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Abstract

To fuel unregulated proliferation, cancer cells alter metabolism to support macromolecule
biosynthesis. Cell culture studies have revealed how different oncogenic mutations and nutrients
impact metabolism. Glucose and glutamine are the primary fuels used in vitro; however, recent
studies have suggested that utilization of other amino acids as well as lipids and protein can also
be important to cancer cells. Early investigations of tumor metabolism are translating these
findings to the biology of whole tumors and suggest that additional complexity exists beyond
nutrient availability alone in vivo. Whole body metabolism and tumor heterogeneity also influence
the metabolism of tumor cells, and successful targeting of metabolism for cancer therapy will
require an understanding of tumor metabolism in vivo.
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Studies to understand cancer metabolism

Investigation into the mechanisms governing metabolic adaptations in cancer cells has
undergone a dramatic expansion in recent years. Studies using in vitro culture systems have
led to important insights regarding nutrient utilization and the regulation of metabolic
pathways by describing how cancer cells exploit existing metabolic programs to fuel
proliferation and survival. Examining tumor metabolism in vivo introduces new
complexities, but taking this step is critical to gain a deeper understanding of how whole
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animal physiology impacts nutrient availability, as well as to appreciate the role of tumor
heterogeneity and interactions between different cell types in tissues. Gaining this insight
will be critical to developing new therapies that exploit metabolic pathways and improve
patient therapies. In this review, we first discuss the current understanding of cancer cell
metabolism gained primarily from cell culture studies, and then focus on emerging insights
arising from experiment using patients and mouse models with the intent of highlighting the
strengths and limitations of each experimental context and calling attention to key
unanswered questions.

Defining proliferative metabolism using cell culture

Cancer is defined by unconstrained proliferation of transformed cells. Establishing cell lines
in culture selects for the fastest growing malignant clones from the tumor with concomitant
loss of non-dividing and slowly proliferating cancer cells as well as any other cell types that
were part of the original tumor tissue (Figure 1A). To illustrate, one clone with a slight 5%
proliferation advantage will almost completely eliminate a second clone in fewer than 65
generations (Figure 1B). Thus by its nature, cell culture selects for a relatively homogeneous
population of cancer cells, generating clean systems with which to investigate the
contributions of specific oncogenic mutations to metabolic programs and the underlying
metabolic requirements of cell proliferation. The common oncogenic drivers Rasand Myc
both promote cell-autonomous metabolic changes associated with malignant transformation,
namely the diversion of metabolic substrates into anabolic (see Glossary) pathways.
Oncogenic Ras increases glucose and glutamine consumption [1,2], while Myc enhances
glutamine metabolism through a transcriptional program that increases expression of genes
involved in glutamine uptake and catabolism (see Glossary) [3,4]. Myc also ties increased
glutaminolysis to changes in glucose metabolism [5], and can directly control expression of
genes involved in aerobic glycolysis [6]. Mutations in other key cancer genes also influence
metabolism. Loss of p53 promotes glucose uptake and metabolism [7,8], and can impact
how glucose is used by cells [9]. In all cases, genetic alterations associated with cancer are
accompanied by metabolic alterations that favor anabolism, enabling the acquisition and
utilization of nutrients to satisfy increased ATP (see Glossary) demands and produce the
nucleotides, lipids and proteins needed for rapid cell division [10].

The metabolic differences between proliferating and non-proliferating cells have received
less scrutiny. Studies utilizing mammalian primary fibroblasts and lymphocytes where
culture conditions are manipulated to promote quiescent (see Glossary) or proliferative
states have demonstrated that in contrast to proliferating cells, quiescent cells favor catabolic
metabolism [5,11] (Figure 2). Maintaining homeostasis requires nutrient breakdown to
generate ATP, as well as NADPH production to cope with redox stress [11,12]. Quiescent
cells also strive to balance fatty acid and protein degradation with synthesis [11], a finding
consistent with the absence of an increase in cell mass in these non-proliferating cells.
Nevertheless, these cultured cells still rely on glucose and glutamine, while many
differentiated mammalian tissues use other nutrients [13]. For example, the heart can
consume fatty acids, glucose, ketones, or amino acids to support the large amount of ATP
required for electrical activity and continuous mechanical contraction [14], while the brain
relies almost exclusively on glucose metabolism, only switching to ketones when glucose is
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not available [15]. Thus, caution is needed when generalizing studies of specialized
quiescent cell systems in culture to diverse cell types in intact tissues in an organism.

Nevertheless, the different metabolic phenotypes of proliferating and non-proliferating cells
in culture illustrate that these states have different metabolic requirements. At a first
approximation, proliferating cells favor biomass production while non-proliferating cells
favor biomass maintenance. Relevant to understanding tumor metabolism, not all cancer
cells actively proliferate in many solid tumors [16], and the mechanics of serially passaging
cancer cell lines selects against quiescent or more slowly proliferating cancer cells (Figure
1B), limiting the study of these tumor cell populations to date. It is important to recognize
that studies of cancer cell metabolism in culture fail to capture the metabolic phenotype of
less proliferative tumor cells.

Glucose and glutamine: primary substrates of proliferative metabolism in

vitro

Glucose

In addition to taking up more glucose, proliferating cancer cells in culture metabolize
glucose differently than non-proliferating cells, converting most of the pyruvate derived
from glucose to lactate, rather than oxidizing it via the tricarboxylic acid (TCA) cycle. For
most normal cells, increased conversion of glucose to lactate is favored in oxygen-limited
conditions, while cancer cells exhibit this phenotype even when oxygen is abundant, an
observation first described by Otto Warburg [17]. Termed aerobic glycolysis or the Warburg
effect, this metabolic phenotype is a well described feature of cancer cells that has been
extensively studied [10].

Increased glucose flux (see Glossary) through glycolysis is thought to promote shunting of
metabolites into branch pathways for the synthesis of macromolecules (see Glossary) [10].
For instance, metabolism of glucose-6-phosphate via the oxidative arm of the Pentose
Phosphate Pathway (PPP) produces NADPH and ribose-5-phosphate, two critical
components for new cell generation. NADPH is critical for managing redox stress and for
reductive biosynthetic reactions, while ribose-5-phosphate is a required precursor for de
novo nucleotide synthesis [18]. Additionally, some cancer cells depend on flux of
downstream glycolytic intermediates into the non-oxidative arm of the PPP for ribose-5-
phosphate production (Figure 2) [19,20]. Glucose metabolism also contributes to the
generation of nucleotide bases, and slowing this production can limit proliferation in some
situations [21].

Diverting fructose-6-phosphate, another product of glycolysis, into the hexosamine
biosynthetic pathway (HBP) provides the necessary substrates for glycosylation of proteins
and lipids, an abundant modification that has been implicated in several aspects of tumor
progression [22]. Both oncogenic K-ras and phosphoinositide 3-kinase (PI3K)/Akt pathway
activation have been implicated as important drivers of glucose flux through the HBP
[20,23], linking these signaling pathways directly to this aspect of glucose metabolism.
Thus, the HBP serves as an integration hub, ensuring that continued mitogenic signaling and
proliferation occur only under favorable conditions.
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Glutamine

Several branch points of glucose metabolism provide components for de novo lipogenesis to
generate new lipid membranes in dividing cells. Oxidation of glucose carbon to citrate can
yield cytosolic acetyl-CoA, which is used for the synthesis of fatty acids and sterols.
Glycolytic products contribute to two different lipid head groups as well. Glyceraldehyde-3-
phosphate can be further metabolized to glycerol-3-phosphate to form the glycerol
component of triacylglycerides and membrane phospholipids [18]. Synthesis of ceramides
and other related structural and signaling lipids requires serine, one source of which is 3-
phosphoglycerate from glycolysis [18]. Interestingly, amplification of the gene encoding
phosphoglycerate dehydrogenase (PHGDH), the enzyme catalyzing the initial step of the
serine biosynthesis pathway from glucose, is found in some cancers [24,25]. While
knockdown of PHGDH in amplified cell lines impairs proliferation, exogenous serine is
unable to rescue this effect, indicating the flux through this pathway contributes to
proliferation in a manner beyond serine production alone.

After glucose, glutamine represents the second most consumed nutrient in cell culture [26].
Glutamine is the most abundant amino acid in both plasma [27] and culture media, and its
consumption in large excess relative to demand for nucleotide and protein synthesis is well
described [28,29]. With little glucose-derived carbon entering the TCA cycle, glutamine
oxidation allows cells to replenish TCA cycle intermediates for use in biosynthetic reactions
[1,29]. Like their glycolytic counterparts, TCA metabolites are required for anabolic
processes to sustain cell proliferation [18]. For example, several non-essential amino acids
necessary for nucleotide and protein synthesis, such as aspartate and glutamate, can be
derived from TCA cycle intermediates. Glutamine also serves as a primary source of
nitrogen for proliferating cells in culture, which is likewise critical for de novo nucleotide
and amino acid synthesis [29]. Oncogenic mutations driving enhanced uptake and utilization
of glutamine ensures a continuous and abundant supply of nitrogen for transformed cells.
The exact mechanism by which this nitrogen is extracted and glutamine carbon is further
metabolized can differ, as cells lines with increased Myc favor glutaminolysis (see Glossary)
with nitrogen released as ammonia release while mutant K-ras can favor transamination of
the nitrogen to a-ketoacids [3,4,30].

Other amino acids as nutrients for cancer cells

Although much of the investigation of nutrient utilization in cell culture has focused on the
fates of glucose and glutamine, cancer cells in vivo have access to other nutrients including
amino acids that could support proliferation. For instance, although many cancer cells
synthesize serine and glycine de novo from glucose, recent studies have suggested uptake of
these nutrients from media can also be important. Profiling of spent media from the NCI-60
panel of cell lines found that glycine levels correlated with proliferation rate [26]. This
finding might be reflective of serine depletion and amino acid use during proliferation [31]
since serine uptake is dramatically increased in the fastest proliferating cells to a rate almost
8-fold that of glycine [32]. Although serine and glycine can be interconverted by serine
hydroxymethyl transferases (SHMT), the directionality of this interconversion can have a
profound impact on proliferating cells. In particular, serine can supply the necessary
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intracellular glycine and one-carbon units for nucleotide biosynthesis in the absence of
glycine, while glycine cannot compensate for serine-free conditions in all cells [31].

When serine levels are low, excess glycine depletes one-carbon units and blocks de novo
nucleotide synthesis, halting proliferation [31]. The mitochondrial isoform of SHMT
(SHMT2) likely plays a critical role in this block, as it generates folates from serine for
nucleotide biosynthesis in cell lines [33,34], and coordination of this enzyme with activity of
the glycine cleavage system can impact proliferation of poorly vascularized tumors [35].
Like glutamine, cells also take up serine in excess of that needed for protein synthesis. This
is not always true for glycine, a finding consistent with serine generating some glycine used
to make proteins [36]. However, rates of DNA synthesis correlate directly with glycine
uptake [36] in agreement with studies showing direct incorporation of 13C-glycine from the
culture media into the purine backbone of nucleotides [26]. Because glucose metabolism is
also important for nucleotide base synthesis [21], understanding the use of glucose-derived
serine and glycine relative to exogenous amino acids will be important. Glycine also
contributes to glutathione synthesis, which is critical in p53 null cells [32]. Thus, while these
studies highlight distinct contributions of available extracellular and newly synthesized
serine and glycine, they also emphasize how metabolic context can influence pathway fluxes
in cells with concomitant effects on proliferation and growth. Determining what regulates
serine and glycine interconversion, and how the use of these amino acids in different
metabolic processes is regulated, represent important open question for the field.

Catabolism of amino acids other than glutamine may contribute to tumor progression as
well. For example, expression of branched chain amino acid transaminase 1 (BCAT1) is
necessary for the growth and progression of isocitrate dehydrogenase (IDH) wild-type
gliomas [37]. These wild-type IDH gliomas represent a distinct subset of brain tumors with
worse clinical outcomes than those with gain-of-function mutations in IDH [38]. As branch
chain amino acids (BCAAs) are abundant amino acids in serum [27] (Table 1), BCAT1
expression may allow BCAAs to serve as an additional carbon source for the TCA cycle
[37]. Nevertheless, the contribution of BCAA breakdown to cancer cell metabolism in this
subset of gliomas, as well as in other cancers, requires further characterization.

Examination of metabolites from patient-derived glioma samples suggested that partial
cysteine catabolism and accumulation of the cysteine sulfinic acid (CSA) correlates with
increasing tumor grade [39]. Although most cancer research involving cysteine metabolism
has focused on its contribution to glutathione [40,41], blocking cysteine catabolism to CSA
independently inhibits tumor growth [39]. The ultimate fate of CSA in these tumors remains
to be determined.

The catabolism of additional amino acids to support proliferation is a subject of interest;
however, existing data suggests that most amino acids are used primarily for protein
synthesis in dividing cells [36,42]. Breakdown of amino acids might be more important to
maintain ATP and cellular redox state to support cell survival when other nutrients are
limiting. Consistent with this assertion, MYC induces a switch from proline catabolism to
anabolism to support proliferation [43].
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Scavenging macromolecules, reductive TCA flux, and acetate

In addition to the metabolism of glucose and free amino acids, cancer cells can catabolize
extracellular protein to supplement their nutritional requirements in some genetic and
environmental contexts. Oncogenic Ras expression stimulates macropinocytosis, a process
that enables clathrin-independent uptake of extracellular material [44]. Some of this
extracellular material can then be trafficked to the lysosome where protein is degraded to
provide amino acids that can enter central carbon metabolism [45]. This process allows
tumor cells in culture to proliferate when glutamine or essential amino acids are limiting
[45,46], and pharmacologic inhibition of macropinocytosis can slow growth of xenograft
tumors [45]. Understanding the extent to which tumor cells rely on metabolizing
extracellular material in their environment in vivo is an area of active study.

Extracellular lipids can also be an important fuel for cancer cells. In cell culture, glucose
contributes substantial amounts of carbon for the de novo synthesis of lipids. In the setting
of both oncogenic Ras expression or hypoxia, however, uptake of lysophospholipids can
also contribute to fatty acid pools [47]. This uptake compensates for the decreased flux of
glucose carbon through pyruvate dehydrogenase (PDH) observed in both conditions [1,48].
Hypoxia also alters the fate of glutamine carbon entering the TCA cycle by favoring
reductive rather than oxidative metabolism to serve as a source of acetyl-CoA for fatty acid
synthesis [48-50], in part to compensate for decreased contribution of glucose to citrate [51].

Other sources of carbon can also be used for lipid synthesis. Recent data suggest that despite
being present at relatively low levels in cell culture media and serum, acetate can also
contribute to fatty acid synthesis and TCA cycle metabolism [52-54]. Acetate is converted to
acetyl-CoA by the action of acetyl-CoA synthetases (ACSS), and ACSS?2 is critical for
growth of at least some tumor types in vivo [55]..

Location, location, location

The many studies showing cancer cells can utilize a variety of fuels in culture suggests
metabolic flexibility exists despite genetic and environmental contexts favoring the use of
certain substrates. This argues that the metabolism of cancer cells in tumors will be
influenced heavily by nutrient availability, and uncovers a potential limitation of cell culture
in that it does not necessarily mimic nutrient conditions in tissues. Changing culture
conditions to maintain constant nutrient levels is one approach that has been used to
generate insight [56], however standard cell culture media contains many-fold excess the
nutrient levels in plasma and the ratios of different nutrients are also different from those
found in vivo (Box 1 and Table 1). There are other nutrients, including acetate, which are
found in blood but not added to standard media (Table 2). Culturing cells in hypoxia or low
levels of specific nutrients maybe be informative, but in most instances these perturbations
are accompanied by superphysiologic levels of other nutrients in the media, failing to mimic
the reality of hypoperfusion. As the best approaches to model the tumor environment
remains unclear, efforts to study the metabolism of tumors in vivo will be critical to take the
next step in understanding cancer metabolism.
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Metabolic

Investigating the metabolic requirements of cells in vivo adds many layers of biological and
experimental complexity. Nutrient availability in vivo can vary between cell types, both
within and across organs. For example, the architecture of the liver results in gradients of
oxygen and nutrients across zones of hepatocytes [57]. Tumors also have gradients of
glucose and oxygen availability caused by disrupted microvasculature, leading to variable
nutrient uptake across tumors and in comparison with adjacent normal tissues [58-61].
Furthermore, homeostatic regulation of metabolites and the involvement of multiple tissues
and cell types in determining nutrient levels in vivo complicates the manipulation of nutrient
levels for experimental purposes [32].

Differences in nutrient availability among normal tissues may dictate the metabolic
programs utilized by those tissues. Interestingly, it appears these programs constrain the
metabolic repertoire available to tumor cells in vivo. Expression analysis of metabolic genes
from 22 human tumor types and normal tissue demonstrated that the expression pattern of
tumors more closely resembled those of their tissue of origin than they did tumors from
other tissues [62]. Tissue-of-origin even constrains the effects of the same oncogenic drivers
in different tissues, with Myc-driven liver and lung cancers exhibiting different phenotypes
related to glutamine metabolism [63]. Further complicating matters, tumors driven by
different oncogenes that arise in the same tissue can also exhibit different metabolic
programs [63]. Thus, while upregulation of some central metabolic pathways such as
nucleotide biosynthesis occurs irrespective of tissue type and driver mutation, the use of
other pathways is heterogeneous, possibly reflecting both the tissue of cancer origin and
adaptations to available nutrients [62].

Tumor cells also have metabolic interactions with normal host tissues that can have a
profound effect on cancer pathogenesis. For example, whole body metabolic alterations such
as obesity and diabetes influence the development and progression of many cancers,
including pancreatic cancer [64-67]. Pancreatic cancer can in turn alter whole body
metabolism causing new onset diabetes and cachexia in many patients and tumors can
secrete factors that can alter whole body metabolic rate [68-72],. Given the vagaries of
nutrient supply in vivo, these whole-body metabolic interactions suggest tumors may
actively strive to manipulate their environment to induce conditions favorable conditions for
their growth [73]. To this end, early pancreatic cancers can drive increased whole-body
protein turnover with concomitant amino acid release many years prior to diagnosis [74].

heterogeneity of tumors

Another essential difference between tumor cells in vitro and in vivo is that while every cell
in vitro must proliferate or be lost at passaging, in vivo only a fraction of tumor cells appear
to be actively dividing at any given time [16]. Dramatic cell-to-cell variation in the
expression profiles of cell cycle markers in glioblastoma cells has been observed and is
consistent with variable proliferation throughout the tumor [75]. This same study also found
hypoxia-related gene expression associated with intratumor O, gradients, providing
evidence for intratumor heterogeneity of metabolic programs [75]. Differences in pyruvate
kinase activity requirements also suggest that proliferating and non-proliferating tumor cells
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use glucose differently, and that how glucose is metabolized can impact the ability of cells
to proliferate in vivo [16].

Spatial heterogeneity of nutrient availability and metabolic phenotypes allows for metabolic
cooperation between different populations of cells within tumors. For example, lactate
released by hypoxic cancer cells can serve as oxidative fuel for the growth of neighboring
normoxic cells [76,77]. It has also been proposed that tumor cells might induce a similar
metabolic phenotype in cancer associated fibroblasts (CAFs), inducing them to release
lactate, dipeptides and ketone bodies to fuel oxidative tumor metabolism [78-80]. Metabolic
interactions with non-malignant tumor stromal cells can also directly influence disease
progression, metastasis and redox status. Ovarian tumors, which frequently metastasize to
the omentum, are drawn there in part by release of adipokines from omental adipocytes [81].
Once there, direct transfer of lipids from adipocytes to tumor cells supports cancer cell
proliferation as adipocytes upregulate lipolysis in concordance with an increase in -
oxidation in tumor cells [81]. In chronic lymphocytic leukemia, metabolism of cystine by
bone marrow stromal cells generates cysteine to support glutathione synthesis in the tumor
cells [82]. New methods to use mass spectrometry-based assessment of the spatial
distribution of metabolites in tissue are likely to lend further insight [83,84], although
additional new approaches will need to be developed to elucidate the complex interactions
between different cells types in tumor tissue.

Measurement of tumor metabolism in vivo

Studies of cancer metabolism in vivo have found that, consistent with cell culture models,
most tumors increase nutrient uptake relative to surrounding normal tissue. Physicians
leverage this to image tumors using [*8F]-2-deoxyglucose positron emission tomography
(FDG-PET), an approach that is useful for cancer staging and as a measure of therapeutic
response [85,86]. [18F]-glutamate and glutamine analogs are also being studied as tumor
imaging agents [87,88], as is [11C]-acetate [89], and these agents may help track FDG-PET
negative tumors [88]. To date, PET tracers (see Glossary) have been limited in providing
insight beyond nutrient uptake because distinguishing labeled species in downstream
metabolism is not feasible via this imaging approach. Nevertheless, glutamine incorporation
into protein and conversion to glutamate has been assessed by tissue sampling [88].

Both radioactive and stable isotopes have been used to study cancer metabolism phenotypes
in vivo [90]. While earlier studies were limited to investigations of whole body metabolism,
they confirmed increased glucose oxidation [91,92], protein turnover [93] and lipolysis [94]
in tumor-bearing patients. More recent studies have coupled the use of stable isotope tracers
to nuclear magnetic resonance (NMR) spectroscopy or mass spectrometry (MS) to
determine the exact fates of different nutrients in tissues. In one example, bolus injections of
[U-13C]glucose found that the Warburg effect in vivo may not be universal, as Myc-driven
liver tumors showed increased glucose to lactate conversion while Met-driven ones did not
[63]. Use of NMR-spectroscopy can also provide insight into dynamic changes in tumor
metabolism in live animals [95], although even with hyperpolarization methods to improve
sensitivity, the diversity of metabolites that have been tracked to date is limited [96].
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To compare nutrient fates across tissues in vivo, methods to achieve steady state plasma
enrichment of stable isotope tracers can be used [16,97]. Infusions of [U-13C]glucose into
patients with FDG-PET positive intracranial tumors revealed that while glucose was
metabolized to lactate as anticipated, a large amount of glucose was also oxidized via the
TCA cycle [98]. Glucose was also found to contribute to de novo glutamine synthesis in the
brain tumors studied [98]. Labeled glucose infusions into mice with orthotopic human
glioblastoma transplants further confirmed a higher than expected flux from glucose into the
TCA cycle as well as glutamine production from glucose [97]. While studies of additional in
vivo models are needed to know whether brain cancers represent a unique case in either
metabolic phenotype or the similarities between mouse and human tumors (Box 2), the
results illustrate that nutrient use in vivo can be different from what is observed in most cell
lines.

Concluding remarks

The study of cancer metabolism in culture has advanced our understanding of the metabolic
requirements for proliferation. In vitro cell culture will continue to allow investigation of the
metabolic characteristics of single cell types and the effects of discreet genetic and
environmental manipulations. Indeed, numerous examples of metabolic symbiosis between
cell types have been defined using culture systems [77,79-82]. To continue to derive insight
from culture systems, however, a greater appreciation for the limitations discussed above
will be important (Box 3). The limited data from in vivo studies argues that cancer
metabolism in whole animals can be different from that observed in culture. Whether this
difference reflects the metabolic phenotype of less proliferative cancer cell populations that
form the bulk of tumors remains to be determined, but studies in vivo will enable the study
of these cells as well as cancer types that have not been amenable to cell culture. Studies in
vivo will also be important to probe tumor-host tissue interactions that can have a major
impact on patient outcomes [70]. Finally, the ability to understand the metabolic changes
associated with tumor growth in different tissue contexts will also benefit from studies of
cancer metabolism in vivo, and inform our understanding of metastasis [99]. Most
importantly, in vivo studies will help guide more effective targeting of those metabolic
changes that aid tumor progression in relevant clinical settings.
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Glossary Box

Anabolic: Biochemical reactions requiring the input of energy for the synthesis

of new macromolecules in cells.

ATP: Adenosine triphosphate. The primary energy currency of the cell.

Catabolic: Biochemical reactions that provide energy for use by cells via the
oxidation of various nutrients.

Flux: Rate of metabolite flow per unit time through a metabolic pathway.

Glutaminolysis: Oxidative metabolism of glutamine by the TCA cycle.

Macromolecules: Large polymers that compose much of the structure of a cell
including DNA, proteins and lipids

Macronutrient: General term describing nutrients required in large amounts such as
carbohydrates, proteins, and fats.

NADPH: Reduced nicotinamide adenine dinucleotide phosphate. A co-factor
for intracellular redox reactions that is used primarily as a source of
electrons for reduction reactions. It is important for many anabolic
reactions and for coping with reactive oxygen species.

Quiescent: Non-proliferating.

Tracer: A version of a metabolite in which one or more of the atoms has been
replaced with a different isotope version of that atom such that the
difference can be tracked using mass spectrometry or nuclear
magnetic resonance spectroscopy. If the isotope used is radioactive,
radioactivity detection methods can also be used.
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Box 1
Development of cell culture media

Early cell culture media required supplementation with large amounts of serum such that
detailed investigation of growth requirements in vitro remained impractical. In 1955-56,
Harry Eagle and colleagues outlined, for the first time, the specific amino acids vitamins,
salts and other nutrients that enabled the continued culture of two cell lines, adult mouse
fibroblasts and HeLa cells, with minimal added serum [28,108,109]. These studies
formed the basis for the original standardized media formulation that became known as
Basal Medium Eagle (BME) (Table 1). Two observations stand out from these studies.
The first is that glutamine was considered separate from other amino acids and equivalent
to glucose as a requirement for proliferation in culture. The second is that although the
optimal concentrations of amino acids to support growth were determined empirically,
concentrations were deliberately kept close to the physiologic ranges reported by
Albritton [101,108].

Additional work over the next several years by Eagle and colleagues led to the
development of minimal essential media (MEM) [110]. This media, which allowed for
the culture of additional cell lines, contained two-fold or greater increases in the amino
acids included in BME (Table 1). These changes were intended to more closely conform
to the amino acid composition of total protein in cultured human cells [110]. In 1960,
Marguerite Vogt and Renato Dulbecco, in their studies of the interactions between the
polyoma virus and embryonic cells, further modified MEM to include four-fold the
concentration of amino acids and vitamins described by Eagle [111]. This media, now
known as DMEM (Dulbecco’s Modified Eagle Medium), which also contains glucose at
five-times the concentration that is normal in blood (Table 1), has become a standard
culture media used today.

In a manner analogous to Eagle’s studies of the previous decade, George Moore and
colleagues at the Roswell Park Memorial Institute (RPMI) undertook a similar effort with
the primary focus on the development of culture medias for both normal and transformed
blood cells. This work spawned a large series of similar medias, including RPMI 1640
[112], which was originally designed for the culture of normal primary leukocytes and
has become another workhorse of modern tissue culture. RPMI differs mainly from
DMEM in the number of added amino acids (Table 1).

Since these early studies, there have been many additional modifications to generate
specialized media, although in large part these are all based on the pioneering and
painstaking work of Eagle and Moore, with the major differences in most cases being the
addition of new growth factors and hormones. It is now possible to grow some cells in
completely defined (serum-free) media, however the nutrient composition is still based
on the classic formulations.
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Box 2
Interspecies differences in metabolism

More than a decade ago Rangarajan and Weinberg intoned, “mice are not small people,”
when discussing the use of mice to model human cancer [113]. However, mice remain a
powerful tool to study cancer with their ease of genetic manipulation, relatively short
generation time and many physiologic similarities with humans. Nevertheless, there are
important species-specific differences. Spontaneous cancers in mice have both a different
natural history and tissue spectrum than humans [113]. Introduction of tissue-specific
pro-neoplastic genetic alterations are powerful tools to model tumorigenesis in an organ,
and while these often recapitulate many pathological features of the human disease there
are also differences including far less genetic heterogeneity among tumor cells in mice.
Additionally, the seven-fold higher metabolic rate in rodents [114] may play a role in
how tissues respond to the genetic changes and the altered signaling pathways that are
found in human cancers.

Nutrient handling can also differ dramatically across mammalian species. Although mice
and rats are commonly used to study type-2 diabetes, rodents show differences from
humans in glucose metabolism at every level from glucose-regulatory transcription
factors to mechanisms of insulin secretion to the primary tissue of glucose disposal [115].
Unsurprisingly, amino acids also display species-specific differences in their requirement
for protein synthesis and the relative catabolism of individual amino acids across tissues
[116,117]. These differences in macronutrient (see Glossary) handling are likely a
consequence of the fact that mammalian species consume diets with very different
compositions. Failing to account for these metabolic differences could affect the
translatability of findings when different species are used as a research tool to study
metabolism and its impact on disease [115].

Despite these caveats, important insight can be gained from mouse models of human
cancer and provide a powerful tool to study cancer metabolism in vivo. Both humans and
mice have the same elevations in branched chain amino acids (BCAAS) initiated by early
stage pancreatic cancers, and the ability to study this phenotype in mice uncovered that
this change in amino acid levels reflects increased protein turnover [74]. Similarly,
detailed studies of glucose metabolism of human glioblastomas in mice showed nearly
identical phenotypes to what was observed in tumors of patients with glioblastomas
[97,98]. Given the complexity of intra-operative studies to gain metabolic insight on
human tumors in vivo, the concordance with findings in animal studies argues that true
mechanistic insight into human disease can be gained from more tractable experiments
using mouse models. Careful validation of phenotypic findings in each species enhances
the likelihood that mechanistic dissection of phenotypes in mice will be informative for
improved patient care.
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Figure 1.
Establishing tumor-derived cell lines in culture selects for the fastest proliferating clones in

the population, and non-dividing and less proliferative cells are lost upon serial passaging.
This inevitable consequence of cell culture is illustrated graphically in (A), using the
example of cell line generation from a tumor. Panel (B) shows a model demonstrating how
many cell doublings are required for a clone to take over the culture population if that clone
has the proliferation advantage indicated (key; proliferation advantage indicated as % faster
than control doubling time). The model assumes competition between two distinct clones
plated at equal density with one clone having a fixed advantage that is invariant over time.
We further define one clone representing greater than 90% of the cultured population as
having taken over the culture. This threshold is reached after 317 doublings with a 1%
proliferation advantage, 64 with 5%, 32 with 10%, and only 16 with 20%. Additional details
of the model are included as supplemental material.
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Figure 2.
/B> Differences between quiescent and proliferative metabolism. In quiescent metabolism

(left), cells balance catabolic and anabolic process such as lipogenesis and (3-oxidation, or
protein synthesis and degradation. In proliferative metabolism (right), anabolic processes are
favored to allow the net production of biomass. Red labels indicate metabolic pathways not
shown in detail. Green labels indicate macromolecules (or protein modifications such as
glycosylation) that represent the starting points of catabolic pathways and/or the end points
of anabolic pathways. Broken arrows represent potential fates of the identified nutrients that
have not been extensively investigated. The mitochondrion is represented in purple to
illustrate compartmentalized reactions. Abbreviations: AA = amino acids, Asn =
Asparagine, aKG = a-ketoglutarate, BCAAs = branched chain amino acids, CSA = cysteine
sulfinic acid, Cys = cysteine, F6P = fructose-6-phosphate, GIn = glutamine, Glu =
glutamate, Gly = glycine, GSH = reduced glutathione, GSSG = oxidized glutathione, G3P =
glyceraldehyde-3-phosphate, G6P = glucose-6-phosphate, HBP = hexosamine biosynthetic
pathway, NADPH = reduced nicotinaminde adenine dinucleotide phosphate, OAA =
oxaloacetate, ox = oxidative, PPP = pentose phosphate pathway, Pyr = pyruvate, Ser =
serine, 3PG = 3-phosphoglycerate.
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