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Mammalian cells depend on growth factor signaling to
take up nutrients; however, coordination of glucose and
glutamine uptake has been a mystery. In this issue of
Genes & Development, Wellen and colleagues (pp.
2784-2799) show that glucose flux through the hexos-
amine biosynthesis pathway regulates growth factor re-
ceptor glycosylation and enables glutamine consumption.
This mechanism ensures that cells do not engage in ana-
bolic metabolism when nutrients are limiting, and high-
lights how substrate availability for protein modifications
can modulate cell signaling.

Throughout the 20th century, biochemists systemati-
cally worked to outline the pathways cells use to capture
energy as ATP and transform organic molecules to syn-
thesize biomass from various substrates. Often working
enzyme by enzyme, these studies provided the foundation
for our mechanistic understanding of metabolism, or “bio-
chemical networks,” in prokaryotes and higher organisms.
More recently, analogous efforts by molecular biologists
have elucidated signal transduction pathways, or “protein
networks,” which control a multitude of cellular functions
related to growth, differentiation, cell death, and metabo-
lism. Recent work has found that many of the same
signaling pathways that control growth also influence
cellular metabolism (Kim and Dang 2006). For example,
receptor-mediated signaling cascades initiated by growth
factors stimulate nutrient uptake, cell growth, and cell
cycle progression (DeBerardinis et al. 2008). In mammals,
the two major nutrients taken up to supply carbon and
nitrogen for cell proliferation are glucose and glutamine.
Because glucose and glutamine provide biosynthetic pre-
cursors through distinct metabolic pathways, their con-
sumption must be coordinated by cells. Nevertheless,
despite a growing understanding of how signaling path-
ways regulate metabolism, much less is known about how
flux through specific pathways is “sensed” to provide
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feedback control on signal transduction networks so that
metabolic activity is coordinated with cell growth and
proliferation.

In this issue of Genes & Development, Wellen et al.
(2010) demonstrate that flux through the hexosamine
biosynthesis pathway coordinates glucose and glutamine
metabolism by regulating surface expression of growth
factor receptors. Using a cellular system that decouples
apoptosis from nutrient deprivation, Thompson and col-
leagues (Wellen et al. 2010) observed that glucose-deprived
hematopoietic cells do not switch to glutamine metabolism
despite the presence of the growth factor IL-3 and a plentiful
extracellular supply of the amino acid. Interestingly, glu-
cose-dependent glutamine uptake is restored in growth
factor-replete cells by supplying N-acetylglucosamine
(GleNAc). GlcNAc is unable to enter glycolysis or other
pathways of central carbon metabolism and is therefore
not available to cells as a fuel source. Rather, GlcNAc
supplementation replenishes the supply of precursors nec-
essary for glycosylation of the IL-3 receptor a subunit (IL-
3Ra), leading to proper receptor folding and trafficking to
the cell surface. Thus, GlcNAc-mediated rescue of glu-
cose-deprived cells restores surface expression of IL-3Ra
and allows growth factor-dependent signal transduction,
leading to glutamine consumption and cell growth.

The finding that cells are unable to consume a readily
available supply of extracellular nutrients when glucose
is absent is surprising. The Thompson group (Rathmell
et al. 2000; Lum et al. 2005) has reported previously that
the ability to initiate glucose uptake is a critical function of
growth factor signaling to promote cell survival (Rathmell
et al. 2000), and that apoptosis-resistant cells survive by
autophagy in the absence of growth factor (Lum et al.
2005). Wellen et al. (2010) show that pools of metabolites
involved in central carbon metabolism drop following
glucose withdrawal. Nevertheless, these cells still require
ATP generation to maintain cellular homeostasis irrespec-
tive of their inability to undergo programmed cell death. In
the absence of glutamine or other amino acid uptake to
support bioenergetics, it is likely that these cells generate
ATP by autophagy. This suggests that the signals used by
cells to initiate catabolism of endogenous cellular compo-
nents to maintain survival are distinct from those used to
metabolize nutrients in the extracellular environment.
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These findings also suggest that cells are wired to avoid
consuming extracellular resources unless all the metabolic
components are present along with a growth signal to
support biosynthesis and cell proliferation.

Wellen et al. (2010) found that surface expression of the
IL-3Ra chain was dependent on the availability of UDP-
GlcNACc for receptor N-glycosylation (Fig. 1). Production
of UDP-GlcNAc under standard growth conditions re-
quires glucose flux into the hexosamime biosynthesis
pathway, glutamine availability to supply the nitrogen for
the amino sugar, and acetyl-coenzyme A (AcCoA) to donate
the acetyl moiety. Numerous surface proteins and growth
factor receptors are modified by N-linked glycosylation.
Indeed, receptors important for growth regulation—such
as CTLA-4, GLUT4, IGFR, EGFR, HER2/ErbB2, and
FGFR—are glycosylated, and the extent of glycosylation
influences surface expression as well as cell growth or dif-
ferentiation (Lau et al. 2007; Fang et al. 2010). This
suggests that the availability of UDP-GlecNAc for protein
glycosylation is a means by which cells detect glucose
availability. Notably, physiologically relevant changes in
glucose concentration increased IL-3Ra surface expression
in a dose-dependent manner, indicating the sensitivity of
this feedback regulation to glucose supply. Because gluta-
mine and AcCoA are also needed to make UDP-GIcNAc,
glutamine withdrawal or AcCoA limitation may result in
decreased growth factor receptor expression via the same
mechanism. Indeed, glucose uptake is also dependent on
glutamine metabolism, as both glutamine and cell-perme-
able a-ketoglutarate (aKG) can repress the MondoA tran-
scription factor, stimulating glucose consumption and cell
proliferation (Kaadige et al. 2009). Another recent study
identified an energetic checkpoint that only allowed ef-
fective receptor glycosylation and folding when ATP was

in excess (Fang et al. 2010). Together, these studies
demonstrate that cells require both ATP and biosynthetic
precursors for proper folding and surface expression of
growth factor receptors. The failure to effectively trans-
duce cell growth signals when nutrients are limited may
ensure that cells do not activate the cell growth machinery
unless adequate substrates are present.

Remarkably, cells that are supplemented with GlcNAc
in the absence of glucose are able to grow by consuming
glutamine and other amino acids. Under these condi-
tions, glutamine serves as an anaplerotic substrate to
replenish tricarboxylic acid (TCA) cycle intermediates
and drive oxidative ATP generation, provide carbon for
lipid synthesis, and facilitate leucine uptake. Two key
observations were made upon GlcNAc-mediated rescue
of IL-3-dependent cell growth. First, glutamine and other
amino acids did not allow cell division in the absence of
glucose. The finding that cells grow but do not divide in
the absence of glucose suggests another mechanism is
present to sense glucose or a downstream metabolite. Do
cells use unique metabolic checkpoints to advance through
different stages of the cell cycle? Second, glutamine must
have the ability to contribute to multiple metabolic path-
ways in order to mediate cell growth. Through what path-
ways is glutamine preferentially metabolized within cells,
and under what physiological conditions is glutamine used
as a carbon source to build biomass?

Glutamine enters the cell through amino acid trans-
porters and acts as a critical source of nitrogen for cells.
The amido-nitrogen of glutamine (rather than the nitro-
gen that remains on glutamate) is essential for synthesis
of nucleotides and hexosamines, and glutamine can also
be deaminated by glutaminase to generate free ammonia
in cells. Each of these reactions produces glutamate, one

Figure 1. Metabolic pathways provide sub-

Growth factor Glucose
receptor *N'QW plake
-

~,  strates for post-translational modifications

n
'

.
.
-

.
_-* leueic--
-+

b

nucleotides

sphingolipids

™ s Gly, _
( ? )» purines
1-carbon,
pool

AcCoA

citrate —» AcCoA

mevalonate

ylation)
isoprenoids
cholesterol

J

—"?"‘\ o (PTMs) that influence cell signaling. Growth
MAPK J;k ':\% GRCOEVI;JLTH - factor signaling induces uptake of nutrients
o 4 SIGNALING Glucose Metabolism such as glucose and glutamine that fuel bio-

St mIoR \ A energetic and biosynthetic pathways in cells.

‘. . ] e i e In turn, the availability of UDP-GIcNAc gen-

erated by these pathways as a substrate for
protein glycosylation coordinates growth fac-
tor signaling with nutrient availability. Glu-
cose, glutamine, and AcCoA are required for
N-linked glycosylation, folding, and traffick-
ing of growth factor receptors to the cell
surface. Surface expression of receptors is re-
quired for activation of downstream signals
to drive nutrient uptake and cell growth.
Limited availability of glucose short circuits
this feedback loop, leading to loss of growth
factor signaling, decreased uptake of amino
acids, and growth arrest. Substrates for PTMs
derived from other pathways can participate
in similar feedback loops to couple metabolic
flux information to the control of various

cellular processes. Specific PTM reactions are highlighted alongside their associated metabolites and pathways in central carbon
metabolism. Amino acids are listed with their three-letter designations. (OAA) Oxaloacetate; («KG) a-ketoglutarate; (NAD) nicotinamide
adenine dinucleotide; (MAPK) mitogen-activated protein kinase; (PI3K) phosphoinositide 3-kinase; (mMTOR) mammalian target of

rapamycin.

2718

GENES & DEVELOPMENT



of the most abundant metabolites within cells (Munger
et al. 2008). Glutamate can be converted to aKG via reac-
tions catalyzed by glutamate dehydrogenase or aminotrans-
ferases. These aminotransferases are important nitrogen
donors for biosynthesis and are highly active within cells.
In fact, '*N-amino-labeled glutamine can even transfer
nitrogen to essential amino acids such as leucine, iso-
leucine, and valine, presumably through reversible activity
of branched chain aminotransferases (Hiller et al. 2010).

At least in cultured tumor cell lines, glutamine is a
major contributor to the glutamate and aKG pool, as
evidenced by the contribution of *C-labeled glutamine
atoms to TCA cycle metabolites (DeBerardinis et al. 2007;
Hiller et al. 2010; Ward et al. 2010; Wellen et al. 2010).
Glutamine is converted to lactate at high rates in some
cell lines, and can also supply carbon for lipogenesis
(DeBerardinis et al. 2007; Wellen et al. 2010). This latter
function is crucial, as evidenced by the rescue of cell
growth by cell-permeable «aKG upon acute glutamine
withdrawal (Wise et al. 2008; Weinberg et al. 2010). AcCoA
is the building block for lipid synthesis, and glutamine can
only contribute carbon to AcCoA through two pathways:
glutaminolysis and reductive carboxylation. Glutaminoly-
sis involves the oxidative conversion of glutamine carbon
to malate in the TCA cycle and subsequent generation of
pyruvate via malic enzyme. Pyruvate dehydrogenase ac-
tivity then produces AcCoA that is exported to the cytosol
for lipid synthesis through the citrate shuttle. Deberardinis
et al. (2007) have demonstrated the definitive use of this
pathway for lipid synthesis using [3-'*C]glutamine (i.e.,
glutamine labeled with '3C on the 3-carbon) in glioblas-
toma cells. Alternatively, cells can reductively metabolize
aKG to form citrate via NADP*-dependent isocitrate de-
hydrogenase (IDH) and aconitase (ACO) enzymes. Signif-
icant activity of this pathway has been demonstrated in
hepatoma and differentiated brown fat adipocyte cell lines
using [5-*C] and [5-'3C|glutamine tracers (Holleran et al.
1995; Yoo et al. 2008), and reversibility of the IDH and
ACO reactions has been detected in glioblastoma and lung
adenocarcinoma cell lines (Metallo et al. 2009; Ward et al.
2010). How cells regulate flux through either pathway
remains to be determined.

Wellen et al. (2010) speculate that, because neither
GlcNAc nor glutamine can enter the glycolytic pathway,
GlcNAc-mediated rescue of glutamine flux is unable to
support cell proliferation. Their finding that glucos-
amine, which can enter glycolysis and the hexosamine
pathway, is able to rescue proliferation of glucose-de-
prived cells supports this hypothesis. Few physiologically
relevant substrates can replace the essential role of glu-
cose in driving glycolysis. Pentose phosphates are synthe-
sized directly from glucose, and the lack of ribose moieties
presumably prevents nucleotide synthesis and entry into
S phase of the cell cycle. Furthermore, this possibility
suggests that cells have mechanisms of sensing other
essential metabolites to influence checkpoints for pro-
liferation apart from those used to control cell growth. The
identification of these checkpoints will provide crucial
insight into how cells progress through the cell cycle or
bypass these controls during tumorigenesis.

Metabolic flux regulates cell signaling

In addition to flux through the hexosamine pathways,
evidence exists that sensing of other nutrients can in-
fluence signal transduction, leading to activation of the
cell growth machinery. Amino acid uptake from the
extracellular space often occurs via cotransporters, and
mechanisms have been proposed for how subsets of amino
acids might influence growth control. For instance, gluta-
mine efflux coupled to leucine uptake through the Slc7a5
transporter can influence mTOR (mammalian target of
rapamycin) signaling (Nicklin et al. 2009). Absence of a
number of amino acids, including leucine, results in de-
creased mTOR activity even in the presence of an active
upstream growth signal. This regulation occurs at least in
part by subcellular localization of the mTOR signaling
complex (Sancak and Sabatini 2009); however, how the
amino acids are “sensed” remains a mystery.

It is intriguing to speculate how perturbations in me-
tabolism might affect signal transduction. After transcrip-
tion and translation, cells employ various mechanisms
to control protein function. Metabolites may bind directly
to proteins and allosterically regulate function. This type
of regulation is well described for many metabolic en-
zymes, but can also control signaling proteins. Cells re-
spond to energy stress by activating AMPK to decrease
ATP-consuming processes and increase ATP production,
and activation of this kinase is driven by AMP binding
(Xiao et al. 2007). Protein function can also be influenced
by post-translational modification (PTM). Many PTMs
involve covalent modification of specific residues using
metabolic substrates that may ultimately change the
localization, activity, or stability of a given protein. The
chemical reactions leading to PTMs have been reviewed in
detail, and examples include phosphorylation, glycosyla-
tion, acetylation, methylation, prenylation, and hydroxyl-
ation (Walsh et al. 2005). However, an emerging concept
is that the metabolic pathways that generate precursor
molecules for PTMs can be limiting in cells (Fig. 1).
Thompson and colleagues (Wellen et al. 2009, 2010) have
identified two such metabolic pathways, hexosamine
biosynthesis and AcCoA generation, which can exert
control over growth factor receptor glycosylation and
histone acetylation, respectively. Such relationships are
numerous within cells, and may in fact play a central role
in the progression of diseases.

Histone modification is a high-level regulatory process
capable of controlling global gene expression in the nu-
cleus, and such epigenetic switches are mediated by pro-
tein modifications involving methyl and acetyl groups.
The ATP citrate lyase (ACL) enzyme is responsible for
generating AcCoA from citrate for lipid biosynthesis in the
cytosol (Hatzivassiliou et al. 2005), though more recent
efforts have demonstrated its presence in the nucleus
(Wellen et al. 2009). ACL activity and glucose availability
to supply AcCoA are both required for growth factor or
differentiation-induced histone acetylation. Although
other substrates, such as acetate, can also supply carbon
for acetylation, these findings establish a role for AcCoA
availability in regulating the activity of histone acetyl-
transferases. Acetylation is a dynamic and ubiquitous
process that affects nonhistone proteins in the nucleus,
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cytoplasm, and mitochondria. Indeed, virtually all en-
zymes in central carbon metabolism are acetylated on
lysine residues, and the activity of many proteins changes
in response to acetylation status (Zhao et al. 2010). While
we do not understand how acetylation regulates metabo-
lism at the systems level, the AcCoA concentration within
a cell or subcellular compartment represents an important
and potentially direct method of regulating metabolic
activity. It also provides a means to provide metabolic in-
put into the regulation of gene expression, and potentially
other processes important for cell physiology.

Protein acetylation is reversible, and the removal of
these modifications is catalyzed by histone deacetylases
(HDAC:s). Sirtuins (class I HDACs) require nicotinamide
adenine dinucleotide (NAD) for activity, and are there-
fore responsive to the redox state within cellular com-
partments (Schwer and Verdin 2008). These enzymes
regulate signaling proteins such as p53, and they can
directly control metabolic activity of enzymes like IDH2
and GDH (Schlicker et al. 2008; van Leeuwen and Lain
2009). In these deacetylase reactions, NAD" is converted
to O-acetyl-ADP-ribose, which is hydrolyzed to form
ADP-ribose. Interestingly, some sirtuins also exhibit
ADP-ribosyl transferase activity while consuming NAD*
in a manner similar to poly-ADP-ribose polymerases
(PARPs). ADP-ribosylation itself is a unique PTM re-
sponsible for regulating various cellular functions, in
particular DNA damage (de Murcia et al. 1997). Glucose
metabolism in the pentose phosphate pathway is the
primary source of ribose for nucleotide synthesis. Might
ribose availability or various salvage pathways that re-
cycle these cofactors affect the activity of sirtuins or
PARPs by limiting the supply of NAD* and/or ADP-
ribose? Similarly, changes in the redox state and ratio of
NAD" to that of the reduced form (NADH) may also
influence the activity of these enzymes and afford the cell
a method of sensing its metabolic state.

AcCoA is the precursor for fatty acids and cholesterol,
and metabolites along these synthesis pathways can serve
as substrates for acylation and prenylation. In fact, many
signaling ligands are lipid-modified, including members
of the Wnt, Hedgehog (Hh), and epidermal growth factor
receptor (EGFR) ligand families (Miura and Treisman
2006). Well-conserved cysteine residues in secreted Wnt
proteins are palmitoylated, and this PTM is necessary for
signaling activity and secretion (van den Heuvel et al.
1993; Willert et al. 2003). Palmitoylation and myristoyla-
tion can also affect the secretion and function of Hh and
the EGFR ligand Spitz (Chamoun et al. 2001; Miura et al.
2006). Similarly, farnesyl and geranylgeranyl diphos-
phate, metabolites of the isoprenoid pathway, are used
to modify cysteine thiolate side chains on some proteins
(Walsh et al. 2005). Ras family GTPases are well-known
targets of farnesyltransferase and geranylgeranyltransfer-
ase enzymes (Sebti 2005). While the dynamic role of these
PTMs in regulating cellular signaling has been estab-
lished, the sensitivity of acyltransferases to physiological
levels of substrate has not been well studied.

Although most extensively explored with respect to
histones, protein methylation is another PTM regulated

2720 GENES & DEVELOPMENT

by “metabolically sensitive” enzymes (see Teperino et al.
2010 for a detailed discussion of these phenomena).
Virtually all methyltransferases employ S-adenosyl-
methionine (SAM) as the methyl donor and generate
S-adenosyl-homocysteine. SAM is ultimately regenerated
via one carbon metabolism after recycling of homocys-
teine to methionine. As a result, methyltransferases are
dependent on a supply of methionine or carbon flux into
the folate pool.

Two distinct families of demethylases have been iden-
tified, and the activities of both are influenced by metab-
olite levels. Lysine-specific demethylase 1 (LSDI1) and
homologous protein activity is dependent on flavin ade-
nine dinucleotide (FAD) reduction to FADH, (Culhane
and Cole 2007). Therefore, like the Sirtuins and PARPs,
LSD1 demethylase activity is sensitive to the local redox
status. Jumonji C (JmjC) domain-containing proteins ex-
hibit demethylase activity on mono-, di-, and trimethy-
lated lysine residues and are members of the large aKG-
and Fe?*-dependent dioxygenase family (Tsukada et al.
2006). These proteins consume oxygen, convert aKG to
succinate, and require ascorbate to regenerate the Fe2*
cofactor as part of their enzymatic activity. Thus, altered
concentrations of any of these molecules may affect de-
methylase activity. Other similarly regulated dioxyge-
nases instead catalyze proline or asparagine hydroxyl-
ation rather than demethylation. Owing to their oxygen
dependence, the Egl nine-homolog proteins (EGLN2 in
particular) are well-described components of the cellular
oxygen-sensing machinery and influence stability of the
hypoxia-inducible transcription factors (HIFs) that regu-
late metabolic enzyme expression and neo-vasculariza-
tion (Epstein et al. 2001). Intriguingly, hypoxic microen-
vironments and HIF2 expression are both associated
with stem/progenitor cells (Covello et al. 2006), and low
oxygen tension can improve the generation of induced
pluripotent stem cells (Yoshida et al. 2009). Substrate
availability may regulate both hydroxylating and deme-
thylating dioxygenases to influence the gene expression
or epigenetic changes that control cell fate.

PTMs provide a mechanism for cells to sense metabo-
lite levels, allowing specific metabolic fluxes to influence
signal transduction pathways regulating cellular pro-
cesses such as growth and proliferation. However, a quan-
titative approach is required to characterize metabolic
pathways and explore how changes in flux might in-
fluence cell signaling. Over the last decade, significant
advances have been made in our ability to computation-
ally and experimentally estimate metabolic fluxes in
eukaryotic cells (Zamboni 2010). Mass spectrometry and
nuclear magnetic resonance-based techniques now enable
quantification of labeling in metabolite pools from isotopic
tracers at extraordinarily high resolution. In turn, this in-
formation can be analyzed in simple or complex networks
to reliably estimate fluxes and confidence intervals using
various methods (Antoniewicz et al. 2006; Young et al.
2008; Hiller et al. 2010). Applying these analytical tech-
niques in tandem with analyses of PTMs and signal trans-
duction is needed to fully elucidate how metabolic flux
controls these cellular processes.



In their description of flux-mediated regulation of
glycosylation and acetylation, Wellen et al. (2009, 2010)
acutely withdrew glucose or knocked down ACL protein
levels. What cellular conditions might limit intracellular
metabolite availability? While not all PTM substrates
are present at rate-limiting concentrations for these re-
actions, changes in the in vivo microenvironment may
induce significant fluctuations of metabolite levels. Met-
abolic fluxes change in response to differentiation, prox-
imity to blood vessels, and cell growth signals, and even
during different phases of the cell cycle. For example,
protein and lipid synthesis rates are thought to be highest
in G1 and G2 phases, while nucleotide synthesis is maximal
during S phase (Tu et al. 2007). Such temporal compart-
mentalization requires coordinated regulation of metabolic
pathways. Mechanisms are also required to inform the sig-
naling machinery orchestrating these complex processes
to ensure that metabolic flux is adequate to complete
the task. By identifying the coupled regulation of glucose
and glutamine metabolism through IL-3Ra glycosylation,
Wellen et al. (2010) have added to the growing body of
evidence that metabolism is not a static bystander, but
plays an active role in coordinating signal transduction in
mammalian cells.
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