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Abstract

Background: microRNAs (miRNAs) are small, non-coding RN As that regulate gene expression post-
transcriptionally and are now recognized as central players in tumorigenesis, progression, and
therapeutic resistance. Their remarkable stability in body fluids and close integration with oncogenic
and tumor-suppressive pathways have positioned miRNAs as promising diagnostic, prognostic, and
therapeutic biomarkers across diverse cancers. However, the dual and context-dependent nature of
many miRNAs, together with methodological heterogeneity, complicates their translation into
routine clinical practice. Methods: A comprehensive literature review was conducted using
PubMed/MEDLINE, Embase, and Web of Science from 1993 to June 2025 to identify peer-reviewed
studies evaluating miRNAs in human cancers. Articles were included if they investigated miRNAs
in relation to cancer biology, biomarker potential (diagnostic, prognostic, or predictive), metastasis
and EMT, the tumor microenvironment, or therapeutic modulation. Mechanistic, translational, and
clinical studies were all considered. Data were extracted on cancer type, sample source, miRNAs
studied, assay methods, clinical associations, and functional validation. Due to heterogeneity in
design and reporting, a narrative thematic synthesis was undertaken rather than meta-analysis.
Results: Evidence across multiple malignancies shows that specific miRNAs function as oncomiRs,
promoting proliferation, survival, angiogenesis, immune evasion, and metastasis (for example, miR-
21, miR-155, miR-10b, and the miR-17-92 cluster), while others act as tumor-suppressor miRNAs,
constraining oncogenic signalling, cell-cycle progression, and metastatic spread (for example, miR-
34a, miR-126, miR-145, miR-124, miR-15a/16-1, and the miR-200 family). Distinct expression
signatures have been associated with early-stage disease, advanced stage, and metastatic patterns in
solid tumors and hematological malignancies. Circulating and exosomal miRNAs show high stability
and have demonstrated potential for non-invasive cancer detection, risk stratification, and
monitoring of treatment response. Several miRNAs correlate with survival outcomes and resistance
to chemotherapy, targeted agents, and immunotherapies. Preclinical models support miRNA-based
therapies, including mimics to restore tumor-suppressor miRNAs and inhibitors (antagomirs) to
silence oncomiRs, with emerging delivery platforms such as nanoparticles and engineered exosomes.
Conclusion: microRNAs (miRNAs) emerge as integrative cancer biomarkers that reflect underlying
genetic, epigenetic, and microenvironmental complexity. Current evidence indicates their potential
to improve early detection, refine prognostic stratification, and inform therapeutic decision-making.
However, heterogeneity in analytical methods, reference standards, and study design, together with
the dual and context-dependent functions of individual miRNAs, limits comparability and hinders
routine clinical adoption. Progress will depend on rigorous assay standardization, harmonized
reporting, and validation of candidate miRNAs and panels in large, prospective, multi-centre
cohorts. Integrating miRNA profiles with other molecular and clinical data, and advancing safe,
effective miRN A-based therapeutics, will be essential to translate this promising biomarker class into
tangible benefits for patients.
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1. Introduction

MicroRNAs (miRNAs) are evolutionarily conserved, non-coding RNAs of approximately 20-25
nucleotides that regulate gene expression post-transcriptionally. Since the identification of lin-4 in
Caenorhabditis elegans in 1993 and the subsequent discovery of human miRNAs such as let-7 and
miR-21, these molecules have been recognised as critical regulators of cell-cycle progression,
apoptosis, differentiation, and stress responses (He & Hannon, 2004; Lee et al., 1993). By fine-tuning
gene networks, miRNAs maintain tissue homeostasis and enable adaptive cellular responses
(Heikkinen, 2014).

miRNA biogenesis follows a tightly controlled pathway: transcription by RNA polymerase 1I;
Drosha/DGCR8-mediated processing to generate precursor hairpins; nuclear export via Exportin-5;
and cytoplasmic cleavage by Dicer to yield mature miRNAs. These mature species are loaded into
the RNA-induced silencing complex (RISC), guiding sequence-specific repression of target mRNAs
(Billi et al., 2024). Although classically viewed as post-transcriptional repressors, emerging evidence
indicates that certain miRNAs—termed “up-miRs” —can stabilise transcripts or enhance translation,
underscoring their context-dependent versatility (Vasudevan, 2012; Metanat et al., 2025).

Aberrant miRNA expression is a hallmark of oncogenesis. Oncogenic miRNAs (oncomiRs), such
as miR-21, repress tumor suppressors to promote proliferation, invasion, and therapy resistance
(Zhang et al., 2023). Conversely, tumor-suppressive miRNAs, exemplified by the p53-driven miR-34
family, inhibit oncogenic drivers including MYC and MET, enforcing apoptosis and growth arrest
(He, Lowe, & Hannon, 2007). Some miRNAs —such as miR-125b and miR-126 —display dual, context-
dependent behaviour, acting as tumour suppressors or oncogenes according to tissue type, disease
stage, or micro environmental cues (Zhang et al., 2022). Beyond tumour-intrinsic functions, miRNAs
shape the tumour microenvironment by modulating angiogenesis, stromal remodelling, immune
evasion, and metabolic adaptation. Tumour-derived exosomes disseminate miRNAs systemically,
conditioning pre-metastatic niches and facilitating distant spread (Kalluri & LeBleu, 2020). Their
stability in circulation has spurred evaluation as minimally invasive biomarkers for early detection,
prognosis, and therapy monitoring.

Against this backdrop, the present review offers a comprehensive, critically appraised synthesis
of evidence on miRNAs across major body fluids in cancer. Building on studies of circulating and
non-circulating miRNAs, we delineate their diagnostic, prognostic, and predictive roles; compare
performance across biofluids and tumour types; and highlight potential in early detection, disease
monitoring, and treatment guidance. By integrating data on assay platforms, analytical approaches,
and clinical endpoints, we identify key sources of methodological heterogeneity, clarify context-
dependent behaviour of individual miRNAs and panels, and outline translational gaps that must be
bridged before routine clinical implementation. Ultimately, we position miRNA-based liquid and
minimally invasive biopsy strategies within contemporary precision oncology frameworks and
propose a roadmap for future research and clinical validation.

2. Methodology
2.1. Methods

We conducted a comprehensive review to synthesise current evidence on miRNAs as diagnostic,
prognostic, and therapeutic biomarkers across human malignancies, with emphasis on their dual
roles as oncogenic drivers (oncomiRs) and tumour-suppressor regulators. The review adhered to a
structured narrative approach consistent with the standards of high-impact clinical journals.

2.2. Search Strategy and Selection Criteria
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We systematically searched PubMed/MEDLINE, Embase, and Web of Science for articles
published from January 1993 to June 2025, spanning the discovery of miRNAs to recent advances in
clinical translation. The search combined controlled vocabulary and free-text terms related to
miRNAs and cancer, including: “microRNA”, “miRNA”, “oncomiR”, “tumour suppressor
microRNA”, “circulating microRNA”, “exosomal microRNA”, “cancer biomarker”, “early
detection”, “prognosis”, “metastasis”, “epithelial-mesenchymal transition”, and “tumour
microenvironment”. We additionally searched for specific, frequently implicated miRNAs —such as
miR-21, miR-155, miR-10b, miR-34a, miR-126, miR-145, miR-124, the miR-200 family, and the miR-
15a/16-1 and miR-17-92 clusters.

2.3. Inclusion and Exclusion Criteria

We included peer-reviewed original research and review articles that investigated human
cancers or clinically relevant preclinical models (cell lines, xenografts, or animal models) with clear
implications for human disease. Eligible studies examined miRNA biogenesis and regulatory
mechanisms relevant to oncogenesis; miRNA dysregulation in tumour tissues or body fluids; and
roles as diagnostic, prognostic, or predictive biomarkers. We also included studies on associations
between miRNAs and metastasis, epithelial-mesenchymal transition, angiogenesis, or the tumour
microenvironment, as well as investigations of therapeutic targeting of miRNAs or their use as
therapeutic agents (miRNA mimics or inhibitors). Studies were required to report measurable
outcomes, including differential miRNA expression; correlations with clinic pathological features;
survival endpoints (overall, progression-free, or disease-free survival); treatment response; or
metastasis patterns. We excluded articles without primary or secondary data on cancer-related
miRNAs (for example, studies confined to non-malignant diseases without extrapolation to cancer),
non-peer-reviewed materials (such as conference abstracts without full text, theses, and editorials
lacking data), and studies exclusively focused on non-human species without translational or
mechanistic relevance to human cancer. No language restrictions were applied at the search stage;
however, only studies with sufficient detail in English to permit data extraction and interpretation
were retained in the final synthesis, which may introduce language bias.

2.4. Data Extraction and Synthesis

From each eligible study, we extracted information on cancer type and patient population;
biological specimen (tissue, serum, plasma, whole blood, urine, exosomes, and other body fluids);
profiled miRNAs and direction of dysregulation; putative or validated targets and downstream
pathways; study design (discovery or validation; prospective or retrospective); diagnostic
performance (sensitivity, specificity, and area under the curve when reported); prognostic or
predictive associations (for example, hazard ratios and correlations with stage, grade, metastasis, or
recurrence); and functional evidence from mechanistic gain- or loss-of-function experiments in vitro
and in vivo. Given substantial heterogeneity in study designs, assay platforms (qRT-PCR,
microarrays, next-generation sequencing), normalisation strategies, and definitions of clinical
endpoints, we did not perform a quantitative meta-analysis. Instead, we undertook a thematic
narrative synthesis structured around canonical and non-canonical miRNA biogenesis and
regulatory networks; roles of oncomiRs and tumour-suppressor miRNAs in key cancer hallmarks;
circulating and exosomal miRNAs as minimally invasive diagnostics; and miRNAs as prognostic and
metastatic biomarkers, including involvement in epithelial-mesenchymal transition and organ-
specific spread. Within each domain, we integrated mechanistic and clinical data to highlight
miRNAs with consistent, robust associations across studies and to delineate those with stage-specific
or context-dependent effects.

2.5. Assessment of Study Quality and Limitations

Although formal risk-of-bias tools were not systematically applied, studies were qualitatively
appraised for clarity of clinical endpoints and statistical analysis; sample size and presence of
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independent validation cohorts; robustness and reproducibility of miRNA measurements (including
technical replicates, internal controls, and normalisation methods); and adjustment for relevant
confounders in multivariable models. Particular attention was paid to assay standardization, given
that variability in platforms and pre-analytical conditions (sample collection, processing, and storage)
can materially affect miRNA quantification. Recognised limitations—including publication bias
favouring positive results, small single-centre cohorts, and the paucity of large prospective validation
studies—were explicitly considered when drawing conclusions and setting priorities for future
research. An overview of the methodology is illustrated in Figure 1.
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Figure 1. Methodology Overview.

3. miRNAs in Cancer Crosstalk: Tumor Suppressors versus OncomiRs

MicroRNAs (miRNAs) are small, non-coding RNAs that exert pivotal control over post-
transcriptional gene regulation and are increasingly recognized as central players in cancer biology
(Calin & Croce, 2006). Broadly, they fall into two functional categories with opposing influences on
tumorigenesis. Tumor suppressor miRNAs, exemplified by the miR-34 family and the miR-15a/16-1
cluster, constrain oncogenic signaling and promote apoptosis, thereby protecting against malignant
transformation (Esquela-Kerscher & Slack, 2006). In contrast, oncogenic miRNAs (oncomiRs)—such
as miR-21 and miR-155—are often upregulated in cancers and drive tumorigenesis by repressing
tumor suppressor genes and activating pro-tumor pathways. Appreciating this bidirectional
regulatory axis is essential for informing therapeutic development and improving clinical outcomes
(Garzon et al., 2009; O’connell et al., 2010).

3.1. OncomiRs (Oncogenic miRNAs)

OncomiRs are frequently overexpressed across malignancies and promote tumor initiation and
progression by silencing tumor suppressor targets, activating oncogenic cascades, and reshaping the
tumor microenvironment (Otmani et al., 2022). Among the best-characterized, miR-21 is broadly
overexpressed in solid tumors and suppresses PTEN and PDCD4, thereby engaging PI3K/AKT and
NF-«B signaling to foster proliferation, invasion, and treatment resistance (Chan et al., 2005). miR-
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155 is another potent oncomiR—upregulated in lymphomas and several solid cancers—where it
targets SHIP1 and SOCS], enhancing inflammatory signaling, immune evasion, and drug resistance
(O’connell et al., 2010). miR-10b is tightly linked to metastasis: through repression of HOXD10 and
consequent derepression of RhoC, it promotes tumor cell migration and invasion, with pronounced
effects in breast and colorectal cancers (Ma et al., 2007). The miR-17-92 cluster, frequently amplified
in neuroblastomas and lymphomas, promotes proliferation by inhibiting PTEN, p21, and E2F1 (He
et al, 2005). Notably, some miRNAs—including miR-125b and miR-126—exhibit context
dependence, acting as tumor suppressors in certain tissues and as oncogenes in others (Le et al., 2009),
underscoring the complexity of miRNA-driven regulation in cancer.

3.2. Tumor Suppressor miRNAs

Tumor suppressor miRNAs maintain cellular homeostasis by dampening oncogenic pathways,
promoting apoptosis, and limiting unchecked proliferation. Their loss—through promoter
hypermethylation, genetic alteration, or impaired biogenesis—facilitates tumor initiation and
progression (Esquela-Kerscher & Slack, 2006). The miR-34 family is among the best characterized and
is directly regulated by p53. miR-34a targets key oncogenes, including MYC, MET, and BCL2,
enforcing apoptosis and cell-cycle arrest; its reduced expression is repeatedly observed in lung,
colorectal, and pancreatic cancers, where it correlates with poor prognosis and chemoresistance
(Chang et al.,, 2007; He, He, Lim, et al, 2007). The miR-15a/16-1 cluster induces apoptosis by
suppressing the anti-apoptotic protein BCL2; deletion or downregulation is a hallmark of chronic
lymphocytic leukaemia (CLL) and is associated with chemoresistance. Similarly, the miR-200 family
constrains epithelial-mesenchymal transition (EMT) by targeting ZEB1 and ZEB2, thereby limiting
invasion and metastatic spread (Cimmino et al., 2005). Additional tumor suppressor miRNAs include
miR-145, which downregulates c-MYC and FSCN1 to suppress proliferation and invasion in breast
and prostate cancers [6], and miR-126, which inhibits angiogenesis by targeting VEGF-A and PI3K
signalling (Sachdeva et al., 2009). Collectively, these miRNAs function as critical brakes on oncogenic
signalling; their attenuation removes key safeguards against malignant transformation (Frixa et al.,
2015). The detailed mechanisms underlying microRNA-mediated crosstalk in tumor progression are
described in Figure 2,” miRNAs in Cancer Crosstalk: Tumor Suppressors versus OncomiRs”.
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OncomiRs in Cancer: Function, Examples, and Dual Roles
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Figure 2. miRNAs in Cancer Crosstalk Tumor Suppressors versus OncomiRs and mechanisms underlying

microRNA-mediated in tumor progression.

4. OncomiRs as Cancer Biomarkers
4.1. Early Detection and Diagnosis

The inherent stability and disease-specific expression profiles of circulating microRNAs
(miRNAs) position them as compelling candidates for early cancer detection. Multiple miRNAs have
shown strong potential as minimally invasive biomarkers capable of identifying malignancy at stages
preceding conventional imaging findings or the onset of clinical symptoms.

miR-21 (microRNA-21) is among the most extensively investigated circulating miRNAs due to
its consistent upregulation across a wide range of cancers, including breast, glioblastoma, pancreatic,
and non-small cell lung cancers (Wang et al.,, 2020; Liu et al., 2021; Zhang et al., 2022). Its notable
stability in blood and other body fluids, together with its involvement in tumorigenic pathways,
underscores its utility for early detection. Functionally, miR-21 exerts oncogenic effects by targeting
tumor suppressor genes such as PTEN and PDCD4, thereby promoting proliferation, invasion, and
metastasis. Elevated circulating levels can be detected months before radiographic or clinical
evidence emerges, mirroring molecular alterations during tumor initiation and early progression
(Diansyah et al., 2021). This temporal lead time makes miR-21 particularly valuable for screening
high-risk populations —for example, individuals with familial predisposition or dense breast tissue —
where earlier detection can substantially improve outcomes. Supporting data are robust: Wang et al.
(2020) reported increased plasma miR-21 months before diagnosis in breast cancer; Zhang et al. (2022)
noted significant serum elevation in NSCLC, often years before radiographic detection; and Liu et al.
(2021) observed marked pre-symptomatic increases in glioblastoma, highlighting its role in early
diagnosis and longitudinal monitoring (Bautista-Sanchez et al., 2020; Ng et al., 2013; Wei et al., 2011).

miR-155 likewise plays a central role in immune regulation and oncogenesis. Elevated
circulating miR-155 has been documented across diverse malignancies, notably lymphomas and
breast cancer, supporting its promise for early detection, prognostication, and disease monitoring. By
targeting genes governing differentiation and proliferation, miR-155 influences both tumor biology
and anti-tumor immunity. Early rises in circulation may reflect initial tumorigenic changes or
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immune activation within the tumor microenvironment, enhancing its value as a screening tool
(Lawrie et al., 2008). Clinically, Li et al. (2019) found significantly higher serum miR-155 at diagnosis
in diffuse large B-cell lymphoma (DLBCL) versus healthy controls, with declines following effective
therapy, suggesting utility as a dynamic indicator of tumor burden and treatment response. In breast
cancer, Zhang et al. (2020) showed elevated miR-155 even at stage I. Given its early detectability and
treatment-responsive dynamics, miR-155 is well suited to serial monitoring for assessing response
and detecting early recurrence (Koumpis et al., 2024; Zhao et al., 2012).

miR-10b has been widely studied for its role in promoting invasion, early progression, and
metastasis. By targeting HOXD10, a suppressor of cell motility, miR-10b enhances invasive capacity
and tumor cell migration. Elevated circulating levels frequently mirror early invasive behavior and
may be detectable prior to clinically evident metastasis, making miR-10b valuable for early detection
and risk stratification (Ma et al., 2007; Sheedy & Medarova, 2018). Consistent reports indicate higher
blood miR-10b in patients with invasive or metastatic disease—including breast, colorectal,
pancreatic, and gastric cancers—than in those with localized tumors. Notably, detection often
precedes clinical metastasis. Advances in exosome-based assays have improved diagnostic accuracy,
with exosomes miR-10b showing high specificity for early metastatic potential. Therapeutically,
targeted inhibition of miR-10b has demonstrated suppression of dissemination, highlighting its dual
potential as a diagnostic biomarker and therapeutic target (Chen & He, 2021; Dwedar et al., 2021; Cho
et al., 2020).

Members of the miR-200 family, particularly miR-200a and miR-200c, are key regulators of
epithelial-mesenchymal transition (EMT), a central process in metastasis. Altered expression across
cancer types suggests utility for early diagnosis. Serum miR-200a and miR-200c are elevated in early-
stage ovarian and breast cancers, with levels correlating positively with tumor size and stage (Song
et al,, 2021). Beyond early detection, these miRNAs provide insight into tumor progression and
aggressiveness, enabling risk stratification and informing timely intervention, especially where
earlier diagnosis is prognostically decisive (Gregory et al., 2008; McDougall et al., 2011).

miR-141, another miR-200 family member, has emerged as a non-invasive urinary biomarker.
Liu et al. (2022) reported significantly higher urinary miR-141 in prostate cancer versus healthy
individuals. Given the practicality and non-invasiveness of urine sampling, miR-141 offers a
convenient screening approach that may facilitate diagnosis prior to symptom onset (Mogilyansky &
Rigoutsos, 2013).

The oncogenic miR-17-92 cluster —which includes miR-17, miR-18a, miR-19a/b, miR-20a, and
miR-92a—also holds diagnostic promise. Kim et al. (2019) showed detectability in plasma from early
neuroblastoma patients, with levels correlating with tumor burden, supporting early diagnosis and
severity assessment. Plasma detection of this cluster offers a minimally invasive modality for
monitoring neuroblastoma and potentially other malignancies (Luo & Wen, 2024).

4.2. Prognostic Indicators

miR-21 as one of the best-characterized oncomiRs, miR-21 is frequently overexpressed in breast,
lung, and gastric cancers. Elevated circulating miR-21 consistently associates with poorer overall
survival (OS). For instance, Wang et al. (2022) demonstrated that higher circulating miR-21 predicts
worse prognosis in lung cancer, while Zhang et al. (2022) linked increased plasma miR-21 with
advanced stage and reduced survival in gastric cancer, supporting its role as a non-invasive marker
of disease progression. Despite the enthusiasm, variability in assay platforms and cutoff thresholds
across studies underscores the need for methodological standardization before reliable clinical
deployment (Wang et al.,, 2022). miR-155 another prominent oncomiR, miR-155, correlates with
adverse outcomes in lymphomas and solid tumors such as breast cancer. High expression is
associated with aggressive features, increased relapse, and reduced progression-free survival (PES)
and OS. In DLBCL, Li et al. (2019) reported that elevated miR-155 predicts poorer prognosis, likely
reflecting its modulation of immune and inflammatory pathways that foster tumor growth and
resistance. In breast cancer, Zhang et al. (2020) observed associations between increased miR-155 and
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higher recurrence and therapeutic resistance. Mechanistically, miR-155 targets tumor suppressors
and modulates cytokine signaling, promoting a pro-tumorigenic microenvironment. However, inter-
study heterogeneity in expression assessment and tumor biology remains a barrier to widespread
clinical adoption (Grimaldi et al., 2020; Wu et al., 2023).

miR-10b Circulating miR-10b has emerged as a marker of metastatic propensity. Elevated
serum/plasma levels associate with lymph node involvement and reduced disease-free survival
(DFES). In breast cancer, higher miR-10b predicted metastatic spread, consistent with its effects on
migration and invasion pathways involving HOXD10 and RHOC. These data support miR-10b as a
dynamic biomarker for early detection of metastatic progression. Further validation is needed to
define specificity and integration into multi-marker prognostic models (Ma, 2010; Ma et al., 2007).

4.3. Metastatic Markers

Recent advances have clarified how oncomiRs regulate metastasis by targeting pathways
involved in EMT, cell motility, and extracellular matrix remodeling. For example, miR-9 promotes
metastasis by downregulating E-cadherin, thereby inducing EMT and enhancing motility (Ma et al.,
2010). miR-181a increases metastatic potential in colorectal and breast cancers through regulation of
migration-related genes (Ji et al., 2014). Conversely, the miR-200 family suppresses metastasis by
inhibiting EMT via direct targeting of ZEB1 and ZEB2; their downregulation is linked to enhanced
metastatic capacity (Ji et al., 2014). miR-10b exemplifies oncomiR-driven invasion: by binding the 3’
UTR of HOXD10 mRNA, it represses HOXD10, which in turn derepresses genes implicated in
cytoskeletal dynamics and matrix degradation—such as RhoC, MT1-MMP, and MMP2 —facilitating
invasion and metastatic spread (Ma et al., 2007; Wang et al., 2015). Elevated miR-10b is consistently
observed in metastatic tissues and in circulation, correlating with metastatic burden and poorer
outcomes across multiple cancers, including breast and pancreatic carcinomas (Ma et al., 2007).
Detection in plasma or tissue can thus inform prognosis and guide therapy. A deeper understanding
of the interplay among these oncomiRs is critical to earlier metastasis detection, targeted therapeutic
development, and improved outcomes in advanced disease (Parrella et al., 2014). The literature on
the clinical applications of microRNAs as cancer biomarkers (oncomiRs) is summarized in Table 1.

Table 1. Literature Review of Clinical Applications of miRNAs as Cancer Biomarkers (OncomiRs).

miRNA Clinical Role | Cancer Type | Sample Findings and Key (Reference)
Type Results
miR-21 Early Breast Cancer | Plasma | Elevated miR-21 | Wang et al.
Detection levels observed (2020)
months before

clinical diagnosis.

miR-21 Early Non-Small Cell | Serum Significant increase | Zhang et al.
Detection Lung Cancer in serum miR-21 (2022)
(NSCLCQ) levels years before
radiographic
detection.
miR-21 Early Glioblastoma Serum Elevated serum miR- Liu et al.
Detection 21  levels  Dbefore (2021)
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clinical symptoms or
MRI findings.
miR-21 Prognostic Lung Cancer Plasma | High miR-21 levels | Wangetal.
Indicator associated with poor (2020)
prognosis and
reduced overall
survival (OS).
miR-21 Prognostic Gastric Cancer | Plasma | Increased miR-21 | Zhang et al.
Indicator levels correlated with (2022)
advanced disease
stages and reduced
survival.
miR155 Early DLBCL Serum High miR-155 levels Lietal.
Detection Lymphoma at diagnosis (2019)
compared to healthy
controls; levels
decrease after
successful treatment.
miR155 Early Breast Cancer | Serum Elevated =~ miR-155 | Zhang et al.
Detection levels across different (2020)
stages, including
stage I.
miR155 Prognostic DLBCL Serum High miR-155 levels Lietal
Indicator Lymphoma associated with poor (2019)
prognosis.
miR155 Prognostic Breast Cancer | Serum Zhang et al.
Indicator (2020)
miR10b Early Breast, Blood High miR-10b levels Ma et al.
Detection Colorectal, detectable before (2007);
Pancreatic clinical metastasis. Sheedy &
Cancer Medarova
(2018)
miR10b Prognostic Breast Cancer | Serum High miR-10b levels | Gomez et al.
Indicator predictive of (2023)
metastatic spread

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202601.0251.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 January 2026

d0i:10.20944/preprints202601.0251.v1

11 of 35
and reduced disease-
free survival (DFS).
miR10b Metastatic Breast, Plasma, | Elevated miR-10b Ma et al.
Marker Pancreatic Tumor levels associated with (2007);
Cancer Biopsy | higher metastatic | Zhang et al.
burden and poorer | (2021); Liu et
prognosis; role in al. (2023)
invasion via
HOXD10.
miR-200 Early Ovarian, Breast | Serum Elevated miR-200a | Song et al.
family (miR- | Detection Cancer and miR-200c levels (2021)
200a, miR- in early stages,
200c) correlated with
tumor size and stage.
miR-200 Metastatic Multiple Serum Downregulation  of | Bracken et al.
family Marker Cancer Types miR-200  associated (2010)
with increased
metastatic  capacity
via EMT inhibition
(targeting ZEB1 and
ZEB2).
miR-141 Early Prostate Urine High miR-141 levels Liu et al.
Detection Cancer in urine of patients (2022)
compared to healthy
controls; suitable for
non-invasive
screening.
miR-17-92 Early Neuroblastom | Plasma | Detectable in early | Kimetal
cluster Detection a stages, correlated (2019)
with tumor burden.
miR-9 Metastatic Multiple - Facilitates metastasis Ma et al.
Marker Cancer Types via downregulation (2010)

of E-cadherin and

promotion of EMT.
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miR-181a Metastatic Colorectal, - Increases metastatic Lietal.
Marker Breast Cancer potential via (2018)

regulation of
migration-related

genes.

5. Tumor-Suppressor miRNAs as Cancer Biomarkers
5.1. Early Detection and Diagnosis

Recent work has identified circulating tumour-suppressor miRNAs—including miR-34a,
miR-126, miR-145, and miR-124—as promising minimally invasive biomarkers because of their
stability in blood and their consistent, cancer-specific dysregulation. Their value for early detection
lies in their ability to mirror tumorigenic changes well before overt clinical manifestations.

miR-34a is a key effector of the p53 tumour-suppressor pathway, induced by cellular stressors
such as DNA damage and constraining tumour growth by repressing oncogenes and cell-cycle
regulators, including CDKS®, cyclin D1, and BCL2, thereby promoting cell-cycle arrest and apoptosis
(Cole et al., 2008). miR-34a also impedes epithelial-mesenchymal transition (EMT) by targeting
transcription factors such as ZEB1, ZEB2, and SNAIL, and by directly inhibiting MET, a receptor that
drives proliferation and migration, collectively reducing metastatic potential (Cole et al., 2008). Loss
of miR-34a—frequently consequent to p53 alterations—is associated with hyper activation of
oncogenic pathways such as Wnt/B-catenin and PI3K/Akt, which favour aggressive tumour
phenotypes (Cole et al., 2008). Recent advances in single-cell sequencing and circulating tumour
DNA (ctDNA) technologies allow sensitive detection of miR-34a downregulation at preclinical
stages, supporting its use in early diagnosis across diverse cancers (Zhang et al., 2025). Decreased
plasma or serum miR-34a is increasingly recognised as a useful biomarker in several malignancies.
In non-small-cell lung cancer (NSCLC), reduced plasma miR-34a is associated with early-stage
disease and inversely related to tumour size, nodal involvement, and metastasis (Li et al., 2020). In
pancreatic ductal adenocarcinoma (PDAC), low serum miR-34a provides a promising non-invasive
indicator for early diagnosis, with downregulation linked to adverse prognosis and resistance to
chemotherapy (Zhang et al.,, 2023). In colorectal cancer, serum miR-34a levels decline from the
adenoma stage onwards, indicating an early role in carcinogenesis and enabling detection before
frank malignancy; suppression of miR-34a results in increased expression of oncogenic targets such
as MET and ZEB], thereby enhancing metastatic capacity. In breast and prostate cancers, diminished
miR-34a expression correlates with more aggressive disease and poorer survival, in part through
deregulation of EMT drivers and cell-cycle-related genes (Chen et al., 2022; Zhao et al., 2017).

miR-126 acts predominantly as a tumour suppressor through inhibition of angiogenesis, a
process essential for tumour expansion and metastatic spread. It targets key pro-angiogenic
mediators, including VEGF-A, PI3K, and SPRED]1, thereby disrupting signalling pathways required
for neovascularisation and tumour perfusion (Meister & Schmidt, 2010). Multiple studies describe
reduced circulating miR-126 in colorectal, lung, breast, gastric, and ovarian cancers, with lower levels
associated with early tumorigenic alterations (Liu et al., 2021).

Mechanistically, miR-126 limits angiogenesis and tumour progression by suppressing VEGF
signalling and restraining cell migration and invasion (Meister & Schmidt, 2010). Clinically, reduced
miR-126 expression is linked to advanced stage, increased microvessel density, metastasis, and
unfavorable prognosis (Sasahira et al, 2012). Emerging technologies, including single-cell
transcriptomics and ctDNA profiling, now allow highly sensitive assessment of miR-126 alterations
and real-time evaluation of tumour angiogenesis during early tumour development and metastatic
dissemination (Sasahira et al., 2012). These findings support miR-126 not only as a biomarker but also
as a potential therapeutic target to suppress angiogenesis and curb tumour progression, with
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elevated levels in early disease offering opportunities for timely intervention, particularly in breast
and gastric cancers.

miR-124 functions as an important tumour suppressor by modulating core processes that
underpin invasion and metastasis, including cell migration, invasion, and survival. It targets genes
implicated in cytoskeletal remodelling and signalling pathways—such as SAM68, ROCK1, and
AKT2—thereby inhibiting EMT, limiting cell motility, and restraining invasive behaviour (Chen et
al., 2022). Clinically, reduced serum miR-124 is consistently observed in early-stage glioma and
hepatocellular carcinoma (HCC), underscoring its utility as a non-invasive marker for early detection
(Hu et al., 2014). Emerging evidence indicates that declines in circulating miR-124 can precede overt
clinical findings, further enhancing its diagnostic value (Hu et al., 2014).

5.2. Prognostic Indicators

Beyond early detection, circulating tumour-suppressor miRNAs are increasingly recognised as
valuable prognostic tools, reflecting tumour biology, invasive behaviour, and metastatic potential.
Reductions in plasma levels of miR-34a, miR-126, and miR-124 correlate with more aggressive
phenotypes, higher likelihood of metastasis, and poorer survival; longitudinal monitoring of these
miRNAs offers insights into tumour evolution, therapeutic response, and recurrence risk, with
persistently low miR-34a after treatment signalling residual disease or impending relapse and
potentially justifying intensified or alternative therapies (Schwarzenbach et al., 2014). Dynamic
changes in circulating miRNAs can also herald metastatic spread, supporting individualised
surveillance and intervention strategies (Schwarzenbach et al., 2014).

miR-34a is a particularly informative tumour suppressor, with serum downregulation
associated with advanced stage and reduced survival in several cancers. In highly aggressive
malignancies such as lung and pancreatic cancer, decreased serum miR-34a consistently associates
with tumour progression, therapeutic resistance, and metastasis (Hassanein et al., 2021). In NSCLC,
low circulating miR-34a is linked to larger primary tumors, lymph-node involvement, and distant
metastases, indicative of enhanced aggressiveness. In PDAC, reduced serum miR-34a correlates with
higher histological grade, chemoresistance, and shorter survival, underscoring its potential as a
biomarker of disease severity (Zhao et al., 2017).

Subsequent studies have extended these observations to gastric, colorectal, and glial tumors. In
gastric cancer, circulating miR-34a is markedly reduced in advanced disease, and restoration of
miR-34a expression has been reported to increase chemo sensitivity (Zhang et al., 2025). In colorectal
cancer, falling miR-34a levels are associated with metastasis and worse clinical outcome, supporting
its role in risk stratification. In glioma, serum miR-34a provides a non-invasive indicator of tumour
grade and invasive potential, informing early treatment planning (Chen et al., 2025).

Serial assessment of miR-34a can help evaluate therapeutic efficacy and detect emerging relapse
or resistance. Declining levels during or after therapy may signal progression and suggest the need
for treatment modification, whereas rising levels may reflect effective tumour suppression.
Technological advances since 2025 —such as high-throughput sequencing, digital droplet PCR, and
refined ctDNA assays—have enhanced the analytical sensitivity and specificity of miR-34a
measurement, facilitating its integration into personalized oncology for risk stratification, prognostic
assessment, and tailored therapeutic approaches (Pan et al., 2021).

Mechanistically, miR-126 exerts tumour-suppressive effects primarily by targeting pathways
controlling angiogenesis, survival, and migration. By directly repressing VEGF-A, miR-126 inhibits
tumour vascularization; loss of miR-126 removes this brake, increasing angiogenesis and supporting
tumour growth (Lou et al., 2017). miR-126 also constrains the PI3K/Akt pathway through regulators
such as p85[3, promoting apoptosis and reducing proliferation, and modulates the p-STAT3 pathway,
which underpins invasion and immune evasion; reduced miR-126 results in p-STAT3 activation (Lou
et al., 2017). Recent data have broadened the list of miR-126 targets to include syndecan-4 (SDC4),
which affects adhesion and migration; adaptor proteins Crk and CrkL, which influence motility; and
insulin receptor substrates IRS-1 and IRS-2, which support tumour metabolism and growth (Liu et
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al., 2023). These mechanistic insights highlight the central role of miR-126 in regulating angiogenesis,
invasion, and survival.

Clinically, reduced miR-126 expression is linked to increased tumour aggressiveness, metastasis,
and treatment resistance in several tumour types. In metastatic colorectal cancer, plasma miR-126
levels are substantially lower than in non-metastatic disease, and longitudinal analyses show that
reduced circulating miR-126 associates with heightened metastatic risk and shorter survival (Liao et
al., 2024). In NSCLC, miR-126 is significantly downregulated, particularly in metastatic lesions, and
low levels predict worse prognosis and resistance to platinum-based chemotherapy, consistent with
functional data demonstrating miR-126 targeting of VEGF-A and inhibition of p-STAT3 signalling.

In triple-negative breast cancer, decreased miR-126 is associated with increased invasiveness
and metastatic dissemination, especially to lung and bone, and experimental restoration of miR-126
reduces metastasis, suggesting therapeutic potential. In gastric and pancreatic cancers, diminished
miR-126 correlates with advanced stage and chemotherapy resistance, with regulatory targets such
as syndecan-4 and matrix metalloproteinases contributing to invasive capacity (Wang et al., 2024). In
prostate cancer, reduced miR-126 is linked to enhanced EMT and metastatic propensity, partly
through dysregulation of PI3K/Akt signalling, implying that interventions modulating miR-126
pathways could impede disease progression (Li et al., 2023).

miR-145 exerts its tumour-suppressive activity largely by targeting oncogenic pathways and
molecules involved in proliferation, invasion, and metastasis. It modulates the Wnt/p-catenin
pathway by directly targeting genes such as RGS517 and KEAP]I, thereby inhibiting tumour growth
and invasion. miR-145 additionally downregulates MUC1, an oncogenic glycoprotein, and c-MYC, a
central regulator of cell-cycle progression, as well as Fascin-1 (FSCN1), an actin-bundling protein that
facilitates cellular protrusion and motility. Through these combined actions, miR-145 also influences
EMT by repressing EMT-associated regulators, reducing invasive and metastatic potential across
several cancers.

Clinical studies indicate that serum and tissue miR-145 levels are inversely related to tumour
aggressiveness and patient outcome. Lower circulating miR-145 is associated with increased
invasiveness, metastasis, and inferior overall survival. Wang et al. (2021) reported that reduced serum
miR-145 correlates with high tumour grade, lymph-node involvement, and therapy resistance in
breast and prostate cancers, supporting its use as a prognostic biomarker. Subsequent studies have
shown that low serum miR-145 predicts early relapse and resistance to EGFR-targeted therapies (Wu
et al., 2022), and that decreased plasma miR-145 is associated with advanced stage and metastasis,
aiding risk stratification (Zhang et al., 2023). In gynaecological cancers, Chen et al. (2024) noted that
patients with metastatic disease and chemoresistance have significantly lower serum miR-145 and
worse prognosis.

miR-124 has also emerged as a major tumour suppressor, with reduced circulating levels
consistently linked to adverse outcomes in several malignancies. Decreased serum miR-124 is
associated with shorter overall survival and greater tumour aggressiveness in glioma, HCC, and
cervical cancer (Zhou et al., 2019). Serum miR-124 thus represents a useful prognostic indicator for
tumour progression, recurrence risk, and overall disease course. Mechanistically, miR-124 inhibits
oncogenic signalling by targeting factors involved in proliferation, invasion, and angiogenesis,
including SOX9, STAT3, and components of the AKT pathway (Zhou et al., 2019). Because it can be
measured non-invasively, serum miR-124 is attractive for guiding treatment decisions and
monitoring disease dynamics.

In glioma, Li et al. (2022) showed that lower serum miR-124 strongly correlates with higher
tumour grade, increased invasion, and reduced median survival. In HCC, Zhang et al. (2025) found
that low circulating miR-124 predicts worse overall survival and higher post-treatment recurrence,
especially when combined with alpha-fetoprotein (AFP); quantitative RT-PCR assays confirm the
robustness of miR-124 measurement. In cervical cancer, declining serum miR-124 parallels tumour
progression and correlates with higher recurrence and metastasis rates (Chen et al., 2024).
Standardised protocols for miRNA extraction from plasma and subsequent RT-PCR facilitate
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reproducible quantification, and serum miR-124 profiles assist in patient stratification, recurrence
prediction, and individualised therapy. Ongoing studies are exploring combined panels
incorporating miR-124 with ctDNA and exosomal miRNAs to further improve predictive power and
enable earlier detection.

Beyond single microRNAs, several miRNA clusters and families have pivotal roles in restraining
EMT and metastasis. The miR-15a/16-1 cluster has been extensively studied for tumour-suppressive
functions; between 2020 and 2025, Zhang et al. (2024) reported that downregulation of this cluster is
associated with increased EMT marker expression, heightened invasiveness, and poorer prognosis in
cancers including leukaemia, breast, and colorectal carcinoma. The miR-200 family (miR-200a,
miR-200b, and miR-200c) is particularly well known for suppressing EMT by targeting ZEB1 and
ZEB2, transcription factors that promote mesenchymal phenotypes; reduced miR-200 expression in
tumour tissues and serum is associated with increased metastatic potential, reduced overall survival,
and higher recurrence (Lee et al., 2022). By maintaining epithelial characteristics and restraining
EMT-related genes, these miRNAs help prevent dissemination, whereas their downregulation
favours progression and metastasis.

Technological advances—including quantitative PCR and next-generation sequencing—have
enabled accurate assessment of these miRNAs in both serum and tissue, reinforcing their prognostic
and therapeutic relevance. In chronic lymphocytic leukaemia (CLL), downregulation of the
miR-15a/16-1 cluster remains a hallmark associated with progression and therapy resistance (Zhang
et al., 2024). In solid tumors such as breast, colorectal, and gastric cancers, reduced expression of
miR-15a/16-1 and miR-200 family members correlates with increased EMT marker expression,
metastasis, and poorer survival, and preclinical models show that restoring their levels can inhibit
tumour growth and metastatic spread (Zhang et al., 2024; Lee et al., 2022; Wang et al., 2023).

The miR-200 family has been investigated intensively in lung, pancreatic, and ovarian cancers.
In NSCLC, reduced miR-200 levels are associated with enhanced EMT, metastasis, and
chemoresistance (Lee et al., 2022). In PDAC, downregulation of miR-200 is linked to aggressive
biology and unfavourable prognosis (Wang et al., 2023). In ovarian cancer, decreased miR-200
expression correlates with higher grade, advanced stage, and recurrence (Zhang et al., 2025). Loss of
miR-200 permits upregulation of ZEB1 and ZEB2, which drive EMT and invasion, and the stability
of these miRNAs in serum and tissue supports their use as prognostic biomarkers for risk
stratification and therapeutic decision-making in high-risk patients.

5.3. Metastatic Markers

The miR-200 family (miR-200a, miR-200b, and miR-200c) is among the most extensively studied
miRNA groups in relation to metastasis. Numerous studies demonstrate an inverse association
between miR-200 expression and metastatic progression in breast, ovarian, lung, and other cancers,
with low levels strongly linked to increased metastatic potential and worse clinical outcomes (Korpal
et al., 2018; Song et al., 2021). Reduced circulating miR-200 can discriminate localised from metastatic
disease; Zhan et al. (2022) reported higher miR-200 levels in early-stage cases and pronounced
reductions in metastatic disease, while Wang et al. (2023) showed that serum miR-200a/b/c can serve
as non-invasive markers for monitoring metastatic burden and severity.

Beyond the miR-200 family, miR-205 inhibits EMT by targeting ZEB1 and ZEB2, and reduced
serum miR-205 has been described in metastatic breast and prostate cancers (Li et al., 2024). miR-145
and miR-30a also suppress invasion and EMT, and their downregulation correlates with metastasis,
including lymph-node involvement in gastric cancer and brain metastases in lung adenocarcinoma
(Zhou et al., 2023).

Newer data further highlight miRNAs associated with hypoxia-driven and systemic spread.
miR-210 is linked to hypoxic adaptation and metastatic dissemination, while miR-21 shows complex
regulation, with lower plasma levels reported in some metastatic settings, reflecting
context-dependent dynamics (Chen et al., 2025; Liu et al., 2025). miR-373 and miR-17-5p are emerging
markers of EMT and metastatic colonisation, with significant associations reported in ovarian, breast,
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and lung cancers (Wang et al., 2024; Zhao et al., 2025). Collectively, clinical applications of

tumour-suppressor miRNAs as diagnostic, prognostic, and metastatic biomarkers are summarised in

Table 2 (Literature Review of Clinical Applications of miRNAs as Cancer Biomarkers—

Tumour-suppressor miRNAs).

Table 2. Literature Review of Clinical Applications of miRNAs as Cancer Biomarkers. (Tumor Suppressor

miRNAs)

miRN
A

Clinical Role

Cancer Type

Sample Type

Findings and Key

Results

Referenc

e

miR-

34a

Early
detection;
Prognosis;
Therapy

monitoring

NSCLC

Plasma/Serum

Reduced levels

correlate with
early-stage
disease; inverse
with tumor size,
nodal status, and

metastasis.

Lietal,
2020

miR-

34a

Early
detection;

Prognosis

PDAC

Serum

Low levels

indicate early
diagnosis value;
associated ~ with
poor  prognosis
and

chemoresistance.

Zhang et
al., 2023

miR-

34a

Early detection

Colorectal

cancer

Serum

Levels decline at
adenoma  stage;
downregulation

MET

ZEBl1,

increases
and
promoting

metastasis.

— (from

text)

miR-

34a

Prognosis

Breast,

Prostate

Serum

Lower levels
predict aggressive
behavior and
worse survival via
EMT

and cell-

cycle regulation.

Chen et
al., 2022;
Zhao et
al., 2017

miR-
34a

Mechanism;

Early detection

Multiple

cancers

Circulating/ctDNA

; single-cell

effector;
CDKGe6,
BCL2,

p53
targets
CCNDJ,

Cole et
al., 2008;
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ZEB1/2, SNAIL, | Zhang et
MET; al., 2025
downregulation

linked to Wnt/p-
catenin, PI3K/Akt

activation; early

monitoring
feasible.
miR- Prognosis; NSCLC, Serum/Plasma Lower levels link | Hassanei
34a Therapy PDAC, to advanced stage, | netal,
monitoring Gastric, metastasis, 2021;
Colorectal, resistance; Zhao et
Glioma restoration may | al,2017;

enhance chemo | Zhang et
sensitivity; serial | al., 2025;
decline  signals | Chenet

progression/relap | al., 2025;

se. Pan et
al.,, 2021
miR- Early Colorectal, Circulating Decreased levels | Meister
126 detection; Risk | Lung, Breast, | (plasma/serum) correlate with &
assessment Gastric, early tumorigenic | Schmidt,
Ovarian changes and | 2010; Liu
poorer prognosis; etal,
anti-angiogenic 2021
by targeting
VEGF-A,  PIBK,
SPREDI1.
miR- Mechanism; Multiple Circulating; single- | Suppresses Sasahira
126 Monitoring cell/ctDNA | angiogenesis and etal,
invasion; links to 2012

advanced stage
and  metastasis;
sensitive

detection via

single-cell/ctDNA

profiling.
miR- Prognosis; Multiple Circulating Targets VEGF-A, | Louet
126 Mechanism PI3K/AKT (p85p3), | al., 2017;
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p-STATS; Liuetal,
additional targets 2023
SDC4, Crk/CrkL,
IRS-1/2; loss
promotes
angiogenesis,

invasion, survival.

miR- | Prognosis; mCRC Plasma | Lower levels | Liao et
126 Metastasis risk associate with | al., 2024
metastasis and
worse  survival;
longitudinal

reduction predicts

higher risk.
miR- | Prognosis; NSCLC Serum/Plasma Downregulated in | — (from
126 Chemoresistan metastatic lesions; text)
ce low levels predict

poor  prognosis

and platinum
resistance.
miR- Prognosis; TNBC; Gastric; | Circulating Decrease linked to | Wang et
126 Therapeutic Pancreatic; invasiveness and | al., 2024;
potential Prostate metastasis; Lietal.,
restoration 2023
reduces

metastasis; ties to

EMT and

PI3K/AKT

activity.
miR- Early detection | Glioma, HCC Serum/Plasma Decreased levels | Huetal,,
124 in early-stage 2014

disease; precede

clinical detection.

miR- Prognosis Glioma | Serum Lower levels | Lietal,
124 correlate with 2022
higher grade,
invasion, and

reduced survival.
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miR- Prognosis HCC Serum Low circulating | Zhang et
124 levels predict | al., 2025

poorer overall
survival and
higher recurrence;
complements
AFP.
miR- Prognosis; Multiple (incl. | Serum Targets SOX9, | Zhou et
124 Mechanism Cervical) STATS3, AKT | al., 2019;
components; Chen et

reduced levels | al., 2024
link to worse
outcomes;  qRT-
PCR supports

clinical utility.

miR- Prognosis; Risk | Breast, Serum | Lower levels | Wang et
145 stratification Prostate associate with | al., 2021;
high grade, nodal | Wuet
involvement, and | al., 2022
therapy
resistance;
predicts early
relapse and EGFR

therapy

resistance.
miR- Prognosis Multiple (incl. | Plasma/Serum Decreased levels | Zhang et
145 Gynecologic) link to advanced | al., 2023;

stage, metastasis, | Chen et
chemoresistance, al., 2024

worse survival.

miR- Mechanism | Multiple - Targets ~ Wnt/p- | — (from
145 catenin axis text)
(RGS17, KEAP1),
MUC1, MYC,
FSCN1;

suppresses EMT

and invasion.
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miR- Prognosis; Leukemia, Serum/Tissue | Downregulation Zhang et
15a/16- EMT Breast, associates with | al., 2024
1 suppression Colorectal, increased ~ EMT
cluster Gastric markers, invasion,
poor  prognosis;
restoration
inhibits
growth/metastasi
s; hallmark in
CLL.
miR- Prognosis; Breast, Serum/Plasma/Tiss | Reduced levels | Korpal et
200 Metastasis Ovarian, ue associate with | al., 2018;
family | classifier Lung, EMT, metastasis, | Song et
(a/b/c) Pancreatic, chemoresistance; al., 2021;
Ovarian distinguish Zhan et
localized vs | al., 2022;
metastatic Wang et
disease; lower in | al., 2023;
metastatic cases. Lee et al,,
2022
miR- Metastasis Breast, Serum Decreased levels | Lietal,
205 marker; EMT | Prostate observed in 2024
inhibition metastatic
disease;  targets
ZEB1/2.
miR- Metastasis Gastric; Lung | Serum/Plasma Downregulation Zhou et
30a marker;, EMT | adenocarcino correlates with | al., 2023;
suppression ma lymph node | — (from
metastasis text)
(gastric) and brain
metastasis  (lung
adenocarcinoma).
miR- Metastasis; Multiple Plasma Linked to hypoxia | Chen et
210 Hypoxia- and metastatic | al., 2025
associated spread.
miR-21 Metastasis Multiple Plasma | Lower plasma | Liuetal,
dynamics levels reported in 2025
metastatic cases,
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reflecting complex
regulation.
miR- Metastasis; Ovarian, Serum/Plasma | Emerging Wang et
373 EMT Breast, Lung indicator of EMT | al., 2024
and metastatic
colonization.
miR- Metastasis; Ovarian, Serum/Plasma | Associated with | Zhao et
17-5p EMT Breast, Lung EMT and | al., 2025
metastatic
colonization
across cancers.

6. Frequency Patterns and Clinical Roles of Oncogenic and Tumor-Suppressive
microRNAs in the Research Literature

This section integrates current evidence on the frequency patterns, tumor contexts, biological
specimen types, and clinical functions of oncogenic (oncomiRs) and tumor-suppressive microRNAs
(miRNAs) reported across selected studies. The existing literature is heavily dominated by miR-21
and miR-155 among oncomiRs, and by miR-34a and miR-126 among tumor-suppressive
counterparts. Circulating biofluids —especially serum and plasma—constitute the most frequently
investigated sample matrices. The primary clinical applications of oncomiRs have centred on early
cancer detection, whereas tumor-suppressive miRNAs have been predominantly examined in
relation to prognostic assessment. Owing to small sample sizes and pronounced methodological
heterogeneity, the current findings should be interpreted descriptively, underscoring the need for
rigorous effect-size reporting and prospective validation in larger, standardized cohorts.

6.1. OncomiRs: Frequency Patterns, Cancer Type, Sample Type and Clinical Roles

Among 11 reported events, miR-21 and miR-155 each appeared in 4 events (36.36%), jointly
accounting for 72.73% of all occurrences—demonstrating a right-skewed pattern with limited
diversity among remaining targets. miR-10b occurred in 3 of 11 events (27.27%), followed by
miR-200c (2/11; 18.18%) and miR-141 (1/11; 9.09%). The “others” group (miR-17-92, miR-9, miR-181a)
collectively comprised 27.27%. Approximate 95% Wilson confidence intervals for proportions of 4/11,
3/11, 2/11, and 1/11 were roughly 15-65%, 10-56%, 5-48%, and 2-38%, respectively, revealing broad
overlap that precludes statistically meaningful differentiation among mid-ranked miRNAs.

Breast cancer accounted for the greatest proportion of events (5/11; 45.45%), followed by non-
small-cell lung cancer (NSCLC; 3/11; 27.27%), diffuse large B-cell lymphoma (DLBCL; 3/11; 27.27%),
and gastric cancer (2/11; 18.18%). Ovarian, prostate, neuroblastoma, and colorectal cancers were each
represented by one event (9.09%). The “multiple-cancer” category encompassed two events (18.18%).
These distributions parallel the prevalence of these malignancies, sample accessibility, and the
comparatively advanced molecular understanding of their biology.

Among the 16 reported applications, plasma was the most frequently utilized biological matrix
(7; 63.64%), followed by serum (6; 54.55%), while whole blood, urine, and tissue each accounted for
a single event (9.09%). The marked predominance of liquid-biopsy specimens highlights the
increasing research emphasis on minimally invasive strategies for early cancer detection and disease
monitoring .
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Across 17 reported functional applications, early diagnostic use was most common (7; 63.64%),
followed by prognostic evaluation (6; 54.55%) and identification of metastatic markers (4; 36.36%).
This distribution underscores the clinical priority accorded to non-invasive diagnostic approaches
and reflects the inherent challenges of experimentally characterizing metastatic progression.

The dominance of miR-21 and miR-155 aligns with their well-established mechanistic roles
across multiple tumor types. miR-10b, though less frequent, holds a recognizable link to invasion and
metastasis. The overall functional distribution favours diagnostic and prognostic applications. The
general absence of effect size reporting and the heterogeneity of analytical platforms highlight the
need for quantitative evidence synthesis and methodologically harmonized studies. Figure 3
illustrates the frequency oncomiRs patterns, cancer-type distribution, sample matrices, and clinical
roles of oncomiRs across the analysed studies.

Frequency Distribution of OncomiRs in Cancer Research
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Frequency Distribution of Sample Types in OncomiRs Cancer Research

Plasma and Serum are the most frequently used sample types in OncomiRs cancer research.

@® Plasma Serum @® Blood @® Urine

@® Tumor Biopsy

Usage Count

Sample Types

64

Percentage

—_—sTrrorroTw =

Q
Q\'
&
T
N
&
N
Ry
&

Count

Frequency Distribution of OncomiRs Clinical Roles

o priecten —
Mgmsm: e I._

Metastatic Marker

Clinical Role

30 40 50 0 70
Percentage of Studies

0 10 20

Figure 3. Frequency oncomiRs Patterns, Cancer-Type, Sample Type and Clinical Roles.

6.2. Tumor-Suppressive miRNAs: Frequency Patterns, Cancer Type, Sample Type and Clinical Roles
Among 27 reported events, miR-34a (8; 29.63%), miR-126 (6; 22.22%), and miR-124 (5; 18.52%)
emerged as the most frequently investigated tumor-suppressive microRNAs. miR-145 and the miR-
200 family were each reported in four studies (14.81%), whereas miR-15a/16, miR-205, miR-210, miR-
21, miR-31, and miR-17-5p were each identified in a single event (3.70%). Collectively, the three
leading miRNAs accounted for 70.37% of all observations, and inclusion of miR-145 and miR-200
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extended coverage to almost the entire dataset—although grouping at the family level may
marginally overstate diversity. In terms of tumor context, studies addressing multiple cancer types
comprised 8 of 27 events (29.63%), followed by breast cancer (5; 18.52%). NSCLC, prostate, and
colorectal cancers were equally represented (each 4; 14.81%), with ovarian cancer contributing 3
events (11.11%). Pancreatic ductal adenocarcinoma (PDAC), glioma, and gastric cancer each
accounted for 2 events (7.41%). Collectively, the first two categories represented nearly half of all
reports, whereas the three major adult cancers—NSCLC, prostate, and colorectal —together
comprised 44.44%. In contrast, highly lethal but less investigated malignancies such as PDAC,
glioma, and gastric cancer remained under-represented within the available evidence.

Analysis of 27 sample matrices showed that serum was the most frequently employed (10;
37.04%), followed by plasma (8; 29.63%), circulating components or ctDNA (6; 22.22%), combined
serum—plasma specimens (4; 14.81%), and tissue (2; 7.41%). The pronounced reliance on blood-
derived materials (92.59%) highlights the translational promise of liquid-biopsy platforms, with a
modest preference for serum over plasma (approximately 7.4%).

In terms of functional applications, prognostic studies predominated (10; 37.04%), while early
diagnostic and mechanistic investigations each accounted for eight (29.63%). Seven studies (25.93%)
addressed epithelial-mesenchymal transition (EMT), and five (18.52%) focused on treatment
monitoring. This emphasis on prognostic assessment suggests greater maturity of evidence for risk
stratification, whereas the limited number of treatment-response analyses underscores the need for
longitudinal, serial-sampling designs.

Wilson confidence intervals for proportions ranging from 7% to 30% were wide (roughly 4-48%),
indicating limited statistical distinction among mid-ranked categories. The analytical unit
represented a “study event,” whereby a single study could contribute multiple roles or miRNAs. The
absence of reported effect-size metrics (AUC, HR, OR) and quality indicators constrains robust
clinical interpretation and generalizability. The Herfindahl-Hirschman Index (HHI) for oncomiRs,
based on named categories, was approximately 0.52—indicating a moderate-to-high concentration
driven by the dominance of miR-21 and miR-155. Tumor-suppressive miRNAs also exhibited a right-
skewed distribution centred on miR-34a, miR-126, and miR-124. Although the number of distinct
miRNAs was greater among tumor suppressors (7-9 for oncomiRs vs broader range for suppressors),
most event weights remained concentrated in a few core molecules.

Several methodological factors warrant consideration. Clinical and analytical heterogeneity —
including differences in cancer type, sample matrix (serum, plasma, tissue, or urine), and
quantification platform —may confound frequency-based comparisons. Furthermore, the analytical
unit used in this review represents “study events,” which do not necessarily correspond to
independent studies or patient cohorts, as multiple roles or miRNAs may originate from a single
investigation. The absence of reported effect measures, such as AUC, hazard ratio (HR) with 95%
confidence intervals, and formal quality assessments, further restricts clinical generalizability. In
addition, wide and overlapping confidence intervals limit the ability to discriminate statistically
among intermediate rankings. Many actionable steps can strengthen future research in this field.
First, studies should consistently report quantitative effect sizes, including the area under the curve
(AUC) for diagnostic applications, hazard ratios (HRs) for prognostic analyses, and odds ratios (ORs)
for EMT-related evaluations, each accompanied by 95% confidence intervals. Where possible, meta-
analytic synthesis should be undertaken to integrate effect estimates across studies. Second,
stratification by cancer type and sample matrix is essential to assess whether the observed
predominance of miR-21/155 and miR-34a/126 remains consistent across tumor and specimen
contexts. Sensitivity analyses should also be performed by excluding multi-miRNA panels or studies
encompassing multiple cancer types and by analyzing individual members of the miR-200 family
separately to test the robustness of ranking patterns. In addition, weighting evidence by study size
and methodological quality would help reduce popularity bias and enhance interpretability. Finally,
pre-analytical procedures should be standardized through harmonized serum and plasma
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processing, control of pre-analytical variables, and cross-platform validation, complemented by
prospective trial designs for dynamic treatment monitoring.

The current body of literature on cancer-associated miRNAs portrays a coherent yet
concentrated landscape. Among oncomiRs, miR-21 and miR-155 remain central, with prominent
roles in early detection and prognosis; miR-10b appears as a secondary but biologically meaningful
link to metastasis. On the tumor-suppressive side, miR-34a, miR-126, and miR-124 form the principal
axis of reporting, primarily in prognostic studies. The prevalence of liquid biopsy approaches
strengthens translational prospects, although subtle distinctions between serum and plasma and
persisting platform heterogeneity call for standardization. Methodological constraints —event-based
analytic units, lack of effect-size metrics, and overlapping confidence intervals—dictate that findings
be interpreted descriptively and with caution. A forward trajectory demands transition from
frequency tabulation to effect-size quantification and metacentric prospective validation, enabling
miRNAs to evolve from “promising indicators” into clinically credible diagnostic and prognostic
tools. Figure 4 shows the frequency patterns of tumor-suppressive miRNAs, along with their cancer-
type distribution, sample type, and clinical roles across the analysed studies.
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Frequency Distribution of Sample Types Used to Study Tumor-Suppressor microRNAs in Cancer Research

Serum is the most commonly used sample type, while Tissue is the least used.
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Figure 4. Frequency Tumor-Suppressive miRNAs Patterns, Cancer-Type, Sample Type and Clinical Roles.

7. Discussion

MicroRNAs (miRNAs) constitute a class of small, non-coding RNAs that exert broad regulatory
control over gene expression through post-transcriptional mechanisms, positioning them as critical
modulators in cancer pathogenesis. This review consolidates current evidence underscoring their
dualistic roles: oncogenic miRNAs (oncomiRs), which facilitate tumor initiation and progression, and
tumor-suppressor miRNAs, which inhibit malignant transformation. OncomiRs such as miR-21, miR-
155, miR-10b, and the miR-17-92 cluster are frequently overexpressed across diverse cancers,
promoting tumor growth by silencing key suppressors including PTEN, PDCD4, SHIP1, SOCS1,
HOXD10, and p21 (Chan et al., 2005; O’Connell et al., 2010; Ma et al., 2007; He et al., 2005). In contrast,
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tumor-suppressor miRNAs—such as miR-34a, miR-126, miR-145, miR-124, miR-15a/16-1, and the
miR-200 family —are often downregulated, resulting in persistent activation of oncogenic pathways
involving MYC, MET, BCL2, VEGF-A, and ZEB1/2 (Chang et al., 2007; Cimmino et al., 2005; Sachdeva
et al., 2009; Meister & Schmidt, 2010; Gregory et al., 2008). This reciprocal functionality reflects the
intricate regulatory networks of miRNAs, wherein dysregulation mirrors genetic, epigenetic, and
micro environmental perturbations (Calin & Croce, 2006; Esquela-Kerscher & Slack, 2006; Garzon et
al., 2009).

The findings presented here are consistent with published data, demonstrating disease-specific
and stage-dependent expression signatures that correlate with clinical outcomes. Elevated circulating
miR-21 has been consistently reported in breast, lung, and glioblastoma, often detectable months
before radiographic or clinical diagnosis, underscoring its value in early tumor detection (Wang et
al., 2020; Liu et al., 2021; Zhang et al., 2022; Diansyah et al., 2021). Likewise, miR-155 upregulation in
lymphomas and breast cancer supports immune evasion and therapeutic resistance, with expression
levels declining following successful treatment (Li et al., 2019; Zhang et al., 2020; Lawrie et al., 2008).
In contrast, tumor-suppressor miRNAs such as miR-34a are markedly reduced in non-small-cell lung
cancer (NSCLC), pancreatic ductal adenocarcinoma (PDAC), and colorectal cancer, correlating with
advanced disease stage and poor survival outcomes (Li et al., 2020; Zhang et al., 2023; Zhao et al.,
2017). Similarly, downregulation of the anti-angiogenic miR-126 has been associated with increased
metastatic potential in colorectal and breast tumors (Liu et al., 2021; Sasahira et al., 2012; Lou et al.,
2017). Frequency analysis across studies highlights a concentration of research on specific miRNAs —
miR-21 and miR-155 dominate among oncomiRs (72.73% of reports), whereas miR-34a, miR-126, and
miR-124 account for 70.37% of tumor-suppressor mentions—reflecting both their biological
significance and preferential investigative focus (Otmani et al., 2022; Frixa et al., 2015).

Mechanistically, miRNAs influence multiple hallmarks of cancer by fine-tuning key pathways
governing proliferation, apoptosis, epithelial-mesenchymal transition (EMT), angiogenesis, immune
escape, and metastasis. OncomiRs such as miR-21 enhance proliferation and survival through
inhibition of PTEN and PDCD4, thereby activating PI3K-AKT and NF-kB signalling and conferring
apoptosis resistance (Chan et al., 2005). miR-155 promotes immune evasion by targeting SHIP1 and
SOCS1, generating an inflammatory microenvironment favourable to tumor progression (O’Connell
et al., 2010). miR-10b facilitates EMT and metastasis via HOXD10 suppression, leading to RhoC and
MMP derepression and enhanced invasive potential (Ma et al., 2007; Wang et al., 2015). The miR-17-
92 cluster stimulates proliferation by downregulating PTEN and E2F1, a mechanism prevalent in
neuroblastomas (He et al., 2005). Conversely, tumor-suppressor miRNAs exert counterregulatory
effects: miR-34a, a canonical p53 target, induces apoptosis and cell-cycle arrest via repression of BCL2,
MYC, and MET, and it curtails EMT through inhibition of ZEB1/2 and SNAIL (Chang et al., 2007; He
et al., 2007; Cole et al., 2008). miR-126 limits angiogenesis by targeting VEGF-A and PI3K signalling,
thereby restraining vascularisation and metastatic dissemination (Meister & Schmidt, 2010; Sasahira
et al, 2012; Lou et al., 2017). The miR-200 family preserves epithelial identity through ZEB1/2
regulation, countering EMT and metastatic transition (Gregory et al., 2008; Korpal et al., 2018). Other
suppressors, including miR-145 and miR-124, inhibit proliferation and invasion by targeting c-MYC,
FSCN1, ROCK1, and AKT2 (Sachdeva et al., 2009; Hu et al., 2014). Crucially, exosomal transfer of
these miRNAs mediates systemic communication, priming pre-metastatic niches and amplifying
tumor-host crosstalk (Kalluri & LeBleu, 2020).

The diagnostic, prognostic, and therapeutic-monitoring value of miRNAs arises from their
remarkable stability in blood and other body fluids, supporting their use in liquid biopsy strategies.
Circulating miR-21 and miR-155 show high sensitivity for early detection among high-risk
populations, with detectable upregulation preceding radiological evidence in breast cancer and
NSCLC (Wang et al., 2020; Zhang et al., 2022; Ng et al., 2013). Prognostically, high miR-21 levels
consistently predict reduced overall survival in lung and gastric cancers (Wang et al., 2022; Zhang et
al., 2022), whereas diminished miR-34a expression indicates greater risk of metastasis and treatment
resistance in PDAC and NSCLC (Hassanein et al., 2021; Zhao et al., 2017). Dynamic monitoring
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further highlights their potential: for example, declining serum miR-155 concentrations after therapy
in diffuse large B-cell lymphoma reflect treatment response and remission status (Li et al., 2019;
Koumpis et al., 2024). Combinatorial panels integrating both oncomiRs and tumor-suppressor
miRNAs improve specificity and predictive accuracy, as illustrated by the miR-10b/miR-200 axis in
assessing metastatic risk in breast cancer (Ma, 2010; Song et al., 2021).

Despite sustained progress, substantial obstacles hinder clinical translation. Chief among these
is context-dependent behavior: some miRNAs, notably miR-125b and miR-126, exhibit dual
oncogenic or suppressive functions depending on tissue origin, tumor stage, or microenvironmental
context (Le et al., 2009; Zhang et al., 2022). Technical heterogeneity further complicates comparison
across studies—variations in pre-analytical factors such as sample collection, storage, and RNA
isolation markedly affect quantification, as do methodological differences between qRT-PCR,
microarray, and next-generation sequencing platforms and their respective normalisation strategies
(Schwarzenbach et al., 2014). Inconsistent clinical endpoints, small and single-centre cohorts, and
publication bias favouring positive findings continue to undermine reproducibility and meta-
analytic synthesis (Parrella et al., 2014). The narrative framework adopted in this review, dictated by
such heterogeneity, was therefore necessitated by data inconsistency but precludes formal
quantitative integration.

Clinically, liquid biopsy applications are most advanced in non-invasive detection. Exosomal
miRNAs such as miR-10b display marked specificity for early metastatic disease (Sheedy &
Medarova, 2018; Cho et al., 2020). Translational advances extend to experimental therapeutics,
including nanoparticle-based delivery of miRNA mimics or inhibitors, with preclinical studies
demonstrating restoration of miR-34a activity and suppression of miR-21 oncogenicity (Bautista-
Sanchez et al.,, 2020; Pan et al.,, 2021). However, these strategies raise ethical concerns due to the
potential for off-target gene modulation, reinforcing the need for comprehensive toxicological
assessment and controlled clinical trials. Regulatory challenges remain substantial, particularly
regarding assay standardisation, reproducibility, and validation criteria for approvals by agencies
such as the US Food and Drug Administration. Moreover, equitable access must be addressed:
implementation of miRNA-based diagnostics or therapeutics in low-resource settings requires
affordable technology and infrastructural capacity to avert exacerbating existing healthcare
disparities. Ultimately, realizing the full clinical promise of miRNAs depends upon methodological
standardisation and rigorous validation. Harmonization of pre-analytical protocols, reference
materials, and analytical pipelines is essential to ensure reproducible and comparable results. Large-
scale, prospective, multicenter studies with prespecified endpoints will be required to delineate
clinically actionable thresholds and confirm predictive efficacy. Integration of miRNA profiling with
multi-omics approaches —encompassing genomics, proteomics, and radiomics —offers a path toward
precision oncology, enabling multidimensional patient stratification and dynamic treatment
surveillance. Collectively, these advances can transform miRNAs from powerful research tools into
robust clinical instruments for early detection, prognosis refinement, metastasis risk assessment, and
personalized therapeutic monitoring.

8. Limitations

This review integrates a wide range of evidence on the role of microRNAs (miRNAs) as cancer
biomarkers; however, several limitations in both the primary studies and our methodological
approach merit consideration. Many original studies are constrained by small sample sizes and
single-center designs, which restrict generalizability and reduce statistical power. For example,
several investigations of miR-21 and miR-34a involve cohorts of fewer than 100 patients, potentially
inflating effect estimates through selection bias (Wang et al., 2020; Li et al., 2020). Considerable
methodological heterogeneity also exists across studies, including differences in assay platforms (e.g.,
gRT-PCR versus next-generation sequencing), normalization procedures, and pre-analytical
handling, all of which introduce variability into miRNA quantification (Schwarzenbach et al., 2014).
Moreover, inconsistent clinical endpoints—such as varying definitions of progression-free survival
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or metastasis—complicate cross-study comparisons. Some analyses further lack standardized effect-
size metrics, such as hazard ratios or area under the curve values (Parrella et al., 2014). Evidence of
publication bias towards positive results is apparent, with null findings frequently underreported.
The context-dependent functions of miRNAs (e.g., the dual roles of miR-126) may also be
insufficiently captured by cross-sectional designs (Le et al., 2009; Zhang et al., 2022). Additionally,
restricting inclusion to English-language studies introduces potential language bias, possibly
excluding relevant data from non-English sources.

In terms of methodology, this review adopted a narrative thematic synthesis, which suits
heterogeneous data but inherently lacks the objectivity of a quantitative meta-analysis. This approach
may therefore introduce subjective interpretation. The search strategy, covering studies published
between 1993 and June 2025 across PubMed/MEDLINE, Embase, and Web of Science, might have
excluded grey literature or recent publications beyond the cut-off date. Reported frequency patterns
were based on “study events” rather than independent cohorts, risking the overrepresentation of
multi-miRNA studies. Although qualitative assessments addressed potential sources of bias, formal
risk-of-bias tools were not systematically applied, and issues such as absence of external validation
cohorts were frequently noted. Lastly, the focus on human studies with translational relevance may
underrepresent valuable preclinical findings lacking direct clinical extrapolation.

9. Future Directions / Implications

Translating miRNAs from promising research biomarkers into clinically applicable tools
demands a structured roadmap centered on standardization, validation, and integration.
Standardized protocols for sample collection, processing, and analysis are essential. Analogous to
existing circulating tumor DNA (ctDNA) guidelines, such frameworks should define uniform pre-
analytical conditions, reference materials, and validated analytical platforms to minimize inter-study
variability (Schwarzenbach et al., 2014). Large-scale, multicenter, prospective cohorts encompassing
diverse patient populations and cancer types are needed to confirm diagnostic and prognostic
performance. Serial sampling within these studies could further enable dynamic monitoring of
treatment response—for example, tracking miR-155 fluctuations in DLBCL (Li et al., 2019).
Integration of miRNA profiling with multi-omics data—including genomic, proteomic, and
epigenomic layers—through advanced platforms such as single-cell sequencing could provide more
comprehensive and precise disease signatures. A notable example is the combined use of miR-34a
expression with p53 status to refine risk stratification in NSCLC (Cole et al., 2008; Hassanein et al.,
2021). Machine learning algorithms also hold transformative potential, as they can analyze complex
miRNA panels to predict outcomes with superior accuracy. Models trained on datasets involving
miR-21 or miR-126 could enhance early cancer detection through pattern recognition in liquid biopsy
data (Wang et al., 2020; Liu et al., 2021).

For therapeutic applications, safe and effective modulation of miRNAs—using mimics for
suppressors such as miR-34a or antagomirs for oncomiRs like miR-21—will require advanced
delivery platforms, including nanoparticles or engineered exosomes, to ensure target specificity and
minimize off-target interactions (Bautista-Sanchez et al., 2020; Kalluri & LeBleu, 2020; Pan et al., 2021).
Preclinical studies should prioritize in vivo validation, paving the way for clinical translation through
phase I/II trials, as exemplified by miR-34a mimics in pancreatic ductal adenocarcinoma (PDAC).
Beyond technical advances, equitable access to cost-effective assays and clear regulatory guidance —
such as FDA companion diagnostic frameworks—will be crucial to clinical implementation.
Collectively, these efforts could firmly establish miRNAs as integral elements of precision oncology,
bridging molecular insights with improved patient outcomes through non-invasive, personalized
approaches.

10. Conclusion

This review highlights the dualistic nature of miRNAs as both oncogenic drivers (oncomiRs)
and tumor suppressors, integrating their diverse functions across cancer hallmarks such as
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proliferation, epithelial-mesenchymal transition (EMT), and metastasis. Circulating miRNAs exhibit
notable stability, supporting their promise as viable liquid biopsy biomarkers. Among them, miR-21
and miR-34a stand out for their diagnostic and prognostic significance across multiple malignancies
(Wang et al., 2020; Li et al., 2020). Nonetheless, barriers remain—chiefly context dependence,
methodological heterogeneity, and limited validation —that continue to challenge routine clinical
adoption (Schwarzenbach et al., 2014). Moving forward, standardized analytical procedures, multi-
omics integration, and targeted therapeutic development hold the key to unlocking miRNAs’ full
potential. Addressing these gaps could ultimately transform cancer management, enabling
minimally invasive, precision-based interventions to improve patient survival and quality of life.
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