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Abstract Malignant pleural mesothelioma (MPM) is the
most common primary tumor of the pleura. Its incidence is
still increasing in Europe and the prognosis remains poor. We
investigated the oncogenic function of signal transducer and
activator of transcription 1 (STAT1) inMPM in more detail. A
miRNA profiling was performed on 52 MPM tissue samples.
Upregulated miRNAs (targeting SOCS1/3) were knocked-
down using miRNA inhibitors. mRNA expression levels of
STAT1/3, SOCS1/3 were detected in MPM cell lines. STAT1
has been knocked-down using siRNA and qPCR was used to
detect mRNA expression levels of all JAK/STAT family
members and genes that regulate them. An immunohisto-
chemical staining was performed to detect the expression of
caspases. STAT1 was upregulated and STAT3 was downreg-
ulated, SOCS1/3 protein was not detected but it was possible
to detect SOCS1/3mRNA inMPM cell lines. The upregulated
miRNAs were successfully knocked-down, however the ex-
pected effect on SOCS1 expression was not detected. STAT1
knock-down had different effects on STAT3/5 expression.
Caspase 3a and 8 expression was found to be increased after
STAT1 knock-down. The physiologic regulation of STAT1
via SOCS1 is completely lost in MPM and it does not seem

that the miRNAs identified by now, do inhibit the expression
of SOCS1. MPM cell lines compensate STAT1 knock-down
by increasing the expression of STAT3 or STAT5a, two genes
which are generally considered to be oncogenes. And much
more important, STAT1 knock-down induces apoptosis in
MPM cell lines and STAT1 might therefore be a target for
therapeutic intervention.
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Introduction

Malignant pleural mesothelioma (MPM) is the most common
primary tumor of the pleura. The incidence of MPM has in-
creased steadily over the last 30 years. Despite improvement
in diagnostic methods and treatment strategies, the prognosis
of MPM patients remains poor (12 to 18 month median sur-
vival from diagnosis), although exceptional cases of long-term
survivors are reported in the literature [1].

Previous studies showed, that the JAK/STAT signaling
pathway, a principal signalingmechanism for lots of cytokines
and growth factors [2, 3], is totally deregulated in malignant
pleural mesothelioma [4, 5]. Signal transducers and activators
of transcription (STAT) are a highly conserved family of latent
transcription factors that are activated differentially by various
extracellular ligands including growth factors, cytokines and
hormones [2]. Presently, seven different members of the STAT
family are known: STAT1, STAT2, STAT3, STAT4, STAT5A,
STAT5B, and STAT6 [6, 2, 7, 8]. While STAT3 and STAT5
are referred to act as the oncogenic STATs, STAT1 is regarded
as a tumor suppressor [9]. STAT activation is tightly regulated
through known physiological negative regulators: the Src ho-
mology 2 containing phosphatase (SHP), the protein
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inhibitors of activated STATs (PIAS) and the suppressors of
cytokine signaling (SOCS) family, which are induced in a
classical negative feedback-loop [10, 11]. However, as report-
ed previously, STAT1 acts like an oncogene in MPM and
SOCS1 is totally missing [12].

MicroRNAs (miRNA) are one class of small, non-coding
RNAs, which regulate protein expression either by mRNA
degradation or by preventing mRNA from being translated.
They play a role as oncogenes, tumor suppressors, diagnos-
tic markers or prognostic factors of outcome [13].
Furthermore, it has been shown recently that miRNA inhib-
itors can be used for disease treatment. MiR-122 was found
to be associated with hepatitis C virus (HCV) infection:
patients with chronic HCV genotype 1 infection showed
prolonged dose-dependent reductions of HCV RNA levels
when using the miR-122 inhibitor [14]. An early-stage clin-
ical trial is currently performed with a miR-34a replacement
therapy for the treatment of liver cancer and cancers with
liver involvement [15]. Additionally, forced overexpression
of miR-34b/c showed antitumor effects with induction of
apoptosis in MPM cells [16].

Because of the well-known cancer association of miRNAs
and all their expected functions the first aim of our study was
to find out, if miRNAs are the reason for the missing expres-
sion of SOCS1 and if miRNA inhibition leads to an increased
expression of SOCS1.

Based on our previous studies, we wanted to investigate
more detailed, the oncogenic function of STAT1. Therefore
our second aim was to identify apoptosis- and cell cycle relat-
ed genes that are affected by STAT1 knock-down to clarify, if
STAT1 has potential as therapeutic target in malignant pleural
mesothelioma.

Material and Methods

Formalin-Fixed and Paraffin-Embedded Tumor Tissue
Samples

Tissue Selection and Histological Staining

Fifty-two cases of epitheloid MPM were derived from surgi-
cally resected tumors, either open biopsies or pleurectomies.
The cases were classified according to the World Health
Organisation (WHO 2015). The patients gave informed con-
sent and the study was approved by the local Ethics
Committee of the Medical University of Graz (No. 24–135).
Four μm thick sections of FFPE tissues were dewaxed with
xylene and dehydrated in graded ethanol series prior to routine
Hematoxylin-Eosin (H&E) staining. An H&E stained refer-
ence section from each specimen was histological verified by
HHP; tumor areas (with more than 85% tumor cells) were
marked with a pen on the slide and used to locate the tumor

on the tissue block for further RNA extraction. The protocol
for the RNeasy FFPEKit (Qiagen, Hilden, Germany) has been
optimized in a pilot study [17]. RNA concentration was mea-
sured by NanoDrop 1000 UV/Vis spectrophotometer
(PEQLAB Biotechnologie GmbH, Erlangen, Germany). The
ratios of A260/280 and A260/230 were used to indicate the
purity of total RNA.

miRNA Profiling

TaqMan® Array Human MicroRNA Cards (Li fe
Technologies, Carlsbad, USA) have been used with 8 pooled
RNA samples, generated out of the 52 FFPE tumor tissue
samples. To identify extremely up- or downregulated
miRNAs, the DeltaCt method was used with RNU44 as ref-
erence gene.

cDNA was generated using TaqMan® MicroRNA
Reverse Transcription Kit and Megaplex™ RT Primers
(both from Life Technologies) according to the manufac-
turer’s instructions. QPCR (quantitative real-time PCR)
was performed according to the manufacturer’s instruc-
tions on the 7900HT Fast Real-time PCR system (Life
Technologies).

Single miRNA Assays

Those upregulated miRNAs that could be linked to the STAT
signaling pathway by using in silico target prediction tools
were then quantified in every single sample.

QPCR was carried out using TaqMan® MicroRNA assays
(Life Technologies, Assay IDs:000396, 000602, 000419) with
a modified version relating to the volumes of reagents and
cDNA. The analysis of relative miRNA expression was per-
formed using DeltaCt method with RNU6B as reference gene.

Tissue Microarray (TMA) Construction
and Immunohistochemistry

The H&E stained reference section of each case, used for
further RNA extraction, was examined again. For each case
(46/52), three to five tissue cylinders with a diameter of
0.6 mm were punched from the marked tumor areas and per-
forated into a new paraffin block by using a manual instru-
ment (Beecher Instruments Sun Prairie, Wisconsin, USA).
Four μm thick sections were cut from the TMA block and
used for immunohistochemistry. Details for the antibodies
are given in Table 1.

Protein expression levels were recorded semi-
quantitatively and the staining scores were calculated by mul-
tiplying the staining intensity (from 0 to 3+, no staining to
strong staining) by percentage (0–100%) of positive cells.
Scores lower than 50 were considered to be negative, scores
higher than 50 were positive.
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Malignant Mesothelioma Cell Lines

Cell Culture

Two mesothelioma cell lines (CRL-5915, MSTO-211H) were
purchased from ATCC (American Type Culture Collection,
via LGC, Germany). These cell lines were cultured in
RPMI-1640 supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin. Four additional mesothelioma
cell lines (Hmeso, PPM Mill (H2373), PPM Gar (H2461)
and PPM Rob (H2595)) [18, 19] were obtained from Arti
Shukla, PhD (Department of Pathology of the University of
Vermont, Burlington, USA). These cell lines were cultured in
special medium as reported previously [20]. The cell lines
have been tested for the expression of mesothelioma-
associated proteins (calretinin, cytokeratin 5/6 and
podoplanin) by immunocytochemistry. HepG2 cells
(ATCC), known for their high expression of SOCS1, were
used as standard and internal control. All cells were main-
tained in a humidified atmosphere at 37 °C with 5% CO2.
For time-dependent investigations, like transfections with
siRNA, only the three cell lines showing similar growth rates
(CRL-5915, MSTO-211H and Hmeso) have been used.

RNA Extraction, Concentration, Purity and miRNA
Quantification

RNA has been extracted using the miRMeasy Mini Kit
(Qiagen) with the recommended on-column DNase digestion
using the RNase-free DNase Set (Qiagen) according to the

manufacturer’s instructions. RNA concentration and purity
were measured as mentioned previously. MiRNAs have been
quantified using single miRNA assays as described above.

miRNA Inhibition

MiRNAs were inhibited in the cell line CRL-5915 using the
transfection reagent Lipofectamine RNAiMAX (Life
Technologies) and miRCURY LNA inhibitors (Exiqon,
Vedbaek, Denmark): hsa-miR-19b (#410119–00), hsa-miR-
30b (#4410189–00), hsa-miR-30c (#411548–00),
microRNA antisense control A (#199004–00) with a concen-
tration of up to 100 nM according to the manufacturer’s in-
structions. Single miRNA inhibitors were used as well as
combinations of inhibitors. The transfection was optimized
regarding cell number, concentration of miRNA inhibitors
and final incubation time to rule out biological effects as good
as possible.

Cells were seeded on the day before transfection in 6-well
plates. Afterwards cells were either treated with miRNA in-
hibitors or the miRNA antisense control A. Cells were exam-
ined under microscope for morphological changings and were
harvested for further RNA or protein extraction 24 h post-
transfection.

mRNA Quantification

cDNAwas synthesized using RT [2] First Strand Kit (Qiagen).
QPCRwas performed in triplicates using RT [2] qPCR Primer
Assays (STAT1: PPH00811C, STAT3: PPH00708F, SOCS1:

Table 1 List of antibodies used for immunohistochemistry. All antibodies were validated for specificity by Western Blot analysis and/or
immunohistochemistry in test-TMAs

antibody dilution antigen retrieval detection

STAT1 (M-22) sc-592 Santa Cruza 1:1000 Ventana CC1/View

STAT3 (H-190) sc-7179 Santa Cruza 1:100 Ventana CC1/View

SOCS1 (38–5200) Invitrogenb 1:200 Ventana CC1/View

SOCS3 (SO1) sc-51699 Santa Cruza 1:50 MW 9.0 Dako K5001

Caspase 3a R&Dc 1:50 MW 6.0 Dako K5007

Caspase 8 Novocastrad 1:30 MW 9.0 Dako K5001

a Santa Cruz Biotechnology, Santa Cruz, USA
b Invitrogen, Carlsbad, USA
cR&D Systems, Inc., Minneapolis, USA
dNovocastra, Leica Biosystems, Nussloch, Germany

CC1: Cell conditioning 1, Ventana (Ventana, A Member of the Roche Group, Tucson, USA)

Dako K5001: Dako REALTM Detection System Peroxidase/ DAB rabbit/ mouse (Dako, An Agilent Technologies Company, Santa Clara, USA)

Dako K5007: Dako Real TM EnVision TM Detection System Peroxidase/DAB+, rabbit/mouse

DAB: 3,3′- Diaminobenzidine

MW: microwave

9.0/6.0: target retrieval solution, pH 9.0/6.0, Dako
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PPH00769C, SOCS3: PPH00763A, GAPDH: PPH00150F,
Qiagen) and RT [2] SYBR Green Mastermixes (Qiagen).
QPCR was performed using the 7900HT Fast real-time PCR
System (Life Technologies) according to the manufacturer’s
instructions. A dissociation curve analysis was performed to
verify PCR specificity. The analysis of relativemRNA expres-
sion was performed using DeltaCt method with GAPDH as
reference gene.

siRNA

The transfection with siRNA was optimized for cell lines
CRL-5915, MSTO-211H and Hmeso regarding cell number,
concentration of siRNA and final incubation time to rule out
biological effects as good as possible. The transfection was
performed using Lipofectamine RNAiMAX (Life
Technologies) and SignalSilence® Stat1 siRNA II (#6544,
Cel l Signal ing Technology, Danvers , USA) and
SignalSilence® Control siRNA (#6568, Cell Signaling
Technology) according to the manufacturer’s instructions.
Cells were seeded on the day before transfection in 6-well
plates. Afterwards cells were either treated with STAT1
siRNA or the Control siRNA. Cells were examined under
microscope for morphological changings and were harvested
for further RNA or protein extraction or agar block construc-
tion 24 h post-transfection.

Profiler Array

RNA was extracted as mentioned previously. cDNA was
synthesized using RT [2] First Strand Kit (Qiagen). For each
cell line (CRL-5915, MSTO-211H and Hmeso), two RT [2]
Profiler PCR Arrays (Human JAK/STAT Signaling Pathway
PCR Array, PAHS-039YC-2, Qiagen) were used. Therefore,
two samples have been reversed transcribed: one sample,
where cells have been transfected with STAT1 siRNA, and
one sample, where the cells have been transfected with a
control siRNA. The Profiler PCR Arrays were performed
in duplicates. The analysis of relative mRNA expression
was performed using DeltaDeltaCt method with GAPDH
as reference gene.

Protein Extraction and Quantification

After the incubation time, media was removed completely and
cells were washed twice with ice cold PBS buffer before they
were covered with ice cold RIPA buffer including
Phosphatase and Protease Inhibitors (Calbiochem® Protease
Inhibitor Cocktail Set 1, Calbiochem® Phosphatase Inhibitor
Cocktail Set II, Merck KGaA, Darmstadt, Germany). Cells
were collected with a cell scrubber and all samples were
vortexted several times to extract proteins. After centrifuga-
tion, supernatants were collected and protein concentrations

were determined by Lowry Method (BioRad DC Protein
Assay, Bio-Rad, Hercules, USA). Aliquots were stored at
−20 °C until use.

Western Blot

Twenty μg of total protein were separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis. After electro-
phoresis, proteins were transferred onto nitrocellulose (Bio-
Rad) or polyvinylidene fluoride-type (Hybond-P, GE
Healthcare Europe GmbH, Freiburg, Germany) membranes
using a semidry blotting apparatus (PEQLAB). Blocking
was performed for 2 h at room temperature. The membranes
were incubated with the primary antibody for 16 h at 4 °C
(SOCS1(38–5200), 1:250, Invitrogen, Carlsbad, USA;
GAPDH (FL-335) sc-25,778, 1:500, Santa Cruz
Biotechnology, Santa Cruz, USA). Membranes were washed

Table 2 Results of the miRNA profiling inMPM tumor tissue samples.
RNU44 was used as reference gene

microRNA expression compared to RNU44 predicted targets

hsa-let-7b slightly downregulated SOCS1

hsa-miR-106a upregulated STAT3

hsa-miR-126 highly upregulated

hsa-miR-145 upregulated

hsa-miR-146a upregulated

hsa-miR-146b upregulated

hsa-miR-150 slightly downregulated

hsa-miR-155 slightly downregulated SOCS1

hsa-miR-16 highly upregulated

hsa-miR-17 upregulated STAT3

hsa-miR-191 upregulated

hsa-miR-193b slightly downregulated

hsa-miR-199a-3p slightly downregulated

hsa-miR-19b upregulated SOCS1, SOCS3

hsa-miR-21 upregulated STAT3

hsa-miR-210 slightly downregulated

hsa-miR-214 slightly downregulated SOCS1

hsa-miR-218 slightly downregulated SOCS3

hsa-miR-222 upregulated SOCS3

hsa-miR-223 highly upregulated STAT1

hsa-miR-24 extremely upregulated

hsa-miR-26a slightly upregulated

hsa-miR-29a upregulated

hsa-miR-30b expressed as control SOCS1, SOCS3

hsa-miR-30c slightly upregulated SOCS1, SOCS3

hsa-miR-31 slightly downregulated

hsa-miR-320 slightly upregulated

hsa-miR-342-3p slightly upregulated

hsa-miR-484 upregulated
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and afterwards incubated with the secondary horseradish
peroxidase-conjugated antibody (Swine Anti-Rabbit
(#P0217), 1:1000 (Dako, An Agilent Technologies
Company, Santa Clara, USA) for 90 min at room tempera-
ture. After an additional washing step, membranes were de-
veloped using ECL (GE Healthcare Europe) and Kodak film
(T-MAT G film, Eastman Kodak Company, Rochester, New
York). All antibodies were validated for specificity by
Western blot analysis.

Agarblock

After the incubation time, another batch of cells was harvested
and washed with PBS buffer before they were fixed with 6%
ice-cold formalin for 10 min. The cell pellet was resuspended
in 7% liquid agar and incubated at 4 °C over night. The agar-
cell pellet was then formalin-fixed and paraffin-embedded ac-
cording to standard protocols and was used for immunohisto-
chemical staining.

Results

Formalin-Fixed and Paraffin-Embedded Tumor Tissue
Samples

By performing the miRNA profiling it was possible to identify
29 miRNAs, which are either up- or downregulated in malig-
nant mesothelioma. Twelve of them were predicted to target
components of the STAT signaling pathway (see Table 2) by
using in silico target prediction tools. MiRNAs targeting
SOCS1 and SOCS3 were quantified in every single sample

(45/52). MiR-19b, miR-30b and miR-30c were found to be
upregulated in nearly all samples (data not shown). The im-
munohistochemical staining performed on tissue microarray
sections showed that STAT1 is much higher expressed than
STAT3 in tumor tissue samples. SOCS1 and SOCS3 expres-
sion was not detected by immunohistochemistry (see Fig. 1
and Online Supplementary Material 1).

Malignant Mesothelioma Cell Lines

ThemiRNAquantification data for themesothelioma cell lines,
confirm the results of the FFPE tumor tissue samples: miR-19b,
miR-30b and miR-30c were found to be upregulated in all six
mesothelioma cell lines and the control cell line HepG2 (see
Fig. 2) compared to the reference gene RNU6B; however, the
amount of eachmiRNA differs between the cell lines.What has

Fig. 1 Immunohistochemical staining of tissue microarray sections.
Positive staining was achieved for STAT1 and STAT3. SOCS1 and
SOCS3 were not detected by immunohistochemistry

Fig. 2 Expression of miRNAs possibly targeting SOCS1 and SOCS3 in
all six mesothelioma cell lines and the control cell line HepG2. RNU6B
was used for normalization. 2-ΔCt values are shown; error bars indicate
the standard error
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to be pointed out is that there is no difference between the
mesothelioma cell lines and the control cell line HepG2.

The results for the expression of STAT1, STAT3, SOCS1
and SOCS3 onmRNA level differ from the expression pattern
on protein level: STAT1 and STAT3 mRNA is downregulated
compared to GAPDH; SOCS1 and SOCS3 mRNA is down-
regulated as well in all six mesothelioma cell lines and the
control cell line HepG2 (see Fig. 3). Therefore it is possible
to detect SOCS mRNA but there is no SOCS protein in me-
sothelioma cell lines. And this can be caused by miRNAs.
Therefore we

expected that, the higher the concentration of the miRNA
inhibitor, the higher the expression of the target mRNA.
SOCS1 mRNA expression – quantified by qPCR - is slightly
increased when miR-19b is knocked-down, the effect of
inhibitor-combinations on SOCS1 expression is even smaller
(see Fig. 4). Using single miRNA inhibitors or a combination

of inhibitors had no effect on SOCS1 protein expression.
SOCS1 protein was only detected in an untreated sample of
the control cell line HepG2 (see Fig. 5).

STAT1 was successfully knock-down by using STAT1
siRNA in the cell lines CRL-5915, MSTO-211H and
Hmeso. The effect of STAT1 knock-down on the other com-
ponents of the JAK/STAT signaling pathway differs between
the cell lines (see Fig. 6). While CRL-5915 seems to compen-
sate STAT1 knock-down by an upregulation of STAT5a,
MSTO-211H and Hmeso show slightly upregulated expres-
sion levels of STAT3. Most of the genes included on the RT
[2] Profiler PCR Array are differentially expressed in the me-
sothelioma cell lines investigated (see Fig. 7). Three genes
were found to be either up- or downregulated in all cell lines
(2-ΔΔCt values at least 0.5): CDKN1A, F2R and JUNB.

A positive immunohistochemical staining for Caspase 3a
(see Fig. 8a) and Caspase 8 (see Fig. 8b) was detected in the

Fig. 3 STAT1, STAT3, SOCS1
and SOCS3 mRNA expression
levels in all six mesothelioma cell
lines and the control cell line
HepG2. Expression levels are
normalized to the housekeeping
gene GAPDH. 2-ΔCt values are
shown; error bars indicate the
standard error

Fig. 4 SOCS1-mRNA
expression levels in CRL-5915
after using single miRNA
inhibitors as well as combinations
of inhibitors. 2-ΔCt values are
shown and the expression levels
were normalized to BmiRNA
antisense control A^. Error bars
indicate the standard error
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samples treated with STAT1 siRNA, whereas these Caspases
were not detected in the control samples. While Caspase 3a
expression was only slightly increased after STAT1 knock-
down, the expression of Caspase 8 changed significantly:
100% of cells show positive immunohistochemical staining
after STAT1 knock-down, which indicates that STAT1 pre-
vents apoptosis in malignant mesothelioma cell lines.

Discussion

In our previous investigations STAT1 was found to be upreg-
ulated [5] and turned out to function like an oncogene inMPM
[4]. In all MPM cases and cell lines SOCS1 protein was un-
detectable [12], which means that this negative feedback loop
does not function, and STAT1 activation is not terminated by
SOCS1 [21, 22]. Therefore we investigated the possibility that
miRNAs might abolish SOCS1 expression and thus leads to
constant overexpression of STAT1. In addition we studied the
functional consequences of STAT1 knock-down in malignant
mesothelioma cell lines.

STAT1 protein was highly expressed in all tissue samples,
STAT3 was downregulated and it was not possible to detect
SOCS1 and SOCS3 protein by immunohistochemistry. The

expression pattern of STAT1, STAT3, SOCS1 and even
SOCS3 on mRNA level differed from that on protein level:
STAT1 and STAT3were found to be downregulated compared
to the housekeeping gene GAPDH in mesothelioma cell lines.
It was possible to detect SOCS1 and SOCS3 mRNA – both
were downregulated as well. STAT1 overexpression has been
described to confer tumors resistance against radiation and
cisplatin treatment [23]. Therefore better understanding of
the mechanism underlying STAT1 activation and regulation
could lead to successful strategies for targeting the STAT sig-
naling pathway inMPM, probably by stimulating the negative
feedback loop with analogues. It was reported previously that
SOCS1 gene delivery cooperated with cisplatin plus
pemetrexed to inhibit cell proliferation, invasiveness and in-
duction of apoptosis in MPM cells. The authors hypothesize
that SOCS1 gene delivery has a potent antitumor effect
against MPM and that SOCS1 – in combination with cisplatin
and pemetrexed – has potential for clinical use [24].

MiRNAs are often deregulated and function as oncogenes
or tumor suppressors, they have potential as diagnostic
markers and miRNA inhibitors can be used in disease treat-
ment [13, 25]. MiRNAs belonging to the Oncomir-1 cluster
were found to be upregulated inMPM cells. MiRNAs, known
to be downregulated in several tumors (miR-21, miR-29a,

Fig. 5 Western Blot analysis showing the effect of miR-inhibition on SOCS1 protein expression in CRL-5915. Inhibitors have been used with a final
concentration of 100 nM. An untreated HepG2 sample was used as positive control for SOCS1 expression. GAPDH was used as loading control

Fig. 6 mRNA expression levels
of components of the JAK/STAT
signaling pathway after STAT1
knock-down in CRL-5915,
MSTO-211H and Hmeso cell
lines. GAPDH was used as
reference gene. 2-ΔΔCt values are
shown, error bars indicate the
standard error

STAT1 knock-down induces apoptosis in MPM 601



miR-30b and miR-106a), were found to be deregulated [26].
These results go along with the findings of the present study:
all mentioned miRNAs were upregulated. Subtype-related
miRNAs were even correlated with better outcome:
downregualtion of miR-30c was associated with better surviv-
al in MPM patients with sarcomatoid subtype, while this had
no effect on epitheloid and biphasic subtypes [27]. In the
present study, upregulation of miR-30c was detected in meso-
thelioma cell lines and epitheloid tumor tissue samples. Reid
et al. reported that miR-16 is consistently downregulated in
MPM tumor specimens and that restoration resulted in inhibi-
tion of tumor growth. However, they did not mention the
tumor subtype [28]. In contrast, we detected an upregulation

of miR-16 in our 52 epitheloid MPM tumor tissue samples
which clearly shows that we may have to deal with subtype-
specific expression of miRNAs and that therapeutic ap-
proaches may differ between subtypes.

Three upregulated miRNAs (miR-19b, −30b and -30c)
have been identified, which are predicted to target SOCS1
and SOCS3. It was not possible to detect SOCS1/3 protein
expression, but SOCS1/3-mRNAwas detected in all cell lines
even though the expression was downregulated in relation to
the housekeeping geneGAPDH. These results suggest that the
translation process might be inhibited or affected by miRNAs.
Therefore high miRNA expression could definitely be the
reason for downregulation or the missing expression of

Fig. 7 mRNA expression levels
of genes associated with the JAK/
STAT signaling pathway after
STAT1 knock-down in three
mesothelioma cell lines. GAPDH
was used as housekeeping gene.
2-ΔΔCt values are shown; error
bars indicate the standard error
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proteins. What has to be pointed out is that the same expres-
sion patterns have been detected for the control cell line
HepG2: SOCS1/3-mRNA was downregulated whereas miR-
19b, −30b and -30c were downregulated. Since SOCS1 pro-
tein is expressed in HepG2 cells, the identified miRNAs do
not have an influence on SOCS expression in this cell line.

However, as reported previously, results differ due to dif-
ferent subtypes or sample source of the same tumor [29].
Therefore it is possible that the identified miRNAs do not
regulate the STAT signaling pathway in HepG2 cells but have
a regulatory effect in MPM cell lines. Unfortunately it was not

possible to affect SOCS1 expression in MPM cell lines by
inhibiting miRNA expression.

The negative regulator SOCS1 is normally translated and
upregulated by STAT1, competes with STAT1 for the JAK1/2
binding site and thus abrogates the phosphorylation of STAT1
by JAK1/2 [30]. Constitutively STAT1 expression seems to
provideMPM cells a selective growth and survival advantage.
In order to investigate the consequences of STAT1 knock-
down in malignant mesothelioma cell lines, qPCR (RT [2]
Profiler PCR Array) was used to detect mRNA expression
levels of all known JAK/STAT family members, the receptors

Fig. 8 Immunohistochemical
staining with Caspase 3a a and
Caspase 8 b antibodies on three
mesothelioma cell lines (CRL-
5915, MSTO-211H and Hmeso)
either treated with STAT1 siRNA
or control siRNA. Caspase 3a
expression slightly increased
when STAT1 was knocked-down.
However, Caspase 8 expression
changed significantly: 100% of
cells show a positive staining in
STAT1-siRNA treated samples
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that activate them, STAT- inducible genes, negative regulators
of the pathway and apoptosis and cell cycle related genes.

STAT1-mRNA was successfully knocked-down by using
STAT1 siRNA in all three mesothelioma cell lines used for
these experiments. The effect of STAT1 knock-down on the
other components of the STAT signaling pathway differed
between the cell lines: while CRL-5915 seems to compen-
sate STAT1 knock-down by an upregulation of STAT5a,
MSTO-211H and Hmeso show slightly upregulated expres-
sion levels of STAT3. Most of the apoptosis- and cell cycle
related genes were differentially expressed in MPM cell
lines and only three genes (F2R, JUNB and CDKN1A) were
found to be equally expressed in all cell lines: F2R was
downregulated whereas JUNB and CDKN1A were found
to be upregulated. F2R belongs to a group of receptors that
bind and activate JAK proteins, JUNB is known as a proto-
oncogene and regulates gene expression [31, 32]. CDKN1A,
also known as p21, is a regulator of cell cycle progression at
the G1 phase, plays a regulatory role in S phase DNA rep-
lication and DNA damage repair and may be contributing in
the execution of apoptosis [33]. Originally considered as a
negative regulator of cell cycle and a tumor suppressor, it is
now known that its function depends on its intracellular
localization: when p21 is in the nucleus, it is a negative cell
cycle regulator and tumor suppressor, whereas it acts like an
oncogene by regulating migration, apoptosis and prolifera-
tion when localized in the cytoplasm [34]. p21 was the first
gene that was identified to be induced by p53 [35] and it
was shown that overexpression of p21 leads to growth arrest
and that the increased expression is sufficient for the nega-
tive regulation of gene expression by p53 in H1299 (human
non-small cell lung carcinoma cell line) cells [36, 37].

STAT1 knock-down seems to have an effect on cell cycle
progression and apoptosis by the upregulation of CDKN1A
in mesothelioma cell lines used in the present study.
However, no cell growth inhibition was detected microscop-
ically after STAT1 knock-down. Therefore cells have been
immunohistochemically stained with Caspase 3a and
Caspase 8 antibodies and the expression of both Caspases
was increased when STAT1 was knocked down. While
staining for Caspase 3a was mild and not seen in all cells,
Caspase 8 expression was dramatically increased in all cells,
when STAT1 was knocked down which of course indicates,
that apoptosis is induced. This may be explained by the fact
that Caspase 8 is an initiator caspase that, once activated,
cleaves and activates effector caspases like Caspase 3 [38,
39]. Possibly, the duration of STAT1 knock-down has been
too short, to initiate the whole apoptotic program. However,
since the effects of STAT1 knock-down differ between the
three mesothelioma cell lines used and the knock-down
seems to be compensated by an increased expression of
STAT3 and STAT5a, all three molecules should be consid-
ered for therapeutic intervention.

The results of the present study support our previous find-
ings that STAT1 acts like an oncogene in malignant pleural
mesothelioma and provide the first evidence that STAT1, in
combination with STAT3 and STAT5a, can be used as thera-
peutic target. Understanding the role of STATs in MPM could
be the first step into the development of a targeted therapy for
these tumors.
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