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Small non-coding RNAs known as microRNAs (miRNAs) are essential for controlling 

genes, and miR-21 has been shown to be a strong carcinogen in a variety of 

malignancies. The mechanisms of miR-21 are described in detail in this review, 

including the suppression of tumor suppressors like PTEN and PDCD4, the activation 

of pathways like PI3K/AKT, and the encouragement of aggressive phenotypes like 

invasion, proliferation, and resistance to treatment. Through exosomal transfer, miR-

21 modifies the tumor microenvironment (TME), promoting stromal remodeling and 

immune suppression. Its potential as a diagnostic and prognostic biomarker is 

highlighted by its detectability in circulation and consistent upregulation in cancers. 

Anti-miR oligonucleotides and nanoparticle delivery are two therapeutic approaches 

that exhibit preclinical promise but struggle with specificity and clinical translation. 

The functions of miR-21 are summarized in this review, with a focus on novel 

delivery methods and standardized assays as the means of achieving its full 

therapeutic potential. 
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INTRODUCTION 
By attaching to the 3' untranslated regions (UTRs) of 
target mRNAs, microRNAs (miRNAs), which are non-
coding RNAs with 19–25 nucleotides, control the 
expression of genes by causing translational repression or 
mRNA degradation (1). MiRNAs were first identified in 
1993 in Caenorhabditis elegans. RNA polymerase II 
transcribes miRNAs as primary miRNAs (pri-miRNAs), 
which are then processed by Drosha into precursor 
miRNAs (pre-miRNAs) in the nucleus and cleaved by Dicer 
into mature miRNAs in the cytoplasm. These miRNAs then 
join the RNA-induced silencing complex (RISC) to silence 
target genes. miR-21, a major oncogenic miRNA, was first 
discovered to be overexpressed in glioblastoma in 2005. It 
is encoded on chromosome 17q23.2 within the TMEM49 
gene (2). 

Upstream signals like EGFR or RAS activate oncogenic 
transcription factors like STAT3, AP-1, and NF-κB, which 

tightly regulate its transcription and increase miR-21 
expression in cancerous environments. miR-21 is a 
paradigm oncogenic miRNA because it is consistently 
upregulated in a wide range of solid tumors, such as breast, 
lung, colorectal, pancreatic, prostate, and hepatocellular 
carcinoma (HCC), as well as hematologic malignancies, 
such as leukemias and lymphomas. Cancer hallmarks like 
unchecked proliferation, invasion, metastasis, and 
resistance to chemotherapy and radiation are caused by 
this upregulation, which frequently exceeds ten times that 
of normal tissues. The role of miR-21 in the progression of 
cancer has been further clarified by recent 2025 studies 
(3). 

For example, a thorough multi-omics analysis 
demonstrated that miR-21 modulates oncogenic signaling 
in pancreatic cancer by integrating into ceRNA networks 
with lncRNAs and circRNAs. By targeting immune 
checkpoint regulators, miR-21 promotes immune evasion 
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in lung cancer, according to another study, which raises 
the possibility that it could be used as a predictive 
biomarker for the response to immunotherapy (4). 
Furthermore, a 2025 single-cell RNA sequencing study in 
HCC highlighted the context-specific roles of miR-21 by 
demonstrating its diverse expression across tumor and 
stromal cells. The prognostic significance of miR-21 across 
10 cancer types was validated by a comprehensive meta-
analysis in 2025, which found a negative correlation 
between high expression and survival (HR = 2.1). Because 
miR-21 can be found in blood (plasma, serum, and 
exosomes), it is a promising non-invasive biomarker for 
cancer detection and tracking (5). 

Novel approaches to inhibit miR-21 are provided by 
developments in therapeutic targeting, such as 
CRISPR/Cas13-based RNA editing and nanoparticle-based 
delivery, with preclinical models demonstrating decreased 
tumor growth and improved drug sensitivity. In addition 
to addressing present issues and defining future directions 
for its clinical translation, this review offers a thorough 
examination of miR-21's expression patterns, molecular 
targets, cellular phenotypes, TME interactions, clinical 
relevance, and therapeutic prospects.(5). 

Expression Patterns of miR-21 Across Cancers 
With fold-changes of 2–20 in comparison to normal 
tissues, miR-21 is overexpressed in cancers like breast, 
lung, colorectal, pancreatic, prostate, glioma, and HCC. 
Eighty percent of cases of breast cancer have elevated miR-
21, which is correlated with both tumor grade and lymph 
node metastases. Meta-analyses of more than 6,000 
patient samples have confirmed that 70% of lung cancer, 
65% of colorectal cancer, and 85% of HCC exhibit 
upregulation. A non-invasive biomarker is the circulation 
of miR-21 in serum, plasma, or exosomes. Serum miR-21 
has a 75-80% sensitivity and 70% specificity for 
diagnosing lung cancer (6). Although exosomal miR-21, 
which is abundant in cancer-derived vesicles, increases 
specificity, it is susceptible to pre-analytic factors such as 
the efficiency of RNA extraction and sample storage (-80°C 
is needed). Because hemolysis or incorrect handling can 
distort results, normalization with stable references (such 
as miR-16 or cel-miR-39) is crucial. Whereas circulating 
levels depend on qRT-PCR or digital PCR, tissue-based 
miR-21 can be measured using qRT-PCR, in situ 
hybridization, or RNA sequencing. Standardized 
procedures are necessary for clinical reliability due to 
analytical challenges, such as variations in exosome 
isolation (ultracentrifugation vs. size-exclusion 
chromatography) (7). 

Molecular Targets and Signaling Pathways 
By attaching to the 3' UTRs of tumor-suppressor genes, 
such as PTEN, PDCD4, TIMP3, RECK, and TPM1, and 
blocking translation or encouraging mRNA degradation, 
miR-21 promotes oncogenesis. In breast, lung, and HCC, 
miR-21 downregulates PTEN, a negative regulator of 
PI3K/AKT signaling, which promotes cell survival and 
proliferation. In colorectal and pancreatic cancers, the 
translation inhibitor PDCD4 is suppressed, which 
encourages invasion (8). Gliomas and HCC target matrix 
metalloproteinase inhibitors TIMP3 and RECK, which 
promote metastasis. In prostate and breast cancers, the 

cytoskeletal regulator TPM1 is inhibited, which increases 
motility. By activating the PI3K/AKT and MAPK/ERK 
pathways downstream, miR-21 reduces apoptosis through 
caspase inhibition and BCL-2 upregulation while 
promoting cell-cycle progression through cyclin D1 (9). 
Additionally, miR-21 participates in endogenous RNA 
(ceRNA) networks that compete with circular RNAs 
(circRNAs) and long non-coding RNAs (lncRNAs) such as 
GAS5, where lncRNAs absorb miR-21 and upregulate its 
targets. Direct targeting is confirmed by luciferase 
reporter assays, RNA interference, and CRISPR knockouts; 
in vivo models demonstrate that miR-21 silencing reduces 
tumor growth (10).  

Table 1 
Validated miR-21 Targets, Cancer Contexts, and 
Experimental Evidence 

Target 
Gene 

Cancer 
Type 

Effect 
Experimental 
Evidence 

PTEN 
Breast, 
Lung, HCC 

Increased 
PI3K/AKT 
signaling 

Luciferase assay, qRT-
PCR, mouse 
xenografts (11) 

PDCD4 
Colorectal, 
Pancreatic 

Enhanced 
invasion 

RNAi, Western blot, in 
vivo metastasis 
models (8) 

TIMP3 Glioma, HCC 
Increased 
metastasis 

qRT-PCR, invasion 
assays (12) 

RECK HCC, Gastric 
Matrix 
remodeling 

Luciferase assay, 
orthotopic models 
(12) 

TPM1 
Breast, 
Prostate 

Cytoskeletal 
changes 

In vitro 
overexpression, qRT-
PCR (13) 

Cellular Phenotypes Driven by miR-21 
Proliferation, anti-apoptosis, epithelial-mesenchymal 
transition (EMT), and resistance to treatment are among 
the aggressive cancer phenotypes that miR-21 fosters. 
Targeting PTEN and PDCD4, miR-21 promotes cell-cycle 
progression by upregulating cyclin D1 and suppressing 
CDK inhibitors (p21, p27), as seen in lung and breast 
cancer cell lines. BCL-2 upregulation and caspase-3/9 
inhibition produce anti-apoptotic effects that decrease 
programmed cell death in HCC and pancreatic models. By 
upregulating vimentin and N-cadherin and 
downregulating E-cadherin, miR-21 promotes invasion in 
colorectal and lung cancer cells, thereby driving EMT (14). 
In vivo, miR-21 overexpression in xenografts increases 
metastatic nodules in lung and liver. By targeting SPRY2, it 
also maintains cancer stemness by encouraging stem-like 
characteristics in gliomas and HCC, such as sphere 
formation. The modulation of DNA repair genes (e.g., 
BRCA1) and autophagy pathways by miR-21 is associated 
with therapy resistance, including chemoresistance to 
cisplatin and radioresistance. Antagomir-based 
knockdown studies in orthotopic models highlight the role 
of miR-21 in treatment failure by restoring drug sensitivity 
(15). 

miR-21 and the Tumor Microenvironment (TME) 
Through immune modulation and exosomal transfer, miR-
21 shapes the TME. Exosomes containing miR-21 are 
secreted by cancer cells and internalized by fibroblasts, 
macrophages, and stromal cells, creating a pro-
tumorigenic niche. By targeting STAT3, exosomal miR-21 
suppresses anti-tumor immunity and causes M2-like 
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macrophage polarization in lung and breast cancer. As 
demonstrated in HCC models, it also suppresses T-cell and 
NK-cell activity by downregulating the IL-12 and IFN-γ 
pathways (16). By upregulating VEGF and MMPs in the 
stroma, miR-21 stimulates angiogenesis and the activation 
of cancer-associated fibroblasts (CAF). By creating pre-
metastatic niches, exosomal miR-21 promotes liver 
metastasis in HCC xenografts. miR-21 is highly expressed 
in CAFs and tumor-associated macrophages, according to 
single-cell RNA sequencing, underscoring its function in 
tumor progression and TME heterogeneity (17). 

Clinical Relevance: Biomarker and Prognostic 
Potential 
One promising biomarker for diagnosis and prognosis is 
the presence of miR-21 in serum, plasma, or exosomes. For 
the detection of lung, breast, and colorectal cancers, meta-
analyses of more than 4,000 patients show 75–85% 
sensitivity and 70–80% specificity. High tissue miR-21 
levels in HCC are associated with portal vein invasion, 
advanced stage, and a lower 5-year survival rate (HR = 1.9) 
(5). According to a 2023 study of 600 patients with 
colorectal cancer, a higher serum level of miR-21 was 
associated with a lower overall survival rate (AUC = 0.82). 
Although exosomal miR-21 has a higher specificity, 
contamination must be prevented using sophisticated 
isolation methods like size-exclusion chromatography. 
Clinical adoption is restricted by pre-analytic variability, 
such as RNA extraction efficiency and normalization (miR-
16 or cel-miR-39). Clinical integration is made possible by 
improved reproducibility brought about by standardized 
procedures and digital PCR (18). 

Table 2 
Studies Correlating miR-21 Levels with Clinical Outcomes 

Author 
(Year) 

Cancer 
Type 

Cohort 
Size 

Result 

Wang et al. 
(2023) 

Colorectal 600 
High serum miR-21 → worse 5-
yr survival (AUC = 0.82) (18) 

Li et al. 
(2022) 

Lung 350 
Serum miR-21: 80% sensitivity 
for diagnosis (4) 

Zhang et al. 
(2024) 

HCC 250 
Tissue miR-21 → advanced 
stage, metastasis (5) 

Chen et al. 
(2023) 

Breast 450 
Exosomal miR-21 → poor 
prognosis (AUC = 0.83) (19) 

Therapeutic Targeting of miR-21 
MiRNA sponges, locked nucleic acids (LNAs), and 
antisense oligonucleotides (antagomirs) are examples of 
anti-miR-21 tactics. In breast and HCC xenografts, 
antagomirs that have been modified for nuclease 
resistance inhibit miR-21, resulting in a 50–70% reduction 
in tumor growth. High binding affinity LNAs restore PTEN 
expression by suppressing miR-21 in pancreatic cancer 
models. Although off-target effects and inadequate 
vascular access continue to be problems, delivery methods 
such as lipid nanoparticles and exosome mimics enhance 
tumor penetration (20). Specificity to cancer cells is 
improved by ligand-targeted carriers, such as folate-
conjugated nanoparticles. Preclinical models have shown 
immune activation and liver toxicity, which raise safety 
concerns. In lung cancer models, anti-miR-21 and 
immunotherapies such as PD-1 inhibitors overcome 
resistance, indicating the possibility of a synergistic effect. 
New strategies, like RNA editing based on CRISPR/Cas13, 

provide accurate inhibition of miR-21 with negligible off-
target effects, and they have shown promise in HCC 
models. Although there are currently no miR-21-specific 
treatments in Phase III, early-stage trials show promise, 
and efforts are being made to improve specificity and 
delivery (21). 

Context-Dependence and Controversies 
Although miR-21 is primarily carcinogenic, it has 
occasionally been shown to have tumor-suppressive 
effects. MiR-21 inhibits inflammation-driven progression 
in cervical cancer by targeting CCL20. Cell-type 
heterogeneity and ceRNA network variability, where 
lncRNAs modulate miR-21 activity, are the causes of these 
disparities. Conflicting results are caused by 
methodological confounders such as RNA extraction 
biases, qRT-PCR platform variations, and uneven 
normalization (U6 vs. miR-16) (22). Studies have 
demonstrated that miR-21 is expressed differently in 
tumor cells compared to stromal cells, indicating that 
single-cell sequencing and spatial transcriptomics are 
essential for resolving cell-specific effects (23). 

Methodological Considerations 
Standardized procedures are necessary for robust miRNA 
studies, including normalization with stable references 
(like miR-16), spike-in controls (like cel-miR-39), and 
sample storage at -80°C. Workflows ought to advance from 
orthotopic in vivo models and patient cohort analyses to in 
vitro validation (qRT-PCR, luciferase assays). The 
functions of miR-21 are confirmed by mechanistic rescue 
experiments that restore target gene expression. 
Following MIQE guidelines guarantees rigor and 
reproducibility. The resolution of miR-21's context-
specific effects is improved by combining single-cell and 
spatial profiling, which directs precision diagnosis and 
treatment (24) 
 

CONCLUSION 
Through tumor-suppressor repression, pathway 
activation, and TME remodeling, miR-21 functions as a key 
oncogenic hub, propelling the growth of tumors. Its 
potential as a biomarker is highlighted by its detectability 
in circulation and consistent upregulation across cancers. 
Preclinical evidence supports the potential of therapeutic 
approaches such as antagomirs, LNAs, and CRISPR-based 
techniques, with new combination therapies increasing 
efficacy. Delivery, specificity, and standardization issues 
still exist, though. Because of its many functions, miR-21 is 
a top target for improving cancer detection and therapy. 

Future Perspectives 
To clarify cell-type-specific roles, future studies should 
focus on high-resolution mapping of miR-21's expression 
using single-cell and spatial transcriptomics. Reliable 
biomarker development requires standardized clinical 
assays that include robust normalization and digital PCR. 
Therapeutic specificity will be improved by developments 
in targeted delivery, such as exosome mimics and ligand-
conjugated nanoparticles. To confirm miR-21's diagnostic 
and prognostic value across a range of cohorts, well-
powered prospective clinical studies are required. 
Immunotherapies like PD-1/PD-L1 inhibitors may be used 
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in conjunction with anti-miR-21 treatments to overcome 
resistance and enhance results. A new method for 
precisely inhibiting miR-21 is provided by CRISPR/Cas13-
based RNA editing, which has the potential to 

revolutionize treatment approaches. Together with strict 
experimental guidelines, these initiatives will hasten the 
clinical application of miR-21 and transform the treatment 
of cancer. 
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