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Background: Covalent modification of mRNA translation initiation factors regulates gene expression.

Result: The translational repressor 4E-BP1 is covalently modified by O-GlcNAcylation.

Conclusion: The function of 4E-BP1 is regulated not only by phosphorylation but also by O-GlcNAcylation.

Significance: These findings reveal a novel mechanism through which hyperglycemia-mediated 4E-BP1 O-GlcNAcylation
represses cap-dependent mRNA translation and protein synthesis.

4E-BP1 is a protein that, in its hypophosphorylated state,
binds the mRNA cap-binding protein eIF4E and represses cap-
dependent mRNA translation. By doing so, it plays a major role
in the regulation of gene expression by controlling the overall
rate of mRNA translation as well as the selection of mRNAs for
translation. Phosphorylation of 4E-BP1 causes it to release
eIF4E to function in mRNA translation. 4E-BP1 is also subject to
covalent addition of N-acetylglucosamine to Ser or Thr residues
(O-GlcNAcylation) as well as to truncation. In the truncated
form, it is both resistant to phosphorylation and able to bind
eIF4E with high affinity. In the present study, Ins2***/* dja-
betic mice were used to test the hypothesis that hyperglycemia
and elevated flux of glucose through the hexosamine biosyn-
thetic pathway lead to increased O-GlcNAcylation and trunca-
tion of 4E-BP1 and consequently decreased eIF4E function in
the liver. The amounts of both full-length and truncated 4E-BP1
bound to eIF4E were significantly elevated in the liver of dia-
betic as compared with non-diabetic mice. In addition,
O-GlcNAcylation of both the full-length and truncated proteins
was elevated by 2.5- and 5-fold, respectively. Phlorizin treat-
ment of diabetic mice lowered blood glucose concentrations and
reduced the expression and O-GIlcNAcylation of 4E-BP1. Addi-
tionally, when livers were perfused in the absence of insulin,
4E-BP1 phosphorylation in the livers of diabetic mice was nor-
malized to the control value, yet O-GlcNAcylation and the asso-
ciation of 4E-BP1 with eIF4E remained elevated in the liver of
diabetic mice. These findings provide insight into the pathogen-
esis of metabolic abnormalities associated with diabetes.

The best characterized mechanism for regulating the mRNA
binding step in translation initiation involves the reversible
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binding of the translational repressor 4E-BP1 to the mRNA
cap-binding protein elF4E. Binding of 4E-BP1 to eIF4E blocks
its association with eIF4G and disrupts assembly of the cap-
binding complex, eIF4F (1). As a result, a shift from cap-depen-
dent to cap-independent translation occurs, leading to an
altered pattern of selection of mRNAs to be translated (2). Bind-
ing of 4E-BP1 to elF4E is reversible and is controlled by the
sequential phosphorylation of multiple serine and threonine
residues, several of which are regulated by the mammalian tar-
get of rapamycin in complex 1 (mTORC1)? signaling pathway
(3). Hypophosphorylated 4E-BP1 binds to eIF4E strongly; how-
ever, upon phosphorylation the interaction of 4E-BP1 with
elF4E is dramatically reduced.

It has long been established that diabetes is associated with
increased binding of 4E-BP1 to elF4E (4). In part, the increased
binding to elF4E is due to a reduction in phosphorylation of
4E-BP1 resulting from diminished mTORCI signaling in
response to the deficiency of insulin. Another mechanism that
could account for the diabetes-induced increase in the associa-
tion of 4E-BP1 with eIF4E is the addition of N-acetylgluco-
samine to serine or threonine residues (O-GlcNAcylation) at or
near some specific phosphorylation site(s) (5). Protein
O-GlcNAcylation is driven by the flux of glucose through the
hexosamine biosynthetic pathway, which converts the sugar to
UDP N-acetylglucosamine (UDP-GIcNAc), the donor sub-
strate for the addition of O-GlcNAc to serine and threonine
residues (6). UDP-GlcNAc synthesis is regulated by the enzyme
glutamine-fructose-6-phosphate amidotransferase (GFAT),
which catalyzes the first and rate-determining step in the hex-
osamine biosynthetic pathway. This reaction involves the irre-
versible transfer of the amino group from glutamine and the
isomerization of fructose-6-phosphate to produce glucosa-
mine-6-phosphate. The reversible addition of O-GlcNAc to
proteins is catalyzed by O-GIcNAc transferase, whereas
O-GlcNAcase catalyzes removal in a dynamic relationship that

2 The abbreviations used are: mTORC1, mammalian target of rapamycin in
complex 1; GFAT, glutamine-fructose-6-phosphate amidotransferase;
PUGNAc, O-(2-acetamido-2-deoxy-bD-glucopyranosylidenamino)N-phe-
nylcarbamate; WCL, whole cell lysate.
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is reminiscent of protein phosphorylation/dephosphorylation
(7-9). In fact, O-GlcNAcylation often is found on or near phos-
phorylation sites, and there is ample evidence for extensive
crosstalk between O-GlcNAcylation and phosphorylation in
controlling biological processes (10-14). Although only 2-5%
of intracellular glucose enters the hexosamine biosynthetic
pathway under normal conditions (15), both hyperglycemia
and diabetes have been shown to elevate flux through the path-
way and increase the production UDP-GIcNAc (16). Addition-
ally, increased O-GlcNAcylation has been linked to the compli-
cations of diabetes (17).

Another mechanism that impairs 4E-BP1 phosphorylation is
p53-mediated truncation, which rapidly leads to dephosphoryl-
ation of 4E-BP1, sequestration of eIF4E into an inactive
4E-BP1-eIFAE complex, and decreased assembly of the elF4F
complex (18 —20). Activation of p53 induces a specific N-termi-
nal cleavage of 4E-BP1, which results in an isoform that is ~3
kDa smaller than the full-length protein (20). Intriguingly,
O-GlcNAcylation of p53 at Ser'® stabilizes p53 and blocks
ubiquitin-dependent proteolysis (21). Thus elevated flux through
the hexosamine biosynthetic pathway may not only inhibit 4E-BP1
phosphorylation by promoting O-GlcNAcylation but may also
enhance p53 activity, resulting in increased levels of the phospho-
rylation resistant truncated 4E-BP1.

In the present study, Ins2****/* mice were used as a model of
type 1 diabetes to evaluate the hypothesis that in the liver of
diabetic mice elevated flux of glucose through the hexosamine
biosynthetic pathway leads to increased O-GlcNAcylation and
concomitant reduced phosphorylation of 4E-BP1 resulting in
increased association with eIF4E. Ins22®/* a4 C57BL/6
mutant mouse, spontaneously develops diabetes with signifi-
cant early loss of pancreatic B-cell mass as a result of a single
missense mutation (C96Y) in the insulin 2 gene (22, 23). As a
result, misfolded proinsulin accumulates and promotes endo-
plasmic reticulum stress in B-cells that leads to apoptosis
through induction of the ER stress-associated apoptosis factor
Chop (24). Ins2**/* mice develop progressive hyperglycemia
secondary to hypoinsulinemia. We report that 4E-BP1 is
O-GlcNAcylated in both liver and H41IE cells in culture. Our
results explore the regulation of 4E-BP1 in the liver of diabetic
mice and provide evidence for a model wherein hyperglycemia-
driven 4E-BP1 O-GlcNAcylation could inhibit cap-dependent
mRNA translation and protein synthesis.

EXPERIMENTAL PROCEDURES

Materials—Protease inhibitor mixture was purchased from
Sigma and ECL Western blotting detection reagent was pur-
chased from Pierce. Anti-phospho-S6K1(Thr?*®°), goat anti-
mouse, and goat anti-rabbit IgG horseradish peroxidase-conju-
gated antibodies were purchased from Bethyl Laboratories.
Anti-O-GlcNAc antibody was purchased from Covance, anti-
GAPDH antibody was purchased from Santa Cruz Biotech-
nology, and all other antibodies were purchased from Cell
Signaling Technology. Preparation of the 4E-BP1 and eIF4E
antibodies has been described previously (25, 26). 4E-BP1-
phosphospecific antibodies were purchased from Cell
Signaling.
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Animals—Male Ins2*%/* mice and Ins2™/" littermates
(C57BL/6 background) were bred in the Diabetic Complica-
tions Animal Models Core using procedures approved by The
Pennsylvania State University College of Medicine Institutional
Animal Care and Use Committee. Diabetic phenotype and gen-
otype were confirmed 4.5 weeks after birth by blood glucose
concentrations >250 mg/dl (One-Touch Lifescan meter; Lifes-
can, Inc., Milpitas, CA) via tail puncture. To determine the
effects of normalizing glucose levels in Ins2*'“*/* mice, phlo-
rizin (0.4 g/kg in 10% EtOH, 15% dimethyl sulfoxide, and 75%
saline) was administered subcutaneously twice daily for 7 days.

In Situ Liver Perfusion—Ins2***’* mice and Ins2 /™ litter-
mates were maintained on a 12:12 h light:dark cycle, with food
and water provided ad libitum. Livers were perfused in situ
with a nonrecirculating medium for 30 min at a flow rate of 4
ml/min, as described previously (27), with the following modi-
fications. In an attempt to match physiological glucose concen-
trations, the perfusate contained either 33 or 11 mm glucose for
Ins224%/* or Ins2*/* mice, respectively. Where indicated,
O-(2-acetamido-2-deoxy-p-glucopyranosylidenamino) N-phe-
nylcarbamate (PUGNAC) (1.4 mMm in PBS with 1% dimethyl sulf-
oxide) was infused directly into the inflow line at a rate of 0.2
ml/min to produce a final calculated concentration of 40 um.
The perfusate also contained amino acids at the concentrations
present in the arterial plasma of a fasted rat (28).

Processing of Liver Samples—For the analysis of protein phos-
phorylation state, a portion (~0.3 g) of liver was homogenized
in 7 volumes of homogenization buffer (20 mm HEPES, 2 mm
EGTA, 50 mm NaF, 100 mm KCI, 0.2 mm EDTA, 50 mMm B-glyc-
erophosphate, 1 mM benzamidine, 200 mm sodium vanadate,
and 10 ul/ml Sigma protease inhibitor mixture, pH 7.4) using a
Polytron homogenizer. The homogenate was centrifuged at
1000 X g for 3 min at 4 °C, and the resulting supernatant was
subjected to SDS-PAGE and Western blot analysis (29). Phos-
phorylation of S6K1, 4E-BP1, and mTOR was measured in the
supernatants using phospho-specific antibodies as described
previously (29).

Quantitation of Total 4E-BP1 Protein Expression—Livers
were homogenized in 7 volumes of A-phosphatase buffer (30)
containing 10 ul/ml Sigma protease inhibitor mixture, pH 7.4,
and the homogenates were centrifuged at 1000 X g for 3 min.
Fifty ul of supernatant were combined with 10 ul A-phospha-
tase (New England Biolabs) for 1 h at 37 °C, and the sample was
subjected to SDS-PAGE and Western blot analysis.

Immunoprecipitations—Immunoprecipitations were per-
formed by incubating 1000 X g supernatants of liver homoge-
nates with monoclonal anti-e[F4E or anti-4E-BP1 antibody.
Homogenate containing ~1 mg of protein was incubated with 4
pg antibody for 2 h at 4 °C. Then, 500 ug BioMag goat anti-
mouse IgG beads (Qiagen), previously blocked with low salt
buffer (20 mm Tris-HCI, 150 mMm NaCl, 5 mm EDTA, 0.5% Tri-
ton X-100, 0.1% B-mercaptoethanol, pH 7.4) containing 1%
BSA, was added to each sample with 175 ul of PBS and 12.5 ul
of Triton X-100, and the suspension was rocked at 4 °C for 1 h.
Beads were washed twice with 1 ml of cold low salt buffer, once
with high salt buffer (50 mm Tris HCl, 500 mm NaCl, 5 mm
EDTA, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 0.04%
B-mercaptoethanol, pH 7.4), resuspended in 1X SDS sample
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buffer, and then boiled for 5 min. Supernatants were subjected
to Western blot analysis using antibodies to 4E-BP1, eIF4E, and
O-GlcNAc, and the results were normalized for the amount of
elF4E in the immunoprecipitate.

Quantitative Real-time PCR—RNA was isolated from livers,
following a standard TRIzol protocol (Invitrogen) according to
the manufacturer’s instructions. Total RNA was reverse tran-
scribed using an ABI High Capacity cDNA reverse transcrip-
tion kit (Applied Biosystems). For quantitation of mRNA,
quantitative RT-PCR was performed using a QuantiTech SYBR
Green PCR kit (Qiagen) and the following primers for GFAT:
5'-TGGCGTGGCCAGTACAAA-3" and 5'-GGAGATCCT-
GTCATCACACATCA-3".

Statistical Analysis—The data are expressed as mean * S.E.
One-way analysis of variance and Student’s ¢ test were used to
compare differences among groups. p < 0.05 was considered
statistically significant.

RESULTS

4E-BP1 Is O-GlcNAcylated in Mouse Liver—SDS-PAGE of
liver supernatants resolved full-length 4E-BP1 into multiple
isoforms based upon phosphorylation state in addition to a pro-
tein that was ~3 kDa smaller (Fig. 14, top). Western blot analysis
for O-GlcNAcylated proteins revealed a signal at 15-20 kDa that
was reminiscent of the banding pattern of 4E-BP1 (Fig. 14, bot-
tom). When liver supernatants were treated with A-phosphatase,
the phospho-isoforms of full-length 4E-BP1 collapsed into a single
band at ~18 kDa. In the presence of A-phosphatase, a similar shift
was seen with the O-GlcNAcylation bands, suggesting that the
protein recognized by the antibody was 4E-BP1. Further evidence
supporting such a conclusion is provided by the results shown in
Fig. 1B in which 4E-BP1 was immunoprecipitated from liver
supernatants using a monoclonal anti-4E-BP1 antibody. As seen in
the figure, O-GIcNAc-modified 4E-BP1 was specifically detected
in immunoprecipitates of liver supernatants. Detection of
O-GIcNAc on both the upper and lower isoforms of 4E-BP1
suggests that the protein may be phosphorylated and
O-GlcNAcylated simultaneously. In addition, O-GlcNAcylation
of the truncated protein (tr4E-BP1) suggests that the modification
is not restricted to the N-terminal portion of the protein.

Diabetes Enhances O-GlcNAcylation of 4E-BP1 and Pro-
motes Binding to elF4E—In the present study, the Ins2”®/*
mouse was selected as a model of type 1 diabetes. Compared
with non-diabetic Ins2*/™ littermates, the relative phosphoryl-
ation of 4E-BP1 in the liver of diabetic mice was reduced to 66%
of the non-diabetic value (Fig. 1C). In addition to reduced phos-
phorylation, O-GlycNAcylation of 4E-BP1 was increased by
29% (Fig. 1D). It is well established that 4E-BP1 is phosphoryl-
ated on multiple residues by mTORCI (3). To more clearly
evaluate mTORCI signaling, the phosphorylation of two addi-
tional targets of the kinase was measured. In diabetic mice,
phosphorylation of S6K1 on Thr*®*® and eIF4AG on Ser''°® were
both significantly reduced (Fig. 1, E and F), suggesting that
mTORCI1 signaling was repressed in the liver of diabetic com-
pared with non-diabetic mice.

The association of 4E-BP1 with elF4E was evaluated by
immunoprecipitating e[F4E from liver supernatants and meas-
uring the amount of 4E-BP1 present in the immunoprecipitate
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by Western blot analysis. The amounts of both full-length
4E-BP1 (Fig. 2A) and tr4E-BP1 (Fig. 2B) bound to elF4E were
elevated by >2-fold in the liver of diabetic Ins2*"**/* mice
when compared with non-diabetic mice. The expression of
elF4E in the liver of diabetic and non-diabetic mice was not
different (Fig. 2C); however, the enhanced association of e[F4E
with 4E-BP1 is potentially influenced by a 24% elevation in the
expression of 4E-BP1 in the liver of diabetic mice (Fig. 2D).
Because the expression of 4E-BP1 in the liver of diabetic mice is
only modestly elevated compared with non-diabetic mice, yet
the amount of 4E-BP1 bound to elF4E is increased by >2-fold,
itis likely that other factors, such as changes in phosphorylation
or O-GlcNAcylation, play an important role in influencing the
interaction of 4E-BP1 with eIF4E. Indeed, O-GlcNAcylation of
full-length and truncated 4E-BP1 in the elF4E immunoprecipi-
tate was elevated 2.5- and 5-fold, respectively (Fig. 2, E and F).

A similar effect on the modification of 4E-BP1 was observed
when streptozotocin was used to chemically induce diabetes in
Dilute Brown Non-Agouti mice (supplemental Fig. S1). The
liver of streptozotocin treated mice exhibited increased
O-GlcNAcylation of 4E-BP1 and increased association of
4E-BP1 with elF4E (supplemental Fig. S1, C and D). Notably,
O-GlcNAcylation of 4E-BP1 bound to elF4E was increased by
>3-fold compared with control mice (supplemental Fig.
S1, E and F). These findings confirm that increased
O-GlcNAcylation of 4E-BP1 occurs in other models of diabetes.
Together, these findings suggest that the changes in 4E-BP1
phosphorylation and O-GlcNAcylation that occur with diabe-
tes may differentially affect the function of the protein.

Role of Hyperglycemia in Regulation of 4E-BP1—The role of
hyperglycemia in mediating the diabetes-induced alterations in
4E-BP1 was assessed using phlorizin to reduce plasma glucose
concentrations. Previous studies have shown that phlorizin
treatment rapidly lowers plasma glucose concentrations in dia-
betic animals by producing renal glycosuria and blocking intes-
tinal glucose absorption through inhibition of sodium-glucose
symporters (e.g. Ref. 31). Ins2***/" mice have elevated con-
centrations of blood glucose compared with non-diabetic mice
(32). In the present study, 11-week-old Ins2****/* mice and
Ins2"/™" littermates were injected twice daily for 7 days with
phlorizin or vehicle alone. Phlorizin reduced the plasma glu-
cose of diabetic mice from a concentration in excess of 600
mg/dl (upper level of detection) to 310 = 30 mg/dl over the
7-day treatment period (supplemental Fig. S2).

Total hepatic 4E-BP1 expression was modestly increased in
diabetic animals, and upon treatment with phlorizin, the
amount of 4E-BP1 in livers of diabetic animals returned to near
control values (Fig. 3A). Hyperphosphorylation of 4E-BP1
favors its polyubiquitination and degradation (33); thus, these
changes likely reflect alterations in phosphorylation of the pro-
tein. Notably, phlorizin treatment restored phosphorylation of
4E-BP1 in the liver of diabetic mice to a value not significantly
different than non-diabetic mice (Fig. 3B). To determine
whether the increase in 4E-BP1 phosphorylation was simply
due to restoration of mMTORCI1 signaling, the effect of phlorizin
treatment on phosphorylation of S6K1 and elF4G was evalu-
ated. Unlike 4E-BP1 phosphorylation, phlorizin treatment of
diabetic mice did not result in a significant increase the phos-
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FIGURE 1. Reduced phosphorylation and increased 0-GlcNAcylation of 4E-BP1 in the liver of Ins2”**>/+ mice. A, Western blot analysis of supernatants
from liver whole cell lysates (WCL) using anti-4E-BP1 (top panels) or anti-O-GIcNAc (bottom panels) antibodies, before (left panels) or after (right panels)
treatment with A-phosphatase (PPase). B, 4E-BP1 was immunoprecipitated (/P) from liver supernatants of non-diabetic or diabetic mice and subsequently
subjected to Western blot (WB) analysis for 4E-BP1 (top panel) or O-GIcNAc (bottom panel) content. 4E-BP1 phosphorylation (C) and O-GlcNAcylation (D) in the
liver of Ins22%/* diabetic mice was assessed by Western blot analysis. Phosphorylation was assessed as the proportion of the protein present in the y-form
relative to the total amount of 4E-BP1 in all forms (a+ 8+ 7). Activity of mTORC1 was assessed by Western blot analysis of S6K1 phosphorylation on Thr3®° ()
and elF4G on Ser''°® (F). Representative blots are show. Values are means + S.E. (n = 5). %, p < 0.05 versus non-diabetic.
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FIGURE 3. Phlorizin treatment of diabetic mice lowers blood glucose concentrations and alters hepatic 4E-BP1 phosphorylation without changing
mTORC1 signaling. Ins2*4* diabetic mice and non-diabetic littermates were subcutaneously injected with solvent or phlorizin (PHZ) twice daily for 7 days
to lower blood glucose concentrations (see supplemental Fig. S1). A, 4E-BP1 content was assessed by treating supernatants from liver WCL with A-phosphatase
(PPase) followed by Western blot analysis as described under “Experimental Procedures.” B, 4E-BP1 phosphorylation was assessed by Western blot analysis as
described in the legend to Fig. 1. Western blot analysis of S6K1 phosphorylation on Thr*®® (C) and elF4G phosphorylation on Ser''°® (D). Samples were blotted
for GAPDH to serve as a loading control. Representative blots are shown. Values are means + S.E. (n = 10). Statistical significance is denoted by the presence
of different letters above the bars on the graphs. Bars with different letters are statistically different, p < 0.05.

phorylation of either S6K1 on Thr**® (Fig. 3C) or eIF4G on To further evaluate the possibility that reducing

Ser''® (Fig. 3D). This finding suggests that the restoration of
4E-BP1 phosphorylation by phlorizin was not due to increased
mTORCI1 signaling, but instead may be the result of removing a
competing modification such as O-GlcNAc that inhibits
4E-BP1 phosphorylation at one or more specific sites. In fact,
O-GlcNAcylation of 4E-BP1 was reduced when diabetic mice
were treated with phlorizin (Fig. 44), such that the extent of
4E-BP1 O-GlcNAcylation was positively correlated with blood
glucose concentration following 7 days of treatment (supple-
mental Fig. S3).

O-GlcNAcylation may improve phosphorylation of a specific
site(s), 4E-BP1 was analyzed with phosphospecific antibodies.
Interestingly, phosphorylation of 4E-BP1 at Thr’® was
increased when diabetic mice were treated with phlorizin,
whereas there was no change in phosphorylation at either
Thr?¢’*” or Ser® (supplemental Fig. S4, A-C). Additionally,
when O-GlcNAcylated 4E-BP1 was immunoprecipitated from
liver supernatants, it was observed to have reduced phospho-
rylation at Thr’® compared with total liver supernatant (sup-
plemental Fig. S4D). Together, these findings suggest that

FIGURE 2. Increased association of full-length and truncated 4E-BP1 (tr4E-BP1) with elF4E in the liver of Ins2Akt/+ mice. The association of full-length
4E-BP1 (A) and tr4E-BP1 (B) with elFAE was examined by immunoprecipitating elF4E from liver supernatants and measuring the amount of 4E-BP1 in the
immunoprecipitate (IP) by Western blot analysis. C, total elF4E was measured in WCL by Western blot analysis. D, 4E-BP1 content was assessed by treating
supernatants from liver WCL with A-phosphatase (PPase) followed by Western blot analysis as described under “Experimental Procedures.” O-GlcNAcylation of
full-length 4E-BP1 (E) and tr4E-BP1 (F) bound to elF4E was also measured by Western blot analysis. Representative blots are shown. Values are means + S.E. (n =
5). %, p < 0.05 versus non-diabetic.
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O-GlcNAcylation of 4EBP1 inhibits phosphorylation at Thr”®.
One potential residue that could be O-GlcNAcylated to
inhibit Thr’® phosphorylation is Thr®, which in silico
O-GlcNAcylation site prediction scores as the most likely target
of modification (supplemental Fig. S4E). When Thr®' was
mutated to alanine, O-GlcNAcylation of the variant protein in
HEK293T cells was reduced by 62% compared with wild-type
4E-BP1 (supplemental Fig. S4E). Interestingly, 4E-BP1 phos-
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phorylation at Thr®! has been previously identified by large
scale phosphoproteomic analysis (34).

As a consequence of the increase in 4E-BP1 phosphorylation,
it was anticipated that phlorizin treatment of diabetic mice
would also reduce the interaction of 4E-BP1 with eIF4E. Immu-
noprecipitation of eIF4E from liver supernatants revealed this
to be the case, as phlorizin treatment reduced the amount of
4E-BP1 in immunoprecipitates from the liver of Ins2*4**/* dia-
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betic compared with non-diabetic littermates (Fig. 48). Analy-
sis of 4E-BP1 in the eIF4E immunoprecipitate also revealed a
reduction in the O-GlcNAcylation of 4E-BP1 bound to elF4E
following phlorizin treatment of diabetic mice. Indeed, the
O-GlcNAcylation of full-length 4E-BP1 bound to eIF4E in the
liver of diabetic mice following treatment with phlorizin was
not significantly different than non-diabetic values (Fig. 4C),
whereas O-GlcNAcylation on tr4E-BP1 was reduced from
9-fold to just 2.5-fold above non-diabetic values (Fig. 4D).
These data suggest that 4E-BP1 O-GlcNAcylation may limit the
amount of elF4E available for eIF4F assembly.

Hyperglycemia Increases 4E-BP1 O-GlcNAcylation by
Increasing Flux through Hexosamine Biosynthetic Pathway—A
number of studies have shown that flux through the hexosa-
mine biosynthetic pathway increases during diabetes and in
response to hyperglycemic conditions, leading to enhanced
O-GlcNAcylation of proteins (15, 35, 36). High plasma glucose
concentrations provide additional substrate for both glycolysis
and the hexosamine biosynthetic pathway; however, because
hyperglycemia inhibits glycolysis through GAPDH (37) and up-
regulates the expression and activity of GFAT, the rate-limiting
enzyme of the hexosamine biosynthetic pathway (38), the net
result is a substantial increase in UDP-GIcNAc production. In
support of this possibility, in H4IIE rat liver heptoma cells incu-
bated in medium containing 25 mm glucose, both the amount of
4E-BP1 associated with elF4E and its O-GlcNAcylation were
elevated compared with cells maintained in medium containing
5 mM glucose (supplemental Fig. S54).

To determine whether increased flux through the hexosa-
mine biosynthetic pathway could be responsible for alterations
in 4E-BP1 O-GlcNAcylation, we measured the expression of
GFAT in the liver of diabetic and non-diabetic mice and deter-
mined the effect of phlorizin treatment on its expression. The
expression of both GFAT protein (Fig. 54) and mRNA (Fig. 5B)
in the liver of Ins2*"**/* mice was increased significantly com-
pared with the non-diabetic value. In addition, phlorizin treat-
ment and consequent reduction of blood glucose concentra-
tions resulted in down-regulation of GFAT protein and
mRNA expression in the liver of diabetic mice to values not
significantly different than non-diabetic controls after 7 days
of treatment. These changes in GFAT expression suggest
that flux through the hexosamine biosynthetic pathway
could play an important role in mediating the effects of
hyperglycemia on 4E-BP1. This conclusion is also supported
by the finding that treating H4IIE cells with azaserine, an
inhibitor of GFAT, blocked the high glucose-mediated
increase in the association of 4E-BP1 with eIF4E (supple-
mental Fig. S5B).

O-GlcNAcylation of 4E-BP1 Increases Its Association with
elF4E—To evaluate the influence of O-GlcNAcylation on the
interaction of 4E-BP1 with eIF4E, livers from Ins2™’* non-di-
abetic mice were perfused in situ with perfusate containing
PUGNACc, a non-metabolizable analog of glucosamine that
forms a stable complex with and inhibits O-GlcNAcase, the
enzyme that catalyzes the removal of O-GIcNAc residues from
protein. By disrupting O-GIcNAc cycling, PUGNACc increases
O-GlcNAcylation of nuclear and cytoplasmic proteins (39).
Livers from non-diabetic mice were perfused iz situ with a non-
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FIGURE 5. Increased expression of GFAT in the liver of Ins22%*®'* diabetic
mice is mediated by hyperglycemia. A, the expression of GFAT in liver
supernatants was assessed by Western blot analysis and normalized to
GAPDH content. Representative blots are shown. B, RNA was extracted from
liver homogenates following a standard TRIzol protocol. GFAT mRNA expres-
sion was normalized to an internal GAPDH control. Values are means + S.E.
(n = 10). Statistical significance is denoted by the presence of different letters
above the bars on the graphs. Bars with different letters are statistically differ-
ent, p < 0.05.

recirculating medium containing 11 mm glucose and either 40
M PUGNAC or vehicle alone. Perfusing livers with PUGNAc
increased total 4E-BP1 O-GlcNAcylation by 24% (Fig. 6A4). The
O-GlcNAcylation of both full-length (Fig. 6B) and truncated
4E-BP1 (Fig. 6C) associated with eIF4E was increased by 75 and
70%, respectively, when non-diabetic livers were perfused with
PUGNALCc. In addition, PUGNACc also produced a 74% increase
in the association of 4E-BP1 with eIF4E (Fig. 6D) but did not
alter the expression of elF4E or 4E-BP1 in the liver of non-
diabetic mice (Fig. 6E). Similar results were obtained by treating
HA4IIE cells with PUGNAc (supplemental Fig. S5C). To-
gether, these findings suggest an association between
O-GlcNAcylation of 4E-BP1 and its interaction with eIF4E.
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In a second set of experiments, in situ perfusion was per-
formed on livers from both Ins2*"**/* diabetic and non-dia-
betic mice. Due to the absence of insulin from the perfusion
medium, mTORCI1 signaling in the liver of non-diabetic mice
was reduced by in situ perfusion, such that there was no signif-
icant difference in the phosphorylation of 4E-BP1 (Fig. 7A),
S6K1 on Thr*®*® (Fig. 7B) nor elF4G on Ser''%® (Fig. 7C) between
the non-diabetic and diabetic conditions following a 30-min
perfusion. However, O-GlcNAcylation of 4E-BP1 remained
elevated in the liver of diabetic mice (Fig. 7D). Despite similar
4E-BP1 phosphorylation, the amount of 4E-BP1 bound to
elF4E remained elevated by 65% in livers from diabetic mice in
comparison to non-diabetic mice (Fig. 7E). Similarly, the asso-
ciation of tr4E-BP1 with eIF4E remained elevated by 110% in
diabetic as compared with non-diabetic mice (Fig. 7F).
Whereas reduced phosphorylation of 4E-BP1 did not appear to
be responsible for alterations in the association of 4E-BP1 with
elF4E, the O-GlcNAcylation of both full-length 4E-BP1 (Fig.
7@G) and tr4E-BP1 (Fig. 7H) bound to eIF4E remained elevated
in livers from diabetic mice. These results suggest that
O-GlcNAcylation of 4E-BP1 may enhance its interaction

34294 JOURNAL OF BIOLOGICAL CHEMISTRY

with elF4E independent of 4E-BP1 phosphorylation. Thus,
O-GlcNAcylation and phosphorylation of 4E-BP1 may inde-
pendently control binding of the protein to eIF4E in response to
a variety of changes in the cellular environment.

DISCUSSION

The findings of the present study demonstrate that in addi-
tion to the well characterized regulation of 4E-BP1 by
mTORCI1-mediated phosphorylation, O-GlcNAcylation also
plays an important role in controlling its association with the
cap-binding protein eIF4E. In the liver of diabetic mice that are
hypoinsulinemic and hyperglycemic, 4E-BP1 exhibited both
reduced phosphorylation and increased O-GlcNAcylation
compared with the non-diabetic condition. In addition, higher
levels of O-GIcNAc were particularly evident on hypophospho-
rylated forms of 4E-BP1 found to be associated with eIF4E, as
was the case with tr4E-BP1. When hyperglycemic conditions
were attenuated with phlorizin, mTORCI signaling remained
repressed in the liver of diabetic mice, yet the association of
4E-BP1 with elF4E returned to non-diabetic values, as did the
O-GlcNAcylation of 4E-BP1. In addition, perfusing livers of non-
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diabetic mice with PUGNAC increased both O-GlcNAcylation of
4E-BP1 and its association with eIF4E. Furthermore, when 4E-BP1
phosphorylation was normalized in the liver of non-diabetic and
diabetic mice, O-GlcNAcylation and the association of 4E-BP1
with elF4E remained elevated in the livers of diabetic mice.
Together, these data provide evidence for a model wherein hyper-

SEPTEMBER 30, 2011 +VOLUME 286-NUMBER 39

glycemia-induced O-GlcNAcylation of 4E-BP1 increases its asso-
ciation with eIF4E in a manner that is not entirely dependent on a
reduction in 4E-BP1 phosphorylation (Fig. 8).

The O-GlcNAc cycling enzymes O-GlcNAc transferase and
O-GlcNAcase strongly associate with cytosolic ribosomes (40).
In addition, a number of key components of the translational
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the translation of MRNAs through a cap-dependent process. Hyperglycemia-
driven increased flux through the hexosamine biosynthetic pathway (HBP)
leads to O-GlcNAcylation of numerous proteins. Repressed insulin-signaling
occurs in response to both hypoinsulinemia and O-GlcNAcylation of IRS-1
and Akt, leading to reduced phosphorylation of 4E-BP1 by the mTORC1 sig-
naling pathway. Hypophosphorylated 4E-BP1 binds strongly to elF4E,
whereas phosphorylation leads to dissociation. Reductions in 4E-BP1 phos-
phorylation are associated with increased 4E-BP1 O-GlcNAcylation, which
enhances the interaction of 4E-BP1 with elF4E independent of the phospho-
rylation state. In addition, O-GlcNAcylation of p53 blocks its proteasomal deg-
radation, potentially increasing p53-mediated truncation of 4E-BP1. Trun-
cated 4E-BP1 is almost completely unphosphorylated and interacts strongly
with elF4E. Although phosphorylation of 4E-BP1 inhibits its truncation, it is
possible that O-GlcNAcylation may serve a role in directly promoting trunca-
tion, thereby further enhancing its interaction with elF4E (dashed line).

machinery, including numerous ribosomal proteins and transla-
tion factors, have been identified as being O-GlcNAc-modified in
global glycoproteomic studies (40). In total, O-GlcNAcylation has
been detected on 34 of the ~80 proteins that compose the mam-
malian ribosome (40). Among translation initiation factors, evi-
dence exists that elF4G (41), elF3g (42), e[F4A (43), and poly(A)-
binding protein (44) are all O-GlcNAcylated; however, the
functional consequence of these modifications remains to be
established. O-GlcNAcylation of the elF2-associated factor p67
prevents its degradation and stabilizes the protein to promote
association with eIF2 (45). This association prevents el[F2« phos-
phorylation (45), which is a key mechanism responsible for the
inhibition of translation initiation in response to cell stress. Thus,
O-GlcNAcylation of proteins comprising the translational
machinery likely represents a key signaling mechanism that is rel-
atively unexplored in terms of its functional consequences on pro-
tein synthesis.

Regulation of 4E-BP1 function by O-GlcNAcylation is par-
ticularly appealing in light of the fact that other components of
the insulin-signaling cascade have been reported to undergo
regulation by similar modification (i.e. insulin receptor-£, insu-
lin receptor substrate 1 (IRS-1), PDK1, and Akt (11, 46, 47)). In
fact, elevation of intracellular O-GlcNAc concentrations pro-
motes insulin resistance in multiple cell types (11, 15). Under
hyperglycemic conditions, the Src homology 2 (SH2) domain-
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containing C terminus of IRS-1 is modified on multiple residues
by O-GlcNAcylation, and these modifications appear to inhibit
the insulin-signaling cascade (7). Similarly, O-GlcNAcylation
of Akt has been shown to inhibit its phosphorylation at Thr®°®
leading to repressed kinase activity and thus insulin action (7).
Thus, O-GlcNAcylation of 4E-BP1 represents another level of
regulation whereby flux through the hexosamine biosynthetic
pathway represses mediators of the insulin-signaling cascade.

When glucose enters the cell, it is phosphorylated to form
glucose-6-phosphate in a reaction catalyzed by the enzyme
hexokinase. The liver, which was the focus of the present study,
contains glucokinase, a specialized isoform of hexokinase that
is characterized by a low affinity for glucose, relative insensitiv-
ity to feedback inhibition by glucose-6-phosphate, and sigmoid
kinetics displaying cooperative behavior for glucose (48). Adi-
pocytes exposed to increasing amounts of glucose in the pres-
ence of insulin exhibit a 365% increase in glucose uptake, yet
UDP-GIcNAc concentrations are only elevated by ~35% (49).
However, by working in conjunction with the high capacity/low
affinity GLUT2 glucose transporter, glucokinase allows for
greater glucose utilization by the liver under hyperglycemic
conditions, thus enabling the organ to regulate whole body glu-
cose levels. Therefore, high hepatic intracellular glucose levels,
such as those seen in type 1 diabetes, would not limit the flux of
glucose through the hexosamine biosynthetic pathway in the
liver, as would potentially be the case in other tissues (i.e. adi-
pose or muscle). As a result, the effects of hyperglycemia on
changes in 4E-BP1 O-GlcNAcylation potentially have dramatic
effects on protein synthesis in the liver of diabetic animals.

In addition to being modified by O-GlcNAcylation, 4E-BP1
in the liver was also post-translationally modified by N-termi-
nal truncation. Under conditions of cellular stress, activation of
p53 stimulates proteasome-dependent truncation of 4E-BP1 to
produce an unphosphorylated isoform (tr4E-BP1) that inter-
acts preferentially with eIF4E (19). Under normal conditions,
p53 expression is low due to its phosphorylation on Thr'®*,
which targets the protein for proteasomal degradation. How-
ever, under conditions that promote flux through the hexosa-
mine biosynthetic pathway, phosphorylation of p53 on Thr'*®
is impaired by O-GlcNAcylation on neighboring Ser'*®, which
blocks the interaction between p53 and mdmz2, an E3 ubiquitin
ligase that targets p53 for proteasomal degradation (21). In the
present study, increased levels of tr4E-BP1 associated with
elF4E in the liver of diabetic mice in comparison to non-dia-
betic mice. Thus, conditions that favor increased
O-GlcNAcylation potentially reduce 4E-BP1 phosphorylation
by both promoting p53-mediated truncation and through com-
petitive O-GlcNAcylation of residues at or around phosphoryl-
ation sites. It is unclear how p53 activation controls the protea-
some-mediated cleavage of 4E-BP1; however, phosphorylation
of 4E-BP1 appears to inhibit its truncation (19). In addition,
recent findings that O-GlcNAcylation of host cell factor-1 pro-
motes limited proteolytic cleavage of the protein (50) make it
tempting to speculate that O-GlcNAcylation of 4E-BP1 could
directly promote its truncation.

4E-BP1 O-GlcNAcylation and truncation represent a novel
mechanism for selecting specific mRNAs for translation. Initi-
ation factor eIF4E is essential for recognition of the 5'-m’GTP
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cap on mRNA. Thus, changes in the level or availability of e[F4E
has differential effects on various mRNAs such that association
with 4E-BPs prevents the translation of mRNA through a cap-
dependent process. By increasing the association with eIF4E,
O-GlcNAcylation of 4E-BP1 likely contributes to the pathogen-
esis of metabolic abnormalities associated with diabetes and
makes further exploration of this modification an intriguing
area for future research.
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