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a  b  s  t  r  a  c  t

Cancer  is  a disease  characterized  by  unrestrained  cellular  proliferation.  In  order  to  sustain  growth,  can-
cer cells  undergo  a complex  metabolic  rearrangement  characterized  by  changes  in  metabolic  pathways
involved  in  energy  production  and  biosynthetic  processes.  The  relevance  of  the  metabolic  transformation
of  cancer  cells  has  been  recently  included  in  the  updated  version  of the  review  “Hallmarks  of  Cancer”,
where  dysregulation  of  cellular  metabolism  was included  as an  emerging  hallmark.  While  several  lines of
evidence  suggest  that  metabolic  rewiring  is  orchestrated  by the  concerted  action  of  oncogenes  and  tumor
suppressor  genes,  in  some  circumstances  altered  metabolism  can  play  a  primary  role  in  oncogenesis.
Recently,  mutations  of  cytosolic  and  mitochondrial  enzymes  involved  in key  metabolic  pathways  have
been  associated  with  hereditary  and  sporadic  forms  of  cancer.  Together,  these  results  demonstrate  that
aberrant  metabolism,  once  seen  just  as an  epiphenomenon  of oncogenic  reprogramming,  plays a key role
in oncogenesis  with  the  power  to control  both  genetic  and  epigenetic  events  in cells.  In  this  review,  we
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discuss  the  relationship  between  metabolism  and cancer,  as  part  of a larger  effort  to  identify  a broad-
spectrum of therapeutic  approaches.  We  focus  on  major  alterations  in nutrient  metabolism  and  the
emerging  link  between  metabolism  and  epigenetics.  Finally,  we  discuss  potential  strategies  to  manipulate
metabolism  in  cancer  and  tradeoffs  that  should  be considered.  More  research  on the  suite of  metabolic
alterations  in  cancer  holds  the potential  to discover  novel  approaches  to treat it.

© 2015  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license  (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A non-profit organization called Getting to Know Cancer
launched an initiative entitled “The Halifax Project” in 2011, which
was charged with identifying synergistic molecular targets and/or
small molecules for each of the areas that are widely considered
to be hallmarks of cancer [1]. The rationale for this approach is
based on the idea that cancers harbor significant genetic hetero-
geneity [2], which is often not addressed with monotherapeutic
approaches. While efforts have been made to combine therapies to
overcome resistance, rising drug costs, significant levels of toxicity,
and a lack of overall success have stymied efforts to effectively treat
cancer with multi-drug combinations [3].

Thus, the first aim of the Halifax Project was to produce a series
of reviews, including this review on cancer metabolism, to broadly
assess current knowledge on the biology of cancer. The overall goal
of the Halifax Project is to identify biological targets and prospec-
tive lead compounds that could potentially be used to reach each
prioritized area, and synergistically target multiple hallmarks of
cancer. By building this rationale into the approach a priori, the
problem of heterogeneity might be overcome. In theory, multiple
low toxicity approaches could be experimentally combined, which
then might lead to synergism within a given hallmark, such as can-
cer metabolism. Future studies will build upon these findings and
test these hypotheses, as well as integrate these concepts into the
approaches recommended in other hallmark areas in this special
issue.

In this review, we first discuss the relationships between
metabolism and cancer. We  focus on major alterations in nutrient
metabolism, as well as the emerging links between metabolism and
epigenetics. Next, we discuss potential therapeutic strategies that
could be used to manipulate metabolism in cancer cells or to manip-
ulate host metabolism thereby influencing cancer metabolism.
Finally, we describe tradeoffs that should be considered when
leveraging these approaches. Together, this information will be the
basis of significant future research to fully realize the potential of
targeting metabolism in cancer.

2. Classic metabolic derangements

The first realization that metabolism is altered in cancer can
trace its roots to the work of Otto Warburg. During the 1920s,
Warburg found that unlike most normal tissues, cancer tissues fer-
mented glucose to lactate at high rates regardless of the presence
of oxygen [4,5]. This was in contrast to the results that Pasteur had
obtained previously studying fermentation in yeast, whereby O2
was found to inhibit fermentation [6,7]. To study the metabolism of
cancer in vivo, Warburg used Jensen sarcoma cells to form tumors
within the abdomens of rats. By comparing arterial glucose and
lactate concentrations to venous glucose and lactate concentra-
tions, Warburg was able to infer the glucose uptake and lactate
excretion by the tumor. Whereas normal tissues took up 2–18% of
arterial glucose, tumors consumed 47–70%. Lactate was not signif-
icantly changed in blood after perfusion of normal tissues, but by
Warburg’s calculations, tumors converted 66% of their consumed
glucose into lactate. Thus, Warburg surmised that tumors take up

much more glucose than normal tissues and convert a much larger
percentage of it to lactate [4].

Warburg’s work on respiration and fermentation in cancer cells
ultimately led him to propose that “the respiration of all cancer
cells is damaged” [8]. In fact, he reasoned that known carcinogens,
such as arsenic and hydrogen sulfide, likely worked by inhibiting
respiration. He suggested that the primary oncogenic insult was
an inability of cells to oxidize glucose carbons, and that X-rays
were carcinogenic mainly due to their effect on mitochondria [8],
which by this time had been shown to be the respiratory center of
cells.

The exact molecular mechanisms leading to altered metabolism
in cancer and the Warburg effect remain a major unsolved question;
for a review, see [9]. Subsequent studies have shown that while
changes in mitochondrial respiration are sometimes seen in cancer
cells, these alterations are not likely the driving lesion for most
cancer cells. For example, Warburg’s follow-up work suggested
that oxidative respiration was important in malignant tumors, and
reported that placing rats in 5% O2 for 40 h resulted in the death of
most cancer cells, suggesting that oxygen was  needed for viability
of those cancer cells [4]. Similarly, the work of his contemporaries
showed that oxygen consumption is intact in many cancers, thereby
decoupling the Warburg effect from defective oxygen consump-
tion [10,11]. However, oxygen consumption cannot be a direct
measurement of intact respiration, because mitochondrial cou-
pling/uncoupling influences the efficiency of oxygen consumed to
ATP produced. Nevertheless, many cancer cells display increased
glucose uptake and elevated lactate production, irrespective of
oxygen availability – also called “aerobic glycolysis” or the War-
burg effect [12], and this observation remains a hallmark of altered
metabolism in cancer cells.

3. Emerging metabolic derangements

While the mechanisms leading to the Warburg effect are
under intense investigation, the general consensus of the field
is that dysregulated metabolism and altered mitochondrial
structure–function [13] is consistently found in several cancer
cell types. These changes may  occur before, as a result of, or in
combination with, the genetic changes driving cancer, including
oncogene expression or tumor suppressor loss; for recent compre-
hensive reviews on these concepts, see [14,15]. For example, one
well-studied link between oncogenesis and glucose metabolism is
the phosphoinositide 3-kinase (PI3K) signaling pathway. Activat-
ing mutations in PI3K or overexpression of the AKT oncogenes,
which lie downstream of PI3K, can induce high rates of aerobic gly-
colysis in non-transformed cells. This occurs in part by increasing
expression and localization of the high-affinity glucose transporter,
GLUT1, on the plasma membrane [16,17]. In addition, activa-
tion of the PI3K pathway can accelerate flux through glycolysis
by increasing the activity of hexokinase-2, phosphfructokinase-
1 (PFK1), or phosphofructokinase-2 (PFK-2) [18–20]. The tumor
suppressor p53, which has a well described role in DNA dam-
age sensing, cell cycle control, and control of apoptosis, is also
able to oppose the Warburg effect by stimulating respiration and
reducing glycolytic flux [21–23]. Thus, loss of p53 in cancer cells
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