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Abstract

Pancreatic cancer (PC) remains one of the most lethal malignancies worldwide, characterized by late diagnosis, rapid
progression, and poor therapeutic response. Despite incremental advances, survival rates remain dismal, underscoring
the urgent need for innovative diagnostic and therapeutic strategies. MicroRNAs (miRNAs) are small noncoding
RNAs that regulate gene expression post-transcriptionally, and they have emerged as critical modulators of PC
pathogenesis. They influence key oncogenic and tumor-suppressive pathways including KRAS, NF-kB, and
AKT/STAT3. Dysregulated miRNAs such as miR-21 and miR-155 drive tumor proliferation, epithelial-mesenchymal
transition, and chemoresistance. Conversely, tumor-suppressive miRNAs like miR-34a inhibit these processes,
highlighting their dual biological roles. Mounting evidence supports the value of circulating and extracellular vesicle-
associated miRNAs in distinguishing PC from benign lesions. Integrated biomarker panels combining miRNAs with
CA19-9 have achieved sensitivities and specificities exceeding 90%, outperforming conventional assays. Furthermore,
machine learning models have enhanced the predictive power of miRNA signatures for personalized diagnosis.
Therapeutically, miRNA modulation offers novel opportunities. Strategies include restoring tumor-suppressive
miRNAs or inhibiting oncogenic ones using antagomirs and delivery systems like nanoparticles and viral vectors.
Emerging approaches such as CRISPR-Cas9 gene editing further expand this potential. Preclinical studies demonstrate
the efficacy of miRNA-based interventions in reducing tumor growth, though clinical translation is limited by delivery
challenges. In conclusion, miRNAs represent a multifaceted frontier in PC research, serving as noninvasive
biomarkers and promising therapeutic targets. Continued integration of molecular biology with computational
innovations is poised to accelerate the implementation of miRNA-based precision oncology.

Keywords: MicroRNA, pancreatic cancer, early detection, prognosis, precision therapy, extracellular vesicles,
CRISPR-Cas9, nanomedicine
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Introduction

Pancreatic cancer (PC) is recognized as one of the most lethal types of cancer worldwide.! According to the most
recent American Cancer Society report (Cancer Statistics, 2025), PC remains one of the most lethal malignancies,
with an estimated 67,440 new cases and 51,980 deaths projected in the United States in 2025, ranking as the third
leading cause of cancer-related mortality after lung and colorectal cancer.? PC is associated with various risk factors,
encompassing both environmental and genetic triggers. However, the relative contribution of some factors, such as
obesity, remains debated, with cohort studies showing inconsistent associations depending on population and
methodological design.> MicroRNAs (miRNAs) are a class of small, non-coding RNA molecules that play a crucial
role in the regulation of gene expression in a wide range of biological processes.*> miRNAs are pivotal in cancer,
exerting either tumour-suppressive or oncogenic influences by modulating gene expression at the post-transcriptional
level. Literature highlights the dysregulation of specific miRNAs, such as the upregulation of miR-155° and miR-21,”
and the downregulation of miR-128% and miR-29¢,” which influence critical signaling pathways, including
ERK/MAPK, AKT/STAT3, and NF-kB. In particular, miR-21’s role appears multifaceted—it is implicated in
proliferation, EMT, anti-apoptosis, and angiogenesis via targets like PTEN and VEGF, yet its expression and
prognostic power vary across studies and patient cohorts, raising concerns about reproducibility and standardization
in biomarker development.'®'! These miRNAs act as oncogenic or tumor-suppressive agents, affecting processes like
apoptosis, proliferation, invasion, and metastasis.'? Nevertheless, clinical translation remains hindered by limited
validation in large, ethnically diverse cohorts and the inherent variability among study platforms and normalization
protocols. Extracellular vesicles (EVs) are small, membrane-enclosed structures released by virtually all cell types.'
Extracellular vesicles are classified into several subtypes, including exosomes, microvesicles, and apoptotic bodies,
each with unique biogenesis and cargo.!* Of these, exosomes, which are small vesicles (30-150 nm in diameter), are
particularly noteworthy for their role in miRNA transmission.!'> However, the practical implementation of EV-miRNA
biomarkers is complicated by challenges in EV isolation and characterization, which can significantly affect detected
miRNA profiles. Moreover, patient-to-patient heterogeneity in EV cargo raises concerns about the robustness of
candidate biomarkers across clinical settings.!®!” Noninvasive prediction of outcomes is a critical objective in
medicine, as it can facilitate early diagnosis, prognosis, and therapeutic decision-making. The use of miRNAs
transported via EVs for this purpose is gaining increasing attention due to their potential as diagnostic and prognostic
biomarkers. The analysis of miRNAs carried by EVs in body fluids such as blood, urine, and saliva can provide
valuable insights into cancer development and progression. Altered miRNA profiles within EVs have been linked to
specific cancer types, making them potential noninvasive biomarkers for early detection and prognosis.'® Tumour-
associated stroma (TAS) is the supportive, non-cancerous tissue that surrounds and interacts with a tumor, playing a
significant role in tumor development and progression.!”” TAS has a significant effect on PDAC progression.?
Crucially, emerging evidence shows that the desmoplastic stroma can play a dual role—while often promoting
chemoresistance and immune suppression, certain stromal subtypes or contexts have been found to restrain tumor
growth, indicating a context-dependent complexity that must be accounted for in therapeutic targeting.?!

Despite modest increments in detection and treatment, PC survival remains critically low, with only about 12% of
patients surviving five years after diagnosis and improvements have been minimal over recent decades.?? Furthermore,
CA199, the most widely used serum biomarker, has well-recognized limitations; its sensitivity and specificity are
insufficient for early-stage detection, and it fails entirely in Lewis antigennegative individuals.?* Recent meta-analytic
data show that miRNA-only biomarker panels achieve high diagnostic accuracy with pooled sensitivity of 88%,
specificity of 91% and an AUC of 0.95.%* Accuracy improves further when miRNAs are combined with CA19-9.
Exosome-derived biomarkers, especially surface proteoglycans, demonstrated remarkable performance with
sensitivity of 96% and specificity of 90%.%° By contrast, combining CA19-9 with circulating miRNAs has shown
significantly improved diagnostic accuracy. In recent years, particularly after 2022, the field has moved toward
translational applications. Artificial intelligence and machine-learning-based approaches have enabled the
construction of multi-miRNA biomarker panels, which show superior diagnostic performance compared to single
miRNAs, especially when combined with established markers like CA19-9.% In parallel, translational momentum is
building through ongoing prospective clinical studies, such as the PANXEON trial, which aims to validate an
exosomebased miRNA signature for noninvasive early detection of PDAC.? In light of this challenging outlook, there



has been a growing focus on elucidating the genetic and epigenetic characteristics of PC and gaining insights into the
molecular mechanisms that drive its onset, rapid advancement, and resistance to treatment. MiRNAs have risen to
prominence as pivotal molecules governing the pathobiology of PC. This review aims to consolidate the current
understanding of microRNAs in PC, highlighting their multifaceted roles as potential biomarkers for early detection,
facilitators of precision targeting, and providers of valuable prognostic insights. By comprehensively examining the
existing literature, we intend to shed light on the promise and challenges of harnessing microRNAs in the fight against
PC.

microRNA biogenesis and activity

miRNAs are non-coding small RNA molecules crucial for gene regulation. Their formation involves a complex,
tightly regulated process from nuclear transcription to functional miRNA maturation, highlighting their importance in
biological processes and diseases.?®* miRNA biogenesis begins in the nucleus, where RNA polymerase II transcribes
miRNA genes into primary miRNA transcripts (pri-miRNAs) containing hairpin structures. The Microprocessor
complex, composed of Drosha (an RNase III enzyme) and DGCRS, processes pri-miRNAs into precursor miRNAs
(pre-miRNAs) about 70 nucleotides long. Exportin-5, along with Ran-GTP, then transports the pre-miRNAs to the
cytoplasm.*® In the cytoplasm, Dicer, an RNase I1I enzyme, processes pre-miRNAs by cleaving the loop, resulting in
a double-stranded RNA of 20-25 base pairs. This duplex contains the guide strand (mature miRNA) and the passenger
strand. The guide strand is incorporated into the RNA-induced silencing complex (RISC), which includes Argonaute
proteins, essential for miRNA function. The passenger strand is usually degraded. The mature miRNA in RISC directs
the complex to its target mRNA, leading to gene silencing.>! miRNAs bind to target mRNAs, typically in the 3° UTR,
through partial sequence complementarity. This binding can lead to translational repression or degradation of the
mRNA, resulting in reduced expression of the target gene.’? (Fig 1).
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Fig. 1 Schematic representation of the microRNA (miRNA) biogenesis and gene silencing pathway. Primary miRNAs
(pri-miRNAs) are transcribed in the nucleus by RNA polymerase II from miRNA genes and form hairpin structures.
The pri-miRNAs are cleaved by the microprocessor complex containing the RNase III enzyme DROSHA, generating
precursor miRNAs (pre-miRNAs). Pre-miRNAs are then exported from the nucleus to the cytoplasm by Exportin-5



in a Ran-GTP—dependent manner. In the cytoplasm, the RNase III enzyme DICER further processes pre-miRNAs into
~22 nucleotide-long double-stranded mature miRNAs. One strand of the mature miRNA is incorporated into the RNA-
induced silencing complex (RISC), which guides the complex to complementary sequences within target mRNAs.
Binding of the miRNA-RISC complex to target mRNAs leads to post-transcriptional gene regulation through mRNA
degradation or translational repression.

The role of miRNAs in pancreatic cancer

The role of miRNAs in the pathogenesis of pancreatic cancer

The downregulation of miR-128, which promotes apoptosis, is closely associated with the protein MDM4 (MDMX),
a key regulator of the tumor suppressor p53. MDM4 binds to p53, inhibiting its activity and preventing it from carrying
out tumor-suppressive functions, such as regulating the cell cycle and inducing apoptosis.® The balance of p53 activity
is crucial for proper cellular responses to stress and damage. Dysregulation or overexpression of MDM4 can lead to
p53 inactivation, contributing to the development and progression of PC.334 The upregulation of miR-155, leading to
structural and metabolic changes in pancreatic cells, is mediated through the SOCS1 and Foxp3 pathway, with reduced
SOCS1 and Foxp3 levels associated with the severity of cachexia in PC patients.® The protein family known as
Suppressors of Cytokine Signaling (SOCS1) is characterized as direct controllers of the JAK/ STAT signaling pathway
in cancer,*® while Foxp3 is crucial for the development and function of regulatory T cells, preserving immune
tolerance. In recent findings, elevated expression levels of Foxp3, have shown a notable association with tumor
invasion in PDAC.3%37 This intricate pathway highlights the regulatory connection between miR-155, SOCSI, and
Foxp3, unveiling the molecular mechanisms underlying structural and metabolic alterations in pancreatic cells.®
Within the realm of PC, the downregulation of miR-29¢ assumes a pivotal role, as it directly influences essential
signaling pathways. Specifically, miR-29c plays a central role in modulating the ERK/MAPK pathway, a signaling
cascade that holds profound relevance for PC progression .” The ERK/MAPK pathway plays a key role in transducing
extracellular signals and regulating essential cellular processes such as proliferation, differentiation, and survival. In
PC, dysregulated activation of this pathway is often linked to uncontrolled cell growth and the aggressive behavior of
cancer cells.* In PC, the critical role of IkB kinase complex 1 (IKK1), also known as IKKa, emerges in regulating the
NF-kB signaling pathway, which is intricately linked to the initiation and advancement of this malignancy.*® The
majority of PDAC patients manifest constitutive activation of NF-kB, and this activation is associated with a mutation
in the KRAS gene, a connection facilitated through the action of IKK1.* Furthermore, the upregulation of miR-31-
5p and miR-1290 contributes to the promotion of cell proliferation, invasion, and migration, with these effects being
significantly influenced by the presence and activity of IKK1.*! The AKT/STATS3 axis is crucial in pancreatic cancer
(PC), driving disease progression and treatment resistance. Activation of AKT and STAT3 promotes cell survival,
proliferation, invasion, metastasis, and chemoresistance, while also fostering an inflammatory microenvironment and
immune evasion, contributing to the cancer’s aggressiveness.*? Targeting the AKT/STAT3 pathway offers potential
for more effective PC therapies. In a study, Betulinic acid (BA) was used to suppress miR-365, resulting in reduced
cell proliferation and invasion, along with increased apoptosis. These effects are closely linked to the AKT/STAT3
axis.*» ADAM17 plays a crucial role in PC by promoting tumor growth and progression, mainly through the activation
of EGFR/MEK signaling and the modulation of immune cell populations within the tumor microenvironment.*
Downregulation of miR-4299d inhibits cell proliferation, invasion, and promotes apoptosis in PC, while reducing
tumor growth, mainly through ADAM17’s role in regulating immune escape.*® EMT is crucial in PC pathogenesis,
driving the transition of epithelial cells to a mesenchymal phenotype, which is linked to increased tumor
aggressiveness, invasiveness, and metastasis.*® miR-492 plays a key role in EMT by upregulating processes like cell
proliferation, migration, and invasion. It targets genes such as NR2C1, NDUFA12, and TMCC3, and activates the
TGF-B/Smad3 pathway, promoting EMT in PC.*’ Also it was shown that miR-561-5p, when upregulated, is associated
with the promotion of cell proliferation, migration, invasion, EMT, and cell growth.*® Migration and Invasion
Inhibitory Protein (MIIP) is a protein that plays a role in regulating cell migration and invasion.* HIF-la is a
transcription factor that responds to hypoxia by regulating genes involved in cellular adaptation. miR-646 upregulation
promotes proliferation and invasion, involving MIIP/HIF-1o in these processes.’® A study by Mortoglou and
colleagues explored the role of miRNAs in EMT. They found that knocking out miR-21 in PDAC cells reversed EMT,
resulting in decreased cell proliferation and invasion ’ (Table 1).



Role of miRNAs in Differentiating Pancreatic Neoplasms

Pancreatic neoplasms, including PDAC, Intraductal papillary mucinous neoplasms (IPMNs), and pancreatic
neuroendocrine tumors (pNETSs), present diagnostic challenges due to overlapping clinical and imaging features.
miRNAs have emerged as potential biomarkers capable of distinguishing these entities, thereby aiding in accurate
diagnosis and personalized treatment strategies. Studies have identified distinct miRNA expression profiles between
PDAC and IPMNs. In a study by Fernandez-Castafier and colleagues, they investigated the role of miRNAs in the
development and progression of IPMN into PDAC by identifying miRNA-mRNA pairs associated with cell structure,
actin cytoskeleton, and metabolism, with miR-181a emerging as a key regulator. The findings suggest that miRNA
alterations play a role in the structural and metabolic changes seen in both IPMN and PDAC. miR-21 and miR-155
are significantly upregulated in PDAC compared to IPMNs, correlating with tumor aggressiveness and invasion
potential. Additionally, miR-181a has been implicated in structural and metabolic changes during IPMN progression,
serving as a marker to differentiate low-risk IPMNs from those transitioning to PDAC.?® MiR-483-3p and miR-21
have been found to be significantly higher in PDAC patients compared to healthy controls and IPMN patients,
suggesting their potential as biomarkers for distinguishing PDAC from other pancreatic lesions.”” The integration of
miRNA profiling into clinical practice holds promise for non-invasive diagnostic strategies. Serum MAPK-associated
miRNAs, for example, have been identified as novel noninvasive biomarkers for differentiating between PDAC,
IPMN, and autoimmune pancreatitis (AIP). Such biomarkers can improve specificity and reduce misdiagnosis in
clinical practice.”

Targeting miRNAs by other non-coding RNAs play an important role in the pathogenesis of pancreatic cancer
Competitive endogenous RNAs (ceRNAs) are pivotal players in gene regulation, acting as molecular sponges that
bind miRNAs to modulate their availability for targeting mRNAs. This mechanism involves a complex network of
non-coding RNAs, including IncRNAs, circRNAs, and even protein-coding mRNAs, which compete for shared
miRNAs to influence gene expression. CircRNAs can sponge miRNAs and alter their target gene expression through
a mechanism known as ceRNA regulation.”® A bioinformatics study on gemcitabine resistance in PC cells identified
suppressed hsa circ 0007401, increased hsa-miR-6509-3p, and downregulated FLI1 mRNA through negative
regulation in the ceRNA network. FLII expression was significantly reduced in gemcitabine-resistant pancreatic
cancer patients.>!
A similar study on gemcitabine resistance in PC cells found that circACTR2 reversed resistance by inhibiting the
PI3K/AKT pathway. It acted as a sponge for miR-221-3p, increasing PTEN expression.”® SLC38A2, a glutamine
transporter, has been recognized for their significant implications in cancer. Moreover, separate investigations have
underscored the pivotal role of SLC38A2 in the context of PC.!® miR-21-5p contributes to the proliferation, invasion,
and migration of PC cells. Suppressing circRNA, circ 001859, targets miR-21-5p, effectively inhibiting EMT,
proliferation, and invasion while increasing SLC38A2 levels.” The circRNA hsa_circ 0006215, which is found to be
upregulated in PC, has been shown to elevate the levels of miR-378a-3p. Consequently, this increase in miR-378a-3p
leads to an upregulation of SERPINA4.%5 Notably, SERPINA4 is recognized as a prognostic factor in cancer,
suggesting that its expression level may have clinical significance in predicting the disease’s outcome or
progression.':192 Hsa_circ_0046523, overexpressed in PC, promotes an immunosuppressive microenvironment by
upregulating PD-L1 via miR-148a-3p, indicating potential therapeutic targets for modifying the immune
microenvironment in PC.%

Emerging research highlights the role of IncRNAs and their sponging activity in PC pathogenesis. Once regarded as
“genomic dark matter,” IncRNAs are now recognized as key players in post-transcriptional gene regulation.'”® By
acting as molecular sponges for microRNAs, IncRNAs can influence the expression of key genes and signal
transduction pathways, thereby impacting the development and progression of PC.!% Studies show that IncRNA XIST
promotes PC cell proliferation by interacting with miR-137 and reducing its expression. XIST also acts as a ceRNA
to upregulate Notchl expression. A negative correlation exists between miR-137 and XIST/Notchl, while a positive
correlation is observed between Notchl and XIST in PC tissues.’” Another study on XIST in PC shows its high
expression in PC tissues and the downregulation of miR-141-3p. Silencing XIST inhibits PC cell proliferation,
migration, and invasion, with miR-141-3p acting as a mitigating factor. The study demonstrates a direct interaction
between miR-141-3p and XIST, and miR-141-3p negatively regulates TGF-B2 expression.®® XIST promotes PC cell
proliferation, migration, invasion, and inhibits apoptosis. miR-34a-5p, downregulated in PC tissues, targets XIST and



counteracts its malignant effects, highlighting the therapeutic potential of targeting both XIST and miR-34a-5p in
PC.3* miR-141-3p, targeted by IncRNAs CTBP1 AS2 and TP73-AS1, significantly impacts PC progression and
migration. These IncRNAs enhance the expression of USP22 and BDH2, driving PC carcinogenesis.*>*! Yuan and
colleagues found that LINC00152 is upregulated and miR-150 is downregulated in PC cells. Elevated LINC00152
promotes cell proliferation, migration, and invasion by directly targeting miR-150. Inhibiting miR-150 counteracts
the effects of LINC00152 knockdown on these processes.* IncRNA ABHD11-AS] is another non-coding RNA which
can sponge miR-1231 and its downstream target, cyclin E1.* HNFIA plays a pivotal role in inhibiting the
development of chemotherapy resistance and acts as a tumor suppressor in PC.!%%!% Tt has been shown that
LINCO00673 can suppress invasion and migration in pancreatic cancer by modulating the miR-504/HNF1A pathway.
Additionally, miR-504 has been identified as a target of LINC00673 in pancreatic cancer.’” Overexpression of
LINCO02532 and underexpression of miR-145 are associated with increased cancer stem cell aggressiveness while
downregulating LINC02532 and upregulating miR-145 inhibits proliferation, migration, and invasion and induces
apoptosis.” The increased expression of the IncRNA AFAP1-AS1 in PC contributes to tumor advancement by
functioning as a ceRNA that sequesters miR-133a, thereby activating IGFIR and the MEK/ERK pathway. This
suggests that AFAP1-AS1 has promise as both a diagnostic marker and a therapeutic focus for PC.%° In PC, the
upregulated long non-coding RNA SNHG14 accelerates tumor progression by acting as a ceRNA for miR-613,
modulating Annexin A2 expression.”? Silencing LINC00491 inhibited PC cell migration, invasion, proliferation, and
tumor growth. LINC00491 interacts with miR-188-5p, which targets ZFP91. Inhibiting miR-188-5p restored
LINCO00491 effects, suggesting that LINC00491 promotes PC progression via the miR-188-5p/ZFP91 axis.”
LncRNA GASS expression is decreased, while miR-181c-5p is increased in PC cells. GASS5 overexpression reduces
cell viability and negatively regulates miR-181c-5p. MiR-181c-5p promotes chemoresistance by inactivating the
Hippo pathway, and GAS5 overexpression inhibits tumor growth in a PC mouse model.®® IncRNA CASC2 was
identified as a direct regulator of miR-21, and overexpression of miR-21 reversed the antimetastatic effects of CASC2.
Furthermore, downregulation of PTEN also reversed the antimetastatic effects of CASC2.”> SLCO4A1-ASI is
upregulated in PC, and its knockdown inhibits cell proliferation, migration, invasion, and induces apoptosis. It
modulates KIF21B expression by binding to miR-4673, functioning as an oncogene that exacerbates malignancy by
upregulating KIF21B through miR-4673 sponging.” IncRNA DGCRS5 is downregulated in PC tissues and cells, acting
as a decoy for miR-27a-3p, which negatively regulates BNIP3. DGCRS influences the BNIP3 and p38 MAPK
pathways through miR-27a-3p, promoting apoptosis and attenuating PC development. This suggests DGCRS plays a
tumor-suppressive role by regulating the miR-27a-3p/BNIP3 pathway and p38 MAPK signaling.”® Angiogenesis,
characterized by the formation of new blood vessels, is a fundamental process in cancer, including pancreatic cancer.
This hallmark is often associated with the development of poor vascular networks and dense stromal tissue in
tumors.'”” Linc00511 is upregulated in PDAC tissues and cell lines, correlating with poor prognosis. Depletion of
Linc00511 in PDAC cells inhibits proliferation, migration, invasion, and endothelial tube formation. Mechanistically,
Linc00511 upregulates VEGFA by acting as a ceRNA for hsa-miR-29b-3p.” LINC00994 negatively correlates with
miR-765-3p expression.®’ Runt-related transcription factor 2 (RUNX2), associated with aggressive cancer behavior,'®
is identified as a novel miR-765-3p target and is upregulated in PC. LINC00994 and RUNX2 reciprocally regulate
each other’s expression. They both compete to bind miR-765-3p. When miR-765-3p is antagonized, LINC00994-
silenced cells regain aggressive behavior with RUNX2 re-expression.® LncRNA BC037916 correlates with clinical
stage, primary tumor size, and regional lymph node invasion, making it an independent prognostic marker for PC.
Inhibition of BC037916 suppresses the JAK2/STAT3 and TGF-B pathways. It also positively regulates Twist
expression via miR-3145-3p, enhancing proliferation, invasion, and reducing apoptosis.’! In a study by Zhao and
colleagues it was noted that PVT1 acts as an intrinsic “sponge,” competing with miR-448 to regulate the miRNA
target SERBP1, ultimately enhancing the proliferation and migration of PC cells.®® LncRNA SLCO4A1-ASI is
upregulated in PC, and its inhibition reduces cell proliferation, migration, invasion, and promotes apoptosis.
SLCO4A1-AS1 regulates KIF21B expression by binding to miR-4673. It acts as an oncogene in PC, enhancing
aggressiveness by increasing KIF21B levels through miR-4673 sequestration.” Elevated LINCO1128 expression in
pancreatic cancer correlates with poor patient prognosis. Silencing LINC01128 inhibits tumor progression, including
proliferation, migration, and invasion, both in vitro and in vivo. LINCO01128 acts as a sponge for miR-561-5p, with its
downstream target being lactate dehydrogenase A (LDHA). MiR-561-5p is reduced in pancreatic cancer, showing a



negative correlation with LINC01128.° A summary of miRNAs involved in PC pathogenesis and their targets are

shown in Table 1.

Table 1 The role of miRNAs in the pathogenesis of pancreatic cancer

miRNA (biom Alteration Cellular function Target Refere
arker) nces
hsa-miR- Upregulation | Inhibition of gemcitabine resistance FLI1 51
6509-3p
miR-491-3p Downregulati Promotion of cell proliferation, LncRNA LINP1 )>
on invasion, and migration ability
miR-107 Downregulati Promotion of cell migration and FEZF1-AS1/miR- 33
on invasion in vitro 107/ZNF312B axis
miR-1231 Downregulati Promotion of proliferation, cyclin E1 54
on migration and invasion and inhibits
apoptosis
miR-128 Downregulati Promotion of apoptosis MDM4 8
on
miR-145 Upregulation Promotion of migration, invasion LINC02532 55
and apoptosis of pancreatic cancer
stem cells.
miR-133a Downregulati Promotion of growth, migration MIAT, IGF1R repression 36
on and invasion
miR-137 Downregulati Promotion of cell proliferation Long non-coding RNA XIST 57
on and Notchl pathway
miR-138-5p Upregulation | Promotion of growth and migration FOXK1 58
miR-141-3p Upregulation Promotion of cell proliferation, CTBP1-AS2/ USP22 59
migration and invasion and
inhibition of cell apoptosis
miR-141-3p | Downregulati Inhibition of cell proliferation, TGF-p2 60
on migration, and invasion
miR-141-3p | Downregulati Promotion of cell migration and BDH2 ol
on invasion
miR-143-5p Downregulati Promotion of cell apoptosis and AGR2 ol
on autophagy
miR-143 Downregulati Suppressed autophagy and the HIF-1a 62
on metastasis of pancreatic cancer




miRNA (biom Alteration Cellular function Target Refere
arker) nces
miR-148a-3p | Downregulati Suppressed tumor growth PD-L1 63
on
miR-150 Downregulati Promotion of cell proliferation, LINC00152 64
on migration and invasion
miR-155 Upregulation | Structural and metabolic changes in SOCS1 and Foxp3 6
pancreatic cells
miR-155 Upregulation Promotion of lymph node NiCI2 5>
metastasis in PDAC
miR-181a Downregulati Promotion of cachexis Actin Cytoskeleton Related 66
on Pathways-EPB41L4B and
SEL1L
miR-181b Upregulation Promotion of cell viability, ZEB2 67
migration and invasion
miR-181c-5p | Upregulation Promotion of GASS regulated Hippo pathway/GAS5 68
chemoresistance and Hippo
pathway
miR-185-5p Upregulation | Decreased proliferation, migration, Capan-2, AsPC-1, PANCI, 69
and invasion BxPC-3, HPDE
Promotion of growth
miR-188-5p Upregulation Promotion of migration, invasion ZFP91/LINC00491 "
and proliferation and tumor growth
miR-199b-5p | Upregulation Promotion of tumor growth and LINCO01133 7
metastasis of PC cells
miR-200c-3p | Downregulati | Promotion of cell proliferation and MALAT-1 2
on metastasis
miR-21 Downregulati Inhibition of cell migration and PTEN 7
on invasion
miR-21 - Promotion of metastasis EMT/ Wnt-11 74




miRNA (biom Alteration Cellular function Target Refere
arker) nces
miR-21-5p Upregulation Promotion of cell proliferation, SLC38A2 »
migration, invasion, and EMT
miR-221 Upregulation | Promotion of migration, metastasis, NiCI2 65
and uncontrolled proliferation of
PDAC cells
miR-221-3p | Upregulation | Regulation of PI3K/AKT signaling PTEN 76
pathway
miR-223-5p - Promotion of tumor growth and LINC01705 7
metastasis of PC cells
miR-27a-3p | Downregulati Promotion of cell apoptosis BNIP3 7
on
miR-29b-3p Upregulation Promotion of proliferation, linc00511 could up-regulate 7
migration, invasion and endothelial VEGFA via its competing
tube formation endogenous RNA (ceRNA)
activity on hsa-miR-29b-3p
miR-29c Downregulati Inhibition of the ERK/MAPK MAPK1 o
on pathway
miR-302a-3p | Downregulati | Inhibition of cell proliferation and RELA and NEAT1 80
on migration
miR-3064 Upregulation Promotion of cell proliferation, PIP4K2B
invasion, clone formation, and
sphere formation
miR-31 Downregulati Promotion of apoptosis BxPC-3 7
on
miR-3145-3p | Upregulation Promotion of proliferation, N/R 81
invasion, decreases apoptosis
miR-31-5p Upregulation Promotion of cell proliferation, IKK1 4
and miR-1290 invasion, and migration
miR-3173-5p - Promotion of gemcitabine ACSL4 82
resistance, Inhibition of ferroptosis
Upregulation Tumor development, metastasis, BCL2 and CCLS8 83

miR-345

and chemoresistance,




miRNA (biom Alteration Cellular function Target Refere
arker) nces
miR-34a-5p | Downregulati | Promotion of migration, invasion, XIST 84
on proliferation
miR-365 Downregulati Inhibition of proliferation and AKT/STAT3 4
on invasion, promotion of apoptosis
miR-378a-3p | Downregulati Promotion of Cell SERPINA4 85
on migration//hsa_circ_0006215, mir-
378a-3p and SERPINA4 signaling
pathways
miR-4299d Downregulati | Inhibition of PC cell proliferation, ADAM17 45
on invasion, promotion of apoptosis,
reduction of PC tumor growth,
regulation of immune escape
miR-448 Downregulati Promotion of proliferation and SERBP1 86
on migration
miR- Downregulati Promotion of cell growth, SLCO4A1-AS1 "
4673/miR- on migration, invasion, and induced
876-3p cell apoptosis
miR-492 Upregulation Promotion of cell proliferation, NR2C1, NDUFA12, TMCC3, 47
migration, and invasion, activation TGF-B/Smad3
of NR2C1/NDUFA12/TMCC3
genes, activation of the TGF-
B/Smad3 pathway, promotion of
epithelial-mesenchymal transition
(EMT)
miR-497-5p | Downregulati Promotion of cell proliferation, IGFIR 7
on invasion, and migration
miR-504 Upregulation Promotion of cell apoptosis, HNF1A 87
viability, migration
miR-532 Downregulati Inhibition of proliferation, TWIST1 88
on metastasis, promotion of autophagy
miR-552-5p Upregulation Promotion of migration and FOXO03 8
invasion
miR-561-5p Upregulation Promotion of cell proliferation, LINCO01128 %0

migration and invasion and
epithelial-mesenchymal transition
and cell growth




miRNA (biom Alteration Cellular function Target Refere
arker) nces
miR-577 Downregulati Promotion of cell proliferation, FGD5-AS1 ot
on migration and invasion
miR-613 Downregulati Promotion of cell proliferation, ANXA2 92
on growth, and invasion
miR-646 Upregulation Promotion of proliferation and MIIP/(HIF-1a) 50
invasion
miR-663a Downregulati Promotion of proliferation, Sox12 93
on invasion, migration
miR-665 Downregulati Promotion of proliferation, cell | hsa_circ_0006215, miR-378a- o4
on migration, invasion, and 3p and SERPINA4 signaling
tumor metastasis pathways
miR-765-3p | Downregulati Inhibition of growth, migration, RUNX2 80
on invasion, promotion of G1 cell
cycle arrest, and apoptosis
miRNA-320b | Downregulati Promotion of proliferation, SNHG12 95
on invasion and epithelial—
mesenchymal transition

The significance of miRNAs in the diagnosis of pancreatic cancer

MiRNAs show significant promise in the diagnosis of PC, a disease often diagnosed at advanced stages with limited
treatment options and poor prognosis.!®!1% Altered miRNA expression patterns in PC tissues, along with their
presence in easily accessible biological fluids like blood, urine, and saliva, make them attractive biomarkers.'!! Their
high sensitivity, specificity, and ability to distinguish cancer from benign conditions highlight their potential for
routine screening and risk assessment in at-risk populations, ultimately improving patient outcomes through early
intervention and personalized treatment strategies.!!? It was shown that serum hsa-miR-4516, hsa-miR-4669, hsa-
miR-3135b, hsa-miR-6126, and hsa-miR-486-5p may have diagnostic relevance. Furthermore, hsa-miR-4669 has
been linked to lymph node metastasis, while hsa-miR-4516 has been identified as an independent factor in survival
determination and has been associated with cancer progression via targeting Wnt and p53 pathways.!!* A combination
of multiple miRNAs in a panel offers higher accuracy for cancer detection because it captures complementary
information and reduces the risk of false positives, improving sensitivity and specificity compared to individual
miRNAs. This combination provides a more robust and reliable diagnostic tool.!!!!'2' A panel of three serum miRNAs
(miR-125a-3p, miR-4530, and miR-92a-2-5p) in plasma has shown substantial promise for the noninvasive detection
of pancreatic cancer, surpassing the diagnostic accuracy of individual miRNAs.""* Alvarez-Hilario and their research
team identified a novel diagnostic panel comprising serum miR-222-3p and miR-221-3p for the detection of PDAC
and observed that elevated expression of miR-221-3p and miR-222-3p was associated with reduced survival rates.''®
Elevated levels of tissue miR-552-5p are associated with enhanced cell migration and invasion, while concurrently
leading to reduced expression of FOXO3 and components of the Wnt signaling pathway.® Another tissue miRNA
with potential for pancreatic cancer detection is miR-340-3p. Research by Cui and their team revealed that miR-340-
3p is upregulated in pancreatic adenocarcinoma and targets CENPL, which is associated with decreased overall
survival (OS).''® Table 2 provides a summary of the miRNAs associated with diagnosis of PC.

Table 2 Diagnostic and prognostic role of miRNAs in pancreatic cancer



miRNA (biomarker) Prognosis Diagnosis Endpoint Sample References
miR-25 N/A Yes N/A Serum 12
hsa-miR-4516, hsa-miR- Poor Yes Poor OS Serum 13
4669, hsa-miR-3135b,
hsa-miR-6126, hsa-miR-
486-5p
miR-125a-3p/ miR-4530/ N/A Yes N/A Serum 14
miR-92a
miR-155 Poor N/A N/A Blood 6
miR-190b Good N/A Low expression Pancreatic 17
correlated with | duct epithelial
shorter OS cell line
miR-200c-3p Good N/A Low expression Tissue 2
correlated with
shorter OS
miR-222-3p / miR-221-3p N/A Yes Poor OS Serum s
miR-340-3p Poor Yes Poor OS Tissue 116
miR-4653-3p Poor N/A Poor OS Tissue 18
miR-491-3p Poor N/A Poor OS Tissue 2
miR-552-5p Poor Yes N/A Tissue 89
miR-561-5p Poor N/A N/A Tissue 9%

The important role of miRNAs in the detection of early-stage pancreatic cancer

Early detection of pancreatic cancer is pivotal for improving patient outcomes, as the disease often remains
asymptomatic until advanced stages. An 80-patient clinical trial revealed that the expression of miR-25 in PC patients
was notably elevated compared to non-PC patients. When utilized in conjunction with CA19-9, miR-25 exhibited
significantly improved diagnostic performance for early-stage PC (stages I+1I) compared to the individual use of
CA19-9 or miR-25 alone.'? A large-scale study conducted on 212 pancreatic cancer patients and 213 healthy controls
revealed the diagnostic potential of a panel of 100 highly expressed miRNAs. When combined with CA19-9, these
miRNAs achieved an area under the curve (AUC) of 0.99, with a sensitivity of 90% and specificity of 98%. Notably,
the model maintained high diagnostic accuracy for early-stage pancreatic cancer (stage 0-I) in an independent cohort,
achieving an AUC of 0.97, sensitivity of 67%, and specificity of 98%. This demonstrates that integrating miRNAs
with CA19-9 significantly enhances early detection accuracy.?® Another study focused on identifying specific
miRNAs from both tumor and serum samples, analyzing datasets from multiple centers. It pinpointed hsa-miR-1246,



hsa-miR-205-5p, and hsa-miR-191-5p as potential serum biomarkers for pancreatic cancer. The diagnostic model
incorporating these miRNAs achieved accuracy values exceeding 94% in test datasets. Furthermore, elevated levels
of hsa-miR-205-5p were strongly associated with advanced disease stages and poor clinical outcomes. These findings
emphasize the role of circulating miRNAs in not only diagnosing pancreatic cancer early but also in distinguishing it
from pancreatitis and assessing disease progression.'!” An innovative approach involved using urinary extracellular
vesicle-derived miRNAs for pancreatic cancer detection. A study evaluated samples from 153 pancreatic cancer
patients and 309 healthy controls, identifying miRNA patterns that mirrored tumor and microenvironmental signals.
The diagnostic model demonstrated robust performance, with AUC values of 0.972 and 0.963 for training and test
datasets, respectively. Early-stage detection (stage I/IIA) showed sensitivity rates of 97.0% in the training set and
77.8% in the test set. Compared to CA19-9, which had limited sensitivity (37.5%) for early-stage detection, urinary
miRNAs provided a more reliable alternative for non-invasive diagnosis.'?’ A plasma-based three-miRNA signature
(let-7i-5p, miR-130a-3p, and miR-221-3p) was identified as a promising tool for PDAC detection. This signature
achieved exceptional diagnostic accuracy (AUC > 0.97 for all stages) and enhanced the performance of CA19-9,
particularly for early-stage disease. Additionally, it effectively differentiated pancreatic cancer from chronic
pancreatitis, with AUC values exceeding 0.93. Validation in a separate cohort showed a progressive increase in
diagnostic accuracy months before clinical diagnosis, highlighting its potential in early intervention and patient
stratification.'!

Prognostic value of miRNAs in pancreatic cancer

The expression patterns of specific miRNAs can provide insights into the aggressiveness of the disease, the likelihood
of metastasis, and the overall survival of patients.'?? High or low expression levels of certain miRNAs have been
linked to different prognostic outcomes, and they can help stratify patients into risk categories. Additionally, miRNAs
can be indicative of treatment response and disease recurrence, offering a means to monitor a patient’s progress over
time.!!! Aita and their colleagues demonstrated that novel circulating miRNAs, including hsa-miR-3135b, hsa-miR-
6126, hsa-miR-486-5p, hsa-miR-6821-5p, hsa-miR-4669, and hsa-miR-4516, show promise as valuable biomarkers
for PDAC prognostic assessment. These miRNAs are upregulated in PDAC and, once independently validated, could
be quantified in the serum of PDAC patients. This development holds the potential to improve PDAC management
and extend patient survival.''®> Research has shown that miRNAs can be linked to the severity of cachexia in cancer.'?
In their study, Yehia and his fellow researchers observed elevated expression levels of MiR-155 in individuals with
cachexia, and this expression was positively correlated with the severity of cachexia within the cachectic group when
compared to the non-cachectic group in PC patients.® Certain miRNAs are associated with good prognostic outcomes
in PC. For instance, the expression of MicroRNA-190b is indicative of a favourable prognosis and plays a role in
mitigating the malignant advancement of PC by targeting MEF2C and TCF4. On the other hand, miR-200c-3p inhibits
cell migration and invasion in PDAC but is predictive of an unfavourable prognosis..”>!'” Overexpression of CENPL
mRNA, potentially regulated by miR-340-3p, serves as a prognostic marker, while miR-4653-3p upregulation is
indicative of an adverse outcome due to its negative regulation of HIPK2 in pancreatic ductal adenocarcinoma.''®
Additionally, the long non-coding RNA LINP1 has been implicated in the promotion of PC cell proliferation and
metastasis by modulating microRNA-491-3p, thereby influencing the incidence of lymph node or distant metastasis
and overall patient prognosis.®? Elevated miR-552-5p levels in PC cells correlate with a poor prognosis and concurrent
downregulation of FOXO3 and Wnt signaling pathway members.® Lastly, LINCO1128 functions as a microRNA
sponge, particularly miR-561-5p, and is associated with an unfavourable prognosis in PC patients. These findings
underscore the intricate molecular landscape that impacts the prognostic outlook for individuals with PC.*

Noninvasive prediction of outcomes through the transmission of miRNAs via extracellular vesicles

Research reveals that miR-145 is expressed differently in PDAC and TAS cells, influencing their interactions within
the tumor microgenvironment. By using EVs, these miRNAs are exchanged between the cells, primarily through
exosomes secreted by TAS cells. Notably, these exosomes exhibit tumor-suppressive properties, inducing apoptosis
in PDAC cells. This suggests the potential for TAS cells to release exosomes carrying tumor-suppressive genetic
material, which could have therapeutic implications for inoperable PDAC.'?* Verel-Yilmaz and colleagues'> designed
a study to address the urgent need for reliable early detection of PDAC. Researchers focused on ADAMS-positive
EVs) and specific miRNAs, including miR-451 and miR-720, as potential biomarkers to distinguish PDAC and



precursor lesions from healthy controls. ADAMS-enriched EVs were successfully isolated from patient serum, and
the study found that miR-451 and miR-720 showed diagnostic potential with high sensitivity and specificity in
discriminating PDAC from healthy individuals. Research has shown that miR-27a is highly expressed in PC tissue
and cell lines. What’s intriguing is that EVs derived from PC, which carry miR-27a, can stimulate the proliferation,
invasion, and angiogenesis of human microvascular endothelial cells (HMVECSs). This effect occurs by inhibiting the
expression of B-cell translocation gene 2 (BTG2), which, in turn, facilitates the survival and growth of PC cells.'?%!1?7
Conversely, miR-339-5p, which lowers the levels of the zinc finger protein ZNF689, hinders cell invasion and
migration in animal models of PC. Consistent with this, the levels of EV-associated miR-339-5p are diminished in
metastatic PC cells, and the external introduction of miR-339-5p results in decreased migration and invasion of PC
cells.'?® Interestingly it was found that extremely invasive PC cells exhibit elevated levels of miR-222, which is then
encapsulated within EVs. Upon being taken up by less invasive PC cells, EV releases miR-222, leading to a cascade
of effects. This includes the downregulation, phosphorylation, and translocation of p27 to the cell nucleus via the
PPP2R2A/Akt pathway. Eventually, this molecular process encourages the proliferation and invasion of cancer
cells.'?® There is a pressing demand for a non-invasive and precise biomarker to detect individuals at risk of developing
chemoresistance, a condition where cancer cells become resistant to the effects of chemotherapy.'? EVs are a rich
source of miRNAs that exhibit consistent expression patterns in various cancers, including PC. AFs promote
chemoresistance in PC cells following GEM treatment by releasing exosomes and maintaining communication with
the cancer cells. The underlying mechanism involves miR-3173-5p contained in CAF exosomes, which inhibits
ferroptosis and ACSL4 in the cancer cells. This study highlights a new way that PC develops resistance to treatment
and suggests that targeting the miR-3173-5p/ACSL4 pathway could be a promising approach for treating GEM-
resistant PC.% Recently, it has come to light that PC stem cells, which have developed resistance to gemcitabine
treatment, release EVs. EVs have a pivotal role in reducing chemosensitivity in gemcitabine-sensitive PC cells through
the transport of miR-210. Notably, miR-210 antagonizes the impact of gemcitabine, inhibiting cell cycle arrest and
apoptosis, while promoting activities such as tumor cell migration. Consequently, this phenomenon culminates in an
EV-mediated escalation of the invasive and metastatic capabilities of gemcitabine-treated cells'*’ (Fig 2).
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Fig. 2 Representation of extracellular vesicle (EV)-derived miRNAs in pancreatic cancer progression. EV biogenesis
begins with the formation of early endosomes (EE), which mature into multivesicular endosomes (MVE) containing
intraluminal vesicles (ILVs). Upon exocytosis, these vesicles release microRNAs (miRNAs) into the extracellular
space. Once secreted, EV-associated miRNAs modulate several hallmarks of pancreatic cancer. Specific miRNAs
such as miR-3173-5p and miR-210 contribute to chemoresistance, while miR-27a promotes angiogenesis. Other
miRNAs—including miR-222, miR-27a, miR-451, and miR-720—drive cell proliferation, whereas miR-145
enhances apoptosis. Additional EV-miRNAs, including miR-27a, miR-222, miR-339-5p, miR-451, and miR-720,
facilitate invasion and metastatic spread. Together, these EV-miRNAs orchestrate the interplay between tumor cells
and their microenvironment, underscoring their dual role as biomarkers and therapeutic targets in pancreatic cancer.

Clinical EV-miRNA Signatures in Pancreatic Cancer Patients
EV-derived microRNAs are emerging as promising non-invasive biomarkers for PC, with particular value in early
diagnosis and in distinguishing malignant from benign disease. The clinical application of these signatures paved the
way for better and less invasive diagnosis in PC patients. A thorough meta-analysis of over 2,000 patients with
pancreatic cancer highlighted significant markers for the detection of this cancer within EVs, with miR-10b, miR-21,
and GPCI1 emerging as notable candidates. When analyzing these biomarkers individually, they demonstrated good
sensitivity and specificity. Combining RNA and protein markers further improved diagnostic accuracy, especially for
early-stage pancreatic cancer.'®! Early investigations demonstrated that plasma exosomal miR-196a and miR-1246
are selectively enriched in pancreatic cancer cells and elevated in circulation among patients with localized disease
(stage I-11A). In a cohort of 15 patients and matched controls, both miRNAs were significantly upregulated in plasma
EVs from cancer patients, with ROC analyses showing AUCs of 0.81 for miR-196a and 0.73 for miR-1246,
respectively. These values indicate fair diagnostic power, particularly in early-stage disease where clinical detection
remains most challenging. Subgroup analyses further revealed that miR-196a better indicated PDAC, while miR-1246
was especially elevated in IPMN. Notably, these markers were not significantly altered in neuroendocrine tumors,
underscoring their histotype specificity.!3> More recently, a large multicentric prospective study identified the EV-
miR-200 family (miR-200a, miR-200b, miR-200c, miR-141, miR-429) as a robust diagnostic signature. In validation
cohorts, combined EV-miR-200 expression achieved an AUC of 0.823 in distinguishing PDAC from benign
pancreaticobiliary disease, with individual family members reaching AUCs between 0.70 and 0.78. Importantly, in an
independent cohort the model’s performance improved to an AUC of 0.987, with sensitivity of 100% and specificity
of 88%. When EV-miR-200 signatures were combined with CA19-9, diagnostic accuracy approached perfection
(AUC 0.997-1.00), clearly outperforming CA19-9 alone (AUC ~0.86-0.92)."3% A recent multiethnic radiogenomic
study identified a three-EV-miRNA panel (miR-1260b, miR-151a-3p, miR-5695) that robustly discriminated
pancreatic cancer (PC) from benign lesions. In machine learning models, this signature achieved AUCs of 0.978
(training), 0.919 and 0.857 (validation), with pooled external validation confirming high accuracy (AUC 0.897). By
contrast, CA19-9 performed lower (AUC 0.843) in the same cohort. Beyond diagnosis, this EV-miRNA signature
stratified PC into two molecular subtypes: one linked to aggressive features and poor survival, and another associated
with favorable immune profiles and longer survival. These results highlight that EV-miRNA signatures not only
outperform CA19-9 for early detection but also provide clinically meaningful subtype classification, supporting their
integration into precision oncology strategies.'** A multicenter study validated a urinary EV-miRNA assay for
pancreatic cancer detection across all stages. The panel achieved AUCs of 0.972 (training) and 0.963 (testing), with
sensitivities of 93.9% and 77.8%, and specificities above 91%. Importantly, it detected early-stage disease (I/IIA) with
AUCs near 0.98 and sensitivities up to 97%, far exceeding CA19-9, which identified only 37.5% of early cases. These
results highlight urinary EV-miRNAs as a noninvasive tool that outperforms CA19-9, especially for early detection.!**
In IPMN, a precursor of pancreatic ductal adenocarcinoma, distinguishing low-risk from high-risk lesions remains
clinically challenging. A recent study profiled serum from over 300 IPMN patients and identified a panel of seven
miRNAs that, when applied through machine learning, could differentiate high- from low-risk IPMN with an AUC of
0.94. Protein biomarkers alone reached similar accuracy (AUC ~0.95), but a combined panel of five proteins and three
miRNAs achieved AUC 0.97, far outperforming guideline-based clinical criteria (AUC ~0.81). Importantly, these EV-
miRNA-based signatures exceeded the performance of CA19-9, whose reported accuracy for IPMN risk stratification
is much lower (AUC 0.62—0.78). Thus, blood-based miRNA panels provide a robust noninvasive tool not only for



pancreatic cancer detection but also for risk stratification of premalignant lesions, directly informing surgical decision-
making."*® A multicenter study evaluated a multianalyte plasma panel consisting of tumor-associated EV-miRNAs
and mRNAs, circulating free DNA (cfDNA) concentration, KRAS mutations, and CA19-9. In blinded testing (n=136),
this five-marker panel (EV-CK18 mRNA, EV-CD63 mRNA, EV-miR-409, cfDNA concentration, and CA19-9)
distinguished PDAC from controls with 92% accuracy (AUC 0.95; sensitivity 88%, specificity 95%), outperforming
CA19-9 alone (accuracy 84%). Importantly, the panel also improved disease staging: when combined with imaging,
it identified occult metastases with 84% accuracy (AUC 0.85) compared with only 64% for imaging alone. These
findings demonstrate that EV-miRNA/mRNA signatures, especially when combined with ¢fDNA and CA19-9,
provide greater sensitivity and specificity than traditional biomarkers or imaging alone, offering both diagnostic and
prognostic value.'?’

The role of miRNAs in pancreatic cancer metastasis

Metastasis is a critical hallmark of PC, contributing significantly to its aggressiveness and poor prognosis.’* miRNAs
have been implicated in the regulation of various processes within cancer cells, including metastasis. miR-143, known
for its downregulation in PC, plays a pivotal role in suppressing autophagy and the metastasis of PC. Autophagy, a
cellular self-cannibalization process, has been linked to cancer progression and metastasis. The downregulation of
miR-143 appears to facilitate metastasis by promoting autophagy, making it a significant player in the spread of PC.%
On the other hand, miR-155 shows an upregulation in PDAC, and its expression is associated with the promotion of
lymph node metastasis. This miRNA’s involvement in PDAC metastasis has been associated with the upregulation of
NiCl2, indicating the complex molecular mechanisms at play.** Similarly, miR-199b-5p exhibits an upregulation and
has been linked to the promotion of both tumor growth and metastasis of PC cells. This miRNA is believed to modulate
the expression of LINCO1133, thereby influencing the metastatic potential of PC % MiR-200c-3p, when
downregulated, has been associated with the promotion of cell proliferation and metastasis in PC. This effect is
potentially mediated through its interaction with IncRNA MALAT-1.”2 MiR-221, exhibiting upregulation in PDAC,
plays a role in promoting migration, metastasis, and uncontrolled proliferation of PC cells. The presence of NiCI2
further supports the influence of miR-221 on the metastatic behavior of PDAC.® MiR-223-5p, though not explicitly
associated with changes in expression, has been linked to the promotion of tumor growth and metastasis of PC cells,
potentially through its interaction with LINC01705, a long non-coding RNA involved in cancer progression.”” MiR-
345 shows upregulation in PC and is implicated in tumor development, metastasis, and chemoresistance. This miRNA
is believed to target BCL2 and CCLS, affecting the metastatic potential of PC.** MiR-532 exhibits downregulation
and has been shown to inhibit proliferation and metastasis while promoting autophagy. This regulatory activity is
partly attributed to its effect on TWIST1, a key transcription factor involved in cancer metastasis.®® SERPINA4, or
kallistatin, is a multifunctional protein with roles in anti-inflammatory responses, angiogenesis regulation, and
endothelial function. It also influences blood pressure, possesses antioxidant properties, and exhibits anti-fibrotic
effects, making it a crucial player in various physiological processes and a subject of ongoing research for its
therapeutic potential.'*® MiR-665 demonstrates downregulation in PC and is associated with the promotion of
proliferation, cell migration, invasion, and tumor metastasis. These effects are likely mediated through the
hsa_circ_0006215, miR-378a-3p, and SERPINA4 signaling pathways.**

DLX6-AS1 was shown to interact with miR-181b, and the suppression of miR-181b reversed the effects of DLX6-
AS1 knockdown. MiR-181b was found to target the gene ZEB2 and influence EMT. In addition, in vivo, experiments
demonstrated that DLX6-AS1 knockdown inhibited tumor growth and metastasis. This suggests that DLX6-AS1
promotes PC progression by regulating miR-181b and related processes.®” LINP1 enhances PC cell proliferation and
metastasis by modulating microRNA-491-3p, impacting the incidence of lymph node or distant metastasis and the
prognosis of PC patients.? It has been shown that Linc00261 expression was reduced in PC tissues and cell lines, and
low expression was associated with poorer patient outcomes. Overexpression of Linc00261 inhibited PC cell
migration and invasion in vitro, as well as reduced metastasis in an in vivo mouse model. Linc00261 directly interacted
with miR-552-5p, leading to decreased miR-552-5p levels. Additionally, Linc00261 overexpression increased
FOXO3 expression, a target of miR-552-5p, and inhibited the Wnt signaling pathway. Conversely, overexpressing
miR-552-5p in Linc00261-overexpressing PC cells increased migration and invasion, while decreasing FOXO3 and
Wnt signaling pathway component expression.?” A summary of miRNAs which play a role in PC metastasis is shown
in Table 1.



The potential uses of miRNAs in the treatment of pancreatic cancer: Focus on novel approaches

Oncolytic viruses have shown promise as a novel therapeutic strategy. However, the intricate interplay between viral
vectors and tumor cells can pose challenges for successful viral replication.'** Researchers have discovered two
miRNAs, miR-99b and miR-485, which enhance oncolytic adenovirus activity by boosting viral replication. By
targeting repressors of viral protein expression (including ELF4, MDM2, and KLF8), these miRNAs improve the
virus’s efficacy.!*’ Additionally, the transformation of cancer cells during tumorigenesis results in the deregulation of
numerous miRNAs, some of which can affect the replication of oncolytic adenoviruses.'*! Notably, miR-222 has been
identified as a limiting factor in this context. Researchers have developed a therapeutic adenovirus, AANuPAR-E-
miR222-S, which incorporates miR-222 sponges to reduce the levels of this miRNA. This modification enhances the
fitness of the adenovirus, increases its cytotoxicity, and effectively controls tumor growth in xenograft models.!*?
Sicard et al. ' developed a lentivirus vector (LV) incorporating anti-miRNA (anti-miR-21) and substantiated its
ability to dose-dependently restrain the proliferation of PC cells in murine models. In a separate investigation,
Chaudhary et al. '** documented that the LV-mediated overexpression of miR-205 heightened the responsiveness of
PC stem cells to chemotherapy and suppressed the proliferation of tumor cells. Kent and colleagues provided evidence
that the introduction of tumor suppressor miRNA, specifically miR-143/145, via viral-mediated transduction,
effectively impeded the growth of PC cells.!*

Antagomirs have emerged as a promising strategy in the challenging landscape of cancer.!*® The discovery of a
distinctive side population (SP) with stem cell-like attributes within PC cells has ignited significant interest. This SP
exhibited elevated expression of microRNA-21 and microRNA-221, contributing to aggressive tumor formation in
mouse models. The application of antagomirs targeting miR-21 and miR-221 resulted in a reduction in the SP cell
fraction, decreased proliferation, and increased sensitivity to chemotherapeutic agents, notably gemcitabine.
Additionally, the combined therapy of antagomirs displayed synergistic effects, leading to a notable inhibition of
primary tumor growth and metastasis. These findings highlight the potential of antagomirs as an innovative therapeutic
approach for addressing the stem-like subpopulations and their role in PC progression, offering valuable insights into
the future of PC therapy.'*"'*® In a study, researchers combined the use of miR-21 antisense oligonucleotides (ASO-
miR-21) and the drug gemcitabine (Gem) delivered via specialized nanoparticles, to enhance treatment outcome.
These nanoparticles, coated with an anti-CD44v6 single-chain variable fragment (scFvCD44v6), were designed for
precise drug delivery. The study demonstrated that ASO-miR-21 downregulated the cancer-promoting miR-21,
resulting in the upregulation of tumor-suppressor genes PDCD4 and PTEN. This, in turn, inhibited the cancer cells’
ability to spread, proliferate, migrate, and invade in vitro, and inhibited the tumor growth and metastasis in vivo.!*
CRISPR-Cas9, a revolutionary genome-editing tool, has gained immense attention in the field of cancer research.?®!>
It allows precise modification of the DNA in a highly specific manner. This technology has the potential to disrupt
the expression of oncogenic miRNAs."!
In a study conducted by Vorvis and their team,'>? they delved into miRNA-profiling investigations, revealing a
significant reduction in the presence of the transcription factor forkhead box protein A2 (FOXA2) in PDAC compared
to healthy pancreatic tissues. Notably, the researchers established that miR-199a plays a direct role in controlling
FOXA2 expression. Intriguingly, the suppression of FOXA2 expression through the application of CRISPR/Cas9
technology resulted in heightened tumor growth in pancreatic tumor xenografts. These findings underscore the
remarkable capability of the CRISPR/Cas9 system to achieve the lasting silencing of FOXA2 within a PC cell line,
shedding light on FOXA2’s in vivo function and providing further evidence of its role as a tumor suppressor in PC,
regulated by miR-199a.

In a study exploring the use of nanoparticles for delivering tumor-suppressing miRNAs, Chen and colleagues
introduced a novel chimeric peptide called PL-1. Their research demonstrated the efficient delivery of miR-212 into
PDAC cells using miR-212/PL-1 nanoparticles. Furthermore, these nanoparticles significantly enhanced the
responsiveness of tumor cells to doxorubicin and concurrently reduced USP9X, a protein involved in deubiquitination
processes, ultimately promoting apoptosis in these cancer cells.** A nanoformulation based on PLGA was employed
to deliver the tumor-suppressing miR-150 into PC cells. This nanoformulation effectively reduced the expression of
the MUC4 gene and HER2, resulting in the inhibition of PC cell growth and invasion.!* The application of
nanocomplexes to deliver miR-34a as a potential treatment for PC was investigated. It was shown that these
nanocomplexes are equipped with a tumor-targeting peptide known as CC9, which enhances their uptake by PC cells



and elevates the expression of miR-34a. This increased miR-34a level leads to the arrest of the cell cycle, induction
of apoptosis, and the suppression of genes associated with cancer progression. Notably, in vivo experiments using
these miR-34a delivery systems in a PC model reveal a substantial reduction in tumor growth and an increase in cancer
cell apoptosis.'> Su and colleagues designed a study to investigate how exosomes facilitate communication between
human PC cells (Panc-1) and macrophages. They altered the exosome content by transfecting Panc-1 cells with
microRNA-155 and microRNA-125b-2, and used a nanoparticle vectors consisting of hyaluronic acid plus
polyethylene imine or polyethylene glycol to deliver the exosome contents. The results showed that reprogramming
cells via exosomes leads to changes in communication and macrophage polarization.!*® MiR-192 is identified as an
epigenetically regulated suppressor gene in PC. Its downregulation, linked to promoter methylation, was associated
with cell proliferation, invasion, and early metastatic behavior. Overexpressing miR-192 reduced cell proliferation
and invasion, and its target gene SERPINE1 (PAI-1) was implicated in these effects.!>” The reduced expression of
miR-449a in both cancer tissues and cell lines correlated with heightened cell proliferation and invasion. MiR-449a
directly interacted with the ataxia-telangiectasia group D complementing (ATDC) gene and influenced the Wnt
signaling pathway, implying its role as a suppressor of PC. The miR-449a/ATDC relationship might play a crucial
part in the development of PC and offer promising targets for therapy '*® (Fig 3).
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Fig. 3 Therapeutic strategies targeting microRNAs (miRNAs) in cancer. Different approaches are being developed to
modulate miRNA activity for therapeutic purposes. Oncolytic viruses exploit viral replication within malignant cells,
promoting oncolysis and repression of oncogenic miRNAs such as miR-222, while restoring tumor suppressor
networks. Antagomirs, chemically modified antisense oligonucleotides, silence oncogenic miRNAs (e.g., miR-21,
miR-221) to reduce tumor growth and metastasis, restore tumor suppressor genes (PDCD4, PTEN), and enhance
chemosensitivity. CRISPR-Cas9—based editing enables direct targeting of miRNA loci, such as the suppression of
miR-199a to restore expression of transcription factors like FOXA2. Nanoparticle delivery systems allow efficient
transport of miRNA mimics or inhibitors; for example, miR-212 and miR-34a promote apoptosis and cell cycle arrest,
while miR-155 and miR-150 regulate cell reprogramming and invasion. Epigenetic modulation of miRNAs, such as
SERPINE!1-induced changes in miR-192 and miR-449a, alters downstream signaling pathways (WNT, ATDC),
affecting cancer progression. Together, these strategies highlight diverse methods of harnessing miRNA biology for
anticancer therapy.

The first clinical evaluation of miRNA mimic therapy was the Phase I trial of MRX34 (NCT01829971), a liposomal
formulation of the tumor suppressor miR-34a. This study enrolled patients with advanced solid tumors, including
pancreatic cancer, to determine safety and dosing. MRX34 administration resulted in successful delivery of miR-34a
and dose-dependent modulation of target gene expression, with partial responses observed in a few patients and stable
disease in others. However, despite evidence of biological activity, the trial was terminated early due to severe



immune-mediated adverse events, including fatalities, underscoring both the therapeutic potential and the current
safety challenges of miRNA mimic—based strategies in oncology.'*’

Emerging RNA-Binding Protein Regulators of miRNA Processing in Pancreatic Cancer

In addition to canonical miRNA biogenesis, RNA-binding proteins (RBPs) have emerged as critical modulators of
miRNA maturation and function in PDAC. A prominent RBP is LIN28, which exists as two homologues, LIN28A
and LIN28B, and functions as an oncofetal regulator of let7 miRNA biogenesis. LIN28B acts in the nucleus by binding
to the terminal loop of prelet7, blocking microprocessor complex activity and preventing maturation into functional
let7 (inhibiting tumor-suppressive functions).'®® Meanwhile, LIN28A exerts its effect in the cytoplasm through
recruitment of TUT4/7 to uridylate prelet7, triggering its degradation rather than Dicer processing; this post-
transcriptional blockade occurs via uridylation-mediated destabilization and involves the exoribonuclease DIS3L2.
This suppression of the let7 family derepresses a range of oncogenic targets, including KRAS, ¢c-MYC, HMGA1/2,
VEGF, IL6, IGFIR, and IGF2BP2 leading to phenotypes such as enhanced proliferation, angiogenesis, invasion,
metastasis, and tumor-promoting inflammation in various cancers.!®' PDAC specifically, dysregulated LIN28B
expression is linked to poor prognosis and increased metastatic potential; moreover, LIN28 knockdown has been
shown to restore let7 expression and sensitize tumors to chemotherapeutic agents such as gemcitabine by repressing
downstream genes like RRM2, a factor implicated in chemoresistance.!®?

Conclusion, limitations, and perspectives

The intricate roles of miRNAs in PC have been increasingly recognized as pivotal factors in its pathogenesis,
diagnosis, prognosis, and treatment. MiRNAs have emerged as versatile molecules that can either promote or suppress
tumor progression, depending on their specific functions. They hold promise as diagnostic and prognostic biomarkers,
and their potential for therapeutic interventions is rapidly expanding. MiRNA-based therapies, in combination with
innovative techniques such as nanoparticle delivery and CRISPR-Cas9 technology, are paving the way for more
effective and targeted treatments. As our understanding of miRNAs continues to evolve, they are likely to play an
increasingly central role in the comprehensive management of PC, offering hope for improved outcomes and enhanced
patient care in the fight against this challenging disease. One of the primary challenges with miRNAs in cancer is
achieving a balance between specificity and sensitivity. miRNAs can have multiple target genes, and their expression
can vary in different cancer subtypes. This complexity makes it challenging to pinpoint precise miRNA signatures for
accurate diagnosis and prognosis.'®® Variability in miRNA expression between individuals and even within tumor
samples can be significant. This variability can make it difficult to establish consistent and robust biomarkers for
cancer.'* The source of miRNA samples, such as blood, tissue, or other body fluids, can greatly impact the results.
Standardization in sample collection and processing is essential for reliable and reproducible miRNA-based
diagnostics and therapies.'® miRNA research has the potential to contribute to the era of precision medicine. By
identifying patient-specific miRNA profiles, treatment strategies can be personalized to target the unique molecular
characteristics of an individual’s cancer.'® The future likely holds the development of combination therapies that
incorporate miRNA-based treatments with other established cancer therapies, such as chemotherapy, immunotherapy,
and targeted therapies.'®® Advances in technology will enable more precise miRNA detection and manipulation. This
includes the use of CRISPR/Cas9 for targeted miRNA regulation and improved nanoparticle-based delivery
systems.'¢” The shift of miRNA-based therapies from preclinical research to clinical trials is crucial for assessing their
real-world safety and efficacy. The ASCEND-PANCREATIC study, involving 7,062 participants, aims to enhance
early pancreatic cancer detection through a combination of assessments, including cfDNA methylation, ctDNA
mutations, serum proteins, and blood miRNAs. The model’s development and validation will target those with early-
stage cancers, benign conditions, and healthy individuals, with a focus on evaluating the detection test in high-risk
individuals.'®®

Despite encouraging findings on the diagnostic and prognostic roles of miRNAs in PC, several obstacles hinder their
translation into routine clinical use. One major challenge is biomarker variability. Reported circulating miRNA
signatures often lack reproducibility across studies due to differences in sample type (serum, plasma, whole blood, or
exosomal fractions), pre-analytical handling, and detection platforms (qQPCR, microarrays, RNA sequencing, droplet
digital PCR). Inconsistent normalization strategies and variability in endogenous controls further complicate data
interpretation, making cross-study comparisons difficult and limiting clinical validation.!®® Moreover, population



heterogeneity, including genetic background, comorbidities, and lifestyle factors, influences circulating miRNA
expression and reduces generalizability of proposed panels. Another critical barrier is regulatory and translational
feasibility. For diagnostic use, regulatory agencies such as the FDA and EMA require robust validation in large,
multicenter, prospective cohorts with standardized pipelines. However, most current studies are retrospective, small
in scale, and lack independent validation.

While liquid biopsy has emerged as a promising tool for minimally invasive diagnosis and monitoring of pancreatic
cancer, several limitations constrain its clinical translation. Pre-analytic variability, including differences in
EV/miRNA isolation techniques, normalization strategies, and biofluid sources (serum, plasma, exosomes) can lead
to inconsistent results across studies. Furthermore, many investigations rely on relatively small and ethnically
homogeneous cohorts, limiting the generalizability of proposed biomarker panels. Another critical issue is the risk of
overfitting in machine learning—based models, where predictive accuracy may appear artificially high in training sets
but fail to replicate in independent validation cohorts. Addressing these challenges will require large, multi-ethnic,
prospective studies with standardized pipelines for sample handling, data analysis, and validation before liquid biopsy
can be reliably adopted into routine pancreatic cancer care.

In addition, therapeutic applications face unique challenges. Combination strategies, such as pairing miRNA
antagonists with gemcitabine have demonstrated synergistic effects in preclinical pancreatic cancer models but raise
concerns about systemic toxicity. The early termination of the MRX34 trial, due to severe immune-related adverse
events, highlights the importance of safety considerations. Future directions must therefore prioritize the development
of tumor-specific delivery platforms, including exosome-mimetic nanovesicles, to minimize off-target accumulation.
Moreover, emerging CRISPR-Cas9—based strategies for editing oncogenic or tumor-suppressive miRNAs require
careful evaluation of potential off-target edits and unintended gene regulation. Addressing these issues through more
refined delivery technologies and rigorous preclinical validation will be essential to advance miRNA therapeutics
safely into the clinic.
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