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Glucose provides an essential nutrient source that supports glycolysis and

the hexosamine biosynthesis pathway (HBP) to maintain tumour cell

growth and survival. Here we investigated if short-term glucose deprivation

specifically modulates the phosphatidylinositol 3-kinase/protein kinase B

(PI3K/PKB) cell survival pathway. Insulin-stimulated PKB activation was

strongly abrogated in the absence of extracellular glucose as a consequence

of the loss of insulin-stimulated PI3K activation and short-term glucose

deprivation inhibited subsequent tumour cell growth. Loss of insulin-stimu-

lated PKB signalling and cell growth was rescued by extracellular glucosa-

mine and increased flux through the HBP. Disruption of O-GlcNAc

transferase activity, a terminal step in the HBP, implicated O-GlcNAcyla-

tion in PKB signalling and cell growth. Glycogenolysis is known to sup-

port cell survival during glucose deprivation, and in A549 lung cancer cells

its inhibition attenuates PKB activation which is rescued by increased flux

through the HBP. Our studies show that rerouting of glycolytic metabolites

to the HBP under glucose-restricted conditions maintains PI3K/PKB

signalling enabling cell survival and proliferation.

Introduction

The continuous requirement for both extracellular car-

bon and nitrogen energy supply dictates that cells must

be able to adapt to abrupt changes in their local envi-

ronment in order to maintain adequate flux through

metabolic pathways. Cells have evolved pathways that

couple changes in nutrient supply to the regulation of

critical pathways such as cell growth, protein synthesis,

DNA replication and gene transcription [1]. For exam-

ple the LKB1/AMPK/MTORC1 pathway forms a

critical axis that couples nutrient sensing to the regula-

tion of metabolic activity, mRNA translation, cell

growth, cell proliferation and cell differentiation [2–6].
In response to glucose deprivation the activation of

AMPK by LKB1 functions to attenuate anabolic path-

ways such as the mammalian target of rapamycin com-

plex 1 (mTORC1) pathway and inhibit cell growth as
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well as rewiring metabolic pathways aimed at prevent-

ing catastrophic low energy stress-induced apoptosis.

Other key intracellular metabolites are also monitored

in order to couple nutrient supply to cellular pathways

and include glutamine, NAD+ and acetyl-CoA [7,8].

In mammals, cells and tissues normally encounter a

constant supply of nutrients; however, during tumour

development gradients of nutrients such as glucose, lip-

ids and oxygen occur as a consequence of poor vascular-

ization [9]. This hypoxic and nutrient-restricted tumour

microenvironment not only selects for cells which have

deregulated crosstalk between nutrient sensing path-

ways and the regulation of cell growth but also can

induce genetic and epigenetic changes that enable the

expansion and metastasis of the most aggressive malig-

nant tumour cells [10–12]. These adaptive measures

include upregulation of transporters to increase glucose

and amino acid uptake and in fact increased glucose

uptake is often used to define tumours by positron emis-

sion tomography [13,14]. Increased glucose uptake fuels

glycolysis and even in the presence of oxygen tumour

cells often convert pyruvate to lactate, to replenish

reducing equivalents, rather than utilizing the tricarbox-

ylic acid cycle [15–17]. This energetically inefficient use

of glucose is thought to support the requirement for gly-

colytic intermediates. Intracellular glucose is a critical

nutrient, which supports three important pathways. It

can be converted to glucose 1-phosphate by phosphoglu-

comutase for glycogen synthesis, converted to fructose

6-phosphate by phosphoglucose isomerase for glycolysis

or converted to 6-phosphoglucono-d-lactone by glucose

6-phosphate dehydrogenase for entry into the pentose

phosphate pathway (PPP). Flux through the PPP pro-

vides substrates for RNA and DNA synthesis as well as

increasing the reducing potential of the cells [18].

In addition, flux through the hexosamine biosynthe-

sis pathway (HBP) is also dependent on glucose supply

[19]. Metabolites from glycolysis enter the HBP by the

conversion of fructose 6-phosphate to glucosamine 6-

phosphate by glutamine fructose-6-phosphate amido-

transferase which is the rate limiting entry step of the

HBP. Flux through the HBP integrates carbohydrate,

fat, protein and nucleotide metabolism, with the gener-

ation of uridine diphosphate N-acetylglucosamine

(UDP-GlcNAc) [20]. UDP-GlcNAc is required for the

synthesis of glycolipids, glycosaminoglycans and glyco-

proteins [21,22]. As many growth factor receptors

including the insulin and insulin-like growth factor 1

(IGF1) receptor are N-glycosylated, flux through the

HBP couples nutrient availability to receptor activa-

tion. Furthermore growth factor receptor activation

also impacts on intracellular nutrient supply by

regulating nutrient uptake [23].

UDP-GlcNAc is also the sugar donor for protein O-

GlcNAcylation. O-GlcNAcylation of specific serine

and threonine residues is catalysed by O-GlcNAc

transferase (OGT) and reversed by the action of

O-GlcNAcylase (OGA) to enable dynamic post-trans-

lational modification of proteins which can regulate

protein localization, stability, aggregation and interac-

tion with other proteins. Protein O-GlcNAcylation

impacts directly on cell processes including metabolism

and gene transcription [24].

Thus utilization of glucose not only provides energy

for the cell, but also enables the diversion of glycolytic

intermediates into the PPP and HBP to provide the

building blocks to drive cell growth, division and pro-

liferation and link major metabolic pathways with pro-

tein O-GlcNAcylation signalling. Increased flux

through the PPP and the HBP are required for devel-

opment of some tumours and in part might explain

the enhanced uptake of glucose by tumour cells

[10,25–27].
Insulin/IGF1 receptors are important in both nor-

mal and tumour physiology [28–30]. They drive

metabolic and proliferative responses through ligand-

mediated activation of their intrinsic tyrosine kinase

activity. Tyrosine phosphorylation of the receptor

itself and of adaptor proteins such as insulin recep-

tor substrate 1 (IRS-1) induce the recruitment of

phosphatidylinositol 3-kinase (PI3K) which stimulates

phosphatidylinositol(3,4,5)-trisphosphate [PtdIns(3,4,5)

P3] synthesis [31–33]. This leads to the activation of

numerous downstream proteins including protein

kinase B (PKB), which impact cell proliferation,

cell survival and metabolic processes. While activa-

tion of the mTORC1 pathway downstream of the

insulin receptor has been shown to be sensitive to

glucose levels, much less is understood about glu-

cose-dependent regulation of the insulin/PI3K/PKB

pathway.

Herein we have investigated whether activation of

the PI3K/PKB pathway is sensitive to extracellular

glucose. We found that short-term glucose depriva-

tion severely restricts insulin-stimulated PKB activa-

tion and long-term U2OS tumour cell growth, both

of which could be rescued by extracellular gluco-

samine and increased flux through the HBP and

O-GlcNAcylation. Glucose deprivation attenuates

insulin-induced IRS-1 phosphorylation, PI3K recruit-

ment and PtdIns(3,4,5)P3 synthesis all of which are

rescued by extracellular glucosamine. The data sug-

gest that, under restricted glucose availability, the

HBP and O-GlcNAcylation permit insulin-induced

PKB signalling to enable long-term responses such as

cell proliferation.
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Results

Exogenously added glucosamine rescues PKB

activation by insulin and oxidative stress during

energy restriction

In order to study pathways that might be sensitive to

glucose we deprived U2OS cells of glucose for 6 h and

then replenished the medium and monitored cell

growth. Surprisingly, short-term glucose deprivation

completely suppressed cell growth over the following

7 days (Fig. 1A). U2OS cell growth requires the PI3K/

mTOR/PKB pathway [34] and therefore we assessed

PKB activation in response to oxidative stress or insu-

lin stimulation after 6 h of glucose deprivation, condi-

tions under which the cells appeared morphologically

normal, with minimal evidence of cell death (Fig. 1B).

Oxidative stress [hydrogen peroxide (H2O2)] and insu-

lin increased phosphorylation of PKB at residues

Ser473 and Thr308 when cells were maintained in glu-

cose but not in cells deprived of glucose (Fig. 1C,D).

Glucose deprivation strongly attenuated protein O-

GlcNAcylation (Fig. 1C) showing that HBP flux in

U2OS cells was dependent on extracellular glucose

supply (substrate driven). In order to test whether the

HBP might influence the activation of PKB by both

insulin and H2O2 we added extracellular glucosamine

to cells maintained in the absence of glucose. Glucosa-

mine directly enters the HBP (Fig. 2A) and accordingly

we found that extracellular glucosamine increased

protein O-GlcNAcylation in glucose-deprived cells

(Fig. 2B). The specificity of the antibody used to

detect protein O-GlcNAcylation was demonstrated by
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Fig. 1. (A) U2OS cells were plated at low density (30 000 per well) in six-well plates using complete medium. The next day the cells were

washed four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented with different

concentrations of glucose followed by media removal and replacement with serum- and glucose-containing DMEM. At intervals thereafter,

cell monolayers were washed twice with NaCl/Pi before staining with crystal violet. Crystal violet stain was solubilized and quantitated by

spectrophotometry. The graph represents mean � SD (n = 3). (B) U2OS cells were plated in six-well plates using complete medium. The

next day the cells were washed four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented

as indicated. Photographs were taken using a camera fitted to a microscope. (C) U2OS cells were plated in six-well plates using complete

medium. The next day the cells were washed four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM

supplemented as indicated. The cells were control-treated or treated with 1 mM H2O2 for 15 min. Thereafter, cell lysates were prepared and

western blotting was performed using the indicated antibodies. (D) U2OS cells were plated in six-well plates using complete medium. The

next day the cells were washed four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented

as indicated. The cells were control-treated or treated with 1 lg�mL�1 insulin for 15 min. Thereafter cell lysates were prepared and western

blotting was performed using the indicated antibodies. Representative photographic images and western blots are shown.
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incubation in the presence of 10 mM N-acetylglucos-

amine (Fig. 2B). As cells maintained in glucosamine

appeared morphologically similar to cells maintained

in glucose (Fig. 2C, compared with Fig. 1B) and have

comparable protein O-GlcNAc profiles (Fig. 2B), we

next assessed PKB phosphorylation. Both insulin- and

H2O2-mediated PKB phosphorylation, which was

attenuated by glucose deprivation, was rescued by the
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Fig. 2. (A) Schematic showing the HBP. Under normal conditions a small percentage of intracellular glucose enters the HBP to produce

UDP-GlcNAc which is used by O-linked N-acetylglucosamine (O-GlcNAc) transferase (OGT) to modify serine and threonine residues on

proteins. Removal of single N-acetylglucosamine from serine and threonine residues is accomplished by O-GlcNAcase (OGA). Glucosamine

can enter into cells to feed the HBP below the level of the rate limiting step, that catalysed by glutamine fructose-6-phosphate

amidotransferase (GFAT). (B) U2OS cells were plated in six-well plates using complete medium. The next day the cells were washed four

times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented with nothing (lanes a), with 25 mM

glucose (lanes b) or with 5 mM glucosamine (lanes c). Thereafter cell lysates were prepared. Panel 1: Coomassie Brilliant Blue stained gel.

Panel 2: protein O-GlcNAc detection in cell lysates by western blotting. Panel 3: protein O-GlcNAc detection in cell lysates by western

blotting (competition with 10 mM N-acetyl glucosamine). Panel 4: actin detection in cell lysates by western blotting. (C) U2OS cells were

plated in six-well plates using complete medium. The next day the cells were washed four times with NaCl/Pi before maintaining them for

6 h in serum- and glucose-free DMEM supplemented with 5 mM glucosamine. A photograph was taken using a camera fitted to a

microscope. (D) U2OS cells were plated in six-well plates using complete medium. The next day the cells were washed four times with

NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented with nothing, with 25 mM glucose or with 5 mM

glucosamine. The cells were control-treated, treated with 1 lg�mL�1 insulin or treated with 1 mM H2O2 for 15 min. Thereafter cell lysates

were prepared and western blotting was performed using the indicated antibodies. (E) U2OS cells were plated in six-well plates using

complete medium. The next day the cells were washed four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free

DMEM supplemented with nothing, with 250 lM glucose or with 250 lM glucosamine. The cells were control-treated, treated with

1 lg�mL�1 insulin or treated with 1 mM H2O2 for 15 min. Thereafter cell lysates were prepared and western blotting was performed using

the indicated antibodies. Representative photographic images and western blots are shown. C, control; Ins, insulin; Ox,: oxidative stress

delivered in the form of H2O2.
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addition of exogenous glucosamine (Fig. 2D). A lower

concentration (250 lM) of glucosamine also rescued

PKB phosphorylation (Fig. 2E). Glucosamine’s ability

to rescue PKB phosphorylation was functional as it

enabled both insulin- and H2O2-induced PRAS40

phosphorylation (Fig. 2E), which is an established

downstream target for activated PKB.

As deprivation of glucose leads to a loss of cellular

ATP levels, we determined whether glucosamine might

function to maintain ATP levels. The level of intracel-

lular ATP decreased upon glucose deprivation but this

was not rescued by extracellular glucosamine

(Fig. 3A). In accordance the decrease in intracellular

ATP correlated with an increase in AMPK activity,

and increased AMPK activity was not blocked by the

addition of extracellular glucosamine (Fig. 3B). These

data are consistent with the inability of glucosamine to

act as a cellular energy source. Glucose deprivation

also reduces the flux through the PPP measured as a

decrease in intracellular glutathione (GSH); however,

this was not rescued by glucosamine addition

(Fig. 3C). In fact glucosamine decreased the ability of

cells to reduce Alamar Blue (Fig. 3D) suggesting that

it inhibits flux through the PPP. In summary, short-

term glucose deprivation attenuates long-term cell

growth and inhibits both insulin- and H2O2-induced

activation of PKB. Exogenously added glucosamine

enables insulin- and H2O2-mediated PKB activation
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Fig. 3. (A) U2OS cells were plated in 96-well plates using complete medium. The next day the cells were washed four times with NaCl/Pi

before maintaining them for 6 h in serum- and glucose-free DMEM supplemented as indicated. Intracellular ATP was measured using a kit.

The graph shows the mean � SD (n = 3). (B) U2OS cells were plated in six-well plates using complete medium. The next day the cells

were washed four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented as indicated. Cell

lysates were prepared and western blotting was performed using the indicated antibodies. Representative western blots are indicated. (C)

U2OS cells were plated in 96-well plates using complete medium. The next day the cells were washed four times with NaCl/Pi before

maintaining them for 6 h in serum- and glucose-free DMEM supplemented as indicated. Treatments with buthionine sulfoximine (BSO) and

hydrogen peroxide (H2O2) were performed in glucose-containing DMEM. Intracellular GSH was measured using a kit. The graph shows the

mean � SD (n = 3). (D) U2OS cells were plated in 96-well plates using complete medium. The next day the cells were washed four times

with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented as indicated. Alamar Blue reduction was

monitored by measuring fluorescence. The graph shows the mean � SD (n = 3).
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despite maintaining low intracellular levels of ATP

and without apparent increased flux through the PPP

pathway.

Exogenously added glucosamine permits

mTORC2 activation but does not substitute for

amino acids for mTORC1 activation

A number of protein kinases function as PKB Ser473

kinases including mTORC2 and DNA-PK [35–37]. In
order to determine whether PKB phosphorylation in

the presence of glucosamine requires the same

upstream kinases as in the presence of glucose, we

assessed PKB phosphorylation in the presence of the

mTOR kinase inhibitor Torin 2. Torin 2 completely

blocked PKB Ser473 phosphorylation with little effect

on PKB Thr308 phosphorylation in cells maintained in

either glucose or glucosamine (Fig. 4A). Torin 2, as

expected, did not block H2O2-mediated p38 phosphor-

ylation. Phosphorylation of PKB at Thr308 [38]

induced by insulin or by H2O2 in glucosamine was

blocked by pretreatment of the cells with an inhibitor
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Fig. 4. (A) U2OS cells were plated in six-well plates using complete medium. The next day the cells were washed four times with NaCl/Pi

before maintaining them for 6 h in serum- and glucose-free DMEM supplemented as indicated in the absence or presence of 0.1 lM Torin 2

for the last 1 h. The cells were control- treated, treated with 1 lg�mL�1 insulin or treated with 1 mM H2O2 for 15 min. Thereafter, cell

lysates were prepared and western blotting was performed using the indicated antibodies. (B) U2OS cells were plated in six-well plates

using complete medium. The next day the cells were washed four times with NaCl/Pi before maintaining them for 6 h in serum- and

glucose-free DMEM supplemented with 5 mM glucosamine in the absence or presence of 0.1 lM Merck 7 for the last 1 h. The cells were

control- treated, treated with 1 lg�mL�1 insulin or treated with 1 mM H2O2 for 15 min. Thereafter, cell lysates were prepared and western

blotting was performed using the indicated antibodies. (C) U2OS cells were plated in six-well plates using complete medium. The next day

the cells were washed four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented with

5 mM glucosamine in the absence or presence of 5 mM metformin or 100 nM rapamycin for 6 h. The cells were control-treated, treated with

1 lg�mL�1 insulin or treated with 1 mM H2O2 for 15 min. Thereafter cell lysates were prepared and western blotting was performed using

the indicated antibodies. (D) U2OS cells were plated in six-well plates using complete medium. The next day the cells were washed four

times with NaCl/Pi before maintaining them for 6 h in HEPES-buffered saline supplemented as indicated. The cells were control-treated,

treated with 1 lg�mL�1 insulin or treated with 1 mM H2O2 for 15 min. Thereafter cell lysates were prepared and western blotting was

performed using the indicated antibodies. Representative western blots are indicated. C, control; Ins, insulin; Ox, oxidative stress delivered

in the form of H2O2.
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specific for phosphoinositide-dependent protein kinase

1 (PDK1) (Fig. 4B). The ability of mTORC2 to phos-

phorylate PKB Ser473 in cells maintained in glucose-

free medium supplemented with glucosamine was not

affected by treatment of the cells with either rapamy-

cin or metformin, two agents that impact on mTORC1

activity (Fig. 4C). Our results clearly indicate that

mTORC2 and PDK1 are upstream kinases for PKB in

U2OS cells stimulated in the presence of either glucose

or glucosamine. The data suggest that glucosamine

addition might bypass a nutrient sensor pathway that

prevents PKB activation in the absence of glucose. We

next assessed if bypass of nutrient sensors might be a

universal feature of increased extracellular glucosa-

mine. In the absence of amino acids, insulin no longer

activates mTORC1 to induce phosphorylation and

activation of S6K as assessed by Thr389 phosphoryla-

tion of p70S6K (Fig. 4D). However, extracellular glu-

cosamine addition did not rescue p70S6K

phosphorylation. We conclude that extracellular gluco-

samine bypasses a nutrient sensor pathway to enable

activation of both PDK1 and mTORC2 to regulate

PKB activity during glucose deprivation.

The HBP regulates PKB phosphorylation during

glucose depletion and restriction

How might the addition of extracellular glucosamine

regulate PKB activation? Extracellular glucosamine

enters cells and increases the flux through the HBP

(Fig. 2A). Flux through the HBP leads to an increase

in UDP-GlcNAc, which can be used to synthesize gly-

coaminoglycans, glycolipids and complex glycosylated

proteins. UDP-GlcNAc is also the substrate for OGT

that transfers GlcNAc to protein serine residues. This

step of the HBP provides a link between the biosyn-

thesis of hexosamines and a signal transduction step.

Glucosamine-mediated rescue of PKB phosphorylation

was not inhibited by incubation with tunicamycin sug-

gesting that N-glycosylation is not required (Fig. 5A).

We therefore tested if protein O-GlcNAcylation might

be required. Knockdown of OGT was carried out

using lentiviral small hairpin RNA (shRNA) and was

functionally assessed by monitoring protein O-GlcNA-

cylation. One cell line (shOGT1) showed severely atten-

uated levels of O-GlcNAcylated proteins (20%–30%)

compared with the control cell line (ShX) in the pres-

ence of high extracellular glucose. The other cell line

(shOGT2) contained a higher level of O-GlcNAcylated

proteins, with ~ 50% remaining, compared with ShX

(Fig. 5B). In the absence of glucose but in the presence

of extracellular glucosamine, both insulin- and H2O2-

induced PKB phosphorylation was blunted (Ser473

PKB phosphorylation by ~ 70%, P < 0.05; Thr308

PKB phosphorylation by ~ 50%, P < 0.05) in shOGT1

cells (Fig. 5B). This indicated that OGT-mediated O-

GlcNAcylation is required for glucosamine to main-

tain PKB phosphorylation in response to insulin and

H2O2. We next assessed if O-GlcNAcylation is

required for insulin- and H2O2-induced PKB phos-

phorylation in the presence of high glucose levels.

Although shOGT1 and shOGT2 cells exhibited reduced

O-GlcNAcylation, PKB signalling was not attenuated

in response to either insulin or H2O2 (Fig. 5C) in high

glucose. We next reduced the levels of glucose and

tested the role of the OGT in maintaining H2O2-

induced PKB activation. As little as 15.6 lM glucose

permitted Ser473 PKB phosphorylation in response to

H2O2; however, under these conditions OGT knock-

down now attenuated PKB activation (Fig. 5D). At all

three low concentrations of glucose (15.6 lM, 31.25 lM
and 62.5 lM) Ser473 PKB phosphorylation was signifi-

cantly decreased when OGT was reduced (Fig. 5D).

We next assessed if extracellular glucosamine could

enhance PKB activation in conditions of restricted flux

through the HBP. Extracellular glucosamine addition

to cells maintained in low glucose increased flux

through the HBP as assessed by the amount of protein

O-GlcNAcylation (Fig. 5E) and, more importantly,

enhanced insulin-induced PKB phosphorylation at

both Ser473 and Thr308. The effect on H2O2-induced

PKB phosphorylation was less pronounced. No appre-

ciable change in the phosphorylation of p38 in

response to H2O2 stimulation was observed, illustrat-

ing the specificity of glucosamine in enhancing PKB

phosphorylation (Fig. 5E). These data indicated that

under conditions of restricted glucose protein O-Glc-

NAcylation becomes rate limiting for the activation of

PKB by insulin and oxidative stress.

Rescue of insulin- and H2O2-mediated PKB

phosphorylation during glucose deprivation by

exogenously added glucosamine is dependent on

the insulin receptor

How might enhanced OGT activity enable PKB signal-

ling in restricted extracellular glucose? Enhanced OGT

signalling might lead to post-translational modification

of components of the insulin signalling pathway which

would enable PKB signalling. OGT and O-GlcNAcyla-

tion also have a direct function in regulating gene

transcription which might also impact on insulin sig-

nalling. We first deprived cells of glucose for 6 h in

the absence of glucosamine and then switched the cells

into medium containing extracellular glucosamine. At

time points thereafter cells were stimulated with either
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insulin or H2O2 and PKB phosphorylation was analy-

sed. As expected, in the absence of both extracellular

glucose and glucosamine PKB phosphorylation was

modest (Fig. 6A); however, after as little as 30 min in

the presence of glucosamine, we observed increased

PKB phosphorylation in response to both insulin and

H2O2 suggesting that receptor proximal events rather

than changes in gene transcription might underlie the
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Fig. 5. (A) U2OS cells were plated in six-well plates using complete medium. The next day the cells were washed four times with NaCl/Pi

before maintaining them for 6 h in serum- and glucose-free DMEM supplemented with 5 mM glucosamine in the absence or presence of

tunicamycin (2 lM). Thereafter, the cells were control-treated, treated with 1 lg�mL�1 insulin or treated with 1 mM H2O2 for 15 min. Cell

lysates were prepared and western blotting was performed using the indicated antibodies. (B) ShX, shOGT1 and shOGT2 cells were plated

in six-well plates using complete medium. The next day the cells were washed four times with NaCl/Pi before maintaining them for 6 h in

serum- and glucose-free DMEM supplemented with 5 mM glucosamine. The cells were control-treated, treated with 1 lg�mL�1 insulin or

treated with 1 mM H2O2 for 15 min. Thereafter cell lysates were prepared and western blotting was performed using the indicated

antibodies. (C) ShX, shOGT1 and shOGT2 cells were plated in six-well plates using complete medium. The next day the cells were washed

four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented with 25 mM glucose. The cells

were control-treated, treated with 1 lg�mL�1 insulin or treated with 1 mM H2O2 for 15 min. Thereafter cell lysates were prepared and

western blotting was performed using the indicated antibodies. (D) ShX and shOGT1 cells were plated in six-well plates using complete

medium. The next day the cells were washed four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM

supplemented with very low concentrations of glucose as indicated. The cells were control-treated or treated with 1 mM H2O2 for 15 min.

Thereafter cell lysates were prepared and western blotting was performed using the indicated antibodies. (E) U2OS cells were plated in six-

well plates using complete medium. The next day the cells were washed four times with NaCl/Pi before maintaining them for 6 h in serum-

and glucose-free DMEM supplemented with 1 mM glucose with increasing concentrations of glucosamine as indicated. The cells were

control-treated, treated with 1 lg�mL�1 insulin or treated with 1 mM H2O2 for 15 min. Thereafter cell lysates were prepared and western

blotting was performed using the indicated antibodies. Representative western blots are indicated. C, control; Ins, insulin; Ox, oxidative

stress delivered in the form of H2O2.
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Fig. 6. (A) U2OS cells were plated in six-well plates using complete medium. The next day the cells were washed four times with NaCl/Pi

before maintaining them for 6 h in serum- and glucose-free DMEM. Some cells were control-treated, treated with 1 lg�mL�1 insulin or

treated with 1 mM H2O2 for 15 min. Other cells were treated with 5 mM glucosamine for the times indicated (after the initial 6 h incubation

in serum- and glucose-free DMEM) prior to being control-treated, treated with 1 lg�mL�1 insulin or treated with 1 mM H2O2 for 15 min.

Thereafter cell lysates were prepared and western blotting was performed using the indicated antibodies. (B) U2OS cells were plated in six-

well plates using complete medium. The next day the cells were washed four times with NaCl/Pi before maintaining them for 6 h in serum-

and glucose-free DMEM supplemented with 5 mM glucosamine containing dimethylsulfoxide (vehicle control for the tyrphostins), 2 lM

AG1024, 2 lM AG1478 or 2 lM AG1024 plus 2 lM AG1478. The cells were control-treated, treated with 1 lg�mL�1 insulin or treated with

1 mM H2O2 for 15 min. Thereafter cell lysates were prepared and western blotting was performed using the indicated antibodies. (C) U2OS

cells were plated in six-well plates using complete medium. The next day the cells were washed four times with NaCl/Pi before maintaining

them for 6 h in serum- and glucose-free DMEM supplemented as indicated. Thereafter cell lysates were prepared and western blotting was

performed using the indicated antibodies. (D) U2OS cells were plated in six-well plates using complete medium. The next day the cells

were washed four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented as indicated. The

cells were lysed and p85 was immunoprecipitated. Half of the immunoprecipitate was used to determine the level of p85 and the other half

was used to measure PI3K activity using phosphatidylinositol as a substrate. The graph shows normalized PI3K activity (mean � SD, n = 3).

(E) U2OS cells were plated in six-well plates using complete medium. The next day the cells were washed four times with NaCl/Pi before

maintaining them for 6 h in serum- and glucose-free DMEM supplemented as indicated. The cells were control-treated or insulin-treated

(1 lg�mL�1) in duplicate for 15 min. The cells were lysed and tyrosine phosphorylated proteins were immunoprecipitated. PI3K activity

within the immunoprecipitates was determined. The graph shows PI3K activity (mean � SD, n = 2). (F) U2OS cells were plated in six-well

plates using complete medium. The next day the cells were washed four times with NaCl/Pi before maintaining them for 6 h in serum- and

glucose-free DMEM supplemented as indicated. The cells were control-treated or insulin-treated (1 lg�mL�1) in duplicate for 15 min. The

cells were lysed and IRS-1 was immunoprecipitated. PI3K activity within the immunoprecipitates was determined. The graph shows PI3K

activity (mean � SD, n = 2). (G) U2OS cells were plated in six-well plates using complete medium. The next day the cells were washed

four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented as indicated. The cells were

control-treated or insulin-treated (1 lg�mL�1) in duplicate for 15 min. The cells were lysed and IRS1 was immunoprecipitated. Western

blotting for p85, phospho-Tyr612 IRS-1 and IRS-1 was performed. Note that the total amount of IRS-1 immunoprecipitated was variable

between the samples. Post-translational modification of IRS-1 is likely to affect the antibody’s ability to recognize IRS-1. Acute changes

(more than two-fold according to densitometry) in the level of IRS-1 between control and insulin-treated cells (lanes 5, 6, 7, 8) appear

unlikely. Representative western blots are indicated. C, control; Ins, insulin; Ox, oxidative stress delivered in the form of H2O2.
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glucosamine-mediated rescue of PKB activation

(Fig. 6A). As glucosamine rescued both insulin- and

H2O2-induced PKB activation we assessed whether

H2O2 might function through activation of the insulin

receptor using specific inhibitors directed against either

the insulin/IGF1 receptor (AG1024) or the epidermal

growth factor receptor (AG1478) as a control.

AG1024 but not AG1478 attenuated both insulin’s

and H2O2
0s ability to stimulate PKB phosphorylation

(Fig. 6B), indicating the importance of insulin/IGF1

receptor tyrosine kinase activity in oxidative stress

signalling.

The speed of recovery of PKB phosphorylation after

the glucosamine switch and the fact that H2O2 func-

tions through the insulin/IGF1 receptor led us to

investigate early signalling events elicited by insulin.

Furthermore as glucose deprivation attenuated both

Ser473 and Thr308 phosphorylation, which are regu-

lated by two different protein kinases, it was likely

that an event upstream of both kinases was deregulat-

ed by glucose deprivation. Increased PtdIns(3,4,5)P3

synthesis is essential for insulin-induced PKB activa-

tion and deregulated expression of components

required for the generation/removal of 3-phosphoinosi-

tides might be responsible for attenuated PKB phos-

phorylation in the absence of glucose. Analysis of the

expression of some insulin/PI3K components did not

reveal any obvious changes that correlated with PKB

activation: p85 (a PI3K signalling adaptor protein),

PTEN [a PtdIns(3,4,5)P3 3-phosphatase], SHIP2 [a

PtdIns(3,4,5)P3 5-phosphatase] and PDK1 (responsible

for PKB Thr308 phosphorylation) (Fig. 6C). We also

tested but did not find any changes in the total cellular

levels of p85-associated PI3K (Fig. 6D). Insulin medi-

ates PI3K activation through tyrosine phosphorylation

which can be monitored as an increase in PI3K activ-

ity associated with protein phospho-tyrosine immuno-

precipitates (Fig. 6E). Glucose restriction completely

attenuated the association of PI3K activity with phos-

pho-tyrosine immunoprecipitates, which was rescued

by the addition of extracellular glucosamine (Fig. 6E).

Next we measured PI3K activity associated with IRS-1

immunoprecipitates. Insulin strongly increased PI3K

activity associated with IRS-1 immunoprecipitates,

which was lost when cells were deprived of glucose

(Fig. 6F) and was substantially rescued by the addition

of extracellular glucosamine (Fig. 6F). We next

assessed the level of IRS-1 phosphorylation at Tyr612

which is the docking site for p85 and the association

of p85 with IRS-1. Insulin strongly stimulated both

Tyr612 phosphorylation and the association of p85

with IRS1 but both were severely diminished in cells

deprived of glucose (Fig. 6G). Both were substantially

rescued by the addition of extracellular glucosamine

(Fig. 6G). These data are consistent with the loss of

proximal insulin receptor tyrosine kinase signalling in

cells by glucose deprivation which can be rescued by

the addition of glucosamine. This suggests that under

conditions of low extracellular glucose O-GlcNAcyla-

tion can maintain insulin-driven tyrosine kinase signal-

ling to activate PI3K.

Insulin- and H2O2-stimulated 3-phosphoinositide

production requires extracellular glucose or

glucosamine

The previous data suggest that deprivation of glucose

attenuates insulin-driven PI3K activation. We there-

fore examined 3-phosphorylated phosphoinositide

production in response to both insulin and H2O2

stimulation. U2OS cells were maintained in the pres-

ence and absence of glucose or in the absence of glu-

cose with the addition of extracellular glucosamine

for 6 h after which they were stimulated with insulin.

Both basal and insulin-stimulated PtdIns(3,4,5)P3

molecular species were quantitated by LC-MS/MS.

Insulin increased the level of 38:4, 38:3, 36:2, 36:1

PtdIns(3,4,5)P3 species but this increase was severely

reduced in the absence of glucose (Fig. 7A). The loss

of insulin-induced PtdIns(3,4,5)P3 was rescued by the

addition of extracellular glucosamine. Merged data

from Fig. 7A are shown in Fig. 7B. H2O2 can acti-

vate PKB through the generation of phosphatidylino-

sitol(3,4)-bisphosphate [PtdIns(3,4)P2], and as LC-

MS/MS is unable to accurately quantitate PtdIns(3,4)

P2 we monitored its production in vivo using meta-

bolic radiolabelling with [32P]-orthophosphate. Treat-

ment of the cells with H2O2 caused the production of

PtdIns(3,4)P2 in cells maintained in either glucose or

glucosamine (Fig. 7C). These data demonstrate that

glucose deprivation attenuates insulin- and H2O2-

induced synthesis of 3-phosphorylated lipids and that

this can be rescued by the addition of extracellular

glucosamine.

Inhibition of long-term cell growth by a brief

period of glucose deprivation is overcome by

inclusion of exogenous glucosamine

Previous work from our laboratory demonstrated that

the growth of U2OS cells was highly dependent on the

PI3K/mTOR/PKB pathway [34]. Glucose-deprived

U2OS cells have attenuated insulin-stimulated PI3K/

PKB signalling, which can be rescued by increasing the

flux through the HBP. We therefore assessed whether

glucosamine could rescue the observed inhibition of
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cell growth induced by short-term glucose deprivation

(Fig. 1A). Cells were plated at low density and were

maintained in the presence or absence of glucose or in

the absence of glucose supplemented with glucosamine

for 6 h before being returned to normal culture condi-

tions (containing serum and glucose). As observed pre-

viously (Fig. 1A) short-term glucose deprivation

completely attenuated long-term cell growth (Fig. 8A).

In accordance with increased flux through the HBP

maintaining PKB activation, short-term glucosamine

incubation almost completely rescued cell growth inhi-

bition by glucose deprivation (Fig. 8A). We next

assessed whether protein O-GlcNAcylation was

required for glucose-mediated cell growth. At quite

low concentrations of extracellular glucose (125 lM),
OGT knockdown did not affect long-term cell growth

(Fig. 8B). However, at very low concentrations of

glucose inhibition of O-GlcNAcylation by OGT
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Fig. 7. (A) U2OS cells were plated in six-well plates using complete medium. The next day the cells were washed four times with NaCl/Pi

before maintaining them for 6 h in serum- and glucose-free DMEM supplemented with nothing, with 25 mM glucose or with 5 mM

glucosamine. The cells were control-treated or treated with 1 lg�mL�1 insulin for 15 min. The medium overlying the cells was rapidly

removed, the monolayer was quickly washed once with NaCl/Pi and the incubations were quenched by the addition of 1 mL of ice-cold 1 M

HCl. Cellular material was used for PtdIns(3,4,5)P3 analysis. Graphs for individual PtdIns(3,4,5)P3 isomers are illustrated. (B) Summary graph

combining data from the individual PtdIns(3,4,5)P3 isomers (from A). (C) U2OS cells were plated in six-well plates using complete medium.

The next day the cells were washed four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM

supplemented with either 25 mM glucose or 5 mM glucosamine. Thereafter the cells were washed with HEPES-buffered saline

supplemented with either 25 mM glucose or 5 mM glucosamine prior to incubation in metabolic radiolabelling medium. The cells were

control-treated or treated with 1 mM H2O2 for the times indicated. Total lipid extracts were deacylated and the glycerophospho headgroups

were separated by SAX-HPLC. The radioactivity in PtdIns(3,4)P2 was normalized to that found in phosphatidylinositol 3-phosphate

(PtdIns3P). The radioactivity incorporated into the latter was found not to change in response to any treatments or cell culture conditions.

The graph represents mean � SD (n = 3).
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Fig. 8. (A) U2OS cells were plated at low density (30 000 per well) in six-well plates using complete medium. The next day the cells were

washed four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented with nothing, with

25 mM glucose or with 5 mM glucosamine followed by media removal and replacement with serum- and glucose-containing DMEM. At

intervals thereafter, cell monolayers were washed twice with NaCl/Pi before staining with crystal violet. Crystal violet stain was solubilized

and quantitated by spectrophotometry. The graph represents mean � SD (n = 3). Error bars are within the size of the line symbols. (B) ShX

and shOGT1 were plated at low density (30 000 per well) in six-well plates using complete medium. The next day the cells were washed

four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented with low glucose (125 lM)

followed by media removal and replacement with serum- and glucose-containing DMEM. At intervals thereafter, cell monolayers were

washed twice with NaCl/Pi before staining with crystal violet. Crystal violet stain was solubilized and quantitated by spectrophotometry. The

graph represents mean � SD (n = 3). Error bars are within the size of the line symbols. (C) As (B) except that very low glucose

concentrations (3 lM, 6 lM and 9 lM) were used. (D) A549 cells were plated in six-well plates using complete medium. The next day the

cells were washed four times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented with 30 lM

glucose in the presence or absence of 20 lM CP-91,149 and 5 mM glucosamine as indicated. The cells were control-treated, treated with

1 lg�mL�1 insulin or treated with 1 mM H2O2 for 15 min. Thereafter cell lysates were prepared and western blotting was performed using

the indicated antibodies. (E) U2OS cells were plated in six-well plates using complete medium. The next day the cells were washed four

times with NaCl/Pi before maintaining them for 6 h in serum- and glucose-free DMEM supplemented as indicated. The cells were control-

treated, treated with 1 lg�mL�1 insulin or treated with 1 mM H2O2 for 15 min. Thereafter cell lysates were prepared and western blotting

was performed using the indicated antibodies. Representative western blots are indicated. C, control; Ins, insulin; Ox, oxidative stress

delivered in the form of H2O2.
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knockdown strongly reduced cell growth (Fig. 8C).

These data are consistent with the requirement of the

HBP and OGT pathway for long-term cell growth

when cells experience limiting glucose conditions for

short periods.

In many types of tumour cells inhibition of cell pro-

liferation and survival induced by glucose deprivation

is overcome in the short term by an increase in glyco-

genolysis. In fact the growth of many tumour cells is

sensitive to inhibition of glycogen breakdown [39,40].

In A549 cells glycogen-derived glucose released under

conditions of glucose deprivation is fed directly into

the HBP in order to maintain protein O-GlcNAcyla-

tion and cell growth and inhibition of glycogen phos-

phorylase by CP91-149 strongly inhibits A549 cell

growth [39,40]. Drawing on these observations and the

data from this study, we investigated PKB activation

in A549 cells under limiting glucose availability. Under

glucose-restrictive conditions (0.03 mM glucose) the

ability of both insulin and H2O2 to stimulate PKB

phosphorylation in A549 cells was severely impaired

when cells were treated with CP91-149 (Fig. 8D). To

implicate the requirement for the HBP, we added glu-

cosamine to CP91-149-treated A549 cells. Under these

conditions glucosamine bypassed the requirement for

glycogen breakdown for both insulin- and H2O2-

induced PKB phosphorylation (Fig. 8D). This suggests

that increased glycogenolysis can be used to fuel the

HBP under restrictive glucose conditions to maintain

receptor-induced PKB signalling.

Discussion

While the mTORC1 pathway is known to respond to

changes in extracellular nutrients, much less is known

about how nutrients might regulate the PI3K/PKB

pathway. We show that short-term glucose deprivation

uncouples insulin/IGF1 receptor stimulation from the

activation of the PI3K/PKB pathway. The uncoupling

occurs proximal to the receptor and leads to the inhi-

bition of tyrosine phosphorylation of IRS-1, IRS-1-

mediated recruitment of the PI3K complex and PtdIns

(3,4,5)P3 synthesis. Surprisingly, addition of extracellu-

lar glucosamine almost completely restores IRS-1

phosphorylation leading to increased PtdIns(3,4,5)P3

generation and the activation of PKB in response to

both insulin and oxidative stress in the absence of

extracellular glucose. Uncoupling of the activation of

the PI3K/PKB pathway correlated with a reduction in

long-term cell proliferation after glucose deprivation

which was restored by extracellular glucosamine.

Finally our studies suggest that enhanced glycogenoly-

sis maintains insulin-receptor-mediated activation of

PKB through the maintenance of flux through the

HBP.

Counterintuitively, a number of studies have demon-

strated an increase in O-GlcNAcylation in response to

glucose deprivation probably as a consequence of the

activation of OGT, inhibition of OGA or through

increased glycogenolysis to fuel the HBP [39,41,42].

These data suggest a functional requirement for

increased O-GlcNAcylation during glucose restriction/

deprivation. In U2OS cells glucose deprivation did not

lead to an increase in O-GlcNAcylation but instead

led to the attenuation of PKB activation in response

to insulin/H2O2 and a loss of long-term proliferation,

which could be rescued by extracellular glucosamine.

Glucosamine was shown to anapleurotically drive

HBP flux without restoring cellular ATP levels. Gluco-

samine might drive an increase in both N- and O-gly-

cosylation of proteins to maintain insulin receptor

function. Both insulin and IGF1 receptors are heavily

N-glycosylated and loss of specific sites of N-glycosyla-

tion attenuates receptor trafficking to the plasma mem-

brane [28,29]. Although it is likely that glucose

deprivation in U2OS cells attenuates N-glycosylation,

tunicamycin treatment did not attenuate glucosamine-

mediated rescue of insulin- and H2O2-mediated PKB

phosphorylation. In addition, OGT knockdown impli-

cated reduced O-GlcNAcylation in uncoupling recep-

tor stimulation to activation of PI3K/PKB.

Furthermore, short-term glucose starvation did not

block insulin- and H2O2-mediated extracellular signal-

regulated kinase phosphorylation, suggesting that

some aspects of receptor signalling are still intact

(Fig. 8E). These data support a role for O-GlcNAcyla-

tion in regulating early signalling events between

receptor activation, IRS-1 phosphorylation, PI3K acti-

vation and PKB phosphorylation.

Many components of the insulin signalling pathway

have been shown to be O-GlcNAcylated including the

IR, IRS-1, PDK1 and PKB [43] and further studies will

be required to understand exactly which components

enable glucosamine-mediated PKB activation in the

absence of glucose. How O-GlcNAcylation regulates

insulin signalling and PKB activation is complex as flux

through the HBP and protein O-GlcNAcylation path-

way have been implicated in both the activation and

inhibition of insulin-induced PKB activity. In adipo-

cytes treatment with the OGA inhibitor PUGNAc,

which increases O-GlcNAcylation, was shown to induce

insulin resistance and decrease PKB activity [43–45],
while in muscle PUGNAc induces insulin resistance but

does not affect PKB activation [46]. However, other

studies have shown that structurally unrelated but

better inhibitors of OGA do not show a similar
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phenotype to PUGNAc in adipocytes [47–49] suggest-
ing that the effect of PUGNAc may be off-target. In

Caenorhabditis elegans upregulation of the OGT path-

way appears to inhibit insulin signalling [50,51], whilst

in Drosophila melanogaster upregulation of O-GlcNA-

cylation stimulates insulin signalling [52]. These data

suggest that O-GlcNAcylation affects insulin signalling

in a cell-type-dependent manner. Interestingly in C. ele-

gans knockdown of OGA induces hyper O-GlcNAcyla-

tion of histone tails associated with promoters and

changes the expression of many genes involved in insu-

lin signalling [51]. Therefore, the differences observed in

various cell types might reflect a balance between how

O-GlcNAcylation modifies long-term gene expression

and short-term signalling outputs.

A strong candidate for transducing an O-GlcNAcy-

lation signal to insulin signalling under glucose restric-

tive conditions is the IRS-1 protein. In response to

insulin/IGF1, IRS-1 is tyrosine phosphorylated which

recruits the PI3K complex and stimulates PtdIns(3,4,5)

P3 synthesis. IRS-1 is also phosphorylated and O-Glc-

NAcylated at several serine and threonine residues

which contributes to the regulation of downstream tar-

gets [43,45,53,54]. For example IRS-1 serine/threonine

phosphorylation induced by p38, AMPK or by hyper-

activation of S6K inhibits insulin-mediated IRS-1 tyro-

sine phosphorylation and PtdIns(3,4,5)P3 synthesis.

How O-GlcNAcylation of IRS-1 might regulate

combinatorial phosphorylation and IRS-1 signalling

output is not clear, although as the sites of O-GlcNA-

cylation do not overlap with the sites of serine/threo-

nine phosphorylation straightforward competition is

unlikely to be relevant.

Evidence from this study supports a role for flux

through the HBP in permitting insulin/IGF1 signalling

to maintain PKB activation under conditions of glu-

cose restriction and might reflect a requirement in can-

cer cells rather than in non-transformed differentiated

adipocytes. Cancer cells rewire their metabolic pro-

gramme to increase both glucose and glutamine utili-

zation to sustain rapid proliferation rates [16] and to

respond to changes in nutritional status. As the HBP

pathway is driven by both these components it is plau-

sible that increased O-GlcNAcylation might be critical

for tumour cell proliferation. The growth of tumour

cell lines in vitro and in vivo has been shown to be

reduced in cells with reduced O-GlcNAcylation. For

example in 8305C thyroid anaplastic cancer cells both

basal and IGF1-stimulated PKB activation and cell

proliferation are increased when O-GlcNAcylation is

increased either pharmacologically or genetically [55].

Protein O-GlcNAcylation is also required for breast

and pancreatic tumour cell growth [26,27]. Further-

more oncogenes such as Ras [25] or Myc [56] induce

global increases in O-GlcNAcylation. These data

together with the data in this study reinforce the con-

cept that in cancer cells metabolic rewiring leads to

increased HBP flux which participates in tumour cell

growth under certain restrictive conditions.

Decreases in intracellular glucose in tumour cells

can occur as a consequence of poor tumour vascula-

ture [9] or by decreased glucose uptake as observed in

tumour cells that lose matrix contact [57]. Under these

conditions of glucose restriction, redirecting glycolytic

intermediates to the HBP to increase O-GlcNAcylation

might confer a temporary measure to maintain insulin/

IGF1-mediated PKB activation and inhibit the induc-

tion of apoptosis. A likely source for increasing flux

through the HBP is from cell glycogen and indeed gly-

cogenolysis has been shown to be important for

tumour cell growth under conditions of nutrient depri-

vation during hypoxia [10,40,58,59]. Furthermore, mild

hypoxia increases glycogen synthesis which is essential

for pre-conditioning tumour cells to withstand stronger

hypoxic conditions [58,60]. Interestingly we show that

under restricted glucose conditions glycogenolysis

maintains insulin stimulation of the PKB pathway in

A549 lung cancer cells and that it probably does so by

providing fuel for the HBP pathway. Our studies sug-

gest that specific inhibition of OGT might enhance

tumour killing in combination with therapeutics that

inhibit glucose uptake and utilization.

Materials and methods

Cell culture, treatments and western blotting

U2OS and A549 cells were maintained in culture using

DMEM (Sigma, Dorset, UK) containing 25 mM glucose

supplemented with 4 mM glutamine (Invitrogen, Paisley,

UK) and 10% heat-inactivated fetal bovine serum (Sigma).

For most experiments the cells were seeded in six-well

plates. The next day the cells were washed four times with

phosphate buffered saline (NaCl/Pi) before re-incubation in

serum-free DMEM lacking glucose (Invitrogen). This mini-

mal medium was supplemented with 25 mM glucose

(Sigma) or with 5 mM glucosamine hydrochloride (Sigma)

where indicated for 6 h. A stock solution of glucosamine

was always prepared fresh on the day of experiments

(100 mM glucosamine in glucose-free DMEM) and diluted

as necessary. Glucose was undetectable in the 100 mM

glucosamine stock solution. Photographs of the cells were

taken using a Zeiss Axiovert 40CFL camera controlled by

AXIOVISION software. In some experiments during the 6 h

period of nutrient withdrawal the cells were incubated

with inhibitors of specific pathways. Dimethylsulfoxide

(or the appropriate vehicle) was always used as a control.
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The inclusion of inhibitors is detailed in the relevant figure

legends.

At the end of the 6 h the cells were challenged with insu-

lin (1 lg�mL�1) or hydrogen peroxide (H2O2) (1 mM) for

the times indicated in the figure legends. The incubations

were quenched by the removal of medium from the well

followed by rapid addition of 1 9 LDS/PAGE sample

buffer (Invitrogen), 100 mM dithiothreitol (Sigma), lysis

buffer (1% v/v NP-40, 50 mM Tris/HCl pH 8, 50 mM

potassium chloride, 10 mM EDTA), protease inhibitor/pro-

tein phosphatase inhibitor cocktails (Roche, West Sussex,

UK) and 100 U�mL�1 benzonase nuclease (Sigma). After

leaving on ice for 15 min the samples were collected and

heated for 10 min at 70 °C. Proteins in cell lysates were

resolved by electrophoresis using 1 mm thickness 4–12%

acrylamide Bis-Tris pre-cast gels (Invitrogen) and wet pro-

tein transfer to nitrocellulose membranes. All primary anti-

bodies were purchased from Cell Signalling Technology

(Hertfordshire, UK), Millipore (Hertfordshire, UK), Sigma

and Santa Cruz and horseradish-peroxide-coupled second-

ary antibodies were from GE Healthcare (Amersham, UK)

and Santa Cruz. CP-91,149, tunicamycin, metformin and

rapamycin were purchased from Sigma. Torin 2, AG1024

and AG1478 were purchased from SelleckChem.

Immunoprecipations and PI3K assays

After 6-h incubations in different energy-providing media

control and acutely stimulated cells were lysed in ice-cold

1% (v/v) NP-40 lysis buffer (for details see above) supple-

mented with protease inhibitor/protein phosphatase inhibi-

tor cocktails, 1 mM sodium orthovanadate (Sigma), 1 mM

beta-glycerophosphate (Sigma), 5 mM sodium fluoride

(Sigma), 1 lM okadaic acid (Sigma) and 100 U�mL�1 ben-

zonase nuclease. After standing on ice for 15 min the

lysates were cleared by centrifugation (20 000 g for 15 min

at 4 °C). Immunocomplexes were allowed to form over-

night at 4 °C. Protein G sepharose (Sigma) was used to

precipitate complexes. After washing the immunoprecipi-

tates four times with 50 mM Tris/HCl pH 7.5 containing

5 mM EDTA, 150 mM sodium chloride and 0.1% (v/v)

Tween-20 the proteins were resolved by electrophoresis

and detected by western blotting as detailed above. PI3K

assays were performed using washed immunoprecipitates

further washed with 50 mM Tris/HCl pH 7.4 containing

10 mM magnesium chloride, 1 mM EGTA and 70 mM

potassium chloride. Kinase activity towards 1 nmol sub-

strate diC16-phosphatidylinositol (Cell Signals) mixed with

10 nmol of phosphatidylserine (Sigma) in the presence of

20 lM ATP and 10 lCi [32P]cATP (Perkin Elmer, Cam-

bridgeshire, UK) was determined by the generation of

radiolabelled phosphatidylinositol 3-phosphate (PtdIns3P)

for 10 min at 30 °C. Radiolabelled PtdIns3P was extracted

and separated by TLC using silica gel 60 �A 20 9 20 cm

plates (Merck-Millipore). The TLC plates were run once

in chloroform/methanol/water/25% ammonia solution (45/

35/8/2, v/v/v/v), air dried for 1 h and radioactivity in sepa-

rated lipid spots was quantitated by phosphorimaging

analysis (BioRad).

Metabolic labelling and phosphoinositide

analysis

Following 5 h of incubation in differently supplemented

DMEM U2OS cells were washed four times with phos-

phate-free HEPES-buffered saline containing amino acids

(mixture of essential and non-essential amino acids) (Invi-

trogen). Metabolic radiolabelling was performed using

phosphate-free HEPES-buffered saline containing amino

acids supplemented with glucose or with glucosamine and

300 lCi�mL�1 [32P]-labelled phosphate (Perkin Elmer) for

the last 1 h. Metabolic radiolabelling was terminated by

quenching cell monolayers with 1.2 M HCl followed by

total lipid extraction (Bligh–Dyer method). Radiolabelled

phosphoinositides were separated by TLC (as indicated

above) or directly deacylated for HPLC analysis of the

phosphoinositide headgroups. Non-radiolabelled PtdIns

(3,4,5)P3 measurements were performed as described previ-

ously [61].

ATP, GSH measurements and Alamar Blue

reduction assay

U2OS cells were seeded in 96-well plates. The next day the

cells were washed four times with NaCl/Pi before incuba-

tion in differently supplemented DMEM for 6 h. Following

the incubations intracellular ATP and GSH was measured

using kits from Perkin Elmer and Promega (Southampton,

UK), respectively. The cells’ ability to reduce Alamar Blue

(Invitrogen) was assessed by its direct addition to the wells

for the last 3 h of incubation in the above-mentioned

media. Fluorescence measurements were performed accord-

ing to the manufacturer’s instructions.

shRNA-mediated knockdown of OGT

Two OGT short hairpin (sh) targeting constructs

GCTGAGCAGTATTCCGAGAAA and GCCCTAA

GTTTGAGTCCAAAT (MISSION pLKO.1 shRNA clones

TRCN0000035067 and TRCN0000035064, Sigma) were

used to make two separate stable lentivirus-transduced

OGT knockdown U2OS cell lines shOGT1 and shOGT2. A

U2OS cell line made with the control-targeting construct

CAACAAGATGAAGAGCACCAA (MISSION� pLKO.1-

puro Non-Mammalian shRNA Control Plasmid DNA tar-

geting no known mammalian genes) was made in parallel.

All three cell types were used simultaneously for experiments

and were maintained in culture medium containing

2 lg�mL�1 puromycin (Sigma).
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Growth assays

U2OS cells were plated in six-well plates (30 000 per well)

and left in complete medium for 24 h. The cells were then

washed four times with NaCl/Pi prior to incubation in

differently supplemented DMEM for 6 h. Thereafter, the

media were removed and replaced with normal complete

medium. At intervals thereafter, cell monolayers were

washed twice with NaCl/Pi before staining with crystal vio-

let solution (crystal violet 0.1% w/v; formaldehyde 4% v/v;

methanol 50% v/v). The stained monolayers were washed

and dried and the plates scanned. The crystal violet stain

was removed from the wells using water/methanol/concen-

trated acetic acid (7:2:1, v/v/v) and the absorbance of the

coloured solution was monitored at 618 nm.
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