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Gliomas, particularly glioblastoma (GBM), remain highly le
thal brain tumors with limited treatments. MRI-based moni
toring lacks specificity in distinguishing progression from 
treatment effects. Circulating microRNAs (miRNAs), small 
non-coding RNAs involved in tumor biology, show promise 
as liquid biopsy biomarkers. We searched PubMed, Embase, 
Scopus, and Web of Science for clinical studies investigating 
circulating miRNAs as diagnostic, prognostic, or predictive 
biomarkers in glioma, across plasma, serum, and cerebrospi
nal fluid (CSF). Oncogenic miRNAs (oncomiRs) such as 
miR-21, miR-10b, miR-182, and miR-210 were consistently 
upregulated in glioma patients, whereas tumor suppressors 
including miR-124, miR-128, miR-137, and miR-181 family 
members were downregulated. Prognostically, elevated miR- 
21, miR-222, and miR-196b correlated with poor survival, 
while reduced miR-181d, miR-100, and miR-145 predicted 
worse outcomes. Composite signatures, particularly exosomal 
or CSF-derived panels, outperformed single markers. Dy
namic changes in miR-21, miR-222, and miR-210 reflected 
treatment response or progression, with exosomal miR-1238 
emerging as a marker of temozolomide resistance. Longitudi
nal serum levels of miR-223 and miR-320e correlated with 
MRI tumor volume and distinguished true progression from 
pseudo-progression. Circulating miRNAs show strong poten
tial as minimally invasive biomarkers for glioma management, 
but clinical translation remains limited by technical and bio
logical variability and lack of validation. Advances in biosen
sors, multi-omics, and standardization are key to clinical inte
gration.

INTRODUCTION

Gliomas, the most prevalent primary brain tumors, pose significant 
clinical challenges due to their infiltrative nature, histological hetero
geneity, and propensity for recurrence.1 Their classification, based 
on histopathological and molecular features, guides treatment deci
sions; however, the dynamic nature of these tumors often leads to 
therapeutic resistance and disease progression.2 Current clinical 
management relies heavily on magnetic resonance imaging (MRI) 
for tumor surveillance, yet MRI has well-recognized limitations in 
differentiating treatment-related changes from true tumor progres
sion, often leading to ambiguous interpretations and the need for 

invasive procedures.3 Histological analysis, the cornerstone of gli
oma diagnosis, requires neurosurgery to obtain tumor tissue, pre
senting risks and discomfort to patients while failing to capture the 
full spatial and temporal heterogeneity of the tumor.4 These limita
tions underscore the urgent need for non-invasive, reliable bio
markers that can accurately reflect tumor status, predict treatment 
response, and detect early signs of recurrence.5

The concept of liquid biopsy originated from the description by 
Mandel and Métais in 1948 of cell-free nucleic acids in human 
plasma,6 but its translational potential emerged only decades later 
with the detection of tumor-derived DNA in the bloodstream of can
cer patients.7 Early clinical applications focused on hematological 
malignancies, where peripheral blood directly reflects tumor burden 
and allows sampling of malignant clones for diagnosis and minimal 
residual disease assessment.8 Over the past two decades, the 
approach has expanded to solid organ malignancies, with circulating 
tumor DNA, circulating tumor cells, and extracellular vesicles 
becoming clinically actionable analytes in breast, lung, colorectal, 
and prostate cancers.9 The application of liquid biopsy to central ner
vous system disorders is more recent and faces specific challenges, 
notably the restricted exchange of biomolecules across the blood- 
brain barrier (BBB). Nevertheless, the use of cerebrospinal fluid 
(CSF) as a tumor-proximal compartment, together with growing in
terest in liquid biopsy for non-neoplastic CNS conditions such as 
neurodegenerative diseases and traumatic brain injury,10 has pro
gressively positioned the field for clinical translation in neuro- 
oncology.

Liquid biopsy—the analysis of circulating tumor-derived material in 
easily accessible biofluids—holds immense promise in neuro- 
oncology by offering a minimally invasive approach to monitor dis
ease dynamics and personalize treatment strategies.11 It enables the 
detection of various tumor-derived components, including circu
lating tumor cells, cell-free DNA, circulating microRNAs (miRNAs), 
extracellular vesicles (EVs), proteins, and tumor-educated 
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platelets.12 Among these, circulating miRNAs have emerged as 
particularly promising biomarkers due to their stability in biofluids, 
cancer-specific expression patterns, and ease of detection.

Circulating miRNAs are small non-coding RNAs of approximately 
18–22 nucleotides that regulate gene expression post-transcription
ally and exhibit remarkable stability in plasma, serum, CSF, and exo
somes, owing to protection by RNA-binding proteins or encapsula
tion within vesicles.13 The dysregulation of specific miRNAs has 
been implicated in glioma initiation, progression, and treatment 
resistance, supporting their potential as biomarkers reflecting tumor 
biology in real time.14

This review assesses current research on circulating miRNAs as tools 
for clinical monitoring in glioma patients, covering their potential 
use in diagnosis, prognosis, treatment response assessment, and dif
ferentiation of recurrence from radiation necrosis. It also provides a 
comprehensive overview of circulating miRNA biology, detection 
methods and a systematic analysis of clinically relevant miRNA can
didates, highlighting the challenges and opportunities in translating 
these biomarkers into clinical practice.

RESULTS

Biological and technical background

miRNAs: From molecular function to cancer biology

miRNAs are evolutionarily conserved small non-coding RNAs of 
approximately 18–22 nucleotides that act as central post-transcrip
tional regulators of gene expression by guiding the RNA-induced 
silencing complex to partially complementary sequences in the 3′ un
translated regions of target messenger RNAs, leading to either trans
lational repression or transcript degradation.15,16 Each miRNA can 
regulate hundreds of distinct targets, and most protein-coding genes 
are themselves subject to combinatorial control by multiple miR
NAs, generating dense regulatory networks that govern fundamental 
processes including proliferation, differentiation, apoptosis, meta
bolism, and stress responses.17 Recent advances using structural 
biology, single-molecule imaging, and high-throughput functional 
screens have refined our understanding of the core biogenesis ma
chinery, including the Microprocessor (Drosha-DGCR8) and Dicer 
complexes, and have revealed additional layers of regulation such 
as RNA editing, miRNA tailing, and target-directed miRNA decay.18

The relevance of miRNAs to oncology emerged from the seminal 
demonstration that the miR-15a/16-1 cluster is frequently deleted 
in chronic lymphocytic leukemia, establishing miRNAs as bona 
fide cancer genes.19 Subsequent large-scale profiling work showed 
that virtually all human cancers display characteristic miRNA 
expression patterns, often allowing accurate tumor classification by 
miRNA signatures alone.20 Functionally, miRNAs operate as onco
genes (oncogenic miRNAs [oncomiRs]) when their direct targets 
encode tumor suppressors and, conversely, as tumor suppressors 
when they silence oncogenic drivers.21 The miR-17-92 cluster typ
ifies the context-dependent nature of these effects, behaving either 
as an oncogene or as a tumor suppressor depending on cellular back

ground and tissue of origin.22 miR-21, one of the most extensively 
investigated oncomiRs, is upregulated across breast, lung, colorectal, 
prostate, and pancreatic cancers, where it represses pro-apoptotic 
targets such as PTEN and PDCD4 to promote proliferation, inva
sion, and resistance to therapy.23 Together with the let-7 family, 
miR-34a, miR-155, and the miR-200 family, these molecules collec
tively influence virtually all hallmarks of cancer.

Beyond their intracellular regulatory function, miRNAs are released 
into the extracellular space within EVs, bound to RNA-binding pro
teins, or packaged in lipoprotein complexes, conferring remarkable 
stability in biofluids and positioning circulating miRNAs as attrac
tive minimally invasive biomarkers across a broad spectrum of can
cers.24 The translation of this biology toward clinical applications has 
progressed along two parallel tracks: as diagnostic and prognostic 
biomarkers in liquid biopsy approaches and as therapeutic targets 
through miRNA mimics, antagomirs, and modified oligonucleo
tides, several of which have advanced to early-phase clinical trials 
in oncology.25

Biology of miRNAs in glioma pathophysiology

miRNA biogenesis is a multistep process beginning with transcrip
tion of primary miRNA transcripts (pri-miRNAs) by RNA polymer
ase II in the nucleus. These are processed by the Drosha-DGCR8 
complex into precursor hairpins (pre-miRNAs), exported to the 
cytoplasm via Exportin-5, and cleaved by Dicer into ∼22-nucleotide 
duplexes. The guide strand is incorporated into the RNA-induced 
silencing complex (RISC), mainly bound to Argonaute proteins, 
enabling sequence-specific binding to the 3′ untranslated regions 
(UTRs) of target mRNAs and leading to translational repression or 
degradation.15,16

Gliomas exhibit extensive miRNA dysregulation, occurring through 
genetic alterations (e.g., copy number variations), epigenetic modifi
cations (e.g., CpG island hypermethylation, histone deacetylation), 
and altered signaling pathways affecting miRNA processing.14,26–29

This results in a profound imbalance between oncomiRs and tu
mor-suppressor miRNAs, both contributing to tumor initiation 
and progression.

Several miRNAs act as tumor suppressors. miR-7 and miR-128 are 
typically downregulated in glioblastoma (GBM), leading to unchecked 
activation of the EGFR/PI3K/AKT and E2F3a pathways, respectively, 
promoting proliferation and angiogenesis.30,31 Similarly, miR-34a in
duces apoptosis and suppresses migration but is consistently reduced 
in GBM tissue.32,33 Conversely, oncomiRs are upregulated: miR-21 
promotes proliferation, invasion, and resistance to apoptosis by target
ing PTEN, PDCD4, and TPM134–36; miR-10b facilitates invasion and 
angiogenesis through regulation of HOXD10, RhoC, and uPAR37; and 
miR-93 and miR-221/222 contribute to angiogenesis, cell cycle pro
gression, and radiotherapy resistance.14,38

Altogether, miRNAs exert pleiotropic functions in GBM pathophys
iology, affecting virtually all hallmarks of cancer. Their dynamic 

2 Molecular Therapy: Oncology Vol. 34 September 2026 

www.moleculartherapy.org 

Review



deregulation highlights both their potential as biomarkers for disease 
monitoring and as therapeutic targets.39,40

Circulation and stability in biofluids

Circulating miRNAs are detectable in plasma, serum, and CSF.41,42

Their presence arises from active secretion via EVs—particularly 
exosomes and microvesicles—which protect them from enzymatic 
degradation43 and from passive release during apoptosis and necro
sis.44 Stability is conferred by vesicular protection, association with 
RNA-binding proteins such as Argonaute-2, or encapsulation within 
lipoprotein complexes.45,46 These properties make circulating miR
NAs consistently detectable in clinical specimens, as summarized 
in Table 1.

When comparing biofluids, three patterns emerge: serum typically 
shows higher apparent miRNA levels than plasma due to platelet 
activation during coagulation47,49,53; CSF has lower RNA biomass 
yet hundreds of miRNAs remain detectable, with only moderate 
concordance between CSF and blood profiles,50 and small-RNA 
composition differs across biofluids and between bulk versus EV-en
riched fractions.51,55–57 Longitudinal work shows that, under stan
dardized platelet-free plasma workflows, many miRNAs are highly 
stable over months, though technical variability dominates if extrac
tion is not tightly controlled.48,53,54 Practically, platelet-free plasma is 
the most reproducible choice, serum is usable if coagulation is stan
dardized, and CSF demands larger input volumes and low-input- 
optimized protocols.50,52,53,58

Pre-analytical variability

Pre-analytical variables—sample collection, processing, storage, and 
RNA extraction—significantly impact the accuracy and reproduc
ibility of circulating miRNA measurements.59 The choice of antico
agulant, venipuncture technique, and centrifugation speed directly 
affect plasma and serum composition.60 Circulating miRNAs remain 
stable in whole blood for up 48 h.

Key recommendations for miRNA quality preservation include use 
of EDTA-containing collection tubes with processing within 4 h,61

storage at − 80◦C,61 minimization of freeze-thaw cycles,61,62 use of 
extraction kits specifically designed for small RNAs,61 and harmoni
zation of all pre-analytical steps including the use of exogenous 
spike-ins.61 Specialized stabilization tubes (e.g., Streck Nucleic 
Acid BCT) can maintain cell-free RNA/miRNA concentrations for 
up to 7 days at ambient temperature.63 Contamination with white 
blood cells from inflammatory processes should be considered dur
ing interpretation.64

Detection methods

Several platforms are available for circulating miRNA quantification, 
each with distinct advantages (Table 2). Real-time RT-qPCR offers 
high sensitivity, specificity, and dynamic range for absolute quantifi
cation of small miRNA panels.66,67 Microarray platforms enable 
high-throughput profiling of hundreds to thousands of miRNAs 
simultaneously using immobilized complementary probes.68,69

Next-generation sequencing (NGS; small RNA sequencing [RNA- 
seq]) provides comprehensive, unbiased detection of both known 
and novel miRNAs.70,71 The selection of detection platform should 
align with the study objective: RT-qPCR for focused validation, mi
croarrays for large-scale discovery, and NGS for comprehensive 
profiling.

RT-qPCR

RT-qPCR remains the most widely used method for focused valida
tion of circulating miRNA biomarkers, offering high sensitivity, 
specificity, and dynamic range for absolute quantification of small 
miRNA panels.66,67 It has been the technique of choice for clinical 
translation studies in solid malignancies, as illustrated by a recent 
multicenter European low-dose CT screening program in which a 
nine-miRNA plasma signature was deployed by RT-qPCR for early 
detection of lung cancer with consistent diagnostic accuracy across 
cohorts.72 Its main limitations include restricted multiplexing capac
ity and a dependence on prior sequence knowledge.

Microarrays

Microarray platforms enable high-throughput profiling of hundreds 
to thousands of miRNAs simultaneously using immobilized comple
mentary probes, providing semi-quantitative expression maps useful 
for hypothesis-generating studies.68,69 They have been extensively 
applied to identify miRNA signatures in breast, lung, and colorectal 
cancers but are gradually being superseded by sequencing-based ap
proaches given concerns regarding cross-hybridization and reduced 
sensitivity for low-abundance miRNAs.73

NGS (small RNA-seq)

NGS of small RNAs provides comprehensive, unbiased detection of 
both known and novel miRNAs, including isomiRs, sequence vari
ants, and other small non-coding RNA species.70,71 Small RNA-seq 
has been instrumental in characterizing the complete circulating 
miRNA landscape across biofluids and has been widely applied 
across solid malignancies for biomarker discovery; however, the 
higher cost, the requirement for specialized bioinformatic pipelines, 
and the need for careful normalization currently limit its routine 
clinical use.

Droplet digital PCR

Droplet digital PCR (ddPCR) represents an emerging quantitative 
platform offering absolute measurement of low-abundance circu
lating miRNAs without reliance on a calibration curve, with high 
precision and improved tolerance to inhibitors commonly present 
in plasma and serum.74 ddPCR has been successfully applied to 
circulating miRNA quantification in ovarian, breast, and lung can
cers and is increasingly attractive for monitoring minimal residual 
disease and dynamic biomarker variations during treatment.

Electrochemical biosensors and emerging platforms

A range of biosensor formats—including electrochemical, plas
monic, and microfluidic devices—is under active development to 
address the unmet need for rapid, low-cost, and point-of-care 
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Table 1. Comparison of biofluids for circulating miRNA analysis

Axis Plasma Serum CSF Key references

Relative miRNA load/ 
abundance

lower than serum in paired 
comparisons; sensitive to 
platelet depletion (prefer 
PFP)

typically higher apparent 
levels than plasma, partly 
from platelet release during 
coagulation

much lower RNA biomass 
overall; detectable but low 
abundance

Wang, 201247; Sandau, 
202448; Dufourd, 201949; 
Burgos, 201350

Detected miRNA repertoire 
(NGS)

not directly reported in 
these specific comparisons

∼532 miRNAs detected 
(example dataset)

∼486 miRNAs detected; 353 
shared with serum; distinct 
profile

Burgos, 201350

Cross-matrix correlations –
high inter-subject 
correlation (∼0.85)

high inter-subject 
correlation (∼0.87); within- 
subject CSF–blood median 
Spearman ≈ 0.60

Burgos, 201350

Small-RNA class 
composition

high miRNA-to-tDR ratio 
among biofluids (e.g., ∼72)

similar classes to plasma but 
shifted by coagulation 
effects

composition differs from 
blood; lower mapping rates 
common

Godoy, 201851; Burgos, 
201350; Alsop, 202252

Longitudinal stability 
(healthy)

many miRNAs stable over 
months under standardized 
PFP workflows; technical 
steps can dominate variance 
if not controlled

expected stable if clotting is 
standardized, but more 
variable than plasma due to 
coagulation

not directly quantified; 
detectability highly 
protocol-dependent

Sandau, 202448; Max, 
201853; Wang, 201247; 
Burgos, 201350

Typical input volumes for 
profiling

200–500 μL commonly 
sufficient (qPCR/NGS) with 
PFP

200–500 μL commonly used; 
document clotting 
conditions

≥1 mL typically needed for 
robust detection; low-input 
methods essential

Sandau, 202448; Dufourd, 
201949; Burgos, 201350

Pre-analytics to prioritize
double/triple centrifugation 
to obtain PFP; consistent 
venipuncture and handling

standardize clotting time/ 
conditions; minimize 
platelet activation

avoid blood contamination; 
swift processing; 
concentrate RNA

Sandau, 202448; Wang, 
201247; Burgos, 201350

Major confounders
residual platelets; variable 
extraction/inhibition if 
workflows differ

coagulation/platelet release; 
platform biases across 
studies

extremely low input leading 
to adapter dimer and 
contaminant amplification; 
any blood carryover

Freedman, 201654; Wang, 
201247; Alsop, 202252; 
Burgos, 201350

Key characteristics of plasma, serum, and CSF are compared across miRNA abundance, detection repertoire, longitudinal stability, and pre-analytical requirements. CSF, cerebrospinal fluid; miRNA, microRNA; NGS, 
next-generation sequencing; PFP, platelet-free plasma; qPCR, quantitative polymerase chain reaction; RNA, ribonucleic acid; tDR, transfer RNA-derived fragment.
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miRNA detection. Recent electrochemical biosensors enhanced with 
nanomaterials have demonstrated highly sensitive and specific detec
tion of disease-associated miRNAs in liver and pancreatic cancers, 
with attomolar detection limits reported in some configurations.75,76

Although their clinical implementation remains limited, these plat
forms are particularly promising for serial monitoring scenarios 
such as post-operative surveillance in neuro-oncology.

Clinical applications of circulating miRNAs in glioma

Diagnostic biomarkers

Identifying reliable biomarkers for early GBM diagnosis remains 
challenging given the limited specificity of conventional neuroimag
ing. Numerous studies have evaluated the diagnostic potential of 
circulating miRNAs in plasma, serum, or CSF. The main candidates 
are summarized in Table 3.

miR-21 is the most extensively studied, consistently overexpressed in 
serum, plasma, and CSF exosomes of GBM patients. It acts as an on
comiR by repressing PTEN and PDCD4, promoting proliferation, 
invasion, and apoptosis resistance.41,79–84,95,113 Isoform-specific ana
lyses, such as enrichment of miR-21-3p in CD44+ EVs, suggest that 
vesicle subtypes may carry more discriminative signatures than bulk 
specimens.113 Other upregulated oncomiRs include miR-10a/b, 
associated with stemness and invasion in CSF41,83; miR-210, a hyp
oxia-regulated miRNA reflecting tumor hypoxia and angiogen
esis100,101; and miR-182, elevated in plasma and promoting prolifer
ation via FOXO3 and BCL2.98,99 Additional upregulated candidates 
include miR-23a-3p, miR-26a, miR-30e, miR-140, miR-195-5p, 
miR-29a-3p, miR-433-3p, miR-363, miR-582-5p, miR-574-3p, and 
exosomal miR-320.41,77,80,85–87,89,103–105,109,110

Conversely, several tumor-suppressor miRNAs are consistently 
downregulated: miR-124 and miR-128 (neuronal differentiation- 
associated, decreased in both plasma and CSF),77,93 miR-137,94

miR-100,92 miR-34a/b (regulating EGFR and cell cycle check
points),90,91 as well as miR-383, miR-29b, miR-485-3p/5p, and 
miR-181 family members.77,81,88,96,108,114,115 Notably, CSF-derived 
miR-711 (upregulated) and miR-935 (downregulated) may differen
tiate GBM from medulloblastoma.111 Some biomarkers show 
context-dependent expression: miR-1 has been reported as both 
increased and decreased,77,78 miR-106a-5p appears enriched in 
CD44+ EVs but may function as a tumor suppressor,113 and miR- 
451a acts as a metabolic rheostat via the LKB1/AMPK/CAB39 
pathway.106,107

A recurring limitation is that single biomarkers often lack reproduc
ibility across cohorts. Composite signatures have consistently 
demonstrated superior diagnostic accuracy: CSF-based panels 
combining let-7a/b, miR-10a/b, miR-30e, miR-140, and miR-196a/ 
b yielded excellent sensitivity and specificity41; EV-based signatures 
including miR-21, miR-21-3p, miR-15b-3p, and miR-106a-5p 
improved discrimination113; and plasma- and serum-based panels 
further confirmed the added value of multimarker approaches.89,105

These data suggest that miRNA signatures, rather than individual T
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Table 3. Circulating miRNAs with diagnostic potential in glioma patients

miR Fluid Expression vs. healthy Cellular function (succinct) Authors (name, year)

miR-1 plasma/serum variable invasion (TKS4/TKS5/EFHD2) Herman, 201577; Díaz Méndez, 202378

let-7a CSF increased
tumor suppressor (context dependent in CSF 
panel)

Kopková, 201941

let-7b CSF increased
tumor suppressor (context-dependent in CSF 
panel)

Kopková, 201941

miR-10a CSF increased stemness/invasion Kopková, 201941; Teplyuk, 201279

miR-10b CSF increased stemness/invasion Teplyuk, 201279; Kopková, 201941

miR-15b-3p serum (CD44+ EVs) increased
no established function in glioma (diagnostic 
biomarker only)

Tzaridis, 202080

miR-21 CSF (exosomes/EVs); serum/plasma increased OncomiR; targets PTEN/PDCD4; invasion
Akers, 201381; Baraniskin, 201282; Teplyuk, 
201279; Kopková, 201941; Wang, 201283; 
Parvizhamidi, 201884; Tzaridis, 202080

miR-21-3p serum (CD44+ EVs) increased OncomiR Tzaridis, 202080

miR-23a-3p plasma increased oncogene; invasion via HOXD10, PI3K/AKT Herman, 201577; Hu, 201385; Yachi, 201886

miR-26a serum increased oncogene; targets PTEN Parvizhamidi, 201884; Huse, 200987

miR-29b serum (exosomes) decreased tumor suppressor; ECM regulation Zhong, 201988

miR-29a-3p plasma increased proliferation suppressor Géczi, 202189

miR-30e CSF increased cell cycle/apoptosis Kopková, 201941

miR-34a serum decreased tumor suppressor; EGFR axis Rahmati, 202190

miR-34b-3p plasma (exosomes) increased tumor suppressor Yamashita, 202191

miR-100 serum decreased suppresses proliferation/migration Zhang, 201992

miR-106a-5p serum (CD44+ EVs) variable suppressor; targets SLC2A3, E2F1, FASTK Tzaridis, 202080;

miR-124 plasma/CSF decreased tumor suppressor; neuronal differentiation Herman, 201577; Akers, 201793

miR-128 plasma/CSF decreased tumor suppressor; neuronal identity Herman, 201577; Akers, 201793

miR-137 serum decreased tumor suppressor; differentiation Li, 201694

miR-140 CSF increased migration/ECM regulation Kopková, 201941

miR-181d plasma/serum (exosomes) decreased predictive of MGMT; treatment response Sippl, 202295; Stakaitis, 202096

miR-181a plasma decreased tumor suppressor Wu, 202297

miR-181b plasma decreased tumor suppressor Wu, 202297

miR-182 plasma increased oncogene; targets FOXO3, BCL2 Xiao, 201698; Kouri, 201599

miR-195-5p plasma increased cell cycle regulation Géczi, 202189

miR-196a CSF increased oncogene; HOX gene regulation Kopková, 201941

miR-196b CSF increased oncogene; poor prognosis Kopková, 201941

miR-210 serum; serum exosomes increased hypoxia oncomiR Lai, 2015100; Lan, 2020101

miR-222 CSF; serum (exosomes) increased oncogene; invasion; DNA repair Akers, 201793; Olioso, 2021102

miR-302c-3p plasma increased Herman, 201577

(Continued on next page)
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Table 3. Continued

miR Fluid Expression vs. healthy Cellular function (succinct) Authors (name, year)

suppressor; inhibits proliferation/invasion 
(targets MTDH)

miR-320 serum (exosomes) increased suppressor; inhibits SND1/β-catenin Manterola, 2014103; Li, 2017104

miR-342-3p plasma Dysregulated neuronal identity Wang, 201283

miR-363 serum increased diagnostic biomarker Vojdani, 2021105

miR-383 plasma decreased suppressor; proliferation/invasion Herman, 201577

miR-433-3p plasma increased neuronal development Géczi, 202189

miR-451a serum changed metabolic rheostat; LKB1/AMPK via CAB39 Godlewski, 2010106; Kim, 2011107

miR-485-3p serum decreased suppressor; inhibits RNF135 Wang, 2017108

miR-485-5p serum decreased tumor-suppressor biomarker Rahmati, 202190

miR-574-3p serum (microvesicles) increased biomarker; mechanistic role unclear Manterola, 2014103; Jiang, 2018109; Peng, 2022110

miR-582-5p serum increased diagnostic biomarker Vojdani, 2021105

miR-711 CSF increased differential vs. medulloblastoma Yang, 2013111

miR-935 CSF decreased differential vs. medulloblastoma Yang, 2013111

miR-2276-5p plasma (exosomes) decreased targets RAB13 Sun, 2021112

miR-4298 serum changed no function reported in glioma Wang, 2017108

Expression changes are reported relative to healthy controls. AKT, protein kinase B; AMPK, AMP-activated protein kinase; BCL2, B cell lymphoma 2; CAB39, calcium-binding protein 39; CD44, cluster of differentiation 
44; CSF, cerebrospinal fluid; ECM, extracellular matrix; EFHD2, EF-hand domain family member D2; EGFR, epidermal growth factor receptor; EV, extracellular vesicle; FASTK, Fas-activated serine/threonine kinase; 
FOXO3, forkhead box O3; HOX, homeobox; HOXD10, homeobox D10; LKB1, liver kinase B1; MGMT, O6-methylguanine-DNA methyltransferase; miR, microRNA; MTDH, metadherin; PDCD4, programmed cell death 
4; PI3K, phosphoinositide 3-kinase; PTEN, phosphatase and tensin homolog; RAB13, Ras-related protein Rab-13; RNF135, ring finger protein 135; SLC2A3, solute carrier family 2 member 3; SND1, staphylococcal 
nuclease and Tudor domain containing 1; TKS4/TKS5, tyrosine kinase substrate 4/5.
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miRNAs, represent the most reliable strategy for non-invasive GBM 
diagnosis.

Prognostic biomarkers

Circulating miRNAs have been extensively investigated as prog
nostic biomarkers, with several candidates showing correlations 
with overall survival (OS) and progression-free survival (PFS) 
(Table 4).

Among upregulated oncomiRs, miR-21 correlates with shorter OS 
and higher recurrence risk across serum, plasma, and CSF exo
somes.95,102,113,117 Other adverse prognostic markers include miR- 
222 (predicting reduced OS and disease-free survival [DFS]),102,116

miR-210 (reflecting tumor hypoxia),101 miR-182,116 miR-196b,41

miR-193b,122 miR-20a-5p, and miR-106a-5p.116 Exosomal signa
tures have revealed that high expression of miR-15b-3p, miR-21- 
3p, and miR-328-3p in CD44+ vesicles strongly associates with 
poor outcome,113 and miR-221 and miR-155 are adverse prognostic 
biomarkers across multiple biofluids.40,120

Conversely, reduced levels of tumor-suppressor miRNAs correlate 
with poor prognosis. Decreased miR-181a, miR-181b, and miR- 
181d have been associated with shorter OS, with miR-181d also pre
dicting MGMT methylation status and treatment response.81,96,97

Other examples include miR-137,94 miR-100,92 miR-205,124 miR- 
185,121 miR-2276-5p,112 miR-485-3p,108 miR-29b,88 miR-203, miR- 
663,123 and miR-151a.119 Interestingly, low circulating miR-30e has 
paradoxically been associated with better OS.40 Composite signatures 
again outperform single miRNAs. A three-miRNA serum panel (miR- 
1-3p, miR-26a-1-3p, miR-487b-3p) stratified isocitrate dehydrogenase 
(IDH)-wild-type GBM patients and predicted survival,78 while vesicle- 
derived panels (miR-15b-3p, miR-21-3p, miR-328-3p) demonstrated 
superior prognostic discrimination.113 Integrated miRNA signatures 
hold the greatest promise for robust survival prediction.

Monitoring treatment response

Circulating miRNAs have been explored as dynamic biomarkers to 
monitor treatment response and disease progression. Several studies 
show that longitudinal changes in miRNA expression mirror thera
peutic efficacy or herald recurrence (Table 5).

miR-21 levels typically decrease in responders following surgery, 
chemoradiation, or anti-angiogenic therapy but remain elevated or 
increase at progression.83,102,125,126 miR-222 demonstrates a similar 
pattern,102,125,126 and hypoxia-associated miR-210 decreases with 
effective therapy and re-elevates upon resistance, making it particu
larly relevant for bevacizumab monitoring.101,126 miR-10b in CSF 
and serum marks active disease,41 exosomal miR-124-3p rises in pro
gressive disease,102 and miR-1238 mediates temozolomide resis
tance—being enriched in exosomes from resistant patients and 
decreasing when sensitivity is restored.127

Several tumor-suppressor miRNAs correlate with treatment benefit: 
higher miR-181d predicts better response to chemoradiation, consis

tent with its association with MGMT methylation81,96; normalization 
of miR-485-3p after therapy associates with favorable response108; 
and changes in miR-128 and miR-342-3p have been noted across 
treatment courses.83 Panel-based approaches improve discrimina
tion between responders and non-responders.

These results underscore the potential of circulating miRNAs as real- 
time indicators of treatment response. However, reproducibility 
across cohorts remains limited, and composite panels measured 
longitudinally are likely to offer the most reliable monitoring tools.

Differentiating tumor recurrence from radionecrosis

Post-operative monitoring remains challenging, as MRI can be 
confounded by pseudo-progression or pseudo-response, particularly 
after chemoradiation or anti-angiogenic therapy.

The pivotal study by Morokoff et al. is, to date, the only systematic 
prospective investigation of serum miRNAs for post-operative gli
oma follow-up. In a cohort of 91 glioma patients (44 GBM, 47 
low-grade glioma [LGG]) and 17 healthy controls, they identified a 
nine-miRNA serum signature with near-perfect accuracy for distin
guishing glioma from healthy subjects. In longitudinal analysis of 11 
patients with serial samples, miR-223 (in LGG) and miR-320e (in 
GBM) demonstrated dynamic fluctuations closely correlated with 
MRI-measured tumor volume. Critically, serum miRNA levels did 
not increase in cases of pseudo-progression—unlike MRI 
changes—suggesting that circulating miRNAs may provide addi
tional specificity to distinguish true progression from treatment- 
related effects.128 Combining miR-223, miR-320e, miR-21, and 
miR-23a achieved diagnostic accuracy approaching 100%, with 
miR-223 and miR-320e emerging as the most promising markers 
for longitudinal follow-up (Table 6).

Although limited by its relatively small longitudinal subset, this study 
provides proof of concept that serial monitoring of selected circu
lating miRNAs can complement MRI for post-operative surveillance. 
These findings strongly argue for larger multicentric validation 
studies.

Integration with established molecular markers

Contemporary glioma diagnosis and management rest on a molecu
lar framework that has been substantially refined by the 2021 WHO 
Classification of Tumors of the Central Nervous System, in which 
IDH mutation status, 1p/19q codeletion, MGMT promoter methyl
ation, and additional molecular features now define disease subtypes 
and inform therapeutic decisions.129 Any liquid biopsy candidate 
biomarker must therefore be evaluated against this tissue-based 
reference framework to determine whether it provides complemen
tary or redundant information.

IDH mutation status. Although IDH mutations are detectable in 
plasma cell-free DNA in a subset of patients, this assay shows limited 
sensitivity in GBM. Several circulating miRNA signatures have been re
ported to differ according to IDH status; in particular, a three-miRNA 
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Table 4. Circulating miRNAs with prognostic value in glioma

miR Fluid/matrix Variation associated with prognosis Prognosis Notes Authors (name, year)

miR-1-3p serum low → poor OS/PFS poor
part of 3-miR serum signature (with miR-26a-1- 
3p, miR-487b-3p); lower levels stratify IDHwt and 
associate with worse survival

Díaz Méndez, 202378

miR-10b CSF/serum high → poor OS poor
high CSF levels associate with median OS ∼9 vs. 
16.5 months (low)

Kopková, 201941

miR-15b-3p serum EV (CD44+) high → poor outcome poor increased in EVs; linked to poor survival Tzaridis, 202080

miR-20a-5p serum high → poor DFS poor high levels associate with decreased survival Zhao, 2017116

miR-21 serum/CSF exosomes; EVs high → poor OS/recurrence poor
OncomiR; elevated levels correlate with shorter 
OS and higher recurrence risk

Olioso, 2021102; Shi, 2015117; Tzaridis, 202080; Joo 
Park, 2022113

miR-21-3p serum EV (CD44+) high → poor outcome poor
isoform enriched in EVs; associated with adverse 
outcome

Tzaridis, 202080

miR-26a-1-3p serum low → poor OS/PFS poor
with miR-1-3p & miR-487b-3p in serum 
signature; lower = worse

Díaz Méndez, 202378

miR-29b serum (exosomes) low → poor OS poor
underexpressed in GBM; low exosomal levels 
predict shorter survival; increase post-surgery

Zhong, 201988

miR-100 serum low → poor outcome poor lower serum miR-100 predicts worse outcome Zhang, 2019b92

miR-106a-5p serum high → poor OS/DFS poor high levels associate with poorer outcomes Zhao, 2017116

miR-137 serum low → poor prognosis poor
decreased in GBM; lower levels predict poorer 
prognosis

Li, 201694

miR-145-5p serum high → better OS/DFS Better
higher serum miR-145-5p independently predicts 
improved survival

Zhang, 2019a118; Zhao, 2017116

miR-145-5p serum low → poor OS/DFS poor
independent prognostic indicator; lower level 
associates with worse survival

Zhang, 2019a118; Zhao, 2017116

miR-151a CSF exosomes/serum low → poor OS/PFS (TMZ-treated) poor
lower expression associated with worse survival; 
restoration sensitizes to TMZ

Zeng, 2018119

miR-155 serum/plasma/CSF high → poor outcome poor elevated levels linked to adverse prognosis Bustos, 2022120; Ordoñez-Rubiano, 202440

miR-181b plasma low → poor prognosis poor
lower concentrations associate with worse 
outcome; inverse relation with functional scores

Wu, 202297; Stakaitis, 202096

miR-181d plasma/serum; tumor low → poor prognosis poor
lower blood levels associate with worse prognosis; 
also predictive of MGMT/treatment response

Sippl, 202295; Stakaitis, 202096

miR-181a plasma low → poor prognosis poor
lower concentrations associate with worse 
outcome

Wu, 202297

miR-182 serum high → poor OS/DFS poor
high pre-treatment serum levels associate with 
poor prognosis

Zhao, 2017116

miR-185 plasma low → poor OS poor
decline in plasma level associated with poor 
survival; glioma-specific vs. other CNS tumors

Tang, 2015121

miR-193b serum high → poor OS poor
promotes proliferation/invasion; high predicts 
poor survival

Zhu, 2019122

miR-196b CSF/serum high → poor OS poor overexpressed; poor survival association Kopková, 201941

miR-203 serum low → poor OS/PFS poor
reduced circulating miR-203 predicts worse OS/ 
PFS

Chen, 2017b123

(Continued on next page)
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serum panel (miR-1-3p, miR-26a-1-3p, miR-487b-3p) was specifically 
deregulated in IDH-mutant compared with IDH-wild-type gliomas 
and retained independent prognostic value.78 Such signatures may 
complement direct IDH genotyping by capturing downstream biolog
ical effects of IDH mutation, including the metabolic reprogramming 
triggered by 2-hydroxyglutarate accumulation.

MGMT promoter methylation. MGMT promoter methylation pre
dicts temozolomide benefit but is assayed on tumor tissue, which is 
not always available, particularly at recurrence. miR-181d has emerged 
as the most consistently reported circulating biomarker correlated 
with MGMT methylation status and chemotherapy benefit,81,96 and 
the broader landscape of miRNAs regulating MGMT expression 
and modulating temozolomide sensitivity has been systematically re
viewed.130 Circulating miR-181d levels could therefore serve as a sur
rogate marker when tumor tissue is unavailable.

Molecular subtypes. Beyond IDH and MGMT, GBM displays tran
scriptomic and methylation-based subtypes (proneural, classical, 
mesenchymal) with distinct biological behaviors and therapeutic 
vulnerabilities. Several miRNAs are differentially expressed across 
these subtypes—for instance, miR-21 is enriched in mesenchymal tu
mors, whereas miR-128 is downregulated in proneural tumors—sug
gesting that subtype-specific circulating signatures may eventually be 
defined to refine non-invasive glioma classification.131

Independent versus complementary value. Whether circulating 
miRNAs provide truly independent prognostic information beyond 
IDH status, MGMT methylation, and clinical variables remains an 
open question. Both the Morokoff serum signature128 and the 
IDH-stratified three-miRNA panel78 retained predictive value in 
multivariable analyses, suggesting that circulating miRNAs 
contribute complementary rather than purely redundant informa
tion. Nevertheless, head-to-head comparisons with established mo
lecular markers in large prospective cohorts are still lacking and 
represent a priority for future translational efforts.

To enable a semi-quantitative comparison across studies, Table S1
ranks the circulating miRNAs most consistently validated in glioma 
in the present review, stratified by the number of independent sup
porting studies. miR-21 emerges as the most reproducible candidate, 
followed by miR-222, miR-210, the miR-181 family, miR-182, and 
miR-10b. By contrast, several promising candidates, including 
miR-223, miR-320e, and the exosomal miR-1238, currently rest on 
single high-quality studies and warrant independent validation 
before clinical adoption.

Synthesis

Figure 1 provides an integrative overview of circulating miRNAs de
tected in serum/plasma, CSF, and exosomes, stratified by clinical 
application. By mapping upregulated oncomiRs and downregulated 
tumor suppressors to diagnostic, prognostic, and monitoring con
texts, it illustrates how liquid biopsy approaches may complement 
conventional imaging and histopathological evaluation.T
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DISCUSSION

Limitations

Despite the promising utility demonstrated by circulating miRNAs 
in GBM monitoring, several critical limitations temper their clinical 
integration.

First, significant pre-analytical and technical inconsistencies exist 
across studies. Variation in sample types (serum versus plasma versus 
CSF), collection methods, and RNA extraction protocols leads to 
inconsistent results, and normalization strategies lack consensus, as 
endogenous controls may themselves be altered in disease states.132

Second, the biological complexity and origin ambiguity of circulating 
miRNAs represent a major challenge. These molecules can originate 
not only from tumor cells but also from reactive stromal or immune 
cells, especially via EVs. Although EVs offer a protected route for 
miRNA dissemination, their isolation may co-purify contaminants, 
and their cargo heterogeneity reflects diverse cellular processes rather 
than tumor biology alone.133 This source-specificity issue is particu
larly acute in GBM, where circulating miRNAs reflect contributions 
from at least four distinct compartments: tumor cells; the tumor 
microenvironment (reactive astrocytes, microglia/macrophages, 
endothelial cells); peripheral immune cells, whose miRNA reper
toires shift with systemic inflammation and treatment134; and plate
lets, which release abundant miRNAs upon activation and during 
serum coagulation. Because mature blood cells exhibit highly abun
dant and lineage-specific miRNA profiles, even minor hemolysis or 
incomplete platelet depletion during sample processing can mask 
or distort tumor-derived signals, and quality-control panels have 
been proposed to flag such contamination in clinical samples.135

This is particularly relevant for candidate biomarkers such as miR- 
223, which is enriched in granulocytes and platelets and may fluctuate 
with treatment-associated changes in blood cell counts indepen
dently of tumor biology. The BBB adds a further layer of complexity: 
in GBM, BBB disruption is heterogeneous in time and space and is 
likely to modulate the passage of tumor-derived miRNAs into the sys
temic circulation, contributing to inter-study variability and reinforc
ing the appeal of CSF as a tumor-proximal compartment less affected 
by these confounders. Emerging strategies to mitigate these limita
tions include surface-marker-based enrichment of tumor-derived 
EVs and focused ultrasound-induced BBB opening to facilitate the 
release of brain tumor biomarkers into the bloodstream.136

Third, many studies to date are based on small, single-institution co
horts, which may not reflect broader patient diversity or capture lon
gitudinal dynamics. The absence of large-scale prospective validation 
significantly diminishes the generalizability of identified miRNA 
signatures.133

Fourth, analytical platform constraints further complicate clinical 
translation. As noted by Godoy et al., RT-qPCR arrays show high 
sensitivity for known targets and good reproducibility, but microar
rays result in higher false-positive rates and correlate poorly with 
qPCR, while RNA-seq remains costly and suffers from standardiza

tion challenges.137 Additionally, electrochemical miRNA biosensors 
provide rapid and target-specific detection at lower cost, yet their 
clinical translation remains limited by issues of reproducibility, 
signal specificity, and cost-effectiveness.138

Finally, no circulating miRNA has been validated head to head 
against MRI or established molecular markers such as MGMT 
methylation in randomized clinical trials. Regulatory acceptance 
will require evidence of improved clinical decision-making through 
prospective, multicenter studies.133

Future perspectives

Several avenues hold promise for advancing circulating miRNAs to
ward clinical implementation. On the technological front, novel 
multiplexed biosensors leveraging CRISPR-Cas systems, nanostruc
tured probes, and microfluidic platforms are emerging as highly 
sensitive, rapid, and low-cost approaches for circulating miRNA 
detection, with potential for point-of-care GBM monitoring 
applications.139,140

The integration of miRNA profiles with other liquid biopsy analytes 
(e.g., ctDNA), proteomic markers, imaging features, and clinical var
iables—analyzed via machine-learning algorithms—could yield 
robust, dynamic biomarker signatures that better stratify patients 
and guide therapeutic decisions.141 In parallel, exosome cargo holds 
dual potential: as stable carriers of tumor-specific miRNAs for diag
nostic applications, and as natural vehicles for delivering therapeutic 
oligonucleotides across the BBB, thereby potentially overcoming a 
major delivery challenge in GBM treatment.133,142

To bridge bench-to-bedside translation, standardized protocols for 
sample handling, miRNA quantification, and data analysis must be 
established. Large-scale, multicenter trial designs incorporating 
miRNA endpoints alongside radiographic and molecular metrics 
will be essential to confirm clinical utility and achieve regulatory 
acceptance.

In summary, while circulating miRNAs offer a compelling path to
ward non-invasive, dynamic GBM monitoring, technical, biological, 
and clinical hurdles must be addressed. Advances in detection tech
nology, multi-omic integration, and rigorous validation frameworks 
represent the most promising avenues to realize their full transla
tional potential—moving toward personalized, real-time monitoring 
in neuro-oncology.

Conclusion

Circulating miRNAs represent highly promising biomarkers for gli
oma management, with evidence supporting their role across diag
nosis, prognosis, treatment monitoring, and recurrence assessment. 
However, significant challenges remain, particularly regarding tech
nical standardization and prospective validation. Integration with 
multi-omic platforms, advanced detection technologies, and clin
ical-trial frameworks may ultimately pave the way toward their 
adoption in precision neuro-oncology.
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Table 5. Circulating miRNAs for monitoring treatment response in glioma

miR Fluid/matrix
Expression change vs. treatment 
course Treatment type Clinical note Authors (name, year)

miR-10b CSF/serum
↑ associated with progression; 
decrease post-response

RT + TMZ; general follow-up
stemness/invasion miRNA; 
higher levels track active disease

Kopková, 201941

miR-21 serum/plasma/CSF exosomes
↓ in responders; ↑/remain high 
in non-responders; ↑ at 
progression

Stupp protocol (RT + TMZ); 
Anti-angiogenic therapy 
(bevacizumab); general 
longitudinal follow-up

tracks disease activity; dynamic 
across therapy; best-validated 
liquid marker

Hartanto, 2024125; Siegal, 
2016126; Olioso, 2021102; 
Wang, 201283

miR-124-3p serum exosomes
↑ in progressive disease; 
normalization suggests response

general longitudinal follow-up
tumor suppressor in tissue; 
exosomal release increases with 
progression

Olioso, 2021102

miR-128 plasma/serum
candidate: ↓ with progression; ↑ 
with disease control (cohort- 
dependent)

RT + TMZ; general follow-up
neuronal identity; tissue 
suppressor—circulating 
dynamics reported in your draft

Wang, 201283

miR-155 plasma/serum
dynamic across treatment; ↑ may 
herald progression; ↓ with 
response

RT + TMZ; general longitudinal 
follow-up

inflammation/immune-related 
miRNA; included in 
longitudinal panels

Wu, 202297

miR-181d plasma/serum; Exosomes
higher baseline → better 
response; low/declining levels → 
poor response

RT + TMZ (MGMT-linked)
predictive of MGMT status and 
treatment response; useful for 
monitoring

Sippl, 202295; Stakaitis, 202096

miR-185 plasma
reported ↓ after therapy in 
responders (normalize with 
disease control)

surgery + adjuvant therapy; RT + 
TMZ

candidate longitudinal marker; 
needs standardized matrices

Tang, 2015121

miR-210 serum/Exosomes
↓ with response (reduced 
hypoxia); ↑ with resistance/ 
progression

RT + TMZ; bevacizumab (anti- 
angiogenic)

hypoxia-related oncomiR; 
reflects tumor oxygenatioN/ 
Angiogenesis

Lan, 2020101

miR-222 serum/CSF; EVs
↓ in responders; ↑ in non- 
responders; rises with 
progression

Stupp protocol (RT + TMZ); 
anti-angiogenic therapy 
(bevacizumab)

parallels miR-21 dynamics; 
linked to DNA repair and drug 
resistance

Hartanto, 2024125; Siegal, 2016; 
Olioso, 2021102

miR-342-3p plasma
candidate: changes reported with 
treatment course

RT + TMZ; general follow-up
signal noted alongside miR-128 
in responders vs. non- 
responders

Wang, 201283

miR-410 plasma
dynamic across treatment; 
trends with response (panel 
data)

RT + TMZ
included with miR-155/181 
family in longitudinal 
assessments

Wu, 202297 (panel)

miR-485-3p serum
returns toward normal after 
surgery/therapy in responders

surgery + adjuvant therapy
low levels associate with poorer 
outcome; dynamic 
normalization post-treatment

Wang, 2017108

miR-1238 serum exosomes
↑ in non-responders/TMZ- 
resistant; decreases with restored 
sensitivity

TMZ
exosomal transfer mediates 
chemoresistance; candidate for 
real-time resistance tracking

Yin, 2019127

Dynamic changes in miRNA expression are reported across surgical, chemoradiation, and anti-angiogenic therapy contexts. CSF, cerebrospinal fluid; EV, extracellular vesicle; MGMT, O6-methylguanine-DNA meth
yltransferase; miR, microRNA; RT, radiotherapy; TMZ, temozolomide.
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Materials and methods

Search strategy

This review comprises two parts: a narrative overview of circulating 
miRNA biology, pre-analytical handling, and detection methods; 
and a systematic review conducted according to PRISMA guidelines 
to identify clinical studies on circulating miRNAs as biomarkers in 
glioma.

Literature searches were performed in PubMed, Embase, Scopus, 
and Web of Science using terms combining “glioma” or “glioblas
toma” with “microRNA,” “miRNA,” and “circulating.” Boolean op
erators and truncation were applied. The search was limited to peer- 
reviewed articles published in English from January 2000 to August 
2025. Additional records were identified from reference lists of 
selected studies. All references were imported into a citation man
ager and duplicates removed.

Inclusion and exclusion criteria

Studies were included if they (1) reported original data on circulating 
miRNAs in glioma patients; (2) used blood (serum, plasma) or CSF 
as the miRNA source; (3) reported diagnostic, prognostic, predictive, 

or monitoring outcomes; and (4) were published in peer-reviewed 
English-language journals. Studies based exclusively on tissue miR
NAs, non-original works (reviews, editorials, case reports, confer
ence abstracts), studies without a clinical cohort, and those with 
insufficient methodological detail were excluded.

Study selection and data extraction

Titles and abstracts were independently reviewed by two investiga
tors. Full texts of potentially relevant articles were retrieved for 
detailed evaluation; disagreements were resolved by consensus or 
consultation with a third reviewer. Data were extracted using a stan
dardized form covering study characteristics (first author, year, 
country, design, sample size), patient characteristics (age, sex, histo
logical and molecular subtype, treatment context), biofluid source, 
miRNA(s) analyzed, detection method, normalization strategy, and 
clinical outcomes.

Due to heterogeneity in study design, patient cohorts, biofluid sour
ces, and outcome measures, a quantitative meta-analysis was not 
feasible. Findings were therefore synthesized narratively, empha
sizing recurring miRNA candidates, study quality, and consistency 

Table 6. Circulating miRNAs for differentiating true tumor recurrence from pseudo-progression128

miR Fluid/matrix Expression dynamics Tumor type/context Clinical note Authors (name, year)

miR-223 serum ↓ after resection; ↑ at recurrence LGG
dynamic correlation with tumor volume; 
did not increase in pseudo-progression

Morokoff, 2020128

miR-320e serum ↓ after resection; ↑ at recurrence GBM
correlates with tumor volume; stable in 
pseudo-progression

Morokoff, 2020128

miR-21 serum
contributes to diagnostic 4-miR 
panel; dynamic levels reported

GBM/LGG
combined with miR-223, miR-320e, and 
miR-23a improves diagnostic accuracy

Morokoff, 2020128

miR-23a serum part of diagnostic 4-miR panel GBM/LGG
less dynamic individually, but increases 
accuracy when combined

Morokoff, 2020128

Serum miRNA dynamics were assessed longitudinally in glioma patients with serial sampling. GBM, glioblastoma; LGG, low-grade glioma; miR, microRNA.

Figure 1. Integrative overview of circulating miRNAs detected in serum/plasma, CSF, and exosomes, stratified by clinical application (diagnosis, prognosis, 

and monitoring) 

OncomiRs are shown in red (upregulated); tumor-suppressor miRNAs are shown in blue (downregulated).
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of results. The initial PubMed search yielded 512 records. After 
duplicate removal, 489 records were screened, of which 409 were 
excluded. Eighty full-text articles were assessed; 16 were excluded 
(six without circulating miRNA analysis, four including non-glioma 
populations, five lacking clinical outcomes, and one duplicate data
set). Sixty-four studies met the inclusion criteria (Figure 2).

Study quality assessment

Given the marked heterogeneity of available studies and the absence 
of a single validated risk-of-bias tool tailored to circulating miRNA 
biomarker research, a pragmatic qualitative grading framework 
was applied to characterize the methodological strength of each 
included study rather than to formally pool or exclude studies. 
Five complementary dimensions were considered: (1) cohort size, 
stratified as small (<50 patients), moderate (50–100), or large 
(>100); (2) study design, distinguishing prospective from retrospec
tive enrollment; (3) inclusion of an independent validation cohort or 
external dataset; (4) control of pre-analytical and technical variables, 
including hemolysis assessment, normalization strategy, and stan
dardized RNA extraction protocols; and (5) statistical rigor, with 
multivariable analyses controlling for known prognostic factors 

(age, KPS, IDH/MGMT status, treatment) considered superior to 
univariate analyses alone.

These criteria informed the qualitative weighting of evidence 
throughout the present review and underlie the consistency tiers re
ported in Table S1. Particular emphasis was placed on candidate 
miRNAs whose performance was replicated across independent co
horts, biofluid types, and detection platforms. Conversely, results 
derived exclusively from small, single-institution, retrospective co
horts without independent validation are flagged in the narrative 
as preliminary and requiring confirmation in larger prospective 
studies. This framework should be regarded as an informal and prag
matic appraisal rather than as a formal risk-of-bias assessment such 
as ROBINS-I or QUADAS-2, which were not directly applicable 
given the predominantly observational and biomarker-discovery na
ture of the included studies.

DATA AND CODE AVAILABILITY
This study did not generate new data or code. All data discussed in this review were ob
tained from previously published studies, which are cited in the reference list and are 
publicly available through their original publications.

Figure 2. PRISMA flow diagram of the systematic 

literature search and study selection process.
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