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Abstract: Glioma is the most common and aggressive tumor of the central nervous system. The
uncontrolled proliferation, cellular heterogeneity, and diffusive capacity of glioma cells contribute
to a very poor prognosis of patients with high grade glioma. Compared to normal cells, cancer
cells exhibit a higher rate of glucose uptake, which is accompanied with the metabolic switch from
oxidative phosphorylation to aerobic glycolysis. The metabolic reprogramming of cancer cell supports
excessive cell proliferation, which are frequently mediated by the activation of oncogenes or the
perturbations of tumor suppressor genes. Recently, a growing body of evidence has started to reveal
that long noncoding RNAs (lncRNAs) are implicated in a wide spectrum of biological processes in
glioma, including malignant phenotypes and aerobic glycolysis. However, the mechanisms of diverse
lncRNAs in the initiation and progression of gliomas remain to be fully unveiled. In this review, we
summarized the diverse roles of lncRNAs in shaping the biological features and aerobic glycolysis
of glioma. The thorough understanding of lncRNAs in glioma biology provides opportunities for
developing diagnostic biomarkers and novel therapeutic strategies targeting gliomas.
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1. Introduction

Glioma accounts for 30–40% of all primary tumors in the adult central nervous system
(CNS). It can be categorized into four grades, of which glioblastoma multiforme (GMB)
is the most aggressive form [1]. Patients with GBM have a median survival time of ap-
proximately 15 months, and the 5-year survival rate is about 5% [2]. Despite maximal
surgical resection and subsequent radiochemotherapy, almost all patients suffer from tu-
mor recurrence and drug resistance [3]. Thus, tremendous efforts have been invested
in glioma research to find novel interventions and improve the treatment outcome. In
the past decades, the genetic alterations, molecular mechanisms, and signaling pathways
implicated in glioma have been extensively studied, and a large portion of this knowledge
lays the foundations for developing novel therapeutic strategies. However, the complex
biology in glioma cells, such as a high degree of heterogeneity, highly diffusive capacity,
the immunosuppressive tumor microenvironment, and the development of drug resis-
tance, frequently compromises the efficacy of existing treatments [4,5]. The exploration
of new biomarkers for early diagnosis holds the promise to improve the effect of glioma
treatment [6].

Uncontrolled cell proliferation is a hallmark of cancer cells which is accompanied
by metabolic reprogramming, including the dysregulation of glucose catabolism and
macromolecule biosynthesis [7]. Increased glycolysis and the reduced dependence on
oxidative phosphorylation is a hallmark in cancer cells, which is known as the Warburg
effect [8]. Unlike normal cells, even in the presence of abundant oxygen, cancer cells
revert their glucose metabolism to glycolysis. This aerobic glycolysis is the direct or
indirect result of oncogenic activation, which is believed to support the uncontrolled cell
proliferation by providing precursors for nucleotide synthesis [9,10]. The Warburg effect
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contributes to the accelerated tumor growth by enhancing glucose uptake and lactate
production in both the initial stage and the progression of various tumors [11]. Together,
oncogene-induced glycolysis and multifaceted roles of glycolytic components underscore
the significance of aerobic glycolysis in sustaining tumor progression. Hexokinase 2
(HK2), pyruvate kinaseM2 (PKM2), and lactate dehydrogenase A (LDHA) are key rate-
limiting genes in glycolysis [12,13]. Targeting aerobic glycolysis is a potential strategy to
selectively inhibit the growth of cancer cells, such as the usage of 2-Deoxy-d-Glucose and
3-Bromopyruvate [14,15]. In addition, the understanding of the dysregulation of glycolytic
gene function and expression in cancer biology is crucial for developing targeted therapy.

Long noncoding RNAs (lncRNAs) are cataloged as noncoding RNAs whose length is
longer than 200 nt [16]. Although lncRNAs have no or little protein-coding ability, they
have been implicated in diverse physiological and pathological processes by modulat-
ing gene expression, including cell differentiation, chronical diseases, and cancers [17].
Accumulating evidence showed that lncRNAs also play roles in shaping the malignant phe-
notypes and rewiring the aerobic glycolysis of cancer [18,19]. A number of studies profiling
the lncRNAs in cancerous tissues and para-cancerous normal tissues demonstrated that
lncRNAs are dysregulated in a variety of human malignancies, including gastric cancer,
bladder cancer, liver cancer, and brain cancers [20–23]. Aberrantly expressed lncRNAs have
been implicated in glioma development through promoting cell proliferation and modulat-
ing aerobic glycolysis, and it has been proposed that dysregulated lncRNAs could serves
as biomarkers for glioma diagnosis, prognostic prediction, and treatment targets [24,25].
However, the holistic landscape of lncRNAs in the regulation of biological characteristics
and aerobic glycolysis of glioma remains to be completed. Here, we reviewed the current
understanding of lncRNA expression and dysregulation in glioma and highlighted the roles
of lncRNAs in modifying phenotypical features and rewiring the metabolism in glioma.
We also discussed the challenges of the application of lncRNA as tumor biomarkers and
therapeutic targets.

2. Overview of lncRNAs

lncRNAs are defined as noncoding RNAs with more than 200 nt. They are transcribed
by RNA polymerase II, which share structural features with mRNA, including a 5′-cap,
splicing event, and a polyadenylated 3′ end (approximately 60% of lncRNAs have polyA
tails) [26]. Compared with protein-coding mRNAs, the majority of lncRNAs are expressed
at a relatively low level and exhibit tissue- or cell-type-specific expression [27,28]. Based
on the genomic localization relative to protein-coding genes, lncRNAs can be classified
into five categories: bidirectional, intergenic (lincRNAs), intronic, sense, and antisense
(Figure 1) [28,29]. Bidirectional lncRNAs are the ones with transcription start site in close
proximity to a protein-coding gene but are transcribed in the opposite direction. The
distance between a bidirectional lncRNA and the promoter of the protein coding gene is
less than 1 kb. The transcription of a bidirectional lncRNA often affects the expression
of neighboring protein-coding genes, suggesting a cis-regulatory role of bidirectional
lncRNAs [30]. LincRNAs are localized within the genomic interval of protein coding gene
sequences. LincRNA transcripts differ from protein-coding transcripts with respect to
length, number of exons per transcript, number of transcripts per gene, and transcriptional
profile [31]. Intronic lncRNAs are derived from the introns within protein-coding exons.
It is believed that intronic lncRNAs are spliced by pre-mRNA splicing machinery [32].
Sense and antisense lncRNAs are defined according to the nearest protein coding genes,
and their transcript can partially or entirely overlap with one or more exons [33]. Sense
lncRNAs overlap with protein-coding exons and are transcribed in the same direction,
while antisense lncRNAs are transcribed in the opposite direction of the overlapping genes.
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Figure 1. LncRNA classification according to their relative position to protein coding genes. Based on the genomic locali-
zation relative to protein-coding genes, lncRNAs can be classified into 5 categories: (A) bidirectional, (B) intergenic (lin-
cRNAs), (C) intronic, (D) sense, and (E) antisense. 
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frequently associated with chromatin, regulating chromatin organization, and gene ex-
pression, while a large portion of lncRNAs are exported into the cytoplasm, which can 
interact with RNA-binding proteins (RBPs), mRNAs, and other non-coding RNAs [34,35]. 
The molecular mechanisms by which lncRNAs regulate cellular processes depend on their 
subcellular location (Figure 2). LncRNAs in the nucleus were reported to regulate chro-
matin structures and gene expression through DNA binding or acting as the scaffold for 
the chromatin-remodeling complex. Jain et al. showed that LncPRESS1 serves as a decoy 
for SIRT6 in modulating gene expression of ECS [36]. Chen et al. found that lncRNA 
NEAT1 is located in the nucleus and promotes GBM progression by regulating the activity 
of the WNT/b-catenin pathway and acting as a scaffold of the polycomb complex protein 
EZH2 [37]. Li et al. demonstrated that HOTAIR act as a guide to localize PRC2 in glioma 
progression [38]. Xiang et al. reported that lncRNA CCAT1-L locates to 515 kb upstream 
of the MYC-515 site and is capable of chromatin looping between the MYC-515 promoter 
and its enhancers in colorectal cancer (CRC) [39]. In the cytoplasm, lncRNAs can affect the 
activity of miRNA by severing as a sponge to dampen the target factors (competing en-
dogenous RNAs (ceRNAs) mechanism) and regulate mRNA translation, stability, and 
protein function. Zhang et al. demonstrated that lncRNA ENST00000413528 acts as a 
sponge of microRNA-593-5p to regulate glioma growth through targeting polo-like kinase 
1 [40]. Yoon et al. found that LincRNA-p21 can inhibit target mRNAs JUNB and CTNNB1 
translation in Hela cells [41]. Zhang et al. demonstrated that lncRNA ARLNC1 regulates 
the stabilization of AR transcript through RNA-RNA interaction in prostate cancer cells 
[42]. Wang et al. revealed that LINC01426 facilitates glioma progression via the PI3K/AKT 

Figure 1. lncRNA classification according to their relative position to protein coding genes. Based on the genomic
localization relative to protein-coding genes, lncRNAs can be classified into 5 categories: (A) bidirectional, (B) intergenic
(lincRNAs), (C) intronic, (D) sense, and (E) antisense.

Genome-wide sequencing revealed that lncRNAs are localized in both the nucleus
and cytoplasm, indicating diversified functional roles [34]. In the nucleus, lncRNAs
are frequently associated with chromatin, regulating chromatin organization, and gene
expression, while a large portion of lncRNAs are exported into the cytoplasm, which can
interact with RNA-binding proteins (RBPs), mRNAs, and other non-coding RNAs [34,35].
The molecular mechanisms by which lncRNAs regulate cellular processes depend on
their subcellular location (Figure 2). lncRNAs in the nucleus were reported to regulate
chromatin structures and gene expression through DNA binding or acting as the scaffold
for the chromatin-remodeling complex. Jain et al. showed that LncPRESS1 serves as a
decoy for SIRT6 in modulating gene expression of ECS [36]. Chen et al. found that lncRNA
NEAT1 is located in the nucleus and promotes GBM progression by regulating the activity
of the WNT/b-catenin pathway and acting as a scaffold of the polycomb complex protein
EZH2 [37]. Li et al. demonstrated that HOTAIR act as a guide to localize PRC2 in glioma
progression [38]. Xiang et al. reported that lncRNA CCAT1-L locates to 515 kb upstream
of the MYC-515 site and is capable of chromatin looping between the MYC-515 promoter
and its enhancers in colorectal cancer (CRC) [39]. In the cytoplasm, lncRNAs can affect
the activity of miRNA by severing as a sponge to dampen the target factors (competing
endogenous RNAs (ceRNAs) mechanism) and regulate mRNA translation, stability, and
protein function. Zhang et al. demonstrated that lncRNA ENST00000413528 acts as a
sponge of microRNA-593-5p to regulate glioma growth through targeting polo-like kinase
1 [40]. Yoon et al. found that LincRNA-p21 can inhibit target mRNAs JUNB and CTNNB1
translation in Hela cells [41]. Zhang et al. demonstrated that lncRNA ARLNC1 regulates
the stabilization of AR transcript through RNA-RNA interaction in prostate cancer cells [42].
Wang et al. revealed that LINC01426 facilitates glioma progression via the PI3K/AKT
signaling pathway [43]. A growing body of evidence continues to expand the biological
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roles of lncRNAs in a multitude of physiological and pathological conditions, adding
another layer of complexity in epigenetic control by non-coding RNAs.
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transcription; (B,C) lncRNAs can seve as a scaffold or guide for chromatin modification; (D) lncRNAs promote R-loop for-
mation to facilitate transcription; (E) lncRNAs can seve as ceRNAs by sponging to miRNA; (F) lncRNAs can regulate mRNA
translation, stability, and degradation; (G) Signals—the RBP association with lncRNAs can contribute to conformational
alterations that activate signal molecules.

3. Roles of lncRNAs in Biological Characteristics of Glioma

Recent studies demonstrated that, compared with nontumoral brain tissues, a large
number of lncRNAs are aberrantly expressed in glioma [44,45]. In addition, the differ-
ential expression of lncRNAs is widely implicated in the occurrence, metastasis, and
drug resistance of gliomas [45,46]. In the following sections, the biological functions of
well-characterized lncRNAs in glioma are summarized (Figure 3).
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3.1. lncRNAs Regulate Glioma Cells Stemness

Glioma stem cells (GSCs) are a population of poorly differentiated and highly hetero-
geneous cells with stem cell properties. GSCS have the ability to self-renew and differentiate
into other subtypes of glioma cells and are characterized by the increased resistance to
chemotherapy and radiotherapy, which may account for the failure of treatment, high
recurrence rate, and poor prognosis in glioma [47]. Su et al. reported that lncRNA BC200
could regulate miR-218-5p expression and promote glioma stemness, which leads to resis-
tance to Temozolomide (TMZ) in glioma cells [48]. Zhang et al. revealed that the lncRNA
PCAT1 plays a crucial role in radiation sensitivity by modulating the miR-129-5p/HMGB1
axis. Knocking down lncRNA PCAT1 in GSCs promotes radiation sensitivity and increases
the efficacy of radiotherapy [49]. Another study demonstrated that Linc00152 augments
the malignant phenotype of GSCs through the miR-103a-3p/FEZF1/CDC25A pathway,
indicating that targeting Linc00152 could be used as a potential therapeutic approach [50].
Since the GSC subpopulation has been recognized as a key contributing factor in the resis-
tance to conventional therapies as well as glioma recurrence, targeted elimination of GSCs
may enhance the treatment outcome of the existing therapies.

3.2. lncRNAs Regulate Angiogenesis of Glioma Cells

Angiogenesis plays a vital role in the proliferation and migration of glioma cells, which
is also a hallmark in glioblastoma [51]. In order to enhance the blood flow to meet the
nutrient and oxygen demands of tumor growth, tumor cells generally secrete angiogenic
factors, such as angiogenin, matrix metalloproteinases (MMPs), and vascular endothelial
growth factors (VEGFs), to stimulate local neovascularization [52]. In addition, a hypoxic
condition not only affects the metabolism in tumor microenvironment, it also regulates
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angiogenesis. Accumulating evidence has highlighted the roles of lncRNAs in angiogenesis
under hypoxia [53,54]. Mu et al. recently reported that lncRNA BCYRN1 suppresses glioma
tumorigenesis by inactivating the PTEN/AKT/p21 pathway via targeting miR-619-5p [55].
In contrast, Zhou et al. found that lncRNA H9 promotes cell proliferation, migration, and
angiogenesis of glioma by targeting the miR-342/Wnt5a/β-catenin signaling axis [56]. An-
other study revealed that lncRNA XIST facilitates glioma tumorigenesis and angiogenesis
by acting as a sponge for miR-429 [57]. It seems that different lncRNAs could indirectly
mediate the progression of gliomas by targeting different miRNAs, which in turn regulates
the downstream target proteins involved in angiogenesis and tumorigenesis.

3.3. lncRNAs Contribute to Glioma Drug Resistance

A standard treatment after maximal surgical resection of glioma tissue involves the
combined radiotherapy and chemotherapy [58]. However, nearly all glioma patients will
eventually develop drug resistance and suffer from tumor recurrence [59]. In addition to
the roles in glioma stem cells, accumulating evidence starts to unveil the crucial roles of
lncRNAs in drug resistance development. TMZ is the standard oral alkylating agent for
chemotherapy in glioma, which can pass the blood–brain barrier (BBB), whereas TMZ resis-
tance is primarily responsible for the poor efficacy of glioma chemotherapy [3,60]. Various
lncRNAs are associated with tumor chemoresistance, including glioma, liver, prostate, and
cervical cancers [61,62], and lncRNAs have also been implicated in TMZ resistance [45,63].
Liu et al. reported that lncRNA SOX2OT enhances the resistance to TMZ by promoting
SOX2 expression and inhibiting apoptosis [64]. Chen et al. demonstrated that LINC01198
overexpression promotes TMZ resistance by elevating NEDD4-1-dependent suppression of
oncogene PTEN [65]. Another study showed that lncRNA MSC-AS1 knockdown inhibits
TMZ resistance of glioma through modulating the miR-373-3p/CPEB4 axis and activating
the PI3K/Akt signaling pathway [66]. Since resistance towards a single agent can be easily
mounted by different lncRNAs, combinatory therapies using multiple drugs may limit
the chance of drug resistance and enhance the treatment outcome. In addition, exosomal
lncRNAs can cross the BBB and can be detected in blood, urine, saliva, breast milk, and
cerebrospinal fluid (CSF). Therefore, exosomal lncRNAs will have a great potential in novel
biomarkers and therapeutics of glioma [67].

3.4. lncRNAs May Be Implicated in Immune Responses in Glioma

The tumor microenvironment is characterized by a milieu of immunosuppressive
cells, hindering antitumor immune responses [68]. Patients with malignant glioma display
multiple immune deficiency, including CD4 lymphopenia, increased fraction of regulatory
T cells (Tregs) in peripheral blood, infiltration of immunosuppressive macrophages, and
the impaired Th1 cytokine production and cell-mediated immunity [4,69]. Several recent
studies profiling lncRNAs in glioma identified immune-related signatures of lncRNA
expression [70–72], which shows predictive power in the glioma pathogenesis and clinical
prognosis. For instance, lncRNA AC003092.1 was demonstrated to be associated with
glioma-immunosuppressive microenvironment through analyzing The Cancer Genome
Atlas (TCGA) database [73]. lncRNA SBF2-AS1 is associated with immunity in lower-
grade glioma (LGG) through analyzing TCGA and the Chinese Glioma Genome Atlas
(CGGA) database [74]. In addition, lncRNAs are involved in the regulation of inflammatory
gene expression, which can shape the immune microenvironment. For example, lncRNA
NEAT1 regulates interleukin IL-8 transcription and affects the activity of different immune
cells [75]. LincRNA-Cox2 modulates inflammatory genes in macrophages by targeting the
chromatin remodeling activity of the SWI/SNF complex in the nucleus [76]. The complex
interplay between lncRNAs and the immune microenvironment in glioma remain to be
further investigated, and the functional characterization of immune-related lncRNAs in
glioma can shed lights on the immunosuppressive mechanisms and the development of
targeted immunotherapy.
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4. Potential Clinical Application of lncRNAs in Glioma

With the rapid advancement of high-throughput sequencing technology, the num-
ber of dysregulated lncRNAs identified in glioma continues to rise [77,78]. Differential
expression of lncRNAs is correlated to tumor grade, prognosis, and drug resistance of
glioma cells [79,80]. An increasing number of lncRNAs have been characterized with the
potentials of clinical applications in glioma. In the following section, we discussed the
clinical application potentials of lncRNAs in glioma (summarized in Table 1).

Table 1. lncRNAs with diagnostic, prognosis, and therapeutic potential in glioma.

Expression Level of
lncRNAs lncRNAs Mechanism Reported Potential Clinical

Application References

Upregulated HOTAIR Diagnosis and prognosis [81]
Upregulated miR210HG Diagnosis [82]

Downregulated BCYRN1

Sponge miR-619-5p and
interact with the

CUEDC2/PTEN/AKT/p21
pathway

Diagnosis, therapeutic target, and
prognosis [55]

Upregulated AC064875.2 Neoplasm grade and prognosis [83]
Upregulated HOTAIRM1 Neoplasm grade and prognosis [83]
Upregulated LINC00908 Neoplasm grade and prognosis [83]
Upregulated RP11-84A19.3 Neoplasm grade and prognosis [83]

Upregulated LINC 01503 Interact with Wnt/β-catenin
pathway

Tumorigenesis, progression, and
prognosis [84]

Upregulated LINC 01060 Interact with
MZF1/c-Myc/HIF-1α axis Prognosis and progression [85]

Downregulated TBX5-AS1 therapeutic target and prognosis [86]
Upregulated LNC01545 therapeutic target and prognosis [86]
Upregulated WDR11-AS1 therapeutic target and prognosis [86]
Upregulated NDUFA6-DT therapeutic target and prognosis [86]
Upregulated FRY-AS1 therapeutic target and prognosis [86]
Upregulated H19 prognosis [87]

Downregulated HAR1A prognosis [87]
Upregulated NEAT1 prognosis [88]
Upregulated lncGRS-1 Therapeutic target [89]

Downregulated GAS5-AS1 Interact with
miR-106b-5p/TUSC2 axis Proliferation, therapeutic target [90]

Upregulated SNHG1 Progression, therapeutic target [91]

Downregulated ST7-AS1
Interact with

p53/ST7-AS1/PTBP1 feedback
loop

Therapeutic target [92]

Upregulated PVT1 Pan-cancer therapeutic target and
prognosis [87,93]

4.1. lncRNAs as Promising Biomarkers for Glioma Diagnosis

The power of lncRNAs as biomarkers for glioma diagnosis is beginning to emerge.
A team of researchers evaluated lncRNA HOTAIR expression in peripheral serum of
43 patients with GBM, 23 LGG (low-grade glioma), and 40 healthy controls [81]. Their
results showed that lncRNA HOTAIR expression level in GMB patients was significantly
higher than that of LGG patients, and lncRNA HOTAIR level in all brain tumor patients
was also significantly higher than that of healthy controls. This finding suggests that
lncRNA HOTAIR is a promising biomarker for glioma patients as well as for evaluat-
ing the aggressiveness of glioma. lncRNA HOTAIR was estimated to have a sensitivity
of 86.1% and specificity of 87.5% in predicting glioma [81]. Another study recruited
42 glioma patients and 10 healthy controls, and applied microarray chips to profile dys-
regulated lncRNAs in tumor tissues and tumor-adjacent normal tissues [82]. They found
that lncRNA miR210HG expression was significantly upregulated in tumor tissues com-
pared to tumor-adjacent normal tissues of glioma patients. A higher serum miR210HG



Int. J. Mol. Sci. 2021, 22, 11197 8 of 17

level was also observed in glioma patients as compared to healthy controls [82]. Mu et al.
performed RNA-seq to uncover the expression profiling of lncRNAs in glioma tissue sam-
ples, and they found that lncRNA BCYRN1 serves as a tumor suppressor via inactivating
the CUEDC2/PTEN/AKT/p21 pathway [55]. With more sequencing datasets becoming
available, an increasing number of lncRNAs have been associated with the tumorigenesis
and malignant degree of gliomas. The identification of novel lncRNAs not only improves
our understanding of mechanisms underlying the progression of glioma, but also holds the
potential for them to serve as novel biomarkers for diagnosis. It is anticipated that the use
of a panel of multiple lncRNAs specifically dysregulated in glioma patients will generate
more reliable diagnoses.

4.2. lncRNAs as Biomarkers for Glioma Prognosis

Recent studies also start to elucidate that some lncRNAs are strongly associated with
glioma progression and malignant phenotypes. For example, Song et al. analyzed lncRNA
signatures and clinical pathological data of glioma patients in TCGA. 510 LGG and 160 GBM
RNA-seq data from TCGA were retrieved. They found that the prognosis of high histology
grade glioma was much poorer, and four lncRNAs (AC064875.2, HOTAIRM1, LINC00908,
and RP11-84A19.3) were highly correlated with both high neoplasm grade and worse
prognosis [84]. Interestingly, these lncRNAs seem to be involved in neutrophil-mediated
immunity and cell adhesion junction [83], implying that they may affect the immunity
in the glioma tumor microenvironment. The study by Wang et al. discovered that the
expression level of LINC01503 in glioma tissues and cells was significantly upregulated and
was associated with a higher tumor grade and a poorer clinical prognosis [84]. They further
revealed that LINC01503 could regulate Wnt/β-catenin signaling to promote glioma
progression, thus predicting worse prognosis. Another recent study revealed that exosomes
derived from hypoxic glioma stem cells contain an elevated level of Linc01060, which
supports glioma progression by regulating the MZF1/c-Myc/HIF-1α axis and is correlated
with a poor clinical prognosis [85]. It is noteworthy that recent studies highlighted the
power of lncRNA expression profiling and the usage of multiple dysregulated lncRNAs as
the risk signatures to predict the therapeutic efficacy and prognosis [86,87].

4.3. lncRNAs as Therapeutic Targets

As the dysregulation of lncRNAs mediates a multifaceted biology in glioma initiation
and progression, targeting lncRNAs is a potential approach to restore the dysregulated
biological processes. Using small interfering RNA (siRNA) or antisense oligonucleotides to
target tumor-specific lncRNAs is a promising strategy under intensive research, although
the clinical trials are very limited [88]. Using CRISPRi-based genome-wide screening, a
recent study established a generalizable approach to rapidly identify novel therapeutic
targets [89]. They also found that targeting lncGRS-1 by antisense oligonucleotides sup-
pressed glioma tumor growth in 3D culture and sensitized glioma cells to radiotherapy.
Huang et al. recently reported that lncRNA GAS5-AS1 expression was correlated with
the glioma tumor grade and the overexpression of GAS5-AS1 suppressed glioma tumor
growth in nude mice [90]. lncRNA GAS5-AS1 suppresses glioma proliferation by targeting
the miR-106b-5p/TUSC2 axis, suggesting GAS5-AS1 overexpression as a novel therapeutic
approach. Liu et al. reported that lncRNA SNHG1 was highly expressed in glioma and
facilitated glioma progression, and silencing lncRNA SNHG1 inhibited glioma progres-
sion in vitro and in vivo [91]. Sheng et al. confirmed that lncRNA ST7-AS1 inhibits the
progression of glioma through a p53/ST7-AS1/PTBP1 feedback loop, which might be
a potential therapeutic target for glioma treatment [92]. It is worth mentioning that the
activities of some lncRNAs seem to be conserved across multiple cancer types; thereby,
these lncRNAs may serve as potential pan-cancer therapeutic targets. For example, lncRNA
PVT1 is overexpressed in various malignant tumors, including glioma, HCC, gastric cancer,
and NSCLC, which correlates with a poorer prognosis [93,94]. In addition, other lncRNAs,
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such as H19, MALAT1, HOTAIR, and NEAT1, are also conserved across multiple cancer
types and could serve as potential therapeutic targets [88,95,96].

5. lncRNAs Modulate Aerobic Glycolysis of Glioma

Recent studies demonstrated that numerous lncRNAs play critical roles in cancer
metabolism. Understanding the relationship between lncRNAs and aerobic glycolysis
can provide new strategies for cancer treatment [13–15]. More and more lncRNAs have
been functionally characterized in aerobic glycolysis of glioma, suggesting that lncRNAs
modulate the aerobic glycolysis of glioma (Figure 4).
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Figure 4. lncRNAs modulate the aerobic glycolysis of glioma. (A) Lin28 can enhance the expression
of GLUT1; (B) MACC1-AS1 can promote the expression of LDHA, HK2, and GLUT1; (C) LINC00689
can increase PKM2 expression by binding to miR-338-3p; (D) PCED1B activates HIF-1a by binding to
5′-UTR of HIF-1a mRNA; (E) LINC00470 activates the AKT pathway to promote aerobic glycolysis
of glioma; (F) XIST regulates the glucose metabolism via targeting the IRS1/PI3K/Akt pathway in
glioma. (G) SNHG can promote cell growth and aerobic glycolysis by upregulating Wnt2 in GBM.

5.1. lncRNAs Regulate GLUT Levels in Glioma

Glucose is the main source of energy for cells, which is imported into cells through
glucose transporters (GLUTs) and broken down by glycolysis and the TCA cycle to generate
cellular energy [97]. Glioma cells tend to upregulate GLUT1 and GLUT3 to accelerate
the uptake of glucose [98,99]. Recent studies revealed that lncRNAs can regulate the
expression of GLUT genes [100]. Lu et al. reported that the expression of Lin28A in GBM
was upregulated, and the knockdown of Lin28A suppressed glycolysis and proliferation
in glioma cells by indirectly reducing the transcription of PKM2 (pyruvate kinase muscle
2) and GLUT1 [101]. Interestingly, GLUT3 isoform seems to be the predominant glucose
transporter in highly malignant glial cells of human brain, suggesting a functional diversity
of GLUT1 and GLUT3 in the progression of glioma [102].

5.2. lncRNAs Modulate Key Glycolytic Enzyme

Hexokinase (HK) is recognized as the first vital enzyme of the glycolytic pathway,
which can promote the uptake of glucose into glioma cells via GLUTs by glucose phos-
phorylation reaction [103]. Numerous studies reported the upregulation of hexokinase
isoform 2 (HK2) in cancer cells and its association with the overall survival of patients
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with glioma [104–106]. Zheng et al. investigated the mechanism of lncRNA MACC1-AS1-
mediated progression of glioma. The abnormal upregulation of lncRNA MACC1-AS1 in
A172 and U251 glioma cells seems closely associated with glucose metabolism. MACC1-
AS1 overexpression significantly enhances the level of HK2 and GLUT1 [107], suggesting
that MACC1-AS1 promotes glycolysis and leads to metabolic reprogramming in glioma
progression. Recent studies discovered that other glycolytic enzymes, such as PKM2 and
lactate dehydrogenase A (LDHA), are also upregulated in glioma [108,109]. lncRNAs are
implicated in the regulation of key glycolytic enzymes in various cancers, such as liver
cancer, colorectal cancer, and non-small-cell lung cancer (NSCLC) [110,111]. Wang et al.
revealed that lncRNA HULC accelerates the aerobic glycolysis of HepG2 cells via upregu-
lating LDHA and PKM2 [112]. Bian et al. discovered that lncRNA-FEZF1-AS1 regulates
the glycolysis of colorectal cancer through direct interaction with PKM2 to facilitate tu-
mor proliferation and metastasis [113]. Liu et al. reported that lncRNA LINC00689 is
highly expressed in glioma relative to normal brain tissues. They demonstrated that the
overexpression of LINC00689 can promote glycolysis of glioma cells by binding to miR-
338-3p and increasing PKM2 expression [114]. Nevertheless, the mechanisms by which
lncRNAs rewire the metabolic program to favor aerobic glycolysis in glioma remains to be
fully elucidated.

5.3. lncRNA Regulates Glucose Metabolism by Targeting Different Signaling Pathways
5.3.1. HIF-1a Pathway

Hypoxia is a key feature of the tumor microenvironment in solid tumors, and hypoxia-
inducible factor 1 (HIF-1) is frequently activated under hypoxia [115]. HIF-1 is an important
mediator of the Warburg effect, which comprises of the O2-responsive subunit HIF-1a and
a constitutively expressed subunit HIF-1b. The HIF-1 transcription complex is able to
modulate the expression of a multitude of genes through binding to hypoxia response
elements [116]. Previous studies revealed that HIF-1a plays significant roles in the regula-
tion of aerobic glycolysis. HIF-1a predominantly promotes glycolysis by three manners:
(1) upregulating GLUT1 expression and contributing to elevated glucose uptake; (2) modu-
lating glycolytic enzymes to increase glucose consumption; (3) upregulating LDHA, which
facilitates pyruvate usage and microenvironment acidification [117,118]. Yao et al. discov-
ered that overexpression of lncRNA PCED1B-AS1 enhances glucose uptake in GBM cells.
PCED1B-AS1 binds directly to the 5′-UTR of HIF-1a mRNA, increasing the protein level of
HIF-1a by potentiating HIF-1a mRNA translation, thereby promoting the Warburg effect
and tumorigenesis [119]. The regulation of the HIF-1a pathway not only induces metabolic
reprogramming, but also contributes to angiogenesis [120]. Not surprisingly, the activation
of hypoxia response can in turn regulate the expression of lncRNAs [121,122].

5.3.2. Phosphoinositide 3-Kinase (PI3K)/Akt Pathway

The PI3K/Akt/mTOR pathway is an extensively explored intracellular pathway in
various tumors. PI3K can be activated via extracellular stimuli, such as platelet-derived
growth factor (PDGF). Xiao et al. reported that PDGF facilitates the Warburg effect by
activating the PI3K signaling pathway [123]. The activation of PI3K results in the phos-
phorylation of two important residues on AKT kinase, which initiates a downstream
phosphorylation cascade. PI3Ks are classified into three subtypes based on the struc-
ture and substrate specificity [124]. Class I PI3Ks promote the formation of the second
messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3) from phosphatidylinositol-4,5-
bisphosphate (PIP2). Lipid phosphatase PTEN negatively regulates the PI3K singling
pathway by converting PIP3 to PIP2. PIP3 not only binds to the pleckstrin homology
domain of Akt at the plasma membrane, but also activates phosphoinositide-dependent
protein kinase 1 to phosphorylate Akt at Thr308 [125]. The complete activation of AKT oc-
curs by mTOR-dependent phosphorylation on serine 473 (S473) [126]. The activation of the
PI3K/Akt/mTOR pathway promotes the Warburg effect mainly by three main mechanisms:
(1) enhancing the expression level of GLUTs to augment glucose uptake; (2) upregulating
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key glycolytic enzymes, such as PKM2, HK2, and LDHA; (3) AKT activation contributing
to an increased HIF-1a activity [127,128].

Recent studies start to unveil the functional roles of lncRNAs in the regulation of
the PI3K/Akt/mTOR pathway in various tumors [129]. Liu et al. demonstrated that
lncRNA LINC00470 inhibits the ubiquitination of HK1 through activating AKT, which
contributes to the augmented glycolysis of GBM [130]. A study by Cheng et al. revealed
that lncRNA-XIST modulates the glucose metabolism by targeting the IRS1/PI3K/Akt
pathway in glioma [131]. lncRNA-XIST seems to act as a competing endogenous RNA of
miR-126, and lncRNA-XIST knockdown reduces the tumorigenicity of glioblastoma cells.
Since the PI3K/Akt pathway is a key contributor to cell survival and drug resistance [132],
these lncRNAs may also contribute to drug resistance development in glioma.

5.3.3. Wnt Pathway

The Wnt signaling pathway is a multifactorial pathway implicated in a myriad of
pathophysiological processes such as embryonic development, cell migration, cell prolifer-
ation, metastasis, and drug resistance in cancers [133,134]. Canonical WNT pathway activa-
tion leads to the stabilization and accumulation of β-catenin, and its nuclear translocation
leads to transcriptional changes of target genes. The Wnt signaling pathway is aberrantly
activated in cancer cells and contributes to the changes in cellular metabolism [135]. Ac-
tivated Wnt signaling promotes the up-regulation of MCT-1, CYC1, and ATP synthase,
resulting in enhanced production of lactate in aerobic glycolysis [126]. Wnt signaling
activation also upregulates glycolysis-related genes such as GLUT-1, LDH, PKM2, and
other c-Myc dependent genes to promote glycolysis, nucleotide, and fatty acid synthe-
sis in tumor cells [136,137]. Zhang et al. reported that lncRNA SNHG promotes cell
growth and aerobic glycolysis in GBM through upregulating Wnt2 [138]. In addition, an
increasing number of studies have investigated the interplay between lncRNAs and Wnt/β-
catenin signaling in glioma. Several lncRNAs, such as NEAT1, CCAT264, CCND2-AS265,
DANCER66, and AB07361463, have been implicated in tumor proliferation, migration,
and invasion in glioma via targeting the Wnt/β-catenin signaling pathway [37,139–142].
A recent study revealed that lncRNA NEAT1 is an oncogene in glioblastoma, which pro-
motes cell growth and invasion by increasing β-catenin nuclear transport [37]. lncRNA
CCAT2 is also upregulated in glioma tissues, and its knockdown inhibits cell proliferation
and tumorigenesis possibly by suppressing the downstream genes of the Wnt/β-catenin
signaling pathway [139]. Although in these studies, the effects of lncRNAs on cellular
metabolism and aerobic glycolysis were not investigated, the well-established role of Wnt
pathways in cancer metabolism [143] indicates that lncRNAs targeting the Wnt pathway
may also contribute to the metabolic reprograming in glioma.

6. Conclusions and Future Perspectives

Despite the advancement of cancer treatment, glioma, particularly GBM, remains
as one of the most aggressive cancers. A growing body of studies have revealed that a
large number of lncRNAs are implicated in different aspects of glioma biology, such as
cell proliferation, angiogenesis, stemness, drug resistance, and metabolic reprogramming.
Certain lncRNAs might be useful biomarkers for the diagnosis, prognosis, and drug
response prediction in glioma. However, the complex interplay among lncRNAs, mRNAs,
proteins, and other non-coding RNAs has not been fully elucidated. Most studies of
lncRNAs in glioma usually focus on ceRNA modulatory networks. The mechanisms by
which lncRNAs are dysregulated in glioma remain largely unknown. A holistic picture of
lncRNA expression regulation and the molecular targets will provide useful information to
understand the complex biology of glioma progression.

A high rate of aerobic glycolysis is a key characteristic of cancer cells, which promotes
uncontrolled proliferation. The key glycolytic enzymes, including GLUT-1, LDHA, and
PKM2, are frequently upregulated in cancers and are promising metabolic targets for
treatment. At present, the roles of lncRNAs in cell metabolism regulation have been well
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established. Those studies provide novel insights into the connection between lncRNAs and
the Warburg effect in glioma. The identification and characterization of glycolysis-related
lncRNAs offers potential novel intervention targeting the metabolic reprogramming.

The development of lncRNA-based therapy in glioma faces several challenges. Drug
delivery across the intact BBB is a key consideration in therapeutic formulation for glioma.
At present, due to the poor stability and impaired drug uptake, therapeutic strategies
targeting lncRNAs still remain limited. Novel delivery systems such as exosome and
nanoparticles may remarkably enhance their bioavailability and stability [144]. Moreover,
since only a small fraction of lncRNAs has been well characterized, future studies are
required to fully delineate the intricate mechanisms by which lncRNAs regulate metabolic
reprogramming in glioma. With increasing efforts to be invested in the research of lncRNAs
in glioma, we anticipate that lncRNAs will become a key player in the diagnosis, prognosis,
prediction, and drug development in glioma.
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