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Abstract

The discovery of microRNAs (miRNAs) has revolutionized the concept of posttranscrip-
tional gene regulation. miRNAs play a significant role in regulating key signaling path-
ways for the maintenance of cellular homeostasis under physiological conditions. How-
ever, the cancerous state of the cell leads to the dysregulation of miRNA expression and
its proper function due to genetic alterations, epigenetic remodeling, unusual transcrip-
tional control, and defects in its biogenesis. A proper crosstalk between the intracellular
signaling pathways and the miRNAs is significantly disrupted in cancer cells, leading to
rewiring of oncogenic networks. In this review, an updated mechanism of miRNA bio-
synthesis and its dysregulation at each regulatory layer is elaborated. The functional con-
sequences of defective miRNA biogenesis, including loss of tumor-suppressive miRNAs,
amplification of oncogenic signaling, and acquisition of therapy resistance, are discussed.
The functional consequences of the downregulated tumor-suppressive miRNA network
and the upregulation of oncogenic signaling in core signaling pathways such as
PI3K/AKT/mTOR, MAPK/RAS/ERK, Wnt/B-catenin, TGF-B/SMAD, JAK/STAT3, and
Notch signaling are discussed. Moreover, the outcome of miRNA-signaling pathways,
dysregulated crosstalk during epithelial-mesenchymal transition, metastasis, mainte-
nance of cancer stem cells, and chemoresistance is highlighted. Furthermore, current chal-
lenges in targeting tumor-suppressive miRNAs and oncomiRs in cancer cells are high-
lighted. Besides this, the pioneering role of multiomics for the investigation of miRNA-
regulated signaling is described. Collectively, this review features the understanding of
miRNA-signaling crosstalk and its translational potential in precision oncology.

Keywords: miRNA; signaling pathways; crosstalk; cancer; oncomiRs; regulatory network;
clinical trials

1. Introduction

MicroRNAs (miRNAs) are a highly conserved class of endogenous, short noncoding
RNAs typically ~20-25 nucleotides in length that function as key regulators of gene ex-
pression at the posttranscriptional level [1,2]. miRNAs regulate normal homeostasis, in-
cluding cell proliferation, differentiation, apoptosis, and stress response [3]. They exert
their regulatory activity by base pairing with complementary sequences in the 3’ untrans-
lated regions (3'UTRs) of target messenger RNAs (mRNAs), leading either to mRNA
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degradation or inhibition of translation via the RNA-induced silencing complex (RISC)
machinery [4]. This canonical mode of action enables miRNAs to control the expression
of a large portion of the human genome and fine-tune diverse biological processes [5].

Signaling pathways play a significant role in maintaining the normal physiology of a
cell and miRNAs help to regulate crucial nodes within complex signaling networks. How-
ever, in pathological states including cancer, the expression profile of different miRNAs
is severely altered [6]. Different types of genetic and epigenetic alterations involve defec-
tive miRNA biogenesis and dysregulation of transcription factors (TFs) [7]. These abnor-
mal cellular changes can shift the balance of miRNA-mediated regulation such that key
signaling pathways become persistently activated or inappropriately suppressed, contrib-
uting to the hallmarks of cancer including sustained proliferative signaling, evasion of
apoptosis, enhanced migration and invasion, metastatic dissemination, and therapy re-
sistance [8,9].

Dysregulated miRNAs in cancer may act as oncogenic miRNAs (oncomiRs) by re-
pressing tumor-suppressor targets or tumor-suppressor miRNAs by targeting oncogenic
components; either direction of change can disrupt normal signaling pathway dynamics
[10]. These deviations alter the crosstalk between miRNAs and signaling networks by re-
wiring feedback and feed-forward loops, creating resilient signaling states that promote
malignant transformation [6,11].

The integration of miRNAs into canonical signaling pathways, such as PI3K (Phos-
phoinositide 3-Kinase)/AKT (Protein Kinase B)/mTOR (mechanistic Target of Rapamycin),
Wnt (Wingless and Integration 1)/p-catenin, MAPK (Mitogen-Activated Protein Ki-
nase)/ERK (Extracellular Signal-Regulated Kinase), TGF-3 (Transforming Growth Factor-
), and Notch signaling, underscores their ability to coordinate multipathway responses
and sculpt the cancer signaling landscape [12,13]. Dysregulation of these miRNA-signal-
ing networks not only fuels oncogenesis but also confers phenotypic plasticity that under-
lies metastasis and resistance to conventional therapies [11,14].

Consequently, a systems-based framework that treats miRNAs and signaling path-
ways as integrated regulatory networks is necessary for comprehensively understanding
cancer biology [15]. Such an approach may also widen the therapeutic opportunities, in-
cluding the modulation of miRNAs located at critical network nodes to restore abnormal
signaling patterns and the development of strategies that interrupt disease-promoting
feedback circuits [16,17].

2. miRNA Biogenesis and Functional Regulation in Cancer

The biogenesis of miRNAs is tightly controlled under normal physiology, but this
multistep pathway is often disrupted in cancer [15]. Tumor-suppressive miRNAs and on-
comiRs influence miRNA biogenesis by regulating key processing enzymes, thereby al-
tering the maturation of other miRNAs. Understanding this process and its dysregulation
is crucial because alterations at any stage of biogenesis can profoundly affect miRNA
abundance, target regulation, and downstream signaling networks that drive tumorigen-
esis and progression [17].

2.1. Overview of miRNA Biogenesis

The canonical miRNA biogenesis pathway is a complex, well-coordinated, and mul-
tistep process starting with the transcription of the miRNA gene, mostly by RNA poly-
merase II [4]. miRNA biogenesis involves multiple processes including primary miRNA
(pri-miRNA) transcript formation, processing of pri-miRNA into precursor miRNA (pre-
miRNA) and its export from the nucleus to the cytoplasm, and processing of pre-miRNA
into mature miRNA. Each step is regulated by different factors, and any disruption of
these regulatory factors significantly changes miRNA abundance, target specificity, and
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regulatory potential, promoting cancer initiation, progression, and therapeutic resistance
[18].

The pri-miRNA is a hairpin-shaped noncoding RNA typically formed as ~1000 nu-
cleotides long, 5'-capped, and 3'-polyadenylated transcripts and its expression is regu-
lated by chromatin organization and epigenetic mechanisms [19] (Figure 1). Besides this,
some oncogenic and tumor-suppressive TFs such as tumor protein 53 (p53), myelocyto-
matosis oncogene (MYC), and nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) directly regulate some miRNAs [20]. The processing of pri-miRNA into its
precursor form (pre-miRNA), which is hairpin-shaped and typically ~70-80 nucleotides
long, is performed by the microprocessor complex, consisting of RNase III enzyme Drosha
Ribonuclease III (DROSHA) and DiGeorge Syndrome Critical Region 8 (DGCRS). It has
been reported that miR-122-pri-miR-21 interaction is particularly interesting because it
regulates the DROSHA processing step without directly targeting the DROSHA gene. In
contrast, miR-103/107, miR-221/222, and miR-29a act by targeting DICER1 mRNA. These
represent two distinct mechanisms of regulating miRNA biogenesis [21].
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Figure 1. Canonical miRNA biogenesis pathway. Tumor-suppressive miRNAs help in normal path-

way execution, while oncomiRs dysregulate this pathway at different steps. Abbreviations: AGO,
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Argonaute; DICER, Dicer endoribonuclease; DNMTs, DNA Methyltransferases; DROSHA/DGCRS,
Drosha (Drosha ribonuclease III)/DGCRS (DiGeorge Syndrome Critical Region 8); EMT, Epithelial—
Mesenchymal Transition; EZH2, Enhancer of Zeste Homolog 2; PAX6, Paired Box 6; PTEN, Phos-
phatase and Tensin Homolog; RISC, RNA-Induced Silencing Complex; SMAD4, SMAD Family
Member 4; TFs, Transcription Factors; TRBP, TAR RNA-Binding Protein; XPO5, Exportin 5.

This stage constitutes a key regulatory checkpoint, because its efficiency and selec-
tivity are influenced by supplementary RNA-binding proteins and signaling-dependent
cofactors [18]. Proteins such as p68/p72 helicases, Small Mothers Against Decapentaplegic
homologs (SMADs), and heterogeneous nuclear ribonucleoproteins dynamically modu-
late pri-miRNA processing in response to the activation of pathways such as MAPK and
TGEF-f signaling [4]. Consequently, changes in the abundance, subcellular localization, or
structural integrity of microprocessor components can selectively alter miRNA produc-
tion in a context-specific manner [4].

Further processing of the pre-miRNA takes place in the cytoplasm following its
transport through the nuclear membrane by exportin-5 (XPO5)-Ran GTP complex [18].
Following cytoplasmic import, pre-miRNA is processed by DICER, an RNase IIl enzyme,
to form a mature ~20-22-nucleotide miRNA/miRNA duplex. Any dysregulation of DICER
affects the pre-miRNA processing, leading to the formation of distinct miRNA isoforms
(isomirs), usually seen in cancer cells [4,22]. It has been demonstrated that miR-103/107
targets DICER, reducing the expression of metastasis-suppressing miRNAs, including
members of the miR-200 family, and facilitating metastatic progression [23].

Out of this miRNA/miRNA duplex, one strand acts as the passenger strand, while the
other complementary strand acts as the mature or guide strand [24]. The duplex is further
unwound, and the mature strand is incorporated into the argonaute (AGO)-containing
RNA-induced silencing complex (RISC) and helps it to target the mRNA (Figure 1).

The miRNA-target mRNA interaction is mediated by a seed region (~6 to 8 nucleo-
tides), located at the 5'-end of the miRNA through Watson—Crick base pairing. This inter-
action leads to the translational repression of mRNA, if the complementarity is imperfect,
or can result in mRNA degradation if perfect complementarity occurs [25].

2.2. miRNA Biogenesis Dysregulation in Cancer

It is now well established from different studies that there is a strong link between
dysregulated miRNA biogenesis and cancer [15,26]. As miRNAs are the key integrators
of posttranscriptional control, these molecules significantly contribute to the initiation,
progression, and resistance of cancer and to its therapeutic response [15]. miRNAs behave
either as tumor-suppressive entities or as oncogenic factors (oncomiRs). The chromatin
organization and aberrant expression of TFs also dysregulate the expression of miRNAs.
The oncogenic miRNAs are significantly expressed by oncogenic drivers such as MYC,
RAS, and NF-kB signaling, and this also leads to downregulation of tumor-suppressive
miRNA expression [27].

Different miRNAs play a significant role in miRNA biogenesis and any deviated ex-
pression of DROSHA, DGCRS, XPO5, and DICER leads to diverse tumor formation [16,17].
Under normal conditions in a cell, some tumor-suppressive miRNAs (miR-34a, let-7 fam-
ily, and miR-29) enhance the expression of TFs that drive normal miRNA transcription.
However, some well-known oncomiRs (miR-17-92, miR-21, miR-155) target p53 and
PTEN and suppress some TFs at the transcriptional level (Figure 1).

OncomiRs can also target, downregulate, or inhibit the DROSHA/DGCRS8 complex
and their cofactors. In addition, oncomiRs may also target or reduce the expression of
XPO5-RanGTP, DICER, and AGO proteins and can compete with target mRNA binding
[4] (Figure 1). All these adaptive changes promote tumorigenesis by enhancing the
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phenotypic plasticity, epithelial-mesenchymal transition (EMT), and therapeutic re-
sistance [28]. The canonical pathway of miRNA biogenesis, its normal execution with the
help of tumor-suppressive miRNAs, and its dysregulation by different oncomiRs at dif-
ferent stages are briefly illustrated in Figure 1.

2.3. miRNA Biogenesis Dysregulation and Its Functional Consequences

Although miRNA biogenesis is a tightly regulated process, its defective biogenesis
affects almost the entire homeostasis, reshaping the whole cellular architecture [15]. Many
elements of the PI3K/AKT, MAPK, Wnt/B-catenin, and Janus Kinase (JAK)/Signal Trans-
ducer and Activator of Transcription (STAT) pathways are derepressed when tumor-sup-
pressive miRNA networks are attenuated [29]. Phenotypic heterogeneity, pathway cross-
activation, and signaling noise are all increased by this loss of coordinated repression [30].
The cellular growth and survival cues are further reinforced by the selective preservation
or augmentation of oncogenic miRNAs.

Every cellular process is regulated by miRNAs, including transcription of cellular
junction proteins, EMT, cancer cell migration and invasion, stemness, angiogenesis, and
tumor microenvironment (TME) [31]. The transcription of cellular junction proteins is also
regulated by miRNAs, and these proteins are important for signaling cascades and growth
[32]. The disruption of cellular junctions leads to metastasis; e.g., zonula occludens-1 (ZO-
1), a significant component of the tight junction, is regulated by several miRNAs. As re-
ported, ZO-1 is inhibited by miR-105, as this miRNA regulates the metastasis of breast
cancer [33]. In addition, metastasis of cancer cells is induced by overexpression of miR-
105 in other organs like the liver [33].

Zinc finger E-box-binding protein TFs such as ZEB1 and ZEB2 mostly control EMT
and promote upregulation of vimentin and N-cadherin [34]. The miR-200 family, miR-124,
and miR-429 regulate ZEB1 and ZEB2 and metastasis in liver, pancreatic [35], colorectal
[34], breast [36], lung [37], and gastric cancers [38]. Furthermore, significant downregula-
tion of miR-132-mediated ZEB2 has been reported in colorectal cancer (CRC) [39]. In CRC,
the expression of miR-186-5p is downregulated and its overexpression suppresses EMT
by directly targeting ZEB1; similarly, miR-215 directly targets ZEB2 [40,41].

The first miRNA linked to metastases in patients with advanced breast cancer was
miR-10b [42]. By controlling homeobox D10 (HOXD10), miR-10b encourages migration
and invasion in a variety of cancer types, including gastric, breast, and colorectal malig-
nancies. In breast cancer, downregulation of miR-150 and overexpression of miR-96, miR-
135a, and miR-21 promote migration and invasion. Similarly, oncogenic miR-96 targets
miR-135a and protein tyrosine phosphatase, nonreceptor 9 (PTPNY) in this type of cancer
[43]. In breast cancer, miR-135a promotes cell migration and invasion by directly targeting
and suppressing HOXA10 expression. Similarly, the oncogenic miR-21-5p promotes
breast cancer progression and metastasis by suppressing the expression of programmed
cell death protein 4 (PDCD4), a tumor suppressor [44,45]. Breast cancer has abnormal ex-
pression of the tumor suppressor miR-150, which targets high mobility group AT-hook 2
(HMGA?2) and encourages migration and invasion [46].

miRNAs control important aspects of tumor-mediated angiogenesis and metastatic
growth. In breast cancer, stemness-related genes are targeted by downregulation of miR-
200c, and overexpression of miR-30c influences the formation of secondary tumors [47].
The overexpression of vascular endothelial growth factor (VEGF) caused by oncogene
miR-9-mediated suppression of E-cadherin increases angiogenesis, which is necessary for
the development of secondary tumors [48].

miRNAs play a significant role in the development of metastases by mediating the
interaction between the TME and tumor cells. Key elements of the TME are tumor-associ-
ated macrophages (TAMSs), which are controlled by miRNAs to display protumor
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activities. For instance, highly amplified miR-301a in pancreatic cancer cells promotes the
metastasis of pancreatic cancer cells by inducing M2 macrophage polarization through
the PTEN/PI3K signaling pathway [49]. Furthermore, miR-130b is frequently upregulated in
gastric cancer and has been implicated in tumor progression by promoting cancer cell proliferation
and inhibiting apoptosis [50].

3. Principles of miRNA-Signaling Pathway Crosstalk

Given the abundance and diversity of miRNAs, they can target TFs, enzymes, and
signaling proteins. miRNAs and their targets create a complex regulatory network inter-
twined with other cellular networks including signal-transduction networks, as evi-
denced by the diversity and number of miRNA targets, which offer an incredible level of
combinatorial possibilities [51]. It is unknown, nevertheless, if and how miRNAs might
coordinate their control of cellular signaling networks, as well as how control of these
networks might support miRNAs’ biological roles. miRNA-signaling interactions are in-
trinsically multidirectional and network-based, involving reciprocal regulation, feedback
and feed-forward loops, and hierarchical regulatory mechanisms, in contrast to linear sig-
naling cascades [52]. This architecture allows cells to adjust signal amplitude, length, and
integration in response to internal and external signals, but any disruption of it leads to
malignant network rewiring.

3.1. Bidirectional Regulation Between miRNA and Signaling Pathways

By targeting mRNAs encoding receptors, kinases, scaffolding proteins, TFs, and reg-
ulatory modulators, mature miRNAs serve as powerful posttranscriptional regulators of
signaling pathways [53]. miRNAs modulate pathway output by promoting translational
repression or mRNA degradation through sequence-specific binding, mainly within the
3'UTR of target transcripts [54].

The combinatorial aspect of miRNA-mediated regulation—a single miRNA can sim-
ultaneously target many components across several signaling pathways—is one of its de-
fining characteristics. By modifying signaling networks rather than discrete pathways,
miRNAs can coordinate a variety of biological activities, including proliferation, survival,
differentiation, and death [25].

In contrast, both canonical and noncanonical signaling pathways have a direct role
in governing miRNA transcription, processing, and stability. The activation of TFs by
pathways like Wnt/B-catenin, PI3K/AKT, NF-«B, and p53 controls miRNA gene promot-
ers, connecting external signals to miRNA expression programs [55]. In addition to tran-
scriptional regulation, signaling effectors can influence elements of the miRNA biogenesis
machinery, such as DROSHA, DICER, and related RNA-binding proteins, affecting the
availability and function of miRNAs [15].

These interactive relationships position miRNAs as not only downstream partici-
pants in signaling pathways but also as regulatory hubs that relay information back into
upstream signaling networks. Consequently, the interplay between miRNAs and signal-
ing pathways functions as a dynamic regulatory system rather than a simple one-way
signaling hierarchy [52].

3.2. Context-Dependent Roles of Some miRNAs as Tumor Suppressors or OncomiRs

Some miRNAs exhibit context-dependent (dual) roles either as tumor suppressors or
oncomiRs depending on the cellular lineage, target gene expression, signaling network
architecture, disease progression, and the TME [25,56]. This functional duality arises be-
cause a single miRNA can bind and regulate multiple mRNAs depending on complemen-
tary target sequences, cell type, and cellular status. In addition, the functional duality of
these miRNAs also arises due to the availability and expression levels of target genes,
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complexity of miRNA-mRNA interactions, competing endogenous RNA network, and
dynamic changes in target interactions under cellular conditions [25].

In addition, a single mRNA can have binding sites for several different miRNAs al-
lowing them to regulate its expression [57]. Thus, diverse signaling pathways involved in
cell proliferation, differentiation, invasion, metastasis, and apoptosis are influenced by
this duality [6]. Furthermore, miRNAs can regulate extrinsic variables that alter tumors,
including interactions between the immune system and cancer, stromal cells, oncoviruses,
and treatment sensitivity. In the end, whether a particular miRNA has a net oncogenic or
net tumor-suppressive effect depends on how these mechanisms are balanced [58].

miR-21 primarily functions as an oncomiR and is overexpressed in several human
cancers such as HCC, head and neck carcinoma, glioblastoma, ovarian cancer, B-cell lym-
phoma, and lung carcinoma [59,60]. Nonetheless, in contrast to such well-documented
tumorigenic effects of miR-21, it is also reported that this miRNA elicits an antitumor im-
mune response, thus revealing a dual function of miR-21 [61].

miR-155 exhibits an oncogenic role in hematologic malignancies and some solid tu-
mors [62]. An aggressive lymphoma was reported in miR-155 Cre-loxP tetracycline-con-
trolled knock-in mouse models by the overexpression of this miRNA [62]. However, in
spite of its powerful oncogenic effects, it has also been reported that miR-155 possesses a
tumor-suppressive function in certain cancers. It has been described that miR-155 restricts
proliferation in various melanoma cell lines, partly by downregulating SKI (Sloan-Ketter-
ing Institute), an oncogene frequently overexpressed in melanoma [63]. Furthermore, the
tumor-suppressive role of miR-155 has been reported in gastric cancer and ovarian can-
cer—initiating cells by targeting SMAD2 and CLDNI, respectively [64].

Dysregulated miR-200 expression in different human cancers links it to both tumor-
promoting and tumor-suppressive roles [65]. The miR-200 family members, whether sep-
arately or together, have been documented to play roles in the control of EMT and metas-
tasis [66], and the cell cycle and apoptosis [67]. Conversely, it has been confirmed that
miR-200 effectively inhibit EMT across various cancer types by directly affecting the key
EMT transcription factors ZEB1 and ZEB2 [68,69]. In addition, numerous studies have
shown that members of the miR-200 family affect cancer cell invasion by modulating pro-
teins that are key to cytoskeleton remodeling. This contradictory role of the miR-200 fam-
ily highlights that these molecules perform roles influenced by the cellular environment
and signaling pathways.

3.3. Feedback and Feed-Forward Loops as Determinants of Network Robustness

In reciprocal feedback loops (RFLs), two genes engage in mutual regulation, which
is frequently employed to create bidirectional control and alternate between different cel-
lular states [70]. Often, these feedback loops consist of a miRNA and a TF, and when the
feedback is mutually repressive, they can drive a substitute cellular state. A relevant ex-
ample in neuroblastoma (NB) is the mutually repressive feedback between miR-34a and
MYC proto-oncogene, N-Myc (MYCN) [71,72], as well as the interaction between the miR-
200 family and the ZEB TFs [73,74], which regulate the phenotypic switch during EMT
that occurs prior to cell movement in various developmental processes, including neural
crest cell (NCC) migration.

The participating TF can possibly trigger the expression of a miRNA involved in its
repression, thereby supporting homeostasis by effectively regulating its own expression
when it surpasses a specific threshold. In midbrain dopamine neurons, pertinent to neu-
rogenesis, Pitx3, working as a TF, activates a series of genes essential for the maturation
of dopamine neurons, while also stimulating the transcription of miR-133b, which post-
transcriptionally inhibits paired-like homeodomain TF3 (Pitx3) [75].
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Feed-forward loops (FFLs) consist of three elements: miRNA, TF, and a target gene.
In this configuration, the TF governs both the miRNA and the target gene, while the
miRNA also directly influences the target gene. FFLs can be classified as either coherent
or incoherent, based on the regulatory outcomes. In coherent FFLs, the miRNA and TF
support each other’s functions, leading to stable and decisive gene expression [76,77]. For
instance, miR-124 facilitates neurogenesis by directly targeting genes associated with the
cell cycle and by inhibiting E74-like factor 4 (ELF4), which otherwise encourages an un-
differentiated condition by increasing the expression of several of these same cell-cycle
genes [78].

The activation of miR-17~92 transcription by the proto-oncogene MYCN forms a co-
herent FFL, in which the miR-17~92 cluster and its associated members target genes re-
sponsible for apoptosis and cell-cycle blockade. This mechanism amplifies the MYCN-
initiated proliferative and survival signals [79]. By contrast, incoherent FFLs involve TFs
and miRNAs that exert opposing influences on a target gene. A good example of this phe-
nomenon involves the miR-34a and NUMB (a miR-34a target)-mediated mutual repres-
sion of NOTCH. gene-expression noise is buffered and Notch expression is enhanced,
which is significant in cancer stem cells [80].

A mechanistic understanding of miRNA-signaling pathway crosstalk requires dis-
tinguishing experimentally validated miRNA-mRNA interactions from computational
predictions. Direct targeting is commonly assessed using wild-type and mutant 3'UTR
luciferase reporter assays, complemented by miRNA mimic/inhibitor experiments, target-
expression analysis, and functional rescue studies [25]. Argonaute-associated RNA im-
munoprecipitation and crosslinking-based methods provide additional evidence of
miRNA-target interactions; however, binding alone does not establish functional repres-
sion [81,82].

4. Dysregulated miRNA-Signaling Axis in Core Oncogenic Networks
4.1. PI3K/AKT/mTOR Pathway

The vital processes of a cell like its survival, metabolism, growth, and angiogenesis
are controlled by the PI3K/AKT/mTOR pathway [83] and this pathway gets very fre-
quently dysregulated in cancer (Figure 2). Some tumor-suppressive and oncogenic miR-
NAs in addition to other noncoding RNAs tightly regulate this pathway by modulating
some key nodes [84]. Multiple tumor types have a strong association with stemness
maintenance, therapy resistance, and immune evasion, which occur due to the dysregu-
lation of the PI3K/AKT/mTOR pathway. Some examples are cell survival in prostate can-
cer, inhibition of apoptosis, and EMT. In this cancer, miR-101-3p is poorly expressed and
if its expression is restored by blocking the PI3K/AKT/mTOR pathway, the cancer cells
can suppress migration and restore apoptosis [85].

Some cell lines like LNCaP and DU145 have revealed that phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), present in these cells, is directly
targeted by miRNA-101-3p. This targeting reduces downstream phosphorylation of AKT
and the expression of EMT markers. Similarly, in pancreatic ductal adenocarcinoma
(PDAC), miR-194-5p regulates the poliovirus receptor-related protein 3 (PVRL3)/miR-194-
5p/SOCS2 axis and modulates proliferation and metastasis. The upregulation of this axis
activates the PI3K/AKT/mTOR pathway. Luciferase reporter, RNA immunoprecipitation,
and rescue assays validated the circPVRL3/miR-194-5p/SOCS2 axis and demonstrated
that miR-194-5p-mediated SOCS2 suppression activates PI3K/AKT signaling and pro-
motes PDAC proliferation and metastasis [86]. Although SOCS2 primarily regulates
JAK/STAT signaling, its suppression by miR-194-5p was associated with PI3K/AKT acti-
vation in PDAC, suggesting pathway crosstalk [86]. These reports suggest that in PDAC,
miR-194-5p functions as an oncogenic regulator, in contrast to miR-101-3p, which behaves
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as a tumor-suppressive marker. These examples emphasize the importance of different
miRNAs that act on both upstream and downstream nodes of the PI3K/AKT/mTOR path-
way, although a thorough understanding is needed.

Some miRNAs interconnect this pathway with other signaling pathways like
JAK/STAT3 and Wnt/p-catenin and these pathways further share some effectors such as
glycogen synthase kinase 3 beta (GSK33). Cellular metabolic adaptation and proliferation
are likewise regulated by these multidimensional and interconnected signaling pathways.
The role of some tumor-suppressive and oncogenic miRNAs targeting key components of
the PI3K/AKT/mTOR signaling pathway is illustrated in Figure 2 and Table 1.
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Figure 2. PI3K/AKT/mTOR signaling pathway and the role of some tumor-suppressive and onco-
genic miRNAs, targeting important key components of this pathway. Abbreviations: AKT, Protein
Kinase B (PKB); DDIT4, DNA Damage-Inducible Transcript 4; IGFIR, Insulin-like Growth Factor 1
Receptor; IRS, Insulin Receptor Substrate; mLST8, Mammalian Lethal with SEC13 Protein 8 (also
known as GBL); mTOR, Mechanistic Target of Rapamycin; PDCD4, Programmed Cell Death 4;
PIK3R1, Phosphoinositide 3-Kinase Regulatory Subunit 1; PI3K, Phosphoinositide 3-Kinase;
PIK3CA, Phosphatidylinositol-4,5-bisphosphate 3-Kinase Catalytic Subunit Alpha; PIK3R1/R2,
Phosphoinositide 3-Kinase Regulatory Subunits 1 and 2; PIP2, Phosphatidylinositol 4,5-Bisphos-
phate; PIP3, Phosphatidylinositol 3,4,5-Trisphosphate; PTEN, Phosphatase and Tensin Homolog;
REDD1, Regulated in Development and DNA Damage Responses 1; RTKs, Receptor Tyrosine Ki-

nases.
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Table 1. Role of some tumor-suppressive and oncogenic miRNAs targeting key components of the
PI3K/AKT/mTOR signaling pathway and their functional implications.

Primary Target(s) in Refer-
PI3K/AKT/mTOR Pathway Cancer Context ences

Tumor-suppressive miRNAs

miRNA

Suppresses components of Downregulates PI3K/AKT signaling
miR-34a PI3K/AKT signaling (e.g., PD- and supports apoptosis/antitumor ef-  [87]

L1 and downstream) fects in breast, lung, and other cancers
. Targets PI3K regulatory com- Suppresses PI3K/AKT signaling and
miR-126 : [88]
ponents (e.g., PIK3R2) tumor growth in several cancers
miR-143 Targets AKT signaling ele- Reduf:es AKT pathwa}/ actlylty and [88]
ments inhibits cell proliferation
miR- . . .
99a/miR- Targets mTOR Downregulation assoc.lated. with en- [89]
100 hanced mTOR signaling
. Targets PI3K subunits and Suppresses PI3K/AKT/mTOR signal-
miR-218 . .. . . . [89]
mTOR regulators ing, reducing invasion and migration
miR-193a- Lower expression linked to metastasis
T PIK3R TOR
5p argets 3R3 and mTO in non-small cell lung cancer (NSCLC) [50]
miR-199a- mTOR Downregulated in car.lcers'w1th acti- [91]
3p vated mTOR signaling

Acts as tumor suppressor and inhibits
miR-375 IGFIR (affects PI3K/AKT) PI3K/AKT signaling in HCC and [92]
esophageal cancer

Oncogenic miRNAs

Overexpressed in many cancers; sup-
miR-21 PTEN, PDCD4, PIK3R1 presses PTEN — PI3K/AKT/mTOR [93]
activation
miR-93 PTEN Promotes PI3K/AKT activation in [94]
breast cancer

Enhances PI3K/AKT signaling by

miR-106b PTEN PTEN suppression (5]
. Targets DDIT4 (affects Enhances mTOR signaling in several
miR-221 mTOR); PTEN cancers [89]
MiR-222 PTEN Enhances PI3K/AKT 51gnj'ahng in can- [96]
cers such as endometrial cancer
Elevated expression can contribute to
PI3KCA ex-
miR-125b 1A Promote PBRCA & b1y s jeT/mTOR activation in select  [89]
pression
cancers
P tes PI3K/AKT h tivati
miR-146b PTEN romotes PI3K/ yperactivation [97]

in thyroid cancer

4.2. MAPK/RAS/ERK Signaling

The MAPK/RAS/ERK signaling pathway is well known to play a significant role in
diverse cellular activities such as cell survival, growth, proliferation, migration, apoptosis,
and differentiation [98] (Figure 3). This pathway transmits extracellular signals initiated
by growth factors, cytokines, and mitogens through a kinase cascade involving RAS, RAF,
MEK, and ERK [99]. Under normal conditions, this pathway is tightly controlled, but its
dysregulation during cancer progression is a major driver of oncogenesis [100].

Tumor-suppressive miRNAs, such as miR-143, miR-145, and miR-34a, typically re-
press RAS family members, RAF kinases, or downstream effectors, thereby limiting ERK
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activation and controlling cell proliferation [101]. Loss or downregulation of these miR-
NAs is frequently observed in colorectal, pancreatic, lung, and other cancers, resulting in
persistent RAS/ERK signaling that drives uncontrolled growth [17,102]. Conversely, on-
comiRs such as miR-21 and miR-221/222 enhance ERK pathway activity by targeting neg-
ative regulators, including dual-specificity phosphatases (DUSPs) and Sprouty proteins,
creating self-amplifying feedback loops that reinforce oncogenic signaling [103].

Experimental studies have confirmed miRNA-mediated regulation of oncogenic
MAPK signaling. It has been validated that KRAS acts as a direct miR-143 target, demon-
strating reduced ERK1/2 phosphorylation and colorectal cancer (CRC) cell proliferation
using 3'UTR luciferase assays [104]. Furthermore, it has been reported that miR-34a tar-
gets genes involved in growth-factor signaling, with reduced ERK and AKT phosphory-
lation observed following miR-34a restoration. These results were observed by biotinyl-
ated miRNA pull-down assay, mutant 3'UTR reporter assays, and protein analysis. These
findings link experimentally validated miRNA-target interactions to cancer-associated
signaling dysregulation [105].

Different toxic substances and ionizing radiation can induce this pathway [106].
Some miRNAs including miR-34a, miR-193b, miR-181d, and miR-7-3 are closely associ-
ated with this pathway. Activation of the MAPK upregulates the expression of miR-7-3,
while the expression of miR-34a, miR-193b, and miR-181d is downregulated. The role of
some tumor-suppressive and oncogenic miRNAs targeting key components of the
MAPK/RAS/ERK signaling pathway is illustrated in Figure 3 and Table 2.

miR-7 Targets RAF1 and EGFR '—; v

miR-497 Targets MEK1 (MAP2K1)

miR-29c  Targets MAPK1 (ERK2) aan
i argets - = =, | (Progranulin)
1

miR-9 Targets BRAF

Growth g
Tumor-suppressive miRNAs factors © @
(downregulated in cancer) [5) IGFIR
RTKs %li /!f
. Targets ARAF C W
miR-34a (downstream of RAS) i Ii‘i

OncoMiRs
(upregulated in cancer)

miR-330 4 Targets SPRY2
Targets upstream ! _: B S— -5p I (negative MAPK
miR-148a  regulators like IGF-IR/ il B regulator
MAP3K9 ’ i
1
miR-140-  Targets GRN (indirectly | iy miR-214 I me%tes ERK1/2
3p affecting ERK) «— activation
1
Targets downstream 1
miR-217 effectors of ERK/MAPK .
signaling y
MEK1/2 SPRY2 :
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)
I
!
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. | Loaapim) < <o
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" 0
- -
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\
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Cell proliferation Direct oncogenic miRNA
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Figure 3. Role of some tumor-suppressive and oncogenic miRNAs targeting key components of the
MAPK/ERK/RAS signaling pathway. Abbreviations: AKT1, AKT Serine/Threonine Kinase 1
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(Protein Kinase B Alpha); DUSP6, Dual Specificity Phosphatase 6; ELK1, ETS Like-1; ERK1/2, Extra-
cellular Signal-Regulated Kinases 1 and 2; FOS, FB] Murine Osteosarcoma Viral Oncogene Homolog
(Fos Proto-Oncogene); GRB2, Growth Factor Receptor-Bound Protein 2; GRN, Granulin; MAP3K4,
Mitogen-Activated Protein Kinase Kinase Kinase 4; MEKK4, Mitogen-Activated Protein Ki-
nase/ERK Kinase Kinase 4, MEK1/2, Mitogen-Activated Protein Kinase Kinases 1 and 2 (MAP2K1/2);
MYC, MYC Proto-Oncogene, BHLH Transcription Factor; RAF, Rapidly Accelerated Fibrosarcoma;
RAS, Rat Sarcoma; RTK, Receptor Tyrosine Kinase; SOS, Son of Sevenless; SPRY2, Sprouty RTK
Signaling Antagonist 2.

Cancer cell proliferation is inhibited by the overexpression of MAPK-associated miR-
NAs, among which miR-193b plays a leading role. Along with the activation of upstream
MAPK activity, the tumor-suppressive miRNAs inhibit the expression of multiple down-
stream targets, and this forms a complicated regulatory network [107]. miR-17-5p, usually
overexpressed in the cancerous state by acting as an oncogene, effectively activates the
P38 MAPK pathway by enhancing the phosphorylation of heat shock protein 27 (HSP27)
[108].

The phosphatase and tensin homolog (PTEN) gene can be directly targeted by miR-
21, leading to the upregulation of AKT and ERK 1/2 signaling pathways. This promotes
the expression of vascular endothelial growth factor (VEGF) and hypoxia-inducible fac-
tor-1ae (HIF-1at), inducing tumor angiogenesis, promoting further tumor growth and me-
tastasis [109]. Beyond linear regulation, some miRNAs are intimately involved in recipro-
cal crosstalk with MAPK/RAS/ERK signaling, as the pathway itself can modulate miRNA
expression through downstream TFs like E26 Transformation-Specific 1 (ETS1) and c-
MYC [110]. This bidirectional regulation generates complex feedback and feed-forward
loops that maintain network robustness in normal cells but, when disrupted, contribute
to sustained pathway hyperactivation in tumors [111].

Therapeutically, the miRNA-MAPK/RAS/ERK axis presents unique opportunities, as
restoring tumor-suppressive miRNAs or inhibiting oncomiRs can simultaneously modu-
late multiple nodes within the network, potentially overcoming compensatory feedback
mechanisms that limit the efficacy of conventional kinase inhibitors [112]. Understanding
the dysregulated crosstalk between miRNAs and the MAPK/RAS/ERK pathway therefore
provides critical mechanistic insight into tumor progression and identifies novel avenues
for precision-targeted interventions in diverse cancers [113].

Table 2. Tumor-suppressive and oncogenic miRNAs targeting key components of the

MAPK/RAS/ERK signaling pathway and their functional implications.

Primary Target(s) in
miRNA MAPK/RAS/ERK Path- Cancer Context References
way

Tumor-suppressive miRNAs
Targets ARAF (down- Downregulates RAS/MAPK signaling;

iR-34 114
miea stream of RAS) reduced expression in many cancers [114]
. Inhibits MAPK/ERK activation; stud-
miR-7  Targets RAF1 and EGFR ied in lung, breast, GBM [115]
EK1
miR-497 Targets MEKT (MAP2K1) ~uPPresses MEKL and downstream

ERK activation
Inhibits ERK/MAPK activation; sup-
miR-29c¢  Targets MAPK1 (ERK2) presses pancreatic cancer tumorigene- [116]
sis

Targets upstream regula- Suppresses MAPK/ERK signaling and

miR-148a tors like IGF-IR/MAP3K9 EMT in various cancers

[117]
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miR-140- Targets GRN (indirectly Suppresses MAPK signaling, EMT, in- [117]
3p affecting ERK) vasion in HCC
_ Downstream effectors of Reduces ERK pathway activity in colo-
miR-217 ERK/MAPK signaling rectal cancer [118]
miR-302a Rec'luces ERK signaling Dampens MAPK cascade in colorectal [119]
via multiple targets cancer models
1 APK path- liferati ia MAPK in-
miR-152 Modulates M path- Suppresses p_ro' 1 era.tlon viaM in [117]
way components hibition in CRC
miR-4689 Targets KRAS and AKT1 ~UPPresses EGERIRASMAPK signal- .,
ing in CRC
. Downregulated in thyroid cancer; de-
miR-195 Targets RAF1 creases RAF1/ERK signaling [121]
miR-9 Targets BRAF Reduces MAPK Pathway ac't1V1ty and [121]
induces apoptosis in thyroid cancer
Oncogenic miRNAs
miR-330- Targets SPRY2 (negative .
I MAPK/ERK activity in H 117
5p MAPK regulator) ncreases / activity in HCC [117]
miR-214 Promotes.p-E.RK/ ERK ac- Enhances MAPK/ERK signaling and [117]
tivation proliferation

4.3. Wnt/B-Catenin Pathway

The Wnt/p-catenin signaling pathway regulates embryonic development, growth,
and tissue homeostasis, maintenance of stem cells, and cellular differentiation [122], and
the Wnt activation leads to the expression of target genes through (-catenin (Figure 4).
The aberrant activation of this pathway is a hallmark of many cancers, including colorectal,
hepatocellular, breast, and gastric malignancies [123]. The pathway is tightly controlled
under normal conditions by the continued activity of the destruction complex, targeting
[-catenin for ubiquitin-mediated degradation, preventing its nuclear accumulation and
transcriptional activation of Wnt target genes [124].

Tumor-suppressive miRNAs such as the miR-200 family and miR-34a directly target
[-catenin, Wnt ligands, or transcriptional coactivators such as T-cell factor (TCF)/lym-
phoid enhancer-binding factor (LEF), thereby restricting nuclear 3-catenin accumulation
and limiting the transcription of genes involved in proliferation, survival, and EMT [125].
Biochemical studies have validated miRNA-mediated regulation of Wnt/{3-catenin signal-
ing. miR-200a directly targeted the $-catenin (CTNNB1) 3'UTR, as demonstrated by lucif-
erase reporter assays, while Western blotting, TOPFlash/FOPFlash assays, and cell migra-
tion and proliferation assays linked its expression to reduced Wnt signaling and tumor
aggressiveness [126,127].

Conversely, oncogenic miRNAs, including miR-21, miR-135b, and miR-372/373, re-
press negative regulators of Wnt signaling, such as adenomatous polyposis coli (APC),
glycogen synthase kinase 33 (GSK3p), and dickkopf-related protein 1 (DKK1), resulting
in sustained p-catenin stabilization, nuclear translocation, and transcriptional activation
of protumorigenic gene programs [128]. The role of some tumor-suppressive and onco-
genic miRNAs targeting key components of the Wnt/p-catenin signaling pathway is illus-
trated in Figure 4 and Table 3.
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Figure 4. Role of some tumor-suppressive and oncogenic miRNAs targeting key components of the
Wnt/B-catenin signaling pathway. Abbreviations: AXIN2, Axin 2; CK1, Casein Kinase 1; DKK1,
Dickkopf WNT Signaling Pathway Inhibitor 1, FOXM1, Forkhead Box M1; EZH2, Enhancer of Zeste
Homolog 2; KREMEN2, Kringle Containing Transmembrane Protein 2; LEF1, Lymphoid Enhancer-
Binding Factor 1; LRP5/6, Low-Density Lipoprotein Receptor-Related Proteins 5 and 6; NKD1, Na-
ked Cuticle Homolog 1; NLK, Nemo-Like Kinase; P, Phosphate/Phosphorylation; RUNX3, Runt-
Related Transcription Factor 3; SOX17, SRY-Box Transcription Factor 17; SUFU, Suppressor of Fused;
Wnt, Wingless-Related Integration Site; ZEB1/2, Zinc Finger E-Box-Binding Homeobox 1 and 2.

Within the Wnt/B-catenin signaling pathway, depending upon the cellular context,
some miRNAs perform dual roles by either promoting tumor progression or restoring
homeostasis. It has been observed that the expression of miR-8063 was profoundly down-
regulated in colorectal cancer stem cells, whereas heterogeneous nuclear ribonucleopro-
tein A/B (hnRNP A/B) was markedly upregulated. In these types of cells, the hnRNP A/B
overexpression promotes tumor- and colony-forming capabilities. However, restoration
of miR-8063 expression downregulates the hnRNP A/B, Wnt3a, and [3-catenin, diminish-
ing the self-renewal of cancer stem cells, thus suppressing the tumorigenicity [129].

In contrast, it has been reported that in skin squamous cell carcinoma, expression of
miR-664 is enhanced. It targets armadillo repeat containing 8 (ARMCS), which normally
suppresses the Wnt/[3-catenin pathway and EMT, leading to the migration and invasion
of squamous cell carcinoma cells [130]. Thus, this miRNA relieves ARMCS8-mediated re-
pression of [B-catenin signaling and functions as an oncogenic driver, promoting EMT and
metastasis. In summary, these results emphasize how the Wnt/p-catenin signaling path-
way is fine-tuned by some miRNAs, influencing the differentiation and plasticity of cancer
stem cells, and EMT. Furthermore, an intertwined crosstalk between this pathway and
other signaling pathways such as JAK/STAT3 and PI3K/AKT/mTOR, contributes to mul-
tidrug resistance and tumor recurrence.
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Table 3. Role of some tumor-suppressive and oncogenic miRNAs targeting key components of the

Wnt/B-catenin signaling pathway and their functional implications.

Primary Target(s) in

Refer-
miRNA Wnt/B-Catenin Path- Cancer Context eter
ences
way
Tumor-suppressive miRNAs
miR-200a/miR-
S Wnt/B-catenin signali
i it v zEvy, S g
141 (miR-200 fam- SOX17 =V &
ily) tric cancer, HCC, breast cancer
s NI e, St S
LRP6, LEF1, AXIN2 . &
transcription
Reduces nuclear -catenin accumu-
miR-101 [3-catenin lation; reciprocal inhibition with [132]
Wnt signaling
Inhibits Wnt signali d prolifer-
miR-320 B-catenin, FOXM1 o 0> VI SIBNAUNE and protier g 4,
ation in prostate/colorectal cancer
. . Suppresses Wnt activity and onco-
miR-214 [-catenin, EZH2 . . [132]
genic transcription
MiR-22 WNTI1 Inh1b1’Es Wnt l%gand a?d pathway [134]
activation in gastric cancer
Low expression correlates with in-
miR-140-5p WNT1 creased Wnt signaling and gastric ~ [135]
tumorigenesis
Inhibits Wnt3A -
miR-491-5p WNT3A n 1b1.ts r.1t3 . and suppresses pro [134]
liferation in gastric cancer
miR-148a WNT1 Downreg.ulatefd in NSCLC; 1nh}b1ts [136]
Wnt signaling and metastasis
Downregulation linked to increased
miR-577 WNT2B Wnt/[3-catenin signaling and [137]
NSCLC progression
Oncogenic miRNAs
. DKK1, GSK3p, Promotes Wnt pathway activation
R-501- 134
miR-501-5p NKD1 and stem-like traits in gastric cancer [134]
miR-493-3p DKK1 Enhancgs prolifeljation, inviasio%l, [138]
chemoresistance via Wnt activation
MiR-532 NKD1 Promot.es n.ugratlon/llnvas.lon by ac- [139]
tivating Wnt signaling
Reduces APC, activates Wnt/[-
miR-192/miR-215 APC catenin, and drives proliferationin  [134]
gastric cancer
miR-106a-3p APC Increases EMT/m'etastasis by down- [140]
regulating APC
miR-20b SUFU, fee(%bac.k into Promotes Wnt 51gna.hng and metas- [141]
Wnt activation tasis in gastric cancer
. RUNX3 (indirectly Promotes Wnt signaling in
R-130 131
o a affects Wnt) HCC/gastric cancers [131]
miR-99b DKK3, NLK Activates Wnt/{-catenin signaling, [142]

glioma progression
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. DKK1, Kremen2, Promotes resistance and Wnt activa-
miR-29a .. . [143]
sFRP2 tion in pancreatic cancer

Promotes Wnt signaling and tumor

miR-181a WIE-1 .
growth in colorectal cancer

[142]

4.4. TGF-B/SMAD and Other Developmental Pathways

The transforming growth factor-g (TGF-f3)/SMAD signaling pathway regulates cell
growth, differentiation, and apoptosis. In normal cells, TGF-{ ligands bind to type I and
type II serine/threonine kinase receptors, initiating phosphorylation, leading to SMAD
complex formation and translocation to the nucleus to regulate transcription of target
genes [144] (Figure 5).

Some miRNAs can modulate this pathway; as reported in gastric cancer, miR-21-5p
promotes stem-cell resistance to cisplatin by modulating the TGF-3/SMAD pathway [145].
TGEF-B/SMAD signaling can also activate IncRNA plasmacytoma variant translocation 1
(PVT1) and promotes hepatocellular carcinoma through two distinct modes: the miR-143-
3p/NRGI axis and the miR-186-5p/SMADG6 axis [145]. The role of some tumor-suppressive
and oncogenic miRNAs targeting key components of the TGF-3/SMAD signaling path-
way is illustrated in Figure 5 and Table 4.
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Figure 5. The role of some tumor-suppressive and oncogenic miRNAs targeting key components of
the TGF-3/SMAD and other developmental signaling pathway. Abbreviations: co-SMAD; common-
mediator SMAD; EMT, epithelial-mesenchymal transition; I-SMAD, Inhibitory SMAD; R-SMAD,
receptor-regulated SMAD; TGF-f, transforming growth factor (3; TBR1/1, transforming growth fac-
tor B receptor type I/type II; SMAD, SMAD proteins (Sma in C. elegans and Mad in Drosophila).

Some miRNAs critically regulate this TGF-3/SMAD axis by targeting ligands, recep-
tors, and intracellular SMAD proteins, thereby fine-tuning pathway output and cellular
responses [144]. Tumor-suppressive miRNAs, such as miR-34a and the miR-200 family,
inhibit TGF-p-induced EMT and invasion by directly repressing SMAD2, SMAD3, or
downstream TFs that mediate mesenchymal phenotypes. It has been reported that
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melanoma is inhibited by a tumor-suppressive miRNA such as miR-377. miR-377 was
validated as targeting E2F3 and MAP3K7 (TAK1) in melanoma using 3'UTR luciferase
reporter assays and binding-site mutagenesis, demonstrating reduced NF-kB signaling,
proliferation, and migration [146]. Negative feedback is thus created, restraining chronic
NF-kB activity and an inflammatory TME.

MAP3K? acts as a core regulator of inflammation and cell proliferation, and is up-
regulated by the TGF-3/SMAD axis [147]. In addition to this signaling pathway activation,
MAP3KY also activates NF-kB, JNK, and p38, and these stimulate proliferative and pro-
survival gene transcription [148,149]. It has been reported that TGF-3/SMAD intertwined
with MAPK signaling promotes proliferation, EMT, and apoptosis not only through the
mediation of miRNAs but also through circular RNAs (circRNAs) and long noncoding
RNAs (IncRNAs). Thus, this crosstalk shows how miRNAs coordinate control over sev-

eral oncogenic pathways.

Table 4. Role of some tumor-suppressive and oncogenic miRNAs targeting key components of the

TGF-/SMAD and other developmental signaling pathways and their functional implications.

Primary Target(s) in TGF-

iRNA
m B/SMAD Pathway

Cancer Context References

Tumor-suppressive miRNAs

TGF-p-induced EMT modu- Suppresses EMT and metastasis;
miR-145  lators/unknown direct TGF- anti-oncogenic in NSCLC and [137]

[ targets other cancers
Inhibits EMT and limits meta-
miR-203 TGEF-B/EMT regulators static spread associated with [150]

TGF- signaling

Blocks TGF-B-induced EMT and

miR-205 TGF-B/EMT effectors . .
reduces metastatic potential

[137]

TGF-B/EMT pathway com- Restores epithelial phenotype

miR-124-3p and inhibits metastatic progres- [151]
ponents .
sion
miR-422a EMT regulators (linked to Limits EMT an_d invasive behav- [152]
TGF-B) ior
. Opposes EMT and tumor spread
miR-196b  TGF-{ pathway effectors linked to TGF-B signaling [137]
. Reduces invasive phenotypes as-
miR-940 TGEF-B/EMT effectors sociated with TGF-B in NSCLC [153]
Oncogenic miRNAs
Targets and suppresses SMAD3,
ino TGE-B- .
miR-142-5p  SMAD3 (co-SMAD) attenuating TGE-p-mediated [154]
growth inhibition and promoting
proliferation in cancer cells
TGF-B-induced miR-182 sup-
miR-182 SMADY? (I-SMAD; negative presses SMAD?, enhancing EMT [155]

regulator) and metastasis in breast and
other cancers

Represses SMAD4 expression,
blocking the canonical TGF-f3
miR-199a SMAD4 (co-SMAD) transcriptional response and pro-  [156]
moting tumorigenesis (e.g., gas-
tric cancer).
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Suppresses SMAD?, enhancing
TGEF-B/SMAD signaling and can-

miR-106b o .
cer-stem-cell traits in gastric can-

SMAD? (I-SMAD) [157]

cer
Upregulated by TGF-$ and con-
SMAD5/non-SMAD targets tributes to EMT, migration, and
invasion in breast cancer

miR-155 [158]

TGF- receptor [/SMAD? Promotes.EMT and invasion.via
suppression of TGF-$ negative

miR-93 suppression
PP regulators (NSCLC context)

[137]

4.5. JAK/STAT3 and Inflammatory Signaling Networks

The signal transducer and activator of transcription 3 (STAT3) signaling pathway is
a central mediator of inflammatory and oncogenic responses in cancer, integrating signals
from cytokines, growth factors, and stress-related stimuli [159] (Figure 6). This pathway
regulates gene-expression programs that govern survival, proliferation, immune evasion,
angiogenesis, and metastasis [159]. Under physiological conditions, STAT3 is transiently
activated by receptor-associated Janus kinases (JAKs), which phosphorylate STAT3, lead-
ing to its dimerization, nuclear translocation, and transcriptional regulation of target
genes [160].

The JAK/STAT3 cascade is vital to several biological processes such as cell cycle and
proliferation [161,162]. Different oncogenic stimulants or cytokines activate STAT3, which
is normally present in the cytoplasm, is translocated to the nucleus, and promotes gene
transcription for survival, immune suppression, and proliferation. Thus, persistent acti-
vation of STAT3 leads to cancer progression [163,164]. The role of some tumor-suppres-
sive and oncogenic miRNAs targeting key components of the JAK/STAT3 signaling path-
way is illustrated in Figure 6 and Table 5.
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Figure 6. Role of different tumor-suppressive and oncogenic miRNAs targeting key components of
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the STAT3 and inflammatory signaling networks. Abbreviations: EGF, epidermal growth factor;

https://doi.org/10.3390/ijms272110046



Int. . Mol. Sci. 2026, 27, 10046

19 of 45

EGFR, epidermal growth factor receptor; gp130, glycoprotein 130; HER2, human epidermal growth
factor receptor 2; IL, interleukin; JAK, Janus kinase; LIF, leukemia inhibitory factor; OSM, oncostatin
M; P, phosphate/phosphorylation; PDLIM2, PDZ and LIM domain protein 2; RTK, receptor tyrosine
kinase; STAT, signal transducer and activator of transcription; SOCS3, suppressor of cytokine sig-
naling 3; TYK2, tyrosine kinase 2.

Different miRNAs directly or indirectly participate in tumor progression by modu-
lating JAK and STAT3 signal-transduction members. Different experimental evidence
confirms that some miRNAs and antitumor drugs act by inhibiting JAK/STAT3 signaling.
For example, as reported in lung cancer and osteosarcoma, miR-124 and miR-125 mimics
synergize with STAT3 inhibitors and minimize the cancer progression [165,166].

In murine xenografts and pancreatic cancer cell lines (PANC-1 and BxPC-3), the over-
expression of miR-301a inhibits SOCS5 and activates JAK/STAT3 signaling and leads to
angiogenesis, cell proliferation, and migration [167]. It has been found that ovarian tumors
synthesize extracellular vesicles (EVs). These EVs are rich in miR-141-3p and are engulfed
by endothelial cells. These EVs release miR-141-3p, which minimizes the level of SOCS5,
thus promoting angiogenesis by activating the JAK/STAT3 pathway [168]. These observa-
tions illustrate how exosomal miRNAs produced by tumors can remodel the vasculature
for the support of growth and metastasis.

Glioma is initiated by glioma stem cells, which overexpress miR-30. This miRNA in-
hibits JAK/STAT3 signaling upon its downregulation, thus reducing cancer progression
[169]. SOCS3 was reported to act as a direct miR-30 target using 3'UTR luciferase reporter
assays with wild-type and mutant binding sites, supported by immunoblotting. The study
further employed STAT3-responsive luciferase reporter assays, SOCS3 siRNA-mediated
silencing, and in vivo tumorigenesis assays to investigate the functional role of the miR-
30/SOCS3/JAK-STATS3 axis [169]. Similarly, it has been reported that in NSCLC cells, ubig-
uitin-specific peptidase 22 (USP22) is targeted by miR-30e-5p, which attenuates
JAK/STATS3 signaling, suppressing these cells and cancer progression [170].

In NSCLC, miR-140-3p acts as a tumor-suppressive miRNA by directly targeting mineral
dust-induced gene (MDIG), thereby attenuating STAT3 signaling, inhibiting cancer-cell prolifera-
tion, and promoting apoptosis [171]. Furthermore, liver cancer tissue and its cell lines are abundant
in miR-500a-3p, and its overexpression upregulates tumorigenic markers and promotes cancer-
stem-cell proliferation. It is reported that protein tyrosine phosphatase nonreceptor type 11
(PTPN11) in addition to SOCS2 and SOCS4 can negatively regulate JAK/STAT3 signaling, and
these markers are repressed by miR-500a-3p [172]. When this pathway is inhibited by pharmaco-
logical means, it suppresses the expression of miR-500a-3p. Thus, a feedback mechanism is main-
tained, sustaining stem-cell traits. In contrast, activation of miR-500a-3p inhibitors restores SOCS
function, limiting the capacity for self-renewal, thus emphasizing the potential of combined
miRNA-drug therapies.

Table 5. Tumor-suppressive and oncogenic miRNAs targeting key components of the STAT3 and

inflammatory signaling networks and their functional implications.

Primary Target(s) in
STATS3 Pathway
Tumor-suppressive miRNAs

miRNA Cancer Context/Notes References

Directly targets STAT3, suppresses
miR-296-5p STAT3 proliferation, migration, and invasion ~ [173]
in colorectal and esophageal cancer

Downregulated in multiple cancers;
miR-874 STAT3 directly suppresses STAT3 expression  [174]
and tumor growth
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Targets STATS3, inhibits cell prolifera-
miR-124 STAT3 tion, and induces apoptosis in esoph- [173]
ageal and colorectal cancer

Direct STAT3 targeting reduces pro-
miR-1299 STAT3 liferation and enhances apoptosis in [175]
colon cancer

Downregulation promotes invasion
miR-1301 STAT3 and migration via enhanced STAT3 [176]
activation in CRC

Suppresses STAT3 signaling and col-

miR-665 STAT3 orectal cancer stem cell (CSC) stem- [173]
ness and proliferation
let-7 family Directly inhibits STAT3 and sup-
(let-7a-1 ~ STAT3 presses proliferation and survival in [177]
let-7d) glioma
miR-506 STAT3 Irlhibit's STAT?),_ reduFes _proli_fera- [177]
tion/migration/invasion in glioma
. Suppresses migration and invasion
miR-181d STAT3/STATSA via gﬁgeting STgAT3/STAT5 in glioma [178]
miR-29b-3p STAT3 Inhibits STAT'S anfi chemoresistance [179]
in glioma
Inhibits proliferation, invasion, and
miR-519a STAT3 chemoresistance by targeting STAT3 [177]
in glioma
Oncogenic miRNAs

SOCS3/PDLIM2 (up- Suppresses SOCS3 and PDLIM2,
stream negative regula- leading to increased STAT3 activation  [177]
tors of STAT3) and tumor progression

miR-221/222
cluster

Increases p-STAT3 expression and

miR-30 SOCS3 . ca 1
promotes tumorigenesis in glioma

[169]

4.6. Notch Signaling Pathway

Notch signaling is a well-known pathway that regulates cell differentiation, prolifer-
ation, tissue homeostasis, and organ development [180]. This pathway is particularly sig-
nificant in immune recognition, embryogenesis, stem-cell maintenance, and cancer biol-
ogy [181]. The Notch receptor and its ligand are transmembrane proteins present on
neighboring cells, and their interaction initiates the signal transduction (Figure 7). This
pathway has a context-dependent dual role, serving as both oncogenic and tumor-sup-
pressive signaling in different cancer types [180]. Dysregulation of this pathway leads to
EMT and angiogenesis, closely related to proliferation, invasion, and metastasis [182].

The Notch signaling pathway is initiated when a membrane-bound ligand, such as
Delta-like (DLL1 or DLL4) or Jagged (JAG1 or JAG2), present on neighboring cells, binds
to a Notch receptor (Notch 1-4) present on the other cell [183]. This binding leads to a
conformational change exposing the receptor to proteolytic cleavage by ADAMI0 or
ADAM1Y7 (a disintegrin and metalloprotease 10/17). Furthermore, cleavage by y-secretase
complex promotes the release of Notch intracellular domain (NICD) [184]. This domain
translocates into the nucleus and binds to the transcription factor RBPJ/CSL, recruiting
mastermind-like (MAML) coactivators and forming a transcriptional activation complex.
This complex induces the expression of downstream target genes depending on the cellu-
lar context and interactions with other signaling pathways [185]. The role of some tumor-
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suppressive and oncogenic miRNAs targeting key components of the Notch signaling
pathway is illustrated in Figure 7 and Table 6.
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Figure 7. Role of different tumor-suppressive and oncogenic miRNAs targeting key components of
the Notch signaling pathway. Abbreviations: ADAM10/17, A disintegrin and metalloproteinase
10/17; Co-A, coactivator; Co-R, corepressor; CSL, CBF1/Suppressor of hairless/LAG-1; DTX1, Deltex
1; ER, endoplasmic reticulum; HES1, Hes family BHLH transcription factor 1; JAG1, Jagged 1;
MAML, Mastermind-like protein; NECD, Notch extracellular domain; NICD, Notch intracellular
domain; NUMB, NUMB endocytic adaptor protein.

The Notch signaling pathway is targeted by different miRNAs such as miR-19 [186],
miR-21 [187], miR-146a [188], miR-100 [189], miR-181a-1/b-1 [190], and miR-375 [191], which
promote cancer initiation and progression. A study showed that miR-146a expression en-
hances the proliferation of human melanoma cells in culture and promotes tumor formation
in mice. However, the knockdown of this miRNA leads to opposite effects as miR-146a tar-
gets the NUMB mRNA (a Notch repressor) and leads to these oncogenic activities [188].

It was reported that as compared to normal tissues, CRC tissue samples showed over-
expression of miR-21 and Notchl, presenting a positive correlation with tumor progres-
sion, especially in the advanced state [187]. This observation led to the conclusion that in
CRC a crosstalk occurs between miR-21 and the Notch signaling pathway. In another
study, it was observed that in stem cells, Notch2 and Hes1 are targeted by miR-34a, which
suppresses this signaling pathway. As a result, the odontogenic and osteogenic differen-
tiation is repressed by Notch signaling [192].

Table 6. Tumor-suppressive and oncogenic miRNAs targeting key components of the Notch signal-

ing and their functional implications.

miRNA Primary Targets in Notch Cancer Context References
Pathway
Tumor-suppressive miRNAs
miR-34a Notchl, Notch2, JAG1 Cholangiocarcinoma [193]
Diffuse large B-cell lymphoma;
miR-30a-5p Notchl, Notch2 T-cell acute lymphoblastic leu-  [194]

kemia
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miR-1 Notch3 CRC [195]
miR-146a Notchl Glioma [196]
Esophageal 11 car-
miR-146a-5p Notch2 sophiageal SqUamots CeLear 1197
cinoma
. Notch2; inhibits
miR-81b Notch2/HESI signaling NSCLC [198]
miR-524-5p JAG1 and HES1 Glioma [199]
miR-199b-5p Notch pathway compo- Osteosarcoma [200]
nents
Oncogenic miRNAs
miR-21 Notchl-associated signaling CRC [187]
MiR-19 Notchl-associated regula- T-cell acute IymPhoblastlc leu- [186]
tory network kemia
NUMB (direct target), nega-
miR-146a tive regulator of Notch sig- Breast cancer models [201]
naling
NUMB (direct target), also
miR-1275 regulates Wnt/[3-catenin Lung adenocarcinoma [202]
signaling

5. Integrated Network Dysregulation in Cancer Phenotypes
5.1. Chemoresistance

It is now well understood that cancer is a disease of dysregulated signaling networks
rather than isolated gene mutations, and miRNAs are central mediators of this network-
level regulation. miRNAs integrate multiple tumor-suppressive and oncogenic signals to
determine cellular phenotypes [203]. Dysregulated miRNAs result in simultaneous per-
turbation of PI3K/AKT/mTOR, MAPK/RAS/ERK, Wnt/B-catenin, TGF-3/SMAD, and
STAT3/inflammatory signaling, and create aberrant signaling that drives malignant be-
haviors [204].

It is reported that the Enhancer of Zeste Homolog 2 (EZH2)/STATS3 signaling path-
way is activated by some chemotherapeutic agents such as paclitaxel and doxorubicin,
and leads to enhanced secretion of exosomes containing miR-378a-3p and miR-378d. The
breast cancer chemoresistant cells engulf these exosomes and intracellularly released miR-
NAs activate Notch and Wnt/p-catenin signaling pathways by inhibiting DKK3 (Wnt/p
pathway inhibitor) and NUMB (Notch pathway inhibitor), conferring breast cancer-stem-
cell characteristics with enhanced chemoresistance. Furthermore, the application of EZH2
inhibitors such as tazemetostat significantly decreases the level of miR-378a-3p and miR-
378d in exosomes and restores the expression of NUMB and DKK3 and reverses the
chemoresistance effects [205].

The plasma and breast cancer (BC) cell lines (MCF-7/ADR), obtained from chemo-
therapy-resistant patients showed significantly downregulated levels of miR-1275. This
low-level expression of miR-1275 showed a strong correlation with reduced patient over-
all survival rate. Overexpression of miR-1275 was found to directly target the 3'UTR of
MDK (midkine) and was responsible for the enhanced sensitivity of BC cells to chemo-
therapeutic agents like epirubicin. MDK, a secreted protein, activates PI3K/AKT signaling,
thus imparting chemoresistance [206].

Downregulated expression of miR-508-5p, which acts as a tumor-suppressor mi-
croRNA in endometrial cancer (EC) cells, is linked with chemoresistance in EC stem cells.
miRNA-508-5p targets the 3'UTR and inhibits SOX2 expression, subsequently minimizing
the capability of ECSCs for self-renewal, chemoresistance, and invasion. Stem cells use
SOX2 as a TF for their development and pluripotency. Thus, it is used as a principal
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oncogenic driver as it preserves CSC characteristics, activates oncogenic pathways, pro-
motes EMT, and fosters treatment resistance [207,208].

In ovarian cancer, Wnt/B-catenin signaling is promoted by miR-181a, as this miRNA
targets and inhibits SFRP4 (Wnt pathway inhibitor). Thus, the ovarian cancer-stem-cell
trait is augmented by resisting platinum-based chemotherapy. Upregulated expression of
ovarian cancer cell miR-181a is strongly correlated with therapeutic treatment resistance.
Moreover, accumulated (3-catenin and the upregulated Wnt expression target some genes
including aldehyde dehydrogenase (ALDH), catenin [3-1 (CTNNB1), cluster of differenti-
ation 133 (CD133), lymphoid enhancer-binding factor 1 (LEF1), leucine-rich repeat con-
taining G protein-coupled receptor 5 (LGR5), SRY-box transcription factor 2 (50X2), and
transcription factor 7 (TCF7). Furthermore, minimal expression of SFRP4 is associated
with poor ovarian cancer prognosis [209].

5.2. EMT, TME, and Metastasis

miRNAs can either promote or inhibit EMT as more than 130 different miRNAs have
been discovered to regulate the EMT process [210]. Different miRNA targets involved in
EMT include TFs such as ZEB1/2, TWIST, and SNAIL. miR-200 family members, miR-141,
and miR-429 target mRNAs of EMT-promoting factors and result in their inhibition. miR-
200 overexpression promotes enhanced E-cadherin expression, involved in epithelial phe-
notype maintenance and EMT inhibition [211]. The E-cadherin expression is reduced by
ZEB1/2 when targeted by miR-200 members [68,212]. The expression of ZEB1 and ZEB2
also downregulates TP53, which activates miR-200 and miR-192, which reciprocally re-
press ZEB1 and ZEB2, thus resulting in the inhibition of EMT [213].

Apart from the miR-200 family, miR-9, miR-10b in breast cancer cells inactivate E-
cadherin expression and promote cell motility and metastasis [214,215]. It has also been
reported that miR-29b and miR-30a-5p inhibit SNAIL1 expression [156,216]. miR-29b ex-
pression is downregulated in prostate cancer, and its expression downregulates mesen-
chymal markers and amplifies epithelial markers [217]. Furthermore, SNAIL1 and miR-
34 both negatively control each other’s expression [218]. SNAIL1 downregulates the miR-
34 expression during TGF-f-induced EMT.

As miRNA expression is dysregulated in most cancers, it affects the communication
between tumor cells and the stroma. Thus, for fully understanding the molecular mecha-
nisms of cancer progression and its therapeutic intervention, understanding the role of
miRNAs in the TME is equally important. The role, significance, and number of miRNAs
participating in the TME are expanding day by day [219,220]. It is reported that miRNAs
have a vast role in the TME as some miRNAs regulate the expression of cancer-associated
fibroblasts (CAFs), cancer-associated mesenchymal stem cells (MSCs), tumor-associated
macrophages (TAMs), T cells, and endothelial cells [221].

It was reported that the ablation of the PTEN gene leads to a significant decrease in
the expression of miR-320, and this induces the conversion of normal fibroblasts in BC to
CAFs [222]. Similarly, miR-9 induced the conversion of normal fibroblasts to CAFs in BC
[223]. Furthermore, miR-200 downregulation also reprogrammed the conversion of nor-
mal fibroblasts into CAFs. miR-200 targets transcription factor 12 and friend leukemia vi-
rus integration 1 (Fli-1) in BCs [224,225].

It has been demonstrated that downregulation of miR-155-5p induces bone marrow
mesenchymal stem cells (MSCs) to acquire the gastric cancer MSC phenotype by NF-«xB
p65 activation. NF-kB kinase inhibitor and NF-«kB p65 have been found to be targeted by
miR-155-5p [226]. It has further been reported that miR-222, miR-214, and miR-155-5p are
also upregulated in gastric cancer MSCs. Gastric cancer MSCs considerably promote mi-
gration and proliferation of gastric cancer cells. In gastric cancer MSCs, the targeted inhi-
bition of miR-221 inhibits cancer progression effects [227].
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miRNAs significantly participate in different steps of metastasis. In a mouse xeno-
graft model, it was reported that miR-126/miR-126* independently inhibited the recruit-
ment of inflammatory monocytes and MSCs to the tumor stroma, suppressing lung me-
tastasis by the downregulation of C-C motif chemokine ligand 2 (CCL2) and stromal cell-
derived factor-1a [228]. Cancer cell- and fibroblast-secreted miR-9 stimulates migration of
BC cells by reducing E-cadherin [223]. It has been reported recently that miR-200 from
CAFs enhances the expression of Fli-1 and TCF12 and promotes stromal ECM remodeling
and drives metastasis by upregulating lysyl oxidase and fibronectin in breast cancer [225].

5.3. Cancer-Stem-Cell Regulation

Cancer stem cells (CSCs) represent a subpopulation of tumor cells with unique cell-
cycle dynamics that are essential for their tumor initiation, recurrence, and treatment re-
sistance. Some specific miRNAs target regulatory proteins of CSCs, involved in the cell
cycle, and modulate proliferation and quiescence. It has been reported that miR-338-5p is
involved in regulating the cell cycle of gastric cancer stem cells (GCSCs). The population
of GCSCs undergoing GO0/G1 phase is significantly diminished by the overexpression of
miR-338-5p, while this miRNA augments their population in S and G2/M phases. The
change in the cell cycle thus offers significant insight into the potential of miR-338-5p in
GCSCs as targets for therapeutic approaches against these cells [229].

In HCC cell lines Huh?7 and HepG2, it is reported that miR-302a/d inhibition blocks
the cell-cycle progression and the suppression of this miRNA expression leads to G1-
phase arrest or delays progression to S phase. The cell-cycle initiation of liver cancer SCs
is suppressed by miR-302a/d that targets E2F7. However, the upregulation of miR-302a/d
suppresses the proliferation of liver cancer SCs with impeded cell-cycle transition from
G1 to S phase, by the inhibition of the AKT/B-catenin/CCND1 signaling pathway [230].

In another study, it is reported that miR-449b blocked the G1 to S phase cell-cycle
transition, while the inhibition of this miRNA reduced the cell population in G1 phase.
miR-449b also changes the CRC-5Cs cell cycle by targeting the 3'UTR regions of E2F3 and
CCND1. CCNDL1 is a significant cyclin D1 family component that functions as the major
regulator of the G1/S checkpoint [231]. In proliferating cells, E2F3 activates the S phase, as
it possesses DN A-binding activity [232].

In cervical cancer cells, miR-92a-3p expression is enhanced and this facilitates cell-
cycle progression in cervical cancer SCs by targeting large tumor suppressor kinase 1
(LATS1). LATSI acts as a significant component of the Hippo signaling pathway. The up-
regulation of LATS1 diminishes cervical cancer SC proliferation, promoting an increased
number of cells in G1 phase and a smaller number of cells in S phase. LATS1 reduces the
cyclin E expression while upregulating p27 expression. Cyclin E is significant for the G1/S
transition, and the association of p27 and cyclin E impedes the kinase activity, and the
cell-cycle transition is negatively regulated. The upregulated expression of miR-92a-3p
diminishes LATS] that results in overexpression of cyclin E and facilitates the G1 to S
phase transition, enhancing cell-cycle progression and fostering tumoral behavior in
CCSCs [233].

6. Therapeutic Targeting and Diagnostic/Prognostic Applications of
miRNAs in Cancer

miRNAs play a significant role in cancer diagnosis, prognosis, and therapy as they
regulate oncogenes and tumor-suppressor genes. Therapeutic strategies targeting tumor-
suppressive miRNAs and oncomiRs aim to restore normal gene expression and inhibit
tumor progression. Additionally, miRNAs serve as promising diagnostic and prognostic
biomarkers because of their altered expression patterns in cancer tissues and body fluids.
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Their stability, specificity, and potential for early cancer detection make them valuable
tools for developing personalized cancer management strategies.

6.1. Innovative Approaches to Targeting Tumor-Suppressive miRNAs and OncomiRs in
Cancer Cells

For cancer management, miRNA-based therapies are broadly classified as: (a)
miRNA inhibition therapy, where antagonists suppress the overexpression of miRNAs of
interest, and (b) replacement or miRNA mimics therapy, where the dysfunctional or
downregulated miRNA is restored by using synthetic oligonucleotides. Thus, the syn-
thetic oligonucleotides or miRNA agonists mimic the normal miRNAs [234].

Anti-miRNA oligomers (AMOs) or miRNA sponges, antagomirs, and miRNA mask-
ing antisense oligonucleotides inhibit the activity of cancer-promoting miRNAs [234]. An-
tagomirs or AMOs possess a sequence complementary to endogenous miRNAs, and this
is the principal method for inhibiting miRNA function. Antagomirs or antisense oligonu-
cleotides (ASOs) are single-stranded antisense oligonucleotides (17-22 nucleotides long)
which bind to endogenous miRNAs and promote their degradation by preventing RISC
processing [235,236]. Oncogenic miRNAs are targeted by antagomirs, which are consid-
ered a treatment for cancer. In pancreatic cancer cells, ASOs were used to target miR-21
and miR-221 to promote the upregulation of PTEN, reversion-inducing cysteine-rich pro-
teins with Kazal motifs (RECK) and CDKNI1B genes, known as tumor suppressors, with
enhanced apoptosis and minimal proliferation [237]. Furthermore, ASOs also promote
gemcitabine sensitization for PDAC cells [238].

AMOs are chemically modified by the addition of 2'-O-methyl (2'-OMe) and 2’-O-
methoxyethyl (2'-MOe) groups at the 5'-end of the molecule and locked nucleic acid (LNA)
to improve their stability and delivery [239]. In this regard miR-21, a well-recognized on-
comiR, has been modified by a 2'-OMe group and targeted in glioblastoma and BC cell
lines [240]. However, 2'-MOe modified antagomirs are superior to 2'-OMe analogs, with
better binding and target specificity to mRNAs, thus improving the therapeutic process
[234].

LNAs are a class of antisense molecules characterized by ribose sugar modification
in which the 2"-oxygen and 4'-carbon are linked by a methylene bridge, creating a bicyclic
structure, providing enhanced stability and improved binding affinity [241]. As compared
to original miRNA mimetics, LNAs and modified antagomirs have an enhanced half-life.
LNAs were used to inhibit miR-133 in osteosarcoma, to reduce cell invasion and improve
the patient’s health. The inhibition of miR-21 and miR-221 by modified ASOs led to en-
hanced expression of target genes such as PTEN and CDKN1B. Moreover, in lung cancer,
AMOs target miRNAs like miR-21, miR-16, and miR-181a. This therapy hampers cancer
growth, arrests cell-cycle progression, and enhances cell death [234].

miRNA sponges are plasmid constructs containing several binding sites for target
miRNA, enabling effective sequestration of targeted miRNA [242]. After transfection, the
plasmid constructs express RNA sponges, which sequester a family of miRNAs with a
common seed sequence, thus blocking their activity [243]. In one study on samples from
patients with NSCLC, miR-21 expression was downregulated using miRNA sponges and
supported that miR-21 acts as a significant biomarker for NSCLC treatment [234]. In ad-
dition, the whole miR-181 family was inhibited in cardiac cancer cell lines using miR-181
sponge [244].

miRNA mimics or replacement therapy reestablishes normal physiological activities
by mimicking the function of underexpressed or downregulated miRNA [241]. In laryn-
geal cancer, let-7 was found to be downregulated [241], as its loss of function led to in-
creased RAS protein levels, implicated in certain tumors. The introduction of let-7 mimics
minimized the cancer propagation in the lungs [245]. In a similar study, let-7 mimics were
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used to elevate apoptosis and downregulate proliferation and invasion in colon cancer
and HCC [246]. Examples of different delivery vehicles of miRNAs, disease types, and
signaling pathways or biological targets affected are shown in Table 7.

Table 7. miRNA-based therapeutic delivery strategies in cancer: delivery vehicles, cancer types, and

signaling pathways or molecular targets influenced by the delivered miRNAs.

. Loading/Delivery Signaling Pathways/Targets = Refer-
miRNA Vehicle Cancer Type(s) Influenced ences
Tumor-suppressive miRNAs
Neutral liposomal p53 pathway downregulates
miR-34a NPs; polymer (PEI- NSCLC, HCC BCL-2, c-Met, SNAI1 (apoptosis  [247]
PEG) and EMT regulation)
let—.7 Lentiviral Vec.tor,' Lung cancer Ras GTPase s1gn.ahng,' KRAS [248]
family  polymer carriers regulation
miR-145 Polyurethane-PEI Glioblastoma Stemne'ss fact(')rs.(OCT4/SOX2) ; [247]
NPs cell differentiation pathways
Atelocollagen conju- Prostate cancer Targets apoptosis regulators
miR-16 a%e J (metastasis & (e pBI(DZL ) fami% ) [249]
& model) K y
cell-cycle regulation via CDK®6,
miR-29b Cationic liposome  Lung cancer epigenetic pathways [250]
(DNMT3B)
. L EGFR/MAPK pathway regula-
miR-7  Cationic liposome Lung cancer tors (IRS-1, RAF-1) [251]
miR- . . Redox and stress response
200c Ionizable liposomes Lung cancer (PRDX2, Nrf2 axis) [247]
Oncogenic miRNAs
. Lymphoma, - g1\ 13 NF.iB, RhoA, SOCSI;
. LNA anti-miR; liver, lung, . . . .
miR-155 . . inflammation and proliferation  [19]
pHLIP-conjugates  pancreas, gli-
pathways
oma
. . Breast cancer,  Metastasis regulators (e.g.,
miR-10b  LNA antimiRs elioblastoma HOXD10) [252]
. Cell cycle and apoptosis (tar-
hol 1- -
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6.2. Applications of miRNAs as Diagnostic/Prognostic Biomarkers for Cancer

For the clinical diagnosis of cancer, tissue specimens are usually used to assess the

prognosis and evaluation of molecular changes. However, intratumoral heterogeneity can
introduce bias into the analysis of different cancer tissue samples. In addition, several fac-
tors make it challenging to obtain the cancer tissue samples. To overcome the limitations
associated with conventional tissue biopsy, liquid biopsy has emerged as an innovative
approach for cancer detection [255]. Liquid biopsy involves the isolation and analysis of
exosomes which are secreted from all types of cells and exist in biological fluids, particu-
larly blood. Liquid biopsy offers a minimally invasive approach, allowing repeated sam-
ple collection, and may enable early cancer identification. Cancer-derived exosomes are
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promising to reveal the genetic or phenotypic alterations in cancer tissues [192]. Cancer
patients often exhibit elevated exosome release, making exosome-associated biomarkers
promising candidates for cancer detection [256].

As it is now clear that most human cancers present dysregulated miRNA expression,
thus cancer-derived exosomes directly reflect the dysregulated miRNA expression from
originating cancer cells. Several cancers of the liver, breast, stomach, ovary, colon, and
esophagus present enhanced expression of miR-21 in circulating exosomes derived from
plasma samples. Furthermore, bladder and prostate cancer patients show enhanced levels
of miR-21 in exosomes derived from their urine samples [257]. Besides the enhanced level
of miR-21 in cancers like HCC, some other miRNAs can also be found in exosomes with
enhanced expression [258]. However, in contrast to enhanced expression of miR-21 in
HCC patients, miR-638 was reported to be downregulated and negatively associated with
tumor size, vascular invasion, and aggressiveness [259].

Combining multiple exosomal miRNA detection may improve cancer diagnosis,
prognosis, and prediction of therapeutic response. For example, elevated exosomal miR-
146a-5p has been associated with cisplatin sensitivity, whereas increased miR-425-3p and
miR-96 levels have been linked to cisplatin resistance in lung cancer [260]. In addition,
exosomes obtained from breast cancer patients showed enhanced levels of miR-301 and
miR-155, correlated with neoadjuvant therapy response [261]. Elevated serum exosomal
miR-301, miR-155, and miR-339-5p have been associated with resistance to gemcitabine in
pancreatic ductal adenocarcinoma, response to neoadjuvant therapy in breast cancer, and
responsiveness to preoperative radiotherapy in locally advanced esophageal squamous
cell carcinoma, respectively [261]. Furthermore, serum exosomal miR-718 was reported to
be inversely correlated with HCC recurrence, highlighting the potential of exosomal miR-
NAs for personalized treatment and the monitoring of posttreatment disease [262].

Although circulating exosomal miRNAs show growing promise as novel cancer
markers of diagnosis and prognosis, their clinical applications require careful validation
and interpretation. Despite their diagnostic potential, detection of exosomal RNAs in early
stages of cancer is challenging because of their low abundance. For this purpose, nano-
particle-based biochips are used as these chips capture circulating EVs directly without
isolation. This method enables one-step RNA detection with in situ signal amplification
that may improve early cancer detection [263].

7. Multiomics Investigation of miRNA-Regulated Signaling Networks

To obtain a comprehensive regulatory landscape, recent research on multiomics ap-
proaches to study miRNAs and signaling pathway dysregulation has moved away from
single-layer analysis and towards integrative, systems-level frameworks that combine
transcriptomics, small RNA sequencing, epigenomics, proteomics, and increasingly
metabolomics [264]. These studies identify inversely correlated regulatory pairs that con-
verge on signaling cascades like PI3K/AKT, MAPK, TGF-p, Wnt/{-catenin, and JAK/STAT
by integrating miRNA expression profiles produced by small RNA-seq with mRNA-seq
data to create miRNA-mRNA interaction networks [265] (Table 8).

Researchers can ascertain if miRNA dysregulation is caused by upstream epigenetic
modifications and how these changes spread via transcriptional programs to reshape sig-
naling outputs by integrating DNA methylation and chromatin accessibility datasets [266].
Proteomic integration enhances biological accuracy beyond transcript-level prediction by
confirming whether predicted miRNA-mediated repression results in changed protein
abundance inside pathway nodes [267].

As researchers reconstruct multilayer regulatory networks that link miRNAs, TFs,
target genes, and protein—protein interaction (PPI) modules into unified signaling maps,
network biology has emerged as a key component of this integrative approach [77]. These
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methods uncover hub miRNAs with high topological centrality that coordinate whole sig-
naling modules instead of concentrating on specific targets. This frequently reveals feed-
back and feed-forward loops that enhance or buffer pathway activity in disease situations
[268]. Such network-based analyses often reveal that dysregulated miRNAs in cancer and
inflammatory disorders rewire interconnected pathways rather than acting in isolation,
contributing to phenotypes like EMT, immune evasion, metabolic reprogramming, and
therapeutic resistance [269].

Recent developments in single-cell and spatial multiomics technologies have enabled the
direct assessment or computational inference of miRNA activity within distinct cellular pop-
ulations residing in complex and heterogeneous tissues [270]. By combining single-cell RNA
sequencing datasets with advanced miRNA target prediction algorithms, investigators can
reconstruct cell-specific regulatory networks and uncover how aberrant signaling pathways
vary across tumor cells, stromal components, and infiltrating immune cell populations [271].

Advanced machine learning-based computational frameworks, including graph neu-
ral networks and latent factor modeling approaches, are increasingly being applied to in-
tegrate diverse multiomics datasets and identify biologically meaningful miRNA-path-
way interactions [272]. These artificial intelligence (AI)-driven methodologies facilitate bi-
omarker discovery, support the classification of disease subtypes, and enhance the pre-
diction of treatment outcomes by capturing complex nonlinear regulatory networks that
may not be detected through traditional correlation-based analyses [273].

Experimental validation approaches have increasingly complemented computa-
tional analyses, with CRISPR-based perturbation systems coupled to transcriptomic pro-
filing enabling the causal evaluation of predicted miRNA-mediated signaling networks
[274]. These perturbation-driven sequencing methodologies facilitate the monitoring of
downstream pathway remodeling following the disruption of specific genes or regulatory
elements at single-cell resolution, thereby providing mechanistic evidence to support
computationally derived predictions [275].

Collectively, contemporary multiomics miRNA research is increasingly focused on
dynamic and multilayered regulatory frameworks that elucidate how miRNA dysregula-
tion reprograms signaling networks across diverse molecular levels and cellular environ-
ments. These approaches facilitate the connection of genomic and epigenomic perturba-
tions with downstream phenotypic manifestations in complex diseases [276]. A tabular
summary of the major multiomics methodologies, the biological data layers integrated,
the analytical frameworks employed, and their utility in the identification and character-
ization of signaling pathway abnormalities is presented in Table 8.

Table 8. Overview of contemporary multiomics strategies used to investigate miRNA-mediated sig-

naling pathway dysregulation.
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8. miRNA-Based Clinical Trials for Cancer Management

miRNA-based therapeutic approaches have shown considerable promise across a va-
riety of diseases, particularly advanced malignancies [282]. Several miRNA-targeted
agents are currently progressing through different stages of clinical trials for the manage-
ment of different cancers [283]. The clinical trials involving miRNA-based therapeutics
include the use of miRNA mimics or miRNA replacement approach and miRNA inhibi-
tion methods.

8.1. miRNA Replacement

The tumor-suppressive miR-15/16 family is frequently downregulated in several ma-
lignancies, including lung and colorectal cancers that commonly metastasize to the liver
[284]. Reduced expression of miR-15/16 promotes multiple metastatic processes, such as
tumor growth, angiogenesis, EMT, and the maintenance of CSCs [283]. Preclinical studies
have demonstrated that miR-16 mimic replacement therapy can safely suppress tumor
growth and metastatic spread in malignant pleural mesothelioma (MPM) and NSCLC
xenograft models [285].

To facilitate targeted delivery, TargomiRs were developed, loaded with miR-16 mim-
ics [285]. In a Phase I clinical trial initiated in 2014, TargomiRs exhibited an acceptable
safety profile in 26 patients. Among the 22 evaluable participants, one achieved a partial
response, while 15 experienced stable disease, highlighting the therapeutic potential of
this approach [286].

Another extensively investigated tumor-suppressive miRNA is miR-34a, which neg-
atively regulates several oncogenic pathways by targeting genes such as MET, MYC,
platelet-derived growth factor receptor a (PDGFR-a), cyclin-dependent kinase 4/6
(CDK4/6), and B-cell lymphoma 2 (BCL2) [287].

Both in vitro and in vivo studies have shown that miR-34a mimic therapy inhibits
tumor growth, migration, invasion, and metastatic progression [288]. Enhanced antitumor
effects have also been reported following the combined administration of let-7 and miR-
34 in multiple NSCLC cell lines and in the KrasLSL-G12D/+; p53flx/flx murine model of
NSCLC [289]. Subsequent investigations employed the lipid-based delivery platform
NOV340 to improve systemic delivery of miR-34a mimics [289]. These findings led to the
development of MRX34, a liposomal formulation of a synthetic double-stranded miR-34a
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mimic, which entered a Phase I clinical trial involving patients with HCC and unresectable
liver metastases [289,290]. However, despite encouraging preclinical results, the trial was
terminated because of severe immune-related toxicities, preventing progression to Phase
IT evaluation (NCT01829971, NCT02862145) [290].

miR-193a-3p is another tumor-suppressive miRNA frequently downregulated in
many cancers, including HCC, NSCLC, and triple-negative breast cancer (TNBC)
[291,292]. The broad antitumor activity of miR-193a-3p is attributed to its regulation of
multiple oncogenic targets, including KRAS, Erb-B2 (ERBB), and S6K2 in lung cancer,
PLAU (plasminogen activator urokinase) in bladder cancer, MCL-1 (myeloid cell leuke-
mia-1) in glioma, CCND1 in prostate cancer, RAB27B in osteosarcoma, and SRSF2 (serine
and arginine rich splicing factor 2) in HCC [293,294].

It is reported that miR-193a-3p mimics suppress cancer cell growth and survival
through the induction of cell-cycle arrest, apoptosis, cellular senescence, and DNA dam-
age [295]. Based on these findings, integrin beta 3 (INT-1B3), a miR-193a-3p mimic encap-
sulated within a lipid nanoparticle (LNP) delivery system, was developed as a therapeutic
candidate [296]. In preclinical tumor-bearing mouse models, systemic administration of
INT-1B3 produced significant antitumor effects [296]. Consequently, a Phase I/Ib clinical
trial is currently evaluating the safety, pharmacokinetics, pharmacodynamics, and pre-
liminary efficacy of INT-1B3 in patients with advanced solid tumors (NCT04675996) [296].

8.2. miRNA Inhibition

The oncogenic miR-221/222 is frequently overexpressed in a variety of solid malig-
nancies, including lung cancer [297], breast cancer [298], HCC [299], and glioblastoma
[300], as well as multiple myeloma [301]. In advanced tumors, elevated miR-221 expres-
sion suppresses several tumor-suppressive targets, including p27, p57, PUMA, and PTEN,
thereby promoting tumor progression and growth [296]. A significant antitumor activity
of anti-miR-221 LNA-based inhibitors was observed in both in vitro and in vivo models
[301]. A Phase I clinical trial (NCT04811898) is evaluating intravenous administration of
LNA-i-miR-221 in patients with multiple myeloma and advanced solid tumors.

Another extensively studied oncogenic miRNA, miR-155, plays a key role in immune
regulation and is aberrantly expressed in numerous solid and hematological malignancies,
including breast, lung, and liver cancers, as well as leukemia [302]. Increased miR-155
expression has been associated with activation of the JAK/STAT, NF-kB, and PI3K/AKT
signaling pathways, contributing to tumor cell survival and T-cell receptor-mediated re-
sponses [303]. Inhibition of miR-155 has been shown to suppress cellular proliferation and
promote apoptosis in T-cell lymphoma models [303]. Furthermore, systemic delivery of
LNA-based anti-miR-155 agents in B-cell lymphoma xenografts significantly reduced tu-
mor burden and metastatic spread [304]. The use of anti-miR-155 molecules with peptide
nucleic acid backbones showed promising results that facilitated the development of
Cobomarsen, possessing enhanced stability [303].

Clinical evaluation of Cobomarsen began with a Phase I trial initiated in 2016 in pa-
tients with cutaneous T-cell lymphoma (CTCL), particularly the mycosis fungoides sub-
type. The study reported clinical benefit in approximately 95% of enrolled patients, with
greater therapeutic responses observed among those receiving multiple treatment cycles
[303]. Encouraged by these findings, Phase II studies were launched in 2019; however,
development was discontinued in 2020 for commercial reasons despite promising early
clinical outcomes (NCT03603431, NCT03713320, NCT03837457).

9. Future Directions, Emerging Technologies, and Challenges

Looking ahead, research on miRNA-mediated crosstalk with cancer-associated sig-
naling pathways is expected to advance significantly through emerging technologies and
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integrative, multidimensional approaches that have the potential to reshape both mecha-
nistic insights and clinical applications [305]. Technological innovations, including micro-
array platforms, next-generation sequencing (NGS), and quantitative real-time PCR (qRT-
PCR), have already facilitated comprehensive and high-throughput profiling of miRNA
expression patterns. In addition, CRISPR/Cas-based genome and epigenome editing sys-
tems offer powerful tools for the precise modulation of miRNA genes and their regulatory
regions, enabling the correction of aberrant signaling networks at their origin [306]. More-
over, the convergence of Al and machine learning (ML) with large-scale multiomics da-
tasets is accelerating the discovery of patient-specific miRNA signatures and predictive
biomarkers. These advances are expected to support precision medicine by guiding per-
sonalized therapeutic interventions and the development of combinational treatment
strategies aimed at simultaneously targeting multiple dysregulated signaling pathways
[265].

Recent advances in single-cell sequencing, spatial transcriptomics, and high-resolu-
tion multiomics technologies have made it possible to characterize miRNA expression
profiles and signaling pathway dynamics with unprecedented cellular and spatial preci-
sion. These innovations facilitate the development of increasingly accurate gene regula-
tory network models by integrating computational and experimental approaches, thereby
providing insights into complex biological processes that would be difficult to elucidate
using either strategy independently. However, experimental validation of these models
often necessitates the targeted manipulation of specific genes, a task that is currently fea-
sible for a limited set of critical regulators but remains challenging when applied simulta-
neously across entire signaling pathways. Moreover, the complexity of miRNA-mediated
regulation further complicates network reconstruction, as a single miRNA can influence
numerous target genes, while multiple miRNAs may act cooperatively or redundantly to
regulate the same biological pathway or cellular process.

Several miRNA-based therapeutic strategies, including miRNA inhibition and re-
placement approaches, have been developed and explored for cancer treatment. Despite
their therapeutic potential, the clinical translation of miRNA-based therapies remains con-
strained by several delivery and safety challenges. Lipid nanoparticles (LNPs), commonly
used to deliver therapeutic miRNAs, often exhibit preferential hepatic accumulation,
which may limit their delivery to extrahepatic tumors and necessitate the development of
tissue-specific targeting strategies. Furthermore, cellular uptake does not necessarily
translate into therapeutic efficacy, as a substantial proportion of the delivered cargo may
remain trapped within endosomes and undergo degradation before reaching the cyto-
plasm. Endosomal escape therefore represents a critical determinant of functional miRNA
delivery.

In addition, therapeutic miRNAs and their delivery vehicles may activate innate im-
mune pathways, including Toll-like receptor (TLR)-mediated signaling, potentially induc-
ing inflammatory responses and compromising treatment tolerability. Another major con-
cern is the intrinsic capacity of miRNAs to regulate multiple mRNA targets, which may
result in unintended gene suppression and adverse effects in normal tissues. Addressing
these limitations will require advances in tissue-selective delivery, endosomal release, im-
munocompatible formulations, and systematic evaluation of on-target and off-target ef-
fects. Comprehensive preclinical assessment of biodistribution, pharmacokinetics, im-
mune activation, and toxicity will be essential for improving the safety and clinical ap-
plicability of miRNA-based therapeutics.

Nevertheless, ongoing advances in molecular biology, nanotechnology, and preci-
sion medicine are expected to accelerate the clinical translation of miRNA-based thera-
peutics. As a result, miRNA-targeted interventions may emerge as a vital component of
next-generation cancer treatment strategies, offering innovative solutions to improve
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outcomes in patients with advanced and treatment-resistant malignancies. Continued in-
vestigation is therefore essential to overcome existing limitations and fully harness the
potential of miRNAs as biomarkers and therapeutic targets for early diagnosis, prognostic
assessment, and personalized cancer management.

10. Conclusions

The biogenesis of miRNAs is a complex process, and numerous factors influence
miRNA expression and function. The dynamic interplay between miRNAs and major sig-
naling pathways forms a central regulatory layer that is commonly disturbed in cancer,
contributing to tumor development, progression, metastatic dissemination, treatment re-
sistance, and the persistence of CSC populations. Aberrant miRNA expression influences
key oncogenic signaling pathways including PI3K/AKT/mTOR, MAPK/RAS/ERK, Wnt/(3-
catenin, TGF-3/SMAD, Notch, and STAT3-associated inflammatory pathways, while also
restructuring feedback and feed-forward circuits that sustain abnormal signaling and cel-
lular plasticity. Such network-wide disruption promotes malignant characteristics, in-
cluding EMT, invasion, and adaptation to the TME, and enhances the ability of cancer
cells to withstand conventional chemotherapy and targeted treatments. Increasing mech-
anistic insight, together with advances in single-cell multiomics, spatial transcriptomics,
computational modeling, and RNA-based therapeutic platforms, is facilitating the devel-
opment of precision oncology strategies that target miRNA-signaling interactions at mul-
tiple regulatory points. Therapeutic approaches that restore tumor-suppressive miRNAs,
inhibit oncomiRs, or regulate critical signaling hubs may reverse chemoresistance, restrict
metastasis, and eliminate CSCs, ultimately improving clinical outcomes. Developing in-
novative strategies to selectively modulate miRNA activity, including miRNA mimics,
inhibitors, and targeted delivery systems to enhance tissue specificity while minimizing
off-target effects, may provide novel therapeutic opportunities for diseases associated
with miRNA dysregulation. Collectively, current evidence establishes miRNA-mediated
regulatory networks as major determinants of cancer biology and highlights the potential
network-based interventions to enable more effective, personalized, and durable treat-
ments across a broad range of malignancies.

Author Contributions: Conceptualization, A.A.A. and A.A.K. Methodology, manuscript prepara-
tion, writing, review, and editing, A.A.A.,, AM.A,, and A.A K. Data curation, A.A.A. Funding ac-
quisition, A.A.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The researchers would like to thank the Deanship of Graduate Studies and Sci-
entific Research at Qassim University (https://www.qu.edu.sa) for financial support (QU-APC 2026).

Conflicts of Interest: The authors declare no conflicts of interest.

1. Shang, R;; Lee, S.; Senavirathne, G.; Lai, E.C. microRNAs in action: Biogenesis, function and regulation. Nat. Rev. Genet. 2023,

24, 816-833.

2. Rani, V; Sengar, R.S. Biogenesis and mechanisms of microRNA-mediated gene regulation. Biotechnol. Bioeng. 2022, 119, 685-

692.

https://doi.org/10.3390/ijms272110046



Int. ]. Mol. Sci. 2026, 27, 10046 33 of 45

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

Zhang, Q.; Sun, P.; Hu, G,; Yu, X; Zhang, W.; Feng, X; Yu, L.; Zhang, P. Circular nucleic acids act as an oncogenic microRNA
sponge to inhibit hepatocellular carcinoma progression. Biomedicines 2025, 13, 1171.

Kim, H.; Lee, Y.Y.; Kim, V.N. The biogenesis and regulation of animal microRNAs. Nat. Rev. Mol. Cell Biol. 2025, 26, 276-296.
Zheng, ].; Zhang, G.; Ren, L. Advances in miRNA research: Unraveling the complexities of gene regulation. Anim. Model. Exp.
Med. 2025, 8, 1741-1759.

Shekhar, R.; Kumari, S.; Vergish, S.; Tripathi, P. The crosstalk between miRNAs and signaling pathways in human cancers:
Potential therapeutic implications. Int. Rev. Cell Mol. Biol. 2024, 386, 133-165.

Ali Syeda, Z.; Langden, S.S.; Munkhzul, C.; Lee, M.; Song, S.J. Regulatory mechanism of MicroRNA expression in cancer. Int. J.
Mol. Sci. 2020, 21, 1723.

Carvalho, E.; Schmitt, F.; Vale, N. Interplay Between MicroRNAs and Breast Cancer Therapies: Personalized Therapeutic Po-
tential for HER2-Low Breast Cancer. Cancers 2025, 17, 3672.

Van Roosbroeck, K.; Calin, G.A. Cancer hallmarks and microRNAs: The therapeutic connection. Adv. Cancer Res. 2017, 135, 119—
149.

Slack, F.J.; Chinnaiyan, A.M. The role of non-coding RNAs in oncology. Cell 2019, 179, 1033-1055.

Nayak, R.; Pandey, S.; Kumar, D.; Kumar, S.; Pai, K.S. Signaling networks and MiRNA crosstalk in ovarian cancer chemo-
resistance. J. Ovarian Res. 2025, 18, 185.

Rupaimoole, R.; Slack, F.J. MicroRNA therapeutics: Towards a new era for the management of cancer and other diseases. Nat.
Rev. Drug Discov. 2017, 16, 203-222.

Smn Mydin, R.B.; Azlan, A.; Okekpa, S.I.; Gooderham, N.]J. Regulatory role of miRNAs in nasopharyngeal cancer involving
PTEN/PI3K/AKT, TGFp/SMAD, RAS/MAPK, Wnt/B-catenin and pRB-E2F signaling pathways: A review. Cell Biochem. Funct.
2024, 42, €3945.

Pencheva, N.; Tavazoie, S.F. Control of metastatic progression by microRNA regulatory networks. Nat. Cell Biol. 2013, 15, 546—
554.

Ding, S.; Wang, P. The life of microRNAs: Biogenesis, function and decay in cancer. Biomolecules 2025, 15, 1393.

Lin, S.; Gregory, R.I. MicroRNA biogenesis pathways in cancer. Nat. Rev. Cancer 2015, 15, 321-333.

Aloliqi, A.A.; Alnuqaydan, A.M.; Albutti, A.; Alharbi, B.F.; Rahmani, A.H.; Khan, A.A. Current updates regarding biogenesis,
functions and dysregulation of microRNAs in cancer: Innovative approaches for detection using CRISPR/Cas13-based plat-
forms (Review). Int. . Mol. Med. 2025, 55, 90.

Hynes, C.; Kakumani, P.K. Regulatory role of RNA-binding proteins in microRNA biogenesis. Front. Mol. Biosci. 2024, 11,
1374843.

Prabhakaran, R.; Thamarai, R.; Sivasamy, S.; Dhandayuthapani, S.; Batra, J.; Kamaraj, C.; Karthik, K.; Shah, M.A.; Mallik, S.
Epigenetic frontiers: miRNAs, long non-coding RNAs and nanomaterials are pioneering to cancer therapy. Epigenet. Chromatin
2024, 17, 31.

Guo, Y.; Wu, H.; Wiesmiiller, L.; Chen, M. Canonical and non-canonical functions of p53 isoforms: Potentiating the complexity
of tumor development and therapy resistance. Cell Death Dis. 2024, 15, 412.

Wang, D.; Sun, X.; Wei, Y.; Liang, H.; Yuan, M.; Jin, F.; Chen, X; Liu, Y.; Zhang, C.Y,; Li, L.; et al. Nuclear miR-122 directly
regulates the biogenesis of cell survival oncomiR miR-21 at the posttranscriptional level. Nucleic Acids Res. 2018, 46, 2012-2029.
Kim, S.Y.; Na, M.J.; Yoon, S; Shin, E.; Ha, J.W.; Jeon, S.; Nam, S.W. The roles and mechanisms of coding and noncoding RNA
variations in cancer. Exp. Mol. Med. 2024, 56, 1909-1920.

Martello, G.; Rosato, A.; Ferrari, F.; Manfrin, A.; Cordenonsi, M.; Dupont, S.; Enzo, E.; Guzzardo, V.; Rondina, M.; Spruce, T.; et
al. A MicroRNA targeting dicer for metastasis control. Cell 2010, 141, 1195-1207.

Bofill-De Ros, X.; Vang @rom, U.A. Recent progress in miRNA biogenesis and decay. RNA Biol. 2024, 21, 36—43.

Diener, C.; Keller, A.; Meese, E. The miRNA-target interactions: An underestimated intricacy. Nucleic Acids Res. 2024, 52, 1544~
1557.

Seo, Y.; Rhim, J.; Kim, ].H. RNA-binding proteins and exoribonucleases modulating miRNA in cancer: The enemy within. Exp.
Mol. Med. 2024, 56, 1080-1106.

Casacuberta-Serra, S.; Gonzalez-Larreategui, I; Capitan-Leo, D.; Soucek, L. MYC and KRAS cooperation: From historical chal-
lenges to therapeutic opportunities in cancer. Signal Transduct. Target. Ther. 2024, 9, 205. https://doi.org/10.1038/s41392-024-
01907-z.

Xu, Y.; Huang, J. The intricate web of MicroRNAs in modulating EGFR-TKI resistance in non-small cell lung cancer: A compre-
hensive review. Cancer Manag. Res. 2025, 17, 2729-2737.

https://doi.org/10.3390/ijms272110046



Int. ]. Mol. Sci. 2026, 27, 10046 34 of 45

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Zarlashat, Y.; Haldsz, J.; Désa, E. Dysregulation of MicroRNAs in hepatocellular carcinoma: Targeting oncogenic signaling
pathways for innovative therapies. Int. J. Mol. Sci. 2025, 26, 8365.

Voorhoeve, P.M. MicroRNAs: Oncogenes, tumor suppressors or master regulators of cancer heterogeneity? Biochim Biophys.
Acta 2010, 1805, 72-86. https://doi.org/10.1016/j.bbcan.2009.09.003. PMID: 19747962.

Sell, M.C.; Ramlogan-Steel, C.A.; Steel, ].C.; Dhungel, B.P. MicroRNAs in cancer metastasis: Biological and therapeutic implica-
tions. Expert Rev. Mol. Med. 2023, 25, el4.

Zhuang, Y.; Peng, H.; Mastej, V.; Chen, W. MicroRNA regulation of endothelial junction proteins and clinical consequence.
Mediat. Inflamm. 2016, 2016, 5078627.

Zhou, W.; Fong, M.Y.; Min, Y.; Somlo, G.; Liu, L.; Palomares, M.R.; Yu, Y.; Chow, A.; O’Connor, S.T.; Chin, A.R.; et al. Cancer-
secreted miR-105 destroys vascular endothelial barriers to promote metastasis. Cancer Cell 2014, 25, 501-515.

Vu, T.; Datta, P.K. Regulation of EMT in colorectal cancer: A culprit in metastasis. Cancers 2017, 9, 171.

Gui, Z; Luo, F; Yang, Y.; Shen, C.; Li, S.; Xu, J. Oridonin inhibition and miR-200b-3p/ZEB1 axis in human pancreatic cancer.
Int. J. Oncol. 2017, 50, 111-120.

Ji, H; Sang, M.; Liu, F.; Ai, N.; Geng, C. miR-124 regulates EMT based on ZEB2 target to inhibit invasion and metastasis in
triple-negative breast cancer. Pathol.-Res. Pract. 2019, 215, 697-704.

Liu, C; Hu, W,; Li, L.L.; Wang, Y.X,; Zhou, Q.; Zhang, F.; Song-Yang, Y.Y.; Zhu, W.; Sun, C.C.; Li, D.]J. Roles of miR-200 family
members in lung cancer: More than tumor suppressors. Future Oncol. 2018, 14, 2875-2886.

Yu, L.; Cao, C,; Li, X.; Zhang, M.; Gu, Q.; Gao, H,; Balic, ].].; Xu, D.; Zhang, L.; Ying, L.; et al. Complete loss of miR-200 family
induces EMT associated cellular senescence in gastric cancer. Oncogene 2022, 41, 26-36.

Zheng, Y.B.; Luo, H.P; Shi, Q.; Hao, Z.N.; Ding, Y.; Wang, Q.S.; Li, S.B.; Xiao, G.C.; Tong, S.L. miR-132 inhibits colorectal cancer
invasion and metastasis via directly targeting ZEB2. World ]. Gastroenterol. W]G 2014, 20, 6515.

Chen, D.L,; Lu, Y.X,; Zhang, ].X.; Wei, X.L.; Wang, F.; Zeng, Z.L.; Pan, Z.Z.; Yuan, Y.F.; Wang, F.H.; Pelicano, H.; et al. Long
non-coding RNA UICLM promotes colorectal cancer liver metastasis by acting as a ceRNA for microRNA-215 to regulate ZEB2
expression. Theranostics 2017, 7, 4836. Erratum in Theranostics 2025, 15, 2086-2087.

Li, J.; Xia, L.; Zhou, Z.; Zuo, Z.; Xu, C.; Song, H.; Cai, ]. MiR-186-5p upregulation inhibits proliferation, metastasis and epithelial-
to-mesenchymal transition of colorectal cancer cell by targeting ZEB1. Arch. Biochem. Biophys. 2018, 640, 53-60.

Kim, J,; Siverly, A.N.; Chen, D.; Wang, M.; Yuan, Y.; Wang, Y.; Lee, H.; Zhang, J.; Muller, W ].; Liang, H.; et al. Ablation of miR-
10b suppresses oncogene-induced mammary tumorigenesis and metastasis and reactivates tumor-suppressive pathways. Can-
cer Res. 2016, 76, 6424—6435.

Hong, Y.; Liang, H.; Wang, Y.; Zhang, W.; Zhou, Y.; Chen, S.A.; Yu, M,; Cui, S.; Liu, M.; Wang, N.; et al. MiR-96 promotes cell
proliferation, migration and invasion by targeting PTPN9 in breast cancer. Sci. Rep. 2016, 6, 37421.

Chen, Y.; Zhang, ].; Wang, H.; Zhao, J.; Xu, C.; Du, Y.; Luo, X.; Zheng, F.; Liu, R.; Zhang, H.; et al. MiRNA-135a promotes breast
cancer cell migration and invasion by targeting HOXA10. BMC Cancer 2012, 12, 111.

Li, J.; Huang, L.; He, Z.; Chen, M.; Ding, Y.; Yao, Y.; Duan, Y.; Zixuan, L.; Qi, C.; Zheng, L.; et al. Andrographolide suppresses
the growth and metastasis of luminal-like breast cancer by inhibiting the NF-kB/miR-21-5p/PDCD4 signaling pathway. Front.
Cell Dev. Biol. 2021, 9, 643525.

Wang, Z.; Wang, P.; Cao, L,; Li, F.; Duan, S.; Yuan, G.; Xiao, L.; Guo, L.; Yin, H.; Xie, D.; et al. Long intergenic non-coding RNA
01121 promotes breast cancer cell proliferation, migration, and invasion via the miR-150-5p/HMGAZ2 axis. Cancer Manag. Res.
2019, 11, 10859-10870. Erratum in Cancer Manag. Res. 2022, 14, 1283-1284.

Rahimi, M.; Sharifi-Zarchi, A.; Zarghami, N.; Geranpayeh, L.; Ebrahimi, M.; Alizadeh, E. Down-regulation of miR-200c and up-
regulation of miR-30c target both stemness and metastasis genes in breast cancer. Cell ]. (Yakhteh) 2019, 21, 467.

Ma, L.; Young, J.; Prabhala, H.; Pan, E.; Mestdagh, P.; Muth, D.; Teruya-Feldstein, J.; Reinhardt, F.; Onder, T.T.; Valastyan, S.; et
al. miR-9, a MYC/MYCN-activated microRNA, regulates E-cadherin and cancer metastasis. Nat. Cell Biol. 2010, 12, 247-256.
Wang, X.; Luo, G.; Zhang, K.; Cao, J.; Huang, C.; Jiang, T.; Liu, B.; Su, L.; Qiu, Z. Hypoxic tumor-derived exosomal miR-301a
mediates M2 macrophage polarization via PTEN/PI3Ky to promote pancreatic cancer metastasis. Cancer Res. 2018, 78, 4586—
4598. Erratum in Cancer Res. 2020, 80, 922.

Duan, J.; Zhang, H.; Qu, Y.; Deng, T.; Huang, D.; Liu, R.; Zhang, L; Bai, M.; Zhou L.; Ying, G.; Ba, Y. Onco-miR-130 promotes
cell proliferation and migration by targeting TGFPR2 in gastric cancer. Oncotarget, 2016, 7, 44522.

Seida, M.; Ogami, K.; Yoshino, S.; Suzuki, H.I. Fine regulation of microRNAs in gene regulatory networks and pathophysiology.
Int. J. Mol. Sci. 2025, 26, 2861.

https://doi.org/10.3390/ijms272110046



Int. ]. Mol. Sci. 2026, 27, 10046 35 of 45

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Nazki, F.H.; Bracken, C.P. Regulation and dysregulation of microRNA-transcription factor axes in differentiation and neuro-
blastoma. Cell. Mol. Life Sci. 2025, 82, 304. https://doi.org/10.1007/s00018-025-05832-4. PMID: 40779030; PMCID: PMC12334785.
Di Martino, M.T.; Tagliaferri, P.; Tassone, P. MicroRNA in cancer therapy: Breakthroughs and challenges in early clinical appli-
cations. J. Exp. Clin. Cancer Res. 2025, 44, 126.

Huntzinger, E.; Izaurralde, E. Gene silencing by microRNAs: Contributions of translational repression and mRNA decay. Nat.
Rev. Genet 2011, 12, 99-110. https://doi.org/10.1038/nrg2936.

Olejniczak, M.; Kotowska-Zimmer, A.; Krzyzosiak, W. Stress-induced changes in miRNA biogenesis and functioning. Cell. Mol.
Life Sci. 2018, 75, 177-191. https://doi.org/10.1007/s00018-017-2591-0. PMID: 28717872; PMCID: PMC5756259.

Otmani, K; Rouas, R.; Berehab, M.; Lewalle, P. The regulatory mechanisms of oncomiRs in cancer. Biomed. Pharmacother. 2024,
171, 116165.

Bracken, C.P.; Scott, H.S.; Goodall, G.J. A network-biology perspective of microRNA function and dysfunction in cancer. Nat.
Rev. Genet. 2016, 17, 719-732.

Svoronos, A.A.; Engelman, D.M,; Slack, F.J. OncomiR or tumor suppressor? The duplicity of microRNAs in cancer. Cancer Res.
2016, 76, 3666—3670.

Krichevsky, A.M.; Gabriely, G. miR-21: A small multi-faceted RNA. J. Cell Mol. Med. 2009, 13, 39-53.

Hatley, M.E.; Patrick, D.M.; Garcia, M.R.; Richardson, J.A.; Bassel-Duby, R.; van Rooij, E.; Olson, E.N. Modulation of K-Ras
dependent lung tumorigenesis by MicroRNA-21. Cancer Cell 2010, 18, 282-293.

He, W.; Wang, C.; My, R;; Liang, P.; Huang, Z.; Zhang, J.; Dong, L. MiR-21 is required for anti-tumor immune response in mice:
An implication for its bi-directional roles. Oncogene 2017, 36, 4212—4223.

Cheng, CJ.; Bahal, R.; Babar, I.A.; Pincus, Z.; Barrera, F.; Liu, C.; Svoronos, A.; Braddock, D.T.; Glazer, P.M.; Engelman, D.M.;
et al. MicroRNA silencing for cancer therapy targeted to the tumour microenvironment. Nature 2015, 518, 107-110.

Levati, L.; Pagani, E.; Romani, S.; Castiglia, D.; Piccinni, E.; Covaciu, C.; Caporaso, P.; Bondanza, S.; Antonetti, F.R.; Bonmassar,
E.; et al. MicroRNA-155 targets the SKI gene in human melanoma cell lines. Pigment Cell Melanoma Res. 2011, 24, 538-550.

Qin, W.; Ren, Q.; Liu, T.; Huang, Y.; Wang, J. MicroRNA-155 is a novel suppressor of ovarian cancer-initiating cells that targets
CLDNT1. FEBS Lett. 2013, 587, 1434-1439.

Feng, X.; Wang, Z,; Fillmore, R.; Xi, Y. MiR-200, a New Star MiRNA in Human Cancer. Cancer Lett. 2014, 344, 166-173.
Gollavilli, P.N.; Parma, B.; Siddiqui, A.; Yang, H.; Ramesh, V.; Napoli, F.; Schwab, A.; Natesan, R.; Mielenz, D.; Asangani, .A.;
et al. The Role of MiR-200b/c in Balancing EMT and Proliferation Revealed by an Activity Reporter. Oncogene 2021, 40, 2309.
Salimian, N.; Peymani, M.; Ghaedi, K.; Nasr Esfahani, M.H. Modulation in MiR-200a/SIRT1axis Is Associated with Apoptosis
in MPP+-Induced SH-SY5Y Cells. Gene 2018, 674, 25-30.

Park, S.M.; Gaur, A.B.; Lengyel, E.; Peter, M.E. The miR-200 family determines the epithelial phenotype of cancer cells by tar-
geting the E-cadherin repressors ZEB1 and ZEB2. Genes Dev. 2008, 22, 894-907.

Gregory, P.A,; Bert, A.G.; Paterson, E.L.; Barry, S.C.; Tsykin, A.; Farshid, G.; Vadas, M.A.; Khew-Goodall, Y.; Goodall, G.J. The
miR-200 family and miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat. Cell Biol. 2008, 10,
593-601.

Lai, X.; Wolkenhauer, O.; Vera, J. Understanding microRNA-mediated gene regulatory networks through mathematical mod-
elling. Nucleic Acids Res. 2016, 44, 6019-6035.

Welch, C.; Chen, Y.; Stallings, R.L. MicroRNA-34a functions as a potential tumor suppressor by inducing apoptosis in neuro-
blastoma cells. Oncogene 2007, 26, 5017-5022.

Cole, K.A; Attiyeh, E.F.; Mosse, Y.P.; Laquaglia, M.]; Diskin, S.J.; Brodeur, G.M.; Maris, ]. M. A functional screen identifies miR-
34a as a candidate neuroblastoma tumor suppressor gene. Mol. Cancer Res. 2008, 6, 735-742.

Bracken, C.P.; Gregory, P.A.; Kolesnikoff, N.; Bert, A.G.; Wang, J.; Shannon, M.F.; Goodall, G.J. A double-negative feedback
loop between ZEB1-SIP1 and the microRNA-200 family regulates epithelial-mesenchymal transition. Cancer Res. 2008, 68, 7846~
7854.

Burk, U.; Schubert, J.; Wellner, U.; Schmalhofer, O.; Vincan, E.; Spaderna, S.; Brabletz, T. A reciprocal repression between ZEB1
and members of the miR-200 family promotes EMT and invasion in cancer cells. EMBO Rep. 2008, 9, 582-589.

Kim, J.; Inoue, K; Ishii, J.; Vanti, W.B.; Voronov, S.V.; Murchison, E.; Hannon, G.; Abeliovich, A. A MicroRNA feedback circuit
in midbrain dopamine neurons. Science 2007, 317, 1220-1224.

Friard, O.; Re, A.; Taverna, D.; De Bortoli, M.; Cora, D. CircuitsDB: A database of mixed microRNA/transcription factor feed-

forward regulatory circuits in human and mouse. BMC Bioinform. 2010, 11, 435.

https://doi.org/10.3390/ijms272110046



Int. ]. Mol. Sci. 2026, 27, 10046 36 of 45

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Zhang, Z.; Zou, Z.; Zhang, H.; Zhang, D.M. Regulatory network analysis based on integrated miRNA-TF reveals key genes in
heart failure. Sci. Rep. 2024, 14, 13896.

Kosti, A.; Du, L.; Shivram, H.; Qiao, M.; Burns, S.; Garcia, J.G.; Pertsemlidis, A.; Iyer, V.R.; Kokovay, E.; Penalva, L.O. ELF4 is a
target of miR-124 and promotes neuroblastoma proliferation and undifferentiated state. Mol. Cancer Res. 2020, 18, 68-78.
Fontana, L.; Fiori, M.E.; Albini, S.; Cifaldi, L.; Giovinazzi, S.; Forloni, M.; Boldrini, R.; Donfrancesco, A.; Federici, V.; Giacomini,
P.; et al. Antagomir-17-5p abolishes the growth of therapy-resistant neuroblastoma through p21 and BIM. PLoS ONE 2008, 3,
e2236.

Bu, P.; Wang, L.; Chen, K\Y.; Srinivasan, T.; Murthy, P.K.; Tung, K.L.; Varanko, A.K.; Chen, HJ.; Ai, Y.; King, S.; et al. A miR-
34a-numb feedforward loop triggered by inflammation regulates asymmetric stem cell division in intestine and colon cancer.
Cell Stem Cell 2016, 18, 189-202.

Kariuki, D.; Asam, K.; Aouizerat, B.E.; Lewis, K.A; Florez, ].C.; Flowers, E. Review of databases for experimentally validated
human mictoRNA-mRNA interactions. Database 2023, 2023, baad(014.

Sekar, V.; Marmol-Sanchez, E.; Kalogeropoulos, P.; Stanicek, L.; Sagredo, E.A.; Widmark, A.; Doukoumopoulos, E.; Bonath, F.;
Biryukova, I.; Friedlander, M.R. Detection of transcriptome-wide microRNA-target interactions in single cells with agoTRIBE.
Nat. Biotechnol. 2024, 42, 1296-1302.

Marini, F.; Giusti, F.; Palmini, G.; Perigli, G.; Santoro, R.; Brandi, M.L. Genetics and epigenetics of parathyroid carcinoma. Front.
Endocrinol. 2022, 13, 834362.

Maretto, S.; Cordenonsi, M.; Dupont, S.; Braghetta, P.; Broccoli, V.; Hassan, A.B.; Volpin, D.; Bressan, G.M.; Piccolo, S. Mapping
Wnt/B-catenin signaling during mouse development and in colorectal tumors. Proc. Natl. Acad. Sci. 2003, 100, 3299-3304.
Hashemi, M.; Taheriazam, A.; Daneii, P.; Hassanpour, A.; Kakavand, A.; Rezaei, S.; Hejazi, E.S.; Aboutalebi, M.; Gholamrezaie,
H.; Saebfar, H.; et al. Targeting PI3K/Akt signaling in prostate cancer therapy. J. Cell Commun. Signal. 2023, 17, 423-443.

Chi, B.; Zheng, Y; Xie, F.; Fu, W.; Wang, X.; Gu, J.; Yang, J.; Yin, J; Cai, L.; Tang, P.; et al. Increased expression of miR-194-5p
through the circPVRL3/miR-194-5p/SOCS2 axis promotes proliferation and metastasis in pancreatic ductal adenocarcinoma by
activating the PI3K/AKT signaling pathway. Cancer Cell Int. 2022, 22, 415.

Tavakolpour, V.; Safari-Kharkeshi, M.; Soleimanpour-Lichaei, H.R.; Gardaneh, M.; Kouhkan, F. MicroRNA-34a enhances im-
mune response and suppresses PI3K/AKT signaling through targeting PD-L1 in triple-negative breast cancer. Gene Rep. 2025,
40, 102211.

Dong, P.; Konno, Y.; Watari, H.; Hosaka, M.; Noguchi, M.; Sakuragi, N. The impact of microRNA-mediated PI3K/AKT signaling
on epithelial-mesenchymal transition and cancer stemness in endometrial cancer. J. Transl. Med. 2014, 12, 231.

Zhang, Y.; Huang, B.; Wang, H.Y.; Chang, A.; Zheng, X.S. Emerging role of microRNAs in mTOR signaling. Cell. Mol. Life Sci.
2017, 74, 2613-2625.

Tang, W.; Rao, Y.; Pi, L,; Li, J. A review on the role of MiR-193a-5p in oncogenesis and tumor progression. Front. Oncol. 2025,
15, 1543215.

Akbarzadeh, M.; Mihanfar, A.; Akbarzadeh, S.; Yousefi, B.; Majidinia, M. Crosstalk between miRNA and PI3K/AKT/mTOR
signaling pathway in cancer. Life Sci. 2021, 285, 119984.

Kong, K.L.; Kwong, D.L.; Chan, T.H.; Law, S.Y.; Chen, L.; Li, Y.; Qin, Y.R.; Guan, X.Y. MicroRNA-375 inhibits tumour growth
and metastasis in oesophageal squamous cell carcinoma through repressing insulin-like growth factor 1 receptor. Gut 2012, 61,
33-42. Erratum in Gut 2016, 65, 1388.

Chawra, H.S.; Agarwal, M.; Mishra, A.; Chandel, S.S.; Singh, R.P.; Dubey, G.; Kukreti, N.; Singh, M. MicroRNA-21’s role in
PTEN suppression and PI3K/AKT activation: Implications for cancer biology. Pathol.-Res. Pract. 2024, 254, 155091.
Maniruzzaman, M.; Bhuiyan, M.R.; Jaman, M.S.; Haque, M.S. MicroRNA dynamics, PTEN/PI3K/AKT signaling, and their rela-
tionship to breast cancer: Prospects for pharmaceuticals and natural product application. Breast Cancer Res. Treat. 2025, 209, 467—
485.

Sun, F.; Gao, L.; Wang, M; Liu, P.; Wang, B.; Hu, J.; Wang, W.; Liu, H.; Han, B. SOX4-Mediated Post-transcriptional Suppression
of PTEN via miR-106b~25 Cluster Contributes to Prostate Cancer Aggressiveness. Mol. Cancer Res. 2026, 24, 72-82.

Oz, H.; Canacankatan, N.; Antmen, $.E.; Aytan, H.; Tuncel, F. Investigation of MiRNAs that affect the PI3K/AKT/mTOR signal-
ing pathway in endometrial cancer. Cell Biochem. Biophys. 2025, 83, 3125-3136.

Ramirez-Moya, J.; Wert-Lamas, L.; Santisteban, P. MicroRNA-146b promotes PI3K/AKT pathway hyperactivation and thyroid
cancer progression by targeting PTEN. Oncogene 2018, 37, 3369-3383.

Lyng, F.M.; Maguire, P.; McClean, B.; Seymour, C.; Mothersill, C. The involvement of calcium and MAP kinase signaling path-
ways in the production of radiation-induced bystander effects. Radiat. Res. 2006, 165, 400-409.

https://doi.org/10.3390/ijms272110046



Int. ]. Mol. Sci. 2026, 27, 10046 37 of 45

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.

100.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Bahar, M.E.; Kim, H.].; Kim, D.R. Targeting the RAS/RAF/MAPK pathway for cancer therapy: From mechanism to clinical stud-
ies. Signal Transduct. Target. Ther. 2023, 8, 455.

Degirmenci, U.; Wang, M.; Hu, J. Targeting aberrant RAS/RAF/MEK/ERK signaling for cancer therapy. Cells 2020, 9, 198.

Liu, H.; Wang, L. MicroRNA-34a negatively regulates Netrinl and mediates MEK/ERK pathway to regulate chemosensitivity
of gastric cancer cells. Discov. Oncol. 2024, 15, 563.

Aloliqi, A.A.; Alnuqaydan, A.M.; Alshebremi, M.; Rahmani, A.H.; Khan, A.A. Crosstalk between KRAS and miRNAs in pan-
creatic cancer: Opportunities for its diagnosis, prognosis and therapeutic intervention. Int. J. Oncol. 2026, 68, 60.

Hashemi, M.; Mirdamadi, M.S.; Talebi, Y.; Khaniabad, N.; Banaei, G.; Daneii, P.; Gholami, S.; Ghorbani, A.; Tavakolpournegari,
A.; Farsani, Z.M,; et al. Pre-clinical and clinical importance of miR-21 in human cancers: Tumorigenesis, therapy response, de-
livery approaches and targeting agents. Pharmacol. Res. 2023, 187, 106568.

Chen, X.; Guo, X.; Zhang, H.; Xiang, Y.; Chen, J; Yin, Y.; Cai, X.; Wang, K,; Wang, G.; Ba, Y.; et al. Role of miR-143 targeting
KRAS in colorectal tumorigenesis. Oncogene 2009, 28, 1385-1392.

Lal, A.; Thomas, M.P.; Altschuler, G.; Navarro, F.; O'Day, E.; Li, X.L.; Concepcion, C.; Han, Y.C.; Thiery, J.; Rajani, D.K,; et al.
Capture of microRNA-bound mRNAs identifies the tumor suppressor miR-34a as a regulator of growth factor signaling. PLoS
Genet. 2011, 7, €1002363.

Liang, X.; So, Y.H.; Cui, J.; Ma, K; Xu, X.; Zhao, Y.; Cai, L.; Li, W. The low-dose ionizing radiation stimulates cell proliferation
via activation of the MAPK/ERK pathway in rat cultured mesenchymal stem cells. J. Radiat. Res. 2011, 52, 380-386.

Ikeda, Y.; Tanji, E.; Makino, N.; Kawata, S.; Furukawa, T. MicroRNAs associated with mitogen-activated protein kinase in hu-
man pancreatic cancer. Mol. Cancer Res. 2012, 10, 259-269.

Yang, F.; Yin, Y.; Wang, F.; Wang, Y.; Zhang, L.; Tang, Y.; Sun, S. MiR-17-5p Promotes migration of human hepatocellular
carcinoma cells through the p38 mitogen-activated protein kinase-heat shock protein 27 pathway. Hepatology 2010, 51, 1614—
1623.

Liu, L.Z.; Li, C; Chen, Q; Jing, Y.; Carpenter, R.; Jiang, Y.; Kung, H.F; Lai, L.; Jiang, B.H. MiR-21 induced angiogenesis through
AKT and ERK activation and HIF-1a expression. PLoS ONE 2011, 6, e19139.

Yuan, W.; Shi, Y.; Dai, S.; Deng, M.; Zhu, K.; Xu, Y.; Chen, Z.; Xu, Z.; Zhang, T.; Liang, S. The role of MAPK pathway in gastric
cancer: Unveiling molecular crosstalk and therapeutic prospects. |. Transl. Med. 2024, 22, 1142.

Zhai, W.; Ma, J.; Zhu, R.; Xu, C; Zhang, J.; Chen, Y.; Chen, Z.; Gong, D.; Zheng, J.; Chen, C,; et al. MiR-532-5p suppresses renal
cancer cell proliferation by disrupting the ETS1-mediated positive feedback loop with the KRAS-NAP1L1/P-ERK axis. Br. J.
Cancer 2018, 119, 591-604.

Salunkhe, S.S.; Ghatage, T.; Prabhakar, B.S. Multi-oncogene targeting in cancer therapy: A miRNA-driven pharmacological
approach. Biochem. Pharmacol. 2025, 242, 117417.

Asl, E.R.; Amini, M.; Najafi, S.; Mansoori, B.; Mokhtarzadeh, A.; Mohammadi, A.; Lotfinejad, P.; Bagheri, M.; Shirjang, S.; Lotfi,
Z.; et al. Interplay between MAPK/ERK signaling pathway and MicroRNAs: A crucial mechanism regulating cancer cell me-
tabolism and tumor progression. Life Sci. 2021, 278, 119499.

Masliah-Planchon, J.; Garinet, S.; Pasmant, E. RAS-MAPK pathway epigenetic activation in cancer: miRNAs in action. Oncotar-
get 2015, 7, 38892.

Kalinowski, F.C.; Brown, R.A.; Ganda, C.; Giles, K.M.; Epis, M.R.; Horsham, J.; Leedman, P.]. microRNA-7: A tumor suppressor
miRNA with therapeutic potential. Int. ]. Biochem. Cell Biol. 2014, 54, 312-317.

Si, H.; Zhang, N.; Shi, C.; Luo, Z.; Hou, S. Tumor-suppressive miR-29c binds to MAPK1 inhibiting the ERK/MAPK pathway in
pancreatic cancer. Clin. Transl. Oncol. 2023, 25, 803-816.

Safa, A.; Abak, A.; Shoorei, H.; Taheri, M.; Ghafouri-Fard, S. MicroRNAs as regulators of ERK/MAPK pathway: A comprehen-
sive review. Biomed. Pharmacother. 2020, 132, 110853.

Zhang, N.; Lu, C.; Chen, L. MiR-217 regulates tumor growth and apoptosis by targeting the MAPK signaling pathway in colo-
rectal cancer. Oncol. Lett. 2016, 12, 4589-4597.

Sun, L.; Fang, Y.; Wang, X; Han, Y.; Du, F.; Li, C; Hu, H,; Liu, H.; Liu, Q.; Wang, J.; et al. miR-302a inhibits metastasis and
cetuximab resistance in colorectal cancer by targeting NFIB and CD44. Theranostics 2019, 9, 8409.

Yang, F.; Xuan, G.; Chen, Y.; Cao, L.; Zhao, M.; Wang, C.; Chen, E. MicroRNAs are key molecules involved in the gene regulation
network of colorectal cancer. Front. Cell Dev. Biol. 2022, 10, 828128.

Ramirez-Moya, ].; Santisteban, P. miRNA-directed regulation of the main signaling pathways in thyroid cancer. Front. Endo-
crinol. 2019, 10, 430.

https://doi.org/10.3390/ijms272110046



Int. ]. Mol. Sci. 2026, 27, 10046 38 of 45

122.
123.
124.
125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Chen, Q.; Wang, H.; Li, Z; Li, F.; Liang, L.; Zou, Y.; Shen, H.; Li, J.; Xia, Y.; Cheng, Z,; et al. Circular RNA ACTN4 promotes
intrahepatic cholangiocarcinoma progression by recruiting YBX1 to initiate FZD7 transcription. J. Hepatol. 2022, 76, 135-147.
Zhan, T.; Rindtorff, N.; Boutros, M. Wnt signaling in cancer. Oncogene 2017, 36, 1461-1473.

Nusse, R.; Clevers, H. Wnt/p-catenin signaling, disease, and emerging therapeutic modalities. Cell 2017, 169, 985-999.

Goyal, A.; Murkute, S.L.; Bhowmik, S.; Prasad, C.P.; Mohapatra, P. Belling the “cat”: Wnt/p-catenin signaling and its significance
in future cancer therapies. Biochim. Biophys. Acta (BBA) Rev. Cancer 2024, 1879, 189195.

Saydam, O.; Shen, Y.; Wurdinger, T.; Senol, O.; Boke, E.; James, M.F.; Tannous, B.A.; Stemmer-Rachamimov, A.O.; Yi, M.; Ste-
phens, R M,; et al. Downregulated microRNA-200a in meningiomas promotes tumor growth by reducing E-cadherin and acti-
vating the Wnt/B-catenin signaling pathway. Mol. Cell. Biol. 2009, 29, 5923-5940.

Su, J.; Zhang, A.; Shi, Z.; Ma, F.; Pu, P.; Wang, T.; Zhang, ].; Kang, C.; Zhang, Q. MicroRNA-200a suppresses the Wnt/p3-catenin
signaling pathway by interacting with -catenin. Int. ]. Oncol. 2012, 40, 1162-1170.

Wang, Y.; Yarmukhamedova, S.; Alkhamessi, R.N.; Kadham, M.].; Al-Aouadi, R.F.; Thakur, V.; Naser, R.H.; Lakshmaiya, N.;
Jayapal, P.; Almagharbeh, W.T ; et al. The role of microRNAs in modulating Wnt signaling pathway dynamics and their thera-
peutic implications in non-small cell lung cancer. Discov. Oncol. 2026, 17, 510.

Chen, Z.Q.; Yuan, T.; Jiang, H.,; Yang, Y.Y.; Wang, L.; Fu, RM,; Luo, S.Q.; Zhang, T.; Wu, Z.Y.; Wen, KM. MicroRNA-8063
targets heterogeneous nuclear ribonucleoprotein AB to inhibit the self-renewal of colorectal cancer stem cells via the Wnt/{3-
catenin pathway. Oncol. Rep. 2021, 46, 219.

Li, X.; Zhang, C.; Yuan, Y.; Wang, Y.; Lu, S.; Zhou, Z.; Zhen, P.; Zhou, M. Downregulation of ARMCS8 promotes tumorigenesis
through activating Wnt/B-catenin pathway and EMT in cutaneous squamous cell carcinomas. J. Dermatol. Sci. 2021, 102, 184—
192.

Peng, Y.; Zhang, X.; Feng, X; Fan, X,; Jin, Z. The crosstalk between microRNAs and the Wnt/p3-catenin signaling pathway in
cancer. Oncotarget 2016, 8, 14089.

Prabhakaran, R.; Muthu, R.; Manickam, R.; Subramanian, V.; Mahendran, K. RNA-based therapies for colorectal cancer: Tar-
geting the [3-catenin pathway via microbiota-modulated miRNAs. Front. Mol. Biosci. 2026, 12, 1736094.

Liang, Y.; Li, S.; Tang, L. MicroRNA 320, an anti-oncogene target miRNA for cancer therapy. Biomedicines 2021, 9, 591.
Akhavanfar, R.; Shafagh, 5.G.; Mohammadpour, B.; Farahmand, Y.; Lotfalizadeh, M.H.; Kookli, K.; Adili, A.; Siri, G.; Eshagh
Hosseini, S.M. A comprehensive insight into the correlation between ncRNAs and the Wnt/B-catenin signalling pathway in
gastric cancer pathogenesis. Cell Commun. Signal. 2023, 21, 166.

Cha, Y.; He, Y.; Ouyang, K.; Xiong, H.; Li, J.; Yuan, X. MicroRNA-140-5p suppresses cell proliferation and invasion in gastric
cancer by targeting WNT1 in the WNT/B-catenin signaling pathway. Oncol. Lett. 2018, 16, 6369-6376.

Zhong, Y.; He, JW.; Huang, C.X,; Lai, H.Z,; Li, X.K; Zheng, C.; Fu, X.; You, F.M.; Ma, Q. The NcRNA/Wnt axis in lung cancer:
Oncogenic mechanisms, remarkable indicators and therapeutic targets. J. Transl. Med. 2025, 23, 326.

Appasamy, M.; Kirubaharan, P.; Sulluru, V.; Palaniyandi, T.; Baskar, G.; Wahab, M.R. MicroRNA-mediated modulation of sig-
nalling pathways in lung cancer: Implications for diagnosis and treatment. J. Basic Appl. Zool. 2025, 86, 94.

Zhan, K,; Song, X.; Zhang, Q.; Yang, J.; Lu, S. Propofol-Induced miR-493-3p Inhibits Growth and Invasion of Gastric Cancer
through Suppression of DKK1-Mediated Wnt/p-Catenin Signaling Activation. Dis. Markers 2023, 2023, 7698706.

Song, X.; Wu, R.; Tao, Q.; Zhao, L.; Ji, Z. MiR-532 promotes colorectal cancer invasion and metastasis by targeting NKD1. Cell.
Mol. Biol. 2019, 65, 52-55.

Yang, X.Z.; Cheng, T.T.; He, Q.J.; Lei, Z.Y.; Chi, J.; Tang, Z.; Liao, Q.X.; Zhang, H.; Zeng, L.S.; Cui, S.Z. LINC01133 as ceRNA
inhibits gastric cancer progression by sponging miR-106a-3p to regulate APC expression and the Wnt/p-catenin pathway. Mol.
Cancer 2018, 17, 126.

Peng, Y.; Qin, Y.; Zhang, X.; Deng, S.; Yuan, Y.; Feng, X.;; Chen, W.; Hu, F.; Gao, Y.; He, J.; et al. MiRNA-20b/SUFU/Wnt axis
accelerates gastric cancer cell proliferation, migration and EMT. Heliyon 2021, 7, e06695.

Tufail, M,; Jiang, C.H.; Li, N. Wnt signaling in cancer: From biomarkers to targeted therapies and clinical translation. Mol. Cancer
2025, 24, 107.

Nagano, H.; Tomimaru, Y.; Eguchi, H.; Hama, N.; Wada, H.; Kawamoto, K.; Kobayashi, S.; Mori, M.; Doki, Y. MicroRNA-29a
induces resistance to gemcitabine through the Wnt/p-catenin signaling pathway in pancreatic cancer cells. Int. J. Oncol. 2013,
43, 1066-1072.

Deng, Z.; Fan, T.; Xiao, C.; Tian, H.; Zheng, Y.; Li, C.; He, ]. TGF-{ signaling in health, disease and therapeutics. Signal Transduct.
Target. Ther. 2024, 9, 61.

https://doi.org/10.3390/ijms272110046



Int. ]. Mol. Sci. 2026, 27, 10046 39 of 45

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Wu, S.; Cheng, Q.; Shi, Y.; Wang, K.; Chen, Z; Li, X; Jiang, P.; Cheng, Z.; Yang, Z.; Liao, B. LncRNA PVT1 activated by TGF-
[31/Smada3 facilitates proliferation and metastasis of hepatocellular carcinoma via upregulating Smad6 and NRG1. ]. Transl. Med.
2025, 23, 500.

Zehavi, L.; Schayek, H.; Jacob-Hirsch, J.; Sidi, Y.; Leibowitz-Amit, R.; Avni, D. MiR-377 targets E2F3 and alters the NF-kB sig-
naling pathway through MAP3K7 in malignant melanoma. Mol. Cancer 2015, 14, 68.

Yamaguchi, K.; Shirakabe, K.; Shibuya, H.; Irie, K.; Oishi, I.; Ueno, N.; Taniguchi, T.; Nishida, E.; Matsumoto, K. Identification
of a member of the MAPKKK family as a potential mediator of TGF-f3 signal transduction. Science 1995, 270, 2008-2011.

Roh, Y.S.; Song, ].; Seki, E. TAK1 regulates hepatic cell survival and carcinogenesis. ]. Gastroenterol. 2014, 49, 185-194.
Schonherr, M.; Bhattacharya, A.; Kottek, T.; Szymczak, S.; Koberle, M.; Wickenhauser, C.; Siebolts, U.; Saalbach, A.; Koczan, D.;
Magin, T.M.; et al. Genomewide RNAi screen identifies protein kinase Cb and new members of mitogen-activated protein ki-
nase pathway as regulators of melanoma cell growth and metastasis. Pigment. Cell Melanoma Res. 2014, 27, 30.

Huang, W.; Wu, Y.; Cheng, D.; He, Z. Mechanism of epithelial-mesenchymal transition inhibited by miR-203 in non-small cell
lung cancer. Oncol. Rep. 2020, 43, 437—446.

Zhang, J.; Zhang, X.; Li, Z.; Wang, Q.; Shi, Y.; Jiang, X.; Sun, X. The miR-124-3p/neuropilin-1 axis contributes to the proliferation
and metastasis of triple-negative breast cancer cells and co-activates the TGF-f3 pathway. Front. Oncol. 2021, 11, 654672.

Liu, M.; Xiusheng, H.; Xiao, X.; Wang, Y. Overexpression of miR-422a inhibits cell proliferation and invasion, and enhances
chemosensitivity in osteosarcoma cells. Oncol. Rep. 2016, 36, 3371-3378.

Jiang, K.; Zhao, T.; Shen, M.; Zhang, F.; Duan, S.; Lei, Z.; Chen, Y. MiR-940 inhibits TGF-B-induced epithelial-mesenchymal
transition and cell invasion by targeting Snail in non-small cell lung cancer. J. Cancer 2019, 10, 2735. Erratum in J. Cancer 2020,
11, 4897.

Ma, Z.; Liu, T.; Huang, W.; Liu, H.; Zhang, HM,; Li, Q.; Chen, Z.; Guo, A.Y. MicroRNA regulatory pathway analysis identifies
miR-142-5p as a negative regulator of TGF-3 pathway via targeting SMAD3. Oncotarget 2016, 7, 71504.

Yu, J.; Lei, R;; Zhuang, X,; Li, X,; Li, G.; Lev, S.; Segura, M.F.; Zhang, X.; Hu, G. MicroRNA-182 targets SMADY to potentiate
TGF-induced epithelial-mesenchymal transition and metastasis of cancer cells. Nat. Commun. 2016, 7, 13884.

Zhang, Y.; Fan, K.J.; Sun, Q.; Chen, A.Z.; Shen, W.L.; Zhao, Z.H.; Zheng, X.F.; Yang, X. Functional screening for miRNAs target-
ing Smad4 identified miR-199a as a negative regulator of TGF-{ signalling pathway. Nucleic Acids Res. 2012, 40, 9286-9297.

Yu, H.; Lee, H.; Herrmann, A.; Buettner, R.; Jove, R. Revisiting STAT3 signalling in cancer: New and unexpected biological
functions. Nat. Rev. Cancer 2014, 14, 736-746.

Kong, W.; Yang, H.; He, L.; Zhao, ].J.; Coppola, D.; Dalton, W.S.; Cheng, J.Q. MicroRNA-155 is regulated by the transforming
growth factor 3/Smad pathway and contributes to epithelial cell plasticity by targeting RhoA. Mol. Cell. Biol. 2008, 28, 6773~
6784.

Shi, D.; Tao, J.; Man, S.; Zhang, N.; Ma, L.; Guo, L.; Huang, L.; Gao, W. Structure, function, signaling pathways and clinical
therapeutics: The translational potential of STAT3 as a target for cancer therapy. Biochim. Biophys. Acta (BBA) Rev. Cancer 2024,
1879, 189207.

Samad, M.A.; Ahmad, I.; Hasan, A.; Alhashmi, M.H.; Ayub, A.; Al-Abbasi, F.A.; Kumer, A.; Tabrez, S. STAT3 signaling pathway
in health and disease. MedComm 2025, 6, €70152.

Wang, H.; Fu, Y. NR1D1 suppressed the growth of ovarian cancer by abrogating the JAK/STAT3 signaling pathway. BMC
Cancer 2021, 21, 871.

Ding, H.; Yu, X;; Yan, Z. Ailanthone suppresses the activity of human colorectal cancer cells through the STAT3 signaling path-
way. Int. ]. Mol. Med. 2022, 49, 21.

Zhou, M,; Gao, Y.; Wang, M.; Guo, X,; Li, X,; Zhu, F.; Xu, S.; Qin, R. MiR-146b-3p regulates proliferation of pancreatic cancer
cells with stem cell-like properties by targeting MAP3K10. J. Cancer 2021, 12, 3726.

Xin, Y.; Shang, X.; Sun, X,; Liu, Y.; Xu, G.; Xue, G. Trefoil Factor 3 Inhibits Thyroid Cancer Cell Progression Related to IL-
6/JAK/STATS3 Signaling Pathway. Evidence-Based Complement. Altern. Med. 2021, 2021, 2130229.

Zhu, D.; Chen, C; Liu, X,; Wang, S.; Zhu, J.; Zhang, H.; Kong, L.; Luo, J. Osteosarcoma cell proliferation suppression via SHP-
2-mediated inactivation of the JAK/STAT3 pathway by tubocapsenolide A. J. Adv. Res. 2021, 34, 79-91.

Sun, L.; Ding, S.; Luo, Q.; Wang, P.; Yang, X.; Wu, L.; Chen, Y.; Zheng, X.; Zhang, H.; Yuan, L.; et al. Taxus wallichiana var.
chinensis (Pilg.) florin aqueous extract suppresses the proliferation and metastasis in lung carcinoma via JAK/STAT3 signaling
pathway. Front. Pharmacol. 2021, 12, 736442.

https://doi.org/10.3390/ijms272110046



Int. ]. Mol. Sci. 2026, 27, 10046 40 of 45

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Hu, H.; Zhang, Q.; Chen, W.; Wu, T.; Liu, S.; Li, X; Luo, B.; Zhang, T.; Yan, G.; Lu, H.; et al. MicroRNA-301a promotes pancreatic
cancer invasion and metastasis through the JAK/STAT3 signaling pathway by targeting SOCS5. Carcinogenesis 2020, 41, 502—
514.

Masoumi-Dehghi, S.; Babashah, S.; Sadeghizadeh, M. MicroRNA-141-3p-containing small extracellular vesicles derived from
epithelial ovarian cancer cells promote endothelial cell angiogenesis through activating the JAK/STAT3 and NF-«B signaling
pathways. J. Cell Commun. Signal. 2020, 14, 233-244.

Che, S.; Sun, T.; Wang, J.; Jiao, Y.; Wang, C.; Meng, Q.; Qi, W.; Yan, Z. MiR-30 overexpression promotes glioma stem cells by
regulating Jak/STAT3 signaling pathway. Tumor Biol. 2015, 36, 6805-6811.

Xu, G; Cai, J.; Wang, L.; Jiang, L.; Huang, J.; Hu, R; Ding, F. MicroRNA-30e-5p suppresses non-small cell lung cancer tumor-
igenesis by regulating USP22-mediated Sirt1/JAK/STAT3 signaling. Exp. Cell Res. 2018, 362, 268-278.

Yu, M.; Fan, Y.; Zhao, Y.; Tang, Y. MicroRNA-140-3p inhibits proliferation and promotes apoptosis in non-small cell lung can-
cer by targeting MDIG. Env. Toxicol. 2024, 39, 1521.

Jiang, C.; Long, J.; Liu, B.; Xu, M.; Wang, W.; Xie, X.; Wang, X.; Kuang, M. miR-500a-3p promotes cancer stem cells properties
via STAT3 pathway in human hepatocellular carcinoma. J. Exp. Clin. Cancer Res. 2017, 36, 99.

Rahbar Farzam, O.; Najafi, S.; Amini, M.; Rahimi, Z.; Dabbaghipour, R.; Zohdi, O.; Asemani Shahgoli, G.; Baradaran, B.; Akbari,
B. Interplay of miRNAs and IncRNAs in STAT3 signaling pathway in colorectal cancer progression. Cancer Cell Int. 2024, 24, 16.
Ma, RJ.; Ma, C.; Hu, K.; Zhao, M.M.; Zhang, N.; Sun, Z.G. Molecular mechanism, regulation, and therapeutic targeting of the
STATS3 signaling pathway in esophageal cancer. Int. J. Oncol. 2022, 61, 105.

Wang, Y.; Lu, Z.; Wang, N.; Zhang, M.; Zeng, X.; Zhao, W. MicroRNA-1299 is a negative regulator of STAT3 in colon cancer.
Oncol. Rep. 2017, 37, 3227-3234.

Yang, F.; Wang, H.; Yan, B.; Li, T.; Min, L.; Chen, E.; Yang, ]. Decreased level of miR-1301 promotes colorectal cancer progression
via activation of STAT3 pathway. Biol. Chem. 2021, 402, 805-813.

Bian, Z; Ji, W.; Xu, B.; Huo, Z.; Huang, H.; Huang, J; Jiao, J.; Shao, J.; Zhang, X. Noncoding RNAs involved in the STAT3
pathway in glioma. Cancer Cell Int. 2021, 21, 445.

Liu, HW.; Lee, P.M.; Bamodu, O.A; Su, Y.K,; Fong, LH.; Yeh, C.T.; Chien, M.H.; Kan, .H.; Lin, C.M. Enhanced hsa-miR-181d/p-
STAT3 and hsa-miR-181d/p-STAT5A ratios mediate the anticancer effect of garcinol in STAT3/5A-addicted glioblastoma. Can-
cers 2019, 11, 1888. Erratum in Cancers 2020, 12, 2846.

Tian, X.; Zuo, X.; Hou, M,; Li, C.; Teng, Y. LncRNA-H19 regulates chemoresistance to carboplatin in epithelial ovarian cancer
through microRNA-29b-3p and STATS3. J. Cancer 2021, 12, 5712.

Shi, Q.; Xue, C.; Zeng, Y.; Yuan, X,; Chu, Q.; Jiang, S.; Wang, ].; Zhang, Y.; Zhu, D.; Li, L. Notch signaling pathway in cancer:
From mechanistic insights to targeted therapies. Signal Transduct. Target. Ther. 2024, 9, 128.

Wang, M.; Yu, F.; Zhang, Y.; Li, P. Novel insights into Notch signaling in tumor immunity: Potential targets for cancer immu-
notherapy. Front. Immunol. 2024, 15, 1352484.

Wang, X; Xue, X,; Pang, M.; Yu, L.; Qian, J.; Li, X; Tian, M.; Lyu, A,; Lu, C,; Liu, Y. Epithelial-mesenchymal plasticity in cancer:
Signaling pathways and therapeutic targets. MedComm 2024, 5, €659.

Medina, E.; Perez, D.H.; Antfolk, D.; Luca, V.C. New tricks for an old pathway: Emerging Notch-based biotechnologies and
therapeutics. Trends Pharmacol. Sci. 2023, 44, 934-948.

Zhou, B.; Lin, W.; Long, Y.; Yang, Y.; Zhang, H.; Wu, K.; Chu, Q. Notch signaling pathway: Architecture, disease, and thera-
peutics. Signal Transduct. Target. Ther. 2022, 7, 95.

Sachan, N.; Sharma, V.; Mutsuddi, M.; Mukherjee, A. Notch signalling: Multifaceted role in development and disease. FEBS ].
2024, 291, 3030-3059.

Mavrakis, K.J.; Wolfe, A.L.; Oricchio, E.; Palomero, T.; De Keersmaecker, K.; McJunkin, K.; Zuber, J.; James, T.; Khan, A.A.;
Leslie, C.S,; et al. Genome-wide RNA-mediated interference screen identifies miR-19 targets in Notch-induced T-cell acute lym-
phoblastic leukaemia. Nat. Cell Biol. 2010, 12, 372-379.

Xiong, Y.; Zhang, Y.Y.; Wu, Y.Y.; Wang, X.D.; Wan, L.H.; Zhou, L.M. Correlation of over-expressions of miR-21 and Notch-1 in
human colorectal cancer with clinical stages. Life Sci. 2014, 106, 19-24.

Forloni, M.; Dogra, S.K;; Dong, Y.; Conte, ].D.; Ou, J.; Zhu, L.J.; Deng, A.; Mahalingam, M.; Green, M.R.; Wajapeyee, N. miR-
146a promotes the initiation and progression of melanoma by activating Notch signaling. Elife 2014, 3, e01460.

Yang, G.; Gong, Y.; Wang, Q.; Wang, Y.; Zhang, X. The role of miR-100-mediated Notch pathway in apoptosis of gastric tumor
cells. Cell. Signal. 2015, 27, 1087-1101.

https://doi.org/10.3390/ijms272110046



Int. ]. Mol. Sci. 2026, 27, 10046 41 of 45

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

Ranjbar, R.; Karimian, A.; Aghaie Fard, A.; Tourani, M.; Majidinia, M.; Jadidi-Niaragh, F.; Yousefi, B. The importance of miRNAs
and epigenetics in acute lymphoblastic leukemia prognosis. J. Cell. Physiol. 2019, 234, 3216-3230.

Wang, L.; Song, G.; Liu, M.; Chen, B.; Chen, Y.; Shen, Y.; Zhu, J.; Zhou, X. MicroRNA-375 overexpression influences P19 cell
proliferation, apoptosis and differentiation through the Notch signaling pathway. Int. J. Mol. Med. 2016, 37, 47-55.

Sun, Z.; Shi, K,; Yang, S.; Liu, J.; Zhou, Q.; Wang, G.; Song, ].; Li, Z.; Zhang, Z.; Yuan, W. Effect of exosomal miRNA on cancer
biology and clinical applications. Mol. Cancer 2018, 17, 147.

Kwon, H.; Song, K.; Han, C.; Zhang, J.; Lu, L.; Chen, W.; Wu, T. Epigenetic silencing of miRNA-34a in human cholangiocarci-
noma via EZH2 and DNA methylation: Impact on regulation of notch pathway. Am. ]. Pathol. 2017, 187, 2288-2299.

Ortega, M.; Bhatnagar, H.; Lin, A.P.; Wang, L.; Aster, ].C.; Sill, H.; Aguiar, R.C. A microRNA-mediated regulatory loop modu-
lates NOTCH and MYC oncogenic signals in B-and T-cell malignancies. Leukemia 2015, 29, 968-976.

Furukawa, S.; Kawasaki, Y.; Miyamoto, M.; Hiyoshi, M.; Kitayama, J.; Akiyama, T. The miR-1-NOTCH3-Asef pathway is im-
portant for colorectal tumor cell migration. PLoS ONE 2013, 8, e80609.

Mei, J.; Bachoo, R.; Zhang, C.L. MicroRNA-146a inhibits glioma development by targeting Notch1. Mol. Cell. Biol. 2011, 31, 3584~
3592.

Wang, C.; Zhang, W.; Zhang, L.; Chen, X,; Liu, F.; Zhang, J.; Guan, S.; Sun, Y.; Chen, P.; Wang, D.; et al. miR-146a-5p mediates
epithelial-mesenchymal transition of oesophageal squamous cell carcinoma via targeting Notch2. Br. |. Cancer 2016, 115, 1548—
1554. Erratum in Br. J. Cancer 2018, 118, e12.

Wang, X.; Meng, Q.; Qiao, W.; Ma, R.; Ju, W.; Hu, J.; Lu, H; Cui, J.; Jin, Z.; Zhao, Y.; et al. miR-181b/Notch2 overcome chemo-
resistance by regulating cancer stem cell-like properties in NSCLC. Stem Cell Res. Ther. 2018, 9, 327.

Chen, L.; Zhang, W.; Yan, W.; Han, L.; Zhang, K.; Shi, Z.; Zhang, ].; Wang, Y.; Li, Y.; Yu, S.; et al. The putative tumor suppressor
miR-524-5p directly targets Jagged-1 and Hes-1 in glioma. Carcinogenesis 2012, 33, 2276-2282.

Won, K.Y.; Kim, Y.W,; Kim, H.S.; Lee, S.K.; Jung, W.W.; Park, Y.K. MicroRNA-199b-5p is involved in the Notch signaling path-
way in osteosarcoma. Hum. Pathol. 2013, 44, 1648.

Wang, X.; Lu, H; Li, T; Yu, L, Liu, G; Peng, X.; Zhao, ]J. Kriippel-like factor 8 promotes tumorigenic mammary stem cell
induction by targeting miR-146a. Am. ]. Cancer Res. 2013, 3, 356.

Jiang, N.; Zou, C.; Zhu, Y.; Luo, Y.; Chen, L.; Lei, Y.,; Tang, K.; Sun, Y.; Zhang, W.; Li, S.; et al. HIF-la-regulated miR-1275
maintains stem cell-like phenotypes and promotes the progression of LUAD by simultaneously activating Wnt/p-catenin and
Notch signaling. Theranostics 2020, 10, 2553.

Niazi, S.K. Beyond the hallmarks of cancer: Enabling technologies reshaping cancer diagnosis, prevention, and treatment. Oncol.
Rev. 2026, 20, 1804447.

Peng, Y.; Croce, C.M. The role of MicroRNAs in human cancer. Signal Transduct. Target. Ther. 2016, 1, 15004.

Yang, Q.; Zhao, S.; Shi, Z,; Cao, L.; Liu, J.; Pan, T.; Zhou, D.; Zhang, ]. Chemotherapy-elicited exosomal miR-378a-3p and miR-
378d promote breast cancer stemness and chemoresistance via the activation of EZH2/STATS3 signaling. ]. Exp. Clin. Cancer Res.
2021, 40, 120.

Han, X.; Li, M.; Xu, J.; Fu, J.; Wang, X.; Wang, J.; Xia, T.; Wang, S.; Ma, G. miR-1275 targets MDK/AKT signaling to inhibit breast
cancer chemoresistance by lessening the properties of cancer stem cells. Int. J. Biol. Sci. 2023, 19, 89.

Shang, Y.; Zhu, Z.; Zhang, Y.; Ji, F.; Zhu, L.; Liu, M,; Deng, Y.; Lv, G.; Li, D.; Zhou, Z.; et al. MiR-7-5p/KLF4 signaling inhibits
stemness and radioresistance in colorectal cancer. Cell Death Discov. 2023, 9, 42.

Schepers, G.E.; Teasdale, R.D.; Koopman, P. Twenty pairs of sox: Extent, homology, and nomenclature of the mouse and human
sox transcription factor gene families. Dev. Cell 2002, 3, 167-170.

Belur Nagaraj, A.; Knarr, M.; Sekhar, S.; Connor, R.S; Joseph, P.; Kovalenko, O.; Fleming, A.; Surti, A.; Nurmemmedov, E.;
Beltrame, L.; et al. The miR-181a-SFRP4 Axis regulates Wnt activation to drive stemness and platinum resistance in ovarian
cancer. Cancer Res. 2021, 81, 2044-2055.

Cursons, ].; Pillman, K.A ; Scheer, K.G.; Gregory, P.A.; Foroutan, M.; Hediyeh-Zadeh, S.; Toubia, ].; Crampin, E.J.; Goodall, G.J.;
Bracken, C.P.; et al. Combinatorial targeting by microRNAs co-ordinates post-transcriptional control of EMT. Cell Syst. 2018, 7,
77-91.

Korpal, M;; Lee, E.S.; Hu, G.; Kang, Y. The miR-200 family inhibits epithelial-mesenchymal transition and cancer cell migration
by direct targeting of E-cadherin transcriptional repressors ZEB1 and ZEB2. |. Biol. Chem. 2008, 283, 14910-14914.

Gibbons, D.L.; Lin, W.; Creighton, C.J.; Rizvi, Z.H.; Gregory, P.A.; Goodall, G.J.; Thilaganathan, N.; Du, L.; Zhang, Y;
Pertsemlidis, A. et al. Contextual extracellular cues promote tumor cell EMT and metastasis by regulating miR-200 family

expression. Genes & development 2009, 23, 2140.
https://doi.org/10.3390/ijms272110046



Int. ]. Mol. Sci. 2026, 27, 10046 42 of 45

213.

214.

215.

216.
217.

218.

219.
220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.
235.

Belgardt, B.F.; Ahmed, K.; Spranger, M.; Latreille, M.; Denzler, R.; Kondratiuk, N.; Von Meyenn, F.; Villena, F.N.; Herrmanns,
K.; Bosco, D.; et al. The microRNA-200 family regulates pancreatic beta cell survival in type 2 diabetes. Nat. Med. 2015, 21, 619—
627.

Zhang, J.; Xu, L.; Yang, Z.; Lu, H,; Hu, D; Li, W.; Zhang, Z.; Liu, B.; Ma, S. MicroRNA-10b indicates a poor prognosis of non-
small cell lung cancer and targets E-cadherin. Clin. Transl. Oncol. 2015, 17, 209-214.

Zhang, Y.; Liao, R.B.; Hu, L.L.; Tong, B.X.; Hao, T.F.; Wu, H.]. The microRNA miR-10b as a potentially promising biomarker to
predict the prognosis of cancer patients: A meta-analysis. Oncotarget 2017, 8, 104543.

Lynn, F.C. Meta-regulation: MicroRNA regulation of glucose and lipid metabolism. Trends Endocrinol. Metab. 2009, 20, 452-459.
Ru, P; Steele, R.; Newhall, P.; Phillips, N.J.; Toth, K.; Ray, R.B. miRNA-29b suppresses prostate cancer metastasis by regulating
epithelial-mesenchymal transition signaling. Mol. Cancer Ther. 2012, 11, 1166-1173.

Moes, M.; Le Béchec, A.; Crespo, L; Laurini, C.; Halavatyi, A.; Vetter, G.; Del Sol, A.; Friederich, E. A novel network integrating
a miRNA-203/SNAI1 feedback loop which regulates epithelial to mesenchymal transition. PLoS ONE 2012, 7, e35440.

Curtale, G. MiRNAs at the crossroads between innate immunity and cancer: Focus on macrophages. Cells 2018, 7, 12.

Bandini, E.; Rossi, T.; Gallerani, G.; Fabbri, F. Adipocytes and microRNAs crosstalk: A key tile in the mosaic of breast cancer
microenvironment. Cancers 2019, 11, 1451.

Pan, Z.; Tian, Y.; Niu, G.; Cao, C. Role of microRNAs in remodeling the tumor microenvironment. Int. ]. Oncol. 2019, 56, 407—
416.

Bronisz, A.; Godlewski, J.; Wallace, ]J.A.; Merchant, A.S.; Nowicki, M.O.; Mathsyaraja, H.; Srinivasan, R.; Trimboli, A.J.; Martin,
C.K,; Li, F; et al. Reprogramming of the tumour microenvironment by stromal PTEN-regulated miR-320. Nat. Cell Biol. 2012,
14, 159-167.

Baroni, S.; Romero-Cordoba, S.; Plantamura, I.; Dugo, M.; D’ippolito, E.; Cataldo, A.; Cosentino, G.; Angeloni, V.; Rossini, A.;
Daidone, M.G.; et al. Exosome-mediated delivery of miR-9 induces cancer-associated fibroblast-like properties in human breast
fibroblasts. Cell Death Dis. 2016, 7, €2312. Erratum in Cell Death Dis. 2025, 169.

Mitra, A.K,; Zillhardt, M.; Hua, Y.; Tiwari, P.; Murmann, A.E.; Peter, M.E.; Lengyel, E. MicroRN As reprogram normal fibroblasts
into cancer-associated fibroblasts in ovarian cancer. Cancer Discov. 2012, 2, 1100-1108.

Tang, X.; Hou, Y.; Yang, G.; Wang, X,; Tang, S.; Du, Y.E.; Yang, L.; Yu, T.; Zhang, H.; Zhou, M.; et al. Stromal miR-200s contribute
to breast cancer cell invasion through CAF activation and ECM remodeling. Cell Death Differ. 2016, 23, 132-145.

Zhu, M.; Wang, M,; Yang, F; Tian, Y.; Cai, J.; Yang, H.; Fu, H.; Mao, F.; Zhu, W.; Qian, H.; et al. miR-155-5p inhibition promotes
the transition of bone marrow mesenchymal stem cells to gastric cancer tissue derived MSC-like cells via NF-kB p65 activation.
Oncotarget 2016, 7, 16567.

Wang, M.; Zhao, C.; Shi, H.; Zhang, B.; Zhang, L.; Zhang, X.; Wang, S.; Wu, X; Yang, T.; Huang, F.; et al. Deregulated microRNAs
in gastric cancer tissue-derived mesenchymal stem cells: Novel biomarkers and a mechanism for gastric cancer. Br. ]. Cancer
2014, 110, 1199-1210.

Zhang, Y.; Yang, P.; Sun, T; Li, D.; Xu, X;; Rui, Y,; Li, C.; Chong, M.; Ibrahim, T.; Mercatali, L.; et al. miR-126 and miR-126*
repress recruitment of mesenchymal stem cells and inflammatory monocytes to inhibit breast cancer metastasis. Nat. Cell Biol.
2013, 15, 284-294.

Xing, Z.; Yu, L.; Li, X;; Su, X. Anticancer bioactive peptide-3 inhibits human gastric cancer growth by targeting miR-338-5p. Cell
Biosci. 2016, 6, 53.

Ma, Y.S.;; Lv, ZW,; Yu, F.; Chang, Z.Y.; Cong, X.L.; Zhong, X.M.; Lu, G.X.; Zhu, ].; Fu, D. MicroRNA-302a/d inhibits the self-
renewal capability and cell cycle entry of liver cancer stem cells by targeting the E2F7/AKT axis. J. Exp. Clin. Cancer Res. 2018,
37,252.

Zhang, Z.; Cui, Z.; Xie, Z.; Li, C,; Xu, C,; Guo, X;; Yu, J.; Chen, T.; Facchinetti, F.; Bohnenberger, H.; et al. Deubiquitinase USP5
promotes non-small cell lung cancer cell proliferation by stabilizing cyclin D1. Transl. Lung Cancer Res. 2021, 10, 3995.

Leone, G.; DeGregori, J.; Yan, Z.; Jakoi, L.; Ishida, S.; Williams, R.S.; Nevins, J.R. E2F3 activity is regulated during the cell cycle
and is required for the induction of S phase. Genes Dev. 1998, 12, 2120-2130.

Liu, S.; Chu, L.; Xie, M.; Ma, L.; An, H.; Zhang, W.; Deng, ]. MiR-92a-3p promoted EMT via targeting LATS1 in cervical cancer
stem cells. Front. Cell Dev. Biol. 2021, 9, 757747.

Ho, P.T.; Clark, LM.; Le, L.T. MicroRNA-based diagnosis and therapy. Int. . Mol. Sci. 2022, 23, 7167.

Pagoni, M.; Cava, C,; Sideris, D.C.; Avgeris, M.; Zoumpourlis, V.; Michalopoulos, I.; Drakoulis, N. miRNA-based technologies
in cancer therapy. J. Pers. Med. 2023, 13, 1586.

https://doi.org/10.3390/ijms272110046



Int. ]. Mol. Sci. 2026, 27, 10046 43 of 45

236.

237.

238.

239.

240.

241.

242.
243.

244.

245.

246.

247.

248.

249.
250.

251.

252.
253.
254.
255.
256.
257.
258.
259.
260.

261.

262.

263.

Quemener, A.M.; Bachelot, L.; Forestier, A.; Donnou-Fournet, E.; Gilot, D.; Galibert, M.D. The powerful world of antisense
oligonucleotides: From bench to bedside. Wiley Interdiscip. Rev. RNA 2020, 11, e1594.

Tadesse, K.; Benhamou, R.I. Targeting MicroRNAs with small molecules. Non-Coding RNA 2024, 10, 17.

Chen, C.; Demirkhanyan, L.; Gondi, C.S. The multifaceted role of miR-21 in pancreatic cancers. Cells 2024, 13, 948.

Gupta, A.; Chauhan, R.; Sharma, T.; Macha, M.A.; Masoodi, T.; Akil, A.S.; Bhat, A.A.; Singh, M. Alternative splicing in cancer
drug resistance. In Alternative Splicing and Cancer; CRC Press: Boca Raton, FL, USA, 2024; pp. 166-184.

Cakan, E.; Lara, O.D.; Szymanowska, A.; Bayraktar, E.; Chavez-Reyes, A.; Lopez-Berestein, G.; Amero, P.; Rodriguez-Aguayo,
C. Therapeutic antisense oligonucleotides in oncology: From bench to bedside. Cancers 2024, 16, 2940.

Rawat, N.; Nigam, M.; Mishra, A.P.; Singh, N. Role of microRNAs in cancer. In InBiotechnology and Cancer Therapeutics; Springer
Nature: Singapore, 2025; pp. 381-410.

Mollaei, H.; Safaralizadeh, R.; Rostami, Z. MicroRNA replacement therapy in cancer. . Cell. Physiol. 2019, 234, 12369-12384.
Fu, Y.; Chen, J.; Huang, Z. Recent progress in microRNA-based delivery systems for the treatment of human disease. EXRNA
2019, 1, 24.

Rama, A.R.; Quifionero, F.; Mesas, C.; Melguizo, C.; Prados, ]. Synthetic circular miR-21 sponge as tool for lung cancer treatment.
Int. J. Mol. Sci. 2022, 23, 2963.

Hosseinahli, N.; Aghapour, M.; Duijf, P.H.; Baradaran, B. Treating cancer with microRNA replacement therapy: A literature
review. J. Cell. Physiol. 2018, 233, 5574-5588.

Misir, S.; Yaman, S.O.; Akidan, O.; Hepokur, C.; Aliyazicioglu, Y. miRNA-Based Therapeutic Strategy and Its Application in Breast
Cancer; IntechOpen: London, UK, 2024.

Forterre, A.; Komuro, H.; Aminova, S.; Harada, M. A comprehensive review of cancer MicroRNA therapeutic delivery strate-
gies. Cancers 2020, 12, 1852.

Smolarz, B.; Durczynski, A.; Romanowicz, H.; Szytto, K.; Hogendorf, P.miRNAs in cancer (review of literature). Int. |. Mol. Sci.
2022, 23, 2805.

Rothschild, S.I. MicroRNA therapies in cancer. Mol. Cell. Ther. 2014, 2, 7.

Wu, Y.; Crawford, M.; Mao, Y.; Lee, R]; Davis, 1.C.; Elton, T.S.; Lee, L.J.; Nana-Sinkam, S.P. Therapeutic delivery of microRNA-
29b by cationic lipoplexes for lung cancer. Mol. Ther. Nucleic Acids 2013, 2.

Rai, K.; Takigawa, N.; Ito, S.; Kashihara, H.; Ichihara, E.; Yasuda, T.; Shimizu, K.; Tanimoto, M.; Kiura, K. Liposomal delivery
of microRNA-7—expressing plasmid overcomes epidermal growth factor receptor tyrosine kinase inhibitor-resistance in lung
cancer cells. Mol. Cancer Ther. 2011, 10, 1720-1727.

Yoo, B.; Ross, A.; Pantazopoulos, P.; Medarova, Z. MiRNA10b-directed nanotherapy effectively targets brain metastases from
breast cancer. Sci. Rep. 2021, 11, 2844.

Park, J.K.; Kogure, T.; Nuovo, G.J.; Jiang, J.; He, L.; Kim, J.H.; Phelps, M.A_; Papenfuss, T.L.; Croce, C.M.; Patel, T.; et al. miR-
221 silencing blocks hepatocellular carcinoma and promotes survival. Cancer Res. 2011, 71, 7608-7616.

Taylor, M.A.; Schiemann, W.P. Therapeutic opportunities for targeting microRNAs in cancer. Mol. Cell. Ther. 2014, 2, 30.
Alix-Panabieres, C.; Pantel, K. Liquid Biopsy: From Discovery to Clinical Application. Cancer Discov. 2021, 11, 858-873.

Shah, R.; Patel, T.; Freedman, J.E. Circulating Extracellular Vesicles in Human Disease. N. Engl. . Med. 2018, 379, 958-966.
Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977.

Sohn, W.; Kim, J.; Kang, S.H.; Yang, S.R.; Cho, J.Y.; Cho, H.C.; Shim, S5.G.; Paik, Y.-H. Serum exosomal microRNAs as novel
biomarkers for hepatocellular carcinoma. Exp. Mol. Med. 2015, 47, e184.

Xue, X.; Zhao, Y.; Wang, X.; Qin, L.; Hu, R. Development and validation of serum exosomal microRNAs as diagnostic and
prognostic biomarkers for hepatocellular carcinoma. J. Cell. Biochem. 2019, 120, 135-142.

Yuwen, D.; Ma, Y.; Wang, D.; Gao, J.; Li, X.; Xue, W.; Fan, M.; Xu, Q.; Shen, Y.; Shu, Y. Prognostic Role of Circulating Exosomal
miR-425-3p for the Response of NSCLC to Platinum-Based Chemotherapy. Cancer Epidemiol. Biomark. Prev. 2019, 28, 163-173.
Stevic, I.; Mdiller, V.; Weber, K,; Fasching, P.A.; Karn, T.; Marmé, F.; Schem, C,; Stickeler, E.; Denkert, C.; van Mackelenbergh,
M.; et al. Specific microRNA signatures in exosomes of triple-negative and HER2-positive breast cancer patients undergoing
neoadjuvant therapy within the GeparSixto trial. BMIC Med. 2018, 16, 179.

Sugimachi, K.; Matsumura, T.; Hirata, H.; Uchi, R.; Ueda, M.; Ueo, H.; Shinden, Y.; Iguchi, T.; Eguchi, H.; Shirabe, K.; et al.
Identification of a bona fide microRNA biomarker in serum exosomes that predicts hepatocellular carcinoma recurrence after
liver transplantation. Br. . Cancer 2015, 112, 532-538.

Hu, J.; Sheng, Y.; Kwak, K.J.; Shi, J.; Yu, B; Lee, L.J. A signal-amplifiable biochip quantifies extracellular vesicle-associated RNAs
for early cancer detection. Nat. Commun. 2017, 8, 1683.

https://doi.org/10.3390/ijms272110046



Int. ]. Mol. Sci. 2026, 27, 10046 44 of 45

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

Morabito, A.; De Simone, G.; Pastorelli, R.; Brunelli, L.; Ferrario, M. Algorithms and tools for data-driven omics integration to
achieve multilayer biological insights: A narrative review. |. Transl. Med. 2025, 23, 425.

Dey, M.; Remiszewski, P.; Piatkowski, J.; Golik, P.; Teterycz, P.; Czarnecka, A.M. MicroRNA bioinformatics in precision oncol-
ogy: An integrated pipeline from NGS to Al-based target discovery. ]. Appl. Genet. 2025, 1-8.

Costa, S.; La Rocca, G.; Cavalieri, V. Epigenetic regulation of chromatin functions by MicroRNAs and long noncoding RNAs
and implications in human diseases. Biomedicines 2025, 13, 725.

Lovino, M.; Ficarra, E.; Martignetti, L. Integrated microRNA and proteome analysis of cancer datasets with MoPC. PLoS ONE
2024, 19, €0289699.

Han, M.; Chen, X,; Li, X,; Ma, J.; Chen, T; Yang, C.; Wang, J.; Li, Y.; Guo, W.; Zhu, Y. MulNet: A scalable framework for recon-
structing intra-and intercellular signaling networks from bulk and single-cell RNA-seq data. Brief. Bioinform. 2025, 26, bbaf081.
Zare, E.; Yaghoubi, S.M.; Khoshnazar, M.; Jafari Dargahlou, S.; Machhar, ].S.; Zheng, Z.; Duijf, P.H.; Mansoori, B. MicroRNAs
in cancer immunology: Master regulators of the tumor microenvironment and immune evasion, with therapeutic potential.
Cancers 2025, 17, 2172.

Herbst, E.; Mandel-Gutfreund, Y.; Yakhini, Z.; Biran, H. Inferring single-cell and spatial microRNA activity from transcriptom-
ics data. Commun. Biol. 2025, 8, 87.

Yuan, J.; Xu, P.; Ye, Z.; Liu, W. STmiR: A Novel XGBoost-based framework for spatially resolved miRNA activity prediction in
cancer transcriptomics. PLoS ONE 2025, 20, e0322082.

Valous, N.A.; Popp, F.; Zornig, 1; Jager, D.; Charoentong, P. Graph machine learning for integrated multi-omics analysis: Ge-
netics and Genomics. Br. |. Cancer 2024, 131, 205-211.

Hsu, C.Y,; Askar, S.; Alshkarchy, S.S.; Nayak, P.P.; Attabi, K.A.L.; Khan, M.A.; Mayan, ].A.; Sharma, M.K.; Islomov, S.; Soleimani
Samarkhazan, H. Al-driven multi-omics integration in precision oncology: Bridging the data deluge to clinical decisions. Clin.
Exp. Med. 2025, 26, 29.

Binan, L.; Jiang, A.; Danquah, S.A.; Valakh, V.; Simonton, B.; Bezney, J.; Manguso, R.T.; Yates, K.B.; Nehme, R.; Cleary, B.; et al.
Simultaneous CRISPR screening and spatial transcriptomics reveal intracellular, intercellular, and functional transcriptional
circuits. Cell 2025, 188, 2141-2158.

Xu, Z.; Sziraki, A.; Lee, J.; Zhou, W.; Cao, J. Dissecting key regulators of transcriptome kinetics through scalable single-cell RNA
profiling of pooled CRISPR screens. Nat. Biotechnol. 2024, 42, 1218-1223.

Wang, S.; Jin, S.; Zhang, J.; Wang, X. Exosomal miRNAs: Key regulators of the tumor microenvironment and cancer stem cells.
Int. ]. Mol. Sci. 2025, 26, 9323.

Song, C.M.; Lin, T.H.; Huang, H.T.; Yao, J.Y. Illuminating diabetes via multi-omics: Unraveling disease mechanisms and ad-
vancing personalized therapy. World ]. Diabetes 2025, 16, 106218.

Chakraborty, D.; Romero, R.; Rajalingam, K. Integrate and conquer: Pan-cancer proteogenomics uncovers cancer vulnerabilities
and therapeutic opportunities. Signal Transduct. Target. Ther. 2024, 9, 289.

Jiang, W.; Ye, W.; Tan, X,; Bao, Y.]J. Network-based multi-omics integrative analysis methods in drug discovery: A systematic
review. BioData Min. 2025, 18, 27.

Siddiqui, M.R. Machine learning for multi-omics biomarker discovery in lung, kidney, and head and neck cancers. Biosci. Rep.
2026, 3, 147-172.

Jiang, L.; Dalgarno, C.; Papalexi, E.; Mascio, I.; Wessels, H.-H.; Yun, H.; Iremadze, N.; Lithwick-Yanai, G.; Lipson, D.; Satija, R.
Systematic reconstruction of molecular pathway signatures using scalable single-cell perturbation screens. Nat. Cell Biol. 2025,
27,505-517.

Fortunato, O.; Iorio, M.V. The therapeutic potential of MicroRNAs in cancer: Illusion or opportunity? Pharmaceuticals 2020, 13,
438.

Ivkovic, T.C.; Voss, G.; Cornella, H.; Ceder, Y. microRNAs as cancer therapeutics: A step closer to clinical application. Cancer
Lett. 2017, 407, 113-122.

Reid, G.; Pel, M.E,; Kirschner, M.B.; Cheng, Y.Y.; Mugridge, N.; Weiss, J.; Williams, M.; Wright, C.; Edelman, J.J.; Vallely, M.P.;
et al. Restoring expression of miR-16: A novel approach to therapy for malignant pleural mesothelioma. Ann. Oncol. 2013, 24,
3128-3135.

Reid, G; Kao, S.C.; Pavlakis, N.; Brahmbhatt, H.; MacDiarmid, J.; Clarke, S.; Boyer, M.; Van Zandwijk, N. Clinical development
of TargomiRs, a miRNA mimic-based treatment for patients with recurrent thoracic cancer. Epigenomics 2016, 8, 1079-1085.

https://doi.org/10.3390/ijms272110046



Int. ]. Mol. Sci. 2026, 27, 10046 45 of 45

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

Van Zandwijk, N.; Pavlakis, N.; Kao, S.C.; Linton, A.; Boyer, M.].; Clarke, S.; Huynh, Y.; Chrzanowska, A.; Fulham, M.].; Bailey,
D.L.; et al. Safety and activity of microRNA-loaded minicells in patients with recurrent malignant pleural mesothelioma: A first-
in-man, phase 1, open-label, dose-escalation study. Lancet Oncol. 2017, 18, 1386-1396.

Hong, D.S.; Kang, Y.K.; Borad, M.; Sachdev, J.; Ejadi, S.; Lim, H.Y.; Brenner, A.].; Park, K; Lee, ]J.L.; Kim, T.Y,; et al. Phase 1
study of MRX34, a liposomal miR-34a mimic, in patients with advanced solid tumours. Br. ]. Cancer 2020, 122, 1630.

Reda El Sayed, S.; Cristante, J.; Guyon, L.; Denis, J.; Chabre, O.; Cherradi, N. MicroRNA therapeutics in cancer: Current ad-
vances and challenges. Cancers 2021, 13, 2680.

Kasinski, A.L.; Kelnar, K.; Stahlhut, C.; Orellana, E.; Zhao, J.; Shimer, E.; Dysart, S.; Chen, X.; Bader, A.G.; Slack, F.J. A combi-
natorial microRNA therapeutics approach to suppressing non-small cell lung cancer. Oncogene 2015, 34, 3547-3555.

Beg, M.S.; Brenner, A.].; Sachdev, J.; Borad, M.; Kang, Y K.; Stoudemire, J.; Smith, S.; Bader, A.G.; Kim, S.; Hong, D.S. Phase I
study of MRX34, a liposomal miR-34a mimic, administered twice weekly in patients with advanced solid tumors. Investig. New
Drugs 2017, 35, 180-188.

Gao, X,; Tang, R X; Xie, Q.N.; Lin, ].Y.; Shi, H.L.; Chen, G.; Li, Z.Y. The clinical value of miR-193a-3p in non-small cell lung cancer and
its potential molecular mechanism explored in silico using RNA-sequencing and microarray data. FEBS Open Bio 2018, 8, 94-109.

Yu, M,; Liu, Z; Liu, Y.; Zhou, X.; Sun, F,; Liu, Y.; Li, L.; Hua, S.; Zhao, Y.; Gao, H.; et al. PTP 1B markedly promotes breast cancer
progression and is regulated by miR-193a-3p. FEBS ]. 2019, 286, 1136-1153.

Fan, Q.; Hu, X,; Zhang, H.; Wang, S.; Zhang, H.; You, C.; Zhang, C.Y.; Liang, H.; Chen, X,; Ba, Y. MiR-193a-3p is an important
tumour suppressor in lung cancer and directly targets KRAS. Cell. Physiol. Biochem. 2017, 44, 1311-1324.

Liu, Y.; Xu, X,; Xu, X; Li, S.; Liang, Z.; Hu, Z.; Wu, J.; Zhu, Y.; Jin, X.; Wang, X.; et al. MicroRNA-193a-3p inhibits cell proliferation
in prostate cancer by targeting cyclin D1. Oncol. Lett. 2017, 14, 5121-5128.

Telford, B.J.; Yahyanejad, S.; de Gunst, T.; den Boer, H.C.; Vos, RM,; Stegink, M.; van den Bosch, M.T.; Alemdehy, M.F.; van
Pinxteren, L.A.; Schaapveld, R.Q.; et al. Multi-modal effects of 1B3, a novel synthetic miR-193a-3p mimic, support strong po-
tential for therapeutic intervention in oncology. Oncotarget 2021, 12, 422.

van den Bosch, M.T.; Yahyanejad, S.; Alemdehy, M.E.; Telford, B.].; de Gunst, T.; den Boer, H.C.; Vos, RM.; Stegink, M.; van
Pinxteren, L.A.; Schaapveld, R.Q.; et al. Transcriptome-wide analysis reveals insight into tumor suppressor functions of 1B3, a
novel synthetic miR-193a-3p mimic. Mol. Ther. Nucleic Acids 2021, 23, 1161-1171.

Garofalo, M.; Quintavalle, C.; Di Leva, G.; Zanca, C.; Romano, G.; Taccioli, C.; Liu, C.G.; Croce, C.M.; Condorelli, G. MicroRNA signa-
tures of TRAIL resistance in human non-small cell lung cancer. Oncogene 2008, 27, 3845-55. Erratum in Oncogene 2021, 40, 1204.
Miller, T.E.; Ghoshal, K.; Ramaswamy, B.; Roy, S.; Datta, J.; Shapiro, C.L.; Jacob, S.; Majumder, S. MicroRNA-221/222 confers
tamoxifen resistance in breast cancer by targeting p27Kip1. J. Biol. Chem. 2008, 283, 29897-29903.

Callegari, E.; Elamin, B.K.; Giannone, F.; Milazzo, M.; Altavilla, G.; Fornari, F.; Giacomelli, L.; D’Abundo, L.; Ferracin, M.; Bassi,
C.; et al. Liver tumorigenicity promoted by microRNA-221 in a mouse transgenic model. Hepatology 2012, 56, 1025-1033.
Zhang, C.Z.; Zhang, ] X.; Zhang, A.L,; Shi, Z.D.; Han, L Jia, Z.F.; Yang, W.D.; Wang, G.X; Jiang, T.; You, Y.P.; et al. MiR-221
and miR-222 target PUMA to induce cell survival in glioblastoma. Mol. Cancer 2010, 9, 229.

Di Martino, M.T.; Gulla, A.; Cantafio, M.E.; Lionetti, M.; Leone, E.; Amodio, N.; Guzzi, P.H.; Foresta, U.; Conforti, F.; Cannataro,
M,; et al. In vitro and in vivo anti-tumor activity of miR-221/222 inhibitors in multiple myeloma. Oncotarget 2013, 4, 242.
Higgs, G.; Slack, F. The multiple roles of microRNA-155 in oncogenesis. . Clin. Bioinform. 2013, 3, 17.

Seto, A.G.; Beatty, X.; Lynch, ].M.; Hermreck, M.; Tetzlaff, M.; Duvic, M.; Jackson, A.L. Cobomarsen, an oligonucleotide inhibitor
of miR-155, co-ordinately regulates multiple survival pathways to reduce cellular proliferation and survival in cutaneous T-cell
lymphoma. Br. ]. Haematol. 2018, 183, 428-444.

Zhang, Y.; Roccaro, A.M.; Rombaoa, C.; Flores, L.; Obad, S.; Fernandes, S.M.; Sacco, A.; Liu, Y.; Ngo, H.; Quang, P; et al. LNA-
mediated anti-miR-155 silencing in low-grade B-cell lymphomas. Blood ]. Am. Soc. Hematol. 2012, 120, 1678-1686.

Jurj, A.; Dragomir, M.P.; Li, Z.; Calin, G.A. MicroRNAs in oncology: A translational perspective in the era of Al Nat. Rev. Clin.
Oncol. 2026, 23, 239-259.

Liu, X.S.; Wu, H.; Ji, X,; Stelzer, Y.; Wu, X,; Czauderna, S.; Shu, J.; Dadon, D.; Young, R.A.; Jaenisch, R. Editing DNA methylation
in the mammalian genome. Cell 2016, 167, 233-247.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms272110046



