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Abstract

Malignant gliomas are highly aggressive primary brain tumors for which the therapeutic
efficacy of cisplatin is frequently limited by intrinsic or acquired drug resistance. Despite
advances in adjuvant therapies, overcoming chemoresistance remains a major challenge
in the treatment of these malignancies. Emerging evidence indicates that long non-coding
RNAs (IncRNAs), a class of non-protein-coding transcripts involved in gene regulation,
play important roles in modulating treatment responses. Several IncRNAs, including dif-
ferentiation antagonizing non-protein-coding RNA (DANCR), HOXD antisense growth-
associated long non-coding RNA (HOXD-AS1), MEG3, MALAT1, and HOTAIR, have
been implicated in pathways associated with glioma progression and therapeutic re-
sistance. In particular, DANCR has been reported to promote cisplatin resistance in gli-
oma cells through suppression of apoptosis and activation of pro-survival signaling path-
ways. This review summarizes current evidence regarding the roles of IncRNAs in cispla-
tin resistance, highlighting mechanisms such as regulation of drug transport, DNA dam-
age repair, apoptosis, cancer stem-cell maintenance, and signaling pathways associated
with treatment adaptation. We also discuss current limitations, challenges for clinical
translation, and gaps in the existing evidence. A better understanding of IncRNA-medi-
ated resistance mechanisms may facilitate the identification of novel therapeutic targets
and inform future studies aimed at overcoming cisplatin resistance in malignant gliomas.
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1. Introduction

Gliomas are the most prevalent malignant brain tumors, with glioblastoma (GBM)
accounting for the majority —about 57.7% of all gliomas. GBM represents approximately
48.6% of central nervous system tumors, and despite ongoing advances in diagnosis and
treatment, its management remains a significant challenge for clinicians [1,2]. Gliomas are
classified into grades I to IV, with low-grade gliomas exhibiting slower growth and more
favorable outcomes. In contrast, GBM is a tumor characterized by abnormal growth, a
strong tendency to develop therapy resistance, and early recurrence. The clinical manifes-
tations of both glioma and GBM include headaches, seizures, and neurological deficits;
however, these symptoms typically appear at advanced stages [3,4]. The incidence rate of
GBM is higher in males than in females and is greater in developed and Western countries
compared to developing countries. Overall, the incidence rate of GBM is less than 10 per
100,000 individuals [5]. The common risk factors include exposure to ionizing radiation,
certain pesticides and agricultural chemicals such as organochlorides and alkylureas com-
bined with copper sulfates, and prior treatment for acute lymphoid leukemia (ALL) [6-8].
Genetic predisposition has been reported in only 5-10% of cases [9].

Macroscopically, GBM is highly heterogeneous, featuring multifocal hemorrhage,
necrosis, and cystic or gelatinous areas [10]. Ongoing and recent investigations have iden-
tified molecular correlates underlying these clinical characteristics. Hallmark alterations
of primary GBM include epidermal growth factor receptor (EGFR) gene mutation and
amplification; overexpression of mouse double minute 2 (MDM2); deletion of p16; loss of
heterozygosity (LOH) of chromosome 10q harboring phosphatase and tensin homolog
(PTEN); and TERT promoter mutations. According to the 2021 WHO Classification of Tu-
mors of the Central Nervous System, glioblastoma is defined as an IDH-wild-type diffuse
astrocytic glioma with characteristic molecular features such as TERT promoter mutation,
EGEFR amplification, or combined chromosome 7 gain/chromosome 10 loss. Tumors pre-
viously termed “secondary glioblastomas” are now classified as astrocytoma, IDH-mu-
tant, CNS WHO grade IV [11].

Recent advances in imaging techniques, particularly magnetic resonance imaging
(MRI), have significantly improved the evaluation of hemodynamic changes, tissue archi-
tecture, and cellular metabolism in gliomas. Nuclear medicine techniques, such as single-
photon emission computed tomography (SPECT) and positron emission tomography
(PET), are also used as efficient tools for distinguishing active tumors from therapy-re-
lated changes [12]. Imaging biomarkers, derived from computed tomography (CT), MRI,
or PET, provide quantitative parameters that objectively describe biological processes,
pathological changes, and treatment responses in different situations [13].

Treatment of GBM remains challenging and typically includes surgical resection,
chemotherapy, radiotherapy, and symptomatic management of seizures and headaches
[14]. Despite aggressive multimodal therapy, the median survival rate is 14-16 months,
with approximately 50% of patients surviving beyond 15 months after initial diagnosis.
Furthermore, patients with GBM demonstrate relapse after 7 months of starting treatment
[15,16]. The current standard of care for GBM involves maximal safe surgical resection
followed by concurrent temozolomide (TMZ; 75 mg/m?/day for 6 weeks) and radiother-
apy (RT; 60 Gy in 30 fractions), followed by six maintenance cycles of TMZ (150-200
mg/m?/day for the first 5 days of a 28-day cycle—sdTMZ) [17]. Although Li et al. have
shown promising preclinical/immunomodulatory effects of cisplatin, it is not clinically
used as a first-line treatment for GBM [18].
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Ongoing studies have revealed that dysregulated expression of long non-coding
RNAs (IncRNAs) plays an essential role in cisplatin resistance [19]. IncRNAs, which are
>200 nucleotides (nt) long and lack a significant open reading frame, regulate various bi-
ological pathways and cellular processes at the epigenetic, transcriptional, and post-tran-
scriptional levels [20]. Cisplatin resistance may arise when cancer cells accumulate less of
the drug internally, either by limiting its entry or by enhancing its removal. For example,
decreased expression of the copper transporter protein CTR1 is associated with reduced
cisplatin uptake, thereby contributing to drug resistance. Conversely, cisplatin export
from cells is facilitated by P-type ATPases such as ATP7A and ATP7B, as well as multi-
drug resistance-associated proteins (MRPs) in the cell membrane. Increased activity or
expression of these efflux transporters is considered one of the key mechanisms underly-
ing cisplatin resistance [21].

Cisplatin scavenging by intracellular detoxification is another major mechanism of
cisplatin resistance, in which glutathione (GSH) plays an important role. Overexpression
of enzymes involved in GSH synthesis and GSH conjugation has been associated with
cisplatin resistance. Moreover, activation of DNA damage repair systems, such as the nu-
cleotide excision repair system, can attenuate the apoptotic process, leading to cisplatin
resistance. Increased expression of nucleotide excision repair proteins, including the XPF-
ERCC1 complex, has been reported to reduce the efficacy of platinum-based therapy
[22,23]. Studies have also indicated that autophagy contributes to cisplatin resistance, and
downregulation of RB suppresses cisplatin-induced autophagy [24]. Previous studies
have reported that DANCR is highly expressed in glioma tissues and cells and plays an
important role in glioma progression and cisplatin resistance [25]. In recent years, numer-
ous studies have proposed that IncRNAs are involved in embryonic development and in
the etiology of various human diseases, including cancer [26]. Advanced sequencing tech-
nologies have revealed that numerous IncRNAs are dysregulated or aberrantly expressed
in multiple types of cancers. These IncRNAs act as key factors in cancer development and
progression by regulating cell proliferation, apoptosis, metastasis, and angiogenesis [27].
Given their critical role in tumor cell survival and death, it is plausible that IncRNAs also
modulate cell sensitivity to chemotherapy, which targets tumor cells by inhibiting cell
growth and inducing apoptosis. For example, IncRNAs have been reported to contribute
to doxorubicin resistance through regulating MDR1 expression [28]. Considering that var-
ious molecular networks are dysregulated during the development of drug resistance in
GBM, and that IncRNAs serve as key regulators of tumor signaling pathways, investigat-
ing their role in overcoming GBM resistance is crucial. The delicate and infiltrative nature
of GBM further limits the effectiveness of surgical resection, as cancer cells often invade
surrounding tissues before complete removal is feasible. Hence, new therapeutic strate-
gies are urgently needed. Considering the multifaceted role of IncRNAs in modulating
cancer progression, treatment response, and the biological behavior of GBM, targeting
IncRNAs represents a promising approach. Both pharmacological and gene-based meth-
ods can be employed to regulate IncRNA activity. In this review, we discuss the signifi-
cance of IncRNAs in GBM, focusing on how their dysregulation influences various down-
stream signaling pathways, targets, tumor invasion, and cisplatin resistance.

2. The Literature Search Strategy

A narrative literature review was conducted using PubMed, Scopus, and Web of Sci-
ence up to January 2026. Search terms included “glioblastoma”, “glioma”, “cisplatin re-
sistance”, “long non-coding RNA”, “IncRNA”, “DANCR”, “chemoresistance”, and re-
lated combinations. Studies investigating IncRNAs in glioma biology, cisplatin resistance,
DNA repair, apoptosis, drug transport, stemness, and associated signaling pathways were

considered. We only included studies written in English.
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3. Detail Molecular Mechanisms of Cisplatin Resistance in GBM

Cisplatin exerts cell-cycle non-specific cytotoxicity by forming covalent platinum-—
DNA adducts, primarily with the purine bases guanine and adenine. Platinum-based
drugs, particularly cisplatin, are used to treat a wide range of malignancies [29]. Despite
consistent initial response rates, cisplatin treatment often results in the development of
chemotherapy resistance, leading to treatment failure. DNA is the primary intracellular
target of cisplatin, and restriction of cisplatin-DNA binding contributes to drug re-
sistance. After nuclear entry, cisplatin can be inactivated by metallothionein through bind-
ing to its metal core intermediate, thereby reducing its cytotoxic activity. In addition to
classical mechanisms, such as increased drug clearance, enhanced DNA damage repair,
and alterations in cell cycle and apoptotic pathways, other cellular adaptations have been
implicated. These include increased clearance of damaged proteins, enhanced protein gly-
cosylation, increased glycolytic processes, and dysregulation of oxidative phosphoryla-
tion, all of which may contribute to cisplatin resistance in GBM [30].

3.1. Molecular Mechanisms of Cisplatin Cytotoxicity
DNA Adduct Formation, Cell-Cycle Arrest, and Apoptosis

Cisplatin induces covalent DNA adducts that activate the DNA damage response
(DDR). This process involves activation of the ATM and ATR pathways, leading to cell-
cycle arrest, DNA repair, or cell death when the damage is severe. p53 dysfunction in
GBM commonly results from mutations within the DNA-binding domain (frequently ex-
ons 5-8) and may also be associated with loss of chromosome 17p. p53 can be regulated
by stress-responsive MAPK pathways, particularly JNK and p38, while ERK signaling
may contribute in a context-dependent manner. As a result, loss of p53 leads to genomic
instability. Taken together, cisplatin-induced cancer cell death is mediated through a se-
ries of biochemical effects and molecular mechanisms that include DNA adduct for-
mation, p53 activation, MAPK signaling, and cell-cycle arrest. Cisplatin also promotes
cell-cycle arrest and apoptosis by modulating the expression of apoptosis-related proteins,
including downregulation of the anti-apoptotic protein BCL2 and activation of mitochon-
drial apoptotic pathways [31].

3.2. Hallmarks of Chemoresistance in GBM
3.2.1. Enhanced Drug Efflux and Reduced Accumulation

ABC transporters consist of seven subfamilies (ABC-A to -G) that encompass 49 pro-
teins and play multiple biological roles. For example, ABCB1 restricts the penetration of
numerous chemotherapeutic agents into the brain by actively transporting substrates
from BBB endothelial cells back into the circulation. However, the broad substrate speci-
ficity of ABC transporters remains a major obstacle to effective drug delivery and thera-
peutic efficacy in GBM. Nevertheless, they could be potential targets that warrant further
evaluation regarding alternative strategies to enhance the efficacy of platinum-based and
other chemotherapeutic agents [32]. Cisplatin is limited by its reduced ability to cross the
blood-brain barrier (BBB), intrinsic/acquired drug resistance, development of multidrug
resistance (MDR) mechanisms by cancer cells, and low bioavailability [33]. The blood—
brain barrier has always been the first barrier to GBM treatment, providing a physical and
biological barrier that reduces brain exposure to drugs [34]. In addition to the structural
barrier provided by endothelial tight junctions, ABC transporters at the BBB constitute a
critical biochemical barrier to drug delivery [35]. These include ABCBI1 (glycoprotein P,
MDR1), ABCC1 (MRP1—multidrug resistance protein 1), ABCC2 (MRP2), ABCC4
(MRP4), ABCC5 (MRP5), and ABCG2 (BCRP—breast cancer resistance protein) in cispla-
tin-resistant cells [36]. Only three of these, ABCC2, ABCC5, and ABCC6, have been re-
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ported to contribute directly to cisplatin transport and resistance. Upregulation of ABC
transporters in cisplatin-resistant cells may contribute to cross-resistance against multiple
chemotherapeutic agents [37].

3.2.2. Enhanced DNA Repair Through Nucleotide Excision Repair

Nucleotide excision repair (NER) is a versatile and essential DNA repair mechanism
that repairs a diverse range of DNA damage that causes helix deformation. NER is partic-
ularly well-known for repairing UV-induced DNA damage [38]. Cisplatin reacts with
DNA bases to produce various forms of cisplatin-DNA adducts [39]. NER is involved in
the recognition and removal of cisplatin-induced intrastrand DNA adducts, whereas re-
pair of interstrand crosslinks requires coordinated activity of the Fanconi anemia, homol-
ogous recombination, and NER pathways [40]. Elevated expression of the ERCC1-XPF
endonuclease complex has been associated with reduced cisplatin sensitivity in cancer
models, suggesting that efficient excision of cisplatin-induced DNA lesions may contrib-
ute to chemoresistance [41]. Despite its clinical utility, the efficacy of cisplatin is frequently
limited by dose-limiting toxicity and the development of acquired resistance [42]. For this
reason, targeting DNA repair in GBM has attracted new attention [43]. However, the tu-
mor-suppressing effect of PARP inhibitors is low in IDH1/2-wild-type gliomas. In IDH-
wild-type gliomas, intact BRCA1/2-mediated homologous recombination enables efficient
repair of DNA double-strand breaks, thereby reducing susceptibility to PARP inhibition
[44].

3.2.3. Evasion of Apoptosis: Explaining BCL2 Dysregulation

Cisplatin binds DNA in several ways and disrupts cell division through mitosis.
Damaged DNA activates DNA repair mechanisms, which in turn activate apoptosis when
repair is impossible [45]. Dysregulated p53 pathway components have been linked to sev-
eral processes in GBM, such as cell invasion, proliferation, evasion of apoptosis, or cell
stemness [46]. Evasion of treatment-induced apoptosis is a hallmark of acquired re-
sistance. Inhibition of apoptosis is a crucial step in the transition of normal cells to malig-
nant cells. Among the key regulators of apoptosis, the B-cell lymphoma 2 (BCL2) protein
family plays an important role. BCL2 is an anti-apoptotic protein. Overexpression of anti-
apoptotic BCL2 family proteins has been reported in malignancies and is associated with
reduced susceptibility to chemotherapy-induced apoptosis [45]. Significant research sug-
gests that targeting BCL2 family members has synergistic activity with standard therapies
that use cytotoxic agents, such as cisplatin, to kill cancer cells [47].

3.2.4. Epithelial-Mesenchymal Transition (EMT) and Invasion

Over the past decade, researchers have successfully isolated glioblastoma stem cells
(GSCs) from GBM and discovered their critical role in tumor development, maintenance,
and recurrence. As a result, GSCs have become a critical target for novel therapies due to
their ability to resist standard therapies and contribute to relapse of the malignancy [48].
EMT-inducing transcription factors belong to three distinct protein families: the SNAIL
family (SNAIL and Slug), the ZEB family (ZEB1 and ZEB2), and the basic helix-loop-helix
(bHLH) family (TWIST1, TWIST2, and TCF3). These transcriptional regulators control the
expression of EMT-related genes by activating or inhibiting their promoters. Although
glioblastoma is not an epithelial malignancy, activation of EMT-like or mesenchymal tran-
sition programs has been implicated in tumor progression, invasion, stemness, and ther-
apeutic resistance. In GBM, EMT has been implicated in tumor initiation, plasticity, and
treatment resistance, making it a key factor in the pathophysiology of the disease. The
process of EMT can promote tumor cell migration and invasion, facilitating the spread of
cancer cells within the brain. Additionally, EMT is believed to contribute to the mainte-
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nance of cancer stem cells, which are thought to be responsible for tumor recurrence and
resistance to conventional therapies [49].

3.2.5. The Role of the Tumor Microenvironment and Cancer Stem Cells

A growing body of research has shown that tumor stem-cell subpopulations can de-
velop resistance to therapies and cause malignant relapse due to their capabilities of dif-
ferentiation, self-renewal, growth, and progression [50]. The mechanisms of resistance of
GSCs include their quiescence, higher mitochondrial reserve, extensive DNA repair capa-
bilities, and localization in hypoxic niches [51]. At the same time, several studies have
shown that the tumor microenvironment (TME) and its interaction with GBM stem cells,
through the release of extracellular vesicles, play an important role in the pathogenesis
and proliferative characteristics of GBM. The TME has been proposed as a promising ther-
apeutic target [52,53]. Within tumors, hypoxic regions arise due to rapid cell proliferation
and insufficient vascular supply, compelling cancer cells to adapt through the activation
of HIF-1a. This adaptation promotes angiogenesis by upregulating vascular endothelial
growth factor (VEGF), a critical driver of aberrant vasculature in tumors [54,55]. Addi-
tionally, HIF-1a facilitates metabolic reprogramming [56]. Hypoxia also contributes to im-
mune evasion by inducing programmed death-ligand 1 (PD-L1) expression, thereby sup-
pressing anti-tumor T-cell responses [57].

4. Master Regulators of Cellular Processes in Cancer

IncRNAs are transcripts longer than 200 nucleotides that do not encode proteins but
carry out regulatory functions. They are transcribed by RNA polymerase I (Pol I), Pol II,
and Pol III and RNAs from processed introns, with typical mRNA-like processing [58,59].
In glioma, as the most common malignant carcinoma in the nervous system, dysregulated
IncRNAs profoundly influence disease. IncRNAs have been shown to promote prolifera-
tion, invasion, angiogenesis, and therapy resistance [58,60]. IncRNAs act as molecular
hubs (binding DNA, RNA, or proteins), and they can function as oncogenes or tumor sup-
pressors. Aberrant IncRNA expression in glioma has been linked to altered immune sig-
naling and poor prognosis, making them candidate biomarkers and therapeutic targets
[58].

4.1. Biogenesis and Functional Classification of IncRNAs

Like mRNAs, many IncRNAs are co-transcriptionally 5" capped, spliced, and 3’ pol-
yadenylated [61]. Based on their genomic location relative to neighboring protein-coding
genes, IncRNAs are commonly classified as sense, antisense, bidirectional, intronic, or in-
tergenic (lincRNAs). Antisense IncRNAs originate from the opposite strand of protein-
coding genes, whereas sense IncRNAs overlap coding loci on the same strand. Bidirec-
tional IncRNAs are transcribed in the opposite orientation from promoters located near
neighboring genes, while intronic and intergenic IncRNAs arise from intronic regions and
intergenic genomic intervals, respectively [62-64].

IncRNAs have garnered substantial attention in cancer research. Although they ex-
ceed 200 nucleotides in length and lack protein-coding capacity, they exhibit regulatory
functions analogous to those of protein-coding genes [65]. Typically transcribed by RNA
polymerase II, IncRNAs possess a 5' cap and a 3’ polyadenylated tail, and the majority
contain more than two exons [66]. Despite recent advances in elucidating their regulatory
roles in GBM, the full scope of their biogenesis and pathogenic mechanisms remains in-
sufficiently characterized due to their remarkable diversity and the complexity of their
molecular actions [65]. In addition, enhancer RNAs (eRNAs), a subclass of non-coding
RNAs transcribed from active enhancer regions, have been shown to facilitate gene tran-
scription by recruiting transcriptional machinery and promoting enhancer—promoter in-
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teractions [61]. However, the experimental tools themselves create problems. IncRNA loci
commonly overlap or lie near other genes, so direct editing is risky. Small frameshift edits
often do nothing because the transcript does not encode protein, forcing groups to remove
promoters or long loci, a strategy that easily disturbs neighboring elements. CRISPR meth-
ods, therefore, bring collateral hits—overlapping architectures, intronic promoters, and
bidirectional regions allow guides to cut unintended targets. Meanwhile, RNAi and anti-
sense technologies that are effective for mRNAs perform poorly here. RISC sits mostly in
the cytosol, though many IncRNAs function in the nucleus; abundant transcripts resist
partial depletion; silencing tends to fade rapidly [67]. Delivery problems amplify all of
these issues in vivo, and immune activation is another major concern. ASOs and siRNAs
can provoke inflammatory signaling, and moving nucleic acids across the brain’s im-
mune-protected environment is technically difficult [68]. Transient silencing, incomplete
delivery, and off-target activity cloud interpretation of mechanistic findings.

4.2. Modes of Action: Chromatin Remodeling and Transcriptional and Post-Transcriptional Reg-
ulation

In glioma, IncRNAs have been reported to enhance gene expression epigenetically
by recruiting chromatin-modifying complexes, such as EZH2/PRC2 and WD repeat do-
main 5/trithorax proteins, to specific loci where they function as scaffolds to regulate his-
tone H3 trimethylation or acetylation. Through these mechanisms, IncRNAs influence key
glioma traits, including tumorigenicity, proliferation, invasion, and chemoresistance
[69,70].

NEAT1, predominantly nuclear, produces two isoforms—NEAT1 (3.7 kb) and
NEAT1_2 (23 kb)—and promotes multiple cancers, including colorectal, breast, liver can-
cer, and glioma. Mechanistic studies show that NEAT1 is activated by EGFR signaling
and serves as a scaffold for EZH2 recruitment [71].

In glioma models, NEAT1 has been reported to recruit EZH2 to the promoters of
Axin2 and GSK3, resulting in increased H3K27 trimethylation and activation of Wnt/(3-
catenin signaling [70,72]. Another IncRNA, ZFAT-AS], derived from an imprinted locus,
interacts with EZH2 to catalyze H3K27 methylation and suppress CDX2 transcription,
thereby enhancing glioma cell proliferation, migration, and invasion [73]. MALAT1, a
well-characterized nuclear-retained IncRNA, is predominantly recruited to nuclear speck-
les, where it regulates pre-mRNA splicing. Comparative analyses of U87 and U251 glioma
cell lines with normal human astrocytes have shown markedly elevated MALAT1 expres-
sion in glioma cells, supporting its role as an oncogenic IncRNA in this tumor type [4,74].
Functionally, MALAT1 enhances the expression of sex-determining region Y-box 2
(SOX2), thereby promoting the viability and proliferation of glioblastoma stem cells. In
addition, MALATT1 has been reported to promote glioma cell survival and inhibit apopto-
sis through miR-101-dependent signaling pathways [4].

4.3. The Oncogenic and Tumor Suppressor Paradigm of IncRNAs in Glioma

Zhang et al. [75] implicated HOTAIR in glioma pathogenesis. Noting its predominant
expression in classical and mesenchymal subtypes compared with gliomas, they sug-
gested that HOTAIR may function as a useful biomarker for distinguishing molecular
subtypes based on gene-expression profiles. Analyses of HOTAIR expression, methyla-
tion, and copy-number alterations in human gliomas, including IDH-wild-type glioblas-
toma, indicate a positive correlation with increasing tumor grade. Notably, HOTAIR has
emerged as a candidate prognostic biomarker, as elevated levels are associated with sig-
nificantly reduced patient survival. A strong relationship between HOTAIR expression
and HOXAJY levels has also been documented, particularly in higher-grade tumors. Chro-
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matin immunoprecipitation—-qPCR further confirmed that HOXA9 directly binds to the
HOTAIR promoter, supporting its transcriptional regulation by HOXA9 [76].

RNA-seq analyses from Chinese glioma cohorts identified HOTAIR among the most
highly upregulated IncRNAs across tumor grades [77]. In contrast, a study reported re-
duced HOTAIR expression in U118, MG-U87, and MG-LN18 glioblastoma cells [78].

Using RNA-seq data from 152 patients with glioblastoma in TCGA, Lei et al. identi-
fied HOTAIR as a key component of a nine-IncRNA prognostic signature capable of pre-
dicting glioblastoma outcomes. Their bioinformatic analyses suggested that HOTAIR may
influence multiple downstream targets involved in diverse pathways, including cell—cell
communication, neurotransmitter regulation, and calcium signaling. Although experi-
mental validation is still required to clarify these mechanisms, additional in silico studies
similarly propose multifaceted tumor-promoting roles for HOTAIR in glioma [79]. These
findings indicate that HOTAIR may serve as a promising prognostic biomarker candidate
for glioma progression, severity, and molecular grade, either independently or as part of
a biomarker panel. Moreover, the consistent association between high HOTAIR expres-
sion and poor clinical outcomes may represent its potential value as a therapeutic target,
particularly in aggressive glioma subtypes [80]. Another related factor in gliomas is ex-
pression of MEG3. Reduced MEG3 expression has been consistently associated with
poorer overall survival in patients with glioma [81]. Supporting these findings, MEG3 has
also been proposed as a prognostic and immunotherapy-related biomarker [82]. Evidence
highlights that MEG3 exerts its tumor-suppressive effects through IncRNA-miRNA-
mRNA regulatory networks. MEG3 inhibits glioma cell proliferation, migration, and in-
vasion by sponging miR-19a, thereby elevating PTEN expression [83]. Another study
identified the MEG3/miR-96-5p/MTSS1 axis as a potential therapeutic target. MEG3 has
also been reported to interact with miR-377/PTEN [84]. Similarly, MEG3 has also been
reported to inhibit glioma progression through the miR-6088/SMARCBI axis [85].

5. The IncRNA-Cisplatin Interplay in Glioma/GBM: Mechanistic
Insights

Cisplatin (CDDP) is a widely used chemotherapeutic agent for numerous malignan-
cies, yet the emergence of resistance substantially limits its clinical effectiveness and con-
tributes to tumor relapse and poor survival. IncRNAs, which regulate chromatin dynam-
ics, transcription, and post-transcriptional processes, have increasingly been implicated in
the acquisition of CDDP resistance. Recent studies reveal that IncRNAs modulate key
mechanisms underlying chemoresistance, including drug transport, detoxification, DNA
repair, apoptosis, autophagy, stemness, and associated signaling pathways. This review
summarizes current insights into IncRNA-mediated CDDP resistance and outlines poten-
tial IncRNA-targeted strategies to improve therapeutic outcomes [86]. The related re-
sistance mechanisms are shown in Table 1.

Table 1. Summarized effect of cisplatin in GBM.

R‘esistance Mecha- Ifey Events in GBM/Cisplatin Resistance (from this sec- Effect on Cisplatin/Therapy Refer-
nisms tion) ences
BBB act: hysical/biological barrier that red brai
actsasap ySlCé,l /blo.oglca arrier a. %‘e uces brain Low active cisplatin reaching GBM tissue contributes
Limited delivery of < Lo o to drugs; cisplatin has reduced ability to cross the to intrinsic/acquired resistance and multidrug re-
Y BBB and the dose remains pharmacologically active due to q 5 [32-35]

brain tissue

protein binding; ABC transporters at the BBB further limit

drug entry.

sistance (MDR); BBB/ABC transporters are potential
targets to enhance delivery.

transporters

ABCB1 (P-gp/MDR1), ABCC1/2/4/5/6, and ABCG2 are impli-
Drug efflux via ABC cated in cisplatin-resistant cells; ABCC2, ABCC5, and
ABCCS6 actively export cisplatin; ABC transporters have low

Active efflux of cisplatin and other drugs by ABC
transporters contributes to multidrug resistance and  [36,37,87]
cross-resistance.

substrate specificity.
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Detoxification & se-
questration

Cisplatin binds to cysteine thiols of metallothionein, inacti-
vating the drug; other resistance-related changes include in-
creased clearance of protein damage, increased protein gly-
cosylation, enhanced glycolysis, and dysregulated oxidative
phosphorylation.

Detoxification and metabolic adaptation neutralize re-
active platinum species and improve tolerance to cis- [30]
platin-induced damage.

Enhanced nucleotide
excision repair (NER)

NER repairs helix-distorting lesions, including cisplatin-in-
duced intrastrand crosslinks (major adduct type); high XPF
and ERCC levels accelerate removal of these crosslinks.

Faster repair of lethal DNA adducts reduces cisplatin
sensitivity; targeting DNA repair has been proposed as[38-43]
a therapeutic strategy in GBM.

In IDH1/2-wild-type gliomas, PARP inhibitors show low tu-

Functional HR repair in IDH-wild-type GBM reduces

HR profi- mor-suppressive effect; functional BRCA1/2-dependent ho- .
. o . . . . . vulnerability to DNA damage and attenuates re-
ciency/PARP inhibi- mologous recombination (HR) is efficiently recruited to cis- . [42-44]
. s L2, . . . sponses to platinum-based chemotherapy and PARP
tor insensitivity platin-induced DNA damage sites, enabling accurate repair . . .
inhibitors.
of double-strand breaks.
Cisplatin-induced DNA adducts activate ATM/ATR and Impaired p53-dependent checkpoints favor genomic
Checkpoint & p53  DDR, involving MAPK signaling and p53; p53 is frequently . pairec p P P 8
. instability and allow cells to escape apoptosis after [31,46]
pathway defects mutated/deleted, and the p53—ARF-MDM2 pathway is o .
. . DNA damage, contributing to resistance.
highly dysregulated in GBM.
EMT-inducing transcription factors include SNAIL/Slug,
EMT & inva- ZEB1/2 and TWIST family proteins; FHL proteins (e.g., FHL3) EMT promotes migration and invasion and is associ-
sive/mesenchymal  can promote EMT by stabilizing SNAIL1; EMT in GBM is ated with treatment resistance and tumor recurrence [49,88]
shift linked to tumor initiation, plasticity, invasion, treatmentre-  in GBM.

sistance, and maintenance of cancer stem-like properties.

Glioblastoma stem
cells (GSCs)

GSCs are crucial for GBM development, maintenance, and re-
currence and are resistant to standard therapies; resistance
mechanisms include quiescence, high mitochondrial reserve, ex-
tensive DNA repair capacity, and localization in hypoxic niches.

GSCs survive therapy and repopulate the tumor, act-
ing as a reservoir for relapse and a key target for new [48,50,51]
treatments.

Tumor microenvi-

TME, including interactions between GBM stem cells and
their environment via extracellular vesicles, supports GBM

A hypoxic, metabolically reprogrammed, and immu-
nosuppressive TME promotes tumor survival, angio-

. pathogenesis and proliferation; hypoxia stabilizes HIF-1«, L . [52,53]

ronment & hypoxia . . ... genesis, immune evasion, and the emergence of re-

upregulates VEGF, shifts metabolism toward glycolysis with ©,

. g . . sistant clones.
lactate-driven acidosis, and increases PD-L1 expression.
o Increased clearance of protein damage, enhanced protein glyco- . L .

Moxidative-stress L. . . These metabolic adaptations improve tolerance to cis-

sylation, increased glycolysis, and altered oxidative phosphory- [30]

adaptation

lation are described as contributors to cisplatin resistance.

platin-induced stress and diminish its cytotoxic effect.

5.1. Modulating Apoptosis and Cell Survival Pathways

Telomerase reverse transcriptase (TERT), the catalytic subunit of telomerase, is es-
sential for telomere maintenance. MALAT1 is upregulated in glioma and promotes ma-
lignant phenotypes, while in cisplatin-resistant GBM cells it has been reported to enhance
survival via PI3K/AKT activation and reduced apoptosis. FOXD2-AS1 is also highly ex-
pressed in glioma and promotes proliferation and migration while inhibiting apoptosis.
Collectively, increased expression of MALAT1 and FOXD2-AS1 may support sustained
cellular proliferation in glioma, although direct links to telomerase regulation and cispla-
tin resistance require further validation [89-91].

In glioma, ANRIL expression is inversely correlated with miR-203a, and ANRIL si-
lencing affects cell-cycle progression and apoptosis-related phenotypes. SNHG3, SNHG6,
SNHG16, and SNHG20 have also been reported to promote glioma progression by re-
pressing tumor-suppressive pathways, including PTEN/PI3K/AKT- and p21-associated
signaling, thereby favoring proliferation and reducing apoptosis. Collectively, these
IncRNAs contribute to glioma progression through regulation of apoptosis, cell-cycle con-
trol, and oncogenic signaling pathways [92,93].

In addition, DANCR was found to be highly expressed in glioma tissues and cells,
suggesting an oncogenic function. Kaplan-Meier analysis showed that elevated DANCR
levels were associated with poorer overall survival. Functional assays (MTT, colony for-
mation, and transwell) demonstrated that silencing DANCR can reduce glioma cell pro-
liferation and migration. Western blot analysis further revealed that DANCR knockdown
suppressed key proteins of the Wnt/p-catenin pathway, while activation of this pathway
reversed the inhibitory effects. Overall, the findings indicate that DANCR promotes gli-
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oma progression by activating the Wnt/-catenin signaling pathway, and also activates
AXL/PI3K/Akt/NF-kB in U251/U87 cisplatin-resistant lines [25]. Another factor is HOXD-
AS1, which has been identified as an oncogenic factor in various cancers, although its role
in glioma and cisplatin (DDP) resistance remained unclear. This study showed that
HOXD-ASI is highly expressed in glioma tissues and cells, and its elevated levels were
associated with poorer survival. Silencing HOXD-AS] reduced glioma cell proliferation,
migration, and invasion, and increased sensitivity to DDP. Mechanistically, HOXD-AS1
acts as a molecular sponge for miR-204. Overexpressing miR-204 produced similar tumor-
suppressive effects as HOXD-AS1 knockdown, while miR-204 inhibition counteracted the
impact of HOXD-ASI silencing. Overall, HOXD-AS1 promotes glioma progression and
DDP resistance by sequestering miR-204, highlighting its potential as a therapeutic target
[94]. Regarding other IncRNAs, several IncRNAs (e.g., MEG3 and GAS5) have been re-
ported to influence apoptosis and autophagy in glioma and modulate chemosensitivity in
non-CDDP contexts.

GASS regulates miR-222 in glioma and suppresses tumor malignancy by downregu-
lating miR-222, which upregulates tumor suppressors involved in apoptosis, migration,
and invasion. The GAS5/miR-222/PTEN axis has been demonstrated in gastric cancer, but
its role in chemosensitivity in glioma remains unproven [95]. GAS5 also forms a positive
feedback loop with miR-196a-5p and FOXOL1 in glioma stem cells, suppressing malig-
nancy. While GAS5 has been shown to promote M1 polarization of TAMs in endometrial
cancer via miR-21-PTEN-AKT signaling, there is no evidence that the GAS5/miR-196a-
5p/FOXO1 axis regulates TAMs in glioma [96]. Emerging research methodologies can also
enhance the study of GAS5. Advanced technologies, such as single-cell transcriptomics,
may offer novel insights into the molecular mechanisms underlying glioma, including the
functional role of GAS5. Overall, integrating both established techniques and innovative
approaches will be essential for advancing our understanding of GAS5-mediated regula-
tory networks in glioma [95].

Maternally expressed gene 3 (MEG3) IncRNA has been implicated in multiple can-
cers, yet its involvement in cisplatin-induced apoptosis in glioma remains unclear. In U87
glioma cells, MEG3 expression increased following cisplatin exposure. Lentiviral overex-
pression of MEG3 enhanced cisplatin sensitivity, whereas MEG3 knockdown via siRNA
conferred greater resistance to the drug. Mechanistic analyses showed that MEG3 sup-
presses cisplatin-induced autophagy, and this reduction in autophagic activity contrib-
utes to the improved chemosensitivity of U87 cells [97].

miR-205 enhances cisplatin sensitivity of glioma cells by suppressing E2F1; down-
regulation of miR-205 confers cisplatin resistance via E2F1 upregulation. miR-136 does
not induce cisplatin resistance in glioma via a comparable E2F1 mechanism; in glioma, it
generally acts as a tumor suppressor, inhibiting proliferation and inducing apoptosis by
targeting AEG-1 and BCL2, and increasing temozolomide sensitivity. Conversely, miR-
873 overexpression enhances apoptosis in cisplatin-resistant glioma cells and sensitizes
them to cisplatin by targeting BCL2. Glioma tissues exhibit reduced miR-873 and in-
creased BCL2 relative to the normal brain, indicating an inverse relationship, and miR-
873 modulates cisplatin sensitivity via BCL2 regulation [98,99].

5.2. Regulating DNA Damage Repair Machinery

Alterations in XPA expression are thought to influence cancer risk, prognosis, and
treatment response. Higher XPA expression is associated with improved overall survival
and favorable prognosis (p < 0.0001). However, in glioblastoma, high XPA also confers
temozolomide resistance by protecting cells from temozolomide-induced cell death and
apoptosis, highlighting a context-dependent role in treatment response. In germ cell tu-
mors, increased XPA may contribute to cisplatin resistance and serves as an independent

https://doi.org/10.3390/ijms27136010



Int. ]. Mol. Sci. 2026, 27, 6010

11 of 28

prognostic biomarker for OS. The NER pathway repairs bulky DNA lesions induced by
UV radiation and chemotherapeutic agents; low expression of NER-related genes (includ-
ing ERCC1 and XPA) can reduce DNA repair capacity and increase cancer susceptibility
in certain contexts. However, this does not imply uniform prognostic benefit across all
tumor types: in glioma, higher XPA correlates with better survival, whereas in other can-
cers, elevated XPA may favor resistance to DNA-damaging therapy [100-102]. Demon-
strations that specific IncRNAs alter NER activity to modulate GBM cisplatin sensitivity
are sparse. A conservative assessment is warranted: IncRNAs can regulate expression of
repair genes in other systems, but causal GBM/CDDP NER modulation by a defined
IncRNA remains to be robustly shown. Focused assays (platinum adduct quantification,
v-H2AX kinetics, or comet assays combined with IncRNA perturbation in U87/U251 +
CDDP) are required to establish direct links. Until such data are available, DNA-repair-
related IncRNA effects on cisplatin responsiveness in GBM should be considered putative
[103]. XPA expression is dynamically regulated at both transcriptional and post-transcrip-
tional levels, with significant clinical implications. (NER) capacity, often due to lower XPA
levels, has been linked to increased sensitivity to CDDP in malignancies, and although
cisplatin induces similar DNA adducts across cell types, differences in cellular sensitivity
are largely attributable to variations in DNA repair capacity and damage tolerance mech-
anisms. Tissue-specific transcriptional and epigenetic programs may contribute to organ-
specific differences in DNA repair capacity and cisplatin responsiveness [104,105].

5.3. Influencing Drug Influx and Efflux Transporters

In glioblastoma, both the structural and functional properties of the blood-brain bar-
rier (BBB) are substantially altered. This disruption is evidenced by reduced expression of
several BBB-associated proteins—including Claudin-5, GLUT1, Na*/K*-ATPase, and the
major efflux transporters ABCB1 and ABCG2—within glioblastoma-associated mi-
crovessels compared with normal brain vasculature. The markedly reduced expression of
Claudin-5, a key tight-junction protein, suggests impaired tight-junction integrity and in-
creased paracellular permeability within the tumor vasculature. Likewise, decreased lev-
els of GLUT1, an endothelial marker, and Na*/K+-ATPase, a marker of endothelial mem-
brane specialization, likely reflect the abnormal, disorganized, and dysfunctional neovas-
culature characteristic of glioblastoma [106]. The substantially reduced expression of
ABCB1 and ABCG?2 further suggests impairment of the biochemical barrier, particularly
its capacity for active efflux transport. Together with disruption of the physical BBB, these
alterations may facilitate increased intratumoral accumulation of therapeutic agents that
are substrates of these transporters. Consistent with this concept, the Weel inhibitor
AZD1775 demonstrated favorable tumor penetration in patients with glioblastoma,
achieving a median unbound tumor-to-plasma ratio of 3.2, despite being a known sub-
strate of both ABCB1 and ABCG2 [107]. The modest efficacy of ABCB1 inhibitors in en-
hancing CNS drug permeability is largely attributed to the challenge of achieving un-
bound systemic inhibitor concentrations high enough to produce meaningful transporter
inhibition in humans. Furthermore, it is important to recognize that ABCB1 and ABCG2
function cooperatively at the BBB, jointly restricting the brain uptake of compounds that
serve as dual substrates for both transporters (Figure 1).
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Figure 1. Pathways driven by DANCR that promote tumor survival and proliferation. DANCR
functions as a ceRNA, sponging tumor-suppressive miRNAs, causing the loss of miRNA-mediated
repression and upregulation of target genes, such as AXL. Elevated AXL activates downstream
PI3K/AKT signaling, which promotes NF-kB activation, resulting in increased proliferation and in-
hibition of apoptosis. DANCR enhances Wnt/B-catenin signaling, leading to activation of genes as-

sociated with EMT, stemness, and proliferation.

Another item is OATP1A2, which is often cited as the primary OATP isoform present
at the human BBB. Immunofluorescence studies have localized OATP1A2 to the luminal
surface of human brain endothelial cells, and both OATP1A2 and OATP2B1 have been
reported in endothelial cells within human glioma tissue. However, quantitative targeted
proteomic analyses from independent groups, including our own, have demonstrated
that the protein levels of OATP1A2 and OATP2B1 in isolated microvessels from human
brain and glioblastoma samples fall below the lower limit of quantification (<0.1 fmol/ug),
suggesting minimal or undetectable expression [106].

These differential patterns of transporter expression between the healthy BBB and
glioblastoma vasculature not only provide mechanistic insight into barrier dysfunction,
but also contribute to quantitative frameworks for modeling heterogeneous drug delivery
to the brain and glioblastoma tissue. A major mechanism of chemoresistance in many tu-
mors is the reduced intracellular accumulation of anticancer drugs. Because ABC trans-
porters are key mediators of drug efflux in resistant cancer cells, considerable effort has
focused on developing agents capable of inhibiting or modulating their activity to en-
hance intracellular drug levels. Although the regulation of ABC transporters is complex
and influenced by multiple molecular pathways, IncRNAs have emerged as important
regulators of ABC transporter expression and function, contributing to either the devel-
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opment or reversal of chemoresistance [108]. Consequently, elucidating the molecular
mechanisms, signaling pathways, and regulatory networks governing ABC transporter
activity represents a promising strategy for improving treatment responses in patients
with poor prognoses and for advancing the development of IncRNA-based anticancer
therapeutics [109].

IncRNAs influence ABC transporter-mediated chemoresistance through multiple
mechanisms, including regulating transcription factor binding and translocation, modify-
ing chromatin structure, altering promoter accessibility, interacting with RNA-binding
proteins, and modulating epigenetic marks [110]. Among these regulatory elements,
STAT3 and FOXC2 have been reported as transcriptional regulators involved in IncRNA-
associated ABCB1 regulation in specific cancer contexts [111]. The PI3K/Akt/mTOR sig-
naling axis also contributes to IncRNA-mediated modulation of P-gp activity. For exam-
ple, HOTAIR enhances PI3K, AKT, and mTOR phosphorylation while increasing P-gp
protein levels, thereby reducing doxorubicin cytotoxicity that is associated with activation
of PI3BK/AKT/mTOR signaling and increased P-gp expression [112]. This suggests a func-
tional connection between PI3K/Akt/mTOR signaling and P-gp expression in IncRNA-as-
sociated drug resistance, highlighting the potential for therapeutic strategies targeting
both pathways. Given the epigenetic regulation of ABC transporters, numerous IncRNAs
interact with epigenetic components during chemoresistance [113,114]. EZH2, the cata-
lytic subunit of PRC2 responsible for H3K27 trimethylation and transcriptional repres-
sion, has been implicated in epigenetic regulation of chemoresistance pathways in glioma,
including modulation of ABC transporter expression and temozolomide response [109].

5.4. Controlling Epithelial-Mesenchymal Transition (EMT) and Invasiveness

Studies using IncRNA overexpression or silencing in GBM models have demon-
strated that IncRNAs influence epithelial-mesenchymal transition (EMT)-like phenotypes
through involvement in Wnt signaling, either by directly interacting with pathway com-
ponents or indirectly via regulators, such as ZEB transcription factors and VEGF, forming
interconnected regulatory networks that contribute to sustained pathway activation. The
PI3K/Akt cascade, which regulates numerous downstream effectors, also contributes to
dysregulated angiogenesis and mesenchymal (MES) transition, both of which are essential
for GBM progression. These pathways are major therapeutic targets in GBM [115]. Indi-
vidual IncRNAs typically regulate multiple downstream molecules and frequently partic-
ipate in interconnected signaling networks. For instance, the MES-associated transcription
factor ZEB1 is regulated by several IncRNAs, including UCA1 and LINC00645, with
emerging evidence for additional candidates, such as OR7E156P, through miRNA-medi-
ated regulatory axes targeting upstream hypoxia-responsive elements [116]. Consistent
with these regulatory networks, induction of EMT-like programs in glioma cells in vitro
has been associated with increased tissue factor (TF) expression. Further analyses show
that ZEB1 expression correlates positively with glioma grade and TF levels in tumor tis-
sues. Mechanistic studies suggest that EMT-associated signaling may enhance TF expres-
sion through the miR-200a/ZEB1 axis. Collectively, these findings indicate that EMT-like
transitions may promote TF expression in glioma and suggest that TF could represent a
potential therapeutic target for inhibiting EMT-associated progression and thrombotic
complications [117].

5.5. Interplay with Key Signaling Pathways

The canonical Wnt/B-catenin signaling pathway is aberrantly activated in many
types of tumors [118,119]. High expression of IncRNA ST7-AS1, MIR22HG, and CASC7
has been shown to suppress the Wnt/p-catenin signaling axis by regulating levels of key
proteins, thereby significantly inhibiting glioma growth [120-122]. Consistently, Zhou et
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al. reported that ADAMTS9-ASI is associated with regulation of glioma cell proliferation
and modulation of Wnt/f-catenin signaling and PCNA expression, although the precise
mechanistic direction may vary depending on the experimental context [123]. Different
IncRNAs exert distinct effects on the Wnt/fB-catenin pathway [124]. Similarly, IncRNA
NEAT1 has been shown to recruit EZH2, leading to repression of GSK3[3 expression and
activation of the Wnt/(3-catenin pathway [72]. Preliminary evidence also suggests that
IncRNA CCND2-AS1 regulates glioma proliferation through modulation of Wnt/p-
catenin signaling, although further mechanistic studies are required [125].

In addition to Wnt signaling, IncRNAs also regulate the PTEN/PI3K/AKT signaling
axis. The focally amplified IncRNA on chromosome 1 (FAL1) has been reported to pro-
mote tumor cell proliferation, migration, and invasion through modulation of PTEN ex-
pression and activation of PI3K/AKT signaling, leading to downstream phosphorylation
of GSK-3f3, a key component of the Wnt pathway [126]. Studies have shown that inhibition
of PI3K/AKT signaling suppresses proliferation and induces apoptosis in glioma models.
For example, IncRNA MEG3 inhibits the PI3K/AKT/NF-«B signaling pathway and trig-
gers apoptosis [127]. Overall, IncRNAs influence glioma biology through diverse mecha-
nisms, including miRNA sponge activity, protein degradation/inactivation, modulation
of RNA-binding proteins, and recruitment of chromatin-modifying enzymes, ultimately
promoting or inhibiting key signaling pathways that govern tumor growth and progres-
sion [125].

5.6. The Role of IncRNAs in Glioma Stem-Cell Maintenance and Resistance

SOX2 plays a critical role in early embryonic development and normal tissue home-
ostasis by maintaining stem cell pluripotency and directing cell fate decisions. In glioma,
SOX2 is essential for preserving stem-like characteristics of tumor cells and is associated
with tumor aggressiveness and chemoresistance, particularly to temozolomide. Although
SOX2 can promote cisplatin resistance through Wnt/B-catenin signaling in some non-gli-
oma cancers, that mechanism is not established here for glioma. SOX2 is often positively
linked with SOX9 in glioblastoma, and high SOX2 expression serves as a prognostic
marker in several cancers, including glioma [128,129].

A study suggests that elevated SOX20T expression promotes TMZ resistance by en-
hancing cell proliferation and inhibiting apoptosis. Mechanistically, SOX2OT upregulates
its downstream target SOX2 via ALKBHS5, an mfA demethylase that binds to the SOX2
promoter and increases its demethylation. Elevated SOX2 then drives proliferation and
suppresses apoptosis through activation of the Wnt5a/p-catenin signaling pathway. GBM
patients with higher SOX2OT expression show an increased risk of recurrence and poorer
clinical outcomes compared with those with lower SOX2OT expression [128]. Addition-
ally, H19 knockdown suppresses NF-kB signaling, as shown by reduced NF-«B reporter
activity and lower expression of its downstream targets, whereas H19 overexpression ac-
tivates the NF-«xB pathway. Pharmacological inhibition of NF-«B significantly reverses the
TMZ resistance induced by H19 overexpression. H19 expression is inducible under both
short-term and long-term oxidative stress. Treatment with H202, which induces oxidative
stress and upregulates H19, largely reduces the enhanced TMZ sensitivity caused by H19
knockdown. These findings suggest a mechanistic cascade in which oxidative stress up-
regulates H19, which then promotes TMZ resistance through activation of the NF-«B sig-
naling pathway (Figure 2) [130].
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Figure 2. IncRNAs promote cancer progression and cisplatin (Pt) resistance in glioblastoma. Sche-
matic overview of the mechanisms by which increased oncogenic IncRNA expression induces cis-
platin resistance in glioblastoma cells. Limited drug delivery across the BBB, combined with re-
duced expression of uptake transporters and upregulation of efflux transporters, results in de-
creased intracellular cisplatin accumulation. Intracellularly, cisplatin can be sequestered, further re-
ducing its cytotoxic effects. In the nucleus, IncRNAs promote enhanced DNA repair (e.g., nucleotide
excision repair), increase expression of proliferative genes, and suppress apoptotic pathways.
IncRNAs contribute to EMT-like/mesenchymal transition programs, cellular invasion, and mainte-
nance of glioblastoma stem-like cells, cellular invasion, and the maintenance and proliferation of
glioblastoma stem-like cells. Together, these processes reduce cisplatin efficacy and drive tumor

survival and progression.

5.7. IncRNAs as Competing Endogenous RNAs (ceRNAs) in Cisplatin Resistance

Overexpression of the PTEN 3'UTR increases the expression of 13 ceRNAs, elevates
PTEN protein levels, and reduces glioma cell growth. Conversely, knockdown of any of
these 13 genes decreases PTEN 3'UTR luciferase activity and significantly promotes gli-
oma cell proliferation. The silencing effect mediated through the ceRNA mechanism is
comparable to that achieved by siRNA-mediated PTEN suppression [131]. Moreover,
PTEN forms a ceRNA subnetwork with several established drivers of glioma tumorigen-
esis and GBM subtype specification. Ectopic expression of the 3'UTRs of genes within this
subnetwork results in coordinated upregulation of the other network members. Collec-
tively, these findings indicate that the ceRN A mechanism enables concerted expression of
multiple oncogenic drivers through competition for a shared miRNA pool, thereby con-
tributing to high-grade gliomagenesis [132]. The discovery of pseudogene-mediated
ceRNA networks (ceRNETSs) provided the foundation for the ceRNA hypothesis [133].
However, the characterization of pseudogene-mediated ceRNETs in glioma remains lim-
ited compared with IncRNA- and circRNA-mediated networks. PTEN pseudogene-1
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(PTENP1), the PTEN pseudogene, has been shown to inhibit cancer progression [134] via
the ceRNA mechanism. While PTENP1 has been implicated in regulating glioma cell pro-
liferation and invasion as a tumor suppressor, direct mechanistic evidence that its anti-
tumor effects in glioma are mediated specifically through a ceRNA mechanism remains
limited [135]. Additionally, a study reported the importance of the CCAT2/miR-424/Chk1
axis in shaping glioma cell behavior, so this pathway shows potential as a therapeutic
target. However, several experimental limitations should be addressed. While the find-
ings suggest that modulating the CCAT2/miR-424/Chk1 axis can improve glioma chemo-
sensitivity, the precise regulatory mechanisms require deeper investigation [136]. In a gli-
oblastoma xenograft mouse model, elevated LINC00479 expression was strongly associ-
ated with accelerated tumor growth. Mechanistic analyses demonstrated that LINC00479
functions as a sponge for miR-134, leading to upregulation of c-Myc, which in turn in-
duces the multidrug resistance transporter ABCC1 and promotes temozolomide re-
sistance [137]. A study further identified a positive co-expression pattern between MYC
and ABCC1, showing that MYC overexpression can directly enhance ABCC1 expression
in glioma cells [133]. DANCR functions as a competing endogenous RNA by sequestering
tumor-suppressive miRNAs, thereby relieving repression of downstream oncogenic tar-
gets. In glioma, DANCR-mediated miRNA sponging has been linked to
AXL/PI3K/AKT/NF-«xB and Wnt/B-catenin signaling. Although PTEN-regulating IncRNA
ceRNA networks may contribute to drug resistance through effects on survival, apoptosis,
and DNA repair, direct evidence tying PTEN-centered ceRNA networks specifically to
cisplatin resistance in glioblastoma remains limited [21,138]. Because PTEN negatively
regulates PI3K/AKT signaling, disruption of PTEN-centered ceRNA networks may influ-
ence glioma cell survival and responsiveness to cisplatin, although direct experimental evi-
dence remains limited. The IncRNA targets and mechanisms are demonstrated in Table 2.

Table 2. Summarized mechanisms for each IncRNA. For several IncRNAs, evidence derives from
glioma progression studies, temozolomide resistance models, other malignancies, or bioinformatic

analyses rather than direct cisplatin-response experiments.

IncRNAs Main Targets/Mechanisms Cisplatin and Other Chemotherapeutics References
Activates AXL — PI3K/Akt/NF-kB and Wnt/p- 1 cisplatin IC50 by ~4—6-fold with reduced apopto-
DANCR catenin signaling, promoting survival and block- sis in U87 and U251 cells; DANCR knockdown re- [21]
ing cisplatin-induced apoptosis in GBM cells.  stores cisplatin sensitivity.
Acts as a ceRNA for miR-204, de-repressing ~ HOXD-AS1 knockdown decreases cisplatin IC50
HOXD- . o ; . . e .
HMGAZ? and reducing apoptosis in cisplatin-  and increases apoptosis, thereby sensitizing glioma [94]
AS1 .
treated glioma cells. cells to CDDP.
Evidence suggests that GAS5 may enhance GASS overexpression lowers cisplatin IC50 and en-
GAS5 chemosensitivity through regulation of apopto- hances apoptosis; loss of GAS5 promotes cisplatin  [95,121]
sis- and autophagy-related pathways. resistance.
Nuclear IncRNA that scaffolds EZH2 and acti- NEAT1 upregulation is associated with reduced cis-
vates Wnt/p-catenin signaling in glioma (no di- platin sensitivity in non-GBM models; NEAT1
NEAT1 e : . o o [72,86]
rect cisplatin data; evidence mainly from other knockdown enhances cisplatin response —indirect
tumors and general cisplatin-resistance studies). evidence, to be cited cautiously.
Low ME i lat ith cisplatin re-
E h, i - i ! 7,127
MEG3 ’Fop. a8y aimd act1vates; p53-dependent apoptosis and sensitizes U87 cells to cisplatin (lower IC50, [57.127]
in cisplatin-treated glioma cells. . .
higher apoptosis).
Oncogenic IncRNA that activates STAT3 and pro- High H19 contributes to multidrug resistance and
H19 survival autophagy signaling (data in GBM likely reduces cisplatin sensitivity; H19 knockdown [86,130]

mainly temozolomide, with some support for
platinum-drug synergy in other settings).

enhances chemosensitivity; evidence for CDDP in
GBM remains indirect.
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Sponges miR-424 — Chkl1 upregulation and en- CCAT2 overexpression increases resistance to cispla-
CCAT2  hanced DNA-damage repair, supporting chemo- tin (higher IC50, reduced apoptosis); CCAT2 knock- [133,136]
resistance (includes cisplatin) in glioma. down restores cisplatin chemosensitivity.

Acts as a ceRNA for miR-134, resulting in up- LINC00470 overexpression increases temozolomide
regulation of c-Myc and the efflux transporter ICso and reduces apoptosis, whereas its knockdown

LINC00470 ABCC1, thereby enhancing drug efflux and restores chemosensitivity; although demonstrated [133,137]
promoting chemoresistance in glioma (shown primarily for temozolomide, this efflux-based

mainly with temozolomide). mechanism is likely relevant to cisplatin response.

6. Clinical Implications and Therapeutic Potential
6.1. IncRNAs as Prognostic and Predictive Biomarkers for Cisplatin Response

IncRNAs have emerged as promising candidate biomarkers, offering significant
prognostic and predictive insights regarding cisplatin response in glioma and GBM. Their
stable expression profiles and involvement in chemoresistance underscore their potential
integration into contemporary molecular stratification frameworks. Elevated levels of on-
cogenic IncRNAs—such as H19, which activates the miR-29a/STAT3 signaling pathway
[139], HOTAIR, which recruits PRC2 to repress DNA-damage-responsive genes [140], and
MALAT]I, which facilitates epithelial-mesenchymal transition and autophagy [141] —are
consistently associated with reduced sensitivity to cisplatin and shorter overall survival
rates. In contrast, decreased expression of tumor-suppressive IncRNAs—including
MEGS3, which negatively regulates the PI3K/AKT signaling pathway [84], and GASS5,
which enhances apoptotic signaling—is associated with poorer therapeutic outcomes
[142].

Clinically, IncRNA signatures may improve prediction of treatment response and
help identify patients with glioma who are less likely to benefit from cisplatin-based reg-
imens, although routine clinical use remains unproven. Circulating and exosomal
IncRNAs, including Inc-TALC, offer promising minimally invasive platforms for moni-
toring evolving resistance over time [143]. From a therapeutic perspective, IncRNAs are
compelling molecular targets. Strategies such as antisense oligonucleotides (ASO), RNA
interference technologies, and CRISPR-based systems offer feasible means to silence on-
cogenic IncRNAs or restore the expression of tumor-suppressing IncRNAs [144-146].
These approaches can resensitize glioma cells to cisplatin treatment. Collectively, these
diagnostic and therapeutic implications underscore the promise of IncRNA-directed strat-
egies to enhance precision oncology and improve patient outcomes in GBM.

6.2. Therapeutic Targeting of Oncogenic IncRNAs (IncRNA Inhibition)

The therapeutic inhibition of oncogenic IncRNAs has emerged as a compelling strat-
egy to combat cisplatin resistance in glioma and glioblastoma. This approach utilizes ad-
vanced gene-silencing modalities such as CRISPR-based editing, ASOs, and siRNAs.
CRISPR/Cas9 may allow for precise genomic disruption of IncRNA loci, facilitating the
permanent inactivation of chemoresistance drivers like H19, HOTAIR, and MALATI.
These IncRNAs may modulate critical pathways, including STAT3 signaling, PRC2-de-
pendent chromatin remodeling, and autophagy [147]. Preclinical studies in multiple can-
cer models suggest that IncRNA inhibition may reduce stemness and restore cisplatin sen-
sitivity, although direct GBM evidence remains limited for several targets [148]. ASOs,
including gapmers, can promote RNase H-mediated degradation of specific IncRNAs,
while siRNA-based approaches provide transient but potentially effective knockdown.
However, delivery across the blood-brain barrier remains a major challenge, and nano-
particle or exosome-based carriers are still under active investigation. Collectively, these
gene-silencing strategies represent a developing therapeutic landscape for glioma, but
their translation to routine GBM therapy remains early [149,150]. Trabedersen, one of the
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key ASOs, was due to be evaluated to target the GBM cells as monotherapy, but the trials
were not completed due to insufficient patient recruitment. However, in the previous
phases, it showed a significant tumor response in patients with GBM [151]. The enhanced
chemical stability and blood-brain barrier permeability of these molecules, along with
their ongoing clinical applications in neurological diseases, further underscore their
promise for GBM therapy. In addition, siRNA-based targeting presents a transient yet
highly effective method for the suppression of IncRNAs [152]. The siRNA-mediated si-
lencing of HULC and CRNDE has been shown to inhibit autophagy, disrupt glycolytic
reprogramming, and interfere with PI3K/mTOR signaling, effectively reversing pheno-
types associated with cisplatin resistance [122,153]. Innovative nanoparticle carriers—in-
cluding lipid nanoparticles and exosome-mimetic vesicles—significantly enhance siRNA
delivery across the blood-brain barrier and improve stability within the tumor microen-
vironment [154]. Collectively, these gene-silencing strategies illustrate a rapidly evolving
therapeutic landscape, wherein targeted IncRNA inhibition may serve to complement
standard chemotherapy, overcome resistance, and facilitate the development of personal-
ized interventions for glioma and glioblastoma multiforme.

6.3. Therapeutic Restoration of Tumor-Suppressor IncRNAs

Viral vector-based delivery systems, particularly adenoviral and AAV vectors, have
shown potential in restoring IncRNAs in human cells due to their high transduction effi-
ciency and long-term expression [155]. In addition to direct gene replacement, engineered
viral vectors that utilize tumor-specific promoters, capsids capable of crossing the blood—
brain barrier, and microRNA response elements enhance both safety and precision in the
restoration of glioma-specific long non-coding RNA (IncRNA). AAV serotypes, such as
AAV2, AAV9, and AAVrh, have been explored for CNS delivery, but their efficiency de-
pends on serotype, dose, and route of administration [156]. Lentiviral vectors can support
stable expression of tumor-suppressive IncRNAs, but systemic delivery to GBM is limited
by BBB constraints [128]. In parallel, non-viral approaches such as ASOs, RNA interfer-
ence, and CRISPR-based systems may be used to restore tumor-suppressive IncRNAs like
MEGS3 and GAS5. Together, these strategies highlight the therapeutic potential of IncRNA
restoration for overcoming chemoresistance and improving GBM treatment [144-
146,157].

6.4. Combinatorial Strategies: IncRNA Targeting to Re-Sensitize Tumors to Cisplatin

Emerging evidence indicates that combinatorial strategies, which integrate IncRNA
modulation with conventional chemotherapeutics, can effectively address cisplatin re-
sistance in glioma and GBM. Various studies have confirmed that the combination of
IncRNAs and cisplatin can have a synergistic anti-tumor effect in various human cancers.
However, there is a need to explore the potential combination of IncRNAs with cisplatin
to assess the sensitivity of GBM cells to cisplatin-based chemotherapy regimens.

7. Limitations and Challenges

Progress in this area has been fast, yet several roadblocks keep limiting the transla-
tion of IncRNA discoveries into usable therapy for GBM. At the level of basic research, the
mechanistic picture remains incomplete. A handful of IncRNAs linked to cisplatin re-
sponse are reasonably well-characterized [158]. These examples stand alone, though. Vast
sets of IncRNA-linked systems—EMT programs, tumor stem-cell traits, and ceRNA inter-
actions—remain only partly defined in GBM. How these circuits behave together when
cells are exposed to chemotherapy remains unclear; whether any shared organization ex-
ists between tumors is also uncertain. The difficulty largely reflects the biological proper-
ties of IncRNAs. Many are weakly expressed, sharply tissue-restricted, and show little se-
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quence conservation [68]. Thus, standard inference strategies fail, as a newly identified
transcript rarely resembles anything functionally annotated. Results vary wildly across
models: knocking down a single IncRNA can shift cisplatin response in one GBM line and
do essentially nothing, or cause the opposite effect in another. Genetic background and
even culture conditions can flip results. Reproducibility suffers, and confirming a given
IncRNA as a cisplatin-resistance driver demands consistent findings across several inde-
pendent systems, which remains rare.

Clinical translation faces several major barriers. One of the hardest is delivery to the
brain: the BBB and blood-tumor barrier substantially limit systemic access, and even viral
vectors, nanoparticles, or exosomes may fail to reach invasive tumor cells efficiently
[67,68]. Therefore, ASO-, CRISPR-, and siRNA-based IncRNA therapies remain con-
strained by incomplete delivery to their intended targets. After delivery, safety and regu-
latory requirements become more stringent because nucleic-acid therapeutics can persist,
trigger innate immune activation, silence unintended genes, or produce toxicity. Bi-
omarker development is another weak point. Although many IncRNAs are altered in
GBM, only a small subset has been linked specifically to cisplatin response, and many
dysregulated transcripts are not sufficiently disease-specific for high-precision diagnosis
[159]. As of now, there is no validated IncRNA signature that predicts cisplatin respon-
siveness or identifies patients likely to benefit from IncRNA-directed approaches. Without
reliable markers, clinical trial design becomes inefficient. This intersects with wider prob-
lems in GBM trials: strong tumor heterogeneity, limited enrollment, and the absence of
reliable early pharmacodynamic readouts complicate evaluation of experimental strate-
gies. Weak biomarker panels together with suboptimal trial structures widen the transla-
tional gap. All these points indicate that the field is still early in development. Considera-
ble technical progress will be needed: stronger in vivo and 3D systems (brain organoids,
for example); improved delivery tools capable of crossing the BBB; deeper genomic anno-
tation; and more adaptable trial designs. Only sustained work across these fronts will
move the field forward.

8. Conclusions

A complex axis linking IncRNAs to cisplatin resistance is becoming clear in GBM.
Many transcripts act as microRNA sponges or structural frameworks that converge on
PI3K/Akt, NF-kB, and Wnt pathways to maintain survival under drug exposure. Among
these, DANCR stands out. It is consistently upregulated in aggressive gliomas and asso-
ciates with poorer survival [25]. Experimental evidence indicates that DANCR enforces
resistance by absorbing multiple tumor-suppressive miRNAs, thereby increasing AXL ex-
pression and activating PI3K/Akt and NF-kB cascades, which block cisplatin-triggered
apoptosis [21]. DANCR may also activate the Wnt/pB-catenin pathway independently, pro-
moting proliferation and survival [25]. By considering PI3K/Akt, NF-kB, and Wnt routes
together, DANCR may function as a cisplatin response.

The available evidence suggests that DANCR and several other IncRNAs participate
in molecular pathways associated with cisplatin resistance in glioma. However, most find-
ings derive from in vitro studies and require validation in clinically relevant animal mod-
els and patient-derived systems. Significant challenges remain, including efficient deliv-
ery across the blood-brain barrier, tumor heterogeneity, and limited clinical evidence.
Therefore, while IncRNA-targeted therapies represent a promising research direction,
their clinical translation remains at an early stage.
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