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Pleural plague is important, comimon finding in
patients exposed Lo ashestos., Because it is used as
a medical index of asbestos exposure, it is necessary
to he familiar with pleural plague.

Lung cancer, mesothelioma, and asbestosis
accompanied by diffuse pleural thickening with
marked remarkable dyspnea are targeted diseases

for public compensation after asbestos exposure.

It 18 necessary to be famibar with the imaging
findings of these diseases as well as the reguirements
for public compensation to be authorized.

When thers is no history of asbestos exposure
in the employment records of lung cancer and
mesothelioma patients, it Is necessary to be cautious
in recommending public compensation.

w#Department of Radiology, Okayama University
Hospital, #*%Block Center for Asbestos-related
Diseases, Okayama Rosai Hospital
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ABSTRACT

Background: We retrospectively analyzed hyaluronic acid (HA) concentrations in pleural
fluid and evaluated its utility for the differential diagnosis of malignant pleural meso-
thelioma (MPM).

Methods: Pleural fluid HA concentrations were measured in 334 patients, including 50, 48,
85, 18, 86, 6, and 41 patients with MPM, benign asbestos pleurisy (BAP), lung cancer (LC),
other malignant conditions (OMCs), infectious pleuritis (IP), collagen disease (CD), and
other conditions, respectively.

Results: The median (range) HA concentrations in pleural fluid were 78,700 (7920-
2,630,000) ng/ml in the MPM group, 35,950 (900-152,000) ng/ml in the BAP group, 19,500
(2270-120,000) ng/ml in the LC group, 14,200 (900-101,000) ng/ml in the OMC group, 23,000
(900-230,000) ng/ml in the IP group, 24,600 (9550-80,800) ng/ml in the CD group, and 8140
(900-67,800) ng/ml in the other diseases group. HA levels were significantly higher in the
MPM group than in the other groups. Receiver operating characteristic (ROC) analysis
revealed an area under the ROC curve value of 0.832 (95% confidence interval, 0.765-0.898)
for the differential diagnosis of MPM. With a cutoff value of 100,000 ng/ml, the sensitivity
and specificity were 44.0 and 96.5%, respectively. In the MPM group, HA values were
significantly higher for the epithelioid subtype than for the sarcomatous subtype (p=0.007),
and higher in earlier stages (I and II) than in advanced stages (Il and IV) (p=0.007).

. Conclusions: A diagnosis of MPM should be strongly considered in patients with pleural fluid

HA concentrations exceeding 100,000 ng/ml.
© 2013 The Japanese Respiratory Society. Published by Elsevier B.V. All rights reserved.

1. Introduction

industrial use of asbestos has been banned in Japan since
2006, but the incidence of MPM is expected to increase for the

Malignant pleural mesothelioma (MPM) is a highly aggressive next few decades due to past asbestos use [2].

tumor that arises from mesothelial-lined surfaces and has a

Patients with MPM present therapeutic and diagnostic

poor survival rate [1]. MPM is a rare tumor; however, it has challenges. The majority of patients with MPM exhibit pleural
become a very important public health issue in Japan. The effusion at the time of diagnosis [3], but cytological diagnosis

*Corresponding author. Tel.: 481 86 2620131; fax: 481 862623391.
E-mail addresses: nfuji@okayamaH.rofuku.go.jp, nobufujimot@gmail.com (N. Fujimoto).
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4-14-17 Okinogamicho, Fukuyama 7208520, Japan.
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from pleural fluid is usually difficult and is of limited utility.
For a definite diagnosis, thoracoscopic or percutaneous
biopsy should be performed to obtain adequate specimens
for pathological and immunohistochemical analyses. How-
ever, even with these invasive procedures, it is occasionally
difficult to differentiate MPM from other pleural diseases,
such as benign asbestos pleurisy (BAP), tuberculosis pleurisy
(TB), or pleural metastasis of lung cancer (LC). Therefore, a
reliable clinical marker is a requisite to support the rapid and
accurate diagnosis of pleural fluid.

Several investigators sought to improve the differential
diagnosis of pleural fluid by measuring molecular markers,
including carcinoembryonic antigen (CEA) [4], cytokeratin
19 fragment 21-1, carbohydrate antigen (CA) 125, CA15-3,
and CA19-9 [5]. Aoe et al. reported a higher concentration
of receptor-binding cancer antigen expressed on SiSo cells
(RCAS1) in malignant pleural fluid than that in nonmalignant
effusion [6], and soluble mesothelin-related protein (SMRP)
appear to be promising markers for differentiating MPM from
LC [7,8]. Recently, Shiomi et al. reported that N-ERC/mesothe-
lin could be a useful marker for the diagnosis of MPM [9]. Our
group has demonstrated that the methylation profile of some
tumor suppressor genes in the pleural fluid could be useful
for differentiation [10]. However, the utility of these markers
has not yet been fully established in clinical practice.

Glycosaminoglycan hyaluronic acid (HA) has been pro-
posed to be functionally important in processes such as
embryogenesis, angiogenesis, cell growth and migration,
wound healing, and the formation of high-molecular-mass
aggregates with various proteoglycans [11]. HA also plays at
least 3 roles in malignancy; it functions as a template for the
assembly of other pericellular macromolecules, it interacts
directly with cell surface receptors that transduce intracel-
lular signals, and it promotes anchorage-independent growth
and invasiveness [12]. The association between HA and MPM
was reported as early as 1939 [13]. Since then, a large number
of studies have investigated the functional and diagnostic
importance of HA in MPM [14-20]; however, most of these
studies included only a small number of patients and detected
HA using older methods, such as high-performance liquid
chromatography, radiometric assay, or electrophoretic methods.
Thus far, no large study has been conducted using the immu-
noassay analysis currently applied in clinical use.

In the present study, we retrospectively analyzed HA levels
in the pleural fluid of patients who visited our institution. The
aim was to investigate the clinical utility of measuring HA
levels in pleural fluid for the differential diagnosis of MPM.
HA levels in the pleural fluid of patients with MPM were
compared with those of patients with other pulmonary
diseases, such as BAP, TP, or LC. We also examined the
correlations between HA levels and the clinical features of
MPM, such as pathological subtype and clinical stage.

2. Material and methods

This retrospective analysis included the extraction of HA
levels from the medical records of subjects that exhibited
pleural effusion in Okayama Rosai Hospital between December

2005 and August 2010. This study was approved by the
institutional review board of Okayama Rosai Hospital
(approval No.13, Dec 21, 2009). Pleural fluid was collected,
and the HA concentration was determined in clinical practice
by using the latex agglutination turbidimetric immunoassay.
The confirmed diagnoses of the subjects included MPM, BAP,
LC, malignancies other than MPM or LC, infectious pleuritis
(IP), collagen disease (CD), and other diseases. In the case of
MPM, the pathological diagnosis was confirmed on the basis
of normal hematoxylin-eosin staining; positive immunohisto-
chemical reactivity to mesothelial markers such as calretinin,
Wilms’ tumor 1, or thrombomodulin; and negative reactivity
to CEA. The clinical stage of MPM was determined according
to International Mesothelioma Interest Group (IMIG) criteria
[21]. LC was defined as the presence of lung cancer cells in the
pleural fluid. The histological subtypes of LC were deter-
mined on the basis of the World Health Organization classi-
fication [22]. A diagnosis of BAP was made in patients with
previous asbestos exposure, based on the exclusion of other
specific causes and the possibility of malignant diseases via
thoracoscopy.

Comparisons between groups were performed using the
Kruskal-Wallis test and nonparametric Mann-Whitney U
test. Areas under receiver operating characteristic (ROC)
curves (AUCs) were calculated using standard techniques.
Statistical calculations were performed using the SPSS sta-
tistical package version 11.0 (SPSS, Inc., Chicago, IL, USA).

3. Results
3.1. Patients

A total of 334 patients visited our institution for the diagnosis
and treatment of pleural effusion, and they were given a final
diagnosis during the study period. The diagnoses included
MPM in 50 patients, BAP in 48, LC in 85, other malignant
diseases (OMDs) in 18, IP in 86, CD in 6, and other diseases in
41. Malignant diseases other than MPM and LC included 3 cases
each of ovarian and gastric cancers; 2 cases each of esophagus,
liver, and colon cancers; and 1 case each of breast, pancreas,
gall bladder, bladder, pharynges, and submandibular gland
cancers. CDs included 3 cases of systemic lupus erythemato-
sus, 2 cases of rheumatoid arthritis, and 1 case of Wegener’s
granuloma. Congestive heart failure, renal failure, and liver
cirrhosis were classified under other diseases.

3.2.  HA levels in pleural effusion

The median (range) HA concentrations in pleural fluid were
78,700 (7920~2,630,000) ng/ml in the MPM group, 35,950 (300-
152,000) ng/m! in the BAP group, 19,500 (2270-120,000) ng/ml
in the LC group, 14,200 (900-101,000) ng/ml in the OMD group,
23,000 (900-230,000) ng/ml in the IP group, 24,600 (9550-
80,800) ng/ml in the CD group, and 8140 (900-67,800) ng/ml
in the other diseases group. HA levels in the MPM group were
significantly higher than those in the other groups (Fig. 1).
We analyzed the utility of HA for the differential diagnosis
of MPM using ROC analysis (Fig. 2). The AUC value for the
differential diagnosis of MPM and other groups was 0.832
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(95% confidence interval [CI], 0.765-0.898). Based on a cutoff
value of 100,000 ng/ml, the sensitivity was 44.0%, and the
specificity was 96.5%. With a cutoff value of 150,000 ng/ml, the
sensitivity and specificity were 32.0% and 99.3%, respectively.
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Fig. 1 - Hyaluronic acid concentrations in pleural fluid.
MPM: malignant pleural mesothelioma, BAP: benign
asbestos pleurisy, LC: lung cancer, OMC: other malignant
condition, IP: infectious pleuritis and CD: collagen disease.
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Table 1 = Patients with hyaluronic acid concentrations >1
mesothelio '

3.3. Patients with elevated HA levels

There were 32 (9.6%) patients with HA concentrations exceed-
ing 100,000 ng/ml. Among them, 22 patients were diagnosed
with MPM; the remaining 10 patients included 4 with BAP, 4
with IP, 1 with LC, and 1 with pharyngeal cancer (Table 1). The
4 patients with IP clinically exhibited fever elevation, leuko-
cytosis, and elevated C-reactive protein levels; 2 of these
patients were diagnosed with empyema based on the dis-
tinctive behavior of the fluid, and 1 patient was diagnosed
with tuberculous pleuritis due to elevated adenosine deami-
nase levels (123.41U/1) and positive results in the mycobac-
terial smear and genetic tests. The patient with LC presented
with an obvious tumor in the lungs, and cytological analysis
of the fluid revealed adenocarcinoma cells. The patient with
pharyngeal cancer had an occupational history of asbestos
exposure. He underwent curative surgery and exhibited no
clinical signs of recurrence, and thus, pleural mesothelioma
was suspected. A thoracoscopic pleural biopsy indicated
pharyngeal cancer with pleural involvement. Thoracoscopic
exploration demonstrated no malignant diseases or specific
findings among the 4 patients with BAP.

3.4.  HA levels in the MPM group

Next, we analyzed the HA levels in the pleural fluid of
patients with MPM. The 50 cases of MPM included the
following subtypes: 34 epithelioid, 8 biphasic, 6 sarcomatous,
and 2 desmoplastic. HA levels were significantly higher for
the epithelioid subtype than for the sarcomatous subtype
(p=0.007) (Fig. 3A). According to clinical stages based on the
IMIG classification, HA levels were higher in earlier stages
(I and 1) than in advanced stages (Il and IV) (p=0.007)
(Fig. 3B). Similar results were obtained in the analyses limited
to the epithelioid subtype; the HA levels were lower in more
advanced stages, although this difference was not statisti-
cally significant (Fig. 3C). Finally, we compared the survival of
patients with MPM between those with HA levels above or
below 100,000 ng/ml, finding no differences (data not shown).

4, Discussion

In this study, we retrospectively analyzed HA concentrations
in pleural fluid. Several previous studies examined HA levels
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Fig. 3 - Hyaluronic acid concentrations in the pleural fluid of patients with malignant pleural mesothelioma. Comparison
according to pathological subtypes (A) and clinical stages based on the International Mesothelioma Interest Group
classification (B) and comparison according to clinical stages limited to the epithelioid subtype (C).

in the pleural fluid of patients with MPM. Pettersson et al.
reported an HA concentration exceeding 100,000 ng/ml in the
pleural effusion of 73% of patients with MPM and 23% of
patients with inflammatory pleuritis; they found no HA
concentrations exceeding 100,000 ng/ml in the pleural fluid
of patients with other malignant or nonmalignant diseases
[19]. Other studies reported elevated HA levels in the pleural
fluid of patients with viral pleuritis, rheumatoid arthritis,
benign asbestos pleurisy, or congestive heart failure [23,24];
however, these studies comprised a small sample size and
measured HA levels using an outdated detection method. Our
present study included over 300 patients (including 50
patients with MPM), and we used an HA detection method
that is practical for clinical use. We believe that this is one of
the largest investigations of HA levels. Another point of
distinction in our study is that we determined HA levels in
patients with BAP. The differentiation between MPM and BAP
is critical, but BAP was not mentioned in previous studies.
BAP was first described by Eisenstadt in 1964 as fibrotic

pleuritis, and it may occur early or late after asbestos
exposure [25,26].

Our results confirmed that HA values in pleural fluid were
significantly higher in patients with MPM than in those with
other diseases, verifying the utlity of HA as an assistant
diagnostic marker of MPM. The sensitivity for the differential
diagnosis (44.0% with a cutoff value of 100,000 ng/ml) was lower
than that previously reported [18], but the specificity was high
(96.5%). These results indicate that patients with pleural fluid HA
levels greater than 100,000 ng/ml should be highly suspected as
having MPM. In our previous report, the SMRP concentration was
also significantly higher in MPM than in other diseases. In the
analysis, the AUC value was 0.75 (95% CI, 0.615-0.884) for
the differential diagnosis of MPM from other diseases [8]. In
the current study, the AUC value of HA was 0.832 (95% CI, 0.765—-
0.898) for the differential diagnosis of MPM. From this point of
view, HA might be a better diagnostic marker than SMRP.

The present study included 32 patients with pleural fluid
HA levels exceeding 100,000 ng/ml, including 22 patients with
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MPM. Among the 10 cases that were patients with other
diseases, a differential diagnosis was conducted for 4 using
practical approaches based on clinical features, blood tests,
and pleural fluid examination; they included 2 patients with
empyema, 1 with tuberculous pleuritis and 1 with lung
cancer. Thoracoscopic exploration was required for the
remaining 6 patients, including 1 patient with pharyngeal
cancer and 5 with BAP. Our findings indicate that most
patients with HA concentrations exceeding 100,000 ng/ml
have MPM and that it was possible to make a clinical
diagnosis using a practical approach for most patients that
did not have MPM, even among those with HA concentrations
exceeding 100,000 ng/ml. Furthermore, we found that differ-
entiating between MPM and BAP requires thoracoscopic
exploration. In fact, approximately 10% of the patients
with BAP presented with an HA concentration exceeding
100,000 ng/ml, and thus, physicians should proceed carefully
when making a differential diagnosis between MPM and BAP.

In Japan, patients with MPM should be compensated by
worker’s compensation or “the relief benefits.” The approval
of compensation requires pathological diagnostic confirma-
tion with a biopsy specimen. However, MPM usually develops
after a long latent period of approximately 3040 years, and
thus, most cases are discovered in elderly patients with
concomitant medical problems that disallow invasive diag-
nostic procedures. In such cases, the approval of compensa-
tion should be based on clinical features, including imaging
findings and/or pleural fluid analysis. Our results indicate
that HA in pleural fluid could be one of the features used to
approve MPM compensation.

In the current study, we also demonstrated 2 important
features of HA concentrations in patients with MPM. HA
levels were higher for the epithelioid subtype than for the
sarcomatous or biphasic subtype, indicating that a more
accurate diagnostic marker is needed for the detection of
sarcomatous MPM. We also found that HA levels decreased in
the advanced stage of the disease, indicating that HA deter-
mination might only be useful in the early stage of MPM. The
source of HA in MPM has been a subject of controversy.
Asplund et al. proposed that normal mesothelial cells rather
than mesothelioma cells were the source of HA and that the
secretion of HA into pleural fluid was induced by growth
factors [27]. We consider this one of the reasons why HA
levels do not correlate with the clinical stage of MPM. A
further understanding of the mechanisms of HA production
in MPM will be essential for better understanding the carci-
nogenesis of MPM.

5. Conclusion

We have demonstrated that the HA concentration in pleural
fluid is higher in patients with MPM than in those with other
pulmonary diseases. Physicians should consider the possibi-
lity of MPM in patients with elevated HA levels.
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Abstract

Background. There are few reports concerning treatment strategies and their contributions to survival of patients with
malignant mesothelioma (MM) in Japan. Material and methods. We extracted all death cases due to MM between 2003 and
2008. The diagnosis of MM was confirmed in 929 cases. Histological subtypes was determined in 709 cases, including 396
(55.9%) epithelioid, 154 (21.7%) sarcomatoid, 126 (17.8%) biphasic, and 33 (4.7%) other types. Results and conclusion.
Median overall survival (OS) of all MM cases was 7.7 months (95% confidence interval, 7.1-8.3). Median OS of patients
with epithelioid MM was significantly longer than that of patients with biphasic (p = 0.030) or sarcomatoid (p<0.001)
MM. Surgical resection was performed in 172 patients (18.5%) and 449 (48.3%) received systemic chemotherapy. Survival
of patients treated with both surgery and systemic chemotherapy was favorable. Median OS of patients in the late phase
of the study period (2006-2008) was significantly longer than that in the early phase (2003-2005) (8.1 vs. 7.5 months,
p = 0.008). Independent favorable prognostic factors included age younger than 70 years, female gender, epithelioid sub-
type, and clinical stage I-III. Multivariate analysis demonstrated that patients who had radical surgery and systemic

chemotherapy showed a longer survival, though this could be due to selection bias of patients.

Malignant mesothelioma (MM) is an aggressive
tumor that develops from mesothelial cells of the
pleura, peritoneum, pericardium, or testicular tunica
‘vaginalis. It is generally associated with a history of
asbestos exposure [1] and has a very poor prognosis
[2]. Management of MM is controversial, and there
is no definitive standard of care. Until recently, indi-
vidual modalities such as surgery, radiotherapy, and
chemotherapy have failed to prolong survival. Inten-
sive multi-modality treatment including extrapleural
pneumonectomy (EPP), systemic chemotherapy,
and radiotherapy has been evaluated at several insti-
tutions with encouraging results [3]. However, this
approach is feasible only for a small proportion of
patients. Reported adverse predictors of survival in
patients with MM are sarcomatoid histology, older
age, advanced International Mesothelioma Interest
Group (IMIG) stage, and absence of surgery or

chemotherapy [4]. However, most of this evidence is
reported from Europe, and there are few reports
concerning the clinical features of MM in Japan. A
newspaper article published in June 2005 reported
that five residents who lived near the now-closed
asbestos cement pipe plant in Amagasaki, Japan,
developed pleural mesothelioma. Since this report,
asbestos-related problems have raised significant
social concern. We performed a nationwide retro-
spective survey to investigate all MM cases in Japan.
As a result, we analyzed more than 6000 MM cases
registered in the Vital Statistics yearly survey carried
out by the Japanese Ministry of Health, Labour, and
Welfare, between 2003 and 2008. To our knowledge,
this is the largest study concerning MM in Japan. We
have already reported the clinical features of MM
[5]. We confirmed that more than 70% of MM cases
in Japan were associated with asbestos exposure.
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In this paper, we report the treatment and sur-
vival data of patients with MM in Japan. The aim of
this study was to characterize the treatment strategy
and its contributions to survival. Changes in treat-
ment modality and survival data within the study
period were examined. Prognostic factors including
age, gender, histological subtype, and treatment
modality are also analyzed.

Material and methods
Patients

Methods of this retrospective survey were previously
described [5]. In brief, we requested and received
authorization to view the death records of Vital Sta-
tistics in Japan, and extracted all cases of death due
to MM between 2003 and 2008. There were 6030
deaths due to MM. We contacted the closest living
relatives of each case to obtain consent for our study
by postal mail. As a result, the informed consent was
obtained by postal mail from 2069 cases (34.3%).
Based on authorization from relatives, we contacted
each patients’ medical institution to obtain informa-
tion including medical records, x-ray films, and/or
computed tomographic (CT) images by postal mail.
Data from 1111 cases were obtained. We reviewed
the medical records and radiological images to con-
firm the clinical and pathological diagnosis of MM.
As a result, the clinical diagnosis of MM was con-
firmed in 929 cases, including 753 males (81.1%)
and 176 females (18.9%). Median age at diagnosis
of MM was 67.0 years (range, 16-94). The origin of
MM was the pleura in 794 cases (85.5%), perito-
neum in 123 cases (13.2%), pericardium in seven
cases (0.8%), and testicular tunica vaginalis in five
cases (0.5%). Histological subtypes of MM based on
World Health Organization criteria [6] was deter-
mined in 709 cases, included 396 (55.9%) epithe-
lioid, 154 (21.7%) sarcomatoid, 126 (17.8%)
biphasic, and 33 (4.7%) other types. The clinical
stage of pleural MM was determined according to
IMIG criteria [7] in 603 cases, including 172 cases
(28.5%) of stage I and II, 279 cases (46.3%) of stage
I, and 152 cases (25.2%) of stage IV.

Statistical analysis

Mean values were compared using the t-test. Com-
parisons between independent groups were per-
formed using y>-test. Survival time was defined as
the period from diagnosis to death. Survival curves
were calculated using the Kaplan and Meier method.
The log-rank test was used to evaluate differences
in survival. The Cox proportional hazard meodel
was employed for multivariate analysis. Statistical

calculations were performed using SPSS statistical
package version 11.0 (SPSS Inc., Chicago, USA).

Results
Treatment of MM

Treatment modalities in 929 MM cases were
reviewed. Among them, radical surgical resection
was performed in 172 cases (18.5%) and systemic
chemotherapy was delivered in 449 cases (48.3%).
In 374 cases (40.3%), only palliative treatment was
given. Radical surgical resection was performed in
154 (19.4%) of the 794 cases of pleural MM. Among
them, EPP was performed in 103 cases (66.9%).
Systemic chemotherapy was delivered in 386 cases
(48.6%). Among patients that underwent EPP,
systemic chemotherapy was delivered in 80 cases
(51.9%) as either neoadjuvant therapy, adjuvant
therapy, or at disease relapse.

The chemotherapy regimen of the initial treat-
ment was identified in 432 cases. Among them,
platinum-based chemotherapy was delivered in 337
cases (78.0%), non-platinum combination chemo-
therapy in 48 cases (11.1%), and non-platinum
monotherapy in 47 cases (10.9%). Platinum-based
regimens included cisplatin/gemcitabine in 134 cases
(39.8%), cisplatin/pemetrexed in 74 cases (22.0%),
carboplatin/gemcitabine in 54 cases (16.0%), car-
boplatin/paclitaxel in 15 cases (4.5%), and others.
The non-platinum combination regimen delivered
most frequently was gemcitabine/vinorelbine (37/48,
77.1%). Gemcitabine was the most frequently used
non-platinum monotherapy (27/47, 57.4%).

Next, we examined the changes in treatment
modalities over time. The proportion of patients
treated with surgical resection was 18.2% (110/605
cases) in the early phase (2003-2005) of the study
and 19.1% (62/324 cases) in the late phase (2006-
2008). The proportion of patients treated with
systemic chemotherapy significantly increased from
42.6% (258/605 cases) in the early phase to 59.0%
(191/324 cases) in the late phase (p<0.001). The
proportion of patients receiving palliative treatment
alone decreased from 43.5% (263/605 cases) in the
early phase to 34.3% (111/324 cases) in the late
phase (p =0.005).

Survival of MM

Among the 929 patients with MM, date of diagnosis
was unknown in eight cases; survival analysis was
performed on the remaining 921 cases. Median over-
all survival (OS) was 7.7 months [95% confidence
interval (CI), 7.1-8.3]. Median (95% CI) OS of
patients with pleural MM (n = 789) was 7.9 (7.3-8.5)



months and longer than that of patients with perito-
neal MM [4.7 (3.8-5.7); n = 123], but the difference
was not statistically significant (p = 0.069). Median
(95% CI) OS of epithelioid, biphasic, and sarcoma-
toid types of MM was 9.4 (7.1-10.7), 7.9 (6.6-9.2),
and 4.1 (3.2-5.0) months, respectively. Median OS
of epithelioid MM was significantly longer than both
biphasic (p=0.030) and sarcomatoid (p<0.001)
MM, and median OS of biphasic MM was signi-
ficantly longer than that of sarcomatoid MM
(p<<0.001).

Next, survival was analyzed according to treat-
ment modality. For this purpose, patients were divided
into those treated with both radical surgery and sys-
temic chemotherapy (group A), those with radical
surgery but no systemic chemotherapy (group B),
those with systemic chemotherapy but no radical sur-
gery (group C), and those without radical surgery or
systemic chemotherapy (group D). Median (95% CI)
OS was 15.1 (12.0-19.0), 8.6 (6.6-10.5), 9.3 (8.4—
10.2), and 4.1 (3.4-4.8) months in group A, B, C,
and D, respectively. Survival of group A was signifi-
cantly longer than that of the other groups (A vs. B;
p=0.018, A vs. C and A vs. D; p<0.001) and the
survival of group D was significantly shorter than that
of group B (p=0.008) and group C (p <0.001).

Survival of pleural MM

We next analyzed survival of patients with pleural
MM only. Histological subtype was determined in
607 cases. Median (95% CI) OS was 10.2 (8.9-11.6),
8.0 (6.2-9.8), and 4.2 (3.0-5.5) months for the epi-
thelioid (n=325), biphasic (n=111), and sarcoma-
toid (n=141) subtype, respectively. OS was
significantly shorter for the sarcomatoid subtype
compared to both epithelioid (p <0.001) and bipha-
sic subtypes (p<<0.001) (Figure 1). According to
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Figure 1. Overall survival of patients with malignant pleural
mesothelioma according to histological subtype.
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IMIG stage, median (95% CI) OS was 11.2
(9.4-13.0), 7.9 (7.1-8.7), and 3.9 (3.0-4.6) months
for stages I and II, stage III, and stage IV, respec-
tively. OS of stage III patients was significantly shorter
than that of stage I and I (p=0.001); OS of stage
IV patients was significantly shorter than that of
stage III (p<<0.001). Patients were then divided
according to treatment as those receiving radical sur-
gery and systemic chemotherapy (group E), radical
surgery but no systemic chemotherapy (group F),
systemic chemotherapy but no radical surgery (group
@G), and without radical surgery or systemic chemo-
therapy (group H). Median (95% CI) OS was 15.1
(11.6-18.6), 8.8 (6.7-10.8), 9.4 (8.4-10.4), and 4.3
(3.3-5.3) in group E, F, G, and H, respectively
(Figure 2). Survival of group E was significantly lon-
ger than that of the other groups (E vs. F; p=10.035,
E vs. G and E vs. H; p<0.001) and survival of group
H was significantly shorter than that of group
F (p=0.024) and group G (p<0.001).

Then we analyzed the survival according to the
chemotherapy regimen. Median OS of cisplatin/
gemcitabine, carboplatin/gemcitabine, and cisplatin/
pemetrexed was 10.2, 10.8, and 7.8 months,
respectively. The survival of cisplatin/gemcitabine
was statistically superior to that of cisplatin/
pemetrexed (Hazard ratio 1.62, 95% CI 1.06-2.45).
The survival of group F was similar to that of
cisplatin/gemcitabine (Hazard ratio 0.988, 95% CI
0.97-1.00).

Changes in survival of MM

OS according to year of death was analyzed. Median
95% CI) OS was 6.9 (5.8-8.0), 7.3 (6.1-8.5), 8.3
(6.3-10.3), 8.4 (6.7-10.0), 8.8 (6.8-10.8), and
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Figure 2. Overall survival of patients with malignant pleural
mesothelioma according to treatment modality. E. both radical
surgery and systemic chemotherapy, F. radical surgery but no
systemic chemotherapy, G. systemic chemotherapy but no radical
surgery, and H. without radical surgery or systemic chemotherapy.
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7.2 (5.9-8.6) months for patients who died in 2003,
2004, 2005, 2006, 2007, and 2008, respectively. OS
of patients who died in 2005, 2006, and 2007 was
significantly longer than those died in 2003. Median
(95% CI) OS of patients who died in the late phase
(n=321) was significantly longer than that of patients
who died in the early phase (n=600) [8.1 months
(7.1-9.0) vs. 7.5 months (6.7-8.3), p=0.008]
(Figure 3).

Prognostic factor analyses

In wunivariate log-rank analysis age <70 vyears,
epithelioid subtype, and clinical stage I-III were
favorable prognostic factors (Table I). These factors
and female gender were independent favorable
factors on multivariate Cox regression analysis.
Further multivariate analysis was conducted to clar-
ify the contribution of radical surgery and systemic
chemotherapy to the survival of pleural MM, these
factors were included in the analysis as explanatory
variables. Both modalities contributed to longer
survival (Table II).

Discussion

We analyzed the treatment and survival data of
patients with MM in Japan. The aim of this study
was to characterize the treatment modalities, sur-
vival, and risk factors affecting OS. There were about
6000 deaths due to MM in our study period. We
contacted the closest living relatives of each case to
obtain consent for our study by postal mail. And we
contacted patients’ medical institution to obtain
medical information including medical records,
x-ray films, and/or CT images by postal mail. Data
from 1111 cases were obtained. We have to accept
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Figure 3. Overall survival of patients with malignant mesothelioma
according to year of death. A. patients died between 2006 and
2008, B. patients died between 2003 and 2005.

Table I. Univariate analysis of clinical variables and survival of
patients with malignant pleural mesothelioma (Log-rank test).

Factor N MSTS (95% CI) P

Gender 0.6435
Male 654 7.9 (7.2-8.5)

Female 135 7.7 (6.3-9.0)

Age <0.001
<70 438 10.0 (8.6-11.4)
=70 351 6.1 (5.0-7.1)

Subtype <0.001
Epithelioid 326 10.0 (8.4-11.5)
Non-epithelioid 251 6.3 (5.1-7.5)

Stage <0.001
I-111 451 9.4 (8.5-10.3)

v 152 3.8 (3.0-4.6)

CI, confidence interval. $Median survival time (months).

the low collection rate of postal mail method; how-
ever, there is no selection bias through the process of
our data collection. We determined the treatment
and survival data of 929 MM patients. To our know-
ledge, this is the largest study conducted in Japan
and one of the largest studies of MM worldwide.
We demonstrated that MM carries a poor prog-
nosis with a median OS of only 7.7 months in Japan.
Median OS of epithelioid MM was significantly lon-
ger than either of biphasic or sarcomatoid MM, and
median OS of biphasic MM was significantly longer
than that of sarcomatoid MM. We also found that
female gender, age under 70 years, epithelioid sub-
type, and clinical stage I-III were favorable prognos-
tic factors. In previous reports, the Cancer and
Leukemia Group B (CALGB) [8] identified pleural
involvement, elevated lactate dehydrogenase, poor
performance status, chest pain, thrombocytosis, non-
epithelial histology, and age older than 75 years as
poor prognostic factors. The European Organization
for Research and Treatment of Cancer (EORTC)
[9,10] reported poor performance status, probable
diagnosis of MM, leukocytosis, male gender, and
sarcomatoid subtype as indicators of poor prognosis.
In the Surveillance, Epidemiology, and End Results
(SEER) Program [4], the outcomes for 1475 patients
with histologically confirmed MM were analyzed;

Table 1I. Multivariate analysis of clinical variables and survival of
patients with malignant pleural mesothelioma.

Factor Exp (B) 95% CI P

Gender 1.55 1.20-2.01 0.001
Age 1.28 1.05-1.57 0.016
Subtype 1.74 1.45-2.09 <0.001
Stage 1.83 1.48-2.27 <0.001
Surgery 1.31 1.03-1.66 0.026
Chemotherapy 1.58 1.31-1.91 <0.001

CI, confidence interval.



the most important prognostic factors identified
were age, gender, tumor stage, treatment, and geo-
graphic area of residence. Our results confirmed that
the characteristics of MM in Japan are similar to
those in the US and Europe.

Regarding treatment modalities, both radical
surgery and systemic chemotherapy contributed to
prolonged survival of MM based on multivariate
prognostic analysis. These results should be inter-
preted with caution, as choice of therapy is poten-
tially biased by age, clinical stage, physical condition,
and other factors. The role of surgical resection
in the management of MM is controversial. Among
surgical procedures, EPP, in which the lung
and ipsilateral parietal pleura, pericardium, and
hemidiaphragm are resected, is considered the only
procedure of curative content. It is usually inte-
grated in a multimodality strategy combined with
chemotherapy and radiotherapy. In the largest
series of the trimodality consisting of EPP, adjuvant
chemotherapy, and radiotherapy, median survival
was 19 months, and five-year survival was 15%.
The best outcome was a median survival of
51 months and five-year survival of 46%, obtained
in the subset of the patients with epithelial histol-
ogy, no extrapleural lymph node metastasis, and
negative margins [3]. However, Treasure et al. [11]
argued that the primary reason for these positive
results was patient selection, and they recently
reported a lack of survival advantage with EPP
[12]. In our study, patients treated with surgery
alone demonstrated almost equivalent survival as
those receiving systemic chemotherapy alone.
Based on currently available data, we believe that
surgery should be applied within an integrated,
multimodality strategy combined with chemo-
therapy and radiotherapy, and physicians should be
extremely careful about the indication.

In our analysis, median OS of patients who died
in the late phase of the study (2006—2008) was sig-
nificantly longer than that of patients who died in the
early phase (2003-2005). We have two explanations
for this survival prolongation. One is increased prev-
alence of definitive diagnostic confirmation of MM.
As we described in a previous report [5], there were
many more cases in the early phase in which MM
was diagnosed clinically based on radiologic or labo-
ratory findings, without pathological confirmation.
For most of these cases, only palliative treatment was
delivered even for patients with good performance
status (PS). The number of these ‘suspected-MM’
cases decreased in the late phase, possibly due to
increased use of accurate pathological techniques
such as immunohistochemical analysis [13] and the
widespread dissemination of less-invasive diagnostic
procedures such as thoracoscopy [14] or laparoscopy.

Treatment and survival of mesothelioma in Fapan 807

The increase in definitive diagnosis of MM would
result in an increased number of cases diagnosed at
an earlier stage and in patients with good PS. As a
result, the proportion of the patients treated with pal-
liative management alone decreased from 43.5% in
the early phase to 34.3% in the late phase. These
changes might contribute to the prolongation of sur-
vival seen here. Another possibility is the impact of
systemic chemotherapy. Platinum-based regimens
consisting of cisplatin/gemcitabine or carboplatin/
gemcitabine was mainly delivered with limited effi-
cacy [15] before the approval of the antifolate agent
pemetrexed in 2007 in Japan. Since then, combina-
tion therapy with platinum and pemetrexed is con-
sidered a standard regimen based on favorable
clinical trial results [16,17]. At the same time, the
proportion of cases treated with systemic chemo-
therapy significantly increased from 42.6% in
the early phase to 59.0% in the late phase. The intro-
duction of pemetrexed might explain the increased
application of chemotherapy, and contribute to the
longer survival in the later phase of the study. In our
analysis, the OS of cisplatin/pemetrexed was inferior
to that of cisplatin/gemcitabine. This is because our
analysis included patients who had died from 2003
to 2008 and pemetrexed was approved in 2007
in Japan, hence the long survivors of cisplatin/
pemetrexed were not included.

In conclusion, we report treatment and survival
data of patients with MM in Japan. The survival rate
has increased due to improved definitive diagnosis
and more widespread treatment. Novel approaches
for the early diagnosis and improved treatment
strategies, based on the biology of the disease, are
essential to further improve survival.
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DNA methylation affects the aggressiveness of human malignan-
cies. Cancers with CpG island methylator phenotype (CIMP),
a distinct group with extensive DNA methylation, show charac-
teristic features in several types of tumors. In this study, we ini-
tially defined the existence of CIMP in 41 lung adenocarcinomas
(AdCas) through genome-wide DNA methylation microarray
analysis. DNA methylation status of six CIMP markers newly
identified by microarray analysis was further estimated in a total
of 128 AdCas by bisulfite pyrosequencing analysis, which revealed
that 10 (7.8%), 40 (31.3%) and 78 (60.9 %) cases were classified as
CIMP-high (CIMP-H), CIMP-low and CIMP-negative (CIMP-N),
respectively. Notably, CIMP-H AdCas were strongly associated
with wild-type epidermal growth factor receptor (EGFR), males
and heavy smokers (P = 0.0089, P = 0.0047 and P = 0.0036,
respectively). In addition, CIMP-H was significantly associated
with worse prognosis; especially among male smokers, CIMP-H
was an independent prognostic factor (hazard ratio 1.7617, 95%
confidence interval 1.0030-2.9550, P = 0.0489). Compellingly, the
existence of CIMP in AdCas was supported by the available pub-
lic datasets, such as data from the Cancer Genome Atlas. Intrigu-
ingly, analysis of AdCa cell lines revealed that CIMP-positive
AdCa cell lines were more sensitive to a DNA methylation inhib-
itor than CIMP-N ones regardless of EGFR mutation status. Qur
data demonstrate that CIMP in AdCas appears to be a unique
subgroup that has distinct clinical traits from other AdCas. CIMP
classification using our six-marker panel has implications for per-
sonalized medical strategies for lung cancer patients; in particu-
lar, DNA methylation inhibitor might be of therapeutic benefit to
patients with CIMP-positive tumors.

Introduction

Lung cancer is the leading cause of human cancer death worldwide
(1). Recent targeted therapies have improved the survival of patients
with certain types of lung cancer, especially adenocarcinoma (AdCa),

Abbreviations: AdCa, adenocarcinoma; CIMP, CpG island methylator phe-

notype; CIMP-H, CIMP-high; CIMP-L, CIMP-low; CIMP-N, CIMP-negative; -

EGFR, epidermal growth factor receptor; MCAM, methylated CpG island
amplification microarray; TCGA, the cancer genome atlas; TKI, tyrosine
kinase inhibitor;

a common type of non-small cell lung cancer. AdCas with epidermal
growth factor receptor (EGFR) mutation benefit particularly from
EGER tyrosine kinase inhibitors (TKIs) (2), whereas those harboring
EMIA-ALK fusion are highly sensitive to anaplastic lymphoma ki-
nase (ALK) inhibitors (3). Despite these recent advances in targeted
therapy for AdCas, a considerable number of patients with lung can-
cer still suffer from recurrence of disease. AdCas without such muta-
tions are generally less sensitive to these targeted therapies than
tumors with mutations. Given the evidence that the frequency of
EGFR mutations account for up to 30% of AdCas, and even
EMIA-ALK fusions are found in AdCas albeit at a lower frequency,
elucidating the underlying mechanisms other than such gene altera-
tions in lung carcinogenesis is desirable to facilitate the development
of new strategies for lung cancer treatment.

Studies have shown that in addition to genetic alterations, accumu-
lation of epigenetic alterations play an important role in tumorigenesis
of lung cancer (4). DNA methylation, an important epigenetic factor,
affects the chromatin structure and is closely associated with gene
regulation (5). Simultaneous dysregulation of multiple genes, includ-
ing those involved in cell cycle, cell growth, cell death or cell adhe-
sion, by DNA methylation may be a strong driving force to undergo
transformation, sometimes in correlation with potentiated aggressive-
ness of the tumors (6).

Recent studies in colon cancer have shown that a subset of tumors
suffer from a remarkably high rate of aberrant promoter DNA meth-
ylation at a large number of loci, referred to as CpG island methylator
phenotype (CIMP) (7). CIMP tumors in colon exhibit distinct genetic
and clinical features, such as high rates of BRAF and KRAS mutations,
low frequency of 7P53 mutation, specific histology, proximal location
and characteristic clinical outcome, suggesting that CIMP-related
cancers may proceed through a unique pathway (8). In lung cancer,
some studies have shown the existence of a subgroup of tumors with
the characteristic methylation status of CIMP (9-13). However, in
comparison with the considerable research of CIMP markers per-
formed in colon cancers (7,14-16), no studies have assessed which
DNA methylation markers can predict the most extensively methyl-
ated subgroups (i.e. CIMP) in lung AdCas due to the lack of accom-
panied genome-wide DNA methylation analysis in multiple samples.
Since different panels of markers may lead to different classification
of lung cancer (9,11), it is important to define markers that can
accurately identify CIMP.

To examine whether CIMP exists as a characteristic subgroup in
AdCas, we initially performed global screening for genes with aber-
rant DNA hypermethylation by the methylated CpG island amplifica-
tion microarray (MCAM) analysis, which provides reproducible
results with a high validation rate (16-20). Using the six CIMP
markers newly identified by MCAM analysis, we characterized a dis-
tinct subgroup of AdCas exhibiting CIMP. In addition, several AdCa
cell lines with different CIMP status were treated with a DNA meth-
ylation inhibitor, and the relationship between DNA methylation sta-
tus and drug sensitivity was assessed. Our data provide evidence for
a new strategy for lung cancer treatment.

Materials and methods

Cell lines

A549 was purchased from the American Type Culture Collection (Rockville,
MD) and PC9 was purchased from Immuno-Biological Laboratories (Fujioka,
Gunma, Japan). NCI-H23, NCI-H358, NCI-H920, NCI-H2009, NCI-H1573,
NCI-H1650 and HCC4011 were kind gifts from Dr Adi F. Gazdar (University
of Texas Southwestern Medical Center, Dallas, TX) and Dr Mitsuo Sato (Nagoya
University Graduate School of Medicine, Nagoya, Japan). Y-ML13 (ML13) and
ACC-HI (H1) were established in our institute. All cell lines were maintained in
RPMI-1640 medium (Sigma-Aldrich, St Louis, MO) supplemented with 10%
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fetal bovine serum (Invitrogen, Carlsbad, CA) and antibiotic—antimycotic reagent
(Invitrogen) at 37°C in a humidified incubator with 5% CO,.

5-Aza-dC treatment of cells

Cells were treated with 50 nM-1 uM S5-aza-2’-deoxycytidine (5-Aza-dC;
Sigma-Aldrich) as described previously (17) or the TKI AG1478 (Calbiochem,
San Diego, CA) for 72 h. DNA was extracted on the seventh day following
treatment. Changes in proliferation were determined by using the TetraColor
ONE (Seikagaku, Tokyo, Japan) system, containing 2~(2-methoxy-4-nitrophen-
y1)-3-(4-nitrophenyl)-5-(2.,4-disulfophenyl)-2H-tetrazolium, monosodium salt
and 1-methoxy-5-methylphenazinium methylsulfate as the electron carrier.
After 1 h incubation at 37°C, absorbance was read at 450 nm with a multi-
plate reader. Growth inhibition was expressed as a mean ratio of absorbance
reading from treated versus untreated cells. Cell numbers were also counted
under a light microscope at the same time point.

Tissue samples

We collected 128 AdCa samples and 26 normal lung tissues from patients who
underwent surgical resection at the Aichi Cancer Center Central Hospital,
Okayama Rosai Hospital, Nagoya University Hospital and its affiliated hospi-
tals in Japan, in accordance with the institutional policy. Samples and clinical
data were collected after appropriate institutional review board approval was
received and written informed consent had been obtained from all the patients.
Histological and cytological examination of normal lung tissues, which were
obtained from the lung cancer patients, revealed no remarkable findings as
malignant tissues. In the normal tissues, no aberrant methylation was detected
in 10 genes by pyrosequencing analysis (Supplementary Table 1, available at
Carcinogenesis Online). A sample size of 124 patients was calculated to be
sufficient to provide a survival rate difference of 25% with a significance level
of 0.05 and power of 80%, when the frequency of CIMP-AdCa was estimated
to be ~20% as is observed in colorectal cancer (8); therefore, we collected 128
AdCas to analyze the significance of CIMP (Table I).

DNA preparation

Genomic DNA was extracted using a standard phenol~chloroform method.
Fully methylated DNA was prepared by treating genomic DNA with SssI

methylase (New England Biolabs, Ipswich, MA), and unmethylated DNA
was prepared by treating genomic DNA with phi29 DNA polymerase (Genomi-
Phi DNA Amplification Kit; Amersham Biosciences, Uppsala, Sweden) ac-
cording to the manufacturers’ protocol.

DNA methylation analysis

We performed bisulfite treatment as described previously (21,22).The DNA
methylation levels were measured using pyrosequencing technology (Pyrose-
quencing AB, Uppsala, Sweden). Primer sequences and polymerase chain
reaction conditions are shown in Supplementary Table 2, available at Carci-
nogenesis Online. All the primers were designed to examine the methylation
status of CpGs within 0.5 kb of the transcription start site. A methylation level
>15% was considered methylation positive since lower values could not be
easily distinguished from background (17-20).

Methylated CpG island amplification microarray

For MCAM analysis, we randomly selected 41 cases from the 128 AdCas
without any bias (average age was 61.9 years, ranging from 36 to 83 years
old; Table I). A detailed protocol of MCA has been described previously
(16-20). Briefly, amplicons from individual AdCas were labeled with Cy5
dye and cohybridized against amplicons from normal controls labeled with
Cy3 dye on 15 K custom-promoter microarrays from Agilent Technologies
(G4497A; Agilent Technologies, Santa Clara, CA) containing 6157 unique
genes, which we had initially validated in a previous study (17). A Cy5/Cy3
signal in excess of 2.0 in MCAM was considered methylation positive (17-19).
Comparison of the MCAM signal ratio (Cy5/Cy3 > 2.0 or Cy5/Cy5 < 2.0) with
the methylation status (positive or negative) from the pyrosequencing analysis -
showed a good concordance between the two analyses (sensitivity, 68.0% and
specificity, 88.7%; Supplementary Table 3, available at Carcinogenesis Online).

Hierarchical clustering analysis

Cluster analysis was performed using an agglomerative hierarchical clustering
algorithm (18,23). For specimen clustering, pairwise similarity measures
among specimens were calculated using the Cluster 3.0 software (http://
rana.lbl.gov/EisenSoftware.htm) or Minitab 15 statistical software (http://
www.minitab.com), based on the DNA methylation intensity measurements

Table 1. Clinical and molecular features according to the CIMP status

All cases (%) CIMP-N (%) CIMP-L (%) CIMP-H (%) P value
Cases 128 (100) 78 (60.9) 40 (31.3) 10 (7.8)
Age (mean = SD) 64.7 £9.8 63.9 = 10.0 66.4 +9.8 63.8+7.0 0.4043
Gender
Male 71 (55.5) 35 (44.9) 27 (67.5) 9 (90.0) 0.0047
Female 57 (44.5) 43 (55.1) 13 (32.5) 1(10.0)
Stage®
1 75 (59.5) 51 (67.1) 21(52.5) 3 (30.0) 0.2259
1 19 (15.1) 7(9.2) 8 (20.0) 3 (30.0)
1 29 (23.0) 16 (21.1) 10 (25.0) 4 (40.0)
v 324 2 (2.6) 12.5) 0(0)
Smoking status
Heavy smoker 41 (32.3) 21 (27.6) 12 (30.8) 8 (80.0) 0.0036
Light smoker 29 (22.8) 15 (19.7) 13 (33.3) 1(10.0)
Never-smoker 57 (44.9) 42 (55.3) 14 (35.9) 1(10.0)
Differentiation™
Well 15 (17.4) 11 (21.2) 3(10.7) 1(16.7) 0.3552
Moderate 55 (64.0) 30 (57.6) 22 (78.6) 3 (50.0)
Poorly 16 (18.6) 11 (21.2) 3 (10.7) 2(33.3)
Recurrence?®
(-) 41 (42.3) 27 (43.5) 14 (46.7) 0 (0) 0.1394
+) 56 (57.7) 35 (56.5) 16 (53.3) 5 (100)
EGFR mutation
(=) 80 (62.5) 42 (53.8) 28 (70.0) 10 (100) 0.0089
+) 48 (37.5) 36 (46.2) 12 (30.0) 0 ()
KRAS mutation
() 118 (92.2) 74 (94.9) 36 (90.0) 8 (80.0) 0.2113
+) 10 (7.3) 4(5.1) 4 (10.0) 2 (20.0)
P33 mutation®
(=) 89 (69.5) 57 (74.0) 28 (73.7) 4 (40.0) 0.16
(+) 35 (27.3) 20 (26.0) 10 (26.3) 5 (50.0)
BRAF mutation
(-) 86 (100) 56 (100) 23 (100) 7 (100) NA
(€] 0 0 0(0) 0

“Data were not available in some cases. Recurrence was observed within 5 years after surgery.
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across all genes. K-means consensus clustering was performed with the R
statistical package. A dendrogram and heat map were constructed using either
TreeView (http://rana.lbl.gov/EisenSoftware.htm) or R statistical computing
environment (http://cran.r-project.org).

Nearest neighbor classification

Using the DNA methylation status of six CIMP markers (positive or negative by
pyrosequencing analysis), nearest neighbor classification was employed to clas-
sify the validation set consisting of 87 independent AdCas (24). In this analysis,
each validation case was classified into one of the three clusters identified in the
training set. The number of nearest neighbors was set as k = 4 because the
smallest cluster (cluster 1) was consisted of four cases. The analysis was
conducted using R statistical computing environment (http:/cran.r-project.org).

Mutation analysis

Mutations in KRAS (codons 12 and 13) were analyzed by direct sequencing and
the pyrosequencing method (25,26). EGFR mutations (exons 18-21) and TP53
mutations (exons 5-8) were examined using direct sequencing (19,25). Muta-
tion of BRAF (codon 600) was determined by the pyrosequencing method as
previously reported (27). The polymerase chain reaction primer sequences
used are listed in Supplementary Table 2, available at Carcinogenesis Online.

The Cancer Genome Atlas data

We obtained the methylation data of AdCa samples from the The Cancer
Genome Atlas data (TCGA) web site (http://tcga-data.nci.nih.gov/tcga/tcga-
Home2.jsp), and data of 85 AdCa samples (batches 34 and 37) were included

in the analysis, which was conducted using the Illumina Infinium Human DNA-

Methylation 27 platform. The 3833 most variant probes from 27 578 CpG
dinucleotides were used for further analysis, and a § value > 0.4 was consid-
ered as methylation positive.

Statistical analysis for clinical features

All statistical analyses were performed using the JMP statistical software
version 5.1 (SAS Institute, Cary, NC). Fisher’s exact test was used to determine
non-random associations between two categorical variables. Kruskal-Wallis
analysis was used to evaluate the extent of differences among more than three
groups. All reported P values are two sided, with P < 0.05 taken as statistically
significant. Patients were followed until incidence of death or until October
2010, whichever came first. Survival information was available for 118
of the 128 cases. Overall survival was calculated from the date of surgery until
the date of death or the date the patient was last known to be alive (censored).
The median follow-up time was 42.5 months. Overall survival curves were
generated via the Kaplan-Meier method, and the log-rank test was used for
statistical analysis. A multivariate analysis using the Cox proportional hazards
model was performed to estimate the hazard ratio. All variables for the mul-
tivariate analysis were categorical variables (age, stage and CIMP status).

Results

Identification of a distinct subgroup with characteristic DNA
methylation profiling in AdCas

First, we evaluated the genome-wide DNA methylation status in a train-
ing set of 41 AdCas using MCAM analysis (18-20). Among 6157 genes
on the microarray, we selected 1156 genes that are commonly methyl-
ated across >10% of AdCas and performed consensus average linkage
hierarchical clustering analysis (28). In terms of DNA methylation,
AdCas could be divided into three clusters, with clustering stability
increasing for k = 2 to k = 3 but not for more than £ = 3 (Figure 1A,
Supplementary Figure 1, available at Carcinogenesis Online). Intrigu-
ingly, all four cases in cluster 1 stably fell into the same cluster regardless
of k values (2-5), whereas 12 cases (92%) and 24 cases (96%) fell into
clusters 2 and 3, respectively, indicating a high similarity of their meth-
ylation profile among each of the three-cluster member. The number of
DNA methylated genes showed bimodal distribution in AdCas; DNA
methylation was highly accumulated in two AdCas, both of which fell
into cluster 1# (Figure 1B). Consistently, a majority of the genes were
commonly methylated across more than half of the AdCas in cluster 1,
whereas common methylation targets were detected in <50% of the
AdCas in clusters 2 and 3 (P < 0.001, Figure 1C). In addition, the
average number of methylated genes was 766.8 + 70.4, 485.7 + 40.6
and 319.2 = 28.1 in clusters 1, 2 and 3 (k=3), respectively (P < 0.001)
(Figure 1D). These observations indicated that extensively methylated

CIMP in lung AdCa

AdCas exist, which appear to be characterized by correlated CpG island
DNA methylation of a subset of genes in a subset of tumors, whereas
AdCas with less extensive DNA methylation or with rare DNA methyl-
ation were classified into discrete subgroups (7,14-16).

Identification of CIMP markers in AdCas

MCAM analysis suggested the existence of a distinct subgroup with
extensive DNA methylation in AdCas. Because CIMP status is closely
associated with clinical outcome in forming a distinct subgroup in co-
lon cancer, glioma and breast cancer (29-31), it is useful to accurately
identify CIMP tumors without performing microarray analysis, which
may reveal the etiology and clinical correlates of CIMP in AdCas. First,
we examined whether the DNA methylation status of the classical
CIMP markers (p16, MINTI, MINT2, MINT31 and MLH]I), which
are effective for diagnosis of CIMP in colon cancer (32), reflected
the methylation profile, especially CIMP, determined by MCAM anal-
ysis in AdCas (Figure 2A, left panel). CIMP-positive AdCas defined by
the classical CIMP markers were not consistent with all the extensively
methylated AdCas in cluster 1, suggesting that these markers are not
always accurate for diagnosis of the extensively methylated AdCas.

To establish a new panel of a minimum number of CIMP markers
without reducing the classification power, which was readily applied
to a large number of tumor samples, we eliminated the genes from the
target genes of methylation in MCAM analysis (Figure 2B). The
initial definition of CIMP was based on concordant methylation of
Type C loci (cancer-specific methylation) (7). Therefore, we first
excluded markers that showed evidence of DNA methylation in nor-
mal tissues, which means Type A loci (age-related methylation) (7).
Then, we selected 232 genes that were methylated in >75% of AdCas
in cluster 1 but were methylated in <30% in the other clusters.
Among these genes, 10 genes fulfilled the criteria of (i) concomitant
array signals in all the probes for the same genes on the microarray,
(ii) methylation-positive probes were located within 500 bp from
transcription start sites and (iii) enable to design the stable and
reproducible pyrosequencing assay using the candidate genes. Finally,
we selected six candidate markers, CCNAI, ACAN, GFRAI, EDAR-
ADD, MGC45800 and p16 (CDKNZ2A), to determine CIMP in AdCas
using a statistical model based on recursive descent partition analysis
with the pyrosequencing data of 10 genes (33).

DNA methylation status of this panel of six markers was examined
in 41 AdCas using pyrosequencing analysis. These six markers were
frequently methylated in four (10%) AdCas of cluster 1, which
showed DNA methylation in five or more of the six markers
(Figure 2A, right panel). We designated this subgroup as CIMP-high
(CIMP-H). In contrast, 26 (63%) AdCas were rarely methylated; none
or one marker was methylated in this subgroup. The majority of
AdCas (21 cases, 81%) in this subgroup fell into cluster 3, which
showed the lowest frequency of DNA methylation. We defined
AdCas with methylation in none or only one of the six markers as
CIMP-negative (CIMP-N). The intermediate subgroup (11 cases, 27%)
between CIMP-H and CIMP-N showed DNA methylation in two to
four markers of the six selected CIMP markers. We designated this
subgroup as CIMP-low (CIMP-L), in which 7 (64%) of 11 AdCas fell
into cluster 2 and showed intermediate frequency of DNA methylation.

Validation analysis of newly identified CIMP markers

It is important to note that this initial selection of the six candidate
markers did not introduce a bias for detecting CIMP only in the training
set. Therefore, the newly identified panel of six markers was indepen-
dently confirmed in a validation set of 87 AdCas. Among them, we
found 6 (7%) CIMP-H, 30 (34%) CIMP-L and 51 (59%) CIMP-N
tumors, which were of a similar frequency as observed in the training
set of 41 AdCas (Supplementary Figure 2, available at Carcinogenesis
Online). To estimate whether the classification by the six CIMP
markers in the validation set was compatible with the CIMP classifica-
tion in the training set, we performed the nearest four neighborhood
prediction analysis (Figure 2C, see Materials and Methods). This
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Fig. 1. DNA methylation profiling by MCAM analysis. (A) Consensus clustering analysis was performed with the 1156 genes from the AdCa cases fork = 2, 3,4
and 5. The samples are listed in the same order on the x- and y-axes. Clusters are designated as are indicated at the bottom of each panel. Consensus index values
range from O (highly dissimilar) to 1 (highly similar). (B) The distribution of number of methylated genes. X-axis indicates the number of methylated genes. Y-axis
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analysis defined 6 of 87 AdCas in the validation set as cluster 1, all of
which were also categorized as CIMP-H tumors according to our cri-
teria using the six-marker panel. Furthermore, 51 AdCas that were
classified as cluster 3 with a probability >80% by the nearest neighbor
classification analysis were also classified as CIMP-N tumors by our six
CIMP marker panel. These results indicate that the three clusters are
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highly reproducible, and our panel of six markers is capable of accu-
rately categorizing cases into these three clusters.

Identification of AdCa—CIMP in the Cancer Genome Atlas data set

Next, we examined whether the six CIMP markers could also be
applicable in classifying AdCas deposited in TCGA (http://tcga-
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CIMP markers. *P < 0.001.

data.nci.nih.gov/tcga/tcgaHome?2.jsp) (30). DNA methylation data of
85 AdCas were obtained from the TCGA database, which were ana-
Iyzed by the Infinium BeadChip containing 27 578 probes corre-
sponding to 14 473 genes. Among those probes, we found that

some probes corresponding to three of our new CIMP markers
(ACAN, CCNAI and GFRAI) were located close to the regions where
we conducted the pyrosequencing analysis. In contrast, no probes
corresponding to the other three CIMP markers (CDKN2A,
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MGC45800 and EDARADD) were located within 500 bp of transcrip-
tion start sites, which was a condition of our pyrosequencing analysis.
Therefore, we examined the classification power of the three CIMP
markers (ACAN, CCNAI and GFRA/) in the 85 AdCas obtained from
the TCGA. None, 4 (4.7%), 14 (16.5%) and 67 (78.8%) AdCas
showed DNA methylation in three, two, one or none of the three
CIMP markers, respectively (DNA methylation positive,  value >
0.4, Figure 2D, upper panel). AdCas with DNA methylation in one or
two CIMP markers had more methylated probes among the 3833 most
variant probes than those who had no methylation in the CIMP
markers (average methylated probes: 1430.8 + 39.5, 21164 = 86.3
and 2288.8 + 161.5, in AdCas with none, one or two methylated
CIMP markers, respectively, P < 0.001; Figure 2D, lower panel).
These data suggested that the methylation status of the three CIMP
markers is also predictive for highly methylated AdCas in the TCGA
data set.

Clinical significance of CIMP tumors in lung AdCa

Next, we assessed whether CIMP-positive AdCas form a distinct sub-
group with characteristic clinical features. We combined two sets of
AdCa cohorts (training set and validation set) for the analysis of
CIMP signatures, with a total of 128 cases. We did not access any
clinical information before CIMP classification of both sets of AdCas
to avoid any bias in the analysis of the clinical significance of CIMP
tumors. Of the 128 pooled AdCas, 10 (7.8%) were classified as CIMP-
H, 40 (31.3%) as CIMP-L and 78 (60.9%) as CIMP-N (Figure 3A).
CIMP-H tumors were more prevalent in males (P = 0.0047) and
associated with frequent exposure to smoking (pack year > 40,
P = 0.0036). Intriguingly, we found a tight association between CIMP
and EGFR status (P = 0.0089; Table I). None of the 10 CIMP-H
AdCas contained any EGFR mutations, whereas 36/78 (46.2%)
CIMP-N and 12/40 (30.0%) CIMP-L. AdCas had EGFR mutations.
In contrast, no such tendency was observed between CIMP status and
KRAS, TP53 and BRAF mutations.

To investigate whether CIMP status had any impact on overall
survival, we performed Kaplan—Meier survival analysis and found
that CIMP-H was a significantly negative prognostic factor
(P = 0.0115, log-rank test; Figure 3B). Since EGFR mutations have
been indicated as a potential positive prognostic factor for survival in
advanced non-small cell lung cancer patients treated with chemother-
apy with or without TKI (34), we analyzed overall survival according
to the EGFR mutation status. Among the AdCas harboring wild-type
EGFR, CIMP-H tumors still correlated with poor survival
(P = 0.0312, log-rank test; Figure 3C). In addition to a worse prog-
nosis in patients with AdCas who were smokers (P = 0.0373, log-rank
test; Figure 3D), we found that CIMP-H was an independent prog-
nostic factor among male smokers (hazard ratio 1.7617, 95% confi-
dence interval 1.0030-2.9550, P = 0.0489; Figure 3E). Taken
together, these findings indicated that CIMP-H tumors have unique
clinical features that distinguish them from the other AdCas.

Clinical implication of epigenetic therapy for lung AdCa

To evaluate the relationship between CIMP status and effects of the
DNA methylation inhibitor, 5-Aza-dC, as an antitumor agent, we first
analyzed DNA methylation status of the six CIMP markers in 14
AdCa cell lines, including one CIMP-H (H358), seven CIMP-L
(H23, H1, PC9, H2009, H3255, H1975 and H1650) and six CIMP-
N cell lines (H920, A549, HCC827, ML13, H1573 and HCC4011)
(Supplementary Table 4, available at Carcinogenesis Online). CIMP-
H cells (H358) harbor wild-type EGFR, whereas the CIMP-L and
CIMP-N cells harbor either wild-type (H23, H1, H2009, H1975,
H920, A549, HCCB827, ML13 and H1573) or mutated (PC9, H3255,
H1650 and HCC4011) EGFR. Regardless of the CIMP status, cells
with wild-type EGFR showed resistance to the TKI, AG1478
(Figure 4A). Intriguingly, antitumor activity of 5-Aza-dC appeared
to be associated with CIMP status. Each cell line showed different
IC50, which were significantly lower in the CIMP-positive cells (av-
erage, CIMP-H and CIMP-L) than in the CIMP-N cells (P = 0.02,
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average 1C50 was 68, 229 and 982 nM, respectively, Figure 4B). To
determine a more accurate relationship between DNA demethylation
and antitumor activity, we used level of LINE-1 demethylation, which
represents the global level of methylation, as a surrogate marker of
5-Aza-dC treatment. We examined the power of growth inhibition at
a concentration of ~20% of LINE-1 demethylation. Cell growth of
CIMP-H and CIMP-L cells was significantly inhibited at each con-
centration of 5-Aza-dC, in contrast to CIMP-N cells, the majority of
which did not respond to the treatment (Figure 4B). These data sug-
gest that in addition to CIMP-H AdCas, tumorigenesis of CIMP-L
AdCas may also depend on DNA methylation silencing pathway to
some extent.

Discussion

In the current study, we performed a comprehensive genome-wide
DNA methylation analysis and identified a distinct molecular sub-
group (CIMP-H) in human AdCas. This subgroup showed a remark-
ably high rate of DNA methylation in correlated cancer-specific CpG
island hypermethylation of a subset of genes, indicating the existence
of CIMP in AdCas (7).

Previously, studies suggested the existence of CIMP in lung cancer.
The first study defined a CIMP-positive case as having a tumor with
aberrant methylation in either CDHI3 or CRBPI and found that
CIMP-positive cases showed poorer prognosis than the CIMP-N ones
(9). Although a consistent clinical feature, poor prognosis of CIMP-
positive cases, was observed between our study and the previous ones,
frequencies of CIMP and the other clinicopathological features asso-
ciated with CIMP were varied, probably due to the different panels of
CIMP marker examined (9,11-13). Thus, it is still unclear which
DNA methylation markers can define the most extensively methylated
subgroups (CIMP) due to the lack of accompanied genome-wide
analysis in the previous AdCa studies. If CIMP affects only a subset
of CpG islands in a subgroup of AdCas, collection of data for a large
numbers of markers from numerous tumor samples is required to
identify CIMP in AdCas. Indeed, we found in the current study that
CIMP-positive tumors diagnosed by the original CIMP markers de-
fined in the colon cancer study (7) were not consistent with the
extensively methylated AdCas, suggesting that these markers are
not always applicable for diagnosis of CIMP tumors other than colon
cancers. Thus, the existence of CIMP in AdCas from the global point
of view has remained elusive before the current study. Our genome-
wide MCAM analysis successfully identified six practical and repre-
sentative markers for the prediction of CIMP in AdCas.

Integrated analysis of the DNA methylation status of the six CIMP
markers with several cancer-associated gene mutations, including
EGFR, TP53, KRAS and BRAF, revealed that CIMP-H tumors in both
the training and the validation sets did not harbor any EGFR muta-
tions, suggesting that the two events are mutually exclusive, whereas
mutations in the other three genes did not show such strong associa-
tions with CIMP status. Thus, our six novel markers enabled us to
decipher the negative association between CIMP and EGFR muta-
tions, which had been only suggested by previous studies (35). Indeed,
CIMP-H tumors are significantly associated with males, frequent
exposure to smoking and high relapse rate of disease, which clearly
differ from the typical features of EGFR-mutant AdCas, such as
association with females, non-habit forming smoking and better prog-
nosis. Interestingly, colorectal cancers also show strong association
between CIMP status and smoking (36,37). Thus, smoking may be
one of the potential causes of CIMP. These data suggested that a par-
ticular set of genes are methylated in CIMP-H AdCas, and their target
genes are involved in activation of an alternative pathway, in which
tumorigenesis may be minimally dependent on EGFR mutation.

The association of better clinical outcome with CIMP-positive
tumors has been reported in breast cancer, colon cancer and glioma.
Fang et al. (31) showed that there was significant overlap of CIMP
targets in those different types of cancers. Among the 33 overlapped
CIMP targets between the cancers, we found that the DNA methyla-
tion status of 19 genes was available from our MCAM analysis. Using



