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Abstract. Dysregulated levels of microRNAs (miRNAs or 
miRs), involved in oncogenic pathways, have been proposed 
to contribute to the aggressiveness of malignant pleural 
mesothelioma (MPM). Previous studies have highlighted the 
downregulation of miRNA miR‑486‑5p in patients with meso‑
thelioma and the introduction of miRNA mimics to restore their 
reduced or absent functionality in cancer cells is considered an 
important therapeutic strategy. The aim of the present study 
was to evaluate the mechanisms through which miRNAs may 
influence the functions, proliferation and sensitivity to cisplatin 
of MPM cells. In the present study, a miR‑486‑5p mimic was 
transfected into the H2052 and H28 MPM cell lines, and cell 
viability, proliferation, apoptosis and mitochondrial membrane 
potential were monitored. miR‑486‑5p overexpression led to 
a clear impairment of cell proliferation, targeting CDK4 and 
attenuating cell cycle progression. In addition, transfection 
with miR‑486‑5p mimic negatively regulated the release of 
inflammatory factors and the expression of Provirus integra‑
tion site for Moloney murine leukaemia virus 1 (PIM1). The 
sensitivity of the cells to cisplatin was enhanced by enhancing 
the apoptotic effects of the drug and impairing mitochondrial 
function. On the whole, the present study demonstrates that 
miR‑486‑5p may play an important role in MPM treatment by 
targeting multiple pathways involved in tumour development 
and progression. These activities may be mostly related to the 
downregulation of PIM1, a crucial regulator of cell survival 
and proliferation. Furthermore, these results provide support 

for the combined use of miR‑486‑5p with chemotherapy as a 
therapeutic strategy for MPM.

Introduction

Malignant pleural mesothelioma (MPM), resulting from the 
malignant transformation of pleura mesothelial cells, is an 
aggressive, therapy‑resistant and mostly fatal cancer strongly 
associated with the presence of asbestos fibres (1‑3). Other 
factors or etiological agents have also been associated with 
mesothelioma and among these, the fibrous mineral, erionite, 
radiations and Simian Virus 40 are considered the most note‑
worthy (1,2,4‑8). The global incidence of MPM has increased 
over the past decade and has been predicted to peak sometime 
before 2030 (1,3). The long latency period between asbestos 
exposure and tumour development implies that multiple, and 
likely diverse, genetic alterations are required for the malig‑
nant transformation of mesothelial cells; however, the genetic 
and epigenetic events responsible for the development of MPM 
remain unclear.

Mesothelial cells are relatively undifferentiated and maintain 
the ability to differentiate into several cell lines. Accordingly, 
some mesotheliomas have an epithelial morphology, others, 
termed sarcomatoid, have a spindle cell morphology and 
others, termed biphasic mesotheliomas, exhibit a combination 
of the two (9). It has long been known that survival is influenced 
by the histological subtype: The epithelial variants are less 
aggressive than the spindle cell variants (10,11). Patients with 
the disease have a very poor prognosis with a median survival 
of 4 to 14 months following diagnosis and a reduced quality of 
life (11‑13). Diagnosis often occurs in the advanced stage and 
the disease is often refractory to conventional therapy. Despite 
advancements being made in current treatments, the long‑term 
survival rate of patients has not markedly improved and this 
unsatisfactory clinical outcome emphasizes an urgent need 
for the development of novel therapeutic approaches to more 
effectively manage this lethal disease (1‑3).

The research of novel diagnostic or therapeutic targets for 
mesothelioma has included the study of microRNAs (miRNAs 
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or miRs) (14‑17). miRNAs are small non‑coding RNAs, which 
regulate the expression of targeted genes by directly binding 
to the 3'‑untranslated region (3'‑UTR) of mRNAs. This inter‑
action leads to post‑transcriptional repression, resulting in 
reduced levels of the corresponding protein or the cleavage of 
their RNA. miRNAs can regulate their target genes by imper‑
fect base‑pairing to the 3'‑UTR; thus, a single miRNA can 
target several hundred mRNAs. Moreover, a single target gene 
often includes more binding sites for multiple miRNAs that 
can bind co‑operatively, allowing miRNAs to form a complex 
regulatory control network (18).

miRNA expression is widely tissue‑ and cell‑type specific. 
miRNAs function as regulators in a number of cellular 
processes from basic metabolic maintenance, through differen‑
tiation, cell cycle and proliferation, to death and consequently, 
in tumorigenesis, cancer metastasis and drug resistance (14). 
A number of miRNAs involved in oncogenic pathways are 
downregulated in mesothelioma, and this is largely due to 
chromosomal aberrations. It has thus been hypothesized that 
the re‑expression or the enhanced expression of these miRNAs 
in mesothelioma cells may influence important functions, such 
as proliferation, migration, invasion, apoptosis, or chemore‑
sistance (17) and may enhance therapeutic outcomes (15,16). 
This approach may also be an opportunity to personalise such 
a treatment for each patient's miRNA tumour profile.

The aberrant expression of miR‑486‑5p (hereafter 
referred to as miR‑486) has been observed in different 
types of human cancer  (19) such as hepatocellular carci‑
noma  (20,21), lung cancer  (22,23), breast cancer  (24), 
oesophageal squamous cell carcinoma (25) and pancreatic 
cancer  (26). Its hypoexpression seems to promote the 
progression of lung, oesophagus and breast cancer, while it is 
usually upregulated in pancreatic tumours, chronic myeloid 
leukemia and gliomas (27). It was therefore proposed and 
applied as an effective biomarker for the diagnosis, as well 
as the prognosis of human cancer (27).

In a previous study, the authors aimed to identify a 
pattern of miRNAs as possible diagnostic and prognostic 
biomarkers for MPM and asbestosis; all investigated 
miRNAs, including miR‑486, were downregulated in the 
plasma of patients with respect to the healthy subjects (28). 
Given the low expression of miR‑486 in mesothelioma, 
it was hypothesized that miR‑486 may act as a tumour 
suppressor, targeting several genes. Out of these genes, 
particular attention was paid to the Provirus integration site 
for Moloney murine leukaemia virus 1 (PIM1), for its high 
expression in human cancers (29‑32) and in mesothelioma 
cell lines (33), and as PIM1 is a target of miR‑486 (34,35). 
PIM1 is a serine/threonine kinase that acts as protoonco‑
gene to mediate cell survival and has been associated with 
carcinogenesis by promoting tumour cell proliferation and 
inhibiting apoptosis.

The present study therefore aimed to restore high levels 
of miR‑486 in mesothelioma cell lines by miRNA mimic 
transfection in order to investigate its regulatory functions 
and to evaluate the possible effects of its overexpression on 
cell proliferation, cell cycle, apoptosis and on the modula‑
tion of sensitivity to cisplatin (CDDP). CDDP is thus far the 
only therapy approved against MPM and miR‑486 seems to 
enhance cell sensitivity to this drug (36‑38).

Materials and methods

Cells, cell culture and treatments. The human mesothelioma 
cell lines, H28 (CRL 5820 lot. 59191373) and H2052 (CRL 
5915 lot. 63445445), were obtained from the American Type 
Culture Collection (ATCC) and maintained as a monolayer 
culture in the Roswell Park Memorial Institute (RPMI)‑1640 
nutrient medium supplemented with 10% foetal bovine serum 
(Euroclone S.p.A.) at 37˚C in 5% CO2 in a humidified air atmo‑
sphere. Only cells in the logarithmic phase of growth were 
used in the experiments and allowed to attach for 24 h prior 
to transfection or treatments. For CDDP treatment, cells were 
incubated with various concentrations of the drug (0‑100 µM) 
for 24, 48 or 72 h. An untreated sample was used as a control. 
After establishing the IC50 value for the different lines, this 
concentration was used in subsequent treatments, where not 
otherwise indicated.

miRNA transfection. mirVana™ miR‑486‑mimic and 
control‑mimic were designed and synthesized by Life 
Technologies; Thermo Fisher Scientific, Inc. Cells were 
transfected with miR‑mimic diluted with Opti‑MEM  I 
reduced serum medium (Gibco‑Life Technologies; Thermo 
Fisher Scientific, Inc.) using Lipofectamine 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufacturer's 
protocol, at the final concentrations of 50 or 10 nM. Cells were 
seeded at the number suggested in the manufacturer's protocol 
for the different plates. After 24, 48 or 72 h, total RNA was 
extracted and the transfection efficiency was verified by 
reverse transcription‑quantitative PCR (RT‑qPCR).

RNA extraction. RNA was isolated from the cultured cells 
using TRIzol reagent (Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions. The extracted RNA was 
digested using the DNase I (DNA‑free kit; Thermo Fisher 
Scientific, Inc.) to remove any genomic DNA contamination 
and it was quantified using a NanoDrop spectrophotometer 
(Thermo Fisher Scientific, Inc.).

miRNA quantification. Total RNA was reverse transcribed 
using a TaqMan MicroRNA RT kit (Thermo Fisher Scientific, 
Inc.), according to the manufacturer's instruction. The reaction 
included 3 µl of stem‑loop RT primer 50 nM, 1.5 µl of 10X 
RT buffer, 0.15 µl of dNTPs 100 mM, 0.19 µl RNase Inhibitor 
20 U/µl, 1 µl of MultiScribe reverse transcriptase 50 U/µl and 
5 µl of RNA sample in a total volume of 15 µl. The retrotran‑
scription program included a cycle of 30 min at 16˚C, a cycle 
of 30 min at 42˚C and a cycle of 5 min at 85˚C. Quantitative 
PCR (qPCR) was performed using the QuantStudio 7 Flex 
Real‑Time PCR System (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). A total of 1.33 µl of cDNA solutions 
were amplified using TaqMan 2X Universal PCR Master 
Mix (Life Technologies; Thermo Fisher Scientific, Inc.) and 
TaqMan microRNA assays [(miRNA‑486‑5p:ID 001268), 
Thermo Fisher Scientific, Inc.] in 20 µl of mixture. The reac‑
tion consisted of one step at 95˚C for 10 min, followed by 
40 cycles of 95˚C for 15 sec and 60˚C for 1 min. All assays 
were performed in duplicate, and one no‑template and two 
interpolate controls were used in each experiment. The Cq 
values of the target miRNAs were normalized to sno‑RNU6B 
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[(TaqMan microRNA Assays, ID 001093), Thermo Fisher 
Scientific, Inc.] and the fold changes in expression of each 
miRNA were calculated using 2‑ΔΔCq method (39).

Gene expression. cDNA was synthesized using a commercial 
kit based on the use of inverse transcriptase, [High‑Capacity 
RNA‑to‑cDNA™ kit (Applied Biosystems; Thermo Fisher 
Scientific, Inc.)], following the manufacturer's recommended 
experimental conditions. RT‑qPCR was performed using the 
QuantStudio 7 Flex Real‑Time PCR System (Thermo Fisher 
Scientific, Inc.) employing TaqMan 2X Universal PCR Master 
Mix (Life Technologies; Thermo Fisher Scientific, Inc.) 
and the following TaqMan gene expression assays (Thermo 
Fisher Scientific, Inc.): CCND1 (Hs00765553_m1), CCNE1 
(Hs01026536_m1), CDK4 (Hs00364847_m1) and PIM1 
(Hs01065498_m1). The reactions consisted of one step at 95˚C 
for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C 
for 1 min. All assays were performed in duplicate, and one 
no‑template and two interpolate controls were used in each 
experiment. The expression values of each mRNAs were 
normalized to the expression of the GAPDH housekeeping 
gene [(Hs02758991_g1, Thermo Fisher Scientific, Inc.]. The 
changes in the expression of each mRNA with respect to the 
untreated controls were calculated using the 2‑ΔΔCq method (39).

Cell viability assay. Cells were seeded in 96‑well plates 
(5,000‑10,000 cells/well) and incubated at 37˚C overnight, 
and then transfected with miR‑486 mimic or negative control 
miRNA, respectively, according to the manufacturer's protocol 
(Invitrogen; Thermo Fisher Scientific, Inc.). The proliferation 
of MPM cells was examined by 3‑(4,5‑dimethylthiazole)‑2, 
5‑diphenyltetrazoliumbromide (MTT) assay (Sigma‑Aldrich; 
Merck KGaA). At the fixed time points, 10 µl of MTT reagent 
(5 mg/ml) was added into each well prior to incubation at 37˚C 
for 3 h. The reaction was terminated by the addition of 100 µl 
of solubilization solution and the absorbance was recorded 
using a Multiscan Ascent plate reader (Thermo Labsystems) at 
a wavelength of 560 nm. The number of viable cells was deter‑
mined using a calibration curve, consisting of a decreasing 
number of cells and confirmed by counting viable cells in a 
haemocytometer (trypan blue exclusion). All measurements 
were performed at least in triplicate.

Cell cycle analysis. Cells were seeded in 6‑well plates 
(200,000 cells/well), transfected and, after 24, 48 or 72 h, flow 
cytometric analysis of the cell cycle phase distribution of cells 
was performed after staining, overnight at 4˚C, the fixed cells 
with propidium iodide (PI). At the end of transfection and/or 
treatments, the cells were collected by trypsinization, washed 
twice with ice‑cold PBS, and fixed with 96% ethanol overnight 
at 4˚C. Following fixation, the cells were washed again with 
PBS, incubated with RNase and PI at 4˚C overnight prior to 
flow cytometric analysis. Cell cycle phase distribution was 
analysed using a FC500™ flow cytometer (Beckman Coulter, 
Inc.) and FlowJo_V10 software (FlowJo, LLC).

Measurement of interleukin (IL‑6 release). Immediately 
after the transfection period, cell culture supernatants were 
collected and centrifuged at 16,000 x g for 5 min at 4˚C to 
remove cell debris and particles. The IL‑6 concentrations 

were measured using commercially available ELISA kits 
(cat. no. KHC0061, Invitrogen; Thermo Fisher Scientific, Inc.) 
following the manufacturer's instructions, and were normal‑
ized to the number of cells. The concentrations of IL‑6 in the 
medium from the treated cells were compared to the basal 
concentrations observed in the untreated cells.

Apoptosis. Annexin V staining was performed for the apop‑
tosis assay. Following transfection and/or treatments, the cells 
were harvested by trypsinization, washed with cold PBS three 
times and stained with Annexin V‑fluorescein isothiocyanate 
(FITC), PI in the dark, according to the manufacturer's instruc‑
tions (Bender MedSystems GmbH). Cells were immediately 
sorted in a FC500™ flow cytometer (Beckman Coulter, Inc.) 
and data were analysed using FlowJo_V10 software. The 
percentages of Annexin V‑positive cells were calculated as the 
cell apoptotic rate.

To evaluate the activity of caspase‑3, a proluminescent 
DEVD‑aminoluciferin substrate was added to the cell 
culture, according to the manufacturer's protocol (Promega 
Corporation). The luminescent signal generated by caspase 
cleavage, proportional to caspase‑3/7 activity, was quantified 
by means of a Cary Eclipse fluorescence spectrophotometer 
(Varian, Inc.).

Western blot analysis. Cells were lysed in RIPA buffer 
(Thermo Fisher Scientific, Inc.), and the proteins contents 
were quantified using the BCA protein assay kit (Thermo 
Fisher Scientific, Inc.). 30 µg of proteins were separated by 
10% sodium dodecyl sulfate‑polyacrylamide gel electro‑
phoresis (SDS‑PAGE), then transferred onto nitrocellulose 
membranes (Schleicher & Schuell). The membranes were 
incubated in succession with the blocking buffer (5% BSA 
in PBS) for 2  h at room temperature, with the primary 
mouse monoclonal antibody anti‑PIM1 diluted 1:250 
(cat. no. ab54503), rabbit monoclonal antibodies anti‑CDK4 
diluted 1:1,000 (cat.  no.  ab108355), anti‑cyclin  D1 dilute 
1:200 (cat.  no.  ab16663) or anti‑cyclin E1 diluted 1:1,000 
(cat. no. ab33911) (all from Abcam) overnight at 4˚C and finally 
with horseradish‑peroxidase conjugated goat anti‑mouse 
diluted 1:200,000 (cat. no. STAR207P; Bio‑Rad Laboratories, 
Inc.) or anti‑rabbit IgG secondary antibodies diluted 1:200,000 
(cat. no. STAR208P, Bio‑Rad Laboratories, Inc.), incubated 
2 h at room temperature. Protein blots were detected using 
an ECL Chemiluminescent Substrate (Cyanogen) and the 
intensity of the bands was quantitatively analysed using the 
Fluor‑Sä MultiImager (Bio‑Rad Laboratories, Inc.).

JC‑1 assay. Mitochondrial membrane potential was evalu‑
ated by JC‑1 assay (Biotium, Inc.). At the end of the treatment 
period, all cells were recovered and stained at 37˚C for 15 min 
with the cationic dye according to the manufacturer's instruc‑
tions. The cell suspension was finally transferred into the wells 
of a black 96‑well plate and the absorbance was recorded using 
a Cary Eclipse fluorescence microplate reader (Varian, Inc.; 
red fluorescence: Excitation 550 nm, emissions 600 nm; green 
fluorescence: Excitation 485 nm, emission 540 nm). Hydrogen 
peroxide was used as a positive control. The ratio of the fluo‑
rescence of JC‑1 aggregates (red) to monomers (green) was 
calculated and normalized to the respective control.
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Oxidative stress. The formation of intracellular reactive oxygen 
species (ROS) was evaluated by 2,7‑dichlorodihydrofluores‑
cein diacetate (DCFH‑DA) (Sigma‑Aldrich; Merck KGaA): 
This non‑polar and non‑fluorescent compound can diffuse into 
the cytoplasm where it is cleaved by intracellular esterases to 
yield polar, non‑fluorescent 2',7'‑dichlorofluorescein (DCF). 
DCFH can then react with ROS to form a highly fluorescent 
two‑electron oxidation product, DCF. Following miR‑486 
mimic transfection, the cells were treated for 24 h with CDDP 
(17.3 µM for the H2052 and 50 µM for the H28 cells) and 
then incubated with 10 µM DCFH‑DA in PBS at 37˚C for 
30 min in the dark. Hydrogen peroxide (10 µM) was used as 
a positive control for the assay. Cells were then harvested, 
washed with PBS and analysed by FC500™ flow cytometer 
(Instrumentation Laboratory) and the FlowJo_V10 software.

Statistical analysis. The results are presented as the 
mean  ±  standard deviation of almost three experiments. 
Statistical analyses were carried out using ine‑way analysis of 
variance (ANOVA) with Dunnett's or Turkey's post hoc tests. 
The differences were considered statistically significant with 
values of P<0.05, P<0.01 and P<0.001.

Results

miR‑486 expression following transfection. In order to 
investigate the biological roles of miRNA‑486 in the human 
mesothelioma cell lines, H28 and H2052, its expression was 
selectively regulated by miR‑486 mimic transfection. Two 

concentrations of miR mimic were tested: 10 and 50 nM. 
The results of RT‑qPCR indicated that in both cell lines, the 
miRNA was overexpressed in comparison to the controls 
(untreated, Lipofectamine‑treated or miR‑control‑transfected 
cells) beginning from 24 h following transfection. No signifi‑
cant differences were observed between the two concentrations 
(Fig. 1A and B). For this reason, in the subsequent experiments, 
the concentration of 10 nM was used.

miR‑486 affects cell proliferation, cell cycle progression and 
IL‑6 release. miR‑486 was transiently transfected into H28 
and H2052 cells. It was observed that miR‑486 overexpres‑
sion led to a reduction in the proliferation of both cell lines 
(Fig. 1C and D), without significant lysis or apoptosis. This 
decrease occurred late (48 h following transfection) and this 
was time‑dependent. In order to evaluate the effects of miR‑486 
on cell proliferation, the percentage of cells in the different 
stages of the cell cycle was analysed by flow cytometry. The 
results revealed that the overexpression of miR‑486 signifi‑
cantly reduced cell proliferation and this was mainly reflected 
by the higher percentage of cells arrested in the G0/G1 phase 
(Fig. 2). The corresponding proportions of cells in the S phase 
and in the G2/M phase decreased significantly. The absence 
of a subG0/G1 peak confirmed the absence of a massive apop‑
totic activation. The expression of cyclins involved in the G1/S 
transition (CCNE1 and CCND1 and CDK4) was also exam‑
ined. These expression levels significantly decreased in the 
miR‑486 mimic‑transfected H28 and H2052 cells, although 
at different time points and at varying extents (Fig. 3A). In the 

Figure 1. Overexpression of miR‑486 reduces cell proliferation. (A and B) Relative expression of miR‑486 following transfection of H2052 and H28 cells with 
miR‑486 mimic (up to 72 h). (C and D) Cell proliferation following miR‑486 induction (10 nM) in H2052 and H28 cells, respectively. CTR, control; LIPO, 
Lipofectamine; miR‑CTR, miRNA control. Each value of cell growth refers to its non‑induced condition. Statistical significance is indicated vs. the control: 
*P<0.05; **P<0.01; ***P<0.001.
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H28 cells, the reduction was observed at an earlier stage, and 
was more relevant and time‑dependent than that observed in 
the H2052 cells. The same trend was confirmed by western 
blot analysis (Fig. 3B).

Transfection induced a time‑dependent decrease in PIM1 
expression beginning from 24  h and reaching maximum 
significance after 72 h compared to the untreated control 
(Fig.  4A). These results were confirmed by western blot 

Figure 2. miR‑486 mimic transfection slows cell cycle progression. (A) Flow cytometry histograms of the H2052 and H28 cell cycle following 72 h of transfec‑
tion. By monoparametric DNA analysis three distinct phases could be recognized: The G0/G1, S and G2M phase. (B) Cell cycle distribution in transfected 
H2052 and H28 cells (up to 72 h). Statistical significance is indicated vs. the control: *P<0.05.

Figure 3. miR‑486 modulates the expression of cyclins and CDK4. (A) Relative expression of CDK4, CCND1 and CCNE1 following transfection with miR‑486 
mimic. Expression values refer to the control condition (miRNA control=1). Statistical significance is indicated vs. the control: *P<0.05. (B) Western blot 
analysis of CDK4, CCND1 and CCNE1 in cellular extracts following 72 h of transfection.
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analysis (Fig. 4B). These effects of miR‑486 were also coupled 
with a significant decrease, of approximatively 30% compared 
with the controls, in the release of the inflammatory molecule, 
IL‑6, into the culture medium (Fig. 4C).

miR‑486 transfection sensitizes MPM cells to CDDP. 
Treatment of the H28 and H2052 cells with various concentra‑
tions of CDDP (range, 1‑100 µM) led to a concentration‑ and 
time dependent decrease in the viability of both cell lines, 
although the H2052 cells were found to be more sensitive than 
the H28 cells: At 48 h, the IC50 value for the H2052 cells was 
less than half of that for the H28 cells (17.83 µM vs. 50 µM). 
The MPM cells were transfected with miR‑486 and then 
treated with increasing concentrations of CDDP. In both lines, 
miR‑486 reduced viability, beginning from 48 h following 
CDDP exposure in comparison to the cells treated with the drug 
alone (Fig. 5). Correspondingly, significant increases in the 
numbers of apoptotic cells were observed (Fig. 6A and B) and 
coupled with the stimulation of caspase‑3 activity (Fig. 6C). In 
cells transfected with miRNA‑486 and treated with CDDP no 
further decrease in PIM1 expression was observed compared 
with the cells transfected with the mimic only, while it was 
reduced compared with the cells treated with CDDP alone 
(Fig. 7). At the same time, an increase in the intracellular 
ROS levels was observed, and this was particularly significant 
in the H2052 cells transfected with miRNA‑486 end treated 
with CDDP compared with the control (Fig. 8A). In the H28 
cells, ROS accumulation, although present, was lower and not 
significant compared with the control. At the 24‑h time point, 
the transfected H2052 and H28 cells also exhibited a slight 
mitochondrial depolarization, as revealed by a decreased 
red/green fluorescence ratio of the membrane‑permeant JC‑1 
dye (Fig. 8B).

Discussion

As miRNAs are involved in various biological processes 
in cancer, they are expected to play a crucial role in cancer 
diagnosis and prognosis surveillance  (40). Furthermore, a 
miRNA‑based therapeutic strategy, aimed to restore tumour 
suppressor miRNA that may be lost or expressed at reduced 
levels in cancer cells, is expected to constitute a novel potential 
direction for MPM treatment, particularly for personalized 
therapy (41,42). To date, at least 20 miRNAs are being evalu‑
ated in clinical trials; however, the identification of novel 
miRNAs is required, not only for therapeutic purposes, but 
also to understand the mechanisms of oncogenesis and the 
evolution of tumours (43).

miR‑486, which is located in the last intron of the 
Ankyrin‑1 (Ank1) gene on human chromosome 8, was first 
identified from a human foetal liver cDNA library (44,45). 
It has been reported to be involved in different types of 
cancer (19‑25,27,46,47) and that its expression is differs mark‑
edly between the early and advanced stages of non‑small cell 
lung cancer (NSCLC)  (48). Subsequently, a meta‑analysis 
indicated that miR‑486 may be used as ideal biomarker for 
cancer diagnosis, but also concluded that a low expression of 
this miRNA did not increase the risk of a poor outcome (27).

To date, a few potential targets for miR‑486 have been 
identified (19) and the mechanistic role for miR‑486 as either 
an oncogene or tumour suppressor, particularly in MPM, 
remains largely unknown. In a previous study (28), the authors 
aimed at the identification of diagnostic/prognostic biomarkers 
for asbestos‑related diseases; the expression of miRNA‑486 
was significantly lower in patients with MPM and asbestosis 
than that in the controls, and this association was significant 
in plasma and tissues. Furthermore, its tissue expression was 

Figure 4. Transfection with miR‑486 mimic modulates the expression of PIM1 and the release of inflammation factors. (A) Relative expression of PIM1 
following transfection. Expression values refer to the control condition (miRNA control=1). (B) Western blot analysis of PIM1 protein following 24 h of trans‑
fection. (C) Concentration of IL‑6 in culture medium of transfected cells at 24 h. Comparable results were also obtained 48 and 72 h post‑transfection (data 
not shown). Values refer to the control condition (miRNA control=100%). Statistical significance is indicated vs. the control: *P<0.05; **P<0.01; ***P<0.001. 
PIM1, provirus integration site for Moloney murine leukaemia virus 1.
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positively related to the cumulative survival of patients with 
MPM. Based on these conclusions, it was hypothesized that 
miR‑486 may play an important role in tumorigenesis and 

tumour development. Therefore, the present study investigated 
its potential function by transfecting miR‑486 in two in vitro 
models of MPM. Not surprisingly, it was found that miR‑486 

Figure 5. Cytotoxic effects of cisplatin on transfected or non‑transfected cells. Exponentially growing H2052 and H28 cells were cultured in medium containing 
increasing concentrations of CDDP. Statistical significance is indicated as follows: CDDP vs. CDDP + miR‑486: *P<0.05. CDDP, cisplatin.

Figure 6. Transfection with miR‑486 mimic increases the apoptosis of CDDP‑treated cells. Exponentially growing H2052 and H28 cells were transfected 
and/or treated for 48 h with CDDP at the respective IC50 value. (A) Flow cytometry dot plots represent the results of cells staining with Annexin V‑FITC/PI. 
(B) Apoptotic cell percentages. (C) Caspase‑3 activity was measured at 24 h following CDDP treatment. Values refer to the control condition (miRNA control). 
Statistical significance is indicated as follows: CDDP vs. CDDP + miR‑486: *P<0.05; **P<0.01. CDDP, cisplatin.
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significantly suppressed cellular growth and cycle progression 
by targeting the cyclins and in particular, CDK4.

As CDK4 plays an important role in the G1/S phase transi‑
tion, its deregulation is one of the most common alterations 
found in human cancers, including MPM. This checkpoint 
is crucial in cell survival, ensuring the detection and repair 
of genetic damage, as well as the prevention of uncontrolled 
cell division. The suppressive effects of miR‑486 on CDK4 
have already been observed in oesophageal cancer (49) and 
NSCLC (48), leading to the conclusion that miR‑486 may 
act as tumour suppressor. The 3'‑UTR of CDK4 is the direct 
interaction region between this miRNA and CDK4 (48).

The antiproliferative effects of miR‑486 on MPM cells are 
pivoted by the reduction in PIM1 expression observed. In this 
rapidly growing invasive cancer, the role of PIM1 downregula‑
tion in the suppression of cell proliferation by cell arrest at the 
G0/G1 phase and of cell invasion and migration, has already 
been demonstrated, as well as the role of the inhibition of other 
miRNAs (33,50). The negative correlation between miR‑486 
and PIM1 in cancer tissues and the miR‑486/PIM1 axis has 
already been observed in lung cancer (35), breast cancer (34) 
and osteosarcoma  (51). The present study confirmed this 
association in mesothelioma. Unlike what has been observed 
in lung cancer cells, in which the enforced expression of 
miR‑486‑5p resulted in a decrease in PIM1 protein expres‑
sion not accompanied by a significant reduction in mRNA 
expression in cells, suggesting that miR‑486 may inhibit its 

expression mainly through post‑transcriptional regulation (35), 
in the present study, a parallel decrease in PIM1 mRNA and 
protein expression was observed.

Previous studies have confirmed that PIM1 plays a role 
in cellular proliferation by regulating cell cycle progression 
at multiple points and through various target proteins, and 
that its levels change with the stages of the cell cycle, related 
to the onset of DNA synthesis (32). This highly conserved 
protein is an unusual serine or threonine kinase, as it is consti‑
tutively active and may rightly be considered a cell survival 
factor. Its overexpression may contribute to cancer develop‑
ment by protecting cells from undergoing apoptosis induced 
by exposure to stress factors and drugs, by promoting cell 
proliferation and genomic instability (52,53). The increased 
survival was found to be associated with the maintenance 
of mitochondrial transmembrane potential. In the absence 
or by the reduced levels of PIM1, not only do cells exhibit a 
reduced mitochondrial membrane potential, but they also 
exhibit an elevated production of harmful ROS (31,32). Based 
on current knowledge, PIM1 overexpression was suggested to 
be employed as a reliable diagnostic marker for several types 
of tumours and, in some cases, as a prognostic indicator of 
clinical outcomes (54‑56). On the other hand, this may be a 
promising therapeutic target in appropriately selected cancers 
with the overexpression of this protein (30,57). This proposal 
is also supported by the finding that the elimination of PIM1 
activity has no apparent effect on normal cells and yet is 

Figure 7. Combined effects of transfection and CDDP treatment on PIM1 expression. (A) Relative expression of PIM1. Expression values refer to the control 
condition (miRNA control=1). (B) Western blot analysis of PIM1 protein following 24 h of transfection with miR‑486 and/or treatment with CDDP in H2052 
and H28 cells. Values refer to the control condition. Statistical significance is indicated vs. control, **P<0.01; ***P<0.001; and vs. the separate treatments, 
#P<0.05. PIM1, Provirus integration site for Moloney murine leukaemia virus 1; CDDP, cisplatin.

Figure 8. Combined effects of transfection and CDDP treatment. (A) Intracellular ROS levels and (B) mitochondrial membrane potential following transfection 
with miR‑486 and/or treatment with CDDP in H2052 and H28 cells. Values refer to the control condition (miRNA control=100%). Statistical significance is 
indicated vs. control (*P<0.05; **P<0.01) and vs. the separate treatments (#P<0.05; ##P<0.01). CDDP, cisplatin.
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lethal to overexpressing cancer cells, avoiding the detrimental 
side‑effects of most conventional treatments (32,57).

Another important result obtained by miR‑486 transfection 
is the reduction in the levels of inflammatory markers, such as 
IL‑6, and this is very beneficial. Inflammation and the immune 
response emerged as key players in driving MPM progression 
and represent promising therapeutic targets: Manipulations 
of the inflammatory tumour stroma have been suggested to 
render MPM susceptible to therapies that have shown relevant 
results in other solid and aggressive tumours (2,3). Previous 
studies have also provided the rationale for utilising anti‑IL‑6 
therapeutics alongside standard chemotherapy in an attempt to 
prolong survival and alleviate symptoms commonly witnessed 
in this disease, such as cachexia, thrombocytosis and immuno‑
suppression (58‑63).

To date, the only systemic treatment approved and regis‑
tered by the Food and Drug Administration and the European 
Medicines Agency is platinum‑based chemotherapy; however, 
its use in the treatment of MPM mostly yields frustrating 
results and the average life expectancy is usually <1 year 
with a 5‑year survival of <5% (64‑66). Acquired resistance 
to drugs is still a major clinical issue. A number of studies 
have indicated that several miRNAs, and even miR‑486, act 
as chemo‑resistance regulators, controlling the levels of drug 
resistance‑related genes (21,26,43). The data of the present 
study demonstrated this modulating function of miR‑486, 
enhancing the inhibitory and apoptotic effects of CDDP, thus 
suggesting the potential therapeutic advantage of combined 
CDDP/miR‑486 therapeutic protocols in human MPM.

Of note, the decrease in mitochondrial membrane poten‑
tial and the enhancement of ROS production were additively 
promoted by the overexpression of miR‑486 and CDDP treat‑
ment. By contrast, no additive effect was observed for the 
decreased expression of PIM1 due to miR‑486 overexpression 
and CDDP treatment. When two stressful events, such as 
CDDP and miR‑486 upregulation occur at the same time, a 
complex crosstalk may be established and responses to the 
stressors may be enhanced. This result seems to be indepen‑
dent of PIM1 hypo‑regulation and to involve other processes 
controlling redox equilibrium. Due to its broad target recog‑
nition and to its ability to have multiple effects, miR‑486 is 
more advantageous and preferable than molecules able only 
to inhibit the PIM1 activity. Regardless of the histopatho‑
logical type or BAP1 mutation, and despite some differences 
in the extent of the responses, no discrepant behaviours have 
been observed between the two lines differing in histology 
and BAP1 mutations: H28 (epithelioid, BAP1 null) and H2052 
(sarcomatoid, BAP1 wild‑type)  (67). The main difference 
concerns drug resistance as epithelial H28 cells are more 
resistant to cisplatin than sarcomatoid H2052 cells, and this 
behaviour may be due to BAP1 mutation, whose loss‑of‑func‑
tion is strongly associated with epithelioid differentiation 
and may play a role in promoting survival and in influencing 
chemosensitivity (68).

The complex biology of MPM requires an appropriate 
combination of approaches to overcome the vastly disap‑
pointing responses to chemotherapy. The miR‑486 pathway 
not only has the potential for a greater understanding of the 
MPM pathogenesis, but also for therapeutic intervention, as 
it was demonstrated to play a role in regulating, at the same 

time, multiple mechanisms that are involved in the develop‑
ment and progression of this disease. A treatment effectively 
targeting multiple pathways simultaneously would be a major 
advance. In cancer, such an approach should not only inhibit 
cell growth more effectively, but should also prevent the loss 
of drug efficacy, due to the common emergence of resistance 
acting on a single pathway.
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