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Malignant glioma represents a fatal disease with a poor prognosis and development of resistance mechanisms
against conventional therapeutic approaches. The distinct tumor zones of this heterogeneous neoplasm develop
their own microenvironment, in which subpopulations of cancer cells communicate. Adaptation to hypoxia in the
center of the expanding tumor mass leads to the glycolytic and angiogenic switch, accompanied by upregulation of
different glycolytic enzymes, transporters, and other metabolites. These processes render the tumor
microenvironment more acidic, remodel the extracellular matrix, and create energy gradients for the metabolic
communication between different cancer cells in distinct tumor zones. Escape mechanisms from hypoxia-induced
cell death and energy deprivation are the result. The functional consequences are more aggressive and malignant

behavior with enhanced proliferation and survival, migration and invasiveness, and the induction of angiogenesis.
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| 1. Introduction

Malignant gliomas are the most common primary brain tumors, with an increasing incidence of up to nine per
100,000 inhabitants over the last years L2 The highest prevalence is found in adults over 45 years of age.
However, this extremely aggressive neoplasm can also affect younger people B, Malignant gliomas proliferate
rapidly and diffusely infiltrate the surrounding brain tissue. Therefore, recurrence rates are high despite advances
in surgical techniques and combined treatment with radio-chemotherapy BBl In general, the prognosis is very

poor, with a median survival of 12—15 months after diagnosis (€.

Malignant gliomas are classified according to the world health organization (WHO) grading system . Histological
criteria are mitotic activity for anaplastic astrocytoma (WHO grade 3) and microvascular proliferation and/or
necrosis for grade 4. Of note, genetic alterations, such as IDH mutation status, have been shown to correlate more
closely with the prognosis of malignant glioma than histological criteria alone. In fact, IDH mutant astrocytoma with
necrosis and/or microvascular proliferation is classified separately from IDH wild-type (wt) glioblastoma, and

designated /DH mutant astrocytoma, grade 4 [ZI8],

Malignant gliomas are histologically heterogeneous with different tumor zones. Typically, glioblastoma multiforme
(GBM) is characterized by central necrosis accompanied by microvascular proliferation leading to the typical ring

contrast enhancement in magnetic resonance imaging (MRI). While the tumor cells at the leading edge of
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malignant glioma receive sufficient oxygen and nutrient supply from nearby blood vessels, the tumor cells in the
perinecrotic center are under hypoxic conditions . For a long time, this has been considered to represent a
survival disadvantage for the tumor. However, mounting evidence shows that distinct tumor zones harbor a specific
tumor microenvironment containing subpopulations of communicating cancer cells. A concomitant metabolic switch
has been proposed to render cancer cells even more malignant and aggressive, leading to chemoresistance and

tumor recurrence L9[11]

2. Lactic Acid Metabolism within the Tumor
Microenvironment

2.1. Lactic Acid Production—A Hallmark of Glycolytic Cancer Cells

Lactic acid is the end product of anaerobic glycolysis occurring mainly under hypoxic conditions and glucose
deprivation 1231141 | ow partial pressure oxygen (pO,) leads to a glycolytic switch, i.e., the uncoupling of
glycolysis from the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS). Instead of entering the
TCA cycle, pyruvate is converted directly to lactate by lactate dehydrogenase (LDH) (Figure 1A). The glycolytic
switch is mediated particularly by HIF-1a. The reduction of negative feedback mechanisms by metabolites of
glycolysis like glucose-6-phosphate (G6P), citrate, and adenosine triphosphate (ATP) is known as the “Pasteur
effect”. Under normoxic conditions, the cytosolic protein HIF-1a is hydroxylated by prolyl hydroxylases (PHDSs),
which function as oxygen sensors with a very low affinity for oxygen (Michaelis Km value slightly above
atmospheric concentration) 22181 posttranslational modification targets HIF-1a to the E3 ubiquitin ligase von
Hippel-Lindau (VHL) protein complex, where it is poly-ubiquitinated for proteasomal degradation L7128 (Figure 1B).
Under hypoxic conditions, oxygen sensor PHDs are inactivated, leading to the release of HIF-1a into the nucleus,
where it binds to HIF-1pB and further interacts with its cofactor protein (p)300/CREB binding protein (CBP) 2. This
complex binds to hypoxia-response elements (HRES) to initiate transcription of multiple genes, including those
encoding glucose transporters (GLUTSs), glycolytic enzymes, and enzymes that specifically drive anaerobic
glycolysis [2211122123] (Figure 1C).
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Figure 1. The glycolytic switch under hypoxia. (A) Scheme of glycolysis. Glucose (GlIc) is taken up via GLUTs and
enters glycolysis. The product pyruvate (Pyr) enters the TCA cycle and OXPHOS by conversion to acetyl
coenzyme A (Ac-CoA) in oxidative cells or is converted to lactate (Lac) under anaerobic conditions in glycolytic
cells. Lactic acid is exported by MCT4. (B) Regulation of HIF-1a. Under normoxia, HIF-1a is hydroxylated by PHDs
and ubiquitinylated (Ub) by VHL complex for proteasomal degradation. Under hypoxia, HIF-1a migrates into the
nucleus and activates transcription of multiple genes by binding to HREs in a complex with HIF-13 and p300/CBP.
(C) Regulation of the glycolytic switch by HIF-1a. Under hypoxia, HIF-1a induces GLUTs, MCT4, and different
glycolytic enzymes, which direct glucose consumption into anaerobic glycolysis. G6P: glucose-6-phosphate, F6P:
fructose-6-phosphate, F1,6BP: fructose-1,6-bisphosphate, F2,6BP: fructose-2,6-bisphosphate, GA3P: glycerin-
aldehyde-3-phosphate, DHAP: di-hydroxy-acetone—phosphate, 1,3BPG: 1,3-bis-phosphoglycerate, 3PG: 3-
phospho-glycerate, 2PG: 2-phospho-glycerate, PEP: phospho-enol-pyruvate, HK: hexokinase, G6PI: glucose-6-
phosphate-isomerase, PFK1/2: phospho-fructokinase 1/2, ALD: aldolase, TPI: triose-phosphate-isomerase,
GA3PDH: glycerin-aldehyde-3-phosphate-dehydrogenase, PGK: phospho-glycerate-kinase, PGM: phospho-
glycerate-mutase, EN: enolase, PK: pyruvate-kinase, PDH: pyruvate-dehydrogenase, PDHK: pyruvate-

dehydrogenase-kinase.

Since the energy yield of anaerobic glycolysis is much lower than via the TCA cycle and OXPHOS, with only 2
molecules of ATP per molecule of glucose compared to 38 ATP, diverse oxygen, nutrient, and energy-sensing
systems are activated to enhance the glycolytic flux through increased expression of glycolytic enzymes and
transporters. The major advantage of anaerobic glycolysis is faster energy generation compared to ATP production
via OXPHOS 24, Therefore, highly glycolytic tissues, such as white skeletal muscle or tumors, show extensive
lactate production even in the presence of oxygen. This phenomenon has been designated the “Warburg effect”,

discovered almost 100 years ago 23, Since this mechanism fulfills the high-energy demands of rapidly proliferating
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cancer cells, it has been suggested to sustain the proliferation of cancer cells by giving rise to biosynthetic
pathways 141251[26]27]

Therefore, the glycolytic phenotype, in which cancer cells regulate their energy consumption by switching from
glucose to lactate, seems to enhance cancer cell survival and proliferation both under aerobic and hypoxic

conditions.

In glioma cells, proteome analysis has confirmed a metabolic switch in response to hypoxia by the upregulation of
GLUTs and all glycolytic pathway enzymes involved in lactate synthesis [28. Furthermore, protein expression
profiles revealed an aggressive epithelial-mesenchymal transition (EMT) and cancer stem cell (CSC) renewal
phenotype of glioma cells under hypoxia, highlighting malignant transformation. Similarly, serum lactate levels have
been proposed as a biomarker for glioma malignancy grade, showing significantly higher levels in high-grade

versus low-grade gliomas 22,
2.2. The Role of MCTs in Lactic Acid Metabolism
2.2.1. Structure and Function of MCTs

The MCT (solute carrier (SLC16)) family comprises 14 members with conserved sequence motifs and a common
protein structure within the plasma membrane BBl Multiple sequence alignments have shown identities ranging
from 20% to 55%, with the highest conservation within the transmembrane domains (TMDs) and more variation in
the C- than the N-terminal half. Two highly conserved sequence motifs at the start of TMD1 and TMD5 define the
MCT family. Many conserved residues within the TMDs are glycines, which are likely important for forming turns,
the packaging of helices, and the provision of flexible conformational changes. The conserved proline and other
hydrophobic residues are considered to have structural significance. In contrast, the conserved charged and
hydrophilic residues appear to have a catalytic role [BABELB2 Al MCTs have been predicted to contain 12
hydrophobic helical TMDs with an intracellular hydrophilic loop between TMD6 and TMD7 (Eigure 2), ranging
between 29 residues for MCT4 and 105 for MCT5. This loop divides the whole molecule into two halves with
different functional roles. Whereas the N-terminal domains have been proposed to be important for H*/Na* energy
coupling, membrane insertion, and correct structure maintenance, the C-terminal domains have been suggested to
determine substrate specificity. However, only the isoforms 1-4 of the mammalian MCT family, also showing the
highest sequence conservation (>50%), have been demonstrated to function as real “monocarboxylate”
transporters. MCTs1-4 act as H* symporters via a suggested rapid equilibrium ordered mechanism reflected by
H* binding followed by monocarboxylate binding. The major substrate transported by MCTs1-4 in symport with
H* is L-lactate as the end product of anaerobic glycolysis. With a pKa of 3.86, lactic acid is almost entirely
dissociated into lactate anions and protons within biological fluids BE3l, |n principle, the direction of transport is
determined only by substrate and pH gradients across the plasma membrane. Thus all MCTs1-4 should be able to
mediate influx or efflux of monocarboxylates. However, depending on substrate affinity reflected by the
Michaelis Km value, the high-affinity transporters MCT1 and MCT2 have been proposed to take up lactate and
other monocarboxylates in low concentrations for further oxidation. In contrast, the low-affinity transporters MCT3

and MCT4 export lactate from highly glycolytic cells 24!,
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Figure 2. Cryo-electron microscopy (EM) structure of human MCT1/basigin complex. MCT1 with 12 hydrophobic
helical TMDs (beige) forms a functional complex with its chaperone basigin (blue). Data were obtained from
UniProt (P53985).

For proper translocation to and correct functioning within the plasma membrane, MCTs1-4 require permanent
association with a glycosylated ancillary protein, consisting of a single TMD with a conserved glutamate residue, a
short intracellular C-terminus, and two to three largely glycosylated extracellular immunoglobulin (Ig) domains
depending on the splice variant [B3l28] (Figure 2). Interestingly, in contrast to these highly glycosylated chaperones,
none of the MCTs has been identified to be glycosylated itself for regulation. MCT1, MCT3, and MCT4 have been
shown to form dimers, particularly with basigin (also known as cluster of differentiation (CD)147 or extracellular
matrix metalloproteinase inducer (EMMPRIN)), whereas MCT2 prefers embigin/glycoprotein (GP)-70. However,
dimer partners are promiscuous, differing between tissues and species dependent on the expression of the
chaperone, which is for basigin more widely spread than for embigin 4. CD2/basigin chimera experiments have
revealed that the TMD and/or the intracellular tail of basigin rather than the extracellular domains are crucial for
ancillary function B8, Subsequent site-directed mutagenesis and molecular modeling analyses have led to the

assumption that the single TMD of the chaperone interacts with cysteine residues on the external surface of TMD3
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and TMD6 of MCTs B389 The exploration of this association has led to a new possibility to specifically block
MCT functioning instead of competitive inhibition. In this context, organomercurial agents, such as p-chloro-
mercuri-benzene sulfonate (pCMBS), have been shown to bind to a labile disulfide bridge in the distal fold of the Ig-
like C2 domain in basigin that is replaced by an unreactive Ig-like V2 domain in embigin BZ4Y, The subsequent

conformational change weakens its interaction with the bound MCT, thereby inhibiting transporter activity.
2.2.2. An acidic Tumor Microenvironment and the Metabolic Symbiosis Model

MCT1 (SLC16A1) and MCT4 (SLC16A3) are overexpressed in patients with GBM compared to non-neoplastic
control tissue and WHO grade 3 anaplastic and WHO grade 2 diffuse astrocytoma (411421431 This overexpression is
associated with poorer overall survival of GBM patients. Interestingly, MCT1 is highly expressed at the leading
tumor edge together with the Na*/H* exchanger (NHE)1, whereas MCT4 is upregulated in the perinecrotic tumor
center together with HIF-1a, LDH, and CAIX in GBM patients and in a rat glioma model 2314411451 Consistent with
this finding, MCT4 expression is induced under hypoxic conditions in glioma cells, leading to enhanced lactic acid
export and thereby decreased extracellular pH 43481 Accordingly, MCT4 transcription is activated by HIF-1a,
binding to two HREs within the MCT4 promotor 44, Likewise, CAIX expression is induced under hypoxic conditions
via HIF-1a. It has been suggested to facilitate MCT1/4 activity by binding to the Ig domain of the MCT1/4
chaperone basigin in breast cancer cells 4849 Thus, glycolytic cancer cells upregulate MCT4 to export the
produced lactic acid since intracellular acidification lowers the rate of glycolysis by inhibition of PFK and is further
toxic for the cells. Indeed, the extracellular pH of most tumors has been determined to be much lower than in
normal tissues 2%, For instance, electrode measurements of pH in human brain tumors have revealed a minimum
of 5.9 and a mean of 6.8 compared to 7.1 in normal brain tissue. Furthermore, extracellular pH can vary
considerably between distinct tumor regions. In vivo pH measurements in glioma using chemical exchange
saturation transfer (CEST)-MRI has revealed that lower pH tumor regions are associated with higher proliferation
index and expression of NHE1 and CAIX in subsequent immunohistochemistry B, Vice versa, lactate levels are
already increased in anaplastic astrocytoma, and thus preceding the angiogenic switch leading to microvascular
proliferation B2, Multi voxel magnetic resonance spectroscopic imaging (MRSI) has detected maximum lactate
concentrations in the center of GBMs 23], Interestingly, extracellular acidosis in malignant glioma has been related

to increased tumor survival and represents a crucial determinant for response to radio-chemotherapies 19541,

In contrast to MCT4, the regulation of MCT1 is less clear. It is upregulated in glioma cells under hypoxia 48153 put
it does not possess HREs activated by HIF-1a under hypoxic conditions 4. In addition, its Km value does not
imply to function as a lactate exporter 281, However, MCT1 has been suggested to function as a lactate exporter in
glioma cells besides MCT4 [22],

In the metabolic symbiosis model, it has been proposed that tumor cells from distinct tumor zones communicate
metabolically via the tumor microenvironment to sustain energy supply and fuel proliferation and survival of the
entire tumor mass . The model suggests that hypoxic tumor cells produce ATP via anaerobic glycolysis and
upregulate MCT4 to release lactate into the tumor microenvironment, which fuels further lactate production by

anaerobic glycolysis. Via MCT1, lactate is then preferentially taken up by oxygenated tumor cells adjacent to blood
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vessels because lactate in contrast to glucose spares energy normally spent for housekeeping glycolytic enzymes.
Lactate is converted to pyruvate to fuel the TCA cycle and OXPHOS under aerobic conditions. This mechanism
enhances the glucose gradient, ensuring energy delivery into hypoxic tumor regions, and therefore, the overall
survival of the tumor. This model is consistent with findings that MCT4 is upregulated in the perinecrotic core of
GBM, whereas MCT1 is mainly overexpressed at the leading edge 31441, Furthermore, it has been shown that
under glucose deprivation, lactate preserves high ATP levels in glioma cells 4, sustaining the high-energy
demands of proliferating tumor cells. Interestingly, there is evidence that both lactate and pyruvate can activate
hypoxia-sensitive genes independent from hypoxia by promoting HIF-1a accumulation BZ. This finding indicates
that glycolytic end products may also lead to a hyper-glycolytic phenotype under normoxic conditions by a positive
feedback mechanism. On the other hand, lactic acid has been reported to convert the dominant Warburg effect to
OXPHOS at the tumor edge, where HIF-1a is decreased, whereas cellular-myelocytomatosis (c-MYC), nuclear
respiratory factor (NRF)1 and OXPHOS related proteins are increased 4],

In a nutshell, these findings lead to the following working model in malignant glioma (Eigure 3A).

Cell eycle regulation

®

Cell death regulation

| i
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Oxidative glllhiha cells
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Figure 3. Glycolytic and angiogenic switch in the tumor microenvironment. (A) The metabolic symbiosis model
between oxidative and glycolytic glioma cells. Under hypoxia, glioma cells in the perinecrotic center upregulate
different genes regulated by HIF-1a. Oxidative glioma cells at the leading edge show a different gene expression

profile. Glycolytic glioma cells release lactic acid into the tumor microenvironment, leading to acidity. Lactic acid is
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taken up by oxidative glioma cells, preferably to glucose, thereby enhancing the glucose gradient from blood
vessels to glycolytic glioma cells in the tumor center. (B) Functional consequences on glioma malignancy. The
glycolytic switch leads to increased proliferation and survival by cell cycle and cell death regulation, a CSC
phenotype, and enhanced migration and invasion by EMT and actin cytoskeleton remodeling. (C) Glycolytic and
angiogenic switch. The glycolytic switch induces angiogenesis by VEGF upregulation in glycolytic glioma cells and

stimulation of autocrine VEGF signaling in endothelial cells by lactate. B: basigin.

| 3. The Role of miRNAs in the Glycolytic Switch

Compared to healthy brain tissue, a multitude of miRNAs is dysregulated in glioma. While miRNAs acting as tumor
suppressors are downregulated, those acting like oncogenes are upregulated. Several studies have identified
downstream miRNA target genes as well as functional consequences for tumor malignancy both in vitro and In vivo
(Table 1). The limitation of cellular glucose uptake or lactate secretion and thereby preventing a glycolytic switch is
achieved by several miRNAs via direct and indirect targeting of respective genes. For instance, under physiological
conditions, miR-495 inhibits glucose uptake by directly suppressing GLUT1 (SLC2A1) B8 In glioma,
downregulation of miR-495 prevents GLUT1 suppression, leading to increased glucose uptake, lactate secretion,
and cell proliferation. Another important regulator of glucose uptake is miR-451, whose expression is regulated by
a glucose level mediated feedback mechanism. While miR-451 is abundantly expressed under high glucose levels,
low glucose levels for as long as 24 h are sufficient to downregulate miR-451 BEA Consequently, disinhibition of
downstream genes, such as CAB39, leads to augmented glucose uptake and lactate secretion associated with
enhanced proliferation, viability, migration, and invasion of glioma cells [BBAI61I62]63] O the other end, there are
miRNAs, which are specifically overexpressed in glioma. For example, upregulation of miR-150, targeting the
tumor suppressor VHL, increases HIF-1a expression levels. In turn, HIF-1a promotes glucose uptake, glycolysis,
and lactate secretion through the upregulation of GLUT1 and glycolytic enzymes, thereby fostering cell proliferation
and tumor growth (4. Taken together, miRNA dysregulation in glioma disables proper tumor suppression,
increases glycolytic metabolism, and augments tumor malignancy through multiple effectors and signaling

pathways. A detailed overview is depicted in Table 1 (Table 1).

Table 1. Dysregulated miRNAs in glioma cells.

Expression in

UGS Glioma

Targeted by Targets Effects in Glioma Literature

Decreases proliferation,

miR-1 Downregulated - AHZ(ZXIH invasion, and angiogenesis in [65]
glioma cells and xenografts
CREB Decreases proliferation and
miR-9 Overexpressed CREB NE1 ’ increases migration in glioma [66]
cells
miR- Downregulated - PDGFC, Decreases proliferation, cell [67]
29a PDGFA viability, migration, and
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miRNA

miR-
95-3p

miR-
124

miR-
134

miR-
145

miR-
148a

miR-
150

miR-
181b

miR-
181d

miR-
203

miR-
338-
3p

miR-
351

miR-
378e

Expression in
Glioma

Downregulated

Downregulated

Downregulated

Downregulated

Overexpressed

Overexpressed

Downregulated

Downregulated

Downregulated

Downregulated

Overexpressed

Downregulated

Targeted by

circSMO742 &SMO

circNFIX

Targets

CELF2

SNAI2

KRAS,

STAT5B

MIG6,
BIM

VHL

SP1

KRAS,
Bcl-2

NAIF1

RPNZ2

Effects in Glioma

invasion in glioma cells, and
tumor growth in xenografts

Decreases proliferation, cell
viability, and invasion in glioma
cells

Decreases proliferation and
invasion in glioma cells and
tumor growth in xenografts

Decreases proliferation and
cell viability in glioma and
glioma stem cells and tumor
growth in xenografts

Decreases migration and
invasion in glioma cells

Increases proliferation, cell
viability, migration, and
invasion in glioma cells, and
tumor growth in xenografts

Increases glucose uptake,
lactate secretion, and
proliferation in glioma cells,
and tumor growth in xenografts

Decreases glucose uptake and
proliferation in glioma cells and
tumor growth in xenografts

Decreases proliferation and
cell viability in glioma cells and
tumor growth in xenografts

Decreases proliferation, cell
viability, migration, and
invasion in glioma cells

Increases cell viability,
migration, and invasion in
glioma cells

Decreases glucose uptake,
lactate secretion, cell viability,

Literature
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Expression in

miRNA Glioma Targeted by Targets Effects in Glioma Literature
migration, and invasion in
glioma cells
Increases proliferation,
miR- invasion, angiogenesis, and
423- Overexpressed - ING-4 temozolomide resistance in [z
5p glioma cells and tumor growth
and invasion in xenografts
miR- Decreases glucose uptake,
432- Downregulated - RAB10 lactate secretion, invasion, and 891
5p proliferation in glioma cells
. Increases cell viability and
miR- . LT [62]
451 Downregulated - - decreases invasion in glioma
cells
Decreases proliferation,
miR- invasion, and migration in [63]
Downregulated - CAB39 .
451 wnregu glioma cells and tumor growth
in xenografts
Decreases migration in glioma
. Downregulated in cells andinvasion in
miR- : [60]
451 low glucose level - - xenografts, increases
glioma cells sensitivity to temozolomide
treatment in glioma cells
miR- Decreases proliferation, cell
451 Downregulated S S viability, and invasion in glioma 51
cells
miR- Decreases glycolysis, cell
451 Downregulated INcRNA LSINCTS CAB39 viability, invasion, and [61182]
migration in glioma cells
miR- Decreases glucose uptake and q
495 Downregulated - GLUT1 lactate secretion in glioma 58]
cells
miR- Downregulated i PIK3CD Dgcreages _prol|.ferat|on and [83]
663 invasion in glioma cells

Glioblastoma incidence rate trends in Canada and the United States compared with England,
1995-2015. Neuro. Oncol. 2019.

3. Porter, K.R;; McCarthy, B.J.; Freels, S.; Kim, Y.; Davis, F.G. Prevalence estimates for primary
he ‘Acidic Timor Microénvironment n 1DH wt Versus DA
utant Gliomas
4. Castro, M.G.; Cowen, R.; Williamson, |.K.; David, A.; Jimenez-Dalmaroni, M.J.; Yuan, X.; Bigliari,
In racenV fkarasthg @ajblugragnostveresteancP & ./ Did rreiatamdsfatus enasr been)i escfgintiesl tieciaidgt tbf era of
the mnédigyateat Histulogicatons|eehiarmprbach 2008a@ @) sip-4rel. tumors (78 Missense mutations in the IDHI or
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TheI SI%_B')AKT/m}'OR pz:Ptpway igiréov_vn to ego%l]_cez ?gcci%eé‘ru%éiée v% GVLBTl andh I¥) con%or'il the glycolytic flux
mplications for sSensing. science , . — . .
through regu on oPegcont‘cgenzymes without’ affecting the rate of OXPHOS [L03I104]l105]  ynder hypoxic

1&nditamy, 7T GR&ag bedn. skrgksard B. aBvattadifatya ierediamon6ting old neraydcAwiBuieSH . F.;
Livingston, D.M. An essential role for p300/CBP in the cellular response to hypoxia. Proc. Natl.

Regerding drgse)isincpimsigoglinppemiounaysy ftas conceivable that /DH mutation can regulate glycolysis connected

to OXPHOS in 8Iioma cells. When undergoing the Warburg effect or under hypoxic conditions, /IDH mutant cells

20. Semenza, G.L.. W?n% G.L.A rkuclﬁar factor |nd¥fced b¥ q}ﬁo?x ayia ge novo rotehn s({yr]the5|s

may also promote the glycolytic switch. Therefore, the effects are likely hig 3/ ependent on the cell status and
Elnds to the human er)éthrgpmetln ene qnhancer at a site require .fé)r tl’b NSCri tlon%lﬁactlvatlon

predominant microenvironment in [DH mtant g ifferent grades.

Mol. C%II Biol. 199%, 12, 5447-5454. . , .
However, the relation between IDH mutation, D-2-HG, and HIF-1a is still controversial and needs further
2dafifivattan Cox, S.R.; Morita, T.; Kourembanas, S. Hypoxia regulates vascular endothelial growth

factor gene expression in endothelial cells. Identification of a 5" enhancer. Circ. Res. 1995, 77,
It isgearghat IDH mutations, redirecting carbon metabolites away from the TCA cycle towards D-2-HG production,

iomas, whic may vary considerably between

2dzec|reaseNo<</idative rIT]]etLal:éolism and Ighift the redox V\;/)otential hto a rTIwEore V\(/)xidated Rstate. ghe resultant increase in

. Iyer, N.V.; Kotch, L.E.; ni, F.; Leung, S.W.; ner, E.; Wenger, R.H.; Gassman y

Sxidhtive Streds 19as Been relét% to thé enHargce% sensliiﬁllﬂg of TOH rutant CoTls 10 IC_Lemotﬁera y M@m”—l@

nufearhart, J.D.; Lawler, A.M.; Yu, A.Y.; et al. Cellular and developmental control of O2 homeostasis
by hypoxia-inducible factor 1 alpha. Genes Dev. 1998, 12, 149-162.

23. Kim, J.W.; Tchernyshyov, |.; SemenicB}_qB.hé%ﬂiﬁ.lgpll—mediated expression of pyruvate
dehydrogenase kinase: A metabolic gwiteh required for cellular adaptation to hypoxia. Cell Metab.

2006, 3, 177-185.

24. Curi, R.; Newsholme, P.; Newsl{@Im
lymphocytes, lymphocyte mitocr
383-388.

a-KG

25. Warburg, O.; Wind, F.; Negelein,
8, 519-530.

f pwi\@te by isolated rat mesenteric
Tacrophages. Biochem. J. 1988, 250,

D-2-HG
rs in the body. J. Gen. Physiol. 1927,

26_. Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect:_ The _
Figigdn it REeiPdimenuPSt Ll Bistifafiie) S udanhdg s I dh Blogosss form a catalytically active

heterodimer. IDH wt converts isocitrate (IC) to a-KG while IDH mut converts a-KG to D-2-HG.
27. Racker, E. Bioenergetics and the problem of tumor growth. Am. Sci. 1972, 60, 56—63.

4 Bhdmplicaticiis-for Dic¢gnostics dnd Therapy?- Tang, H.; Chen, Y. Tian,
B.; Brasier, A.R.; et al. Proteome Analysis of Hypoxic Glioblastoma Cells Reveals Sequential
MaligetabagliorAa apatiatnl afeOplesCanibraMetabulic PatineaipsdéspiteCell#eteoms 20T2| E&hnQ0es- and
comi®pdd treatment with radio-chemotherapy M€l |n this review, it has been highlighted that gliomas with

%cholytic and angiogenic switch tumor microenvironments_display more aggressive and malignant behavior.

29. Branco, M.; Linhares, P.; Carvalho, B.; Santos, P.; Costa, B.M.; Vaz, R. Serum lactate levels are

Therefore, identification of these specific tumor regions in vivo and local, specific tar etlng of %B/COIXUC glioma cells
associlated with glioma malignancy grade. Clin. Neurol. Neurosurg. 2019, 186, 105546.

may give rise to new therapeutic approaches.
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3B.1P DiaghobticaA pproache sHalckteaytifyiRgiBiycal ytic TeamanRegioh®ur new mammalian
monocarboxylate transporter (MCT) homologues confirms the existence of a transporter family

Hypv%'ﬁ: ghaignrg%iﬂ?sp vawstp B\I/(v) gﬁe?rr]].d fli\@é%c’i ?f&t@ﬂ/_ebﬁn be identified in patients using MRI and positron
emission tomography (PET) techniques BUB3ILIZAIS] Radiotracers for MCT and CAIX imaging in brain gliomas

3reHalestitRAubveRPRRnN Lalie REgipRHiRed MiesIorA Daait ke RItaR M oM RRY Y metabolic
respBHYELUE ( ARGHAR: SRCihe IO . BIRGHRE afo LRARN 3¢ #8LeRSfve than evaluation of tumor growth

3 aeniianal MBIl BT IRMachn ARRISHTarRG 8HIR SRRt e RER LS - oA B VRAUReR! of glioma
cellsyrigeiinriiptent dercaivaseuted HiodriiBies VaHPE R RiAfreVRABD i NiseNy deeass, pecempanied by

upregulation of MCT4 and MCT1 18 Therefore, MRSI may serve as an important monitoring tool to detect

F4.B00le B:GHelestian /AR dianspgytafacialsand other monocarboxylates across mammalian

plasma membranes. Am. J. Physiol. 1993, 264, C761-C782.

?:24Glygelytic Players asdargets inGliamadheranyily--Structure and functional characterization.

lubmb Life 2012, 64, 1-9. . N N .
As merrmoned above, |nh|’b%or treatment of MCTs in glioma cells significantly reduces proliferation and survival,

3higrniole aRt Gy dd@tasisaparil Bhd mdradtio nfefridiegengéisd€ e8I REYHIR 1B HE neeten iMoDD daribioylatay be
protrianspiortirel onmithy sinl digted) rakg@ddida rine sibletake ghsctproteibraint s tiouytanoglodralinssopgeefamikgn
lactateBstLitDing iv cARR f& FRerhd62%bridER 82012001211 However, programmed orthotopic administration of the
UK B G AR TP TR SRS AR SR S Gt tep i ereose
VaRRR AAte Witk IS FanSpOReTS ML ARG MC T R iR S P Gal LR S e S PR Ssis

obslgmeéioLye%%% tl]_egs?ggglﬁ)éegcé% acriflavine, targeting the binding between MCT4 and its chaperone basigin,
has been revealed to inhibit the grthh and self-renewal potential of glioma neurospheres, especially under

Sypiligonzd. ¢, Meredith. derivE@XxdregritangharatbrifaviRaViggiddly, HAeStERuMdP- Bagidittion and
vas@alRAZtbis D e isegelianinsaanpaersdsiahipbibitigniofirenacanamerairdransrartenisofeims i and
Mcatfe TpRaNsidan: ikl fedhmiRseRMEMSLT #dRAABICIN (aR 1Rk Jeialn GlersidiPee that
ino%?é%’ gz&;i%—%zag&-therapy. In contrast, inhibition of CAIX or glucose uptake enhances the effects of

S RRFHSRRR AT, C2 WHEBHISRI. ©reesabiieiisOIROEIMA AL S IRIRY T o MCHAGEEFeRTRRAS Y e
subsgpSHE FBIRRMATREIER HisIBCaMMeRoMRE frRSHiRRton ShiRCARKENLRIHroRsMBBRIASHC agent
Mg Rl it DI 4 e RTBPANe AR e aTBiA S PlE AR CABRORSS 0RY) RRinBl 99812 5568 208, 4g@a

steppggells under hypoxic conditions 1281,

3rdsateMGr: MeargdiBuel - sRigaatdd S DoRARS. RdPpbiRie g Adngo it sRebedetP&nRrNA,
padRnh SR RENERAGaRRBXYRI JERNSRAH R LisUaRESR IR dIemAlo gromadek ahthe/RB@Rhotopic mouse
mo8ONIPIERRBAR fNAH3 RiasiRe fransierationsiael Bl (fefMn2e0Rid8 4 40HdnARFhal targets

A8 BifeteltE; RIS VEFGHANES. '99ErRA 1A RS MABER .7 WAL PO Raysishvily, iaatEeilidire eration
INdetegRITPIFAMESAY G RUNEAMTAFB ISR tHATRHUNIYNHUlin super family, is also expressed during

regression of prostate and mammary gland. Dev. Genet. 1997, 21, 268-278.
Additionally, other glycolytic inhibitors like 3-bromopyruvate (3-BP), which is structurally related to lactate and

43 riveRetfe MK inFBBAHIrRLanE RRAL BHbidVanivgh fuofaHZman-has Mopseacaltendlgy Repeasn
thelafy: EXQISsaIQR IR manggasbpyylate trapapodesdiéehl driNgsmR! ARAUGRRIASHFRSMENGHMNR cells
profifsie By NetHRI ALK OBl G atéE&Pow synergistic effects in decreasing glioma cell viability.
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4Red\lica rghapibeiscatdase (Wosid ofeavprpdik i inheicot\Cprddastdhon@edeires, tvhdthdRisineifaeC death 1311,
InteCastohejiso ME T8 ebéaeqréssitgogliama. ;detd neawmsdnsiitvay. tvl derogausexytabe dred spordersi(MGés)ded
Moghoaxas:dsivor éssisn“@hdreisplioidaijo mdisatiesrapatitic $akgeis: Netape@ivcapp26Hdd, b, IddEMy 1i8R)eting

A Y A B Bk s A e RS Gl " SRR N IR PP BB motes Tumor

Fingﬂgll%%?%cc}fiéncﬁgr?ggI?nmtﬂecr?)lllg'dx‘llé-%gggeld28%1]6?ZnQ%}degeggr?r%ght under EGFR and mTOR inhibition,

Jdadunng Kag\dtseZedfedthy, B . shiumstddy th¥ uexAadR . pphnaite aparGaoh, ¥2Daisted; YarQR . Betivéidorg by
supfesatral.ilsaphigsmbodicadl uidesitac tabe s Sotanoaisdeghyplaly FISEC P EHOS snhgrexiavrsioedirglioma  cell
deaghidiylasidieraA BiodhaatioBiapthysdeis: Conunspe2@E8RINS), BRBuBSsh. Identification of the underlying

g e e = N e e Rt MY el Sl o Il 1 1 ol VAR 2 VA ol Ot 1

AR T A Zation S sroton Bner PGB ApaIEilS AR iior Bl S ERESBTC 6°7
Thiséﬁr}gm% may also be beneficial in combination with hypoxia-inducing therapies like bevacizumab treatment.

46. SGhvemgy, @x dading hE-. g lyeniyitizeswithHar Asfaetivd alnhorGheraigffeffemna Sropdiaranbe Rasvielgranipllitks,
whiBtetteigpanfg@mX @oguts, iy BerfgérsernsphnH. Alterations of monocarboxylate transporter

densities during hypoxia in brain and breast tumour cells. Cell Oncol. (Dordr.) 2012, 35, 217-227.

5.3. Impact of the GchoIJytic Phenoty/ge on Tumor Immunity and Immunotherapy
47. Ullah, M.S.; Davies, A.J.; Halestrap, A.P. The plasma membrane lactate transporter MCT4, but

In gt Ckpreissip-tegutated biyebiipaxiaehesughssdtiftcknlptrantdepagdentivetnadtisehalidsiahd worse
progies. 280 Mhi2@L:i AR 0gEHddtic analysis has revealed an epigenetic link between glycolytic and immune
. . . ~ . [&] . .
ARG SR PSR MR FigmR R s BN D USRS IS SF (et ©f
LD RERMONY RN AR A UFBR LA AR R 86 R HRR A LB R SO S R2IG RRGURS! DY less

proglootg fr’h‘?t Ilggﬂrgl Sqf ré all'aﬁldae i%gtoi%ﬁlqwle programmed cell death ligand (PDL)1/2 and thus higher

PDL1/2 expression levels. In contrast, IDHR132H induction decreased promotor histone (H)3K4 triple methylation

AR L BHAQHERD /D MGKIBe e FaRkaMiuNE SHRXFRNS S HREIRAE ARAARY HRfoundly
impRQRAGEF RENYAE SFARSR AR N LARREARIRAREE SR QR GRERACLAREHIRE prt e 2 has

Seeen EFARASed I NGB BIMF AliS S VHIC 1 IEAEINS PEE TR REI FERRATSE VETSUS normal tissue: Potential

exploitation for the treatment of cancer. Cancer Res. 1996, 56, 1194-1198.
Active immune cells also exhibit the Warburg effect to fulfill their energy demands. For example, quiescent naive T

NmBREGHL: [Se: EXEBZONhdread WAV Hd RELLM o RIIRE: Snitt M tesd-RBIg Clestis S BRIAHR!,
nutfRhOLBM R AHARIHC AR R HRRHS S RPdRlsralidation Ry B HRA ISR eI e NI RO QR m.
Indg&%%l%olﬁfbo%ors with overexpression of GLUT1 and LDHA and enhanced lactate secretion show an

SpversexCoyRIMGDNVID . Bfilaian SF gy eyIatorc EHMRRIREYES CRERY, ‘ST FnbriGHrs. gReMifolerp
infilgseNne Terlerx kit dew e riisrion matecaleg re1sAs BI8BRY TS EneddtegRE a8 G e FrHtotoXicity.

In N@HFé?a?ﬂfﬂ?@@GB,o%g s pgen demonstrated that increased glycolysis and thus glucose consumption in
tumor cells metabolically restricts T lymphocytes by reducing mTOR activity, glycolytic capacity, and interferon
R S v AT L e A T S e e S S T R S e
cortdB0 UM S EET Fiiatumaral DISTIRULon of Hactale, A N5 MBBICAROMAS restores
oludsENSBNIETR Jane hdn Human FhoRastomadyviiforme and \ERelr R8N R RahitiSly, poLL

bIo&?o%r%%%Qb%_ésgﬂg\lmaget% I\d/lgcrrié%rssé lgr?;[/bgryg/ils? Ii'nSt(L:JIrth %Qnsz%y (Slr%tsﬁéfting MTOR activity and reduced the
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Skpraidbe df dic Brecrdraghed. RipGeyra rddaviiellemadiaiédduiitidon of gnowtte aheckpoint molecule induced
mTzRlipatrevap sensitivitycafdiumanl i aligmnatesgtiema aklisidyy aCiclesisnCancsr paeArdhs b/l Berbikicht

SRR TR TR SRRV GIARs SIS hAhAa e Grosn oA bl et 4Ren, RtV BiELsig e
O R, e T K B DI AR O el iAo et e LR URRioh o M PR S reagibn
e AL £ A ST BRI LS iRt a2016, YORBNas Rss85!S ol durng
adoptive transfer. In contrast, inhibition of glycolysis in tumor-specific CTLs increases antitumor response.

56. Broer, S.; Schneider, H.P.; Broer, A.; Rahman, B.; Hamprecht, B.; Deitmer, J.W. Characterization

Viceftbean anocadatixyhatelisansperteci expoessat] witiKénopus |esissaooe\tte adpptivearngeslinherapy in
mekyiosal E8HiBCchinol\dic18818n 333, cb6F diptay reduced levels of interferon regulatory factor (IRF)1 and
594.8 Wt'fﬁg%%%klﬁkga%g%écﬁl &%@Q{ﬁﬁg&%ﬁg %8{%?%e3btivation by aerobic glycolysis

implicates the rburg effect in carcinogenesis. J. Biol. Chem. 2002, 277, 23111-23115.
Furtﬁ]ef?more, ypox}/a\ll?eaéjsgo HIF-1a depenge PDL1 upregu?ation in tumor cells, tz1ere yllncreag“lng resistance

58. Mk )ySis LK Hydosagnadidita, AR Gaerekprdiesi@. imiiknéd beaadimteses ataipaliisshitiortglioedar aslis,
whivlaitaagettage 6 it hlckkbrattiefacerSetigh 2005) 2Gnellthb-Rdb8ceptor on T cells. Furthermore, treatment
o8 LA 2 Ro\TieR IS IBTShR RS 856G, BAIAHRT 52083 19 Van Braekiym:aion n
P S Sl T e U ER e Stet, RS B A A BT VSR ESS PRAB AR PR Rine ang
DY e R apRiof o MetaB i 3fe 88T Glioms Calfs! Vgt eS8t >4 7MEsgI gD, suggesting novel
cancer immunotherapy to block PDL1 expression specifically in hypoxic tumor cells by administering NO mimetics.

60. Ogawa, D.; Ansari, K.; Nowicki, M.O.; Salinska, E.; Bronisz, A.; Godlewski, J. MicroRNA-451

MotabibitPhligraticricallyGEipbdastarimenvehile fkakétic libMpeaBorsc batib ke tos kionv enpionaltd henapyenesis
via NoKEo digrga iRy e 26118, rbic2%acking adaptive immune response 1441 In contrast, PD1 inhibition by antibodies,

1 LAS! MURFSHESS THERL YINAIE Goyfs Athstantiafy RAVERS SO Ying, Y. mIRNA-451 inhibits
intefaging ‘?7‘3.{'1358'%%%%;;&’65%‘1%%?/?5"1”o'%%%é‘é% e P e ey T & stonged
antigen exposure e5ad_s to DNA methylation and is responsible for complete T cell exhaustion, which is resistant to

GhndireoctecRpGmgh Ibhckhile Trediate W re Zhemgiot L ESh entriguinthaohd.athay, groptss Sppiaite fof MBNA
metioltafrmiéprdfdamnting swhichingetwsen peblifespbicsesrahdnigradiondntrolatigremntighame calskpoint
blodatieKTsiignidruy e faRamo diviatien tanid R aping civvatistrategiesr edg liovhalindneokh2iby, 50, 1989—

1999.

G%GSI{IdeS sYuppcr;essing tugor irr|1_mu\r/1\i/ty via melgne cgecl\?aoirr(t m|(_)|dulation in %olytic#qukﬁ’l&s,4615(iir|ec};_ikr)1_hibitory
an, Y., Guo, , GuUQ, L.;. Wang, L.; xen, b,, YU, K.; AU , Q. ng, Y. vl - nNIDItS
effect of tumor celhderlveg lactic acu? on 'CTL proliferation, cytoﬂﬂ% F? ductl%ng,J and cytotoxicity against tumor

ST g Db Aawn B A RS b I N AU Acit ievels within The RemoP miat oenatomnent

sph_erzr0|ds [ Ceenggomn GT lin, Dev. 2018, 29, 156-166
argetin Mgl ene Clin ev, , — . . . .
block trge export of lactic acmfrom T cgfls through MC'?I, théreby dl%turblng their metabolism and function.

64. Li, S.J.; Liu, H.L.; Tang, S.L.; Li, X.J.; Wang, X.Y. MicroRNA-150 regulates glycolysis by targeting
TheasTesipiscIUgRRFANR GliopHRICeNeOXA PAaYSITRERI0PENY To:ellgsgmbiwe, with immunotherapy opens

new perspectives in cancer treatment. For instance, CAIX has been demonstrated as a suitable target for selective
GEH.Bersz,.A.; Wang, Y,; Nowicki I\ﬂ.o.; Perlﬁzzh P.; Ansayi $< OgaWﬁ, D.; Balag, L.; De Rienzo, G.;
chimeric antigen recefgor 1CAR) T cell therapy with a curé rate of 20% and without any systeniic side effects in‘an
. MlneTo, .. Nakano, I.; et al'fi‘@e lular vesicles modulate the glioblastoma microenvironment
in vivo glioma xenograft mouse mode| 21, . )
via a tumor suppression signaling network directed by miR-1. Cancer Res. 2014, 74, 738-750.
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GBesiaes XlyMfdogytSs, Wang; &Bsaflated madiopBagehaa\Ms) dlhga drycvalanledin Qieng iBmiréngnX gitea
cellGREBMERLImegativgfagidbadieinisictudtty staord inates dlecbraigitatibohainck pia fielsatioMafTg i caken
up oglFANR, 0O &0 IsUce etaGF6tosis 149 This finding raises the possibility of a role of MCTs in tumor

a7V, PPBEIRRe, EBEIROR: IBEOen G, Eiftaoe PIonkR, RAERIRal e e o
RSIERIESIYE ISR Sb S hna st SRS ANANSR dr SRl egThERRS PSR aton of

thep%ll)fﬁ(\?\%g% ﬁpf\){gwuero%%%% }—é&g!qragc&%s_ﬂ.ough PIK3-mediated activation of protein kinase (PK)Cd .

Blocking of the respective factors reduces the glycolytic rate and proliferation of glioma cells. In patient-derived
iR Bue) i@Qintd forBN pFard: thblerdpkage® BS dlatE2URit Pk ¥ e A3 DIANehd-hiQWAS S aliPRith
higRdrgiBrRPgRRIENkrRItsRIobferatianRad invasion promoting apoptosis of glioma cells by targeting
CELF2. Int. J. Oncol. 2015, 47, 1025-1033.
66 B RS WA SRATeE e R ae s ARG SIS R EERy ME KOS RO @loppgRls as @
furtBe.Erﬁ\(}ls.;Silgll%H?%W.r;]tgtp Rl° E%hs's of brain-enriched miR-124 microRNA enhances stem-like traits and

invasiyeness of glioma cells. J. Biol. Chem. 2012, 287, 9962-9971. . . . .
Finarl]ly, ﬁ%asebeen s%own that sensm%atlon ofe gllloma ceIFs by %W-gose agimlnlstratlon of attenuated oncolytic

TeddlengirYs, Kimpdstdviustten AQ-EBre), Badvang, ¥.;shiietdDhidh-Hachwrabio, gy cbiysierie, Ge Bisd)ytic
blo€kdvldicBhuistentes), idduetakUudtiimia redejetah byfrasie, kinaseotoovergerarelinicroRdlAs 13 s in an
in ziont®BKRARJEATA TuBe b H82Y liBblakto mackiell Dieathriifferg20rdtid,, didlQieitddetate enhances viral

7EPlicgion 5. Rhresatne guisepppirial aniil sjgnaiing . Retsin IMAVREmeriafed, innate [mryuae regpgnse.
mcrlg?r%',n ig.lt-)I'.0 81\?er?-eet'>(<:pcr%nsssulg tb rﬁlr}g-%%ﬂgﬂﬁances the effectiveness of HSVtk gene therapy for

malignant glioma. Cancer Lett. 2012, 320, 72—-80. . .
This somewhat"uncommon approach seems to%e quite powerful by combining different effects and should be

Téhriiderel fattfanigerYrvek@atonM.; Hayes, J.; Kefas, B.; Schiff, D.; Purow, B.; Parsons, S.; Lawler, S.;
Abounader, R. microRNA-148a is a prognostic oncomiR that targets MIG6 and BIM to regulate
In SUOPRNARXRIPEPEOSS dh efitsiitaiionesyne deicee rired gnapunethgmpy vaigsdistinct components in tumors

and different immune cells may constitute a promisir{(A;/the_rageutic approach. Due to the combined targeting of
73.Yin, J.. Shi, Z.; V}lel W.; Lu, C.; V¥ql Y. Yan, .. Li, R.; Zhan%, J.;You, Y.; Wan%, ?( MiR-181b.

various effectors, is likely more 'powerful 'and less prone 'to fesistante mechahisms than' focusing on single
meSuppress lioblastoma .u_Itlformel%ﬁowth throu%h |nh|b|t|olgI of SPl-medlat_ed(%lucose metabolism.

sms. Carge and sophisticated studies are necessary to explore the complexity of such an approach in
Oletg}lancer Cell Int. 2020, 20, 69.

74. Wang, X.F.; Shi, Z.M.; Wang, X.R.; Cao, L.; Wang, Y.Y.; Zhang, J.X.; Yin, Y.; Luo, H.; Kang, C.S;

| 61 Corchisions Wne Futire Perspeetivey @oeing kras and Bel-2.J
Cancer Res. Clin. Oncol. 2012, 138, 573-584.

781992 RAC PSR e RS STl MR- DR AN TS RRBRISRE Wik aRmsbyeahdC

SW'EFbéWS%iQ?ﬁPWaﬁOgﬁ‘Bﬁ%‘?tﬂ?élW&OBﬂéoY.'azdi%E‘%%‘, Hlﬂi':Z%a inducing upregulation of glycolytic

enzymes, transporters, and VEGF. This, in turn, triggers the angiogenic switch, leading to neovascularization.

16 KRN S b et NV Br dbicdWb o si€ ROBfhdrte VA NaRie YERIGrirfy R IRICRINARNG) FRODAGS
acidFB Hf IIB AR MR HEAV BT BUIP A Ry RS PRINGe G- 6XREERS 19N A5 SME - AN ERlPARYs
pro%%ég%}%&%igpaﬂf}gam lead to metabolic gradients across the tumor microenvironment, remodel the

TXUAREINar At ?E@)ﬁ@ﬁ“@?? Blearlirg B‘i’é{ﬁ@?ﬁ. inypeighhgiie RAA -85 1ate oathteact ¢ masRBY AP HALR!
cellpvigsiMROF SRR @@ﬂlé“ﬂ#@i%‘h@@m@égﬂﬁé%W@PWA@F@T@@W@I.W@@F@@Cﬁ%@@ﬁigﬁylﬁgw” as

1499.
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7@ oDémgtjdG. aMdus ufvivé Larkl the éyrdtiodblecinsBaukitey, ; réid e g LitralignaKiagigpnias Give N i rpymietassye
andorexisessioreshilicad ttheought regitiating miR-378e/RPN2 axis. J. Exp. Clin. Cancer Res. 2019,

38, 506.

However, the glycolytic switch can also be exploited for developing novel therapeutic a?_proaches by taking
79, Li, S.; Zeng, A.; Hu, Q.; Yan, W.: Liu, Y;; You, Y. mlR-423-5|? contributes to a malignant phé—:‘no%/pe
advantage of thé weak pomts in dlycolytic cells, such as sensitivity to oxidative stress an l%/poma-ln uced cell
dea%pd'\}ggg(?nzcﬂomlde chemoresistance in goblastomas. Neuro Oncol. 2017, 19, 55-65.

therapeutic concepts or their co Ination with conventional treatment regimens or immunotherapy
8bay heargoe dMarey c8I résistdace\Wnadidye R dwirerggadatisia fof aiedighaN gligmpaessiestselinerodiferatioant
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