
Transcription 1:1, 36-40; July/August 2010; © 2010 Landes Bioscience

 Point-of-View

36	 Transcription	 Volume 1 Issue 1

Key words: glucose, glutamine, nutrient, 
mitochondria, MondoA, Myc, TXNIP

Submitted: 03/31/10

Accepted: 04/21/10

Previously published online: 
http://www.landesbioscience.com/jour-
nals/transcription/article/12142

*Correspondence to: Donald E. Ayer; 
Email: don.ayer@hci.utah.edu

Glucose and glutamine are the most 
abundant circulating nutrients and 

support the growth and proliferation of 
all cells, in particular rapidly growing 
and dividing cancer cells. Several recent 
studies implicate an expanded Myc net-
work in how cells sense and utilize both 
glucose and glutamine. These studies 
reveal an unappreciated coordination 
between glycolysis and glutaminolysis, 
potentially providing new targets for 
therapeutic intervention in cancer.

An Expanded Myc Network

Classically, the Myc oncogene, a member 
of the basic helix-loop-helix leucine zipper 
(bHLHZip) family of transcription fac-
tors, contributes to human malignancy 
via a complex web of protein-protein and 
protein-DNA interactions. In the simplest 
version of this regulatory model, Myc 
forms heterodimers with Max, another 
bHLHZip factor, to bind CACGTG or 
related E-box sites in the promoters of 
pro-growth and division targets, activat-
ing their expression (Fig. 1A).1 Activation 
of these Pol II targets is achieved via the 
recruitment of different chromatin modi-
fying activities. Myc is a potent oncogene, 
yet with direct targets in the thousands, 
identifying which targets are absolutely 
required for its oncogenic function is a 
significant challenge. Myc’s function in 
transcriptional repression at some targets,1 
its direct participation in Pol I- and Pol 
III-dependent transcription,2 its role in 
global chromatin structure,3 and poten-
tial Max-independent functions further 
complicate elucidation of Myc-dependent 
effector pathways.4
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The pro-growth activity of Myc:Max 
complexes, is generally thought to be held 
in check by the related, but transcription-
ally repressive Mxd (formerly Mad):Max 
or Mnt:Max complexes (Fig. 1A).5 These 
repressive Max-containing complexes are 
thought, but not rigorously tested, to bind 
similar targets of Myc:Max complexes and 
repress their transcription by recruitment 
of histone deacetylase-containing core-
pressor complexes. Two additional bHL-
HZip proteins, MondoA and ChREBP,6 
provide the foundation of a parallel Myc 
network and present a new challenge to 
understanding the functional output of 
the network. In comparison to the wealth 
of information available for Myc, our 
understanding of MondoA and ChREBP 
and potential cooperative interactions 
with the Myc network is sparse. Recent 
papers suggest that one area of functional 
integration between Myc and MondoA/
ChREBP is in sensing and adaptation to 
the growth-essential nutrients glucose and 
glutamine.

MondoA and ChREBP are both mem-
bers of the bHLHZip family. Each is 
roughly 1,000 amino acids in length and 
about twice the size of Myc. Like Myc 
family members, the bHLHZip domain 
of MondoA and ChREBP is located close 
to their C-termini and their transcrip-
tional activation domain (TAD) is located 
in the N-terminal half of each protein.6 
N-terminal to the TAD, each protein has 
five blocks of highly conserved sequence 
we have termed the Mondo Conserved 
Regions (MCRs) that play critical roles 
in controlling subcellular localization 
and transcriptional activity. MondoA and 
ChREBP both interact with a Max-like 
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Glucose and Glutamine Utilization 
in Cancer Cells

Rapid proliferation of cancer cells relies on 
growth factor signaling and the availabil-
ity of the abundant nutrients glucose and 
glutamine.13 Depending on cell context, 
Myc overexpression can drive addiction to 
either glucose or glutamine such that their 
removal from the culture medium triggers 
apoptosis.14,15 Cancer cells shift glucose 
metabolism away from oxidative phos-
phorylation (OXPHOS) towards aerobic 
glycolysis, which is known as the Warburg 
effect. This metabolic transition is pro-
moted by oncogenes such as Myc, hypoxia 
inducible factor (HIF), activated Ras and 
PI3K. Further, tumor suppressors such as 
p53 and PTEN can suppress this transi-
tion.16 In aerobic glycolysis, the majority 
of the glucose-derived pyruvate is con-
verted to lactate and secreted by the cell 
rather than entering the TCA cycle and 
OXPHOS for ATP production. OXPHOS 
is much more efficient at ATP production 
than aerobic glycolysis: 36 ATPs versus 
two ATPs from each molecule of glucose, 
respectively. However, flux through gly-
colysis is higher than through OXPHOS 

pathway intermediate, xylulose-5-phos-
phate (X5P); X5P is proposed to activate 
the phosphatase PP2A, which removes 
inhibitory phosphates in the nuclear local-
ization sequence and adjacent to the DNA 
binding domain of ChREBP.8 Nuclear 
accumulation is not sufficient for tran-
scriptional activation by either MondoA 
or ChREBP;10,11 thus, other mechanisms 
must be involved in promoter occupancy 
and/or co-activator recruitment. At pres-
ent these mechanisms are poorly charac-
terized, so further work is necessary in this 
area.

Consistent with their roles as glucose 
sensors, MondoA and ChREBP are most 
highly expressed in the skeletal muscle and 
liver,6 respectively, which are central regu-
lators of glucose homeostasis. Importantly, 
MondoA and ChREBP are likely respon-
sible for the majority of glucose-dependent 
transcription in their respective target 
tissues.9,12 While most highly expressed 
in post-mitotic tissues, MondoA and 
ChREBP are also expressed in a variety of 
cell lines and in a number of proliferative 
cell types, suggesting important roles in 
controlling glucose sensing and utilization 
during cell growth and proliferation.

bHLHZip protein called Mlx (Max‑like 
protein x), to bind E-box-related sites 
in target genes (Fig. 1A). At present, 
our knowledge of direct targets for 
MondoA:Mlx and ChREBP:Mlx is lim-
ited and no genome-wide binding studies 
have been published. However, based on 
their similar binding to E-box elements, 
one can predict that Mlx-containing com-
plexes will share some genomic binding 
sites with Max-containing complexes. 
Furthermore, Mlx interacts with both 
Mxd1 and Mxd4, suggesting potential 
cross talk between Max- and Mlx-centered 
networks (Fig. 1A).6

Whereas Myc, Max and Mad are con-
stitutively nuclear, a distinguishing fea-
ture of MondoA and ChREBP is that they 
are held latently in the cytoplasm.7,8 Both 
proteins accumulate in the nucleus follow-
ing elevations in glucose metabolism. In 
the case of MondoA, the MondoA:Mlx 
complex enters the nucleus by sensing 
the glycolytic intermediate glucose-6-
phosphate (G6P);9 we have proposed that 
G6P regulates MondoA:Mlx localiza-
tion allosterically (Fig. 1B).10 In contrast, 
nuclear accumulation of ChREBP appears 
to be triggered by the pentose phosphate 

Figure 1. MondoA and ChREBP constitute a nutrient-sensing branch of an expanded Myc-network. (A) Our model of an extend Myc-network (see text 
for details). (B) MondoA functions as a sensor of intracellular glucose flux. Key aspects of our model include the mitochondrial-to-nuclear accumula-
tion of MondoA:Mlx complexes in response to glucose-6-phosphate (G6P), the additional requirement of G6P for promoter occupancy and co-acti-
vator recruitment and MondoA:Mlx regulation of direct targets such as TXNIP and ARRDC4. The role of TXNIP and ARRDC4 as negative regulators of 
glucose uptake suggests that one key feature of MondoA:Mlx’s ability to sense G6P is to restrict glucose uptake by a negative feedback loop.
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The Myc Network and its  
Regulation of Aerobic Glycolysis

It has long been appreciated that the Myc 
oncogene plays a central role in the activa-
tion of aerobic glycolysis. Consistent with 
Myc’s role in driving glucose consumption 
and lactate production, it directly activates 
transcription of virtually every glycolytic 
enzyme gene including the rate-limiting 
enzymes hexokinase II (HKII) and lac-
tate dehydrogenase-A (LDH-A), and the 
glucose transporter GLUT-1 (Fig.  1B).18 
MondoA and ChREBP also regulate gly-
colytic targets;19,20 yet their impact on aer-
obic glycolysis is not straightforward. For 
example, ChREBP loss slows proliferation 

alpha-ketoglutarate (α-KG) by gluta-
mate dehydrogenase, which localizes to 
the mitochondria. α-KG refills the TCA 
cycle in a process termed anapleurosis. 
Glutamine-derived carbons are primar-
ily used to supply oxaloacetate, a precur-
sor for fatty acid and lipid synthesis and 
NADPH; NADPH is used to support 
both lipid and nucleotide synthesis.17 
Thus, cancer cells must coordinate gly-
colytic and glutaminolytic fluxes to sat-
isfy both bioenergetic and biosynthetic 
requirements. Below we discuss how Myc 
and Mondo families regulate metabolic 
gene expression and speculate on the out-
come of cooperative regulation by these 
two families.

and, as long as glucose is not limiting, gly-
colysis can produce sufficient ATP to sup-
port high proliferation rates.

The pyruvate that enters the TCA is 
used for the synthesis of other growth-sup-
porting macromolecules, especially lipids 
required for membrane biosynthesis.13 To 
support lipid synthesis, citrate, which is 
produced from pyruvate, is effluxed from 
mitochondria essentially short circuiting 
the TCA cycle (Fig. 2). Recent studies 
indicate this truncated TCA cycle can be 
refilled via glutaminolysis.17 In glutamin-
olysis, glutamine enters cells through 
the transporters SLC38A5 and SLC1A5 
and is metabolized to glutamate by glu-
taminase. Glutamate is metabolized to 

Figure 2. Myc and MondoA integrate cell growth signals. Myc can regulate glycolysis, glutaminolysis and mitochondrial activity, contributing to a 
functional TCA cycle. MondoA reads out TCA function, controlling glucose uptake through its regulation of TXNIP (see text for details).
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activator of TXNIP expression, which 
restricts glucose uptake and cell growth.30 
As expected, addition of glutamine to 
glucose-only medium stimulates growth; 
but, surprisingly, glutamine represses 
MondoA-dependent TXNIP expression 
and stimulates glucose uptake. Thus, 
glutamine effectively represses glucose-
induced and MondoA-dependent tran-
scriptional activation of TXNIP. The 
mechanistic details of glutamine-depen-
dent repression are not yet understood; 
however, it is clear that glutamine targets 
promoter-bound MondoA.30 It is pos-
sible that glutamine triggers displace-
ment or recruitment of co-activators and 
co-repressors (Fig. 2), respectively, or 
induces modifications to promoter-bound 
MondoA complexes.

Glutamine has several cellular fates, yet 
we observed that cell permeable analogs 
of α-KG completely phenocopy the glu-
tamine-dependent repression of TXNIP.30 
Given that α-KG refills the TCA cycle, 
we proposed that MondoA functions as a 
transcriptional repressor of TXNIP down-
stream of a functional TCA cycle. How 
TCA-derived signals convert MondoA 
from a transcriptional activator to a tran-
scriptional repressor is not known, but the 
localization of MondoA:Mlx complexes to 
the outer mitochondrial membrane places 
them at a privileged location to sense TCA 
cycle function.19 The nature of the TCA-
derived signal and how it is transmitted 
to the TXNIP promoter remains to be 
addressed experimentally.

Our study suggests a novel function 
for MondoA in coordinating glycolysis 
and glutaminolysis via its regulation of 
TXNIP. We propose that this coordi-
nation represents a metabolic growth 
checkpoint, restricting cell growth, via a 
TXNIP-dependent blockade of glucose 
uptake, when sub-threshold levels of glu-
cose and glutamine are available. At higher 
glutamine concentrations, i.e., growth 
permissive conditions, TXNIP expression 
is repressed, glucose uptake is stimulated, 
and cellular metabolic programs are acti-
vated. A final implication of our study is 
that glutaminolysis, via TCA anapleuro-
sis and MondoA-dependent repression of 
TXNIP, actually functions upstream of 
glucose uptake and glycolysis.

tested, Myc-dependent glutaminolysis 
likely drives mitochondrial anapleuro-
sis to support the biosynthetic reactions 
required to support high division rates.

MondoA is a Glucose Sensor

One well-characterized direct and glu-
cose-induced MondoA transcriptional 
target is TXNIP.9 TXNIP appears to be a 
general sensor of cellular stress.25 In cases 
of extreme stress, e.g., exposure of pan-
creatic β-cells to hyperglycemia, TXNIP 
triggers apoptosis.26 Our studies indicate 
that MondoA is a critical regulator of 
hyperglycemia-induced TXNIP expres-
sion in a number of cell lines. In response 
to hyperglycemic growth conditions, 
MondoA:Mlx complexes accumulate in 
the nucleus, occupy the carbohydrate 
response elements (ChoREs) in the 
TXNIP promoter, and activate TXNIP 
expression (Fig. 1B).9 How elevated 
G6P triggers the nuclear accumulation 
of MondoA:Mlx complexes remains to 
be elucidated; however, our data sug-
gests an allosteric model where G6P 
binds MondoA directly to block nuclear 
export, promote promoter occupancy, 
and stimulate co-activator recruitment.10 
Hyperglycemic induction of TXNIP 
enforces a potent negative feedback cir-
cuit restricting glucose uptake and cell 
growth. Coupled with the finding that 
TXNIP loss is sufficient to induce aero-
bic glycolysis,27 it is not surprising that 
many tumor tissues and tumor cells lines 
show reduced expression of TXNIP.25 By 
contrast, high TXNIP expression seems 
to portend better outcome in gastric 
and breast cancers.28,29 We propose that 
the MondoA-TXNIP regulatory axis is 
an important feature of how cells sense 
and respond to glucose, controlling cell 
growth by modulating levels of intracellu-
lar glucose available for ATP production 
and biosynthetic reactions.

MondoA Senses TCA Function

Our recent studies revealed a mechanism 
that coordinates glycolysis and glu-
taminolysis. In cells in medium with 
only glucose—cells do not divide under 
these conditions—MondoA is a potent 

and reduces lactate levels and glucose 
uptake, suggesting that it can drive aero-
bic glycolysis.21 By contrast, MondoA loss 
in some contexts stimulates growth and 
glucose uptake, likely via the loss of thi-
oredoxin interacting protein (TXNIP) 
expression (see below),9 whereas in other 
contexts MondoA loss reduces glyco-
lysis.19 Further complicating the regula-
tion of aerobic glycolysis is the potential 
co-dependence of Myc and MondoA/
ChREBP at some targets. For example, 
Myc and ChREBP are both required for 
the direct and glucose-dependent activa-
tion of liver-type pyruvate kinase (Pklr) 
transcription.20 Thus, whereas it is well 
established that Myc can drive aerobic gly-
colysis, ChREBP and MondoA likely also 
play important roles in the partitioning 
of carbon flux necessary for cell growth 
and division, yet many of the mechanistic 
details are still missing.

Myc and Glutaminolysis

In transformed cells engaged in aerobic 
glycolysis, a dependence on mitochon-
drial function for biosynthetic reac-
tions still exists. Myc has been shown 
to increase mitochondrial biogenesis 
and function via regulation of nuclearly 
encoded mitochondrial proteins and 
the mitochondrial transcription factor 
TFAM (Fig. 2).22 These data support 
the hypothesis that Myc also drives pro-
liferation by maintaining mitochondrial 
function. Myc has also recently been 
shown to increase both the transport 
and catabolism of glutamine in trans-
formed cells via the direct transcriptional 
regulation of the glutamine transporters 
SLC38A5 and SCL1A5.23 Myc can also 
increase the expression of glutaminase 
by two mechanisms. One study showed 
that Myc increases glutaminase mRNA,23 
while a second study showed that Myc 
transcriptional repression of miR-23a/b, 
derepressed glutaminase expression and 
subsequently elevated glutamine metabo-
lism (Fig. 2).24 Thus, in addition to its 
well-established role in driving aerobic 
glycolysis, Myc can also regulate mito-
chondrial function directly by regulating 
biogenesis and more indirectly by regu-
lating glutaminolysis. While not formally 
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of glutaminolysis and a functional TCA 
cycle. Thus, in other contexts, MondoA 
may cooperate with Myc to coordinate 
glycolysis, glutaminolysis and cell growth. 
We suggest that determining the com-
plex regulatory interactions between this 
extended Myc network will provide new 
insight into cancer cell metabolism and 
new opportunities for the development of 
cancer therapeutics.
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Do Myc and MondoA  
Coordinately Regulate Glucose 
Uptake in Transformed Cells?

Myc overexpression drives glutamine 
addiction via the regulation of glutamine 
transporters and glutaminase. While not 
yet formally tested, it seems likely that 
Myc-dependent glutaminolysis drives TCA 
anapleurosis, which we have shown con-
verts MondoA to a transcriptional repres-
sor at TXNIP. Reducing TXNIP levels is 
sufficient to stimulate glucose uptake and 
TXNIP deletion is sufficient to drive aero-
bic glycolysis.27 Based on these observa-
tions, we propose that, in Myc-dependent 
tumor cells, high glutamine-derived TCA 
intermediates increase the relative tran-
scriptional repression activity of MondoA 
at the TXNIP promoter, reducing TXNIP 
levels and elevating glucose uptake. Thus, 
in addition to its well-established role in 
direct regulation of target genes encod-
ing glycolytic enzymes and glycolysis, 
we propose that Myc may also stimulate 
glucose uptake by this second glutamin-
olysis-dependent mechanism. Because 
Myc-overexpressing cells can be addicted 
to glutamine,15 we wonder whether glu-
tamine withdrawal in these cells may 
induce TXNIP, restrict glucose uptake, 
and drive cell death by this more indirect 
mechanism rather than by restriction of 
glutamine metabolism per se.

Summary

While Myc’s role in driving aerobic 
glycolysis has been known for several years, 
only recently has its role in driving mito-
chondrial biogenesis and glutaminolysis 
been demonstrated. These findings place 
Myc as a central regulator of intermedi-
ary metabolism required to support the 
high energy and biosynthetic demands of 
rapidly dividing tumor cells. By contrast, 
the functions of MondoA in controlling 
intermediary metabolism are only now 
emerging. Its role as a potent negative reg-
ulator of glucose uptake via its regulation 
of TXNIP, suggests that in some contexts 
MondoA may antagonize Myc func-
tion by restricting nutrient availability. 
By contrast, MondoA can also function 
as a transcriptional repressor of TXNIP 
promoting glucose uptake downstream 


