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Amino  acids  have  a dual  role in cellular  metabolism,  as they  are both  the  building  blocks  for  protein
synthesis  and  intermediate  metabolites  which  fuel  other  biosynthetic  reactions.  Recent  work  has  demon-
strated  that  deregulation  of  both  arms  of amino  acid management  are  common  alterations  seen  in cancer.
Among  the  most  highly  consumed  nutrients  by cancer  cells  are  the  amino  acids  glutamine  and  serine,  and
the  biosynthetic  pathways  that  metabolize  them  are  required  in  various  cancer  subtypes  and  the  object
of  current  efforts  to  target  cancer  metabolism.  Also  altered  in  cancer  are  components  of  the machinery
mino acids
etabolism

ancer
erine
lutamine
TOR

which  sense  amino  acid  sufficiency,  nucleated  by  the  mechanistic  target  of  rapamycin  (mTOR),  a key
regulator  of cell  growth  via  modulation  of  key  processes  including  protein  synthesis  and  autophagy.  The
precise  ways  in  which  altered  amino  acid  management  supports  cellular  transformation  remain  mostly
elusive,  and  a fuller  mechanistic  understanding  of  these  processes  will be important  for  efforts  to  exploit
such  alterations  for cancer  therapy.

©  2015  Published  by  Elsevier  Ltd.
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. Introduction

Proliferative cells alter their metabolism to support the biosyn-
hetic reactions required for accumulation of biomass; indeed,

important to orchestrate these complex events [5]. Proliferative
metabolism is supported by cellular programs which ensure that
there is sufficient nutrient uptake and energy generation, man-
agement of redox potential, appropriate activation of autophagy
Please cite this article in press as: Tsun Z-Y, Possemato R. Amin
http://dx.doi.org/10.1016/j.semcdb.2015.08.002

lterations in tumor cell metabolism are recognized as a hallmark
f cancer [1–3]. Robust macromolecular biosynthesis is required
o support a proliferative cell metabolism [4], and proper sensing
f the diverse nutrients required to support such biosynthesis is
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to recycle macromolecules and damaged organelles, and elimina-
tion of toxic byproducts [1]. As such, alterations in these processes
have been described over the past decades with increasing levels of
sophistication, and strategies which target the altered metabolism
o acid management in cancer. Semin Cell Dev Biol (2015),

of cancer are emerging [6].
In particular, it is becoming more apparent that proper amino

acid management is critical to support proliferative metabolism
via alterations in pathways that support their biosynthesis and
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Fig. 1. Amino acid sensing and biosynthesis are altered in cancer. Amino acid import and biosynthesis, as well as the processes of autophagy and macropinocytosis contribute
to  the pool of amino acids available to the cell for macromolecular biosynthesis. Amino acid biosynthetic pathways are activated in subsets of cancer and drive the production
of  specific amino acids and their utilization as intermediate metabolites for the production of important biomolecules such as nucleotides, lipids, glutathione, and one-carbon
units. Amino acids are also oxidized in the TCA cycle as an alternative to glucose for the production of ATP and NADH. The specific amino acids which most directly contribute
to  these biomolecules and processes are listed. Unknown amino acids sensor(s) assess the availability of specific amino acids, likely including leucine and arginine. The
Ras-like small GTPase Rag complex, modulated by the action of its GEF, Ragulator, and GAPs, tumor suppressive complexes GATOR1 and folliculin, integrate this amino acid
s ation. 
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ensing (Fig. 1). Moreover, alterations in the recycling of amino
cids by autophagy and their scavenging from the environment by
icropinocytosis of serum proteins are observed in proliferative

ells, and may  support the transformed state by providing amino
cids during periods of starvation [7–10]. Many amino acids cannot
e synthesized by the cell, and therefore their uptake is essential for
rotein biosynthesis and cell viability [11]. Among these essential
mino acids, there is evidence that two – leucine and arginine – are
ensed by the cell to determine if there is sufficient material avail-
Please cite this article in press as: Tsun Z-Y, Possemato R. Ami
http://dx.doi.org/10.1016/j.semcdb.2015.08.002

ble for protein biosynthesis [12–14]. This sensing likely occurs
ithin or near the surface of the lysosome, and permits the acti-

ation of the mechanistic target of rapamycin complex I (mTORC1)
5]. Amino acid insufficiency provides a dominant signal to turn off

able 1
lteration of amino acid management pathways in cancer.

Amino acid metabolism

Gene Function 

GLS Rate limiting step in glutaminolysis 

PHGDH Rate limiting step in serine biosynthesis 

SHMT2  Diversion of serine into mitochondrial one-carbon
metabolism

GLDC  Key component of the glycine cleavage complex 

ASNS  Asparagine biosynthesis 

Amino  acid sensing

Gene Function 

mTOR Protein kinase, controls translation in response to
nutrient  sufficiency signals

FLCN  mTORC1 positive regulator, GTPase activating
protein for RAG C/D

DEPDC5 GATOR1 component, negative regulator of
mTORC1, GTPase activating protein for RAG A/B

NPRL2 GATOR1 component, negative regulator of
mTORC1, GTPase activating protein for RAG A/B
The mTORC1 complex can then activate pathways promoting cell growth, including
currently observed in cancer. Processes exhibiting activation in cancer are colored

the mTORC1 pathway over other inputs, such as insulin signaling,
placing amino acids as key regulators of cell growth via mTORC1
[14]. Several amino acids can also be readily synthesized by the
cell, and among them, serine and glutamine are consumed greatly
in excess of that required for protein biosynthesis for downstream
reactions providing one carbon units, TCA cycle intermediates, fatty
acids, membrane lipids, and other amino acids for biosynthetic
reactions [15,16]. As such, recent work has identified genetic alter-
ations in cancer of both the machinery which senses amino acid
no acid management in cancer. Semin Cell Dev Biol (2015),

sufficiency as well as those pathways which utilize amino acids
as intermediate metabolites (Table 1). Here, we  will first describe
cancer-specific alterations in the use of amino acids as intermedi-
ate metabolites, followed by a discussion of the role of the mTORC1

Cancer alteration/relevance References

Increased translational efficiency downstream of
MYC,  miR-23a/b

[58]

Genomic amplification and over-expression [23,24]
Over-expression, drives hypoxia resistance [23,35,36]

Prevents toxic glycine accumulation, drives broad
metabolic changes

[36,42]

Increased expression in glioblastoma [65]

Cancer alteration/relevance References

Activating point mutations, amino acid starvation
fails to inactivate mTORC1

[120,155]

Loss of function mutations in Birt–Hogg–Dubé
syndrome

[105–107]

Deletion of 22q12.2, amino acid starvation fails to
inactivate mTORC1

[116,117]

Deletion of 3p21.3, amino acid starvation fails to
inactivate mTORC1

[116,118,119]

dx.doi.org/10.1016/j.semcdb.2015.08.002
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Fig. 2. Serine biosynthesis and utilization. Serine can be imported into the cell
or  biosynthetically produced from the glycolytic intermediate 3-phosphoglycerate
(3PG)  in a three step pathway. Flux through serine biosynthesis additionally drives
the production of cytosolic alpha-ketoglutarate (aKG). Serine is catabolized to gen-
erate phosphatidylserine, sphingosine, cysteine, glycine or pyruvate, the latter
conversion  being restricted to non-transformed liver cells. The conversion of ser-
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ne-carbon units for nucleotide biosynthesis and the methylation reactions of the
ell. Key enzymes are shown in light blue.

athway in amino acid sensing, including alteration of mTORC1
athway components and functional outputs in cancer.

.  Amino acids as intermediate metabolites

.1. Serine and glycine metabolism in cancer

Serine is unique among the amino acids in that it is not only
apidly taken up by the transformed cell and heavily utilized as
n intermediate metabolite, but is also produced biosynthetically
y a subset of tumors [17]. Serine biosynthesis occurs in a three
tep pathway off of glycolysis (Fig. 2), beginning with the gly-
olytic intermediate 3-phosphoglycerate, which can be converted
o 3-hydroxypyruvate by the action of the enzyme phospho-
lycerate dehydrogenase (PHGDH), using the cofactor NAD(P)H
18,19]. 3-Hydroxypyruvate then participates in a transamination
eaction with glutamate catalyzed by the enzyme phosphoserine
minotransferase (PSAT1), producing phosphoserine and alpha-
etoglutarate [17]. Phosphoserine can then be dephosporylated
y the final enzyme in the pathway, phosphoserine phosphatase
PSPH), to produce serine [17]. Subsequent to its production,
erine can be converted to glycine by the action of serine
ydroxymethyltransferase either in the cytoplasm (via SHMT1) or
pon transport into the mitochondrion (via SHMT2), whereupon
erine contributes to the one-carbon pool via production of 5,10-
ethylene–tetrahydrofolate (5,10-MeTHF) [20]. Mitochondrially

ocalized glycine can be further consumed by the glycine cleav-
ge system, a multiprotein complex which includes the enzyme
lycine decarboxylase (GLDC), producing another molecule of
,10-MeTHF [21]. However, the significance of the compartmen-
alization of these reactions is just beginning to be appreciated
see below). The one carbon pool is managed principally by the

ethylene–tetrahydrofolate dehydrogenases (MTHFD1, 1L and 2)
nd supports a variety of cellular methylation reactions through
he production of S-adenosyl methionine (SAM), a key methyl-
onor in the cell, as well as nucleotide biosynthesis through several
eactions including via the trifunctional enzyme GART, which util-
zes 10-formyl-THF and glycine in purine biosynthesis, and the
nzyme thymidylate synthase (TYMS), which utilizes 5,10-MeTHF
n dTMP biosynthesis [22]. Serine also contributes to the production
f glutathione (via glycine), cysteine, phosphatidylserine, and sph-
Please cite this article in press as: Tsun Z-Y, Possemato R. Amin
http://dx.doi.org/10.1016/j.semcdb.2015.08.002

ngosine [16]. In the liver, serine can be deaminated to pyruvate for
ubsequent gluconeogenesis via the action of serine dehydratase
SDS); however, this enzyme is universally silenced in other tis-
ues, including transformed liver cells [17]. Thus, serine produced
 PRESS
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biosynthetically or taken up from the environment can contribute
to all major classes of macromolecules (Fig. 2).

Activation of serine biosynthesis has been reported in a sub-
set of tumors from a growing number of cancer types, including
melanoma, ER-negative negative breast cancer, non-small cell lung
cancer, and ovarian cancer [23–26]. Globally, PHGDH lies in a locus
whose amplification is selected for during tumorigenesis in about
16% of cancers, arguing that PHGDH expression could be driving
tumorigenesis in these cases [23,24]. Importantly, PHGDH expres-
sion is rate limiting for serine biosynthesis, as assessed in breast
cancer cell lines in vitro [23]. Moreover, PHGDH expression and
catalytic activity are required for the optimal proliferation of cell
lines that over-express it, despite the presence of serine in the
environment [23,24,26,27]. In ER-negative breast cancer, PHGDH
protein levels are upregulated in ∼70% of cases, including those
without genomic amplification, arguing for additional epigenetic
mechanisms for its activation in breast cancer [23]. PHGDH over-
expression in breast cancer is correlated to the expression of several
enzymes in the serine biosynthetic and downstream pathways
including PSAT1, PSPH, SHMT2, and MTHFD1, 1L and 2 [23]. These
data suggest that serine biosynthesis is coordinately regulated, and
that PHGDH is a key enzyme in this regulation. In support of this
narrative, now decades-old experiments have demonstrated that
PHGDH and SHMT1/2 activity correlate with the incorporation of
labeled serine into nucleotides [28], observations supported by
recent work in activated T cells [29], and SHMT1 has been observed
to undergo sumoylation and translocation into the nucleus dur-
ing S-phase to support the synthesis of dTTP [30], indicating a cell
cycle dependent role for serine biosynthesis. Serine biosynthetic
enzymes are also upregulated upon serine or glutamine starvation,
a response that is mediated by the direct activity of the transcription
factor ATF4 [31,32].

While  serine is an important intermediate metabolite, the pre-
cise reason for activation of serine biosynthesis and high PHGDH
levels in specific cancers has remained elusive. Indeed, some can-
cer cell lines have little to no measurable serine biosynthetic flux,
arguing that the metabolic advantage provided by PHGDH over-
expression can be compensated for by the activation of other
pathways, or is not required in all contexts [23,24]. Interestingly,
suppression of serine biosynthesis by PHGDH inhibition does not
result in an appreciable effect on the intracellular levels of ser-
ine, as serine transporters rapidly equilibrate intracellular and
extracellular serine [23]. However, serine availability from the envi-
ronment may  not be sufficient to compensate for biosynthetic
demand in the context of a nutrient-poor tumor with low ser-
ine biosynthesis. Indeed, elevated intracellular serine levels cause
feedback activation of the M2  isoform of pyruvate kinase (PKM2),
thereby balancing glycolytic flux into serine biosynthesis when
intracellular serine levels fall [32,33], and allowing cells to survive
inhibition of oxidative phosphorylation [34]. The presence of this
feedback mechanism suggests that serine levels can be limiting in
a physiologic context. Supporting the importance of this feedback
mechanism, activation of SHMT2 simultaneously drives flux of ser-
ine into one carbon metabolism while suppressing pyruvate kinase
flux, thereby suppressing oxygen consumption and permitting can-
cer cell survival in hypoxia [35,36]. Moreover, feeding mice a diet
in which glycine and serine are withheld reduces circulating serine
and glycine levels by ∼50%, and negatively impacts tumor growth
in cell lines dependent upon extracellular serine and glycine for
growth [37]. As such, in nutrient poor conditions, the simultaneous
serine and glycine demand for nucleotide, glutathione, and pro-
tein biosynthesis becomes overwhelming in the absence of p53
o acid management in cancer. Semin Cell Dev Biol (2015),

dependent growth controls [37]. These data suggest that serine
can become limiting in physiological contexts with broad conse-
quences on cellular metabolism, mediated to some extent by PKM2
regulation.

dx.doi.org/10.1016/j.semcdb.2015.08.002
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Fig. 3. Cytosolic and Mitochondrial Compartmentalization of One-Carbon Metabolism. Serine and glycine contribute to one-carbon metabolism in largely parallel cytoplasmic
and  mitochondrial pathways. Serine hydroxymethyltransferate (SHMT1/2) catalyzes the contribution of the serine beta carbon into the one carbon pool by production of
5,10-methyl tetrahydrofolate (MeTHF). Cytoplasmic 5,10-MeTHF can then contribute to dTMP synthesis or to most major methylation reactions of the cell via production of
S-Adenosyl  methionine. In the mitochondria, glycine can be further cleaved to form another molecule of 5,10-MeTHF whilst in the cytoplasm, glycine instead can contribute en
masse  to purine biosynthesis. One-carbon units are managed by the methylenetetrahydrofolate dehydrogenases (MTHFD1/2), which can produce appropriate THF  derivatives
for  nucleotide biosynthesis in the cytoplasm or for the production of NADPH in either compartment. Serine and glycine are thought to move across the inner mitochondrial
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ate  of serine derived nitrogen, gray boxes indicate major endpoint metabolites pro

Despite the presence of abundant serine in an in vitro envi-
onment, PHGDH catalytic activity is required for the viability of
ell lines with pathway activation, suggesting that a requirement
or serine biosynthetic flux itself exists in this context. Explain-
ng this apparent contradiction has remained elusive, although
everal hypotheses have been proposed. Serine produced biosyn-
hetically might be utilized in a different way than serine imported
nto the cell via channeling into some other compartment or
eing coupled to some key downstream reaction. Alternatively, a
etabolite upstream of serine may  be regulating metabolism or

ell growth in some way. For example, phosphoserine levels are
lmost entirely dependent upon serine biosynthetic flux [23,24].
inally, another product of the pathway may  be supporting cel-
ular metabolism. Indeed, levels of the TCA cycle intermediate
lpha-ketoglutarate, produced by the serine biosynthesis pathway
n equimolar amounts to serine, are reduced upon inhibition of
erine biosynthesis using a variety of experimental methods [23],
lthough this change has not been observed in all cell systems [24].
dditional work disentangling these possibilities will be needed to
nderstand why serine biosynthesis is elevated in specific types of
ancer and how it supports cellular metabolism in serine replete
nd limiting conditions.

Investigation of how reactions downstream of serine contribute
o proliferative metabolism has focused on the contribution of
erine to glycine production and consequently to one carbon
etabolism (Fig. 3). When compared to other metabolites in cell

ulture medium, consumption versus production of glycine by can-
er cells best correlates with proliferative activity, suggesting that
igh metabolic flux into one carbon metabolism is either important

or robust cell proliferation, or a consequence of it [38]. Some-
hat counter-intuitive to this observation, increasing the medium

oncentration of glycine above 1 mM (approximately 5-fold above
lasma levels) decreases cell proliferation, especially when coupled
ith serine depletion [39]. This anti-proliferative effect is a result

f high glycine levels leading to a SHMT1/2-dependent depletion of
Please cite this article in press as: Tsun Z-Y, Possemato R. Ami
http://dx.doi.org/10.1016/j.semcdb.2015.08.002

,10-MeTHF as excess glycine is converted to serine, and an unex-
ected failure of cytoplasmic glycine to contribute to one carbon
etabolism, particularly in the absence of serine, in those cell lines

nalyzed [39–41].
 thought to translocate between these two compartments. Green text denotes the
 from serine. Key enzymes are shown in light blue.

Glycine can be catabolized by the mitochondrial glycine cleav-
age complex, a key component of which, GLDC, is required for
the viability of lung cancer stem cells [42]. Surprisingly, the
GLDC requirement in cancer is dependent upon the expression
of the upstream enzyme SHMT2, which produces mitochondrial
glycine from serine [36]. In SHMT2 replete cells, GLDC suppres-
sion results in an accumulation of mitochondrial glycine, which
may be detrimental to cells as a result of its diversion into minor
pathways of glycine metabolism, producing toxic metabolites such
as aminoacetone and methylglyoxyl [36]. This toxic accumulation
of glycine and its metabolites in the mitochondria upon GLDC
inhibition contrasts the mechanism of toxicity seen by the afore-
mentioned extracellular serine/glycine imbalance. Indeed these
mechanisms of glycine toxicity appear to be distinct, but both are
important depending on the physiological and genetic context.

In  addition to moderating the level of mitochondrial glycine, the
glycine cleavage complex and downstream one carbon metabolic
enzyme MTHFD2 can participate in the complete catabolism of
mitochondrial glycine, producing NADPH in the process [41].
NADPH is a key currency in cellular redox management via reduc-
tion of glutathione, and an important cofactor in biosynthesis,
particularly of fatty acids [41]. Studies using enzymatic sensors
for cytoplasmic versus mitochondrial NADPH production have
demonstrated that NADPH produced downstream of serine almost
exclusively occurs in the mitochondria, with the corresponding
cytoplasmic reactions running in the reverse direction [40]. Indeed,
individuals with mutations in MTHFD1, which manages the cyto-
plasmic folate pool, have defects in formate flux into dTMP and
methionine synthesis [43]. However, cytoplasmic NADPH produc-
tion from serine has been observed in other cellular systems,
indicating that the way  in which serine contributes to one carbon
metabolism is cell type or context dependent [41]. Together with
the observations that SHMT2 expression correlates with in vivo
tumorigenicity [36], these data implicate mitochondrial serine
metabolism as playing an important role in transformation. Inter-
no acid management in cancer. Semin Cell Dev Biol (2015),

estingly, the contribution of amino acids to one carbon metabolism
may be different in humans compared to most other organisms,
as a key enzyme in this process, threonine dehydratase (Tdh), has
been mutated during the course of human evolution and rendered

dx.doi.org/10.1016/j.semcdb.2015.08.002
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Fig. 4. Major fates of glutamine. Glutamine and its major metabolite, glutamate, are used as nitrogen donors to contribute to the production of amino acids, via transamination
reactions, or to nucleotide biosynthesis (green box). The amino groups of glutamine and glutamate can also be hydrolyzed to form ammonia, thereby balancing nitrogen
assimilation and release. Glutamate and alpha-ketoglutarate produced by these deamination reactions can be further utilized for biosynthesis (pink box). Glutamate can be
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onverted  to proline or, via the TCA cycle, to aspartate, which is incorporated en m
etabolized via various routes to acetyl CoA for use in de novo fatty acid biosynthe

onfunctional [44]. Threonine is a major contributor to one car-
on metabolism in mouse ES cells, which are threonine auxotrophs
nd require abundant threonine to maintain proper histone meth-
lation [45,46]. However, the significance of Tdh and the ability
f threonine to contribute to one carbon metabolism in murine
ancers has not been explored, and expression of Tdh seems to
e tightly restricted to mouse ES cells. Future work on one car-
on metabolism in cancer will likely focus on the control of flux
hrough cytoplasmic versus mitochondrial one carbon metabolism,
ts coordination with serine metabolism, and the relevance of these
athways to transformation. A fuller understanding of one car-
on metabolism would be greatly assisted by better technologies
o measure mitochondrial versus cytoplasmic metabolite pools to
etter understand the compartmentalization of these reactions.

.2.  TCA-adjacent amino acids: glutamine, glutamate,
sparagine, and aspartate

Glutamine  is the most abundant amino acid in both cell culture
edium and blood. In vitro experiments have identified glutamine

s the most highly consumed amino acid [47,48], and regulation
f the glutamine transporters SLC1A5 and SLC38A2 have been
mplicated in breast and lung tumorigenesis [49,50]. While glu-
amine can be generated biosynthetically, in vitro most cancer
ell lines engage exclusively in conversion of glutamine to gluta-
ate, by contribution of nitrogen from the glutamine side-chain

mine either to de novo nucleotide biosynthesis pathways (in five
teps, catalyzed by PPAT, PFAS, CTPS1/2, CAD1/2, and GMPS) to
sparagine synthesis (via ASNS), or through release of the amine as
ree ammonia by the action of mitochondrial glutaminases (GLS and
LS2, Fig. 4). Glutamate can be subsequently converted to alpha-
etoglutarate by the action of several enzymes, which, mirroring
lutamine conversion, either transfer the alpha amine from gluta-
ate for use in alanine, aspartate, and serine biosynthetic reactions

GPT/GPT2, GOT1/2, and the aforementioned PSAT1) or release the
mine as free ammonia by the action of mitochondrially local-
zed glutamate dehydrogenases (GLUD1 and, to a not-appreciated
xtent in cancer, GLUD2). Glutamate can also be converted to pro-
ine through a two-step, NADPH-consuming process [41]. Because
ach step in the conversion of glutamine to alpha-ketoglutarate
an  either retain nitrogen for use in biosynthetic reactions or con-
ribute to the release of nitrogen as ammonia into the environment,
Please cite this article in press as: Tsun Z-Y, Possemato R. Amin
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hese reactions play an important role in macromolecular nitrogen
ssimilation. Under hypoxia [51] or upon inhibition of mitochon-
rial oxidative phosphorylation [52,53], glutamine can contribute
eductively to the biosynthesis of fatty acids by a process termed
in nucleotide biosynthesis or converted to asparagine. Alpha-ketoglutarate can be

reductive  carboxylation, in which alpha-ketoglutarate is converted
first to citrate and then to acetyl-CoA, a key substrate for fatty acid
generation, via the action of IDH1/2 and ATP-citrate lyase. However,
the significance of this pathway to generating net flux into fatty
acid biosynthesis in hypoxia is controversial [54]. Flux of glutamine
oxidatively into the TCA cycle is termed glutamine anaplerosis, and
can drive a substantial proportion of cellular ATP generation [55].
Glutamine anaplerosis can be fueled by oncogene activation, par-
ticularly MYC  [56,57], via modulation of mir-23a/b [58]. Indeed,
cells over-expressing MYC  have a greater dependence upon exoge-
nous glutamine due to an enhancement of glutamine anaplerotic
flux [56,57], depend on expression of glutaminase for viability [58],
and respond to glutaminase inhibitors [59–61]. Furthermore, inhi-
bition of glutaminolysis via suppression of GLUD1 increases the
dependence of cells upon glycolysis and AKT signaling to main-
tain metabolic balance and viability [48]. These observations have
inspired the production of additional glutaminase inhibitors for
anti-cancer therapy [62].

The  biosynthesis of the amino acid aspartate, and by exten-
sion asparagine which is synthesized from it, is tightly linked
to glutamine/glutamate and TCA cycle metabolism. Asparagine is
moderately abundant in the circulation, and unlike all other amino
acids asparagine is only used for protein biosynthesis, never as
an intermediary metabolite [63]. It is likely for these reasons that
asparagine biosynthesis is dispensable for extra-neuronal organ-
ismal development [64]. However, asparagine synthetase (ASNS)
levels correlate with tumor aggressiveness, potentially through a
mechanism in which asparagine suppresses apoptosis [65]. In con-
trast, aspartate levels in the circulation are very low and its plasma
membrane permeability poor, potentially rendering its biosyn-
thesis essential. Aspartate biosynthesis involves coordination of
mitochondrial and cytoplasmic compartmentalized enzymes and
mitochondrial transporters, members of the malate–aspartate
shuttle [66]. Key to aspartate biosynthesis is the action of GOT2,
which produces this amino acid in the mitochondria using TCA
cycle intermediate oxaloacetate and glutamate derived nitrogen.
Mitochondrial aspartate can then be transported to the cytoplasm
where ASNS synthesizes asparagine utilizing nitrogen from glu-
tamine, in an irreversible reaction [67]. Thus, while the nitrogen
from aspartate and asparagine derives from glutamine, the car-
bon required for biosynthesis of these amino acids can be derived
from either glucose or glutamine. This decision can be impacted by
o acid management in cancer. Semin Cell Dev Biol (2015),

oncogene activation as mutant KRAS expression results in favoring
aspartate production almost entirely from glutamine [68]. Another
key fate of aspartate is its assimilation en masse into nucleotide pre-
cursors in the de novo biosynthesis of pyrimidines (via CAD1/2) and

dx.doi.org/10.1016/j.semcdb.2015.08.002
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ontribution of nitrogen in the biosynthesis of purines (via PAICS
r ADSS).

The demand for aspartate as an intermediate metabolite may
artly underlie the anti-tumor efficacy of l-asparaginase, which

s widely used in the treatment of ALL, and acts by depleting
sparagine (and to a lesser extent, glutamine) from the circula-
ion by converting it to aspartate [69,70]. ASNS-null or low cell
ines and tumors are auxotrophic for asparagine and therefore sen-
itive to l-asparaginase [71], but ASNS expression is not entirely
redictive of drug sensitivity, particularly in clinical samples [72].

nterestingly, recent work has shown that asparagine depletion
y l-asparaginase increases the rate of glutamine depletion from
he media [73], indicating that l-asparaginase treatment places an
ncreased demand on glutamine anaplerosis and TCA cycle function
o provide sufficient precursors for asparagine biosynthesis. There-
ore, the regulation of asparagine biosynthesis and its interaction
ith glutamine and TCA cycle metabolism will likely be important

or understanding asparagine auxotrophy and l-asparaginase sen-
itivity. Such an investigation may  be complicated by the absence
f asparagine from common cell culture media such as DMEM,  to
hich many cancer cell lines have adapted.

. Regulation of growth by mTORC1

As described above, tumors exhibit increased biosynthesis
f amino acids and upregulate their utilization as intermediate
etabolites. Recent work to elucidate the specific mechanisms by
hich amino acid levels are sensed has additionally uncovered
utations in the mTOR complex 1 (mTORC1) pathway, nucleated

y the mTOR kinase, resulting in inappropriate amino acid suffi-
iency signals and thus increased mTORC1 activity (Table 1). As a
entral regulator of growth, the mTORC1 pathway integrates nutri-
nt sufficiency and growth factor signals to regulate important
rocesses like translation, lipid and nucleotide biosynthesis, and
utophagy [74–76]. These cancer promoting mutations affecting
he amino acid sensing arm of the mTORC1 pathway are dis-
inct from mutations which have long been appreciated to impact
rowth factor signaling upstream of mTORC1, mediated by the
hosphoinositide-3-kinase (PI3K) and AKT pathways [77,78]. We
ill first briefly describe how activation of growth factor signaling
athways upstream of mTORC1 promote tumorigenesis before
eviewing recent work to elucidate the role in cancer of altered
mino acid sensing.

.1.  Pathways altered in cancer upstream of mTORC1

The growth factor signaling input of the mTORC1 pathway
s one of the most frequently mutated in cancer, and is com-
rised of well-established oncogenes of the Ras, PI3K, and AKT
amily [79,80]. Tumor suppressors associated with the mTORC1
athway are mutated in both sporadic cancers and familial tumor-
rone syndromes [81]. These tumor suppressors are downstream
f growth factor receptor tyrosine kinases (RTKs), themselves sub-
ect to oncogenic amplification [82], and modulate the subsequent
ctivation of the Ras/PI3K/AKT signal transduction pathways [83].
eurofibromin-1 (NF1) modulates the activation of Ras as a GTPase
ctivating protein (GAP) [84]. Germline mutations in NF1 cause
he tumor syndrome neurofibromatosis [85], and somatic muta-
ions have also been broadly identified in sporadic cancers [86].
oth Ras and RTKs activate the catalytic subunit p110� of the
hosphatidylinositol-3 lipid kinase (PI3K) [87], which often har-
Please cite this article in press as: Tsun Z-Y, Possemato R. Ami
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ors activating mutations or is amplified in cancer [77]. The most
ommon mechanism of activating this pathway, however, is loss
f the PTEN lipid phosphatase, which performs the reverse reac-
ion of PI3K. PTEN frequently undergoes somatic mutation [88], and
 PRESS
velopmental Biology xxx (2015) xxx–xxx

germline mutations in PTEN cause familial tumors in Cowden syn-
drome [89]. Growth factor signals are conveyed to the tuberous
sclerosis complex (composed of TSC1 and TSC2) by AKT, a major
effector of PI3K signaling [90], and ATP levels are reported by AMP-
activated protein kinase AMPK [91]. In order to signal low ATP
levels, AMPK requires activation by LKB1/STK11 [92,93], which fre-
quently undergoes somatic mutation in lung adenocarcinomas [94]
and germline mutation in the Peutz–Jeghers familial cancer syn-
drome [95]. TSC1/2 integrates growth factor signals and ATP levels
to regulate mTORC1 activation via the Rheb GTPase [96]. Germline
mutations in TSC1/2 are found in TSC familial cancer syndromes,
although rarely in non-TSC cancers [97–99].

3.2. Amino acid sensing by mTORC1

Although cancer-relevant genes involved in growth factor
signaling are well established, emerging components of the amino
acid signaling machinery are already implicated in cancer. Growth
factor signaling and ATP levels regulate TSC1/2 GAP activity toward
Rheb [96], which in turn stimulates mTORC1 kinase activity. Rheb
represents the first half of a lysosome-based coincidence detector
that is comprised of GTPases and controls activation of mTORC1.
The other half signals amino acid levels via the Rag GTPases, which
bind mTORC1 and promote its lysosomal localization via an amino
acid regulated interaction with the lysosomal bound Ragulator
complex [100,101]. Thus, the pathway ensures that appropriate
growth conditions are met  by independently regulating mTORC1
lysosomal localization and kinase activation via the Rag and Rheb
GTPases [102].

The  Rag GTPases are obligate heterodimers comprised of RagA
or RagB bound to RagC or RagD [103]. As is the case for all GTPases,
the nucleotide state of the Rags determines their functional out-
put, which is to bind mTORC1 and recruit it to the lysosome in the
presence of amino acids [100]. In the case of the Rag heterodimers,
amino acid stimulation results in Rag A/B bound to GTP, whereas
amino acid starvation results in Rag C/D bound to GTP  [100,104].
Both known GTPase activating proteins (GAPs) for the Rag het-
erodimer (FLCN and the GATOR1 complex) are tumor suppressive.
Inactivating mutations in FLCN, the GAP for RagC/D, cause the
Birt–Hogg–Dubé (BHD) tumor syndrome characterized by benign
tumors of the hair follicles and, in some cases, kidney tumors
[105–107]. Suppression of FLCN in cell based systems results in
mTORC1 inactivation, consistent with its role as a positive regu-
lator of the mTOR pathway [108–112]. However, kidney tumors
derived from BHD patients have hyperactive mTORC1 signaling
[113–115]. As such, how loss of FLCN activity leads to BHD, and
whether it is related to altered mTORC1 signaling, is still being
debated. DEPDC5 and NPRL2, components of GATOR1, the GAP for
RagA/B, are mutated in glioblastoma and ovarian cancer [116–119].
Cancer cells with mutated GATOR1 components have hyperacti-
vated mTORC1 signaling and are resistant to amino acid starvation
[116]. These cells are hypersensitive to rapamycin, thus mutations
in GATOR1 components may  help identify tumors that will respond
to mTORC1 inhibition [116].

Interestingly, a significant number of recurrent mutations have
been identified in MTOR itself at a prevalence of 5–10% in sev-
eral cancer subtypes [86,120]. A subset of these mutations are
activating and confer resistance to the effects of amino acid and
glucose starvation on mTORC1 signaling [120]. While activating
MTOR mutations can disrupt the interaction between mTOR  and its
inhibitor DEPTOR [120], the mechanisms by which these mutations
liberate mTORC1 activity from amino acid dependence or promote
no acid management in cancer. Semin Cell Dev Biol (2015),

transformation are unclear. Nevertheless, cell lines with activating
mutations in MTOR are also hypersensitive to mTORC1 inhibition by
rapamycin [120]. Interestingly, a recent report described an excel-
lent anti-tumor response to inhibition of mTORC1 in an anaplastic

dx.doi.org/10.1016/j.semcdb.2015.08.002
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hyroid carcinoma patient, which recurred upon acquisition of
 mutation in MTOR conferring resistance to allosteric mTORC1
nhibitors, but maintaining sensitivity to ATP-competitive kinase
nhibitors [121]. Future work will be required to determine how
est to treat patients whose tumors harbor specific MTOR muta-
ions, and to understand precisely how deregulation of amino acid
r growth factor sensing promotes tumorigenesis. These investiga-
ions may  reveal other upstream inputs of the amino acid signaling
rm of mTORC1 which are deregulated in cancer.

It is now well appreciated that the lysosome is a signal inte-
ration hub for the mTORC1 pathway [102]. The convergence of so
any mTORC1 pathway components to this compartment raises

he possibility that amino acids can be sensed within or at the
urface of the lysosome. Indeed, emerging evidence suggests that
mino acids within the lysosomal lumen can be sensed in an inside-
ut fashion for mTORC1 pathway activation [122]. While mTORC1
ependent amino acid sensing mechanisms may  be present in other
ompartments, recent work supports the hypothesis that at least
wo parallel signals emerge from within the lysosome. The vacuolar
TPase (v-ATPase) is required for the inside-out signaling of amino
cids by mTORC1 via its interaction with Ragulator [122]. However,
hether the v-ATPase directly senses amino acids is still unclear.

he most promising candidate for a direct amino acid sensor is
LC38A9, a lysosomal amino acid transporter required for signaling
rginine sufficiency [13,123]. While it is still unknown whether
he v-ATPase and SLC38A9 contribute to oncogenesis, given their
mportance in amino acid signaling it would not be surprising to
nd alterations in these components of the mTORC1 pathway in
ancer, as well as additional direct amino acid sensors and pathway
omponents predicted to exist.

While the precise machinery required to sense and respond to
umor-relevant amino acid levels is being uncovered, it is inter-
sting to speculate why mutations in the amino acid sensing arm
f mTORC1 signaling occur. Indeed, it is reasonable to expect that
ctive mTORC1 signaling in tumor cells outgrowing their nutri-
nt supply would be deleterious. So how could constitutive amino
cid sufficiency signals be pro-tumorigenic? Before angiogenesis
atches up with tumorigenesis – early in the disease process – con-
titutive mTORC1 signaling could promote the survival of cancer
ells during this stressful period of nutrient limitation. The cells
hat emerge could be poised to rapidly proliferate once a nutrient
upply becomes adequate. Alternatively, activation of the amino
cid sensing arm may  prime mTORC1 for activation by the growth
actor signaling arm. Indeed, given the spectrum of cancers in which

TORC1 pathway mutations have been found, the answers to these
uestions are probably context-dependent.

.3. Outputs of mTORC1 altered in cancer

Given the emerging importance of amino acid sensing and
iosynthesis in tumor progression, it is not surprising that pro-
esses regulated by mTORC1 which affect amino acid pools, such
s translation and autophagy, have been implicated in cancer. S6
inase 1 (S6K1) and eIF4E-binding protein (4E-BP1) are well known
TORC1 substrates that regulate translation. Phosphorylation of

E-BP1 by mTORC1 relieves its inhibition of the eIF4E translation
nitiation factor, allowing translation to proceed [124]. The 4E-
P1–eIF4E axis is emerging as the major downstream effector of
TORC1 in cancer [125]. eIF4E is amplified or overexpressed in

arious sporadic cancers and increased 4E-BP1 phosphorylation
orrelates with poor survival outcomes [126,127]. Expression of
hosphorylation defective 4E-BP1 reduces tumor progression in
Please cite this article in press as: Tsun Z-Y, Possemato R. Amin
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RAS and PI3K driven tumors, suggesting eIF4E plays an impor-
ant role in maintaining cancer growth [128,129]. Conversely, loss
f 4E-BP1 and 4E-BP2 increased tumorigenesis in p53 null mice
130]. How 4E-BP1–eIF4E deregulation promotes oncogenesis is
 PRESS
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unclear, but it is thought to increase translation of oncogenic pro-
teins supporting cell survival [125,131] and cell-cycle progression
[132].

Autophagy, or ‘self-eating’, is a stress-induced survival mecha-
nism that degrades and recycles damaged or superfluous proteins
and organelles by fusion of autophagic vessels with the lysosome.
As amino acid levels are also influenced by autophagy especially
during metabolic stress [133], the mTORC1 pathway is a primary
autophagy regulator, limiting the process during abundant nutri-
ent and growth factor signaling [134]. Although regulation of amino
acid levels by autophagy has not been shown to impact tumorigen-
esis specifically, autophagy overall plays an interesting dual role
as an oncogenic and tumor suppressive process [7]. On one hand,
autophagy can be activated during early tumor formation before
adequate blood supply is established to buffer metabolic stress
[135], and contributes to chemotherapy resistance [136,137]. In
contrast, monoallelic loss of BECN1, an essential autophagy compo-
nent, is frequently observed in human breast, ovarian, and prostate
cancer, and is sufficient to cause spontaneous tumor development
in mice [138–141]. Loss of other autophagy genes such as UVRAG,
ATG4C, and SH3GLB1 (Bif-1) also increases susceptibility to tumor-
igenesis [142–144]. How autophagy suppresses tumor formation
is still under investigation, but as an important contributor to
cellular housekeeping, autophagy clears damaged proteins, dam-
aged organelles such as mitochondria, and reduces reactive oxygen
species, which can promote oncogenesis [145]. Indeed, deletion
of the key autophagy component Atg7 in the context of a Kras-
driven lung tumor model results in the massive accumulation of
damaged mitochondria and limits tumorigenesis, indicating that
activation of mitophagy to maintain mitochondrial quality is a
key function of autophagy in Kras-driven cancer [146]. Consis-
tent with this observation, maintenance of mitochondrial health
by autophagy promotes tumors driven by mutation of the Ras-
pathway member BRAF [147,148]. Autophagy is also thought to
prevent necrotic death in apoptotic deficient tumor cells, thereby
limiting local inflammation, which can increase tumor growth
[135]. Finally, autophagy-deficient cells are prone to chromosome
instability and DNA damage [149]. Thus, targeting autophagy in
cancer may  require context-specific and disease-stage specific
modulation. Inhibition of autophagy has been shown to limit tumor
growth in mouse models of pancreatic cancer [150–152], and the
autophagy inhibitor hydroxychloroquine has shown promise in
combination with chemotherapy in clinical trials [153,154]. The
development of new and more potent inhibitors of autophagy will
likely be critical for evaluating the plausibility of targeting this pro-
cess in future anti-cancer therapy.

4. Concluding remarks

Proper  amino acid management is critical for cell and organ-
ismal viability, particularly under conditions of metabolic stress.
Amino acids such as serine and glutamine are not only utilized for
protein biosynthesis, but also for the biosynthesis of all other major
biomolecule classes. Key to our further understanding of amino
acid management will be a clearer picture of how the levels of
individual amino acids are sensed by the cell as well as how the
process of transformation alters amino acid catabolic pathways
in ways that are critical for cancer cell survival. We  are finding
new ways in which autophagy supports transformation, including
through the recycling of damaged mitochondria, leading to novel
anti-cancer strategies and a resurgence in interest in mitochondrial
o acid management in cancer. Semin Cell Dev Biol (2015),

health and function. Moreover, the field is revisiting the importance
of macropinocytosis, a process for scavenging amino acids from
the environment, as part of the arsenal of cancer cells to maintain
amino acid pools. For example, recent work has shown that this

dx.doi.org/10.1016/j.semcdb.2015.08.002
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as-activated process, like autophagy, can support cell survival dur-
ng periods of amino acid starvation, and contribute to the overall
iomass of the cell [8,9]. Future work will be required to uncover
ow this process is activated and its significance to oncogenesis.
inally, the identification of an expanding number of proteins
nvolved in amino acid management via mTORC1 will likely con-
inue to reveal additional tumor-relevant genes and expand our
nderstanding of these ancient pathways controlling cell growth.
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