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A B S T R A C T

Background: Pleural mesothelioma (PM) is a rare and highly aggressive tumor, primarily caused by asbestos 
exposure. Its long latency period and late-stage diagnosis severely limit therapeutic options.
Aim: Recent evidence suggests that non-coding RNAs (ncRNAs)—including microRNAs (miRNAs), long ncRNAs 
(lncRNAs), and circular RNAs (circRNAs)—play key roles in PM biology. This review aims to synthesize current 
knowledge on ncRNA dysregulation in PM and explore their diagnostic, prognostic, and therapeutic potential.
Scope: We summarize studies addressing the expression and function of ncRNAs in tumors and in circulating 
biofluids of PM patients. Particular attention is given to how ncRNAs regulate proliferation, apoptosis, and 
migration, and how competing endogenous RNA (ceRNA) networks shape gene regulation in PM.
Novelty and Conclusion: Unlike previous reviews, this work integrates findings across different classes of ncRNAs 
and their interactions, highlighting the emerging concept of ceRNA networks in PM. By bridging molecular 
mechanisms with potential clinical applications, we provide an updated and comprehensive framework that may 
inform future strategies for diagnosis, prognosis, and targeted therapy in PM.

Abbreviations
PM Pleural mesothelioma
ncRNAs non-coding RNAs
miRNAs microRNAs
lncRNAs long ncRNAs
circRNAs circular RNAs
mRNA messenger RNA
NGS next generation sequencing
HMGB1 High Mobility Group Box 1
MALAT-1 metastasis associated lung adenocarcinoma transcript-1
PRC1 Polycomb Repressive Complex 1
PAX8-AS1 PAX8 Antisense RNA 1
EGFR-AS1 1lncRNA EGFR-AntiSense1

ZEB2-AS1 lncRNA ZEB2-AntiSense1
EMT Epithelialq Mesenchymal Transition
HOTAIR HOX transcript antisense intergenic RNA
RBPs RNA-binding proteins
ciRNAs circular intronic RNAs
EcircRNAs exonic circRNAs
EIcircRNAs exon-intron circRNAs
rt-circRNAs read-through circRNAs
f-circRNAs fusion circRNAs
tricRNAs transfer intronic circular RNA
U1 snRNP U1 small nuclear ribonucleoprotein
circPLK1 circ polo-like kinase 1
HMGA1 high-mobility group A1
ceRNAs competing endogenous RNAs
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DVL Disheveled
WIF-1 Wnt inhibitory factor 1
TS Tumor Suppressor
ZEB1 Zinc finger E-box binding homeobox1
ZEB2 Zinc finger E-box binding homeobox2
SGMS1-AS1 lncRNA SGMS1 antisense RNA 1
TCF7L2 Transcription Factor 7 Like 2
APC adenomatous polyposis coli
PI3K phosphatidylinositol 3′-kinase
mTOR Mechanistic Target of Rapamycin
PTEN Phosphatase and Tensin Homolog
FOXM1 Forkhead box M1
PVT1 lncRNA plasmacytoma variant translocation 1
EDVs EnGeneIC Dream Vectors

Pleural mesothelioma and epigenetic modifications

Pleural mesothelioma (PM) is a rare and aggressive tumor of the 
pleura [29] associated with asbestos fiber exposure in 70–80 % cases. 
Characterized by an extended latency period, sometimes lasting up to 50 
years [60], PM late diagnosis limits therapeutic treatment options [29]. 
Along with asbestos, other risk factors have been associated with PM 
occurrence, including (i) different mineral fibers, (ii) nanotechnology 

products, (iii) ionizing radiations, (iv) the oncogenic virus simian virus 
40 and (v) genetic background [60,46].

PM is a highly heterogeneous cancer. According to the World Health 
Organization classification, three main PM subtypes are distinguishable: 
epithelioid, biphasic, and sarcomatoid, each significantly affecting 
prognosis and treatment options for patients [12].

The role of epigenetic modifications in PM, such as DNA methyl
ation, histone modifications, and non-coding RNAs (ncRNAs), has 
recently attracted attention for its potential diagnostic and prognostic 
implications [80].

In the effort to identify early biomarkers for PM diagnosis, many 
studies have focused on ncRNAs analyses, such as microRNAs (miRNAs), 
long ncRNAs (lncRNAs) and circular RNAs (circRNAs), in cancer cell, 
tissue and blood samples. These studies have generated a great deal of 
data on different ncRNAs, and their interactions, in PM. In this review 
recent discoveries on miRNAs, lncRNAs, and circRNAs are summarized, 
in an attempt to outline promising pathways in PM diagnosis, by eval
uating their expression in tumors and/or serum, as well as their function 
and interaction. Furthermore, possible implications in development, 
progression, and treatment of this aggressive tumor will also be pointed 
out.

Fig. 1. microRNAs biogenesis, mechanism of action and delivery. microRNAs (miRNAs) are transcribed as primary transcripts (pri-miRNAs) by RNA polymerase II 
and processed in the nucleus by Drosha and DGCR8 into precursor miRNAs (pre-miRNAs). Exportin-5 (XPO5) and RAN-GTP mediate their transport to the cytoplasm, 
where Dicer cleaves them into duplexes that are loaded onto Argonaute (AGO) proteins to form the RNA-induced silencing complex (RISC). Guided by sequence 
complementarity, RISC regulates gene expression through 1) mRNA cleavage, 2) deadenylation, 3) translational repression or 4) P-body sequestration. Mature 
miRNAs can be released via vesicles (microvesicles, exosomes), RNA-binding protein complexes (e.g., HDL), or passively during apoptosis, and subsequently 
internalized by recipient cells through endocytosis, fusion, or receptor-mediated uptake. Designed with biorender.com.
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non-coding RNAs (ncRNAs) in pleural mesothelioma

microRNAs

miRNAs are small non-coding RNAs, typically 20–25 nucleotides in 
length, that negatively regulate gene expression at the messenger RNA 
(mRNA) level. Their biogenesis and functions have been extensively 
reviewed elsewhere and are summarized in Fig. 1 [65].

microRNAs in pleural mesothelioma
In PM, several miRNAs act as oncogenic miRNAs (oncomiRs) or 

tumor-suppressor miRNAs, with deregulated expression patterns re
ported in multiple studies (Table 1). Guled et al. [27] were the first to 
examine miRNA expression in PM tissues, identifying 23 differentially 
expressed miRNAs compared with normal pleura. Subsequent micro
array studies confirmed additional dysregulated miRNAs, including 
those linked to histopathological subtypes (e.g., miR-17–5p, miR-21, 
miR-29a, miR-30c, miR-30e–5p, miR-106a, miR-143) and to improved 
patient survival (miR-17–5p, miR-30c) [2]. Busacca et al. [5] further 
identified members of the miR-17–92 cluster and its paralog, along with 
miR-7, miR-182, miR-214, and miR-497, as deregulated in PM [5].

Environmental exposure also shapes miRNA profiles. Asbestos has 
been shown to alter miRNA expression patterns [8,62]. For example, 
next-generation sequencing (NGS) in mesothelioma cell lines revealed 
asbestos-induced overexpression of miR-410–3p, miR-532–5p, and 
miR-335–5p, and downregulation of miR-1248 and miR-33a-3p [19]. 
Similarly, PM tissues exhibited significant upregulation of miR-125a-5p 
and miR-484 compared to benign asbestos-related pleural effusions [1].

Among the most extensively studied miRNAs in PM is miR-126. Its 
overexpression reduces tumor cell proliferation and promotes apoptosis 
[55]. Mechanistically, asbestos exposure induces miR-126 expression 
through DNA methyltransferase 1 (DNMT1)- and PARP1-mediated 
chromatin remodeling, whereas PM cells typically exhibit down
regulation of miR-126. Analysis of PM tissues confirmed PARP1’s role in 
this regulatory pathway [22].

Other tumor-suppressive miRNAs are also crucial for PM develop
ment. The miR-15/16 family is downregulated in PM, and its restoration 
suppresses proliferation [57]. Similarly, miR-193a-3p, miR-195, and 
miR-200c are reduced in PD-L1–overexpressing PM cells, with PD-L1 
validated as a direct target of miR-193a-3p [34]. Microarray analysis 
of PM tissues also identified 63 differentially expressed miRNAs and a 
prognostic two-miRNA signature (Let-7c-5p and miR-151a-5p) linked to 
hypoxia and energy metabolism [14].

Prognostic models based on miRNA expression are emerging. Yang 
et al. [78] reported a four-miRNA risk signature (miR-181a-2–3p, 
miR-491–5p, miR-503–5p, and miR-3934–5p) capable of stratifying PM 
patients into high- and low-risk groups, with independent prognostic 
value for overall survival [78]. On the therapeutic front, synthetic 
mimics based on the miR-15/107 consensus sequence demonstrated 
enhanced tumor-suppressor activity in PM cells and prolonged survival 
in xenograft models [58]. Likewise, inhibition of the upregulated 
miR-503–5p triggered apoptosis and reduced tumorigenic properties 
both in vitro and in vivo [51]. In addition, miR-497–5p, whose low 
expression correlates with poor prognosis, functions as a tumor sup
pressor by targeting the cell-cycle kinases PKMYT1 and WEE1, sug
gesting a novel synthetic lethal-type therapeutic strategy [52].

Collectively, these findings highlight the central role of miRNAs in 
PM pathogenesis. Aberrant miRNA expression, shaped by intrinsic 
tumor biology and external factors such as asbestos exposure, offers 
valuable opportunities for the development of novel diagnostic bio
markers and targeted therapeutic strategies for this aggressive 
malignancy.

Circulating microRNAs in pleural mesothelioma patients
Circulating miRNAs have emerged as promising biomarkers for PM 

[7]. Multiple studies have reported dysregulated miRNA expression in 

plasma or serum samples from PM patients [3,15,64,74]. 
Microarray-based profiling has identified both individual miRNAs and 
panels of deregulated miRNAs, including overexpressed miR-103 [75], 
miR-132–3p [74], miR-625–3p [36], miR-197–3p, miR-1281, and 
miR-32–3p [3], as well as miR-2053 [43]. Conversely, reduced levels of 
miR-103a-3p and miR-30e-3p have been reported in serum and in 
extracellular vesicles (EVs) from PM patients [8].

Some investigations have focused on circulating miRNAs linked to 
asbestos exposure. For example, absence of miR-516 and miR-29a was 
observed in exposed individuals [38], while miR-197–3p was specif
ically downregulated in asbestos-exposed subjects but detectable in PM 
patients, underscoring its potential diagnostic value [15,20]. Addition
ally, four circulating miRNAs (miR-126, miR-205, miR-222, and 
miR-520 g) were associated with asbestos-related malignancies, with 
miR-126 and miR-222 upregulated in asbestos-exposed cohorts [62]. 
Although miR-126 was initially proposed as a candidate biomarker, 
subsequent studies revealed its inability to discriminate PM from 
asbestos-exposed individuals [48,64,70].

Circulating miRNAs have also been explored in combination with 
established PM biomarkers. Ferrari et al. [18] reported that integrating 
miR-103a-3p and miR-30e-3p with Fibulin-3, high mobility group box 1 
(HMGB1), and mesothelin improved diagnostic accuracy, whereas 
combining leukocyte-expressed miR-103a-3p with mesothelin and cal
retinin did not yield additional benefit [32].

More recently, attention has shifted to the prognostic and predictive 
roles of circulating miRNAs. Specifically, elevated serum EV levels of 
miR-625–3p and miR-126–3p after treatment were associated with 
poorer outcomes and reduced overall survival [24]. Furthermore, 
downregulation of miR-145–5p has been observed in EVs derived from 
malignant pleural effusions compared with those from benign pleural 
fluids [9].

long non-coding RNAs

lncRNAs are RNA transcripts longer than 200 nucleotides that, unlike 
miRNAs and other short non-coding RNAs, are not translated into pro
teins. Their biogenesis and functions have been extensively reviewed 
elsewhere [44] and are summarized in Fig. 2.

long non-coding RNAs in pleural mesothelioma
The role of lncRNAs in PM has gained increasing recognition 

(Table 1). Early studies identified six lncRNAs, AK130275 (PAX8-AS1), 
AK129685, EF177379 (NEAT1), BX648695, NR_003584, and 
AF268386, as being overexpressed in PM compared to benign pleura, 
suggesting their potential utility as diagnostic and prognostic bio
markers [76].

More recent analyses have identified additional lncRNAs, including 
EGFR-AntiSense1 (EGFR-AS1), PCAT6, and ZEB2-AntiSense1 (ZEB2- 
AS1), as being upregulated in PM tissues [68]. EGFR-AS1 is known to 
regulate EGFR expression in liver cancer and has been linked to sensi
tivity to EGFR inhibitors in head and neck squamous cell carcinoma 
[53]. PCAT6 is implicated in lung cancer progression, where it serves as 
a diagnostic and prognostic biomarker and promotes tumor aggres
siveness through epithelial–mesenchymal transition (EMT) [72]. Simi
larly, ZEB2-AS1 is involved in EMT regulation and is dysregulated in 
various cancers, including hepatocellular carcinoma [39].

Overexpression of HOX transcript antisense intergenic RNA 
(HOTAIR) and metastasis-associated lung adenocarcinoma transcript-1 
(MALAT1) has also been reported in PM tissues, with both correlating 
with shorter overall survival [68]. HOTAIR is a well-established regu
lator of tumor progression through EMT induction [28], while MALAT1 
is associated with metastatic progression and poor survival in lung 
adenocarcinoma. MALAT1 is overexpressed in multiple tumor types and 
promotes EMT by recruiting chromatin remodeling complexes [31]. 
Although their precise roles in PM remain unclear, these findings 
highlight the need for further investigation.
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Table 1 
Dysregulated non-codingRNAs (ncRNAs) within pleural mesothelioma (PM).

Function (oncogene/tumor 
suppressor)

Expression 
(up or down- 
regulated)

Biological matrix Reference

name ​ ​ ​ ​
miRNAs let-7b* 

miR-1228* 
miR-195* 
miR-30b* 
miR-32* 
miR-345 
miR–483–3p 
miR-584 
miR-595 
miR–615–3p 
miR–885–3p

Unknown Up PM tissue vs normal mesothelium [27]

let-7e* 
miR-144* 
miR-203 
miR-340* 
miR-34a* 
miR-423 
miR-582 
miR–7–1* 
miR-9

Unknown Down

miR-17–5p 
miR-21 
miR-30c 
miR-30e–5p 
miR-31 
miR-106a 
miR-143

OncomiRs Up PM cells vs mesothelial cells [5]

miR-221 
miR-222 
miR-29a

Tumor Suppressors Down

miR–17–92 cluster 
and 
paralogs 
(miR–17–5p 
miR-18a 
miR-19b 
miR-20a 
miR-20b 
miR-25 
miR-92 
miR-106a 
miR-106b) 
miR-182 
miR-7

OncomiRs Up PM cell lines vs normal mesothelial cells [2]

miR-497 
miR-214

Tumor Suppressors Down

miR–410–3p 
miR–532–5p 
miR–335–5p

OncomiRs Up PM cell line vs normal mesothelial cell (both exposed or not exposed 
to fluoro-edenite fibers)

[19]

miR-1248 
miR-33a-3p

Tumor Suppressors Down

miR-125a-5p 
miR-484

Potential Biomarker Up PM biopsies [1]

miR-126 Tumor Suppressor Down PM cell lines vs normal mesothelial cells or asbestos-transformed cells [22,47,
55]

miRNA 15/16 family Tumor Suppressors Down PM cell lines and PM biopsies [57]
miR-15/16 
miR-193a-3p 
miR-195 
miR-200c

Tumor Suppressors Down PM biopsies [34]

Let-7c-5p Prognostic Dysregulated PM tissue vs normal tissue [14]
miR-151a-5p ​ ​
mir-103 Potential Biomarker Up PM peripheral blood cells 

vs asbestos-exposed individuals and healthy subjects
[75]

miR–132–3p Potential Biomarker Up PM peripheral blood cells 
vs asbestos-exposed individuals

[74]

miR–625–3p Potential Biomarkers Up Plasma/Serum samples form PM patients 
vs healthy individuals

[36]

miR–32–3p 
miR–197–3p 
miR-1281

Potential Biomarkers Up Serum samples from PM patients vs ex-exposed workers and healthy 
subjects

[3]

(continued on next page)
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In contrast, the lncRNA GAS5 functions as a tumor suppressor and is 
downregulated in PM cells [59]. Reduced GAS5 expression has been 
associated with worse outcomes in PM patients undergoing combined 
chemotherapy and surgery, as well as with shorter overall survival. 
Experimental data suggest that GAS5 may contribute to tumor sup
pression by inhibiting cell growth or promoting apoptosis in PM [77].

Finally, Linc00941 has been identified as a negative prognostic 
marker, promoting PM cell proliferation and aggressiveness and being 
implicated in survival-related pathways [26].

Circulating long non-coding RNAs in pleural mesothelioma patients
A few studies report on circulating lncRNAs in PM patients. The 

lncRNA RP1–86D1.3 was detected at high levels in the serum of PM 
patients, where its expression correlated positively with clinicopatho
logical factors such as asbestos exposure, pleural effusion, and cytology, 
further supporting its potential as a diagnostic biomarker [43].

Emerging evidence also supports the potential of circulating lncRNAs 
as minimally invasive biomarkers. Circulating GAS5 and MALAT1 have 
been proposed as predictors of tumor recurrence [37], while GAS5, 
MALAT1, and SNHG8 were reported to be upregulated in the serum of 

PM patients [17].
Collectively, these findings highlight the emerging relevance of 

lncRNAs, particularly GAS5, as diagnostic and prognostic biomarkers in 
pleural mesothelioma.

circular RNAs

circRNAs are a class of non-coding RNA molecules that have 
attracted considerable attention for their diverse roles in cellular pro
cesses [45]. They are single-stranded, covalently closed transcripts 
derived from protein-coding genes. This unique circular structure pro
vides remarkable stability, rendering them resistant to 
exonuclease-mediated degradation. The mechanisms of circRNA 
biogenesis and their classification have been comprehensively reviewed 
elsewhere [11] and are illustrated in Fig. 3. circRNAs participate in a 
wide array of biological processes, including cell proliferation, differ
entiation, and apoptosis. One of their best-characterized functions is the 
regulation of gene expression through miRNA sponging, whereby 
circRNAs sequester miRNAs and thereby prevent them from binding to 
their mRNA targets. This mechanism effectively modulates 

Table 1 (continued )

Function (oncogene/tumor 
suppressor) 

Expression 
(up or down- 
regulated) 

Biological matrix Reference

miR-2053 Potential Biomarker Up Serum samples form PM patients [43]
miR-103a-3p 
miR-30e-3p

Potential Biomarker Down Plasmatic extracellular vesicles from PM patients 
vs 
past asbestos exposed individuals

[8]

miR-516 
miR-29a

Potential Biomarker Up Serum from PM patients vs previously exposed subjects [38]

miR–197–3p Potential Biomarker Up Serum samples from PM patients [15,20]
miR-205, 
miR-520 g

Potential Biomarker Dysregulated Serum samples from PM patients vs asbestos exposed subjects [62]

miR-126, 
miR-222

Up

miR-126 Potential Biomarker Down Serum samples from PM patients [48,64,
70]

miR-103a-3p 
miR-30e-3p

Potential Biomarker Down Plasma samples from PM patients vs asbestos exposed subjects [18]

miR-103a-3p Potential Biomarker Down Plasma samples from PM patients [32]
miR–625–3p 
miR–126–3p

Potential Biomarker Down Extracellular vesicles from PM patients untreated vs treated [24]

miR-181a–2–3p 
miR–491–5P 
miR–503–5p 
miR–3934–5p

Potential Biomarker Dysregulated ​ [78]

miR-15/107 Tumor Suppressor ​ ​ [58]
miR–503–5p OncomiR Up PM tissue [51]
miR–497–5p Tumor Suppressor Down PM tissue [52]
miR–145–5p Potential Biomarker Up Extracellular vesicles from pleural fluids [9]

lncRNAs AK129685 
AF268386 
NR_003584

Unknown Up PM cell lines vs normal mesothelial cells [76]

EF177379 (NEAT1) 
AK130275 (PAX8- 
AS1)

Oncogene Up

RP1–86D1.3 Oncogene Up Serum of PM patients [43]
EGFR-AS1 
PCAT6 
ZEB2-AS1

Unknown Up ​ [68]

HOTAIR 
MALAT1

Unknown Up ​ [68]

HOTAIR Unknown Up ​ [28]
GAS5 Tumor-Suppressor Down PM cell lines vs normal mesothelial cells [59]
GAS5 
MALAT1

Potential Biomarker Dysregulated Serum of PM patients [37]

GAS5 
MALAT1 
SNHG8

Potential Biomarker Up Serum of PM patients [17]

Linc00941 Potential Biomarker Dysregulated PM tissue [26]
circRNAs circ_0038632 

(circPLK1)
Oncogene Up PM tissue vs normal tissue [82]
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post-transcriptional gene regulation.

circular RNAs in pleural mesothelioma
Although circRNAs have been implicated in the pathogenesis of 

several malignancies, their role in PM remains largely unexplored. A 
recent study identified circ_0038632, also known as circ polo-like kinase 
1 (circPLK1), derived from PLK1 mRNA, as a potential oncogenic driver 
in PM. CircPLK1 was shown to promote cell invasion, migration, and 
proliferation by competitively binding miR-1294, thereby restoring the 
expression of the oncogene HMGA1. CircPLK1 expression is significantly 
upregulated in PM tissues compared to normal pleura, and its inhibition 
was found to suppress tumor progression both in vitro and in vivo. These 
findings suggest that circPLK1 and its downstream effectors may 
represent promising therapeutic targets in PM [82].

CircRNA-lncRNA-miRNA axes in pleural mesothelioma

Gene expression is regulated through multiple epigenetic mecha
nisms, including the activity of ncRNAs. Interactions among ncRNAs and 
mRNAs add further complexity to this regulation. A key concept in this 
context is the competing endogenous RNA (ceRNA) network, whereby 
lncRNAs or circRNAs act as “sponges” to sequester miRNAs, thereby 
preventing miRNA-mediated repression of target mRNAs [10,49]. Such 
ceRNA interactions have been implicated in cancer pathogenesis, 
including PM [55], although research in PM is still less advanced than in 
other malignancies.

In silico studies have begun to shed light on potential ceRNA net
works in PM. Duan et al. [16] identified 13 axes of ncRNA–mRNA in
teractions, comprising 13 miRNAs, 26 lncRNAs, and 73 downstream 
mRNAs. Similarly, an analysis of The Cancer Genome Atlas (TCGA) 

Fig. 2. Biogenesis of long non-coding RNAs (lncRNAs). 1. lncRNAs arise through canonical or non-canonical pathways. In the canonical pathway, pre-lncRNAs 
undergo splicing, 5′ capping, and 3′ polyadenylation, which influence their stability and localization (A). Mature lncRNAs may be further stabilized by protein 
binding or chemical modifications (Ai). In a non-canonical route, splicing can generate small nucleolar lncRNAs (sno-lncRNAs) when snoRNA sequences are retained 
(Aii). Alternatively, as in MALAT1, ribonuclease P (RNase P) processing removes a tRNA-like structure at the 3′ end to yield a stable transcript (B). 2. lncRNAs 
function in both the nucleus and cytoplasm, where they regulate gene expression by interacting with DNA, RNA, or proteins. Designed with biorender.com.
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dataset comparing PM samples with and without bone metastases 
revealed a ceRNA network of 10 miRNAs, 8 lncRNAs, and 10 mRNAs 
that were differentially expressed between the two groups. Notably, the 
lncRASSF8-AS1/miR-582–5p/CASP9 axis was proposed to play a role in 
regulating tumor-infiltrating immune cells and potentially in PM bone 
metastasis [30].

Functional studies have provided further evidence for ceRNA regu
lation in PM. Overexpression of lncRNA MALAT1 disrupts the MALAT1/ 
miR-141–3p/YAP1 axis by sponging miR-141–3p, leading to enhanced 
proliferation, invasion, and migration of PM cells. Likewise, circPLK1, 
which is overexpressed in PM cells, tissues, and patient serum exosomes, 
modulates the circPLK1/miR-1294/HMGA1 axis. Suppression of 
circPLK1 or restoration of miR-1294 expression was shown to inhibit PM 
cell proliferation, invasion, migration, and stemness, underscoring the 
oncogenic role of this pathway [82].

Although research into circRNA, lncRNA and miRNA interactions in 
PM is still in its infancy, current evidence highlights the complex 
epigenetic regulation underlying this malignancy. Expanding this line of 
investigation may provide novel insights into PM biology and uncover 
promising therapeutic targets.

Dysregulated pathways in pleural mesothelioma and link to 
ncRNAs

The contribution of ncRNAs has been investigated in several 
signaling pathways frequently dysregulated in pleural mesothelioma 
(PM), including the Wnt/β-catenin and PI3K/AKT/mTOR cascades 
(Fig. 4).

Role of non-coding RNAs in Wnt/β-catenin signaling pathways

The Wnt/β-catenin pathway regulates key biological processes, and 
its dysregulation contributes to uncontrolled cell proliferation, invasion, 

and metastasis. Pathway activation occurs when Wnt ligands bind to 
Frizzled receptors, triggering the activation of the cytoplasmic protein 
Disheveled (DVL) and subsequent translocation of β-catenin into the 
nucleus, where it drives transcription of growth-promoting genes.

In PM, dysregulation of this pathway is associated with down
regulation of Wnt inhibitors, such as WIF-1, and upregulation of Wnt 
ligands (Wnt1, Wnt2, Wnt5) and downstream targets including MYC, 
CCND1, and JUN [13].

Several ncRNAs, particularly miRNAs, regulate Wnt/β-catenin 
signaling in PM. Tumor suppressor (TS) miR-126, which targets DVL 
mRNA, is reduced in PM tissues; its loss increases DVL expression, 
thereby activating Wnt/β-catenin signaling and promoting tumor 
growth [81]. Similarly, the miR-34 family (miR-34a/b/c) is down
regulated in PM, leading to overexpression of their targets Wnt1, Wnt2, 
and CTNNB1 (β-catenin), thus enhancing pathway activation [69]. The 
miR-200 family (miR-200a/b/c), also reduced in PM [61], acts as a 
tumor suppressor by targeting ZEB1 and ZEB2, which increases E-cad
herin expression and limits invasion and metastasis [6]. Computational 
analyses further suggest that miR-200a/b/c, along with miR-141 and 
miR-429, may regulate Wnt5A and Wnt16, while miR-205 targets 
Wnt3A and Wnt5B, and miR-200b/c, miR-203, and miR-429 regulate 
WIF-1 and Wnt4 [23].

In addition, potential interactions between miR-200c and the 
lncRNA SGMS1-AS1 have been proposed. SGMS1-AS1 is implicated in 
EMT regulation and invasion [41] and may act as an independent 
prognostic factor in PM [16]. Since miR-200c regulates Wnt/β-catenin 
signaling, SGMS1-AS1 could also influence this pathway [16,77].

Other tumor suppressor miRNAs include miR-217, which targets 
CTNNB1 and TCF7L2; its downregulation in PM results in elevated 
β-catenin and TCF7L2 expression, thereby promoting proliferation and 
invasion [83]. In contrast, oncogenic miRNAs (OncomiRs) such as 
miR-944 and miR-135b activate Wnt/β-catenin signaling. MiR-944 
suppresses WIF-1, reducing inhibition of Wnt–Frizzled interactions 

Fig. 3. Biogenesis of circular RNAs (circRNAs). circRNAs are formed by multiple back-splicing mechanisms. Intronic lariat precursors can evade debranching (A), 
while complementary or direct intron pairing brings splice sites into proximity (C), often aided by RNA-binding proteins (B). Alternative splicing can generate exon 
circRNAs (EcircRNAs) or exon–intron circRNAs (EIcircRNAs) (D). Additional routes include read-through transcription between adjacent genes (rt-circRNAs) (E), 
chromosomal translocations that produce fusion circRNAs (f-circRNAs) (F), and splicing of tRNA introns that yields tricRNAs (G). Designed with biorender.com.

G. Tonnini et al.                                                                                                                                                                                                                                 Translational Oncology 62 (2025) 102547 

7 



and enhancing pathway activity. MiR-135b, often upregulated in PM 
and associated with poor prognosis, downregulates APC, thereby sta
bilizing β-catenin and promoting tumor growth and metastasis [33,66].

Collectively, these findings underscore the central role of ncRNAs in 
modulating Wnt/β-catenin signaling in PM and highlight their potential 
as therapeutic targets.

Role of non-coding RNAs in PI3K/AKT/mTOR signaling pathway

The phosphatidylinositol 3′-kinase (PI3K)-Akt (PI3K/AKT) pathway 
is crucial for regulating cell growth, proliferation, and migration. PI3K/ 
AKT is a positive regulator of the Mechanistic Target of Rapamycin 
(mTOR) gene while it is negatively regulated by the Phosphatase and 
Tensin Homolog (PTEN) gene.

As far as ncRNAs in PI3K/AKT/mTOR signaling pathway are con
cerned, miR-206 was found to be down-regulated in PM tissues. In vitro 
and in vivo experiments showed that miR-206 re-expression induced 
G1/S cell cycle arrest in PM cell lines and inhibited the growth and 
malignant behavior of PM by suppressing molecules from the receptor- 
tyrosine-kinase-Ras-cell-cycle-signaling network [67].

EphrinA1 signaling induced let-7 miRNA expression and attenuated 
PM tumor growth by targeting RAS proto-oncogene in PM cells [35]. 
miR-221–3p, miR–21–5p, miR–19b–3p, miR–17–5p, and miR–20a–5p 
alter the PI3K/AKT signaling axis and affect PTEN protein production 
[35].

PI3K, AKT and mTOR regulation is mediated by miR-1294 down
stream genes [42] in PM. Previous research has demonstrated that 
miR-1294 is down-regulated in several cancers, indicating that its 
increased expression may have anticancer properties [42]. Recently, 

circPLK1 was discovered to promote PM cell invasion and proliferation 
by competitively binding miR-1294 [42,82].

Forkhead box M1 (FOXM1), a key oncogene linked to cell survival, 
interacts with the PI3K/AKT pathway in various tumors [79]. In PM 
cells, the lncRNA plasmacytoma variant translocation 1 (PVT1) was 
up-regulated while its suppression induced FOXM1 down-regulation, 
leading to decreased cell proliferation and migration [21,40,77].

Taken together, these findings highlight the complex interplay be
tween ncRNAs and the PI3K/AKT/mTOR pathway in PM, underscoring 
their potential as therapeutic targets.

Future perspectives and conclusions

Many ncRNA investigations have been carried out with the aim of 
identifying useful biomarkers for early PM diagnosis. Nevertheless, 
consensus within the scientific community regarding the reliability of 
these biomarkers is not always unanimous, as exemplified by miR-126 
[48,70]. Indeed, overall sensitivity and specificity for circulating 
miR-126 was around 70 %, indicating satisfactory but not optimal 
diagnostic potential [64].

Investigations into circulating miRNAs as biomarkers have met with 
several limitations, ranging from variations in control group selection to 
discrepancies in data normalization methods and sample sizes, which 
may not always be sufficient [50,73]. To address these challenges, 
numerous studies have pursued the development of marker panels to 
enhance the reliability and diagnostic efficacy of individual markers [4,
25,62]. Various strategies have been employed, including the combi
nation of different miRNAs [62], as well as the integration of miRNAs 
with protein biomarkers such as serum soluble mesothelin-related 

Fig. 4. Pleural Mesothelioma (PM) dysregulated pathways modulated by non-coding RNAs (ncRNAs). ncRNAs modulate the Wnt/β-catenin, Wnt/Fzd, and PI3K/ 
AKT/mTOR signaling pathways. In the Wnt/β-catenin pathway, Wnt5A and Wnt16 are targeted by the miR-200 family, miR-141, and miR-429; Wnt3A and Wnt5B by 
miR-205; and Wnt4 and WIF1 by miR-200b/c, miR-429, and miR-203. The lncRNA SGMS1 also interacts with miR-200c. In the Wnt/Fzd pathway, tumor-suppressive 
miRNAs (e.g., miR-126, miR-200 family, miR-34 family, and miR-217) are downregulated, while oncomiRs miR-944 and miR-135b are upregulated, targeting WIF1 
and APC, respectively. In the PI3K/AKT/mTOR pathway, miR-206 suppresses signaling by targeting PTEN, while miR-1294 inhibits the pathway under regulation by 
circRNA PLK1. Designed with biorender.com.
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protein [63]. As reported before, promising results in PM diagnosis came 
by combining miR-103a-3p and miR-30e-3p with Fibulin-3, HMGB1, 
and mesothelin [18].

In addition to miRNAs, some lncRNAs have also been proposed for 
mesothelioma diagnosis and prognosis, such as lncRNA RP1–86D1.3 
[43] and lncRNA GAS5 [59]. As far as circRNAs are concerned, very few 
studies are still available. To date, the only circRNA that has been found 
to be implicated in PM is circPLK1 [82].

Mesothelioma standard clinical therapeutic approaches include 
radio- and chemo-therapies and surgery. Preclinical and clinical 
research are making great strides in the field of this deadly disease, 
identifying new biomarkers and innovative therapeutic approaches. Of 
all the newly identified potential therapeutic targets, the use of miRNA 
mimics is promising. These small double-stranded RNA molecules mimic 
endogenous RNA molecules play a role in gene targeting and silencing. 
Low miRNA expression, such as in miR-15 and miR-16 family members, 
could be restored in PM. Intravenous administration of a miR-16 mimic, 
loaded into EnGeneIC Dream Vectors (EDVs), have demonstrated inhi
bition of tumor growth in mice with human mesothelioma xenografts 
[57]. A phase 1 study investigating EGFR-targeted EDVs loaded with a 
miR-16 mimic (TargomiRs) in PM patients with prior unsuccessful 
chemotherapy showed limited clinical results and some signs of toxicity 
[71]. Nevertheless, miRNA-based therapies hold great potential, espe
cially when administered via minicells or intrapleural delivery. How
ever, further clinical research and improvements in miRNAs 
preparation, purification and delivery methods using extracellular ves
icles are needed [56]. Many lncRNAs associated with EMT are dysre
gulated too, so deeper studies into the molecular mechanisms governing 
EMT remain critical for the development of new therapies for PM. A 
study has also taken into consideration the role of many lncRNAs (for 
example HOTAIR or MALAT1) associated with cisplatin resistance 
mechanisms [28], therefore targeting these molecules could potentially 
have therapeutic applicability in ensuring greater efficacy for 
chemotherapy.

One of the major problems in PM research is its rarity as a malig
nancy, resulting in a limited number of studies compared to more 
extensively researched cancers such as colon or lung cancers. For these 
reasons, some claims discussed in this review may have limited strength 
as the findings may not have been independently validated, or in some 
cases, conflicting data may exist. Thus, we need to delve deeper into the 
role of circRNAs in mesothelioma. There are still very few studies since 
these ncRNAs were discovered more recently than miRNAs, for which 
there is extensive literature. For this reason, there are still no hypotheses 
for the use of circRNAs in possible therapies against PM, but research is 
advancing rapidly and these possible therapies have already been hy
pothesized for other more highly-studied pathologies. For example, ex
periments on loss-of-function targeting circPVT1 in NSCLC cells have 
demonstrated that its silencing leads to increased apoptosis and growth 
inhibition of tumors in vivo, validating the in vitro experiments. These 
findings suggest that circPVT1 serves as both a therapeutic target and an 
oncogene in patients with NSCLC [54]. These studies could be promising 
if translated to mesothelioma.

In conclusion, investigations into the world of ncRNA are promising 
as a means of finding early prognostic markers and therapies for PM. 
Methodologies for restoring ncRNAs in PM, such as the recently 
completed Phase I MesomiR 1 clinical trial [71], or methodologies for 
ncRNA silencing suggest that this technology could also be used or 
adapted to specifically target miRNAs, lncRNAs or circRNAs in PM. 
However, much remains to be done to outline how patients might 
benefit at a clinical level from these ncRNAs. Further investigations on 
miRNAs, lncRNAs, and circRNAs are needed to understand their role and 
interactions with known dysregulated signaling pathways in PM.
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