Fig. 5. PDGF-D-induced
activation of Akt and ERK in
mesothelioma cells. Western
blotting was carried out in Met5A
(A), MSTO-211H (B), NCIH-
H2052 (C), NCIH-H2452 (D), and
NCIH-28 cells (E), transfected
with the NC siRNA (NC) or the
PDGF-BR siRNA (PDGF-BRKD)
before and after 10-min treatment
with PDGF-D (40 ng/ml). In the
blotting membranes shown,
arrows indicate 44 kDa of ERK,
corresponding to ERK1. In the
graphs, expression levels for
each protein were normalized by
B-actin. Each value represents
the mean (& SEM) ratio of

phosphorylated Akt (p-Akt) -

against total amount of Akt or the
phosphorylated ERK (p-ERK)
against total amount of ERK (n=4
independent experiments). Note
that each value before treatment
with PDGF-D is regarded as 1. P
values, Dunnett’s test.

the Akt inhibitor MK2206, while Met5A cell migration
was not affected by PDGF-D in the presence and absence
of MK 2206 (Fig. 6C). This indicates the participation of
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Akt, a downstream effector of PDK1, in PDGF-D-
engaged regulation of malignant mesothelioma cell
chemotaxis.
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Fig. 6. PDGF-D-
induced facilitation of
malignant mesothe-
lioma cell chemotaxis
through a PDGF-Bf
receptor  signaling
pathway along a PI3
kinase/PDK1/Akt/
Racl/ROCK axis or by
activating ERKI.
Chemotaxis assay was
carried out in cells as
indicated by applying
PDGF-D (4 ng) in the
presence and absence
of wortmanin (50
nmol)(A), BX912 (10
nmol)(B), MK2206
(5 nmol)(C), NSC23766
(100 nmol)(D), Y27632
(10 nmol)(E) or PD98059
(1 pmol) (F). In the
graph, each value
represents the mean (+
SEM) velocity (n=15
independent
experiments). P values,
unpaired #-test.

PDGF-D-induced facilitation of malignant
mesothelioma cell migration was significantly attenuated
by the Racl inhibitor NSC23766, while MetSA cell
migration was not affected by PDGF-D in the presence
and absence of NSC23766 (Fig. 6D). This indicates the
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cell chemotaxis.

participation of Racl, a downstream effector of Akt, in
PDGF-D-engaged regulation of malignant mesothelioma

PDGF-D-induced facilitation of malignant
mesothelioma cell migration was significantly suppressed
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by the ROCK inhibitor Y27632, while Met5A cell
migration was not affected by PDGF-D in the presence
and absence of Y27632 (Fig. 6E). This indicates the
participation of ROCK, a downstream effector of Racl,
in PDGF-D-engaged regulation of malignant
mesothelioma cell chemotaxis.

PDGF-D-induced facilitation of malignant
mesothelioma cell migration, alternatively, was
significantly suppressed by the MEK 1 inhibitor PD98059,
while Met5A cell migration was not affected by PDGF-
D in the presence and absence of PD98059 (Fig. 6F).
This indicates that ERK1 still participates in PDGF-D-
engaged regulation of malignant mesothelioma cell
chemotaxis.

Overall, these results lead to a conclusion that PDGF-
D promotes malignant mesothelioma cell chemotaxis as
mediated via PDGF-3f receptors linked to activation of
PI3 kinase/PDK1/Akt/ Racl/ROCK and ERKI.

Discussion

Chemotaxis, cell motility directed towards higher
concentrations of chemoattractants, plays a critical role
in invasion and metastasis of cancers [25]. The motility
is regulated according to gradients of chemoattractants
such as chemokines and growth factors, that activate
chemokine receptors and receptor tyrosine kinases,
respectively. Malignant mesothelioma cells are recognized
to progressively invade into the peritoneum or the pleura.
Several avenues of studies have suggested the implication
of PDGF, a growth factor, in metastasis of a variety of
cancers, but little is known about the effect on malignant
mesothelioma cells,

In our earlier study, FBS facilitated malignant
mesothelioma cell migration and the effect was inhibited
by the uPA inhibitor UTI [24]. This suggests that FBS
stimulates secretion of PDGF-D, that is converted to
active dimer of PDGF-DD through uPA-mediated
proteolytic processing, thereby activating PDGF-Bf3
receptors bearing facilitation of malignant mesothelioma
cell chemotaxis. In the present study, FBS significantly
increased the amount of extracellular PDGF-D for
malignant mesothelioma cells such MSTO-211H, NCIH-
2052, NCIH-2452, and NCIH-28 cells. FBS also increased
the amount of extracellular PDGF-D for non-malignant
Met5A cells, but not significantly. This provides evidence
for FBS-induced PDGF-D secretion from mesothelioma
cells, with the extent being greater for malignant
mesothelioma cells than that for non-malignant

mesothelioma cells. This also suggests that malignant
mesothelioma cells favor an autocrine activation of
PDGF-BB receptors.

PDGF-[3j3 receptor is a receptor tyrosine kinase. For
a PDGF-Bp receptor signaling pathway, activation of
PDGF-BB receptor by PDGF-D, i.e., activation of
tyrosine kinase, phosphorylates insulin substrate protein
(IRS)-1/-2. Phosphorylated IRS-1/-2, in turn, recruits and
activates PI3 kinase, to produce phosphatidylinositol
(3,4,5)-trisphosphate [PI (3,4,5) P,] from
phosphatidylinositol (4,5)-biphosphate [PI (4,5) P,]. PI
(3,4,5) P, binds to and activates PDK1, which
phosphorylates and activates Akt. Activated Akt activates
the small G-protein Rac1/Cdc42 followed by activation
of the effector ROCK. For another PDGF-B receptor
signaling pathway, activation of PDGF-Bf receptor by
PDGF-D phosphorylates Shc2, to recruit and associate
Grb2 and SOS, a guanine nucleotide exchange factor for
Ras, thereby activating Ras. Activated Ras activates Raf,
a serine/threonine protein kinase. Activated Raf
phosphorylates and activates MEKK, a serine/threonine
protein kinase, followed by phosphorylation and activation
of MEK, a serine/thréonine protein kinase, to
phosphorylate and activate MAPK, a serine/threonine
protein kinase. In the present study, PDGF-D increased
phosphorylated Akt, i.e., the active form of Akt, and
phosphorylated ERK 1, the active form of ERK1, in all
the non-malignant and malignant mesothelioma cells used
here, and those effects were inhibited by knocking-down
PDGF-B receptor. This suggests that PDGF-33 receptor
is capable of activating ROCK along a PI3 kinase/PDK 1/
Akt/Racl (Cdc42) axis and activating MAPK along a
Ras/Raf/MEKK/MEK axis.

In the chemotaxic assay, PDGF-D facilitated
migration of all the malignant mesothelioma cells used
here, MSTO-211H, NCIH-2052, NCIH-2452, and NCIH-
28 cells, with the potency varying among cell types, while
the facilitatory effect was not obtained with non-malignant
Met5A cells. This confirms that PDGF-D serves as a
chemoattractant for malignant mesothelioma cell
chemotaxis. If this is true, then PDGF-D might facilitate
malignant mesothelioma cell chemotaxis by activating
PDGF-38 receptors. PDGF-D-induced facilitation of
malignant mesothelioma cell migration was abolished by
knocking-down PDGF-J3 receptor, providing direct
evidence for the implication of PDGF-B receptor in the
facilitatory action of PDGF-D on malignant mesothelioma
cell chemotaxis.

PDGF-D-induced facilitation of malignant
mesothelioma cell migration was clearly prevented by the
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PI3 kinase inhibitor wortmannin, the PDK1 inhibitor
BX912, the Akt inhibitor MK2206, the Racl inhibitor
NSC23766, or the ROCK inhibitor Y27632. This indicates
that PDGF-D promotes malignant mesothelioma cell
chemotaxis through a PDGF-B receptor signaling
pathway along a PI3 kinase/PDK1/Akt/Racl/ROCK
axis. PDGF-D-induced facilitation of malignant
mesothelioma cell migration, on the other hand, was
still inhibited by the MEK 1 inhibitor PD98059, suggesting
that PDGF-D promotes malignant mesothelioma
cell chemotaxis through another PDGF-3f receptor
signaling pathway along a Ras/Raf/fMEKK/MEK/MAPK
axis.

Several avenues of studies have provided direct and
indirect evidence for PDGF-D/PDGF-Bf receptor as a
mediator for development, progression, and metastasis in
a variety of cancer cells [15-23]. Imatinib mesylate, an
inhibitor of receptors tyrosine kinases including PDGF-
BB receptor, has been attempted for treatment of malignant
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Abstract

Background Malignant mesothelioma is an aggressive
tumor of serosal surfaces that is closely associated with
asbestos exposure which induces oxidative stress. Heme
oxygenase (HO)-1, a rate-limiting enzyme of heme deg-
radation, plays a protective role against oxidative stress.
The HO-1 gene promoter carries (GT)n repeats whose
number is inversely related to transcriptional activity of the
HO-1 gene.

Methods To investigate the relationship between the
length polymorphism of (GT)n repeats and mesothelioma
susceptibility, we analyzed the HO-1 promoter in 44
asbestos-exposed subjects without mesothelioma and 78
asbestos-exposed subjects with mesothelioma using PCR-
based genotyping.

Results The number of repeats ranged from 16 to 38, with
two peaks at 23 and 30 repeats. Polymorphisms of (GT)n
repeats were grouped into two classes of alleles, short
(S) (<24) and long (L) (=>24), and three genotypes: L/L,
L/S, and S/S. The proportions of allele frequencies in
class L as well as genotypic frequencies of L allele carriers
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(L/L and L/S) were significantly higher in the asbestos-
exposed subjects with mesothelioma than in those without
mesothelioma.

Conclusion The findings of this study suggest that long
(GT)n repeats in the HO-1 gene promoter are associated
with a higher risk of malignant mesothelioma in the Jap-
anese population.

Keywords Malignant mesothelioma - Heme oxygenase-1 -
Polymorphism

Introduction

Malignant mesothelioma is an aggressive tumor that arises
from mesothelial cells lining the pleural or peritoneal
cavity. Mesothelioma is refractory to current therapies and
associated with high mortality [1-3]. The development of
mesothelioma is closely linked to the inhalation of asbestos
fibers and characterized by a 30-year or greater latency
period from the first exposure to asbestos.

The pathogenesis of asbestos-related mesothelioma is
poorly understood. To explain the carcinogenic effect of
inhaled asbestos fibers, it has been proposed that asbestos
fibers induce the generation of free radicals and reactive
oxygen species (ROS) and cause accumulation of DNA
damage (oxidative stress theory) [4-6]. Antioxidant
enzymes are induced after inhalation of asbestos, and the
use of antioxidant scavengers has been shown to inhibit the
toxic effect of asbestos [4, 5].

Heme oxygenase (HO) is an enzyme that catalyzes the
breakdown of heme into carbon monoxide (CO), iron, and
biliverdin which is then metabolized to bilirubin by bili-
verdin reductase [7-9]. Both biliverdin and bilirubin pos-
sess antioxidant properties [10]. CO has been shown to
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exhibit' anti-inflammatory and antiapoptotic effects [11].
Mammalian heme oxygenase (HO) has three isoforms,
HO-1,-2 and -3. HO-1 is highly induced by oxidative stress and
confers protection against oxidant-induced injury [7-10].

The human HO-1 gene promoter contains a varying
number of (GT)n repeats ranging?from 15 to 40 [12].
Longer (GT)n repeats are associated with lower transcrip-
tion of the HO-1 gene [13]. In polymorplnc analysis, longer
(GT)n repcats in the HO-1 gene promoter are associated
with increased risk of various diseases such as emphysema
[14], asthma [15], diabetes mellitus [16] cardlovascular
diseases [17], and cancers [18—22]

Although asbestos is closely associated with the risk of
mesothelioma, there are some populations that do not
develop mesothelioma after exposure to asbestos. In this
study, we hypothesized that HO-1 gene variations may
influence - the susceptibility to mesothelioma. We report
that length polymorphism in the HO-1 promoter is related
to mesothelioma susceptibility. Our‘study could help to
identify those with a higher risk of mesothelioma within a
population exposed to asbestos fibers.

Materials and Methods
Patients’ Characteristics

Forty-four asbestos-exposed subjects without mesotheli-
oma and 78 asbestos-exposed subjects with mesothelioma
were included in this study. All the mesothelioma patients
were diagnosed at the Division of Respiratory Medicine,
Department of Internal Medicine, Hyogo Col]ege of
Medicine Hospital (Nishinomiya, Hyogo, Japan) between
March 2000 and August 2007. The mesothelioma diagnosis
was confirmed by histological and immunohistochemical
examination of pleural biopsies obtained by thoracoscopy
or thoracotomy. The presence of exposure to asbestos at the
workplace, home, and other places was carefully recorded.
Peripheral blood was collected from asbestos-exposed
subjects by venipuncture. This study was approved by the
institutional review board of Hyogo College of Medicine,
and informed consent was obtained from each subject.
The subjects were categorized according to smoking
history as current, ex-, or nonsmoker. Brinkman’s index
was calculated using the formula: the number of cigarettes/
day x the number of years. Pulmonary emphysema was
diagnosed based on a pulmonary function test [forced
expiratory volume in 1.0s (FEV,g) <70%] and/or a
computed tomography (CT) scan with the finding of low
attenuation area (LAA). Diabetes mellitus type 2 was
diagnosed according to the WHO criteria: fasting plasma
glucose of 126 mg/dl or higher on more than two occa-
sions, or symptoms of diabetes plus a casual plasma

_@_ Springer

glucose concentration of 200 mg/dl [23]. Hypertension was
diagnosed based on systolic pressure >140 mmHg or a
diastolic pressure equal to 90 mmHg or higher [24].

Analysis of Length Variability of (GT)n Repeats
in HO-1 Gene Promoter

Genomic DNAs were extracted from leukocytes by
conventional procedures. The HO-1 promoter region con-
taining a GT repeat was amplified by polymerase chain
reaction (PCR) with a fluorescently labeled primer, pl-s
(5’-AGAGCCTGCAGCTTCTCAGA-3), and an unlabeled
antisense primer, pl-as (5-ACAAAGTCTGGCCATAG
GAC-3') [14]. PCR was performed over 30 cycles of 20 s
at 94°C, 10 s at 60°C, and 20 s at 72°C. The sizes of the
PCR products were analyzed with a laser-based automated
DNA sequencer (Applied Biosystems, Life Technologies,
Carlsbad, CA, USA).

Statistical Analysis

Associations between subject groups and specific classes of
alleles were analyzed for significance by the two-tailed y*
test. Associations between genotype groups were analyzed
by two-tailed Fisher’s exact probability test. Odds ratios
and 95% confidence intervals (CIs) were calculated to
assess the relative disease risk conferred by a particular
allele and genotype. Statistical analysis of age and Brink-
man’s index was performed by unpaired #-test. Significance
was accepted at p < 0.05.

Results
Clinical Characteristics of the Study Population

The clinical characteristics of 44 asbestos-exposed subjects
without mesothelioma and 78 asbestos-exposed subjects
with mesothelioma are given in Table 1. The smoking
habits of those in the two groups did not differ signifi-
cantly. Mean Brinkman’s index for current and ex-smokers
without mesothelioma and with mesothelioma was 791.9
and 804.2, respectively, not statistically different. Also, no
significant differences were found between the two groups
with respect to complications of pulmonary emphysema,
cardiovascular disease, hypertension, and diabetes mellitus
(Table 1).

Allele Frequencies of the HO-1 (GT)n Dinucleotide
Repeat Polymorphism

The allele frequencies of the (GT)n repeats in the HO-1
promoter found in subjects without mesothelioma (n = 44,
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Table 1 Characteristics of the study population

Without With P
mesothelioma  mesothelioma
(n = 44) n=178)
Age 66.7 (48-84) 64.8 (46-80) 0.913
Gender
Male 33 58 0.937
Female - 11 20 0.937
Smoking habit
Current 19 35 0.856
Ex-smoker 11 15 0.454
Nonsmoker 14 28 0.648
Hypertension 10 23 0.419
Diabetes mellitus 4 13 0.374
Pulmonary emphysema 20 27 0.237
Cardiovascular disease 4 6 0.941

88 alleles) and subjects with mesothelioma (n = 78, 156
alleles) are shown in Fig. 1. The number of (GT)n repeats
ranged from 16 to 38. In both groups, the distribution of the
(GD)n repeats was bimodal, with one peak at 23 and the
other at 30. We divided the alleles into two classes, short
(8S) alleles (<24) and long (L) alleles (>24), according to
the number of (GT)n repeats.

In the subjects without mesothelioma, the distribution of
88 alleles was 57 (64.8%) inclass L and 31 (35.2%) in class S
(Table 2). In subjects with mesothelioma, the distribution of
156 alleles was 123 (78.8%) in class L and 33 (21.2%) in
class S. The proportion of allele frequencies in class L
was significantly higher in the asbestos-exposed subjects
with mesothelioma than in those without mesothelioma
(p = 0.016, OR = 2.027, 95% CI = 1.132-3.628), indi-
cating that L alleles are associated with a higher risk
of mesothelioma, while S alleles are associated with a
lower incidence of mesothelioma (OR = 0.493, 95% CI =
0.275-0.883) (Table 2).

Genotypic Frequencies

We then analyzed genotypic frequencies of the HO-I
promoter. The distribution of three genotypic frequencies
(L/L, L/S, and S/S) is given in Table 3. These genotypes
were divided into two subgroups: L allele carrier (L/L and
L/S) and non-L allele carrier (S/S) (Table 3). The proportion
of genotypic frequencies in L allele carriers (L/L + L/S) was
significantly higher in subjects with mesothelioma than in
those without mesothelioma (p = 0.025, OR = 6.00, 95%
CI = 1.155-31.149) (Table 3). Furthermore, the odds ratio
for mesothelioma was significantly higher in subjects
with the L/L genotypes than in those with the S/S.genotypes
(for the L/L genotypes vs. the S/S genotypes, p = 0.015,
OR = 7.421, 95% CI = 1.373-40.086) (Table 3). Thus,

>
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Fig. 1 Allele frequency distribution of the (GT)n repeats in the study
subjects. a Total subjects (n = 122, 244 alleles). b Asbestos-exposed
subjects without mesothelioma (n = 44, 88 alleles). ¢ Asbestos-
exposed subjects with mesothelioma (n = 78, 156 alleles)

Table 2 Allele frequencies at the polymorphic locus

Allele Without With p OR (95% CI)
mesothelioma mesothelioma
(88 alleles) (156 alleles)

L 57 (64.8%)
S 31 (35.2%)

123 (78.8%)
33 (21.2%)

0.016 2.027 (1.132-3.628)
0.493 (0.275-0.883)

OR odds ratio, 95% CI 95% confidence interval, S short alleles
(<24 GT repeats), L long alleles (=24 GT repeats)

genotypic frequencies of L allele carriers were associated
with a higher risk of mesothelioma.

Discussion

Malignant mesothelioma is closely associated with asbes-

tos exposure which causes oxidative stress [1-6]. Analysis
of polymorphisms of glutathione S-transferase (GST) M1,
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Table 3 Genotype subgroups at the polymorphic locus

Genotype subgroup Without mesothelioma With mesothelioma p OR (95% CI)

L/L 19 (43.2%) 47 (60.3%) 0.015% 7.421 (1.373-40.086)
L/S 19 (43.2%) 29 (37.2%)

S/S (non-L allele carriers) 6 (13.6%) 2 (2.5%)

L/L + L/S (L allele carriers) 38 (86.4%) 76 (97.5%) 0.025%* 6.00 (1.155-31.149)

OR odds ratio, CTI confidence interval, S short alleles (<24 GT repeats), L long alleles (=24 GT repeats)
p values for * L/L genotypes versus S/S genotypes and ** L allele carriers (L/L + L/S) versus non-L allele carriers (S/S) by Fisher’s exact

probability test

an antioxidant enzyme, in relation to the risk of mesothe-
lioma shows that a GST M1 null allele that exhibits no
enzyme activity is associated with a higher risk of meso-
thelioma [25]. This finding supports the notion that anti-
oxidant enzymes have a protective role against
mesothelioma. In the present study, we evaluated the
impact of HO-1 gene promoter polymorphisms on the risk
of malignant mesothelioma. ‘

HO-1, an inducible form of HO, provides cellular protec-
tion against heme- and non-heme-mediated oxidant injury [7].
The transcriptional upregulation of the HO-1 gene responds to
many agents, including ROS. Asbestos also causes upregu-
lation of heme oxygenase (HO) in human mesothelial cells
[26], and intratracheal instillation of crocidolite asbestos
induces HO-1 expression in rat lung tissues [27].

The human HO-1 gene has a varying number of GT
repeats in the promoter [12-14]. Long (GT)n repeats likely
form the left-handed Z-DNA helix, reducing transcriptional
activity of the HO-1" gene promoter [13]. It has been
reported that promoter activity of the HO-1 gene contain-
ing short (GT),, repeats is four and eightfold higher than
those containing longer (GT),s and (GT);p repeats,
respectively [16]. After oxidative stimulation with H,0,,
human lymphoblastoid cells possessing short (GT)n repeats
showed much higher activity of the HO-1 enzyme than
cells carrying long repeats [28]. In addition, it has shown
that longer (GT)n repeats are a genetic risk factor for
chronic pulmonary emphysema [14], coronary artery dis-
ease [16], and cancers such as lung adenocarcinoma [21]
and oral squamous cell carcinoma [22].

In our study, 16-38 GT repeats of the HO-1 promoter
showed a bimodal distribution, with two peaks at 23 and 30
(Fig. 1), which was consistent with previous reports in
Japanese and Caucasian populations [16-22]. The inci-
dence of hypertension, diabetes mellitus, emphysema, and
cardiovascular disease, for which the risk of all has been
shown to be associated with HO-1 promoter polymor-
phism, did not differ significantly statistically between
subjects with mesothelioma and without mesothelioma
(Table 1). The proportions of both allelic and genotypic
frequencies of long (GT)n repeats are higher in the

@ Springer

asbestos-exposed subjects with mesothelioma than in those
without mesothelioma (Tables 2, 3). Long (GT)n repeats
are associated with lower HO-1 activity [13, 16, 28]; which
may result in reduced antioxidant activity and may con-
tribute to a higher incidence of mesothelioma. Although
our results were analyzed by using standard statistical
methods, more definite proof would be provided by further
analysis using Bayesian statistical methods. Currently, we
do not have sufficient data on the pbpulation distribution of
the (GT)n repeats in our ethnic population; such analysis
will be addressed in the future investigation.

In conclusion, the present study suggésts that the long
size of the (GT)n repeat in the HO-1 gene promoter is
associated with a higher risk of malignant mesothelioma in
the Japanese population. This is the first report to document
that the polymorphism in the HO-1 promoter gene is
associated with mesothelioma susceptibility. However,
oncogenesis is multifactorial and cannot be defined by a
single-gene polymorphism. Further studies using a larger
number of samples from different ethnicities are needed.
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In the present study, we analyzed genomic alteratioris of BRCA1-
associated protein 1 (BAP7) in 23 malignant mesotheliomas
(MMs), 16 epithelioid and seven non-epithelioid, consisting of 18
clinical specimens and five established cell lines. In examining
these samples for homozygous deletions and sequence-level
mutations, we found hiallelic BAPT gene alterations in 14 of 23
MMs (61%). Seven of these 14 MMs had homozygous deletions
of the partial or entire BAP1 gene, another five had sequence-
level mutations, including small deletions, a nonsense mutation,
and missense mutations with additional monoallelic deletions,
and the remaining two had homozygous mutations without alle-
lic loss. All but one of the 14 BAP1 gene mutations were found
in the epithelioid-type MMs; BAPT mutations were found in 13 of
16 epithelioid-type MMs, but in only one of seven non-epitheli-

oid-type MMs (13/16 vs 1/7; P = 0.005). There was no BAPT mRNA -

expression in MMs with biallelic deletion and repressed expres-
sion was confirmed in MM specimens with deletion/mutation as
compared with Met5a, SV40-transformed normal mesothelial
cells. Western blot showed that seven of eight epithelioid MMs
analyzed were BAP1 negative. Immunostaining with anti-BAP1
antibody in normal lung tissues revealed dlear nuclear staining of
normal mesothelial cells. No nuclear staining was observed
among BAP1 mutation-positive MM tumors, whereas nuclear
staining was observed among BAP1 mutation-negative MM
tumors. These results suggest that the lack of the tumor suppres-
sor BAP1 may be more specifically involved in the pathogenesis
of epithelioid MM rather than non-epithelioid MM, and would
be useful for diagnosis of eplthellmd-type MM (Cancer Sci 2012;
103: 868-874)

alignant mesothelioma (MM) is an asbestos-related
malignancy that arises primarily from surface serosal
cells of pleural, peritoneal, and pericardial cavities. Although
the use of asbestos has decreased in Western countries and
Japan, the incidence of MM is expected to increase over the
next few decades because of the long latency period (20—
40 years) of this mahgnancy Although the prognosis of
MM is generally poor, epithelioid-type MM has been reported
to be assocxated with better prognosis than non-epithelioid
types of MM.® Y Multiple modality approaches involving sur-
gery with radiation, chemotherapy, or immunotherapy have
generated favorable outcomcs particularly for patients with
eplthchoxd-type MM.C
One of the most common genetic alterations in MM is
homozygous deletion of the 9p21 locus containing the
CDKN2A and CDKN2B genes. 45 The NF2 gene is also often
mutated in MM.® Conversely, mutations of the p53, Ras,
and RB genes, common in many other types of tumors, are
very rare in MM.®® Previously, using Comparative Genomic

Cancer Sci | May2012 | vol. 103 | no.5 | 868-874

Hybridization (CGH) array, we found that more than half of
MM samples exhibit homozygous and heterozygous deletions
of 3p21.1.99 Three of our MM cases, namely MM21-P,
MM34 P, and MM14-T, had homozygous deletions at 3p21.1.
The ‘overlapping homozygous deletion in these cases was
approximately 160 kb in- length, - spanning mne §;enes and
including BRCAl-associated protein 1 (BAPD).G Initially,
BAP1 was identified as a protein that binds to the RING finger
domain of BRCAI ‘and exhibits tumor-suppressor activity in
cancer cells."'? Tt is one of the cysteine proteases called de-
ubiquitinating enzymes that catalyse the removal of ubiquitin
chains from ubiquitinated proteins. It has been reported
recently ‘that BAPI is frequently mutated in metastasizin %
uveal melanoma, but not in low-metastatic uveal melanoma.”
Herein, we report on genomic alterations of BAPI.

Materials and Methods

MM cells and tissue specimens. Pleural effusions, ascites, and
tumor tissues were obtained from 18 patients diagnosed with
MM by pathological examination at the hospital of Hyogo
College of Medicine. Matched peripheral blood was obtained
from 11 patients (see Table S1), but matched normal tissues
from the other seven patients were unavailable. All patients
provided written informed consent. The human normal pleura
transformant cell line Met5Sa (used as' a reference) and four
MM cell lines (i.e. H2052, H2452, H28, and MSTO-211H)
were obtained from the American Type Culture Collection
(ATCC; Rockville;: MD, USA). The HMMME cell line was
obtained from the Riken Bioresource Center (Tsukuba, Japan).
The characteristics of these cells are given in Table S1.

Cells in pleural effusions and ascites were collected by
centrifugation and cultured in o-Minimal Essential Medium
(o-MEM; Invitrogen, Carlsbad, CA, USA) supplemented with
10% FBS (Equitech-Bio, Ingram, TX, USA). Surgically
resected tumors were cut into small pieces and used for plating
on culture dishes for growth. Primary outgrowth cells were
cultured in o-MEM-10% FBS and adherent cells were
expanded by several passages. These cells were termed MM
primary cell cultures (MM-Ps) and 16 MM-Ps were used in
the present study. For cases MM14 and MM29, primary cell
cultures were not established; in these cases, tissue specimens
(termed MM-Ts) were used for analysis. Tumor tissues
resected from all but one MM patient (17 of 18 cases; a tissue
specimen was unavailable for MM34), and lung tissues of one
patient with pulmonary emphysema were fixed with 10%
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formalin, and embedded in paraffin for subsequent immuno-
histochemistry.

The present study was approved by the Ethics Committee of-
Hyogo College of Medicine and was performed in accordance
with the Declaration of Helsinki (1995) as revised in Tokyo in
2004.

Reagents. Anti-BAP1 antibody (C-4; sc-28383) was obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA), ACTB
(Sc-74; A5316) was from Sigma-Aldrich (St. Louis, MO, USA),
and horseradish peroxidase-conjugated secondary antibody for
enhanced chemiluminescence (ECL) was from GE Healthcare
(Waukesha, WI, USA).

Extraction of DNA and RNA and real-time RT-PCR. In the pres-
ent study, DNA and RNA were isolated from cultured cells,
tissues, and peripheral blood using the AllPrep DNA/RNA mini
kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. For MM cells, real-time RT-PCR was performed to
analyze gene expression using 2 ng cDNA (reverse transcribed
from total RNA) and the following primer: for BAPI, 5'-AGGA-
GCTGCTGGCACTGCTGA-3' (sense) and 5-TTGTGGAGCC-
GGCCGATGCT-3' (antisense); and for GAPDH, 5'-GCACCG-
TCAAGGCTGAGAAC-3' (sense) and 5-TGGTGAAGACGC-
CAGTGGA-3' (antisense). Gene expression was normalized
against that of GAPDH and the expression of BAPI in MM
samples was compared with that in Met5a cells.

Screening for genomic alterations. Genomic DNA, extracted
as described above, was amplified by PCR using primers for
the coding region of BAP! (Table 1). Amplified products were
analyzed for direct sequencing using Big Dye Terminator v3.1
on an Applied Biosystems 3130 Genetic Analyzer (Applied
Biosystems, Foster, CA, USA). The following primer set was
used to detect exon 9 in BAPI: 5-CTGTGACTGCAGGGA-
GCCCTACCA-3' (sense) and 5'-AAGGGCACCTACCTGCT-
GCAGAG-3' (antisense).

Western blotting. Cell lysates were prepared using lysis buf-
fer (Cell Signaling Technology, Danvers, MA, USA) and 5 pg
isolated protein was electrophoresed on a 10-20% TGX gel
(Bio-Rad, Hercules, CA, USA). Proteins were transferred onto
polyvinylidene difluoride membranes and blocked with 5%
non-fat powdered milk in 1x Tris-buffered saline with 0.1%
Tween-20 (TBS-T) for 30 min. Membranes were washed with
TBS-T, incubated with primary antibody for 2 h, followed by
incubation with the secondary antibody for 1 h, and developed

using an ECL Plus Western Blotting Detection System (GE
Healthcare).

Immunohistochemistry. Formalin-fixed, paraffin-embedded
MM tissues were cut into 4-pm sections. Sections were heated
in Target Retrieval Solution (S1700; DakoCytomation, Glostrup,
Denmark) at 98°C for 25 min to facilitate antigen retrieval.
After blocking with goat serum, sections were incubated with
mouse anti-BAP1 antibody (1:50 dilution) for 30 min and then
with EnVision FLEX + Mouse (LINKER) including rabbit
polyclonal antibody to mouse immunoglobulin (K8022; Dako-
Cytomation) for 15 min to increase the sensitivity of detection.
This was followed by treatment with goat polyclonal antibodies
to rabbit and mouse immunoglobulin for 30 min using Chem-
Mate EnVision Kit (K5007; DakoCytomation) and visualization
with 3,3'-diaminobenzidine tetrahydrochloride. Cells were
lightly stained with hematoxylin.

Statistical analysis. Fisher’s exact test was used for statistical
comparisons of biallelic mutation frequencies between the two
groups (epithelioild MMs versus non-epithelioid MMs).
P < 0.05 was considered significant.

Results

Genomic alterations of the BAPT gene are frequently seen in
MM cells. To examine homozygous deletion and sequence-level
mutations in the BAPI gene, PCR was used to amplify 10
fragments, derived from the entire coding region of this gene,
in 23 MM samples: 18 from patients with MM (16 MM-Ps
and two MM-Ts) attending the hospital of Hyogo College of
Medicine, four MM cell lines obtained from the ATCC, and
one cell line obtained from RIKEN. These samples consisted
of 16 epithelioid-type MMs and seven non-epithelioid MMs.
We found biallelic BAPI gene alterations in 14 of 23 MMs
(61%; Table 2). For MMI19-P, MM21-P, MM34-P, and
MM14-T, no amplification was identified using the primer
pairs described in Table 1 (Fig. 1a,b). Surprisingly sequence
analysis detected many genomic alterations in both our MM
cases and the commercial MM cell lines (Table 2; Fig. 1) as
follows: (i) deletions of exons 1-5 causing loss of the N
terminal region (MM39-P and MM48-P); (ii) deletion of exons
10-17 causing premature protein termination (MMS57-P);
(iii) deletion of three nucleotides in exon 9 (MM29-T);
(iv) frameshift mutations causing premature protein termination

Table 1. Sequences of the primers used in the present study to amplify the 10 fragments for sequencing of the BAPT coding region
Fragment Target Primer design region Primer sequence
1 Exon 1-3 Exon 1 Forward: 5'-CCGTTGTCTGTGTGTGGGACTGAG-3'
Intron 3 Reverse: 5-AGAGCAAGGCTGCTGCTTTICTGTG-3'
2 Exon 4 Intron 3 Forward: 5'-CACCTGAGTGATGACGCAGTGCAA-3’
Intron 4 Reverse: 5-TACCCACTGGATATCTGAGGACAC-3'
3 Exon 5 Intron 4 Forward: 5-TAGGAGGGTGTCTGAGTCCACTC-3'
Intron 5 Reverse: 5'-CAGATCTGCCCAGTTGGCTGTGAG-3'
4 Exon 6-7 Intron 5 Forward: 5-CCACCCATAGTCCTACCTG-3’
Intron 7 Reverse: 5'-AACAGGCCTCCAGCTCATGGTG-3'
5 Exon 8 Exon 7 Forward: 5'-GGCTGAAGGTCTACCCCATTGAC-3’
Intron 8 Reverse: 5-CCAGATTCACCATATGGCCTTGCA-3’
6 Exon 9-10 Intron 8 Forward: 5-GTGCCTGGCATGTATGGC-3'
Intron 10 Reverse: 5-CCTCCCATGTCAGACATTAG-3'
7 Exon 11 Intron 10 Forward: 5-TTCTCTGGGAAGTGCTGGTT-3'
Intron 11 Reverse: 5-GGAACCACATGGGAAAATTG-3'
8 Exon 12 Intron 11 Forward: 5-CAAGGACAGGCCATGGAAC-3
Intron 12 Reverse: 5-AGGTGCTCAACATTATCTGC-3'
9 Exon 13-14 Intron 12 Forward: 5-CATTCTGGGTACTGCTGGGT-3'
Intron 14 Reverse: 5'-CCACCAATCTTCACACCAAA-3'
10 Exon 15-17 Intron 14 Forward: 5-TCCTTGCCTCTAGCTGCCTAT-3/
Exon 17 Reverse: 5-TACTGGGAAAAGGGGAAGTG-3'
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Fig. 1. Genomic alterations of the BAPT gene. (a) Agarose gel electrophoresis of PCR fragments amplified with the primers detecting exon 5
(fragment 3 in Table 1), exon 9, and exon 12 of BAPT (fragment 8) from patients with malignant mesothelioma (MM19, MM21, MM34, MM39,
MM48, MM57, and MM14). MM, tumor sample of malignant mesothelioma; PBL, matched normal peripheral blood leukocyte. (b) Summary of
amplification of each PCR fragment using primers for the coding region of BAP1 in each sample we analyzed. +, amplified; +, a slight amplifica-
tion; —, not amplified; MM-Ps, MM primary cell cultures; MM-Ts, tissue specimens. (¢) Electropherogram showing BAPT nonsense mutation
(g.52437782C>G) within exon 13 in MM35-P. (d) Electropherogram showing BAPT insertion/deletion mutation (g.52441416delAinsCG) within
exon 6 in MMS56-P. (e) Electropherogram showing a 3-bp deletion (g.52440352_52440350del) within exon 9 in MM29-T. (f) Electropherogram
showing BAP? missense mutation (g.52441252A>C) within exon 7 in MM62-P. (g) Electropherogram showing 23-bp deletion
(9.52441351_52441329del) at the intron 6-exon 7 boundary in the H28 cell line. (h) Electropherogram showing BAPT misssense mutation
(9.52442065C>A) within exon 5 in the MM cell line H2452. (i) Electropherogram showing a 19-bp deletion (g.52441321_52441303del) within exon

7 in the MM cell line HMMME.

due to insertion/deletion (MMS56-P) or deletion of 19
nucleotides (HMMME); (v) deletion of 23 nucleotides causing
loss of a splice acceptor site (H28); (vi) nonsense mutation
(MM35-P); and (vii) missense mutation (MM62-P and H2452).
Sequence data for samples carrying these mutations were not

heterogeneous (Fig. 1c,d,f~), with the exception of MM29-T, .

which likely appeared heterogeneous owing to contamination
by normal tissue (Fig. le). Biallelic alteration of the BAPI
gene was then identified by PCR and sequencing analysis for
the 14 mutated MMs. Our CGH array data’® supported these
results (Table 2). Seven MM cases (i.e. MM19-P, MM21-P,
MM34-P, MM39-P, MM48-P, MMS57-P, and MM14-T) had
biallelic deletions in BAPI. For MM35-P, MM56-P, MM29-T,
H2452, and HMMME, biallelic alterations in this gene were
caused by sequence-level mutations and loss of the remaining
allele, and both H28 and MMG62-P had biallelic mutations.
Allelic changes of the BAPI gene were deletion/deletion (six
MM-Ps, two MM-Ts, and two MM lines), deletion/insertion
and deletion (one MM-P), deletion/base substitution (one each
MM-P and MM line), and base substitution/base substitution
(one MM-P; Fig. 2). Thus, the biallelic deletions were most

870

frequently found for BAPI inactivation. With the exception
of the nonsense mutation at amino acid position 460 (p.
S460X) in MM35-P, the other six sequence-level mutations
occurred in the ubiquitin carboxyl terminal hydrolase domain
(Fig. 2). Mutations in MMS56-P (p.R146RfsX9), H28, and
HMMME (p.R150RfsX31) induced premature termination,
and ones in MM29-T (p.V234del) and MM62-P (p.Y173S)
occurred at positions close to the active site of the enzyme.
A missense mutation at amino acid position 95 (p.A95D),
which is known to impair deubiquitinase activity, was
found in H2452.

All but one of 14 BAPI gene mutations were found
among epithelioid-type MMs, and MM62-P was the only
non-epithelioid MM showing genomic alterations in BAPI.
Mutations in BAPI were found in as many as 13 of 16 epi-
thelioid MMs (81%). Statistical analysis indicated that the
frequency of biallelic mutations in epithelioid-type MM was
significantly higher than that in non-epithelioid-type MM
(P = 0.005).

These genomic alterations in the BAP] gene were judged as
somatic in nine cases because no such alterations were found

doi: 10.1111/].1349-7006.2012.02223.x
® 2012 Japanese Cancer Association
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Table 2. Summary of BAPT gene alterations in malignant mesothelioma

Genomic alterations in BAP1 BAP1 expression
Histological . Allelic status of 3p21.1 (position:
type Specimen - Source 52.4—52.2 Mb) P Mutation in the Somatic . . Nucle'a r. .
coding region alteration mRNA  Protein lmmunosta.mmg in
tumor tissue
Epithelioid MM19-P HCM —/+ Deletion of BAPT coding region + - - -
MM21-P HCM —/- Deletion of entire BAPT gene + - - -
MM26-P HCMm ++ ND - ++ ++ +
MM34-Pt HCM —/— Deletion of entire BAPT gene + - N/A N/A
MM35-P HCM —/+ Nonsense mutation at aa 460 + B - —
(9.52437782C>G, p.S460X)
MM39-P HCM —/+ Deletion of exons 1-5 N/A - - -
MM45-p HCM —/+ ND + + N/A -
MM48-p HCM -+ Deletion of exons 1-5 + - — -
MM56-P - HCM —/+ Frameshift mutation at aa146 N/A + - ~%
(9.52441416delAinsCG, p.R146R{sX9)
MM57-P HCM —/+ Deletion of exons 10-17 + - N/A -
MM67-P HCM ++ ND - + N/A ++
MM14-T HCM —/- Deletion of entire BAPT gene + N/A N/A -
MM29-T HCM ~/+ 3-bp deletion at aa234 + N/A N/A -
(9.52440352_52440350del, p.V234del)
H28 ATCC ++ 23-bp deletion at intron 6/exon7 junction§ N/A 4 N/A N/A
(g.52441351_52441329del)
H2452 ATCC —/+ Missense mutation at aa95 N/A ++ - N/A
(9.52442065C>A, p.A95D)
HMMME RIKEN -+ 19-bp deletion (g.52441321_52441303del, N/A + N/A N/A
p.R150RfsX31)
Non-epithelioid MM16-P HCM +H+ ND - ++ + +
(biphasic) MM30-P HCM ++ ND - ++ + +
MM62-P HCM +H+ Missense mutation at aa 173§ N/A ++ N/A -
(9.52441252A>C, p.Y173S)
MM80-P HCM +H+ ND - 4+ N/A +
MSTO-211H  ATCC ++ ND - + N/A N/A
Non-epithelioid MM46-P HCM +H+ ND - ++ ++ +
(sarcomatoid) H2052 ATCC +/+ ND - ++ N/A N/A

1This specimen was unavailable for protein analysis. ¥Nuclear staining was seen in some tumor cells, but not all. §This was identified as a homozygous mutation without allelic loss by direct
sequencing. The allelic status of 3p21.1 (position: 52.4-52.6 Mb), identified from our previously published Comparative Genomic Hybridization (CGH) array data,"® is shown, and biallelic and
monoallelic deletion of this region is indicated by —/— and —/+, respectively. Mutations in the BAPT coding region were identified by direct sequencing of 10 fragments, derived from the
entire coding region of this gene and amplified using the primers described in Table 1. For somatic alterations, the “+" indicates mutations judged to be of somatic origin of the nine malig-
nant mesotheliomas (MMs) for which comparisons with paired non-tumor DNA were possible and “~*“ indicates no mutations in the coding region. For BAP1 expression, expression level data
summarized from Figure 3 are shown as — {no expression), %, +, or ++ (similar as that in Met5a cells). Immunohistochemistry was performed using a anti-BAP1 antibody for primary tissue spec-

imens and nuclear immunostaining is indicates as —, +, and ++ (similar as that in non-tumor mesothelial cells shown in Fig. 4a). aa, amino acid; HCM, Hyogo College of Medicine; ND, not
detected; N/A, not analyzed.
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. s MMAOP. MMASD in the BAPI locus in Japanese patients with MM. Fourteen
et of our 23 MM samples had various types of biallelic geno-
£ 4 MMISFMMIL-B MMM MMIAT  ic alterations in BAPI, including deletions encompassing
isertionanddeletion. 4 Substitntion & Delefion of several buses the whole BAPI locus or involving several exons (Table 2).
i Bialietie dol i Monoallelic deloth o Biallelic alterations are generally caused by monoallelic
' T ' : mutations  coupled with monoallelic loss, and, although our
Fig. 2. Summary of mutation sites in BAPT for the samples from  data indicated that both H28 and MM62-P had homozygous
patients and cell lines showing biallelic alterations and the site of  mutations without allelic loss, we were unable to prove this.
functional domain or motif. HBM, HCF-binding motif. However, the ratio of the copy numbers of exon 13 deter-
mined - by -quantitative real-time PCR and of the probes
designed for.the BAPI region in the CGH array suggest that
‘ , : : : these MM cells have no allelic deletions in this gene region
in DNA from the available matched peripheral blood samples. (Table S2). No expression or decreased expression of BAPI
However, the other three cases were unidentified because of mRNA was frequently observed  in . epithelioid-type MM
the unavailability of matched normal tissue. cells. In addition, BAP] gene expression was -repressed in
Repressed expression of the BAP1 gene in MM cells. Real-time = MM45-P and MM67-P, with monoallelic deletion of BAPI
RT-PCR was conducted on 16 MM-Ps and five commercial  found by real-time PCR (Table S2). Monoallelic deletion in
MM cell lines. The results. indicated no expression of BAPI ~ MM45-P has been. identified previously by paired CGH
mRNA in six of 16 MM-Ps due to biallelic deletion of this  array analysis using matched peripheral blood samples;"'?
gene (MM19-P, MM21-P, MM34-P, MM39-P, MM48-P, and  however, we were unable to conclusively demonstrate mono-
MM57-P; Fig. 3a). Suppression of BAPI mRNA expression allelic. loss in MMG67-P because of the unavailability - of
in three MM-Ps and one cell line was observed due to dele- matched normal tissue. . :
tions/mutations (in MM35-P, MM56-P, and HMMME) and While we were preparing this manuscript for publication, four
monoallelic deletion (in MMA45-P). Moreover, both MM67-P  papers were published showing that- somatic and - germline
and MSTO-211H, which had no verifiable genomic changes mutations of BAPI predispose to MM and other types of
in the coding region of BAPI, showed suppression of BAPI  tumors.?>™'® Bott er al.®® reported that 12 of 53 MM tumors
expression (Fig. 3a). Western blotting showed complete  (23%) collected in the US had somatic inactivating mutations of
absence of BAPI protein in MM-Ps with biallelic gene dele-  BAPI. Six of 12 had monoallelic loss of 3p21.1 with mutations
tion (MM19-P, MM21-P, MM39-P, and MM48-P), and loss of  in the remaining allele. Testa et al.?” found germline BAPI
one allele combined with mutation (MM35-P and H2452) or  mutations in two US families with a high incidence of MM. The
combined with isertion and deletion (MMS56-P; Fig. 3B). = affected members of one family had a base substitution at the
Immunohistochemistry with anti-BAP1 antibody showed intron 6-exon 7 boundary in gen’nljne DNA, whereas those of
nuclear staining in non-tumor .mesothelial cells on the lung  another family had a common nonsense mutation in exon 16 in
surface (Fig. 4a) and in tumor cells of MM tissue specimens  germline DNA. In. these affected members, somatic BAP]
with the wild-type BAPI (MM26, MM67, MM16, MM30, alterations developed in the remaining allele, leading to biallelic
MMS80, and MM46; Fig. 4b). No nuclear staining was inactivation of this gene. Testa ef al."” also found germline
observed in tumor cells from which MMs with BAPI altera- BAP] mutations in two of 26 Sporadic MMS, and these muta-
tions were established (MMI19, MM21, MM35, MM39, tions showed 1- or 4-bp deletions in exon 13 or 14, respectively,
MM45, MM48, MM57, MM14, MM29, and MM62; Fig. 4c).  resulting in frameshift leading to a stop codon. Other studies
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Fig. 3. Repressed expression of BAP! gene. (a)
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Fig. 4.

Immunostaining with anti-BAP1 antibody. (a) A specimen of the lung surface of a patient with pulmonary emphysema. (b) A specimen

of tumors from patient MM80, who had biphasic malignant mesothelioma (MM). (c) A specimen of tumors from patient MM35, who had epithe-

lioid MM.

reported that families with a high incidence of melanocytic
tumors" ™ and several tumors, including MM, carry various
somatic alterations in addition to inactivating germline muta-
tions of BAPI. In the biallelic deletions we found, the length of
deletion differed between two alleles, with the exception of H28.
These results suggest that BAP! is subject to loss-of-function
mutations (especially two-step alterations) because of inherent
instability, although no particular mutation hotspots are appar-
ent. Our findings reveal that BAPI gene inactivation occurs at a
very high frequency in patients with epithelioid MM, the most
common form of MM, and that this may be useful for a diagnosis
of MM. In contrast, Bott ez al."> could not find any significant
correlation between somatic mutations of BAP/ and histological
type. The rare case in the present study was MM62-P, who had
biphasic MM consisting of epithelioid and sarcomatoid types.
It is interesting that, in previous reports, 1317 BAP] inactiva-
tion caused by deletion of a whole gene or several exons in
sporadic MM was rare, but was most frequent in our patients.
In the present study, defective expression of BAP1 in MM
cells with genomic alterations was confirmed by RT-PCR, wes-
tern blotting, and immunohistochemistry. The possibility of
genomic and/or expression changes during cell culture was not
completely eliminated. In the case of MMS56, from which MM-P
cells that were western blot negative were established, some
tumor cells of the MM, but not all, exhibited nuclear staining
with the same anti-BAP1 antibody. Faint staining by this anti-
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body was detected in the cytoplasm of non-tumor mesothelial
cells. It should be noted that granular cytoplasmic staining was
also seen in some MM tumor specimens having biallelic inacti-
vation of BAP1; we are yet to determine the significance of these
observations.

It is known that BAPI regulates cell proliferation.
The results of the present study suggest that the lack of the
tumor suppressor BAP1 may be more specifically involved in
the pathogenesis of epithelioid-type MM rather than non-epi-
thelioid MM. It is tempting to postulate that different patho-
genic mechanisms may exert their effects depending on the
histological type of MM.

In conclusion, the results of the present study indicate that
the loss of BAP1 expression could be useful in the diagnosis
of epithelioid-type MM.
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Deficiency of Fyn protein is prerequisite for apoptosis induced by Src family kinase
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Malignant mesothelioma is an aggressive tumor arising from me-
sothelial cells of serous membranes. Src family kinases (SFKs)
have a pivotal role in cell adhesion, proliferation, survival and
apoptosis. Here, we examined the effect of SFK inhibitors in
NCI-H2052, ACC-MESO-4 and NCI-H28 cells, mesothelioma cell
lines and Met5A, a human non-malignant mesothelial cell line. We
found that PP2, a selective SFK inhibitor, inhibited SFK activity
and induced apoptosis mediated by caspase-8 in NCI-H28 but not
Met5A, NCI-H2052 and ACC-MESO-4 cells. Src, Yes, Fyn and
Lyn protein, which are members of the SFK, were expressed in
these cell lines, whereas NCI-H28 cells were deficient in Fyn pro-
tein. Small interfering RNA (siRNA) targeting Fyn facilitated
PP2-induced apoptosis mediated by caspase-8 in NCI-H2052
and ACC-MESO-4 cells. PP2 reduced Lyn protein levels and sup-
pressed SFK activity in all mesothelioma cell lines. Lyn siRNA
induced caspase-8 activation and apoptosis in NCI-H28 cells but
not in NCI-H2052 and ACC-MESO-4 cells. However, double RNA
interference knockdown of Fyn and Lyn induced apoptosis ac-
companied by caspase-8 activation in NCI-H2052 and ACC-
MESO-4 cells. Dasatinib, an inhibitor of multi-tyrosine kinases
including SFK, also inhibited SFK activity and induced reduction
of Lyn protein levels, caspase-8 activation and apoptosis in NCI-
H28 cells but not in other cell lines. Present study suggests that
SFK inhibitors induce caspase-8-dependent apoptosis caused by
reduction of Lyn protein in Fyn-deficient mesothelioma cells.

Introduction

Malignant mesothelioma is an aggressive tumor arising from meso-
thelial cells of serous membranes, including pleura, peritoneum and
pericardium (1-3). Mesothelioma is highly resistant to most chemo-
therapeutic agents (3), and radiation and surgical therapy generally
show limited efficacy (3-5). New approaches for the treatment of
malignant mesothelioma are urgently required.

Src family kinases (SFKs) are non-receptor and cytoplasmic tyro-
sine kinases that have a critical role in cell adhesion, proliferation,
survival and apoptosis. In SFKs, Src, Yes and Fyn show ubiquitous
expression, whereas others, including Lyn, exhibit more restricted
tissue localization (6,7). SFK binds to focal adhesion kinase (FAK),
a widely expressed cytoplasmic protein tyrosine kinase. Within SFK-
FAK complex, SFK can trans-phosphorylate Tyr-576 and Tyr-577 in
the kinase domain of FAK, which regulates migration, cell spreading
and focal contact during cell motility (8,9).

In response to apoptotic stimuli, caspases relay messages through
so-called initiator caspases to effector caspases (10). Dephosphorylation
of Tyr-380, Tyr-397 and Tyr-465 in caspase-8, an initiator caspase, results

Abbreviations: FAK, focal adhesion kinase; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; mRNA, messenger RNA; RNAi, RNA interference;
SFK, Src family kinase; siRNA, small interfering RNA.

in caspase-8 activation (11,12). Caspase cascade mediates apoptotic
processes, such as externalization of phosphatidylserine, followed by
cell death (10).

To explore a new therapeutic target against mesothelioma, we in-
vestigated the effects of SFK inhibitors, PP2 and dasatinib, on human
mesothelioma cell lines, NCI-H2052, ACC-MESO-4 and NCI-H28
cells and a human non-malignant mesothelial cell line, MetSA. We
found that SFK inhibitors induced apoptosis in NCI-H28 cells, which
were deficient in Fyn protein. Further clarification of cell signaling
pathways revealed that deficiency of Fyn protein is prerequisite for
apoptosis induced by SFK inhibitors in human mesothelioma cells.

Materials and methods

Cell lines and culture

A non-malignant transformed human pleural mesothelial cell line, MetSA and
two human mesothelioma cell lines, NCI-H2052 and NCI-H28, were obtained
from the American Type Culture Collection (Rockville, MD). Another human
mesothelioma cell line, ACC-MESO-4, was purchased from the RIKEN Bio-
Research Center (Tsukuba, Japan). Cells were cultured as monolayers in
RPMI-1640 medium (Sigma, St Louis, MO) with 10% fetal bovine serum
(Sigma) at 37°C under a humidified atmosphere containing 5% CO,.

Reagents and inhibitors

Antitumor agents and inhibitors were prepared in dimethyl sulfoxide using the
following stock solutions: 10 mM PP2, 20 mM zIE(OMe)TD(OMe)-fimk, 40
mM zVAD(OMe)-fmk (BIOMOL, Plymouth Meeting, PA), 25 mM MG132
(BIOMOL) and 5 mM dasatinib (Biovision, Mountain View, CA). Dimethyl
sulfoxide was used as a vehicle control as appropriate. All other chemicals
were purchased from Sigma.

Treatment with antitumor agents and inhibitors

Cells were seeded as described below and cultured for 24 h. Old medium was
aspirated, and fresh medium containing PP2 or dasatinib was added. For PP2
treatment, zZVAD, MG132 or vehicle (dimethyl sulfoxide) was added to fresh
medium containing PP2. Cells were then cultured for 3-72 h.

Cell viability analysis

Cells were seeded in a 96-well plate (Becton Dickinson Labware, Franklin
Lakes, NJ) at 2 x 103 cells per well. Cell proliferation was determined by
a colorimetric assay using Cell Counting Kit-8 (Dojin Chemical Institute,
Kumamoto, Japan) according to the manufacturer’s protocol. Color intensity
was quantified as described earlier (13).

Western blotting and antibodies

Western blotting was performed as described earlier (13). Antibodies used to
detect phospho-Src family (Tyr-416, #2101), phospho-FAK (Tyr-576/577,
#3281), full-length and cleaved caspase-8 (#9746), caspase-3 (#9662), cleaved
caspase-3 (#9661), Src (#2108) and phospho-Lyn (Tyr-507, #2731) were pur-
chased from Cell Signaling Technology (Beverly, MA). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibody (#FL-335) was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). FAK (#610087), Yes (#610375),
Fyn (#610163) and Lyn antibody (#610003) were purchased from BD Bio-
sciences (San Jose, CA). All western blot analyses were performed three times
and the representative data are shown.

Flow cytometric analysis of apoptosis

Apoptosis was analyzed by flow cytometry using an Annexin V (Ax)-fluorescein
isothiocyanate Kit (Medical & Biological Laboratories Co. Ltd, Nagoya,
Japan) as described earlier (13). Briefly, T x 107 cells in a 60 mm dish (Becton
Dickinson Labware) treated with PP2 or dasatinib were trypsinized, washed
with phosphate-buffered saline and then labeled with Ax-fluorescein isothio-
cyanate and propidium iodide. Fluorescence intensity was measured using
a Cytomics FC 500 flow cytometer and CXP software (Beckman Coulter,
Fullerton, CA).

Quantitative reverse transcription-PCR analysis
Total RNA was isolated from cells using TRIzol reagent (Enzo Life Sciences,
Farmingdale, NY). First-strand complementary DNA was synthesized from the
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total RNA (1.25 pig) using the PrimeScript RT reagent kit (Takara Bio, Ohtsu,
Japan) according to the manufacturer’s instructions. PCR was performed on the
synthesized complementary DNA product using TagMan Gene Expression Mas-
ter Mix (Applied Biosystems, Foster City, CA) according to the manufacturer’s
protocol. All reactions were carried out in triplicate. The sequences of the PCR
primer pairs and fluorogenic probes used for Fyn and GAPDH are available
on the Applied Biosystems website (http://www.appliedbiosystems.com/absite/
us/en/home.html); Fyn assay ID: Hs00176628_ml; GAPDH assay ID:
Hs99999905_m1). The amplification conditions were as follows: denaturation
at 95°C for 15 s and anneahng/extcnsxon at 60°C for 1 min for 60 cycles. The
PCR products were analyzed using.the ABI 7500 real-time PCR system
(Applied Biosystems). Each messenger RNA (mRNA) level was normalized
to the corresponding GAPDH mRNA level used as an internal control.

RNA interference

Small interfering RNAs (siRNAs) targeting Fyn [FYN Stealth Select RNA
interference (RNAi) HSS103882], Yes (YES Stealth Select RNAi
HSS187723) and Lyn (LYN Stealth Select RNAi HSS106213) and Stealth
RNAI Negative Control Duplexes were purchased from Invitrogen (Carlsbad,
CA). As control siRNA, #12935-146 (#146), #12935-115 (#115) and #12935-
147 were used in NCI-H2052, ACC-MESO-4 and NCI-H28 cells, respectively.
Stealth siRNA duplex oligoribonucleotides against Src (GenBank™ accession
number NM_005417) were synthesized by Invitrogen. The sequences were
as follows: sense 5'-CUGUGUUGUUGACAAUCUGGAGCCG-3' and anti-
sense 5'-CGGCUCCAGAUUGUCAACAACACAG-3'. The duplex oligoribo-
nucleotides were dissolved in diethyl pyrocarbonate-treated water to make
a 20 pM. Transient transfection of siRNAs was carried out using Lipofect-
amine RNAIMAX (Invitrogen) according to the manufacturer’s instructions.
Stealth RNAi compounds were used at a concentration of 10 nM in transfec-
tions as described earlier (13). Briefly, 2 x 10° cells were incubated in 10 ml of

-
N
S, ¢

RPMI-1640 medium in a 100 mm dish overnight. Lipofectamine RNAIMAX
and siRNA were each dissolved in 1 ml RPMI-1640 medium for 5 min at room
temperature, combined and incubated for 15 min at room temperature to form
complexes. Two milliliters of the mixture was added to the cell culture and
incubated for 48 h. The cells were harvested by trypsinization and were seeded
in a dish for PP2 treatment as described above.

Statistical analysis

All data are presented as the mean = standard error of three independent
experiments. Comparisons between two groups were performed using Stu-
dent’s unpaired #test (*P < 0.05, **P < 0.01 and ***P < 0.005).

Results

PP2 induces apoptosis mediated by caspase-8 in NCI-H28 cells

We analyzed the effects of PP2, a selective SFK inhibitor, on meso-
thelioma cell lines (Figure 1). PP2 suppressed cell viability of all
mesothelioma cell lines used more markedly than that of Met5A cells
in a concentration-dependent manner (Figure 1A). We used an anti-
body recognizing phosphory]ation of tyrosine residue corresponding
to Tyr-416 of Src in various SFKs. (Figure IB) PP2 inhibited the
phosphorylation of SFK (lower two arrows in Fxgule 1B) and that
of p-FAK in a concentration-dependent manner in all mesotheliorna
cell lines used. These results show that enzyme activity of SFK is
suppressed by PP2. Intriguingly, PP2 significantly induced apoptosis
in NCI-H28 cells (Figure 1C). In NCI-H28 cells, PP2 also induced
cleavage of caspase-8 and caspase-3 in a time-dependent manner
(Figure 1D). Furthermore, PP2-induced apoptosis in NCI-H28 cells
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Fig. 1. PP2 induces apoptosis mediated by caspase-8 in NCI-H28 cells. (A) PP2 suppresses cell viability of NCI-H2052, ACC-MESO-4 and NCI-H28 cells more
markedly than that of Met5A cells. These cell lines were treated with PP2 for 48 h at the indicated concentrations. Cell viability was assessed using the Cell
Counting Kit-8 assay. (B) PP2 suppresses enzyme activity of SFK. Cell extracts were prepared from NCI-H2052, ACC-MESO-4 and NCI-H28 cells treated with
5-20 pM PP2 for 6 h as described in Materials and methods. Arrows indicate phosphorylation of Tyr-416 in various SFKs. (C) PP2 induces apoptosis in NCI-H28
cells, but not in MetSA, NCI-H2052 and ACC-MESO-4 cells. The numbers of (Ax-+) apoptotic cells were markedly increased 72 h after the treatment with 20 pM
PP2 in NCI-H28 cells but not in other cell lines. (D) PP2 induces activation of caspase-8 and caspase-3. Cell extracts were prepared from NCI-H28 cells treated
with 20 uM PP2 for 1248 h. (E) PP2-induced apoptosis in NCI-H28 cells is suppressed by zVAD-fmk and zZIETD-fmk. NCI-H28 cells were treated with 20 pM
PP2 alone or together with 100 pM zVAD-fmk and 50 pM zIETD-fmk for 72 h and analyzed for Ax(+) apoptotic cells by flow cytometry.
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was significantly suppressed by zZVAD-fmk, a broad-spectrum caspase
inhibitor, and zIETD-fmk, a specific caspase-8 inhibitor (Figure 1E).
These results suggest that PP2 suppresses SFK activity and induces
apoptosis mediated by caspase-8 in NCI-H28 cells.

Deficiency of Fyn protein is caused by transcriptional repression of
Fyn mRNA in NCI-H28 cells, and Lyn is expressed in mesothelial and
mesothelioma cells

We examined whether SFK expression is involved in PP2-induced
apoptosis in mesothelioma cells (Figure 2). Src, Yes and Lyn protein
were detected in all cell lines used, but NCI-H28 cells were deficient
in Fyn protein, whereas it was expressed in other three cell lines
(Figure 2A). Phosphorylation of SFK in NCI-H2052 and ACC-
MESO-4 but not NCI-H28 cells was higher than that in Met5A cells.
We then examined expression of Fyn mRNA using quantitative re-
verse transcription-PCR (Figure 2B). It was found that Fyn mRNA
expression in NCI-H28 cells was much lower than that in other cell
lines used. Additional experiments using other PCR primer pairs and
fluorogenic probes also showed that Fyn mRNA was not completely
absent in NCI-H28 cells (data not shown). These results suggest that
deficiency of Fyn protein is caused by transcriptional repression of
Fyn mRNA in NCI-H28 cells and that Lyn is expressed in mesothelial
and mesothelioma cells.

NCI-H2052
ACC-MESO-4
NCI-H28

Src (60 kD) |«
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pSFK (Y416)
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Fig. 2. Deficiency of Fyn protein is caused by transcriptional repression of
Fyn mRNA in NCI-H28 cells. (A) Expression and phosphorylation of SFK in
Met5A, NCI-H2052 and ACC-MESO-4 and NCI-H28 cells. Cell extracts
were prepared from these cell lines incubated for 72 h. (B) Fyn synthesis is
suppressed by transcriptional repression of Fyn mRNA in NCI-H28 cells.
Total RNA was isolated from these cells after incubation for 72 h as described
in Materials and methods.

Apoptosis in Fyn-deficient cells by SFK inhibitors

Fyn-knockdown facilitates PP2-induced apoptosis in mesothelioma
cells

To further investigate whether transcriptional repression of Fyn
mRNA is related to PP2-induced apoptosis, we performed RNAi
using siRNA targeting Fyn in NCI-H2052 and ACC-MESO-4 cells
(Figure 3). Fyn siRNA abrogated expression of Fyn protein with no
effect on expression of Src, Yes and Lyn protein (Figure 3A). In NCI-
H2052 and ACC-MESO-4 cells treated with Fyn siRNA, PP2 induced
apoptosis more significantly than in these cells treated with control
siRNA (Figure 3B). Furthermore, PP2 induced cleavage of caspase-8
and caspase-3 in these Fyn-knockdown mesothelioma cell lines
(Figure 3C). These results suggest that Fyn-knockdown facilitates
PP2-induced apoptosis in Fyn-expressing mesothelioma cells.

SFK inhibition induces apoptosis in Fyn-deficient mesothelioma cells

We then analyzed whether PP2-induced apoptosis is related to SFK
inhibition in NCI-H28 cells (Figure 4). Western blot analysis showed
that PP2 suppressed phosphorylation of Tyr-416 in SFKs and that of

A NCI- ACC-
H2052 MESO-4
control siRNA - + + - + «+
FynsiRNA. -~ - + - - +
Fyn | -
Src
Yes
Lyn
GAPDH »
100 |
B NCI-H2052 ACC-MESO-4
. 80l R N | ) )
*
% 60
G 40
°\°
20
0
control siRNA -+ -~ - + - - + - - + -
FynsiRNA - -~ + - - 4+ - - 4 - - 4
+PP2 +PP2
c +PP2 +PP2
control SIRNA -+ - = 4 - - & - - 4 .
Fyn siRNA

caspase-8 |}
cleaved caspase-8

caspase-3

cleaved caspase-3

GAPDH =
NCI-H2052

ACC-MESO-4

Fig. 3. Fyn-knockdown facilitates PP2-induced apoptosis in mesothelioma
cells. (A) Fyn-knockdown in mesothelioma cells. NCI-H2052 and ACC-
MESO-4 cells were transfected with 10 nM siRNA against Fyn mRNA or
10 nM control siRNA for 48 h, harvested by trypsinization and incubated for
24 h. Cell extracts were prepared from NCI-H2052 and ACC-MESO-4 cells
after the incubation for 24 h. (B) Fyn-knockdown facilitates PP2-induced
apoptosis in mesothelioma cells. NCI-H2052 and ACC-MESO-4 cells,
transfected with Fyn and control siRNAs, were treated with 20 pM PP2 for
72 h and analyzed for Ax (+) apoptotic cells by flow cytometry. (C) PP2
induces activation of caspase-8 and caspase-3 in Fyn-knockdown
mesothelioma cells. NCI-H2052 and ACC-MESO-4 cells, transfected with
Fyn and control siRNA, were treated with 20 tM PP2 for 48 h.
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