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Abstract: The sensitivity of pleural fluid (PF) analyses for the diagnosis of malignant pleural effusions
(MPEs) is low to moderate. Knowledge about the pathobiology and molecular characteristics of this
condition is limited. In this study, the crosstalk between stromal cells and tumor cells was investigated
in vitro in order to reveal factors that are present in PF which can mediate MPE formation and aid
in discriminating between benign and malignant etiologies. Eighteen PF samples, in different
proportions, were exposed in vitro to mesothelial MeT-5A cells to determine the biological effects
on these cells. Treatment of normal mesothelial MeT-5A cells with malignant PF increased cell
viability, proliferation, and migration, and activated different survival-related signaling pathways.
We identified differentially expressed miRNAs in PF samples that could be responsible for these
changes. Consistently, bioinformatics analysis revealed an enrichment of the discovered miRNAs in
migration-related processes. Notably, the abundance of three miRNAs (miR-141-3p, miR-203a-3, and
miR-200c-3p) correctly classified MPEs with false-negative cytological examination results, indicating
the potential of these molecules for improving diagnosis. Malignant PF produces phenotypic and
functional changes in normal mesothelial cells. These changes are partly mediated by certain miRNAs,
which, in turn, could serve to differentiate malignant from benign effusions.

Keywords: malignant pleural effusion; microRNA; cell proliferation; cell migration; cell viability

1. Introduction

Malignant pleural effusion (MPE) is a serious condition in which fluid accumulates in
the pleural space due to increased vascular permeability combined with lymphatic vessel
obstruction by parietal pleural implants [1]. MPE usually indicates metastasis of an already
existing primary tumor [1]. A study of 840 MPEs showed that the most common primary
tumors that metastasize to the pleura were lung cancer (37%), breast cancer (16%), cancer
of unknown origin (10%), hematologic malignancies (10%), gastrointestinal tumors (8%),
and ovarian cancer (7%) [2].

It is widely accepted that during the metastatic process, crosstalk between tumoral
cells and stromal cells establishes the metastatic niche and supports tissue invasion [3,4].
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Regarding MPEs, previous works have indicated that the nuclear factor kappa B signal-
ing pathway participates in the disease process [5] through the action of tumor necrosis
factor [6]. Other molecules that are involved in pleural fluid (PF) formation include signal
transducer and activator of transcription 3 (STAT3), vascular endothelial growth factor
(VEGF) [6,7], transforming growth factor β (TGF-β) [8], interleukin (IL)-10 [9], and IL-
6 [10]. However, the precise mechanism underlying the biopathogenesis of MPE is not yet
fully understood.

MicroRNAs (miRNAs) are a group of non-coding RNAs comprising approximately
22 nucleotides, which act as regulators of post-transcriptional gene expression. It has been
demonstrated that they regulate biological processes such as cell proliferation, differentia-
tion, and apoptosis [11]. In recent decades, substantial attention has been given to the role
of microRNAs (miRNAs) in the initiation and progression of cancer [12,13], as well as their
use as valuable diagnostic and prognostic biomarkers of various malignancies [11,14–16],
including MPEs [17]. However, evidence demonstrating that miRNAs can regulate the
MPE process is rather scarce. In this regard, Zhai et al. showed that miR-7116-5p negatively
regulates IL-10 to suppress MPE formation [18]. Another study demonstrated that miR-93
targets angiopoietin2, halting the MPE development process [19]. Moreover, Lv et al. found
that miR141 promotes MPE formation by decreasing C-X-C Motif Chemokine Ligand 1
(CXCL1) production and the recruitment of regulatory T cells [20].

In addition to an incompletely understood pathogenesis, the diagnosis of MPE is
hampered by the moderate sensitivity of the PF cytological examination (approximately
55%) [21]. For the clinician, it is important to exploit as much information as possible from
the PF that is aspirated with a simple thoracentesis, which includes liquid biopsy (e.g.,
miRNAs), instead of indicating more invasive diagnostic methods such as pleural biopsies.

The aim of this study was to elucidate the miRNA contents of PF samples from patients
with benign and MPEs, as well as their biological effects on pleural mesothelial cells in vitro.
Additionally, we aimed to identify a miRNA signature that could be used to discriminate
between benign and MPEs.

2. Results
2.1. Characteristics of the Study Population

PF samples were subjected to biochemical and/or cytological examinations: 6 PF
samples (B1–B6) were benign and 12 PF samples were malignant (M1–M12). The patient
characteristics, the primary tumor types, and the etiologies of benign pleural effusions are
shown in Table 1. Among the patients with MPE, patients M2, M10, M11, and M12 had
negative PF cytological examination results and/or pleural biopsies and were diagnosed
on clinical grounds.

Table 1. Clinical characteristics of the study population.

Sample Age (Years) Sex Diagnosis Histological
Subtype

PF Cytological
Examination Pleural Biopsy

B1 49 Male Heart failure NA Negative Negative

B2 75 Female Heart failure NA ND ND

B3 77 Male Heart failure NA Negative ND

B4 63 Female Heart failure NA Negative ND

B5 83 Male Heart failure NA Negative ND

B6 86 Female Heart failure NA Negative Negative

M1 50 Female Breast cancer Luminal
B/HER2- Positive ND

M2 88 Female Breast cancer TNBC Negative ND
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Table 1. Cont.

Sample Age (Years) Sex Diagnosis Histological
Subtype

PF Cytological
Examination Pleural Biopsy

M5 65 Female NSCLC Adenocarcinoma Positive ND

M6 56 Female NSCLC Adenocarcinoma Positive ND

M7 69 Male Colorectal
cancer Adenocarcinoma Positive ND

M8 60 Male Colorectal
cancer Adenocarcinoma Positive ND

M9 84 Male Colorectal
cancer Adenocarcinoma Positive Negative

M10 68 Male Non-Hodgkin
lymphoma DLBCL Negative * ND

M11 90 Male Non-Hodgkin
lymphoma DLBCL Negative * Negative

M12 83 Female Non-Hodgkin
lymphoma

Follicular large
B-cell lymphoma Negative * ND

* The diagnosis of pleural malignancy was established by flow cytometric analysis of pleural fluid. DLBCL, diffuse
large B-cell lymphoma; HER2, human epidermal growth factor receptor 2; NA, not applicable; ND, not done;
NSCLC, non-small cell lung cancer; PF, pleural fluid; TNBC, triple negative breast cancer.

2.2. Effect of Pleural Fluid on the Viability of MeT-5A Cells

The biological effects of PF on the viability of normal mesothelial cells were investi-
gated. The latter were used to explore a tumor–stroma crosstalk mechanism that could
influence the formation of an MPE. MeT-5A cells were treated for 24 h with media sup-
plemented with a 10% volume of 15 different PF samples: samples B1–B3 and samples
M1–M12. As shown in Figure 1a, all the PF samples increased MeT-5A cell viability to
varying degrees, except for samples M7 (colorectal cancer) and M11 (lymphoma), which
reduced MeT-5A cell viability compared to the untreated condition (control group). PF
samples M5 (non-small cell lung cancer (NSCLC)), M9 (colorectal cancer), and M12 (lym-
phoma) exerted a strong and significant effect on MeT-5A cell viability, with increments
of 16.8% (p = 0.041), 10.65% (p = 0.032), and 12.73% (p = 0.0002), respectively, compared to
the untreated condition. However, the miRNAs that were extracted from PF did not reca-
pitulate the changes that occurred after treatment with media supplemented with 10% PF.
None of the miRNA extracts were able to increase cell viability (Supplementary Figure S1a).
Notably, 10% malignant PF supplementation increased MeT-5A cell viability significantly
more than benign PF sample supplementation (p = 0.017) and all the corresponding miRNA
extracts (p < 0.0001).

2.3. Effect of Pleural Fluid on the Proliferation of MeT-5A Cells

Most malignant PF samples increased the proliferation of MeT-5A cells but MeT-5A cell
proliferation in the benign PF treatment groups remained similar to that in the untreated
group; sample B1 was the exception among the benign PF samples, as it significantly
decreased MeT-5A cell proliferation (p = 0.00057) (Figure 1b). The malignant PF samples
that caused more marked increases in the percentage of Ki-67-positive cells compared to the
untreated condition were M5, M6, M8, M9, M11, and M12 (204.3%, 209.1%, 206.8%, 252%,
202.1%, and 340.7%, respectively; the difference was significant for M8 (p = 0.0002)). PF
samples M5, M9, and M12 also induced a non-significant increase in MeT-5A cell viability.
As expected, malignant PF samples as a group significantly increased the proliferation
of MeT-5A cells compared to benign PF samples (p = 0.0046). Specifically, PF samples
from NSCLC (M4–M6), colorectal cancer (M7–M9), and lymphoma (M10–M12) caused
significant increases in MeT-5A cell proliferation (p = 0.014, 0.015, and 0.015, respectively)
compared to benign PF samples.
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pendent experiments. Differences are considered significant at p  <  0.05 (*), p  <  0.05 (**), and p  < 

 0.005 (***), as determined by two-tailed Student’s t-test. Abbreviations: B, benign; M, malignant; 
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Figure 1. Effects of malignant pleural fluid (PF) on the viability and proliferation of normal mesothe-
lial MeT-5A cells. (a) Viability of MeT-5A cells exposed to different PF samples for 24 h. The line
indicates 100% viability. (b) Representative images of Ki-67 immunofluorescence (red) 24 h after
treatment with PF. Each image is shown with the corresponding nuclear staining (Hoechst). The
scale bar indicates 200 µm. At the bottom, a graph of Ki-67 quantification shows the percentage
of Ki-67-positive cells. The data are presented as the mean ± standard error of the mean of three
independent experiments. Differences are considered significant at p < 0.05 (*), p < 0.05 (**), and
p < 0.005 (***), as determined by two-tailed Student’s t-test. Abbreviations: B, benign; M, malignant;
NSCLC, non-small cell lung cancer; UN, untreated condition (control).

Treatment with miRNAs that were extracted from PF did not reproduce the changes in
cell proliferation that were observed when MeT-5A cells were treated with PF-supplemented
media. Except for B2, M1, and M5, none of the corresponding miRNAs induced significant
changes in the percentage of Ki-67-positive cells (Supplementary Figure S1b). Thus, media
supplemented with 10% malignant PF was more effective than media supplemented with
benign PF or miRNA equivalents in promoting the proliferation of MeT-5A cells.

2.4. Effects of Pleural Fluid on the Migration of MeT-5A Cells

The rationale of using MeT-5A cells for migration studies is that, due to the interac-
tion and crosstalk between tumor microenvironment and neoplastic cells, these normal
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mesothelial cells could potentially change their phenotypic characteristics to favor the
survival and progression of malignant cells in the PF. The capacity of PF to induce changes
in MeT-5A cell migration was examined with wound-healing assays. Both malignant PF
and miRNA treatments induced a higher rate of cell migration than benign PF treatment or
the untreated condition (Figure 2). Specifically, the degree of wound healing was observed
24 h after 10% PF was added to MeT-5A cell cultures (48 h after seeding, indicated as 48 h in
Figure 2), and 40% (p = 0.002), 51%, and 69% of the wounded area remained cell-free in the
M5, M9, and M12 treatment groups, respectively, compared to the untreated group (57%).
When the cells were treated with miRNA samples, the percentage of the wounded area that
remained cell-free in the M5, M9, and M12 treatment groups was 59% (p = 0.00029), 62%
(p = 0.0033), and 72% (p = 0.0058), respectively, all of which were significantly lower than
that in the untreated group (83%). At 48 h post-treatment (indicated as 72 h in Figure 2),
the percentage of the wounded area that remained cell-free in the M5, M9, and M12 groups
was 24% (p = 0.002), 32% (p = 0.029), and 51% (p = 0.36), respectively, compared to the
untreated group (43%). At the same time point, all the corresponding miRNAs significantly
improved wound healing, with 44% (p = 0.00029), 50% (p = 0.014), and 53% (p = 0.0082)
of the wounded area remaining cell-free, respectively, compared to the untreated group
(70%). Finally, at 72 h post-treatment (indicated as 96 h in Figure 2), samples M5, M9, and
M12 induced greater cell migration than the untreated condition, with 16% (p = 0.00084),
19% (p = 0.0065), and 21% of the wounded area remaining cell-free, respectively, while in
the untreated group, this value was 33%. Treatment with the miRNA fractions of samples
M5, M9, and M12 significantly promoted wound healing, with a smaller percentage of the
wounded area remaining cell-free (19%, p = 0.00043; 28%, p = 0.0021; and 25%, p = 0.021,
respectively) compared to the untreated group (50%). In summary, media supplementation
with 10% PF and the corresponding miRNAs that were extracted from malignant PF were
able to increase the migration of MeT-5A cells compared to media supplementation with
benign PF.

To complement the cell migration analysis, we investigated the expression of mes-
enchymal markers by qRT-PCR in MeT-5A cells treated with 10% PF. We observed an
increase in the expression of N-Cadherin (NCAD) and Vimentin (VIM) when MeT-5A cells
were treated with sample M9 compared to sample B2. In fact, the expression of NCAD and
VIM remained almost unaltered with sample B2 (Supplementary Figure S2).

2.5. Effects of Pleural Fluid on the Phosphorylation of Proteins That Participate in Cell
Survival-and Proliferation-Related Signaling Pathways

The malignant PF samples that caused greater changes in cell viability, prolifera-
tion, and migration were selected for this experiment (i.e., M5, M12, and M9). To clarify
the signaling pathways that could drive these processes, we investigated changes in the
phosphorylation of key proteins involved in two of the most commonly altered signaling
pathways in cancer, namely, the AKT and MAPK pathways. Changes in the phosphoryla-
tion pattern of the involved proteins indicate activation or deactivation of the pathways.
We matched sample M5 with sample B1, sample M12 with sample B2, and sample M9
with sample B3. All the Western blotting experiments were performed using the same
protocol. According to the Western blotting results (Figure 3) and the quantification of band
intensities (Supplementary Figure S3), malignant PF samples M9 and M12 increased the
phosphorylation of P-AKT S473, P-AKT T308, and P-p42/44 MAPK T202/Y204, or these
phosphorylation events occurred earlier, compared to the benign PF samples. Similarly,
the expression of p42/44 MAPK in MeT-5A cells was increased by malignant PF treatment,
while the expression of pan AKT did not appear to change between the benign and malig-
nant PF treatment groups (Figure 3). The expression of P-PTEN S380, which is a marker
of a less active and more stable form of PTEN [22], was enhanced when MeT-5A cells
were treated with sample M12 compared to sample B2. Treatment of MeT-5A cells with
other malignant PF samples (M5 and M9) decreased P-PTEN S380 expression compared
to treatment with B1 and B2, respectively, indicating that PTEN was more active but less
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stable. Finally, p21 expression was reduced by malignant PF treatment compared to benign
PF treatment. Overall, it seemed that treatment with malignant PF samples caused a higher
phosphorylation of key components of the PI3K/AKT and MAPK signaling pathways
and lower p21 expression in MeT-5A cells than treatment with benign PF samples. Addi-
tionally, PTEN was less active but more stable after M12 treatment. Next, we determined
whether miRNA extracts could exert the same effects on the signaling pathways as 10%
PF supplementation. MeT-5A cells were exposed to miRNAs that were extracted from
the PF samples that caused the greatest differences when cells were treated with 10% PF
supplementation (B2 vs. M12), but we did not observe notable changes in any of the
phosphoproteins that participate in the MAPK and PTEN/PI3K/AKT pathways or in p21
expression (Supplementary Figure S4). A signaling pathway diagram with the proteins that
were over- and under-expressed in our experiments is shown in Supplementary Figure S5.
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Int. J. Mol. Sci. 2023, 24, 14022 7 of 16

wounding and treatment with 10% PF (a) or equivalent amounts of miRNAs (b). The scale bar
indicates 1 mm. On the right side, the graphs of the migration assay results are shown, and the data
are presented as % cell-free area. The data are presented as the mean ± standard error of the mean of
three independent experiments. Differences are considered significant at p < 0.05 (*) and p < 0.05 (**),
as determined by two-tailed Student’s t-test. Abbreviations: B, benign; M, malignant; PF, pleural
fluid; UN, untreated condition (control).

2.6. Whole Exosome-miRNA Sequencing to Discriminate Benign from Malignant Pleural
Fluid Samples

Finally, we performed whole exosome-miRNA sequencing on 6 benign and 6 malig-
nant PF samples to identify putative miRNAs that could be responsible for the previously
observed biological effects. Among the 2632 investigated miRNAs, we found 3 and 17 that
were significantly upregulated in the MPE samples versus the benign PF samples with
FDRs < 0.05 and <0.1, respectively (Figure 4a–c). The first three miRNAs were miR-200c-3p,
miR-203a-3p, and miR-141-3p. The PF samples that were analyzed were clustered according
to the expression of the 17 upregulated miRNAs, and their contribution to discriminating
benign and malignant PF samples was arranged and plotted (Figure 4c). The classification
trees showed that <32 counts per million (CPM) of miR-141-3p or miR-203a-3p was 100%
indicative of a benign condition, and all 6 benign PF samples met this criterion. Regard-
ing miR-200c-3p, 5 of the 6 benign PF samples met the preceding threshold. Conversely,
≥32 CPM of miR-141-3p, miR-203a-3p, or miR-200c-3p was indicative of malignancy in
83.3% of cases (5/6 for each miRNA) (Figure 4e). The area under the curve (AUC) of this
three-miRNA rule was 0.917 (95% confidence interval [CI] 0.75–1).
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Figure 3. Effects of malignant pleural fluid (PF) on the phosphorylation of different proteins that
participate in cell survival- and proliferation-related signaling pathways. Western blot images show
whole protein lysates of MeT-5A cells treated with PF samples B1, M5, B2, M12, B3, and M9 for 0, 0.5,
3, 8, 24, and 48 h. The antibodies that were used recognized phosphatase and tensin homolog serine
380 (P-PTEN S380), phospho-AKT serine 473 (P-AKT S473), phospho-AKT threonine 308 (P-AKT
T308), pan AKT, phospho-p42/44 MAPK threonine 202/tyrosine 204 (P-p42/44 MAPK T202/Y204),
p42/44 MAPK, and p21. Tubulin was used as the control. The Western blots are shown in three
panels: B1-M5, B2-M12, and B3-M9. Graphs showing band intensity quantification and the calculated
phosphorylated/non-phosphorylated ratio for each protein are shown in Supplementary Figure S3.
Abbreviations: B, benign; M, malignant.

Next, we performed a random forest analysis on the expression values of miR-141-
3p and miR-203a-3p, and the Gardner–Altman graph showed the out-of-bag predicted
probabilities and the estimated mean difference between benign and malignant samples.
The 95% CI was based on the sample density distribution that was calculated from a bias-
corrected and accelerated bootstrap analysis of 5000 resamples. According to this analysis,
the identified two-miRNA signature had high discrimination power for distinguishing
benign and MPEs, with a predicted AUC of 0.944 (95% CI 0.778–1) (Figure 4f). For random
forest probabilities higher than 0.3, the sensitivity of these miRNAs in discriminating
benign PF samples from MPEs was 100% (6/6), and the specificity was 83.3% (5/6). Of note,
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considering <32 CPM for both miR-141-3p and miR-203-3p, all the benign and malignant
PF samples were correctly classified (100% sensitivity and specificity).

In our study, 4 of 12 MPE samples (M2, M10, M11, and M12) had negative cyto-
histological pleural examination results, which risked the misclassification of these samples
as being benign. However, with the application of the decision trees, all these samples
were correctly identified as malignant. The Gene Ontology (GO) analysis showed that the
significantly upregulated miRNAs were enriched in several biological processes (Figure 4g).
We found 42 significantly associated processes with an FDR < 0.05 and plotted the 10 most
relevant processes in Figure 4g.
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of fold-change and average logarithm counts per million across the miRNAs analyzed. (b) Volcano
plot showing the relationship between minus logarithm10 of FDR adjusted p value and logarithm2 of
FC across the miRNAs analyzed. The red dots represent the significantly upregulated miRNAs in
MPEs with respect to benign samples. (c) Heatmap showing the DE miRNAs between benign and
MPE samples. (d) Graph showing the discriminative miRNAs between benign and MPEs according
to the Boruta algorithm (FDR < 0.1). Importance means contribution. (e) Classification trees for
each of the significantly upregulated miRNAs depending on their CPM. The lower boxes represent
the number of PEs that were classified as benign or malignant according to miRNA quantification.
(f) Gardner–Altman graph showing the predicted probability of malignancy and its unpaired mean
difference (M minus B). The mean difference and its 95% CI are displayed as a point estimate and a
vertical bar, respectively. (g) GO analysis for biological processes of the three significantly upregulated
miRNAs (FDR < 0.05). The relevant processes are highlighted in red. Abbreviations: B, benign; CPM,
counts per million; DE, differentially expressed; FC, fold-change; FDR, false discovery rate; GO, gene
ontology; M, malignant; MA, log ratio minus log average; MPE, malignant pleural effusion; PE,
pleural effusion; RF, random forest; Wnt, Wingless/Integrated.

3. Discussion

We found that compared to benign PF samples, MPE samples increased the viability,
proliferation, and migration of normal mesothelial MeT-5A cells as well as the phosphory-
lation of proteins that participate in signaling pathways that are related to survival and
proliferation. The effects on cell migration were reproduced by the corresponding miRNA
fractions from the PF samples. Moreover, the qRT-PCR analysis revealed an increase in
the expression of mesenchymal markers when MeT-5A cells were treated with malignant
PFs. Whole exosome-miRNA sequencing disclosed that the upregulation of three miRNAs
can accurately discriminate between benign and MPEs. These miRNAs are involved in
migration-related processes, providing information about the tumor–stromal crosstalk and
pathobiology of MPE.

Some studies have shown that malignant PF can support the cellular proliferation
of patient-derived malignant mesothelioma cells [23,24] and even elicit a drug protection
effect [24]. However, the suggested mechanisms by which PF from MPE reprograms or
damages healthy cells in culture, ultimately promoting tumor formation, were not elucidated.

In contrast to our findings, previous articles did not describe significant differences in
the proliferation and migration of patient-derived mesothelioma cell cultures, established
cultures of MPEs from breast cancer, and lung adenocarcinoma patients, or commercial
mesothelioma cell lines treated with different types of PF [23,24]. Cheah et al. observed
that MPE samples increased the proliferation of mesothelioma cell lines in a non-significant
manner compared to benign PEs, but the experimental conditions (48 h and 30% PF
supplementation in culture media) differed from ours [23,24]. Asciak et al. used a smaller
number of PF samples, and the lack of figure legends in the publication do not allow the
assessment of whether MPE samples induced more proliferation in patient-derived cancer
cell cultures than non-MPE samples [23,24].

Furthermore, we observed that PF can alter certain signaling pathways that are im-
plicated in proliferation, survival, and cell cycle progression, with PF samples from MPE
patients inducing the greatest effect. To the best of our knowledge, we are the first to
identify changes in the phosphorylation of proteins in the PI3K/AKT and MAPK pathways
as well as a reduction in the expression of p21, which is a negative regulator of the cell
cycle [25], in normal MeT-5A cells after treatment with malignant PF samples. In agree-
ment with our results, a previous study demonstrated that the exposure of cancer cells to
malignant PF samples induced epithelial-to-mesenchymal transition (EMT), which is an
exacerbated stem cell phenotype, mainly through the activation of the PI3K/AKT/mTOR
axis [26]. VEGF, which is secreted by normal mesothelial cells, proved to be relevant for
MPE formation, as it increases vascular permeability [27]. In fact, pleural VEGF levels were
positively correlated with the MPE volume in vivo when rabbits were stimulated with TGF-
β [27]. In addition, treatment of MeT-5A cells with cytokines secreted by peripheral blood
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mononuclear cells that had been in contact with asbestos resulted in increased MeT-5A cell
proliferation [28]. Another study reported that the administration of IL-5 induced MPE
formation in syngeneic models of lung adenocarcinoma and colorectal cancer [29]. All these
works suggested the involvement of host–tumor cell crosstalk in MPE formation or during
tumorigenesis. In brief, MPEs seem to induce changes in mesothelial cells, so that they
become tumor-promoting cells or tumor-associated mesothelial cells through tumor–host
interactions. During this process, mesothelial cells lose their epithelial phenotype and
acquire a mesenchymal phenotype with new enhanced capabilities such as cell migration.

We hypothesized that free circulating miRNAs are good candidates that may be respon-
sible for the phenotypic changes observed in MeT-5A cells, given their relevant implication
in cell-to-cell communication [30]. To test our hypothesis, we extracted miRNAs from
PF and analyzed whether the PF-induced changes in MeT-5A cell viability, proliferation,
and migration could be reproduced. Interestingly, exposure of these cells to the same
amount of miRNAs as that found in 10% PF-supplemented medium resulted in similar
changes in cell migration, although malignant PF samples enhanced the migration capabil-
ities of MeT-5A cells to the greatest extent. In contrast, extracted miRNAs did not cause
significant changes in the viability or proliferation of MeT-5A cells. These findings were
supported by transcriptomic data. Additionally, the GO analysis revealed a significant
enrichment of miRNA-regulated biological processes that are related to migration, such
as adherens junction organization and cell migration [31]. Other processes that were en-
riched included the Wnt signaling pathway and protein phosphorylation, which are also
known to regulate cell migration [32,33]. Notably, the most highly upregulated miRNAs
in our study, namely, miR-200c-3p, miR-203a-3p, and miR-141-3p, have been shown to
be overrepresented in exosomes derived from the PF of lung adenocarcinoma patients
compared to exosomes derived from benign PF [34]. Additionally, extracellular vesicles
from other biological matrices, such as supernatants of malignant ascites, had higher levels
of miR-200c-3p than benign peritoneal fluid [35]. Both tumor-suppressive and tumor-
promoting roles have been described for miR-200c-3p; this molecule suppresses EMT,
migration, invasion, and drug resistance [36], and it promotes drug resistance and reduces
T-cell infiltration [37,38]. Similarly, to our work, exposure of ovarian cancer spheroids
and gastric cancer cells to miR-200c-3p and miR-200c-3p-rich supernatants of malignant
ascites, respectively, increased cell migration [35,39]. Moreover, miR-203a-3p can act as
a tumor suppressor gene [40] by downregulating insulin growth factor 1 receptor [41]
and thrombospondin 2 expression [42], suppressing metastasis and invasion [43,44], and
enhancing drug sensitivity [36]. It can also play a role as an oncogene by promoting drug
resistance, proliferation, migration, and invasion [45–47]. In one study, miR-203a-3p was
found to be the most highly expressed miRNA in extravesicular vesicles that were isolated
from the pulmonary tumor-draining vein of patients with NSCLC, and this molecule was
associated with tumor relapse [48]. Finally, miR-141-3p also plays both tumor-suppressive
and tumor-supportive roles. For instance, it has been reported to promote proliferation,
angiogenesis, metastasis, and drug resistance [49–52], but also to reduce proliferation,
migration, invasion, and autophagy [53–56].

By applying the number of counts of the new three-miRNA signature, we were
able to correctly classify MPEs that were initially misdiagnosed due to false-negative PF
cytological/histological examination results; the use of this signature in the clinic would
allow further invasive diagnostic testing to be prevented. Notably, considering a threshold
value < 32 CPM for both miR-141-3p and miR-203-3p, all the benign and malignant PF
samples were correctly classified. This highlights the diagnostic potential of this miRNA
signature, which needs to be formally tested in larger clinical studies.

One limitation of this study is the relatively low number of PF samples that were
used for miRNA profile mapping. However, despite having a limited sample size, we
were able to identify a miRNA signature that discriminated between benign and malignant
conditions. This, together with the in vitro experiments, helped us to better understand the
biological effects (e.g., proliferation and migration) exerted by PF and the miRNAs they
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contain on normal mesothelial MeT-5A cells. Another limitation was the impossibility of
studying the significance of all potential PF biomarkers, such as carbohydrates, proteins,
lipids, DNA, metabolites, or other RNA species, some of which may also play a role in
MPE initiation.

4. Materials and Methods
4.1. Cell Lines and Culture Conditions

The MeT-5A cell line, which is an epithelial cell line derived from the mesothelium of
non-cancerous PF of patients, was purchased from the American Type Culture Collection
(ID: CRL-944 TM). MeT-5A cells were transfected with the pRSV-T plasmid (an SV40 ori-
construct containing the SV40 early region and the Rous sarcoma virus long terminal repeat)
and cloned. The cell culture conditions are detailed in Supplementary Materials.

4.2. Pleural Fluid Samples

PF samples were collected at the Pleural Medicine Unit of the Hospital Universitari Ar-
nau de Vilanova (Lleida, Spain). The samples were centrifuged to remove the cellular block.
Informed consent for the acquisition and use of patient samples and clinical information
was obtained from each patient. This project was approved by the Biosecurity Committee
of IRBLleida (CEIC-1947). To guarantee the innocuity of the samples, PF supernatants were
subjected to heat treatment at 60 ◦C for 30 min. Cell experiments were performed with
3 benign PF samples (B1–B3) and 12 MPEs (M1–M12). These PF samples were selected from
a local biobank collection that included PF and plasma from approximately 400 patients in
order to comprehensively represent the major etiologies of PE. Whole miRNA sequencing
was performed with 6 benign PF samples (B1–B6) and 6 malignant PF samples (M2, M5, M6,
M8, M9, and M12) to ensure that the groups were well matched. In the experiments, sample
pairing was performed randomly, unless otherwise indicated. The diagnosis of MPE was
made based on the presence of malignant cells in the PF or pleural biopsy specimens.
Malignancy was also accepted in patients with a primary tumor and cytology-negative PF
in whom other causes of pleural effusions had been reasonably excluded. The identification
of benign pleural effusions relied on well-established clinical criteria [57].

A schematic illustration of the methods that were utilized in this study is presented in
Figure 5. All the experiments were performed on at least three independent biological replicates.

4.3. Total miRNA Isolation

miRNA was extracted from PF using the mirVana isolation kit (Thermo Fisher, Waltham,
MA, USA) according to the manufacturer’s protocol. The miRNA content was determined
with a NanoDrop 2000/2000c (Thermo Fisher, Waltham, MA, USA).

4.4. Functional Assays and Protein Expression Analysis by Western Blotting

After seeding, MeT-5A cells were treated with PF and subjected to several func-
tional assays. Cell viability was determined with the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Cell proliferation was assessed using Ki-67
immunofluorescence. Cell migration was determined with a wound healing assay. Finally,
protein expression analysis was performed by Western blotting. The detailed protocols for
these assays are described in Supplementary Materials [58–60].
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4.5. Exosome-miRNA Sequencing

Next-generation sequencing (NGS) technology was performed to elucidate the miRNA
profiles of PF samples B1, B2, B3, B4, B5, B6, M2, M5, M6, M8, M9, and M12. The detailed
procedure can be found in the “Exosome-miRNA sequencing” section of Supplemen-
tary Materials.

4.6. Real Time-Quantitative Polymerase Chain Reaction

MeT-5A cells were treated with cell media supplemented with 10% of PF for 0, 24, 48,
and 72 h. After each treatment, 1 µg RNA of MeT-5A cells was extracted using the Trizol®

reagent (Fisher Scientific, Waltham, MA, USA). One-step q-PCR kit (BioRad, Hercules,
CA, USA) was used to convert total RNA into total DNA with CFX-Manager96 (BioRad,
Hercules, CA, USA). Probes for NCAD and VIM were from Integrated DNA Technologies.
All the conditions were normalized to 0 h. The value of 0 h was taken as 1.

4.7. Statistical Analysis

Statistical analysis was performed with Microsoft Office Excel 2019, Statistical Package
for the Social Sciences Inc. (IBM SPSS Statistics 24, Chicago, IL, USA), and R software
4.2.1 [61]. Graphs were generated with GraphPad Prism v9.1.2. and R software 4.2.1. The
significance of the proliferation and migration assay results was determined by unpaired
two-tailed Student’s t-test. To control for false discovery rates (FDRs), the Benjamini–
Hochberg procedure was applied. The discriminative miRNAs between benign effusions
and MPEs were confirmed by the Boruta algorithm. Determination of the sorted predicted
probabilities of malignancy was performed by a random forest analysis. A more detailed
explanation of the statistical analysis can be found in Supplementary Materials [62].

5. Conclusions

We have shown that treatment with either malignant PF or miRNAs extracted from
malignant PF enhances the migration of normal mesothelial MeT-5A cells in vitro. We also
identified a three-miRNA signature that could be responsible, in part, for the development
of MPE through host–tumor cell interaction in the tumor microenvironment. More impor-
tantly, this miRNA signature might be able to correctly classify MPEs with false-negative
cytological examination results, thus potentially enhancing the sensitivity of standard
diagnostic procedures.
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