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Abstract: Colorectal cancer (CRC), the second most common cause of cancer mortality in the Western
world, is a highly heterogeneous disease that is driven by a rare subpopulation of tumorigenic cells,
known as cancer stem cells (CSCs) or tumor-initiating cells (TICs). Over the past few years, a plethora
of different approaches, aimed at identifying and eradicating these self-renewing TICs, have been
described. A focus on the metabolic and bioenergetic differences between TICs and less aggressive
differentiated cancer cells has thereby emerged as a promising strategy to specifically target the
tumorigenic cell compartment. Extrinsic factors, such as nutrient availability or tumor hypoxia,
are known to influence the metabolic state of TICs. In this review, we aim to summarize the current
knowledge on environmental stress factors and how they affect the metabolism of TICs, with a special
focus on microRNA (miRNA)- and hypoxia-induced effects on colon TICs.
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1. Introduction

Tumor-initiating cells (TICs), also known as cancer stem cells (CSCs), have risen to great prominence
over the past decade as potential key drivers of tumor development and progression. TICs were first
described in hematological malignancies and were later found to be present in a number of different
solid tumor types, including colorectal cancer (CRC) [1,2]. Despite extensive controversy with regards
to their cellular origin and identification, TICs have been defined by their key functional features, such
as their ability to self-renew and their capacity to replenish tumor heterogeneity via differentiation,
both of which are features shared by tissue-specific stem cell populations. Due to these properties,
TICs have the capacity to drive tumor initiation, maintenance, and progression. Most importantly,
TICs are thought to evade conventional therapeutic options that are generally aimed at a population
of differentiated cancer cells that are highly proliferative. Due to this, strategies aimed at specifically
eradicating TICs might have a significant impact on the clinical outcome of CRC patients.

Cancer cells are known to adapt their metabolism in order to sustain high proliferation rates and
survive in unfavorable environments with low oxygen and nutrient concentrations. In most cases,
metabolic changes are driven by oncogenes or inactivated tumor suppressors, such as MYC, TP53,
AKT1, or various Ras-related genes. Some metabolic changes, for example the shift towards glycolysis,
seem to be universal characteristics of malignant tumor cells, while others, like changes in one-carbon
or lipid metabolism, show tumor-specific patterns [1]. In this review, we aim to highlight the metabolic
landscape of TICs and describe factors, such as hypoxia and microRNAs (miRNAs), that induce the
metabolic reprogramming of TICs.
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2. The Metabolic State of TICs

Recent evidence suggests that modifications of cellular metabolism have a tremendous impact on
the regulation of stem cell and TIC properties [3]. The majority of differentiated cells oxidize glucose to
carbon dioxide in the mitochondrial tricarboxylic acid (TCA) cycle, generating adenosine triphosphate
(ATP), which helps to maintain cell homeostasis and cellular functions. In contrast, rapidly proliferating
cancer cells undergo a metabolic shift, known as the Warburg effect, which is characterized by a switch
towards active aerobic glycolysis [4]. In this process, glucose-derived carbons are diverted into anabolic
pathways in order to build up biomass. Through this metabolic reprogramming, cancer cells accelerate
ATP production and optimize the manufacture of building blocks for macromolecular synthesis [4].

While most studies agree that the majority of aggressive cancer cell populations predominantly
rely on aerobic glycolysis, the metabolic state of colon TICs is still under debate. TICs seem to have
different metabolic features according to the cancer type. In this regard, pancreatic TICs have been
shown to rely on oxidative phosphorylation [5,6], highlighting the potential of metformin as a drug that
may selectively target TICs in pancreatic tumors [6]. Cells resistant to different types of chemotherapy,
in essence, TICs, are susceptible to the inhibition of mitochondrial metabolism [7]. In contrast, several
other studies highlight that genetic, epigenetic, and environmental alterations of metabolic pathways
promote the reprogramming of TICs, from normal mitochondrial oxidative phosphorylation (OXPHOS)
towards increased glycolytic activity, which has been recognized as an important mechanism of
cancer development [8]. In undifferentiated cells, including embryonic and pluripotent stem cells,
the transcriptomic profile is more focused on glycolytic rather than oxidative metabolism, indicating
that the pluripotent state of cells correlates with reduced mitochondrial respiration [9]. Similarly, MYC,
the activation of which is one of the most common oncogenic events in all tumor types, plays a central
role in metabolic reprogramming and is a particularly important target in TIC biology [10].

Importantly, distinct isolation approaches have led to the formation of opposing views with
regards to the metabolic profile of colon TICs [11]. While CD133*CD44*Lgr5* CRC cells have
been shown to display a high activity of mitochondrial metabolism [12], other studies, in which the
identification of TICs is based on an immature gene and protein expression profile rather than on specific
surface markers, claim that stem cell-like colon TICs actively suppress oxidative phosphorylation
by inhibiting the mitochondrial import of pyruvate [13]. In yet another approach, Vincent and
colleagues have reported that CD133" Colo205 cells express increased levels of glycolysis-related
genes [14]. Along similar lines, CD133" hepatocellular cells have been shown to display more active
glycolysis over oxidative phosphorylation compared to CD133" cells and their stemness characteristics
can be reduced when glycolysis is inhibited [15]. Chen and colleagues reported that colon TICs
actively downregulate several enzymes that are involved in the late steps of the TCA cycle, such as
fumarate hydratase or malate dehydrogenase, which leads to the accumulation of early TCA cycle
metabolites, such as citrate or a-ketoglutarate [16]. In our own studies, we have adopted a functional
TIC isolation strategy by applying serum-free sphere culture conditions that specifically favor the
growth of anchorage-independent TICs [17]. We could observe reduced TCA cycle activity and
an increased production of lactate, which correlated with enhanced TIC self-renewal activity [18].
Our findings are in line with most studies, which seem to support the view that colon TICs display
reduced OXPHOS and increased glycolytic activity.

In addition to active glycolysis, TICs also show other specific metabolic features. The mevalonate
metabolic pathway produces cholesterol and coenzyme Q, as well as molecules involved in signal
transduction, all of which are important in multiple cellular processes including cancer development
and progression [19]. Evidence also exists to suggest that lipid metabolism may play a key role in
TICs, as the inhibition of fatty acid synthesis via fatty acid synthase inhibitors, such as Cerulenin,
has been shown to lead to a reduction in the expression of stemness markers in glioma TICs [20].
Other aspects such as increased glutamine metabolism have also been shown to significantly contribute
to an aggressive TIC phenotype [11]. Many tumor cells are dependent on glutamine and thus display
enhanced glutamine uptake rates and oxidative metabolism [21,22]. This process, commonly referred to
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as glutaminolysis, can be used to fuel the TCA cycle in case of glucose shortage [23]. As such, malignant
CD44* colon TICs, which have been recently shown to have higher glutamine levels compared to their
non-tumorigenic CD44™ counterparts [24], may use glutamine as an additional energy source to sustain
their self-renewal activity. Moreover, as glutamine dependency seems to negatively correlate with
chemosensitivity [25,26], targeting the glutamine metabolism might help to overcome acquired drug
resistance. Serine metabolism is another area which has recently risen in prominence with regards
to cancer [27]. Future studies aimed at characterizing serine uptake in TICs and the role of serine
metabolism during tumor initiation and progression may also be necessary in order to develop new
strategies for targeting tumor metabolism.

3. Hypoxia Promotes Cancer Initiation and Progression

Another factor suggested to play a key role in the regulation and promotion of TICs and
their metabolism is hypoxia. Due to excessive proliferation and abnormal blood vessel formation,
most solid human tumors are irregularly vascularized and display local regions of hypoxia [28].
Accordingly, immunohistochemical analysis of 179 tumor specimens has revealed that hypoxia-inducible
factor 1 (HIF1A) is frequently overexpressed in different cancer types, including breast, lung, and colon
cancer [29]. Interestingly, different studies have shown that intratumoral hypoxia and the resulting
upregulation of HIF1A and HIF2A signaling correlate with increased cancer patient mortality [30]. As such,
primary tumors with high HIF1A protein expression have been linked to inferior disease-free and overall
patient survival rates [31,32]. Along similar lines, Rasheed and colleagues have shown that elevated HIF1A
levels are associated with vascular invasion and advanced TNM staging in rectal cancer patients [33],
confirming that HIFs can be used as independent prognostic markers.

In addition to the well-established modulatory role that hypoxia plays in the immune response
and invasive capacity of cancer cells, accumulating evidence suggests that hypoxia is also involved in
the regulation of stem cell and TIC properties [34,35]. Interestingly, HIF1A signaling was shown to be
essential for maintaining cell cycle quiescence of hematopoietic stem cells [36]. Furthermore, by using
a murine knock-in model, Covello and colleagues were able to show that HIF2A directly regulates
the pluripotency factor OCT4 [37], thereby unveiling the existence of a direct regulatory link between
hypoxia, transcription factor signaling, and the expression of stem cell proteins. By using numerous
cancer cell lines derived from different tumor types, Mathieu and colleagues have also shown that
hypoxia is capable of driving the expression of various stemness factors, such as OCT4, NANOG,
and SOX2 [38]. Accordingly, neuroblastoma [39], glioblastoma [40], breast cancer [41], prostate
cancer [42], and CRC [43] were all shown to display an immature and stem cell-like phenotype under
hypoxic culture conditions.

More specifically in the context of TICs, Soeda and colleagues have reported that a hypoxic
microenvironment favors the expansion of aggressive CD133* glioma stem cell-like cells [44].
Along similar lines, Wang and colleagues could observe that the pharmacological inhibition of
HIF1A eliminates hematological TICs [45]. In addition, a study on breast cancer xenografts has shown
that the generation of hypoxic tumor regions, via the administration of antiangiogenic agents, leads to
a specific increase in TIC-like cell populations [46]. Li and colleagues were able to show that HIF2A
expression correlates with both increased TIC properties and poor glioma patient survival [47], and a
follow-up study further specified that HIF2A, in a feed-forward loop together with hypoxia-induced
histone methyltransferase mixed-lineage leukemia 1 (MLL1), acts to drive TIC self-renewal and glioma
initiation [48]. Interestingly, a recent study has also shown that the activity of demethylating ten-eleven
translocation (TET) enzymes is O,-dependent and that a hypoxia-induced loss of TET activity triggers
hypermethylation in several cancer-related gene promoters [49]. As the hypoxia-mediated deregulation
of TET methylcytosine dioxygenase 1 (TET1) and TET3 has been shown to promote breast cancer TIC
properties, such hypoxia-induced alterations of epigenetic controls can be considered as an important
driving force of malignant tumor progression [50].
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4. Metabolic Reprogramming of Cancer Cells Under Hypoxia

In addition to inducing molecular signaling events, hypoxia strongly affects the cellular metabolism:
impaired oxidative phosphorylation, enhanced glycolytic activity, and increased production of
mitochondrial reactive oxygen species (ROS) are only some of the known cellular characteristics
induced by anaerobic conditions [51].

Indeed, reduced oxygen concentrations are known to potentiate the glycolytic phenotype of
cancer cells in a HIF1A-dependent manner [52,53]. For instance, HIF1A-induced expression of
pyruvate dehydrogenase kinase 1 (PDK1) has been found to phosphorylate pyruvate dehydrogenase
(PDH) at a specific serine residue [54], resulting in decreased activity of the pyruvate dehydrogenase
complex (PDC) [55,56]. As PDC is known to catalyze the conversion of pyruvate into acetyl-CoA,
HIF1A/PDK1-mediated repression of its activity interferes with the TCA cycle and thus leads to reduced
oxygen consumption and enhanced glycolysis [55,56]. Moreover, HIF1A induces the expression of
glucose transporter (GLUT) 1 [57] and GLUTS3 [58] as well as of many different glycolytic enzymes [59],
resulting in both increased glucose uptake and more efficient glycolytic breakdown, respectively.
Interestingly, in an O,-depleted environment, pyruvate is predominantly converted into lactate [22],
thereby contributing to the shutdown of oxidative respiration under hypoxic conditions. In this context,
lactate dehydrogenase A (LDHA) has been identified as a direct HIF1A target gene [60], illustrating
again the importance of HIF1A in the mediation of a glycolytic phenotype.

5. MicroRNAs Regulate Metabolic Reprogramming

MicroRNAs are small non-coding RNAs composed of approximately 21-22 nucleotides,
and were originally described in Caenorhabditis elegans [61]. They play an important role as
vital posttranscriptional modulators of gene expression. Circulating miRNAs have been suggested
to be potentially viable as a class of biomarkers [62], and a number of different miRNAs have been
associated with the regulation of metabolism in cancer [63,64]. For instance, the loss of miR-143 in
glioblastoma and CRC is thought to promote the expression of hexokinase 2, resulting in enhanced
aerobic glycolysis [65,66]. Similarly, by counteracting the Warburg effect via the overexpression of
miR124, miR-137, and miR-340, Wang and colleagues could demonstrate that the proliferation of CRC
cells depends on their high glycolytic activity [67]. Another interesting miRNA with pleiotropic effects
is miR-181a. In addition to sensitizing myeloid leukemia cells to chemotherapy- and natural killer (NK)
cell-mediated killing [68], miR-181a was also shown to contribute to the Warburg effect by repressing
phosphatase and tensin homolog (PTEN), thereby triggering a metabolic shift towards increased lactate
production and CRC growth [69]. Interestingly, a large number of miRNAs also specifically control
various tumorigenic processes in TICs by regulating their proliferation, aggressiveness, and metabolism
(Table 1). As such, miR-122, a liver-specific miRNA, has been shown to inhibit TIC phenotypes by
regulating glycolysis through PDK4 targeting [15]. Similarly, Wang and colleagues have recently
demonstrated that MYC, via miR-33b induction, maintains glioblastoma TICs via the activation of
mevalonate metabolism [70]. Targeting mevalonate metabolism, for example by means of statins,
might therefore serve as a potential therapeutic strategy against TICs with limited toxicity. In a
more general fashion, the miR-200c family and its roles in tumor progression have been widely
described over the past few years [71,72]. Interestingly, miR-200c has been shown to enhance metabolic
reprogramming via SIRT2 suppression, inducing pluripotency and stem cell functions in induced
pluripotent stem cells (iPSCs) [73]. Whether this regulation of metabolism by the miR200c-SIRT2 axis
is also operational in other types of stem-like cells, such as TICs, remains unknown. In addition
to the miR200c family, the tumor suppressive role of let-7 miRNAs in a variety of cancer types has
also been widely documented [74]. On top of that, let-7a has been shown to play an important role
in reprogramming cancer metabolism by increasing both oxidative phosphorylation and glycolysis
in triple-negative breast cancer and metastatic melanoma cell lines [75]. MicroRNAs also play a
significant role in regulating other cell types in the tumor microenvironment. For example, miR-186a,
a hypoxia-responsive microRNA that is an inhibitor of HIF1A-induced tumor proliferation in gastric
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cancer [76], has also been shown to be downregulated during fibroblast transformation, leading to an
increased expression of GLUT1 and a glycolytic phenotype in cancer-associated fibroblasts (CAFs) [77].
Allin all, miRNA-mediated reprogramming from oxidative phosphorylation towards aerobic glycolysis
seems to affect both cancer cells and the tumor microenvironment, and can therefore be considered as
an important driving force behind CRC progression.

Table 1. Tumor-initiating cells (TIC)-associated microRNAs (miRNAs) and their function.

miRNA Target Gene Role of miRNA Tumor Type Reference

Inhibits stemness and tumorigenesis by directly targeting KLF4, inhibits Breast (Brain

miR-7 KLF4, SETDB1 metastatic ability qf }Jreast TICs,‘reverses epitheligl—mesenchymal metastasis) [78,79]
transition (EMT) via SETDBI targeting

miR-21 TGEBR2 Induces stemness by ?ccnggﬁgg‘i ;}xr\;\/erétl/l [f;;t:lzmn pathway through Colon [80]
miR-33b MYC Regulates MYC via the RAS/ERK/miR33b pathway Glioblastoma [81]
miR-34a NOTCH1 Controls symmetric/asymmetric cell division Colon [82]

miR-93 HDACS, TLE4 Inhibits proliferation and colony formation Colon [83]
miR-125 ALDH1A3, MCL1 Regulates chemoresistance Colon [84]
miR-146a NUMB Controls symmetric/asymmetric cell division Colon [85]
miR-155 TP53INP1 Induces TIC-like phenotype by blocking the tumor suppressor gene Liver [86]

TP53INP1
miR-193a PLAU, KRAS Inhibits tumorigenic potential Breast, Colon, [87]
and Pancreas

miR-200c BMI1, SOX2 Regulates chemoresistance and reduces tumorigenic capacity Colon [71,72]
MIR2I0ISCULDHA e TCA)cycle acviy andl enhancing lacats producton, | COonBreast 11835
miR-215 BMI1, LGR5 Promotes differentiation and inhibits stemness Colon [89,90]
miR-328 ABCG2, MMP16 Inhibits drug resistance and cell invasion Colon [91]
miR-451 PTGS2, ABCB1 Represses Wnt activation and chemoresistance Colon [92]
miR-520f SOX9 Induces hypoxia-driven Soraff}r;g)_llrielz(seisctzlrllsce by increasing the number of Liver 93]
miR-1297 SLC7A11 Impairs cysteine uptake and glutathione production Colon [94]

As hypoxia and metabolic changes are closely linked, it is important to also study the regulatory
role of hypoxia-responsive miRNAs (HRMs) in the context of metabolic reprogramming (Figure 1).
Specific miRNAs, such as miR-107 [95] and miR-22 [96], which affect the cellular response to hypoxia via
HIF1A inhibition, can also be expected to have a large influence on the metabolism [63]. Likewise, HIF2A
has also been shown to be regulated by miRNAs such as miR-30c-2-3p, miR-30a-3p, and miR-145[97,98].
Keeping in mind that miRNAs, such as miR-145, have already been suggested to play a significant role
in regulating tumor metabolism [99], it is likely that many miRNAs associated with the regulation
of the HIF family play a significant role in regulating metabolism in tumor cells. In the same vein,
the most prominent hypoxamiR, miR-210, is known to display multiple links to different metabolic
processes, including autophagy and mitochondrial respiration [100]. For instance, miR-210 was shown
to repress hypoxia-induced autophagy through the inhibition of BNIP3, thereby providing negative
feedback to keep hypoxia-mediated effects in a physiological range [101]. On the other hand, it has
been shown that miR-210 can also target BCL2 [102], which could potentially lead to the induction of
autophagy, via the disturbance of the BECN11/BCL2 complex.

Furthermore, besides affecting autophagy, miR-210 has been associated with the regulation
of mitochondrial metabolism. By targeting two important respiratory chain components, namely
iron-sulfur cluster assembly enzyme (ISCU) and heme A: farnesyltransferase cytochrome c oxidase
assembly factor (COX10), miR-210 was shown to amplify the Warburg effect by repressing oxidative
phosphorylation [103,104]. These findings were confirmed by Favaro and colleagues, who additionally
reported that the miR-210-induced inhibition of ISCU leads to reduced aconitase and mitochondrial
complex I activity, thereby triggering a metabolic shift towards enhanced glycolysis and increased
cancer cell proliferation [105].
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Figure 1. Hypoxia, miRNAs, and metabolism in the tumor niche. The local hypoxic niche in the
tumor leads to both the activation of hypoxamiRs, such as miR-210, and extensive metabolic changes,
via genes such as HIF1A, which in turn drive pro-tumorigenic characteristics such as lactate production
and glycolytic metabolism, leading to tumor growth.

HRMs, and in particular miR-210, are thus thought to further support the glycolytic nature of
cancer cells [63]. In this context, the miR-210-induced inhibition of ISCU is known to repress both
mitochondrial respiration and TCA cycle activity [103,105,106], and has been associated with breast
cancer and head and neck squamous cell carcinoma progression [99]. Interestingly, our group has
shown that a similar mechanism is involved in the metabolic reprogramming of colon TICs [18].
In this context, we were able to show that an increased expression of miR-210-3p and a reduced
expression of ISCU correlate with CRC progression. Moreover, the stable overexpression of miR-210 in
recently established CRC patient-derived spheroid cultures [17] resulted in significantly enhanced
in vitro and in vivo TIC self-renewal activity [18]. By measuring the consumption/secretion rates of
glucose and lactate, and by using a uniformly 13C-labeled glutamine tracer, we could show that
miR-210 represses the TCA cycle activity of colon TICs by partially redirecting the intracellular
flux of glycolytic pyruvate from oxidation in the TCA cycle to enhanced lactate production [18].
Importantly, we could demonstrate that miR-210-induced lactate secretion is largely responsible for the
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following observed effects. First, we were able to show that lactate stimulation leads to an increased
self-renewal capacity of different colon TIC cultures. Secondly, a reduction in lactate production, via the
pharmacological inhibition of LDHA, allowed us to block out the TIC-promoting effect of enhanced
miR-210 and reduced ISCU expression [18]. Altogether, we could show that hypoxia-responsive
miR-210, via the repression of ISCU, promotes the self-renewal capacity of colon TICs by triggering
their metabolic reprogramming towards increased glycolysis and lactate production (Figure 2).

Normoxia Hypoxia
HIFTA l HIFIA I
Pyruvate Pyruvate
V} v
MiR-210 J miR-210 I
1 1
TCA Cydie I TEA Cyde
l Lactate OXPHIOS I Lactate O PHOS
OJNO)
o O (@) o O
\ J \ J
| |
Oxidative Metabolism Glycolytic Metabolism
° ° ° L ) i
N © )
Lower TIC self-renewal Increased TIC self-renewal

Figure 2. Hypoxia-responsive miR-210 drives the metabolic reprogramming and self-renewal activity
of TICs. HIF1A-induced expression of miR-210-3p results in reduced TCA cycle activity and repressed
oxidative phosphorylation under hypoxic conditions. The resulting metabolic shift leads to increased
lactate production and drives cancer progression by promoting the self-renewal capacity of TICs.

6. Lactate Acts as a TIC-Promoting Oncometabolite

Historically, lactate has long been considered as a mere waste product of aerobic glycolysis, however
accumulating evidence now suggests that lactate can also be useful to cancer cells [22]. For instance,
Wei and colleagues showed that the miR-181a-induced production of lactate results in enhanced cellular
proliferation [69]. Similarly, high lactate levels were shown to promote an aggressive phenotype in
breast cancer cells [107] and have been associated with a more stem cell-like gene expression profile
in liver TICs [15,107]. By decreasing the extracellular pH, secreted lactate triggers metastasis via the
degradation of the extracellular matrix (ECM) by pH-sensitive metalloproteinases [108,109]. It is
important to note that intratumoral heterogeneity can also be observed on the metabolic level [23,110]
and TIC populations of many different cancer types, including melanoma [111], osteosarcoma [112],
liver [15], lung [113], and breast have been shown to display higher glycolytic activity than their
non-TIC counterparts. The resulting increase in lactate further drives cancer progression by specifically
promoting stem cell-like and tumorigenic properties [15,107]. Tumor hypoxia also further potentiates
this glycolytic phenotype, thereby contributing to the overall metabolic reprogramming of TICs [11].

Our own experiments have shown that lactate stimulation promotes the self-renewal activity of
colon TICs [18], further emphasizing the link between metabolic reprogramming and tumorigenic
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properties. Thus, targeting lactate metabolism might be an interesting approach for future anti-cancer
therapies [114].

Accumulating evidence suggests that the high amounts of lactate that are produced during aerobic
glycolysis can be beneficial for both the tumor cells and the tumor microenvironment (TME). While the
precise definition and marker profile of CAFs still remains somewhat unclear [115], research indicates
that lactate efflux from hypoxic CAFs may constitute an alternative energy source for adjacent cancer
cells, thereby driving disease progression [116,117]. Experiments done using primary CAFs and tumor
cell lines derived from ovarian cancer have shown that treating CAFs with tumor-conditioned media,
or vice versa, can drastically increase lactate production in both cell types [118]. Recent studies indicate
that exported lactate induces an inflammatory reaction, thereby attracting immune cells and leading
to an increase in the production of growth factors and cytokines in the TME (30,31). Lactate is also
known to contribute to the acidic pH of hypoxic TMEs [119], leading to the suppression of T-cells,
which are known to be very pH-sensitive [120,121]. Thus, high lactic acid concentrations in the tumor
microenvironment disable immune surveillance [119,122-124]. Taken together, lactate thus seems to
exert several pro-tumorigenic functions by influencing both the TME and the tumor cells themselves,
and can be considered as an important “oncometabolite” [8].

7. Clinical Targeting of Lactate Metabolism in TICs

Considering its role as a critical regulator of tumor development, targeting lactate metabolism
might represent a promising approach for future anti-cancer therapies [114]. There are two ways to
achieve a reduced secretion of lactate: either by targeting the monocarboxylate transporters (MCTs),
which shuttle lactate out of the cell [125], or by inhibiting the lactate dehydrogenases, which convert
pyruvate into lactate [126]. Both strategies will ultimately deprive developing tumors of a vital
energy source. MCT1-4 transporters normally export the excessive levels of lactate produced [125],
which is then used by the tumor cells as a source of energy to further promote cancer progression.
Over the past few years, MCTs have been successfully targeted in pre-clinical studies of highly
glycolytic malignant tumors [125]. In addition, LDHA inhibition, which is primarily expressed
in cancer cells [127], has also emerged as an attractive potential method of clinical intervention.
At the end of the glycolytic pathway, LDHA converts pyruvate to lactate, which is coupled with the
oxidation of NADH to NAD™. The resulting elevated levels of LDHA, which are regulated by both
HIF1A [60] and MYC [128], are known to be associated with an increased risk of invasion, metastasis,
and patient death [126]. As a large majority of solid tumors are highly glycolytic, they display elevated
levels of LDHA [129]. Recently, several studies have highlighted that high serum LDH levels can
be associated with poor prognosis in different cancer types [130]. In addition to being a valuable
predictive and/or prognostic marker, an increasing number of studies seem to indicate that LDHA
may also be a viable therapeutic target. Selective knockdown studies, as well as pharmacological
approaches using small-molecule inhibitors of LDHs, resulted in reduced in vitro and in vivo tumor
growth in a variety of cancer types [113,127,131] due to the induction of apoptosis following increased
ROS levels [132]. Interestingly, Xie and colleagues have also demonstrated that LDHA is vital for TIC
survival and proliferation [113]. Moreover, our own research has also shown that the hypoxia-induced
self-renewal of TICs can be reversed via LDHA inhibition [18]. As such, both lactate and LDHA can be
considered as promising molecular targets for the development of glycolytic inhibitors for possible use
in cancer therapy. LDHA inhibition, in particular, is currently being tested as a potential anti-cancer
strategy in pre-clinical studies [114] and upcoming results could very well prove the clinical viability
of LDHA inhibitors.

In conclusion, it has to be noted that hypoxia-induced metabolic reprogramming has a considerable
impact on tumor initiation and progression. As intratumoral heterogeneity can be observed even at
metabolic levels [133], and as miRNAs have been indicated to be capable of both inducing cell-to-cell
heterogeneity alone [134] and via extracellular vesicle transfer to other cells [135], any current and future
research initiatives in the field of anti-TIC drug development must take into account the differences in
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metabolism and miRNA expression between TICs and their non-tumorigenic counterparts. In this
area, both oxidative stress-based therapies and the pharmacological inhibition of nitric oxide synthase
are two promising avenues for TIC-specific therapies. Moreover, strategies that target the glucose
metabolism of TICs have lately gained a lot of momentum [136] and, in this context, the anti-diabetic
drug metformin has been suggested to specifically kill glycolytic CRC cells by modulating their glucose
homeostasis [137]. As a number of papers have shown that the pharmacological inhibition of lactate
production significantly represses TIC functionality, this also remains a viable potential avenue for
tumor treatment to target this oncometabolite [18,113]. All in all, the clinical application of compounds
that target key metabolic regulators, in both TICs and cancer in general, is a novel and promising field
which will hopefully provide innovative treatment avenues for cancer patients in the future.

Author Contributions: P.U., E.L., and M.N. were responsible for the collection of data, the preparation of the
figures and tables, and the writing of the manuscript. R.B. was responsible for the creation of Table 1 and for
providing additional writing and editing assistance. P.U., E.L.,, M.N., R.B., and S.H. all reviewed the manuscript.
All authors read and approved the final manuscript.

Funding: This research was funded by the Fondation Cancer (grant number FIR-LSC-PAU-13HY2C) and
by the Fonds National de la Recherche (FNR) Luxembourg (grant numbers AFR/7855578, C16/BM/11282028,
R-AGR-3144-12-Z, R-AGR-3144-14-C). This work was also supported by the Fondation du Pélican de Mie and
Pierre Hippert-Faber under the aegis of the Fondation de Luxembourg.

Acknowledgments: The authors would like to thank Komal Baig and Fabien Rodriguez for their significant help,
advice, and expertise on CSCs and hypoxia.

Conflicts of Interest: The authors declare no potential conflicts of interest.

References

1.  Ricci-Vitiani, L.; Lombardi, D.G.; Pilozzi, E.; Biffoni, M.; Todaro, M.; Peschle, C.; De Maria, R. Identification and
expansion of human colon-cancer-initiating cells. Nature 2007, 445, 111-115. [CrossRef] [PubMed]

2. O’Brien, C.A,; Pollett, A.; Gallinger, S.; Dick, J.E. A human colon cancer cell capable of initiating tumour
growth in immunodeficient mice. Nature 2007, 445, 106-110. [CrossRef] [PubMed]

3. Menendez, J.A.; Joven, J.; Cufi, S.; Corominas-Faja, B.; Oliveras-Ferraros, C.; Cuyas, E.; Martin-Castillo, B.;
Lopez-Bonet, E.; Alarcén, T.; Vazquez-Martin, A. The Warburg effect version 2.0: Metabolic reprogramming
of cancer stem cells. Cell Cycle 2013, 12, 1166-1179. [CrossRef] [PubMed]

4. Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg Effect: The Metabolic
Requirements of Cell Proliferation. Science 2009, 324, 1029-1033. [CrossRef] [PubMed]

5. Viale, A.; Pettazzoni, P; Lyssiotis, C.A.; Ying, H.; Sanchez, N.; Marchesini, M.; Carugo, A.; Green, T.; Seth, S.;
Giuliani, V.; et al. Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial function.
Nature 2014, 514, 628-632. [CrossRef] [PubMed]

6. Sancho, P; Burgos-Ramos, E.; Tavera, A.; Bou Kheir, T.; Jagust, P.; Schoenhals, M.; Barneda, D.; Sellers, K.;
Campos-Olivas, R.; Graiia, O.; et al. MYC/PGC-1a balance determines the metabolic phenotype and plasticity
of pancreatic cancer stem cells. Cell Metab. 2015, 22, 590-605. [CrossRef] [PubMed]

7. Lagadinou, E.D,; Sach, A.; Callahan, K.; Rossi, R.M.; Neering, S.J.; Minhajuddin, M.; Ashton, ].M.; Pei, S.;
Grose, V.; O’'Dwyer, KM,; et al. BCL-2 inhibition targets oxidative phosphorilation and selectively eradicates
quiscent human leukemia stem cells. Cell Stem Cell 2012, 127, 358-366.

8.  Zhang, G.; Yang, P; Guo, P.,; Miele, L.; Sarkar, FH.; Wang, Z.; Zhou, Q. Unraveling the mystery of cancer
metabolism in the genesis of tumor-initiating cells and development of cancer. Biochim. Biophys. Acta
Rev. Cancer 2013, 1836, 49-59. [CrossRef]

9.  Panopoulos, A.D.; Yanes, O.; Ruiz, S.; Kida, Y.S.; Diep, D.; Tautenhahn, R.; Herrerias, A.; Batchelder, EIM.;
Plongthongkum, N.; Lutz, M.; et al. The metabolome of induced pluripotent stem cells reveals metabolic
changes occurring in somatic cell reprogramming. Cell Res. 2012, 22, 168-177. [CrossRef]

10. Wang, ]J.; Wang, H.; Li, Z.; Wu, Q.; Lathia, ].D.; McLendon, R.E.; Hjelmeland, A.B.; Rich, ].N. c-Myc is required
for maintenance of glioma cancer stem cells. PLoS ONE 2008, 3, €3769. [CrossRef]

11. Kahlert, U.D.; Mooney, S.M.; Natsumeda, M.; Steiger, H.-J.; Maciaczyk, J. Targeting cancer stem-like cells in
glioblastoma and colorectal cancer through metabolic pathways. Int. ]. Cancer 2017, 140, 10-22. [CrossRef]
[PubMed]


http://dx.doi.org/10.1038/nature05384
http://www.ncbi.nlm.nih.gov/pubmed/17122771
http://dx.doi.org/10.1038/nature05372
http://www.ncbi.nlm.nih.gov/pubmed/17122772
http://dx.doi.org/10.4161/cc.24479
http://www.ncbi.nlm.nih.gov/pubmed/23549172
http://dx.doi.org/10.1126/science.1160809
http://www.ncbi.nlm.nih.gov/pubmed/19460998
http://dx.doi.org/10.1038/nature13611
http://www.ncbi.nlm.nih.gov/pubmed/25119024
http://dx.doi.org/10.1016/j.cmet.2015.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26365176
http://dx.doi.org/10.1016/j.bbcan.2013.03.001
http://dx.doi.org/10.1038/cr.2011.177
http://dx.doi.org/10.1371/journal.pone.0003769
http://dx.doi.org/10.1002/ijc.30259
http://www.ncbi.nlm.nih.gov/pubmed/27389307

Cells 2019, 8, 528 10 of 16

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

Song, Y.-]].; Zhang, S.-S.S.; Guo, X.-L.L.; Sun, K.; Han, Z.-PP; Li, R.; Zhao, Q.-D.D.; Deng, W.-].].; Xie, X.-Q.Q.;
Zhang, ].-W.W.; et al. Autophagy contributes to the survival of CD133+ liver cancer stem cells in the hypoxic
and nutrient-deprived tumor microenvironment. Cancer Lett. 2013, 339, 70-81. [CrossRef] [PubMed]
Schell, ].C.; Olson, K.A.; Jiang, L.; Hawkins, A.J.; Van Vranken, J.G.; Xie, J.; Egnatchik, R.A.; Earl, E.G;
DeBerardinis, R.J.; Rutter, ]. A Role for the Mitochondrial Pyruvate Carrier as a Repressor of the Warburg
Effect and Colon Cancer Cell Growth. Mol. Cell 2014, 56, 400—413. [CrossRef] [PubMed]

Vincent, Z.; Urakami, K.; Maruyama, K.; Yamaguchi, K.; Kusuhara, M. CD133-positive cancer stem cells
from colo205 human colon adenocarcinoma cell line show resistance to chemotherapy and display a specific
metabolomic profile. Genes Cancer 2014, 5, 250. [PubMed]

Song, K.; Kwon, H.; Han, C; Zhang, J.; Dash, S.; Lim, K.; Wu, T. Active glycolytic metabolism in CD133(+)
hepatocellular cancer stem cells: Regulation by MIR-122. Oncotarget 2015, 6, 40822—40835. [CrossRef] [PubMed]
Chen, K.Y,; Liu, X.; Bu, P; Lin, C.S.; Rakhilin, N.; Locasale, ]. W.; Shen, X. A metabolic signature of colon cancer
initiating cells. In Proceedings of the 2014 36th Annual International Conference of the IEEE Engineering
in Medicine and Biology Society, Chicago, IL, USA, 26-30 August 2014; IEEE: Piscataway, NJ, USA, 2014;
Volume 2014, pp. 4759-4762.

Qureshi-Baig, K.; Ullmann, P; Rodriguez, F; Frasquilho, S.; Nazarov, P.V.; Haan, S.; Letellier, E. What do we
learn from spheroid culture systems? Insights from tumorspheres derived from primary colon cancer tissue.
PLoS ONE 2016, 11, e0146052. [CrossRef]

Ullmann, P,; Qureshi-Baig, K.; Rodriguez, E; Ginolhac, A.; Nonnenmacher, Y.; Ternes, D.; Weiler, J.; Gébler, K.;
Bahlawane, C.; Hiller, K; et al. Hypoxia-responsive miR-210 promotes self-renewal capacity of colon
tumor-initiating cells by repressing ISCU and by inducing lactate production. Oncotarget 2016, 7, 65454. [CrossRef]
Buhaescu, L; Izzedine, H. Mevalonate pathway: A review of clinical and therapeutical implications. Clin.
Biochem. 2007, 40, 575-584. [CrossRef]

Yasumoto, Y.; Miyazaki, H.; Vaidyan, L.K.; Kagawa, Y.; Ebrahimi, M.; Yamamoto, Y.; Ogata, M.; Katsuyama, Y.;
Sadahiro, H.; Suzuki, M.; et al. Inhibition of fatty acid synthase decreases expression of stemness markers in
glioma stem cells. PLoS ONE 2016, 11, e0147717. [CrossRef]

Lunt, S.Y.; Vander Heiden, M.G. Aerobic Glycolysis: Meeting the Metabolic Requirements of Cell Proliferation.
Annu. Rev. Cell Dev. Biol. 2011, 27, 441-464. [CrossRef]

Chandel, N. Navigating Metabolism; Cold Spring Harbor Laboratory Press: New York, NY, USA, 2014.
Galluzzi, L.; Kepp, O.; Vander Heiden, M.G.; Kroemer, G. Metabolic targets for cancer therapy. Nat. Rev.
Drug Discov. 2013, 12, 829-846. [CrossRef] [PubMed]

Huang, Y.-T,; Lin, Y.-W.; Chiu, H.-M.; Chiang, B.-H. Curcumin Induces Apoptosis of Colorectal Cancer Stem
Cells by Coupling with CD44 Marker. J. Agric. Food Chem. 2016, 64, 2247-2253. [CrossRef] [PubMed]
Hernandez-Davies, J.E.; Tran, T.Q.; Reid, M.A.; Rosales, K.R.; Lowman, X.H.; Pan, M.; Moriceau, G.; Yang, Y.;
Wuy, J; Lo, R.S,; et al. Vemurafenib resistance reprograms melanoma cells towards glutamine dependence.
J. Transl. Med. 2015, 13, 210. [CrossRef] [PubMed]

Baenke, F.; Chaneton, B.; Smith, M.; Van Den Broek, N.; Hogan, K.; Tang, H.; Viros, A.; Martin, M.;
Galbraith, L.; Girotti, M.R.; et al. Resistance to BRAF inhibitors induces glutamine dependency in melanoma
cells. Mol. Oncol. 2016, 10, 73-84. [CrossRef]

Mattaini, K.R.; Sullivan, M.R.; Vander Heiden, M.G. The importance of serine metabolism in cancer. J. Cell Biol.
2016, 214, 249-257. [CrossRef] [PubMed]

Semenza, G.L. Oxygen Sensing, Hypoxia-Inducible Factors, and Disease Pathophysiology. Annu. Rev. Pathol.
Mech. Dis. 2013, 9, 47-71. [CrossRef] [PubMed]

Zhong, H.; De Marzo, A.M.; Laughner, E.; Lim, M.; Hilton, D.A.; Zagzag, D.; Buechler, P,; Isaacs, W.B.;
Semenza, G.L.; Simons, ].W. Overexpression of hypoxia-inducible factor 1lalpha in common human cancers
and their metastases. Cancer Res. 1999, 59, 5830-5835. [PubMed ]

Harris, B.H.L.; Barberis, A.; West, C.M.L.; Buffa, EM. Gene Expression Signatures as Biomarkers of Tumour
Hypoxia. Clin. Oncol. (R. Coll. Radiol). 2015, 27, 547-560. [CrossRef] [PubMed]

Rajaganeshan, R.; Prasad, R.; Guillou, PJ.; Poston, G.; Scott, N.; Jayne, D.G. The role of hypoxia in recurrence
following resection of Dukes’ B colorectal cancer. Int. ]. Colorectal Dis. 2008, 23, 1049-1055. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.canlet.2013.07.021
http://www.ncbi.nlm.nih.gov/pubmed/23879969
http://dx.doi.org/10.1016/j.molcel.2014.09.026
http://www.ncbi.nlm.nih.gov/pubmed/25458841
http://www.ncbi.nlm.nih.gov/pubmed/25221643
http://dx.doi.org/10.18632/oncotarget.5812
http://www.ncbi.nlm.nih.gov/pubmed/26506419
http://dx.doi.org/10.1371/journal.pone.0146052
http://dx.doi.org/10.18632/oncotarget.11772
http://dx.doi.org/10.1016/j.clinbiochem.2007.03.016
http://dx.doi.org/10.1371/journal.pone.0147717
http://dx.doi.org/10.1146/annurev-cellbio-092910-154237
http://dx.doi.org/10.1038/nrd4145
http://www.ncbi.nlm.nih.gov/pubmed/24113830
http://dx.doi.org/10.1021/acs.jafc.5b05649
http://www.ncbi.nlm.nih.gov/pubmed/26906122
http://dx.doi.org/10.1186/s12967-015-0581-2
http://www.ncbi.nlm.nih.gov/pubmed/26139106
http://dx.doi.org/10.1016/j.molonc.2015.08.003
http://dx.doi.org/10.1083/jcb.201604085
http://www.ncbi.nlm.nih.gov/pubmed/27458133
http://dx.doi.org/10.1146/annurev-pathol-012513-104720
http://www.ncbi.nlm.nih.gov/pubmed/23937437
http://www.ncbi.nlm.nih.gov/pubmed/10582706
http://dx.doi.org/10.1016/j.clon.2015.07.004
http://www.ncbi.nlm.nih.gov/pubmed/26282471
http://dx.doi.org/10.1007/s00384-008-0497-x
http://www.ncbi.nlm.nih.gov/pubmed/18594846

Cells 2019, 8, 528 110f 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Schmitz, K.J.; Miiller, C.IL; Reis, H.; Alakus, H.; Winde, G.; Baba, H.A.; Wohlschlaeger, J.; Jasani, B.; Fandrey, J.;
Schmid, K.W. Combined analysis of hypoxia-inducible factor 1 alpha and metallothionein indicates an
aggressive subtype of colorectal carcinoma. Int. J. Colorectal Dis. 2009, 24, 1287-1296. [CrossRef] [PubMed]
Rasheed, S.; Harris, A.L.; Tekkis, PP; Turley, H.; Silver, A.; McDonald, PJ.; Talbot, I.C.; Glynne-Jones, R.;
Northover, ].M.A.; Guenther, T. Hypoxia-inducible factor-lalpha and -2alpha are expressed in most rectal
cancers but only hypoxia-inducible factor-lalpha is associated with prognosis. Br. J. Cancer 2009, 100,
1666-1673. [CrossRef] [PubMed]

Keith, B.; Simon, M.C. Hypoxia-inducible factors, stem cells, and cancer. Cell 2007, 129, 465-472. [CrossRef]
[PubMed]

Carnero, A.; Lleonart, M. The hypoxic microenvironment: A determinant of cancer stem cell evolution.
BioEssays 2016, 38, S65-574. [CrossRef] [PubMed]

Takubo, K.; Goda, N.; Yamada, W.; Iriuchishima, H.; Ikeda, E.; Kubota, Y.; Shima, H.; Johnson, R.S.; Hirao, A.;
Suematsu, M.; et al. Regulation of the HIF-1« Level Is Essential for Hematopoietic Stem Cells. Cell Stem Cell
2010, 7, 391-402. [CrossRef] [PubMed]

Covello, K.L.; Kehler, J.; Yu, H.; Gordan, J.D.; Arsham, A.M.; Hu, C.-].; Labosky, P.A.; Simon, M.C.; Keith, B.
HIF-2alpha regulates Oct-4: Effects of hypoxia on stem cell function, embryonic development, and tumor
growth. Genes Dev. 2006, 20, 557-570. [CrossRef] [PubMed]

Mathieu, J.; Zhang, Z.; Zhou, W.; Wang, A.].; Heddleston, ].M.; Pinna, C.M.A.; Hubaud, A.; Stadler, B.;
Choi, M.; Bar, M; et al. HIF induces human embryonic stem cell markers in cancer cells. Cancer Res. 2011, 71,
4640-4652. [CrossRef]

Jogi, A.; Ora, I; Nilsson, H.; Lindeheim, A.; Makino, Y.; Poellinger, L.; Axelson, H.; Pahlman, S.; Jogi, A.;
Ora, I; et al. Hypoxia alters gene expression in human neuroblastoma cells toward an immature and neural
crest-like phenotype. Proc. Natl. Acad. Sci. USA 2002, 99, 7021-7026. [CrossRef] [PubMed]

Heddleston, ].M.; Li, Z.; McLendon, R.E.; Hjelmeland, A.B.; Rich, J.N. The hypoxic microenvironment
maintains glioblastoma stem cells and promotes reprogramming towards a cancer stem cell phenotype.
Cell Cycle 2009, 8, 3274-3284. [CrossRef]

Axelson, H.; Fredlund, E.; Ovenberger, M.; Landberg, G.; Pdhlman, S. Hypoxia-induced dedifferentiation of
tumor cells—A mechanism behind heterogeneity and aggressiveness of solid tumors. Semin. Cell Dev. Biol.
2005, 16, 554-563. [CrossRef]

Ma, Y.; Liang, D.; Liu, J.; Axcrona, K.; Kvalheim, G.; Stokke, T.; Nesland, ].M.; Suo, Z. Prostate cancer cell
lines under hypoxia exhibit greater stem-like properties. PLoS ONE 2011, 6, €29170. [CrossRef]

Yeung, T.M.; Gandhi, S.C.; Bodmer, W.F. Hypoxia and lineage specification of cell line-derived colorectal
cancer stem cells. Proc. Natl. Acad. Sci. USA 2011, 108, 4382-4387. [CrossRef] [PubMed]

Soeda, A.; Park, M.; Lee, D.; Mintz, A.; Androutsellis-Theotokis, A.; McKay, R.D.; Engh, J.; Iwama, T,;
Kunisada, T.; Kassam, A.B.; et al. Hypoxia promotes expansion of the CD133-positive glioma stem cells
through activation of HIF-1alpha. Oncogene 2009, 28, 3949-3959. [CrossRef] [PubMed]

Wang, Y.; Liu, Y.; Malek, S.N.; Zheng, P; Liu, Y. Targeting HIF1c eliminates cancer stem cells in hematological
malignancies. Cell Stem Cell 2011, 8, 399—411. [CrossRef] [PubMed]

Conley, S.J.; Gheordunescu, E.; Kakarala, P; Newman, B.; Korkaya, H.; Heath, A.N.; Clouthier, S.G.;
Wicha, M.S. Antiangiogenic agents increase breast cancer stem cells via the generation of tumor hypoxia.
Proc. Natl. Acad. Sci. USA 2012, 109, 2784-2789. [CrossRef] [PubMed]

Li, Z; Bao, S.; Wu, Q.; Wang, H.; Eyler, C.; Sathornsumetee, S.; Shi, Q.; Cao, Y.; Lathia, J.; Mclendon, R.E,;
et al. Hypoxia-inducible factors regulate tumorigenic capacity of glioma stem cells. Cancer Cell 2009, 15,
501-513. [CrossRef] [PubMed]

Heddleston, ].M.; Wu, Q.; Rivera, M.; Minhas, S.; Lathia, J.D.; Sloan, A.E.; Iliopoulos, O.; Hjelmeland, A.B.;
Rich, ].N. Hypoxia-induced mixed-lineage leukemia 1 regulates glioma stem cell tumorigenic potential. 2012,
19, 428-439. 2012, 19, 428-439.

Thienpont, B.; Steinbacher, J.; Zhao, H.; D’Anna, F.; Kuchnio, A.; Ploumakis, A.; Ghesquiére, B.; Van Dyck, L.;
Boeckx, B.; Schoonjans, L.; et al. Tumour hypoxia causes DNA hypermethylation by reducing TET activity.
Nature 2016, 537, 63-68. [CrossRef]

Wu, M.-Z; Chen, S.-F; Nieh, S.; Benner, C.; Ger, L.-P; Jan, C.-I,; Ma, L.; Chen, C.-H.; Hishida, T.; Chang, H.-T.;
et al. Hypoxia Drives Breast Tumor Malignancy through a TET-TNFa-p38-MAPK Signaling Axis. Cancer Res.
2015, 75, 3912-3924. [CrossRef]


http://dx.doi.org/10.1007/s00384-009-0753-8
http://www.ncbi.nlm.nih.gov/pubmed/19529947
http://dx.doi.org/10.1038/sj.bjc.6605026
http://www.ncbi.nlm.nih.gov/pubmed/19436307
http://dx.doi.org/10.1016/j.cell.2007.04.019
http://www.ncbi.nlm.nih.gov/pubmed/17482542
http://dx.doi.org/10.1002/bies.201670911
http://www.ncbi.nlm.nih.gov/pubmed/27417124
http://dx.doi.org/10.1016/j.stem.2010.06.020
http://www.ncbi.nlm.nih.gov/pubmed/20804974
http://dx.doi.org/10.1101/gad.1399906
http://www.ncbi.nlm.nih.gov/pubmed/16510872
http://dx.doi.org/10.1158/0008-5472.CAN-10-3320
http://dx.doi.org/10.1073/pnas.102660199
http://www.ncbi.nlm.nih.gov/pubmed/12011461
http://dx.doi.org/10.4161/cc.8.20.9701
http://dx.doi.org/10.1016/j.semcdb.2005.03.007
http://dx.doi.org/10.1371/journal.pone.0029170
http://dx.doi.org/10.1073/pnas.1014519107
http://www.ncbi.nlm.nih.gov/pubmed/21368208
http://dx.doi.org/10.1038/onc.2009.252
http://www.ncbi.nlm.nih.gov/pubmed/19718046
http://dx.doi.org/10.1016/j.stem.2011.02.006
http://www.ncbi.nlm.nih.gov/pubmed/21474104
http://dx.doi.org/10.1073/pnas.1018866109
http://www.ncbi.nlm.nih.gov/pubmed/22308314
http://dx.doi.org/10.1016/j.ccr.2009.03.018
http://www.ncbi.nlm.nih.gov/pubmed/19477429
http://dx.doi.org/10.1038/nature19081
http://dx.doi.org/10.1158/0008-5472.CAN-14-3208

Cells 2019, 8, 528 12 0of 16

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Eales, K.L.; Hollinshead, K.E.R.; Tennant, D.A. Hypoxia and metabolic adaptation of cancer cells. Oncogenesis
2016, 5, €190. [CrossRef]

Denko, N.C. Hypoxia, HIF1 and glucose metabolism in the solid tumour. Nat. Rev. Cancer 2008, 8, 705-713.
[CrossRef]

Pouysségur, J.; Dayan, E.; Mazure, N.M. Hypoxia signalling in cancer and approaches to enforce tumour
regression. Nature 2006, 441, 437-443. [CrossRef] [PubMed]

Patel, M.S.; Korotchkina, L.G. Regulation of the pyruvate dehydrogenase complex. Biochem. Soc. Trans. 2006,
34,217-222. [CrossRef] [PubMed]

Kim, J.; Tchernyshyov, I.; Semenza, G.L.; Dang, C. V HIF-1-mediated expression of pyruvate dehydrogenase
kinase: A metabolic switch required for cellular adaptation to hypoxia. Cell Metab. 2006, 3, 177-185.
[CrossRef] [PubMed]

Papandreou, I.; Cairns, R.A.; Fontana, L.; Lim, A.L.; Denko, N.C. HIF-1 mediates adaptation to hypoxia by
actively downregulating mitochondrial oxygen consumption. Cell Metab. 2006, 3, 187-197. [CrossRef] [PubMed]
Chen, C.; Pore, N.; Behrooz, A.; Ismail-Beigi, F; Maity, A. Regulation of glutl mRNA by Hypoxia-inducible
Factor-1: INTERACTION BETWEEN H-ras AND HYPOXIA. |. Biol. Chem. 2001, 276, 9519-9525. [CrossRef]
[PubMed]

Mimura, I; Nangaku, M.; Kanki, Y.; Tsutsumi, S.; Inoue, T.; Kohro, T.; Yamamoto, S.; Fujita, T.; Shimamura, T.;
Suehiro, J.; et al. Dynamic change of chromatin conformation in response to hypoxia enhances the expression
of GLUT3 (SLC2A3) by cooperative interaction of hypoxia-inducible factor 1 and KDM3A. Mol. Cell. Biol.
2012, 32, 3018-3032. [CrossRef] [PubMed]

Hamaguchi, T.; lizuka, N.; Tsunedomi, R.; Hamamoto, Y.; Miyamoto, T.; lida, M.; Tokuhisa, Y.; Sakamoto, K.;
Takashima, M.; Tamesa, T.; et al. Glycolysis module activated by hypoxia-inducible factor lalpha is related
to the aggressive phenotype of hepatocellular carcinoma. Int. J. Oncol. 2008, 33, 725-731. [PubMed]
Semenza, G.L.; Jiang, B.H.; Leung, S.W.; Passantino, R.; Concordet, J.P.; Maire, P; Giallongo, A.
Hypoxia response elements in the aldolase A, enolase 1, and lactate dehydrogenase A gene promoters contain
essential binding sites for hypoxia-inducible factor 1. J. Biol. Chem. 1996, 271, 32529-32537. [CrossRef]

Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with
antisense complementarity to lin-14. Cell 1993, 75, 843-854. [CrossRef]

Kappel, A.; Keller, A. MiRNA assays in the clinical laboratory: Workflow, detection technologies and
automation aspects. Clin. Chem. Lab. Med. 2017, 55, 636—647. [CrossRef]

Gao, P; Sun, L.; He, X; Cao, Y.; Zhang, H. MicroRNAs and the Warburg Effect: New Players in an Old Arena.
Curr. Gene Ther. 2012, 12, 285-291. [CrossRef] [PubMed]

Chan, B.; Manley, J.; Lee, ].; Singh, S.R. The emerging roles of microRNAs in cancer metabolism. Cancer Lett.
2015, 356, 301-308. [CrossRef] [PubMed]

Gregersen, L.H.; Jacobsen, A.; Frankel, L.B.; Wen, ].; Krogh, A.; Lund, A.H. MicroRNA-143 down-regulates
Hexokinase 2 in colon cancer cells. BMC Cancer 2012, 12, 232. [CrossRef] [PubMed]

Zhao, S,; Liu, H.; Liu, Y.; Wu, J.; Wang, C.; Hou, X.; Chen, X.; Yang, G.; Zhao, L.; Che, H.; et al. MiR-143 inhibits
glycolysis and depletes stemness of glioblastoma stem-like cells. Cancer Lett. 2013, 333, 253-260. [CrossRef]
[PubMed]

Sun, Y.; Zhao, X.; Zhou, Y.; Hu, Y. MiR-124, miR-137 and miR-340 regulate colorectal cancer growth via
inhibition of the Warburg effect. Oncol. Rep. 2012, 28, 1346-1352. [CrossRef]

Nanbakhsh, A.; Visentin, G.; Olive, D.; Janji, B.; Mussard, E.; Dessen, P.; Meurice, G.; Zhang, Y.; Louache, F;
Bourhis, J.-H.; et al. miR-181a modulates acute myeloid leukemia susceptibility to natural killer cells.
Oncoimmunology 2015, 4, €996475. [CrossRef] [PubMed]

Wei, Z,; Cui, L.; Mei, Z,; Liu, M.; Zhang, D. miR-181a mediates metabolic shift in colon cancer cells via the
PTEN/AKT pathway. FEBS Lett. 2014, 588, 1773-1779. [CrossRef]

Wang, X.; Huang, Z.; Wu, Q.; Prager, B.C.; Mack, S.C.; Yang, K,; Kim, L.].Y.; Gimple, R.C.; Shi, Y.; Lai, S.;
et al. MYC-regulated mevalonate metabolism maintains brain tumor-initiating cells. Cancer Res. 2017, 77,
4947-4960. [CrossRef]

Toden, S.; Okugawa, Y.; Jascur, T.; Wodarz, D.; Komarova, N.L.; Buhrmann, C.; Shakibaei, M.; Boland, C.R;
Goel, A. Curcumin mediates chemosensitization to 5-fluorouracil through miRNA-induced suppression of
epithelial-to-mesenchymal transition in chemoresistant colorectal cancer. Carcinogenesis 2015, 36, 355-367.
[CrossRef]


http://dx.doi.org/10.1038/oncsis.2015.50
http://dx.doi.org/10.1038/nrc2468
http://dx.doi.org/10.1038/nature04871
http://www.ncbi.nlm.nih.gov/pubmed/16724055
http://dx.doi.org/10.1042/BST0340217
http://www.ncbi.nlm.nih.gov/pubmed/16545080
http://dx.doi.org/10.1016/j.cmet.2006.02.002
http://www.ncbi.nlm.nih.gov/pubmed/16517405
http://dx.doi.org/10.1016/j.cmet.2006.01.012
http://www.ncbi.nlm.nih.gov/pubmed/16517406
http://dx.doi.org/10.1074/jbc.M010144200
http://www.ncbi.nlm.nih.gov/pubmed/11120745
http://dx.doi.org/10.1128/MCB.06643-11
http://www.ncbi.nlm.nih.gov/pubmed/22645302
http://www.ncbi.nlm.nih.gov/pubmed/18813785
http://dx.doi.org/10.1074/jbc.271.51.32529
http://dx.doi.org/10.1016/0092-8674(93)90529-Y
http://dx.doi.org/10.1515/cclm-2016-0467
http://dx.doi.org/10.2174/156652312802083620
http://www.ncbi.nlm.nih.gov/pubmed/22856603
http://dx.doi.org/10.1016/j.canlet.2014.10.011
http://www.ncbi.nlm.nih.gov/pubmed/25451319
http://dx.doi.org/10.1186/1471-2407-12-232
http://www.ncbi.nlm.nih.gov/pubmed/22691140
http://dx.doi.org/10.1016/j.canlet.2013.01.039
http://www.ncbi.nlm.nih.gov/pubmed/23376635
http://dx.doi.org/10.3892/or.2012.1958
http://dx.doi.org/10.1080/2162402X.2014.996475
http://www.ncbi.nlm.nih.gov/pubmed/26587335
http://dx.doi.org/10.1016/j.febslet.2014.03.037
http://dx.doi.org/10.1158/0008-5472.CAN-17-0114
http://dx.doi.org/10.1093/carcin/bgv006

Cells 2019, 8, 528 13 of 16

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Lu, Y.X,; Yuan, L.; Xue, X.L.; Zhou, M,; Liu, Y.; Zhang, C.; Li, ].P; Zheng, L.; Hong, M.; Li, X.N. Regulation of
colorectal carcinoma Stemness, Growth, and metastasis by an miR-200c-Sox2-negative feedback loop
mechanism. Clin. Cancer Res. 2014, 20, 2631-2642. [CrossRef]

Cha, Y,; Han, M.].; Cha, H.J.; Zoldan, J.; Burkart, A.; Jung, ].H.; Jang, Y.; Kim, C.H.; Jeong, H.C.; Kim, B.G.;
et al. Metabolic control of primed human pluripotent stem cell fate and function by the miR-200c-SIRT?2 axis.
Nat. Cell Biol. 2017, 19, 445-456. [CrossRef] [PubMed]

Sun, X,; Liu, J.; Xu, C,; Tang, S.C.; Ren, H. The insights of Let-7 miRNAs in oncogenesis and stem cell potency.
J. Cell. Mol. Med. 2016, 20, 1779-1788. [CrossRef] [PubMed]

Serguienko, A.; Grad, I.; Wennerstrom, A.B.; Meza-Zepeda, L.A.; Thiede, B.; Stratford, E.W.; Myklebost, O.;
Munthe, E. Metabolic reprogramming of metastatic breast cancer and melanoma by let-7a microRNA.
Oncotarget 2015, 6, 2451. [CrossRef] [PubMed]

Liu, L.; Wang, Y,; Bai, R.; Yang, K,; Tian, Z. Erratum: MiR-186 inhibited aerobic glycolysis in gastric cancer
via HIF-1x regulation. Oncogenesis 2017, 6, €318. [CrossRef]

Sun, P,; Hu, J.-W.; Xiong, W.-].; Mi, ]. miR-186 regulates glycolysis through Glutl during the formation of
cancer-associated fibroblasts. Asian Pac. |. Cancer Prev. 2014, 15, 4245-4250. [CrossRef]

Okuda, H.; Xing, F; Pandey, PR.; Sharma, S.; Watabe, M.; Pai, S.K.; Mo, Y.-Y.; liizumi-Gairani, M.; Hirota, S.;
Liu, Y.; et al. miR-7 Suppresses Brain Metastasis of Breast Cancer Stem-Like Cells By Modulating KLF4.
Cancer Res. 2013, 73, 1434-1444. [CrossRef]

Zhang, H.; Cai, K,; Wang, J.; Wang, X.; Cheng, K; Shi, F,; Jiang, L.; Zhang, Y.; Dou, J. MiR-7, inhibited
indirectly by lincRNA HOTAIR, directly inhibits SETDB1 and reverses the EMT of breast cancer stem cells
by downregulating the STAT3 pathway. Stem Cell 2014, 32, 2858-2868. [CrossRef]

Yu, Y;; Kanwar, S.S.; Patel, B.B.; Oh, P.S.; Nautiyal, J.; Sarkar, FH.; Majumdar, A.P.N. MicroRNA-21 induces
stemness by downregulating transforming growth factor beta receptor 2 (TGFfr2) in colon cancer cells.
Carcinogenesis 2012, 33, 68-76. [CrossRef]

Zhai, S.; Zhao, L.; Lin, T.; Wang, W. Downregulation of miR-33b promotes non-small cell lung cancer cell
growth through reprogramming glucose metabolism miR-33b regulates non-small cell lung cancer cell
growth. J. Cell. Biochem. 2019, 120, 6651-6660. [CrossRef]

Bu, P; Chen, K.-Y.; Chen, J.H.; Wang, L.; Walters, J.; Shin, Y.J.; Goerger, J.P.; Sun, J.; Witherspoon, M.;
Rakhilin, N.; et al. A microRNA miR-34a Regulated Bimodal Switch targets Notch in Colon Cancer Stem
Cells. Cell Stem Cell 2013, 12, 602. [CrossRef]

Yu, X.E; Zou, J.; Bao, Z.].; Dong, J. miR-93 suppresses proliferation and colony formation of human colon
cancer stem cells. World ]. Gastroenterol 2011, 17, 4711-4717. [CrossRef] [PubMed]

Chen, J.; Chen, Y.; Chen, Z. MiR-125a/b regulates the activation of cancer stem cells in paclitaxel-resistant
colon cancer. Cancer Investig. 2013, 31, 17-23. [CrossRef] [PubMed]

Hwang, W.-L,; Jiang, ].-K.; Yang, S.-H.; Huang, T.-S.; Lan, H.-Y,; Teng, H.-W.; Yang, C.-Y,; Tsai, Y.-P,; Lin, C.-H.;
Wang, H.-W.; et al. MicroRNA-146a directs the symmetric division of Snail-dominant colorectal cancer stem
cells. Nat. Cell Biol. 2014, 16, 268-280. [CrossRef] [PubMed]

Liu, F; Kong, X.; Lv, L.; Gao, J. MiR-155 targets TP53INP1 to regulate liver cancer stem cell acquisition and
self-renewal. FEBS Lett. 2015, 589, 500-506. [CrossRef]

Iliopoulos, D.; Rotem, A.; Struhl, K. Inhibition of miR-193a expression by Max and RXRe activates K-Ras
and PLAU to mediate distinct aspects of cellular transformation. Cancer Res. 2011, 71, 5144-5153. [CrossRef]
[PubMed]

Saumet, A.; Vetter, G.; Bouttier, M.; Antoine, E.; Roubert, C.; Orsetti, B.; Theillet, C.; Lecellier, C.H. Estrogen and
retinoic acid antagonistically regulate several microRNA genes to control aerobic glycolysis in breast cancer
cells. Mol. Biosyst. 2012, 8, 3242-3253. [CrossRef] [PubMed]

Jones, ML.F,; Hara, T.; Francis, P; Li, X.L.; Bilke, S.; Zhu, Y.; Pineda, M.; Subramanian, M.; Bodmer, W.E,; Lal, A.
The CDX1-microRNA-215 axis regulates colorectal cancer stem cell differentiation. Proc. Natl. Acad. Sci.
USA 2015, 112, E1550-E1558. [CrossRef] [PubMed]

Ullmann, P.; Nurmik, M.; Schmitz, M.; Rodriguez, F.; Weiler, ].; Qureshi-Baig, K.; Felten, P.; Nazarov, P.V,;
Nicot, N.; Zuegel, N.; et al. Tumor suppressor miR-215 counteracts hypoxia-induced colon cancer stem cell
activity. Cancer Lett. 2019, 450, 32—41. [CrossRef]


http://dx.doi.org/10.1158/1078-0432.CCR-13-2348
http://dx.doi.org/10.1038/ncb3517
http://www.ncbi.nlm.nih.gov/pubmed/28436968
http://dx.doi.org/10.1111/jcmm.12861
http://www.ncbi.nlm.nih.gov/pubmed/27097729
http://dx.doi.org/10.18632/oncotarget.3235
http://www.ncbi.nlm.nih.gov/pubmed/25669981
http://dx.doi.org/10.1038/oncsis.2017.20
http://dx.doi.org/10.7314/APJCP.2014.15.10.4245
http://dx.doi.org/10.1158/0008-5472.CAN-12-2037
http://dx.doi.org/10.1002/stem.1795
http://dx.doi.org/10.1093/carcin/bgr246
http://dx.doi.org/10.1002/jcb.27961
http://dx.doi.org/10.1016/j.stem.2013.03.002
http://dx.doi.org/10.3748/wjg.v17.i42.4711
http://www.ncbi.nlm.nih.gov/pubmed/22180714
http://dx.doi.org/10.3109/07357907.2012.743557
http://www.ncbi.nlm.nih.gov/pubmed/23327190
http://dx.doi.org/10.1038/ncb2910
http://www.ncbi.nlm.nih.gov/pubmed/24561623
http://dx.doi.org/10.1016/j.febslet.2015.01.009
http://dx.doi.org/10.1158/0008-5472.CAN-11-0425
http://www.ncbi.nlm.nih.gov/pubmed/21670079
http://dx.doi.org/10.1039/c2mb25298h
http://www.ncbi.nlm.nih.gov/pubmed/23064179
http://dx.doi.org/10.1073/pnas.1503370112
http://www.ncbi.nlm.nih.gov/pubmed/25775580
http://dx.doi.org/10.1016/j.canlet.2019.02.030

Cells 2019, 8, 528 14 of 16

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Xu, X.T,; Xu, Q.; Tong, J.L.; Zhu, M.M.; Nie, E; Chen, X.; Xiao, S.D.; Ran, Z.H. MicroRNA expression
profiling identifies miR-328 regulates cancer stem cell-like SP cells in colorectal cancer. Br. ]. Cancer 2012, 106,
1320-1330. [CrossRef]

Bitarte, N.; Bandres, E.; Boni, V.,; Zarate, R.; Rodriguez, J.; Gonzalez-Huarriz, M.; Lopez, I.; Sola, J.J.;
Alonso, M.M.; Fortes, P; et al. MicroRNA-451 is involved in the self-renewal, tumorigenicity,
and chemoresistance of colorectal cancer stem cells. Stem Cells 2011, 29, 1661-1671. [CrossRef]

Xiao, Y,; Sun, Y,; Liu, G.; Zhao, J.; Gao, Y,; Yeh, S; Gong, L; Chang, C. Androgen receptor
(AR)/miR-520f-3p/SOX9 signaling is involved in altering hepatocellular carcinoma (HCC) cell sensitivity
to the Sorafenib therapy under hypoxia via increasing cancer stem cells phenotype. Cancer Lett. 2019, 444,
175-187. [CrossRef] [PubMed]

Ju, HQ,; Lu, Y.X,; Chen, D.L; Tian, T.; Mo, H.Y.; Wei, X.L.; Liao, ] W.; Wang, F.; Zeng, Z.L.; Pelicano, H.;
et al. Redox regulation of stem-like cells though the CD44v-xCT axis in colorectal cancer: Mechanisms and
therapeutic implications. Theranostics 2016, 6, 1160-1175. [CrossRef] [PubMed]

Yamakuchi, M.; Lotterman, C.D.; Bao, C.; Hruban, R.H.; Karim, B.; Mendell, ].T.; Huso, D.; Lowenstein, C.J.
P53-induced microRNA-107 inhibits HIF-1 and tumor angiogenesis. Proc. Natl. Acad. Sci. USA 2010, 107,
6334-6339. [CrossRef] [PubMed]

Yamakuchi, M.; Yagi, S.; Ito, T.; Lowenstein, C.J. Microrna-22 regulates hypoxia signaling in colon cancer
cells. PLoS ONE 2011, 6, €20291. [CrossRef] [PubMed]

Mathew, LK; Lee, S.S.; Skuli, N.; Rao, S.; Keith, B.; Nathanson, K.L.; Lal, P.; Simon, M.C. Restricted expression
of miR-30c-2-3p and miR-30a-3p in clear cell renal cell carcinomas enhances HIF2 o activity. Cancer Discov.
2014, 4, 53-60. [CrossRef] [PubMed]

Zhang, H.; Pu, J.; Qi, T.; Qi, M.; Yang, C.; Li, S.; Huang, K.; Zheng, L.; Tong, Q. MicroRNA-145 inhibits the
growth, invasion, metastasis and angiogenesis of neuroblastoma cells through targeting hypoxia-inducible
factor 2 alpha. Oncogene 2014, 33, 387-397. [CrossRef] [PubMed]

Minami, K.; Taniguchi, K.; Sugito, N.; Kuranaga, Y.; Inamoto, T.; Takahara, K.; Takai, T.; Yoshikawa, Y;
Kiyama, S.; Akao, Y.; et al. MiR-145 negatively regulates Warburg effect by silencing KLF4 and PTBP1 in
bladder cancer cells. Oncotarget 2017, 8, 33064-33077. [CrossRef]

Qin, Q.; Furong, W.; Baosheng, L. Multiple functions of hypoxia-regulated miR-210 in cancer. . Exp. Clin.
Cancer Res. 2014, 33, 50. [CrossRef]

Wang, F; Xiong, L.; Huang, X.; Zhao, T.; Wu, L.; Liu, Z,; Ding, X.; Liu, S.; Wu, Y.,; Zhao, Y.; et al.
miR-210 suppresses BNIP3 to protect against the apoptosis of neural progenitor cells. Stem Cell Res. 2013, 11,
657-667. [CrossRef]

Chio, C.-C; Lin, J.-W.; Cheng, H.-A.; Chiu, W.-T.; Wang, Y.-H.; Wang, J.-J.; Hsing, C.-H.; Chen, R.-M.
MicroRNA-210 targets antiapoptotic Bcl-2 expression and mediates hypoxia-induced apoptosis of
neuroblastoma cells. Arch. Toxicol. 2013, 87, 459-468. [CrossRef]

Chan, S.Y;; Zhang, Y.-Y,; Hemann, C.; Mahoney, C.E.; Zweier, ]J.L.; Loscalzo, J. MicroRNA-210 controls
mitochondrial metabolism during hypoxia by repressing the iron-sulfur cluster assembly proteins ISCU1/2.
Cell Metab. 2009, 10, 273-284. [CrossRef] [PubMed]

Chen, Z,; Li, Y;; Zhang, H.; Huang, P; Luthra, R. Hypoxia-regulated microRNA-210 modulates mitochondrial
function and decreases ISCU and COX10 expression. Oncogene 2010, 29, 4362-4368. [CrossRef] [PubMed]
Favaro, E.; Ramachandran, A.; McCormick, R.; Gee, H.; Blancher, C.; Crosby, M.; Devlin, C.; Blick, C.; Buffa, F;
Li, J.L.; et al. MicroRNA-210 regulates mitochondrial free radical response to hypoxia and krebs cycle in
cancer cells by targeting iron sulfur cluster protein ISCU. PLoS ONE 2010, 5, e10345. [CrossRef] [PubMed]
He, M.; Lu, Y,; Xu, S.;; Mao, L.; Zhang, L.; Duan, W,; Liu, C.; Pi, H,; Zhang, Y.; Zhong, M.; et al.
MiRNA-210 modulates a nickel-induced cellular energy metabolism shift by repressing the iron-sulfur
cluster assembly proteins ISCU1/2 in Neuro-2a cells. Cell Death Dis. 2014, 5, €1090. [CrossRef] [PubMed]
Martinez-Outschoorn, U.E.; Prisco, M.; Ertel, A,; Tsirigos, A.; Lin, Z.; Pavlides, S.; Wang, C.; Flomenberg, N.;
Knudsen, E.S.; Howell, A,; et al. Ketones and lactate increase cancer cell “stemness,” driving
recurrence, metastasis and poor clinical outcome in breast cancer: Achieving personalized medicine
via Metabolo-Genomics. Cell Cycle 2011, 10, 1271-1286. [CrossRef] [PubMed]

Kato, Y.; Nakayama, Y.; Umeda, M.; Miyazaki, K. Induction of 103-kDa gelatinase/type IV collagenase by
acidic culture conditions in mouse metastatic melanoma cell lines. J. Biol. Chem. 1992, 267, 11424-11430.
[PubMed]


http://dx.doi.org/10.1038/bjc.2012.88
http://dx.doi.org/10.1002/stem.741
http://dx.doi.org/10.1016/j.canlet.2018.11.004
http://www.ncbi.nlm.nih.gov/pubmed/30448543
http://dx.doi.org/10.7150/thno.14848
http://www.ncbi.nlm.nih.gov/pubmed/27279909
http://dx.doi.org/10.1073/pnas.0911082107
http://www.ncbi.nlm.nih.gov/pubmed/20308559
http://dx.doi.org/10.1371/journal.pone.0020291
http://www.ncbi.nlm.nih.gov/pubmed/21629773
http://dx.doi.org/10.1158/2159-8290.CD-13-0291
http://www.ncbi.nlm.nih.gov/pubmed/24189146
http://dx.doi.org/10.1038/onc.2012.574
http://www.ncbi.nlm.nih.gov/pubmed/23222716
http://dx.doi.org/10.18632/oncotarget.16524
http://dx.doi.org/10.1186/1756-9966-33-50
http://dx.doi.org/10.1016/j.scr.2013.04.005
http://dx.doi.org/10.1007/s00204-012-0965-5
http://dx.doi.org/10.1016/j.cmet.2009.08.015
http://www.ncbi.nlm.nih.gov/pubmed/19808020
http://dx.doi.org/10.1038/onc.2010.193
http://www.ncbi.nlm.nih.gov/pubmed/20498629
http://dx.doi.org/10.1371/journal.pone.0010345
http://www.ncbi.nlm.nih.gov/pubmed/20436681
http://dx.doi.org/10.1038/cddis.2014.60
http://www.ncbi.nlm.nih.gov/pubmed/24577088
http://dx.doi.org/10.4161/cc.10.8.15330
http://www.ncbi.nlm.nih.gov/pubmed/21512313
http://www.ncbi.nlm.nih.gov/pubmed/1317866

Cells 2019, 8, 528 150f 16

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Li, X; Yu, X,; Dai, D.; Song, X.; Xu, W. The altered glucose metabolism in tumor and a tumor acidic
microenvironment associated with extracellular matrix metalloproteinase inducer and monocarboxylate
transporters. Oncotarget 2016, 7, 23141-23155. [CrossRef]

Yuneva, M.O.; Fan, TW.M.; Allen, T.D.; Higashi, R.M.; Ferraris, D.V.; Tsukamoto, T.; Matés, ]. M.; Alonso, EJ.;
Wang, C.; Seo, Y.; et al. The metabolic profile of tumors depends on both the responsible genetic lesion and
tissue type. Cell Metab. 2012, 15, 157-170. [CrossRef]

Bettum, 1J.; Gorad, S.S.; Barkovskaya, A.; Pettersen, S.; Moestue, S.A.; Vasiliauskaite, K.; Tenstad, E.;
Qyjord, T.; Risa, J.; Nygaard, V.; et al. Metabolic reprogramming supports the invasive phenotype in
malignant melanoma. Cancer Lett. 2015, 366, 71-83. [CrossRef]

Palorini, R.; Votta, G.; Balestrieri, C.; Monestiroli, A.; Olivieri, S.; Vento, R.; Chiaradonna, F. Energy metabolism
characterization of a novel cancer stem cell-like line 3AB-OS. J. Cell. Biochem. 2014, 115, 368-379. [CrossRef]
Xie, H.; Hanali, J.-I.; Ren, J.-G.; Kats, L.; Burgess, K.; Bhargava, P.; Signoretti, S.; Billiard, J.; Duffy, K.J.;
Grant, A; et al. Targeting lactate dehydrogenase—A inhibits tumorigenesis and tumor progression in mouse
models of lung cancer and impacts tumor-initiating cells. Cell Metab. 2014, 19, 795-809. [CrossRef] [PubMed]
Doherty, ].R.; Cleveland, J.L. Targeting lactate metabolism for cancer therapeutics. J. Clin. Investig. 2013, 123,
3685-3692. [CrossRef] [PubMed]

Nurmik, M.; Ullmann, P; Rodriguez, F.; Haan, S.; Letellier, E. In search of definitions: Cancer-associated
fibroblasts and their markers. Int. J. Cancer 2019. [CrossRef] [PubMed]

Whitaker-Menezes, D.; Martinez-Outschoorn, U.E.; Lin, Z.; Ertel, A.; Flomenberg, N.; Witkiewicz, A K,;
Birbe, R.C.; Howell, A.; Pavlides, S.; Gandara, R.; et al. Evidence for a stromal-epithelial “lactate shuttle” in
human tumors: MCT4 is a marker of oxidative stress in cancer-associated fibroblasts. Cell Cycle 2011, 10,
1772-1783. [CrossRef] [PubMed]

Martinez-Outschoorn, U.E.; Balliet, RM.; Rivadeneira, D.; Chiavarina, B.; Pavlides, S.; Wang, C.;
Whitaker-Menezes, D.; Daumer, K.; Lin, Z.; Witkiewicz, A.; et al. Oxidative stress in cancer associated
fibroblasts drives tumor-stroma co-evolution. Cell Cycle 2010, 9, 3276-3296. [CrossRef]

Curtis, M.; Kenny, H.A.; Ashcroft, B.; Mukherjee, A.; Johnson, A.; Zhang, Y.; Helou, Y.; Batlle, R.; Liu, X,;
Gutierrez, N.; et al. Fibroblasts Mobilize Tumor Cell Glycogen to Promote Proliferation and Metastasis.
Cell Metab. 2019, 29, 141-155. [CrossRef] [PubMed]

Fischer, K.; Hoffmann, P; Voelkl, S.; Meidenbauer, N.; Ammer, J.; Edinger, M.; Gottfried, E.; Schwarz, S.;
Rothe, G.; Hoves, S,; et al. Inhibitory effect of tumor cell-derived lactic acid on human T cells. Blood 2007,
109, 3812-3819. [CrossRef]

Ratner, S. Lymphocytes stimulated with recombinant human interleukin-2: Relationship between motility
into protein matrix and in vivo localization in normal and neoplastic tissues of mice. J. Natl. Cancer Inst.
1990, 82, 612-616. [CrossRef]

Lugini, L.; Matarrese, P; Tinari, A.; Lozupone, F; Federici, C.; lessi, E.; Gentile, M.; Luciani, F.; Parmiani, G.;
Rivoltini, L.; et al. Cannibalism of Live Lymphocytes by Human Metastatic but Not Primary Melanoma
Cells. Cancer Res. 2006, 66, 3629-3638. [CrossRef]

Dietl, K.; Renner, K.; Dettmer, K.; Timischl, B.; Eberhart, K.; Dorn, C.; Hellerbrand, C.; Kastenberger, M.;
Kunz-Schughart, L.A.; Oefner, PJ.; et al. Lactic acid and acidification inhibit TNF secretion and glycolysis of
human monocytes. J. Immunol. 2010, 184, 1200-1209. [CrossRef]

Gottfried, E.; Kunz-Schughart, L.A.; Ebner, S.; Mueller-Klieser, W.; Hoves, S.; Andreesen, R.; Mackensen, A.;
Kreutz, M. Tumor-derived lactic acid modulates dendritic cell activation and antigen expression. Blood 2006,
107,2013-2021. [CrossRef] [PubMed]

Mendler, A.N.; Hu, B.; Prinz, PU.; Kreutz, M.; Gottfried, E.; Noessner, E. Tumor lactic acidosis suppresses
CTL function by inhibition of p38 and JNK/c-Jun activation. Int. . Cancer 2012, 131, 633—-640. [CrossRef]
[PubMed]

Halestrap, A.P.; Wilson, M.C. The monocarboxylate transporter family-Role and regulation. IUBMB Life
2012, 64, 109-119. [CrossRef] [PubMed]

Gallo, M,; Sapio, L.; Spina, A.; Naviglio, D.; Calogero, A.; Naviglio, S. Lactic dehydrogenase and cancer: An
overview. Front. Biosci. (Landmark Ed.) 2015, 20, 1234-1249. [PubMed]

Fantin, V.R.; St-Pierre, J.; Leder, P. Attenuation of LDH-A expression uncovers a link between glycolysis,
mitochondrial physiology, and tumor maintenance. Cancer Cell 2006, 9, 425-434. [CrossRef] [PubMed]


http://dx.doi.org/10.18632/oncotarget.8153
http://dx.doi.org/10.1016/j.cmet.2011.12.015
http://dx.doi.org/10.1016/j.canlet.2015.06.006
http://dx.doi.org/10.1002/jcb.24671
http://dx.doi.org/10.1016/j.cmet.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24726384
http://dx.doi.org/10.1172/JCI69741
http://www.ncbi.nlm.nih.gov/pubmed/23999443
http://dx.doi.org/10.1002/ijc.32193
http://www.ncbi.nlm.nih.gov/pubmed/30734283
http://dx.doi.org/10.4161/cc.10.11.15659
http://www.ncbi.nlm.nih.gov/pubmed/21558814
http://dx.doi.org/10.4161/cc.9.16.12553
http://dx.doi.org/10.1016/j.cmet.2018.08.007
http://www.ncbi.nlm.nih.gov/pubmed/30174305
http://dx.doi.org/10.1182/blood-2006-07-035972
http://dx.doi.org/10.1093/jnci/82.7.612
http://dx.doi.org/10.1158/0008-5472.CAN-05-3204
http://dx.doi.org/10.4049/jimmunol.0902584
http://dx.doi.org/10.1182/blood-2005-05-1795
http://www.ncbi.nlm.nih.gov/pubmed/16278308
http://dx.doi.org/10.1002/ijc.26410
http://www.ncbi.nlm.nih.gov/pubmed/21898391
http://dx.doi.org/10.1002/iub.572
http://www.ncbi.nlm.nih.gov/pubmed/22162139
http://www.ncbi.nlm.nih.gov/pubmed/25961554
http://dx.doi.org/10.1016/j.ccr.2006.04.023
http://www.ncbi.nlm.nih.gov/pubmed/16766262

Cells 2019, 8, 528 16 of 16

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Shim, H.; Dolde, C.; Lewis, B.C.; Wu, C.S.; Dang, G.; Jungmann, R.A.; Dalla-Favera, R.; Dang, C. V ¢-Myc
transactivation of LDH-A: Implications for tumor metabolism and growth. Proc. Natl. Acad. Sci. USA 1997,
94, 6658-6663. [CrossRef] [PubMed]

WARBURG, O. On the origin of cancer cells. Science 1956, 123, 309-314. [CrossRef]

Augoff, K.; Hryniewicz-Jankowska, A.; Tabola, R. Lactate dehydrogenase 5: An old friend and a new hope in
the war on cancer. Cancer Lett. 2015, 358, 1-7. [CrossRef]

Sheng, S.L.; Liu, J.J.; Dai, YH.; Sun, X.G.; Xiong, X.P.; Huang, G. Knockdown of lactate dehydrogenase A
suppresses tumor growth and metastasis of human hepatocellular carcinoma. FEBS ]. 2012, 279, 3898-3910.
[CrossRef]

Liou, G.-Y; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44, 479-496. [CrossRef]
Yoshida, G.J. Metabolic reprogramming: The emerging concept and associated therapeutic strategies. J. Exp.
Clin. Cancer Res. 2015, 34, 111. [CrossRef] [PubMed]

Wang, N.; Zheng, J.; Chen, Z,; Liu, Y.; Dura, B.; Kwak, M.; Xavier-Ferrucio, J.; Lu, Y.C.; Zhang, M.; Roden, C.;
et al. Single-cell microRNA-mRNA co-sequencing reveals non-genetic heterogeneity and mechanisms of
microRNA regulation. Nat. Commun. 2019, 10, 1-12. [CrossRef] [PubMed]

Godlewski, J.; Ferrer-Luna, R.; Rooj, A.K.; Mineo, M.; Ricklefs, F.; Takeda, Y.S.; Nowicki, M.O.; Saliriska, E.;
Nakano, I.; Lee, H.; et al. MicroRNA Signatures and Molecular Subtypes of Glioblastoma: The Role of
Extracellular Transfer. Stem Cell Rep. 2017, 8, 1497-1505. [CrossRef]

Di Francesco, A.M.; Toesca, A.; Cenciarelli, C.; Giordano, A.; Gasbarrini, A.; Puglisi, M.A.
Metabolic Modification in Gastrointestinal Cancer Stem Cells: Characteristics and Therapeutic Approaches.
J. Cell. Physiol. 2016, 231, 2081-2087. [CrossRef] [PubMed]

He, ]J.; Wang, K.; Zheng, N.; Qiu, Y.; Xie, G.; Su, M.; Jia, W.; Li, H. Metformin suppressed the proliferation of
LoVo cells and induced a time-dependent metabolic and transcriptional alteration. Sci. Rep. 2015, 5, 17423.
[CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1073/pnas.94.13.6658
http://www.ncbi.nlm.nih.gov/pubmed/9192621
http://dx.doi.org/10.1126/science.123.3191.309
http://dx.doi.org/10.1016/j.canlet.2014.12.035
http://dx.doi.org/10.1111/j.1742-4658.2012.08748.x
http://dx.doi.org/10.3109/10715761003667554
http://dx.doi.org/10.1186/s13046-015-0221-y
http://www.ncbi.nlm.nih.gov/pubmed/26445347
http://dx.doi.org/10.1038/s41467-018-07981-6
http://www.ncbi.nlm.nih.gov/pubmed/30626865
http://dx.doi.org/10.1016/j.stemcr.2017.04.024
http://dx.doi.org/10.1002/jcp.25318
http://www.ncbi.nlm.nih.gov/pubmed/26791139
http://dx.doi.org/10.1038/srep17423
http://www.ncbi.nlm.nih.gov/pubmed/26616174
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Metabolic State of TICs 
	Hypoxia Promotes Cancer Initiation and Progression 
	Metabolic Reprogramming of Cancer Cells Under Hypoxia 
	MicroRNAs Regulate Metabolic Reprogramming 
	Lactate Acts as a TIC-Promoting Oncometabolite 
	Clinical Targeting of Lactate Metabolism in TICs 
	References

