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Abstract

Metabolism is the process by which cells convert relatively simple extracellular nutrients into

energy and building blocks necessary for their growth and survival. In cancer cells, metabolism is

dramatically altered compared with normal cells. These alterations are known as the Warburg

effect. One consequence of these changes is cellular addiction to glutamine. Because of this, in

recent years the enzyme glutaminase has become a key target for small molecule therapeutic

intervention. Like many oncotargets, however, glutaminase has a number of upstream partners that

might offer additional druggable targets. This review summarizes the work from the current

decade surrounding glutaminase and its regulation, and suggests strategies for therapeutic

intervention in relevant cases.
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Introduction

During the past decade, cancer metabolism has drawn a significant amount of attention as a

target for therapeutic intervention. This is because most cancer cells experience the Warburg

effect, described in 1924 by the German biochemist Otto Warburg who observed that cancer

cells undergo a high rate of glycolysis and lactic acid fermentation, even under normoxic

conditions [1]. The Warburg effect has since been intensively studied, with numerous

reports characterizing various aspects of the altered metabolism that it describes. One

interesting facet, from a chemotherapeutic point of view, is that, in a large number of cases,

cells undergoing a Warburg effect exhibit a marked dependence upon glutamine, to the

extent that these cells are referred to as being ‘glutamine addicted’ [2]. Glutamine addiction

arises from the need for extracellular glutamine to be consumed for anaplerotic input in[SB1]
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the citric acid cycle, which accounts for the majority of the bioenergetic needs of normal

(nontransformed) cells. The key gatekeeper of this input is the enzyme glutaminase.

Glutaminase exists as two forms in humans: one that was originally named kidney-type

glutaminase (KGA) derived from the GLS1 gene and a second called liver-type glutaminase

(LGA) derived from the GLS2 gene [3]. Whereas LGA is expressed primarily in the liver,

KGA has been found to be ubiquitously distributed [4]. We will thus focus on KGA,

because its ubiquitous distribution renders it more likely to be relevant to a number of cancer

types. Indeed, KGA has been shown to be upregulated in tumors from diverse systems such

breast, lung, cervix, brain and B cells, with glutaminase inhibition having slowed the

proliferation of these cancer cell lines [2,5–8]. KGA exists as two splice variants that differ

only in their C-terminal regions, with the longer form retaining the acronym KGA and the

shorter form being called glutaminase C (GAC) [9]. GAC has been detected in a wide

variety of cancer cell lines in culture [2,10].

KGA and GAC are generally believed to localize to the mitochondria, although the exact

intramitochondrial localization is still under debate [11,12]. The primary function of the

glutaminase enzymes is to catalyze the hydrolysis of L-glutamine to L-glutamate, the latter

being generally unable to enter the mitochondria directly. As L-glutamate is formed it is

converted to α-ketoglutarate by the enzyme glutamate dehydrogenase (GDH). This product

can then be utilized directly in the citric acid cycle, leading to energy and building block

production. One other important function of glutamine metabolism is to provide precursors

for glutathione production, which helps to maintain the oxidative status of cells. Indeed,

glutaminase has been directly linked to redox balance in cancer cells [13–15].

In their inactive states, KGA and GAC exist primarily as dimeric species. In vitro, KGA or

GAC can be activated via the addition of inorganic phosphate, which is thought to stimulate

the formation of an active tetramer [16,17]. Little is currently known about the regulation of

either enzyme in cells, but research performed during the past several years has begun to

uncover a number of pathways that might lead to their expression and activation.

Additionally, a minimum of ~40 mM phosphate is required to activate glutaminase in vitro,

whereas serum phosphate levels tend to be ~1 mM, further suggesting that, in cells,

glutaminase is activated by mechanisms involving something other than inorganic phosphate

[18,19]. As is the case for many signaling proteins implicated in oncogenic transformation,

the upstream regulators of glutaminase activity could serve as excellent drug targets, with

some in fact already being the focus of drug discovery efforts.

This review summarizes several recently investigated mechanisms by which glutaminase

activity can be modulated via pharmacological agents and examines the most recently

developed small molecule inhibitors against KGA and/or [SB2]GAC and their regulators.

Specifically, we examine two recently discovered glutaminase inhibitors [968 and bis-2-(5-

phenylacetamido-1,2[SB3],4-thiadiazol-2-yl)ethyl sulfide (BPTES)], proceed to a discussion

about upregulators of glutaminase [c-Myc, nuclear factor κB (NF-κB), signal transducer and

activator of transcription 1 (STAT1) and the rapidly accelerated fibrosarcoma-mitogen-

activated protein kinase kinase-extracellular signal-regulated[SB4] kinase (Raf-MEK-ERK)

pathway], examine some potential negative regulators [anaphase-promoting complex/
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cyclosome (APC/C) and LON[SB5]] and finally discuss several recent discoveries in the

brain, where glutamine metabolism serves the additional purpose of operating as a

neurotransmitter. The scope of this review does not permit a similar in-depth analysis of

metabolic pathways downstream of KGA and GAC. However, glutamine and glutamate

metabolism downstream of KGA and GAC in cancer is extensively reviewed elsewhere, and

the reader is invited to consult these sources for such information [20–22].

Direct inhibition of KGA and GAC[SB6]

For many years, the predominant drug used to target KGA directly was 6-diazo-5-oxy-L-

norleucine (DON; Figure 1). DON acts as an irreversible glutamine-competitive inhibitor.

Although effective against glutaminase, DON is not selective and has several verified targets

[23].

During the past decade, several new small molecules have been discovered that inhibit KGA

and its splice variant GAC. One of these molecules is 968 (Figure 1), which was discovered

by our laboratory and was shown to be an allosteric regulator of GAC [2,24]. The inhibitory

potential of 968 has been described in a number of cancer cell lines in culture, as well as in a

mouse xenograft model [2]. Owing to the hydrophobic nature of the molecule, it has been

difficult to use in animal models and almost all studies to date have been in cell culture. Our

most recent report has described the SAR surrounding the ‘hot-spot’ region of the molecule:

the halo-benzene ring, which was initially determined to be crucially important for

inhibitory potency. We have determined that the electronic nature of the substituents on the

ring is relatively unimportant but that they must impart steric bulk perpendicular to the plane

of the ring to show a significant inhibitory effect against GAC.

Others have utilized 968 in a variety of studies, demonstrating its potency against GAC and

KGA. Simpson et al. conducted studies examining metabolically sensitive epigenetic

markers, focusing upon histone H3 and histone H4 acetylation and trimethylation and the

effects of these modifications upon a number of cancer-related genes [25,26]. Upon

treatment with 968, they found that cells tended to exhibit, for example, enhanced H4 lysine

16 acetylation but that histone deacetylase activity was not significantly impacted overall.

These investigators further showed that oncogenes such as Akt and ErbB2 were

substantially downregulated, thus suggesting that glutaminase inhibition might be a more

effective epigenetic therapy than the use of histone deacetylase inhibitors, which tend to

have a broader impact on cells.

More recently, Huang et al. utilized 968 while testing the hypothesis that glutamine

metabolism via glutaminase in cancer cells is more responsible for the control of

intracellular pH (via ammonia release) than for providing inputs to the citric acid cycle [6].

Although this goes against the established doctrine, the investigators provide intriguing

evidence that the modulation of cellular acidity represents at least one important function of

glutamine metabolism, showing that glutamine withdrawal was far less lethal to HeLa or

MCF-7 cell lines if growth media maintained at pH 7.3 was used rather than growth media

maintained at pH 6.3. 968 was then used to show that cell growth was preferentially

inhibited at lower pH. These results fail to account for studies showing that cell lines

resistant to glutamine withdrawal gain sensitivity if glutamine synthetase inhibitors are
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added. Glutamine synthetase would, by producing glutamine, presumably cause ammonia to

be consumed as an outcome of enzymatic activity, and acidify the cellular environment.

Nevertheless, these findings still pose an interesting secondary mechanism regarding

glutamine utilization in the tumor environment [27].

968 has resisted enzyme co-crystallization efforts, leaving its exact mechanism of action

unknown. Kinetic studies have shown that 968 acts as an allosteric inhibitor, and does not

compete with glutamine; moreover, mutagenesis experiments suggest that it binds in a

pocket formed between the N and C termini of a GAC dimer (Figure 2). Additionally, we

have recently developed fluorescent reporter group assays that enable us to show that 968

binds directly to GAC (unpublished[SB7]). GAC is activated by undergoing a dimer-to-

tetramer transition that can be stimulated in vitro by 50–100 mM inorganic phosphate

[16,17]. Under conditions where GAC has been activated before 968 addition the ability of

the drug to inhibit enzyme activity is severely compromised, whereas if the drug is added to

GAC just seconds before activating the enzyme with inorganic phosphate the drug exhibits

its full inhibitory effect. This finding probably explains at least part of the difficulty in

forming a GAC–968 co-crystal, because crystallization trials are typically performed at

protein concentrations that would drive GAC to an active tetramer by mass action (i.e. even

without the addition of inorganic phosphate). We hypothesize that GAC undergoes

relatively large structural changes upon its activation and inhibitor binding, and that 968

cannot bind the activated enzyme. To the best of our knowledge, 968 has not yet been

examined as a potential inhibitor of the LGA isoform of glutaminase.

The second important glutaminase inhibitor to be described during the past few years is

BPTES (Figure 1), a symmetrical molecule specific for KGA over the LGA isoform. BPTES

has been shown via X-ray crystal structures to bind at the interface where two KGA dimers

come together to form a tetramer (Figure 2), and to stabilize a region near the enzyme active

site referred to as the ‘gating loop’, which controls access to the catalytic pocket [28–31].

Like 968, BPTES has been shown to exhibit activity in a variety of cancer cells. Unlike 968,

BPTES is fully effective against enzyme activity regardless of whether it is added to the

enzyme before or after the allosteric activator inorganic phosphate.

BPTES has also been the subject of recent SAR studies. Shukla et al. designed an array of

BPTES analogs, focusing in particular upon trying to improve upon the minimal aqueous

solubility of BPTES [32]. Many of the discovered analogs were in fact significantly more

soluble. Additionally, a number of the analogs lost the symmetrical nature of BPTES (Figure

1). Such molecules maintain much of the BPTES scaffold but lack the benzene rings from

one end of the molecule, yielding molecules with one hydrophobic end and one charged end.

The authors had not conducted crystallographic studies with any of these asymmetrical

derivatives but claim that they bind to the same location as BPTES. It will be interesting to

see in future studies if the molecules do in fact bind in a nearly identical orientation to

BPTES, or if their asymmetry has enforced a significantly different binding mode.

Other small molecules have been described that inhibit KGA and/or [SB8]GAC, but none of

these have attracted the level of attention given to [SB9]968 or BPTES. Gomez et al.

described a series of thiourea compounds that exhibited efficacy against glutaminase activity
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but seem to have been intended as farnesyl diphosphate mimetics (Figure 1) [33,34].

Similarly, Erdmann et al. described a number of glutaminase inhibitors [35]. Unfortunately,

the molecular structures were not presented, and even the most potent compound was

reported to be less potent than 968, BPTES or DON. These studies show that a number of

other scaffolds will be able to inhibit the activity of glutaminase enzymes, and that further

investigation in this area is warranted.

Pathways affecting KGA or GAC[SB10]: positive regulation

One important aspect of glutaminase inhibition is that the small molecules 968 and BPTES

have been found to be relatively nontoxic. In the case of 968, for example, a drug dose that

significantly inhibits the proliferation of cancer cells has been shown to have little effect

upon nontransformed cells [2]. This is thought to happen because most cells need little or no

glutaminase activity to survive, owing to their use of oxidative phosphorylation as a primary

metabolic pathway. However, this effect might be diminished in the brain, where glutamine

is a major neurotransmitter and glutaminase activity is required for nonenergetic purposes.

In fact, altering glutaminase activity in the brain has been linked to seizures and other

disorders [36]. Thus, in some applications, direct inhibition of glutaminase might be

undesirable. Similarly, cancer cells are notoriously resistant to drugs and, thus, in a

glutamine-addicted glutaminase inhibitor-resistant cell line (e.g. NCI-H157 cells, which are

relatively resistant to BPTES despite high glutamine sensativity) it might be desirable to

reduce glutaminase activity via some alternate therapy [5]. Therefore, it is worth

investigating pathways that intersect with glutaminase.

Positive regulators of glutaminase, such as signaling proteins that activate the enzyme, are

particularly interesting as targets when designing strategies to modulate glutamine

metabolism. For example, by blocking the actions of positive regulators, it would be

expected that glutaminase activity, and consequently glutamine metabolism, will be

inhibited as well. A number of these positive regulators are druggable, and therefore of

interest when selecting inhibitors for glutamine-addicted cancers (Figure 3). Among the best

studied of these positive regulators is c-Myc. Although it has long been known to be linked

to the regulation of glutaminase activity, Gao et al. showed that c-Myc exerts this influence

via the transcriptional suppression of miRNA-23a and miRNA-23b [37], with these

microRNA sequences in turn suppressing the transcription of the GLS1 gene. c-Myc is an

inherently unstructured protein, which only adopts its functional conformation upon binding

a partner such as Max, and thus cannot easily be targeted directly by potential inhibitors.

However, the c-Myc–Max dimer can be disrupted via molecular intervention. Owing to the

lack of obvious binding pockets, most c-Myc–Max-based drug discovery efforts to date have

centered on HTS, with mixed results [38]. These efforts led to studies such as the work of

Yin et al., which generated inhibitors including 10058-F4 and 10074-G5 (Figure 4) [39].

Studies detailing the binding mode of these inhibitors have led to a new phase in c-Myc

inhibition [40]. An effort by Yap et al. systematically explored the SAR surrounding the c-

Myc inhibitor 10074-G5 [41]. This study culminated in the identification of the inhibitor

JY-3-094, which exhibited improved potency toward c-Myc and greater solubility than its

predecessor (Figure 4).
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Another inhibitor of the miRNA-23a/b sequences, and therefore a potential positive

regulator of glutaminase expression, is NF-κB. Moreover, NF-κB was shown to be the

common intermediate that modulated glutaminase activation downstream of Rho GTPase

signaling [2]. Rathore et al. recently linked NF-κB to glutaminase expression through the

inhibition of microRNAs 23a and 23b. Thus, NF-κB can act like c-Myc in transcriptionally

suppressing these microRNAs, acting via its subunit p65 [42]. This opens up the heavily

investigated field of NF-κB inhibitors as potential modulators of glutamine metabolism.

Among the best studied of these inhibitors is BAY 11-7082; however, this molecule, as well

as natural products such as curcumin or DDMP[SB11], acts upstream of NF-κB by

preventing phosphorylation of the NF-κB activator IκBα (Figure 4). Development of

inhibitors is ongoing, with recent efforts from Venkateswararao et al. yielding benzoxathiole

derivatives that exhibit low micromolar potency in vitro or in cell culture, similar to that

exhibited by the BAY molecules [43]. Although most work has targeted NF-κB activation, a

handful of studies have resulted in the direct modulation of NF-κB binding to DNA,

primarily through the use of peptidic or heavy metal organometallic agents [44]. Although

not ideal, the efficacy of these agents does suggest that direct inhibition of NF-κB should be

possible with traditional small molecules.

Another common target for small molecule intervention that has recently been found to be

relevant to glutamine metabolism is STAT1. The STAT family is a well-studied set of

targets in cancer that are linked to a number of oncogenes [45,46]. GLS1 was implicated in

the actions of these transcription factors when Zhao et al. showed that STAT1, in its

phosphorylated active form, binds to the GLS1 promoter sequence, and that activation of

cellular STAT1 via interferon-α treatment results in the upregulation of GLS1 expression

[47]. Because this was shown with interferon-α, it is probable that STAT1 acted in a

heterodimer with STAT2, although this was not investigated in the study. A number of

discovery efforts have targeted the STAT proteins over recent years. Whereas most have

targeted STAT3, peptidomimetic inhibitors recently described by Mandal et al. and

nonpeptidic inhibitors such as BP-1-102 described by Zhang et al. (Figure 4) have been

shown to have low micromolar affinity for STAT1, suggesting that efforts intended to

optimize inhibitors for STAT1 rather than STAT3 should meet with success [48,49].

Interestingly, one drug approved for clinical use by the FDA in 2012[SB12], ruxolitinib

(Figure 4), targets Janus kinase (JAK)1 and JAK2, which bind to interferons to activate

STAT proteins, with JAK1 being a key intermediate between interferon-α and STAT1 [50].

Thus, the STAT1 activation of glutaminase metabolism can be inhibited, albeit indirectly, by

what will probably be a readily commercially available small molecule.

Perhaps most interesting, however, is a recent connection between the Raf-MEK-ERK

pathway and glutaminase expression. Thangavelu et al. showed that KGA can bind directly

to MEK-ERK via immunoprecipitation assays, and further showed that MEK-ERK pathway

activation [via epidermal growth factor (EGF) stimulation] or inactivation [via the inhibitor

U0126 – a selective inhibitor of MEK1 and MEK2] could activate or inhibit KGA,

respectively [51]. The signaling connection was suggested to be caused by an unknown

KGA phosphorylation event via the use of transiently expressed PP2A (a ubiquitous serine–

threonine phosphatase). This finding is reminiscent of our own studies, where we found that
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exposure of isolated GAC from cells to alkaline phosphatase resulted in the loss of all basal

enzymatic activity [2]. With the Raf-MEK-ERK pathway linked to glutamine import and

metabolism, and the commercial availability of numerous inhibitors for this pathway, this is

a particularly promising strategy to inhibit glutamine metabolism indirectly. Several FDA-

approved drugs target this pathway (such as sorafenib, a Raf kinase inhibitor), and research

into new inhibitors is ongoing, although some recently discovered drugs, such as the marine

natural product SD118-xanthocillin X (which has a scaffold strikingly similar to that of

U0126; Figure 4), have as yet to be identified protein targets [52].

Pathways affecting KGA and GAC[SB13]: negative regulation

Whereas positive regulators of glutaminase are logical therapeutic targets for blocking the

activation of KGA and the metabolic reprogramming of cancer cells, negative regulators of

glutaminase could also offer some interesting possibilities for intervention, such as APC/C,

an E3 ubiquitin ligase that has been shown by Colombo et al. to form a complex with

cadherin[SB14] 1 (Cdh1), which then downregulates glutaminase [53]. APC/C–Cdh1 targets

proteins with KEN (Lys-Glu-Asn) box or D ([RH]xxLxx[LIVM]) box sequences for

ubiquitination. These proteins, once ubiquitinated, are targeted for degradation by the 26S

proteasome. As a negative regulator of glutaminase, direct inhibition of APC/C complexes

would be expected to increase glutaminase expression. However, APC/C is downregulated

by the early mitotic inhibitor-1 (EMI1), which is itself regulated by the polo-like kinases

[54–56]. This suggests a number of juncture points by which APC/C activity could be

regulated with the hope of altering glutamine metabolism. Of the two GLS1 splice variants,

only KGA has a KEN box or a D box (both located within the final 14 amino acids of its C

terminus), which could render the APC/C pathway a particularly attractive target for cancers

that rely upon KGA expression and activation rather than the upregulation of GAC.

A second negative regulator of glutaminase to come to light recently is the LON protease.

For some years following the pollution of ground water in Kamisu, Japan, the Ochi

Laboratory has been investigating the effects of diphenylarsinic acid (DPAA) upon GAC.

Recently, Kita et al. showed that DPAA promotes GAC degradation via the action of LON,

a serine protease located in the mitochondrial matrix that preferentially targets misfolded or

unassembled proteins [57]. DPAA treatment of Hep2A hepatocarcinoma cells caused GAC

tetramers to dissociate rapidly, which was followed by GAC degradation. LON was

identified as being responsible for GAC degradation; in LON knockdown cells GAC formed

insoluble aggregates following DPAA treatment rather than being proteolyzed. Interestingly,

DPAA did not effect GAC message levels or its translation. Although DPAA would not be

suitable as a drug, this effect provides an interesting mechanism by which GAC might be

targeted.

Pathways affecting KGA and GAC[SB15]: brain pathways

Because glutamine is so important for normal brain function, it is not surprising that the

brain uses a number of pathways to regulate glutamine levels and glutaminase activity. This

offers unique opportunities for glutamine metabolism-based therapies in the brain. One

possibility derives from work by Blanco et al., who showed that cocaine-sensitized mice

exhibited a decrease in glutaminase activity in the brain, with GLS1 being altered to a much
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greater extent than GLS2 [58]. Although the exact patterns of changes in expression and

activity varied depending upon the region of the brain examined, this still suggests that

glutaminase function is affected through the use of cocaine. Although, like DPAA, cocaine

is itself unsuitable for use as a drug, therapies that treat cocaine addiction might show

similar effects upon glutaminase activity, and thus might be valuable as anticancer agents as

well.

Another potentially interesting target is the BCL2/adenovirus E1B 19 kd-interacting protein

(BNIP) family. Although the functions of different family members have not been fully

elucidated, each shares a small GTPase-interacting domain, and two in particular have been

linked to the trafficking of KGA. Buschdorf et al. showed that BNIP-H was able to move

KGA to neurite terminals, whereas Boulay et al. reported that Bmcc1s (a short isoform of

BNIP-xl) performs the reverse function, bringing KGA to the mitochondria [59,60]. Thus,

BNIP family members can directly affect the localization of KGA. Neither member of the

BNIP family appears to have been the focus of drug discovery efforts thus far; however,

owing to their regulatory functions they could be interesting targets of intervention for

glutamine metabolism.

Concluding remarks

Altered metabolism is a key aspect of cancer progression, with most cancers developing an

addiction to glutamine. Because of their role in satisfying the metabolic requirements and

glutamine addiction of cancer cells, the glutaminase enzymes, and particularly the

ubiquitously expressed kidney-type glutaminase isoforms, KGA and GAC, are important

targets in cancer chemotherapeutic discovery efforts. We have attempted to highlight the

rapidly accelerating research efforts directed at inhibiting glutaminase activity and several of

the most recently investigated systems that impact glutaminase function, prioritizing those

for which drug development is either ongoing or potentially promising. Positive regulators

of glutaminase such as STAT1, c-Myc, NF-κB and ERK allow opportunities to inhibit well-

studied signaling proteins while simultaneously negatively impacting glutamine metabolism.

Likewise, negative regulators of glutaminase, including APC/C–Cdh1 and LON, represent

potential pathways that would allow similar indirect metabolic modulation. Consideration of

these approaches to glutaminase inhibition could be valuable when designing drug regimens

for patients with highly glutamine-addicted disease, or when interpreting the effects that

these inhibitors have in vitro or in animal models. Although current inhibitors of

glutaminase are at best lead compounds, ongoing development programs show promise. It is

likely that, in the near future, a number of glutaminase inhibitors could enter the toolbox of

anticancer therapeutics.
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Highlights

• Inhibition of glutamine metabolism is an important mechanism in cancer control

• Novel drugs offer a mechanism by which the key metabolic enzyme

glutaminase might be inhibited

• Regulators of glutaminase offer additional opportunities for modulating cancer

metabolism
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Figure 1.
Select inhibitors of kidney-type glutaminases. A number of inhibitors of glutaminase are reported in the literature, from the

unselective 6-diazo-5-oxy-L-norleucine (DON) to the minimally potent thiourea scaffold and the recently reported 968 and bis-2-

(5-phenylacetamido-1,2[SB17],4-thiadiazol-2-yl)ethyl sulfide (BPTES), and their analogs. IC50 data are presented for each

inhibitor versus recombinant (recom.) glutaminase or cell systems as available.
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Figure 2.
Structure of the enzyme glutaminase C (GAC) in its tetrameric form (PDB ID 3UO9). GAC monomers are thought to form

inactive dimers initially (red–yellow or green–blue pairs) with enzyme activation being accompanied by transition to a tetramer.

BPTES (cyan) is shown in this crystal structure to bind between the two dimers, whereas mutagenesis and docking studies

currently suggest that 968 (grey) binds between the N and C termini of two GAC monomers.
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Figure 3.
Pathways that intersect with glutaminase. Glutaminase, a key metabolic enzyme, is regulated by a number of diverse

mechanisms. Proteins (boxes) or microRNAs (ovals) that have recently been demonstrated to impact glutaminase expression or

activity levels are shown. Signaling proteins (e.g. protein kinases, transcription factors) predicted to lead to increased expression

or activity of glutaminase are colored green, and those predicted to lead to decreased activity or expression are colored red.

Abbreviations: PIAS1/3, protein inhibitor of activated STAT1/3; APC/C, anaphase-promoting complex; Cdh, cadherin; JAK,

Janus kinase; STAT, signal transducer and activator of transcription; NF-κB, nuclear factor κB; EGFR, epidermal growth factor

receptor; Raf, rapidly accelerated fibrosarcoma; MEK, mitogen-activated protein kinase kinase; ERK, extracellular signal-

regulated[SB18] kinase.
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Figure 4.
An assortment of small molecules that inhibit positive regulators of glutaminase. A number of well-studied cancer-related genes

have recently been linked directly to glutaminase activity, and thus to glutamine metabolism. This provides a host of small

molecule agents that might be reasonably expected to inhibit glutamine metabolism in cancer cells. IC50 data are presented for

each inhibitor versus recombinant (recom.) proteins or cell systems as available: *data presented in the Supplementary

Information Figure 1[SB19].
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Abbreviations: DDMP[SB20], ; ERK, extracellular signal-regulated[SB21] kinase; MEK, mitogen-activated protein kinase kinase;

NF-κB, nuclear factor κB.
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