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Abstract: MicroRNAs belonging to the miR-302 family are emerging as key players in the control of cell growth, and 
maintaining pluripotency during cell fate determination and differentiation in embryonic stem cells. However, the 
mechanisms whereby ephA2/ephirnA1 signaling regulates miR-302b expression and attenuates malignant pleural 
mesothelioma (MPM) cell growth are not known. Our study identified a novel mechanism of ephrin-A1 mediated 
anti-oncogenic signaling in MPM. Ephrin-A1 treatment up regulates miR-302b expression in MPM cells and attenu-
ates cell proliferation and tumorsphere formation via repression of myeloid cell leukemia-1 (Mcl-1). The expression 
of miR-302b was analyzed by qPCR, the expression of Mcl-1 was analyzed by RT-PCR, immuno-blotting and Immu-
nofluorescence staining. To confirm that ephrin-A1 regulates the expression of Mcl-1 mRNA through miR-302b up 
regulation, cells were transfected with and without miR-302b and miR-302b inhibitor prior to ephrinA1 treatment. 
The cell proliferation and tumorsphere formation was measured by WST-1 and matrigel assays respectively. In addi-
tion, to confirm the binding of miR-302b to the 3’UTR of Mcl-1 Luciferase assay was performed. Ephrin-A1 treatment 
induced several fold increases of miR-302b expression in MM cells. In ephrin-A1 treated MM cells, Mcl-1 expression 
was significantly down regulated when compared to control. Moreover, ephrin-A1 activation significantly inhibited 
MM cell proliferation and tumorsphere growth. Furthermore, ephrinA1 and miR-302b induced apoptosis in MM 
cells. The present data suggests that ephrin-A1 induces the expression of miR-302b in MM cells which targets Mcl-1 
thereby inhibits MM tumorsphere growth by inducing apoptosis. 
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Introduction

Malignant pleural Mesothelioma (MPM) is the 
most aggressive tumor of the mesothelium and 
predominantly develops from previous expo-
sure to asbestos [1]. In the United States, MPM 
occurs in approximately 3,000 people per year, 
with nearly 200 individuals diagnosed in Florida 
annually, and 19% are women [2]. Worldwide, 
the incidence is increasing and it is expected to 
peak [3]. Although asbestos exposure is the 
main risk factor in the development of meso-
thelioma, the molecular mechanisms remain 
unclear. MPM is often resistant to chemothera-
py [4] and radiation [5]. For most of the patients, 
disease is diagnosed at late stages and aver-
age survival ranges from a few months to less 

than 2 years [6, 7]. Several clinical problems 
regarding the diagnosis and treatment of MPM 
remain unsolved [8].

Emerging investigations reveal that microRNAs 
(miRs) deregulation is mainly associated with 
various pathologies including development of 
cancer [9]. miRs are small non-coding RNAs of 
approximately 21-25 nucleotide long that regu-
lates posttranscriptional gene expression [10]. 
MiRs bind to complementary sequences on tar-
get messenger RNA transcripts (mRNAs), that 
results in translational repression or target deg-
radation and gene silencing [11]. Some miRs 
regulate specific individual gene targets; others 
can be master regulators of a silencing process. 
miRs regulate the expression of hundreds of 
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genes simultaneously, and some types of miRs 
act cooperatively [12]. MiRs have been pro-
posed to contribute to oncogenesis because 
they can function either as tumor suppressors 
or oncogenes [13]. In earlier studies we report-
ed that ephrinA1 treatment of MPM cells 
induced Let-7a miR expression and attenuated 
cellular proliferation via repression of Ras gene 
[14]. Here in this report we demonstrated the 
role of miR-302b in regulation of MPM cells pro-
liferation and apoptosis. 

Mcl-1 (myeloid cell leukaemia-1) is an anti-
apoptotic protein which is the member of the 
Bcl-2 family protein [15]. It has been suggested 
that Mcl-1 may act as an anti-apoptotic factor 
by sequestering Bak, on the outer mitochondri-
al membrane and preventing its oligomeriza-
tion and cytochrome-c release from mitochon-
dria [16, 17]. It has been shown to be expressed 
in multiple cell lineage and renowned as a cru-
cial member of apoptosis control [18]. Although 
Mcl-1 is one of the necessary anti-apoptotic 
proteins in normal cells, failure of signaling 
pathways which regulate Mcl-1 expression 
often leads to it’s over expression, which con-
tributes to several human malignancies. Mcl-1 
expression, regulation can occur at multiple 
levels as transcriptional regulation, post-tran-
scriptional regulation, translational regulation 
which can consist of miRs binding in the 3’-UTR 
of Mcl-1 mRNA and also post translational regu-
lation [19]. On one hand, Mcl-1 has a short half-
life and is a highly regulated protein and its 
rapid regulation suggests that it has a critical 
role in apoptosis under rapidly changing condi-
tions [19], on the other hand, insufficient Mcl-1 
level can cause inappropriate cell death [20]. 
As Mcl-1 is widely expressed in various human 
malignant cells, it suggest that Mcl-1 might be 
a predictive marker and also a target for new 
anti-cancer therapies [21]. In mesothelioma 
Mcl-1 has been found to be over expressed in 
most of the MPM tumor tissues [22, 23]. This 
observation suggests that the resistance to 
apoptosis in MPM could be related to Mcl-1 
protein.

Malignancy of solid tumors such as mesothelio-
ma is a complex process that includes the acti-
vation of oncogenic signaling and down regula-
tion of tumor suppressor pathways. Oncogenic 
conversion, amplification, or overexpression of 

proto-oncogenes, such as those encoding cell 
surface receptor tyrosine kinases (RTKs), are 
frequently observed in variety of human can-
cers and contribute to most of the malignan-
cies [24, 25]. Eph receptors forming the largest 
sub-family of RTKs of which their extracellular 
domain interacts with ephrin ligands [26]. The 
family is subdivided into class A and class B 
based on binding affinity for 2 distinct types of 
membrane-anchored ephrin ligands. Class B 
receptors generally bind to class B ephrins that 
are attached to the cell membrane by a trans-
membrane-spanning domain, while A class 
receptors normally interact with glycosyl-phos-
phatidylinositol-linked class A ephrins, although 
interclass binding does occur among certain 
family members [27]. Emerging evidence indi-
cate that some members of this receptor fami-
ly, including ephrin A2 (EphA2) receptor, have 
been linked to tumor progression [28]. EphA2 
is the most frequently affected Eph kinases in 
human cancer and its over expression has 
been observed in variety of tumor types includ-
ing pancreatic adenocarcinoma [29], prostate, 
kidney, lung cancer, ovarian cancer [30, 31] 
and MM [32]. Ephrin-A1, a ligand for the Eph 
receptor tyrosine kinase, is involved in vascular 
development, tissue border formation, cell 
migration, axon guidance, synaptic plasticity, 
and adult neovascularization [33].

We reported that binding of receptor EphA2 by 
the ligand ephrin-A1 induces marked reduction 
in the anchorage-independent growth of MM 
tumor [34]. Furthermore, vector-based over 
expression of ephrin-A1 in MM cells demon-
strated similar results and also confirmed the 
tumor-suppressive properties [35]. However, 
the mechanisms by which ephrin-A1 suppress-
es the tumor growth in MM are not clear.

For the present study, we identified a novel 
mechanism of ephrin-A1-mediated tumor gro- 
wth inhibition in MM. Herein; we demonstrate 
that ephrin-A1 treatment leads to miR-302b 
expression in MM cells. In addition; miR-302b 
functionally targets the pro-survival molecule, 
Mcl-1 which results in its repression and induc-
es apoptosis in MMCs. Together these findings 
suggest that ephrin-A1 may have a distinct role 
in controlling tumor growth pathways and may 
be a promising candidate in the development of 
novel therapeutic strategies against MM.
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Materials and methods

MMC culture

The CRL-2081 and CRL 5830, two MM cell lines 
were obtained from American Type Culture 
Collection (ATCC, Manassas, VA) and main-
tained in 10 mm dishes in RPMI 1640 (Sigma) 
containing 10% fetal bovine serum, penicillin 
(100 U/ml) and streptomycin (100 µg/ml), as 
reported earlier [14, 34]. MM cells were incu-
bated at 37°C in 5% CO2 and 95% air and were 
cultured to 80% confluence between 3 and 4 
days and sub cultured in 60 mm cell culture 
dishes (5 × 105 cells/dish) and used for various 
assays as needed.

MMC treatment with recombinant Ephrin-A1

MM Cells in near confluence culture were treat-
ed with or without 3.5 µg/ml rm-ephrin-A1/FC 
Chimera (R and D Systems, Minneapolis, MN) 
in serum free RPMI 1640, for the indicated 
times and then processed for immunoblotting 
and quantitative Real Time PCR.

MicroRNA target prediction

Computer-based programs were used to pre-
dict microRNAs that potentially bind Mcl-1. 
Using “Mcl-1” as a search term, we queried 
EMBL-EBI, MicroCosm targets (http://www.ebi.
ac.uk/). We confirmed the miR-302b target 
binding by performing Luciferase assay.

Luciferase reporter assay

To construct the luciferase reporter vectors, 
the whole 3’UTR of Mcl-1 was inserted into the 
pEZX-MT01 vector (GeneCopiaTM) immediate 
downstream of the firefly luciferase gene under 
SV40 enhancer followed by renilla luciferase 
gene under CMV promoter. Another construct, 
which is empty, was also constructed as a neg-
ative control vector as reported earlier [36]. In 
brief, to express miR-302b OmicsLinkTM miRNA 
expression clone (GeneCopiaTM) was construct-
ed with pEZX-MT01 vector with miR-302b 
stem-loop was inserted into the vector immedi-
ate after GFP reporter gene under CMV promot-
er and also a negative control vector. Each lucif-
erase reporter construct, including Luc+miR- 
302b, Luc+Mcl-1 3’UTR and negative control 
vectors was co-transfected into CRL-2081 and 
CRL-5830 cells in 6-well plate using Lipofect- 
amin-2000 (Invitrogen, CA). After incubation for 

18 hours, the cells were transferred into 96-well 
plate. After 24 hours, Firefly and renilla lucifer-
ase activities, as indicated by relative lumines-
cence activity (RLA) were determined using 
Luc-PairTM miR Luciferase Assay kits (Gene- 
CopiaTM) according to the manufacturer’s ins- 
tructions.

MMCs transfection with miR-302b 

To investigate the role of miR-302b in down 
regulation of Mcl-1 protein, MMCs were trans-
fected with miR-302b mimic (GeneCopia, Inc. 
Rockville, MD) and miR-302b synthetic inhibitor 
(GeneCopeia, Inc. Rockville, MD). The MM cells 
were each plated on 60mm-dishes in density of 
500,000 cells/dish and were pre-incubated 
overnight then miR-302b mimic and miR-302b 
synthetic inhibitor were introduced into the 
cells by using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA) according to the manufacturer’s 
directions. A negative control was introduced 
into the cells using the same protocol.

Real time quantitative polymerase chain reac-
tion 

Total RNA from treated and untreated MMCs 
was extracted by applying 375 µl of TRIzol 
(Invitrogen, Frederick, MD) directly onto the 
cells by following the manufacturer’s instruc-
tions. RNA concentration and purity were deter-
mined spectrophotometrically by measuring 
absorbance at 260/280 nm. Total RNA (1 µg) 
was reverse transcribed into cDNA and Real 
Time Q-PCR was performed using an Applied 
Biosystems 7500 Real Time PCR System and 
SYBER Green JumpstartTM Taq Ready MixTM 
(Sigma) as reported earlier [14]. The primers: 
h18S (sense; 5’-AAACGGCTACCACATCCAAG), 
(antisense; 5’-TAACGAGGATCCATTGGAGG) as 
endogenous control and Mcl-1 (forward 5’-CG- 
GTAATCGGACTCAACCTC-3’), (reverse 5’-CCTCC- 
TTCTCCGTAGCCAA-3’) to quantify the expres-
sion level of the Mcl-1 gene and hsa-miR-302b 
primers were purchased from QIAGEN. Expre- 
ssion levels of the genes were based on the 
amount of the target message relative to the 
h18S control, to normalize the initial input of 
total RNA.

Western blot analysis

Total cell lysates were prepared and protein 
concentration was measured using Pierce’s 
BCATM Protein Assay Kit (PIERCE, Rockford, IL) 
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following the manufacturer’s instructions as 
reported earlier [14]. In brief, total proteins (20-
30 µg) were separated on 15% SDS-PAGE (Bio-
Rad). After electrophoretic transfer onto a nitro-
cellulose membrane (Bio-Rad), membranes 
were incubated for 1 hour in phosphate-buff-
ered saline containing 5% nonfat dry milk and 
0.1% Tween 20 and then incubated for over-
night with Mcl-1 antibody (Cell Signaling, 
Danvers, MA) at 4°C. After three washes with 
0.1% Tween 20 in phosphate-buffered saline, 
the membranes were incubated for 1 hour with 
a horseradish peroxidase-conjugated second-
ary antibody (either anti-Rabbit or anti-mouse 
IgG; dilution 1:5,000). Finally, the membranes 
were washed three times, and the bound anti-
bodies were visualized by enhanced Immun-
StarTM HRP Chemiluminescent Kit (BIO-RAD).

Immunofluorescence

MM cells were cultured in 4 chamber polysty-
rene vessel (BD FalconeTM) in density of 25 × 
103 per chamber and activated with or without 
3.5 µg/ml rm-ephrin-A1/Fc chimera for 24 
hours as reported earlier [14, 34]. In brief, MM 
cells were fixed with cold 4% paraformaldehyde 
and incubated with monoclonal Mcl-1antibody 
(dilution 1:1000), after washing with PBS, sec-
tions were incubated with a goat anti-Rabbit 
IgG with a green fluorescent label (Invitrogen, 
Carlsbad, CA) and nuclear stain DAPI (4’, 
6-diamidino-2-phenylindole) for 1 hour respec-
tively. After removal of antibodies, cells were 
rinsed with PBS and mounted onto slides using 
Anti-fade reagents (Slow fade anti-fade kit, 
Invitrogen) and fluorescence was immediately 
observed using Immunofluorescence micro-
scope (Nikon).

MMC proliferation assay

In brief, MM cells were cultured in 96-well 
plates in triplicate at a density of 1 × 104 cells/
well as reported earlier [14, 34]. The cells were 
activated with or without 3.5 µg/ml ephrin-A1/
Fc chimera in serum free RPMI 1640, transfect-
ed with or without 50 nM miR-302b, 100 nM of 
miR-302b synthetic inhibitor or 100 nM of 
scrambled sequence in addition to ephrin-A1 
for 48 hours. Proliferation was evaluated by 
incubating cells with tetrazolium salt (WST-1 
reagent from Roche) for 4 hours and the absor-
bance of the formazan generated by the activi-
ty of dehydrogenases was measured in wave-

length 450 nm and then cell number was also 
determined by cell counting.

Tumorsphere formation assay

MM cells were plated in 6 well-plates 
(CELLSTAR) in density of 4 × 104 in 10% FBS 
RPMI 1640 were activated with or without 3.5 
µg/ml ephrin-A1 chimera, and transfected with 
50 nM miR-302b, or 100 nM of miR-302b syn-
thetic inhibitor or scrambled sequence 100 nM 
for 24 hours. After 24 hours, the cells were 
placed in a 24-well culture plate coated with 
200 µl of matrigel per well, followed by polymer-
ization for 1 hour at 37°C. Media were changed 
every three days and the number of tumor-
spheres formed was recorded after 10 days of 
incubation. Four to six randomly chosen fields 
(10 ×) from the sample were photographed.

Determination of Apoptosis by Annexin V label-
ing

Approximately 5 × 105 MM cells were plated in 
60-mm dishes and incubated overnight at 
37°C. Cells were rinsed with Opti-MEM I medi-
um, transfected with or without 50 nM miR-
302b, or 100 nM miR-302b synthetic inhibitor 
and Mcl-1 siRNA prior to treatment with ephrin-
A1, and continued to grow for 24 hours. 
Inactivated MM cells without oligonucleotide 
treatment were used as control. Cells were har-
vested by Accutase (SigmaAldrich), and apop-
totic cells were assayed with an annexin V-FITC 
apoptosis detection kit (BD Pharmingen. San 
Diego, CA) as reported earlier [34, 37]. Briefly, 5 
× 105 cells after washing twice with PBS were 
incubated with 100 µl of 1 × of medium-binding 
reagent, 5 µl of Annexin V-FITC and 5 µl of 
Propidium Iodide staining solution for 15 min at 
room temperature in the dark. Then 400 µl of 1 
× of medium-binding reagent were added 
immediately and the flow cytometry analysis 
was performed by using FACScan (Becton 
Dickinson, Franklin Lake, NJ). 

Statistical analysis

The statistical significance was calculated 
using Sigma Stat 3.5 statistical software pro-
gram. Analysis of variance was used to com-
pare the experimental groups from the control 
groups. The Student Neuman-Keul’s procedure 
was used for multiple pairwise comparisons. 
Differences at p values < 0.05 were considered 
statistically significant.
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Results

miR-302b expression is increased in ephrin-A1 
treated MMCs

Previously, we have shown that, treatment of 
MMC with ephrin-A1 suppresses proliferation. 
If ephrin-A1 is a potent regulator of miR-302b, 
then miR-302b should be up regulated in acti-
vated MM cells. To assess if the treatment of 
MMCs with ephrin-A1 affect transcriptional 
regulation of miR-302b, qPCR was performed 
for MMC1 (CRL-2081) and MMC2 (CRL-5830). 
We noticed that MMCs treatment with ephrin-
A1 for 3, 6, 9 and 12 hours leads to up regula-
tion of miR-302b in a time dependent manner. 
Treatment with ephrin-A1 at concentration of 

3.5 µg for 9 and 12 hours significantly increased 
miR-302b expression level when compared to 
3 and 6 hours of treatment in both MMC1 and 
MMC2 (Figure 1A, 1B). Ephrin-A1 at the lower 
concentration was ineffective (< 2 µg). In addi-
tion, ephrin-A1 activation down regulates Mcl-1 
mRNA and protein levels in MMCs. Mcl-1 is over 
expressed in both MMC1 and MMC2 cell lines. 
It was observed that stimulation of EphA2 
receptor with its ligand ephrin-A1, negatively 
regulate the expression of Mcl-1 protein in a 
time dependent manner in both MM cell lines. 
MMCs’ total RNAs and lysates were subjected 
to qPCR and Western blot analysis and β-actin 
levels were measured to show sample loading 
equality. Ephrin-A1 treatment down regulated 

Figure 1. Ephrin-A1 treatment induced miR-302b expression in MM cells in vitro. A and B. Represents miR-302b 
expression in MMC1 and MMC2 respectively for indicated time points. Data presented as relative expression values 
using control (Resting MMCs in medium without ephrin-A1 treatment) as the baseline value. Presented data are the 
mean of three separate observations. To normalize the expression of miR302b, we used 18S RNA as endogenous 
control. Ephrin-A1 treatment down regulates Mcl-1 mRNA and protein level in MM cells. C and D. Mcl-1 mRNA ex-
pression in MMC1 and MMC2. E and F. Western blot analysis of MMC1 and MMC2 subjected to ephrin-A1 treatment 
at different time points as indicated for determination of Mcl-1 expression. The β-actin was detected to demonstrate 
equal sample loading. All experiments were performed 3 times separately and data is represented as ± SEM, and 
values *P < 0.05 as compared to control.
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Mcl-1 mRNA and protein levels in MMCs (Figure 
1C-F). 

miR-302b down regulates Mcl-1 mRNA and 
protein expression in MMCs

To determine the effect of ephrin-A1 on Mcl-1 
gene expression and to investigate the role of 

miR-302b in repression of Mcl-1 in MMCs, cul-
tured cells were transfected with or without 
miR-302b mimic and miR-302b inhibitor before 
ephrinA1 treatment. Mcl-1 mRNA and protein 
levels were analysis. The transfection of miR-
302b in MMCs significantly inhibited the Mcl-1 
mRNA level in MMCs Figure 2A and 2B; where-

Figure 2. miR-302b synthetic inhibitor blocked ephrin-A1-mediated inhibition of Mcl-1 expression in MMCs. MMCs 
were transfected with or without miR-302b and miR-302b inhibitor and subsequently treated with ephrin-A1 as 
described earlier. Mcl-1 mRNA expression (A and B), and protein expression was determined in MMCs subjected to 
various treatments. The β-actin was detected to demonstrate equal sample loading (C and D). Cellular distribution 
of Mcl-1 in indicated treatments was analyzed by immunofluorescence microscopy (E and F). The green color rep-
resents Mcl-1 expression as stained by FITC, and DAPI was used as nuclear stain (blue color). All experiments were 
performed 3 times separately and data is represented as ± SEM, and values *P < 0.05 as compared to control; and 
$P < 0.05 as compared to Sc-sequence.
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as transfection of MMCs with miR-302b inhibi-
tor prior to ephrinA1 treatment doesn’t show 
any effect on Mcl-1 expression as compare to 
the resting cells Figure 2A and 2B; untreated 
MMCs showed strong protein expression of 
Mcl-1, whereas ephrin-A1 treatment and trans-
fection with miR-302b mimic, a decreased 
expression of Mcl-1 protein was noted as com-
pared to both control and scrambled sequence. 
In addition, Immunofluorescence analysis also 
confirmed that treatment of MMCs with ephrin-
A1 at a concentration of 3.5 µg for 12 hours 
significantly decreased Mcl-1 protein levels 
when compared to other time points (Figure 2E 
and 2F). MMCs transfected with miR-302b 
showed decreased expression of Mcl-1 as evi-
denced by green stain. Taken together these 
results suggest that miR-302b negatively regu-
lates Mcl-1 expression in MMCs.

miR-302b targets Mcl-1 at 3’UTR

To confirm that the miR-302b binds to Mcl-1 in 
3’UTR region, we performed a luciferase report-
er assay. The alignment of miR-302b with the 
3’UTR inserts shown in Figure 3A. Before test-
ing Mcl-1, we confirmed miR-302b transfection 
efficiency with GFP monitoring in transfected 
cells with confocal microscopy. When the miR-
302b target site from the Mcl-1 3’UTR is insert-
ed into the luciferase construct, expression of 
luciferase is strongly decreased when co trans-

fected with miR-302b. In contrast, suppression 
of luciferase activity was almost abolished 
when the MM cells were co transfected with 
miRNA negative control vector and Luc+3’UTR 
Mcl-1 vector Figure 3B and 3C. These data indi-
cate that the 3’UTR Mcl-1 is critical for the 
direct and specific binding of miR-302b to Mcl-1 
mRNA and, miR-302b directly inhibits expres-
sion of Mcl-1 by binding to its target sequence.

Repression of Mcl-1 inhibited MMC cell prolif-
eration and tumorsphere formation

To assess the role of miR-302b in regulation of 
MM cell proliferation, we transfected MMCs 
with miR-302b mimic and inhibitor. The cells 
were treated in triplicate with ephrin-A1 for 24 
hours. As we expected both MM cell lines that 
generally have high proliferation rate; upon 
treatment with ephrin-A1 a significant reduc-
tion in proliferation rate of MMCs was noticed. 
In contrast ephrinA1 treatment did not affect 
the proliferative response when we blocked 
miR-302b activity through miR-302b synthetic 
inhibitor and the response was comparable 
with resting MM cells (Figure 4A). MMCs dem-
onstrated the lowest growth proliferative 
response after transfection with miR-302b and 
treatment with ephrin-A1 (Figure 4A). These 
data suggests that the MMCs proliferation is 
modulated with ephrin-A1 through the miR-
302b expression in MMCs. In addition, to 

Figure 3. miR-302b inhibits Mcl-1 gene expression via directly binding at the Mcl-1 3’UTR. Alignment of miR-302b 
with the insert derived from the Mcl-1 3’UTR (A). Cells (1 × 105) were transfected with a Mcl-1 luciferase reporter 
vector and miR-302b GFP-expression vector. Both firefly luciferase and Renilla luciferase activities were measured 
as described in the procedure. Firefly luciferase activity was then normalized with Renilla luciferase activities in the 
same well in MMC1 (B) and MMC2 (C) respectively. The experiments were performed 3 times separately in tripli-
cates and data is represented as ± SEM, and values *P < 0.05 as compared to control-miR vector.
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understand the role Mcl-1 in mediation of 
MMCs proliferation, we have transfected the 
MMCs with Mcl-1-siRNA or con-siRNA and in 
some cultures a combination of Mcl-1-siRNA+ 
miR-302b transfection was performed. Mcl-1-

siRNA alone inhibited the MMC cell prolifera-
tion, whereas the combination treatment 
showed insignificant inhibition of MMC cell pro-
liferation when compared to only miR-302b or 
Mcl-1-siRNA. Furthermore, a reduction in prolif-

Figure 4. miR-302b inhibitor restored ephrin-A1-mediated proliferation inhibition in MMCs. MMC proliferation as 
determined by WST-1 assay, wherein control = untreated MMCs and Sc-control = MMC transfected with miR-302b 
scrambled miRNA (A). miR-302b inhibitor restored ephrin-A1-mediated attenuation of tumorsphere growth in MMC. 
MMCs were transfected with or without miR-302b and miR-302b inhibitor or Mcl-1 siRNA plus miR-302b as indicat-
ed and activated with or without ephrin-A1 and tumorsphere formation was determined (B, C). Data presented is the 
representatives of three independent observations performed at different times. All experiments were performed 3 
times separately and data is represented as ± SEM, and values *p < 0.05 as compared to control; and $p < 0.05 
as compared to Sc-sequence; **p < 0.05 as compared to con-siRNA; and NS = not significant when compared to 
only miR-302b and ephrinA1 alone.
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Figure 5. miR-302b inhibitor restored ephrin-A1-mediated cell death in MMCs. 
MMC apoptosis was determined by Annexin V apoptosis detection assay, 
wherein Control is untreated MMCs and Sc-control is MMC transfected with 
scrambled miRNA. miR-302b inhibitor restored ephrin-A1-mediated apoptosis 
in MMC. MMCs were transfected with or without miR-302b and miR-302b in-
hibitor and treated with or without ephrin-A1 and apoptosis was determined 
(A). MMCs were transfected with or without Mcl-1 siRNA and miR-302b and 
treated with or without ephrin-A1 as shown and apoptosis was determined (B). 

Date presented is the represen-
tatives of three independent 
observations performed at di- 
fferent times. The values *p < 
0.05 as compared to control; 
and $p < 0.05 as compared to 
miR-302b alone; **p < 0.05 
as compared to con-siRNA; and 
NS = not significant when com-
pared to Mcl-1-siRNA alone.

eration was noted in MMCs 
transfected with Mcl-1-si- 
RNA+ephrinA1, the inhibi-
tion was not significant. 

The findings of miR-302b 
role in cancer progression 
attenuation lead us to inves-
tigate the possibility of using 
miR-302b as a tumor sup-
pressor. To test this hypoth-
esis MMCs were activated 
with and without ephrin-A1 
and transfected with and 
without miR-302b mimic 
and inhibitor or mismatch 
sequence and cells were 
plated on 3-D matrigel to 
determine the tumorsphere 
growth. The tumorspheres 
growth was examined in 
MMCs for 10 days. Light mi- 
croscopic examination re- 
vealed that MMCs transfec- 
ted with miR-302b mimic 
showed attenuation in clon-
al growth as compared to 
the control cells and both 
ephrin-A1 treatment and 
transfection with miR-302b 
led to suppression of tumor-
sphere growth. In contrast, 
ephrin-A1 treatment in the 
presence of miR-302 inhibi-
tor did not affect tumor colo-
nies in MMCs (Figure 4B). In 
addition, MMCs tumorsph- 
ere formation was also ana-
lyzed to understand the role 
Mcl-1 in tumorsphere devel-
opment in matrigel. We have 
transfected the MMCs with 
Mcl-1-siRNA or con-siRNA or 
a combination of Mcl-1-
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siRNA+miR-302b transfection was performed. 
Mcl-1-siRNA alone inhibited the MMC tumor-
sphere formation, whereas the combination 
treatment showed inhibition of MMC tumor-
sphere growth but when compared to only miR-
302b or Mcl-1-siRNA it was not significant. 
Furthermore, an insignificant reduction in 
tumorsphere growth was noted in MMCs trans-
fected with Mcl-1-siRNA+ephrinA1 when com-
pared with miR-302b or ephrinA1 alone. Taken 
together these data suggests that in MMCs 
miR-302b mediates the rate of cell prolifera-
tion/tumorsphere growth via regulation of 
Mcl-1 (Figure 4C).

miR-302b induces apoptosis in MMCs

To further verify if miR-302b induced apoptotic 
cell death, we treated MMCs with ephrin-A1 
and transfected with miR-302b. We analyzed 
MMC1 and MMC2 cell lines, 24 hours after 
transfection with or without miR-302b mimic, 
miR-302 synthetic inhibitor, and Mcl-1 siRNA 
prior to ephrin-A1 treatment. To determine the 
apoptotic effects in MMCs Annexin V-FITC 
staining was performed. The results showed 
that ephrin-A1 treatment, and transfection with 
miR-302b induced significantly greater apop-
totic cell death in the MM cell lines as com-
pared with the respective control samples. 
Flow cytometric cell cycle analysis found no 
noticeable apoptotic induction in the transfect-
ed groups with miR-302b inhibitor and Mcl-1 
siRNA prior to ephrin-A1 activation when com-
pared to controls (Figure 5A). In addition, to 
investigate if Mcl-1 mediated any effect on miR-
302b and regulated MMCs cell death, we have 
tranfected the MMCs with Mcl-1-siRNA or con-
siRNA and in some cultures a combination of 
Mcl-1-siRNA+miR-302b transfection was per-
formed. Mcl-1-siRNA alone induced the MMC 
apoptosis, whereas the combination treatment 
showed induction of apoptosis in MMC (26.98 
± 4.56; 20.92 ± 4.20) but when compared to 
only miR-302b or Mcl-1-siRNA it was not signifi-
cant. Furthermore, in MMCs tranfected with 
Mcl-1-siRNA+ephrinA1 an induction of apopto-
sis was noted but was not significant when 
compared with ephrinA1 or miR-302b (Figure 
5B). Taken together these data suggests that in 
MMCs miR-302b mediates the rate of apopto-
sis via regulation of Mcl-1. Interestingly, silenc-
ing Mcl-1 in combination with miR-302b did not 
show any enhanced effect on induction of 
apoptosis in MMCs.

Discussion

MPM is one of the most chemoresistant can-
cers in the world. MPM is usually associated 
with chronic asbestos exposure. Since, the 
extremely long latency from time of initial 
asbestos exposure to tumor development and 
the lack of effective modes of therapy are barri-
ers to eradicating the MPM [38], and no cura-
tive treatment is yet available [39]. Increased 
activity often is observed in tyrosine kinases 
functioning which play an essential role in the 
cell signaling pathways in carcinogenesis [40]. 
Since the cell-membrane-bound EphA2 recep-
tor, a member of the tyrosine kinases receptor 
family, has generated great interest in the last 
few years, and earlier we have shown that 
EphA2 receptor activation by its ligands down 
regulates tumor proliferation and tumorsphere 
growth in MMCs [35]. However, the underlying 
mechanisms are not clear.

The most widely studied class of non-coding 
RNAs are microRNAs, which are small RNAs of 
~22 nucleotides which mediate post-transcrip-
tional gene silencing by controlling the transla-
tion of mRNA into proteins [12, 41]. They are 
involved in regulation of many critical process-
es in the cells, including proliferation, differen-
tiation, development, and apoptosis [42]. The 
involvement of miRs in apoptosis was first 
reported in 2003 with miR-14 and then several 
miRs were discussed to be involved in cell 
death [43]. The miR-302 gene encodes a clus-
ter of eight miRs that target cell cycle regula-
tors in the 3’UTR of target mRNAs [44-46]. 
Evidence shows that miR-302 inhibits tumor 
proliferation and tumorigenecity and induces 
apoptosis in pluripotent stem cells [47]. These 
findings of cell cycle attenuation and cancer 
cell apoptosis mediated by miR-302 lead us to 
investigate the possibility of using miR-302 and 
ephrin-A1 mediated anti-oncogenic effects in 
MPM. Several observations suggest that EphA2 
receptor activation with its ligand, ephrin-A1 
regulates MM cell proliferation and tumor for-
mation [32, 48].

MM cell lines have been shown to be more 
resistant to apoptosis than normal mesothelial 
cells. Unlike many other types of cancer cells 
which undergo apoptosis as a result of a mutant 
p53 gene, most mesothelioma cells contain 
wild-type p53 [49]. Therefore, the mechanism 
for resistance to apoptosis is yet to be eluci-
dated. The Bcl family of proteins play a role in 
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the regulation of apoptosis may contribute to 
the resistance of mesothelioma [49, 50]. Mcl-1 
is an anti-apoptotic member of the Bcl-2 family 
which has functional and sequence similarity to 
Bcl-2 [51]. Although Mcl-1 and Bcl-2 both can 
promote cell survival, there is evidence show-
ing that these protein’s expression is regulated 
independently [52]. Deregulation of Mcl-1 
expression often results in it’s over expression, 
contributes to human malignancies such as 
MPM [53]. Even though the ability of ephrin-A1 
to regulate the MM cell proliferation is not fully 
understood yet. In this report we show that, 
EphA2 receptor binding by ligand ephrin-A1 
leads to a significant over expression of miR-
302b and results in a down regulation of Mcl-1 
an anti-apoptotic protein in MMCs. Transfection 
of MMCs with miR-302b synthetic inhibitor, 
before ligand treatment, significantly restored 
the Mcl-1 expression and proliferation. Furth- 
ermore, in MMCs the miR-302b over expres-
sion resulted in a significant suppression of 
Mcl-1, an inhibition of MMC proliferation and 
tumorsphere growth and induction of apopto-
sis in vitro. Here for the first time we demon-
strate that both mRNA and protein level of 
Mcl-1 are down regulated in MM cell lines acti-
vated with ephrin-A1 suggesting ephrin-A1 may 
play an important role in attenuating apoptosis 
resistance and tumor cell proliferation in MM. 
In mesothelioma Mcl-1 has been found to be 
over expressed the same as some other solid 
tumors such as hepatocellular carcinoma [54-
56], which demonstrated that Mcl-1 controlled 
tumor cell viability via suppression of apoptotic 
pathways [57]. The ability of miR-302b to regu-
late Mcl-1 protein expression is likely direct as 
it binds to the 3’UTR region of Mcl-1 messenger 
RNA. We noticed increased expression of miR-
302b in ephrin-A1 treated MMCs leads to down 
regulation of Mcl-1 mRNA via degradation and 
also inhibition of Mcl-1 protein translation. 
Increasing evidence suggests that miRs altera-
tion actively contributes to cancer development 
and play a role in carcinogenesis by deregulat-
ing transcriptional levels of oncogenes and 
tumor suppressor genes [58]. Our results con-
firm these concepts by suggesting that lack of 
miR-302b expression helps MM cells evade 
cell death, a primordial feature for malignant 
cells. The increase expression of miR-302b 
results in deregulation of Mcl-1 expression can 
explain the up regulation of Mcl-1 in this malig-
nancy. In addition, interestingly silencing Mcl-1 
expression and transfection with miR-320b did 

not show any significant increase in the induc-
tion of cell death in MMCs suggesting a com-
pensatory role of other bcl-2 family members 
such as bcl-xL [59-61]. However, this needs to 
be further investigated by the application of 
specific mimetic agents of BH3 that targets 
only Bcl-2 or bcl-xL but not Mcl-1 in MMCs. 

In summary, our findings show a novel mecha-
nism of ephrin-A1-mediated tumor suppressive 
and apoptosis induction signaling in MMCs 
which indicates that Mcl-1 mRNA and protein 
level can be regulated by ephrin-A1 via up regu-
lation of miR-302b. These experiments extend 
our knowledge of ephrin-A1-mediated apoptot-
ic signaling pathway in MMCs. This is the first 
report which speaks about apoptosis-inductive 
properties of ephrin-A1 which induces miR-
302b that targets Mcl-1 expression in MMCs. 
However, further work needs to be performed 
to learn more about the ephrin-A1-mediated 
anti-tumorogenesis mechanisms in MMCs.
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