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Table 1 Results of the questionnaire survey Table 2 First recurrence site
Institutes which responded to the questionnaire 17 Lung 95  Vertebra 5
Doctors who responded to the questionnaire 26 Mediastinal lymph node 64  Bronchial stump 5
Standardized follow-up program within the institute? Brain 45  Staple line in lung 3
Yes 6 Pleural dissemination 30 Malignant pericarditis 3
No I Liver 17  Kidney 2
Continued follow-up for more than 5 years? Chest wall 14 Pulmonary hilar lymph node 1
Yes 15 Cervical lymph node 13 Carcinomatous meningitis 1
No 1 Adrenal 11 Spleen 1
Arranging the follow-up schedule by disease stage? Rib 9 Others 5
Yes 15
1A/1B2,3 6 All rec?nence sites were listed in patients with multiple recurrences
LA/IB.23 4 at the time of the detection of the first recurrence
1/2/3 2
1A/1B/2,3 1 Table 3 Examinations and symptoms based on which recurrence
12,3 1 was diagnosed or suspected
1,2/3 1 Asymptomatic recurrence 154 Symptomatic recurrence 76
No 11 CT 93 Respiratory symptoms 13
Physical examination? PET : 20 Cranial nerve abnormalities 24
Yes 26 Chest X-ray 14 Pain 21
No 0 Brain MRI 4 Others 18
Blood examination? Elevation of serum CEA 20
Yes 26 Elevation of serum CYFRA 1
No % Bone MRI 1
Sputum cytology? Hepatic dysfunction 1
Yes 0
No 26 CT computed tomography, PET positron emission tomography, MRI
. A . . :
Chest radiography? gii;:;; irneslogne;;l:ge nir::tgmo, CEA carcinoembryonic antigen, CYFRA
Yes 26
No 0
Abdominal ultrasonography? doctors performed sputum cytology or abdominal ultraso-
Yes 0 nography in the setting of postoperative follow-up.
No 2% Results of our retrospective analysis of the clinical data
cT? are summarized in Fig. | and Tables 2, 3. The median age
Yes 26  was 67 years and 162 patients were male. Histological
No o  examination revealed adenocarcinoma in 150 patients,
Bone scintigraphy? squamous cell carcinoma in 59 patients and other histo-
Yes 5 logical types in 21 patients; the p stage was p-Stage IA in
No 21
Brain MRI or CT? 1.0
Yes 10
No 16 0.8 1
PET/CT? 1 P
Yes 7 064 S
No 19 : == Stage |
- - 04 S/ Stage 11
Reproduced with permission from General Thoracic and Cardiovas- - = Stape Il
cular Surgery 0.2 4 ©
CT, Computed tomography; MRI, Magnetic resonance imaging; PET, J
Positron emission tomography 0.0 424 — T ——— .

(CT) routinely. Six doctors performed PET (positron
emission tomography) or PET/CT, and nine doctors per-
formed brain MRI or brain CT routinely. None of the

I T
0 12 24 36 48 60 72 84 96

Month after resection

Fig. 1 Cumulative recurrence curves of the retrospective analysis
according to disease stage
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36 patients, IB in 63, IIA in 13, IIB in 43, IIIA or more
advanced stage in 75. 62.7 % of recurrence developed
within 24 months, 81.5 % of recurrence developed within
36 months and 94.7 % of recurrence developed within
5 years. The cumulative recurrence curve according to
disease stage is shown in Fig. 1. Recurrences in patients
with advanced disease developed significantly earlier than
those in patients with early disease. The first recurrence
sites are listed in Table 2. The most common site of
recurrence was the lung, followed in frequency by the
mediastinal lymph node and the brain, in that order. The
recurrence was symptomatic in 76 patients (33.0 %) and
asymptomatic in 154 patients (67.0 %) (Table 3). In the
patients with asymptomatic recurrence, the recurrence was
most frequently detected by CT (93 patients, 40.4 %),
followed by PET-CT (20 patients, 8.7 %) and chest radi-
ography (14 patients, 6.1 %); and in 21 cases (9.1 %), the
recurrence was detected by elevated levels serum tumor
markers, including carcinoembryonic antigen (CEA) and
cytokeratin 19 fragment (CYFRA).

Discussed issues
Follow-up period

Several investigators reported that incidence of recurrence
decrease 5 years after resection [14, 15]. Similarly, our
retrospective analysis of the clinical data showed that
approximately 94.8 % of recurrences developed within
5 years after resection (Fig. 1). Lung cancer is generally
accepted to be cured if no recurrences develop within
5 years after resection. The follow-up period was, there-
fore, set as 5 years. Extension of the follow-up period to
7-8 years in total may be acceptable, but extension to over
10 years is not recommended from the standpoint of cost-
effectiveness [16].

Individual examinations

CT CT is the most efficient examination modality to detect
pulmonary lesions and is recommended as the main
modality for follow-up surveillance [17-19]. Our retro-
spective analysis showed that approximately 63 % of
recurrences developed during the first 2 years after resec-
tion (Fig. 1). Intensive CT follow-up is, therefore, per-
formed every 6 months for the first 2 years after resection
and repeated annually thereafter in the Moderate-risk
pathway, High-risk pathway and Comprehensive pathway.
Since the supraclavicular lymph nodes, liver and adrenal
glands are well known common recurrence sites [8], the
scan area is set from the lower poles of the thyroid gland to
the upper abdomen including the adrenal glands. Enhanced
CT is superior to plain CT for detecting small
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abnormalities, however, owing to concerns about the safety
and complexity, the choice between plain and enhanced CT
is left to the discretion of the attending doctor.

Chest radiography Chest radiography is known to have
some limitation in terms of its sensitivity, but it is com-
monly performed due to the quickness of the test, low
radiation exposure and low cost. Our retrospective analysis
of the clinical data showed chest radiography detected
recurrence in 14 patients out of 154 patients with asymp-
tomatic recurrence. Chest radiography is considered to be
effective to detect recurrence and therefore scheduled in all
pathways except the Low-risk pathway and is performed
between the CT examinations.

Brain CT or MRI There is no evidence of periodic brain
screening being beneficial to the patients’ survival. The
results of the questionnaire survey also showed that doctors
who performed brain screening in the setting of follow-up
were in the minority (Table 1). Brain screening is therefore
not recommended in these pathways.

Blood examinations, including tumor marker measure-
ments The efficacy of measurement of tumor markers in the
setting of postoperative follow-up has not been proven, but
our retrospective analysis showed that in approximately
13 % of patients with asymptomatic recurrences, the
recurrences were suspected based on elevation of the serum
levels of CEA and confirmed by imaging examinations.
Similarly, in 0.6 % of patients, recurrence was suspected
based on elevation of the serum level of CYFRA (Table 3).
Therefore, measurement of tumor markers was considered
to be of some benefit for the diagnosis of recurrence. The
Japanese national health insurance covers measurement of
two kinds of tumor markers. Measurement of the serum
CEA is recommended in these pathways, since it is con-
sidered to be the most sensitive marker and is also a known
prognostic factor [20]. Measurement of any other tumor
markers is left to the discretion of the attending medical
doctor.

FDG-PET/CT, bone scintigraphy and abdominal ultra-
sonography FDG-PET/CT enables examination of the
whole body, excluding the brain, in a non-invasive manner
and also differentiation between malignant and benign
lesions. The literature provides much evidence of its
superior diagnostic performance over CT for the diagnosis
of cancer recurrence [21, 22]. Antoniou et al. [23] also
reported the usefulness of periodical examination by PET/
CT in the setting of postoperative follow-up. The benefits
of PET/CT over conventional examinations in the setting
of postoperative follow-up had, however, not yet been
demonstrated clearly. In addition, FDG-PET/CT is only
available at selected institutes and its high cost is another
problematic issue. Therefore, it cannot but be said that it is
still premature to recommend PET/CT in the setting of
postoperative follow-up so far. It might be a good idea to
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use PET not in all patients but in selected patient, for
example patients with advanced disease. Applying PET/CT
in the setting of postoperative follow-up might be re-
evaluated and re-considered in the future.

Aokage et al. [24] reported that periodic abdominal
ultrasonography is not beneficial as a periodic postopera-
tive follow-up examination. There is no paper addressing
the efficacy of bone scintigraphy. The questionnaire survey
also showed that only a few doctors performed these
examinations in the setting of postoperative follow-up
(Table 1). Therefore, abdominal ultrasonography and bone
scintigraphy are not recommended in these pathways.

Frequency and interval of the examinations

There were two opinions about the degree of aggressive-
ness to be adopted for follow-up taking into consideration
the risk of recurrence. One was that the follow-up intensity
should be modified, according to the risk of recurrence.
The other was to use a single universal pathway for all
patients, for reasons of simplicity and ease of adoption. We
held discussions to determine which approach might be
superior and should be recommended, but could not arrive
at any definitive conclusion. The results of the question-
naire survey also showed that approximately half of the
doctors devised the follow-up program according to the
risk of recurrence, while the other half used a common
follow-up program for all patients (Table 1). Two types of
pathways (Risk of recurrence-based pathway and Com-
prehensive pathway), were, therefore retained in this
pathway, and selection between the two pathways for
individual patients is left to the discretion of the attending
doctor.

Risk of recurrence-based pathway The 5-year disease-
free survival in patients with MIA or AIS is reported to be
almost 100 % [25, 26]. Considering the excellent outcomes
after resection for MIA or AIS, while follow-up is neces-
sary in this population, minimal follow-up interventions are
considered to be adequate. In contrast, it is estimated that
more than 50 % of patients with Stage II or more advanced
disease develop recurrence [27]. This patient group should
therefore be followed up more intensively; however, a
short-term intensive follow-up schedule might be adequate,
according to the results of Fig. 1. In this pathway, the
surveillance modalities are, therefore classified into three
subgroups and modified according to the risk of recurrence
(Table 4).

(a) Pathway for the low risk of recurrence group (Low-
risk pathway): This pathway is intended for patients
with minimal invasive adenocarcinoma (MIA) and
adenocarcinoma in situ (AIS).

(b) Pathway for the moderate risk of recurrence group
(Moderate-risk pathway): This pathway is intended
for patients with stage I cancer other than those with
MIA or AIS.

(c) Pathway for the high risk of recurrence group (High-
risk pathway): This pathway is intended for patients
with stage II or more advanced stage cancer.

Comprehensive pathway This is a universal pathway that
covers all patients. The examination schedule in the
Comprehensive pathway is exactly the same as that for the
moderate-risk group in the Risk of recurrence-based
pathway.

Medical cost of the follow-up examinations The medical
cost was calculated, based on the current health insurance
system. The 5-year medical cost of the Low-recurrence risk
pathway was estimated to be ¥160370. Similarly, the costs
for the Moderate recurrence risk pathway and High
recurrence risk pathway were estimated to be ¥259220 and
¥328670, respectively.

Discussion

The distinguishing points of our follow-up pathways are the
consistency of the two types of pathways taking into con-
sideration the risk of recurrence and measurement of serum
tumor markers. Several medical societies have drawn up
their own follow-up programs, however, all are common
follow-up programs that cover all categories of patients
irrespective of the individual risk of recurrence, and do not
include measurement of the serum tumor markers. In our
pathways, the follow-up intensity is modified according to
the risk of recurrence in the Risk of recurrence-based
pathway, and three pathways are proposed according to the
risk of recurrence. Considering that patients with AIS or
MIA rarely develop recurrence and more than 50 % of
patients with stage II or more advanced disease develop
recurrence, it might be reasonable to modify the follow-up
intensity according to the risk of recurrence. On the other
hand, the simplicity and ease of use of the comprehensive
pathway may make it more advantageous and acceptable,
especially under the circumstance in which the efficacy of
postoperative follow-up is still unclear. As Table 1 shows,
serum tumor marker measurements are already performed
in all institutes in Japan and the test is considered to be
already accepted as a standard modality in the setting of
postoperative follow-up in lung cancer patients.

Medical cost is a critical issue to discuss the efficiency
of follow-up surveillance. If the cost efficiency needs to be
evaluated strictly, the concept of cost per life-year gained
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Table 4 Follow-up pathways

Time after resection (Month) 1 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60
I. Risk of recurrence-based pathway
I-A: Pathway for the group with a low risk of recurrence
Physical examination e o [ ] ® [ J [ J [ ]
Blood examination L J ® ® ® ® ®
Chest radiography o o
CcT ® o ® [ L J
I-B: Pathway for the group with a moderate risk of recurrence
Physical examination o o ¢ ® o ® ® ® ® ® ® [
Blood examination ® ® [ ] ® L J o o ® [ [ ] o
Chest radiography o o [ J [ J o
CT ® ® [ ] ® ° ® ®
I-C: Pathway for the group with a high risk of recurrence
Physical examination ® 6 ¢ & 6 &6 & & o © &6 o o [ ] ® ] [ J
Blood examination ® ® & 6 ¢ 6 6 © o © o o ® [ ] ® [ J
Chest radiography ® o [ ® [ ] e o o ® ®
CT ® ® o L ® ® ®
II. Comprehensive pathway
Physical examination ® & o o ® ® o ® [ J [ o ®
Blood examination [ J o o [ J [ ] [ J ® [ J [} [ J ®
Chest radiography o o o [ J [ J
CT ] '@ ® [ ® [ [ J

(LYG) needs to be discussed. This estimation is, however,
difficult to perform, and the medical economic burdens
described above are considered to be acceptable under the
current medical environment in Japan.

Another important concern of the postoperative follow-
up would be a risk of radiation exposure by chest radiog-
raphy and CT performed during the follow-up. Several
investigators suggested that excessive radiation exposure
by medical examinations might lead the second malig-
nancy and might be harmful [28-30]. Chest CT is repeated
7 times and chest radiograph repeated 5 times and patients
receive in total approximately 49 mSv during the 5-year
follow-up period in the Comprehensive pathway and the
pathway for the moderate-risk group in the Risk of recur-
rence-based pathway. Considering benefits and potential
risks of the postoperative follow-up, this amount of radia-
tion exposure during the postoperative follow-up might be
justified and acceptable. Chiu et al. reported of usefulness
of low dose CT in the postoperative follow-up. Low dose
CT might minimize the risk of radiation exposure in the
course of the post-follow-up [5].

In patients with Stage II or more advanced disease,
adjuvant chemotherapy with platinum doublet is recom-
mended [31-34]. In these patients, the postoperative fol-
low-up pathway would be adopted after finishing adjuvant
chemotherapy.
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Brain is one of the most frequent sites of recurrence, and
the quality of life is known to deteriorate rapidly once brain
metastasis develops and becomes symptomatic [35-37].
Treating brain metastasis in the asymptomatic stage might
therefore contribute to a better quality of life of the
patients. However, there is little evidence to justify
screening for brain metastasis until today and brain
screening is not recommended in the pathways.

The Ministry of Health, Labour and Welfare has pro-
moted cooperation between the cancer institute and a
family doctor. The concept of the cooperation is that the
cancer institute plays a main role of treatment of cancer
and a family doctor takes care of daily care. Considering a
participation of this cooperation in the postoperative fol-
low-up pathways presented in this paper, it is considered be
adequate that the cancer institute performs main examin-
ations such as CT examination, while a family doctor
performs blood examination, chest radiography, daily care
and refers a patient to the cancer institute, if abnormality is
detected. The way of the cooperation between cancer
institute and family doctor is in the middle of improvement
and needs further discussion.

The limitations of our follow-up pathways are that they
were designed based on the retrospective analysis and
clinical experience and the feasibility and efficacy, such as
an optimal frequency, intervals of the examinations, the
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5-year successful execution rate, recurrence detection rate
and survival benefits, etc., are unknown. A prospective
study is now ongoing to attempt to answer these questions
and is not designed to be a randomized control study
between the Risk of recurrence-based pathway and Com-
prehensive pathway. Patients are assigned to either the Risk
of recurrence-based pathway or the Comprehensive path-
way according to attending doctors’ choice and followed
up according to each schedule. The primary endpoint is the
recurrence detection rate during the first 3 years after
resection of each postoperative pathway. The secondary
endpoints are the 5-year successful execution rate, 5-year
survival rate. This study is now open and it is planned to
recruit approximately 400 patients. The examination
schedule such as the frequency and interval proposed in the
pathways will be revised according to results of this pro-
spective study.

In conclusion, we proposed established pathways for
postoperative follow-up of lung cancer patients after
complete resection. Two pathways, the Risk of recurrence-
based pathway and the Comprehensive pathway, are pro-
posed. A prospective study is now ongoing to determine
the feasibility and efficacy of these follow-up pathways.
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Abstract

Purpose Cancer cells and cancer-associated fibroblasts
(CAFs) together create the tumor microenvironment,
which affects malignant behavior. Lung adenocarcinomas
with CAFs expressing podoplanin (PDPN) are clinically
aggressive, but the molecular mechanism underlying this
phenomenon has not been established. So we identified the
characteristic immunophenotype of lung adenocarcinoma
cells coexisting with PDPN-expressing CAFs (PDPN-
CAFs) and examined how it relates to an aggressive clin-
icopathological outcome.

Methods We analyzed the clinicopathological char-
acteristics of 119 adenocarcinomas with a uniform size
(2-3 cm). The expression levels of ten invasiveness-
related proteins which related to cell adhesion and inva-
siveness, such as Ezrin, were examined in cancer cells
from PDPN-CAFs (+) cases and from PDPN-CAFs
(=) cases (n = 20 each). To examine the functional
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importance of the identified protein on the invasion phe-
notype, we performed wound healing and a Matrigel inva-
sion assay using shRNA-knockdown lung adenocarci-
noma cells (PC-9).

Results The PDPN-CAFs (+4) cases had significantly
higher rates of node metastasis (p < 0.01) and vascular
invasion (p < 0.01). The cancer cells from the PDPN-CAFs
(+) cases also had a significantly higher staining score
for Ezrin (p < 0.01) than those from the PDPN-CAFs (—)
cases. The migration and invasion activities of the shEzrin-
induced PC-9 cells were significantly lower than those of
the control cells.

Conclusions Our results indicated that within a tumor
microenvironment composed of PDPN-CAFs, increased
Ezrin expression in cancer cells might play a key role in the
invasiveness of lung adenocarcinoma.

Keywords Cancer microenvironment - Ezrin -
Podoplanin - CAFs - Lung cancer

Introduction

Primary adenocarcinoma of the lung is known to have a
poor prognosis, even if surgery is successful, and approxi-
mately 15 % of patients develop recurrences (Asamura et
al. 2008; Devesa et al. 2005). The 5-year disease-free sur-
vival rate for patients with stage I disease is about 75 %
(Yoshizawa et al. 2011). Thus, improved knowledge of
the molecular mechanisms underlying the development
and progression of lung adenocarcinoma is essential to the
development and establishment of effective therapeutic
modalities.

Cancer tissue is composed of not only cancer cells, but
also stromal cells, such as fibroblasts, endothelial cells,
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and inflammatory cells; together, these cells create the
tumor microenvironment. Previous studies have demon-
strated that the biological behavior of cancers is influenced
by the tumor microenvironment (Ishii et al. 2005; Ito et
al. 2007). Extensive clinical evidence and experimental
models have shown that certain types of cancer-associated
fibroblasts (CAFs) may have a tumor-promoting phenotype
(Gottschling et al. 2013; Tto et al. 2007; Korc 2007; Okusa
et al. 1999; Xing et al. 2010).

We previously reported that CAFs expressing podo-
planin (PDPN), a mucin-like transmembrane glycopro-
tein that is known as a lymphatic endothelial marker, was
correlated with a poor prognosis in patients with all-stage
lung adenocarcinoma,(Kawase et al. 2008) and a high
rate of recurrence in patients with stage I lung adenocar-
cinoma (Ito et al. 2012a). Moreover, the co-transplanta-
tion of A549 (a human lung adenocarcinoma cell line)
and PDPN-positive fibroblasts significantly increased
the efficiency of tumor implantation, and the short hair-
pin RNA (shRNA) knockdown of PDPN in fibroblasts
decreased the augmenting effect on A549 tumor forma-
tion in a mouse xenograft model (Hoshino et al. 2011).
These results suggested that both cancer cells and CAFs
expressing PDPN might create a more malignant microen-
vironment for tumor tissue. The biological characteristics
of PDPN-CAFs are gradually being elucidated (Ito et al.
2012b), but the characteristics of cancer cells in a micro-
environment containing PDPN-CAFs have never been
analyzed.

Accordingly, we attempted to identify the immunohis-
tochemical characteristics of lung adenocarcinoma cells
coexisting with PDPN-expressing CAFs (PDPN-CAFs)
and to examine how these immunohistochemical character-
istics relate to aggressive outcomes.

Materials and methods
Patient selection

A total of 695 consecutive patients underwent surgi-
cal resection for primary lung cancer between January
2011 and June 2013 at the National Cancer Center Hos-
pital East, Chiba, Japan. We reviewed the patients’ clin-
icopathological information in their medical records and
selected 119 cases of invasive lung adenocarcinoma with
a tumor size of 2-3 cm in diameter. Patients who received
preoperative treatment and cases with multiple primary
lung cancer were excluded. All the surgical specimens
were collected and analyzed after receiving the approval
of the Institutional Review Board of the National Cancer
Center Hospital East.
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Histological studies

The surgical specimens were fixed in 10 % formalin and
were serially sectioned at S-mm intervals; all the sections
were then embedded in paraffin. The sections were stained
using the hematoxylin and eosin (HE) method, the Alcian
blue-periodic acid-Schiff (AB-PAS) method for the detec-
tion of cytoplasmic mucin production, or the Victoria-blue
van Gieson (VVG) method for the detection of elastic fib-
ers. All the histological materials included in this series
were reviewed by two pathologists (S.S. and G.1.). The
pathological stage was determined based on the TNM
classification of the International Union Against Cancer
(UICC), seventh edition. Histological typing of the primary
tumors was performed based on the World Health Organi-
zation classification of cell types, third edition. Invasive
lung adenocarcinomas were classified into the following
subtypes: lepidic predominant, papillary predominant, aci-
nar predominant, micropapillary predominant, and solid
predominant. The predominant component was defined as
the histological component that comprised the largest per-
centage among the components.

Antibodies and immunohistochemical staining

The antibodies used in this study are summarized in Sup-
plementary Table 1. The slides were deparaffinized in
xylene and dehydrated in a graded ethanol series, and
endogenous peroxidase was blocked with 3 % hydrogen
peroxide in absolute methyl alcohol. After epitope retrieval,
the slides were washed with phosphate-buffered saline and
were incubated overnight at 4 °C using mouse or rabbit
antihuman antibodies at their final dilution in the block-
ing buffer. The slides were washed again and incubated
with EnVision (Dako, Glostrup, Denmark) for 1 h at room
temperature. The reaction products were stained with diam-
inobenzidine; lastly, the slides were counterstained with
Meyer hematoxylin.

Calculation of immunohistochemical scores

All the stained tissue sections were semiquantitatively
scored and evaluated independently under a light micro-
scope by two pathologists (S.S. and G.1.); when the evalua-
tion results differed, the final report was determined based
on a consensus reached between the two pathologists who
evaluated the slides together under a conference micro-
scope. We graded the podoplanin expression by the CAFs
as follows: grade 0, podoplanin-positive CAF area/stromal
area X 100 = <10 %; grade 1, podoplanin-positive CAF
area/stromal area x 100 = 10-50 %; and grade 2, podo-
planin-positive CAF area/stromal area x 100 = >50 %.
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The grades were based on a previously reported protocol
(Kawase et al. 2008). The immunostaining score was evalu-
ated based on the staining intensity and the percentage of
cancer cells that showed positive staining. The following
scoring system was used: O (negative staining, defined as
no immunoreactivity); 1+ (weak staining intensity); and
2+ (strong staining intensity). We also evaluated the extent
of staining in a lesion as a percentage (0-100 %). The
staining scores were calculated by multiplying the percent-
age values by the staining intensity, with the scores ranging
from O to 200. We confirmed that the positive control tis-
sues were stained by each antibody, and we also performed
negative control studies without the primary antigen for all
the antibodies.

Immunohistochemical scores of cancer cells within PDPN-
CAFs (+) areas and PDPN-CAFs (—) areas

We selected 20 adenocarcinomas with a PDPN-CAF
expression grade of 1, which had sparsely PDPN-CAF (+)
areas. One or two PDPN-CAFs (+) and PDPN-CAFs (—)
areas (objective lens 20x; 0.24 mm2) were selected, and
the immunoreactivity of the cancer cells in each area was
examined. The average staining score was determined, and
the results were recorded as the score for that case.

Cell culture and reagents

The human lung adenocarcinoma cell line PC-9 was pur-
chased from the European Collection of Cell Culture. The
PC-9 cell lines were maintained in RPMI 1640 (Sigma-
Aldrich, St. Louis, MO) supplemented with 10 % heat-
inactivated fetal bovine serum (FBS, Nichirei Bioscience,
Tokyo, Japan), 1 % glutamine (Sigma-Aldrich), and anti-
biotics (1 % penicillin and streptomycin [Sigma-Aldrich]).
The cultures were incubated at 37 °C in an atmosphere
containing 5 % CO,.

Lentiviral vectors

For the Ezrin shRNA experiments, oligonucleotides were
chemically synthesized. Oligonucleotides encoding both
strands of the targeting sequence (Supplementary Table 2)
were annealed and inserted into the Bglll/Xbal sites of
pENTR4-H1 (RIKEN BioResource Center, Japan). A
cassette containing the H1 promoter plus the shRNA
was transferred to a self-inactivating (SIN) LV construct
using Gateway® LR Clonasell™ Enzyme Mix (Invitro-
gen), generating CS-H1-shRNA-CG. Then, 293T cells
were transfected with 3 plasmids: PCAG-HIV, pCMV-
VSV-G-RSV-Rev (RIKEN BioResource Center), and
CS-H1-shRNA-CG. The transfection was achieved using
Lipofect AMINE 2000 reagent (Invitrogen) according to

the manufacturer’s instructions. Virus-containing medium
was filtered through a 0.45-mm filter, and 8 pwg/mL (final
concentration) of polybrene (Sigma) was added for target
cell transduction. The transduction efficiency was evaluated
using a flow cytometry analysis to detect the positivity of
enhanced green fluorescent protein (EGFP), the expression
of which was under the control of the CMV gene promoter.

Western blot

The Western blot analysis was performed as previously
reported (Hoshino et al. 2011). The blots were incubated
overnight at 4 °C with antihuman mouse monoclonal Ezrin
antibody (Cell signaling Technology, Inc.). After washing
in TBS-T, the membranes were incubated with HRP-rabbit
anti-mouse IgG (Zymed). ECL Western Blotting Detection
Reagents (GE Healthcare) were used to develop the high-
performance chemiluminescence film (GE Healthcare).

Wound healing assay

A single scratch was made in the monolayer using a micro-
pipette tip. Subsequently, the cells were washed and then
incubated with growth medium. After 7 h of observation,
we measured the area occupied by the cells healing the
wound and calculated the invasion rate.

Matrigel invasion assay

A Matrigel invasion assay was performed using 24-well
culture chambers and a growth factor-reduced, Matrigel-
coated filter with a pore size of 8 pm (Becton—Dickinson
Labware). The lower chamber contained 0.6 mL of RPMI-
1640 + 10 % FBS. In the upper compartment, 2 x 10* of
shLuc or shEzin-induced PC-9 cells were placed in tripli-
cate wells and were incubated for 24 h. After incubation,
the cells that had passed through the filter were stained
with hematoxylin and were counted under a microscope in
9 predetermined fields (950 x 650 wm/field).

Statistical analysis

For the univariate analysis, the Pearson chi-square test was
used to determine the statistical significance of the dif-
ferences between two groups. For the staining scores, the
Mann—-Whitney U test was used because it did not have a
normal distribution. For pathological factors such as vas-
cular invasion, lymphatic permeation, and pleural inva-
sion, the differences in variables were evaluated using the
log-rank test. All of the reported p values were two-sided,
and the significance level was set at p < 0.05. All the analy-
ses were performed using SPSS Statistics version 21.0 for
Windows (SPSS, Chicago, IL, USA).
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Table 1 Relationship between grade of podoplanin expression in CAFs and clinicopathological characteristics

Variables The number of cases

p value

PDPN-CAFs grade 0 PDPN-CAFs grade 1

PDPN-CAFs grade 2

Grade Ovs 1 Grade1vs2 GradeOvs?2

(n=65) (n=34) (n=20)

Gender
Male 36 21 13 0.67 0.81 0.61
Female 29 13 7

Age
>70 32 15 10 0.68 0.78 0.95
<70 33 19 10

Smoking status (B.1.)
>400 29 19 9 0.30 0.57 0.97
<400 36 15 11

Node metastasis
n(+) 2 6 6 0.02 0.32 <0.01
n(=) 63 28 14

PDPN-CAFs podoplanin-expressing cancer-associated fibroblast, B.I. Brinkmann index

Results

Relationship between grade of podoplanin expression
in CAFs and clinicopathological characteristics

in adenocarcinoma patients with pathological lesions
of 2-3 c¢cm in diameter

Table 1 shows the relationship between the grade of PDPN
expression in CAFs and the clinicopathological character-
istics of the 119 adenocarcinoma patients with pathological
lesions of 2-3 cm in diameter. Sixty-five patients (54.6 %)
were PDPN-CAF-negative (grade 0) (Fig. 1a), 34 (28.6 %)
were PDPN-CAF-positive with a grade of 1, and 20 (16.8 %)
were PDPN-CAF-positive with a grade of 2 (Fig. 1b).

In a univariate analysis, the PDPN-CAF expression
grade (podoplanin-positive CAF area/stromal area x 100)
was significantly associated with the rate of node metas-
tasis (grade 0 vs. grade 1: p = 0.02, grade 0 vs. grade 2:
p < 0.01) (Table 1). We also evaluated the local invasive-
ness of cancer cells, including vascular invasion, lymphatic
permeation, and pleural invasion. Vascular invasion (grade
0 vs. grade 2: p < 0.01) significantly increased with an
increased grade of PDPN expression in CAFs. For pleural
invasion, there was a borderline significance (grade 0 vs.
grade 2: p = 0.05) (Fig. 1c). These results were partly con-
sistent with our previous reports of stage I adenocarcinoma
cases (Ito et al. 2012a).

Phenotypical differences of cancer cells in PDPN-CAFs (+)
adenocarcinoma and PDPN-CAFs (—) adenocarcinoma

Since a correlation between PDPN-CAFs (+) and the
increased invasive and metastasis abilities of cancer cells
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was confirmed, we examined the expression of invasion-
related molecules, such as adhesion molecule and the
epithelial-mesenchymal transition (EMT) markers, of
cancer cells with grade 2 PDPN-CAFs (+) surrounding
areas and grade 0 PDPN-CAFs (—) surrounding areas
(n = 20, each). The clinicopathological characteristics of
the extracted cases are shown in Supplementary Table 3.
The results of the staining scores for the cancer cells in the
grade O and grade 2 PDPN-CAF cases and the significance
of these scores in univariate analyses are shown in Table 2.
The Ezrin and E-cadherin scores of the cancer cells were
significantly higher in the PDPN-CAF grade 2 cases
(Fig. 2b, d) than in the grade 0 cases (Fig. 2a, b) (Ezrin:
32.5 vs. 73, E-cadherin: 57 vs. 93). The median staining
scores of the other molecules did not show any significant
differences.

Phenotypical differences in cancer cells between PDPN-
CAFs (+) areas and PDPN-CAFs (—) areas within the
same tumor

To validate the anatomical correlation between Ezrin and
E-cadherin-overexpressed cancer cells and PDPN-CAF, we
examined the Ezrin and E-cadherin expressions in cancer
cells within PDPN-CAFs (4) areas (Fig. 3c) and PDPN-
CAFs (—) areas (Fig. 3d) within the same tumor using 20
PDPN-CAF grade 1 cases (Fig. 3a, b). Of the 2 antibod-
ies, only the Ezrin staining score for cancer cells within
PDPN-CAFs (+) areas (Fig. 3e) was significantly higher
than that for cancer cells within PDPN-CAFs (—) areas
(Fig. 3f) (score of 70 vs. 42.5, p < 0.01) (Table 3). No sig-
nificant differences in the staining scores for E-cadherin
were observed.



J Cancer Res Clin Oncol

Grade 0

A

Grade 2

(%) (%)
100 - 100 1

(%)
100 +

0 1+ 2+ 0 1+ 2+ 0 1+ 2+
PDPN expression PDPN expression PDPN expression
level in CAF level in CAF level in CAF

Fig.1 a, b Grading for PDPN-CAFs. a Grade 0: no PDPN-CAFs
are present in the invasive area of the adenocarcinoma. b Grade 2:
PDPN-CAFs are found in 50-100 % of the invasive area of the ade-
nocarcinoma. ¢ Frequency of lymphatic permeation, vascular inva-
sion, and pleural invasion according to the PDPN-CAF grade in 119

Ezrin-knockdown lung adenocarcinoma cells exhibited
lower migration and invasive activities

To examine whether Ezrin expression in lung adenocarci-
noma cells is involved in cell migration and invasiveness,
we generated Ezrin-knockdown PC-9 cells. Short hair-
pin RNA for Ezrin or luciferase was transduced into PC-9
cells. The expression levels of Ezrin in the transduced cells
were confirmed using a Western blot analysis (Supplemen-
tary Figure 1) and RT-PCR (data not shown). In the wound
healing assay, the migration rate of each shEzrin (shEzrin
1 to shEzrin 3)-induced PC-9 cell line was significantly

adenocarcinoma patients. Vascular invasion significantly increased
with an increased grade of PDPN expression in CAFs (*p < 0.05).
For pleural invasion, there was a borderline significance (**grade 0
vs. grade 2: p = 0.05)

lower than that of a control. Moreover, in a Matrigel inva-
sion assay, the invasive activities of the shEzrin-induced
PC-9 cell lines were also significantly lower than those of
the control cells (Fig. 4).

Discussion
We previously reported that PDPN-CAFs were associated
with a tumor-promoting phenotype in both in vitro and in

vivo studies (Hoshino et al. 2011). The current study using
adenocarcinomas of relatively uniform size showed that
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Table 2 Staining score of

. Category Antibody Staining score of cancer cells? p value
cancer cells in PDPN-CAFs (—)
and PDPN-CAFs (+) cases PDPN-CAFs grade 0 PDPN-CAFs grade 2
Cell adhesion and invasion Integrin B1 10 (0-82) 34 (0-132) 0.16
Laminin 5 26 (4-92) 41 (4-100) 0.41
CD44 20 (0-83) 40 (0-180) 0.14
Ezrin 32.5 (0-70) 73 (20-100) <0.01
Growth factor receptor EGFR 3 (0-56) 5 (0-78) 043
cMET 75 (14-134) 52 (10-128) 0.19
PDPN-CAFs podoplanin- EMT E-Cadherin 57 (20-92) 93 (14-170) <0.01
expressing cancer-associated Fibronectin 0(0-24) 0 (0-76) 0.28
fibroblast, EMT epithelial- Clusterin 4(0-52) 12 (0-136) 0.46
mesenchymal transition .
. Caveolin 0(0) 0 (0-56) 0.29
# Median (range)
A PDPN-CAFs Grade 0 B PDPN-CAFs Grade 2

E-cadherin

Fig. 2 Phenotypical differences in cancer cells in PDPN-CAFs (+)
adenocarcinoma and PDPN-CAFs (—) adenocarcinoma. a Ezrin
expression in cancer cells in PDPN-CAFs (—) adenocarcinoma. b
Ezrin expression in cancer cells in PDPN-CAFs (+, grade 2) adeno-

vascular invasion, pleural invasion, and node metastasis
were associated with an increased grade of PDPN expres-
sion in CAFs, which was partly consistent with our previ-
ous clinicopathological reports (Kawase et al. 2008; Ito et
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carcinoma. ¢ E-cadherin expression in cancer cells in PDPN-CAFs
(=) adenocarcinoma. d E-cadherin expression in cancer cells in
PDPN-CAFs (4, grade 2) adenocarcinoma

al. 2012a). These results suggested that adenocarcinoma
cells coexisting with PDPN-CAFs have a high malignant
potential, such as invasiveness. In light of these results,
we examined invasiveness-related immunohistochemical
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PDPN-CAFs (-) area

PDPN-CAFs (-) area

Fig. 3 Phenotypical differences between cancer cells in PDPN-CAFs
(+) area and PDPN-CAFs (—) area within the same tumor. a Sche-
matic representation of PDPN-CAFs (+) area. b PDPN-CAFs grade
1 case which has PDPN-CAFs (+) area and PDPN-CAFs (—) area

within the same tumor. ¢ Area in which CAFs expressed PDPN. d
Area in which CAFs did not express PDPN. e Ezrin expression in
cancer cells within area (c). f Ezrin expression in cancer cells within
area (d)
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