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O-Linked �-N-acetylglucosamine (O-GlcNAc) transferase
(OGT) catalyzes the addition of O-linked �-N-acetylglucosa-
mine (O-GlcNAc) onto serine and threonine residues in
response to stimuli or stress analogous to phosphorylation by
Ser/Thr-kinases. Like protein phosphatases, OGT appears to be
targeted to myriad specific substrates by transiently interacting
with specific targeting subunits. Here, we show thatOGT is acti-
vated by insulin signaling. Insulin treatment of 3T3-L1 adipo-
cytes stimulates both tyrosine phosphorylation and catalytic
activity of OGT. A subset of OGT co-immunoprecipitates with
the insulin receptor. Insulin stimulates purified insulin receptor
to phosphorylate OGT in vitro. OGT is a competitive substrate
with reduced and carboxyamidomethylated lysozyme (RCAM-
lysozyme), a well characterized insulin receptor substrate. Insu-
lin stimulation of 3T3-L1 adipocytes results in a partial translo-
cation of OGT from the nucleus to the cytoplasm. The insulin
activation of OGT results in increased O-GlcNAc modification
ofOGTandotherproteins including, signal transducer andacti-
vator of transcription 3 (STAT3). We conclude that insulin
stimulates the tyrosine phosphorylation and activity of OGT.

O-linked �-N-acetylglucosamine (O-GlcNAc)3 is a sugar
modification that is found on serine and threonine residues
throughout the nucleocytoplasm of metazoans (1, 2). O-Glc-
NAc is on myriad proteins and cycles like phosphorylation. On
several proteins, O-GlcNAc is attached at or adjacent to phos-
phorylation sites, suggesting that the saccharide also plays a
competitive role in cell signaling pathways (3). O-GlcNAc
attachment and detachment (cycling) is mediated by O-Glc-

NAc transferase (OGT) and O-GlcNAc specific �-D-N-acetyl-
glucosaminidase (O-GlcNAcase), respectively (4, 5). A global
reciprocal relationship between O-phosphorylation and O-
GlcNAcylation has been observed (6, 7), as well as a dynamic
interplay at specific sites (6, 8–11). Unlike phosphorylation,
which is orchestrated by hundreds of kinases, in mammals,
there is predominantly only the 110-kDa catalytic subunit of
OGT and a few other isoforms that result from alternative pro-
moter usage and splicing of a single gene (4, 12, 13).
Studies of OGT protein structure (14), protein interactions,

and post-translational modifications are beginning to reveal
some of the mechanisms that regulate OGT.Mammalian OGT
contains multiple tetratricopeptide repeats consisting of
34-residue motifs in an elongated superhelix with a phyloge-
netically conserved inner surface that is similar in structure to
importin-� and the armadillo repeats of �-catenin. This struc-
tural similarity and recent data suggest that a wide range of
physiological protein-protein interactions with the tetratri-
copeptide repeats help target OGT to its many substrates in a
highly specific manner (14–17). OGT also has a catalytic
domain related to glycogen phosphorylase and is itselfmodified
by O-GlcNAc and tyrosine phosphorylation, suggesting that
the enzyme is regulated by signal transduction cascades (4, 15).
OGT is responsive to morphogens (18), cellular stress (19), cell
cycle (20), and changes in glucose metabolism (3).
Recently, OGT was found to play an important role in nem-

atode insulin signaling (21). An OGT-1 deletion allele in nem-
atodes suppresses dauer formation induced by the partial loss
of daf-2 (insulin-like receptor) and results in defective macro-
nutrient storage analogous to mammalian insulin resistance
(21). Deletion ofOGT resulted in elevated glycogen storage and
decreased fat storage, suggesting that OGT and O-GlcNAc are
important for the regulation of the insulin-like pathway in
worms. OGT is involved in the liver’s insulin signaling pathway
and contributes toAKT-mediated signaling at the level of IRS-1
in a phosphatidylinositol 3,4,5-trisphosphate-dependent man-
ner (22). In mammals, deletion of OGT is lethal in embryonic
stem cells and in single cells in cell culture (23, 24). OGT’s
regulation by nutrients is largely due to its extraordinary sensi-
tivity to intracellular UDP-GlcNAc concentrations. UDP-Glc-
NAc is the end product of the hexosamine biosynthetic path-
way and is the direct donor sugar nucleotide for OGT (25).
Virtually all nutrients including fatty acids, glucose, and amino
acids dramatically affect the levels of UDP-GlcNAc in cells,
which in-turn affects dynamic O-GlcNAcylation (26–28). We
hypothesize that post-translational modification of OGT may
also affect OGT’s activity and O-GlcNAcylation of substrates.
In this study, we show that insulin signaling stimulates tyrosine
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phosphorylation of OGT, increases its catalytic activity, affects
OGT localization, and results in theO-GlcNAcmodification of
STAT3, a key kinase and transcription factor in 3T3-L1 adipo-
cytes (29, 30).

EXPERIMENTAL PROCEDURES

Reagents—Antibodies used in this study are against STAT3
(Cell Signaling), �-tubulin (T5168, Sigma), AL-28 OGT (Hart
laboratory (31)), anti-O-GlcNAc CTD 110.6 (Hart laboratory
andCovance), and the polyclonal insulin receptor�-chain anti-
body (M. Daniel Lane laboratory (32)). Horseradish peroxi-
dase-conjugated secondary antibodies were from Amersham
Biosciences, and anti-IgM was from Sigma. Fluorescently
labeled secondary antibodies Alexa Fluor 647 and 488 were
fromMolecular Probes. Blots were developedwith ECL reagent
and Hyper-film (GE Healthcare). Recombinant human insulin
was fromRocheDiagnostics. All other reagents used were from
Sigma unless otherwise indicated.
Cell Culture—3T3-L1 adipocytes were grown and differenti-

ated into adipocytes, as described with minor modifications
(33). Preadipocytes were grown to confluency in Dulbecco’s
modified Eagle’s medium 10% calf serum containing penicillin-
streptomycin and biotin. Two days after confluency, preadipo-
cytes were differentiated in Dulbecco’s modified Eagle’s
medium, 10% fetal bovine serum with dexamethasone (390
ng/ml), insulin (1 �g/ml), and methylisobutylxanthine (115
�g/ml) for 48 h and then treated with insulin (1 �g/ml) for an
additional 48 h. 3T3-L1 adipocytes were used for experiments
8–11 days after differentiation commenced.
Western Blotting and Immunoprecipitation—Whole cell

lysates were harvested by washing 3T3-L1 three times in ice-
cold phosphate-buffered saline and scraping into Nonidet P-40
buffer (1% Nonidet P-40, 15 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 1 mM EDTA, protease inhibitor mixture 1, 40 mM Glc-
NAc (GlcNAc prevents O-GlcNAcase from removing O-Glc-
NAc from proteins during cell lysis), and 1 mM NaVO4). For
Western blot analysis, the cell lysatewas sonicated 2� 10 swith
a 30-s pause between on ice. An equal volume (1:1) of ice-cold
Freon (1,1,2-trichloro-trifluoroethane)was added andmixed to
remove the lipids and centrifuged at 15, 000� g, and the protein
concentration was determined by Bio-Rad protein reagent. For
immunoprecipitations, cell lysates were rocked at 4 °C for 2 h to
gently lyse cells and solubilize proteins in cell membranes
before treating samples in a manner similar to Western blot
samples, as stated above. Immunoprecipitations where then
performed with the indicated antibodies overnight at 4 °C, cap-
turedwith proteinA/G-Sepharose (SantaCruz Biotechnology),
and washed four times in phosphate-buffered saline. In some
cases stated in the text, shorter incubations of 4 h were neces-
sarywhen trying to preserve post-translationalmodifications of
proteins. Proteins were eluted by boiling Sepharose beads in
modified Laemmli buffer. SDS-PAGE was performed with pre-
cast Criterion gels (Bio-Rad), transferred to polyvinylidene
difluoride membrane (Millipore), blocked with 3% bovine
serumalbumin (w/v, Sigma) inTris-buffered saline 0.1%Tween
20, and probed with the indicated antibodies overnight at 4 °C.
The respective horseradish peroxidase-conjugated antibodies
were incubated with the blots, and ECL detection was used.

When necessary, blots were stripped with 100 mM glycine, pH
2.8, for 30 min at room temperature and reprobed with
antibodies.
Confocal Microscope—Essentially, all microscopy was con-

ducted as described by Slawson et al. (20). 3T3-L1 fibroblasts
were plated onto Lab-Tek II chamber slides (Nalge Nunc)
coated with poly-D-lysine (Sigma). Cells were fixed with 3%
paraformaldehyde, immunohistochemistry was performed
with the indicated antibodies overnight, and cells were incu-
bated with secondary antibody for 1 h in the dark and treated
with propidium iodide for nuclear staining, and slides were
mounted before fluorescent images were obtained using a Zeis
Ultra view 2 confocal microscope at The Johns Hopkins Uni-
versity Microscope Core Facility.
Overexpression of OGT in Insect Cells—Essentially overex-

pression of OGT in insect cells was conducted as indicated in
Kreppel and Hart (15) with minor modifications. High Five
(Invitrogen) insect cells were grown in Graces’s insect medium
(Invitrogen) supplemented with 10% heat-inactivated fetal
bovine serum to 70–80% confluency (15-cm dishes) and
infected for 40–48 h before harvesting. Cell pellets were frozen
at�20 °C. Infected cell pelletswere resuspended inBufferA (20
mM Tris, pH 7.9, 0.5 M NaCl) and lysed by sonication (two
pulses each lasting 10 s, power 3.5). Lysateswere centrifuged for
30 min at 30,000 � g, filtered through a 0.45-�m filter, and
loaded on a fast protein liquid chromatography (Amersham
Biosciences) at a flow rate of 1 ml/min (onto a 5-ml chelating
column precharged with NiSO4 and pre-equilibrated with
buffer A). The column was washed with 10 column volumes of
buffer A followed by a 10-ml wash at 5% buffer B and then
elutedwith a 25-min linear gradient of 5–100%Buffer B (20mM
Tris, pH 7.9, 0.5 M NaCl, 100 mM imidazole) at 1 ml/min. Frac-
tions (1 ml) were collected throughout the separation and sub-
jected to SDS-PAGE and analyzed for purity by Coomassie
G250 staining and Western blot analysis. Fractions containing
OGTwere pooled and concentrated using a Vivaspin6 concen-
trator (MW10, 000 cutoff) as per themanufacturer’s directions
(Vivascience) and buffer-exchanged into 12 ml of Buffer C (20
mM Tris, pH 7.5, 20% glycerol, 1 mM dithiothreitol) and con-
centrated. The pooled concentratewas brought to 40%glycerol,
1 mM dithiothreitol and stored at �20 °C.
OGT Activity Assay—Samples treated as indicated were

immunoprecipitated with covalently attached AL-28 to Sepha-
rose A beads for 4 h at 4 °C. Samples were washed three times
with phosphate-buffered saline and one time with OGT assay
buffer (10�: 0.5 M sodium cacodylate, pH 6.5, 10 mg/ml bovine
serum albumin, 0.35 M NaF), divided in half for treatment with
or without the acceptor substrate CK2 peptide (PGGSTPVS-
SANMM) in UDP-[3H]GlcNAc (0.5 �Ci/�l), 25 mM AMP, 0.5
�l, 10� buffer, 5 �l, alkaline phosphatase, 0.25 �l, 10 mM CK2
peptide, 5 �l, and H2O, 10 �l on ice. Samples were incubated at
24 °C for 30min, and the reactionwas stoppedwith 450�l of 50
mM formate, 0.5 M NaCl. CK-2 peptides were cleaned up with
C18 columns and eluted with methanol, and radioactive incor-
poration was measured by a scintillation counter.
Kinase Assay—Insulin receptor kinase assays were per-

formed essentially as outlined in Kohanski et al. (34). Insulin
receptor was immunoprecipitated from �100 nM insulin-
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treated 3T3-L1 adipocytes and restimulated with 1 �M insulin
in vitro for 10 min in kinase buffer (20 �M [�-32P]ATP, 5 mM
Mn(CH3CO2)2, 50 mM HEPES, 0.1% Triton X-100, pH 6.9)
before purified OGT substrate was added. Five �g of OGT was
added to each reaction and incubated with [�-32P]ATP for 15
min at 30 °C. Where indicated commercially produced insulin
receptor (IR) (Sigma) was incubated in 1 �M insulin for 10 min
before 5 �g of OGT or RCAM-lysozyme was added to the reac-
tion for 15 min at 30 °C. Sigma protocol was followed (product
I 9266).

�-1,4-Galactosyltransferase Labeling—Immunoprecipitated
proteins were rinsed twice with phosphate-buffered saline and
then twice with 1� galactostransferase (GalT) labeling buffer
(10�: 100 mMHEPES, pH 7.5, 100 mM Gal, 50 mMMnCl2) and
then incubated in GalT buffer with 1 �Ci/reaction of UDP-
[3H]Gal, 1 unit of calf intestinal alkaline phosphatase at 4 °C
overnight (35). Reactions were stopped withmodified Laemmli
buffer.

RESULTS

Insulin Increases Tyrosine Phosphorylation of OGT in 3T3-L1
Adipocytes—OGT is modified with both O-GlcNAc and tyro-
sine phosphorylation when overexpressed in insect cells (Fig.
1A) (15). We examined whether increased tyrosine phospho-
rylation of OGT occurs in insulin-stimulated 3T3-L1 adipo-
cytes. OGT was immunoprecipitated from insulin-stimulated
(10 min � 100 nM insulin) 3T3-L1 adipocytes and immuno-
blotted with a phospho-tyrosine antibody. Tyrosine phospho-
rylation of OGT increased significantly after a 10-min insulin

treatment (Fig. 1B). Whole cell extract in adjacent lanes was also
examined for OGT and tyrosine phosphorylation, as a control.
A Portion of OGT Co-immunoprecipitates with the Insulin

Receptor—Insulin receptor was immunoprecipitated from
3T3-L1 adipocytes �100 nM insulin. Immunoprecipitates were
immunoblotted for the presence of OGT (Fig. 2A). Whole cell
extract was used as a positive control for the presence of OGT.
There was a slight increase in the amount of OGT interacting
with the insulin receptor upon insulin treatment. We also con-
firmed the presence of IR- and insulin-induced phosphoryla-
tion of the IR in the immunoprecipitation and IR in whole cell
extracts (Fig. 2B).
Isolated Insulin-stimulated IR Complex Phosphorylates OGT

in Vitro—To test the hypothesis that OGT is a direct substrate
of the insulin receptor and/or interacting with the insulin
receptor proteins, we immunoprecipitated insulin receptor
from �100 nM insulin-stimulated 3T3-L1 adipocytes at 10 min
and then restimulated the isolated IR complex with insulin in
vitro for 10 min to maximize IR activity. Insulin stimulation of
3T3-L1 adipocytes increased the autophosphorylation of the
insulin receptor and concomitantly caused increased phospho-
rylation of OGT (Fig. 3A). The incorporation of [�-32P]ATP
into OGT was measured by scintillation counting of excised
Coomassie G250-stained OGT bands from SDS-PAGE (Fig.
3B). Insulin induced a 3-fold increase in OGT phosphorylation
and over an 11-fold increase in insulin receptor autophospho-
rylation. Experiments were performed in triplicate.
We then tested whether OGT could compete with a well

characterized insulin receptor substrate, carboxyamidomethy-
lated lysozyme (RCAM-lysozyme), in an in vitro IR kinase assay.
Purified OGT was incubated with non-stimulated (Fig. 3C,
lanes 7–12) and insulin-stimulated insulin receptor (lanes 1–6
and lanes 13–17), with and without RCAM-lysozyme (Fig. 3C).
OGT becomes phosphorylated upon incubation with activated
insulin receptor, and OGT phosphorylation is competitively
inhibited by the addition of RCAM-lysozyme (Fig. 3C, upper

FIGURE 1. Insulin increases OGT tyrosine phosphorylation in 3T3-L1 adi-
pocytes. A, OGT overexpressed in insect cells was purified by nickel chroma-
tography, electrophoresed on SDS-PAGE, and Western blotted (WB) with OGT
(AL28), CTD 110.6 O-GlcNAc, and phospho-tyrosine antibody (P-Tyr) (PY20,
Santa Cruz Biotechnology). B, OGT was immunoprecipitated (IP) from �100
nM insulin-treated 3T3-L1 adipocytes, electrophoresed on SDS-PAGE with
whole cell extract, and Western blotted with phospho-tyrosine antibody. The
same blots were stripped and blotted for OGT (AL28) to demonstrate equal
OGT protein levels. Data are representative of experiments done in triplicate.
The increase in OGT phosphorylation was quantified by densitometer read-
ings of Western blots using the software program ImageJ from the National
Institutes of Health. Insulin-induced tyrosine phosphorylation increased
about 160% over basal levels.

FIGURE 2. Insulin receptor immunoprecipitation reveals OGT association
via Western blot analysis. A, OGT (AL28) Western (WB) blot of immunopre-
cipitated (IP) IR, rabbit IgG control immunoprecipitation, and whole cell
extract from 3T3-L1 adipocytes pretreated stimulated with �100 nM insulin.
B, the same samples as in A were Western blotted with insulin receptor antibody
with the addition of IR immunoprecipitation Western blotted with tyrosine phos-
phorylation (YP) antibody. Data are representative of experiments done in tripli-
cate. Data were quantified by densitometer readings of Western blots using the
software program ImageJ from the National Institutes of Health.
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panel, lanes 10–17). Conversely, RCAM-lysozymephosphoryl-
ation (Fig. 3C, lower panel, lanes 16 and 17) is inhibited by the
presence of OGT, indicating that both substrates are compet-
ing in vitro for insulin-stimulated insulin receptor phosphoryl-
ation. Data represent triplicate experiments conducted on two
separate occasions.
We also tested and found that a well known tyrosine kinase,

Src, could phosphorylateOGTsimilar to the IR (Fig. 4). Purified
OGT was incubated with �Src in Src kinase buffer containing

[�-32P]ATP for 15min. Gel bands of
OGT incubated with either �Src or
�Src from triplicate experiments
were cut out of SDS-PAGE, and
[32P]ATP was counted via a scintil-
lation counter.
Insulin Stimulates OGT Activity

in 3T3-L1 Adipocytes—Insulin
stimulation of 3T3-L1 adipocytes
activates an entire cascade of insulin
signaling proteins. Insulin-stimu-
lated tyrosine phosphorylation of
IRS-1 and IRS-2, resulting in their
activation of phosphatidylinositol
3-kinase, represents one of the ear-
liest steps in the insulin signaling
cascade. Using 100 nM insulin, the
same concentration previously used
to maximally stimulate IRS-1 and
IRS-2 protein activation in 3T3-L1
adipocytes, we found that insulin
stimulation (10 min) of 3T3-L1 adi-
pocytes significantly increased
OGT activity when compared with
control adipocytes (Fig. 5). To fur-
ther determine whether tyrosine
phosphorylation correlates with
OGT activity, we treated 3T3-L1
cells with the tyrosine phosphatase
inhibitor sodium vanadate (supple-
mental Fig. 1). Treatment of 3T3-L1
cells with vanadate also resulted in
increasedOGTactivity.When insu-
lin was added to 3T3-L1 cells prein-
cubated with sodium vanadate,
there was a further increase in OGT
activity versus inhibitor alone.
Results shown in Fig. 5 are an aver-
age of three experiments, and data
represent three independent exper-
iments on separate occasions.
OGT Localizes to the Cytoplasm

upon 20 Min of Insulin Stimulation
of 3T3-L1 Adipocytes—3T3-L1 adi-
pocytes were starved overnight in
serum-free media, stimulated with
�100 nM insulin for 20 min, and
fixed, and immunohistochemistry
was performed with an OGT poly-

clonal antibody. The nuclei of the 3T3-L1 adipocytes were
stained with propidium iodine to locate and differentiate the
nucleus from lipid droplets within the cells. The high concen-
tration ofOGTwithin the nuclei of cells has been established (4,
36). After about 20 min of insulin stimulation, OGT becomes
less concentrated within the nucleus, and a portion of the
enzyme translocates to the cytoplasm (Fig. 6). We also subfrac-
tionated �100 nM insulin-treated NIH 3T3 fibroblasts that
overexpress the insulin receptor and analyzed the insulin-de-

FIGURE 3. Insulin-stimulated IR phosphorylates OGT. A, purified OGT is incubated with immunoprecipitated
(IP) insulin receptor from �100 nM insulin (10 min)-treated 3T3-L1 adipocytes in kinase reaction buffer and
stimulated with 1 �M insulin for 15 min. The reaction was stopped with the addition of modified Laemmli
buffer, boiled, loaded onto 10% SDS-PAGE, stained with Coomassie G-250, and incubated with film. mw,
molecular weight. B, OGT and insulin receptor phosphorylated in vitro similar to the samples in A are cut out of
SDS-PAGE and [32P]ATP incorporation counted by a scintillation counter. Data are an average of three reactions
and representative of three separate experiments. C, OGT is incubated with �1 �M insulin-treated (10 min)
insulin receptor in [32P]ATP kinase reaction buffer without and with a known insulin receptor substrate, RCAM-
lysozyme, for 20 min in triplicate. The reaction was stopped with modified Laemmli buffer, electrophoresed on
SDS-PAGE, stained with Coomassie Blue G-250, and autoradiographed onto film. Data are representative of
triplicate experiments on two separate occasions. Data were quantified by densitometer readings of Western
blots using the software program ImageJ from the National Institutes of Health.
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pendent concentration of OGT in cytoplasmic or nuclear frac-
tions viaWestern blot analysis. In these cells, at 20 min of insu-
lin stimulation, the proportion of OGT within the nucleus
decreased, whereas that in the cytoplasm increased (supple-
mental Fig. 2 and cell fractionation protocol).
Insulin Stimulates O-GlcNAc Modification on STAT3 and

OGT in 3T3-L1 Adipocytes—Since insulin stimulates OGT
activity, we analyzedwhetherOGT’s increased activity resulted
in it modifying other O-GlcNAcylated proteins present. Insu-
lin-stimulated 3T3-L1 adipocytes resulted in O-GlcNAc mod-
ification of STAT3 within 10 min (Fig. 7A). When OGT was
incubated in the presence of insulin-activated IR and UDP-
[3H]GlcNAc, Western blot analysis showed an increase in
O-GlcNAc modification of OGT (Fig. 7B). These data support
the hypothesis that OGT is activated by insulin signaling
through the IR and that insulin stimulates specific O-GlcNAc
modification substrates in a dynamic and transient fashion sim-
ilar to phosphorylation.

DISCUSSION

The role ofO-GlcNAc cycling in cell signaling, cell cycle con-
trol, transcriptional regulation, cellular stress, and protein deg-
radation, as well as many other cellular processes, is just begin-
ning to be revealed (1–3, 37–41). Increased O-GlcNAc has
been shown to directly inhibit insulin signaling in several cell
lines (42–44). OGT itself is known to be modified by both
O-GlcNAc and tyrosine phosphorylation (15). The complexity
of OGT’s regulation, the stimuli that regulate OGT’s activity,
and specificity, which in turn control the enzyme’s actions on
its myriad substrates, may be the combinatorial result of: 1)
intricate protein-protein interactions at OGT’s tetratricopep-
tide repeats that allow it to interact with potentially thousands

of proteins; 2) a number of post-translational modifications of
OGT, such asO-GlcNAc, tyrosine, serine, and threonine phos-
phorylation; 3) OGT’s quaternary structure, and; 4) OGT’s
response to nutrient sensing through different levels of UDP-
GlcNAc. OGT has a number of potential tyrosine, serine, and
threonine phosphorylation motif sites that may play a role in
the regulation of OGT activity.4

Here, we show that OGT is actively involved in the insulin
signaling pathway. Insulin stimulation increases OGT tyrosine
phosphorylation. The insulin receptor phosphorylates OGT
directly, and other down-stream tyrosine kinases may also be
involved, such as Src, a known tyrosine kinase. Interestingly,
there are potentially 15 Src tyrosine phosphorylation motifs on
OGT.4 Insulin-stimulated tyrosine phosphorylation correlates
with increased OGT activity. Inhibition of tyrosine phospha-
tases by vanadate also increases OGT activity. Upon insulin
stimulation, a portion of the OGT translocates from the
nucleus to the cytoplasm. Finally, insulin stimulation results in
increased O-GlcNAcylation of several endogenous proteins.
Since insulin is capable of stimulating OGT activity and
increases O-GlcNAc modification, it is plausible that hyperin-
sulinemia, in conjunction with hyperglycemia, which increases
UDP-GlcNAc pools, may be synergistically activating OGT,
leading to abnormally increased O-GlcNAc levels in cells and
contributing to insulin resistance. In addition, insulin-stimu-
lated self-GlcNAcylation by OGT may also contribute to the
activity of OGT.
Post-translationalModification of OGTRegulates Its Activity—

Western blot analyses of overexpressed OGT in insect cells
initially revealed the presence ofO-GlcNAc and tyrosine phos-
phorylation on OGT. Elevations in O-GlcNAc caused by high
glucose, glucosamine, insulin, and the inhibition of O-GlcNA-
case inhibit the insulin responsiveness of adipocytes, muscle,
and endothelial cells (42–44). Treating 3T3-L1 cells with 100
nM insulin resulted in increased tyrosine phosphorylation of
OGT.
OGT has a number of predicted Grb2 SH2 binding motifs

that may play a role in OGT’s interactions with the insulin
receptor.We found that OGT co-immunoprecipitates with the
insulin receptor in �insulin-treated cells, with slightly more
OGT bound in the insulin-stimulated samples. We found that
insulin-dependent tyrosine phosphorylation of OGT increased
3-fold after 15min of incubation. Analyses of substrate compe-
tition between OGT and RCAM-lysozyme phosphorylation, a
well studied IR substrate, are competitive substrates for the IR.
Insulin Stimulation of 3T3-L1 Adipocytes Also Increased

OGT Activity—Insulin stimulation of 3T3-L1 adipocytes not
only increased tyrosine phosphorylation but also increased
OGT activity as well. Consistent with the increasedOGT activ-
ity, OGT O-GlcNAc modification increased upon incubation
with insulin-induced activated IR. Inhibition of tyrosine phos-
phatases also increasedOGTactivity. The finding that Src tyro-
sine kinase is also capable of phosphorylatingOGT implies that
there may be many kinases in different signaling pathways that
are capable of phosphorylating and regulating OGT function.

4 Akilesh Pandey, personal communication.
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FIGURE 5. Tyrosine kinase Src in vitro phosphorylation of OGT. OGT over-
expressed from insect cells was incubated with �Src in Src kinase buffer con-
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sie Blue G250 and underwent an audioradiogram or was transferred to poly-
vinylidene difluoride for Western blot analysis with OGT (AL-28). Gel bands of
OGT incubated with �Src were cut out of SDS-PAGE, and [32P]ATP was
counted via a scintillation counter. Data are representative of experiments
done in triplicate.

O-�-GlcNAc and Insulin Signaling

AUGUST 1, 2008 • VOLUME 283 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 21415

http://www.jbc.org/cgi/content/full/M800677200/DC1
http://www.jbc.org/cgi/content/full/M800677200/DC1


OGT may also be regulated, or in turn, regulating insulin sig-
naling at a number of check points in the insulin signaling path-
way. It remains to be seen whether insulin also stimulates the
interaction of OGT with other insulin signaling proteins, but
OGT has 17 potential GSK3� serine kinase motifs and two
potential phosphatidylinositol 3-kinase p85 tyrosine binding
motifs.4
Insulin Affects the Localization of OGT—In most cells, OGT

is mostly localized to the nucleus, with smaller amounts within

the cytoplasm (36). This localization
may be important in the regulation
of gene transcription since nearly
every transcription factor analyzed
to date is modified by O-GlcNAc.
Significant amounts of OGT trans-
located from the nucleus at around
20 min after insulin stimulation and
relocalized back to the nucleus after
about 40min. AlthoughOGT trans-
location correlates with tyrosine
phosphorylation, we do not claim
this is the cause and effect of tyro-
sine phosphorylation but rather a
result of insulin signaling possibly
affecting a multitude of mecha-
nisms downstream including ki-
nases, scaffolding proteins, and/or
nuclear pore proteins, resulting in
a number of possible post-transla-
tion modifications on OGT and
protein-protein interactions.
Insulin Stimulates the O-GlcNAc

Modification of Known O-GlcNAc
Protein STAT3—Insulin stimula-
tion of adipocytes resulted in the
increased O-GlcNAc modification
of Stat3. Stat3 is important in adipo-

genesis (30) and leptin response in the hypothalamus, regulat-
ing food intake and energy expenditure (45, 46), and is involved
in the activation of suppressor of cytokine signaling 3 (SOCS3),
which in turn is responsible for the serine phosphorylation of
IRS-1, resulting in its ubiquitination (47, 48). Prolactin-induced
O-GlcNAcylation of Stat5 was found to be an important post-
translational modification for Stat5 binding to the coactivator
of transcription cAMP-response element-binding protein
binding protein (49). Since this is an essential interaction for
Stat5-mediated gene transcription, the insulin-induced OGT
O-GlcNAcylation of Stat3 may also have a crucial role in its
function in insulin signaling. Further studies would be interest-
ing to see whether O-GlcNAc modification has any effect on
SOCS3 and IRS-1 ubiquitination. The complex regulation of
OGT is just beginning to be understood (4, 15, 21, 31, 50–52).
We have demonstrated that a major and a well characterized

signaling pathway affects the activity of OGT in the insulin-
responsive 3T3-L1 cell line. A growing number of groups are
only beginning to elucidate the role that OGT and O-GlcNAc
plays in amultitude of cellular functions. This study documents
that insulin signaling affects OGT activity, tyrosine phospho-
rylation, localization, and downstream Stat3 O-GlcNAc modi-
fication, which may have a role in the etiology of diabetes.
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