
 

 

Introduction 
 
Malignant mesothelioma (MM), an aggressive 
tumor of the pleura, is resistant to conventional 
therapies [1]. Approximately 3,000 new cases 
of malignant mesothelioma (MM) are diagnosed 
annually, in United States [2]. Currently, despite 
multimodality interventions, the overall survival 
of MM patients is less than 6% [3, 4]. Because 
MM fails to respond to conventional therapies, 
there is a pressing need for new therapeutic 
approaches such as identifying novel molecular 
signatures that inhibit tumor growth. MM cell 
(MMC) growth is characterized by a dysregu-
lated death signaling pathway [5]. In previous 
studies, we demonstrated that receptor EphA2 
is over-expressed in MM and blockade of the 

receptor EphA2 decreased proliferation and 
migration [6]. However, the mechanisms of 
EphA2 mediated tumor growth inhibition in 
MMC are not clear. 
 
Eph receptors are the largest family of trans-
membrane proteins with an extracellular do-
main capable of recognizing signals from the 
cells microenvironment and influencing cell-cell 
interaction, growth, and migration. Death recep-
tor mediated (TNF-α or FAS) and mitochondrial 
dependent apoptosis pathways are regulated by 
many protein kinases such as protein kinase A 
(PKA), phosphatidylinositol-3 kinase, and mem-
bers of mitogen-activated protein kinases. How-
ever, it is not known if receptor EphA2 signaling 
plays any role in apoptosis signaling pathways 
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in MMC.   
 
Apoptosis is an important process for the nor-
mal development and suppression of oncogene-
sis. It can proceed through two distinct path-
ways, a cell death receptor pathway (extrinsic) 
or a mitochondrial pathway (intrinsic) [7]. The 
extrinsic pathway involves the activation of 
adaptor protein such as FADD, which plays a 
crucial role in receiving and transmitting key 
signals from the membrane receptor tyrosine 
kinases (RTKs) that control cell growth, and dif-
ferentiation [8]. The intrinsic pathway involves 
pro-apoptotic Bcl2 family members such as Bid, 
Bax and Bak that induce permeability of the 
mitochondrial outer membrane, permitting re-
lease of cytochrome-c [7, 9]. The extrinsic and 
intrinsic pathways can crosstalk via caspase-8 
mediated cleavage of Bid, which then triggers 
the release of mitochondrial proteins [10, 11]. 
Bid, a 26 KDa protein is cleaved by caspase-8 
into a fragment called truncated-Bid (t-Bid) 
which translocates to the mitochondria. Subse-
quently, t-Bid interacts with Bcl-xl which is an 
anti-apoptotic member of Bcl2 family and pre-
vents the formation of the anti-apoptotic com-
plex. The mitochondrial outer membrane be-
comes permeable either directly or indirectly 
through cleavage of Bid. The Apaf-1 apopto-
some accordingly activate effector caspases 
and induce apoptosis [12-14]. The adaptor 
molecules relay and amplify the signal. How-
ever, the function of these molecules which are 
regulated by receptor EphA2 in MMC is yet to be 
defined.  
 
In the present study we analyzed the profile of 
apoptotic signaling pathway genes using gene 
microarray and report that silencing receptor 
EphA2 inhibits tumor growth by inducing apop-
tosis in MMC via an FADD mediated apoptotic 
pathway.  
 
Material and methods 
 
MM cell culture and transfection 
 
MM cell line (CRL-2081) was maintained as 
reported previously [6, 15]. In brief, the malig-
nant mesothelioma cell line (CRL-2081) was 
obtained from American Type Culture Collection 
(ATCC, Manassas, VA). MMC were grown to a 
70% confluence in culture dishes in RPMI-1640 
medium (GIBCO-BRL, Baltimore, MD), contain-
ing 10% FBS (Atlanta Biological), Penicillin (100 
Units/ml), and Streptomycin (100 µg/ml). The 

cells were plated in 75 cm2 culture flasks 
(Corning Costar Corporation, MA) and incubated 
at 37°C in 5% CO2 and 95% air. The media was 
changed on alternate days. The transient trans-
fection was performed with specific stealth 
small interference RNA (siRNA) against EphA2, 
or control siRNA for overnight using Lipofec-
tamine-2000 (Invitrogen; Carlsbad, CA), accord-
ing the manufacturer’s instructions. The trans-
fection medium was changed with culture me-
dium containing 5%FBS. The siRNA sequences 
were designed using RNAi designer software 
program, Oligoperfect (Invitrogen, Carlsbad, CA). 
The EphA2 (Accession number: NM_004431), 
target sequences used are as follows: siRNA-
EphA2, Sense: CGCAAGAAGGGAGACUCCAACAG 
CU, Antisense: AGCUGUUGGAGUCUCCCUUCUUG 
CG; siRNA - control, Sense: CGAGAGAGUCGG-
CGACUAUUGGUCA, Antisense: UGACCAAUAGUC 
GCCGACUCUC UCG.  The transfection medium 
was changed with culture medium containing 
5% FBS.  The assays were carried out 36 hours 
post transfection.  
 
Tumor growth analysis 
 
MM tumor growth was measured by matrigel 
assay as reported earlier [16]. Briefly, MMC (5 × 
103) were cultured in 24 well culture plate previ-
ously coated with 200 µl of matrigel per well 
followed by polymerization for 30 min at 37°C. 
MMC transfected with EphA2 siRNA or scram-
bles siRNA (control) in serum free RPMI 1640 
for 24 hours and seeded into the matrigels. Cul-
ture media were changed every 48 hours and 
the number of colonies formed was recorded 
after 12 days of incubation. Four to six ran-
domly chosen fields from each test sample were 
photographed at 100x magnification. 
 
Determination of apoptosis 
 
The cytoplasmic histone-associated DNA frag-
ments (mono and oligonucleosomes) were de-
tected using a cell death ELISA kit (Roche Ap-
plied Science, Mannheim, Germany) according 
to the instructions. Briefly, MMC (5 x 104) were 
seeded in 24 well plates and incubated for 16 
hours at 37°C. Cells were lysed in buffer for 30 
min at 25ºC and 20 µl of supernatant was trans-
ferred into the streptavidin-coated plate. 80 µl 
of immunoreagent containing 4 µl anti-histone-
biotin and 4 µl anti-DNA-POD were added to 
each well and the plate was shaken for 2 hour 
at room temperature to detect the mono- and 
oligonucleosomes in the cell lysates. The well 
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received 100 µl of 2, 2’-azino-di(3-ethylbenz-
thiazolinesulfonate) (ABTS) solution for 20 min 
at room temperature.  The absorbance was read 
immediately in a microplate reader at 405 nm 
(reference wavelength 540 nm). In some cul-
tures Camptothecin (CMT) was used as a posi-
tive control. 
 
Oligo GEArray 
 
The expression of genes involved in apoptotic 
signaling pathway was determined by using 
Oligo GEArray following manufacturer’s instruc-
tions (SuperArray, Frederick, MD) as reported 
earlier [17]. In brief, total RNA was isolated us-
ing TRIzol (Invitrogen) as reported earlier [6]. 
The RNA (4 µg) was converted to biotinylated 
cDNA fragments using GEArray AmpoLabelling-
LPR Kit (SuperArray, Frederick, MD). The labeled 
cDNA was hybridized to GEArray membrane 
overnight. The relative expression levels of mul-
tiple genes were detected on the basis of 
chemiluminsecence signal by using the ECL kit 
(ECL, Amersham Pharmacia Biotech). Data 
analysis was done using GEArray expression 
Analysis Suite Software (SABioscience, Freder-
ick, MD). The online software program con-
verted the images into numerical data. Raw 
signal intensities were corrected for background 
by subtracting the signal intensity of the aver-
age between two sets of housekeeping genes, β
-actin, glyceraldehyde-phosphatase dehydro-
genase, or blank. The normalized signals were 
used to determine the relative fold change of 
particular transcripts in siRNA-EphA2 trans-
fected or untransfected MMC.   
 
Preparation of protein fractions 
 
MMC were transfected with siRNA-EphA2 or 
control siRNA or left alone in SFM (serum free 
medium). Subsequently, they were harvested 
and washed in phosphate-buffered saline (PBS). 
The cell pellets were then subjected to stepwise 
extraction of cytosolic and membrane bound 
proteins using ProteoExtract sub-cellular pro-
teome extraction kit following the manufac-
turer’s instructions (S_PEK, Calbiochem, San 
Diego, CA). Protein concentrations were deter-
mined using Bio-Rad Protein assay kit. The sam-
ples were subjected to Western blot Analysis. 
 
Western blot analysis 
 
Western blots were performed as reported ear-

lier [6]. Equal amounts of protein fractions (30 
mg/lane) were loaded on 10.0 % polyacryla-
mide gels (Bio-Rad), and transferred electropho-
retically onto polyvinylidene difluoride mem-
brane (Immobilon-P, Millipore) as reported ear-
lier. The blots were blocked overnight at 4°C 
with BSA and were incubated with the primary 
antibodies, at 1:500 – 1:000 for 1 hour at room 
temperature. The second antibody (horseradish 
peroxidase-conjugated anti-mouse IgG Ab) at a 
dilution of 1:2000 for 1 hour was used. The 
target proteins were detected by enhanced 
chemiluminsecence (ECL, Amersham Phar-
macia Biotech). Prestained protein markers 
were included for molecular mass determina-
tion (Bio-Rad).  
 
The primary antibodies used were rabbit poly-
clonal anti-FADD, monoclonal anti-caspase-3, 
monoclonal anti-caspase-8, monoclonal anti-
Apaf-1, rabbit polyclonal anti-Bid (Chemicon, 
Temecula, CA); monoclonal anti-cytochrome-c 
antibody (R & D systems, Minneapolis, MN).  
 
Quantitative RT-PCR 
 
Total RNA was reverse transcribed into cDNA 
and PCR was performed using SYBR Green 
JumpStart Taq ReadyMix (Sigma, St. Louis) as 
reported earlier [18]. The primers used are 
given in Table 1. Total cellular RNA was isolated 
from MMC transfected with EphA2 siRNA or 
control siRNA or untransfected MMC using 
RNeasy kit (QIAGEN, Maryland) according to 
manufacturer’s recommendations as reported 
earlier [6]. 100 ng /µl, of RNA was reverse tran-
scribed into cDNA. After reverse transcription, 
80 µl RNase-free water were added to each 
sample. 10 µl of diluted cDNA product was 
mixed with 25 µl of SYBR Green JumpStart Taq 
ReadyMix, 0.5 µl of Internal Reference Dye, and 
14.5 µL of specific oligonucleotide primers 
(80nM final concentration) to total 50 µl volume 
for quantification real-time PCR. The primers 
used are given in Table 1. The quantification of 
real-time PCR were performed by SYBR Green 
method using the Applied Biosystems 7500 
Real Time PCR System with the following profile: 
1 cycle at 94°C for 2 min, 40 cycles at 94°C 15 
sec, 60°C 1 min, 72°C 1 min, and the acquire 
the fluorescent signal from the elongation step. 
The real time PCR products were confirmed by 
electrophoresis on a 2% agarose gel. Data 
analysis was carried out by the ABI sequence 
detection software using the relative quantifica-
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tion. The threshold cycle (Ct), which is defined 
as the cycle at which PCR amplification reaches 
a significant value, is given as the mean value. 
The relative expression of each mRNA was cal-
culated by the ΔCt method. The amount of the 
target genes relative to the β-actin mRNA was 
expressed as 2-(ΔCt). 
 
Immunofluorescence microscopy 
 
Expression of Bid in MMC was analyzed by con-
focal microscopy (Zeiss, Thornwood, NY) as re-
ported earlier [6]. In brief, the cells were cul-
tured to confluence on gelatinized glass cover 
slips and fixed in 5% paraformaldehyde (with 50 
mM phosphate buffer) in 50% Tris wash buffer 
(TWB). The glass cover slips were rinsed three 
times and permeabilized with 1.2% Triton X-100 
for 5 minutes, rinsed three times, incubated 
with 1% BSA in 100% TWB for 1 h, then stained 
for the expression Bid using primary antibody 
rabbit anti-Bid polyclonal at (1:150) dilution and 
secondary antibody Goat anti-rabbit IgG conju-

gated with Rhodamine (Millipore, San Francisco, 
CA), and Dapi was used as nuclear stain.   
 
Measurement of caspases activity 
 
Caspases activities were estimated as reported 
earlier  [19], by CytoFluor  according to manu-
facturer’s protocol (BD Pharmingen, CA). Enzy-
matic caspase activity was estimated according 
to manufacturer’s protocol. In brief, MMC  (3 x 
106 cells) transfected with siRNAEphA2 or con-
trol siRNA or untransfected siRNA was collected 
by centrifugation and washed with buffer and 
lysed by 4 cycles of freeze-thawing as previously 

described [19]. The presence of active cas-
pases was determined by AFC (7-amino -4-
trifluoromethyl coumarin) assay using a specific 
substrate. Lysates were incubated with 20 µM 
DEVD-AFC for caspase-3 and IETD-AFC for Cas-
pase-8 in a caspase assay buffer (10% glycerol, 
50 mM PIPES pH 7.0, and 1 mM EDTA) contain-
ing 1 mM DTT in a final volume of 200µL. The 
release of free AFC was determined after 4 

Table 1.   The primer sequences used for the present study are listed below. The primer sequences are 
designed using Primer3 and Blast software (NCBI)  

Gene Genebank Accession no. Primer sequence 
  

BAK 
  
  

BAX 
  
 

BID 
  
  

 CASP-2 
  
  

CASP-6 
  
  

CASP-7 
  
  

 FADD 
  
  

FAS 
  
  

FAS-L 
  
  

β-actin 

  
NM_001188 

  
  

NM_004324.3 
  
  

NM_001196.2 
  
  

NM_032982 
  
  

NM_032992 
  
  

NM_001227 
  
  

NM_003824.3 
  
  

NM_000043 
  
  

NM_000639 
  
  

NM_001101 

  
Forward:  5’- TCCTAGGCCAGGTGACCCGC -3’ 
Reverse:  5’- GCTGAGGGAGGAGACGGCCA -3’ 
  
Forward:  5’- GCCGCCGTGGACACAGACTC -3’ 
Reverse:  5’- AGGCCCAGGGTCCCAGAGGA -3’ 
  
Forward:  5’- CTGGAGGGTGGTCGCCACTG -3’ 
Reverse:  5’- TCACCAGGCCCGGAGGGATG -3’ 

  
        Forward:   5’- CGGTGTGTGAGTCCTGTCCCCT -3’ 

Reverse:   5’- CGCCCTCCACACCATGCGAG -3’ 
  

Forward:   5’- GGCACCCGGCAGTGTCAACT -3’ 
Reverse:   5’- GCTCCAGCAGGCAGCGTGTA -3’ 
  
Forward:   5’- CGCCGTGGGAACGATGGCAG -3’ 
Reverse:   5’- CACTCGGTCCCGGGTGGTCT -3’ 
  
Forward:   5’- CCGCCATCCTTCACCAGA -3’ 
Reverse:   5’- CAATCA CTCATCAGCACCTCA -3’ 
  
Forward:   5’- TTCTCCCGCGGGTTGGTGGA -3’ 
Reverse:   5’- GCAGGGCACGCAGTCTGGTT -3’ 
  
Forward:   5’- GTTTGCTGGGGCTGGCCTGA -3’ 
Reverse:   5’- GAGGGGCCCAGGGAGAGCTG -3’ 
  
Forward:   5’- AGAGCTACGAGCTGCCTGAC -3’ 
Reverse:   5’- AAAGCCATGCCAATCTCATC -3’ 
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hours using a fluorescence spectrometer 
(Perkin Elmer Life Science, Boston, MA) at the 
400 nm for excitation, 505 nm for emission. The 
signals representing caspase activities were 
corrected for the background. 
 
Statistical analysis 
 
The statistical analyses were performed by us-
ing SigmaStat 3.5 (SYSTAT Software, Inc. San 
Jose, CA). Results are expressed as mean ± 
SEM. Comparisons were made using one way 
ANOVA followed by Student-Newman-Keuls test 
for multiple comparisons.  Differences were 
considered significant when P values were 
<0.05. 
 
Results 
 
Inhibition of receptor EphA2 expression attenu-
ated MM tumor growth 
 
We measured MM tumor growth in vitro. MMC 
when cultured in matrigel, solid tumors were 
developed after one week of incubation. Inhibi-
tion of EphA2 receptor expression by siRNA sig-
nificantly attenuated the tumor growth com-
pared to control (Figure 1). Tumor growth in 
scrambled siRNA transfected cultures were un-
affected and were comparable to control. This 
indicates that tumor growth inhibition was spe-
cific to silencing EphA2 receptor expression. 
 
Silencing EphA2 expression induced apoptosis 
in MMC 
 
We determined EphA2-siRNA mediated apop-

tosis in MMC by cell death ELISA. When MMC 
were transfected with siRNA EphA2 (50nm, 
100nm, 200nm), a significant increase in DNA 
fragmentation was noticed when compared to 
siRNA-control and untransfected MMC (Figure 
2).  Silencing EphA2 resulted in increased his-
tone bound DNA fragments formation in the 
cytoplasm, the characteristic aftermath of apop-
tosis. Furthermore, the increased apoptosis in 
MMC was dependent on siRNA-EphA2 concen-
tration. In subsequent assays 100nm of siRNA-
EphA2 was used unless otherwise indicated. 
MM cultures activated with Camptothecin 
showed increased apoptosis (positive control). 
These results demonstrate that silencing EphA2 
receptor expression induces cell death in MMC.   
 
SiRNA-EphA2 induced apoptotic signaling 
genes in MMC 
 
To gain insight into the gene expression profile 
underlying siRNA-EphA2 induced apoptosis in 
MMC, MMC were transfected with siRNA-EphA2, 
control siRNA or un-transfected and examined 
the gene expression profile using oligo GEAr-
rayÒ, microarray that contains 112 genes as 
described in materials and methods. Figure 3A 
is a clustergram that demonstrates increased 
expression of key apoptotic genes in MMC 
transfected with siRNA-EphA2 when compared 
to control-siRNA and untransfected MMC.  The 
list of selected genes which showed a greater 

Figure 1. Silencing the EphA2 expression resulted in 
attenuation of MM tumor growth. A. MMC were incu-
bated in serum free medium (control); B. MMC trans-
fected with 100 nM  siRNA sequence to EphA2; C. 
MMC transfected with 100 nM of scrambled-siRNA 
sequence; Data presented was a representative of 
three independent obervations. Magnifiation at 100x.  

Figure 2. Inhibition of receptor-EphA2 with siRNA 
induced apoptosis in MMC.  MMC were transfected 
with siRNA EphA2 (50nm, 100nm, and 200nm) or 
siRNA control, or Camptothecin (CMT) and apoptosis 
was detected by cell-death ELISA. The absorbance 
value at 405 nm represents the mono- and oligonu-
cleosomes in the cytoplasmic fraction of cell lysates.  
The data presented are mean ± SEM of three inde-
pendent experiments. ** P < 0.05 compared with 
MMC cultured in serum free medium (SFM); #P < 
0.05 compared with MMC transfected with siRNA-
Control. 
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than 1.5 fold increase in the expression when 
compared to untransfected MMC was given in 
Table 2. At least 11 differentially expressed 
genes involved in Bcl2 family members, death 
domain genes, caspases, TNF-receptor family, 
and genes involved in DNA damage response 
pathway were analyzed. The expression of these 
genes was also validated by real time-PCR, Fig-
ure 3B. Furthermore, in order to elucidate the 
mechanisms of siRNA-EphA2 mediated apop-
tosis signaling in MMC, translational expression 
of selected genes was analyzed by performing 
protein fractionation and immune blot assays. 

Silencing receptor EphA2 in-
duced FADD expression in 
MMC  
 
FADD plays an essential role as 
an adaptor molecule in Fas 
mediated apoptosis. The ex-
pression of FADD was evalu-
ated in protein fractions from 
MMC transfected with siRNA-
EphA2, siRNA-Control and un-
transfected. FADD expression 
was increased in siRNA-EphA2 
transfected MMC in both cyto-
solic and membrane fractions 
when compared to scrambled 
siRNA transfected or untrans-
fected MMC. Camptothecin 
(CMT) was used as a positive 
control which showed a strong 
expression of FADD compared 
to untransfected MMC (Figure 
4A). Our data indicates that 
inhibition of receptor EphA2 
induces FADD in MMC. The 
FADD gene expression was also 
determined at the transcrip-
tional level by quantitative-PCR 
analysis. We noticed signifi-
cantly increased expression of 
FADD mRNA in siRNA-EphA2 
transfected MMC when com-
pared to scrambled (control)-
siRNA transfected and untrans-
fected MMC.  To understand 
the association between FADD 
and caspase-8, an inhibitor for 
caspase-8 was used. MMC was 
pretreated with caspase-8 in-
hibitor (z-IETD-fmk) before 
transfection with siRNA-Eph2 or 
control-siRNA and FADD expres-

sion was determined. FADD mRNA expression 
was decreased in the caspase-8 inhibitor 
treated MMC suggesting that caspase-8 activa-
tion is associated with FADD recruitment in 
MMC (Figure 4B).   
 
Silencing receptor EphA2 induced the expres-
sion of Bid 
 
The knockdown of receptor EphA2 gene acti-
vated the intrinsic pathway in MMC by inducing 
the expression of Bid which promotes cell 
death. Bid expression was increased in siRNA-

Figure 3. Silencing receptor EphA2 induces the expression of pro-
apoptotic genes in MMC.  A. Clustergram demonstrating the selected 
genes that showed expression of apoptotic genes in MMC when trans-
fected with siRNA-EphA2 or siRNA-Control, less than 2 fold increase 
(Min= minimum), greater than 2 fold increases (Ave = average), greater 
than 4 fold increase (Max= maximum) compared to untransfected 
MMC. B. Relative mRNA expression for the selected genes was deter-
mined by quantitative real time PCR.  The data presented are mean 
±SEM of three independent experiments. ** P < 0.05 compared with 
MMC only. 
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EphA2 transfected MMC in both cytosolic and 
membrane bound fractions when compared to 
control-siRNA or untransfected MMC. Interest-
ingly, the membrane bound fraction showed 
strong expression of t-Bid in siRNA-EphA2 trans-
fected MMC (Figure 5A). The translocation of t-

Bid to mitochondria promotes the release of 
cytochrome-c. The immunofluorescence stain-
ing for Bid showed diffuse staining in the cyto-
plasm in siRNA-EphA2 transfected MMC when 
compared to control-siRNA. MMC treated with 
CMT showed strong staining for Bid (Figure 5B). 
The expression of Bid increased significantly in 
siRNA-EphA2 treated MMC when compared to 
control-siRNA at the transcriptional levels. In 
order to understand if Bid activation is depend-
ent on caspase-8, MMC were treated with cas-
pase-8 inhibitor (z-IETD-fmk) before transfection 
with siRNA-Eph2 or control-siRNA and the ex-
pression of Bid was determined.  Decreased 
expression of Bid was noted in the MMC treated 
with caspase-8 inhibitor suggesting that cas-
pase-8 activation is associated with Bid (Figure 
5C). These data indicate that knockdown of re-
ceptor EphA2 gene induced Bid expression and 
the expression of Bid is dependent on the acti-
vation of caspase-8 in FADD mediated MMC 
apoptosis.  
 
Silencing receptor EphA2 induced the expres-
sion of Caspase- 8 and Caspase-3 
 
Caspase-8 is a pro-apoptotic protease which 
initiates the extrinsic apoptotic pathway signal-
ing in MMC. The expression of caspase-8 was 
evaluated in cytosolic and membrane bound 
lysate protein fractions from MMC transfected 
with siRNA-EphA2 or control-siRNA or untrans-

fected. Caspase-8 expression was increased 
in siRNA-EphA2 transfected MMC in both 
cytosolic and membrane bound fractions 
when compared to control-siRNA transfected 
or untransfected MMC (Figure 6A). The activ-
ity of caspase-8 was also evaluated by fluo-

Table 2.   Apoptotic genes upregulated by si-
lencing interference RNA EphA2 in MMC 
Gene Fold increase 

Apaf-1 2.61 ±  0.265 

BAX 2.92 ±  0.158 

BAK 3.94 ±  0.301 

BID 2.02 ±  0.284 

CASP6 1.67 ±  0.065 

CASP7 4.51 ±  0.372 

CASP9 3.93 ±  0.286 

CASP2 4.15 ±  0.561 

FADD 4.49 ±  0.432 

FAS 1.53 ±  0.155 

FAS L 2.12 ±  0.202 
Expression profiles of selected genes with a fold 
change of > 1.5 when compared to untransfected 
control. The data represents densitometry values of 
autoradiography analyzed using GEArray suite soft-
ware (SABioscience, Fredrick, CA), Values represent 
mean ± SE of three independent experiments.  

Figure 4. Western blot and mRNA expression 
analysis for FADD in MMC.  A. The cytosolic and 
membrane bound lyastes after transfection of 
MMC with siRNA-EphA2 or siRNA-Control or MMC 
alone were subjected to Western analysis. CMT is 
Camptothecin (10µM/L) was used as a positive 
control. β-actin served as a loading control. B. 
FADD mRNA expression in MMC was determined 
by quantitative real time PCR. The data presented 
are mean ± SEM of three independent experi-
ments. ** P < 0.05 compared with MMC only; * 
P < 0.05 compared to siRNA-EphA2 versus siRNA-
EphA2 + z-IETD-fmk; Cyt-Fr = cytoplasmic fraction; 
Mem-Fr = membrane fraction; z-IETD-fmk = cas-
pase-8 inhibitor. 
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rescence analysis using the substrate Ac-IETD-
AFC in MMC. The level of caspase-8 activity was 
found to be higher in MMC transfected with 
siRNA-EphA2 when compared to control siRNA 
(Figure 6B). These data together indicate that 
knockdown of receptor EphA2 gene induced the 
expression of caspase-8, and activation of cas-
pase-8 may in turn cleave the Bid to the trun-
cated form of Bid, t-Bid, in MMC.  
 
Caspase-3 expression was increased in siRNA-
EphA2 transfected MMC in cytosolic fraction 
when compared to control siRNA or untrans-
fected MMC (Figure 6A). Caspase-3 activity was 
measured by fluorescence analysis in the cyto-
sol lysates from MMC transfected with siRNA-
EphA2 or control-siRNA using Ac-DEVD-AFC as 
the caspase-3 substrate. When caspase-3 is 
activated in the cytosol, it can resolve the fluo-
rescent substrate and the activity can be ana-
lyzed by a fluorescence analyzer. The caspase-3 
activity was higher in siRNA-EphA2 transfected 
MMC when compared to control-siRNA or un-
transfected MMC (Figure 6B). Induction of Cas-

pase-3 activity leads to apoptosis in MMC.   
 
Silencing receptor EphA2 induced the expres-
sion of cytochrome-c, and Apaf-1 
 
Cytochrome-c is an important mediator of apop-
tosis. The activation of cell surface death recep-
tor, FADD results in release of cytochrome-c into 
the cytosol from mitochondria. Cytochrome-c, 
and Apaf-1 expression was increased in siRNA-
EphA2 transfected MMC in cytosolic fraction 
when compared to control siRNA or untrans-
fected MMC (Figure 7A and B). However, the 
expression of cytochrome-c was modest in 
membrane bound fractions, which indicates 
that the cytochrome-c is released into the cyto-
plasm. The release of cytochrome-c into cyto-
plasm results in association of cytochrome-c 
with Apaf-1 and leads to the formation of the 
apoptosome complex. The cytochrome-c release 
also triggers the activation of caspases, particu-
larly caspase-9. These results indicate that re-
ceptor EphA2 gene regulates the activity of cyto-
chrome-c in MMC.   

Figure 5.  Bid gene expression 
was upregulated in MMC trans-
fected with siRNA-EphA2. A. 
Western blot of cytosolic and 
membrane lyastes of MMC 
after transfection with siRNA-
EphA2 or siRNA-Control or un-
transfected, CMT = Camptothe-
cin treated MMC. B. Bid expres-
sion in MMC as visualized by 
fluorescence staining. The red 
fluorescence in the cytoplasmic 
region indicates Bid and nuclei 
are stained blue using DAPI. C. 
Relative mRNA expression for 
Bid. The data presented are 
mean ± SEM from three inde-
pendent experiments. **, * P< 
0.05, ** compared with MMC 
only; * siRNA-EphA2 versus 
siRNA-EphA2 + z-IETD-fmk; Cyt-
Fr = cytoplasmic fraction; Mem-
Fr = membrane fraction; z-IETD-
fmk = a caspase-8 inhibitor.  
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Taken together these results indicate that 
knockdown of receptor EphA2 expression in-
duces the activation of death receptor FADD 
resulting in the activation of caspase-8. The 
cleavage of Bid into t-Bid indicated that intrinsic 
pathway is turned on in MMC upon silencing 
expression of receptor EphA2. The schematic 
diagram (Figure 8) summarizes the cascade of 
events that are prominent in siRNA-EphA2 medi-
ated apoptosis signaling pathway in MMC. This 
is the first study to demonstrate that silencing 

receptor EphA2 expression induces apoptosis in 
MMC via extrinsic and intrinsic pathway. 
 
Discussion  
 
MM is a fatal malignancy with almost 100% 
mortality. Unlike other cancers, MM is associ-
ated with dysregulated growth and the tumor is 
resistant to conventional anti-cancer treatment 
modalities [20, 21]. One of the striking features 
of MM is its aggressive nature which promotes 

Figure 6. Caspase-8 and caspases-3 ex-
pression was increased in MMC transfected 
with siRNA-EphA2. A. Western blot showing 
caspase-8 and caspase-3 specific bands in 
cytosolic and membrane lyastes after trans-
fection of MMC with siRNA-EphA2 or control 
siRNA or MMC alone; B.  Caspase-8 and 
caspases-3 specific activities measured by 
fluorescence analysis.  MMC transfected 
with siRNA-EphA2 or siRNA-control, 50 µg 
of cellular proteins (cytosolic and mem-
brane bound) were allowed to react with 
20µmol/L of substrates Ac-IETD-AFC for 
caspase-8 and Ac-DEVE-AFC for caspase-3, 
respectively. CMT served as a positive con-
trol. The AFC liberated from the substrates 
were measured at excitation wavelength of 
400nm and emission of 500nm. The data 
presented are mean ± SEM of three inde-
pendent experiments. ** P < 0.05 com-
pared with MM Cells only. 

 

Figure 7. Cytochrome-c and Apaf-1 expres-
sion in MMC.  A. Relative densitometry 
value as obtained by Bio Rad Imaging den-
sitometer using Quality one software pro-
gram. B. Silencing receptor EphA2 expres-
sion induced cytochrome-c and Apaf-1 ex-
pression in cytosolic and membrane lyastes 
of MMC as determined by Western blot 
analysis. The data presented are mean ± 
SEM of three independent experiments and 
values are considered significant if p < 
0.05, **comparison, siRNA-EphA2 versus 
MM Cells only. 
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oncogenic progression. MM cells are resistant 
to apoptotic stimuli and this inhibition of apop-
tosis facilitate to enhance tumor growth and 
development [22, 23]. It is well established that 
drugs used for conventional cancer chemother-
apy often exhibit serious nonspecific cytotoxicity 
that kills healthy tissues as well as cancer cells. 
Therefore, novel treatment strategies selectively 
targeting tumor tissue are in great demand. The 
strategy proposed in this study was based on 
selective inhibition of target gene sparing nor-
mal tissues. Receptor EphA2 is one such candi-
date gene highly expressed in MM cells and is 
involved in oncongenic progression of MM. In 
earlier studies, we reported that receptor EphA2 
is over expressed in MMC with little or no ex-
pression in normal mesothelial cells, and inhibi-
tion of EphA2 expression attenuated prolifera-
tion and haptotaxis in MMC[6]. However, the 
mechanisms of cell death were not clear. In the 
present study we have demonstrated that inhi-
bition of receptor EphA2 expression attenuated 
tumor growth due to induction of apoptosis via 
FADD activity in MMC. We report that silencing 
the receptor EphA2 induces apoptosis via extrin-
sic and intrinsic pathways in MMC. 
 
FADD is essential for signal transduction of 
death receptor signaling. Over-expression of 
FADD induces cell death in adenocarcinoma 

cells [24]. FADD forms an essential component 
of the death inducing signaling complex (DISC) 
and in addition, increased expression of FADD 
causes cell death even in the absence of ligand 
binding [25-27]. In MMC, inhibition of the 
EphA2 receptor enhanced the expression of 
FADD in the cytosolic fraction whereas the 
membrane fraction showed moderate expres-
sion. The increased expression of FADD indi-
cates that silencing receptor EphA2 induces 
apoptosis in MMC via a death receptor signaling 
pathway. Interestingly, the levels of FADD signifi-
cantly decreased when MMC were pretreated 
with caspase-8 inhibitor before silencing recep-
tor EphA2 expression. Stupack et al., 2006, 
have demonstrated that increased expression 
of caspase-8 suppresses the invasion of tumor 
cells via induction of apoptosis in neuroblas-
toma [28]. Activation of caspases is one of the 
key events in apoptosis process initiation. Cas-
pase-8 along with caspase-2 and caspase-9 are 
associated with initiation of apoptosis. Pro-
caspase-8 is activated to its active form upon 
interaction with FADD. Therefore it is possible 
that in MMC over-expression of receptor EphA2 
turns off the FADD mediated pathway while di-
recting the downstream signals to promote tu-
mor growth. Whereas silencing of EphA2 expres-
sion turns on the death receptor pathway via it’s 
up regulation and subsequently activates cas-

Figure 8. Schematic Model of apoptotic 
signaling induced by targeting EphA2 
gene by siRNA in MMC.  The extrinsic 
pathway is initiated with FADD activa-
tion which affects caspase-8 activity. 
The activated caspase-8 cleaves Bid to t
-Bid which transloactes to the mitochon-
drial compartment that indicates the 
onset of intrinsic pathway. The various 
intermediate molecules studied were 
listed in the diagram.  Cyto-c = cyto-
chrome-c; casp-8 = caspase-8; casp-9 = 
caspase-9; casp-3 = caspase-3; Apaf-1 
= apoptotic activating factor -1. Arrows 
indicates activation, and inverted ‘T’ 
sign indicate inhibition. 
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pase-8. Indeed, caspase-8 is an initiator cas-
pase in the extrinsic pathway, which then 
cleaves effector caspase, caspase-3.  
 
In earlier studies we noticed increased expres-
sion of active caspase-9 upon silencing EphA2 
expression by siRNA in MMC [6]. In the present 
study we further report that silending EphA2 
gene also induced the expression of Bid, active 
caspase-8, cytochrome-c, and Apaf-1 in MMC. 
Others have noticed that cellular stress such as 
silencing of the gene receptor EphA2 up stream 
of mitochondria induces the expression of dis-
tinct caspases [29]. The initiator caspases such 
as caspase-8, caspase-9 are known to be acti-
vated during early stage of apoptosis. Caspase-
8 initiates downstream effector caspases in-
cluding caspase-3 and eventually regulates 
apoptosis [30, 31]. Caspase-8 is activated fol-
lowing DNA damage. Caspase-8 stimulates mi-
tochondrial outer membrane permeability either 
directly or indirectly through cleavage of Bid and 
relies upon the Apaf-1 apoptosome to activate 
effector caspases and induce apoptosis [12, 
13]. The activation of caspase-8 by FADD leads 
to cleavage of Bid. Bid exists as a precursor in 
the cytosolic fraction of living cells that be-
comes activated upon cleavage by caspase-8. 
Bid is a specific proximal substrate for caspase-
8 in the Fas mediated signaling pathway. Elimi-
nation of Bid by immuno-depletion has abol-
ished cytochrome-c release suggesting Bid is 
essential for intrinsic pathway [10]. The full 
length of Bid is localized in the cytosol and the 
truncated Bid (t-Bid) is found in mitochondria. In 
MMC, silencing receptor EphA2 induced the 
expression of Bid in cytosolic fractions as well 
as membrane fractions. The expression of t-Bid 
was noticed more in the membrane fractions 
suggesting the cleavage of Bid and transloca-
tion to mitochondrial compartment. Hence in 
MMC, the apoptotic signal transduced from the 
cytosol to mitochondria initiates the cross-talk 
with the mitochondrial pathway.  
 
The intrinsic pathway is complex and Bcl2 fam-
ily proteins regulate apoptosis mediated by mi-
tochondria. Bcl2 members monitor changes in 
the intracellular environment such as absence 
of an oncogenic signal and DNA damage which 
induces permeability of mitochondrial mem-
brane [32]. The anti-apoptotic proteins Bak and 
Bax compromise the membrane integrity lead-
ing to the release of cytochrome-c. Silencing 
receptor EphA2 induced the expression of Bak, 
Bax and release of cytochrome-c in MMC. Cyto-

chrome-c is normally found in the inter mem-
brane space of mitochondria, which is released 
into the cytosol during apoptosis [33]. Thus, 
release of cytochrome-c triggers the activation 
of caspases through Apaf-1 [34]. In MMC silenc-
ing receptor EphA2 induced caspase-3 activity 
indicating the association between EphA2 and 
caspase-3. Studies from glioma cells indicate 
that inhibition of EphA2 by siRNAs increased 
caspase-3 activity [35, 36]. Caspase-3 is a key 
mediator of apoptosis which is responsible for 
cleavage of structural elements of the cyto-
plasm and nucleus. Cells become round in 
shape, and undergo nuclear fragmentation, a 
hallmark of apoptosis [37, 38]. Taken together 
our results demonstrate that silencing EphA2 
gene induces activation of caspase-3 thereby 
resulting in apoptosis of MMC via the intrinsic 
pathway.  
 
In conclusion, this study indicates that silencing 
EphA2 receptor is a novel and effective strategy 
for inhibition of MM tumor growth. Silencing 
EphA2 receptor expression results in MMC cell 
death due to the activation of both extrinsic and 
intrinsic apoptotic pathways. We conclude that 
this concept for silencing EphA2 may prove to 
be a new and effective therapeutic approach to 
the clinical management of patients with malig-
nant mesothelioma.   
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