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Abstract: Targeting the metabolic aberrations of cancer cells has emerged as a promising strategy to inhibit

the tumor growth. The genetic landscape and cell origin of cancer cells are known cell intrinsic factors,

which define cancer cell metabolism. However, the relevance of cell extrinsic factors, such as the iz vivo

microenvironment, is poorly understood. Here, we provide a perspective on the recent findings on how the

microenvironment shapes the iz vivo metabolism of cancer cells.
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Cancer cells show sustained cellular proliferation, which
is necessary for tumor formation and cancer progression.
Cellular metabolism is one of the biological processes
necessary to enable uncontrolled proliferation of cancer
cells. Metabolism converts nutrients provided by the
microenvironment through a series of biochemical reactions
into metabolic products such as energy, biomass precursors,
and antioxidants, which are in turn needed for cellular
proliferation. Yet, metabolism can be fueled by different
nutrients, and these nutrients are used to produce the
needed metabolic products through multiple parallel or
converging biochemical reactions. Thus, almost a century
ago the idea emerged that cancer cells have a different
metabolism compared to non-transformed cells (1) and
that these differences can be targeted to inhibit cancer cell
proliferation (2).

After the challenging discovery that there is no specific
“cancer metabolism” that unifies all transformed cells
and separates them from all non-transformed cells (3),
researchers undertook the endeavor to mechanistically
understand how metabolic alterations are linked to an
oncogenic transformation. A milestone in this endeavor
was the discovery that oncogenes and tumor suppressors
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regulate the expression and/or activity of metabolic
enzymes (3,4). Consequently, it has been concluded that
cancer metabolism is defined by the genetic landscape of
the transformed cell. Yet, introducing one and the same
oncogenic driver into different non-transformed cells
often did not result in a consistent change in metabolism
(5-7). This finding was explained by the frequently
underappreciated influence of the cell origin (3), i.e., non-
transformed cells of different origin have per se a different
metabolism, which is defined by their natural function
within an organ or the whole body. Thus, the metabolic
changes stimulated by the introduction of an oncogenic
driver in cells of different origin (and therefore different
baseline metabolism), result in a metabolism that is defined
by both, the oncogenic drivers and the cell origin (3).
Yet, with these findings the question rises whether cancer
metabolism is only defined by cell intrinsic factors such
as the genetic landscape and cell origin. Multiple lines of
evidence, such as metabolic regulation and the importance
of extracellular nutrient concentrations on the activity of
signaling pathways (8), suggest otherwise. However, the
impact of these cell extrinsic factors has hardly been studied
in vivo. Consequently, the relevance and interplay between
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Figure 1 Genetic and microenvironment alterations shape the metabolism of cancer cells. Glycolysis, PC-dependent anaplerosis,
and oxidative TCA cycle metabolism is increased in KRAS induced lung cancers compared to adjacent lung tissue (6,9). Intra-tumor
heterogeneity in the microenvironment defined by the magnitude of perfusion results in the reliance on glucose metabolism in less
perfused tumor areas and in the usage of alternative nutrients in higher perfused tumor areas (9). Inter-organ alterations in the nutrient
microenvironment contribute to the use of glutamine anaplerosis in primary breast cancers and the shift to PC-dependent anaplerosis in the
resulting lung metastases (11). In vitro cultured lung cancer cells use glutamine anaplerosis, while the same lung cancer cells grown iz vivo
exploit glucose metabolism (6). OAA, oxaloacetate; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase. Italics indicates metabolic

pathways or metabolic enzymes. Only selected biochemical reactions are depicted.

cell intrinsic and extrinsic factors in shaping in vive cancer located in different microenvironments (defined by the
metabolism is poorly defined. perfusion magnitude) within the cancer mass. Based on

Recently, several laboratories addressed the question this data they came to three conclusions (Figure I): first,
whether cell extrinsic factors such as alterations in regardless of the perfusion state all cancer cells showed
the microenvironment, play a role in defining cancer sustained or even enhanced tricarboxylic acid (TCA)
metabolism. Hensley and colleagues (9) studied the cycle metabolism [defined by pyruvate carboxylase (PC)-
interplay between metabolism and the microenvironment dependent anaplerosis and pyruvate dehydrogenase (PDH)
by combining iz vivo "C tracer analysis with dynamic activity] despite the fact that they also showed increased
contrast-enhanced MRI (DCE-MRI) data in non-small glucose uptake (measured by FDG-PET) compared to
cell lung cancer patients with differential status of the adjacent lung tissue. This finding is of profound importance,
oncogenes KRAS and EGFR. Using DCE-MRI they pre- because a long favored model of cancer metabolism
operatively defined higher and lower perfused areas within postulates a switch from oxidative to glycolytic metabolism.
the cancer mass and used this information to identify cancer However, the data of Hensley and colleagues (9) support
cells exposed to different microenvironments, although the idea that enhanced oxidative TCA cycle metabolism
harboring the same oncogenic drivers and residing in the and increased glycolysis are not opposing metabolic states,
same organ. The consequent intraoperative "'C tracer but can both be the metabolic basis of an oncogenic
analysis was used to determine differential nutrient usage transformation; second, cancer cells in lower perfused areas
and metabolic pathway activities (10) of the cancer cells within the cancer mass relied predominantly on glucose to
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fuel TCA cycle metabolism, while cancer cells in areas of
higher perfusion used to a large extent alternative carbon
sources; third, neither the KRAS nor the EGFR status
changed the influence of perfusion on the nutrient usage in
the TCA cycle.

These unexpected results were further confirmed
and extended by a study of Davidson and colleagues (6)
showing that cellular proliferation of KRAS driven non-
small cell lung cancers in mice depends iz vivo on PC-
dependent anaplerosis and PDH activity. Moreover, they
discovered that KRAS-driven lung cancer cells used in vivo
glucose as major carbon substrate for TCA cycle fueling,
while the same cells cultured in vitro switched to glutamine
anaplerosis (Figure I).

Beyond these works on primary lung cancer,
Christen and colleagues (11) investigated the role of the
microenvironment in shaping cancer metabolism during
breast cancer metastasis to the lungs. They discovered
that breast cancer-derived lung metastases activated
PC-dependent anaplerosis as a function of the nutrient
availability within the lung microenvironment (Figure I).
While primary breast cancers often rely on glutamine
anaplerosis and are susceptible to glutaminase inhibitors (3),
these data suggest that the resulting and genetically similar
lung metastases loose this drug susceptibility, because they
activate PC-dependent anaplerosis in response to the lung
microenvironment (11).

Considering the data provided by these studies
three major milestone conclusions emerge: first, cancer
metabolism is a function of the in vivo microenvironment
resulting in intra-tumor and inter-organ heterogeneity;
second, the nutrient microenvironment can overrule
metabolic constrains imposed by the genetic landscape;
third, a true switch from oxidative to glycolytic metabolism
is not a requirement for uncontrolled proliferation of cancer
cells.

At first sight the discovered metabolic heterogeneity
and flexibility of cancer cells resulting from the
microenvironment seems challenging for the overarching
goal to translate cancer metabolism research into innovative
and effective drugs against cancer. However, a closer
look at these results reveals that although cancers within
the lung show the flexibility to exchange glucose with
alternative carbon sources, the metabolic processing of
all these nutrients requires PC and PDH activity (9).
Consequently, targeting PC (or PDH) activity has the
potential to inhibit the iz vivo proliferation of cancer
cells in the lung microenvironment regardless of whether
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they are located in higher or lesser perfused areas (9),
or originate from primary breast cancers (11). However,
this in vivo vulnerability of cancer cells within the lung
microenvironment is not predictable from iz vitro studies,
because the in vitro provided environment results in a
glutamine dependency of lung cancer cells (6). Thus, these
findings provide the basis for a paradigm shift, which
builds on a microenvironment defined cancer metabolism.
Consequently, not only the genetic landscape and the
cell origin of cancer cells needs to be considered when
developing anti-cancer drugs and defining their efficacy
spectrum, but also the microenvironment as defined by the
perfusion state of the tumor, the organ in which the cancer
resides, and the whole body physiology of the patient.
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