differences in the amount
of total cDNA in the starting reaction, Ct values for an endog-
enous control (input DNA) were subtracted from those of the
corresponding sample. Each experiment was repeated at least
three times and GAPDH was used as a housekeeping gene for
the endogenous control. The ChIP-quantitative PCR Negative
Control Primers (QIAGEN) were used to measure the amount
of non-specific genomic DNA that coprecipitates during a
ChIP procedure.

OGT knockdown
RAW264.7 cells were transfected with a siRNA directed to a
sequence in the COOH-terminal region of mouse OGT (Ref.
NM-139144.2) corresponding to nucleotides 3420–3440 by
electroporation (Microporator, Digital Bio Technology). The
sequence of the siRNA against mouse OGT was sense 5'-AGG
GAACUAGAUAACAUGCUU-3'. For the control, scrambled
siRNA, the sequence was sense 5'-CGCAUUAAUCUAGUU
CGCUUU-3'. This siRNA resulted in, on average, 50–60%
suppression of OGT protein expression in RAW264.7 cells.

Statistical analysis
The data are expressed as the mean ± SEM and were analysed
for statistical significance using ANOVA, followed by Scheffe’s
test for multiple comparison. A P-value <0.05 was considered
significant.

Results

GlcN suppresses the prolonged activation of
NF-κB in response to LPS
Previously, we demonstrated that GlcN has an inhibitory
effect on LPS-induced activation of NF-κB in BV2 mouse
microglial cells (Hwang et al., 2010). In the present study,
GlcN inhibited the interaction of NF-κB with DNA-protein
complexes in BV2 cells after 12 h of LPS stimulation.
However, GlcN was ineffective in preventing the formation of
DNA protein complexes after 30 min of LPS stimulation
(Figure 1A). GlcN alone did not modify the position of the
band in the NF-κB EMSA (data not shown). To characterize
the proteins present in the DNA-protein complexes, super-
shift assays were performed in BV2 cells. The p50/p65 heter-
odimer and p50/c-Rel complexes were identified as the major
forms of protein bound at the early time point (15 min) after
LPS stimulation. In contrast, the p50/c-Rel heterodimer and
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the p50/p50 homodimer were the major forms observed at
the 12 h time point (Figure 1A). The binding of p65 was less
significant at 12 h after LPS treatment. Thus, GlcN appeared
to inhibit the NF-κB complexes containing p50 or c-Rel. We
verified this attenuation of LPS-induced NF-κB DNA binding
and iNOS activation induced by GlcN using RAW264.7 cells
(data not shown).

To gain an insight into the regulatory roles played by p50
and c-Rel proteins as iNOS promoters, we next examined the

effects thereof using iNOS promoter- and NF-κB-reporter con-
structs in RAW264.7 macrophages overexpressing these Rel
proteins. These transfection experiments were performed in
RAW264.7 cells because we were only able to obtain
extremely low (<2%) transfection efficiency with BV2 cells
(with both the Lipofectamine and electroporation methods).
The p65/p50 complex was a strong activator of NF-κB and
iNOS under both basal and LPS-stimulated conditions
(Figure 1B); LPS-stimulated induction of iNOS was potenti-

Figure 1
Modulation of c-Rel containing DNA-binding complexes by LPS with or without GlcN. (A) BV2 cells were untreated or pretreated with 5 mM GlcN
for 2 h and incubated with 0.1 μg·mL−1 LPS in the presence of or absence of 5 mM GlcN. Nuclear extracts were prepared at 30 min or 12 h and
DNA binding to a 32P-labelled NF-κB probe was measured by EMSA (left panel). Supershift analysis using antibodies targeting p65, p50, c-Rel, RelB
or p52 were performed at 15 min or 12 h after LPS stimulation (right panel). Data are representative of at least three independent experiments.
(B) RAW264.7 cells were transfected with iNOS promoter-reporter constructs along with the indicated combinations of p65, p50 and c-Rel and
stimulated with LPS (0.1 μg·mL−1) with or without 5 mM GlcN as indicated. Luciferase activity was measured at 24 h and shown as relative
luciferase activity. #P < 0.01 control versus LPS-treated; @P < 0.05 control versus LPS-treated; *P < 0.05 LPS versus LPS+GlcN-treated; **P < 0.01
LPS versus LPS+GlcN-treated.
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ated by c-Rel. However, the effect of p50 on the expression of
iNOS appeared to be more complicated. For example, over-
expression of p50 inhibited the expression of NF-κB (Support-
ing Information Figure S1) but not iNOS (Figure 1B), whereas
the combined overexpression of p50 and p65 stimulated the
expression of both NF-κB and iNOS. The combined overex-
pression of p50 and c-Rel stimulated iNOS but not NF-κB

Figure 2
Inhibition of the binding of c-Rel to the NF-κB site of an iNOS
promoter induced by GlcN. BV2 cells were untreated or pretreated
with 5 mM GlcN for 2 h and stimulated with LPS (0.1 μg·mL−1) with
or without 5 mM GlcN for 24 h. (A) Nuclear extracts were prepared
and loaded (Input: 20 μg each). Binding of c-Rel to the iNOS
promoter-derived, biotinylated NF-κB probe was measured by
streptavidin-agarose pull-down assay (Pulldown-NF-κB) (as des-
cribed in Methods) followed by Western blotting for c-Rel. (B) Chro-
matin DNA was immunoprecipitated with anti-c-Rel antibody and
eluted DNA was quantified by real-time PCR or standard reverse
transcriptase PCR (RT-PCR) for the iNOS promoter. Input represents
each PCR product obtained from 2% of the pre-immunoprecipitated
DNA. The real-time PCR data are expressed as mean ± SEM (error
bars). The RT-PCR and Western blots shown are representative of
three or more independent determinations. *Denotes significantly
different from LPS-treated (P < 0.01). qPCR, quantitative PCR.

▶
Figure 3
Modulation of O-GlcNAc and the transcriptional activity of c-Rel
induced by stimulation with LPS with or without GlcN. (A, B) BV2
cells were untreated or pretreated with GlcN (5 mM) for 2 h and
stimulated with LPS (0.1 μg·mL−1) in the presence or absence of
5 mM GlcN for 24 h. Total cell lysates (Input) were prepared and
subjected to precipitation (IP) with WGA-conjugated agarose beads.
Precipitated proteins were immunoblotted by c-Rel, p50, O-GlcNAc
(CTD110.6) or GAPDH antibodies (A). Cell lysates were immunopre-
cipitated with anti-c-Rel antibody. Immunoprecipitates were sub-
jected to galactosyltransferase labelling using [3H]-UDP-galactose as
a substrate (B). (C) RAW264.7 cells were transfected with pFR-luc
promoter containing five GAL4 binding sites in its promoter with or
without c-Rel protein fused to GAL4 DBD. Cells were then treated
with 5 mM GlcN with or without LPS (0.1 μg·mL−1) for 24 h and
luciferase activity, in relative light units, was measured. Data are
representative of three independent experiments. *denotes P < 0.01
compared with LPS-treated samples.
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(Figure 1B, Supporting Information Figure S1). These results
suggest that c-Rel acts as a stimulator in all instances and
plays an important role in the continuous induction of iNOS,
whereas the effects of p50 on iNOS are not necessarily inhibi-
tory. Instead, the effect of p50 may depend on the presence of
other Rel family proteins and transcription factors. GlcN pre-
treatment inhibited the transcription of iNOS induced by
p65, c-Rel and/or p50 in response to LPS.

We examined the time-dependent nuclear translocation
of c-Rel in response to LPS with or without GlcN using an
immunofluorescence approach (Supporting Information
Figure S2). Nuclear translocation of c-Rel in BV2 cells was
biphasic. The c-Rel protein showed an early response (at
30 min) to LPS treatment. Next, following an interval during
which translocation to cytosol was evident at 2–6 h, c-Rel
showed a secondary activation peak 12 h after LPS treatment,
and this secondary activation continued to 24 h. GlcN inhib-
ited this later activation of c-Rel, but had no effect on the
immediate early response of c-Rel. Therefore, GlcN appears to
modulate the LPS response by inhibiting the secondary acti-
vation of c-Rel.

GlcN suppresses LPS-stimulated binding of
c-Rel to the NF-κB site in the iNOS promoter
Next, we assayed the binding of c-Rel to a biotinylated oligo-
nucleotide corresponding to the distal NF-κB site (-957/-977).

Stimulation with LPS for 24 h induced an increase in c-Rel
binding, which was inhibited by GlcN pretreatment
(Figure 2A).

To confirm the physiological relevance of such oligonu-
cleotide binding, we performed ChIP assays. LPS caused an
increase in the binding of c-Rel to the endogenous iNOS
promoter, which was suppressed by GlcN (Figure 2B). This
demonstrates that c-Rel is recruited to the iNOS promoter in
response to LPS stimulation. Furthermore, the data suggest an
inhibitory role for GlcN in regulating the chromatin mobili-
zation of c-Rel proteins.

LPS-dependent increases in c-Rel
O-GlcNAcylation are reversed by GlcN
One potential mechanism by which LPS with or without
GlcN may regulate the induction of iNOS is via post-
translational O-GlcNAcylation of c-Rel. We performed
wheat-germ agglutinin (WGA) pull-down assays using WGA-
conjugated agarose beads that specifically precipitate pro-
teins containing N-acetylglucosamine or N-acetylneuramic
acid. The amount of c-Rel protein in the WGA precipitate
was clearly increased by LPS, and this effect was reversed
by GlcN (Figure 3A). These results strongly suggest that
the c-Rel protein is post-translationally modified by O-
GlcNAc. Interestingly, O-GlcNAcylation of total nucleocyto-
plasmic proteins was reduced by LPS treatment, although

Figure 4
Changes in the O-GlcNAcylation of cytosolic and nuclear NF-κB/Rel proteins induced by LPS with or without GlcN. BV2 cells were pretreated with
GlcN (5 mM) for 2 h and then treated with LPS (0.1 μg·mL−1) with or without 5 mM GlcN for 24 h. Cytosolic and nuclei lysates were prepared
(Input) and each fraction was precipitated with WGA-conjugated agarose beads (Pull: WGA). The precipitates were immunoblotted by anti-p65,
c-Rel, p50, p52, OGT or O-GlcNAc (CTD110.6) antibodies. The blots shown are representative of three independent experiments.
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O-GlcNAcylation levels returned to basal values following
treatment with GlcN. Using [3H]-galactose as a substrate,
galactosyltransferase effectively radiolabelled immunopre-
cipitated c-Rel. Such radiolabelling was increased by LPS but
reversed by GlcN (Figure 3B).

The transcriptional activity of c-Rel in response to LPS
with or without GlcN was assayed using chimeric protein in
which c-Rel was fused to the GAL4 DBD 1–147. This allowed
c-Rel to be artificially tethered to the luciferase reporter for
transcriptional activation. In these experiments, the tran-
scriptional activity of the GAL4-c-Rel chimeric protein was
stimulated by LPS but inhibited by GlcN (Figure 3C).

Both cytosolic and nuclear forms of c-Rel are
O-GlcNAcylated by LPS
To determine if O-GlcNAcylation of Rel proteins are affected
by cellular location, nuclear and cytosolic fractions were iso-
lated and precipitated from each fraction using WGA-agarose
beads. Both cytosolic and nuclear c-Rel and p65 were
O-GlcNAcylated (Figure 4). Furthermore, O-GlcNAcylation of
c-Rel in both fractions was modified by LPS, with or without
GlcN. Other Rel proteins, such as p52, p50 and RelB, were not
precipitated by WGA. LPS treatment resulted in an overall
reduction in O-GlcNAcylation of cytosolic proteins, which
was reversed by GlcN pretreatment. In contrast, LPS treat-
ment with or without GlcN did not significantly alter the
O-GlcNAcylation of nuclear proteins. The OGT of both
nuclear and cytosolic fractions was itself O-GlcNAcylated.

LPS increases the interaction of c-Rel with
OGT, and p105/p50, but GlcN reduces
these interactions
Next, we examined the interaction between OGT and c-Rel
using co-immunoprecipitation assays. An antibody against
OGT co-immunoprecipitated c-Rel in LPS-stimulated cell
lysates; this interaction was inhibited by GlcN (Figure 5A).
LPS and GlcN exerted similar effects on OGT and c-Rel
interactions, as determined by reciprocal experiments that
used an anti-c-Rel antibody to co-immunoprecipitate OGT
(Figure 5B). Although LPS increased the amount of c-Rel asso-
ciated with OGT, it did not affect the interaction of c-Rel with
p65 or IκB-α. However, LPS treatment did increase the inter-
action of c-Rel with p50 and its precursor protein p105
(Figure 5B and Supporting Information Figure S3).

OGT knockdown reduces both c-Rel
O-GlcNAcylation and the association of
c-Rel with p50
We performed an OGT knockdown experiment to determine
the effect of O-GlcNAcylation and transcriptional activity of
c-Rel. At 72 h following si-OGT transfection, the level of OGT
mRNA was significantly reduced compared to that in the cells
transfected with control siRNA (Figure 6A). The level of c-Rel
O-GlcNAcylation and its association with p50 were reduced
following si-OGT transfection (Figure 6B). However, neither
DNA binding to the iNOS promoter nor the transcriptional
activity of c-Rel was significantly changed by OGT knock-
down (Figure 6C and D). These data suggest that reduced
levels of OGT increase p50 binding by a mechanism that is
independent of the transcriptional activity of c-Rel. We deter-

mined the expression of iNOS and activity of c-Rel in the
presence of the OGT inhibitor, alloxan, and compared the
results with those obtained using OGT knockdown siRNA.
Alloxan reduced the O-GlcNAcylation of all the nucleocyto-
plasmic proteins, but it did not reduce the O-GlcNAcylation
of c-Rel (Supporting Information Figure S4).

Discussion

This study demonstrates that O-GlcNAcylation of transcrip-
tion factors, c-Rel and NF-κB, and the interaction of OGT
with c-Rel are dynamically modified by LPS with or without
GlcN in microglia. A number of reports have obtained results
indicating that an increased concentration of GlcN augments
the O-GlcNAcylation of proteins by upregulating substrate
availability. However, we observed that the GlcN-induced

Figure 5
Modulation of the proteins associated with c-Rel in response to LPS
with or without GlcN. BV2 cells were pretreated with GlcN (5 mM)
and stimulated with LPS (0.1 μg·mL−1) in the presence or absence of
5 mM GlcN for 24 h, and total cell lysates were prepared. Lysates
(Input) were immunoprecipitated (IP) with anti-OGT (A) or anti-c-Rel
(B) antibodies. IP proteins were subjected to Western blotting with
antibodies against OGT, IκBα, p65, p105, p50, O-GlcNAc or c-Rel.
Data are representative of three independent experiments.
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changes in O-GlcNAcylation of individual proteins, as
measured by Western blotting, were distinct and protein-
specific manner; the O-GlcNAcylation of some proteins was
decreased, whereas that of others was unchanged or increased
by GlcN. Therefore, the modulation of O-GlcNAcylation

levels of individual proteins is likely to be achieved through
a number of distinct mechanisms and is not simply depend-
ent on substrate availability. Such factors include OGT levels,
OGT enzymatic activity, the availability and enzymatic activ-
ity of O-GlcNAcase, and differential substrate targeting. In

Figure 6
The functional effects of OGT knockdown. RAW264.7 cells were transfected with OGT-siRNA (si-OGT) or scrambled-siRNA (si-cont). (A) The effect
of OGT knockdown on OGT mRNA was analysed after 72 h by PCR and real-time PCR (A, upper panel). The O-GlcNAcylation of all the
nucleocytoplasmic proteins was determined by Western blotting using CTD110 or GAPDH antibodies (A, lower panel). (B) Control cells and OGT
knockdown cells were stimulated with LPS (0.1 μg·mL−1) for 24 h. O-GlcNAcylation changes and interaction with p50 was determined by
WGA-precipitation (upper panel) and c-Rel immunoprecipitation (lower panels). Precipitates were analysed by Western blotting with anti-c-Rel,
CTD110.6 or anti-p50 antibodies. (C) ChIP analysis was performed to determine the binding of c-Rel to the iNOS promoter. Control cells and OGT
knockdown cells (si-OGT) at 48 h were stimulated with LPS (0.1 μg·mL−1) for 24 h. The immunoprecipitated DNA was purified for real-time PCR
or standard RT-PCR analyses. Input represents each PCR product obtained from 2% of the pre-immunoprecipitated DNA. (D) RAW264.7 Cells were
transfected with si-control or si-OGT. pFR-luc reporter and/or DBD-c-Rel plasmids were transfected into the cell 36 h after the transfection of
siRNAs. Cells were stimulated with LPS (0.1 μg·mL−1) for 24 h, and luciferase activity was compared. The real-time PCR data are expressed as mean
± SEM (error bars), and the RT-PCR and Western blots shown are representative of three or more independent determinations. *denotes P < 0.05
compared with siRNA control cells.
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this study, we initially demonstrated that c-Rel can be
O-GlcNAcylated and that this process is dynamically modu-
lated by LPS, with or without GlcN. Currently, the mecha-
nism by which LPS specifically increases the O-GlcNAcylation
of c-Rel remains to be elucidated.

The inhibition of LPS-stimulated DNA-binding and tran-
scriptional activities of c-Rel by GlcN could be caused by
simple inhibition of the nuclear translocation of c-Rel.
However, the results from the present study suggest that
O-GlcNAcylation of c-Rel does not seem to regulate its
nuclear translocation directly, because the extent of
O-GlcNAcylation of both nuclear and cytosolic forms of
c-Rel was increased by LPS and reduced by GlcN (Figure 4).
Nonetheless, it still remains to be elucidated if the
O-GlcNAcylation of specific amino acid residues of c-Rel is
important for c-Rel nuclear translocation and subsequent
transcriptional activity. This question can be addressed in the
future by conducting extended experiments using c-Rel
mutated at O-GlcNAc sites.

As noted earlier, LPS can upregulate the interaction of
OGT with c-Rel, whereas GlcN down-regulates this interac-
tion, but OGT knockdown did not modify c-Rel transcrip-
tional activity. Here, we present two scenarios that may
explain the role(s) played by OGT in LPS-induced transcrip-
tional regulation of iNOS. One possibility is that the associa-
tion of OGT with c-Rel in response to LPS induces
O-GlcNAcylation of these proteins. NF-κB, in turn, is acti-
vated by an increased interaction with p105/p50, thereby
leading to an increase in iNOS transcription. Therefore, OGT
appears to play a positive role in the regulation of the LPS-
mediated transcriptional activity of NF-κB, at least at certain
time points or at particular levels of stimulation. In an alter-
native scenario, O-GlcNAcylation of c-Rel may be independ-
ent of the transcriptional activities of the protein. Instead,
OGT may regulate transcription through a mechanism inde-
pendent of O-GlcNAcylation. In addition to performing an
enzymatic function in O-GlcNAc regulation, the interaction
of OGT with c-Rel may affect the association of c-Rel with
other transcriptional complexes, resulting in either activation
or inhibition of transcription. In fact, OGT has been shown to
regulate transcription by recruiting transcriptional repressors
such as mammalian Sin3A histone deacetylases to promoters
(Yang et al., 2002; Toleman et al., 2004). Thus, OGT can
potentially function as a regulator of both O-GlcNAcylation
and the transcription of iNOS, but these two events are not
necessarily related. Although O-GlcNAcylation of c-Rel by
OGT plays an important role in the induction of iNOS
through the increased c-Rel–p50 interaction, OGT also
seems to regulate iNOS transcription by an as yet undefined
mechanism(s).

One major goal of the research into neurodegenerative
diseases is to define the mechanisms of inflammatory gene
control, particularly in terms of resolving the pathophysiol-
ogy of inflammation. Our discovery of a potential mecha-
nism by which NF-κB is regulated by OGT will certainly add
to the hypotheses pertaining to the regulation of NF-κB
during the inflammatory response in the brain. By demon-
strating the dynamic O-GlcNAcylation of c-Rel in response to
an inflammatory stimulus (LPS), our results may provide a
new insight into the regulation of NF-κB-dependent physi-
ological processes.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 Regulation of NF-κB luciferase activities by p65,
p50 and c-Rel in the presence or absence of LPS. RAW264.7
cells were transfected with NF-κB-responsive reporter con-
structs along with the indicated combinations of p65, p50
and c-Rel and incubated with or without LPS as indicated.
Luciferase activity was measured at 24 h. *P < 0.05 control
versus transfected; **P < 0.01 control versus transfected; #P <
0.05 LPS control versus LPS-transfected; **P < 0.01 LPS control
versus LPS-transfected.
Figure S2 Regulation of nuclear translocation of c-Rel by LPS
with or without GlcN. BV2 cells were pretreated with 5 mM
GlcN and incubated with 0.1 μg·mL−1 LPS. Nuclear transloca-
tions of c-Rel at indicated times were measured by immuno-
fluorescence staining using a FITC-conjugated secondary
antibody (green). Nuclei were stained with DAPI (blue).
The result shown is representative of three independent
experiments.
Figure S3 Densitometric calculations for Western blot data
shown Figure 5B. The intensities of bands in the Western
blots were calculated using ImageJ, subtracting background.
Values are expressed relative intensity of each band (com-
pared with weakest band) and relative intensities of indicated
proteins were graphed.
Figure S4 Changes in the O-GlcNAcylation of nucleocyto-
plasmic proteins and c-Rel induced by alloxan. BV2 cells were
untreated or pretreated with alloxan (1 mM) for 1 h and
stimulated with LPS (0.1 μg·mL−1) in the presence or absence
of 5 mM GlcN for 24 h. O-GlcNAc levels of total cell lysates
were measured by RL-2 antibody (left). Cell lysates were
immunoprecipitated with anti-c-Rel antibody and precipi-
tated proteins were immunoblotted by c-Rel or anti-O-
GlcNAc (RL-2) antibodies (right).
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