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Recommendations for Uniform Definitions of Surgical
Techniques for Malignant Pleural Mesothelioma
A Consensus Report of the International Association for the Study of

Lung Cancer International Staging Committee and the International
Mesothelioma Interest Group

David Rice, MB, BCh,* Vualerie Rusch, MD,j Harvey Pass, MD, | Hisao Asamura, MD,§

Takashi Nakano, MD,
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Introduction: Extrapleural pneumonectomy has been well de-
fined; howewver, surgeons vary regarding the surgical extent and
goals of “pleurectomy/decortication” (P/D). We explored meso-
thelioma surgeons’ concepts of P/D with the aim of unifying
surgical nomenclature.

Methods: A web-based survey was administered to surgeons who
operated on malignant pleural mesothelioma (MPM) for diagnosis,
staging, palliation, or cytoreduction. One hundred thirty surgeons
from 59 medical centers were included. Surgeons who did not
perform surgery for MPM within the last year were excluded.
Results: There were 62 (48%) respondents from 39 medical centers in
14 countries. The mean number of patients with MPM seen annually at
each medical center was 46, and the mean annual number of cytore-
ductive procedures performed per surgeon was 8. Most (88%) agreed
that the goal of cytoreductive surgery should be macroscopic complete
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resection of tumor. P/D was defined as resection of parictal and visceral
pleura with the aim of achieving macroscopic complete resection by
72% of respondents. If the diaphragm or pericardium required resec-
tion, 64% preferred the term “radical P/D,” whereas “P/D” (40%) or
“total pleurectomy” (39%) was preferred if these structures were not
removed. Most surgeons believed that extrapleural pneumonectomy
(90%) or “radical P/D™ (68%) could provide adequate cytoreduction,
whereas only 23% thought that P/D could.

Conclusions: There was significant variation regarding surgical
nomenclature for procedures for MPM. The International Staging
Committee of the International Association for the Study of Lung
Cancer and the International Mesothelioma Interest Group recom-
mend that P/D should aim to remove all macroscopic tumor involv-
ing the parietal and visceral pleura and should be termed “extended”
P/D when the diaphragm or pericardium is resected.

Key Words: Mesothelioma, Pleural ncoplasm, nomenclature, Surgery.

(J Thorac Oncol. 2011;6: 1304—1312)

urgery for malignant pleural mesothelioma (MPM) may

include relatively minor procedures for diagnosis and
staging, more involved debulking operations for palliation,
and extensive cytoreductive procedures where the goal is to
lengthen survival by reducing the intrathoracic tumor burden
to microscopic levels. The latter is usually accomplished
cither by extrapleural pneumonectomy (EPP) or by a proce-
dure that is presently classified as “pleurectomy/decortica-
tion” (P/D), generally as part of a multimodality treatment
regimen. Although the surgical technique of EPP has been
standardized, there is a variation among surgeons with re-
spect to what is involved in P/D.'5 For some mesothelioma
surgeons, P/D refers to a surgical procedure that aims to
remove all macroscopic tumor from the affected hemithorax.s
This typically includes resection of the entire parietal and

Journal of Thoracic Oncology ¢ Volume 6, Number 8, August 2011
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visceral pleura, with resection of portions of the pericardium
and diaphragm if involved by tumor. Others refer to this exten-
sive procedure as a “radical” P/D, reserving the term P/D for
resection of only the parietal and visceral pleura.”8 Still others
use the term P/D to describe a palliative procedure where the
intention is debulking of tumor to ameliorate pain and pleural
effusion and improve respiratory mechanics.? Occasionally, op-
erative reports will describe P/D when little more than a thora-
cotomy and generous pleural biopsy has been performed.

In collaboration with the International Mesothelioma
Interest Group (IMIG), the International Association for the
Study of Lung Cancer (IASLC) recently formed a subcom-
mittee of the International Staging Committee to improve the
current staging system for MPM. The mesothelioma subcom-
mittee “Mesothelioma Domain” of the International Staging
Committee recently completed an analysis of a large retro-
spective database and is now developing an international,
multidisciplinary, and multi-institutional cohort study that
will collect information on extent of disease, personal and
demographic characteristics, comorbid illness, treatment, and
survival of newly diagnosed patients with MPM. Because there
is considerable variation regarding the surgical management of
mesothelioma, and in particular P/D, the mesothelioma subcom-
mittee thought that it was important to arrive at definitions of
surgical procedures for MPM that would be unambiguous and
broadly acceptable to most thoracic surgeons. To arrive at a
consensus regarding surgical definitions, a survey was con-
ducted among surgeons who perform surgery for MPM.,

METHODS

A web-based questionnaire was created by members of
the TASLC mesothelioma subcommittee using a commercially
available, online survey designer (www.surveymonkey.com).
Unlike a recent survey of surgical opinion in mesothelioma,
which included thoracic surgeons regardless of their level of
experience with the disease, we polled only surgeons who
had a clinical or research interest in MPM and who were
presumed able to offer expert opinion.!®'! Surgeons were
identified by having published on MPM during the past 5
years, by affiliation with a medical center known to specialize
in MPM, by affiliation with the IMIG, or by peer reference.
One hundred thirty surgeons from 59 centers worldwide were
identified and asked to complete the electronic survey. The
survey was designed to examine prevailing views about
nomenclature for various surgical resections commonly per-
formed for pleural mesothelioma and concepts regarding
cytoreduction (Figures. 1—4). In addition to multiple-choice
options, most questions also offered respondents an opportu-
nity to add text-based comments. We explored opinions
regarding use of the terms “partial pleurectomy,” “pleurec-
tomy/decortication,” “total pleurectomy,” and “radical pleurec~
tomy/decortication.” Because EPP has been standardized from a
procedural standpoint, we did not further explore terminology
for this operation. The survey collected data over a 3-week
period from October 11 through October 29, 2010. Two remind-
ers were sent electronically to participants during this period.
Responses from thoracic surgeons who did not perform any type
of surgery for MPM (including either surgery for diagnosis,

Copyright © 2011 by the International Association for the Study of Lung Cancer

staging, palliation, and/or cytoreduction) were censored from
further analysis. Responses were analyzed according to the raw
data, and results were reviewed with the members of the IASLC
Mesothelioma Domain and the Advisory Board, and consensus
achieved before the manuscript was prepared. It was then sub-
mitted to all members of the IASLC Staging Committee and to
board members of the IMIG for approval before the manuscript
and recommendations were finalized.

RESULTS

Respondents

The survey was sent through email to 130 thoracic
surgeons, of which 62 (47.7%) responded. Respondents were
affiliated with 39 different medical centers in 14 countries.
Most were from centers in Europe (47%) or North America
(42%) with only six (10%) responders from Asia and one
from Australia (Table 1). Three participants did not perform
any type of surgery for MPM and were censored from further
analysis (Figure 1). Onc respondent provided incomplete data
leaving a total of 58 respondents who provided analyzable
data. The mean number of patients with MPM seen anuually
at participating centers was 40 (median, 32; range, 3—150),
and the mean number of mesothelioma surgical cases annu-
ally performed by respondents (n = 58) was 20 (median, 16;
range, 2—380). Ninety-eight percent of surgeons performed
surgery for diagnosis, 82% for surgical staging, 85% per-
formed cytoreductive surgery, and 71% performed surgery
for palliation. Only 34 of 58 surgeons (59%) performed
surgery for all four indications. Three (5%) surgeons per-
formed palliative surgery but not cytoreductive surgery. Of
surgeons who practiced cytoreductive surgery (n = 49), the
mean number of cases performed within the 12-month period
preceding the survey was 10.4 (range, 1-30).

Surgical Definitions

Most respondents (95%) felt that there was a need to
refine surgical nomenclature to account for the procedural
differences between P/D for palliation and P/D performed for
macroscopic complete resection (MCR) or maximal cytore-
duction (Figure 2). Thirty-nine of 58 (67%) respondents
defined “partial pleurectomy” as a partial debulking of tumor
for palliative purposes. Of these, 21 (36%) considered it to
include resection of both parietal and visceral tumor, whereas
the others considered it to include removal of only parietal
tumor. Ten (17%) surgeons considered “partial pleurectomy”
to be a subtotal removal of parietal and visceral tumor for
palliation with the expectation of leaving gross residual
disease behind, and another four (7%) defined the procedure
as the removal of all gross parictal and visceral tumor with
the intention of achieving an RO or R1 resection without
removal of the diaphragm or pericardium. Only three (5%)
respondents felt that it should be defined as resection of
parietal pleura for diagnostic purposes only. Forty-two of 58
(72%) respondents considered the term “P/D” to imply re-
section of all gross parictal and visceral tumor with the
objective of achieving resection of all macroscopic disease.
Of these, 18 (31%) considered the procedure to also include
resection of the diaphragm and/or pericardium even if in-
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Question 1. Please enter your name {optional), city and country:

| 53(85.5%)

City/Town | 62(100.0%)
Country V: 62 (100.0%)
Answered question: 62
Skipped question: 0
Question 2. How many patients with malignant pleural mesothelioma were registered at your institution in the last 12 months?
Answer Options Response Average Response Total Response Count
Nurnber 404 2,381 60

Answered question: 62
Skipped question: 0

Question 3. | currently perform the following types of surgery for mesothelioma {answer all that apply):

None

Surgery for diagnosis (eg VATS) 1 59(96.7%)

Surgical staging {eg mediastinoscopy , = I ©2.0%
2y U70,

laparoscopy)

2 45 (70.5%)

Palliative surgery

Cytoreductive surgery = £ { 52 (85.2%)

Other 4 9(14.8%)

Answered question: 61
Skipped question: 1

Question 4. How many patients with malignant pleural mesothelioma did you perform surgery on in the last 12 months (for diagnosis, staging,

palliation or cytoreduction?

Number . 20.0 1,158

Answer Options Response Average Response Total Response Count

58

Answered question: 58
Skipped question: 4

Question 5. How many patients with malignant pleural mesothelioma did you perform cytareductive surgery on in the last 12 months?

Number 8.8 512

Answer Options Respanse Average Response Total Response Count

58

Answered question: 58
Skipped question: 0

FIGURE 1. Questions 1 to 5. Demographic and practice information of the respondents.

volved by tumor. Nevertheless, 15 (26%) surgeons consid- residual disease behind (R2), and one (2%) respondent de-
ered “P/D” to be a subtotal removal of parietal and visceral fined the procedure as a partial debulking of parietal and

tumor for palliation with the expectation of leaving gross visceral tumor for palliation.

1306 Copyright © 2011 by the International Association for the Study of Lung Cancer
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Question 6. In your opinion which of the following procedures would describe a 'partial pleurectomy' the best?

Resection of some parietal pleura to provide
diagnosis but little, if any, palliation

Partial debutking of parietal tumor only to provide
palliation

Partial debulking of parietal and visceral tumor to
provide palliation

Subtotal debulking of parietal and visceral tumor
for palliation, accepting gross residual disease
(R2)

Removal of all parietal and visceral tumor with
the intention of achieving RO/R1 resection,
without removal of the diaphragm or pericardium

Removal of all parietal and visceral tumor with
the intention of achieving RO/R1 resection,with
resection of the pericardium and / or diaphragm

Other 2(3.4%)

s

Answered question: 58
Skipped question: 0

Question 7. In your opinion which of the following procedures would describe a 'pleurectomy / decortication' the best?

Resection of some parietal pleura to provide
diagnosis but fittle, if any, palliation

Partial debulking of parietal tumor only to provide
. palfiation

Partial debulking of parietal and visceral tumor to
provide palliation

Subtotal debulking of parietal and visceral tumor
tor palliation, accepting gross residual disease
(R2)

Removal of all parietal and visceral tumor with
the intention of achieving RO/R1 resection,
without removal of the dlaphragm or pericardium

Removal of all parietal and visceral tumor with
the intention of achieving RO/R1 resection,with
resection of the pericardium and / or diaphragm

i 15 (25.9%)

24 (41.4%)

18 (31.0%)

Answered question: 58
Skipped question: 0

Question 8. Do you think there is a need to develop terminology that would differentiate between the extent of resection associated with
pleurectomy/decortication for palliation versus complete macroscopic resection (gytoreduction)?

Yes 5E
No B 2 5.a%)

Unsure 1(1.7%)

1 55(94.8%)

Answered question: 58
Skipped question: 0

FIGURE 2. Questions 6 to 8. Opinions regarding definition of partial pleurectomy and pleurectomy/decortication.

To further explore opinions regarding the extent of
“P/D,” two scenarios were provided where the intent was
to resect parietal and visceral tumor so that no residual
macroscopic tumor remained (Figure 3). In one scenario,
the diaphragm and pericardium were resected, and in the
other scenario they were not. With regard to the first
(diaphragm and/or pericardial resection), the majority

Copyright © 2011 by the International Association for the Swdy of Lung Cancer

(64%) referred to the procedure as “radical P/D.” Eleven
(19%) surgeons preferred the term “total pleurectomy” and
only three (5%) used “P/D.” One surgeon considered this
a “partial resection.” To describe the second scenario (no
diaphragm or pericardial resection), 23 (40%) chose the
term “P/D,” whereas 22 (39%) preferred “total pleurec-
tomy.” Only six (10.5%) surgeons called this procedure a

1307
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Question 9. In a patient who undergoes parietal and visceral pleural resection for palliative purposes only, without the intention of achieving complete
macroscopic resection, which of the following terms do you think is most appropriate?

Partial pleurectomy SRR i o(15.5%)
Paliiative pleurectomy/decortication | &

Paliative debulking |2

Pleurectomy/decortication &2

apaaw)

33 {56.9%)

Answered question: 58
Skipped question: G

Question 10. In a patient who undergoes pariefal and viéceral pleural resection (but not resection of the pericardium or diaphragm) with the intention
of achieving macroscopic complete resection which of the following terms do you think is most appropriate?

Pleurectomy/decortication

Total pleurectomy/decortication

Radical pleurectomy/decortication : 6(10.5%)

Other 1 L 6 (105%)

23 (40.4%)

22 (38.6%)

Answered question: 57
Skipped question: 1

Question 11. In a patient who undergoes parietal and visceral pleural resection with the intention of achieving a macroscopic complete resection and
the diaphragm and/or the pericardium is resected, which of the terms do you feel is most appropriate to use?

Pleurectomy/decortication

Total pleurectomy/decortication
Radical pleurectomy/decortication

Other o 7 (12.1%)

| 11000%)

37 (63.8%)

Answered question: 58
Skipped question: 0

FIGURE 3. Questions 9 to 11. Opinions regarding the surgical extent of pleurectomy/decortication.

“radical P/D.” Two (3.4%) respondents used the term
“palliative debulking” and another two (3.4%) used “par-
tial pleurectomy.” One (1.7%) respondent preferred the
term “subtotal P/D.”

Cytoreduction

Fifty-one (88%) respondents agreed with the premise
that the goal of cytoreductive surgery in MPM should be the
removal of all visible or palpable tumor (RO or R1) or a
“macroscopic complete resection” (MCR) (Figure 4). When
asked which cytoreductive procedure was capable of provid-
ing MCR, 51 (90%) chose EPP and 39 (68%) “radical P/D,”

1308

but only 13 (23%) thought that “P/D” could. One of the
factors that influence performance of P/D versus EPP is
whether tumor involves the fissures. Twenty-two (38%) re-
spondents agreed that P/D could usually provide a MCR if
tumor involved the fissure, however, 30 (51%) did not. In
addition, the majority of respondents (86%) did not believe
that video-assisted thoracoscopic surgery was capable of
providing as complete a cytoreduction as an open procedure.
Nevertheless, three (5%) respondents did, and another agreed
that it could i patients with stage [ disease. The remaining
four respondents were uncertain.

Copyright © 2011 by the International Association for the Study of Lung Cancer
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b

Id be the

Question 12. The goal of cyto surgery for mali P mesc
words, a macroscopic complete resection (RO/R1):

1 of all visual and paipable tumor, in other

Unsure B 1 (1.7%)

S 51 57.9%)

Answered question: 58
Skipped question: 0

Question 13. In a patient with tumor involving the fissure(s) pleurectomy / decortication can usually achieve macroscopic complete resection:

Yes BB
No B2
Unsure 2

Other 2l 1 {1.7%)

1 22 37.0%)

Answered question: 58
Skipped question: 0

Question 14. VATS pleurectomy / decortication can usually achleve as as good a tumor cytoreduction as open pleurectomy / decortication:

Yes 3(5.2%)

Answered question: 58
Skipped question: 0

Question 15. Which of the following procedures do you consider capable of providing adequate cytoreduction (RO/R1 )?

VATS pleurectomy P .5%)

Partial pleurectory g 1(1.8%)
Pleurectomy/decortication 13 (22.8%)
Radical pleurectomy/decortication

Extrapleural pneumonectomy

None of the above §f 1 {1.8%)

39 (68.4%)

4 51(89.5%)

Answered question: 57
Skipped question: 1

FIGURE 4. Questions 12 to 15. Opinions regarding surgical goals and technical ability to achieve macroscopic complete re-

section.

Copyright © 2011 by the International Association for the Study of Lung Cancer
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TABLE 1. Geographic Distribution of Physicians Who
Responded to the Online Survey

Country No. of Responses Percentage
United States 23 37.1
United Kingdom 10 10.1
Japan 6 9.7
Ttaly 5 8.1
Spain 3 4.8
Canada 3 4.8
Turkey 2 32
Switzerland 2 32
Germany 2 32
Belgium 2 32
Greece 1 1.6
Australia 1 1.6
Netherlands 1 1.6
France 1 1.6
DISCUSSION

The first description of P/D is attributed to Fowler!2
who reported the successful treatment of a man with chronic
empyema and bronchopleural fistula in 1893. Nevertheless, it
was not until 20 years later when four patients successfully
underwent P/D at the Mayo Clinic that the procedure began
to gain popularity and gradually superceded thoracoplasty as
the preferred method for the initial treatment for. chronic
empyema and trapped Tung.'3 It is worth noting that “decor-
tication” involved freeing of the fibrinous rind away from the
visceral pleura and not resection of the visceral pleura itself.
In the 1950s and 1960s, parietal pleurectomy was used for the
treatment of spontaneous pneumothorax,'*15 and in 1963,
Jensik et al. 16 at the University of Chicago reported the use of
parietal pleurectomy for treatment of malignant pleural effu-
sions, showing a 96% freedom from recurrence in 50 patients.
As meticulously described by Beattie,!” parietal pleurectomy
began with ereation of an extrapleural plane before insertion
of a rib spreader, with continued dissection “up over the apex
of the thoracic cavity, and down to and around the lung
hilum.” Once the upper half of the parietal pleura had been
freed, it was excised, and the lower half then dissected down
to the costophrenic sulcus. Tt was noted that it was usually
impossible to remove the diaphragmatic pleura which was
left attached to the intact diaphragm.

The first report of pleural resection for MPM was by
Martini et al.’® in 1975 who described outcomes of parietal
pleurectomy in 83 patients with malignant pleural effusions,
of which 14 had mesothelioma. At | year, 79% of patients
were noted to have been alive, with little or no clinical
[imitation in pulmonary reserve, and the median survival of
those with MPM was 16 months. A year later, this series was
expanded to include 33 patients with MPM who had a median
survival of 21 months. It should be noted that in these early
descriptions of pleurectomy for mesothelioma “all pleura
covering the rib cage and mediastinum (was) removed,” but
attempts were not made to remove the visceral pleura or
resection of the diaphragm or pericardium.!® The operation
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became referred to as “subtotal parietal pleurectomy” as
neither the visceral, diaphragmatic nor pericardial pleurae
were removed.20 i

Coincidentally, EPP (also termed pleuropneumonec-
tomy) for MPM began to be performed, its proponents argu-
ing that pleurectomy could not possibly achieve the same
degree of tumor clearance as EPP, largely because with
pleurectomy tumor frequently remained on the diaphragm,
pericardium, and the visceral surfaces and fissures of the
lung.2122 Perhaps in response to this challenge, pleurectomy
evolved in some surgeons’ hands into a more extensive
procedure than had been described previously. In 1989,
Rusch and Livingston?324 described “radical decortication”
in' conjunction with intrapleural chémotherapy and, in the
article that followed, P/D was defined as parietal pleurectomy
with either partial or complete visceral pleurectomy accord-
ing to the extent of tumor involvement. The diaphragm and/or
pericardium were frequently resected and reconstructed but
with preservation of the underlying peritoneum. Variations
on this theme have been reported by others, the common
thread being resection of tumor involved parietal and visceral
pleurae.?* In one of the larger and more recent series, Rich-
ards et al* from the Brigham and Women’s Hospital de-
scribed P/D as resection of the parietal and visceral pleurae
along with involved areas of the pericardium and diaphragm. As
described by others, the intended goal was to obtain a MCR,
arbitrarily defined as tumor residual less than 1.0 cm.3-526 The
clear intent of these cytoreductive procedures is to resect all
gross tumor while preserving underlying lung parenchyma,
This has not gained unanimous acceptance however. For
example, Butchart® has refetred to P/D as “debulking”
surgery which did not include resection of the diaphragm.
The term P/D is still frequently applied to procedures that
remove some parietal and visceral pleural tumor and yet
which are strictly palliative in intent leaving behind con-
siderable amounts of gross tumor. Perhaps, this is why in
an effort to differentiate the more intensive cytoreductive
procedure from less extensive ones several authors have
recently applied the qualifier “radical” when referring to a
maximally cytoreductive P/D.78 Thus, 35 years after the
initial description, there remains some ambiguity regard-
ing the definition of P/D for MPM.

The overall response rate to our survey was less than
50% but is on a par with response rates of other recent
web-based surgical surveys. The thoracic surgeons who com-
pleted the survey were experienced in MPM surgery—per-
forming what would be considered a high volume of opera-
tions for this rave disease. Respondents were primarily from
North America and Europe, so it can be argued that the
findings may be biased toward Western practice, but this
primarily reflects the incidence of MPM and the geographic
location of centers involved in surgical and multimodality
treatment for MPM. The survey confirmed significant varia-
tion among thoracic surgeons regarding the definition of P/D.
When pleural resection was performed for palliative pur-
poses, most respondents did not refer to the procedure as
“P/D” but rather used terms such as partial pleurcctomy,
palliative debulking, or palliative P/D. Thus, based on the
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Recommendations for Uniform Definitions

findings of the survey, P/D seems to imply a level of com-
pleteness or thoroughness of tumor resection that did not
apply to debulking or palliative procedures. Nevertheless,
when the diaphragm or pericardium had to be resected to
achieve MCR, most surgeons (64%) favored the term “radi-
cal” P/D.

Finally, we explored the opinion regarding complete-
ness of resection achievable with surgery for mesothelioma.
The majority of surgeons polled believed that MCR should be
the goal of cytoreductive surgery, regardless of whether that
involves EPP or a lung-preserving operation. This is certainly
in line with the cwrrent surgical philosophy of high-volume
centers.3-526 Furthermore, most agreed that either “radical P/D”
or EPP could provide MCR in appropriately selected patients,
but most responders did not consider that P/D (without dia-
phragm or pericardial resection) could do so. Nevertheless, this
clearly depends on the extent of the disease.

RECOMMENDATION

On the basis of the survey data, which represented the
opinions of experienced MPM surgeons from multiple cen-
ters in different geographical regions, the IASLC Mesotheli-
oma Domain and the IMIG have recommended the following
terminology to be used in the forthcoming Mesothelioma
Staging Project:

a. EPP: en bloc resection of the parietal and visceral pleura
with the ipsilateral lung, pericardium, and diaphragm. In
cases where the pericardium and/or diaphragm are not
involved by tumor, these structures may be left intact.

b. Extended P/D: parictal and visceral pleurectomy to
remove all gross tumor with resection of the diaphragm
and/or pericardium. The JASLC Mesothelioma Domain
suggests use of the term “extended” rather than “radi-
cal” in this instance as the latter implies a completeness
of rescction with added therapeutic benefit. There is
currently insufficient evidence that resection of the
pericardium and diaphragm provides either.

¢. P/D: parietal and visceral pleurectomy to remove all
gross tumor without diaphragm or pericardial resection.

d. Partial pleurectomy: partial removal of parietal and/or
visceral pleura for diagnostic or palliative purposes but
leaving gross tumor behind.
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Frequent deletion of 3p21.1 region carrying semaphorin 3G and
aberrant expression of the genes participating in semaphorin
signaling in the epithelioid type of malignant mesothelioma cells
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Abstract. Array-based comparative genomic hybridization
analysis was performed on 21 malignant mesothelioma (MM)
samples (16 primary cell cultures and 5 cell lines) and two
reactive mesothelial hyperplasia (RM) primary cell cultures.
The RM samples did not have any genomic losses or gains. In
MM samples, deletions in 1p, 3p21, 4q, 9p21, 16p13 and 22q
were detected frequently. We focused on 3p21 because this
deletion was specific to the epithelioid type. Especially, a dele-
tion in 3p21.1 region carrying seven genes including SEMA3G
was found in 52% of MM samples (11 of 14 epithelioid
samples). The allele loss of 3p21.1 might be a good marker for
the epithelioid MM. A homozygous deletion in this region was
detected in two MM primary cell cultures. A heterozygous
deletion detected in nine samples contained the 3p21.1 region
and 3p21.31 one carrying the candidate tumor suppressor
genes such as semaphorin 3F (SEMA3F), SEMA3B and
Ras association (RalGDS/AF-6) domain family member |
(RASSFIA). SEMA3B, 3F and 3G are class 3 semaphorins
and inhibit growth by competing with vascular endothelial
growth factor (VEGF) through binding to neuropilin. All MM

Correspondence to: Dr Tohru Tsujimura, Division of Molecular
Pathology, Department of Pathology, Hyogo College of Medicine,
1-1 Mukogawa-cho, Nishinomiya, Hyogo 663-8501, Japan

E-mail: genetics@hyo-med.ac.jp

Present address: *Itami City Hospital, 1-100 Koyaike, Itami-shi,
Hyogo, 664-8540, Japan.

"Contributed equally

Key words: malignant mesothelioma, epithelicid type, 3p21.1 deletion,
class 3 semaphorin, vascular endothelial growth factor A

samples downregulated the expression of more than one gene
for SEMA3B, 3F and 3G when compared with Met5a, a normal
pleura-derived cell line. Moreover, in 12 of 14 epithelioid MM
samples the expression level of SEMA3A was lower than that in
Met5a and the two RM samples. An augmented expression of
VEGFA was detected in half of the MM samples. The expres-
sion ratio of VEGFA/SEMA3A was significantly higher in the
epithelioid MMs than in Met5a, RMs and the non-epithelioid
MMs. Our data suggest that the downregulated expression of
SEMA3A and several SEMA3s results in a loss of inhibitory
activities in tumor angiogenesis and tumor growth of VEGFA,;
therefore, it may play an important role on the pathogenesis of
the epithelioid type of MM.

Introduction

Malignant mesothelioma (MM) is an asbestos-related malig-
nancy that arises primarily from surface serosal cells of the
pleural, peritoneal and pericardial cavities. Although asbestos
usage has decreased in North America and European coun-
tries, the incidence of MM is expected to increase over the
next few decades, because of the long latency period (20-40
years) between asbestos exposure and tumor development (1).
In Japan, the incidence of MM has increased recently (2).
Discrimination between MM and reactive mesothelial
hyperplasia (RM) is often difficult because of their similar
cytological features (3). MM cells have a broad histological
spectrum, and consist mainly of epithelioid, sarcomatoid and
biphasic cell types. The prognosis of MM is generally poor,
but better prognosis has been reported with the epithelioid
type of MM than the non-epithelioid type (4). Multiple modality
approaches involving surgery with radiation, chemotherapy
or immunotherapy have generated favorable outcomes,
particularly for patients with the epithelioid type (5). We
applied a genome-wide analysis to the identification of new
markers that may aid in differentiating the epithelioid type
of MM from other histological types and from RM cells.
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Array-based comparative genomic hybridization (CGH) was
performed using early passage of in vitro primary cell cultures
to minimize acquisition of additional genomic changes (6).
Five purchased MM cell lines were also analyzed to compare
with our primary cell cultures. Many molecular cytogenetic
studies using karyotyping, CGH and array-based CGH have
been performed and they show that the 1p, 3p21, 9p21 and 22q
regions are frequently lost in MM (7-9). Chromosome 9p21
and 22q carry the tumor suppressor genes CDKN2A (cyclin-
dependent kinase inhibitor 2A) and NF2 (neurofibromin 2),
respectively, and there are many functional analyses of these
genes (10-13). From data for deletions of the 3p21.31 region
during early stages of the formation of lung, breast, kidney
and other cancers, several candidates of tumor suppressor
genes such as SEMA3F (semaphorin 3F) and 3B, RASSFIA
[Ras association (RalGDS/AF-6) domain family member 1),
HYAL! (hyaluronoglucosaminidase 1) and TUSC2 (tumor
suppressor candidate 2) have been proposed (14-16). The
significance of the 3p21.31 deletion in MM has been under
investigation and loss of the same genes that are lost in other
cancers may be associated in the oncogenesis of MM (8.9,17).
In this report we found a novel homozygous deletion region
at 3p21.1 in the epithelioid type of MMs, and this region
contained seven genes including SEMA3G.

Vascular endothelial growth factor (VEGF) stimulates
angiogenesis and cell growth. Overexpression of VEGF is
one of the characteristics of MMs (18). We demonstrated that
patients with malignant pleural mesothelioma had higher
VEGF levels in pleural effusion and serum than a non-malig-
nant population who had been exposed to asbestos (19,20).
VEGF-receptor 1 (VEGF-R1), VEGF-R2 and VEGF-R3 are
tyrosine kinase receptors for VEGF and are expressed in MM
(18,21). Neuropilins (NRPs) are non-tyrosine kinase receptors
capable of binding two disparate ligands, VEGF and class 3
semaphorins (SEMA3s) (22). NRP1 and NRP2 are predomi-
nantly expressed in carcinomas and in neuronal tumors and
melanomas, respectively (22). NRP1 can enhance the affinity
of some VEGF isoforms to bind to. VEGE-R2 (23,24). SEMA3s
include seven family members; six of them bind to NRP1,
NRP2, or to both receptors (25,26). SEMA3s play a dual
inhibitory role on tumor angiogenesis and tumor growth. Some
SEMAs (SEMA3C and SEMA3E) promote tumor angiogen-
esis, growth and metastasis (25,26). Plexins play roles as signal
transducers of semaphorins (27,28). In particular, the type A
plexins, together with NRPs, are the signaling moieties of the
receptor complex for SEMA3s. Examples of the complexes
formed include: SEMA3A-NRP1-PLXNAI-4 (PLXNAL, A2,
A3, or A4): SEMA3F-NRP2-PLXNAI1-4; and SEMA3G-
NRP2-PLXNAI-4 (25). The HEK293 cell line expresses
both NRP1 and NRP2 and HEK?293 cells co-transfected with
SEMA3A and SEMAS3F inhibit endothelial cell prolifera-
tion more than cells transfected with SEMA3A or SEMA3F
alone (29). Also, overexpression of SEMA3A, SEMAS3F, or
SEMAJ3G proteins in different tumor cell lines show anti-
angiogenic and anti-tumor properties when the appropriate
receptor NRP1 (for SEMA3A) or NRP2 (for SEMAS3F and
3G) expresses in these cell lines (30). These results suggest
that combinations of different SEMA3s may be more effec-
tive than single SEMA in cases in which tumor cells express
more than one type of SEMA receptors. PLXNAs are also the
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primary receptors for class 6 transmembrane semaphorins (e.g.,
SEMAGA and SEMAG6D) that do not bind NRPs, but activate
VEGF-R2-mediated signal transduction (31). In MM cells,
SEMAG6D and PLXNA1 are frequently expressed. Inhibition
of PLXNAI1 perturbs survival and anchorage-independent
growth in a VEGF-R2-dependent manner (32). Expression
profiles of the molecules associated with semaphorin signaling
and their contributions to the pathogenesis of MM cells remain
unclear.

Materials and methods

Cell specimens. Pleural effusions, ascites, or tumor tissues
were obtained from 18 patients diagnosed with malignant
mesothelioma by pathological examinations at the Hospital of
Hyogo College of Medicine. After centrifugation, primary
cells in pleural effusions or ascites were cultured in o-MEM
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS
(Equitech-Bio, Ingram, TX, USA). Surgically resected tumors
were cut into small pieces. DNA was extracted from pieces of
the MM14-T and MM29-T tumor specimens; the other pieces
were plated on culture dishes and gently overlaid with culture
medium. Primary outgrowth cells were cultured in ao-MEM-
10% FBS. Adherent cells were expanded by several passages
for several weeks or months. These cells were used as MM
primary cell cultures in this report and were used to estab-
lish six MM cell lines (33). Similarly, primary cell cultures
were prepared also from pleural effusions of two RM patients.
In addition, the human normal pleura transformant cell line
Met5a (used as a reference), four malignant mesothelioma
cell lines (H2052, H2452, H28 and MSTO-211H) obtained
from the American Type Culture Collection (Rockville,
MD), and an HMMME cell line obtained from the Riken
Bioresource Center (Tsukuba, Japan) were used. The charac-
teristics of the cells are shown in Table 1. This study was
approved by the Ethics Committee of Hyogo College of
Medicine and performed in accordance with the Declaration
of Helsinki (1995) of the World Medical Association (as
revised in Tokyo, 2004). All patients provided written
informed consent.

DNA/RNA extraction and real-time PCR. DNA and RNA
from cultured cells and fresh-frozen tissue were isolated with
an AllPrep DNA/RNA mini kit (Qiagen, Hilden, Germany)
following the manufacturer's protocol. Each genomic DNA
(10 ng) was used for copy number (CN) analysis, and 2 ng
of ¢cDNA, reverse transcribed from 1 ug total RNA, were
used for gene expression analysis. PCR was conducted in a
reaction mixture containing 1X SYBR® Premix Ex Tag™ II
(Takara Bio, Shiga, Japan), 0.4 uM specific primers, and DNA
or cDNA template. For analysis of SEMA3G and NRP2, whose
expression levels were low in the Met5a cell line, the reac-
tion mixture contained 1X Premix Ex Taq (Perfect real-time)
(Takara Bio), 0.2 uM specific primers, 0.2 uM Zen double-
quenched probe (Integrated DNA Technologies, Coralville,
IA, USA) and cDNA template. The primers used are listed in
Table I1. The CN or expression of each gene was calculated by
the comparative threshold cycle method (AACt) and normal-
ized to either 5-hydroxytryptamine (serotonin) receptor 1F
(HTRIF) located near the centromere of chromosome 3 for
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Table I. Frequent deletions of the 3p21 region are detected by the CGH-array and the confirmation of complete allele loss of the

SEMA3G gene by real-time PCR.

3p21 deletion

by CGH-array

, Case or Histological Real-time PCR

Cell type cell line name Specimen Sex  Age type 3p21.1  3p21.31  with SEMA3G
RM primary RM27-P Pleural effusion F 56 +/+ +/+
cell cultures RM19-P Pleural effusion M 62 ++ +/+
MM primary  MMI19-P Pleural effusion M 62  Epithelioid +/- +-

cell cultures MM21-P Pleural effusion M 45  Epithelioid -/- ++ Not amplified
MM26-P Pleural effusion F 67  Epithelioid ++ ++

MM34-P Ascites M 65  Epithelioid -/~ +/+ Not amplified
MM35-P Pleural effusion M 67  Epithelioid +/- +/-
MM39-p Subcutaneous mass M 78  Epithelioid +/- +/-
MM45-P Pleura M 75  Epithelioid +/~ +/-
MM48-P Pleural effusion M 61  Epithelioid +/- +-
MM56-P Pleura M 43  Epithelioid +/- +/-
MM57-P Pleural effusion M 49  Epithelioid +/- +/-
MM67-P Pleural effusion F 72 Epithelioid +/+ +/+
MM16-P Pleura M 65  Biphasic ++ ++
MM30-P Pleura M 62  Biphasic ++ +/+
MM62-P Pleura M 50  Biphasic ++ ++
MMB80-P Pleura M 67  Biphasic ++ ++
MM46-P Pleura M 69  Sarcomatoid +/+ ++
MM cell H28 Pleural effusion M 48  Epithelioid ++ +/+
lines from H2452 M Epithelioid +/- +-
ATCC or HMMME Breast M 72 Epithelioid +/- +/-
Riken MSTO-211H  Lung M 62  Biphasic ++ ++
H2052 Pleural effusion M 65  Sarcomatoid ++ +l+

Tissue MMI14-T Subcutaneous mass F 56  Epithelioid -/- +/-  Amplified, but a few

specimens MM29-T Pleura F 53  Epithelioid +/- +/-

Genomic DNAs were extracted and subjected to CGH array and real-time PCR. Homozygous or heterozygous deletion of the 3p21 region
detected by CGH array are indicated by -/- or +/-, respectively. The MM 16-P had one allele loss of the 3p22.1-p21.31, aregion where SEMA3B
and 3F are not located. The complete allele loss of the 3p21.1 region carrying the SEMA3G was confirmed by real-time PCR. In the MM21-P
and MM34-P primary cell cultures, this gene was not amplified. On the other hand, the tumor specimen MM 14-T showed PCR amplification
for SEMA3G. The copy number was calculated to be 0.1 by the comparative threshold cycle method (AACt) and normalized to HTRIF.

CN analysis or to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) for gene expression analysis. The relative genomic
CN and the expression of each gene were compared to the same
gene in the Met5a cell line.

Oligonucleotide array-based CGH. CGH-array analysis was
performed using the Affymetrix Human Mapping 500K array
set (Affymetrix, Inc., Santa Clara, CA, USA) following the
manufacturer's protocols and standard operating procedures.
Genomic DNA from MM cell samples, RM cell samples,
primary tumor specimens or matched peripheral blood was
applied to each of the arrays to perform paired analysis, and
was normalized to their matched reference blood sample data.
Unpaired CN analysis was done for samples with no supply
of matched blood. The probe intensities at each locus were
determined in the Affymetrix GeneChip Operating System

GCOS software, and genotype calls were generated using the
Affymetrix Genotyping Console GTC Software (Version 3.0.2).
Primary data analysis was performed using GTC software, and
further statistical studies were analyzed using the CNAG (Copy
Number Analyzer for Affymetrix GeneChip Mapping arrays)
software, version 2.0 (Genome Laboratory, The University of
Tokyo, http://www.genome.umin.jp) (34).

Gene expression analysis by microarray. Gene expression
profiling was -performed with Affymetrix Human Genome
U133 Plus 2.0 arrays following the manufacturer's instruc-
tions. Raw data (CEL files) were normalized using the plierl6
algorithm by GeneSpring GX11.0.2 (Agilent Technologies Inc.,
Santa Clara, CA, USA). Following the baseline transformation
to Met5a, gene expression levels were presented as log-trans-
formed. The genes belonging to the SEMA, NRP, PLXN and
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Table II. Primer sequences.
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Gene Template Primer/Probe Sequence
SEMA3G Genomic DNA Forward 5'-TGCCCCAGCAAGATGACCGCA-3'
Reverse 5'-AGGCCGCACAGGCCAGAACA-3'
HTRIF Genomic DNA Forward 5'-TGTCTGGGCTGGCACTGATG-3'
Reverse 5'-ACTTGCCCCATAATCCAGCTCTCT-3'
VEGFA cDNA Forward 5'-TCCAATCGAGACCCTGGTGGACAT-3'
Reverse S5'-TATGTGCTGGCCTTGGTGAGGT-3'
SEMA3A cDNA Forward S-TTCCCACTGCAAAGAGACGCAC-3'
Reverse 5'-TAGACCAGCGCTCTCTGCGA-3'
SEMA3B cDNA Forward 5-GTGGCCCAGATCGCGTTGCA-3'
Reverse 5'-ACGCCGAACACCTTGTGTTCCAGC-3'
SEMA3C cDNA Forward 5“TGGAGTGTGCCCCCAAGTCT-3'
Reverse S-TGTCCGTCACAACAGCCACCA-3'
SEMA3F cDNA Forward 5-TGGTGGAACCTTCACGCCATCT-3'
Reverse S'-AGCACCTGTGCGGACTACCA-3'
SEMA3G cDNA Forward 5-CTGACCAGGTGAAGACGG-3'
Reverse 5-GAAGCCATGCTCCAGAGTG-3'
Probe 5'-FAM-AGGTGTAGG/ZEN/TGCCCGCATCG-IABKFQ-3'
SEMAGD cDNA Forward 5'-TCATCCCCTGATGGACTCTGCCGT-3'
Reverse 5'-AGTACCATGCCAGCTTCAGAGCCA-3'
NRP1 cDNA Forward 5'-CGACGTTAGCTCCAACGGGGAA-3'
Reverse 5-TGCCAGTTTCCCAAGTTGCAGG-3'
NRP2 cDNA Forward 5-CTGGAAGTCAGCACTAATGGA-3'
Reverse 5-GTTGGCTTGAAATACCTTGTGG-3'
Probe 5'-FAM-ACTGGATGG/ZEN/TGTACCGGCATGG-IABkKFQ-3'
PLXNA1 cDNA Forward 5-TGCTACTGCGCCGGACTGAG-3'
Reverse 5-TCACCCGTGATGGCGTCAATGG-3'
PLXNA2 cDNA Forward 5'-CATGAATGCCTACCTCGCCGAGCA-3
Reverse 5'-TGCTCTAGGGCCCCGATGAG-3'
GAPDH cDNA Forward 5'-GCACCGTCAAGGCTGAGAAC-3'
Reverse 5-TGGTGAAGACGCCAGTGGA-3'

VEGF families were extracted and the low-intensity probes
(with 20% as the lower cut-off value for probe signal intensi-
ties) in >50% samples were filtered out. Data are represented

by hierarchical clustering using the Pearson correlation metric

and complete linkage clustering.

Statistical analysis. Wilcoxon and Mann-Whitney U tests were
used for statistical comparisons of gene expressions between
two groups consisting of the non-malignant cells, epithelioid
type of MM cells or non-epithelioid type of MM cells. p<0.05
was considered statistically significant.

Results

Copy number analysis using a CGH array. Twenty-one MM
cell samples and two RM cell samples were subjected to CN
analysis using a CGH array. By paired analysis, RM samples
did not show obvious genomic imbalance (data not shown).
On the other hand, >50% of MM cell samples showed dele-

tions in 1p, 3p21, 4q, 9p21, 16p13 and 22q (Fig. 1A). All
MM cell samples showed homozygous deletions in the 9p21
region. Homozygous or heterozygous deletions in the 22q
region carrying the NF2 gene were detected at a frequency
of 62% in all histological types of cells. The deletion of 3p21
was specific to the epithelioid MM type, and two primary cell
cultures showed a homozygous deletion in the 3p21.1 region.
This deletion region carries nine genes including BAPI,
PHF7, SEMA3G, TNNCI, NISCH, STABI, NT5DC2, C30rf78
and PBRMI (Fig. 1B). Nine of the 14 epithelioid MMs had a
heterozygous deletion of 3p21 including 3p21.31 carrying the
SEMA3B and 3F, and RASSFIA genes that are candidate tumor
suppressor genes, in addition to 3p21.1 (Fig. 1C) (14-16). The
deletions of both 3p21.1 and 3p21.31 were also detected in
the tumor specimens MM14-T and MM?29-T, and the 3p21.1
deletion in MM14-T was deduced to be homozygous (Fig. 1B).
In this report, we focused on genes of the SEMA3s family,
that play roles as tumor suppressors and as inhibitors of tumor
angiogenesis. The homozygous deletion of the SEMA3G gene
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Table III. Differential expression of the genes participating in the semaphorin signaling pathway between MM19-P and RM19-P

detected by GeneChip array.

Gene Probe Set ID MM19-P/RM19-P ratio
VEGFA 212171 _x at; 211527 x_at,210512_sat, 210513 s_at 95-39
SEMA3C 203788_s_at, 203789_s_at 5739
SEMAGA 225660_at, 215028_at 16.6-2.5
NRPI 212298 _at, 210510_s_at 4834
PLXNAI 221538_s_at 22
PLXNA2 227032_at, 213030_s_at 16.0-8.8
PLXNA3 203623_at, 1553139_s_at 3.1-26
PLXNA4 228104 _at 4.1
PLXND1 212235_at, 38671 _at 3229
VEGFC 209946_at 04
SEMA3A 244849 _at, 244163_at, 206805_at 0.4-0.1
SEMA3B 203071 _at 02
SEMA3E 206941_x_at 02
SEMA4B 234725_s_at 03
SEMA4D 228891 _at, 203528 _at 04-02
SEMASA 213169_at, 205405 _at, 229427_at ' 0402
SEMAG6B 223567_at 05
SEMAG6D 226492_at 03
NRP2 228699_at, 228103_s_at, 210841 s at, 211844 s_at, 0.5-0.1
223510_at, 229225 _at, 214632_at, 225566_at

PLXNB1 215807_s at 02
PLXNCI 213241 _at 03

was identified in the MM21-P and MM34-P primary cell
cultures by real-time PCR (Table I). For MM14-T, there was
complete allele loss of this gene because the CN was calcu-
lated to be 0.1 when it was normalized to the HTRJF gene
located near the centromere of chromosome 3.

Gene expression profiling by microarray. We performed gene
expression analysis using microarrays to characterize the
expression profiles of the SEMAs, VEGFs and their receptor
genes, and the NRPs and PLXNs that participate in the sema-
phorin signaling pathway. The expression of SEMA3G was low
and demonstrated a low signal-to-noise level by array analysis.
At first we compared the gene expression between MM19-P
(epithelioid) and RM19-P derived from the same patient. The
genes showing a >2.0-fold higher expression in MM19-P
were VEGFA, SEMA3C, SEMAGA, NRPI, PLXNAI-4 and
PLXNDI, and the genes showing a <1/2-fold lower expres-
sion were VEGFC, SEMA3A, SEMA3B, SEMA3E, SEMA4B,
SEMA4D, SEMASA, SEMAG6B, SEMA6D, NRP2, PLXNBI
and PLXNCI (Table III). In order to examine the universality
of the differential expression between MM19-P and RM19-P,
we compared the profiling of the epithelioid MMs (12 samples)
with those of non-MM samples (Met5a and two RM samples)
or with those of non-epithelioid MMs (7 samples). Fig. 2 shows
the relative ratios with the selected genes compared to the
same gene in the MetSa cells. Upregulated expression of the
VEGFA gene was observed in half of the MM cell samples,

and was more prominent in the epithelioid samples than in
the non-epithelioid samples. Also, downregulated expression
of the SEMA3A and VEGFC genes in the epithelioid samples
was seen. The expression of PLXNA2 was augmented in some
MMs. Independent of the histological types, MM samples
showed lower expression levels of SEMA3B, SEMA3F and
PLXNBI than the non-MMs. The augmented expressions of
NRP2, SEMA3C and SEMA6D were observed in MMs, but
RMs also exhibited higher expression of these genes than
Met5a.

Differential expression of genes in the epithelioid type of MM.
By real-time RT-PCR, we analyzed the expression of VEGFA,
SEMA3A, 3B, 3C, 3F and 3G, SEMA6D, NRPI and 2, and
PLXNAI and A2 in 21 MM cell samples, 2 RM samples and the
Met5a cell line, and calculated the relative ratio of gene expres-
sion of each one to the level found in MetSa. The expression
level of the SEMA3G gene was adequate to give stable results
for the tumor specimens (data not shown), but its expression was
low in cultured cells. SEMA3G was detected in MetSa, but lost
in many MMs except the following MM samples: MM19-P,
MM45-P, H28, H2452 and HMMME for the epithelioid type,
and MM16-P and MM30-P for the non-epithelioid type. The
expression of SEMA3B and 3F genes were frequently down-
regulated in MM samples with and without allele loss. For the
SEMA3B gene, 10 of the 14 epithelioid MMs and all of the non-
epithelioid MMs exhibited less than half the expression shown
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Figure 2. Gene expression profiles of the genes participating in semaphorin signaling by array analysis. The expression profiling of the epithelioid
MMs (12 samples) is compared with that of the non-MM cells (two RM samples) or of the non-epithelioid MMs (7 samples). The ratio for each probe of its
expression level in MM or RM cells relative to that in Met5a is presented by hierarchical clustering using the Pearson metric and complete linkage clustering.
Heatmap is displayed using color-intensity with red showing up-regulation and blue showing down-regulation.

in MetSa. The MM samples losing expression of SEMA3F was
not consistent with the samples losing SEMA3B expression;
the frequency was 9/14 (for epithelioid) and 4/7 (for non-
epithelioid), respectively. The SEMA3A gene in the epithelioid
MDMs was repressed significantly in comparison to RMs
(p=0.02). For the VEGFA gene, 7 of 14 epithelioid MMs and
4 of 7 non-epithelioid MMs exhibited >2-fold higher expres-
sion than Met5a, but the differences between the epithelioid
and non-epithelioid types of MMs were not significant, The

expression ratios of VEGFA/SEMA3A in the epithelioid MMs
were significantly higher than those in RMs and non-epithe-
lioild MMs (p<0.01, each). PLXNA?2 was upregulated (>2-fold)
in 9/14 of the epithelioidd MMs and 5/7 in the non-epithelioid
MMs. PLXNAI also was upregulated >2-fold in 3/14 in the
epithelioids and 1/7 in the non-epithelioids. The expression of
NRPI was higher in about half of the MM samples compared
to levels in the non-MM samples. The expression of NRP2 in
Met5a was low, but the other samples including MM and RM
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Figure 3. Differential expression of the genes participating in semaphorin
signaling in MM cell samples is confirmed by real-time PCR. Total RNAs
were extracted and subjected to real-time RT-PCR for 11 genes. Each PCR
experiment was performed at least in duplicate. The relative ratio was calcu-
lated by the comparative threshold cycle method (AACt) and normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (A) The log, ratio of
the expression of each gene with SEMA3A and VEGF relative to that in Met5a
cell line is presented in the form of a bar chart. The ratio of VEGFA/SEMA3A
was calculated from each relative ratio of VEGFA and SEMA3A in each cell.
Wilcoxon and Mann-Whitney U tests were used for statistical analysis. (B)
The data of another 9 genes participating in semaphorin signaling are shown
by the dots.

showed sufficient expression. The expression levels of SEMA3C
and SEMA6D were elevated in most MM cell samples, but RM
samples also exhibited higher expression of these genes than
MetSa.

Discussion

Array-based CGH indicated that MM cell samples had more
chromosomal losses than gains, especially in our primary cell
cultures, with frequent chromosomal deletions in 1p, 3p21, 4q,
9p21, 16p13 and 22q (Fig. 1 A) as previously reported (7-9,35).
The homozygous deletions of 9p21 were detected in all MM
samples, and the allele losses of 22q were frequently found in
all histological types of cells. In contrast, the 3p21 loss was
specific to the epithelioid type. In this locus, two of 14 epithe-
lioid type MMs showed a homozygous deletion, and 9 MMs
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had a heterozygous deletion. We could detect the 3p21 deletion
also in our two epithelioid tumor specimens. One of these
tumor specimens showed a partial homozygous deletion inside
the heterozygous one (Fig. 1B). The common deletion region
was 3p21.1 (Fig. 1B and C). This differs from the 3p21.31
region, which has been reported as the locus associated with
the pathogenesis of several tumors including MM. The 3p21.31
region contains many tumor suppressor candidates such as the
SEMA3B and 3F, RASSF1, and TUSC2 genes (8,9,36). The
3p21.1 deletion region carries nine genes including BAPI,
PHF7, SEMA3G, TNNCI, NISCH, STABI, NT5DC2, C30rf78
and PBRM] (Fig. 1B). This suggests that this region might be
a novel target locus carrying tumor suppressor genes. Cultured
cells and primary tumor specimens showing a heterozygous
deletion had an allele loss in both the 3p21.1 and 3p21.31 region
which is where SEMA3G, and SEMA3B and 3F are located.



INTERNATIONAL JOURNAL OF ONCOLOGY 39: 1365-1374, 2011

We focused on the SEMA3 genes because of their functional
significance in cancer biology. SEMA3s belong to a large
SEMA family of >20 members of secreted and membrane
bound molecules that were initially implicated in the devel-
opment of the nervous system and in axon guidance (28,37).
It is now clear that SEMAs are widely expressed outside the
nervous system (28). SEMA3s, especially SEMA3B and 3F,
can regulate cell adhesion and motility, angiogenesis, immune
responses and tumor progression (25,38,39). In many tumors,
high expression of VEGF promotes tumor progression (18,40).
The balance VEGF/SEMA3 might have prognostic value and
the low expression of the SEMA3G gene might be a signifi-
cant poor prognostic marker for glioma (41). We analyzed
the expression of the genes associated with SEMA such as
SEMA3s, VEGFs and their receptors (NRPs and PLXNs) in
MMs. SEMA3G was detected in MetSa with low expression,
but not in two RM samples by real-time PCR. Expression
loss of this gene was frequently detected in all types of MM
samples. How the expression loss of SEMA3G plays a role in
the pathogenesis of MM is not clear. SEMA3B and 3F, located
in the 3p21.31 region, showed frequent expression loss in all
types of MM samples with and without one allele loss, but not
in RM samples. For the 3p21.31 tumor suppressor candidates,
frequent hypermethylation at their promoter regions has been
reported in several cancer types (42,43). In MM, epigenetic
inactivation of another candidate gene, TUSC2, has been iden-
tified (44). Frequent downregulated expression of SEMA3B
and 3F (81 and 62%, respectively) could be caused by allele
loss and hypermethylation at each promoter region.

The epithelioid MM samples except MM26-P and MM67-P
demonstrated a downregulated expression of SEMA3A. Half
of the MM samples had an augmented expression of VEGFA.
These data result in a significantly higher expression ratio of
VEGFA/SEMA3A in the epithelioid MM samples than in the
non-epithelioid MMs or non-MM samples (Fig. 3A). Induced
expression of SEMA3A by VEGF creates a negative feed-
back loop to repress the VEGF signaling pathway in normal
mesothelial cells, but since MM cells lack this pathway, they
proliferate uncontrollably in response to VEGF (45). Our data
showed that the loss of this pathway was characteristic of the
epithelioid type. Because MM expressed both NRPI and NRP2,
their agonists, SEMA3A and 3B for the former and SEMA3B,
3F and 3G for the latter, could work together (29,30). All MM
samples lost expression of more than one NRP/ or NRP2
agonists (Fig. 3A). In the two RM samples, only SEMA3G
expression was lost in the SEMA3s family. In addition to the
expression loss of SEMA3A, the downregulated expression of
SEMA3B, 3F, or 3G might contribute to promote the growth
activity of VEGFE.

The expression of SEMA6D and PLXNAI can be induced by
asbestos fibers. Overexpression of PLXNA/ in non-malignant
mesothelial cells inhibits cell death after asbestos exposure (32).
In our data, augmented expression of SEMA6D and SEMA3C
genes were identified in MM and RM samples. Expression of
PLXNAIT in four of 21 MM cell samples was induced 2- to 5-fold
as compared to the expression of the same gene in Met5a cells.
In more than half of the MM samples, PLXNA2 expression was
augmented; in MM19-P cells there was a 26-fold increase and
in IMM35-P cells there was a 61-fold increase (Fig. 3B). In RM
samples, gene expression of some NRP agonists, SEMA3G and
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3C, and the PLXNAI agonist SEMA6D changed; these expres-
sion changes promote cell growth. The expression of VEGFA
and its signal transducers, PLXNAI and A2, did not change in
RM cells. This might be important to separate RM from MM.

In summary, we found a novel homozygous deletion region
in 3p21.1, and the allele loss of this region was specific to the
epithelioid type of MM at high frequency. The expression loss
of SEMA3G and SEMA3B and 3F, located respectively in 3p21.1
and 3p21.31, was frequently detected, but not specific to the
epithelioid type. Further detailed analysis is necessary to clarify
other important targets as tumor suppressor genes in the 3p21.1
region. MM cells showed aberrant expression of many genes
participating in semaphorin signaling, such as the SEMA3s,
VEGFs, NRPs and PLXNAs. The expression of SEMA3A
was significantly downregulated in the epithelioid MM cell
samples, and the expression ratio of VEGFA/SEMA3A was
significantly higher in the epithelioids than in the non-MMs or
the non-epithelioid MMs. Therefore, allele loss of 3p21.1 and
the high expression ratio of VEGFA/SEMA3A might be good
markers of the epithelioid type of MM.
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