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Malignant pleural mesothelioma (MPM) is an aggressive tumor with poor prognosis for which an effective therapy remains to

be established. Our study investigated the therapeutic potential of the suppressor of cytokine signaling 3 (SOCS3), an

endogenous inhibitor of intracellular signaling pathways, for treatment of MPM. We infected MPM cells (H226, EHMES-1,

MESO-1 and MESO-4) with an adenovirus-expressing SOCS3 (AdSOCS3) to examine the effect of SOCS3 overexpression on

MPM cells. SOCS3 overexpression reduced MPM proliferation and induced apoptosis and partial G0/G1 arrest. SOCS3 also

inhibited the proliferation of MPM cells via multiple signaling pathways including Janus kinase (JAK)/signal transducer and

activator of transcription 3 (STAT3), extracellular signal-regulated kinase (ERK), focal adhesion kinase (FAK) and p53 pathways.

Notably, AdSOCS3 treatment inhibited tumor growth in an MPM pleural xenograft model. These findings demonstrate that

overexpression of SOCS3 has a potent antitumor effect against MPM both in vitro and in vivo and indicate the potential for

clinical use of SOCS3 for MPM treatment.

Malignant pleural mesothelioma (MPM) is an aggressive tumor
arising from the mesothelial cells of serosal cavities. MPM may
be asymptomatic at the early stage and is sometimes observed
incidentally during routine chest radiography. Common symp-
toms include chest pain and dyspnea, which are caused by
tumor invasion of the chest wall or pleural effusion and occur
late during disease progression. Although chemotherapy with
the drug pemetrexed improves survival time for unresectable
MPM patients, the overall median survival time is only
12 months.1 MPM is often associated with past exposure to
asbestos, in which case there is a long latency period, often

exceeding 20 years, between first exposure to asbestos and diag-
nosis of MPM.2 The number of deaths from MPM is expected
to increase in the next 20 years world-wide where heavy use of
asbestos has occurred.2–5 There is thus a growing need for the
development of new therapies to treat this disease.

A growing number of studies of MPM tumor biology
have established important roles for cytokines involved in tu-
mor growth or the spread of this disease.6–10 A reported
potential molecular target for MPM therapeutics is the inter-
leukin-6 (IL-6)/Janus kinase (JAK)/signal transducer and acti-
vator of transcription 3 (STAT3) signaling pathway and
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high-level expression of IL-6 in the pleural fluid of MPM
patients.11,12 The binding of IL-6 to its cognate receptor leads
to a conformational change in the receptor that initiates the
activation of JAK, which in turn activates the transcription
factor STAT3 to dimerize and translocate into the nucleus,
thus leading to the initiation of target gene transactivation.
This pathway is crucial for the occurrence of hematopoiesis,
immune response and oncogenesis.13 Moreover, dysfunction
of the regulatory system for the JAK/STAT3 pathway has
been demonstrated to be involved in the development of
cancer.13

The suppressor of cytokine signaling (SOCS) family pro-
teins14–16 participate in the negative regulation of multiple
signaling pathways including the IL-6/JAK/STAT3 signaling
pathway,17–19 while SOCS3 can bind both the cytokine recep-
tor and JAK, thus facilitating inhibition of the JAK mole-
cule.20 The restoration of SOCS3 expression in several cancer
cell lines was found to effectively suppress tumorigenicity.21

Because the JAK/STAT3 signaling pathway is frequently acti-
vated in a wide variety of human malignancies,22 SOCS3
gene delivery may represent a novel therapeutic strategy for
the treatment of human cancers, including mesothelioma.

In addition to the IL-6/JAK/STAT3 signaling pathway,
various other signaling pathways are associated with tumori-
genesis in MPM. Among these pathways, activators of onco-
genic molecules such as the extracellular signal-regulated
kinase (ERK) and focal adhesion kinase (FAK) have been
implicated.23,24 It was reported that SOCS3 participated in
the inhibition of ERK phosphorylation and the degradation
of FAK.25–27 SOCS3 can competitively block receptor
recruitment of SH2-domain-containing tyrosine phosphatase
(SHP-2) to Tyr759 of gp130, thus inhibiting ERK activation.
Interactions of SOCS3 with FAK through the Src homology 2
(SH2) domain have been reported to promote polyubiquiti-
nation and subsequent degradation of FAK. Because there
are multiple abnormalities in signal transduction and genetic
differences in individual patients, SOCS3, which, as seen
above, is involved in the regulation of multiple signals, is
expected to be effective for the treatment of MPM. However,
the potential therapeutic benefits of SOCS3 for MPM have
not yet been investigated. In the study presented here, we
investigated the efficacy of SOCS3 gene delivery for the treat-
ment of MPM.

Material and Methods
Cell lines

Mesothelioma cell lines H28, H226 and H2452 were pur-
chased from American Type Culture Collection (Manassas,
VA). Mesothelioma cell line EHMES-1 was kindly provided
by Dr. Hironobu Hamada (Ehime University, Ehime, Japan).
ACC-MESO-1 (MESO-1) and ACC-MESO-4 (MESO-4) cell
lines were purchased from RIKEN BRC cell bank (Tsukuba,
Japan). All the cells were cultured in RPMI 1640 (Wako,
Osaka, Japan) with 10% fetal calf serum (FCS) (HyClone Lab-

oratories, Logan, UT), 100 IU/mL penicillin and 100 lg/mL
streptomycin (Nacalai Tesque, Kyoto, Japan). Human adult
mesothelial cells were purchased from Zen-Bio (Research
Triangle Park, NC) and cultured in Mesothelial Cell Growth
Medium (Zen-Bio). HEK293 cells were obtained from the
JCRB Cell Bank (Tokyo, Japan) and cultured in DMEM
(Wako) with 10% FCS (HyClone), 100 IU/mL penicillin and
100 lg/mL streptomycin (Nacalai Tesque).

Reagents

Recombinant human IL-6 was kindly provided by Dr.
Kazuyuki Yoshizaki (Osaka University, Osaka, Japan),
recombinant soluble IL-6 receptor (sIL-6R) and anti-IL-6R
monoclonal antibody (tocilizumab, currently known as MRA)
were obtained from Chugai Pharmaceutical Co. (Tokyo,
Japan). Purified human IgG, purchased from Sigma (St. Louis,
MO), was used as control for MRA. JAK inhibitor I and
PD98059 were purchased from Calbiochem (La Jolla, CA) and
doxorubicin from Wako.

Preparation of adenoviruses

Replication-defective recombinant adenoviral vectors were con-
structed with the cosmid–adenoviral DNA terminal protein
complex method.28 Adenoviral vectors AdLacZ and adenovi-
rus-expressing SOCS3 (AdSOCS3) were designed to express
the LacZ gene and the human SOCS3 gene, respectively,
under the control of the CAG promoter (a modified chicken
b-actin promoter with a cytomegalovirus immediate early
enhancer).29–31 Solutions of these adenoviral vectors were pre-
pared as described previously and stored at �80�C until use.32

Adenoviral vectors containing the genes for HA-tagged Y705F
dominant-negative STAT3 (AddnSTAT3) were kindly pro-
vided by Dr. Akihiko Yoshimura (Keio University, Tokyo,
Japan).

X-gal staining

The transduction efficiency of adenoviral vectors was assessed
by means of X-gal staining. Cells were cultured in 6-well
plates at a density of 1 � 105 cells per well and infected with
AdLacZ at the indicated multiplicities of infection (MOIs).
X-gal staining was performed 24 hr after infection according
to the protocol provided by the manufacturer (Sigma-
Aldrich, St. Louis, MO).

Reverse transcription-polymerase chain reaction analysis

Total RNA of cultured cells was isolated with Sepasol-RNA I
(Nacalai Tesque) and cDNAs were synthesized from 500 ng
of each total RNA preparation with a Quantitect Reverse
Transcription kit (QIAGEN, Valencia, CA), all according to
the manufacturers’ instructions. The TaKaRa Ex Taq (Takara
Bio, Otsu, Shiga, Japan) was used for reverse transcription-
polymerase chain reaction (RT-PCR) analysis. b-actin was used
as a housekeeping gene to evaluate and compare the quality of
different cDNA samples. Primers for b-actin (67�C annealing,
33 cycles) were: forward, 50-AGCCTCGCCTTTGCCGA-30;
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reverse, 50-CTGGTGCCTGGGGCG-30. Primers for SOCS3
(55�C annealing, 33 cycles) were: forward, 50-TCAAGACCTT-
CAGCTCCAAG-30; reverse, 50-TTGACGCTGAGCGTGAAGAA-
30. And primers for p53 (60�C annealing, 33 cycles) were:
forward, 50-CCCCAGCCAAAGAGAAACC-30; reverse, 50-
TCCAAGGCCTCATTCAGCTCT-30. PCR products were
detected by means of 1% agarose gel electrophoresis with eth-
idium bromide staining.

Small interfering RNA transfection

Commercial JAK1 small interfering RNA (siRNA) was
obtained from QIAGEN. Cells were transfected with siRNA
using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Nonspecific
siRNA (QIAGEN) was used as a negative control, and the
selective silencing of JAK1 was confirmed by Western blot
analysis.

Measurement of IL-6 and sIL-6R concentrations in culture

supernatant

MPM cells were cultured in 6-well plates at a density of 1 � 105

cells per well and incubated in RPMI 1640 medium containing
0.5% FCS. The concentrations of IL-6 and sIL-6R in the 24-hr
culture supernatant were measured by means of Quantikine
Colorimetric Sandwich ELISA (R&D Systems, Minneapolis, MN).

SDS-PAGE and western blot analysis

Whole cell protein extract was prepared from MPM cells in
RIPA buffer [10 mmol/L Tris-HCl (pH 7.5), 150 mmol/L
NaCl, 1% (v/v) NP-40, 0.1% (w/v) SDS, 0.5% (w/v) sodium
deoxycholate, 1 mmol/L Na3VO4, and 1� protease inhibitor
cocktail (Roche Applied Science, Indianapolis, IN)]. Extracted
proteins were resolved on SDS-PAGE and transferred to an
Immobilon-P Transfer membrane (Millipore, Bedford, MA).
The following antibodies were used: antiphospho-STAT3,
1:1,000; anticleaved caspase-3, 1:500; antiphospho-ERK,
1:1,000; anti-ERK, 1:1,000; antiphospho-p53 (Ser46), 1:1,000;
antiphospho-p53 (Ser392), 1:1,000 (all from Cell Signaling
Technology, Danvers, MA), anti-STAT3, 1:1,000; anti-p53,
1:500; anti-GAPDH, 1:1,000 (all from Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), antiphospho-FAK (Tyr397) (1:1,000;
Biosource, Camarillo, CA), anti-JAK1, 1:1,000; anti-FAK,
1:1,000, anti-p21, 1:1,000 (all from BD Transduction Labora-
tories, San Jose, CA), antiphosphotyrosine (clone 4G10),
1:1,000 (Upstate Biotechnology, Lake Placid, NY) and anti-
SOCS3 antibody (1:500; IBL, Gunma, Japan), followed by a
1:5,000 dilution of donkey antirabbit or 1:5,000 dilution of
sheep antimouse horseradish peroxidase-conjugated second-
ary antibodies (GE Healthcare Bio-Sciences, Piscataway, NJ)
and visualized with the Western Lightning ECL reagent
(Perkin-Elmer, Boston, MA).

Immunoprecipitation

Cells were lysed in ice-cold RIPA buffer. After clearing of the
lysate, anti-p53 antibody (Cell Signaling Technology) was

added to the lysate followed by overnight incubation at 4�C.
Protein G Sepharose (GE Healthcare Bio-Sciences) was then
added and incubated by end-over-end mixing for 2 hr. The
beads were washed five times in RIPA buffer and analyzed
by Western blotting.

Phospho-kinase array

Expression of phosphorylated proteins was detected with the
Proteome ProfilerTM Human Phospho-Kinase Array kit
(R&D Systems). The procedures were performed according to
the manufacturer’s protocol using 400 lg protein lysate per
array.

MTS assay

MPM cell lines were plated in 96-well plates at a density of
1,000 cells per well and incubated in RPMI 1640 medium
containing 10% FCS. After a three-day culture, cell prolifera-
tion was evaluated with the 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay (CellTiter 96 aqueous nonradioactive cell prolif-
eration assay; Promega, Madison, WI). MTS color develop-
ment was measured and analyzed with a microplate reader
Model 680 (Bio-Rad Laboratories, Hercules, CA) at a wave-
length of 450 nm with a reference wavelength of 750 nm.
This assay was performed in triplicate.

Apoptosis assay

MPM cells were grown to confluence to attain synchroniza-
tion in G1 and subcultured at a lower density (1 � 105 cells
in a six-well plate) for 24 hr so that most of the cells were in
the S phase. Adenoviral vectors were infected by distributing
suspensions of AdSOCS3 or AdLacZ onto cells at a MOI of
40, followed by incubation at 37�C for an additional 72 hr.
The cells were then trypsinized and collected with the super-
natants, followed by determination of cell viability by means
of annexin V and 7-amino-actinomycin D (7-AAD) staining
(BD Biosciences, San Jose, CA) using the FACSCanto flow
cytometer (BD Biosciences). Data were analyzed with FlowJo
software (Tree Star, Ashland, OR). This assay was performed
in duplicate.

Cell cycle assay

MPM cells were grown to confluence to attain synchroniza-
tion in G1 and subcultured at a lower density (1 � 105 cells
in a six-well plate) for 24 hr so that most of the cells were in
the S phase. Adenoviral vectors were infected by distributing
suspensions of AdSOCS3 or AdLacZ onto cells at an MOI of
40, followed by incubation at 37�C for an additional 24 hr.
The cells were then trypsinized and collected with the super-
natants, after which the cell cycle was determined by means
of propidium iodide (PI) staining according to the instruc-
tions for the Cycle Test Plus DNA Reagent kits (BD Bio-
sciences) using the FACSCanto flow cytometer. This assay
was performed in duplicate.
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Mouse xenograft model

All animal experiments were conducted according to the
institutional ethical guidelines for animal experimentation of
the National Institute of Biomedical Innovation (Osaka,
Japan). Female ICR nu/nu mice, 6 to 7 weeks of age, were
obtained from Charles River Japan (Yokohama, Japan). The
mice were housed for 7 to 14 days and allowed ad libitum
access to food and water.

For subcutaneous xenograft experiments, we injected
3 � 106 cells in a total volume of 100 lL of 1/1 (v/v) PBS/
Matrigel (Becton Dickinson, Bedford, MA) in the flank of ICR

nu/nu mice. When the tumor sizes reached �100 mm3, 1 � 108

plaque-forming units (pfu)/50 lL of AdSOCS3 or AdLacZ was
injected intratumorally twice per week. Tumor volumes were
determined weekly by measuring in two dimensions, length (L)
and width (W), and calculating volume as (W2 � L)/2.

For pleural xenograft experiments, cells were resuspended
in PBS at a density of 1 � 106 cells in a total volume of
150 lL of 1/1 (v/v) PBS/Matrigel (Becton Dickinson). The
mice were intrathoracically injected with 150 lL of the cell
suspension through a 26-gauge needle. Seven, 14 and 21 days
after cell inoculation, 5.0 � 107 plaque-forming units (pfu)/

Figure 1. MRA treatment does not inhibit the growth of MPM cells. (a) IL-6 and sIL-6R concentrations were measured by using sandwich

ELISA. Results are shown as average (columns) þ SD (bars). (b) Growth curves of H226 and EHMES-1 cells treated with MRA. Cells were

cultured in RPMI medium containing 10% FCS with 2.5–40 lg/mL MRA or human IgG. After a 3-day culture, viable cell numbers were

counted with the MTS assay. Figures show the average (points) of triplicate wells 6 SD (bars). (c) Inhibition of phosphor-STAT3 by MRA.

H226 and EHMES-1 cells were cultured in RPMI medium containing 0.5% FCS with 2.5–40 lg/mL MRA or human IgG. After a 24-hr culture,

the phosphorylation of STAT3 in MPM cells was analyzed after 10-min stimulation with 100 ng/mL of IL-6 and 100 ng/mL of sIL-6R. The

lysates from IL-6- and sIL-6R-stimulated cells were analyzed by means of Western blot with antiphospho STAT3 antibody, and subsequently

with anti-STAT3 and anti-GAPDH antibody.
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150 lL of AdSOCS3 or AdLacZ was injected into the tho-
racic space with the same technique. Twenty-eight days after
cell inoculation, the mice were sacrificed and their thoracic
spaces examined macroscopically for growths, and tumors
detected in the thoracic spaces were removed and weighed.

Immunohistochemistry

Tumors in the thoracic spaces were harvested and paraffin
embedded for immunohistochemical analysis using anti-
SOCS3 antibody (IBL). Terminal deoxynucleotidyl transfer-
ase-mediated dUTP nick-end labeling (TUNEL) assay (with
DAPI nuclear counterstaining) for apoptosis was performed
using the ApopTagVR Fluorescein in situ Apoptosis Detection
Kit (Chemicon International, Temecula, CA) according to the
manufacturer’s instructions.

Statistical analysis

Data are shown as mean 6 SD for the number of experi-
ments indicated. Student’s t-test was used for comparison of
the data. Differences were considered significant at p < 0.05.

Results
MRA treatment has no inhibitory effect on the growth of

MPM cells

Reports of high-level expression of IL-6 in the pleural fluid
of MPM patients prompted us to investigate the role of this
signaling pathway in MPM. To characterize IL-6/sIL-6R
levels secreted by MPM cell lines, we used sandwich ELISA
for quantitation of IL-6/sIL-6R levels in 24-hr culture super-
natants. As shown in Figure 1a, H226 and EHMES-1 were
identified as cell lines with high IL-6/sIL-6R secretion.

Figure 2. Overexpression of SOCS3 inhibits the growth of MPM cells. (a) Growth curves of MPM cells treated with AdSOCS3. Cells were

infected with either AdSOCS3 or AdLacZ as control at an MOI of 10–160. Cells were cultured in RPMI 1640 medium containing 10% FCS.

After a 3-day culture, viable cell numbers were counted with the MTS assay. Figures show the average (points) of triplicate wells 6 SD

(bars). (b) Expression of SOCS3 as a result of transduction of AdSOCS3. Cells were infected with either AdSOCS3 or AdLacZ as control at

an MOI of 10–160. Cells were cultured in RPMI 1640 medium containing 10% FCS. After a 24-hr culture, the cell lysates were analyzed by

means of Western blotting using anti-SOCS3 antibody and subsequently with anti-GAPDH antibody. (c) Transduction efficiency of the

adenoviral vector in H226 cells. H226 cells were infected with AdLacZ at the indicated MOI and stained with X-gal 24 hr after infection.

(d) Expression of endogenous SOCS3. RT-PCR was used for the assessment of SOCS3 expression.
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Because it has been reported that IL-6 may represent a
therapeutic target for tumorigenesis in MPM cells,12 we sub-
sequently tested the effect of anti-IL-6R monoclonal antibody
(MRA) treatment. For this analysis, we used H226 and
EHMES-1 cells which secrete high levels of IL-6. Figure 1b
shows that MRA did not inhibit cell growth in H226 and
EHMES-1 cells. On the other hand, it has been reported that
25 lg/mL of MRA is required for sufficient growth suppres-
sion of Lennert’s lymphoma-derived T cells which show IL-
6–dependent cell growth12 and we demonstrated that MRA
inhibited IL-6-stimulated STAT3 phosphorylation in MPM
cells (Fig. 1c). These results suggest that, although H226 and
EHMES-1 cells secreted high levels of IL-6, IL-6 signaling
had little effect on the growth of these cells. However, the
role of STAT3 on cell growth in H226 and EHMES-1 cells

was not clear since MRA treatment did not inhibit endoge-
nous phosphorylated STAT3 levels in these cells.

Overexpression of SOCS3 inhibits the growth of MPM cells

The JAK/STAT3 pathway is an important signaling pathway
negatively regulated by SOCS3. We therefore used a replica-
tion-defective recombinant adenoviral vector to investigate
the regulation of MPM cell growth by SOCS3. As shown in
Figure 2a, AdSOCS3 strongly inhibited cell growth in H226,
EHMES-1, MESO-1 and MESO-4 cells, while the endogenous
SOCS3 expression levels of MPM cells were higher than
those of normal mesothelial cells (Fig. 2d). This indicates
that overexpression of SOCS3 was required for growth inhi-
bition of MPM cells. Because sufficient transduction effi-
ciency of the adenovirus vector and strong expression of

Figure 3. SOCS3 induces apoptosis and G0/G1 arrest in MPM cells. (a) Cells were infected with either AdSOCS3 or AdLacZ as control at an

MOI of 40. Cells were cultured in RPMI 1640 medium containing 10% FCS for 3 days. Apoptosis was determined by means of annexin V

and 7-AAD staining using flow cytometry. Figures show the average of duplicate wells 6 SD. (b) Cells were infected with either AdSOCS3 or

AdLacZ as control at an MOI of 40. Cells were cultured in RPMI 1640 medium containing 10% FCS for 3 days. Whole cell extracts were

prepared and immunoblotted with anticleaved caspase-3 antibody. (c) Cells were infected with either AdSOCS3 or AdLacZ as control at an

MOI of 40. Cells were cultured in RPMI 1640 medium containing 10% FCS for 24 hr. The cell cycle was determined by means of propidium

iodide (PI) staining using flow cytometry. Figures show the average (columns) of duplicate wells þ SD (bars).
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SOCS3 were detected at an MOI of 40 in MPM cells (Figs.
2b and 2c), we performed subsequent experiments using
AdSOCS3 at an MOI of 40.

SOCS3 induces apoptosis and G0/G1 arrest in MPM cells

Next, we investigated the mechanism by which AdSOCS3
inhibited cell growth in H226, EHMES-1, MESO-1 and

MESO-4 cells. Since light microscopy findings suggested poor
cell viability, apoptosis in these cells was tested by means of
annexin V and 7-AAD staining using flow cytometry three
days after the addition of AdSOCS3 to the culture. The
results of flow cytometric analysis led to the identification of
two types of cells: early apoptotic (AnnexinVþ7-AAD�) and
late apoptotic (Annexin Vþ7-AADþ). Compared to treatment
with AdLacZ, treatment with AdSOCS3 resulted in elevated

Figure 4. SOCS3 inhibits JAK1, ERK and FAK signaling. (a) Growth curves of H226 and EHMES-1 cells treated with JAK inhibitor I. Cells were

cultured in RPMI 1640 medium containing 10% FCS with 0.25–4 lM JAK inhibitor I or dimethyl sulfoxide (DMSO) (untreated). After a 3-day

culture, viable cell numbers were counted with the MTS assay. Figures show the average (points) of triplicate wells 6 SD (bars). (b)

Inhibition of JAK1 phosphorylation by AdSOCS3. H226 cells were cultured in RPMI 1640 medium containing 0.5% FCS with 1 lM JAK

inhibitor I or AdSOCS3 at an MOI of 40. After 24 hr of culturing, 100 ng/mL of IL-6 and 100 ng/mL of sIL-6R were added for 10 min and

protein extracts were immunoprecipitated with anti-JAK1 antibody and blotted with antiphosphotyrosine antibody (clone 4G10). (c) Growth

of H226 and EHMES-1 cells treated with JAK1 siRNA. Cells were treated with either JAK1 siRNA or nonspecific siRNA as control. Cells were

cultured in RPMI 1640 medium containing 0.5% FCS, 100 ng/mL of IL-6 and 100 ng/mL of sIL-6R. After a 3-day culture, viable cell

numbers were counted with the MTS assay. Figures show the average (columns) of triplicate wells þ SD (bars). Protein extracts were

immunoprecipitated with anti-JAK1 antibody and blotted with antiphosphotyrosine antibody (clone 4G10) and subsequently with anti-JAK1

antibody. (d) Growth curves of H226 and EHMES-1 cells treated with PD98059. Cells were cultured in RPMI 1640 medium containing 10%

FCS with 2.5–40 lM PD98059 or dimethyl sulfoxide (DMSO) (untreated). After a 6-day culture, viable cell numbers were counted with the

MTS assay. Figures show the average (points) of triplicate wells 6 SD (bars). (e) Inhibition of ERK phosphorylation by AdSOCS3. H226 and

EHMES-1 cells were cultured in RPMI 1640 medium containing 0.5% FCS with 4 lM PD98059 or AdSOCS3 at an MOI of 40. After 24 hr of

culturing, protein extracts were blotted with antiphospho-ERK antibody. (f) Negative regulation of FAK signaling by SOCS3. H226 and

EHMES-1 cells were cultured in RPMI 1640 medium containing 10% FCS with AdSOCS3 at an MOI of 40. After 24 hr of culturing,

cells were cultured in RPMI 1640 medium containing 0.5% FCS for an additional 24 hr. Protein extracts were blotted with

antiphospho-FAK antibody.
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Figure 5. SOCS3 regulates p53 expression in a STAT3-independent manner. (a) Growth curves of H226 and EHMES-1 cells treated with

AddnSTAT3. Cells were infected with either AddnSTAT3 or AdLacZ as control at an MOI of 10–160. Cells were cultured in RPMI 1640

medium containing 10% FCS. After a 3-day culture, viable cell numbers were counted with the MTS assay. Figures show the average

(points) of triplicate wells 6 SD (bars). (b) Phospho-kinase array revealed that H226 cells treated with AdSOCS3 showed higher levels of

phospho-p53 (Ser 392) and phospho-p53 (Ser 46) expression than those treated with AddnSTAT3 or AdLacZ. H226 cells were cultured in

RPMI 1640 medium containing 0.5% FCS with AdSOCS3 at an MOI of 40. After 24 hr of culturing, protein extracts were examined with a

phospho-kinase array with each phosphorylated protein identified in duplicate. The double-labeled spots in the upper right corner

represent the positive controls. (c) p53 expression was induced by AdSOCS3. H226 cells were cultured in RPMI 1640 medium containing

0.5% FCS with AdSOCS3 at an MOI of 40. After 24 hr of culturing, protein extracts were probed with antiphospho-p53 (Ser 392), phospho-

p53 (Ser 46), p53, phospho-STAT3, STAT3 and GAPDH antibody. (d) Influence of JAK1 siRNA on p53 expression. Either JAK1 siRNA or

nonspecific siRNA as control was added to H226 cells. Cells were cultured in RPMI 1640 medium containing 0.5% FCS. After 48 hr of

culturing, 100 ng/mL of IL-6 and 100 ng/mL of sIL-6R were added for 10 min. The protein extracts were probed with antiphospho-p53 (Ser

392), phospho-p53 (Ser 46), p53 and GAPDH antibody or immunoprecipitated with anti-JAK1 antibody and blotted with

antiphosphotyrosine antibody (clone 4G10) and subsequently with anti-JAK1 antibody. (e) Expression of p53. RT-PCR was used to

determine levels of p53 expression. (f) SOCS3 interacts with p53. H226 cells were cultured in RPMI 1640 medium containing 10% FCS with

AdSOCS3 at an MOI of 40. After 24 hr of culturing, protein extracts were immunoprecipitated with anti-p53 antibody and immunoblotted

with anti-SOCS3 antibody. (g) SOCS3 enhances p21 expression. H226 cells were cultured in RPMI 1640 medium containing 10% FCS with

AdSOCS3 at an MOI of 40. After 12 hr of culturing, H226 cells were treated with doxorubicin (300 ng/mL) for 0–48 hr. Protein extracts

were immunoblotted with anti-p21 antibody.



apoptosis in both early and late apoptotic subsets in H226,
EHMES-1, MESO-1 and MESO-4 cells (Fig. 3a). Further-
more, cleaved caspase-3, one of the key molecules in apopto-
sis, was detected in whole cell extracts of H226, EHMES-1,
MESO-1 and MESO-4 cells treated with AdSOCS3 (Fig. 3b).
We therefore conclude that AdSOCS3 induced apoptosis in
MPM cells.

In addition to apoptosis, cell cycle regulation is an im-
portant mechanism for inhibition of cell growth. To ana-
lyze the effect of AdSOCS3 on cell cycle regulation, we
infected H226, EHMES-1, MESO-1 and MESO-4 cells
with AdSOCS3 and then analyzed cell cycle distribution
by means of flow cytometry. When H226 and MESO-4
cells were treated with AdSOCS3, the G0/G1 cell popula-
tion increased more than in those treated with AdLacZ
(Fig. 3c).

SOCS3 inhibits JAK1, ERK and FAK signaling

One of the important signaling pathways regulated by
SOCS3 is the JAK/STAT3 pathway. We used JAK inhibitor
I, which suppresses JAK2 signaling, to investigate the regu-
lation of cell growth by JAK signaling pathways. For this
assay, we used H226 and EHMES-1 cell lines (on which
MRA had no growth inhibitory effect) to investigate the
IL6-independent growth inhibitory effect by SOCS3. As
shown in Figure 4a, only the growth of EHMES-1 cells,
and not of H226 cells, was inhibited by JAK inhibitor I.
This suggests that AdSOCS3 inhibited cell growth in H226
cells via signaling pathways which were not inhibited by
JAK inhibitor I.

To identify the differences between the inhibitory effects
of AdSOCS3 and JAK inhibitor I on JAK signaling pathways,
we studied changes in the phosphorylation status of JAK1 in
H226 cells treated with AdSOCS3 and JAK inhibitor I. Figure
4b shows that AdSOCS3 suppressed IL-6–stimulated JAK1
phosphorylation, but that JAK inhibitor I did not affect it.
These results lead us to propose that SOCS3 inhibited cell
growth in H226 in part by means of negative regulation
of JAK1.

We used JAK1 siRNA to evaluate the role of JAK1 signal-
ing pathways in cell growth. As seen in Figure 4c, JAK1
siRNA inhibited cell growth in H226 and EHMES-1 cells,
suggesting that the growth of H226 cells was partially regu-
lated by JAK1 signaling.

Because it has been reported that SOCS3 inhibits the ERK
and FAK signalling pathways, we examined these pathways
in H226 and EHMES-1 cells. Figure 4d demonstrated that
the growth of H226 and EHMES-1 cells was inhibited by the
ERK inhibitor PD98059, while ERK phosphorylation was
inhibited by AdSOCS3 in these cells (Fig. 4e). In addition,
AdSOCS3 inhibited phospho-FAK and FAK in H226 and
EHMES-1 cells (Fig. 4f). We therefore conclude that overex-
pression of SOCS3 regulates multiple signaling pathways in
MPM cells.

SOCS3 regulates p53 expression

We next investigated the role of STAT3 in H226 and
EHMES-1 cells and used AddnSTAT3 to examine the regu-
lation of cell growth by STAT3 signaling pathways. As seen
in Figure 5a, AddnSTAT3 inhibited cell growth in EHMES-
1 cells but not in H226 cells. Since this suggests that
STAT3 is not involved in the growth of H226 cells, we
focused our study on signaling pathways independent of
STAT3.

To identify the target molecules of SOCS3 in STAT3-inde-
pendent pathways, we used a phospho-kinase array to evalu-
ate the expression profile of phosphorylated proteins in H226
cells. Figure 5b shows that expression of phospho-p53 (Ser
392) and phospho-p53 (Ser 46) in H226 cells after treatment
with AdSOCS3 was higher than in those treated with either
AddnSTAT3 or AdLacZ. In addition to phospho-p53,
p53 was also highly expressed when treated with AdSOCS3
(Fig. 5c). These results suggest that SOCS3 regulated p53
expression.

We next investigated whether JAK1 regulates p53 expres-
sion. To this end, we used JAK1 siRNA for the transfection
of H226 cells and Western blotting for the examination of
p53 expression. As shown in Figure 5d, silencing of JAK1 did
not influence p53 expression, indicating that JAK1 and p53
are regulated by SOCS3 via independent pathways.

Since transfection with AdSOCS3 did not enhance tran-
scription of p53 in H226 cells (Fig. 5e), we next investigated
whether SOCS3 interacts with p53. After transfection of
AdSOCS3 into H226 cells, we detected SOCS3 in the immu-
noprecipitate of a p53-specific antibody (Fig. 5f). In addition,
SOCS3 enhanced the expression of p21 which was the target
of p53 (Fig. 5g). Taken together, these findings suggest that
SOCS3 interacts with p53 protein.

SOCS3 exhibits antitumor activity in a mesothelioma

xenograft model

We also evaluated the therapeutic effect of AdSOCS3 injec-
tion on the growth of subcutaneously or intrathoracically
implanted MPM cells in ICR nu/nu mice. Of the MPM cell
lines used in our study, we were able to establish H226 and
MESO-4 xenograft models. Injection of AdSOCS3 vector
(1�108 pfu/50 lL) intratumorally twice per week reduced tu-
mor volumes compared to tumor volumes in control
AdLacZ-injected animals (Fig. 6a). Preliminary experiments
revealed that when 1 � 106 MPM cells (H226 or MESO-4)
were inoculated into the thoracic space, dissemination of
tumors was observed in all mice 28 days after cell implanta-
tion. Injection of the AdSOCS3 vector (5 � 107 pfu/150 lL)
into the thoracic cavity 7, 14 and 21 days after the implanta-
tion of 1 � 106 MPM cells (H226 or MESO-4), reduced the
weight of tumor nodules compared to the weight of those in
control AdLacZ-injected animals (Figs. 6b and 6c). Finally,
Western blot and immunohistochemical analysis indicated
that SOCS3 was overexpressed and induced apoptosis in the
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Figure 6. SOCS3 exhibits antitumor activity in a mesothelioma xenograft model. (a) Female ICR nu/nu mice were intratumorally treated with

1 � 108 pfu of AdSOCS3 or AdLacZ twice per week after the implantation of 3 � 106 H226 or MESO-4 cells subcutaneously in the flank of

mice. Tumor volumes were determined weekly. Figures show the average (points) for five animals 6 SD (bars). (b) Gross appearance of

H226 and MESO-4 tumors grown orthotopically in the thoracic spaces. Female ICR nu/nu mice were intrathoracically treated with 5 � 107

pfu of AdSOCS3 or AdLacZ for 7, 14 and 21 days after the implantation of 1 � 106 H226 or MESO-4 cells into the pleural space. After

28 days of tumor cell inoculation, the animals were sacrificed and pleural dissemination of the tumor cells was assessed. (c) Each tumor

nodule found in the thoracic spaces was also weighed. Figures show the average (columns) for eight animals þ SD (bars). (d) Western blot

analysis of SOCS3 and cleaved caspase-3 in H226 tissue from AdSOCS3-injected animals (left panel). The H226 cell bearing animals were

treated with AdSOCS3 on day 7 and sacrificed on day 10. The thoracic tumors were analyzed by Western blot. Immunohistochemical

analysis of SOCS3 and TUNEL (blue fluorescence ¼ DAPI staining for nuclei; cyan fluorescence ¼ TUNEL positivity) in H226 tissue from

AdSOCS3-injected animals (right panel). The animals were treated in the same way as described above.
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H226 tissue from AdSOCS3-injected animals (Fig. 6d).
Immunohistochemical analysis of SOCS3 overexpression and
apoptosis in MESO-4 tissue could not be clearly determined,
however Western blot analysis showed identical results to
that observed in H226 tissue (data not shown). From these
results, we conclude that SOCS3 exhibits antitumor activity
not only in vitro but also in vivo in the MPM model. We
hope that these findings may lead to the successful clinical
application of SOCS3 for MPM treatment.

Discussion
Malignant mesothelioma represents a great challenge to both
clinicians and researchers due to its poor prognosis and re-
markable resistance to current therapies. Although there
have been some improvements in treatment over the past
few years, a better understanding of the molecular basis of
the disease and of how to improve treatment is required.
Among molecular targeted therapies, recently developed ty-
rosine kinase inhibitors have been tested for MPM but with-
out therapeutic benefit. This is partially explained by the
fact that multiple receptor tyrosine kinases are frequently
activated in most MM cells.23 In our study, we showed that
SOCS3 inhibited the proliferation of MPM cells through
multiple signaling pathways including JAK/STAT3, ERK,
FAK and p53 pathways. We observed that SOCS3 did not
influence the expression and activation of p38, JNK, Akt or
GSK3b proteins in H226 and EHMES-1 cell lines (data not
shown). Specifically, we were able to demonstrate that
AdSOCS3 inhibits MPM progression in a mouse pleural
xenograft model. These data provide new insights into the
clinical application of SOCS3 gene delivery for the treatment
of MPM.

We also provided evidence that MRA had little effect on
proliferation of MPM cells. A recent study by Adachi et al.12

found that MRA is capable of blocking IL-6 signaling and
suppresses the cell growth of MPM induced by IL-6/sIL-6R.
We hypothesize that MRA was not able to inhibit prolifera-
tion of these cells because it did not inhibit signals from
other cytokines acting through gp130 or endogenous acti-
vated molecules downstream of gp130 involved in prolifera-
tion of these cells.

There are several JAK inhibitors, including JAK inhibitor
I,33 but these inhibitors inhibit JAK1 less than they do other
JAK family molecules. This may explain why, although JAK1
is involved in H226 cell proliferation, JAK inhibitor I had lit-
tle effect on proliferation of H226 cells. SOCS3, however, is
an effective JAK1 inhibitory molecule and also inhibits prolif-
eration of H226 cells. It has further been reported that JAK2
inhibitors have antitumor effects on various cancer cells.34

Because of its pan-JAK inhibitory effect,20 SOCS3 appears to
be a promising antitumor molecule.

We were able to show that SOCS3 regulated phospho-p53
(Ser392 and Ser46) and total p53 expression. Functional inac-

tivation of the p53 pathways appears to be a critical require-
ment for the development of several human cancers.35 In
spite of the fact that mutations in p53 are among the most
commonly acquired genetic lesions seen in cancers, p53
mutations are rarely seen in MPM including H226 cells.36 It
has been reported that Ser392 phosphorylation may regulate
the oligomerization of p53 and thus its sequence-specific
DNA binding,37,38 while phosphorylation of Ser46 has been
implicated in the activation of p53-dependent apoptotic
responses.39,40 The most thoroughly characterized down-
stream target of p53 activation is the induction of p21
expression, with p21 playing a critical role in the cell cycle
checkpoint.41 In our study, moreover, SOCS3 enhanced p21
expression and induced apoptosis and G0/G1 arrest in MPM
cells. In view of these results, we propose that SOCS3 induces
apoptosis as well as G0/G1 arrest partially through the p53
pathways in MPM cells.

Recently, it has been reported that SOCS1 activates p53
via a direct interaction between the SH2 domain of SOCS1
and the N-terminal transactivation domain of p53,42 while
we were able to show that SOCS3 did not enhance transcrip-
tion of p53 but interacted with p53. It is thus conceivable
that the observed interaction of SOCS3 with p53 may in turn
enhance p53 protein stability. Such a mechanism may there-
fore involve the inhibition of interaction of p53 with other
proteins that promote p53 protein degradation.

In our study, we used adenoviral SOCS3 gene transfer to
the thoracic cavity in a mouse xenograft pleural tumor model
to provide evidence of a potent antitumor effect of SOCS3 in
vivo. Because MPM locates within the thoracic cavity and
rarely displays widespread metastasis, gene transfer to the
thoracic cavity makes this tumor uniquely accessible, thus
facilitating the direct administration of novel therapeutic
agents and subsequent analysis of treatment effects. Clinical
trials involving intrapleural administration of adenoviral vec-
tors to MPM patients have demonstrated that intrapleural
gene therapy using adenoviral vectors is safe and well toler-
ated by MPM patients.43,44

In conclusion, we demonstrated the antitumor effect of
SOCS3 against MPM both in vitro and in vivo. The results of
clinical application of SOCS3 for MPM treatment are eagerly
anticipated.
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