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Abstract

The Hexosamine Biosynthetic Pathway leads to elevated post-translation addition of O-linked-βN-

acetylglucosamine (O-GlcNAc) on intracellular proteins. Cancer cells elevate total O-

GlcNAcylation by increasing O-GlcNAc transferase (OGT) and/or decreasing O-GlcNAcase

(OGA) levels. Reducing O-GlcNAcylation in cancer cells inhibits oncogenesis. Here, we

demonstrate that O-GlcNAcylation regulates glycolysis in cancer cells via HIF-1α and its

transcriptional target GLUT1. Reducing O-GlcNAcylation increases α-ketoglutarate, HIF-1

hydroxylation and interaction with VHL resulting in HIF-1α degradation. Reducing O-

GlcNAcylation in cancer cells results in activation of ER stress and apoptosis of cancer cells

mediated through CHOP induction of BCL2-family proteins. HIF-1α and GLUT1 are critical for

OGT-mediated regulation of metabolic stress as overexpression of stable HIF-1 or GLUT1 rescues

metabolic defects and apoptosis. Human basal-like breast cancers with high levels of HIF-1α

contain elevated OGT, O-GlcNAcylation and lower OGA levels correlate independently with poor

patient outcome. Thus, O-GlcNAcylation regulates cancer cell metabolic reprograming and

survival stress signaling via regulation of HIF-1α.
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INTRODUCTION

Deregulating cellular energetics is emerging as a characteristic hallmark of cancer cells

(Hanahan and Weinberg, 2011). Within such cells glucose and glutamine are used at an

increased rate (DeBerardinis et al., 2008), resulting in the production of ATP in a manner

independent of oxygen concentration (Dang and Semenza, 1999). Elevated glucose and

glutamine flux are needed not only to serve the energetic demands of cancer cells but also to

provide the essential carbon and nitrogen used in macromolecule synthesis, fueling the rapid

growth and proliferation seen in tumors (DeBerardinis et al., 2008). This increase in glucose

and glutamine uptake can alter multiple metabolic and signaling pathways in cancer cells

including, for example, the hexosamine biosynthetic pathway (HBP) (Marshall, 2006), the

liver kinase B1 (LKB1)/AMP-activated kinase (AMPK) signaling pathway (Shaw and

Cantley, 2012), and the mammalian target of rapamycin (mTOR) (Zoncu et al., 2011).

The HBP relies on glucose and glutamine uptake and approximately 3–5% of the total

glucose entering a cell is shunted into this pathway (Marshall et al., 1991). Fructose-6-

phosphate, obtained from glucose during glycolysis, is converted through the enzymes of the

HBP into the end product UDP-N-Acetylglucosamine (UDP-GlcNAc) (Marshall, 2006).

This critical metabolite is required for the biosynthesis of a variety of extracellular

glycopolymers, including both N- and O-glycans (Marshall, 2006); however, it also serves

as the substrate for O-linked β-N-acetlyglucosamine (O-GlcNAc) transferase (OGT). This

enzyme catalyzes the transfer of the GlcNAc moiety onto the free hydroxyl of select serine

and threonine residues of target proteins and is the sole known glycosyltransferase

responsible for the post-translational modification of a diverse population of nuclear and

cytosolic proteins. This modification can be removed by the glycoside hydrolase O-

GlcNAcase (OGA) (also referred to as MGEA5) that catalyzes cleavage of O-GlcNAc from

proteins (Gao et al., 2001). This modification can alter protein function directly or, in some

cases, by competing with phosphorylation sites (Hart et al., 2011). O-GlcNAcylation has

been proposed to serve primarily to regulate cellular signaling and transcription regulatory

pathways in response to altered nutrients and stress (Hart et al., 2011). Many of these O-

GlcNAcylated proteins are known to be associated with oncogenesis and tumor progression

and, recently elevated O-GlcNAcylation has been described in various cancers (Lynch and

Reginato, 2011). The mechanism by which O-GlcNAcylation becomes elevated within

cancer cells is not clear but may be caused by elevated levels of OGT seen in some cancers

such as breast (Caldwell et al., 2010), prostate (Lynch et al., 2012), and lung (Mi et al.,

2011) and/or decrease in OGA levels as seen in breast (Krzeslak et al., 2012), and colon

cancers (Yehezkel et al., 2012). Importantly, OGT is required for tumor growth in vitro

(Caldwell et al., 2010) and metastasis in vivo (Gu et al., 2010) (Lynch et al., 2012).

Moreover, it has been proposed that aberrant O-GlcNAcylation can contribute to metabolic
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disorders, such as insulin resistance (Yang et al., 2008) suggesting that it could also play a

role in the altered metabolism occurring in cancer cells.

Cancer cells can alter metabolism and energy homeostasis by a number of ways. Oncogenes

can directly regulate key pathways and enzymes involved in glycolysis. Specifically, the

phosphoinositide-3 kinase (PI-3K)/Akt pathway mediating activation of the mTOR pathway

has been shown to play a major role in coordinating cell growth and metabolism (Zoncu et

al., 2011). Multiple environmental cues including growth factors and nutrients can regulate

mTOR signaling including the tumor suppressor LKB1, which activates AMPK. This

activation of AMPK leads to inhibition of mTOR activity and loss of mTOR signaling in

turn results in a decreased in the translation of critical cell growth and metabolic regulators,

including HIF-1α (Zoncu et al., 2011). The transcription factor HIF-1α promotes the

transcription of a set of genes that contribute to aerobic glycolysis and the shuttling of

carbons from glucose and nitrogen from glutamine into macromolecule synthesis that is

typically seen in cancer cells (Shaw and Cantley, 2012).

The levels of HIF-1α protein are controlled by the availability of oxygen and metabolites,

such that during normoxic conditions, HIF-1α is hydroxylated by oxygen and α-

ketoglutarate-dependent prolyl hydroxylases (PHDs) (Semenza, 2010).. This modification

results in HIF-1α proteasome-dependent degradation through hydroxylation-dependent

interactions with the E3 ligase von Hippel-Lindau (pVHL). Cancer cells are capable of

stabilizing HIF-1α levels independent of oxygen concentrations in response to growth factor

stimulation, oncogenic activation and loss of tumor suppressor function, allowing for the

transcriptional upregulation of pro-glycolytic factors (Semenza, 2010). In cancer cells,

HIF-1α activates a transcriptional program that facilitates the metabolic shift to aerobic

glycolysis through the upregulation of several glycolytic proteins, such as glucose

transporter GLUT1, hexokinase 2 (HK2), and lactate dehydrogenase A (LDHA) (Iyer et al.,

1998) (Semenza, 2010). Moreover, increased HIF-1α expression predicts poor clinical

response and clinical outcome in human breast cancer (Generali et al., 2006) and, consistent

with this observation, GLUT1 has also been shown to be overexpressed in breast cancer

(Brown and Wahl, 1993).

Cell metabolism is tightly linked to cell death pathways through the mitochondria, which

plays a key role in both metabolism and apoptosis. Cancer cells are hypersensitive to

metabolic stress such as glucose or glutamine deprivation and will undergo apoptosis if

nutrients are limiting (El Mjiyad et al., 2011). Inhibition of metabolism in cancer cells can

lead to induction of apoptosis by a number of pathways including activation of ER stress

apoptotic response (El Mjiyad et al., 2011). A shortage of glucose in cancer cells can induce

ER stress pathway, resulting in the PKR-like ER-localized eIF2α kinase (PERK)

phosphorylation of eIF2α and the induction of C/EBP homologous protein (CHOP), which

results in the induction of Bcl2-family BH3-only proteins including Bim, Puma and Noxa

(El Mjiyad et al., 2011).

Here, we present evidence that O-GlcNAcylation within breast cancer cells regulates cancer

cell metabolism via regulation of HIF-1α and its downstream target GLUT1.

Mechanistically, we show that OGT regulates HIF-1α proteasomal degradation in a manner
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that is dependent on regulation of α-ketoglutarate, HIF-1α hydroxylation and the tumor

suppressor pVHL. Furthermore, decreasing O-GlcNAcylation leads to ER-mediated

apoptosis in breast cancer cells.. In addition, we show that in human breast cancers

containing high HIF-1α levels also contain elevated OGT and O-GlcNAcylation.

Importantly, in overall breast cancer patients lower OGA expression correlates with poor

clinical outcome. Thus, O-GlcNAcylation serves as a critical link between the nutrient

sensing and metabolic pathways that are critical for cancer cell survival via regulation of

HIF-1α hydroxylation.

RESULTS

O-GlcNAcylation Regulates Metabolic Reprogramming and Signaling in Cancer Cells

Since OGT and O-GlcNAc has been associated with regulation of metabolic diseases such

as insulin resistance (Yang et al., 2008), we hypothesized that OGT could serve as important

regulator of glycolytic metabolism to regulate cancer cell growth. To test this idea we

initially examined the effect of OGT reduction on metabolites from a triple negative human

breast cancer cells MDA-MB-231 using liquid chromatography-mass spectrometry (LC-

MS). The metabolic profile of MDA-MB-231 cells containing OGT knockdown with RNAi

demonstrated a general decrease in glycolytic and pentose phosphate pathways (PPP)

metabolites (Figures 1A) and increase in TCA cycle metabolites (Figure 1B) consistent with

a reversal of the Warburg effect and inhibition of cancer cell growth under these conditions

that we (Caldwell et al., 2010) and others have previously shown (Itkonen et al., 2013).

To confirm that the metabolite patterns reflected decrease in glycolysis, we measured

specific glycolytic parameters in MDA-MB-231 cells and in the human immortalized

mammary epithelial cells transformed with oncogene ErbB2/HER2 (MCF-10A-ErbB2)

stably expressing OGT RNAi. Both transformed and breast cancer cells stably expressing

OGT RNAi contained decreased levels of lactate (Figure 1C), glucose flux (Figure S1A),

and ATP levels (Figure S1B). Conversely, elevation of total O-GlcNAcylation levels in the

breast cancer cells MCF-7 either by overexpression of HA-tagged OGT or treatment with

the OGA inhibitor NButGT, which elevates total O-GlcNAcylation (Figures 1D) (Macauley

& Vocadlo 2010), caused an increase in glucose flux (Figures S1F) and lactate levels

(Figures 1E). In agreement with previous reports, which indicated that targeting OGT has

minimal effects on non-transformed epithelial cell types (Caldwell et al., 2010), reducing

OGT levels in the human immortalized mammary epithelial cell line MCF-10A resulted in

negligible effects on glucose or lactate levels (data not shown). These data suggest that in

transformed and cancer cells OGT and O-GlcNAc levels redirect cell metabolism in favor of

glycolysis and reducing OGT can reverse the Warburg effect.

Since cellular metabolism can alter specific signaling pathways such as mTOR, we next

examined the effects of altered O-GlcNAcylation on the mTOR pathway. Decreased OGT

expression in MDA-MB-231 or MCF-10A-ErbB2 cells via stable expression of shRNA

decreased the phosphorylation of the mTOR downstream effectors S6 kinase and 4EBP1 at

Thr389 and Thr70, respectively (Figure S1C). A number of pathways are known to regulate

mTOR activity including the PI3-kinase-AKT pathway. However, since we previously

showed that reducing OGT levels in breast cancer cells does not decrease AKT activity nor
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MEK-Erk pathway (Caldwell et al., 2010), we examined additional regulators of mTOR.

Consistent with O-GlcNAcylation regulating energy metabolism, decreasing OGT

expression in MCF-10A-ErbB2 or MDA-MB-231 cells via stable expression of shRNA

resulted in the activation of the metabolic sensor kinase LKB1, as indicated by its increased

phosphorylation at Ser428 (Figures S1C). We also detected an increase in phosphorylation

of the downstream effector, AMPK (Figures S1C). Activated AMP kinase is known to

decrease phosphorylation of S6 kinase and 4EBP1 at Thr389 and Thr70, respectively (Zoncu

et al., 2011). In addition to genetic approaches to repress OGT mRNA expression, we also

pharmacologically inhibited the catalytic activity of OGT in MDA-MB-231 cells through

use of a known OGT inhibitor, Ac5SGlcNAc (Gloster et al., 2011). Treatment of MDA-

MB-231 cells with Ac-5SGlcNAc diminished O-GlcNAc levels and increased LKB1 and

AMP kinase activation and also decreased phosphorylation of mTOR effectors (Figures

S2A). OGT inhibitor also decreased MDA-MB-231 cell growth in basement membrane 3-

dimensional (3D) cultures as compared to vehicle treated cells (Figures S2B) and reduced

metabolic outputs, including glucose uptake (Figures S2C). Conversely, elevation of O-

GlcNAcylation by either overexpressing OGT (Figures S1D) or treating cells with the OGA

inhibitor NButGT (Figures S1E), decreased LKB1 and AMP kinase activation and elevated

levels of phosphorylated S6 kinase. Thus, consistent with role of O-GlcNAcylation in

regulating glycolysis, changes in O-GlcNAcylation can also regulate metabolic signaling

associated with energy status in cancer cells.

O-GlcNAcylation Regulates HIF-1α Proteasomal Degradation in a VHL-dependent Manner

HIF-1α is a critical regulator of aerobic glycolysis in cancer cells (Semenza, 2010).

Therefore, we examined HIF-1α expression in the context of altered O-GlcNAcylation.

MDA-MB-231 cells stably expressing OGT shRNA contained lower levels of HIF-1α

protein at either normoxic or hypoxic (1% O2) conditions (Figures S3A), whereas there was

no significant change in HIF-1α RNA levels as measured by QRT-PCR (Figures S3B).

Consistent with a mechanism in which OGT mediates regulation of HIF-1α protein stability

or activity, decreased expression levels of several known HIF-1 target genes were observed

upon OGT knockdown, including adrenomedullin (ADM), BNIP3L, GLUT1, and LDHA

(Figures S3B). Likewise, similar reductions in HIF-1α protein levels were observed in

MCF-10A-ErbB2 (data not shown) and in MCF-7 cells (Figures S3C) in which OGT

expression was reduced. Finally, by using MEFs containing an Ogt exon flanked by the loxP

recombination sites (MEFs-OGTF/Y) (O’Donnell et al., 2004), we found that post-Cre

recombinase transduction, OGT protein and O-GlcNAc levels were reduced, which inhibited

HIF-1α protein expression under hypoxic conditions (Figures S3D). Conversely, we observe

stabilization of HIF-1α protein when MCF-7 cells stably express OGT (Figures S1D) or are

treated with the OGA inhibitor NButGT (Figures S1E). However, HIF-1α protein does not

appear to be directly O-GlcNAc modified as immunoprecipitated HIF-1α protein contained

no detectable O-GlcNAcylation when compared to the positive control, the transcription

factor Sp1 (Han and Kudlow, 1997) (data not shown). Thus, O-GlcNAcylation likely

regulates HIF-1α protein stability via an indirect mechanism.

To test whether O-GlcNAcylation regulates HIF-1α degradation, MDA-MB-231 cells stably

expressing control shRNA or OGT shRNA were treated with the proteasome inhibitor
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lactacystin. OGT shRNA-mediated inhibition of HIF-1α protein levels could be reversed by

treatment of lactacystin (Figure 2A) suggesting that OGT regulation of HIF-1α was

proteasome-dependent. Consistent with idea that OGT regulates HIF-1α via proteasomal

pathway, we detected a six-fold increase in HIF-1α ubiquitination under conditions of

decreased OGT levels in MDA-MB-231 cells compared to controls (Figures 2B). Since

pVHL is well know to regulate HIF-1α degradation pathway we examined whether OGT

regulation of HIF-1α was dependent on pVHL-mediated degradation. We compared the

effects of OGT knockdown on HIF-1α levels in MDA-MB-231 cells stably expressing

pVHL RNAi and as expected, reducing pVHL levels in MDA-MB-231 cells increased the

basal expression of HIF-1α protein (Figure 2C). However, HIF-1α levels were not altered in

pVHL shRNA treated cells in which OGT expression was also reduced compared to four-

fold decrease of HIF-1α levels in OGT knockdown cells (Figure 2C). Consistent with the

idea that OGT-mediated regulation of glycolysis is HIF-1α/VHL dependent, we were able to

rescue glucose uptake defect in OGT knockdown cells by reducing VHL levels in MDA-

MB-231 cells (Figure 2D). In addition, reducing VHL in MDA-MB-231 cells elevated

lactate levels compared to controls and abrogated OGT knockdown mediated glycolytic

effects (Figure S3E). To ensure this effect was VHL-dependent and occurred in other cell

types, we examined kidney epithelial (T132) cells that are wildtype for VHL and renal cell

carcinoma (RCC4) cells that are known to be VHL-deficient. While wildtype VHL cells

exhibited a twofold decrease in HIF-1α levels in response to OGT depletion, no significant

change in HIF-1α expression was observed in RCC4 cells (Figures S3F). In addition, re-

expression of VHL in the RCC4 cells, restored OGT knockdown-mediated regulation of

HIF-1α (Figure S4A) suggesting that O-GlcNAc regulation of HIF-1α is pVHL-dependent

in multiple cell types. We tested whether VHL protein itself may be O-GlcNAcylated by

mass spectometry analysis and we did not identify any pVHL ser/thr residues as being O-

GlcNAcylated (data not shown). Together, these data suggest that O-GlcNAcylation

regulates HIF-1α proteasomal degradation in a pVHL-dependent manner.

O-GlcNAcylation Regulates HIF-1α Hydroxylation

Under aerobic conditions HIF-1α is hydroxylated by specific prolyl hydroxylases (PHDs) at

two conserved proline residues (Pro402 and Pro564) in a reaction requiring oxygen, α-

ketoglutarate and ascorbate and hydroxylation of HIF-1α facilitates pVHL binding and

degradation (Jaakkola et al., 2001). To examine whether OGT regulation of HIF-1α was

dependent on PHD activity, we treated MDA-MB-231 cells with dimethyloxaloylglycine

(DMOG), a prolyl-4-hydroxylase inhibitor. MDA-MB-231 cells containing OGT RNAi that

were treated with DMOG completely rescued the decrease in HIF-1α expression observed in

response to OGT RNAi as compared to vehicle treated cells (Figure S4B). Consistent with

the observations that pVHL is required for HIF-1α degradation and requires PHD activity

under conditions of decreased O-GlcNAcylation, reducing OGT expression in breast cancer

cells led to increased interaction between HIF-1α and pVHL as indicated by co-

immunoprecipitation experiments (Figures 3A). Conversely, increasing O-GlcNAcylation in

cancer cells by treating cells with NButGT reduced the interaction between HIF-1α and

pVHL (Figures S4C) consistent with increased HIF-1α protein levels observed under these

conditions (Figure S4C). We next examined whether O-GlcNAcylation regulates HIF-1α

stability by modulating PHD activity by measuring the extent of HIF-1α hydroxylation. We
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assessed PHD activity in control and OGT knockdown MDA-MB-231 cells by pretreating

with proteasomal inhibitor lactacystin (to prevent hydroxylated HIF-1α from being

degraded). Lactacystin treatment of OGT knockdown cells contained similar levels of

HIF-1α compared to control cells (Figure 2A), however these cells contained six-fold

increase in hydroxylated HIF-1α indicating that PHD activity is increased in OGT

knockdown cells (Figure 3B). Since HIF-1α and VHL were not directly O-GlcNAcylated,

we examined other mechanisms by which O-GlcNAcylation may regulate HIF-1α

hydroxylation. Results from LC-MS analysis showed that α-ketoglutarate, a metabolite

required for HIF-1 hydroxylation, was significantly elevated in OGT knockdown MDA-

MB-231 cells (Figure 1B) consistent with increased HIF-1α hydroxylation (Figure 3B) and

degradation under these conditions (Figure 2B). This data suggests that O-GlcNAcylation

may regulate HIF-1α levels via regulation of α-ketoglutarate levels. To test this idea further,

we measured α-ketoglutarate levels in MDA-MB-231 cells stably overexpressing HA-OGT

which increased total O-GlcNAcylation levels and increased HIF-1α levels compared to

control cells (Figure 3C). Overexpression of OGT significantly reduced α-ketoglutarate

levels in MDA-MB-231 cells compared to controls (Figure 3D). Importantly, treatment of

HA-OGT MDA-MB-231 cells with exogenous α-ketoglutarate to similar levels seen in

control cells (Figure 3D) was able to reverse OGT-mediated induction of HIF-1α and HIF1-

target GLUT1 (Figure 3C). These results show that O-GlcNAcylation regulation of HIF-1α

is PHD-, hydroxylation-dependent and suggests that O-GlcNAcylation regulates HIF-1α

protein, in part, via regulation of α-ketoglutarate levels.

HIF-1α Hydroxylation is Required for O-GlcNAcylation-mediated Regulation of Metabolic
Flux

Given the glycolytic defects observed with decreased O-GlcNAcylation, including

decreased glycolytic/PPP metabolites, the activation of LKB1/AMPK and corresponding

loss of mTOR signaling, and the reduction of HIF-1α protein, we next sought to characterize

the role of HIF-1α in OGT-mediated regulation of cancer metabolism. A constitutively

expressed mutant version of HIF-1α was utilized, in which the hydroxylation sites at P402

and P564 are mutated, making it resistant to PHD-mediated hydroxylation and subsequent

VHL-dependent ubiquitination (Semenza, 2010). Consistent with our data that O-

GlcNAcylation, in part, regulates HIF-1α via hydroxylation and VHL-mediated degradation,

stable expression of HIF-1α mutant (P402/P564) restored HIF-1α levels from 72%

reduction in OGT knockdown cells to 23% reduction compared to control (Figures 3E and

S4D). Importantly, overexpression of HIF-1α stabilized mutant did not alter OGT levels,

although mutant HIF-1α slightly increased O-GlcNAcylation in cell expressing OGT RNAi

(Figures 3E), most likely by increasing glycolysis and flux through the HBP. However, upon

OGT knockdown in MDA-MB-231 cells expressing HIF-1α-P402A, P564A, we did not

detect activation of LKB1/AMP kinase phosphorylation and the phosphorylation state of the

mTOR effectors S6 kinase and 4EBP1 was not reduced (Figure S5A). These results

suggested that expression of HIF-1α hydroxylation mutant reversed OGT-knockdown

mediated metabolic stress and signaling. We observed that the glycolytic defect mediated by

the expression of OGT shRNA in breast cancer cells was abrogated in cells stably

expressing HIF-1α-mutant since lactate levels are restored to near control level in both

MDA-MB-231 (Figures 3F) and MCF7 (data not shown) cells. Overexpression of HIF-1α
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stable mutant in MDA-MB-231 cells lowered glucose flux compared to control cells but

nevertheless reducing OGT in these cells had no effect on glucose flux (Figure S4E). These

results, along with reducing VHL levels in OGT knockdown cells, further suggested that O-

GlcNAcylation-mediated changes in metabolic flux requires regulation of HIF-1α.

Consistent with this idea, GLUT1 levels are decreased in MDA-MB-231 cells expressing

OGT shRNA as compared to control shRNA cells, yet GLUT1 levels are restored in cells

with expression of the stable HIF-1α-P402A, P564A mutant (Figure 3E), consistent with the

reversal of glycolytic parameters (Figure 3F). In addition, cells expressing stable HIF-1α

also reversed OGT shRNA-mediated induction of α-ketoglutarate levels (Figure S4F)

suggesting that HIF-1α can reverse GLUT1 levels, glycolytic parameters and can also

regulate key metabolites associated with HIF-1α’s own regulation.

HIF-1α regulates many glycolytic enzymes including phosphofructokinase-1 (PFK1) (Iyer

et al., 1998) and PFK2 isoform 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3

(PFKFB3) (Semenza, 2010) both key enzymes regulating glycolytic flux. Reducing OGT

expression in three different breast cancer cell lines representative of the major breast cancer

subtypes including MDA-MB-231 (triple negative) (Figure S5B), MCF-7, (luminal), &

MCF10A-ErbB2 (HER2+) (data not shown) decreased PFK1 and PFKFB3 protein levels.

Importantly, both PFK1 and PFKFB3 levels were rescued in OGT knockdown MDA-

MB-231 cells overexpressing stable HIF-1α mutant (Figure S5A). OGT regulation of PFK1

occurs at the level of RNA transcription, as OGT knockdown cells contained significant

decrease in muscle- and liver-type PFK-1 (PFK-M and PFK-L) isoforms (Figure S5C).

Conversely, elevating O-GlcNAcylation in cancer cells causes increased expression of PFK1

in MCF7 cells overexpressing OGT (Figure S1D) or NButGT treated cells (Figures S1E)

consistent with increased glycolytic flux (Figure 1E and S1F). These data suggest that OGT

regulation of key glycolytic proteins, including GLUT1, PFK1 and PFKFB3, in breast

cancer cells is dependent on O-GlcNAc regulation of HIF-1α pathway.

O-GlcNAcylation Selectively Regulates Tumor Cell Survival via an ER Stress CHOP-
dependent Mechanism

Glucose deprivation and antiglycolytic drugs can selectively induce tumor cell death (El

Mjiyad et al., 2011), thus we examined the effect of reducing O-GlcNAcylation on apoptosis

in non-transformed immortalized mammary epithelial cells compared to breast cancer cells.

In MCF-10A and MDA-MB-231 cells stably expressing control shRNA or OGT shRNA, at

day eight post-infection we observed cell rounding and detachment of MDA-MB-231 cells

containing OGT knockdown while MCF-10A cells appeared healthy and attached to the

plate (Figure S5D). The breast cancer cells, but not immortalized human mammary

epithelial cells, that expressed decreased OGT levels had elevated cleaved caspase-3 and

caspase-8 (Figure 4A) and up to 50–70% of cells were positive for Annexin-V (Figure 4B),

indicating high level of apoptosis that was selective to cancer cells. A similar level of

induction in apoptosis was observed in MDA-MB-231 cells in which OGT was knocked

down when cells were cultured in 3D conditions (Figure S5E), as well as in MCF7 and

MCF10A-ErbB2 cells (Figure S6A). Treatment of MDA-MD-231 cells cultured in 3D with

the OGT inhibitor also activated apoptosis to a similar extent observed with genetic deletion

(Figure S2D and S2E).
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Decrease in bioenergetics may impair protein translational modifications in the ER that can

trigger the unfolded protein response (UPR) (El Mjiyad et al., 2011). Therefore, we next

examined whether reducing O-GlcNAcylation in breast cancer cells led to activation of ER

stress response. Consistent with apoptotic effects in cancer cells, we detected activation of

ER stress sensor PERK and the phosphorylation of its downstream target eIF2α in MDA-

MB-231 breast cancer cells, but not in non-transformed epithelial cells MCF-10A depleted

of OGT (Figure 4A). Activation of UPR interfaces with apoptotic pathways by inducing the

expression of BCL2 family BH3-only proteins, including Bim in a CHOP-dependent

manner (Shore et al., 2011), and Puma and Noxa (El Mjiyad et al., 2011). Reducing OGT

expression in MDA-MB-231 cells led to the induction of transcription factor CHOP, Bim,

Puma and Noxa (Figure 4A and 4C). Similar activation of ER stress, BH3-only proteins and

apoptosis was observed in multiple breast including MDA-MB-231, MCF7 and MCF10A-

ErbB2 (Figure S6A) and lung cancer (H2199) cells (Figure S6B) depleted of OGT, or in

MDA-MB-231 cells treated with OGT inhibitor (Figure S2E).

To test whether CHOP expression was required for OGT depletion-mediated apoptosis in

cancer cells, we reduced CHOP levels via shRNA, which blocked OGT depletion-mediated

induction of Bim, Puma, Noxa, as well as reduced caspase-3, PARP cleavage (Figure 4C)

and significantly reduced apoptosis (Figure 4D). Thus, reducing O-GlcNAcylation in cancer

cells leads to metabolic stress and the induction of ER stress, resulting in apoptosis in a

CHOP-dependent manner.

To test whether OGT-depletion-induced ER stress and apoptosis was related to defects in

metabolic flux mediated by HIF-1α regulation, we examined apoptosis in MDA-MB-231

cells overexpressing HIF-1α hydroxylation mutant (Figure 5A). Expression of HIF-1α-

P402A, P564A in MDA-MB-231 cells rescues the OGT-knockdown mediated growth

defect, as indicated by crystal violet staining (Figure 5B). Cells overexpressing HIF-1α

mutant were resistant to OGT-depletion mediated ER stress signaling including activation of

eIF2α and induction of CHOP, Bim, and PARP cleavage (Figure 5A) and apoptosis (Figure

5C). Thus, O-GlcNAcylation regulation of ER stress-mediated survival pathways acts

through the effects of O-GlcNAc on HIF-1α hydroxylation.

O-GlcNAcylation Regulates Tumor Cell Metabolism and Stress Survival via GLUT1 In Vitro
and In Vivo

Consistent with OGT knockdown-mediated decrease in HIF-1α levels, we also detected a

decrease in both GLUT1 RNA (Figure S3B) and protein levels (Figure 3E). To test whether

the bioenergetics and survival stress effects we observed following the OGT-mediated

decrease in HIF-1α was due to glucose flux, we tested whether overexpression of GLUT1

would rescue the metabolic and apoptotic defects observed in OGT-knockdown cells.

Ectopic expression of GLUT1 in MDA-MB-231 cells elevated O-GlcNAcylation in control

cells, but only slightly in OGT knockdown cells (Figure 6A). Nevertheless, cells

overexpressing GLUT1 were able to rescue all of the metabolic and ER stress signaling

effects that result from decreasing OGT expression that we have described herein, including

effects on the LKB1/AMPK/mTOR pathway effects and the induction of eIF2α/CHOP/Bim

pathway (Figure 6A), glucose uptake (Figure 6B), growth (Figure 6C) and apoptosis (Figure
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S6C). Importantly, overexpression of GLUT1 alone in MDA-MB-231 cells was able to

reverse HIF-1α and PFK1 levels in an O-GlcNAcylation-independent manner, as

overexpression of GLUT1 in control RNAi cells elevated basal levels of HIF-1α and PFK-1

and reducing OGT levels in GLUT1 overexpressing cells had no effect on HIF-1α and

PFK-1 levels (Figure 6A). Consistent with the idea that O-GlcNAcylation regulates HIF-1α

protein via regulation of α-ketoglutarate levels, overexpression of GLUT1 in MDA-MB-231

cells was able to reverse OGT shRNA-mediated induction of α-ketoglutarate levels (Figure

6D).

To test whether OGT regulation of GLUT1 was required for tumor growth in vivo, MDA-

MB-231 cells stably expressing luciferase and either control shRNA or OGT shRNA in

presence or absence of GLUT1 overexpression (Figure 7A) were injected orthotopically into

the mammary fat pads of Nude (Nu/Nu) mice. Tumor growth was visualized over time

utilizing an IVIS Spectrum bio-imaging system. As previously reported (Caldwell et al.,

2010), reducing OGT in MDA-MB-231 cells causes decreased tumor growth in vivo.

However, cells overexpressing GLUT1 were able to partially rescue the effect of OGT

depletion in cancer cells in vivo (Figure 7B), since GLUT1 overexpression in the context of

OGT depletion increased tumor volume (Figure 7C,D) and tumor weight (Figure S6D)

compared to control OGT-depleted cells. Thus, OGT regulation of tumor growth in vivo is

partly dependent on GLUT1 expression.

O-GlcNAc Cycling Enzyme Expression in Human Breast Cancer Patients

The over-expression of HIF-1α in human solid cancer biopsies, including breast cancers,

correlates with metastatic potential and decreased survival (Generali et al., 2006). Since we

have previously shown that breast cancer cells express elevated OGT levels, we examined

whether conditions that would be expected to elevate O-GlcNAcylation, such as an increase

in OGT or a decrease in OGA/MGEA5 expression, would be associated with breast cancer

subtype or with poor survival in breast cancer patients. Data mining from the Cancer

Genome Atlas Research Network (TCGA) repository of a total of 804 breast cancer patients

(Network, 2012) did not reveal a significant difference in OGT expression among subtypes,

except for a small, but significant increase in basal like tumors relative to HER2-enriched

tumors (Figure S7A). In contrast, OGA/MGEA5 expression was highest in luminal A and B

tumors, followed by HER2-enriched tumors, and lowest in basal-like and normal-like breast

tumors and most comparison among subtypes were statistically significant (Figure S7B). We

also mined the NKI van’t Veer dataset (van ‘t Veer et al., 2002) to determine if expression

of either OGT or OGA/MGEA5 correlates with survival from breast cancer. Although no

significant correlation between OGT expression and survival was observed (Figure S7C),

relatively low-level expression of OGA/MGEA5 was independently correlated with both

decreased metastasis-free (Figure S7D) and overall survival (Figure S7E) in breast cancer

patients.

Data from the TCGA dataset previously identified the HIF-1α network hub to be

hyperactivated in basal/triple-negative breast cancers (TNBC) tumors as compared to

luminal cancers (Network, 2012). Thus, we next examined levels of OGT, and O-GlcNAc in

patient-derived breast cancer mouse xenograft (PDX) samples. These xenograft tumors were
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shown to replicate the original tumor pathology and clinical metastasis patterns when

xenografted and serially-passaged in recipient mice (DeRose et al., 2011). Consistent with

the idea that TNBCs have an enriched HIF-1-dependent gene network, we recently reported

that these TNBCs xenograft tumors contain high levels of HIF-1α protein (Regan Anderson

et al., 2013) compared to other subtypes represented in the HCI tumor bank. Consistent with

idea that increased O-GlcANcylation/OGT are associated with HIF-1α levels, we find that

TNBC lysates contain elevated total O-GlcNAcylation and significant increase of OGT

levels compared to luminal breast cancers (Figure 7E). Thus, clinical samples are consistent

with idea that cancer cells alter expression of O-GlcNAc cycling enzymes that lead to

elevation of O-GlcNAcylation and is significantly associated with human mortality in breast

cancers. These data also support the idea that OGT may serve as a novel therapeutic target in

HIF-1 overexpressing breast cancers, including TNBCs.

DISCUSSION

Taken together, the data presented here demonstrate for the first time that the hexosamine

biosynthetic pathway, via O-GlcNAcylation, regulates metabolic reprogramming in cancer

cells via regulation of HIF-1α hydroxylation and directly links key nutrient sensing

pathways, including the LKB1/AMP kinase and mTOR. The upregulation of OGT and

elevated O- GlcNAcylation is documented in several cancer types (Caldwell et al., 2010)

(Mi et al., 2011) (Lynch et al., 2012) and our data strongly suggest a model (Figure 7F) in

which OGT and O- GlcNAcylation play an important role in contributing to the Warburg

effect by reducing α-ketoglutarate levels thereby increasing HIF-1α stabilization and

enhancing aerobic glycolysis in a feed forward mechanism and contributing to the glycolytic

phenotype consistently observed in rapidly dividing tumors (DeBerardinis et al., 2008).

Elevated O-GlcNAcylation helps to maintain aerobic glycolysis and cancer HIF-1α levels

that protect from ER stress-mediated apoptosis. Using a combination of genetic and

chemical inhibitor approaches, we show that O- GlcNAcylation regulates HIF-1α protein

degradation in a α-ketoglutarate-, PHD- and VHL- dependent manner since decreasing O-

GlcNAcylation in cancer cells increases α-ketoglutarate, HIF-1α hydroxylation, increases

HIF-1α’s association with VHL, leading to enhanced proteasomal degradation. The loss of

HIF-1α expression achieved by reducing O-GlcNAcylation leads to a decrease in expression

of multiple HIF-1 transcriptional targets that directly regulate glucose metabolism including

GLUT1, LDHA, PFKFB3 and PFK-1, resulting in decreased glycolysis and the induction of

ER stress. Additionally, we find that induction of the ER stress- regulated protein CHOP is

required for this O-GlcNAcylation-dependent survival pathway via regulation of the BH3-

only proteins. Finally, and more importantly in terms of clinical utility, we show that O-

GlcNAcylation depletion in immortalized mammary epithelial cells does not activate this

stress pathway, suggesting that targeting OGT in cancer cells may selectively induce

metabolic stress and apoptosis.

The hexosamine biosynthetic pathway is emerging as a critical metabolic pathway in cancer.

Recently, other groups have shown that pancreatic tumors derived from inducible expression

of KrasG12DA in mice contain elevated flux through hexosamine pathway and have

increased O-GlcNAcylation. Moreover, reduction of KrasG12DA expression in these tumors

leads to reduction of glucosamine-6-phosphate (GlcN-6P) levels, the product of committed
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state allowing entry into HBP, and downregulation of RNA and protein levels of rate-

limiting enzyme glutamine fructose-6-phosphate amidotransferase 1 (Gfpt1). Importantly,

RNAi knockdown of Gfpt1 reduced overall O-GlcNAcylation and blocked KrasG12DA-

mediated tumor growth in vitro and in vivo (Ying et al., 2012). Another recent study showed

that hypoxic pancreatic cancer cells compared to normoxic cells, contain elevated glycolytic

markers and increased gene expression of key HBP genes including Gfpt2 as well as

elevated O-GlcNAcylated protein levels (Guillaumond et al., 2013). Consistent with our

results showing that O-GlcNAcylation regulates HIF-1α levels and function, this study also

showed that inhibition of O-GlcNAcylation blocked cell survival of hypoxic pancreatic

cancer cells. In addition to being required for O-GlcNAcylation of nuclear and cytoplasmic

proteins, the HBP is also required for initiation of N-glycosylation in the ER and N-glycan

branching in the Golgi apparatus (Dennis et al., 2009). Although these studies implicate

HBP in cancer regulation none distinguish between requirements of different branches of

HBP pathway. Our results provide direct evidence that the HBP via O-GlcNAcylation can

directly link to glucose uptake and glycolysis in cancer cells via regulation of HIF-1α

pathway that is required for cancer growth in vitro and in vivo.

Recent data has shown that phosphofructokinase 1 (PFK1), a key enzyme of glycolytic flux

that can be activated by fructose-2,6-bisphosphate (F2,6BP), is O-GlcNAcylated and that

this modification is responsible for its inactivation that redirects glucose flux through

pathways critically involved in tumor growth such as the oxidative pentose phosphate

pathway (PPP) (Yi et al., 2012). Consistent with this data, metabolite analysis of cancer cells

with reduced O-GlcNAcylation had significant effect on flux thru PPP as a number of PPP

metabolites including ribulose-5-phosphate, xylulose-5-phosphate and sedoheptulose-7-

phosphate were decreased under these conditions. It is possible that decreasing PFK1 O-

GlcNAcylation reduced flux through PPP. However, key enzymes of the PPP such as

glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase are known to

be regulated by HIF-1α (Guo et al., 2009). Moreover, our results show that PFK-1 protein

and RNA levels (including both PFK-L and PFK-M isoforms) are very sensitive to

alterations in O-GlcNAcylation in breast cancer cells. Consistent with role of O-

GlcNAcylation enhancing glycolysis, under conditions of elevated O-GlcNAcylation, we

detect increased levels of PFK-1. Interestingly, decreasing O-GlcNAc in cancer cells

reduced protein levels of PFK-1, which could be restored in cells that expressed a

hydroxylation HIF-1α mutant, which is consistent with previous report that PFK-1 is

transcriptionally regulated by HIF-1α (Iyer et al., 1998). Thus, we propose that O-

GlcNAcylation-mediated regulation of HIF-1α may be a dominant pathway regulating

cancer bioenergetics since HIF-1α directly transcriptionally regulates nearly all glycolytic

enzymes (Semenza, 2010). Thus, cancer cells may co-opt the nutrient sensor O-

GlcNAcylation pathway that can contribute to cancer metabolism pathways by regulating

key metabolic factors such as HIF-1α and c-Myc (Itkonen et al., 2013) which are necessary

to maintain glycolytic flux, rapid cell growth and survival.

In summary, we have described a novel role for O-GlcNAcylation in driving breast cancer

glycolysis, and have identified that these changes are mediated through a HIF-1/GLUT1-

dependent mechanism. As global elevations in O-GlcNAcylation are recognized as a
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common feature of cancer cells, OGT is positioned as a novel therapeutic target with potent

anti-glycolytic activity. In addition, since both HIF-1α and OGT are elevated in

chemoresistant basal-like/triple-negative breast cancers, our data suggests that targeting

OGT in these tumors may have potential therapeutic benefit.

EXPERIMENTAL PROCEDURES

Detailed Experimental Procedures are available online in the Supplemental Experimental

Procedures including materials, mouse xenografts, metabolic assays, viral transductions,

immunoprecipitations, 3D culture, qRT-PCR, immunoblotting, metabolic and bioinformatics

analysis.

Cell Culture

MCF-10A-ErbB2 cells were cultured in DMEM/F12 supplemented with 5% horse serum,

100 μg/ml EGF, 1 mg/ml hydrocortisone, 1 mg/ml cholera toxin, and 10 mg/ml insulin.

MDA-MB-231 and HEK-293T cells were cultured in DMEM supplemented with 10% fetal

bovine serum, 1% L-glutamine, and 1% penicillin/streptomycin. MCF-7 cells were cultured

in DMEM supplemented with 10% fetal bovine serum, 1% L-glutamine, 1% penicillin/

streptomycin and 10 mg/ml insulin. T132 (VHL +/+) and RCC4 (VHL −/−) cells (kindly

provided by C. Simon, University of Pennsylvania) were cultured in DMEM supplemented

with 10% fetal bovine serum, 1% L-glutamine, and 1% penicillin/streptomycin. MEFs-

OGTF/Y cells (kindly provided by N. Zachara, John Hopkins University) were cultured as

previously described (O’Donnell et al., 2004).

Statistics

All results shown as averages are presented as mean + SE from three or more independent

experiments. Unless otherwise noted, p-values were calculated using a Student’s two-tailed

test: (*p-value <0.05).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Reducing OGT/O-GlcNAcylation in cancer cells decreases cancer glycolysis

• OGT regulates stability of HIF-1α via regulation of α-ketoglutarate levels

• Reducing OGT levels or activity induces ER-stress and apoptosis in cancer cells

• Stable HIF-1α mutant or GLUT1 overexpression rescues OGT-mediated

phenotypes
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Figure 1. OGT regulates glycolytic metabolism in breast cancer cells
(A) MDA-MB-231 cells expressing control or OGT-1 shRNA were collected and levels of

glycolytic, pentose phosphate pathway, and carbohydrate metabolites and (B) TCA cycle

intermediates were measured using LC-MS analysis. (C) Cell lysates from MDA-MB-231

and MCF-10A-ErbB2 expressing control, OGT-1 or OGT-2 shRNA were collected for

immunoblot analysis with indicated antibodies (top). Lactate levels were measured and

normalized to control shRNA treated cells (bottom). (D) Cell lysates from MCF-7 cells

stably overexpressing control or HA-OGT (left) or MCF-7 cells were treated with DMSO

control or 100 μM NButGT for 48 hours (right) were collected for immunoblot analysis with
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indicated antibodies. (E) Changes in lactate levels were measured from cells in (D) and

normalized to control treated cells. (*p-value <0.05). See also Figure S1, S2.
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Figure 2. O-GlcNAc Regulation of HIF-1α via Protein Degradation Requires VHL
(A) MDA-MB-231 cells expressing control or OGT shRNA were treated with DMSO

control or 10mM lactacystin for 6 hours and lysates collected for immunoblot analysis. (B)

Protein lysates from MDA-MB-231 cells expressing control or OGT shRNA were collected

and subjected to immunoprecipitation with the indicated antibodies. Data are quantified and

presented as an average from three or more independent experiments. (C) MDA-MB-231

cells expressing control or VHL shRNA and 48 hours later infected with control or OGT-2

shRNA. Protein lysates were collected for immunoblot analysis. Data are quantified and

presented as an average from three or more independent experiments. (D) Glucose flux from

cells described in (C) were measured and normalized to control shRNA treated cells. * p-

value<0.05. See also Figure S3, S4.

Ferrer et al. Page 19

Mol Cell. Author manuscript; available in PMC 2015 June 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. O-GlcNAc Regulation of HIF-1α Hydroxylation is Required for OGT-mediated
Regulation of Metabolism and Metabolic Signaling
(A) (B) Immunoprecipitation was performed with indicated antibodies from MDA-MB-231

cell lysates expressing control or OGT-1 shRNA. Data are quantified and presented as an

average from three or more independent experiments. (C) MDA-MB-231 cells expressing

control or HA-OGT plasmids and then treated with control or α-ketoglutarate (4 mM) for 16

hrs and lysates were collected for immunoblot analysis. (D) Cells in (C) were measured for

changes in α-ketoglutarate levels. (E) Cell lysates were collected from MDA-MB-231 cells

stably expressing control or HIF-1αP402A, P546A and either infected with control or
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OGT-1 shRNA and expression of proteins was analyzed by immunobloting. (F) Cells

expressing control vector or HIF-1α (P402A-P546A) as in (E) were measured for changes in

lactate. Levels were normalized to control shRNA treated cells. * p-value<0.05. See also

Figure S5.
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Figure 4. Targeting OGT Selectively Induces ER Stress-mediated Apoptosis in Cancer Cells
(A) Cell lysates were collected from MCF-10A and MDA-MB-231 cells after 7 days of

lentiviral infection with control, OGT-1, or OGT-2 shRNA. Cells were lysed and expression

of proteins were analyzed by immunobloting. (B) Cells expressing control, OGT-1 or

OGT-2 shRNA were stained with Annexin V/PI and analyzed by flow cytometry. (C) Cell

lysates were collected from cells expressing either control or CHOP shRNA after lentiviral

infection with control or OGT-2 shRNA. Cells were lysed and proteins were analyzed by

immunobloting. (D) Cells as in (C) were collected, stained with Annexin V/PI and analyzed

by flow cytometry. * p-value<0.05. See also Figure S2, S5, S6.
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Figure 5. Overexpression of Non-degradable HIF-1α Mutant Rescues ER Stress-mediated
Apoptosis in Cancer Cells with Reduced OGT In Vitro.
(A) Cell lysates were collected from MDA-MB-231 cells overexpressing control or

HIF-1αP402A, P546A and either infected with control or OGT-1 shRNA. Cells were lysed

and proteins were analyzed by immunobloting. (B) MDA-MB-231 cells were treated with

control or OGT shRNA after stable infection with control or HIF-1αP402A, P546A. Cell

colonies were stained with crystal violet. (C) MDA-MB-231 cells as in (B) were analyzed

for apoptosis after lentiviral infection with control or OGT shRNA. Cells were stained with

Annexin V/PI and analyzed by flow cytometry. * p-value<0.05.
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Figure 6. Overexpression of HIF-1α Transcriptional Target, GLUT1 is Sufficient to Rescue
Stress Signaling, Glucose Uptake, α-ketoglutarate levels and ER Stress-induced Apoptosis in
Breast Cancer Cells Caused by Targeting OGT
(A) Cell lysates were collected from cells expressing either control or GLUT1 and either

infected with control or OGT shRNA. Cells were lysed and proteins were analyzed by

immunobloting. (B) Glucose uptake levels in cells as in (A) were measured and normalized

to control shRNA treated cells. (C) MDA-MB-231 cells were infected with control or OGT

shRNA after stable expression of control or GLUT1. Cell colonies were stained with crystal

violet. (D) α-ketoglutarate levels were measured from MDA-MB-231 cells stably
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overexpressing either control or GLUT1 and either infected with control or OGT shRNA.

Levels were normalized to control shRNA treated cells. * p-value<0.05. See also Figure S6.
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Figure 7. Overexpressing GLUT1 Partially Rescues Tumor Regression Induced by Targeting
OGT In Vivo
(A) Cell lysates from indicated groups were collected before injected into mice and

immunoblotted with the indicated antibodies. (B) Representative bioluminescent images

from week 3 post-injection. (C) Mean tumor volume (mm3) of MDA-MB-231 cells with

indicated treatment (n=13/group) shown at indicated week. (D) Representative tumors in

mice 8 weeks after injection. (E) OGT/O-GlcNAc Levels in TNBC lysates. Cell lysates

prepared from PDX tumor tissues representing various breast cancer subtypes and profiled

for OGT and O-GlcNAc expression by immunoblotting; β-tubulin is included as a loading

control. *p ≤0.05. (F) A schematic illustration of proposed model depicting OGT regulation
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of HIF-1α stabilization via regulation of α-ketoglutarate that promotes a feed forward

mechanism increasing glycolytic flux and blocking ER stress-mediated apoptosis in cancer

cells. See also Figure S7.
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