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Abstract
Globally, oral cancer ranks among the top ten cancers, with a higher prevalence in lower-income countries,
where risk factors such as tobacco use, excessive alcohol consumption, and poor oral hygiene are widespread.
Metastasis plays a critical role in cancer progression. miR-21 is a crucial regulator of cancer metastasis, profoundly
influencing cellular and molecular pathways that contribute to tumour aggressiveness. As a microRNA, miR-21
downregulates tumour suppressor genes, promoting cell proliferation, survival, invasion, and migration. Its role in
epithelial-mesenchymal transition (EMT) further facilitates metastatic behaviour. miR-21 also modulates the tumour
microenvironment by promoting angiogenesis and altering immune responses, thus enhancing cancer progression.
Moreover, miRNA —21 influences the various signalling pathways like PI3K/ AKT, TGF-@3, NF-kB, and STAT3, as
well as involved in the cell fate mechanisms known as Autophagy and apoptosis. Clinically, elevated miR-21 levels
are associated with poor prognosis, advanced tumour stages, and decreased survival rates, making it a valuable
prognostic marker. Additionally, miR-21 expression levels can predict resistance to chemotherapy and targeted
therapies, aiding in personalized treatment planning. Therapeutically, targeting miR-21 through anti-miR-21
oligonucleotides, small molecule inhibitors, and miRNA sponges shows promise in pre-clinical studies, potentially
inhibiting tumour growth and improving sensitivity to existing treatments. Overall, miR-21's multifaceted role in
cancer biology, its prognostic and predictive value, and its potential as a therapeutic target highlight its significance
in advancing cancer diagnosis, treatment, and patient outcomes. Further research and clinical trials are essential to
exploit miR-21's capabilities in oncology fully.
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Introduction

Oral cancer, a significant subset of head and neck can-
cers, encompasses malignant tumours that develop in
various parts of the oral cavity, including the lips, tongue,
cheeks, floor of the mouth, and the hard and soft palates.
It is characterized by the uncontrolled proliferation of
abnormal cells in these regions, often leading to severe
morbidity and mortality if not diagnosed and treated
early. Globally, oral cancer ranks among the top ten can-
cers, with a higher prevalence in developing countries,
where risk factors such as tobacco use, excessive alcohol
consumption, and poor oral hygiene are rampant [1]. In
addition to these traditional risk factors, viral infections,
particularly the human papillomavirus (HPV), and bac-
terial infections have significantly contributed to oral
cancer development. High-risk HPV strains, especially
HPV-16, are strongly associated with oropharyngeal can-
cers, as they promote oncogenesis by integrating into
host DNA and disrupting tumour suppressor pathways.
Szewczyk and their team 2024, examined 284 oral cancer
patients from 2010 to 2021 to evaluate age-related differ-
ences in prevalence and treatment outcomes. Although
older patients exhibited a higher prevalence of comor-
bidities and smoking, disease stage and treatment results
remained comparable across age groups. These findings
indicate that factors other than age, including inflam-
matory markers like PLR and NLR, may have a greater
impact on prognosis [2].

Similarly, chronic bacterial infections, particularly with
species like Porphyromonas gingivalis and Fusobacterium
nucleatum, have been linked to inflammation-driven car-
cinogenesis in the oral cavity [3]. These pathogens can
promote cancer through immune evasion, DNA dam-
age, and the secretion of virulence factors that enhance
tumour growth and invasion. The growing recognition of
infectious agents as risk factors emphasizes the multifac-
torial nature of oral cancer, highlighting the importance
of prevention and early detection strategies.

Oral cancer metastasis refers to the spread of malig-
nant cells from the primary tumour site in the oral cav-
ity to distant organs or tissues. This process significantly
complicates the treatment and management of the dis-
ease, often resulting in a poorer prognosis and reduced
survival rates. Understanding the mechanisms and path-
ways of metastasis is crucial for developing effective
therapeutic strategies and improving patient outcomes.
Metastasis significantly impacts human survival rates as
metastatic cancers are often more challenging to treat
than localized tumours [4]. While localized cancers can
often be surgically removed or treated with localized
therapies, metastatic cancer typically requires systemic
treatments such as chemotherapy, targeted therapy, or
immunotherapy, which may not be as effective and can
have severe side effects [5].
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The molecular mechanisms underlying metastasis are
complex and involve multiple steps and various cellular
and molecular changes. The process begins with local
invasion, where cancer cells breach the basement mem-
brane and invade surrounding tissues. The epithelial-
mesenchymal transition (EMT) often facilitates this, a
biological process that allows epithelial cells to acquire
mesenchymal, migratory properties. During EMT, cells
lose their epithelial characteristics, such as cell-cell adhe-
sion, and gain increased motility, enabling them to invade
adjacent tissues [6, 7].

In recent decades, microRNAs (miRNAs) have been
identified as key regulators in cancer progression, includ-
ing oral cancer. These small, non-coding RNAs play
crucial roles in gene expression regulation, influencing
cellular processes such as proliferation, apoptosis, dif-
ferentiation, and metastasis. In oral cancer, dysregulated
miRNAs can act as oncogenes or tumour Suppressors,
depending on the specific target [8]. For instance, miR-
21, an oncomiR, is frequently overexpressed in oral
cancer, promoting tumour growth and metastasis by
downregulating tumour suppressor genes, as Omics data
are validated in Fig. 1. Other miRNAs, such as miR-34a
and let-7, are often suppressed, leading to unchecked
cell division and survival [9]. Identifying specific miRNA
signatures in oral cancer has enhanced our understand-
ing of the molecular mechanisms driving the disease and
opened new avenues for diagnostic and therapeutic strat-
egies. miRNAs can be non-invasive biomarkers for early
detection, prognosis, and treatment response prediction.
Moreover, therapeutic approaches targeting dysregulated
miRNAs, such as miRNA mimics and antagomiRs, are
being explored in pre-clinical studies, showing potential
in reversing malignant phenotypes and improving treat-
ment outcomes. Integrating miRNA-based therapies into
clinical practice may offer a novel approach to combat
oral cancer, particularly in cases resistant to conventional
treatments.

Understanding these molecular mechanisms is crucial
for developing effective strategies to prevent and treat
metastatic cancer. Current research focuses on identi-
fying key regulators of metastasis, such as microRNAs
like miR-21, which play significant roles in modulating
the expression of genes involved in these processes [10].
By targeting these molecular pathways, new therapeutic
approaches aim to inhibit the metastatic spread of can-
cer and improve survival rates for patients with advanced
disease.

Domain structure and structural aspects of miR-21

miR-21 is a microRNA, a small non-coding RNA mole-
cule approximately 22 nucleotides in length, that plays a
crucial role in gene regulation. Unlike proteins, miRNAs
do not have a traditional domain structure characterized
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Fig. 1T miRNA-21 acts as an oncogenic miRNA in head and neck cancer. (a) Expression of miRNA-21 in normal tissue versus primary tumour, (b) Expres-
sion of MiIRNA-21 across different tumour grades, (c) Expression of miRNA-21 at individual cancer stages, and (d) miRNA-21 expression in nodal metastasis
in head and neck cancer. Statistical significance for group comparisons was determined at ***p <0.001 and **p <0.0001

by sequences of amino acids forming distinct functional
and structural units [11]. Instead, the functional aspects
miR-21 are determined by its sequence and the second-
ary structures it forms. miR-21 is transcribed as part of
a primary miRNA (pri-miRNA) transcript, which is pro-
cessed in the nucleus by the Drosha-DGCRS8 micropro-
cessor complex into a precursor miRNA (pre-miRNA).
This pre-miRNA forms a characteristic stem-loop struc-
ture. The stem-loop structure of pre-miR-21 is critical
for its recognition and further processing by the Dicer
enzyme in the cytoplasm, which trims it into a mature
miRNA duplex [12, 13].

The binding of miR-21 to its target mRNAs leads to
either translational repression or mRNA degradation,
depending on the degree of complementarity between
miR-21 and the target mRNA [14]. The secondary struc-
ture of miR-21, characterized by its stem-loop configu-
ration and the formation of the RISC-miRNA-mRNA
complex, is essential for its regulatory functions [15].
These structural aspects allow miR-21 to modulate the

expression of various genes involved in various cellular
processes, including those critical for cancer progres-
sion and metastasis [16]. Thus, while miR-21 does not
have domains in the traditional sense used to describe
proteins, its functional architecture—comprising the
pri-miRNA and pre-miRNA structures, the seed region
for target binding, and its incorporation into the RISC—
plays a pivotal role in its ability to regulate gene expres-
sion and influence cancer biology [17].

Physiological molecular and cellular functions of miR-21
miR-21 is one of the most studied microRNAs due to its
involvement in various physiological and pathological
processes, particularly in cancer. As a non-coding RNA,
miR-21 regulates gene expression post-transcriptional
levels, influencing several critical cellular functions [18].

Regulation of gene expression
miR-21 regulates gene expression primarily through its
interaction with the 3’ untranslated regions (3’ UTRs)
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of target messenger RNAs (mRNAs) [11]. This process
begins with the mature miR-21 being incorporated into
the RNA-induced silencing complex (RISC), a multipro-
tein complex essential for RNA interference. Within this
complex, miR-21 guides RISC to specific target mRNAs
by binding to complementary sequences in their 3> UTRs
[19]. Its seed region mediates the binding of miR-21 to
these regions, a short sequence of 6—8 nucleotides at the
5" end of the miRNA. The seed region is highly conserved
and critical for the specificity of target recognition, as
it pairs with complementary bases in the target mRNA
[20]. When miR-21 pairs with its target mRNA with per-
fect or near-perfect complementarity, RISC facilitates
the endonucleolytic cleavage of the mRNA. This cleav-
age is a precise cut within the mRNA strand, initiated by
the Argonaute (AGO) proteins within the RISC. Follow-
ing cleavage, the mRNA is rapidly degraded by cellular
exonucleases, substantially reducing the mRNA levels
[21]. This degradation process effectively silences gene
expression by removing the mRNA template required for
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protein synthesis, thereby downregulating the produc-
tion of the encoded protein [22].

In cases where miR-21 binds to its target mRNA with
imperfect complementarity, the silencing mechanism
shifts to translational repression. In this scenario, RISC
remains bound to the target mRNA without cleaving it.
The binding of RISC to the mRNA hinders the transla-
tion process by blocking the assembly and movement of
ribosomes along the mRNA strand [23]. This obstruc-
tion prevents the ribosomes from effectively synthesizing
proteins from the mRNA, decreasing protein produc-
tion despite intact mRNA [24]. The presence of miR-21-
bound RISC on the mRNA can also recruit other factors
that suppress translation or promote deadenylation and
subsequent degradation of the mRNA, adding another
layer of gene expression regulation [25, 26]. Figure 2
represent the ability miR-21 to employ both mRNA deg-
radation and translational repression allows for a versa-
tile and robust regulation of gene expression,. This dual
mechanism enables miR-21 to fine-tune the expres-
sion of a wide range of target genes involved in critical
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Fig. 2 Physiological Process of miR-21. miR-21 is initially transcribed as a primary miRNA (pri-miR-21) transcript. This pri-miR-21 is processed in the nucle-
us by the microprocessor complex, which includes the enzyme DROSHA, to produce a precursor miRNA (pre-miR-21). The pre-miR-21 is then exported
to the cytoplasm by a transporter protein, exportin-5. In the cytoplasm, the enzyme DICER further processes pre-miR-21 into mature miR-21. The mature
miR-21 is incorporated into the RNA-induced silencing complex (RISC). Once bound to RISC, mature miR-21 can interact with target mRNAs. If miR-21
binds perfectly or near-perfectly to its target mRNA, it can lead to degradation. However, if the binding is imperfect, it results in translational repression,

reducing the production of the target protein without degrading the mRNA
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cellular functions such as growth, apoptosis, and differ-
entiation [27]. In cancer, miR-21 regulatory actions con-
tribute significantly to tumorigenesis and metastasis by
downregulating tumour suppressor genes and promot-
ing oncogenic pathways. Understanding these silencing
mechanisms provides valuable insights into miR-21’s role
in cellular physiology and its potential as a therapeutic
target for various diseases, especially cancer.

miR-21 influence various signaling pathway in tumor
promotion

miR-21, a microRNA, has been extensively studied due
to its significant role in cancer biology, particularly in
tumour metastasis. Its physiological functions are medi-
ated through the post-transcriptional regulation of target
genes that control key cellular processes such as prolif-
eration, apoptosis, invasion, and migration. Firstly, miR-
21 promotes cell proliferation and survival by targeting
and downregulating several tumour suppressor genes.
Recently, Jaksic Karisik et al., 2025, indicate the miR-21
influence in the oral cancer stem cell to cancer progres-
sion [28]. Here, we discuss how role of miRNA -21 in
oral tumour progression by regulating several signaling
pathways.

PI3K/AKT signaling

The PI3K/AKT signalling pathway is one of the most
critical pathways involved in cell survival, growth, and
proliferation, and its dysregulation is frequently observed
in various cancers, including oral cancer [29]. miRNA-
21 plays a significant role in activating this pathway
through its interaction with PTEN (Phosphatase and
Tensin Homolog), a well-known tumour suppressor.
PTEN acts as a negative regulator of the PI3K/AKT path-
way by dephosphorylating PIP3 (phosphatidylinositol
3,4,5-trisphosphate) back to PIP2 (phosphatidylinositol
4,5-bisphosphate), thereby preventing the activation of
AKT [30]. When miRNA-21 is overexpressed, it binds to
the mRNA of PTEN, leading to its degradation or trans-
lational repression. This downregulation of PTEN results
in the accumulation of PIP3, which then facilitates the
recruitment and activation of AKT (also known as Pro-
tein Kinase B) [31].

Once activated, AKT phosphorylates a range of down-
stream targets, promoting cell survival, growth, and
proliferation. For instance, AKT inhibits pro-apoptotic
factors such as BAD (Bcl-2-associated death promoter)
and caspase-9, thereby preventing apoptosis and allow-
ing cancer cells to evade programmed cell death. Addi-
tionally, AKT activation enhances protein synthesis and
cell growth by activating mTOR (mechanistic target of
rapamycin) signalling. Moreover, AKT can promote cell
cycle progression by modulating the activity of GSK-3f3
(glycogen synthase kinase 3 beta) and cyclin D1 [32].
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The hyperactivation of the PI3K/AKT pathway due to
miRNA-21-mediated PTEN downregulation leads to
uncontrolled cell proliferation and survival, which are
hallmarks of cancer progression. This pathway facili-
tates tumour growth and contributes to the invasive and
metastatic potential of oral cancer cells. The persistent
activation of AKT signalling can further drive resistance
to apoptosis, even in the presence of therapeutic agents,
making oral cancer more aggressive and challenging to
treat [33]. Thus, miRNA-21’s regulation of the PI3K/AKT
pathway through PTEN suppression plays a pivotal role
in the malignant behaviour of oral cancer, underscoring
its potential as a therapeutic target.

TGF-f/ Smad signaling

Transforming Growth Factor-beta (TGF-P) signalling is
a complex pathway that plays a dual role in cancer, act-
ing as a tumour suppressor in the early stages of cancer
development but promoting tumour progression and
metastasis in later stages [34]. In oral cancer, miRNA-21
has been shown to modulate TGF-P signalling, signifi-
cantly influencing the epithelial-to-mesenchymal transi-
tion (EMT) process. EMT is a biological process through
which epithelial cells lose their cell polarity and adhesion
properties, transforming into mesenchymal cells with
enhanced migratory and invasive capabilities. This tran-
sition is critical for cancer cells to acquire invasive and
metastatic properties, enabling them to spread to distant
organs [35].

miRNA-21 influences TGE-B signalling by targeting
various components of this pathway. For instance, it can
downregulate the expression of Smad7, an inhibitory
Smad protein that usually acts as a negative regulator
of TGF-p signalling. By suppressing Smad7, miRNA-21
enhances the activity of the TGF-B/Smad signalling axis,
leading to the increased expression of EMT-related tran-
scription factors such as Snail, Slug, and Twist. These
transcription factors play pivotal roles in repressing epi-
thelial markers like E-cadherin while upregulating mes-
enchymal markers such as N-cadherin and vimentin. The
loss of E-cadherin is significant, as it leads to the dissolu-
tion of cell-cell junctions, a key event in the initiation of
EMT [36].

Moreover, miR-21 promotes EMT by targeting sev-
eral key regulators of this process. For instance, miR-21
downregulates the expression of RECK (reversion-induc-
ing cysteine-rich protein with Kazal motifs) [37] and
TIMP3 (tissue inhibitor of metalloproteinases 3), both
of which are inhibitors of matrix metalloproteinases
(MMPs). The regulation of MMP activity is compli-
cated, involving transcriptional supervision, activation
of latent proenzymes, and suppression via tissue inhibi-
tors of metalloproteases. Dysregulation of MMP expres-
sion and activity is a hallmark of cancer progression
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[38]. By inhibiting RECK and TIMP3, miR-21 enhances
MMP activity, thereby promoting ECM degradation and
enabling cancer cell invasion (Fig. 3) [39, 40].

In oral cancer, the ability of miRNA-21 to modulate
TGF-p signalling and promote EMT is particularly con-
cerning, as it facilitates the transition of cancer cells from
a relatively benign state to one that is highly invasive
and capable of metastasis [41]. This makes miRNA-21 a
critical player in the progression of oral cancer, linking
its overexpression to poor prognosis and increased meta-
static potential. Targeting miRNA-21 or its downstream
effects on TGF-f signalling could represent a promising
therapeutic strategy to inhibit EMT and reduce the inva-
siveness of oral cancer.

NF-kB signalling pathway

The NF-kB (Nuclear Factor kappa-light-chain-enhancer
of activated B cells) signalling pathway is a crucial regula-
tor of inflammation, immune responses, cell survival, and
proliferation. In cancer, including oral cancer, this path-
way often becomes aberrantly activated, contributing
to tumour development and progression [42]. miRNA-
21 is known to play a significant role in activating the
NF-«B pathway. Typically, NF-kB remains inactive in the
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cytoplasm, bound to its inhibitor, IkB. Upon activation
by various stimuli, IkB is phosphorylated and degraded,
releasing NF-kB to translocate into the nucleus, which
induces the expression of genes involved in inflamma-
tion, survival, and cell proliferation [43].

miRNA-21 facilitates the activation of NF-kB by target-
ing and downregulating multiple negative regulators of
this pathway. For instance, miRNA-21 can suppress the
expression of PTEN \, which is known to inhibit NF-kB
activity. With these inhibitors downregulated, NF-«B sig-
nalling becomes hyperactivated, leading to the persistent
expression of pro-inflammatory cytokines and growth-
promoting factors. This continuous activation of NF-xB
creates a microenvironment that favours cancer cell sur-
vival, proliferation, and invasion [44].

The overexpression of miRNA-21 and subsequent acti-
vation of NF-«kB contribute significantly to the tumour’s
aggressive behaviour. NF-kB-driven inflammation pro-
motes cancer cell survival and recruits immune cells that
release further pro-tumorigenic factors, creating a feed-
back loop that enhances tumour growth and resistance to
therapy. Additionally, NF-kB activation is strongly associ-
ated with resistance to apoptosis [45].
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Fig. 3 Overview of the MiRNA-21 role in cancer progression. MiRNA —21 induces Epithelial-mesenchymal Transition via inhibiting TIMP3 and RECK; In-
creasing MMPs activity. MiRNA-21 Modulate the tumour Microenvironments to enhance the cancer cell metastasis, increase the tumour vascularization,
and promote the angiogenesis. MiRNA-21 coregulates with the PI3K/AKT pathway to improve cell proliferation, inhibit PTEN expression, and downregu-
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Moreover, the pro-inflammatory environment gener-
ated by NF-«B activation is conducive to tumour progres-
sion and metastasis. Chronic inflammation induced by
NF-kB can lead to increased matrix metalloproteinases
(MMPs) production, which degrades the extracellular
matrix and facilitates cancer cell invasion into surround-
ing tissues and distant organs [46]. The convergence of
inflammation, cell survival, and proliferation driven by
NF-«B makes this pathway a central player in the malig-
nancy and progression of oral cancer.

STAT3 signaling pathway

STAT3 (Signal Transducer and Activator of Transcrip-
tion 3) signalling pathway. STAT3 is a transcription fac-
tor commonly activated in various cancers and associated
with processes such as cell proliferation, survival, angio-
genesis, and immune evasion [47]. miR-21 indirectly
enhances STATS3 activity by targeting negative regulators
of this pathway, such as PTEN and SOCS (Suppressor of
Cytokine Signaling) proteins [48]. Specifically, miR-21
downregulates SOCS3, a key inhibitor of STAT3 activa-
tion. By suppressing SOCS3, miR-21 removes the inhibi-
tory feedback mechanism that would otherwise limit
STAT3 activity, leading to its continuous activation. Acti-
vated STAT3 translocates to the nucleus, promoting gene
expression in tumour growth, survival, and metastasis,
including those that regulate anti-apoptotic proteins like
Bcl-2 and Mcl-1 [49].

In addition, the elevated activity of STAT3 driven by
miR-21 contributes to the development of an inflamma-
tory tumour microenvironment, further supporting can-
cer progression. This activation of STAT3 also facilitates
epithelial-mesenchymal transition (EMT), enhancing
cancer cells’ migratory and invasive capabilities. Overall,
the upregulation of miR-21 promotes a pro-tumorigenic
environment by sustaining STAT3 activity, making it a
key player in cancer progression and a potential target for
therapeutic intervention in various malignancies, includ-
ing gastric cancer [50].

Role of MiRNA 21 in cell fate
MiRNA 21 influences autophagy
miRNA-21 plays a complex and critical role in the regula-
tion of Autophagy, a cellular process essential for main-
taining cellular homeostasis by degrading and recycling
damaged organelles and proteins. Autophagy has a dual
role in cancer, acting as a tumour suppressor and a pro-
moter of cancer cell survival under stress conditions. In
the context of cancer, including oral cancer, miRNA-21 is
frequently overexpressed and has been found to influence
Autophagy in ways that support tumour progression [27].
miRNA-21 can inhibit Autophagy by targeting essen-
tial autophagy-related genes, such as PTEN and Beclin-1
(BECN1). PTEN, a tumour suppressor, is a positive
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regulator of Autophagy through its inhibition of the
PI3K/AKT/mTOR pathway, which usually suppresses
Autophagy. When miRNA-21 downregulates PTEN, it
activates the PI3K/AKT/mTOR pathway, thereby inhibit-
ing autophagy [51]. Similarly, miRNA-21 targets Beclin-1,
a core component of the autophagy initiation complex.
By reducing Beclin-1 levels, miRNA-21 further disrupts
the formation of autophagosomes, the vesicles respon-
sible for degrading cellular components [52].

The dysregulation of Autophagy driven by miRNA-
21 contributes to several aspects of cancer progression,
including resistance to chemotherapy. In cancer, for
example, the suppression of Autophagy by miRNA-21
has been linked to increased resistance to chemothera-
peutic agents, as autophagy inhibition can prevent the
degradation of pro-survival factors [53]. This dual regu-
latory role of miRNA-21 in Autophagy highlights its sig-
nificance in the tumour microenvironment, where it can
switch between promoting and inhibiting Autophagy
depending on the cellular components, ultimately sup-
porting cancer cell survival and growth.

Apoptosis

miRNA-21 plays a pivotal role in regulating apoptosis,
the programmed cell death process crucial for maintain-
ing cellular balance and eliminating damaged or abnor-
mal cells. In cancer, miRNA-21 is often overexpressed
and acts as an anti-apoptotic factor, allowing cancer cells
to evade death and continue proliferating. It exerts influ-
ence by targeting and downregulating key pro-apoptotic
genes and signaling pathways, disrupting the normal
apoptotic processes [54].

One of the primary targets of miRNA-21 is PDCD4
(Programmed Cell Death 4), a tumour suppressor gene
that promotes apoptosis. By binding to the 3-UTR of
PDCD4 mRNA, miRNA-21 suppresses its expression,
reducing pro-apoptotic signalling and enhancing cancer
cell survival. Another critical target is PTEN (Phospha-
tase and Tensin Homolog), which negatively regulates the
PI3K/AKT pathway. When PTEN is downregulated by
miRNA-21, the AKT pathway becomes hyperactivated,
inhibiting pro-apoptotic factors such as BAD and cas-
pase-9, further blocking apoptosis [55].

Additionally, miRNA-21 influences the expression of
Bcl-2, an anti-apoptotic protein that prevents mitochon-
drial outer membrane permeabilization (MOMP), a criti-
cal step in the intrinsic apoptotic pathway. By increasing
Bcl-2 levels, miRNA-21 enhances the survival of cancer
cells, even in the face of cellular stress or DNA dam-
age. This resistance to apoptosis allows for unchecked
cell growth and contributes to the development of more
aggressive and treatment-resistant cancer phenotypes
[56].
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Table 1 MiR-21 role in various Cancer progression
SI.No. Type of Cancer  Study Type Signalling Molecular Mechanism Refer-
Pathway ence
1 Breast Cancer In vitro and in PI3K/Akt, PTEN miR-21 downregulates PTEN, activating PI3K/Akt signaling and pro- [73]
vivo studies moting metastasis
2 Breast Cancer Clinical studies TGF-B/Smad, miR-21 enhances MMP expression via the TGF-3/Smad signaling [74]
MMPs pathway
3 Breast Cancer In vitro studies EGFR, Ras, MAPK  miR-21 regulates the Ras/MAPK pathway to promote migration and [75]
invasion
4 Breast Cancer Clinical, miR-21-3p, Tumor Hsa-miR-21-3p is associated with breast cancer patient survival and [76]
Bioinformatics Suppressive targets genes in tumour suppressive pathways.
Pathways
5 Breast Cancer Meta-analysis PTEN/Akt miR-21 targets PTEN to activate the Akt pathway in breast cancer [77]
[§ Colorectal Clinical studies TGF-B/Smad, miR-21 enhances MMP expression via the TGF-3/Smad signaling [78]
Cancer MMPs pathway
7 Lung Cancer In vitro studies EGFR, Ras, MAPK  miR-21 regulates the Ras/MAPK pathway to promote migration and [79]
invasion
8 Lung Cancer In vitro HIF-1a, miR-21, miR-21, regulated by HIF-1q, promotes the malignant transformation [80]
(HBE cells) Akt/NF-kB of HBE cells via the Akt/NF-kB pathway when induced by cigarette
smoke extract.
9 Non-Small Cell  In vitro, Clinical miR-21, p53 miR-21 associates with mutant p53 sites R175H and R248Q, impacting  [81]
Lung Cancer (R175H, R248Q) clinicopathological features and prognosis of NSCLC.
(NSCLO)
10 Prostate Cancer  In vitro studies PTEN/Akt miR-21 targets PTEN to activate the Akt pathway in prostate cancer [82]
11 Gastric Cancer  Animal model STAT 3 miR-21 target for solid malignancies characterized by excessive Stat3 [50]
studies activity
12 Oral Cancer In vitro studies PTEN miR-21 and PTEN loop influences OSCC cell proliferation, invasion, and  [83]
apoptosis
13 Multiple In vitro, In vivo miR-21, miR-7, miRzip-21 targets tumour proliferation, migration, and invasion and (84]
Caspase-mediat-  increases apoptosis. Combined miR-21 downregulation and miR-7
ed apoptosis upregulation reduce tumour burden and improve survival.
14 Hepatocellular  In vitro, In vivo Akt/PTEN, miR-21 induces sorafenib resistance by downregulating PTEN and [85]
Carcinoma Autophagy inhibiting Autophagy. Targeting miR-21 restores sensitivity to sorafenib.
(HCQO)
15 Hepatocellular In vitro, In vivo AKT/ERK, PTEN, miR-21 suppresses PTEN and hSulf-1 expression, promoting HCC [86]
Carcinoma hSulf-1 progression through the AKT/ERK pathways.
(HCO)
16 Gastric Cancer  Systems Biology =~ miR-21, Hub Based on systems biology analysis, microRNA-21 exerts therapeutic [87]
Genes effects on differentially expressed hub genes in gastric cancer.
17 Glioblastoma In vitro, In vivo miR-21, Tumor- MicroRNA-21 targets a network of key tumour-suppressive pathways in  [88]
Suppressive glioblastoma cells, affecting their progression and behaviour.
Pathways
18 Pancreatic Animal model KRAS, PDAC miR-21 mediates KRAS activation in pancreatic adenocarcinoma [89]
Cancer studies

The ability miRNA-21 to inhibit apoptosis is a signifi-
cant factor in its oncogenic role. By targeting multiple
components of the apoptotic machinery, miRNA-21
effectively creates a cellular environment where can-
cer cells can thrive, resist therapy, and avoid death. This
anti-apoptotic effect is one of the significant reasons
why miRNA-21 is associated with poor prognosis in
many cancers [57]. Therapeutically targeting miRNA-
21 to restore apoptotic pathways represents a promising
approach to sensitize cancer cells to treatment and limit
tumour progression.

Potential of miR-21 as a predictive, prognostic, or
therapeutic target
miR-21 has garnered significant attention in the field
of oncology. Its overexpression is associated with vari-
ous cancers progression via modulating several signal-
ling pathways, including breast [58], lung [59], colorectal
[60] and pancreatic cancers [61], making it a critical bio-
marker for cancer diagnosis and treatment as listed in
Table 1.

miR-21 can serve as a predictive biomarker, providing
valuable insights into how a patient might respond to
specific therapies. High levels of miR-21 have been corre-
lated with resistance to chemotherapy and radiotherapy
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in several cancer types. For instance, in breast cancer,
elevated miR-21 levels are linked to resistance to trastu-
zumab [62] and tamoxifen [63], common therapies used
for treating HER2-positive and hormone receptor-posi-
tive breast cancers [64]. By assessing miR-21 levels before
treatment, clinicians can predict the likelihood of a
patient’s response to these therapies and adjust treatment
plans accordingly. This predictive capability can help per-
sonalize cancer treatment, optimize therapeutic efficacy,
and minimize unnecessary side effects [65].

The prognostic value miR-21 lies in its ability to predict
cancer progression and patient outcomes. High miR-21
expression levels are often associated with poor progno-
sis, including increased tumour aggressiveness, higher
metastatic potential, and reduced overall survival in Head
and neck cancer [66]. For example, in colorectal cancer,
elevated miR-21 levels have been linked to advanced
tumour stages, lymph node metastasis, and shorter sur-
vival times [58]. Similarly, in non-small cell lung cancer
(NSCLC), high miR-21 expression is correlated with
lower survival rates and higher recurrence rates [67]. By
evaluating miR-21 expression levels, clinicians can gain
insights into the likely course of the disease, helping in
risk stratification and informing decisions about the
intensity and type of follow-up care required.

Targeting miR-21 therapeutically holds promise for
cancer treatment due to its role in promoting oncogen-
esis and metastasis. Strategies to inhibit miR-21 include
the use of anti-miR-21 oligonucleotides [68], small mol-
ecules [69], and miRNA sponges [70]. Anti-miR-21 oli-
gonucleotides are synthetic sequences designed to bind
to miR-21 and prevent it from interacting with its target
mRNAs. This inhibition can restore the expression of
tumour suppressor genes and impede cancer cell pro-
liferation, invasion, and survival [71]. Pre-clinical stud-
ies have shown that anti-miR-21 therapies can reduce
tumour growth and enhance sensitivity to chemotherapy
in various cancer models [27].

Additionally, small molecule inhibitors can be designed
to disrupt the biogenesis and function of miR-21. For
instance, small molecules inhibiting the Drosha or Dicer
enzymes involved in miR-21 processing can reduce
miR-21 levels in cancer cell levels [72]. miRNA sponges,
another therapeutic approach, are RNA molecules engi-
neered to contain multiple binding sites for miR-21.
These sponges can sequester miR-21, preventing it from
interacting with its natural targets thereby mitigating its
oncogenic effects. However, there is no FDA approval
still now, in future more research in clinical studies and
drug discovery against miRNA-21 are needed.

Page 9 of 12

Conclusion

Taken together, miR-21 has extensive involvement in can-
cer metastasis, influencing numerous cellular and molec-
ular pathways that contribute to the aggressive behaviour
of cancer cells. As a critical regulator of gene expression,
miR-21 promotes oncogenesis by targeting and down-
regulating tumour suppressor genes, thereby enhancing
cell proliferation, survival, invasion, and migration. Its
involvement in epithelial-mesenchymal transition (EMT)
further underscores its significance in facilitating metas-
tasis, and combined with its potential therapeutic target,
it underscores its significance in cancer biology. Contin-
ued research into miR-21 will further elucidate its mech-
anisms and refine therapeutic strategies, paving the way
for improved clinical outcomes for cancer patients.
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