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Abstract

Glucose is a key metabolite used by cancer cells to generate ATP, maintain redox state and create
biomass. Glucose can be catabolized to lactate in the cytoplasm, which is termed glycolysis or
alternatively can be catabolized to carbon dioxide and water in the mitochondria via oxidative
phosphorylation (OXPHOS). Metabolic heterogeneity exists in a subset of human tumors, with
some cells maintaining a glycolytic phenotype while others predominantly utilize OXPHOS. Cells
within tumors interact metabolically with transfer of catabolites from supporting stromal cells to
adjacent cancer cells. The Reverse Warburg Effect describes when glycolysis in the cancer-
associated stroma metabolically supports adjacent cancer cells. This catabolite transfer, which
induces stromal-cancer metabolic coupling, allows cancer cells to generate ATP, increase
proliferation and reduce cell death. Catabolites implicated in metabolic coupling include the
monocarboxylates lactate, pyruvate and ketone bodies. Monocarboxylate transporters (MCT) are
critically necessary for release and uptake of these catabolites. MCT4 is involved in the release of
monocarboxylates from cells, is regulated by catabolic transcription factors such as hypoxia
inducible factor 1 alpha (HIF1A) and nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB) and is highly expressed in cancer-associated fibroblasts. Conversely, MCT1 is
predominantly involved in the uptake of these catabolites and is highly expressed in a subgroup of
cancer cells. MYC and TIGAR, which are genes involved in cellular proliferation and anabolism
are inducers of MCT1. Profiling human tumors on the basis of an altered redox balance and intra-
tumoral metabolic interactions may have important biomarker and therapeutic implications.
Alterations in the redox state and mitochondrial function of cells can induce metabolic coupling.
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Hence, there is interest in redox and metabolic modulators as anticancer agents. Also, markers of
metabolic coupling have been associated with poor outcomes in numerous human malignancies
and may be useful prognostic and predictive biomarkers.
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Introduction

The generation of ATP from glucose is an essential eukaryote cellular process that results in
either the production of lactate via glycolysis or carbon dioxide and water via oxidative
phosphorylation (OXPHOS) [1]. Also, yeast which are eukaryote facultative anaerobes can
perform alcoholic fermentation but this will not be discussed further since the focus of this
review is on the metabolism of the different cell types in human tumors. Cells utilize glucose
to generate ATP, maintain redox equilibrium or generate biomass [2]. Non-cancer or normal
cells and tissues rely primarily on OXPHOS, which takes place in the mitochondria and is
the more energetically efficient process; only in the absence of oxygen do non-cancer cells
shift to glycolysis [3]. It has long been recognized that cancer cell metabolism differs from
that of non-cancer cells [4]. However, the exact nature of the difference continues to be
elucidated and debated.

German scientist Otto Warburg proposed his influential theory of tumor cell metabolism in
the 1920s. He and his colleagues observed that, even in the presence of adequate oxygen,
tumor cells utilized more glucose and produced more lactate than surrounding normal cells,
a process that they coined “aerobic glycolysis [5].” As an explanation for why tumor cells
would favor this relatively inefficient process, Warburg hypothesized that they must have
dysfunctional mitochondria that are irreversibly damaged [6]. A very small group of familial
human cancers, which include paragangliomas and renal cell cancers, have irreversible
mitochondrial damage due to mutations in the tricarboxylic acid cycle enzymes succinate
dehydrogenase and fumarate hydratase [7] [8]. Despite evidence that the majority of cancer
cell mitochondria are not dysfunctional and that many different tumor metabolic profiles
exist, this theory, known as the “Warburg Effect,” has been a prevailing theory of tumor
metabolism [9] [10] [11].

The Warburg Effect only partially explains tumor metabolism. Studies have shown that there
is metabolic heterogeneity within tumors, with some cells maintaining a glycolytic
phenotype while others predominantly utilize OXPHOS [2] [9] [12]. This is made possible
by a complex interplay between different metabolic compartments. Interactions between
cancer cells and cells in the tumor microenvironment allows metabolites to be shifted from
stromal cells to meet metabolic demands and maintain ATP production in cancer cells [2]. A
newer theory, termed the “Reverse Warburg Effect,” describes a two-compartment model in
which stromal cells are induced by cancer cells to undergo “aerobic glycolysis” and then
transfer the products back to the cancer cells for utilization for mitochondrial OXPHOS [1]
[13] [14] [15]. This cellular metabolic coapting of stromal and cancer cells allows tumors to
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respond to variations in nutrient availability to maximize cellular proliferation and growth

2].

Mitochondrial OXPHOS in the Cancer Cell

Contrary to Warburg’s hypothesis, cancer cells have increased mitochondrial activity in a
subgroup of human cancers [4] [11] [16] [17] [18] [19] [20] [21]. TOMMZ20 (translocase of
outer mitochondrial membrane 20) is the receptor subunit of the mitochondrial membrane
import pore, which allows the import of nuclear encoded OXPHQOS subunits and induces
OXPHOS [22]. TOMM20 can be stained by immunohistochemistry, and has been used as a
marker of mitochondrial mass and metabolic activity [23]. Studies have confirmed that
epithelial cancer cells, including breast, anaplastic thyroid, papillary thyroid, and gastric,
express high levels of TOMM20 when compared to adjacent stromal cells [24] [25] [26].
This supports the notion that mitochondrial function in cancer cells is preserved (Figure 1).

Further proof of the presence of functional mitochondria in human cancer cells comes from
studies of human tumors utilizing functional staining of the mitochondrial OXPHOS
complexes [10] [23] [24]. Complex I-NADH dehydrogenase, complex Il-succinate
dehydrogenase (SDH) and complex 1\V-cytochrome C oxidase (COX), have all been shown
to be hyperactive in human breast cancer cells; compared to tumor stromal cells and normal
epithelial ductal cells [24]. In another study in head and neck squamous cell carcinoma, the
highest complex IV activity was found in carcinoma cells and this activity was higher than
in normal epithelia, normal stroma or tumor associated stroma [23]. These studies
demonstrate that there is increased OXPHOS in cancer cells in a subgroup of human
malignancies. It has been hypothesized that mitochondrial activity may be required for high
biomass production in a subgroup of human cancers.

Monocarboxylate Transporters

The monocarboxylate transporters (MCTs) are a family of proton-linked membrane
transporters that are responsible for the movement of single-carboxylate molecules, such as
lactate and pyruvate, in and out of cells. 14 MCTs have been identified, however, only
MCTSs 1-4 are able to transport monocarboxylates bidirectionally [27]. Both MCT1 and
MCT4 have been identified as playing an important role in the metabolic relationship
between cancer cells and fibroblasts [1] [28] [29] [30] [31]. Specifically, MCT1 has been
found to be upregulated in OXPHQOS cancer cells that have increased uptake of lactate while
MCT4, on the other hand, is upregulated in lactate exporting, glycolytic cells [12] [30] [32].
The upregulation of MCT4, but not MCT1, is driven by hypoxia and mediated by hypoxia
inducible factor 1 alpha (HIF1A) [33].

In a study conducted by Whitaker et al., breast cancer cells were co-cultured with fibroblasts
to induce the formation of cancer-associated fibroblasts (CAFs) via a mechanism that is
mediated by cancer cell driven oxidative stress. The cells were then stained to evaluate for
MCT4 expression. They found that neither cancer cells nor fibroblasts expressed MCT4
when stained separately, however, after co-incubation, MCT4 was selectively expressed on
CAFs [28]. The same procedure was then performed for MCT1, which was found to be
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selectively upregulated on MCF7 breast cancer cells and absent on CAFs [28]. High MCT1
expression is found in the majority of carcinoma cells in human breast cancer while as high
MCT4 is found in the majority of breast cancer-associated stroma [34] [35]. This supported
the authors’ hypothesis that a lactate shuttle may exist in tumors to transfer lactate from the
stroma to the cancer cells for utilization [28]. Several clinical studies have evaluated the
relationship between MCT1 expression in cancer cells and patient outcomes and most
studies have shown that high expression is associated with shorter progression free survival
(PFS) or overall survival (OS) (Table 1).

Similar findings with metabolic coupling between stromal and cancer cells involving lactate,
pyruvate, beta-hydroxybutyrate, acetate, fatty acids, glutamine and alanine have been
discovered in many human malignancies including breast, ovarian, prostate, liver, colon,
pancreatic and head and neck squamous cell cancer (HNSCC) [23] [29] [36] [37] [38] [39]
[40] [41] [42] [43] [44] [45] [46] [47].

Studies have evaluated MCT expression in conjunction with TOMM20 expression in an
attempt to correlate cellular transport with metabolic activity. Using biomarker staining,
Curry et al. identified three, separate metabolic compartments in HNSCC: (1) proliferating
cancer cells expressing high MCT1 and high TOMM20, (2) non-proliferating stromal cells
expressing high MCT4, and (3) non-proliferating cancer cells expressing high MCT4,
highlighting the metabolic heterogeneity within a tumor [23]. High MCT1 expression in
cancer cells and high MCT4 expression in the stroma of multiple human malignancies is
associated with poor outcomes [48].

The mechanisms by which cancer cells metabolically reprogram adjacent non-cancer cells
are an area of active investigation since it holds promise to determine drivers of cancer
aggressiveness, discover prognostic and predictive cancer biomarkers and novel anti-cancer
therapies. Caveolin-1 (CAV1), hypoxia inducible factor 1 alpha (HIF1A), nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) and TP53 induced glycolysis and
apoptosis regulator (TIGAR) are all known inducers of cancer-stroma metabolic coupling
via modulation of oxidative stress and autophagy (Figure 2).

Caveolin-1, HIF1A, NF-kB

Caveolae are plasma membrane invaginations that are considered a distinct subset of plasma
membrane lipid rafts. Coated by unique proteins called caveolins, caveolae are found on
multiple different cells types, including endothelial cells, fibroblasts, muscle cells, and
adipocytes, and have been shown to be involved in cell signaling, among other functions
[49]. The caveolin family of proteins consists of three members, caveolin-1 (CAV1),
caveolin-2 (CAV2), and caveolin-3 (CAV3). Here, we focus on CAV1 and its role in cancer-
stromal cell metabolism.

CAV1 expression is frequently low in human cancer-associated fibroblasts compared to
normal fibroblasts and is mediated by self-digestion or autophagy [14] [50]. Reduced CAV1
expression in fibroblasts reduces mitochondrial function and induces glycolysis [51].
Pavlides et al. performed proteomic analysis of the lysates of Cavl null fibroblasts and
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found that loss of Cav1 was associated with the upregulation of eight glycolytic enzymes,
including the M-2 isoform of pyruvate kinase and lactate dehydrogenase. They then used
immunohistochemistry to stain human breast cancer tissues with CAV1 low fibroblasts for
these proteins, confirming the upregulation of these glycolytic enzymes in the tumor stroma
[13]. Similarly, Bonuccelli et al. developed a mouse model for evaluating CAV1 null breast
cancer associated fibroblasts (CAFS) function and, through proteomic analysis, again
demonstrated increases in glycolytic enzymes in CAV1 null CAFs. Furthermore, they
showed that treatment of breast cancer xenografts that incorporate these CAV1 null CAFs
with glycolytic blocking agents decreased tumor growth [52].

What, then, drives the loss of stromal CAV1? Studies have shown that tumor cells induce
oxidative stress in CAFs, which leads to autophagic degradation of CAV1 [53, 54]. The
molecular mechanisms underlying this process are linked to two pro-autophagic
transcription factors, HIF1A and NF-xB [53, 54].

Autophagy is the process by which cytoplasmic organelles, including mitochondria, are
broken down either because they are dysfunctional or because their breakdown products are
needed as a source of energy. It has been well described that activation of HIF1A causes
autophagy [55] [56]. However, the relationship between HIF1A and the autophagic
degradation of CAV1 was not known until a co-culture fibroblast model confirmed that a
hypoxia-induced increase in HIF1A directly correlates with a decrease in CAV1 expression
[53]. Furthermore, re-oxygenation of these cells restored CAV1 with a concomitant decrease
in HIF1A [53].

In addition to promoting autophagy, HIF1A acts as a powerful inducer of glycolysis by
increasing the expression and activity of glucose transporters, such as GLUT1 and GLUTS3,
and glycolytic enzymes, including hexokinase 2 (HK?2) and lactate dehydrogenase [57].
When HIF1A is activated in breast cancer associated fibroblasts, it has been shown to cause
a measurable decrease in mitochondrial activity and an increase in lactate production,
consistent with a glycolytic phenotype, leading to increased tumor growth (via the Reverse
Warburg Effect) [58]. Interestingly, HIF1A activation in breast cancer cells has also been
shown to cause increased glycolysis, but this acts as a tumor growth suppressor (the Warburg
Effect) [58].

CAV1 is a potent inhibitor of nitric oxide synthase (NOS) [59]. When NOS is expressed,
nitric oxide (NO) is produced, driving multiple processes including the production of
reactive oxygen species (ROS). Both NO and ROS can induce HIF1A, in an oxygen
independent and dependent fashion, respectively, leading to enhanced glycolysis [53] [60]
[61]. Thus, when CAV1 is lost, production of NO and ROS increases, causing HIF1A to
increase, thereby perpetuating the cycle of increased glycolysis and further CAV1
degradation in CAFs [53].

NF-xB activation also plays a role in hypoxia-mediated downregulation of CAV1. Cancer
cells can induce NF-xB expression in CAFs [62]. NF-xB activation leads to degradation of
CAV1 via autophagy in a similar fashion to HIF1A [53]. This then creates a feed-forward
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mechanism whereby decreased CAV1 further drives NF-xB expression leading to enhanced
degradation of CAV1 [53].

The p53 tumor suppressor gene has long been recognized as a mediator of cell cycle arrest,
apoptosis, and the cellular response to hypoxia. More recently, however, p53 has been shown
to play a role in cellular metabolism. In 2006, Bensaad et a/. described a novel protein called
TP53 Induced Glycolysis and Apoptosis Regulator (TIGAR), a glycolytic inhibitor that is
regulated by p53 [63]. It functions as a bisphosphatase that decreases the level of the key
glycolytic regulators fructose-2,6-bisphosphate and 2,3-bisphosphoglycerate, thereby
decreasing glycolysis [63] [64].

Over-expression of TIGAR in breast carcinoma cells in vitro has shown not only to decrease
glycolysis, but also to increase OXPHOS in the presence of glutamine and lactate leading to
increased ATP generation [65]. Furthermore, when carcinoma cells overexpress TIGAR in
co-culture with fibroblasts, a glycolytic phenotype is induced in the fibroblasts and there is
increased tumor growth [65]. This supports a two-compartment model of tumor metabolism.
In vivo, TIGAR overexpression has been identified in several solid tumor types, including
breast, glioblastoma, and non-small cell lung cancer, and in hematologic malignancies such
as AML [66] [67] [68] [69]. TP53 mutations induce TIGAR expression more strongly than
wild-type TP53 [63]. Consistent with the fact that TIGAR increases OXPHOS [66] [65] and
that TIGAR is induced by TP53 mutations [63], subjects with Li-Fraumeni syndrome who
have TP53 mutations have increased mitochondrial OXPHOS metabolism [70]. The
mechanisms by which TP53 mutations induce organismal OXPHQOS are unknown.

Clinical Implications

There are potential clinical implications associated with the expanding knowledge of tumor
metabolic heterogeneity. From a prognostic standpoint, markers of metabolism may be
useful in predicting disease behavior and outcomes. For example: in triple negative breast
cancer, high expression of MCT1 on carcinoma cells has been associated with decreased
progression free survival and increased risk of recurrence [34]; in cytogenetically normal
acute myeloid leukemia, high TIGAR expression has been correlated with decreased
survival [69]; in multiple tumor types (melanoma, colorectal, prostate, breast, gastric) loss of
stromal CAV1 has been shown to be an independent predictor of poor prognosis [71] [72]
[73] [74] [75]. There is great interest in incorporating metabolic parameters into cancer
prognostic models [2]. Future studies should be conducted to determine if markers of
metabolic heterogeneity can be used in clinical practice to improve prognostic accuracy.

The proteins involved in tumor-stroma metabolic coupling also represent novel targets for
anti-cancer therapies. The antidiabetic drug metformin is known to alter cellular metabolism
through mitochondrial OXPHOS complex I inhibition [76] [77] [78] [79] [80]. Researchers
have attempted to harness this anti-metabolic effect to treat a variety of cancers [81]. In a
pilot study by Curry et al., patients with squamous cell carcinoma of the head and neck were
treated with metformin during the time between their initial diagnostic biopsy and surgical
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resection. Biopsies pre- and post-treatment with metformin were stained for CAV1 and
MCT4, along with other metabolic markers. Patients who received metformin were found to
have increased stromal CAV1 staining intensity, from 25.7% pre-treatment to 62.8% post-
treatment; control patients showed no difference in staining. No difference was seen in
MCT4 expression [82]. Metformin induced carcinoma cell apoptosis 2.8 fold by TUNEL
staining in this trial, which was not seen in control patients and increased lactate levels 2.4
fold in carcinoma cells [82]. This can be viewed as proof of principle that metformin can be
used to modify the metabolic milieu of tumor stroma. Metformin has shown promising
activity in multiple human malignancies including breast, non-small cell lung, prostate,
endometrial, pancreatic, colorectal, and renal cell cancers and clinical trials of metformin
alone and in combination with standard therapies are underway in multiple tumor types [83]
[84] [85].

N-acetylcysteine (NAC) is an antioxidant that is commonly used to treat acetaminophen
overdoses [86]. It has also been studied in a variety of other conditions such as psychiatric
illnesses, cardiac diseases, and chronic lung disorders [87] [88] [89]. NAC’s antioxidant
properties are related to its role as a precursor for glutathione, the main intracellular
antioxidant responsible for free radical and ROS scavenging, buffering, and many other
cellular reactions [90]. When given therapeutically, NAC increases glutathione production
thereby decreasing oxidative stress. Since NAC preferentially targets cells with abnormal
glycolysis, it has been postulated that it would be an effective anti-cancer therapy,
specifically targeting the tumor stroma. A clinical trial evaluating the effect of NAC
treatment on early stage breast cancer metabolic markers, proliferation and apoptosis has
been conducted. Proliferation of carcinoma cells was reduced after treatment with NAC as
measured by Ki-67 staining. MCT4 staining of cancer associated stromal cells was also
reduced after NAC.

Additional methods of targeting tumor-stroma metabolic coupling are in varying stages of
pre-clinical and clinical development. In an effort to alter lactate transport, small molecule
inhibitors have been designed against both MCT1 and MCT4 [91] [92]. Drugs that inhibit
mitochondrial OXPHQOS are in early phase clinical trials in diseases such as AML, prostate
cancer, and colorectal cancer [93] [94] [95]. TIGAR and CAV1 have also been proposed as
possible targets, however, directed therapies have yet to be designed and tested in clinical
trials.

Conclusion

The metabolic heterogeneity that exists within a tumor allows cancer and stromal cells to
couple and transfer metabolites between them to support maximal cellular growth.
Recognition of this complex dynamic has led to the development of a model of tumor
metabolism, referred to as the “Reverse Warburg Effect.” Along with it, new prognostic
markers and therapeutic targets have been identified. Exploiting the metabolic differences
between cancer and stromal cells may have a therapeutic effect that needs to be tested in
clinical trials.
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Fig 1. Model of Metabolic Coupling in Cancer
A model of two-compartment tumor metabolism is shown. Cancer cells have high

expression of the translocase of outer mitochondrial membrane 20 (TOMMZ20),
monocarboxylate transporter 1 (MCT1) and TP53 induced glycolysis and apoptosis
regulator (TIGAR), which induces high oxidative phosphorylation (OXPHOS) and low
glycolysis in these cancer cells with high proliferation. This metabolic reprogramming of
cancer cells induces oxidative stress, which in turn upregulates monocarboxylate transporter
4 (MCT4) and reduces caveolin 1 (CAV1) expression driving hypoxia inducible factor 1
alpha (HIF1A), nitric oxide (NO), reactive oxygen species (ROS) and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) in cancer-associated fibroblasts.
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Reactive oxygen species (ROS), hypoxia inducible factor 1 alpha (HIF1A) and nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) induce glycolysis with
lactate production in cancer-associated fibroblasts which in turn downregulates caveolin 1
(CAV1) and upregulates monocarboxylate transporter 4 (MCT4). Lactate is released from
fibroblasts and uptaken by cancer cells via monocarboxylate transporter 1 (MCT1) with
upregulation of TP53 induced glycolysis and apoptosis regulator (TIGAR). These cancer
cells have high mitochondrial oxidative phosphorylation (OXPHOS) and low glycolysis,
which is associated with high proliferation, low apoptosis rates, tumor growth and higher

rates of relapse and death.
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Table 1

High monocarboxylate transporter 1 (MCT1) expression in cancer cells and progression free survival (PFS) or

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

overall survival (OS) as clinical outcomes.

Cancer type
Renal cell carcinoma
Bladder carcinoma
Bladder carcinoma
Prostate Cancer
Prostate Cancer
Breast carcinoma
Breast carcinoma
Non-small Cell Lung Cancer
Non-small Cell Lung Cancer
Small Cell Lung Cancer
Oral Cavity Cancer
Cutaneous Melanoma
Adrenocortical carcinomas
Soft tissue sarcomas

Gastrointestinal stromal tumors

Number of subjects studied
180
360
111
480
535
Not reported
257
335
715
78
135
356
78
86
64

PFS or OS
Shorter PFS
Shorter OS
Shorter OS
Shorter PFS
No association with OS
Shorter OS
Shorter PFS
Longer OS
Shorter OS
Shorter OS
Shorter OS
Shorter OS
Shorter OS
Shorter OS
Shorter OS

Reference:
[96]
[97]
[98]
[99]
[44]

[100]
[34]
[101]
[100]
[102]
[103]
[104]
[105]
[106]
[107]
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