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Glioblastoma (GBM) is the most aggressive primary malignant brain tumor in
adults and remains associated with poor clinical outcomes despite advances in
surgical resection, radiotherapy, and temozolomide-based chemotherapy. Its
remarkable molecular heterogeneity, highly immunosuppressive tumor micro-
environment, and intrinsic therapeutic resistance continue to limit the effective-
ness of current treatment strategies. Long non-coding RNAs (IncRNAs),
transcripts exceeding 200 nucleotides in length that lack protein-coding capacity,
have emerged as critical regulators of GBM biology through transcriptional, post-
transcriptional, and epigenetic mechanisms. Acting as competing endogenous
RNAs, chromatin modifiers, molecular scaffolds, and regulators of RNA-binding
proteins, INcCRNAs orchestrate key oncogenic pathways controlling proliferation,
invasion, angiogenesis, stemness, metabolic reprogramming, immune evasion,
and resistance to chemotherapy and radiotherapy. This review provides a com-
prehensive overview of INCRNA biogenesis, classification, and mechanisms of
action, followed by an updated synthesis of oncogenic and tumor-suppressive
IncRNAs implicated in GBM progression. Particular emphasis is placed on emerg-
ing evidence demonstrating how immunophenotype-related IncRNAs regulate
immune cell infiltration, immune checkpoint signaling, and the immunosuppres-
sive glioblastoma microenvironment, highlighting their potential to improve
patient stratification and guide immunotherapeutic approaches. We also discuss
the growing clinical utility of IncRNAs as diagnostic, prognostic, and predictive
biomarkers, including circulating IncRNAs and IncRNA-based molecular signa-
tures. Finally, we examine current and emerging therapeutic strategies targeting
INncRNAs, including nanoparticle-mediated delivery systems designed to over-
come the blood-brain barrier. Advances in single-cell and spatial transcriptomic
technologies are further expanding our understanding of IncRNA-mediated
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regulatory networks and intratumoral heterogeneity, supporting the develop-
ment of precision medicine strategies. Collectively, INncCRNAs represent promising
biomarkers and therapeutic targets with significant potential to improve the
diagnosis, prognosis, and treatment of glioblastoma.

KEYWORDS

biomarkers, drug delivery, epigenetics, glioblastoma, IncRNAs, oncogenic,

therapeutic targets

1 Introduction to glioblastoma

Primary central nervous system (CNS) tumors comprise a wide
variety of neoplasms that originate from the brain, meninges, spinal
cord, or cranial nerves (1). There are over a hundred diverse
subtypes of CNS tumors, both benign and malignant, whose
pathogenesis is influenced by factors such as age, gender, race,
environmental factors, and genetics (2, 3). Among malignant CNS
tumors, glioblastoma (GBM) is ranked the most aggressive and the
most prevalent, accounting for 45.2% of primary malignant CNS
tumors (4). Globally, annual incidence rates of GBM range from
0.59 to 5 per 100,000 persons and are increasing (5-8). In low- and
middle-income countries, over 940,000 cases of CNS tumors are
diagnosed annually (9). This is assumed to be lower than the actual
prevalence due to underdiagnosis of GBM in these countries, which
is mainly associated with poor screening and lack of awareness (10,
11). Unfortunately, the delay in diagnosis worsens the already-poor
prognosis of GBM. Despite the remarkable advancement in cancer
research throughout the past decades, survival outcomes of GBM
range between 6 and 21 months (12). The currently available
treatment options are limited to surgical removal of the tumor
and a combination of chemotherapy and radiotherapy (13).
However, GBM is considered one of the most treatment-resistant
malignancies, and successful treatment does not prevent the
tumor’s recurrence.

GBM is classified as a CNS WHO grade 4 diffuse glioma
according to the fifth edition of the WHO Classification of
Tumors of the Central Nervous System (WHO CNS5), representing
the most aggressive primary brain tumor in adults and one of the
deadliest malignancies of the central nervous system (14). Despite
advances in surgery, radiotherapy, and chemotherapy, the progno-
sis remains poor because of the tumor’s highly infiltrative nature,
remarkable biological heterogeneity, and resistance to conventional
therapies (15, 16).

One of the defining characteristics of GBM is its extensive
intertumoral and intratumoral heterogeneity, encompassing histo-
pathological, molecular, cellular, and clinical features. This hetero-
geneity contributes to marked differences in tumor progression,
therapeutic response, recurrence, and overall patient survival,
highlighting the importance of integrating molecular biomarkers
into conventional histopathological diagnosis (16, 17).

The current WHO CNS5 classification incorporates both his-
topathological and molecular characteristics to improve diagnostic
accuracy and prognostic stratification (14). Histopathologically,
GBM is characterized by diffuse astrocytic growth with microvas-
cular proliferation and/or necrosis. At the molecular level, adult-
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type diffuse gliomas are classified into three major entities: astro-
cytoma, IDH-mutant; oligodendroglioma, IDH-mutant and 1p/
19q-codeleted; and GBM, IDH-wildtype (14). In addition to IDH
mutation status, several molecular alterations—including EGFR
amplification, TERT promoter mutations, chromosome 7 gain/
chromosome 10 loss (+7/-10), ATRX loss, TP53 mutations, and
MGMT promoter methylation—play important roles in tumor
classification, prognosis, and therapeutic response (18).

Historically, the 2016 WHO classification first established the
distinction between IDH-wildtype and IDH-mutant glioblastomas,
recognizing IDH mutation status as a major prognostic marker
(19). Although this distinction remains biologically relevant, cur-
rent evidence indicates that glioma classification extends beyond
IDH status alone and requires integration of multiple molecular and
clinicopathological features (14). GBM, IDH-wildtype is the pre-
dominant subtype, accounting for approximately 90% of cases, and
is characterized by frequent EGFR amplification, TERT promoter
mutations, chromosome 10 loss, rapid tumor progression, and poor
clinical outcomes (18, 20).

Conversely, IDH-mutant astrocytic tumors are generally asso-
ciated with younger age at diagnosis and a more favorable prognosis
than IDH-wildtype GBMs owing to their distinct molecular profile,
including frequent IDH1/IDH2 mutations, ATRX loss, and TP53
mutations (18). However, the presence of an IDH mutation should
not be interpreted as indicating indolent disease. High-grade IDH-
mutant astrocytomas, particularly CNS WHO grade 4 tumors,
exhibit aggressive biological behavior characterized by diffuse
infiltration, high proliferative capacity, therapeutic resistance, and
inevitable recurrence (21). Additional molecular alterations
acquired during tumor evolution, particularly homozygous deletion
of CDKN2A/B, can further promote malignant progression and
significantly worsen prognosis despite the presence of an IDH
mutation (21). Therefore, prognosis depends on the combined
influence of molecular, histopathological, and clinical factors
rather than on IDH mutation status alone (21). The principal
clinicopathological and molecular differences between glioblastoma,
IDH-wildtype, and astrocytoma, IDH-mutant (CNS WHO grade 4)
are summarized in Table 1 (21).

Current diagnostic evaluation of suspected GBM begins with
contrast-enhanced magnetic resonance imaging (MRI), followed by
histopathological examination and molecular profiling to establish
the diagnosis and guide treatment decisions (14, 22). Among the
clinically relevant biomarkers, MGMT promoter methylation pre-
dicts improved responsiveness to the alkylating agent temozolomide
and remains an important predictive marker in routine clinical
practice (23). The growing recognition of GBM as a molecularly
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TABLE 1 Comparison of glioblastoma, IDH-wildtype and astrocytoma, IDH-mutant (CNS WHO grade 4).

Feature

GBM, IDH-wildtype

Astrocytoma, IDH-Mutant
(CNS WHO Grade 4)

WHO CNS5 Classification Adult-type diffuse glioma

Adult-type diffuse glioma

Typical Origin Usually arises de novo (primary)

Incidence ~90% of GBMs

Typical Age Older adults

Frequently evolves from lower-grade IDH-mutant astrocytoma
Less common

Younger adults

Major Molecular Alterations

EGFR amplification, TERT promoter mutation, +7/-10 signature

IDH1/IDH2 mutation, TP53 mutation, ATRX loss, CDKN2A/B
homozygous deletion (grade 4)

Histopathological Features
proliferation

Diffuse astrocytic tumor with necrosis and/or microvascular

Diffuse astrocytic tumor; grade 4 tumors may also show necrosis
and microvascular proliferation

IDH1 R132H Immunostaining Negative

Usually positive

Biological Behavior Highly aggressive, rapidly progressive

Better overall survival but grade 4 tumors remain highly
aggressive, infiltrative, and prone to recurrence

Prognosis Poor

heterogeneous disease has stimulated the search for novel biomarkers
to improve diagnosis, prognostic stratification, and therapeutic tar-
geting (14, 16). In this context, long non-coding RNAs (IncRNAs)
have emerged as promising regulators of glioma biology due to their
roles in tumor proliferation, invasion, stemness, angiogenesis,
immune modulation, and treatment resistance (24, 25).

In addition to its extensive genetic and epigenetic heterogeneity,
GBM is characterized by a profoundly immunosuppressive tumor
microenvironment that enables efficient immune evasion and con-
tributes to disease progression. GBM cells employ multiple mecha-
nisms to escape immune surveillance, including the recruitment of
immunosuppressive immune populations, secretion of inhibitory
cytokines, induction of T-cell exhaustion, and upregulation of
immune checkpoint molecules, collectively resulting in impaired
anti-tumor immune responses (26, 27). Moreover, the blood-brain
barrier (BBB) represents a major obstacle to effective therapy by
restricting the penetration of many therapeutic agents, including
several immunotherapeutic compounds, into the tumor site (28).
Although immune checkpoint inhibitors have revolutionized the
treatment of several solid malignancies, their efficacy in GBM has
remained limited, with clinical trials failing to demonstrate substan-
tial improvements in overall survival (29). These challenges under-
score the urgent need to identify novel molecular regulators of the
GBM immune microenvironment that may serve as predictive
biomarkers and therapeutic targets to enhance anti-tumor immunity.

While noncoding RNAs, especially long non-coding RNAs, are
well recognized as key regulators of GBM development and pro-
gression, their contribution to the establishment and maintenance
of the immunosuppressive tumor microenvironment remains
underexplored. This review addresses the pivotal question of how
IncRNAs regulate oncogenic pathways in GBM, govern immune
cell function, coordinate immune signaling networks, influence
treatment responsiveness in glioblastoma, and whether their ther-
apeutic modulation could improve anti-tumor immune activity.
Through an integrated analysis of molecular mechanisms, immune
regulation, biomarker applications, and therapeutic opportunities,
this review highlights IncRNAs as important mediators connecting
glioblastoma biology and emerging immunotherapeutic strategies.
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Generally better than IDH-wildtype GBM but still poor in grade
4 disease

2 Non-coding RNAs

Noncoding RNAs (ncRNAs), though they do not encode
proteins, make up the majority of RNA in the human genome
and play fundamental roles in both normal physiology and cancer,
including angiogenesis, proliferation, differentiation, and metastasis
(30-34). Depending on the ncRNA, dysregulation can drive either
tumor suppression or oncogenesis, with implications for diagnosis,
prognosis, and therapy (35).

NcRNAs are classified by size. MicroRNAs (miRNAs) are short
(~18-22 nucleotide) ncRNAs, first identified in 2000 with let-7 (36,
37); over 2,500 have since been discovered, and altered miRNA
expression is common across cancers. In GBM, miR-21 is an
oncogenic miRNA that promotes tumor progression by inhibiting
p53 and activating EGFR and Cyclin D1, while miR-1 acts as a
tumor suppressor and is typically downregulated (38, 39).

Circular RNAs (circRNAs) are closed-loop, single-stranded
ncRNAs that often function as miRNA “sponges” via miRNA
response elements (40, 41). For example, circ_0021350 sequesters
miR-1207-3p in GBM, promoting proliferation and metastasis by
regulating PIK3R3 (42, 43).

Long noncoding RNAs (IncRNAs) are especially abundant in
the human brain, more so than in any other organ studied,
reflecting the nervous system’s complexity (44-46). LncRNAs
regulate gene expression at both transcriptional and post-transcrip-
tional levels, shaping neuronal function in health and disease, and
have emerged over the past decade as key regulators of tumor
initiation, progression, and metastasis (47).

3 Long non-coding RNAs

LncRNAs are the most diverse class of ncRNAs, ranging from
several hundred to thousands of nucleotides in length, with
GENCODE (v47) reporting over 35,000 IncRNA genes and other
estimates exceeding 120,000 (48, 49). They are classified by their
position relative to protein-coding genes, intergenic, intronic, sense,
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Subclasses of INcRNA. (A) Intergenic IncRNAs are located between two coding genes, whereas (B) IncRNAs transcribed from within the intronic
region of a protein-coding gene are called intronic IncRNAs. (C) Sense IncRNAs are transcribed from the same strand and in the same direction as
protein-coding genes. (D) Antisense IncCRNAs are transcribed from the opposite strand.

and antisense (Figure 1), a distinction that also correlates with
regulatory function, as well as by functional and targeting mecha-
nisms, discussed later (50).

Naming conventions established by the HUGO Gene
Nomenclature Committee (HGNC), GENCODE, and others aim
to ensure individuality, descriptiveness, and uniformity across
IncRNA gene names (51, 52). LncRNAs are preferentially named
after their function or phenotype (e.g., HOTAIR) or genomic
location (e.g., MALAT-1). Given their rapid expansion and diver-
sity, standardized nomenclature is increasingly important for con-
sistency and cross-study comparability.

3.1 Biogenesis of IncRNAs

LncRNAs (>200 nucleotides) undergo a multi-stage biogenesis
beginning with transcription by RNA polymerase II, the same enzyme
used for mRNAs (53). Unlike mRNAs, they arise from diverse
genomic regions, giving rise to five classes based on genetic origin:
sense (overlapping exons on the same strand), antisense (overlapping
but transcribed in the opposite direction), bidirectional (near a
promoter, transcribed in reverse), intronic, and intergenic IncRNAs
(54). Functionally, IncRNAs are commonly classified into four cate-
gories based on their mechanism of action: signal (indicating specific
transcriptional responses), decoy (sequestering regulatory proteins or
miRNAs), guide (directing ribonucleoprotein complexes to genomic
loci), and scaffold (serving as structural platforms for assembling
functional complexes). They are also categorized by subcellular loca-
tion (nuclear, cytoplasmic, chromatin-associated, mitochondrial), each
contributing distinctly to gene expression and cellular activity (54).
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After transcription, precursor IncRNAs undergo 5 capping for
stability and translational recognition (55), followed by splicing, in
which introns are excised, and exons joined (56). LncRNAs
frequently undergo alternative splicing, producing multiple iso-
forms, and differ from mRNAs in having weaker splice signals, less
efficient splicing, and more complex secondary structures; they also
largely evade mRNA quality-control pathways like nonsense-me-
diated decay (57-59). Many mature IncRNAs are typically
polyadenylated at the 3’ end, enhancing stability and enabling
nuclear export (Figure 2) (59). However, polyadenylation is not a
universal feature of IncRNAs. A substantial subset of IncRNAs, such
as those processed by the RNase P/MRP-dependent pathway (e.g.,
MALAT-1) or stabilized by triple-helix-forming Ul snRNA-like
structures (e.g., NEATI), lack canonical poly(A) tails and instead
rely on alternative 3’ end processing mechanisms for stability (59).

Export to the cytoplasm is mediated by RNA-binding proteins
recognizing IncRNA-specific structures (55). Some IncRNAs act
locally in the cytoplasm, while others remain nuclear to influence
chromatin remodeling and gene regulation. For example, TUGI
recruits Polycomb Repressive Complex 2 (PRC2) in GBM, driving
H3K27me3-mediated silencing of tumor suppressor genes and
thereby promoting proliferation and invasion (60).

LncRNA biogenesis is further shaped by transcription factors
and the epigenetic landscape (promoter accessibility, histone mod-
ifications, DNA methylation) (53, 55). For instance, H3K56 acety-
lation and the SWI/SNF complex promote antisense IncRNA
transcription, while CAF-1 inhibits it (61). Degradation is mediated
by nuclear exosomes (via the Nrd1-Nab3-Senl and TRAMP com-
plexes) or cytoplasmic Xrnl, with UPF1 protecting IncRNAs from
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regulated by proteins such as UPF1, which can inhibit their breakdown, thus controlling their levels within the cell.

rapid turnover (54). Together, these findings highlight the central
role of epigenetic regulation in IncRNA biogenesis (54).

Extrinsic stressors—including cellular stress, growth hormones,
and environmental cues—can also modulate IncRNA biogenesis,
enabling adaptive cellular responses (62). For example, MALAT-1 is
upregulated under hypoxia, a common stressor in tumor microen-
vironments such as GBM, where it promotes angiogenesis, EMT-
mediated migration, and survival pathways in stressed tumor cells
(62). Understanding these biogenesis mechanisms not only clarifies
the diverse regulatory roles of IncRNAs but also highlights their
potential as therapeutic targets and biomarkers in GBM and other
diseases (53, 63).

4 Mechanism of action of IncRNAs in
GBM

LncRNAs have emerged as crucial regulators in the intricate
gene expression networks that control cellular function and
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homeostasis (64). In GBM, the most aggressive and lethal form of
brain cancer, IncRNAs play critical roles in driving oncogenic
processes, such as uncontrolled cell proliferation, invasion, metas-
tasis, and chemoresistance (Table 2, Figure 3) (64). These non-
coding RNA molecules can regulate gene expression at multiple
levels, including transcriptional, post-transcriptional, and epige-
netic, through diverse mechanisms (64). One major pathway by
which IncRNAs contribute to GBM pathogenesis is the hijacking of
miRNAs, small non-coding RNAs that fine-tune gene expression by
targeting specific mnRNA transcripts for degradation or translational
repression (63).

Several studies have reported that miRNA expression is dis-
rupted in GBM, with 256 miRNAs significantly overexpressed and
95 miRNAs downregulated, relative to normal brain tissue (69).
Notably, miR-21, which is frequently regarded as carcinogenic, is
upregulated in glioma cells and associated with higher tumor grades
(70). Similarly, miR-221/222 are commonly elevated, whereas
downregulation is associated with a favorable patient prognosis
(70). MiR-181a/b/c are downregulated in GBM, with miR-181b/c
acting as tumor suppressors and potential predictors of therapeutic
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TABLE 2 The mechanism of action and function of different IncRNAs in GBM.

LncRNA  Function in GBM Mechanism References

MALAT1 Promotes GBM growth Sponges miR-34a, increases anti-apoptotic proteins (63)

HOTAIR Attracts PRC2 to target genes, leading to epigenetic silencing, Interacts with chromatin-modifying enzymes (65)
promotes oncogenesis

NEAT1 Essential for nuclear body formation, enhances tumor development Influences RNA processing, stress response, and cell cycle (66)
and invasion progression

H19 Affects mRNA stability, translation, and localization which leads to Binds to miR-200a, stabilizes EMT-related mRNAs (67)
enhanced tumor cell invasion and formation

TUGI Enhances GBM advancement by suppressing genes that typically Attract PRC2 to certain gene loci, causing the deposition of (60)
prevent cell proliferation and invasion H3K27me3 (a repressive histone mark)

HIF1A- Promotes cancer stem cell features in GBM Binds with RNA-binding proteins (IGF2BP2 and DHX9) to (68)

AS2 increase target mRNA like HMGAL1 stability.

response (71). MiR-182 was found to be overexpressed and linked
to more aggressive tumors and worse survival rates (72). These
uncontrolled miRNAs have important roles in glioma formation,
prognosis, and treatment outcomes (69). Thus, they impede their
interaction with target mRNAs, resulting in oncogene overexpres-
sion or tumor suppressor gene downregulation (69).

Methylation

(e}
€ Epigenetic Silencing

%&W~m ~M‘f‘€m

Trimethylation of Tumor suppressor

TUG1
K27 gene

-0

Nucleur Tumor Growth

paraspeckles

95— N O

MALAT1 miRNA-34a Anti-apoptotic Tumor Growth

proteins
FIGURE 3

development.

IncRNAs in GBM

A critical function of IncRNAs in GBM is their ability to act as
“molecular sponges” for miRNAs, a phenomenon known as com-
petitive endogenous RNA (ceRNA) activity (63). In this mecha-
nism, IncRNAs bind and sequester miRNAs, preventing them from
interacting with their target mRNAs, thereby allowing uncontrolled
expression of oncogenic genes (63). For example, the IncRNA
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The role of IncRNAs in GBM. The molecular targets of many IncRNAs implicated in the development of GBM. Through PRC2-mediated
trimethylation of H3K27, TUGL, and HOTAIR facilitate the silencing of tumor suppressor genes, resulting in epigenetic repression. NEAT1 may
promote tumor development by forming nuclear paraspeckles. H19 and MALAT-1 interact with certain miRNAs, such as miRNA-200a and miRNA-
34a, to promote tumor metastasis and proliferation, respectively. Finally, hypoxia-responsive genes are modulated by HIF1A-AS2, aiding cancer
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MALAT-1 is known to promote GBM growth by sponging miR-
34a, a tumor-suppressive miRNA (63). By inhibiting miR-34a,
MALAT-1 promotes the accumulation of anti-apoptotic proteins,
thereby enhancing cell survival and driving tumor growth (63).

Beyond miRNA sponging, IncRNAs can also exert regulatory
effects on the epigenetic level (65). They often form ribonucleopro-
tein complexes with chromatin-modifying enzymes or transcription
factors, thereby altering gene expression (65). For instance, the
IncRNA HOTAIR has been extensively studied across various
cancers, including GBM (65). HOTAIR acts by recruiting the
PRC2, a group of proteins involved in epigenetic gene silencing,
to specific genomic loci (65). This recruitment results in H3K27me3
deposition, which leads to the silencing of tumor-suppressor genes
and promotes oncogenesis (65).

LncRNAs also act as molecular scaffolds, facilitating the forma-
tion of protein complexes that drive critical oncogenic signaling
pathways (64). For example, NEAT1 (nuclear-enriched abundant
transcript 1), which is involved in the formation of nuclear
paraspeckles—nuclear bodies that regulate RNA processing, stress
response, and other cellular processes (66). In GBM, NEAT1 has been
shown to promote tumor progression by modulating extracellular
matrix remodeling and advancing the cell cycle, thereby contributing
to tumor growth and invasion (66). Another important mechanism
by which IncRNAs influence cancer biology is through post-tran-
scriptional gene regulation (60). LncRNAs can alter mRNA stability,
translation efficiency, and localization, thereby fine-tuning protein
production (60). For example, the IncRNA H19 has been shown to
play a significant role in various cancers, including GBM, by
modulating mRNA stability and translation (67). In GBM, H19
binds to miR-200a, a tumor-suppressive miRNA that targets
mRNAs involved in EMT and invasion (67). By sponging miR-
200a, H19 stabilizes these mRNAs, allowing for their continued
expression, which promotes cell motility, invasion, and ultimately,
tumor progression (67). This exemplifies how IncRNAs can contrib-
ute to the deregulation of key oncogenic pathways and promote the
malignant phenotype in GBM (67).

Last but not least, IncRNAs are critical for cellular regulation,
regulating gene expression and signaling pathways that regulate cell
proliferation, differentiation, and survival (73). Certain IncRNAs in
cancer can promote tumor growth by enhancing cancer stem cell
characteristics, allowing cells to withstand treatment while main-
taining their aggressive, stem-like traits (68). The mesenchymal
stem-like characteristics of glioma stem cells (GSCs), which are
associated with tumor aggressiveness, treatment resistance, and
recurrence in GBM, are maintained in large part by the IncRNA
HIF1A-AS2 (68). It has been demonstrated that IGF2BP2, a protein
that binds directly to HIF1A-AS2, enhances the properties of GBM
cancer stem cells by stabilizing key mRNAs such as HMGAL,
particularly in hypoxic environments (68). HIF1IA-AS2 elevates
the activity of RNA-binding proteins, including DHX9 and
IGF2BP2, thereby increasing the levels of their target proteins,
including HMGAL1 (68). Notably, HMGAL1 is overexpressed in
many cancers, and the severity of malignancy correlates with its
levels (68). GBM patients’ elevated HMGAL1 levels are linked to
shorter progression-free survival, highlighting its role in aggressive
tumor behavior (68).
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Given the diverse and critical roles that IncRNAs play in GBM
pathogenesis, they represent promising targets for novel therapeutic
interventions (74). Efforts to therapeutically target IncRNAs in
GBM could include antisense oligonucleotides (ASOs) to block
their function, or small molecules designed to disrupt their inter-
action with miRNAs or protein complexes (74). Additionally, the
development of delivery systems that can efficiently transport these
therapies across the BBB and specifically target tumor cells is an
area of active research (74).

5 Role of IncRNAs in GBM

Several IncRNAs are dysregulated in GBM, and their expression
levels have been correlated with clinical parameters. LncRNAs play
several roles in GBM, including cell proliferation, survival, invasion,
cancer stem cell differentiation, and therapeutic resistance. Their
effects are mediated through transcriptional, post-transcriptional,
and epigenetic mechanisms, which remain only partially under-
stood (75). Depending on their specific roles and regulatory
mechanisms in GBM, these IncRNAs may function as oncogenes,
promoting tumor development and progression, or as tumor
suppressors, inhibiting cancer cell proliferation and tumor progres-
sion (76).

5.1 Oncogenic IncRNAs

Oncogenic IncRNAs play a critical role in GBM progression by
modulating cellular proliferation and invasion (77). A dominant
oncogenic mechanism in GBM is the ability of IncRNAs to function
as miRNA sponges, thereby derepressing oncogenic targets and
amplifying tumorigenic signaling. One way IncRNAs can indirectly
influence gene expression is by functioning as miRNA sponges or
competitive endogenous RNAs (ceRNAs) through binding to
miRNAs (78). Several IncRNAs promote GBM progression through
well-defined ceRNA axes. The IncRNA NEATT acts as a ceRNA, by
binding to several miRNAs that suppress glioma cell growth and
proliferation, including miR-139-5p, miR-132, miR-128-3p, miR-
98-5p, and miR-107. This interaction consequently promotes GBM
tumor cell proliferation and metastasis (79, 80). HOXA-AS2 en-
hances tumorigenesis by negatively regulating miR-885-5p and
increasing RBBP4 expression (81). Similarly, HOXB-AS1 sponges
miR-885-3p to regulate HOXB2 expression, thereby promoting
proliferation and invasion. Furthermore, knockdown of HOXB-
AS]1 inhibits GBM cell proliferation by inducing S-phase cell cycle
arrest and reducing their migratory and invasive capabilities (82).
HOXC-AS3 regulates F11R (F11 receptor) by sequestering miR-216
and promotes malignant progression in vivo (83). RP3-439F8.1
promotes GBM via the miR-139-5p/NR5A2 (Nuclear Receptor
Subfamily 5 Group A Member 2) axis (84), while Unigene56159
enhances proliferation and invasion by inhibiting miR-194-5p (85).
Another GBM-overexpressed IncRNA is BCAR4, which is associ-
ated with higher tumor grades and poorer prognosis. Silencing
BCAR4 inhibits cell growth and invasion, as well as tumor forma-
tion, by acting as a ceRNA to regulate miR-2276, thereby
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upregulating matrix metalloproteinase-7 (MMP?7). This elucidates
the critical role of the BCAR4/miR-2276/MMP7 signaling pathway
in gliomagenesis, offering new insights into glioma treatment (86).

LPP-AS2 sponges miR-7-5p to regulate EGFR (epithelial
growth factor receptor) and forms a positive feedback loop with
c-MYC via the PI3K/AKT pathway (87). Inhibiting the IncRNA,
LPP-AS2, reduces glioma cell proliferation and invasion while
promoting apoptosis. LINC00152 suppresses miR-107, thereby
upregulating HMGA2 (High-mobility group AT-hook 2) and
promoting EMT (88). Its overexpression promotes cell proliferation
and induces the expression of N-cadherin, Vimentin, and Snail,
while downregulating E-cadherin, thereby facilitating EMT in GBM
cells (88). On the other hand, LINC00645 regulates ZEB (Zinc
finger E-box binding homeobox), an essential factor in EMT, via
miR-205-3p under TGEF- influence (89). LINC01410, LINC01426,
and MNXI1-AS1 promote GBM tumorigenesis via miR-370-3p/
PTEN (90), miR-345-3p/VAMP8 (vesicle-associated membrane
protein 8) (91), and miR-4443 (92), respectively.

Another example is PVT1, which enhances cell proliferation
and invasion while inhibiting apoptosis via miR-1301-3p/TMBIM6
(Transmembrane BAX Inhibitor Motif-containing 6) (93). While
XIST promotes tumorigenesis by exhibiting multiple ceRNA roles
through miR-448/ROCK1, miR-126/IRS1/PI3K/Akt, and reciprocal
repression with miR-152 (94-96). It acts as a tumor promoter in
GBM, and its knockdown triggers apoptosis, inhibits migration and
proliferation, and diminishes glucose metabolism in tumor cells
(95). LncRNA SOX2-OT is upregulated in GBM, and its silencing is
associated with increased apoptosis. This IncRNA inhibits miRNA-
192-5p, leading to overexpression of RAB2A, which activates the
ERK pathway and subsequently enhances GBM cell proliferation
(97). Furthermore, SOX2-OT contributes to TMZ insensitivity. It
achieves this by recruiting ALKBH5, which mediates the demeth-
ylation of SOX2, leading to enhanced SOX2 expression, inhibition
of apoptosis, increased cellular proliferation, and resistance to TMZ
chemotherapy (98).

Additional ceRNA regulatory networks further illustrate how
oncogenic IncRNAs promote GBM progression by sequestering
miRNAs and derepressing critical oncogenic targets. LncRNA
MIR4435-2HG enhances GBM growth and migration by downreg-
ulating miR-1224-5p, thereby upregulating TGFBR2 and contrib-
uting to tumor progression (99). Similarly, OXCT1-AS1 promotes
GBM cell-cycle progression by inhibiting miR-195, thereby increas-
ing CDC25A expression and enhancing the proliferative capacity of
tumor cells (100).

SLC16A1-ASI is upregulated in GBM and exerts oncogenic
effects by suppressing miR-149 expression, thereby enhancing GBM
cell growth and colony-forming ability and highlighting its diag-
nostic potential (101). HOXD-AS2 negatively regulates miR-3681-
5p, which in turn modulates MALT1 expression. Knockdown of
HOXD-AS2 reduces proliferation, migration, and invasion while
promoting apoptosis in vitro and suppressing tumorigenesis in
xenograft models (102).

RP1-86C11.7 contributes to GBM malignancy by sponging
miR-144a-3p, preventing repression of TFRC (transferrin receptor)
expression. This interaction increases intracellular free iron levels,
thereby supporting tumor cell growth and survival (103). Likewise,
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RP11-390F4.3 promotes invasion and migration of GBM cells by
simultaneously upregulating ROCK1 and suppressing miR-148a,
establishing a regulatory axis that enhances tumor aggressiveness
(104). The pro-angiogenic role of TUGI in GBM is mediated by
downregulation of miR-299, thereby increasing vascular endothelial
growth factor A (VEGFA) expression and stimulating endothelial
cell proliferation, migration, and tube formation (105). In the
context of chemoresistance, OIP5-AS1 acts as a miR-129-5p
sponge, upregulating IGF2BP2 (insulin-like growth factor 2
mRNA-binding protein 2) and thereby promoting proliferation
while reducing sensitivity to temozolomide (TMZ). Silencing
OIP5-AS1 or restoring miR-129-5p expression significantly en-
hances TMZ responsiveness (106). Furthermore, elevated IncRNA
CRNDE expression has been observed in patients resistant to TMZ
and correlates with their treatment responses. Silencing CRNDE
enhances sensitivity to TMZ by reducing LC3 II/I, Beclinl, and
Atg5 levels, while increasing p62 expression. This mechanism
inhibits autophagy by activating the PI3K/Akt/mTOR pathway
and is strongly correlated with ABCG2 expression (107). SOX2-
OT contributes to TMZ resistance through ALKBHS5-mediated
SOX2 demethylation (98). HOTAIRM1 enhances radioresistance
and modulates ROS and mitochondrial function (108). LINC01057
also increases radioresistance via NF-xB signaling (109).
TPT1-AS1 promotes GBM proliferation by sequestering miR-
23a-5p and upregulating extracellular matrix protein 1 (ECM1),
whereas PITPNA-AS1 enhances EGFR expression and activates the
PI3BK/AKT pathway through miR-223-3p inhibition (110) (111).
FEZF1-AS1 exerts similar oncogenic effects by binding to miR-363-
3p, thereby increasing the expression of the RNA-binding protein
NOBI and enhancing tumor progression (112). HOTAIRM1 par-
ticipates in two distinct ceRNA axes: it regulates transglutaminase 2
(TGM2) via miR-17-5p and modulates ZEB2 through miR-873-5p,
thereby influencing GBM progression, therapy resistance, and
cellular survival mechanisms (108, 113). SNHG11 promotes EMT
and invasive behavior by sponging miR-154-5p (114). VIM-AS1
regulates GBM proliferation and migration through the miR-105-
5p/WEEI (a tyrosine kinase that inhibits cyclin-dependent kinases)
pathway, affecting key cell-cycle and survival proteins (115).
Finally, EWSAT1 enhances tumor growth and invasion by
suppressing miR-152-3p (116), whereas FLVCR1-AS1 promotes
proliferation and invasion by inhibiting miR-30b-3p, reinforcing its
potential as both a diagnostic biomarker and a therapeutic target in
GBM (117). Several oncogenic IncRNAs directly regulate cell
proliferation and cell-cycle transitions in GBM. CASP5 overexpres-
sion enhances proliferation and invasion, while its knockdown
induces GI arrest and apoptosis (118). FER1L4 silencing reduces
the viability and invasiveness of glioma cells while promoting
apoptosis (119). HOXB-ASI induces S-phase arrest upon knock-
down (82). Silencing TALNEC2 leads to decreased cell prolifera-
tion, G1/S phase cell-cycle arrest, and reduced self-renewal and
mesenchymal transformation in GSCs (120). Additionally,
TALNEC2 knockdown alters the expression of specific miRNAs
associated with cell cycle regulation and proliferation, notably miR-
21 and miR-191, which mediate these effects. These findings
underscore TALNEC2’s essential role in GBM progression (120).
LncRNA DLEUI expression is correlated with TRAF4 (TNF
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receptor-associated factor 4), which is likewise elevated in GBM
tissues. Silencing DLEUI reduces TRAF4 expression and dimin-
ishes GBM cell viability, indicating that both DLEU1 and TRAF4
contribute to GBM cell proliferation and may represent promising
therapeutic targets (121).

Some IncRNAs exert oncogenic roles by modulating central
GBM signaling cascades. MIR22HG is among the most
dysregulated IncRNAs in GBM and correlates with poor patient
prognosis. MIR22HG activates Wnt/fB-catenin signaling by regu-
lating SFRP2 (secreted frizzled related protein 2) and PCDHI5
(protocadherin-15) via miR-22 derivatives (122). LPP-AS2 and
PITPNA-AS1 activate the EGFR/PI3K/AKT/c-MYC axis (87,
111). LINC01410 downregulates PTEN, thereby activating Akt
signaling (90). SNHG20 enhances stemness by activating the
PI3K/Akt/mTOR pathway (123), while CRNDE regulates
autophagy and TMZ sensitivity via the PI3K/Akt/mTOR pathway
(107). LINCO01057 acts as a tumor-promoting factor in GBM; its
overexpression contributes to increased malignancy in tumor cells.
LINC01057 promotes NF-«B activation and radioresistance by
maintaining nuclear IKKa. (109). SOX2-OT activates ERK signaling
via RAB2A (97).

Multiple IncRNAs facilitate GBM invasiveness by regulating
EMT. LINC00152 induces the expression of EMT markers, includ-
ing N-cadherin, Vimentin, and Snail, while downregulating E-
cadherin (88). SNHG11 promotes EMT via miR-154-5p (114).
VIM-ASL1 influences proliferation and migration by regulating
WEEI1 (115). HOXC-AS3 and BCAR4 also enhance invasion in
vivo by regulating F11R and MMP7 (83, 86).

The overexpression of IncRNA LINC01503 in GBM was asso-
ciated with the stemness of GBM. LINC01503 stabilizes GLI2 (GLI
family zinc finger 2) by preventing its ubiquitination, thereby
elevating stemness markers, including CD133, SOX2, NESTIN,
ALDHIAL, and MSI1 (124). SNHG20 and RPSAP52 promote
stem-like features through the PI3K/Akt/mTOR and TGF-B1
signaling pathways, respectively (123, 125). A cell stemness assay
revealed that overexpression of RPSAP52 and TGF-P1 increased the
number of CD133+ cells (125). TALNEC? is essential for GSC self-
renewal and mesenchymal transformation (120).

LncRNA PRADX is overexpressed in the mesenchymal subtype
of GBM and is regulated by the RUNX1-CBFf complex.
Overexpressed PRADX inhibits BLCAP expression by interacting
with EZH2 and catalyzing the trimethylation of lysine 27 on histone
H3 (H3K27me3), which, in turn, influences STAT3 phosphoryla-
tion and promotes ACSL1 expression to accelerate cellular metab-
olism (126).

Collectively, these oncogenic IncRNAs illustrate that a predom-
inant mechanism in GBM is ceRNA-mediated miRNA sequestra-
tion, which relieves repression of key oncogenic targets that control
proliferation, invasion, angiogenesis, metabolism, stemness, and
therapy resistance. Through these axes, IncRNAs converge on
central pathways, including EGFR/PI3K/AKT, Wnt/B-catenin,
NF-kB, ERK, and regulators of EMT, the cell cycle, and iron
homeostasis, thereby amplifying malignant phenotypes. A consol-
idated summary of these IncRNA/miRNA/mRNA regulatory net-
works and their molecular pathways in GBM is provided in Table 3.
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5.2 Tumor suppressor IncRNAs

Research has shown that overexpression of growth arrest-
specific 5 (GAS5) inhibits tumor growth in glioma cell lines,
including U87 and U251 (127). In GBM, miR-196a-5p is overex-
pressed (128), and GAS5 directly targets this oncomiR, thereby
increasing FOXO1 levels, which in turn upregulate the tumor-
suppressor genes PID1 (phosphotyrosine interaction domain-con-
taining 1) and MIIP (migration and invasion inhibitory protein).
FOXOL1 also enhances GAS5 transcription, creating a positive
feedback loop. Through the GAS5/miR-196a-5p/FOXO1 axis,
GAS5 effectively restricts GSC proliferation, migration, and inva-
sion while promoting apoptosis, highlighting its potential as a
therapeutic target in glioma (129).

MEGS3 is a potential biomarker and prognostic indicator in
glioma. MEGS3 is often downregulated in glioma tissues and cells,
and its overexpression suppresses cell proliferation, migration, and
invasion. miR-96-5p is a promising target of MEG3; the MEG3/
miR-96-5p/MTSS1 (metastasis suppressor 1) signaling pathway
could be a putative therapeutic target for glioma treatment. Also,
overexpression of MEG3 abolished the effects of miR-93/MTSS1
signaling in promoting glioma cell growth and metastasis (130).
MEG3 also acts as a ceRNA for miR-19a to inhibit tumorigenesis
(131) and reduces MDM2 (Mouse double minute 2), thereby
enhancing p53 stability. It acts through both p53-dependent and
independent pathways to limit tumor growth (132).

The IncRNA CASC2, located on chromosome 10q26, is fre-
quently downregulated in glioma tissues and has shown potential to
improve the efficacy of TMZ, a standard chemotherapy for glioma.
Exogenous CASC2 inhibits glioma cell proliferation and amplifies
the repression of cell growth induced by TMZ. CASC2 overexpres-
sion increases TMZ sensitivity in resistant glioma cells by directly
targeting miR-181a, which leads to PTEN upregulation and reduced
p-AKT levels. These findings suggest CASC2 as a promising target
for improving glioma treatment and as a potential diagnostic
biomarker (133).

Mediator of DNA damage checkpoint protein 1 antisense RNA
(MDCI1-AS) is the antisense transcript of the tumor suppressor
gene MDCI. Research in glioma cell lines (U87MG, U251, and
HEB) and glioma tissues reveals significant downregulation of both
MDCI1-AS and MDCI. Overexpression of MDCI-AS notably
inhibits cell-cycle progression and proliferation, indicating its
potential tumor-suppressive role. A positive correlation between
MDCI1-AS and MDC1 expression was observed, as MDCI-AS acts
as a tumor suppressor by upregulating the antisense tumor-sup-
pressing gene MDC1 (134).

A study highlights BCYRN1 as a IncRNA that is significantly
downregulated in glioma and correlates its low expression with
poor patient outcomes. Overexpression of BCYRN1 suppresses
glioma cell growth and migration, whereas BCYRN1 depletion
has the opposite effect. Mechanistically, BCYRN1 sequesters miR-
619-5p, thereby regulating CUEDC2 and the PTEN/AKT/p21
pathway to inhibit tumor progression. These findings suggest
BCYRNI as a promising diagnostic biomarker and therapeutic
target for glioma management (135).
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TABLE 3 Oncogenic IncRNAs and their target pathways in GBM.

Molecular pathway References
BCAR4 Functions as a ceRNA that regulates miR-2276, subsequently leading to the upregulation of MMP7 (86)
CRNDE CRNDE Silencing reduces the levels of LC3 II/I, Beclinl, and Atg5, while increasing p62 expression, and activate the PI3K/Akt/ (107)
mTOR pathway
DLEU1 Positively regulatesTRAF4 expression (121)
EWSAT1 Decreases the expression level of miR-152-3p (116)
FEZF1-AS1 Binds to miR-363-3p, leading to the upregulation of NOB1 as a downstream target (112)
FLVCR1-AS1 | Serves as an oncogene by inhibiting miR-30b-3p (117)
HOTAIRM1 Sponges hsa-mir-17-5p and thereby increases TGM2 transcript and protein levels. (108), (113)
Part of the regulatory axis HOTAIRM1/miR-873-5p/ZEB2
HOXA-AS2 HOXA-AS2 negatively regulates miR-885-5p, leading to an increase in RBBP4 expression (81)
HOXB-AS1 Functions as a ceRNA by sponging miR-885-3p, influences the expression of HOXB2 (82)
HOXC-AS3 Act as ceRNA that sponges miR-216, and regulates the expression of the F11R (83)
HOXD-AS2 Negatively regulate mir-3681-5p, and promoting the expression of MALT1 (102)
LINC00152 Suppresses mir-107 expression in U87 cells, leading to an increase in HMGA2 (88)
LINC00645 with miR-205-3p, regulating the expression of ZEB1 (89)
LINC01057 Maintains the nuclear localization of ikko, thereby facilitating NF-kb activation, which ultimately drives GBM progression (109)
LINC01410 Inhibit miRNA-370-3p, subsequently leading to the downregulation of PTEN and facilitating tumorigenesis via Akt signaling (90)
pathways
LINCO01426 Sequesters miR-345-3p, which in turn elevates the levels of VAMPS, an oncogenic coding gene that drives GBM progression (91)
LINC01503 Enhances the stability of GLI2 by inhibiting its ubiquitination by FBXW1, thereby elevating the levels of CD133, SOX2, NESTIN, (124)
ALDHI1AL, and MSI1, which collectively contribute to the stem-like properties of GBM
LPP-AS2 Functions as a ceRNA that regulates EGFR expression by sponging miR-7-5p (87)
MIR22HG Targets miR-22-3p and miR-22-5p, thereby modulating their direct targets and subsequently influencing the Wnt/B-catenin signaling | (122)
pathway.
MIR4435- Downregulates the expression of miRNA-1224-5p, which in turn leads to the upregulation of TGFBR2 and contributes to the (99)
2HG progression of GBM
MNX1-AS1 Enhances GBM cell proliferation, migration, and invasion by suppressing miR-4443 (92)
OIP5-AS1 OIP5-ASI acts as a sponge for miR-129-5p, which in turn targets IGF2BP2 (106)
OXCT1-AS1 Regulate the miR-195-5p/CDC25A axis (100)
PITPNA-AS1 | Sequesters microRNA-223-3p, thereby regulating the expression of EGFR and activating the PI3K/AKT signaling pathway (111)
PRADX Inhibits BLCAP expression by interacting with EZH2 and catalyzing H3K27me3, which, in turn, influences STAT3 phosphorylation (126)
and promotes ACSLI expression
PVT1 Elevates TMBIM6 expression through miR-1301-3p. (93)
RP1-86C11.7 Regulates TFRC levels by sponging the microRNA hsa-miR-144a-3p (103)
RP11-390F4.3 | Positively regulates ROCK1 and negatively regulates miR-148a. (104)
RP3-439F8.1 Acts as a ceRNA that NR5A2 by sponging the microRNA miR-139-5p (84)
RPSAP52 Positively regulates TGF-B1 expression (125)
SLC16A1- Reduces the expression of miRNA-149, thereby enhancing the growth rate and colony-forming capacity of GBM cells (101)
AS1
SNHGI11 Negatively regulates of miR-154-5 (114)
SNHG20 Activates the PI3K/Akt/mtor signaling pathway (123)
SOX2-0T Inhibits miRNA-192-5p, leading to the overexpression of RAB2A, which activates the ERK pathway. (97)
SOX2-OT resist TMZ by recruiting ALKBHS5, which mediates the demethylation of SOX2, leading to enhanced SOX2 expression (98)
TALNEC2 Modifies the expression of specific miRNAs associated with cell cycle regulation and proliferation, notably involving miR-21 and (120)
miR-191 in mediating its effects.
TPT1-AS1 Act as a sponge for miR-23a-5p in GBM, promoting proliferation by upregulating ECM1 (110)
TUGI Downregulate miR-299, which in turn modulate VEGFA levels (105)
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LncRNA Molecular pathway References
name
Unigene56159 | Sequesters miR-194-5p (85)
VIM-AS1 Downregulates miR-105-5p, and VIM-AS1 and miR-105-5p collaboratively regulate WEEI expression (115)
XIST Inhibit miRNA-448, which in turn upregulates ROCK1, thereby enhancing cellular malignancy. (94)
Inhibits miRNA-126, thereby activating the IRS1/PI3K/Akt signaling pathway (95)

Tumor suppressor in lung cancer-1 antisense-1 (TSLCI-AS1)
acts as the antisense transcript of the tumor suppressor gene TSLC1.
In glioma, TSLC1-AS1 overexpression increases TSLCI levels and
significantly reduces U87 cell proliferation, migration, and invasion,
while its knockdown in SNB-19 cells has the opposite effect. TSLC1-
ASI expression positively correlates with tumor suppressors (NF1,
VHL, PIK3R1) and negatively with the oncogene BRAF, suggesting
that TSLC1-AS1 functions as a tumor suppressor and a key
mediator of TSLC1 expression in glioma (136). Tumor suppressor
candidate 7 (TUSC7) is an antisense RNA gene that is notably
downregulated in GBM and has been shown to suppress glioma
malignancy. Research reveals that low TUSC7 expression correlates
with increased TMZ resistance in GBM cells. Overexpressing
TUSC7 in TMZ-resistant U87TR cells reduces the IC50 of TMZ,
decreases multidrug resistance protein 1 (MDR1) levels (which lead
to increased drug efflux and reduced intracellular drug concentra-
tion), and enhances TMZ cytotoxicity by directly targeting and
silencing miR-10a. TUSC7 expression may serve as a prognostic
marker and therapeutic target in glioma (137).

ADAM metallopeptidase with thrombospondin type 1 motif, 9
antisense RNA 2 (ADAMTS9-AS2) is a IncRNA and the antisense
transcript of the tumor suppressor gene ADAMTS9 (138). Research
indicates that low ADAMTS9-AS2 expression is an independent
predictor of poor survival in glioma. Overexpression of ADAMTS9-
AS2 significantly inhibits glioma cell migration, while its knock-
down promotes migration. Additionally, ADAMTS9-AS2 expres-
sion is negatively correlated with DNA methyltransferase-1
(DNMT1), as DNMT1 knockdown and treatment with 5-aza-dC
increase ADAMTS9-AS2 expression. Thus, ADAMTS9-AS2 may
serve as a DNMT1-regulated tumor suppressor, as well as a
potential biomarker and therapeutic target, in glioma (138).
Figure 4 and Table 4 summarize additional IncRNAs implicated
in GBM, providing an overview of their functions and relevance in
this aggressive malignancy. This compilation aims to enhance our
understanding of the IncRNA landscape in GBM and underscores
the need for further research into their roles as potential biomarkers
and therapeutic agents.

Although numerous IncRNAs have been identified in GBM and
their molecular functions have been extensively summarized in
previous reviews, recent evidence suggests that the field has moved
beyond characterizing individual IncRNAs and their downstream
targets (24, 155). Rather than acting through isolated molecular
pathways, many IncRNAs converge on common biological pro-
grams that regulate glioma stem cell maintenance, metabolic
reprogramming, epithelial-mesenchymal transition, immune eva-
sion, and therapeutic resistance. This suggests that IncRNAs
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function as components of highly interconnected regulatory net-
works rather than independent oncogenic drivers (53).

Furthermore, advances in single-cell RNA sequencing and
spatial transcriptomics have begun to reveal the context-dependent
expression of IncRNAs across distinct glioblastoma cell states and
tumor regions, highlighting their potential contribution to
intratumoral heterogeneity and disease progression (156).
Emerging evidence further suggests that IncRNAs contribute to
communication between glioblastoma cells and the tumor micro-
environment, including interactions with tumor-associated macro-
phages, microglia, endothelial cells, and other stromal components,
which collectively influence tumor progression, immunosuppres-
sion, angiogenesis, and therapeutic response (157).

Despite these advances, the translation of IncRNA discoveries
into clinical practice remains limited by challenges including
intratumoral heterogeneity, insufficient clinical validation, ineffi-
cient delivery across the blood-brain barrier, and the lack of
standardized therapeutic strategies (158). By integrating these
emerging concepts with established molecular mechanisms, this
review provides a critical synthesis of current knowledge and
highlights the opportunities and remaining challenges for exploiting
IncRNAs as biomarkers and therapeutic targets in precision med-
icine for GBM.

5.3 LncRNAs in glioma stem cells

Glioma stem cells (GSCs) constitute a highly tumorigenic sub-
population within glioblastoma that possesses self-renewal capacity,
multilineage differentiation potential, and the ability to initiate tumor
formation. Increasing evidence indicates that GSCs are major drivers
of GBM initiation, intratumoral heterogeneity, diffuse tissue infiltra-
tion, therapeutic resistance, and tumor recurrence following surgery
and chemoradiotherapy (159-162). Compared with differentiated
glioma cells, GSCs exhibit enhanced DNA damage repair, metabolic
plasticity, resistance to apoptosis, and preferential localization within
specialized hypoxic and perivascular niches that preserve their stem-
like phenotype and promote resistance to TMZ and radiotherapy
(159, 160). Their remarkable capacity to survive conventional ther-
apies and regenerate recurrent tumors has made GSC eradication a
major objective in the development of effective GBM treatments.
Recent transcriptomic, functional, and single-cell RNA sequencing
(scRNA-seq) studies have revealed that these defining characteristics
are orchestrated by a specialized repertoire of GSC-enriched
IncRNAs, which regulate stemness-associated transcription factors,
epigenetic programs, post-transcriptional networks, and metabolic
adaptation (25, 163, 164). These IncRNAs collectively govern
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FIGURE 4

Prominent examples of tumor suppressor INncRNAs and their mechanisms of action in GBM. Several tumor-suppressor IncRNAs in GBM exert their
effects through distinct mechanisms that influence drug sensitivity, cell dynamics, and cell-state transitions. (A) TMZ Sensitivity: IncRNAs such as
MAGI2-AS3 and TUSC7 enhance sensitivity to TMZ by targeting drug efflux pathways. MAGI2-AS3 downregulates the AKT pathway, leading to
decreased expression of the MDR1 and ABCG2 efflux pumps, thereby facilitating drug retention in the cell. Similarly, TUSC7 targets miR-10a to
reduce MDR1 expression, while CASC2 regulates miR-181a/PTEN to inhibit the Akt pathway, promoting TMZ sensitivity. The Drug Efflux panel
illustrates MDR1 and ABCG2 efflux pumps at the cell membrane, which export TMZ drugs, contributing to drug resistance. Suppression of these
pumps by tumor-suppressor INcRNAs enhances drug retention, thereby supporting drug efficacy. (B) Cell Dynamics: Tumor-suppressor IncCRNAs,
including GAS5, MEG3, and MDC1-AS, regulate various cellular behaviors implicated in cancer progression. GAS5 inhibits miR-196a-5p, leading to
the activation of FOXO1, which upregulates tumor-suppressive genes PID1 and MIIP to suppress invasion. MEG3 targets miR-96-5p or miR-93,
thereby activating MTSS1 and affecting cell proliferation and migration to limit GBM progression. MDC1-AS modulates MDC1 (a tumor suppressor
gene), thereby influencing cell proliferation and migration and reducing GBM aggressiveness. (C) MET: IncRNAs LINC-PINT and DGCR5 are shown to
influence cancer cell state transitions. LINC-PINT suppresses Wnt/B-catenin signaling to promote epithelial characteristics, while DGCR5 modulates
the EMT axis, affecting markers such as E-cadherin and N-cadherin to regulate mesenchymal and epithelial cell states. GBM, glioblastoma; INcCRNA,
long non-coding RNA; TMZ, temozolomide; PTEN, phosphatase and tensin homolog; MDR1, multidrug resistance protein 1; ABCG2, ATP-binding
cassette sub-family G member 2; MDC1, Mediator of DNA Damage Checkpoint 1; FOXO1, forkhead box O1; PID1, phosphotyrosine interaction
domain containing 1; MIIP, migration and invasion inhibitory protein; MTSS1, metastasis suppressor 1; EMT, epithelial-mesenchymal transition; MET,

mesenchymal-to-epithelial transition; AKT, protein kinase B.

GSC self-renewal, phenotypic plasticity, adaptation to
microenvironmental stress, and resistance to therapy.

One of the best-characterized GSC-associated IncRNAs is
HIF1A-AS2, which is selectively enriched in mesenchymal GSCs
residing within hypoxic niches. HIF1A-AS2 functions as a molec-
ular scaffold that interacts with the RNA-binding proteins IGF2BP2
(Insulin-like growth factor 2 mRNA-binding protein 2) and DHX9
(DExH-box Helicase 9), enhancing the stability of oncogenic
transcripts such as HMGA1 and promoting adaptation to hypoxia,
maintenance of stemness, and tumor progression (68). Similarly,
LINCO01503 promotes GSC stemness by preventing ubiquitin-me-
diated degradation of GLI2 (GLI Family Zinc Finger 2), thereby
increasing the expression of canonical stem cell markers, including
CD133, SOX2, NESTIN, ALDH1A1, and MSI1 (124). Another
important regulator, TALNEC2, suppresses differentiation while
promoting GSC self-renewal, mesenchymal transformation, and
radioresistance. TALNEC2 silencing inhibits stem cell maintenance,
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enhances radiosensitivity, and prolongs survival in orthotopic
xenograft models, partly through regulation of miR-21 and miR-
191 (120). Additional oncogenic IncRNAs, including SNHG20 and
RPSAPS52, further sustain GSC maintenance by activating the PI3K/
AKT/mTOR and TGF-P signaling pathways, respectively (123).
Beyond regulating stemness, several IncRNAs contribute directly
to therapeutic resistance. The paraspeckle-associated IncRNA
NEAT1 is markedly upregulated in CD133+/CD44+ GSCs and
functions as a ceRNA that sequesters let-7g-5p, thereby derepressing
MAP3K1 signaling and conferring resistance to TMZ-induced apo-
ptosis (165). More broadly, GSC-enriched IncRNAs coordinate
cellular responses to chemotherapy, radiotherapy, hypoxia, and
metabolic stress by regulating apoptosis, DNA repair pathways, and
adaptive signaling networks, thereby enabling treatment-resistant
GSC populations to survive and drive tumor recurrence.
Conversely, several tumor-suppressive IncRNAs antagonize
GSC maintenance and tumorigenicity. GAS5 suppresses GSC
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TABLE 4 Tumor suppressor IncRNAs and their target pathways in GBM.

Expression Target Role in GBM References
pattern
GAS5 Downregulated miR-196a-5p/FOXOL1 axis. Inhibits proliferation, migration, and invasion of GBM (129)
MEG3 Downregulated -miR-96-5p or miR-93/MTSS1 Axis Inhibits glioma cell proliferation (130, 131)
- miR-19a/MDM2/p53 Axis
CASC2 Downregulated miR-181a/PTEN/Akt axis. Inhibits proliferation and increases TMZ sensitivity (133)
MDCI-AS Downregulated upregulates antisense tumor- Tumor suppressor; suppresses the cell cycle and proliferation. (134)

suppressing gene MDC1

BCYRN1 Downregulated miR-619-5p/CUEDC2 and the Inhibits glioma tumorigenesis and progression (135)
PTEN/AKT/p21 axis.
TSLC1-AS1 Downregulated Upregulates the tumor suppressor Inhibits cell proliferation, migration, and invasion. (136)
gene TSLC1
TUSC? Downregulated miR-10a/MDRI axis. Inhibits TMZ resistance and tumor malignancy and helps prevent drug | (137)
efflux
ADAMTS9-AS2 | Downregulated Regulates DNMT1 (DNA Suppresses cell migration (138)
methyltransferase 1)
CASC7 Downregulated Wnt/B-catenin signaling pathway Inhibits the progression of glioma. (139)
PART1 Downregulated PART1/miR-190a 3p/PTEN/PI3K/ Suppresses glioma progression (140)
AKT axis
AC016405.3 Downregulated miR-19a-5p/TET2 axis Reduces GBM cell proliferation and invasion (141)
MATNI1-AS1 Downregulated RELA/MAPK axis Suppresses GBM cell from proliferation and invasion, and promoting (142)
apoptosis through the downregulation of survival proteins
LINC00657 Downregulated LINC00657/miR-190a-3p axis Reduces tumor growth and progression in GBM (143)
RNCR3 Downregulated miR-185-5p/KLF16 axis (Kriippel- Reduces tumor growth and progression in GBM (144)
like factor 16)
NBAT1 Downregulated NBAT1/Akt axis Reduces the malignancy and prognosis of gliomas (145)
RAMP2-AS1 Downregulated NOTCH3/DHCI0 axis Inhibits GBM cell growth while supporting normal cell cycle (146)
progression
RP11-838N2.4 Downregulated RP11-838N2.4/miR-10a/EphA8 axis, Lower levels are associated with a higher risk of GBM relapse and (147)
along with inhibiting TGF-B shorter survival times.
signaling
LINC-PINT Downregulated Wnt/B-catenin signaling. Suppresses cell growth, invasion, and EMT in GBM (148)
PWRNI1 Downregulated miR-21-5p/PDCD4 axis Suppresses GBM cancer cell growth and migration (149)
UNC5B-AS1 Downregulated miR-24-3p/Maxi 1 axis Suppresses cell proliferation. (150)
MAGI2-AS3 Downregulated Akt/MDRI1 and ABCG2 Axis Enhances apoptosis, tumor Suppression in Glioma Cells and reverse (151)
TMZ resistance through preventing drug efflux
DGCR5 Downregulated EMT Axis Increases epithelial markers (e.g., E-cadherin) and decreases (152)
mesenchymal markers (e.g., N-cadherin), reversing EMT and reducing
invasiveness
LINC00294 Downregulated miR-1278/NEFM Axis Suppresses glioma cell proliferation. (153)
AF127577.4 Downregulated AF127577.4-ORF/ERK2/METTL3 The micropeptide AF127577.4-ORF, encoded within a IncRNA, (154)
Axis reduces GBM cell proliferation.

GASS, Growth arrest-specific 5, MEG3, Maternally expressed gene 3; CASC2, Cancer susceptibility candidate 2; MDC1-AS, mediator of DNA damage checkpoint protein lantisense RNA;
BCYRNI, Brain Cytoplasmic RNA 1; TSLC1-AS1, Tumor suppressor in lung cancer-1 antisense-1; TUSC7, Tumor suppressor candidate 7; ADAMTS9-AS2, ADAM metallopeptidase with
thrombospondin type 1 motif, 9 antisense RNA 2; CASC7, cancer susceptibility candidate 7; PART1, prostate androgen-regulated transcript 1; MATN1-AS1, Matrilin-1 Antisense RNA 1;
LINCO00657, Long Intergenic Non-Protein Coding RNA 657; RNCR3, retinal noncoding RNA3; NBAT1, neuroblastoma associated transcript 1; RAMP2-AS1, Receptor Activity Modifying
Protein 2-Antisense RNA 1; LINC-PINT, Long Intergenic Non-Protein Coding RNA, p53 Induced Transcript; PWRN1, Prader-Willi region non-protein coding RNA 1; UNC5B-AS1,unc-5
netrin receptor B antisense RNA 1; MAGI2-AS3, membrane-associated guanylate kinase inverted-2 antisense RNA 3; DGCR5, DiGeorge syndrome critical region gene 5; FOXO1, forkhead box
O1; PID1, phosphotyrosine interaction domain containing; MIIP, migration and invasion inhibitory protein; MTSS1, metastasis suppressor 1; EMT, epithelial-mesenchymal transition; MET,
mesenchymal-to-epithelial transition; AKT, protein kinase B.

proliferation, migration, and invasion through the miR-196a-5p/  highlight that IncRNAs can function either as oncogenic drivers or
FOXOL1 signaling axis, thereby limiting stemness and reducing  tumor suppressors depending on their molecular context within the
tumor aggressiveness (129). Likewise, restoration of MEG3 expres- ~ GSC regulatory network (166).

sion inhibits glioma cell proliferation and stem-like characteristics Given their central role in regulating self-renewal, therapeutic
by regulating multiple tumor suppressor pathways, including the  resistance, and tumor recurrence, GSC-enriched IncRNAs represent
miR-96-5p/MTSS1 and p53 signaling axes (130). These findings  attractive therapeutic targets. Emerging RNA-based strategies,
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including antisense oligonucleotides, RNA interference, CRISPR-
mediated gene modulation, and nanoparticle-based delivery sys-
tems that can cross the blood-brain barrier, offer promising ap-
proaches for selectively targeting oncogenic IncRNAs while
preserving normal neural stem cells. Furthermore, advances in
single-cell RNA sequencing and spatial transcriptomics are ex-
pected to facilitate the identification of GSC-specific IncRNA
signatures, enabling precision therapies directed toward eliminating
treatment-resistant stem cell populations (25).

6 The role of IncRNA as diagnostic
and prognostic biomarkers in GBM

LncRNAs have gained attention as valuable molecular markers
for diagnosing GBM and predicting patient outcomes. With distinct
expression patterns in cancerous and normal tissues and their
stability in biofluids, IncRNAs offer a minimally invasive approach
for molecular diagnostics and prognostic assessments, potentially
enhancing clinical outcomes by supporting early diagnosis before
clinical manifestation.

6.1 Diagnostic IncRNAs in GBM

Serum HOTAIR levels were significantly higher in GBM pa-
tients than in normal controls (167). This finding indicates the
potential of HOTAIR as a serum diagnostic biomarker for GBM.
Further supporting this potential is the finding by Shen et al. that
high HOTAIR inlevels are associated with a 2.04-fold decrease in
mortality (168). Interestingly, higher NEAT1 levels were strongly
associated with larger tumor sizes, advanced WHO grades,
and recurrence in GBM tissues (169). Further, Wu et al. observed
elevated NEAT1 expression levels in the plasma of GBM pa-
tients (170). Additionally, patients receiving postoperative
chemoradiotherapy with high NEAT1 expression had poorer prog-
noses, indicating a role for NEATI in the proliferation and
metastasis of high-grade gliomas and suggesting the potential for
new NEAT1-targeted treatments (169).

GAS5 serves as a serum diagnostic biomarker because it is
downregulated in numerous tumors, including ovarian and breast
cancers, non-small cell lung cancers, large B-cell lymphoma, and
gastric and laryngeal cancers (171, 172). However, in glioma, GAS5
inhibits cell proliferation and growth by acting as a ceRNA that
targets several miRNAs, including miR-222, miR-10b, and miR-
196a-5p (127, 129). Specifically, Toraih et al. observed a significant
reduction in IncRNA GAS5 expression in GBM tissues (173). In
addition, Shen et al. reported that elevated serum GAS5 levels were
associated with a 56% reduction in mortality risk among GBM
patients. This suggests the potential application of IncRNA GAS5 as
a diagnostic and prognostic biomarker in GBM (168).

The SAMMSON (Survival Associated Mitochondrial
Melanoma-Specific Oncogenic Non-Coding RNA) gene is located
on chromosome 3p13-3p14 and is recognized for its oncogenic role
in various cancers, including melanoma, liver cancer, gastric cancer,

papillary thyroid carcinoma, and oral squamous cell carcinoma
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(174, 175). However, in GBM cells, Ni et al. observed elevated
expression of the IncRNA SAMMSON (176). Additionally,
SAMMSON functions as a ceRNA by binding to miR-622, thereby
promoting GBM cell proliferation (176). Furthermore, Xie et al.
reported that IncRNA SAMMSON was significantly overexpressed
in the plasma of GBM patients compared to normal controls,
supporting its utility as a diagnostic biomarker (176).

6.2 Prognostic IncRNAs in GBM

LINCO00565 and LINC00641 were identified to be highly ele-
vated in liquid biopsies of GBM patients, showing strong correla-
tions with tumor size and patient survival. These biomarkers
exhibited high diagnostic sensitivity and specificity, indicating
their potential as non-invasive prognostic markers, particularly as
elevated expression levels are associated with poorer progression-
free survival (PFS) and overall survival. Furthermore, both
LINC00565 and LINC00641 have been implicated in pathways
that drive tumor growth and metastasis, with higher levels of
these IncRNAs linked to more aggressive disease. These findings
highlight the potential utility of LINC00565 and LINC00641 as
liquid biopsy markers for GBM prognosis and diagnosis (177).

Also, the IncRNA TP73-AS1 has been linked to GBM aggres-
siveness and has been shown to promote stemness in GBM cells and
mediate TMZ resistance in GBM cancer stem cells. Thus, this
IncRNA serves as an effective prognostic marker of GBM progres-
sion and chemotherapy resistance (176). This finding is supported
by a study by Dai et al., which showed that patients with high TP73-
AS1 levels exhibited increased resistance to TMZ, indicating that
TP73-AS1 is a valuable prognostic indicator (177).

Compared with other invasive GBM diagnostic methods, cir-
culating genetic biomarkers are easier, faster, and more cost-
effective. These biomarkers offer a promising approach to diagnosis,
treatment, and prognosis, and to avoiding unnecessary chemother-
apy by early identification of potential chemoresistance. LncRNAs
have shown a strong correlation with GBM diagnosis, prognosis,
and tumor grading, suggesting additional mechanisms underlying
chemoresistance that require further investigation. This opens up
the potential for these biomarkers to be used clinically to reduce the
need for invasive procedures, aid in diagnosing and treating patients
with chemoresistant GBM, and target specific IncRNAs associated
with chemoresistance. LncRNAs have proven to be valuable for
diagnostic and prognostic applications. Excessive experimental and
clinical studies are necessary to identify the most sensitive and
specific markers associated with high plasma levels in GBM
subtypes and aggressiveness, and to explore the feasibility of using
IncRNAs as a quick, easy, and noninvasive diagnostic and thera-
peutic approach for GBM. Incorporating IncRNAs into diagnostic
and prognostic strategies may improve GBM patient care by
enhancing precision medicine. The use of IncRNA-based biomark-
ers for both early detection and prognosis supports a dual-purpose
model that can improve patient stratification and early diagnosis
before clinical manifestations. Serving as reliable molecular indica-
tors, IncRNAs show promise as non-invasive liquid biopsy tests that
not only confirm GBM but also inform clinicians about disease
progression (178).
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been proposed as molecular indicators of tumor immunoreactivity

7 Role of IncRNAs in modulating the
immunogenic profile of GBM

(195, 196). Their contribution to immune heterogeneity and clinical
outcomes remains incompletely characterized until a series of cohort

. . . . studies directly addressed it. These studies share a common design:
LncRNAs have gained attention not only as drivers of prolifer- ] . . .
. ) bulk transcriptomes from public cohorts, immune cell estimates from
ation and therapy resistance but also as regulators of the GBM . . ) .
. ) ) ] ) deconvolution algorithms, and a multi-IncRNA index selected to
immune microenvironment, a dense, myeloid-dominated, and . ) ) .
. . ) . predict survival or immune phenotype. They established that IncRNA

strongly immunosuppressive compartment. This section first sur- . , . .
. . . expression closely tracks the tumor’s immune state; however, with

veys the computational signatures that use IncRNA expression to . . .
. . . i one exception, they stopped at correlation and did not test how any
classify the GBM immune landscape and stratify patients, then = ] .
. o . individual transcript acts on immune cells. Therefore, they are best

turns to the mechanisms by which individual transcripts act on the . . . .
L ’ . . read as a descriptive map of the field, with the mechanistic work in
principal immune populations: macrophage and microglial polar- . . . . .
T . ) ) . the following sections, supplying the biology that these maps imply.
ization, T-cell dysfunction, recruitment of suppressive myeloid . . .
. . ) . The clearest statement of this approach is the immunophenotype

cells, and immune checkpoint regulation. The translational conse- . . L
. . classifier in the study by Gao et al.,, which implemented a random

quences of immunotherapy and the strengths and limitations of the . . .
forest model with minimum redundancy maximum relevance feature

selection to derive six im-IncRNAs (USP30-AS1, HCP5, PSMB8-ASI,
AL133264.2, LINC01684, and LINC01506) and a composite im-
IncScore obtained by normalized principal component analysis

underlying evidence are also discussed. A consolidated evidence
synthesis table ranked by the level of experimental support accom-
panies this section (Table 5).

(PCA) of their expression (190). The signature separated immune-

7.1 Immunophenotype- and prognosis-
related lncRNA signatures high from immune-low tumors and correlated with infiltration
estimates across B cells, CD4+ and CD8+ T cells, neutrophils,
First, IncRNAs could not be effectors but rather readouts, with

their expression used to classify the GBM immune microenviron-

macrophages, and dendritic cells. However, its immune annotations
rest on co-expression enrichment rather than functional assays, and
ment and stratify patients by outcome. Immunophenotype-related  the only experimental step was confirmation of expression by qRT-
IncRNAs (im-IncRNAs) mark the immune subtypes of GBM and

correlate with the level of tumor immune cell infiltration and have

PCR. Zhou et al. applied the same logic to prognosis, screening
genome-wide IncRNA profiles in 419 TCGA patients and validating a

TABLE 5 Current evidence supporting the role of long non-coding RNAs in immune regulation and immunotherapy-related pathways in glioblastoma.
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Evidence grading is presented in Table 6. A grade of A denotes mechanistic depth within an individual study and not independent reproducibility across studies. ¥The study by Atianand and
Fitzgerald provides mechanistic evidence in immune cells but not in glioblastoma models; its grade (AT) reflects functional rigor in non-GBM systems.

ASO, antisense oligonucleotide; AUC, area under the curve; CGGA, Chinese Glioma Genome Atlas; ChIP, chromatin immunoprecipitation; CIBERSORT, Cell-type Identification by Estimating
Relative Subsets of RNA Transcripts; co-IP, co-immunoprecipitation; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; DC, dendritic cell; EV, extracellular vesicle; GBM, glioblastoma; GO,
Gene Ontology; GSEA, Gene Set Enrichment Analysis; ICB, immune checkpoint blockade; ICI, immune checkpoint inhibitor; IDO1, indoleamine 2,3-dioxygenase 1; IFN, interferon; IL12,
interleukin 12; ISG, interferon-stimulated gene; KEGG, Kyoto Encyclopedia of Genes and Genomes; LASSO, least absolute shrinkage and selection operator; MDSC, myeloid-derived suppressor
cell; MES, mesenchymal; MHC-I, major histocompatibility complex class I; mRMR, minimum redundancy maximum relevance; NK, natural killer; PD-L1, programmed death-ligand 1; PN,
proneural; PPI, protein—protein interaction; QRT-PCR, quantitative reverse-transcription polymerase chain reaction; RIP, RNA immunoprecipitation; sScRNA-seq, single-cell RNA sequencing;
sSGSEA, single-sample gene set enrichment analysis; TAM, tumor-associated macrophage; TCGA, The Cancer Genome Atlas; TCIA, The Cancer Imaging Archive; TIM-3, T-cell
immunoglobulin and mucin-domain containing-3; TMZ, temozolomide; Treg, regulatory T cell; WGCNA, weighted gene co-expression network analysis.

To facilitate the critical appraisal of the available literature, studies were organized by the highest level of experimental evidence supporting each IncRNA’s immune-related functions, rather than
by publication date, thereby emphasizing the relative strength of the evidence.

six-IncRNA risk model (AC005013.5, UBE2R2-AS1, ENTPDI-ASI,
RP11-89C21.2, AC073115.6, and XLOC_004803) in a further 219
patients (192). Pathway enrichment of co-expressed genes implicated

Three further studies added resolution without changing the
level of evidence. Xu et al. defined an immune subtype of glioma
from the IncRNA methylome, a layer that captures the crosstalk
innate and adaptive immunity, antigen presentation, and Toll-like = among DNA methylation, IncRNA expression, and immune regu-
and NOD-like receptor signaling. Notably, ENTPDI-ASI is antisense
to ENTPD1 (CD39), the ectoenzyme that drives the adenosine
pathway in regulatory T cells, which makes it an attractive candidate,

even though that link has never been tested (192).

lation, and, unusually for this group, moved beyond correlation:
their two markers, CDI109-AS1 and LINC02447, were validated by
knockdown and overexpression in GBM cells and were reduced in
anti-PD1 responders (188). Because that work establishes a
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checkpoint mechanism rather than a signature alone, it is the only
member of this computational set that provides a functional
readout; the mechanism is detailed in later sections of this article.
Luan et al. integrated four immune-related IncRNAs with two
radiomic features from paired TCGA and TCIA data, producing
a model that stratified survival by both risk score and Kaplan-Meier
analysis. Furthermore, CIBERSORT linked high-risk patients to a
shift from M1 toward M0 macrophages (191). Yu et al. screened 168
GBM transcriptomes, identified 17 prognostic immune-related
IncRNAs, and derived a six-IncRNA signature from them that
resolved 4 molecular subtypes (189). The favorable subtype (sub-
type A) carried IDHI, ATRX, and EGFR mutations and low
expression of four high-risk IncRNAs (HI19, HOTAIRM1, AGAP2-
AS1, and AC002456.1) together with low KRTS8, whereas poor-
survival subtypes were reported to have infiltrations by mesenchy-
mal stem cells and astrocytes, cell types that supply the M2-skewing
paracrine signals and were more sensitive to gefitinib. Three hub
genes from this model, KRT8, NGFR, and TCEA3, were validated as
candidate oncogenes, with KRT8 proposed to act through T-cell
receptor, apoptotic, or JAK/STAT signaling. The same study
proposed HI19 as a ceRNA that acts on PLAU via miR-193a-3p
(189). Collectively, the six IncRNA panels reported by Gao, Zhou,
and Yu share no transcripts in common. The wider set of compu-
tational models in this area, including the pyroptosis-related signa-
ture of Xing et al. and the ceRNA network of Bazrgar et al. that
converges on the myeloid marker MS4A6A, likewise draws on
largely non-overlapping gene lists built from the same few public
cohorts (193, 194). The fact that immune-related IncRNA signa-
tures can be derived from the same data without converging on a
shared core is itself a finding: it points to a statistical space rich
enough to yield numerous predictive models and to the absence of a
validated mechanistic anchor that would explain why any particular
panel should be preferred.

7.2 LncRNAs and macrophage and
microglia polarization

Tumor-associated macrophages (TAMs) and microglia
comprise a large fraction of the glioblastoma mass, with many
tumors approaching a third to a half of all cells, and their functional
state sets the immunological tone of the lesion. The bulk of this
compartment is closer to an M2-like immunosuppressive pheno-
type than to the MI-like state associated with antitumor activity.
Cytokines abundant in the GBM microenvironment, including
TGF-f (transforming growth factor-beta), IL-10, IL-4, and CSF-1
(colony-stimulating factor 1), push macrophages toward the M2-
like program, while JAK1/2-STAT1 and NF-kB signaling that
supports M1 activation is actively held in check (197). A growing
set of IncRNAs operates at these control points and has been
investigated using direct functional experiments.

The clearest GBM-specific example of a IncRNA that restrains
the M2 program is CASC2c, which abrogates M2 polarization and
reduces tumor growth (196). Varier et al. identified distinct IncRNA
profiles in M1 versus M2 tumor-infiltrating macrophages in
primary GBM tissues, establishing that the polarization axis in
GBM is under IncRNA control rather than merely correlated with it.
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Until recently, the field lacked mechanisms at the level of spe-
cific transcripts.

NEATI sits where interferon signaling and macrophage states
meet. Toker et al. found that NEATI is induced downstream of
TFN-y and that its silencing suppresses M1 macrophage polarization
and reduces TNF-o and other inflammatory cytokines (180).
Single-cell sequencing identified NEATI in tumor cells, macro-
phages, and T cells, with high tumor-cell NEATI levels correlating
with denser macrophage and microglial infiltration (180). It is
worth noting that NEATI here supports the inflammatory M1
arm, which could explain its high expression being associated
with better checkpoint-blockade responses (180). The same tran-
script also feeds into the immunosuppressive circuit. Yi et al.
showed that the RNA-binding protein PTRF/Cavin-1 stabilizes
NEAT]I, suppresses UBXN1 (a negative regulator of NF-kB signal-
ing), and activates NF-xB to drive PD-L1 transcription (179).
NEATI thus sits on both sides of the ledger, depending on which
protein partner and cell type dominate, reminding us that a single
IncRNA does not carry a fixed immunological sign.

The second mechanism involves the routing of polarization
through extracellular vesicles. Hu et al. described the LINC01018/
miR-182-5p/Rab27B axis, in which low Rab27B levels lead to
greater PD-L1 loading into tumor-derived vesicles. Then, microglia
that take up these vesicles upregulate PD-L1 and shift toward a
CD206+ M2 state (182). In 78 GBM tissues, low Rab27B levels were
associated with increased macrophage and monocyte infiltration.
An orthotopic model confirmed that disrupting the axis reduced
TAMs and improved anti-PD-L1 efficacy. A conceptually similar
route was reported by Li et al., in which a temozolomide-associated
tumor exosomal IncRNA binds to ENOL1 in recipient microglia,
activates p38 MAPK, drives M2 polarization, and elicits comple-
ment C5/C5a secretion, thereby supporting chemoresistance (187).
Therefore, identifying exosomal IncRNA transfer as a mechanism of
polarization strengthens the concept that this is a real feature of
GBM biology, rather than a cell-line artifact.

Transcriptional and chromatin-level control is represented by
PVTI and MIR222HG, respectively. Huang et al. showed that
nuclear PVT1 binds to DHX9 and occupies the STAT1 and
CX;CL1 promoters, suppressing interferon-stimulated genes while
raising CX;CL1 to recruit macrophages and promote M2 polariza-
tion (186). Fan et al. linked the proneural-to-mesenchymal transi-
tion of glioma stem cells to immunosuppression, where
cotranscribed miR-221 and miR-222 from the MIR222HG locus
are delivered to macrophages via exosomes, where they target
SOCS3 and promote JAK/STAT-driven polarization (185). Both
studies used RNA pull-down, RIP (RNA immunoprecipitation),
ChIP (chromatin immunoprecipitation), and mass spectrometry;
therefore, the mechanistic claims rest on direct binding data rather
than co-expression.

Two computational studies fill in the population-level picture
without claiming a mechanism. Luan et al. found by CIBERSORT
that high-risk tumors carried more M0 and fewer M1 macrophages,
with checkpoint genes inversely correlated to the immune-related
IncRNA score (191). On the other hand, Yu et al. reported that
poor-prognosis subtypes were enriched for mesenchymal stem cells
and astrocytes, cell types that supply M2-skewing paracrine signals
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(189). Network analysis by Bazrgar et al. added that several
IncRNA-miRNA axes converge on MS4A6A, a myeloid marker
associated with TAM infiltration (194). These studies are consid-
ered at evidence level C, but they converge. Independent pipelines
consistently identify macrophage composition as the immune
feature most tightly linked to the IncRNA-defined risk.

7.3 LncRNAs, T-cell dysfunction, and
recruitment of suppressive myeloid
populations

If the macrophage axis sets the background tone of the GBM
microenvironment, T-cell dysfunction ultimately blunts the anti-
tumor response, and several IncRNAs act directly on it. The strongest
single result comes from the study Chen et al., which reported that
HI9 encodes a 256-amino-acid micropeptide, H19-IRP, which is
functionally separate from the RNA transcript (181). H19-IRP binds
to the CCL2 and Galectin-9 promoters and activates their transcrip-
tion. CCL2 recruits MDSCs (myeloid-derived suppressor cells) and
TAMs, while Galectin-9 induces T-cell exhaustion. Single-cell
sequencing of 17 GBM samples revealed that HI9 expression in
tumor cells was negatively correlated with activated CD8+ T cells
and positively correlated with MDSCs, macrophages, and Tregs. This
revises how H19 should be discussed. The earlier signature work of Yu
et al. framed HI9 as a ceRNA acting through the miR-193a-3p/PLAU
axis (189). This mechanism is not incorrect, but the protein-coding
route now carries stronger direct evidence for immune function. The
two are not mutually exclusive and likely operate in parallel.

A distinct mechanism links DNA replication stress and T-cell
exclusion. Wang et al. showed that FAM131B-AS2, located in the
frequently amplified 7q34 region, stabilizes RPA1 (Replication
Protein A1) through USP7 and activates ATR signaling to protect
single-stranded DNA (184). Its overexpression inhibited CD8+ T-
cell infiltration, and its inhibition activated the cGAS-STING
pathway, increasing lymphocyte infiltration and improving the
response to checkpoint inhibitors in a cohort of 149 primary
tumors. This is the only study that connects replication stress
sensing to IncRNA-driven immune exclusion in GBM, a distinct
mechanism from the ceRNA and checkpoint pathways that dom-
inate the rest of the literature.

As previously discussed, the extracellular vesicle axis also
induces a measurable T-cell phenotype. In the study by Hu et al,,
vesicle-delivered PD-L1 was accompanied in patient tissues by
increased TIM-3 and reduced IFN-y expression on CD8+ T cells,
a signature of functional exhaustion, even though absolute CD8+ T
cell numbers did not change (182). This indicates that IncRNA does
not necessarily exclude T cells as much as it disarms the ones that
are present.

Atianand and Fitzgerald cataloged IncRNAs that govern T-cell
programs in non-tumor settings, including NRON, which seques-
ters NFAT to restrain IL-2 and T-cell activation, and NeST, which
deposits H3K4me3 at the IFN-y locus through WDR5 in CD8+ T
cells (195). Varier et al. compiled candidate T-cell and Treg
mechanisms in glioma, including the inverse relationship between
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RP11-571M6.8 and PD-1, PD-L1, and CTLA4 (196). These are
biologically established and plausible in GBM, but they have not
been demonstrated yet.

7.4 LncRNAs and immune-checkpoint
regulation

Checkpoint regulation is where the GBM IncRNA literature is
most mature because several transcripts have been directly associ-
ated with PD-L1 and broader checkpoint programs with functional
experiments. The CD109-AS1 and LINC02447 pair, characterized
by Xu et al., is the best example (188). Knockdown in U251 and U87
cells reduced PD-L1, CTLA4, and FOXP3 protein and rescued
MHC-1, while overexpression had the opposite effect. Additionally,
both transcripts were lower in patients who responded to anti-PD1
therapy. This is the only checkpoint mechanism in the dataset
validated by both loss- and gain-of-function in GBM cells with
protein-level readouts.

NEATI provides a parallel and mechanistically detailed route
for PD-L1. Yi et al. traced the full axis: PTRF/Cavin-1 (polymerase I
and transcript release factor/Caveolae-associated protein 1) stabi-
lizes NEATI, which suppresses UBXN1. Loss of UBXN1 activates
NE-xB, which in turn transactivates PD-L1, as confirmed by RIP-
Seq, RIP, and ChIP (179). The impact of two different IncRNAs,
NEATI and HOTAIR in an earlier study, on the UBXN1/NF-«B is
one of the more striking patterns in the literature.

The most therapeutically provocative checkpoint finding con-
cerns INCRI. Saini et al. showed that INCRI, transcribed from the
PD-L1 (CD274) locus and co-induced with PD-L1 by IFN-y, binds
to HNRNPHI (heterogeneous nuclear ribonucleoprotein H1) and
regulates a panel of immunosuppressive genes, including PD-L1,
CTLA-4, and IDOI (183). Knocking down INCRI showed greater
suppression of these markers than silencing PD-L1 alone, and this
was observed in patient-derived cells using antisense oligonucleo-
tides. The implication is structural rather than incremental: a single
IncRNA target can reach a wider slice of the immune-evasion
program than a single checkpoint antibody, which reframes the
meaning of targeting a checkpoint in GBM. The IDO1 arm also ties
back to Treg biology through the kynurenine pathway, linking this
section to the suppressive cell recruitment described earlier.

Supporting evidence comes from computational literature and
should be considered accordingly. Varier et al. compiled additional
checkpoint-linked transcripts, including the MALATI/miR-195/
PD-L1 axis and the inverse correlation of RP11-571M6.8 with
multiple checkpoints (196). Radiogenomic analysis by Luan et al.
reported negative correlations between an immune-related IncRNA
score and both PD-L1 and CTLA-4 expression (191). These are
consistent with the functional studies, but cannot stand in for them.

7.5 Implications for immunotherapy
response

The therapeutic question that matters for GBM is not whether
IncRNAs correlate with prognosis but whether they can be
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manipulated to improve response to immunotherapy. Three lines of
evidence are directly related to this. The first is prediction. Toker
et al. found that NEATI was upregulated in patients with GBM with
longer survival after anti-PD-1/PD-L1 treatment across two inde-
pendent cohorts, with a similar pattern in melanoma (180). The
proposed logic connects IFN-y in the microenvironment to NEATI
induction in tumor and myeloid cells, and then to M1-like activa-
tion and a more inflamed, treatment-responsive tumor.

The second line is interventional. Saini et al. addressed a real
clinical failure: IL12 gene therapy in GBM provokes compensatory
upregulation of PD-L1 and INCRI, and adding PD-1/PD-L1
antibodies did not restore efficacy (183). Silencing INCRI
suppressed a broader immunosuppressive program and outper-
formed checkpoint antibodies in 3D killing assays using tissue from
patients before and after IL12 therapy. The third line is sensitization
through innate sensing. Wang et al. showed that inhibiting
FAM131B-AS2 activated cGAS-STING, increased lymphocyte in-
filtration, and improved checkpoint-inhibitor response, positioning
it as both a prognostic indicator and a candidate combination target
(184). Two further studies provide supporting evidence: a circular
RNA vaccine against the H19-IRP micropeptide triggered cytotoxic
T-cell responses and slowed GBM growth in vivo, thereby convert-
ing a suppressive IncRNA product into a vaccine antigen (181). Hu
et al. showed that disrupting the LINC01018/Rab27B vesicle axis
enhanced anti-PD-L1 efficacy, with vesicle re-injection reversing the
benefit, which closes the causal loop between mechanism and
therapeutic effect (182).

Computational signature work also identified a pyroptosis-
related IncRNA signature in which high-risk patients showed
greater immune infiltration, higher checkpoint expression, and
predicted better immunotherapy response but worse chemother-
apy response (193). The pyroptosis framework is mechanistically
attractive because pyroptotic death releases danger signals that
can prime cGAS-STING and T-cell recruitment, linking this
signature conceptually to the FAM131B-AS2 finding. However,
the link is inferred from transcriptomic correlation, and the
prediction is a model output rather than a measured clinical
response. Collectively, these studies move the field from
IncRNAs correlating with immune phenotype toward specific
IncRNAs that can be targeted to alter immunotherapy outcomes,
and that shift is the strongest argument for giving this class of
molecules a place in GBM immunotherapy strategy rather than
only in prognostic models.

7.6 Critical appraisal and limitations of
immunophenotype-related IncRNAs

To critically evaluate the current evidence, 18 included
immunophenotype-related IncRNA studies were classified by the
highest level of experimental support for their immune-related
conclusions, ranging from direct functional validation in glioblas-
toma to computational associations alone. To complement this
qualitative framework, the distribution of evidence grades was
summarized using exact confidence intervals. The grading criteria,
study-level evidence synthesis, and overall distribution are
presented in Tables 5, 6 and Figure 5. The following appraisal
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integrates these findings to assess the methodological strengths,
limitations, and overall maturity of the current evidence.

However, the apparent consistency of the current evidence
should be interpreted cautiously because several methodological
limitations remain. First, the computational signatures are based on
a narrow data foundation. The five signature studies discussed in
Section 7.1, together with the pyroptosis and ceRNA network
models, repeatedly draw on the same TCGA and CGGA cohorts,
and their immune-cell estimates come from deconvolution algo-
rithms rather than direct measurements. Repeated interrogation of
the same discovery cohorts creates an impression of reproducibility
without contributing independent biological evidence. Second,
signature proliferation is a warning. The six-IncRNA panels of
Gao, Zhou, and Yu share no transcripts, and the broader set of
immune-related IncRNA models converges on no common core.
This points to a feature space rich enough to generate many
predictive models, few of which have been tested against each
other or in prospective cohort studies.

Third, the mechanistic hierarchy is uneven. Among the func-
tionally validated studies, CD109-AS1/LINC02447 (188) and the
mechanistic papers (179-187) provide direct loss- or gain-of-
function evidence in GBM systems, whereas most signature-level
immune annotations are co-expression inferences or ceRNA hy-
potheses that have not been confirmed with RNA-protein binding,
reporter, or immune-cell functional assays. The grading scheme in
the table reflects this asymmetry. Several Grade A mechanisms also
place the immune phenotype downstream of a primary non-
immune function, as with FAM131B-AS2 (replication stress) and
the opposing roles reported for NEAT1I, so the apparent maturity of
the mechanistic column should be read with that caveat in mind;
the reproducibility point is quantified in Table 6 and Figure 5. The
radiogenomic model of Luan et al. is further constrained by a small
cohort and by imaging parameter heterogeneity that was not fully
controlled, which limits the reliability of its imaging-derived risk
groups (191).

Finally, the immunotherapy-response data, while the most
clinically interesting, derive from small and largely retrospective
cohorts, and several depend on response-prediction scores rather
than measured clinical endpoints. The interventional results for
INCRI and FAM131B-AS2 are mechanistically strong but remain
preclinical. These limitations do not diminish the case for IncRNAs
as immune regulators in GBM; they define the experiments,
independent replication, prospective validation, and immune-cell-
resolved functional testing that would let the field convert a
promising map into actionable targets.

At first glance, the predominance of Grade A studies (55.6%)
could be interpreted as evidence that the field is supported by
extensive mechanistic validation. A closer examination, however,
leads to a different conclusion. Three quantitative observations
derived from Table 6 and Figure 5 illustrate why. First, the
confidence intervals are wide: with only eighteen studies, the
estimated proportion of Grade A evidence is compatible with
values ranging from approximately one-third to four-fifths of the
literature, indicating considerable uncertainty around the point
estimate. Second, collapsing the grades into experimental-ground-
ing (A, B, or Af) versus computational-only (C) yields 13 of 18
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TABLE 6 The evidence hierarchy used to grade the immune-related functions of long non-coding RNAs in GBM, with the distribution of the 18 selected
studies.

ATyl Proportion
Level Definition Typical study design of (95% Cl)
studies °
Functional validation in GBM models demonstrated a direct mechanistic
A immune-related effect (for example, IncRNA knockdown or overexpression Knockdown or overexpression with 10 55.6%
producing a measured change in immune-cell phenotype, checkpoint protein protein-level or in vivo readouts (30.8-78.5)
expression, or in vivo immune response).
ijperimental validation of IncRNA expres.sion in. clinica} specimens or G?M QRT-PCR or Western blot of tissue
B tissues (e.g., by qRT-PCR or western blotting), with the immune mechanism K L 2 11.1% (1.4-34.7)
) X . expression; mechanism inferred
inferred computationally rather than directly tested.
Computational evidence only, including transcriptomic correlation, immune TCGA/CGGA signature modeling;
C deconvolution, pathway enrichment, or survival modeling, without experimental CIBERSORT or ssGSEA; ceRNA 5 27.8% (9.7-53.5)
validation of the proposed immune function. networks
The functional mechanism established in non-GBM immune cells provides a Mechanistic studies in murine and
At . - . . 1 5.6% (0.1-27.3)
mechanistic framework that has not yet been demonstrated in glioblastoma. human immune cells (review)

Proportions of the 18 studies, with 95% Clopper-Pearson exact confidence intervals. A Grade A reflects mechanistic depth within a single study and does not denote independent replication.
Among the ten Grade A studies, none have been independently replicated in GBM (0/10, 95% CI 0.0-30.8). ¥ Mechanism established in non-GBM immune cells.

studies (72.2%, 95% CI 46.5-90.3). However, an exact binomial test
against an equal distribution was not statistically significant (p =
0.096), indicating that the apparent dominance of experimentally
grounded work does not provide sufficient statistical evidence that
experimentally supported studies predominate over computational
studies at the current sample size. Third, and most important,
independent replication among the ten Grade A studies is zero (0/
10, 95% CI 0.0-30.8): every mechanistic claim rests on a single
group, cohort, and model system. Depth of evidence within studies
is therefore high, while reproducibility across studies is unestab-
lished, and the two must be reported together to avoid overstat-
ing maturity.

Overall, the available evidence supports the biological relevance
of immune-related IncRNAs in glioblastoma, but it remains insuf-
ficient to establish causal regulatory networks for most candidate
molecules. Consistent with both the quantitative analyses and the
qualitative assessment presented in this review, future work should
prioritize independent replication of mechanistic findings,

prospective validation of predictive biomarkers, and immune cell-
resolved functional studies to establish the causal roles of IncRNAs
that are currently supported primarily by statistical associations.

8 Mechanisms of IncRNAs delivery to
the brain and their limitations

The optimal nanoparticle design for transporting therapeutic
IncRNAs across the BBB must account for the specific requirements
for RNA stabilization and release, as well as the structural and
functional challenges posed by this selective barrier (198). To ensure
that the nanoparticle can pass through the small gaps between BBB
cells without triggering immune clearance, it must first be engi-
neered to a size typically between 10 and 100 nanometers (199).
Another factor is shape; spherical or slightly elongated
nanoparticles frequently exhibit the longest circulation times and
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the strongest interactions with BBB transport receptors (198).
Additionally, the surface charge is important; a near-neutral or
slightly positive charge improves BBB traversal by electrostatically
interacting with the BBB’s negatively charged cellular membranes
without risking rapid removal from circulation due to excessive
positive charge (198). The surface of the nanoparticle can be
modified with ligands or antibodies specific to receptors widely
present on BBB endothelial cells, such as transferrin or insulin
receptors, to enable receptor-mediated transcytosis and active
targeting (198). Applying polyethylene glycol (PEG) or other
hydrophilic polymers to the nanoparticle also helps “camouflage”
it from the immune system, extending its circulation and increasing
the likelihood of crossing the BBB (198).

The core of the nanoparticle must shield the RNA payload from
enzymatic degradation in circulation and provide regulated release
upon reaching target cells, thereby delivering IncRNA (198).
Utilizing biocompatible and biodegradable materials, such as
lipid- or polymer-based matrices that release the IncRNA in
response to triggers like pH or enzymatic conditions present in
GBM cells, is necessary for this (198). Additionally, for the
nanoparticle to deliver sufficient IncRNA for efficient gene silencing
or regulation, it must achieve high encapsulation efficiency (200).
The nanoparticle should encourage cellular absorption by GBM
cells once it has crossed the BBB (199). This is frequently accom-
plished by surface changes that attach to markers unique to GBM
(199). The release of IncRNA in the acidic tumor microenviron-
ment or upon internalization into GBM cells can be maximized by
incorporating stimuli-responsive features, such as pH-sensitive
bonds (200). To ensure accurate, efficient, and secure delivery to
brain tumor cells, the ideal nanoparticle for IncRNA distribution
across the BBB would combine size, shape, surface changes,
immune evasion, targeting capabilities, and payload stability
(200). However, delivering IncRNAs to target GBM in the brain
poses substantial obstacles, owing to the complex anatomical and
physiological barriers of the central nervous system (25).

The large size and structural complexity of IncRNAs make
transport across the BBB much more problematic (26).
Furthermore, the heterogeneity of GBM tumors complicates the
issue, as distinct subpopulations of tumor cells may respond
differently to IncRNA-based treatments, making it challenging to
achieve consistent therapeutic outcomes (26). In addition, IncRNAs
are susceptible to degradation by nucleases in circulation, leading to
rapid clearance and reduced bioavailability at the tumor site (25).
This requires the development of efficient delivery technologies that
preserve IncRNAs from degradation and ensure their targeted
delivery to glioma cells (201). Moreover, nanoparticles are rapidly
cleared by the immune system, limiting their circulation time and
reducing the likelihood of successful delivery to the brain (202).
When nanoparticles reach the target region, they may become
trapped in endosomes, blocking the release of IncRNAs into the
cell cytoplasm or nucleus (202). Also, concerns about nanoparticle
biocompatibility and toxicity persist, as certain materials may elicit
immunological responses or neuroinflammation, leading to further
brain injury (202). Lastly, the challenge of scaling nanoparticle
manufacturing while maintaining consistency is also a barrier to
clinical use (203).
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A key yet often neglected delivery challenge is that IncRNAs
exhibit physicochemical characteristics that are fundamentally
distinct from those of conventional small-molecule chemotherapies,
such as temozolomide (203). Unlike small molecules, which are
compact, relatively stable compounds capable of passive membrane
diffusion, IncRNAs are large polyanionic transcripts ranging from
approximately 200 nucleotides to several kilobases in length (204,
205). Their massive molecular size, dense negative charge along the
phosphodiester backbone, and complex tertiary folding structures
collectively prevent passive diffusion across any biological mem-
brane (203, 206). Naked RNA molecules exhibit a short circulatory
half-life due to rapid degradation by endogenous serum nucleases
and reticuloendothelial clearance, posing major obstacles to sys-
temic therapeutic delivery (207). Even upon cellular uptake,
IncRNAs are prone to endosomal sequestration, blocking their
release into the cytoplasm or nucleus where they exert their
regulatory functions (201). These IncRNA-specific physicochemical
properties make the engineering of an effective delivery vehicle
substantially more demanding than for conventional chemother-
apy (203).

To address these challenges, nanocarriers such as liposomes,
nanoparticles, or viral vectors can be engineered to cross the BBB
and deliver IncRNAs directly to the tumor (203). On the other hand,
even these solutions have limitations (203).

8.1 Different types of nanoparticles and
their limitations

Lipid-based nanoparticles, such as liposomes and solid lipid
nanoparticles (SLNs), have shown promise in drug delivery systems
but face several limitations (Figure 6) (208). Liposomes, despite
their biocompatibility and ability to encapsulate both hydrophilic
and hydrophobic drugs, suffer from low structural stability, which
can lead to premature drug release (209). Additionally, they are
rapidly cleared from circulation by the reticuloendothelial system
(RES), particularly macrophages in the liver and spleen, thereby
shortening their half-life and reducing therapeutic efficacy (208).
SLNs, while offering greater stability than liposomes, often exhibit
drug expulsion during storage and have limited penetration across
the BBB, making it difficult for these systems to deliver therapeutic
agents to the brain efficiently (209).

Polymeric nanoparticles, including those made from poly
(lactic-co-glycolic acid) (PLGA) and chitosan, are another popular
drug-delivery vehicle but also come with their own set of challenges
(210). PLGA nanoparticles degrade slowly, which can result in
prolonged retention of the delivery vehicle in the body, potentially
leading to unwanted accumulation in non-target tissues (211).
Additionally, acidic by-products of PLGA degradation can trigger
local inflammatory responses and adversely affect drug-release
kinetics (211). Chitosan nanoparticles, known for their biocompat-
ibility and mucoadhesive properties, can elicit immune responses
and exhibit inconsistent drug-release profiles, often releasing drugs
either too slowly or too rapidly, thereby limiting their effective-
ness (212).

Dendrimers, highly branched, nanoscale polymers, are advan-
tageous due to their precise structure and high drug-loading
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FIGURE 6

Nanoparticle-mediated delivery across the BBB for targeting GBM cells. Nanoparticles, including liposomes, polymeric nanoparticles, dendrimers,
viral vectors, and other delivery systems, are designed to traverse the BBB, a selective barrier that restricts most substances from entering the brain.
After crossing the BBB, the nanoparticles undergo endocytosis, enabling cellular uptake by GBM cells. This approach holds promise for delivering
targeted treatments directly to GBM, potentially improving therapeutic efficacy.

capacity (213). However, their highly functional surface groups,
which enable multivalent drug conjugation, can lead to toxicity,
particularly when cationic dendrimers interact with negatively
charged cell membranes, thereby causing membrane disruption
and cytotoxicity (213). Moreover, dendrimer synthesis is complex,
requiring multiple labor-intensive steps to control size and branch-
ing, which makes scaling up production difficult and costly (213).

Gold nanoparticles (AuNPs) are widely studied for their tunable
size, shape, and surface properties, offering versatility for a range of
biomedical applications (214). However, their tendency to accu-
mulate in non-target organs, particularly the liver and spleen, poses
a significant risk of long-term toxicity (215). Additionally, at higher
doses, AuNPs can induce oxidative stress and cellular damage,
further compounding their toxicity concerns (216). Their produc-
tion cost is also prohibitive, as the acquisition and functionalization
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of AuNPs are costly, limiting their widespread clinical applica-
tion (214).

Metallic nanoparticles, such as iron oxide nanoparticles, are
gaining attention for their potential in magnetic targeting and
hyperthermia treatments (217). However, they face significant
challenges due to the shallow penetration depth of magnetic
fields, which limits their effectiveness in deeper tissues and organs
(218). Furthermore, iron-based magnetic nanoparticles can un-
dergo oxidative stress, generating reactive oxygen species (ROS)
that may cause cytotoxicity and interfere with normal cellular
processes (218). This limits their safe application in vivo without
additional surface modifications or antioxidant strategies (218).
Together, these nanoparticle systems (Figure 6), while promising
for various biomedical applications, face substantial hurdles in
stability, toxicity, and efficient drug delivery, especially in
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challenging environments such as the central nervous system and
non-target tissues (210).

8.2 Different types of viral vectors and their
limitations

Viral vectors, though capable of highly efficient gene transfer,
come with a variety of technical and safety challenges that compli-
cate their use in GBM therapy, particularly for delivering IncRNAs
(219). A major limitation of these vectors is the risk of immuno-
genicity (the ability to trigger a host immune response) (219). This
can lead to rapid clearance of viral vectors from circulation,
reducing their therapeutic efficacy and triggering adverse immune
reactions (219). Additionally, the risk of insertional mutagenesis, in
which the viral genome integrates into the host DNA at unintended
sites, may disrupt essential genes and potentially induce oncogen-
esis (220). Viral vectors also have limited cargo capacities, which
restrict the delivery of larger therapeutic molecules, including many
IncRNAs that exceed their packaging limits (220).

Adeno-associated viruses (AAVs) are a popular choice for gene
therapy due to their relatively low immunogenicity, high efficiency
in transducing non-dividing cells, and ability to cross the BBB
(221). Certain AAV serotypes, such as AAVY, are particularly adept
at targeting neurons and glial cells, making them attractive for
neurological diseases like GBM (222). However, AAVs have a
limited cargo capacity of approximately 4.7 kb, which constrains
their ability to carry larger IncRNAs or more complex regulatory
elements required for precise gene modulation (223). Furthermore,
pre-existing immunity to AAVs, arising from prior exposure to
wild-type viruses in the human population, can reduce their
therapeutic effectiveness, as neutralizing antibodies may target
and eliminate the vectors before they reach the brain (224).

Lentiviral vectors (LVs) offer the advantage of integrating into
the host genome, enabling long-term, stable expression of thera-
peutic transgenes, including larger IncRNAs (225). LVs can carry
inserts up to approximately 8-10 kb, making them suitable for
larger genetic elements (225). However, the ability of lentiviruses to
integrate into the genome raises concerns about insertional muta-
genesis, as integration at unintended genomic sites could disrupt
critical genes and potentially lead to malignancies (225).
Additionally, lentiviruses can elicit immune responses, particularly
in immunocompromised individuals, complicating their safe use in
GBM therapy (225). Adenoviruses, in contrast to AAVs and
lentiviruses, have a much larger cargo capacity (up to ~36 kb),
enabling delivery of larger payloads, including substantial IncRNAs,
regulatory sequences, and additional therapeutic elements (226).
Adenoviruses are non-integrating, which reduces the risk of inser-
tional mutagenesis (226). However, they are highly immunogenic,
provoking strong innate and adaptive immune responses that can
lead to rapid vector clearance and inflammation (226). These
immune reactions may limit the therapeutic window of adenovi-
ruses, reducing their efficacy in long-term applications and increas-
ing the risk of adverse side effects (226).

Herpes simplex virus (HSV) vectors offer among the largest
cargo capacities (~150 kb), making them ideal for delivering very
large genetic elements, such as full-length IncRNAs and other
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complex constructs (227). HSVs naturally target neurons, which
makes them particularly useful for neuro-oncological applications
(227). However, HSV vectors face significant hurdles due to
neurotoxicity unless properly engineered to reduce virulence
(227). They also elicit strong immune responses, which can lead
to inflammation and rapid vector clearance, potentially negating
their therapeutic benefits (227). In summary, while viral vectors
offer significant advantages in the efficient delivery of IncRNAs to
GBM cells, the challenges of BBB penetration, off-target effects,
immune responses, and controlled gene expression must be care-
fully addressed to optimize their use (210). Advances in vector
engineering, such as reducing immunogenicity, enhancing cell-
specific targeting, and optimizing payload capacity, are essential
to fully unlock the potential of viral vectors in IncRNA-based GBM
therapies (210).

8.3 Delivery of IncRNAs therapeutics for
GBM treatment

Despite these challenges, several proof-of-concept studies have
demonstrated the feasibility of nanoparticle-mediated IncRNA
targeting in glioblastoma. For example, MALAT1, an oncogenic
IncRNA implicated in glioma progression and chemoresistance, has
been successfully targeted using a receptor-directed nanocomplex
carrying anti-MALAT1 siRNA (228). In preclinical glioblastoma
models, nanocomplex-mediated MALAT]1 silencing enhanced the
antitumor efficacy of temozolomide and improved therapeutic
outcomes compared with conventional treatment alone, providing
evidence that nanoparticle-based delivery systems can effectively
modulate IncRNA expression in vivo and overcome therapeutic
resistance (228). This study highlights the potential of nanotech-
nology-enabled IncRNA-targeted therapeutics strategies for glio-
blastoma (228).

Another example of nanoparticle-mediated IncRNA targeting
in GBM is the delivery of siRNA against the IncRNA
NONHSATI59592.1 using nanoparticle-based systems. This ap-
proach enabled the efficient silencing of NONHSAT159592.1 in
GBM cells, resulting in significant inhibition of tumor-promoting
behaviors, including cell proliferation, migration, and invasion.
Mechanistically, NONHSAT159592.1 silencing suppressed the
ITGA3/FAK/PI3K/AKT signaling pathway, which is involved in
regulating cancer cell survival, growth, and invasive capacity (229).
In vivo, nanoparticle-mediated delivery of si-NONHSAT159592.1
reduced glioblastoma tumor progression, highlighting the potential
of nanoparticle-based IncRNA targeting as a therapeutic strategy for
GBM treatment (229). Although numerous IncRNAs have been
implicated in glioblastoma pathogenesis, only a limited number of
studies have evaluated nanoparticle-mediated IncRNA targeting in
vivo. Consequently, the development of delivery platforms capable
of efficient BBB penetration, tumor-specific accumulation, and
intracellular release remains a major challenge for the clinical
translation of IncRNA-based therapeutics in GBM.

Viral vector systems in glioblastoma have mainly been used as
experimental gene-silencing tools for functional investigation of
IncRNAs rather than as established therapeutic delivery platforms.
In this context, most available evidence relies on RNA interference-
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based knockdown approaches in preclinical GBM models, without
translation into clinically validated viral IncRNA therapies. The
oncogenic IncRNA IncHERG has been functionally studied in
glioblastoma using knockdown approaches, where its suppression
reduced glioma cell proliferation, migration, and invasion while
increasing apoptosis, supporting its role in GBM malignancy (230).
Importantly, although these findings demonstrate that IncRNA
expression can be effectively modulated in preclinical GBM systems,
current studies remain restricted to basic functional knockdown
experiments rather than translational in vivo applications.
Consequently, very limited evidence exists linking viral vectors to
clinically relevant, IncRNA-targeted therapeutic delivery platforms
in GBM.

9 Conclusion

Compared with other invasive GBM diagnostic methods, cir-
culating genetic biomarkers are easier, faster, and more cost-
effective. These biomarkers offer a promising approach to diagnosis,
treatment, and prognosis, and to avoiding unnecessary chemother-
apy by early identification of potential chemoresistance. LncRNAs
have shown a strong correlation with GBM diagnosis, prognosis,
and tumor grading, suggesting additional mechanisms underlying
chemoresistance that require further investigation. This opens up
the potential for these biomarkers to be used clinically to reduce the
need for invasive procedures, aid in diagnosing and treating patients
with chemoresistant GBM, and target specific IncRNAs associated
with chemoresistance. LncRNAs have proven to be valuable for
diagnostic and prognostic applications. Excessive experimental and
clinical studies are necessary to identify the most sensitive and
specific markers associated with high plasma levels in GBM
subtypes and aggressiveness, and to explore the feasibility of using
IncRNAs as a quick, easy, and noninvasive diagnostic and thera-
peutic approach for GBM. Incorporating IncRNAs into diagnostic
and prognostic strategies may improve GBM patient care by
enhancing precision medicine. The use of IncRNA-based biomark-
ers for both early detection and prognosis supports a dual-purpose
model that can improve patient stratification and early diagnosis
before clinical manifestations. Serving as reliable molecular indica-
tors, IncRNAs show promise as non-invasive liquid biopsy tests that
not only confirm GBM but also inform clinicians about disease
progression (178).

Future research should move beyond identifying individual
oncogenic or tumor-suppressive IncRNAs and focus on under-
standing how IncRNA networks coordinate immune evasion within
the glioblastoma microenvironment. Targeting immunomodula-
tory IncRNAs may represent a complementary strategy to enhance
immune recognition and overcome resistance to current immuno-
therapies. While IncRNAs hold great potential as therapeutic agents
for GBM due to their ability to regulate oncogenic pathways and
modulate the tumor microenvironment, their delivery in the brain
faces numerous obstacles (203). Overcoming the BBB, ensuring
targeted and efficient delivery, preventing off-target effects, and
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developing stable and effective delivery systems are key areas that
require further research (231).

Author contributions

NE: Conceptualization, Writing - original draft, Writing -
review & editing. JS: Writing — original draft, Writing — review &
editing. YE-S: Writing - original draft, Writing - review & editing.
YY: Writing - original draft, Writing - review & editing. HI:
Writing - original draft, Writing - review & editing. RA:
Writing - original draft, Writing - review & editing. RY:
Conceptualization, Writing - original draft, Writing - review
& editing.

Funding

The author(s) declared that financial support was not received
for this work and/or its publication.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The reviewer CK declared a past co-authorship with the authors
NE and RA to the handling editor.

Generative Al statement

The author(s) declared that generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organiza-
tions, or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may be
made by its manufacturer, is not guaranteed or endorsed by
the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1887815
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elemam et al.

References

1. Lee C-H, K-WJ, Yoo H, Park S, Lee SH. Epidemiology of primary brain and central
nervous system tumors in Korea. J Korean Neurosurgical Soc. (2010) 48:145-52.
doi: 10.3340/jkns.2010.48.2.145

2. Bondy ML, Scheurer ME, Malmer B, Barnholtz-Sloan JS, Davis FG, Il'yasova D, et al.
Brain tumor epidemiology: Consensus from the Brain Tumor Epidemiology
Consortium. Cancer. (2008) 113:1953-68. doi: 10.1002/cncr.23741

3. Colopi A, Fuda S, Santi S, Onorato A, Cesarini V, Salvati M, et al. Impact of age and
gender on glioblastoma onset, progression, and management. Mech Ageing Dev. (2023)
211:111801. doi: 10.1016/j.mad.2023.111801

4. Ostrom QT, Gittleman H, Farah P, Ondracek A, Chen Y, Wolinsky Y, et al. Cbtrus
statistical report: Primary brain and central nervous system tumors diagnosed in the
United States in 2006-2010. Neuro Oncol. (2013) 15 Suppl 2:ii1-ii56. doi: 10.1093/
neuonc/notl151

5. Korja M, Raj R, Seppa K, Luostarinen T, Malila N, Seppala M, et al. Glioblastoma
survival is improving despite increasing incidence rates: A nationwide study between
2000 and 2013 in Finland. Neuro Oncol. (2019) 21:370-9. doi: 10.1093/neuonc/noyl64

6. Fabbro-Peray P, Zouaoui S, Darlix A, Fabbro M, Pallud J, Rigau V, et al. Association
of patterns of care, prognostic factors, and use of radiotherapy-temozolomide therapy
with survival in patients with newly diagnosed glioblastoma: A French national
population-based study. J Neuro-Oncol. (2019) 142:91-101. doi: 10.1007/s11060-018-
03065-z

7. Arora RS, Alston RD, Eden TO, Estlin EJ, Moran A, Birch JM. Age-incidence
patterns of primary cns tumors in children, adolescents, and adults in England. Neuro
Oncol. (2009) 11:403-13. doi: 10.1215/15228517-2008-097

8. Philips A, Henshaw DL, Lamburn G, O'Carroll MJ. Brain tumours: Rise in
glioblastoma multiforme incidence in England 1995-2015 suggests an adverse envi-
ronmental or lifestyle factor. J Environ Public Health. (2018) 2018:7910754.
doi: 10.1155/2018/7910754

9. Bell JS, Koffie RM, Rattani A, Dewan MC, Baticulon RE, Qureshi MM, et al. Global
incidence of brain and spinal tumors by geographic region and income level based on
cancer registry data. J Clin Neurosci. (2019) 66:121-7. doi: 10.1016/j.jocn.2019.05.003

10. Salem A, Hashem SA, Al-Rashdan A, Ezam N, Nour A, Alsharbaji A, et al. The
challenges of managing glioblastoma multiforme in developing countries: A trade-off
between cost and quality of care. Hematol Oncol Stem Cell Ther. (2011) 4:116-20.
doi: 10.5144/1658-3876.2011.116

11. Enam S, Abdullah HU, Laghari A, Khalid M, Rashid H, Jabbar A, et al. Current
management of glioma in Pakistan. Glioma. (2019) 2:139-44. doi: 10.4103/
glioma.glioma_15_19

12. Brown NF, Ottaviani D, Tazare J, Gregson J, Kitchen N, Brandner S, et al. Survival
outcomes and prognostic factors in glioblastoma. Cancers (Basel). (2022) 14:3161.
doi: 10.3390/cancers14133161

13. Aldape K, Brindle KM, Chesler L, Chopra R, Gajjar A, Gilbert MR, et al. Challenges
to curing primary brain tumours. Nat Rev Clin Oncol. (2019) 16:509-20. doi: 10.1038/
s41571-019-0177-5

14. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, et al. The
2021 who classification of tumors of the central nervous system: A summary. Neuro
Oncol. (2021) 23:1231-51. doi: 10.1093/neuonc/noab106

15. Zhang P, Xia Q, Liu L, Li S, Dong L. Current opinion on molecular characterization
for gbm classification in guiding clinical diagnosis, prognosis, and therapy. Front Mol
Biosci. (2020) 7:562798. doi: 10.3389/fmolb.2020.562798

16. Yang K, Wu Z, Zhang H, Zhang N, Wu W, Wang Z, et al. Glioma targeted therapy:
Insight into future of molecular approaches. Mol Cancer. (2022) 21:39. doi: 10.1186/
§12943-022-01513-z

17. Neftel C, Laffy J, Filbin MG, Hara T, Shore ME, Rahme GJ, et al. An integrative
model of cellular states, plasticity, and genetics for glioblastoma. Cell. (2019) 178:835—
849.e21. doi: 10.1016/j.cell.2019.06.024

18. Ohba S, Kuwahara K, Yamada S, Abe M, Hirose Y. Correlation between idh, atrx,
and tert promoter mutations in glioma. Brain Tumor Pathol. (2020) 37:33-40.
doi: 10.1007/s10014-020-00360-4

19. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, Cavenee
WK, et al. The 2016 world health organization classification of tumors of the central
nervous system: A summary. Acta Neuropathol. (2016) 131:803-20. doi: 10.1007/
s00401-016-1545-1

20. Melhem JM, Detsky J, Lim-Fat MJ, Perry JR. Updates in idh-wildtype glioblastoma.
Neurotherapeutics. (2022) 19:1705-23. doi: 10.1007/s13311-022-01251-6

21. Brat DJ, Aldape K, Colman H, Figrarella-Branger D, Fuller GN, Giannini C, et al.
Cimpact-now update 5: Recommended grading criteria and terminologies for idh-
mutant astrocytomas. Acta Neuropathol. (2020) 139:603-8. doi: 10.1007/s00401-020-
02127-9

22. Ellingson BM, Bendszus M, Boxerman J, Barboriak D, Erickson BJ, Smits M, et al.
Consensus recommendations for a standardized brain tumor imaging protocol in
clinical trials. Neuro Oncol. (2015) 17:1188-98. doi: 10.1093/neuonc/nov095

Frontiers in Immunology

10.3389/fimmu.2026.1887815

23. Mansouri A, Hachem LD, Mansouri S, Nassiri F, Laperriere NJ, Xia D, et al. Mgmt
promoter methylation status testing to guide therapy for glioblastoma: Refining the
approach based on emerging evidence and current challenges. Neuro Oncol. (2019)
21:167-78. doi: 10.1093/neuonc/noy132

24. Bagheri-Mohammadi S, Karamivandishi A, Mahdavi SA, Siahposht-Khachaki A.
New sights on long non-coding rnas in glioblastoma: A review of molecular mecha-
nism. Heliyon. (2024) 10:e39744. doi: 10.1016/j.heliyon.2024.e39744

25. Hazra R, Debnath R, Tuppad A. Glioblastoma stem cell long non-coding rnas:
Therapeutic perspectives and opportunities. Front Genet. (2024) 15:1416772.
doi: 10.3389/fgene.2024.1416772

26. Singh S, Dey D, Barik D, Mohapatra I, Kim S, Sharma M, et al. Glioblastoma at the
crossroads: Current understanding and future therapeutic horizons. Signal Transduct
Target Ther. (2025) 10:213. doi: 10.1038/s41392-025-02299-4

27. Liu JH, Horiachok M, Guru S, Maire CL. Unraveling glioblastoma heterogeneity:
Advancing immunological insights and therapeutic innovations. Brain Sci. (2025)
15:833. doi: 10.3390/brainscil 5080833

28. van Tellingen O, Yetkin-Arik B, de Gooijer MC, Wesseling P, Wurdinger T, de
Vries HE. Overcoming the blood-brain tumor barrier for effective glioblastoma
treatment. Drug Resist Update. (2015) 19:1-12. doi: 10.1016/j.drup.2015.02.002

29. Schonfeld E, Choi J, Tran A, Kim LH, Lim M. The landscape of immune
checkpoint inhibitor clinical trials in glioblastoma: A systematic review. Neuro-Oncol
Adyv. (2024) 6:vdael74. doi: 10.1093/noajnl/vdael74

30. Consortium THGS. Initial sequencing and analysis of the human genome. Nature.
(2001) 409:860-921. doi: 10.1038/35079657

31. Slack FJ, Chinnaiyan AM. The role of non-coding rnas in oncology. Cell. (2019)
179:1033-55. doi: 10.1016/j.cell.2019.10.017

32. Yi S, Li G, Sun B. Overexpression of 1inc00852 promotes prostate cancer cell
proliferation and metastasis. Asia Pac ] Clin Oncol. (2021) 17:435-41. doi: 10.1111/
ajco.13418

33. Sun J, Zheng G, Gu Z, Guo Z. Mir-137 inhibits proliferation and angiogenesis of
human glioblastoma cells by targeting ezh2. J Neuro-Oncol. (2015) 122:481-9.
doi: 10.1007/s11060-015-1753-x

34. Chen HN, Shu Y, Liao F, Liao X, Zhang H, Qin Y, et al. Genomic evolution and
diverse models of systemic metastases in colorectal cancer. Gut. (2022) 71:322-32.
doi: 10.1136/gutjnl-2020-323703

35. Khajehdehi M, Khalaj-Kondori M, Ghasemi T, Jahanghiri B, Damaghi M. Long
noncoding rnas in gastrointestinal cancer: Tumor suppression versus tumor promo-
tion. Dig Dis Sci. (2021) 66:381-97. doi: 10.1007/s10620-020-06200-x

36. Balachandran AA, Larcher LM, Chen S, Veedu RN. Therapeutically significant
micrornas in primary and metastatic brain Malignancies. Cancers (Basel). (2020)
12:2534. doi: 10.3390/cancers12092534

37. Reinhart BJ, FJS, Basson M, Pasquinelli AE, Bettinger JC, Rougvie AE, et al. The 21-
nucleotide let-7 rna regulates developmental timing in caenorhabditis elegans. Nature.
(2000) 403:901-6. doi: 10.1038/35002607

38. Yang CH, Yue J, Pfeffer SR, Fan M, Paulus E, Hosni-Ahmed A, et al. Microrna-21
promotes glioblastoma tumorigenesis by down-regulating insulin-like growth factor-binding
protein-3 (igtbp3). J Biol Chem. (2014) 289:25079-87. doi: 10.1074/jbc.M114.593863

39. Yang CH, Wang Y, Sims M, Cai C, Pfeffer LM. Microrna-1 suppresses glioblastoma
in preclinical models by targeting fibronectin. Cancer Lett. (2019) 465:59-67.
doi: 10.1016/j.canlet.2019.08.021

40. Meng S, Zhou H, Feng Z, Xu Z, Tang Y, Li P, et al. Circrna: Functions and
properties of a novel potential biomarker for cancer. Mol Cancer. (2017) 16:94.
doi: 10.1186/s12943-017-0663-2

41. Mitra A, Pfeifer K, Park KS. Circular rnas and competing endogenous rna (cerna)
networks. Transl Cancer Res. (2018) 7:5624-8. doi: 10.21037/tcr.2018.05.12

42. Tan C, Wei J, Li Z, Tian N, Wang Z, Wang G, et al. Circ_0021350 plays an
oncogene role by regulating mir-1207-3p/pik3r3 in glioblastoma. BMC Cancer. (2023)
23:808. doi: 10.1186/512885-023-11263-w

43. Wang H, Bian C, Zhang Y, Zhang L, Wang F. Circular rnas in glioma progression:
Fundamental mechanisms and therapeutic potential: A review. Int ] Biol Macromol.
(2025) 313:144360. doi: 10.1016/j.ijbiomac.2025.144360

44. Wu H, Yang L, Chen LL. The diversity of long noncoding rnas and their
generation. Trends Genet. (2017) 33:540-52. doi: 10.1016/j.tig.2017.05.004

45. Ward M, McEwan C, Mills JD, Janitz M. Conservation and tissue-specific
transcription patterns of long noncoding rnas. ] Hum Transcr. (2015) 1:2-9.
doi: 10.3109/23324015.2015.1077591

46. Taft R], Pheasant M, Mattick JS. The relationship between non-protein-coding dna
and eukaryotic complexity. Bioessays. (2007) 29:288-99. doi: 10.1002/bies.20544

47. Clark BS, Blackshaw S. Understanding the role of Incrnas in nervous system
development. Adv Exp Med Biol. (2017) 1008:253-82. doi: 10.1007/978-981-10-5203-3_9

frontiersin.org


https://doi.org/10.3340/jkns.2010.48.2.145
https://doi.org/10.1002/cncr.23741
https://doi.org/10.1016/j.mad.2023.111801
https://doi.org/10.1093/neuonc/not151
https://doi.org/10.1093/neuonc/not151
https://doi.org/10.1093/neuonc/noy164
https://doi.org/10.1007/s11060-018-03065-z
https://doi.org/10.1007/s11060-018-03065-z
https://doi.org/10.1215/15228517-2008-097
https://doi.org/10.1155/2018/7910754
https://doi.org/10.1016/j.jocn.2019.05.003
https://doi.org/10.5144/1658-3876.2011.116
https://doi.org/10.4103/glioma.glioma_15_19
https://doi.org/10.4103/glioma.glioma_15_19
https://doi.org/10.3390/cancers14133161
https://doi.org/10.1038/s41571-019-0177-5
https://doi.org/10.1038/s41571-019-0177-5
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.3389/fmolb.2020.562798
https://doi.org/10.1186/s12943-022-01513-z
https://doi.org/10.1186/s12943-022-01513-z
https://doi.org/10.1016/j.cell.2019.06.024
https://doi.org/10.1007/s10014-020-00360-4
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1007/s13311-022-01251-6
https://doi.org/10.1007/s00401-020-02127-9
https://doi.org/10.1007/s00401-020-02127-9
https://doi.org/10.1093/neuonc/nov095
https://doi.org/10.1093/neuonc/noy132
https://doi.org/10.1016/j.heliyon.2024.e39744
https://doi.org/10.3389/fgene.2024.1416772
https://doi.org/10.1038/s41392-025-02299-4
https://doi.org/10.3390/brainsci15080833
https://doi.org/10.1016/j.drup.2015.02.002
https://doi.org/10.1093/noajnl/vdae174
https://doi.org/10.1038/35079657
https://doi.org/10.1016/j.cell.2019.10.017
https://doi.org/10.1111/ajco.13418
https://doi.org/10.1111/ajco.13418
https://doi.org/10.1007/s11060-015-1753-x
https://doi.org/10.1136/gutjnl-2020-323703
https://doi.org/10.1007/s10620-020-06200-x
https://doi.org/10.3390/cancers12092534
https://doi.org/10.1038/35002607
https://doi.org/10.1074/jbc.M114.593863
https://doi.org/10.1016/j.canlet.2019.08.021
https://doi.org/10.1186/s12943-017-0663-2
https://doi.org/10.21037/tcr.2018.05.12
https://doi.org/10.1186/s12885-023-11263-w
https://doi.org/10.1016/j.ijbiomac.2025.144360
https://doi.org/10.1016/j.tig.2017.05.004
https://doi.org/10.3109/23324015.2015.1077591
https://doi.org/10.1002/bies.20544
https://doi.org/10.1007/978-981-10-5203-3_9
https://doi.org/10.3389/fimmu.2026.1887815
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elemam et al.

48. Bolha L, Ravnik-Glavac M, Glavac D. Long noncoding rnas as biomarkers in
cancer. Dis Markers. (2017) 2017:7243968. doi: 10.1155/2017/7243968

49. Youness RA, Gad MZ. Long non-coding rnas: Functional regulatory players in
breast cancer. Non-coding RNA Res. (2019) 4:36-44. doi: 10.1016/j.ncrna.2019.01.003

50. Ma L, Bajic VB, Zhang Z. On the classification of long non-coding rnas. RNA Biol.
(2013) 10:925-33. doi: 10.4161/rna.24604

51. Wright MW. A short guide to long non-coding rna gene nomenclature. Hum
Genomics. (2014) 8:7. doi: 10.1186/1479-7364-8-7

52. Frankish A, Carbonell-Sala S, Diekhans M, Jungreis I, Loveland JE, Mudge JM,
et al. Gencode: reference annotation for the human and mouse genomes in 2023.
Nucleic Acids Res. (2023) 51:D942-D9. doi: 10.1093/nar/gkac1071

53. Bridges MC, Daulagala AC, Kourtidis A. Lnccation: Incrna localization and
function. J Cell Biol. (2021) 220:¢202009045. doi: 10.1083/jcb.202009045

54. Liu Y, Ding W, Yu W, Zhang Y, Ao X, Wang J. Long non-coding rnas: biogenesis,
functions, and clinical significance in gastric cancer. Mol Ther Oncolytics. (2021)
23:458-76. doi: 10.1016/j.0mt0.2021.11.005

55. Inagaki M, Abe N, Li Z, Nakashima Y, Acharyya S, Ogawa K, et al. Cap analogs
with a hydrophobic photocleavable tag enable facile purification of fully capped mrna
with various cap structures. Nat Commun. (2023) 14:2657. doi: 10.1038/s41467-023-
38244-8

56. Kramer B, Nalin AP, Ma F, Eickhoft S, Lutz P, Leonardelli S, et al. Single-cell rna
sequencing identifies a population of human liver-type ilcls. Cell Rep. (2023)
42:111937. doi: 10.1016/j.celrep.2022.111937

57. Fair B, Buen Abad Najar CF, Zhao ], Lozano S, Reilly A, Mossian G, et al. Global
impact of unproductive splicing on human gene expression. Nat Genet. (2024)
56:1851-61. doi: 10.1038/s41588-024-01872-x

58. Basu K, Dey A, Kiran M. Inefficient splicing of long non-coding rnas is associated
with higher transcript complexity in human and mouse. RNA Biol. (2023) 20:563-72.
doi: 10.1080/15476286.2023.2242649

59. Kang D, Baek Y, Lee JS. Mechanisms of rna and protein quality control and their
roles in cellular senescence and age-related diseases. Cells. (2022) 11:4062. doi: 10.3390/
cells11244062

60. Katsushima K, Jallo G, Eberhart CG, Perera R]. Long non-coding rnas in brain
tumors. NAR Cancer. (2021) 3:zcaa041. doi: 10.1093/narcan/zcaa041

61. Quinn JJ, Chang HY. Unique features of long non-coding rna biogenesis and
function. Nat Rev Genet. (2016) 17:47-62. doi: 10.1038/nrg.2015.10

62. Arun G, Aggarwal D, Spector DL. Malatl long non-coding rna: functional
implications. Noncoding RNA. (2020) 6:22. doi: 10.3390/ncrna6020022

63. Pokorna M, Cerna M, Boussios S, Ovsepian SV, O'Leary VB. Lncrna biomarkers of
glioblastoma multiforme. Biomedicines. (2024) 12:932. doi: 10.3390/biomedi-
cines12050932

64. Goenka A, Tiek DM, Song X, Iglesia RP, Lu M, Hu B, et al. The role of non-coding
rnas in glioma. Biomedicines. (2022) 10:2031. doi: 10.3390/biomedicines10082031

65. Zhang J, Chen G, Gao Y, Liang H. Hotair/mir-125 axis-mediated hexokinase 2
expression promotes chemoresistance in human glioblastoma. J Cell Mol Med. (2020)
24:5707-17. doi: 10.1111/jcmm.15233

66. Liang J, Liu C, Xu D, Xie K, Li A. Lncrna neat] facilitates glioma progression via
stabilizing pgkl. J Transl Med. (2022) 20:80. doi: 10.1186/s12967-022-03273-2

67. Li W, Jiang P, Sun X, Xu S, Ma X, Zhan R. Suppressing h19 modulates
tumorigenicity and stemness in u251 and u87mg glioma cells. Cell Mol Neurobiol.
(2016) 36:1219-27. doi: 10.1007/s10571-015-0320-5

68. Mineo M, Ricklefs F, Rooj AK, Lyons SM, Ivanov P, Ansari KI, et al. The long non-
coding rna hifla-as2 facilitates the maintenance of mesenchymal glioblastoma stem-like cells
in hypoxic niches. Cell Rep. (2016) 15:2500-9. doi: 10.1016/j.celrep.2016.05.018

69. Henriksen M, Johnsen KB, Andersen HH, Pilgaard L, Duroux M. Microrna
expression signatures determine prognosis and survival in glioblastoma multiforme-
a systematic overview. Mol Neurobiol. (2014) 50:896-913. doi: 10.1007/s12035-014-
8668-y

70. Belter A, Rolle K, Piwecka M, Fedoruk-Wyszomirska A, Naskret-Barciszewska MZ,
Barciszewski J. Inhibition of mir-21 in glioma cells using catalytic nucleic acids. Sci Rep.
(2016) 6:24516. doi: 10.1038/srep24516

71. Stakaitis R, Pranckeviciene A, Steponaitis G, Tamasauskas A, Bunevicius A,
Vaitkiene P. Unique interplay between molecular mir-181b/d biomarkers and health
related quality of life score in the predictive glioma models. Int J Mol Sci. (2020)
21:7450. doi: 10.3390/ijms21207450

72. Jiang L, Mao P, Song L, Wu ], Huang J, Lin C, et al. Mir-182 as a prognostic marker
for glioma progression and patient survival. Am ] Pathol. (2010) 177:29-38.
doi: 10.2353/ajpath.2010.090812

73. Liu Y, Zhang Y, Chen C, Li Y. Lncrna hifla-as2: a potential oncogene in human
cancers (review). BioMed Rep. (2021) 15:85. doi: 10.3892/br.2021.1461

74. Fathi Dizaji B. Strategies to target long non-coding rnas in cancer treatment:
progress and challenges. Egypt ] Med Hum Genet. (2020) 21:41. doi: 10.1186/s43042-
020-00074-4

Frontiers in Immunology

27

10.3389/fimmu.2026.1887815

75. Zhang Y, Cruickshanks N, Pahuski M, Yuan F, Dutta A, Schiff D, et al.
“Noncoding RNAs in glioblastoma”. In: De Vleeschouwer S, editor. Glioblastoma.
Brisbane (AU): Codon Publications (2017). Chapter 6:95-130. doi: 10.15586/
codon.glioblastoma.2017.ch6

76. Guzel E, Okyay TM, Yalcinkaya B, Karacaoglu S, Gocmen M, Akcakuyu MH.
Tumor suppressor and oncogenic role of long non-coding rnas in cancer. Northern
Clinics Istanbul. (2020) 7:81-6. doi: 10.14744/nci.2019.46873

77. Torrisi F, Alberghina C, Lo Furno D, Zappala A, Valable S, Li Volti G, et al.
Connexin 43 and sonic hedgehog pathway interplay in glioblastoma cell proliferation
and migration. Biology. (2021) 10:767. doi: 10.3390/biology10080767

78. Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. A cerna hypothesis: the rosetta
stone of a hidden rna language? Cell. (2011) 146:353-8. doi: 10.1016/j.cell.2011.07.014

79. Wang H, Yan X, Ji LY, Ji XT, Wang P, Guo SW, et al. Mir-139 functions as an
antioncomir to repress glioma progression through targeting igf-1 r, amy-1, and pgc-
1beta. Technol Cancer Res Treat. (2017) 16:497-511. doi: 10.1177/1533034616630866

80. Zhen Y, Nan Y, Guo S, Zhang L, Li G, Yue S, et al. Knockdown of neatl repressed
the Malignant progression of glioma through sponging mir-107 and inhibiting cdk14.
Cell Physiol. (2019) 234:10671-9. doi: 10.1002/jcp.27727

81. Shou]J, Gao H, Cheng S, Wang B, Guan H. Lncrna hoxa-as2 promotes glioblastoma
carcinogenesis by targeting mir-885-5p/rbbp4 axis. Cancer Cell Int. (2021) 21:1-17.
doi: 10.1186/s12935-020-01690-1

82. Chen X, Wu H, Li L, Qiu X. Long non-coding rna hoxb-as1 promotes proliferation,
migration and invasion of glioblastoma cells via hoxb-as1/mir-885-3p/hoxb2 axis.
Neoplasma. (2019) 66:386-96. doi: 10.4149/neo_2018_180606n377

83. LiY, Peng L, Cao X, Yang K, Wang Z, Xiao Y, et al. The long non-coding rna hoxc-
as3 promotes glioma progression by sponging mir-216 to regulate fl1r expression.
Front Oncol. (2022) 12:845009. doi: 10.3389/fonc.2022.845009

84. QiJ, Pan L, Yu Z, Ni W. The Incrna rp3-439f8. 1 promotes gbm cell proliferation
and progression by sponging mir-139-5p to upregulate nr5a2. Pathol Res Pract. (2021)
223:153319. doi: 10.1016/j.prp.2020.153319

85. Jiang G, Dong H, Dong Y, Yang X. Long non-coding rna unigene56159 promotes
glioblastoma multiforme cell proliferation and invasion through negatively regulating
microrna-194-5p. Mol Med Rep. (2020) 21:768-76. doi: 10.3892/mmr.2019.10852

86. Wang Z, Wang L, Liang Z, Xi Y. Long non-coding rna bcar4 promotes growth,
invasion and tumorigenicity by targeting mir-2276 to upregulate mmp7 expression in
glioma. OncoTargets Ther. (2019) 12:10963-73. doi: 10.2147/0tt.s226026

87. Zhang X, Niu W, Mu M, Hu S, Niu C. Long non-coding rna lpp-as2 promotes
glioma tumorigenesis via mir-7-5p/egfr/pi3k/akt/c-myc feedback loop. J Exp Clin
Cancer Res. (2020) 39:1-20. doi: 10.1186/s13046-020-01695-8

88. Liu X, Yidayitula Y, Zhao H, Luo Y, Ma X, Xu M. Lncrna linc00152 promoted
glioblastoma progression through targeting the mir-107 expression. Environ Sci pollut
Res. (2018) 25:17674-81. doi: 10.1007/s11356-018-1784-x

89. Li C, Zheng H, Hou W, Bao H, Xiong J, Che W, et al. Retracted article: long non-
coding rna 1inc00645 promotes tgf-B-induced epithelial-mesenchymal transition by
regulating mir-205-3p-zeb1 axis in glioma. Cell Death Dis. (2019) 10:717. doi: 10.1038/
$41419-019-1948-8

90. FuT, Yang Y, Mu Z, Sun R, Li X, DongJ. Silencing Incrna linc01410 suppresses cell
viability yet promotes apoptosis and sensitivity to temozolomide in glioblastoma cells
by inactivating pten/akt pathway via targeting mir-370-3p. Immunopharmacol
Immunotoxicol. (2021) 43:680-92. doi: 10.1080/08923973.2021.1966031

91. Cao J, Tang Z, Su Z. Long non-coding rna linc01426 facilitates glioblastoma
progression via sponging mir-345-3p and upregulation of vamp8. Cancer Cell Int.
(2020) 20:1-9. doi: 10.1186/512935-020-01416-3

92. Gao Y, Xu Y, Wang J, Yang X, Wen L, Feng J. Lncrna mnxl-asl promotes
glioblastoma progression through inhibition of mir-4443. Oncol Res. (2019) 27:341.
doi: 10.3727/096504018x15228909735079

93. Jin Z, Piao L-H, Sun G-C, Lv C-X, Jing Y, Jin R-H. Long non—coding rna
plasmacytoma variant translocation 1 (pvtl) promotes glioblastoma multiforme
progression via regulating mir-1301-3p/tmbimé axis. Eur Rev Med Pharmacol Sci.
(2020) 24:11658-65. doi: 10.26355/eurrev_202011_23810

94. Li H, Han P, Pan D, Chen G, Lu X, Li J. Lncrna xist regulates cell proliferation,
migration and invasion of glioblastoma via regulating mir-448 and rockl. J Biol
Regulators Homeostatic Agents. (2020) 34:2049-58. doi: 10.23812/20-558-1

95. Cheng Z, Luo C, Guo Z. Lncrna-xist/microrna-126 sponge mediates cell prolifer-
ation and glucose metabolism through the irs1/pi3k/akt pathway in glioma. J Cell
Biochem. (2020) 121:2170-83. doi: 10.1002/jcb.29440

96. Yao Y, Ma ], Xue Y, Wang P, Li Z, Liu ], et al. Knockdown of long non-coding rna
xist exerts tumor-suppressive functions in human glioblastoma stem cells by up-
regulating mir-152. Cancer Lett. (2015) 359:75-86. doi: 10.1016/j.canlet.2014.12.051

97. Wang H, Hu Q, Tong Y, Li S, Chen M, Wang B, et al. Lncrna sox2-ot regulates mir-
192-5p/rab2a axis and erk pathway to promote glioblastoma cell growth. Cell Cycle.
(2021) 20:2010-20. doi: 10.1080/15384101.2021.1965722

98. Liu B, Zhou ], Wang C, Chi Y, Wei Q, Fu Z, et al. Lncrna sox2ot promotes
temozolomide resistance by elevating sox2 expression via alkbh5-mediated epigenetic
regulation in glioblastoma. Cell Death Dis. (2020) 11:384. doi: 10.1038/s41419-020-2540-y

frontiersin.org


https://doi.org/10.1155/2017/7243968
https://doi.org/10.1016/j.ncrna.2019.01.003
https://doi.org/10.4161/rna.24604
https://doi.org/10.1186/1479-7364-8-7
https://doi.org/10.1093/nar/gkac1071
https://doi.org/10.1083/jcb.202009045
https://doi.org/10.1016/j.omto.2021.11.005
https://doi.org/10.1038/s41467-023-38244-8
https://doi.org/10.1038/s41467-023-38244-8
https://doi.org/10.1016/j.celrep.2022.111937
https://doi.org/10.1038/s41588-024-01872-x
https://doi.org/10.1080/15476286.2023.2242649
https://doi.org/10.3390/cells11244062
https://doi.org/10.3390/cells11244062
https://doi.org/10.1093/narcan/zcaa041
https://doi.org/10.1038/nrg.2015.10
https://doi.org/10.3390/ncrna6020022
https://doi.org/10.3390/biomedicines12050932
https://doi.org/10.3390/biomedicines12050932
https://doi.org/10.3390/biomedicines10082031
https://doi.org/10.1111/jcmm.15233
https://doi.org/10.1186/s12967-022-03273-2
https://doi.org/10.1007/s10571-015-0320-5
https://doi.org/10.1016/j.celrep.2016.05.018
https://doi.org/10.1007/s12035-014-8668-y
https://doi.org/10.1007/s12035-014-8668-y
https://doi.org/10.1038/srep24516
https://doi.org/10.3390/ijms21207450
https://doi.org/10.2353/ajpath.2010.090812
https://doi.org/10.3892/br.2021.1461
https://doi.org/10.1186/s43042-020-00074-4
https://doi.org/10.1186/s43042-020-00074-4
https://doi.org/10.15586/codon.glioblastoma.2017.ch6
https://doi.org/10.15586/codon.glioblastoma.2017.ch6
https://doi.org/10.14744/nci.2019.46873
https://doi.org/10.3390/biology10080767
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1177/1533034616630866
https://doi.org/10.1002/jcp.27727
https://doi.org/10.1186/s12935-020-01690-1
https://doi.org/10.4149/neo_2018_180606n377
https://doi.org/10.3389/fonc.2022.845009
https://doi.org/10.1016/j.prp.2020.153319
https://doi.org/10.3892/mmr.2019.10852
https://doi.org/10.2147/ott.s226026
https://doi.org/10.1186/s13046-020-01695-8
https://doi.org/10.1007/s11356-018-1784-x
https://doi.org/10.1038/s41419-019-1948-8
https://doi.org/10.1038/s41419-019-1948-8
https://doi.org/10.1080/08923973.2021.1966031
https://doi.org/10.1186/s12935-020-01416-3
https://doi.org/10.3727/096504018x15228909735079
https://doi.org/10.26355/eurrev_202011_23810
https://doi.org/10.23812/20-558-l
https://doi.org/10.1002/jcb.29440
https://doi.org/10.1016/j.canlet.2014.12.051
https://doi.org/10.1080/15384101.2021.1965722
https://doi.org/10.1038/s41419-020-2540-y
https://doi.org/10.3389/fimmu.2026.1887815
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elemam et al.

99. XuH, Zhang B, Yang Y, Li Z, Zhao P, Wu W, et al. Lncrna mir4435-2hg potentiates
the proliferation and invasion of glioblastoma cells via modulating mir-1224-5p/tgfbr2
axis. J Cell Mol Med. (2020) 24:6362-72. doi: 10.1111/jcmm.15280

100. Zhong C, Yu Q, Peng Y, Zhou S, Liu Z, Deng Y, et al. Novel Incrna oxctl-asl
indicates poor prognosis and contributes to tumorigenesis by regulating mir-195/
cdc25a axis in glioblastoma. J Exp Clin Cancer Res. (2021) 40:1-16. doi: 10.1186/
$13046-021-01928-4

101. Long Y, Li H, Jin Z, Zhang X. Lncrna Slc16al-Asl is upregulated in glioblastoma
and promotes cancer cell proliferation by regulating Mir-149 methylation. Cancer
Manage Res. (2021) 13:1215-23. doi: 10.2147/cmar.s264613

102. Zhong X, Cai Y. Long non-coding rna (Lncrna) Hoxd-As2 promotes glioblastoma
cell proliferation, migration and invasion by regulating the Mir-3681-5p/Maltl
signaling pathway. Bioengineered. (2021) 12:9113-27. doi: 10.1080/
21655979.2021.1977104

103. Ma Q, Wang X, Li J. Lncrna Rp1-86c11.7 exacerbates the glioma progression and
oncogenicity by Hsa-Mir-144-3p/Tfrc signaling. Transl Oncol. (2021) 14:101215.
doi: 10.1016/j.tranon.2021.101215

104. Fang Z, Weng Y, Xiao F, Yu J. Lncrna Rp11-390f4.3 inhibits invasion and
migration of glioblastoma cells by downregulating Rockl. Neuroreport. (2021) 32:888—
93. doi: 10.1097/wnr.0000000000001676

105. Cai H, Liu X, Zheng J, Xue Y, Ma J, Li Z, et al. Long non-coding rna Taurine
upregulated 1 enhances tumor-induced angiogenesis through inhibiting Microrna-299
in human glioblastoma. Oncogene. (2017) 36:318-31. doi: 10.1038/0nc.2016.212

106. Wang X, Li X, Zhou Y, Huang X, Jiang X. Long non-coding rna Oip5-Asl
inhibition upregulates Microrna-129-5p to repress resistance to temozolomide in
glioblastoma cells via downregulating Igf2bp2. Cell Biol Toxicol. (2022) 38:963-77.
doi: 10.1007/510565-021-09614-z

107. Zhao Z, Liu M, Long W, Yuan J, Li H, Zhang C, et al. Knockdown Lncrna Crnde
enhances temozolomide chemosensitivity by regulating autophagy in glioblastoma.
Cancer Cell Int. (2021) 21:456. doi: 10.1186/s12935-021-02153-x

108. Ahmadov U, Picard D, Bartl ], Silginer M, Trajkovic-Arsic M, Qin N, et al. The
long non-coding rna Hotairml promotes tumor aggressiveness and radiotherapy
resistance in glioblastoma. Cell Death Dis. (2021) 12:885. doi: 10.1038/s41419-021-
04146-0

109. Tang G, Luo L, Zhang J, Zhai D, Huang D, Yin J, et al. Lncrna Linc01057
promotes mesenchymal differentiation by activating Nf-ib signaling in glioblastoma.
Cancer Lett. (2021) 498:152-64. doi: 10.1016/j.canlet.2020.10.047

110. Gao X, Cao Y, Li J, Wang C, He H. Lncrna Tptl-Asl sponges Mir-23a-5p in
glioblastoma to promote cancer cell proliferation. Cancer Biother Radiopharm. (2021)
36:549-55. doi: 10.1089/cbr.2019.3484

111. Geng S, Tu S, Fu W, Wang J, Bai Z. Lncrna Pitpna-Asl stimulates cell
proliferation and suppresses cell apoptosis in glioblastoma via targeting Mir-223-3p/
Egfr axis and activating Pi3k/Akt signaling pathway. Cell Cycle. (2021) 20:1988-98.
doi: 10.1080/15384101.2021.1958503

112. Zhou C, Jiang X, Liang A, Zhu R, Yang Y, Zhong L, et al. Lncrna Fezfl-Asl
aggravates cell proliferation and migration in glioblastoma. Neurosci Lett. (2021)
764:136245. doi: 10.1016/j.neulet.2021.136245

113. Lin Y-H, Guo L, Yan F, Dou Z-Q, Yu Q, Chen G. Long non—coding rna Hotairm1
promotes proliferation and inhibits apoptosis of glioma cells by regulating the Mir-873-
5p/Zeb2 axis. Chin Med J. (2020) 133:174-82. doi: 10.1097/cm9.0000000000000615

114. Geng Y-B, Xu C, Wang Y, Zhang L-W. Long non-coding rna Snhgl1 promotes
cell proliferation, invasion and migration in glioma by targeting Mir-154-5p. Eur Rev
Med Pharmacol Sci. (2020) 24:4901-8. doi: 10.26355/eurrev_202005_21179

115. Suo S-T, Gong P, Peng X-J, Niu D, Guo Y-T. Knockdown of long non-coding rna
Vim-Asl inhibits glioma cell proliferation and migration, and increases the cell
apoptosis via modulation of Weel targeted by Mir-105-5p. Eur Rev Med Pharmacol
Sci. (2020) 24:6834-47. doi: 10.26355/eurrev_202006_21673

116. Yang H, Chen W, Jiang G, Yang J, Wang W, Li H. Long non-coding rna Ewsat1
contributes to the proliferation and invasion of glioma by sponging Mir-152-3p. Oncol
Lett. (2020) 20:1846-54. doi: 10.3892/01.2020.11716

117. Gao W, Li H, Liu Y, Zhang Y, Zhao H, Liu F. Long non-coding rna Flvcrl-Asl
promotes glioma cell proliferation and invasion by negatively regulating Mir-30b-3p.
Mol Med Rep. (2020) 22:723-32. doi: 10.3892/mmr.2020.11149

118. Zhou Y, Dai W, Wang H, Pan H, Wang Q. Long non-coding rna Casp5 promotes
the Malignant phenotypes of human glioblastoma multiforme. Biochem Biophys Res
Commun. (2018) 500:966-72. doi: 10.1016/j.bbrc.2018.04.217

119. DingF, Tang H, Nie D, Xia L. Long non-coding rna Fer-1-like family member 4 is
overexpressed in human glioblastoma and regulates the tumorigenicity of glioma cells.
Oncol Lett. (2017) 14:2379-84. doi: 10.3892/01.2017.6403

120. Brodie S, Lee H, Jiang W, Cazacu S, Xiang C, Poisson L, et al. The novel long non-
coding rna Talnec2, regulates tumor cell growth and the stemness and radiation response of
glioma stem cells. Oncotarget. (2017) 8:31785. doi: 10.18632/oncotarget.15991

121. Wang J, Quan X, Peng D, Hu G. Long non-coding rna Dleul promotes cell
proliferation of glioblastoma multiforme. Mol Med Rep. (2019) 20:1873-82.
doi: 10.3892/mmr.2019.10428

Frontiers in Immunology

10.3389/fimmu.2026.1887815

122. Han M, Wang S, Fritah S, Wang X, Zhou W, Yang N, et al. Interfering with long
non-coding rna Mir22hg processing inhibits glioblastoma progression through sup-
pression of Wnt/B-catenin signalling. Brain. (2020) 143:512-30. doi: 10.1093/brain/
awz406

123. Gao X, He H, Zhu X, Xie S, Cao Y. Lncrna Snhg20 promotes tumorigenesis and
cancer stemness in glioblastoma via activating Pi3k/Akt/Mtor signaling pathway.
Neoplasma. (2019) 66:532-42. doi: 10.4149/neo_2018_180829n656

124. Wei P, Jiang J, Xiao M, Zeng M, Liu X, Zhao B, et al. The transcript
Enst00000444125 of Lncrna Linc01503 promotes cancer stem cell properties of
glioblastoma cells via reducing Fbxwl mediated Gli2 degradation. Exp Cell Res.
(2022) 412:113009. doi: 10.1016/j.yexcr.2022.113009

125. Wang S, Guo X, Lv W, Li Y, Zhang L, Dong C, et al. Lncrna Rpsap52 upregulates
Tgf-B1 to increase cancer cell stemness and predict postoperative survival in glioblas-
toma. Cancer Manage Res. (2020) 12:2541-7. doi: 10.2147/CMAR.S227496

126. Xu C, Zhao J, Song J, Xiao M, Cui X, Xin L, et al. Lncrna Pradx is a mesenchymal
glioblastoma biomarker for cellular metabolism targeted therapy. Front Oncol. (2022)
12:888922. doi: 10.3389/fonc.2022.888922

127. Zhao X, Wang P, Liu J, Zheng J, Liu Y, Chen J, et al. Gas5 exerts tumor-
suppressive functions in human glioma cells by targeting Mir-222. Mol Ther. (2015)
23:1899-911. doi: 10.1038/mt.2015.170

128. Chen C, Zhang Y, Zhang L, Weakley S, Yao Q. Microrna-196: critical roles and
clinical applications in development and cancer. J Cell Mol Med. (2011) 15:14-23.
doi: 10.1111/j.1582-4934.2010.01219.x

129. Zhao X, Liu Y, Zheng J, Liu X, Chen J, Liu L, et al. Gas5 suppresses Malignancy of
human glioma stem cells via a Mir-196a-5p/Foxol feedback loop. Biochim Biophys
Acta Mol Cell Res. (2017) 1864:1605-17. doi: 10.1016/j.bbamcr.2017.06.020

130. Zhang S, Guo W. Long non-coding rna Meg3 suppresses the growth of glioma
cells by regulating the Mir-96-5p/Mtssl signaling pathway. Mol Med Rep. (2019)
20:4215-25. doi: 10.3892/mmr.2019.10659

131. Qin N, Tong G, Sun L, Xu X. Long noncoding rna Meg3 suppresses glioma cell
proliferation, migration, and invasion by acting as a competing endogenous rna of Mir-
19a. Oncol Res. (2017) 25:1471-8. doi: 10.3727/096504017x14886689179993

132. Zhou Y, Zhong Y, Wang Y, Zhang X, Batista D, Gejman R, et al. Activation of P53
by Meg3 non-coding rna. J Biol Chem. (2007) 282:24731-42. doi: 10.1074/
jbe.M702029200

133. LiaoY, Shen L, Zhao H, Liu Q, FuJ, Guo Y, et al. Lncrna Casc2 interacts with Mir-
181a to modulate glioma growth and resistance to Tmz through Pten pathway. J Cell
Biochem. (2017) 118:1889-99. doi: 10.1002/jcb.25910

134. Yue H, Zhu J, Xie S, Li F, Xu Q. Mdcl-as, an antisense long noncoding rna,
regulates cell proliferation of glioma. BioMed Pharmacother. (2016) 81:203-9.
doi: 10.1016/j.biopha.2016.03.002

135. Mu M, Niu W, Zhang X, Hu S, Niu C. Lncrna Bcyrnl inhibits glioma
tumorigenesis by competitively binding with Mir-619-5p to regulate Cuedc2 expression
and the Pten/Akt/P21 pathway. Oncogene. (2020) 39:6879-92. doi: 10.1038/s41388-
020-01466-x

136. Qin X, Yao J, Geng P, Fu X, Xue J, Zhang Z. Lncrna Tslc1-Asl is a novel tumor
suppressor in glioma. Int J Clin Exp Pathol. (2014) 7:3065-72.

137. Shang C, Tang W, Pan C, Hu X, Hong Y. Long non-coding rna Tusc7 inhibits
temozolomide resistance by targeting Mir-10a in glioblastoma. Cancer Chemother
Pharmacol. (2018) 81:671-8. doi: 10.1007/s00280-018-3522-y

138. Yao J, Zhou B, Zhang J, Geng P, Liu K, Zhu Y, et al. A new tumor suppressor
Lncrna Adamts9-As2 is regulated by Dnmtl and inhibits migration of glioma cells.
Tumour Biol. (2014) 35:7935-44. doi: 10.1007/s13277-014-1949-2

139. Gong X, Liao X, Huang M. Lncrna Casc7 inhibits the progression of glioma via
regulating Wnt/B-catenin signaling pathway. Pathol Res Pract. (2019) 215:564-70.
doi: 10.1016/1.prp.2019.01.018

140. Jin Z, Piao L, Sun G, Lv C, Jing Y, Jin R. Long non-coding rna Part1 exerts tumor
suppressive functions in glioma via sponging Mir-190a-3p and inactivation of Pten/Akt
pathway. Onco Targets Ther. (2020) 13:1073-86. doi: 10.2147/0tt.5232848

141. Ren S, Xu Y. Ac016405.3, a novel long noncoding rna, acts as a tumor suppressor
through modulation of Tet2 by Microrna-19a-5p sponging in glioblastoma. Cancer Sci.
(2019) 110:1621-32. doi: 10.1111/cas.14002

142. Han N, Yang L, Zhang X, Zhou Y, Chen R, Yu Y, et al. Lncrna Matnl-Asl
prevents glioblastoma cell from proliferation and invasion via Rela regulation and
Mapk signaling pathway. Ann Transl Med. (2019) 7:784. doi: 10.21037/atm.2019.11.36

143. Chu L, Yu L, Liu J, Song S, Yang H, Han F, et al. Long intergenic non-coding
Linc00657 regulates tumorigenesis of glioblastoma by acting as a molecular sponge of
Mir-190a-3p. Aging (Albany NY). (2019) 11:1456-70. doi: 10.18632/aging.101845

144. Zhang L, Cao Y, Wei M, Jiang X, Jia D. Long noncoding rna-Rncr3 overexpres-
sion deleteriously affects the growth of glioblastoma cells through Mir-185-5p/Kriippel-
like factor 16 axis. J Cell Biochem. (2018) 119:9081-9. doi: 10.1002/jcb.27167

145. Liu J, Wang W, Zhang X, Du Q, Li H, Zhang Y. Effect of downregulated Lncrna
Nbatl on the biological behavior of glioblastoma cells. Eur Rev Med Pharmacol Sci.
(2018) 22:2715-22. doi: 10.26355/eurrev_201805_14968

frontiersin.org


https://doi.org/10.1111/jcmm.15280
https://doi.org/10.1186/s13046-021-01928-4
https://doi.org/10.1186/s13046-021-01928-4
https://doi.org/10.2147/cmar.s264613
https://doi.org/10.1080/21655979.2021.1977104
https://doi.org/10.1080/21655979.2021.1977104
https://doi.org/10.1016/j.tranon.2021.101215
https://doi.org/10.1097/wnr.0000000000001676
https://doi.org/10.1038/onc.2016.212
https://doi.org/10.1007/s10565-021-09614-z
https://doi.org/10.1186/s12935-021-02153-x
https://doi.org/10.1038/s41419-021-04146-0
https://doi.org/10.1038/s41419-021-04146-0
https://doi.org/10.1016/j.canlet.2020.10.047
https://doi.org/10.1089/cbr.2019.3484
https://doi.org/10.1080/15384101.2021.1958503
https://doi.org/10.1016/j.neulet.2021.136245
https://doi.org/10.1097/cm9.0000000000000615
https://doi.org/10.26355/eurrev_202005_21179
https://doi.org/10.26355/eurrev_202006_21673
https://doi.org/10.3892/ol.2020.11716
https://doi.org/10.3892/mmr.2020.11149
https://doi.org/10.1016/j.bbrc.2018.04.217
https://doi.org/10.3892/ol.2017.6403
https://doi.org/10.18632/oncotarget.15991
https://doi.org/10.3892/mmr.2019.10428
https://doi.org/10.1093/brain/awz406
https://doi.org/10.1093/brain/awz406
https://doi.org/10.4149/neo_2018_180829n656
https://doi.org/10.1016/j.yexcr.2022.113009
https://doi.org/10.2147/CMAR.S227496
https://doi.org/10.3389/fonc.2022.888922
https://doi.org/10.1038/mt.2015.170
https://doi.org/10.1111/j.1582-4934.2010.01219.x
https://doi.org/10.1016/j.bbamcr.2017.06.020
https://doi.org/10.3892/mmr.2019.10659
https://doi.org/10.3727/096504017x14886689179993
https://doi.org/10.1074/jbc.M702029200
https://doi.org/10.1074/jbc.M702029200
https://doi.org/10.1002/jcb.25910
https://doi.org/10.1016/j.biopha.2016.03.002
https://doi.org/10.1038/s41388-020-01466-x
https://doi.org/10.1038/s41388-020-01466-x
https://doi.org/10.1007/s00280-018-3522-y
https://doi.org/10.1007/s13277-014-1949-2
https://doi.org/10.1016/j.prp.2019.01.018
https://doi.org/10.2147/ott.S232848
https://doi.org/10.1111/cas.14002
https://doi.org/10.21037/atm.2019.11.36
https://doi.org/10.18632/aging.101845
https://doi.org/10.1002/jcb.27167
https://doi.org/10.26355/eurrev_201805_14968
https://doi.org/10.3389/fimmu.2026.1887815
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elemam et al.

146. Liu S, Mitra R, Zhao M, Fan W, Eischen C, Yin F, et al. The potential roles of long
noncoding rnas (Lncrna) in glioblastoma development. Mol Cancer Ther. (2016)
15:2977-86. doi: 10.1158/1535-7163.Mct-16-0320

147. Liu Y, Xu N, Liu B, Huang Y, Zeng H, Yang Z, et al. Long noncoding rna Rp11-
838n2.4 enhances the cytotoxic effects of temozolomide by inhibiting the functions of
Mir-10a in glioblastoma cell lines. Oncotarget. (2016) 7:43835-51. doi: 10.18632/
oncotarget.9699

148. Zhu H, Chen Z, Shen L, Tang T, Yang M, Zheng X. Long noncoding rna Linc-Pint
suppresses cell proliferation, invasion, and Emt by blocking Wnt/B-catenin signaling in
glioblastoma. Front Pharmacol. (2020) 11:586653. doi: 10.3389/fphar.2020.586653

149. Jiang J, Wang X, Lu J. Pwrnl suppressed cancer cell proliferation and migration in
glioblastoma by inversely regulating Hsa-Mir-21-5p. Cancer Manag Res. (2020)
12:5313-22. doi: 10.2147/cmar.S250166

150. Song Y, Chen B, Jiao H, Yi L. Long noncoding rna Unc5b-Asl suppresses cell
proliferation by sponging Mir-24-3p in glioblastoma multiforme. BMC Med Genomics.
(2024) 17:83. doi: 10.1186/s12920-024-01851-5

151. Chen Z, Zhou J, Liu Y, Ni H, Zhou B. Targeting Magi2-As3-modulated Akt-
dependent Atp-binding cassette transporters as a possible strategy to reverse
temozolomide resistance in temozolomide-resistant glioblastoma cells. Drug Dev Res.
(2023) 84:1482-95. doi: 10.1002/ddr.22101. Epub 20230808.

152. Yang F, Huang YL. Dgcr5 suppresses the Emt of pediatric primary glioblastoma
multiforme cell and serves as a prognostic biomarker. Eur Rev Med Pharmacol Sci.
(2019) 23:10024-34. doi: 10.26355/eurrev_201911_19569

153. Zhou X, Lv L, Zhang Z, Wei S, Zheng T. Linc00294 negatively modulates cell
proliferation in glioma through a neurofilament medium-mediated pathway via
interacting with Mir-1278. ] Gene Med. (2020) 22:e3235. doi: 10.1002/jgm.3235.
Epub 20200618.

154. Du B, Zhang Z, Jia L, Zhang H, Zhang S, Wang H, et al. Micropeptide
Af127577.4-Orf hidden in a Lncrna diminishes glioblastoma cell proliferation via the
modulation of Erk2/Mettl3 interaction. Sci Rep. (2024) 14:12090. doi: 10.1038/s41598-
024-62710-y. Epub 20240527.

155. Statello L, Guo CJ, Chen LL, Huarte M. Gene regulation by long non-coding Rnas
and its biological functions. Nat Rev Mol Cell Biol. (2021) 22:96-118. doi: 10.1038/
$41580-020-00315-9. Epub 20201222.

156. Couturier CP, Ayyadhury S, Le PU, Nadaf ], Monlong J, Riva G, et al. Single-cell
Rna-seq reveals that glioblastoma recapitulates a normal neurodevelopmental hierar-
chy. Nat Commun. (2020) 11:3406. doi: 10.1038/s41467-020-17186-5. Epub 20200708.

157. Quail DF, Joyce JA. The microenvironmental landscape of brain tumors. Cancer
Cell. (2017) 31:326-41. doi: 10.1016/j.ccell.2017.02.009

158. Li MX, Weng JW, Ho ES, Chow SF, Tsang CK. Brain delivering Rna-based
therapeutic strategies by targeting Mtor pathway for axon regeneration after central
nervous system injury. Neural Regener Res. (2022) 17:2157-65. doi: 10.4103/1673-
5374.335830

159. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, et al. Glioma stem
cells promote radioresistance by preferential activation of the DNA damage response.
Nature. (2006) 444:756-60. doi: 10.1038/nature05236. Epub 20061018.

160. Lathia JD, Mack SC, Mulkearns-Hubert EE, Valentim CL, Rich JN. Cancer stem
cells in glioblastoma. Genes Dev. (2015) 29:1203-17. doi: 10.1101/gad.261982.115

161. Zhang X, Kiang KM, Zhang GP, Leung GK. Long non-coding Rnas dysregulation
and function in glioblastoma stem cells. Noncoding RNA. (2015) 1:69-86. doi: 10.3390/
ncrnal010069. Epub 20150603.

162. Prager BC, Bhargava S, Mahadev V, Hubert CG, Rich JN. Glioblastoma stem cells:
Driving resilience through chaos. Trends Cancer. (2020) 6:223-35. doi: 10.1016/
j.trecan.2020.01.009. Epub 20200203.

163. Katsushima K, Kondo Y. Non-coding Rnas as epigenetic regulator of glioma
stem-like cell differentiation. Front Genet. (2014) 5:2014. doi: 10.3389/fgene.2014.00014

164. Wang L, He Z. Functional roles of long non-coding Rnas (Lncrnas) in glioma
stem cells. Med Sci Monit. (2019) 25:7567-73. doi: 10.12659/msm.916040. Epub
20191008.

165. Bi CL, Liu JF, Zhang MY, Lan S, Yang ZY, Fang JS. Lncrna Neatl promotes
Malignant phenotypes and Tmz resistance in glioblastoma stem cells by regulating Let-
7g-5p/Map3k1 axis. Biosci Rep. (2020) 40:BSR20201111. doi: 10.1042/bsr20201111

166. Hazra R, Utama R, Naik P, Dobin A, Spector DL. Identification of glioblastoma
stem cell-associated Lncrnas using single-cell Rna sequencing datasets. Stem Cell Rep.
(2023) 18:2056-70. doi: 10.1016/j.stemcr.2023.10.004. Epub 20231102.

167. Tan SK, Pastori C, Penas C, Komotar RJ, Ivan ME, Wahlestedt C, et al. Serum
long noncoding Rna Hotair as a novel diagnostic and prognostic biomarker in
glioblastoma multiforme. Mol Cancer. (2018) 17:74. doi: 10.1186/512943-018-0822-0.
Epub 20180320.

168. Shen J, Hodges TR, Song R, Gong Y, Calin GA, Heimberger AB, et al. Serum
Hotair and Gas5 levels as predictors of survival in patients with glioblastoma. Mol
Carcinog. (2018) 57:137-41. doi: 10.1002/mc.22739. Epub 20171010.

169. He C, Jiang B, Ma J, Li Q. Aberrant Neatl expression is associated with clinical
outcome in high grade glioma patients. APMIS. (2016) 124:169-74. doi: 10.1111/
apm.12480. Epub 20151119.

Frontiers in Immunology

10.3389/fimmu.2026.1887815

170. Wu X, Jiang T, Huang R, Xiao X. Lncrna Gas8-Asl downregulates Lncrna Neatl
to inhibit glioblastoma cell proliferation. Brain Behav. (2021) 11:€02128. doi: 10.1002/
brb3.2128. Epub 20210504.

171. Zhao H, Yu H, Zheng ], Ning N, Tang F, Yang Y, et al. Lowly-expressed Lncrna
Gas5 facilitates progression of ovarian cancer through targeting Mir-196-5p and
thereby regulating Hoxa5. Gynecol Oncol. (2018) 151:345-55. doi: 10.1016/
j.ygyno.2018.08.032. Epub 20180907.

172. Liu W, Zhan J, Zhong R, Li R, Sheng X, Xu M, et al. Upregulation of long
noncoding Rna_Gas5 suppresses cell proliferation and metastasis in laryngeal cancer
via regulating Pi3k/Akt/Mtor signaling pathway. Technol Cancer Res Treat. (2021)
20:1533033821990074. doi: 10.1177/1533033821990074

173. Toraih EA, Alghamdi SA, El-Wazir A, Hosny MM, Hussein MH, Khashana MS,
et al. Dual biomarkers long non-coding Rna Gas5 and Microrna-34a co-expression
signature in common solid tumors. PloS One. (2018) 13:e0198231. doi: 10.1371/
journal.pone.0198231. Epub 20181005.

174. Leucci E, Vendramin R, Spinazzi M, Laurette P, Fiers M, Wouters ], et al.
Melanoma addiction to the long non-coding Rna Sammson. Nature. (2016) 531:518-
22. doi: 10.1038/naturel7161

175. Zheng X, Tian X, Zhang Q, Shi P, Li S. Long non-coding Rna Sammson as a novel
potential diagnostic and prognostic biomarker for oral squamous cell carcinoma. J Dent
Sci. (2020) 15:329-35. doi: 10.1016/j.jds.2019.11.008. Epub 20200405.

176. Ni H, Wang K, Xie P, Zuo ], Liu W, Liu C. Lncrna Sammson knockdown inhibits
the Malignancy of glioblastoma cells by inactivation of the Pi3k/Akt pathway. Cell Mol
Neurobiol. (2021) 41:79-90. doi: 10.1007/s10571-020-00833-2. Epub 20200331.

177. Amer RG, Ezz El Arab LR, Abd El Ghany D, Saad AS, Bahie-Eldin N, Swellam M.
Prognostic utility of Lncrnas (Linc00565 and Linc00641) as molecular markers in
glioblastoma multiforme (Gbm). J Neuro-Oncol. (2022) 158:435-44. doi: 10.1007/
$11060-022-04030-7. Epub 20220606.

178. Eraky AM, Keles A, Goodman SL, Baskaya MK. Serum long non-coding Rnas as
potential noninvasive biomarkers for glioblastoma diagnosis, prognosis, and
chemoresistance. ] Integr Neurosci. (2022) 21:111. doi: 10.31083/.jin2104111

179. Yi K, Cui X, Liu X, Wang Y, Zhao J, Yang S, et al. Ptrf/Cavin-1 as a novel Rna-
binding protein expedites the Nf-Kappab/Pd-L1 axis by stabilizing Lncrna Neatl,
contributing to tumorigenesis and immune evasion in glioblastoma. Front Immunol.
(2022) 12:802795. doi: 10.3389/fimmu.2021.802795

180. Toker J, Iorgulescu JB, Ling AL, Villa GR, Gadet JAMA, Parida L, et al. Clinical
importance of the Lncrna Neatl in cancer patients treated with immune checkpoint
inhibitors. Clin Cancer Res. (2023) 29:2226-38. doi: 10.1158/1078-0432.CCR-22-
3714

181. Chen J, Gao Y, Zhong J, Wu X, Leng Z, Liu M, et al. Lnc-H19-derived protein
shapes the immunosuppressive microenvironment of glioblastoma. Cell Rep Med.
(2024) 5:101806. doi: 10.1016/j.xcrm.2024.101806

182. Hu S, Chen G, Luo A, Zhao H, Li D, Peng B, et al. Mechanism of Linc01018/Mir-
182-5p/Rab27b in the immune escape through Pd-L1-mediated Cd8t cell suppression
in glioma. Biol Direct. (2025) 20:61. doi: 10.1186/s13062-025-00651-w

183. Saini S, Gadet JAMA, Freeman GJ, Chiocca EA, Mineo M. Improving I112
immunotherapy in glioblastoma by targeting the long noncoding Rna Incrl. J Neuro-
Oncol. (2025) 173:205-16. doi: 10.1007/s11060-025-04978-2

184. Wang S, Qi 'Y, Zhao R, Pan Z, Li B, Qiu W, et al. Copy number gain of Fam131b-
As2 promotes the progression of glioblastoma by mitigating replication stress. Neuro
Oncol. (2024) 26:1027-41. doi: 10.1093/neuonc/noae014

185. Fan Y, Gao Z, Xu J, Wang H, Guo Q, Li B, et al. Spil-mediated Mir222hg
transcription promotes proneural-to-mesenchymal transition of glioma stem cells and
immunosuppressive polarization of macrophages. Theranostics. (2023) 13:3310-29.
doi: 10.7150/thno.82590

186. Huang L, Wang Z, Liao C, Zhao Z, Gao H, Huang R, et al. Pvtl promotes
proliferation and macrophage immunosuppressive polarization through Statl and
Cx3cll regulation in glioblastoma multiforme. CNS Neurosci Ther. (2024) 30:¢14566.
doi: 10.1111/cns.14566

187. Li Z, Meng X, Wu P, Zha C, Han B, Li L, et al. Glioblastoma cell-derived Lncrna-
containing exosomes induce microglia to produce complement C5, promoting che-
motherapy resistance. Cancer Immunol Res. (2021) 9:1383-99. doi: 10.1158/2326-
6066.CIR-21-0258

188. Xu D, Cao M, Wang B, Bi X, Zhang H, Wu D, et al. Epigenetically regulated
Lncrnas dissect the intratumoural heterogeneity and facilitate immune evasion of
glioblastomas. Theranostics. (2023) 13:1490-505. doi: 10.7150/thno.79874

189. Yu W, Ma Y, Hou W, Wang F, Cheng W, Qiu F, et al. Identification of immune-
related Lncrna prognostic signature and molecular subtypes for glioblastoma. Front
Immunol. (2021) 12:706936. doi: 10.3389/fimmu.2021.706936

190. Gao M, Wang X, Han D, Lu E, Zhang J, Zhang C, et al. A six-Lncrna signature for
immunophenotype prediction of glioblastoma multiforme. Front Genet. (2020)
11:604655. doi: 10.3389/fgene.2020.604655

191. Luan J, Zhang D, Liu B, Yang A, Lv K, Hu P, et al. Immune-related Lncrnas
signature and radiomics signature predict the prognosis and immune microenviron-
ment of glioblastoma multiforme. J Transl Med. (2024) 22:107. doi: 10.1186/s12967-
023-04823-y

frontiersin.org


https://doi.org/10.1158/1535-7163.Mct-16-0320
https://doi.org/10.18632/oncotarget.9699
https://doi.org/10.18632/oncotarget.9699
https://doi.org/10.3389/fphar.2020.586653
https://doi.org/10.2147/cmar.S250166
https://doi.org/10.1186/s12920-024-01851-5
https://doi.org/10.1002/ddr.22101
https://doi.org/10.26355/eurrev_201911_19569
https://doi.org/10.1002/jgm.3235
https://doi.org/10.1038/s41598-024-62710-y
https://doi.org/10.1038/s41598-024-62710-y
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1038/s41467-020-17186-5
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.4103/1673-5374.335830
https://doi.org/10.4103/1673-5374.335830
https://doi.org/10.1038/nature05236
https://doi.org/10.1101/gad.261982.115
https://doi.org/10.3390/ncrna1010069
https://doi.org/10.3390/ncrna1010069
https://doi.org/10.1016/j.trecan.2020.01.009
https://doi.org/10.1016/j.trecan.2020.01.009
https://doi.org/10.3389/fgene.2014.00014
https://doi.org/10.12659/msm.916040
https://doi.org/10.1042/bsr20201111
https://doi.org/10.1016/j.stemcr.2023.10.004
https://doi.org/10.1186/s12943-018-0822-0
https://doi.org/10.1002/mc.22739
https://doi.org/10.1111/apm.12480
https://doi.org/10.1111/apm.12480
https://doi.org/10.1002/brb3.2128
https://doi.org/10.1002/brb3.2128
https://doi.org/10.1016/j.ygyno.2018.08.032
https://doi.org/10.1016/j.ygyno.2018.08.032
https://doi.org/10.1177/1533033821990074
https://doi.org/10.1371/journal.pone.0198231
https://doi.org/10.1371/journal.pone.0198231
https://doi.org/10.1038/nature17161
https://doi.org/10.1016/j.jds.2019.11.008
https://doi.org/10.1007/s10571-020-00833-2
https://doi.org/10.1007/s11060-022-04030-7
https://doi.org/10.1007/s11060-022-04030-7
https://doi.org/10.31083/j.jin2104111
https://doi.org/10.3389/fimmu.2021.802795
https://doi.org/10.1158/1078-0432.CCR-22-3714
https://doi.org/10.1158/1078-0432.CCR-22-3714
https://doi.org/10.1016/j.xcrm.2024.101806
https://doi.org/10.1186/s13062-025-00651-w
https://doi.org/10.1007/s11060-025-04978-2
https://doi.org/10.1093/neuonc/noae014
https://doi.org/10.7150/thno.82590
https://doi.org/10.1111/cns.14566
https://doi.org/10.1158/2326-6066.CIR-21-0258
https://doi.org/10.1158/2326-6066.CIR-21-0258
https://doi.org/10.7150/thno.79874
https://doi.org/10.3389/fimmu.2021.706936
https://doi.org/10.3389/fgene.2020.604655
https://doi.org/10.1186/s12967-023-04823-y
https://doi.org/10.1186/s12967-023-04823-y
https://doi.org/10.3389/fimmu.2026.1887815
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elemam et al.

192. Zhou M, Zhang Z, Zhao H, Bao S, Cheng L, Sun J. An immune-related six-Lncrna
signature to improve prognosis prediction of glioblastoma multiforme. Mol Neurobiol.
(2018) 55:3684-97. doi: 10.1007/s12035-017-0572-9

193. Xing Z, Liu Z, Fu X, Zhou §, Liu L, Dang Q, et al. Clinical significance and
immune landscape of a pyroptosis-derived Lncrna signature for glioblastoma. Front
Cell Dev Biol. (2022) 10:805291. doi: 10.3389/fcell.2022.805291

194. Bazrgar M, Mirmotalebisohi SA, Ahmadi M, Azimi P, Dargahi L, Zali H, et al.
Comprehensive analysis of Lncrna-associated Cerna network reveals novel potential
prognostic regulatory axes in glioblastoma multiforme. J Cell Mol Med. (2024) 28:
€18392. doi: 10.1111/jemm.18392

195. Atianand MK, Fitzgerald KA. Long non-coding Rnas and control of gene
expression in the immune system. Trends Mol Med. (2014) 20:623-31. doi: 10.1016/
j.molmed.2014.09.002

196. Varier KM, Dhandapani H, Liu W, Song J, Wang C, Hu A, et al. An immuno-
therapeutic approach to decipher the role of long non-coding Rnas in cancer
progression, resistance and epigenetic regulation of immune cells. ] Exp Clin Cancer
Res. (2021) 40:242. doi: 10.1186/513046-021-01997-5

197. Wu M, Shi Y, Zhu L, Chen L, Zhao X, Xu C. Macrophages in glioblastoma
development and therapy: A double-edged sword. Life (Basel). (2022) 12:1225.
doi: 10.3390/1ife12081225

198. Tang W, Fan W, Lau J, Deng L, Shen Z, Chen X. Emerging blood-brain-barrier-
crossing nanotechnology for brain cancer theranostics. Chem Soc Rev. (2019) 48:2967-
3014. doi: 10.1039/c8¢s00805a

199. Furtado D, Bjornmalm M, Ayton S, Bush AI, Kempe K, Caruso F. Overcoming
the blood-brain barrier: The role of nanomaterials in treating neurological diseases. Adv
Mater. (2018) 30:€1801362. doi: 10.1002/adma.201801362

200. Mekala JR, Adusumilli K, Chamarthy S, Angirekula HSR. Novel sights on
therapeutic, prognostic, and diagnostics aspects of non-coding rnas in glioblastoma
multiforme. Metab Brain Dis. (2023) 38:1801-29. doi: 10.1007/s11011-023-01234-2

201. Winkle M, El-Daly SM, Fabbri M, Calin GA. Noncoding rna therapeutics -
challenges and potential solutions. Nat Rev Drug Discov. (2021) 20:629-51.
doi: 10.1038/s41573-021-00219-z

202. Sharma RK, Calderon C, Vivas-Mejia PE. Targeting non-coding rna for glioblas-
toma therapy: The challenge of overcomes the blood-brain barrier. Front Med Technol.
(2021) 3:678593. doi: 10.3389/fmedt.2021.678593

203. Singh RR, Mondal I, Janjua T, Popat A, Kulshreshtha R. Engineered smart
materials for rna based molecular therapy to treat glioblastoma. Bioact Mater. (2024)
33:396-423. doi: 10.1016/j.bioactmat.2023.11.007

204. Yang NJ, Hinner MJ. Getting across the cell membrane: An overview for small
molecules, peptides, and proteins. Methods Mol Biol. (2015) 1266:29-53. doi: 10.1007/
978-1-4939-2272-7_3

205. De Souza Degenhardt MF, Wang YX. Challenges and opportunities in technol-
ogies and methods for Incrna structure determination. Cell Biosci. (2025) 15:132.
doi: 10.1186/s13578-025-01470-2

206. Ubanako P, Mirza S, Ruff P, Penny C. Exosome-mediated delivery of sirna
molecules in cancer therapy: Triumphs and challenges. Front Mol Biosci. (2024)
11:2024. doi: 10.3389/fmolb.2024.1447953

207. Cox A, Lim SA, Chung EJ. Strategies to deliver rna by nanoparticles for
therapeutic potential. Mol Aspects Med. (2022) 83:100991. doi: 10.1016/
j-mam.2021.100991

208. Rouatbi N, Walters AA, Costa PM, Qin Y, Liam-Or R, Grant V, et al. Rna lipid
nanoparticles as efficient in vivo crispr-cas9 gene editing tool for therapeutic target
validation in glioblastoma cancer stem cells. J Control Release. (2024) 375:776-87.
doi: 10.1016/j.jconrel.2024.09.019

209. Bruun J, Larsen TB, Jolck RI, Eliasen R, Holm R, Gjetting T, et al. Investigation of
enzyme-sensitive lipid nanoparticles for delivery of sirna to blood-brain barrier and
glioma cells. Int ] Nanomedicine. (2015) 10:5995-6008. doi: 10.2147/IJN.S87334

210. Krupa P, Rehak S, Diaz-Garcia D, Filip S. Nanotechnology - new trends in the
treatment of brain tumours. Acta Med (Hradec Kralove). (2014) 57:142-50.
doi: 10.14712/18059694.2015.79

211. Dash BS, Lu Y], Luo SH, Chen JP. Cetuximab-conjugated magnetic poly(lactic-
co-glycolic acid) nanoparticles for dual-targeted delivery of irinotecan in glioma
treatment. Materials (Basel). (2023) 16:5226. doi: 10.3390/mal6165526

Frontiers in Immunology

30

10.3389/fimmu.2026.1887815

212. Cortes H, Alcala-Alcala S, Caballero-Floran IH, Bernal-Chavez SA, Avalos-
Fuentes A, Gonzalez-Torres M, et al. A reevaluation of chitosan-decorated
nanoparticles to cross the blood-brain barrier. Membranes (Basel). (2020) 10:212.
doi: 10.3390/membranes10090212

213. Uram L, Twardowska M, Szymaszek Z, Misiorek M, Lyskowski A, Setkowicz Z,
et al. The importance of biotinylation for the suitability of cationic and neutral fourth-
generation polyamidoamine dendrimers as targeted drug carriers in the therapy of
glioma and liver cancer. Molecules. (2024) 29:4293. doi: 10.3390/molecules29184293

214. Lansangan C, Khoobchandani M, Jain R, Rudensky S, Perry CC, Patil R.
Designing gold nanoparticles for precise glioma treatment: Challenges and alternatives.
Materials (Basel). (2024) 17:1153. doi: 10.3390/mal7051153

215. Wang H, Xu Q, Dong X, Guan Z, Wang Z, Hao Y, et al. Gold nanoparticles
enhances radiosensitivity in glioma cells by inhibiting traf6/nf-kappab induced ccl2
expression. Heliyon. (2023) 9:e14362. doi: 10.1016/j.heliyon.2023.e14362

216. He C, Ding H, Li L, Chen J, Mo X, Ding Y, et al. Gold nanoparticles enhance the
ability of radiotherapy to induce immunogenic cell death in glioblastoma. Int J
Nanomedicine. (2023) 18:5701-12. doi: 10.2147/IJN.S419712

217. Manescu Paltanea V, Antoniac I, Paltanea G, Nemoianu IV, Mohan AG,
Antoniac A, et al. Magnetic hyperthermia in glioblastoma multiforme treatment. Int
J Mol Sci. (2024) 25:10065. doi: 10.3390/ijms251810065

218. Xu S, Zhang G, Zhang J, Liu W, Wang Y, Fu X. Advances in brain tumor therapy
based on the magnetic nanoparticles. Int | Nanomedicine. (2023) 18:7803-23.
doi: 10.2147/1JN.S444319

219. Mahmoud AB, Ajina R, Aref S, Darwish M, Alsayb M, Taher M, et al. Advances in
immunotherapy for glioblastoma multiforme. Front Immunol. (2022) 13:944452.
doi: 10.3389/fimmu.2022.944452

220. Pistello M, Antonelli G. Integration of the viral genome into the host cell genome:
A double-edged sword. Clin Microbiol Infect. (2016) 22:296-8. doi: 10.1016/
j.cmi.2016.01.022

221. Wang D, Tai PWL, Gao G. Adeno-associated virus vector as a platform for gene
therapy delivery. Nat Rev Drug Discov. (2019) 18:358-78. doi: 10.1038/s41573-019-
0012-9

222. GuhaSarkar D, Su Q, Gao G, Sena-Esteves M. Systemic aav9-ifnbeta gene delivery
treats highly invasive glioblastoma. Neuro Oncol. (2016) 18:1508-18. doi: 10.1093/
neuonc/now097

223. Naso MF, Tomkowicz B, Perry WL, Strohl WR. Adeno-associated virus (aav) as a
vector for gene therapy. BioDrugs. (2017) 31:317-34. doi: 10.1007/s40259-017-0234-5

224. Challis RC, Ravindra Kumar S, Chen X, Goertsen D, Coughlin GM, Hori AM,
et al. Adeno-associated virus toolkit to target diverse brain cells. Annu Rev Neurosci.
(2022) 45:447-69. doi: 10.1146/annurev-neuro-111020-100834

225. Tora MS, Texakalidis P, Neill S, Wetzel J, Rindler RS, Hardcastle N, et al.
Lentiviral vector induced modeling of high-grade spinal cord glioma in minipigs. Sci
Rep. (2020) 10:5291. doi: 10.1038/s41598-020-62167-9

226. Pedersini R, Vattemi E, Claudio PP. Adenoviral gene therapy in high-grade
Malignant glioma. Drug News Perspect. (2010) 23:368-79. doi: 10.1358/
dnp.2010.23.6.1524009

227. Hu M, Liao X, Tao Y, Chen Y. Advances in oncolytic herpes simplex virus and
adenovirus therapy for recurrent glioma. Front Immunol. (2023) 14:1285113.
doi: 10.3389/fimmu.2023.1285113

228. Kim SS, Harford JB, Moghe M, Rait A, Pirollo KF, Chang EH. Targeted
nanocomplex carrying sirna against malatl sensitizes glioblastoma to temozolomide.
Nucleic Acids Res. (2018) 46:1424-40. doi: 10.1093/nar/gkx1221

229. Wang R, Li Q, Chu X, Li N, Liang H, He F. Nanoparticles (nps)-meditated si-
Incrna nonhsat159592.1 inhibits glioblastoma progression and invasion through
targeting the itga3/fak/pi3k/akt pathway. Metab Brain Dis. (2024) 40:31.
doi: 10.1007/s11011-024-01471-z

230. Shi J, Wang YJ, Sun CR, Qin B, Zhang Y, Chen G. Long noncoding rna Incherg
promotes cell proliferation, migration and invasion in glioblastoma. Oncotarget. (2017)
8:108031-41. doi: 10.18632/oncotarget.22446

231. Ferraris C, Cavalli R, Panciani PP, Battaglia L. Overcoming the blood-brain
barrier: Successes and challenges in developing nanoparticle-mediated drug delivery
systems for the treatment of brain tumours. Int ] Nanomedicine. (2020) 15:2999-3022.
doi: 10.2147/1JN.S231479

frontiersin.org


https://doi.org/10.1007/s12035-017-0572-9
https://doi.org/10.3389/fcell.2022.805291
https://doi.org/10.1111/jcmm.18392
https://doi.org/10.1016/j.molmed.2014.09.002
https://doi.org/10.1016/j.molmed.2014.09.002
https://doi.org/10.1186/s13046-021-01997-5
https://doi.org/10.3390/life12081225
https://doi.org/10.1039/c8cs00805a
https://doi.org/10.1002/adma.201801362
https://doi.org/10.1007/s11011-023-01234-2
https://doi.org/10.1038/s41573-021-00219-z
https://doi.org/10.3389/fmedt.2021.678593
https://doi.org/10.1016/j.bioactmat.2023.11.007
https://doi.org/10.1007/978-1-4939-2272-7_3
https://doi.org/10.1007/978-1-4939-2272-7_3
https://doi.org/10.1186/s13578-025-01470-2
https://doi.org/10.3389/fmolb.2024.1447953
https://doi.org/10.1016/j.mam.2021.100991
https://doi.org/10.1016/j.mam.2021.100991
https://doi.org/10.1016/j.jconrel.2024.09.019
https://doi.org/10.2147/IJN.S87334
https://doi.org/10.14712/18059694.2015.79
https://doi.org/10.3390/ma16165526
https://doi.org/10.3390/membranes10090212
https://doi.org/10.3390/molecules29184293
https://doi.org/10.3390/ma17051153
https://doi.org/10.1016/j.heliyon.2023.e14362
https://doi.org/10.2147/IJN.S419712
https://doi.org/10.3390/ijms251810065
https://doi.org/10.2147/IJN.S444319
https://doi.org/10.3389/fimmu.2022.944452
https://doi.org/10.1016/j.cmi.2016.01.022
https://doi.org/10.1016/j.cmi.2016.01.022
https://doi.org/10.1038/s41573-019-0012-9
https://doi.org/10.1038/s41573-019-0012-9
https://doi.org/10.1093/neuonc/now097
https://doi.org/10.1093/neuonc/now097
https://doi.org/10.1007/s40259-017-0234-5
https://doi.org/10.1146/annurev-neuro-111020-100834
https://doi.org/10.1038/s41598-020-62167-9
https://doi.org/10.1358/dnp.2010.23.6.1524009
https://doi.org/10.1358/dnp.2010.23.6.1524009
https://doi.org/10.3389/fimmu.2023.1285113
https://doi.org/10.1093/nar/gkx1221
https://doi.org/10.1007/s11011-024-01471-z
https://doi.org/10.18632/oncotarget.22446
https://doi.org/10.2147/IJN.S231479
https://doi.org/10.3389/fimmu.2026.1887815
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Long non-coding RNAs in glioblastoma: from molecular drivers to therapeutic targets
	1 Introduction to glioblastoma
	2 Non-coding RNAs
	3 Long non-coding RNAs
	3.1 Biogenesis of lncRNAs

	4 Mechanism of action of lncRNAs in GBM
	5 Role of lncRNAs in GBM
	5.1 Oncogenic lncRNAs
	5.2 Tumor suppressor lncRNAs
	5.3 LncRNAs in glioma stem cells

	6 The role of lncRNA as diagnostic and prognostic biomarkers in GBM
	6.1 Diagnostic lncRNAs in GBM
	6.2 Prognostic lncRNAs in GBM

	7 Role of lncRNAs in modulating the immunogenic profile of GBM
	7.1 Immunophenotype- and prognosis-related lncRNA signatures
	7.2 LncRNAs and macrophage and microglia polarization
	7.3 LncRNAs, T-cell dysfunction, and recruitment of suppressive myeloid populations
	7.4 LncRNAs and immune-checkpoint regulation
	7.5 Implications for immunotherapy response
	7.6 Critical appraisal and limitations of immunophenotype-related lncRNAs

	8 Mechanisms of lncRNAs delivery to the brain and their limitations
	8.1 Different types of nanoparticles and their limitations
	8.2 Different types of viral vectors and their limitations
	8.3 Delivery of lncRNAs therapeutics for GBM treatment

	9 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References




