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Abstract. Malignant mesothelioma (MM) is a highly
aggressive tumor associated with asbestos exposure. The iden-
tification of a marker specific for MM may be of considerable
value for the early detection of this tumor and may be used in
particular to screen groups with a history of asbestos exposure.
The aim of this study was to evaluate serum soluble meso-
thelin-related peptide (SMRP) levels as a diagnostic marker for
MM and investigate whether its diagnostic value is enhanced
by combination with other biomarkers. Serum SMRP levels
were measured using a quantitative enzyme-linked immuno-
sorbent assay in 96 patients with MM, 55 patients with lung
cancer and 39 individuals with a history of asbestos exposure.
Receiver operating characteristic curves were constructed for
performance evaluation. Stepwise logistic regression analysis
was used to select marker combinations (MCs). Serum SMRP
levels in patients with MM were significantly higher compared
to those in the other groups (P<0.001). The sensitivity of
SMRP levels in diagnosing MM was 56% and its specificity
for MM vs. lung cancer and individuals with asbestos expo-
sure was 87 and 92%, respectively. The area under the curve
(AUC) was 0.76 [95% confidence interval (CI): 0.68-0.83] for
the differentiation between MM and lung cancer and 0.78
(95% CI. 0.71-0.86) for the differentiation between MM and
individuals with asbestos exposure. For the MC of presence
of effusion, SMRP and carcinoembryonic antigen (CEA)
levels, the AUC for the differentiation between MM and
lung cancer (0.92; 95% CI: 0.88-0.97) and the differentiation
between MM and individuals with asbestos exposure (0.93;
95% CI: 0.87-1.0) was significantly higher compared to that
for SMRP alone (P=0.0001 and 0.0058, respectively). While
the specificity of this MC was comparable to SMRP alone, its

Correspondence to: Dr Kazuya Fukuoka, Cancer Center,
Hyogo College of Medicine, 1-1 Mukogawa-cho, Nishinomiya,
Hyogo 663-8501, Japan

E-mail: yuamikofu@m3.ken.nejp

Key words: malignant mesothelioma, mesothelin, soluble
mesothelin-related peptide, Mesomark™, marker combinations

sensitivity was ~20% higher compared to that of SMRP alone.
Therefore, combining SMRP and CEA improves the diag-
nostic performance of SMRP alone. A combination of serum
biomarkers, including SMRP, may facilitate the non-invasive
diagnosis of MM.

Introduction

Malignant mesothelioma (MM) is a tumor that develops from
the serous membranes that line the body cavities and it may
arise in the pleura, peritoneum and pericardium; in addition,
although extremely rare, it may also develop in the tunica
vaginalis testis. The most common form of this disease is the
malignant pleural mesothelioma (MPM). MM was previously
considered as being extremely rare; however, its incidence
and associated mortality rate exhibited a sharp increase
worldwide over the last 50 years, due to the close association
of MM with asbestos exposure. The prognosis of MPM is
poor, with a median survival of ~9-17 months (1). However, in
selected patients with epithelioid tumor histology, early-stage
disease, who undergo trimodality treatment (combination of
chemotherapy, postoperative radiotherapy and extrapleural
pneumonectomy), median overall survival of 51 months and
5-year survival rates of 46% have been reported (2). Recent
phase II trials reported a median survival of ~30 months for
the patients who completed the trimodality treatment (3,4).
Therefore, early diagnosis may play a vital role in the improve-
ment of therapeutic outcomes. Together with the advances in
imaging studies and endoscopic examinations, the develop-
ment of biomarkers useful for serum or effusion diagnosis
is crucial for the early diagnosis of MM. Currently known
biomarkers for diagnosing MM include cytokeratin 19 frag-
ment (CYFRA) (5-7), tissue polypeptide antigen (TPA) (5,6,8),
hyaluronic acid (8), carbohydrate antigen (CA125) (8,9) and
osteopontin (10-15). However, these markers have low speci-
ficity for MM

Mesothelin is a 40-kDa cell surface glycoprotein that is
overexpressed in cells of pancreatic and ovarian cancer, meso-
thelioma and other malignancies. The mesothelin gene encodes
a69-kDa glycoprotein, the mesothelin precursor protein, which
is cleaved by a furin-like protease and its N-terminal region is
released in the blood as a 31-kDa protein, the megakaryocyte
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potentiating factor (MPF). The 40-kDa C-terminal region of
this glycoprotein binds to the cell membrane as mesothelin.
Three distinct variants of mesothelin have been identified, one
of which has a modified C-terminus and becomes detached
from the cell membrane since it lacks a glycosylphosphati-
dylinositol (GPI) anchor. This soluble isoform corresponds to
the soluble mesothelin-related peptide (SMRP) (16). SMRP
and MPF may be highly specific biomarkers for MM and
have an equivalent diagnostic performance (17-19). SMRP is
currently the most extensively investigated and is considered
to be the best available blood protein biomarker of MM (20).

However, the diagnostic performance of SMRP alone is
not considered to be sufficiently high, as it appears to exhibit
insufficient sensitivity for MM (20,21). In diagnosing malig-
nant tumors, such as ovarian or prostate cancer, the diagnostic
performance of individual serum biomarkers was improved by
combining data obtained using multiple biomarkers (22,23).

In the present study, we evaluated the performance of
serum SMRP levels in the diagnosis of MM and-investigated
whether its diagnostic value could be improved through its
combination with other biomarkers.

Materials and methods

Study design. The subjects of this study were patients who
satisfied the following inclusion criteria: i) age =20 years;
ii) pathologically proven MM or lung cancer; and iii) except
for i1), individuals with asbestos exposure proven on the basis
of their history or from the medical viewpoint. Only patients
who personally provided written informed consent for the
measurement of their serum biomarkers were enrolled in
this study. Subjects who satisfied the above inclusion criteria
during the study period were retrospectively enrolled. The
pathological diagnosis was based on standard histological and
immunohistochemical criteria (24,25). The subjects were clas-
sifled into three groups: individuals with a history of asbestos
exposure, patients with lung cancer and patients with MM.
This study was approved by the Institutional Review Board of
the Hyogo Cotlege of Medicine.

Measurement of serum biomarker levels. At the time of
confirmation of the diagnosis, blood samples were collected
from the subjects and, following prompt separation of the
serum, the samples were stored at -80°C. The serum SMRP
levels were measured using an ELISA kit (Mesomark™,;
Fujirebio Diagnostics Inc., Malvern, PA, USA) according to
the manufacturer's instructions. The serum levels of CYFRA
and carcinoembryonic antigen (CEA) were measured using
commercially available immunoassay systems according to
the manufacturer's instructions: the serum CEA levels were
determined using a chemiluminescent immunoassay (Abbott
Japan Co., Ltd., Tokyo, Japan) and the serum levels of CY FRA
were determined using a solid-phase sandwich immuno-
radiometric assay (CIS Bio International, Gif-sur-Yvette,
France). The manufacturer suggests 3.5 ng/ml for CYFRA
and 5.0 ng/ml for CEA as the cut-off values to differentiate
between non-malignant disease and malignant tumors.

Statistical analysis. Summary statistics were used (median
and 25th and 75th percentiles) to evaluate the distribution of
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serum SMRP levels. The Steel's test, a non-parametric form
of the Dunnett's test, was used for comparing MM to the other
groups. The sensitivity and specificity of SMRP for diagnosing
MM were calculated, along with the corresponding 95% exact
confidence intervals (CIs). The above analyses were also
performed for CYFRA and its performance was compared to
that of SMRP by using the McNemar's test. To compare the
serum SMRP levels between each histological subtype of MM,
the Steel-Dwass test, a non-parametric form of the Tukey's
test, was performed. Subsequently, a stepwise logistic regres-
sion analysis was used to select marker combinations (MCs)
that were more effective for diagnosing MM. The criterion for
assessing whether a difference was significant in the variable
selection was 5%. The diagnostic performance of SMRP and
the MC was assessed by constructing a receiver operating
characteristic (ROC) curve and calculating the area under
the curve (AUC). The AUC for SMRP and that for the MC
were compared using the theory on generalized U-statistics to
generate an estimated covariance matrix and the y* test (26).
For each test, two-sided P<0.05 was considered to indicate a
statistically significant difference. Data were analyzed using
the statistical software SAS, version 9.1.3 (SAS Institute Inc.,
Cary, NC, USA) and Stata, version 11.0 (StataCorp College
Station, TX, USA). The GraphPad Prism software, version 4.00
for Windows (GraphPad Software, San Diego, CA, USA) was
used to prepare the figures.

Results

Patient characteristics. A total of 190 subjects were enrolled
in this study. A summary of the clinical characteristics of
these subjects, together with a breakdown of each group by
age, gender, history of asbestos exposure and presence of
effusion (pleural or peritoneal) is presented in Table I. Among
the 39 individuals with asbestos exposure, pleural plaque
was present in 16, benign asbestos pleurisy in 7, asbestosis in
3 patients, asbestosis plus benign asbestos pleurisy in 5, round
atelectasis in 2 and no imaging abnormalities in 6 patients. The
histological subtype in the 55 patients with lung cancer was
adenocarcinoma in 24, squamous cell carcinoma in 14 and
small-cell carcinoma in 17 patients. Among the 96 patients
with MM, the primary tumor site was the pleura in 91 and the
peritoneum in 5 patients (Table II). The histological subtype
was epithelioid in 57 patients, sarcomatoid in 12, biphasic in 6,
desmoplastic in 4 and unspecified in the remaining 7 patients
(Table II). Of the 91 patients with MPM, 74 were diagnosed
with clinical stage IV disease according to the staging clas-
sification proposed by the International Mesothelioma Interest
Group (IMIG). Only 5 patients had either stage I or II disease
(Table II).

Performance of serum SMRP in diagnosing MM. Fujirebio
Diagnostics, Inc., the developer of the Mesomark assay,
recommends a cut-off value of 1.5 nM, which was the
9%th percentile of the normal serum SMRP concentration in
a population of 409 healthy Americans (27). An investigation
in a population of healthy Germans revealed a cut-off value of
1.5-1.6 nM, which was the 95th percentile of the serum SMRP
concentration (28). In our study, we performed a preliminary
investigation of the distribution of serum SMRP levels among



944

Table I. Characteristics of the study subjects.
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Characteristics AE (n=39) LC (n=55) MM (n=96)
Age (years)
Mean + SD 68.1+8.1 64.7+10.6 61.2+9.5
Range 44-90 39-84 33-83
Gender
Male 36 45 75
Female 3 10 21
Asbestos exposure
Occupational 26 1 55
Environmental 13 1 27
None 53 14
Presence of effusion 12 16 78

AE, asbestos exposure; LC, lung cancer; MM, malignant mesothelioma; SD, standard deviation.

Table II. Demographic data of MM patients.

Characteristics Patient no. (%)

Primary site

Pleura 91 (94.8)
Peritoneum 5(5.2)
Histological subtype
Epithelioid 57 (59.4)
Sarcomatoid 12 (17.4)
Biphasic 16 (16.7)
Desmoplastic 4(5.8)
NOS 7(7.3)
Staging classification?
I 3(3.3)
il 2(22)
I 12 (13.2)
v 74 (81.3)

“Proposed by the International Mesothelioma Interest Group (IMIG),
peritoneal mesothelioma (n=>5) was excluded. MM, malignant meso-
thelioma; NOS, not otherwise specified.

72 healthy individuals without a history of asbestos exposure.
Since this investigation revealed that 69 individuals (96%)
had serum SMRP levels of <1.5 nM, we selected 1.5 nM, the
96th percentile, as the cut-off value.

The distributions of serum SMRP levels in each group
are shown in Fig. 1. The serum SMRP levels in MM patients
were significantly higher compared to those in the other
groups (P<0.001) (Table III). The sensitivity of SMRP for
diagnosing MM was 56% (95% CI: 46-66%) and its specificity
for MM vs. lung cancer and individuals with asbestos expo-
sure was 87% (95% CI: 76-95%) and 92% (95% CI: 79-98%),
respectively (Table IV). By contrast, the sensitivity of CYFRA
for diagnosing MM was 63% (95% CI. 52-72%) and its

specificity for MM vs. lung cancer was 49% (95% CI: 35-63%)
(Table 1V). The sensitivity of SMRP and CYFRA did not
differ significantly (P=0.157), although the specificity of
SMRP for MM vs. lung cancer was significantly higher
compared to that of CYFRA (P<0.001). The serum SMRP
levels in epithelioid disease [median, 2.47 nM; interquartile
range (IQR): 0.97-4.86] were significantly higher compared to
those in sarcomatoid disease (median, 0.8 nM; IQR: 0.38-1.15)
(P=0.04). However, there were no significant differences when
compared to the other histological subtypes. There was no
significant association between the serum SMRP levels and
MPM stages (data not shown).

The diagnostic performance of SMRP was evaluated using
ROC curves (Fig. 2). For the differentiation between MM and
lung cancer, the AUC was 0.76 (95% CI: 0.68-0.83) (Fig. 2A)
and for the differentiation between MM and individuals with
asbestos exposure, the AUC was 0.78 (95% CI: 0.71-0.86)
(Fig. 2B). For CY FRA, the AUC for the differentiation between
MM and lung cancer was 0.55 (data not shown). Therefore, the
diagnostic performance of SMRP for differentiating between
MM and lung cancer was superior to that of CYFRA.

Investigation of MCs and their performance in diagnosing
MM. To improve the performance of serum biomarkers
in diagnosing MM, we investigated the optimal MCs. The
measured variables common to patients with MM and lung
cancer were age, gender, presence of effusion, clinical stage
and the levels of SMRP, CYFRA and CEA. The measured
variables common to patients with MM and individuals with
a history of asbestos exposure were age, presence of effusion
and the levels of SMRP, CYFRA and CEA. Since the distribu-
tions of all the biomarkers were significantly skewed to the
right, the variables were logarithmically transformed using
common logarithms. A stepwise logistic regression analysis
was used to select the variables. To differentiate between
MM and lung cancer, SMRP levels, presence of effusion and
CEA levels were selected (Table V). From the signs of the
estimates, we determined that the probability of a diagnosis of
MM was higher for elevated SMRP levels, presence of pleural
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Figure 1. Distribution of serum soluble mesothelin-related peptide (SMRP)
levels in each group. The serum SMRP levels in patients with malignant
mesothelioma (MM) are compared to those in patients with lung cancer (LC)
and individuals with a history of asbestos exposure (AE). The cut-off value is
denoted by the horizontal dotted line.
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Figure 2. (A) Receiver operating characteristic (ROC) curves for soluble
mesothelin-related peptide (SMRP) and the marker combination (MC) for
differentiating between patients with malignant mesothelioma and lung
cancer. The area under the curve (AUC) for the MC is significantly higher
compared to that for SMRP alone (P=0.0001). (B) ROC curves for SMRP and
the MC for differentiating between patients with malignant mesothelioma
and individuals with a history of asbestos exposure, The AUC for the MC is
significantly higher compared to that for SMRP alone (P=0.0058).

effusion and lower CEA levels. It was concluded that the
selected markers were reasonable from the clinical standpoint.
Subsequently, the markers selected to differentiate between
MM and individuals with a history of asbestos exposure were
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Figure 3. Scatter diagrams of serum biomarker levels in patients with malig-
nant mesothelioma (®) and lung cancer (a). Carcinoembryonic antigen (CEA)
levels plotted against soluble mesothelin-related peptide (SMRP) levels. Each
cut-off value is denoted by horizontal or vertical dotted lines.

age and CYFRA (data not shown). However, this model was
composed of a single marker rather than multiple markers.
Therefore, it was excluded from further investigation.

To further evaluate the models in Table V, the association
between SMRP and CEA was analyzed using scatter diagrams
(Fig. 3). The scatter diagrams demonstrated that the majority
of patients with high CEA levels were those with lung cancer.
In addition, the majority of patients with high SMRP levels
were those with MM. Therefore, the combination of SMRP
and CEA resulted in only a minor overlap of the diagnostic
findings of MM and lung cancer, suggesting that the diagnostic
performance for MM was improved. By contrast, since the
combination of SMRP and CYFRA resulted in a significant
overlap of the diagnostic findings of MM and lung cancer, it
was inferred that the diagnostic performance was scarcely
improved (data not shown).

The MC was composed using theresults of Table V. Since the
ratio of the estimates for SMRP, presence of effusion and CEA
was ~3:1:5, the following MC was selected: MC=1xI(presence
of effusion) + 3 x log,,(SMRP) - 5 x log,,(CEA), where I (pres-
ence of effusion) was defined as an indicator function with
a value of 1 when effusion was present and 0 when effusion
was absent. Wherein -1 was selected as the cut-off value to
maximize the sum of the sensitivity and specificity, the sensi-
tivity of MC for diagnosing MM was 76% (95% CI: 64-85%)
and its specificity for MM vs. lung cancer and individuals
with asbestos exposure was 88% (95% CI: 74-96%) and 90%
(95% CI. 68-99%), respectively. While the specificity of MC
was comparable to SMRP alone, its sensitivity was ~20%
higher compared to that of SMRP alone. In addition, three of
the five MPM patients with stage I-II disease were above the
cut-off value, although none exhibited elevated serum levels
of SMRP alone. The ROC curves for MC are shown in Fig. 2.
The AUC for the differentiation between MM and lung cancer
was 0.92 (95% CI: 0.88-0.97), which was significantly higher
compared to that for SMRP alone (P=0.0001) (Fig. 2A). The
AUC for the differentiation between MM and individuals with
a history of asbestos exposure was 0.93 (95%CI: 0.87-1.0),
which was also significantly higher compared to that for
SMRP alone (P=0.0058) (Fig. 2B). These results indicate
that combining CEA with SMRP improves the performance
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Table III. Diagnostic findings based on the serum SMRP levels.
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Serum SMRP levels (nM) AE (n=39) LC (n=55) MM (n=96)
Mean + SD 0.78+0.50 0932077 577111
Median 0.64 0.65 1.882
QR25-QR75 0.49-0.96 0.40-1.08 0.71-4.79
Min-max 0.30-2.80 0.30-4.10 0.30-75.4

“P<0.001, MM vs. AE or LC (by Steel's test). SMRP, soluble mesothelin-related peptide; AE, asbestos exposure; LC, lung cancer; MM,

malignant mesothelioma; SD, standard deviation; QR25, 25th percentile; QR735, 75th percentile; min, minimum; max, maximum.

Table I'V. Sensitivity and specificity of biomarkers for diagnosing MM.

Biomarkers AE (n=39) LC (n=55) MM (n=96)
SMRP (%)
Sensitivity 8 13 56
95% C1 2-21 5-24 46-66
Specificity 92 87
95% CI 79-98 76-95
CYFRA (%)
Sensitivity 8 51 63
95% CI 2-21 37-65 52-72
Specificity 92 49
95% C1 79-98 35-63
CEA (%)
Sensitivity 64 57 9
95% CI 41-83 41-72 4-17
Specificity 36 43
95% CI 17-59 28-59

MM, malignant mesothelioma; AE, asbestos exposure; LC, lung cancer; SMRP, soluble mesothelin-related peptide; CYFRA, cytokeratin 19

fragment; CEA, carcinoembryonic antigen; CI, confidence interval.

Table V. Results of stepwise logistic regression analysis (MM vs. LC).

Parameter DF Estimate SE Wald y? P-value
Intercept 1 3.08 0.79 1545 <0.001
SMRP* 1 2.83 0.92 948 0.002
Presence of effusion Iy 1.28 0.42 9.15 0.003
CEA® 1 -5.52 1.46 1420 <0.001

“The levels of SMRP and CEA were logarithmically transformed. MM, malignant mesothelioma; LC, lung cancer; DF, degree of freedom; SE,
standard error of estimate; SMRP, soluble mesothelin-related peptide; CEA, carcinoembryonic antigen.

of SMRP alone in diagnosing MM and may facilitate early
detection of MPM.

Discussion
The recent development of Mesomark, a quantitative ELISA

kit using two monoclonal antibodies (OV369 and 4H3) that
recognize SMRP, has enabled the measurement of serum

SMRP levels. The findings of key studies on the performance
of SMRP in diagnosing MM by using the Mesomark kit
demonstrated that serum SMRP levels were significantly
higher in MM patients compared to those in controls, such
as healthy individuals, subjects with a history of asbestos
exposure, or patients with asbestos-related benign pleural
disease or lung cancer (9,11-21,27-35). In the present study,
also undertaken using the Mesomark kit, the serum SMRP
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levels were found to be significantly higher in MM patients
compared to those in lung cancer patients and individuals
with asbestos exposure. These findings are consistent with
those first reported by Robinson et al (36), suggesting that the
use of serum SMRP levels for diagnosing MM has excellent
universality and reproducibility. Based on previous studies,
including our own, SMRP is considered to be a highly specific
biomarker for MM; however, its sensitivity, ranging from
48-80%, is moderate (9,11-21,27-35). To improve the perfor-
mance of SMRP in diagnosing MM, there is a need to increase
the sensitivity while maintaining a high degree of specificity.

One way of improving the sensitivity may be by lowering
the cut-off value; however, this is not recommended, since it
may result in a simultaneous reduction of specificity (26,28).
Another approach may be to improve the diagnostic perfor-
mance by combining data obtained using multiple biomarkers.
The accuracy of the histopathological diagnosis of MM has
markedly improved. One reason for this improvement has been
the introduction of immunohistochemical analysis involving
the combination of a positive marker that is highly expressed
in MM and a negative marker that has a low frequency of
expression in MM (37,38). A systemic review of markers for
diagnosis of MM demonstrated that positive staining for CEA
and epithelial antigen (clone Ber-EP4) and negative staining
for epithelial membrane antigens and calretinin may confirm
that a patient does not have MM (21). In addition, based on
biomarker measurements in the pleural effusion, algorithms for
the diagnosis of malignant pleural diseases were established.
The CEA level achieved a greater accuracy in the differential
diagnosis of MPM through its combination with other markers.
For example, an elevated CYFRA level with a low CEA level in
pleural effusion was shown to be highly suggestive of MPM (7).

To date, whether the combination of blood biomarkers,
including SMRP, is able to improve the performance of SMRP
alone in diagnosing MM remains controversial. A previous
study by van den Heuvel et al (34) reported that the combina-
tion of two serum markers (CEA and SMRP) was the most
accurate in differentiating MPM from non-small-cell lung
cancer. The AUC of this marker combination demonstrated
a significant improvement compared to the inverse levels of
CEA alone. However, in that study, a direct comparison of
diagnostic performance between this combination and SMRP
alone was not performed.

Amati et al (31) evaluated the combination of two hemato-
logical biomarkers: 8-hydroxy-2'-deoxyguanosine (8-OHdG),
anindicator of oxidative DNA damage and vascular endothelial
growth factor § (VEGFp), an angiogenic molecule. The results
of that study indicated that the diagnostic performance of this
combination in differentiating between healthy individuals and
those with a history of asbestos exposure was superior to that
of each biomarker alone. Although it was also mentioned that
a combination of SMRP, 8-OhdG and VEGEFp was optimal for
distinguishing between individual groups, including the MM
group, that study provided no specific measures of diagnostic
performance or any further details.

Several previous studies evaluated the diagnostic perfor-
mance of combined SMRP and osteopontin measurements in
MM. Creaney et al (12) demonstrated that the combination of
SMRP, serum osteopontin and MPF did not exhibit increased
sensitivity for detecting MM compared to that of SMRP
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alone. A recent study investigated serum SMRP and plasma
osteopontin levels in 66 patients with MPM, 47 patients with
non-malignant asbestos-related lung or pleural diseases,
42 patients with other benign pleural and lung diseases and
21 patients with lung cancer, as plasma osteopontin was proven
to be more stable compared to serum osteopontin (14). A
logistic regression analysis revealed that the combined marker
model had an AUC of 0.912 and a sensitivity of 76%, with a
95% specificity (14). The AUC for this marker combination
did not differ from that for serum SMRP alone. In previous
studies, the majority of osteopontin-positive MM patients were
also found to be positive for SMRP. This high degree of concor-
dance may result in the finding that a combination of these two
markers does not improve the performance of SMRP alone
in diagnosing MM (12,14). Cristaudo et al (15) also measured
serum SMRP and plasma osteopontin levels in 93 healthy
subjects, 111 individuals with benign respiratory disease and
31 patients with MPM. That study was the first to demonstrate
that a combination of these two markers was more efficient
in MPM diagnosis compared to each marker used alone by
means of the combined risk index, a new statistical approach
of a logistic regression analysis. In that study, however, a small
number of patients with MPM were enrolled and its histological
subtype was limited to the epithelioid type. To confirm those
findings, larger-scale studies are required. The combination of
SMRP with CA125 (9), or MPF (12,18) has also been investi-
gated. However, none of those studies demonstrated that the
diagnostic performance of SMRP in combination with other
markers outperformed that of SMRP alone.

The present study demonstrated that combining SMRP
and CEA improved the diagnostic performance of SMRP
alone, since these two markers act in a complementary
manner. However, since we used the same data for selecting
and assessing the performance of MC, it is possible that our
evaluation of the MC may have been optimistic. Furthermore,
in our study, data were collected from a single center; valida-
tion of the diagnostic performance of this particular MC by a
multicenter study is recommended in the future.

It is difficult to determine whether pleural effusion
developing in individuals with a history of asbestos exposure
represents benign asbestos pleurisy or is an initial symptom
of MPM and misdiagnosis at this stage may hinder the early
detection of MPM. Future prospective research is required to
confirm whether a combination of serum biomarkers, including
SMRP, may be useful in diagnosing early-stage MPM.
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Abstract. Aim: Assessment of the efficacy of docetaxel plus
carboplatin vs. paclitaxel plus carboplatin in Japanese
patients with advanced non-small cell lung cancer (NSCLC).
Patients and Methods: Chemotherapy-naive patients were
randomly assigned at a ratio of 2 to I to receive six cycles of
either docetaxel (60 mg/m?) plus carboplatin [area under the
curve (AUC)=6 mg/ml min] or paclitaxel (200 mg/m?) plus
carboplatin (same dose), on day 1 every 21 days. The
primary end-point was progression-free survival (PFES).
Results: A total of 90 patients were enrolled. Overall
response rate, median PFS and median survival time in the
docetaxel-plus-carboplatin group and the paclitaxel-plus-
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carboplatin group were 23% vs. 33%, 4.8 months vs. 5.1
months, and 17.6 months vs. 15.6 months, respectively. The
docetaxel-plus-carboplatin group had a higher incidence of
grade 3 or 4 neutropenia (88% vs. 60%). Conclusion: Both
regimens were similarly effective in Japanese patients with
advanced NSCLC.

Lung cancer is one of the most common malignancies and is
the leading cause of cancer-related death worldwide (1).
Non-small cell lung cancer (NSCLC) accounts for 85% of
all cases of lung cancer. Platinum-based chemotherapy has
been considered a standard treatment for advanced NSCLC.
In addition, molecular-targeted therapy, including vascular
endothelial growth factor (VEGF) inhibitors such as
bevacizumab, epidermal growth factor receptor (EGFR)
inhibitors such as gefitinib or erlotinib, and anaplastic
lymphoma kinase (ALK) inhibitors, has recently become a
treatment option for specific subsets of patients, especially
those with non-squamous cell lung cancer (2-5). These
molecular targeted therapies have led to a paradigm shift of
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treatment. Unfortunately, all patients with EGFR-mutant or
ALK-positive lung cancer who receive EGFR or ALK

inhibitors eventually experience disease relapse and require
chemotherapy at some point during the course of treatment
(4). Chemotherapy thus continues to play an important role
in the management of NSCLC.

Docetaxel has been demonstrated to be effective against
previously-untreated advanced NSCLC. Results of a large
phase II trial found that docetaxel plus cisplatin was
significantly superior to vindesine plus cisplatin in terms of
overall response rate and overall survival (6). Carboplatin has
shown broad equivalence to cisplatin in combination with
chemotherapy for advanced NSCLC. To our knowledge,
however, no clinical trial has directly compared docetaxel +
carboplatin (DCarb) with paclitaxel plus carboplatin (PCarb)
in patients with advanced NSCLC.

Fossella er al. reported a phase II study comparing
docetaxel plus a platinum agent with vinorelbine plus
cisplatin, performed by the TAX 326 Study Group (7).
Docetaxel with cisplatin led to a better overall response and
higher survival rate than docetaxel plus carboplatin, with a
median survival time (MST) of 11.3 months, as compared
with 9.4 months, respectively. However, that study was not
designed to directly compare docetaxel plus cisplatin with
docetaxel plus carboplatin. The therapeutic value of
docetaxel with carboplatin as a front-line regimen for
advanced NSCLC, thus remains unclear.

Millward ef al. conducted a phase II study of docetaxel
plus carboplatin in white and Asian patients with advanced
NSCLC (8). The MST was 12.9 months, and multivariate
analysis showed that ethnicity was a significant independent
predictor of response and survival. Two clinical trials have
evaluated docetaxel with carboplatin in Japanese patients
with advanced NSCLC (9, 10). These trials reported a good
MST of 12 months and 12.9 months, respectively. However,
randomized phase II studies comparing docetaxel plus
carboplatin with a standard regimen have yet to be performed
on Asian patients with NSCLC. We therefore designed a
randomized phase II study to compare the newer
combination of DCarb with PCarb as standard treatment in
patients with advanced NSCLC.

Patients and Methods

All patients enrolled in this study had cytologically- or histologically-
confirmed diagnoses of NSCLC (adenocarcinoma, squamous cell
carcinoma, large cell carcinoma, or NSCLC not otherwise specified)
with advanced stage IIIB or stage IV disease or relapse after surgical
resection of NSCLC (regarded as stage IV). Other eligibility criteria
were as follows: chemotherapy-naive status; an Eastern Cooperative
Oncology Group performance status (PS) of 0 or 1; a neutrophil count
of at least 2.0x107 cells/l; a platelet count higher than 100.0x10?
cells/l; a hemoglobin concentration of at least 90 g/l; serum aspartate
aminotransferase (AST) or alanine aminotransferase (ALT)
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concentrations of less than two-times the upper limit of normal
(ULN); serum total bilirubin and creatinine concentrations of less than
the ULN; a creatinine clearance of 50 ml/min or higher (as calculated
by the Cockcroft-Gault equation) (11); and an alveolar partial
pressure of oxygen (PaO,) of 70 Torr or higher or an oxygen
saturation on pulse oximetry (SpO,) of 94% or higher (while
breathing room air). Patients were excluded if they had any of the
following conditions: severe infection, pregnancy or breastfeeding; a
previous malignancy within the previous five years (except for
patients with cured carcinoma in situ); another active cancer; an
allergy to polysorbate 80 or polyoxyethylene castor oil; evidence of
interstitial lung disease on a plain chest x-ray film; uncontrolled co-
morbidities such as malignant hypertension, congestive heart failure,
myocardial infarction within the previous six months, arrhythmia
requiring treatment, bleeding tendency, or diabetes mellitus; pleural
or pericardial effusion requiring drainage; symptomatic brain
metastasis; or peripheral neuropathy of more than grade 1.

All patients provided written informed consent. The study
protocol was approved by the Institutional Review Boards of all
participating institutions and by the Japan Multinational Trial
Organization (JMTO) ethical committee. This study was conducted
in accordance with the Declaration of Helsinki and was registered
with UMIN 000001225 on June 30, 2008.

Study design and treatment. This was a randomized, phase 11, open-
label study. The primary end-point was the determination of
progression-free survival (PFS). The secondary end-points were
tumor response, survival (1-year survival rate, overall survival), and
toxic effects. Patients were randomly assigned at aratioof 2to 1 to
receive either DCarbo or PCarbo. Central randomization to each
arm was performed with the use of Pocock and Simon’s method
(12). Stratification factors were PS (0 or 1), more than 5% weight
loss within the previous six months (yes or no), and serum lactic
dehydrogenase (LDH) concentration (abnormally high or not).

Patients in the DCarbo group received intravenous docetaxel
(60 mg/m?2) over the course of 60 to 90 min and carboplatin [area
under the curve (AUC) 6 mg/ml min] over the course of three hours
on day 1 every 21 days for six cycles. Pre-medication, such as anti-
emetic agents or corticosteroids, was given as required. In the PCarbo
group, patients received intravenous paclitaxel (200 mg/m?) and
carboplatin (AUC 6 mg/ml min, same as in the DCarbo group) on day
1 every 21 days for six cycles. Creatinine clearance was calculated
using the Cockcroft-Gault equation. The serum creatinine level
(mg/dl) used in this equation was modified by adding 0.2 mg/d},
because an enzyme assay is used in Japan, whereas Jaffe’s non-
enzyme assay was used to develop this equation. Patients in the
PCarbo group were given pre-medication with dexamethasone,
diphenhydramine, and ranitidine or cimetidine. The use of additional
antiemetics was left at the physician’s discretion. Use of granulocyte-
colony stimulating factor (G-CSF) was permitted any time during the
study (except for prophylactic use) in both groups. In the absence of
progressive disease or intolerable toxicity, patients in both groups
received six cycles of chemotherapy.

Treatment could be delayed for up to 14 days if the neutrophil
count was less than 1.5%109 cells/l and the platelet count was less
than 75x109 cells/l on day 1 of each course. In the event of
prolonged or complicated grade 4 neutropenia or thrombocytopenia,
the dose of docetaxel was reduced by 10 mg/m2, that of paclitaxel
by 25 mg/m?2, or that of carboplatin by AUC 1 mg/ml min for the
subsequent cycle of chemotherapy. Dose reduction was allowed
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twice. Treatment could be delayed for up to 14 days if AST or ALT
(or both) was more than 2.5-times higher than the ULN, the serum
creatinine concentration was more than 1.5-times higher than the
institutional ULN, or nonhematological toxicity of grade 2 or higher
developed (except for nausea, vomiting, fatigne, loss of appetite,
mild electrolyte abnormalities, and alopecia) developed.

Patients were assessed every two cycles, and the objective
response was evaluated according to the Response Evaluation
Criteria in Solid Tumors (RECIST), version 1.0 (13). The best
response in individual patients was derived from investigator-
reported data. Objective response rates were confirmed by at least
one sequential tumor assessment. Toxic effects were graded in
accordance with the National Cancer Institute Common Toxicity
Criteria, version 2.0 (14). The numbers and frequencies of each
adverse event were respectively summarized for any grade and for
grade 3 or higher in each treatment group. The MST with 95%
confidence intervals (CI) and the probability of 1-year survival
with 95% CI were calculated by the Kaplan-Meier method for
each group.

Statistical plan and analysis. The primary end-point was PFS. The
main objective of the study was to estimate the PFS rate at six
months in the DCarbo group. The median PFS in the DCarbo group
was predicted to be about 150 days on the basis of the results of
previous studies. The PFS rate at six months was thus assumed to be
45%. Given that the range of the 90% CI at six months is 0.1 or
less, we estimated that at least 60 patients would be required in the
DCarbo group. Because patients were randomly assigned to either
the DCarbo group or PCarbo group at a ratio of 2:1, the target
number of patients in the latter group (calibration group) was 30.
Hazard ratios (HR) and 95% Cls were calculated with a Cox
proportional-hazards model.

Results

Fatients’ characteristics. A total of 90 patients were enrolled
between June 2007 and September 2008 at 15 institutions in
Japan. All patients were eligible for analysis. Sixty patients
were assigned to the DCarbo group and 30 were assigned to
the PCarbo group (Figure 1). The patients’ characteristics for
both groups were shown in Table I. The baseline
characteristics of patients in the DCarbo group were similar
to those in the PCarbo group.

Tumor response and survival. The total number of
administered cycles of chemotherapy was 230 in the DCarbo
group and 139 in the PCarbo group. The median follow-up
time was 15.8 months.

Sixty patients began chemotherapy in the DCarbo group,
and 19 completed six cycles according to protocol. The mean
number of administered cycles of chemotherapy was 4.0
(range, 1 to 6). Dose modification was carried out once in
17 patients (28%) and more than once in 23 patients (38%).
Treatment was delayed in 11 patients (18%). The reasons for
treatment discontinuation before the completion of six cycles
of DCarbo were disease progression (n=18), dose
modification necessitated by adverse events more than twice

(n=12), and withdrawal of treatment by the patient (n=6) or
investigator (n=5). In the PCarbo group, 30 patients began
chemotherapy, and 14 completed six cycles. The mean
number of administered cycles was 4.6 (range, 1 to 6). Dose
modification was carried out once in seven patients (23%)
and more than once in seven patients (23%). Treatment was
delayed in 10 patients (33%). The reasons for
discontinuation of PCarbo before the completion of six
cycles were disease progression (n=6), withdrawal of
treatment by the patient (n=5), dose modification
necessitated by adverse events more than twice (n=4), and
withdrawal of treatment by the investigator (n=1).

The overall response rate (based on the best confirmed
response during study treatment) was 23% [14 out of 60
patients with partial response (PR); 95% Cl=13%-36%] in
the DCarbo group and 33% (10 out of 30 patients with PR;
95% Cl=17%-53%) in the PCarbo group (Table II). No
patient had a complete response. Stable disease was obtained
in 31 patients (52%; 95% CI=38%-65%) in the DCarbo
group and 15 patients (50%; 95% CI=31%-69%) in the
PCarbo group. The Median PFS was 4.8 months (95%
CI=3.9-7.2 months) in the DCarbo group and 5.1 months
(95% Cl=4 .4-6 4 months) in the PCarbo group. The PFS rate
at six months was 42% (90% Cl=31%-52%) in the DCarbo
group and 40% (90% CI=25%-54%) in the PCarbo group
(Figure 2). The hazard ratio of DCarbo referenced to PCarbo
was 0.86 (95% CI=0.55-1.36). The MST was 17.6 months
(95% C1=10.2-22.9 months) in the DCarbo group and 15.6
months (95% CI=9.3-20.8 monts) in the PCarbo group
(Figure 3). The 1-year survival rate was 60% in both groups
(90% Cl=49%-70% in the DCarbo group and 44%-73% in
the PCarbo group). The hazard ratio of DCarbo compared to
PCarbo was 0.77 (95%CI=0.47-1.26).

Toxiciry. All patients were assessable for toxicity (Table III).
Patients in the DCarbo group had a higher incidence of
grade 3 or 4 neutropenia than those in the PCarbo group
(88% vs. 60%, 95% CI=77%-95% vs. 41%-77%). The
PCarbo group had a higher incidence of grade 2 or more
sensory neuropathy (37% vs. 3%, 95% CI=20%-56% vs.
0%-12%), myalgia (13% vs. 0%, 95% CI=4%-31% vs.
0%-6%), and arthralgia (20% vs. 2%, 95% CI=8%-39% vs.
0%-9%) than the DCarbo group. There were no major
differences between the two groups regarding any other
toxic effects (Table III).

One treatment-related death was reported in the DCarbo
group. Acute respiratory distress syndrome (ARDS)
developed in a 76-year-old woman two months after the end
of the fifth, final cycle of treatment. Five days after the onset
of respiratory failure, the patient had an acute myocardial
infarction and died two days later. The patient’s attending
physician judged that the relation to treatment was “not
definite.” An independent data monitoring committee judged
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Figure 1. Study design and patient flow. n: Number of patients.

that the relation of death to the study treatment was not
definite, but possible.

Discussion

This randomized phase IT trial comparing DCarbo with
PCarbo is the first of this kind to be performed in Asia. Our
results suggest that both regimens are similar in terms of PFS
and overall survival. The PFS of 4.8 (95% CI=3.9-7.2)
months and MST of 17.6 (95% CI=10.2-22.9) months in the
DCarbo group were favorable.
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Asian ethnicity may contribute to some degree to better
results in patients who receive DCarbo, as reported by
Millward et al. (8). Three large phase III trials performed on
Japanese patients with advanced NSCLC have included
paclitaxel + carboplatin as one treatment arm (15-17). In
these studies, the number of patients who received PCarbo
was 281 (Okamoto et al.) (15), 197 JMTO LC 00-03 study)
(16), and 145 (Four-Arm Cooperative Study) (17),
respectively. The dose of carboplatin was AUC 6 mg/ml min,
with paclitaxel given at a dose of 200 mg/m? in two studies
(15, 17) and 225 mg/m? in the other (16). The median PFS
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Table 1. Patients’ characteristics.

Table 11. Overall response and survival data.

Docetaxel + Paclitaxel +
carboplatin ¢ arboplatin
(%) (%)
(n=60) (n=30)
Age (median) (years) 67.5 655

Male/female

Body weight loss>5% Yes /no
Performance status 0/1
Histology Sq/Ad/La/Other

43/13 (78/22)
11/49 (18/82)
19/41 (32/68)
13/36/2/9
(22/60/3/15)
24/36 (40/60)
S3/7 (88/12)
44/16 (73/27)
3.(5)

22/8 (73/27)
5/25 (17/83)
7/23 (23/77)
10/1710/3
(33/57/0/10)
10/20 (33/67)
26/4 (87/13)
21/9 (70/30)
3 (10)

Stage HIB/IV

Naive/relapsed

LDH Normal/abnormally high
Prior radiotherapy

Sq: Squamous cell carcinoma, Ad: adenocarcinoma, La: large cell
carcinoma, LDH: lactate dehydrogenase.

or time to progression was 4.8, 5.8, and 4.5 months, and the
MST was 13.3, 14.1, and 12.3 months, respectively. These
results are similar to those of the present trial, obtaining a
PES of 5.1 months and an MST of 15.6 months, and suggest
that Japanese patients have a good response to taxane-based
chemotherapy. C1236T polymorphism in the ATP-binding
cassette sub-family B member-1 (ABCBI) gene is
significantly related to docetaxel clearance (18). Gandara er
al. reported ethnic differences in the metabolism of taxanes
between American and Japanese patients with lung cancer in
a common-arm analysis of PCarbo, performed jointly in the
United States and Japan (19).

Differences in the allelic distribution of genes involved in
paclitaxel disposition or DNA repair [cytochrome P450 3A4
(CYP3A4)*1B and excision repair cross-complementation
group 2 (ERCC2) K751Q] were observed between Japanese
and American patients. Resulting metabolic differences in
taxane metabolism may consequently contribute to better
outcomes in Asian patients with lung cancer who receive
taxanes.

In our study the dose of docetaxel was 60 mg/m” and that
of carboplatin was AUC 6 mg/ml min. This dose of docetaxel
is generally used in Japan to treat NSCLC. When combined
with cisplatin, the dose of docetaxel used in Japan may be
slightly lower the one that used in other countries (6).
However, the results of Japanese studies in terms of PFS or
overall survival are not inferior to those of studies performed
in other countries, where docetaxel is usually given at a dose
of 75 mg/m2 (7). On the other hand, most Japanese studies
have used cisplatin at a dose of 80 mg/m?, which is slightly
higher than that used in other countries (75 mg/m?). The
modest differences in the doses of chemotherapeutic agents
may not have had a major influence on PES or overall

Regimen Docetaxel + Paclitaxel +
carboplatin carboplatin
Number of patients 60 30

Response rate (95%CI) 23% (13-36%) 33% (17-53%)

Median PFS (95% CI), months 4.8 (39-72) 5.1 (4.4-64)
PFS rate (90% CI)* 42% (31-52) 40% (25-54)
HR (95% CI) 0.86 (0.55-1.36) Referent
Median OS (95% CI), months 17.6 (10.2-23.0) 15.5(9.4-20.8)
HR (95% CI) 0.77 (0.47-1.26) Referent

1-Year survival rate (90% Cl) 60% (49-70) 60% (44-73)

MST: Median swrvival time, Cl: confidence interval, HR: hazard ratio,
PES: progression-free survival , OS: overall survival. *At six months.

Table 111. Toxicities experienced during study period.

Docetaxel+ Paclitaxel+

carboplatin  carboplatin

% (95% CI) % (95% CI)
Toxicity N=60 N=30
Grade 3 or more Neutropenia 88 (77-95) 60 (41-77)
Grade 3 or more Anemia (hemoglobin) 12 (5-23) 7 (1-22)
Grade 3 or more Thrombocytopenia 0 3(0-17)
Grade 3 or more Frbrile neutropenia 17 (8-29) 13 (4-31)
Grade 2 or more Nausea 28 (18-41) 17 (6-35)
Grade 2 or more Vomiting 12 (5-23) 10 (2-27)
Grade 2 or more Sensory neuropathy 3(0-12) 37 (20-56)
Grade 2 or more Myalgia 0 13 (4-31)
Grade 2 or more Arthralgia 2 (0-9) 20 (8-39)
Possible TRD (ARDS) 1 0

CI: Confidence interval, TRD: treatment-related death, ARDS: acute
respiratory distress syndrome.

survival. Brunetto ef al. reported that the dose intensity of
platinum-doublet regimens including cisplatin or carboplatin
with either vinorelbine or gemcitabine did not have an
impact on survival or time-to-progression in patients with
NSCLC (20).

A phase II study comparing DCarbo with PCarbo as first-
line chemotherapy was performed in 1,077 patients with
ovarian cancer (21). Docetaxel (75 mg/n12) or paclitaxel (175
mg/m?) with carboplatin to (AUC 5 mg/ml min) was
administered every three weeks for six cycles.

The study also concluded that DCarbo is similar to
PCarbo in terms of PFS and response, but recommended that
longer follow-up is required before making a definitive
statement on survival. DCarbo was considered an alternative
first-line regimen for chemotherapy in patients with ovarian
cancer. As for toxicity, DCarbo was associated with
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Figure 2. Progression-free survival. MST: Median survival time, CI:
confidence interval.

substantially less overall and grade 2 or more neurotoxicity
than PCarbo. On the other hand, DCarbo led to a higher
incidence of grade 3 or 4 neutropenia than did PCarbo.
Similar trends were noted in our study: DCarbo had a lower
incidence of grade 2 or more sensory neuropathy (3% vs.
37%), but a higher incidence of grade 3 or more neutropenia
(87% vs. 60%) as compared with PCarbo. Although
myelosuppression was also frequently associated with
DCarbo in our study, this adverse effect was not dose-
limiting.

Recently, the survival of patients with NSCLC has
improved, in part because of improved treatments or perhaps
because of selection bias. The longer the survival, the more
problematic is chronic toxicity such as neurotoxicity. Such
toxicity negatively affects the quality of life of patients with
NSCLC. This is especially true for those tested with PCarbo
regimens (22). Even if the dose of paclitaxel is reduced from
225 mg/m? to 200 mg/m?, the problem of neurotoxicity
persists. DCarbo would, thus, be the preferred regimen to
avoid severe neurotoxicity.

The treatment-related death in the DCarbo group in our
study was reviewed by a safety committee. ARDS occurred
as late as two months after the end of the patient’s fifth, final
cycle of treatment. The relation of death to chemotherapy
with DCarbo was considered not definite, but possible.

Our study had several important limitations. We studied
only Japanese patients, and it remains unclear whether our
results can be extrapolated to other ethnic groups. Our study
group comprised of patients with all histological types of
NSCLC, and information on mutations in the EGFR gene
was not obtained. In addition, the doses of docetaxel and
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carboplatin differed from those used in Western studies of
patients with NSCLC.

Conclusion

Docetaxel plus carboplatin is considered an alternative first-
line chemotherapeutic regimen for patients with newly-
diagnosed advanced NSCLC, at least in Asia. In the future,
this regimen might be combined with other treatments, such
as molecular targeted therapy.
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Abstract

Background/Aims: Our earlier studies suggested crosstalk between IRS/PI3 kinase/PDK1/
Akt/Racl/ROCK and (Shc2/Grb2/SOS)/Ras/Raf/MEK/ERK pathways downstream PDGF-Bf
receptor responsible for chemotaxis and proliferation of malignant mesothelioma cells. The
present study was conducted to obtain evidence for this. Methods: To assess activation of
Akt, MEK, and ERK, Western blotting was carried out on MSTO-211H malignant mesothelioma
cells using antibodies against phospho-Thr308-Akt, phopho-Serd73-Akt, Akt, phospho-MEK,
MEK, phopho-ERK1/2, and ERK1/2. To knock-down Akt, PI3 kinase, PDK1, and Racl, siRNAs
silencing each-targeted gene were constructed and transfected into cells. To monitor Racl
activity, FRET monitoring was carried out on living and fixed cells. Results: ERK was activated
under the basal conditions in MSTO-211H cells, and the activation was prevented by inhibitors
for PI3 kinase, PDK1, Akt, and Racl or by knocking-down PI3 kinase, PDK1, Akt, and Racl.
Akt was also activated under the basal conditions, and the activation was suppressed by a
MEK inhibitor and an ERK1/2 inhibitor. In the FRET analysis, Racl was activated under the
basal conditions, and the activation was inhibited by a MEK inhibitor and an ERK1/2 inhibitor.
Conclusion: The results of the present study show that ERK could be activated by PI3 kinase,
PDK1, Akt, and Racl and that alternatively, Akt and Racl could be activated by MEK and ERK
in MSTO-211H cells.
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Introduction

Platelet-derived growth factor (PDGF) promotesproliferation ofmalignantmesothelioma
cells as well as other cancer types of cells [1-6]. The PDGF family includes PDGF-A, -B, -C and
-D. PDGF-A and -B are secreted as active dimers composed of single-domain protein chains
(PDGF-AA and -BB), but otherwise PDGF-C and -D, which contain an N-terminal CUB and
a conserved C-terminal growth factor domain, are secreted as a latent dimeric factor and
undergo proteolytic processing at the hinge region between the CUB domain and the growth
factor domain to produce the active form of PDGF-CC and -DD through tissue plasminogen
activator (tPA) and urokinase-type plasminogen activator (uPA), respectively [7-9]. PDGF
receptors consist of the PDGF-o and/or - subunit such as ao. homodimer, o heterodimer,
and Bf homodimer [7]. PDGF-ao and -ap receptors are activated by PDGF-AA, -BB, and -CC,
and PDGF- receptor is activated by PDGF-DD [8, 9].

In our earlier studies, PDGF-D, endogenously secreted, facilitated chemotaxis and
promoted proliferation of malignant mesothelioma cells through PDGF- receptor [10, 11].
PDGF-BPreceptorisareceptortyrosinekinase, which phosphorylatesthereceptorbyitselfand
insulin receptor substrate protein (IRS). IRS, in turn, recruits and activates phosphoinositide
3-kinase (PI3 kinase), to produce phosphatidylinositol (3,4,5)-trisphosphate [PI (3,4,5) P.]
from phosphatidylinositol (4,5)-biphosphate [P1 (4,5) P_]. PI (3,4,5) P, binds to and activates
phosphoinositide-dependent kinase-1 (PDK1), which phosphorylates and activates Akt. Akt
activates the Rho family Racl/Cdc42, followed by activation of the effector Rho-associated
coiled-coil forming protein kinase (ROCK). PDGF-Bf} receptor, alternatively, phosphorylates
Shc2, which forms a complex of Shc2/Grb2 /SOS to activate Ras. Ras subsequently activates
Raf followed by the sequent phosphorylation and activation of mitogen-activated protein
(MAP) kinase cascades such as MAP kinase kinase (MEK) and extracellular signal-regulated
kinase (ERK). Spontaneous proliferation of malignant mesothelioma cells was clearly
suppressed by knocking-down PDGF-D and PDGF-ff receptor [11]. The proliferation was
significantly inhibited by the Akt inhibitor MK2206, and the ROCK inhibitor Y27632, but
amazingly the PI3 kinase inhibitor wortmannin, the PDK1 inhibitor BX912, or the Racl
inhibitor NSC23766 had no effect [11]. This suggests that Akt or ROCK is not activated along
a PDGF-BP receptor/PI3 kinase/PDK1/Akt/Racl/ROCK axis. Moreover, proliferation of
MSTO-211H cells was still inhibited by the MEK inhibitor PD98059 and the ERK1/2 inhibitor
FR180204. Then, we hypothesized that crosstalk between IRS/PI3 kinase/PDK1/Akt/Racl/
ROCK and (Shc2/Grb2/S0S)/Ras/Raf/MEK/ERK pathways underlies downstream PDGF-f§3
receptor in MSTO-211H cells.

To prove this hypothesis, the present study monitored activities of Akt and MEK/ERK
by Western blotting and Racl using a plasmid encoded féerster resonance energy transfer
(FRET) probe in MSTO-211H cells, a biphasic human malignant mesothelioma cell line. We
show here that PI3 kinase, PDK1, Akt, and Racl could activate ERK in MSTO-211H cells and
that MEK and ERK could otherwise activate Akt and Rac1.

Materials and Methods

Cell culture

MSTO-211H cell line was purchased from American Type Culture Collection (Manassas, VA, USA). Cells
were grown in RPMI-1640 medium supplemented with 10% (v/v) heat-inactivated FBS, 0.003% (w/v)
L-glutamine, penicillin (final concentration, 100 U/ml), and streptomycin (final concentration, 0.1 mg/ml),
in a humidified atmosphere of 5% CO, and 95% air at 37 °C.

Western blotting

MSTO-211H cells were untreated and treated with a variety of inhibitors or transfected with small
interfering RNAs (siRNAs), and then lysed in a lysate solution [150 mM NaCl, 20 mM Tris, 0.1% (v/v)
Tween-20 and 0.1% (w/v) sodium dodecyl sulfate (SDS), pH 7.5] containing 1% (v/v) protease inhibitor
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cocktail and 1% (v/v) phosphatase inhibitor cocktail. The lysates were centrifuged at 3,000 rpm for 5 min
at 4 °C. Proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using a TGX gel
(BioRad; Hercules, CA, USA) and then transferred to polyvinylidene difluoride (PVDF) membranes. Blotting
membranes were blocked with TBS-T [150 mM NaCl, 0.1% (v/v) Tween-20 and 20 mM Tris, pH 7.5]
containing 5% (w/v) bovine serum albumin and subsequently reacted with antibodies against phospho-
Thr308-Akt (pT308)(Cell Signaling Technology, Inc.; Danvers, MA, USA), phospho-Ser473-Akt (pS473)(Cell
Signaling Technology), Akt (Cell Signaling Technology), phospho-MEK (pMEK)(Cell Signaling Technology),
MEK (Cell Signaling Technology), phospho-ERK (pERK)(Santa Cruz Biotechnology; Santa Cruz, CA, USA),
ERK (Santa Cruz Biotechnology), P13 kinase (Sigma-Aldrich; St. Louis, MO, USA), PDK1 (Sigma-Aldrich),
Racl (Sigma-Aldrich), and B-actin (Sigma-Aldrich). After washing, membranes were reacted with a
horseradish peroxidase-conjugated goat anti-mouse IgG or goat anti-rabbit IgG antibody. Immunoreactivity
was detected with an ECL kit (GE healthcare; Piscataway, NJ, USA) and visualized using a chemiluminescence
LAS-4000mini detection system (GE healthcare). Protein concentrations for each sample were determined
with a BCA protein assay kit (Thermo Fisher Scientific; Waltham, M4, USA).

Construction and transfection of siRNA

The siRNA to silence the Aktl/2-targeted gene (Akt siRNA) was purchased from Santa Cruz
Biotechnology. The siRNAs to silence the PI3 kinase p1103-targeted gene (PI3K KD), the PDK1-targeted
gene (PDK1 KD), the Racl-targeted gene (Racl KD) were obtained from Ambion (Carlsbad, CA, USA). The
sequences of siRNAs used were 5'-GUGAGAAAUUUGAACGGUUtt -3' and 5'-AACCGUUCAAAUUUCUCACta-3'
for PI3 kinase p1108; 5'-GGACACCAUCCGUUCAAUUtt-3' and 5'-AAUUGAACGGAUGGUGUCCtg-3' for PDK1;
and 5'-CUACUGUCUUUGACAAUUAtt-3" and 5'-UAAUUGUCAAAGACAGUAGgg-3' for Racl. Each negative
control siRNA (NC siRNA)(Ambion) had the scrambled sequence, the same GC content, and nucleic acid
composition. siRNAs were transfected into cells using a Lipofectamine reagent (Invitrogen; Carlsbad, CA,
USA). Cells were used for experiments 48 h after transfection.

Monitoring of Rac1 activity

FRET probe containing Raichu-Racl with EV linker was kindly gifted from Dr. Matsuda (Kyoto
university)[12, 13]. MSTO-211H cells were transfected with the FRET probe using an X-tremeGENE HP DNA
transfection reagent (Roche, Mannheim, Germany). Twenty-four h after transfection fluorescent signals in
living cells were monitored at 485-nm argon laser for cyan fluorescent protein (CFP) and 517-nm argon
laser for yellow fluorescent protein (YFP) in the presence and absence of inhibitors with a Zeiss LSM510
META inverted microscope (Oberkochen, Germany). In a different set of experiments, cells were untreated
and treated with inhibitors for periods of time, and then fixed with formaldehyde [final conc. 3.7 (v/v) %]
for 30 min. Then, CFP and YFP signals were monitored. The background was subtracted and the FRET ratio
(YFP signal intensity /CFP signal intensity) was calculated using an Image] software (National Institutes of
Health, USA).

Statistical analysis
Statistical analysis was carried out using unpaired t-test and Dunnett's test.

Results

PI3 kinase, PDK1, Akt, and Racl activates ERK A

ERK was phosphorylated in the absence of inhibitors in MSTO-211H cells {Fig. 1A-E),
indicating that ERK is spontaneously activated under the basal conditions. The PI3 kinase
inhibitor wortmannin (10 uM) [14] reduced ERK phosphorylation (Fig. 1A). Expression
of PI3 kinase was suppressed in MSTO-211H cells transfected with the PI3 kinase siRNA
(Fig. 4A), confirming knocking-down PI3 kinase. ERK phosphorylation was significantly
prevented by knocking-down PI3 kinase (Fig. 4C). It is indicated from these results that P13
kinase has the potential to activate ERK.

The PDK1 inhibitor BX912 (100 nM) [15] significantly reduced ERK phosphorylation
(Fig. 1B). Expression of PDK1 was suppressed in MSTO-211H cells transfected with the PDK1
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Fig. 1. ERK activation via a PI3 kinase/PDK1/Akt/
Racl pathway. MSTO-211H cells were untreated (-)
and treated (+) with wortmannin (WM)(10 pM)(4),
BX912 (BX)(100 nM)(B), MK2206 (MK)(5 uM)(C),
NSC23766 (NSC)(1 pM)(D), or Y27632 (10 puM)(E)
for 10 min, and then, Western blotting was carried
out using antibodies against pERK and ERK. In the
graphs, each column represents the mean (+ SEM)
ratio of pERK signal intensity /ERK signal intensity
(n=4 independent experiments). P values, Dunnett's
test.

Fig. 2. Akt activation due to MEK and ERK.
MSTO-211H cells were untreated (-) and treated
(+) with wortmannin (WM)(10 uM)(A), BX912 (BX)
(100 nM)(B), MK2206 (MK)(5 puM)(C), PD98059
(PD){(50 uM)(D), or FR180204 (FR)(10 pM)(E) for
10 min, and then, Western blotting was carried out
using antibodies against pT308, pS473, and Akt
In the graphs, each column represents the mean
(* SEM) ratio of pT308 signal intensity or pS473 sig-
nal intensity/Akt signal intensity (n=4 independent
experiments). P values, Dunnett's test.

siRNA (Fig. 4D), confirming knocking-down PDK1. ERK phosphorylation was significantly
prevented by knocking-down PDK1 (Fig. 4F). Collectively, these results indicate that PDK1

has the potential to activate ERK.

The Akt inhibitor MK2206 (5 uM) [16] significantly reduced ERK phosphorylation (Fig.
1C). Expression of Akt was significantly reduced in MSTO-211H cells transfected with the Akt
siRNA (Fig. 3A), confirming Akt knocking-down. MEK phosphorylation was not attenuated
by knocking-down Akt (Fig. 3B). Phosphorylation of ERK, on the other hand, was significantly
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Fig. 3. Akt-mediated ERK activation. (A)
Western blotting was carried out in MSTO-
211H cells using antibodies against Akt and
B-actin 48 h after transfection with the NC
siRNA (NC) or the Akt siRNA. Signal inten-

P=0.0016

. . 167 —— 25 25
sities for Akt were normalized by those for 14 20 20
B-actin. In the graph, each column repre- | g 1.2 5 X

. 3 1.0
sents the mean (+ SEM) normalized expres- < 08 é 15 S :2
=%
sion of Akt (n=4 independent experiments). | 2 06 gro &
. . < 04 205 205
P value, unpaired t-test. In different sets of 0.2
; ; ; 0 0 0
experx}nents,.We:?tern b.lottlng was carried NC | A KD NC Akt KD NC Akt
out using antibodies against pMEK and MEK prpy

(B) or pERK and ERK (C) 48 h after transfec-
tion with siRNAs. In the graphs, each column represents the mean (+ SEM) ratio of pMEK signal intensity/
MEK signal intensity or pERK signal intensity/ERK signal intensity (n=4 independent experiments). KD,
knock-down. P value, Dunnett's test.

prevented by knocking-down Akt (Fig. 3C). These results interpret that Akt activates ERK
directly, but not through MEK activation.

The Racl inhibitor NSC23766 (1 uM) [17] reduced ERK phosphorylation (Fig. 1D).
Expression of Racl was suppressed in MSTO-211H cells transfected with the Racl siRNA (Fig.
4G), confirming knocking-down Racl. ERK phosphorylation was significantly prevented by
knocking-down Racl (Fig. 41). These results indicate that Racl has the potential to activate
ERK.

Incontrast,theROCKinhibitorY27632 (10 uM) [18] had no effecton ERK phosphorylation
(Fig. 1E), indicating no implication of ROCK in ERK activation. Taken together, these results
imply that ERK could be still activated through a pathway along a PDGF-pf receptor/PI3
kinase/PDK1/Akt/Racl axis.

MEK and ERK activate Akt and Racl

Akt was phosphorylated at Thr308 and Ser473 in the absence of inhibitors in MSTO-
211H cells (Fig. 2A-E), indicating that Akt is spontaneously activated under the basal
conditions. Phosphorylation of Akt at Thr308 and Ser473 was inhibited by wortmannin (10
uM)(Fig. 2A) and BX912 (100 nM){Fig. 2B). In addition, Akt phosphorylation at Thr308 and
Ser473 was clearly inhibited by knocking-down PI3 kinase (Fig. 4B) and PDK1 (Fig. 4E).
These results imply that Akt is activated through a pathway along a PDGF-3f3 receptor/PI3
kinase/PDK1/Akt axis. Interestingly, Akt phosphorylation was also inhibited by MK2206 (5
pM)(Fig. 2C). This suggests that Akt might be activated through its autophosphorylation.
Moreover, Akt phosphorylation was significantly inhibited by knocking-down Rac1 (Fig. 4H).
This suggests that Racl is capable of activating Akt, i.e., Racl serves as a positive feedback
activator of Akt.

Phosphorylation of Akt at Thr308 and Ser473 was also prevented by the MEK inhibitor
PD98059 (50 uM) [19] (Fig. 2D) and the ERK1/2 inhibitor FR180204 (10 uM) [20, 21] (Fig.
2E). This indicates that MEK and ERK have the potential to activate Akt.

We finally monitored Racl activity in living and fixed MSTO-211H cells using a FRET
probe. In the FRET analysis, increasing and reducing FRET ratio (YFP signal intensity/CFP
signal intensity) correspond to activation and inactivation of Racl, respectively. For living
cells, the FRET ratio was apparently reduced by MK2206 (5 uM), while the ratio was not
altered in the absence of inhibitors (Fig. 5A). This indicates that Racl is activated in an
Akt-dependent manner under the basal conditions. The FRET ratio was also diminished by
FR180204 (10 uM), but to a lesser extent than that for MK2206 (Fig. 5A), suggesting ERK-
mediated Racl activation. For fixed cells, the FRET ratio was clearly inhibited by wortmannin
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Fig. 4. ERK activation due to
PI3 kinase, PDK1, and Racl.
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(10 uM), BX912 (100 nM), and MK2206 (5 uM)(Fig. 5B), confirming Racl activation along
a PI3 kinase/PDK1/Akt axis. The FRET ratio was still reduced by PD98059 (50 uM) and
FR180204 (10 uM)(Fig. 5B). This indicates that Racl could be activated by MEK or ERK.

Discussion

PDGF-Bf receptor is implicated in two main pathways; an IRS/PI3 kinase/PDK1/
Akt/Racl/ROCK pathway and a (Shc2/Grb2/S0S)/Ras/Raf/MEK/ERK pathway (Fig. 6).
In the present study, activation of Akt and ERK was found under the basal conditions in
MSTO-211H biphasic human malignant mesothelioma cells. This, in the light of the fact that
spontaneous proliferation of malignant mesothelioma cells was inhibited by knocking-down
PDGF-D and PDGF-Bp receptor [11], indicates that Akt and ERK are activated via two main
pathways linked to PDGF-Bf receptor, which is activated by PDGF-D endogenously secreted
in MSTO-211H cells.




