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All-trans-retinoic acid inhibits tumour growth
of malignant pleural mesothelioma in mice

ABETRACT:

Malignant pleural mesothelioma (MPM) is an aggressive malignant tumour of
mesothelial origin associated with asbestos exposure. Because MPM has limited response to
conventional chemotherapy and radiotherapy, the prognosis is very poor. Several researchers
have reporied that cytokines such as interleukin (IL)-6 play an important role in the growth of
MPM. Previously, it was reported that all-frans-retinoic acid (ATRA) inhibited the production and
function of IL-6 and transforming growth factor (TGF)-B1 in experiments using lung fibroblasts.

We investigated whether ATRA had an inhibitory effect on the cell growth of MPM, the origin of
which was mesenchymal cells similar to lung fibroblasts, using a subcutaneous xenograft mouse
model. We estimated the tumour growth and performed quantitative measurements of IL-6, TGF-
B1 and platelet-derived growth factor (PDGF) receptor (PDGFR)-B mBNA levels both of cultured
MPM cells and cells grown in mice with or without the administration of ATRA.

ATRA significantly inhibited MPM tumour growth. In viiro studies disclosed that the
administration of ATRA reduced 1) mRNA levels of TGF-§1, TGF-p1 receptors and PDGFR-p,

and 2) TGF-f1-dependent proliferation and PDGF-BB-dependent migration of MPM cells.
These data may provide a rationale to explore the clinical use of ATRA for the treatment of MPM.
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alignant pleural mesothelioma (MPM) is
an aggressive malignant tumour of
£ mesothelial origin associated with asbes-
tos exposure [1]. Although recently asbestos usage
has decreased throughout the world, the incidence
of MPM is expected to markedly increase over the
next few decades because there is a long latency
period (2040 yrs) between asbestos exposure
and tumour development [2]. MPM has limited
response to conventional chemotherapy and radio-
therapy, so the prognosis is very poor, with median
survival durations of 8-18 months {3]. Despite
much research into MPM treatment, there has been
little progress in effective therapeutic and preven-
tive strategies against MPM, and the development
of novel treatment is urgently needed [4].

According to recent research investigating cyto-
kines in relation to MPM, several cytokines, such
as interleukin (IL)-6 [5] and hepatocyte growth
factor/scatter factor [6], play an important role in
the growth of MPM.

All-trans-retinoic acid (ATRA), a physiological
metabolite of vitamin A, is known to affect cell
differentiation, proliferation and development.
ATRA has been widely used in differentiation
therapy for acute promyelocytic leukaemia (APL)
with the ability to overcome promyelocytic
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leukaemia/retinoic acid receptor fusion protein.
There have been several reports about the effects
of ATRA on cytokine production [7-9]. ATRA
induced the growth inhibition of myeloma cells,
which proliferated in IL-6 autocrine and paracrine
manners, with the reduction of both IL-6 produc-
tion and its receptor (IL-6R) expression [10, 11}. In
a previous report, it was demonstrated that ATRA
reduced irradiation-induced proliferation of lung
fibroblasts by inhibiting both IL-6 production and
IL-6R expression [12]. Moreover, it was recently
reported that ATRA prevented both irradiation-
and bleomycin-induced pulmonary fibrosis in
mice via an inhibitory effect on both IL-6-
dependent fibroblast proliferation and transform-
ing growth factor (TGF)-Bl-dependent transdif-
ferentiation of fibroblasts into myofibroblasts {13].

In the present study, we investigated whether
ATRA had an inhibitory effect on the cell growth
of MPM, the origin of which was mesenchymal
cells similar to lung fibroblasts and associated
with several cytokines, including IL-6.

METHODS
Cell culture

Human MPM cell lines H28 (epithelioid), H2052
(sarcomatoid), H2452 (biphasic) and MSTO-211H
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CELL ARD ANIMAL STUDIES

(biphasic) and human mesothelial cell line MeT-5A were
obtained from ' the American Type Culture Collection
(Rockville, MD, USA). These cells were cultured in RPMI 1640
(Sigma Chemical Co., St Louis, MO, USA) supplemented with
10% heat-inactivated fetal calf serum. ATRA (Sigma) was added
to the growth medium to yield the final dimethyl sulfoxide
(DMSQ) solvent concentration <0.05% (v/v). In some experi-
ments, the cells were pre-incubated with proteasome inhibitor
MG-132 (5 uM) [14], Jun N-terminal kinase (JNK) inhibitor
SP600125 (10 pM) [15], p38 mitogen-activated protein kinase
(MAPK) inhibitor SB203580 (10 uM) [16] or extracellular signal-
regulated kinase (ERK)1/2 inhibitor PD98059 (25 uM) [13] for
60 min (all Calbiochem, San Diego, CA, USA).

Animals

6-week-old C.B-17/Icr-scid Jcl (scid/scid) (SCID) female mice
were purchased from Clea Japan (Tokyo, Japan) and main-
tained in our specific pathogen-free animal facility. All animals
were kept according to the Animal Protection Guidelines of
Hyogo College of Medicine (Hyogo, Japan). All protocols for
animal use and euthanasia were reviewed and approved by
the Institute of Laboratory Animals, Graduate School of
Medicine, Hyogo College of Medicine.

Ectopic (subcutaneous) xenograft model

To produce subcutaneous (s.c.) tumours, a single-cell suspen-
sion of 107 MSTO-211H cells was implanted s.c. into the back of
SCID mice. In some experiments, mice were injected intraperi-
toneally with 0.5 mg of ATRA dissolved in 0.1 mL cottonseed
oil or with 0.1 mL cottonseed oil alone (controls). Injections were
repeated three times weekly, 1) throughout the course, or 2) in
the latter half of the period from inoculation to the end of the
observation period. In previous studies, 0.5 mg of ATRA
administration three times per week for 6 months did not
produce noticeable morbidity and mortality [12, 13]. The
tumours were measured every 7 days with calipers, and their
volumes were calculated using the formula a(b?)/2, in which a
and b represent the longest and shortest diameters, respectively.

Quantitative real-time reverse franscriptase PCR

Total RNA was isolated by RNeasy Mini kit (QIAGEN,
Valencia, CA, USA), and reverse-transcribed by High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). Quantitative real-time reverse transcriptase
(RT)-PCR was performed as previously described [12, 13], using
TagMan Gene expression products for human IL-6, IL-6R, TGF-
B1, TGF-B1 receptor (TGF-BIR) type 1, TGF-BIR type 2, platelet-
derived growth factor (PDGF)-f, PDGF receptor (PDGFR)-f and
cytochrome gene CYP26A1. 185 ribosomal (r)RNA served as an
endogenous control (Applied Biosystems).

Measurement of nuclear factor-xB p65, p38MAPK and JNK
Nuclear extracts were prepared and protein concentration in
nuclear extracts was measured as previously described [12].
Nuclear factor (NF)-xB p65, cytoplasmic phospho-p38MAPK
(p"Ihr‘SO/ pThrlsz) and cytoplasmic JNK were detected by
ELISA Kit (BioSource (Camarillo, CA, USA), Sigma and
Active Motif (Carlsbad, CA, USA), respectively).
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Cell proliferation assay

Cell proliferation assays were performed as previously described
[12]. Cells were cultured in 96-well flat-bottomed culture plates
for 2 days with or without TGF-81 (1-10,000 pg-mL']), and/or
ATRA (107 M).

Cell migration assay

In vitro migration assays were performed by CytoSelect 24-well
Cell Migration Assay (8 um, Colorimetric Format; CELL
BIOLABS, Huissen, the Netherlands), according to the manu-
facturer’s instructions. Briefly, MSTO-211H cells were pre-
cultured overnight with or without ATRA (10 M) and were
then suspended at a density of 1x 10 cells'mL™ in RPMI 1640
and placed in the upper half of the Boyden chamber. The lower
half of the Boyden chamber was filled with RPMI 1640 containing
10 ng'mL™" human recombinant PDGF-BB (PeproTech, London,
UK) or RPMI 1640 alone.

Analysis of apopiosis

MPM cells undergoing apoptosis were detected in tissue
sections by the terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate-biotin nick-end labelling
(TUNEL) method, using the in siti apoptosis detection TUNEL
kit (Takara, Shiga, Japan) according to the manufacturer’s
instructions.

Statistical analysis

The results are given as the mean=£5D of three experiments
performed in triplicate. Statistical analysis was performed
using the Bonferroni/Dunn multiple comparisons test. In all
tests, a p-value <0.05 was considered significant.

HESULTS

Inhibitory effect of ATRA on proliferation of MPM cells

We first investigated the effect of ATRA on the growth of both
MPM (H28, H2052, H2452 and MSTO-211H) and mesothelial
(MeT-5A) cells. Cells were cultured with or without various
concentrations of ATRA for 48 h. The addition of ATRA had a
suppressive effect on the proliferation of all of these MPM cells
in a dose-dependent manner. The maximum inhibitory effect
was observed at the concentration of 10° M ATRA (H28: 59%
decrease (p<<0.0001); H2042: 33% decrease (p<<0.0001); H2452:
45% decrease (p<<0.0001); MSTO-211H: 29% decrease
(p<<0.0001)) (fig. la-d), whereas the lower concentrations
(107 M or 10® M) of ATRA showed a minor effect compared
with 10 M. Conversely, ATRA had no effect on the prolifera-
tion of MeT-5A (fig. 1e). The final concentration of DMSO
(0.05% v/v) had no gross effect on any cells (data not shown).
The concentration of 10°M ATRA had no effect on cell
viabilities in any cell lines (data not shown).

Effect of ATRA on TGF-§1/TGF-$1R mRNA expression of
MPM cells

As shown in figure 2a, the TGF-f1 mRNA as a ratio of 185 rRNA
expression was decreased following 7 h of culture with 10° M
ATRA: by 29% in H28 (p<<0.0001), by 47% in H2052 (p=0.0002),
by 38% in H2452 (p==0.0002) and by 56% in MASTO-211H cells
(p<0.0001), compared with cells incubated with DMSO alone.
Conversely, ATRA had no effect on TGF-f1 mRNA expression in
MeT-5A mesothelial cells. Both TGF-B1R type 1 and type 2
mRNA/185 rRNA ratios were also decreased with ATRA
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FIGURE 1. nhibitory effect of all-trans-retinoic acid (ATRA) on proliferation of malignant pleural mesothefioma (MPM) cells. a) H28, b) H2052, ¢} H2452 and d) MSTO-
211H MPM cells and e) human mesothelial cell line MeT-5A were cultured in 96-well flat-bottomed culture plates for 48 h in serum-free medium with or without (dimethy!
sulfoxide (DMSO) alone) various concentrations (107, 10 or 10° M ) of ATRA, and cell proliferation was assayed. The results are indicated as the mean+sp of three
separate experiments in triplicate. *: p<0.0001; *: p=0.0005; *: p=0.0035; $: p=0.0026.

compared with cells incubated with DMSO alone (type 1: 19% in
H28 (p=0.0023), 22% in H2052 (p<0.0001), 29% in H2452
(p<0.0001) and 42% in MSTO-211H (p<0.0001); type 2: 48% in
H28 (p<0.0001), 27% in H2052 (p=0.0003), 43% in H2452
(p<0.0001) and 57% in MSTO-211H (p=<0.0001). Conversely,
ATRA had no effect on TGF-BIR type 1 and type 2 mRNA
expression in MeT-5A (fig. 2b and c).

Involvement of NF-xB in the suppressive effect of ATRA on
TGF-p1. mRNA expression

Proteasome inhibitor MG-132 is also known to have an
inhibitory effect on NF-kB activity. Pretreatment of MPM cells
with MG-132 led to decreased TGF-1 mRNA levels by 47% in
H28 (p<0.0001), 68% in H2052 (p<0.0001), 60% in H2452
(p<0.0001) and 75% in MSTO-211H (p<<0.0001) compared with
cells incubated with DMSO alone (fig. 3a). Next, we demon-
strated that the levels of nuclear NF-xB p65 in these cells were
suppressed in the presence of ATRA by 11% in H28 (p=
0.0162), 13% in H2052 (p=0.018), 10% in H2452 (p=0.0302) and
14% in MSTO-211H (p=0.0012) compared with cells incubated
with DMSQ alone (fig. 3b). Although pretreatment with
inhibitors for both p38MAPK and JNK led to decreased TGP-
B1 mRNA levels in these cells, the level of phospho-p38MAPK
and activity of JNK were not affected by ATRA (data not
shown). Inhibitors of ERK1/2 had no effect on TGF-f1 mRNA
levels {data not shown).
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Effect of ATRA on TGF-g1-mediated proliferation of MPM
cells

To clarify the involvement of TGF-B1 in the development of
MPM tumour growth, we studied the effect of TGF-B1 on the
proliferation of MPM cells and MeT-5A mesothelial cells. As
shown in figure 4a, the addition of TGF-1 stimulated all MPM
cell growth in a dose-dependent manner and reached a plateau
at the concentration of 1,000 pg'mL'1 (H28: 18% increase
(p=0.0012); H2042: 19% increase (p=0.0015); H2452: 30%
increase (p<0.0001); MSTO-211H: 46% increase (p=0.0069)).
Conversely, TGF-B1 had no effect on the proliferation of MeT-
5A mesothelial cells (fig. 4a). We then evaluated the effect of
ATRA on TGF-Bl-mediated proliferation of MPM cells, and
showed that the TGF-B1-mediated proliferation was decreased
with ATRA by 39% in H28 (p<0.0001), 48% in H2052
{(p=0.0013), 80% in H2452 (p<0.0001) and 73% in MSTO-
211H (p<0.0001) compared with cells incubated with DMSO
alone (fig. 4b).

Antitumour efficacy of ATRA in a subcutaneous xenograft
model

We next examined the effect of ATRA on a s.c. xenograft mouse
model of MPM cells. A single-cell suspension of 107 H28,
H?2052, H2452 and MSTO-211H cells with a viability of >95%
was implanted s.c. into the back of SCID mice. Only MSTO-
211H cells could grow on the back of SCID mice. To study the
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FIGURE 2. Effect of afl-trans-retinoic acid (ATRA) on transforming growth
factor (TGF)-81/TGF-B1 receptor {TGF-B1R) mRNA expression of malignant pleural
mesothelioma (MPM) cells. Real-time reverse transcriptase PCR was performed to
determine the changes in MBNA levels for TGF-B1/TGF-B1Rs. H28, H2052, H2452
and MSTO-211H MPM cells and the human mesothelial cell fine MeT-BA were
cultured in the presence {=) or absence (dimethyi sulfoxide (DMSO) alone; ) of
10 M of ATRA for 7 h. The levels of mRNA for a) TGF-B1, b) TGF-B1R type 1 and ¢)
TGF-81R type 2 are represented as the ratio to 185 ribosomal {(NANA, an
endogenous contral. The results are indicated as the mean 4D of three separate
experiments in triplicate: #: p<0.0001; *: p=0.0002; *: p=0.0023; *: p=0.0003.

“preventive’”” and “therapeutic” effects of ATRA on MSTO-
211H cell growth, i.p. injections of ATRA were repeated three
times weekly, 1) throughout the course, or 2) in the latter half
of the period from inoculation to the end of the observation
period. As shown in figure 5a, i.p. administration of ATRA
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FIGURE 3. Involvement of nuclear factor {NF)-kB in the suppressive effect of
all-trans-retinoic acid (ATRA) on transforming growth factor (TGF)-B1 mRNA
expression. a) H28, H2052, H2452 and MSTO-211H malignant pleural mesothe-
lioma cells were cultured in the presence (H) or absence (dimethyl sulfoxide
{DMSQ) alone; ) of 5 pM MG-132 for 7 h. Real-time reverse transcriptase PCR
was performed to determine changes in TGF-B1 mRNA levels. b) The activities of
NF-xB were analysed. H28, H2052, H2452 and MSTO-211H cells were treated with
() or without (DMSO alone; [3) ATRA (10°° M) for 1 h and NF-xB p65 amounts in
nuclear protein extracts were analysed. The results are indicated as the mean +so
of three separate experiments in triplicate. *: p<0.0001; *: p=0.0162; *: p=0.018;
% p=0.0302; : p=0.0012.

three times per week throughout the course greatly inhibited
tumour growth at 28 days after inoculation (68% decrease;
p<0.0001). Moreover, treatment with ATRA three times per
week for the latter half of the period from incculation to the
end of the observation period ameliorated tumour growth
better than the vehicle control group (36% decrease; p=0.0011).
The i.p. injection with 0.5 mg of ATRA three times a week for
28 days had no effect on the health of the mice.

mRNA levels of TGF-1 and PDGFR-§ in impianted grown
tumours on SCID mice

TGF-B1 mRNA levels of implanted grown MPM tumours on
SCID mice at 28 days after inoculation with or without an ip.
injection of ATRA were analysed by real-time RT-PCR. We
demonstrate in figure 5b that TGF-B1 mRNA expression was
significantly suppressed by the administration of ATRA (32%
decrease; p=0.0008). To study whether another mechanism

EUROPEAN RESPIRATORY JOURNAL
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was involved in the preventive effect of ATRA on MPM
tumour progression, we focused on previous reports demon-
strating that human mesothelioma cell lines expressed
PDGFR-B [17]. We then analysed PDGFR-B expression in
implanted grown MPM tumours and found that, in mice
treated with ATRA, the levels of PDGFR-B expression were
markedly decreased as compared with mice without ATRA
(31% decrease; p=0.0004; fig. 5¢).

Inhibitory effect of ATRA on PDGFR-J expression and
PDGF-BB-induced migration of MPM cells

We next examined the impact of ATRA on PDGFR-f mRNA
expression in MPM cells. As shown in figure 6a, ATRA
decreased the expression of PDGFR-f mRNA by 32% in
MSTO-211H cells (p<0.0001); however, ATRA had no effect
on the production of PDGF-BB (data not shown). It is well
known that cell migration plays an important role in tumour cell
invasion, especially in the wide spread of MPM tumours. We
therefore performed an in vitro migration assay to study the
effect of PDGF, which is a potent mitogen and chemotactic
factor for several mesenchymal cells [18], on MPM progression,
and revealed that MSTO-211H cell migration was induced (1.3
fold increase; p=0.0004) by PDGF-BB, which was inhibited in
the presence of ATRA (19% decrease; p=0.0011; fig. 6b).

EUROPEAN RESPIRATORY JOURKNAL

##: p=0.0089; **: p=0.0013.

DisCUssIoN

MPM is an aggressive malignant tumour of mesothelial origin
associated with asbestos exposure that has limited response to
conventional chemotherapy and radiotherapy; the prognosis is
very poor. Recently, the multi-targeted anti-folate pemetrexed
has been approved as a first-line agent in combination with
cisplatin for the treatment of MPM; however, overall survival
remains very poor [19].

It has previously been reported that ATRA prevented both
irradiation- and bleomycin-induced pulmonary fibrosis in
mice by the inhibition of both IL-6-dependent proliferation
and TGF-p1-dependent transdifferentiation of lung fibroblasts.
As MPM cells originate from mesenchymal cells similar to lung
fibroblasts, here we examined the effect of ATRA on the
progression of MPM tumour in SCID mice.

In the present study, we found that ATRA inhibited the
proliferation of MPM cells but not mesothelial cells. Several
factors, including IL-6, TGF-p1 and PDGEF, have been reported
to be associated with MPM cells {5, 6, 17, 20]. Here, we first
examined whether the IL-6/IL-6R system also plays an
important role in ATRA-mediated inhibition of MPM cell
proliferation; however, in this study, ATRA had no effect on
IL-6/IL-6R mRNA expression in MPM cells.

VOLUME 34 NUMBER & 1163
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FIGURE 5. Antitumour efficacy with all-trans-retinoic acid (ATRA) in a
subcutaneous xenograft model. MSTO-211H cells with a viability of >95% were
implanted subcutaneously into the back of SCID mice. a) The tumours were
measured and their volume calculated in mice treated with vehicle control ((J).
treated i.p. with ATRA three times per week throughout the course (day 0-28; &) or
in the latter half of the period from inoculation to the end of the observation period
(day 14-28; ). b and ¢) Real-time reverse transcriptase PCR was performed to
determine changes in mRNA levels in tumours for b) transforming growth factor
(TGF)-p1 and ¢} platelet-derived growth factor receptor (PDGFR}-B. The levels of
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We then investigated the effect of ATRA on the production of
TGF-B1, another key cytokine in ATRA-mediated inhibition of
pulmonary fibrosis, as we have previously demonstrated. We
here showed that ATRA suppressed mRNA expression of both
TGE-1 and TGF-BIR in these cells and, moreover, inhibited
TGEF-pl-dependent cell proliferation, suggesting that ATRA
demonstrated the inhibitory effect on MPM cell proliferation via
a TGF-B1/TGF-BIR autocrine mechanism. Generally, TGF-B1 is
produced by various normal cells observed surrounding MPM
tissues, including fibroblasts, macrophages, neutrophils and
lymphocytes [21, 22]. In wvivo, therefore, in addition to the
inhibitory effect of ATRA wia the TGF-p1/TGF-BIR autocrine |
mechanism, ATRA could decrease MPM tumour progression
via the TGF-B1/TGF-B1R paracrine loop by MPM cells and these
TGF-Bl-producing surrounding cells. To determine the cellular
mechanism in the regulation of TGF-$1 production of MPM
cells, we used some well characterised pharmacological
inhibitors [23]. There are at least three distinct MAPK signal
transduction pathways in mammalian cells that lead to
activation of the ERK, JNK and p38MAPK pathways. As the
induction of most cytokine genes requires the activation of NF-
kB, we next examined whether changes in NF-xB activity were
involved in the suppressive effect of ATRA on TGF-pl
expression in MPM cells, and found an important role of NF-
kB in this process (fig. 3). These results suggest a possible
mechanism whereby ATRA could reduce TGF-B1 expression

‘through an NF-xB-dependent pathway. Furthermore, it has

been recently reported that the mechanism of asbestos-induced
onicogenesis was associated with the activation of NF-xB [24], so
the inhibitory effect of ATRA on NE-kB activation itself may be
beneficial for the prevention of tumour growth in early MPM.

Next, we demonstrated in an in vivo study that i.p. adminis-
tration of ATRA three times per week throtghout the course
greatly inhibited MPM tumour growth 28 days after inocula-
tion. The administration of ATRA inhibited TGF-f1 mRNA
expression in grown MPM tumours in SCID mice. A recent
study reported that TGF-p1 was significantly associated with
the growth of MPM cells in a murine MPM tumour model
through TGF-p1/TGF-B1R systems and TGF-B1 signalling [25],
and our study appears to support this.

It is well known that cell migration plays a pivotal role in the
disease progression of cancer. PDGF acts as two types of
peptide, A (16-kDa) and B (14-kDa) chains, with about 60%
sequence identity, disulfide linked into three diametric
molecules, PDGE-AA, -AB and -BB [26]. A and B chains bind
to two cell-surface receptors: the o receptor can bind all three
dimers (PDGF-AA, PDGF-AB and PDGF-BB) with high affinity
and the P receptor can only recognise PDGE-BB with high
affinity and PDGF-AB with lower affinity {27]. It has been
previously reported that MPM cells express PDGF-o and
PDGF-B mRNA, whereas no PDGF-p and a low level of
PDGF-o mRNA expression are detected in normal mesothelial
cells. Moreover, PDGFR-B mRNA expression is detected in
MPM cells, whereas only PDGFR-u mRNA expression is
observed in mesothelial cells [28]. In this study, we demon-
strated that PDGFR-B mRNA expression in MPM cells was
inhibited by ATRA (fig. 6a), while ATRA had no effect on
PDGF-B mRNA expression {data not shown). Moreover, MPM
cells migrated by PDGF-BB, which was suppressed by ATRA,
as shown in figure 6b. PDGF-BB is also synthesised and

EUROPEAN RESPIRATORY JOURNAL
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FIGUERE 8. inhibitory effect of all-trans-retinoic acid (ATRA) on platelet-derived
growth factor (PDGF) receptor (PDGFR)-B expression and PDGF-BB-induced
migration of malignant pleural mesothelioma (MPM) cells. a) Real-time reverse
transcription PCR was performed to determine changes in mRNA levels for
PDGFR-8. MSTO-211H MPM cells were cuitured in the presence or absence
(dimethyl suifoxide (DMSO) alone} of 10" M of ATRA for 7 h, The levels of mRNA for
PDGFR-B are the ratio to 1885 ribosomal {}RNA, an endogenous control. The results
are indicated as the mean+sp of three separate experiments in triplicate. b) Cell
migration assay. MSTO-211H cells were pre-cultured overnight with or without
{DMSO alone) ATRA (10 M), and further cultured in the presence or absence of
PDGF-BB (10 ng‘mL“) with or without ATRA, The results are indicated as the
mean+sp of three separate experiments in triplicate, *: p<0,0001; *: p=0.0004;
+ p=0.0011.

released by several cells associated with MPM cells growth,
such as fibroblasts, vascular smooth muscle cells and vascular
endothelial cells [29]. The administration of ATRA had no
effect on PDGE-p mRNA expression in MPM tumour cells
grown on SCID mice in the present study. However, the
reduction of PDGFR-p mRNA expression on MPM cells by
ATRA may be estimated to inhibit the PDGF-BB/PDGFR-B
paracrine loop of MPM cells and PDGF-BB-producing sur-
rounding cells, which might increase MPM cell migration and
tumour invasion in cases of human MPM. As for cell
migration, it has been reported that retinoic acid inhibited
fibronectin and laminin synthesis and cell migration of human
pleural mesothelioma in vitro [30].

EUROPEAN RESPIRATORY JOURNAL

pDE Cupis et al. [31] demonstrated that fenretinide (4HPR), a
synthetic derivative of retinoic acid, induced apoptosis of the
MPM cell line ZL34. However, in their report, 4HPR induced
apoptosis not only of tumour cells but also of MeT-5A, 5V40-
transformed normal mesothelial cells. Here, we demonstrate
the selective inhibitory effect of ATRA on growth of MPM
cells, but not of MeT-5A. By TUNEL assay, the increase of
apoptosis was not observed in ATRA-treated MPM tumour
cells in mice compared with untreated mice (data not shown).
Next, we examined the mRNA expression of CYP26A1 [32], a
retinoic acid regulated gene, by real-time RT-PCR, and found
that mRNA levels of CYP26A1 were decreased in ATRA-
treated MPM tumour cells in mice compared with untreated
mice, which suggested an increased amount of active retinoic
acid, namely, an autoregulation feedback loop (data not
shown). However, it is not clear whether the observed effect
is specific to retinoic acid signalling. Although the precise
cellular mechanism has not been fully investigated, we
propose the possibility that TGF-p1 and PDGF receptors play
an important role in this mouse model and ATRA prevents
MPM cell growth through the inhibition of these cytokine/
cytokine receptor systems. Namely, we propose the dual
inhibitory effect of ATRA on TGF-pl-dependent proliferation
and PDGF-BB-dependent migration of MPM cells, which may
be the mechanism underlying the preventive and therapeutic
effect of ATRA on MPM.

It is noteworthy that in this report we showed the “late”, i.e.
“therapeutic”, effect of ATRA in MPM cell growth (fig. 5a) in
addition to the “throughout”, i.e. “preventive”, effect, because
in clinical use, the therapeutic effect is often more important
when clinicians find that MPM is already progressive in their
patients.

ATRA is known to affect cell differentiation, proliferation and
development, Clinically, ATRA has been widely used in
differentiation therapy for APL [33]. Furthermore, oral admin-
istration of the drug results in good compliance. Our data may
lead to the development of novel strategies incorporating
ATRA for the prevention and treatment of MPM.
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Expression of CUB domain containing protein
(CDCP1) is correlated with prognosis and survival
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CUB domain containing protein (CDCP1), a transmembrane protein
with intracellular tyrosine residues which are phosphorylated upon
activation, is supposed to be engaged in proliferative activities and
resistance to apoptosis of cancer cells. Expression level of CDCP1
was examined in lung adenocarcinoma, and its clinical implications
were evaluated. CDCP1 expression was immunohistochemically
examined in Jung adenocarcinoma from 200 patients. Staining
intensity of cancer cells was categorized as low and high in cases
with tumor cells showing no or weak and strong membrane
staining, respectively. MiIB-1 labeling index was also examined,
There were 113 males and 87 females with median age of 63 years.
Stage of disease was stage | in 144 cases (72.0%), I in 19 (9.5%), and
1 in 37 (18.5%). Sixty of 200 cases (30.0%) were categorized as
CDCP1i-high, and the remaining as CDCP1-low. Significant positive
correlation was observed between CDCP1-high expression and
relapse rate (P < 0.0001), poor prognosis (P < 0.0001), MiB-1 labeling
index (P<0.0001), and occurrence of lymph node metastasis
(P =0.0086). There was a statistically significant difference in
disease-free survival (DFS) (P < 0.0001) and overall survival (OS)
rates (P < 0.0001) between patients with CDCP1-high and CDCP1-
low tumors. Univariate analysis showed that lymph node status,
tumor stage, and CDCP1 expression were significant factors for both
0S and DFS, Multivariate analysis revealed that only CDCP1
expression was an independent prognostic factor for both OS and
DFS. CDCP1 expression level is a useful marker for prediction of
patients with lung adenocarcinoma (Cancer Sci 2009; 100: 429-433).

Introduction

ince 1985 lung cancer has been the most common cause of
cancer death in the world.®) Non-small cell lung cancer
(NSCLC) comprises 75-85% of all lung cancers, and approxi-
mately two-thirds of NSCLC patients have advanced stages al
diagnosis. Despite the advances in the methods for detection and
treatment of lung cancer, prognosis of NSCLC patients still
remains unfavorable. Therefore, it is important to clarify the
mechanism of tumor biology, and establishment of effective
therapeutic modalities is essential to improve the prognosis in
NSCLC. Previous studies accumulated information regarding
the factors influencing prognosis in NSCLC. They include clinical,
pathological, and molecular factors.

CUB domain containing protein (CDCPI1) was originally
identified as an epithelial tumor antigen by comparisons of
nwolecules expressed in lung cancer cell lines and normal lung
tissues.? CDCP1 is a transmembrane protein with three extra-
cellular CUB domains, which are important for cell-cell
interactions, and intracellular tyrosine residues which are
phosphorylated upon activation.®"" Previously, we reported the

doi: 10.7111/].1349-7006.2008.01066.x
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epigenetic regulation of CDCP! expression in the cell lines
derived from various malignancies and clinical samples of breast
cancer.®¥ The CDCPI expression leve correlated with prolifer-
ative activitics of breast cancer cells in the clinical samples.®
Very recently, CDCP1 was reported to protect cells from anoikis,
a form of apoptosis triggered by the loss of cell survival signals
generated from interaction of cells with the extracellular
matrix."" The knocked-down expression of CDCP1 by RNA
inlerference abolished in vitro colony formation and in vivo
metastatic abilities of lung adenocarcinoma cell line A549 49
These findings showed that CDCP! is required for protection of
cells from anoikis, and suggest an important role of CDCP] for
tumorigenesis and metastasis, at least in cell lines. In the present
study, CDCP1 expression was immunohistochemically examined
in clinical samples from lung adenocarcinoma, and its clinical
implications were evaluated.

Materials and Methods

Patients and tissue samples. Two hundred patients who un-
derwent surgery for lung adenocarcinoma at Osaka University
Hospital during the period from January 1993 to January 2004
were examined. Clinicopathological findings in these 200 palients
are summarized in Table 1. There were 113 men and 87 women
with ages ranging from 33 to 82 years (median, 63). Resected
specimens were macroscopically examined lo determine the
location and size of the tumors. The size of the main tumor
ranged from 8 to 70 mm (median, 24.5). The histological stage
was determined according to the 6th edition of the Union
International Contre le Cancer — TNM staging system."" Histologic
specimens were fixed in 10% formalin and routinely processed
for paraffin-embedding. Paraffin-embedded specimens were stored
in the dark room in the Department of Pathology of Osaka
University Hospital at room temperature, and were sectioned at
4-jun thickness at the time of staining. In some cases, total RNA
was exlracted using RNeasy kit (Qiagen, Valencia, CA, USA)
with DNase 1 treatment. All patients were followed up with
laboratory examinations including routine peripheral blood cell
counts at I- to 6-month intervals, chest roentgenogram, computed
tomographic scan of the chest, and endoscopic examinations of
the bronchus at 6- to 12-month intervals. The follow-up period
for survivors ranged from 5 to154 months (median, 63). The

-study was approved by the ethical review board of the Graduate
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Table 1. Summary of characteristics in 200 pulmonary adenocarcnoma
patients

Sex Number of patients
Male 13
Female 87

Tumor size {cm)

25 12
<5 187

Lymph node metastasis
NO 159
N1 8
N2 29
N3 4

Stage
| 144
i 19
] 37

Recurrence
Positive 60
Negative 140

Prognosis
Dead 41
Alive (with recurrence) 24
Alive {with no recurrence) 135

School of Medicine, Osaka University. Informed consent was
obtaincd from each patient.

immunohistochemistry for CDCP1, phosphotylated CDCP1 and Ki-67.
CDCPI expression was immunohistochemically examined with
use of anli-CDCPY (Abeam Lid, Cambridge, UK) and antipho-
sphorylated CDCPL antibody. The antiphosphorylated CDCPI
antibody recognizes CDCPI phosphorylated al Tyir734 and can
be uscd for immunostaining on paraffin-embedded sections. />
The profiferative activity ol cancer cells was examined with
monoclonal antibody MIB-1 (nmmmotech, Marseilles, France),
recognizing the proliferation-associated antigen Ki-67. After
antigen retrieval with Pascal pressurized heating chamber {Dako.
Glastrap, Denmark ). the sections were incubated with anti-CDCPT,
phosphorylated CDCPL antibody and MIB-1, diluted at 3200, #3600
and x 100, respectively. Then, the sections were treated with
biotin-conjugated antigoat 1eG (Zymed, San Francisco, CA,
U8 A) for CDCPI staining. or with biotin-conjugated aptimotse
JuG (Dukod Jor phosphorylated CDCPI and MIB-| staining.
Alter washing, the sections were incubated with the perosidase-
conjugated botin-avidin complex {Yectastain ABC kil Vector
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Fig. 1. Surface slaining of CDCPI-low (A and B)
W - 8 and -high (€ and D) cases, « 400 (E) Real-time
w 4 reverse transcription~polymerass chain reaction.
G The amount of CDCPT MRNA was significantly
P higher in immunohistochemically defined
N C:‘ ' CDCP1-high cases than in CDCPi-low cases. The

bar shows mean values of the amount ot
CDCP1 mRNA, *P < 0.01

Laboratories, Burlingame, CA, USA), diaminobenzidine (Vector
Laboratories) was used as a chromogen. As the negalive control,
staining was carried oul in the absence of a primary antibody.
Stained sections were evaluated independently by two pathologists
(J1 and BEM). Generally, CDCP1I expression levels varied among
tumor cells in (he same case. Staining intensity of wmor cells
was divided into fowr categories; tumor cells with no (represent-
ative ficld was demonstrated in Fig, LA), weak (Fig, 1B}, moderate
(Fig. 1C), or strong (Fig. 1D) membrane staining. The intensity
of CDCPI expression in each ease was defined by the major
population of staining as follows: eases with umor cells showing
no o weak membrane staining were categorized as CDCP1-low,
and those showing moderate or strong membrane staining as
CDCPI-high, The MIB-1 labeling index was defined as the
percentage of stained nuclei per 1000 cells. The cases were
divided o MIB-1-high und MIB-1-low groups using the median
as cut-off value.

Quantification of mRNA by realtime reverse transcription-
polymerase chain reaction (RT-PCR). To cvaluate the specificity of
CDCP immunostaining, expression level of CDCPI at mRNA
and protein levels was compared. For this, fresh frozen materials
were available in 13 of the 200 cases. Total RNA was extracted
using RNeasy kil (Qiagen, Valencia, CA, USA) with DiNase
[ treatment. Two micrograms of wtal RNA was subjected lo reverse
transeription using Supersaript I (Invitrogen. Carlsbad, CA,
USA) The mRNA Jevels for CDCPL and glyeeraldehyde-3-
phosphate debydrogenase (GAPDH) genes were verificd using
TagMan Gene Expression Assays {1 100224587 _m! and 43 HORB4E;
respectively: Applied Biosystems, Foster City, CA, USA) as
recommended by the munufacturer, The amount of CDCPE
MRNA was normalized o that of GAPDH mRNA.

Statistical analysis, Statistical analyses were performed using
StatView software (SAS Institute Inc., Cary, NC, USA). The
Chi-square and Fisher's cxaet probability test were used 1o
analyze the correfition between CDEPI expression and clin-
icopathological factors in pulmonary sdenocarcinoma. Kaplun-
Meier methods were used to calenlate overall survival (OS) and
discase-frce survival (DFS) rate, and differences in survival
curves werc evaluated with the Jog-rank tcst. Cox’s proportional
hazards regression model with a stepwise manner was used to
analyze the independent prognostic factors. The P-values of less
than 0.05 were considered to be statistically significant.

Results

Tumor stages in the present patients were: stage | in 144 patients
(72.0%}; 11 in 19 patients (9.5%); and 1If in 37 patients (18.5%).
The histological types of tumors were: bronchioloalveolar

dot: 10 1111/,1349-7006.2008.01066.%
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Fig. 2, Localization of phosphorylated CDCP1 in lung adenocarcinoma.
Stained cells with anti-CDCP Y antibody (A), and antiphosphorylated €DCP1
antlbody (B). Among the COCPI-positive tumar cells, peripheral areas of umor
cell nests were stained with antiphophorylated CDCPY antibody, » 400,

(62 patients, 31.0%); papillary (48 patients, 24.0%); or mixed
bronchiocloalveolar and papillary adenocarcinoma (90 patients,
45.0%), The 5-year DFS and OS was 78.7% and 80.6%,
respectively. Tumors recurred in 60 patients. Of these, 38
paticnts died due to the tumors.,

To evaluate the specificity of immunohistochemical staining
for CDCPY expression, quantitative real-time RT-PCR was per-
formed: expression fevels of CDCPI at protein and mRNA lavel
wag gompared in 13 cases (3 CDCPI-high and 10 CDCP{-low
cuses at immnohistochemical results). The amount of CDCPI
MRNA was significantly higher in cases with CDCPI-high
expression at immunohistochemistry than those with CDCPI-
low expression (P < 0.01, Fig, 1E), These results showed that
the immunohistochemical evaluation is a reliable method for
evaluation of CDCPI expression.

Immunohistochemical detection of CDCP1 expression was
carried out in 200 lung adenocarcinoma tissues. Sixty of 200
cases (30.0%) were categorized as CDCP1-high, and the remaining
as CDCPI-low. Representative staining results were illustrated
in Fig. [(A-D).

Intracellular tyrosine residues of CDCP! are known to be
phosphorylated upon activation in vitro. To examine the locali-
zation of activated CDCPI1, 43 cases of CDCPI-high lung
adenocarcinoma tissues were stained with antiphosphorylated
CDCPI. Phosphorylated CDCPI was detected only in a small
portion of CDCPI-expressing cells (Fig. 2 A and 2B), which

tkeda ef al.

Table 2. Correlation between CDCP1 expression and clinicopathological
parameters

CDCP1 expression

- —_— p
Low High

Tumor size {cm)

=5 7 5

<5 133 55 0.3630
Lymph node metastasis

NO 120 39

N1 3 5

N2 15 14

N3 2 2 0.0086
Stage

| 110 34

I 11 8

n 19 18 0.0059
MiB-1 labeling index

>5% 56 45

<5% 84 15 <0.0001
Recurrence

Positive 23 37

Negative 117 23 <0.0001
Prognosis

Dead 17 24

Alive {(with recurrence) 10 14
Alive (with no recurrence) 113 22 <0.0001

appeared (o be localized to the peripheral areas of tumor cell
nests. Cells without CDCP1 expression did not show any phos-
phorylated CDCP1 signals, indicating the specificity of the
antiphophorylated CDCP1 antibody. Phosphorylated CDCPI
was detected in 19 oul of 43 cases: any significant clinicopatho-
logical differences were not observed between cases with and
without phosphorylated CDCPI.

Correlation of CDCPI expression with the clinicopathological
features was cvaluated. Significant positive correlation was
observed between CDCPI-high expression and relapse rate
(P < 0.0001), poor prognosis (P < 0.0001), MIB-1 labeling
index (P < 0.0001), and occurrence of lymph node metastasis
(P = 0.0086). Other parameters including tumor size and slage
did not correlate with CDCP1 expression (Table 2). There was a
statistically significant difference in DFS rates (P < 0.0001) and
OS rates (P < 0.0001) between patients with CDCP1-high and
CDCP1-low tumors (Fig. 3).

Univariate analysis showed that lymph node status, tumor
stage, and CDCP1 expression were significant factors for both
OS and DFS (Table 3). The multivariate analysis revealed that
only CDCP1 expression was an independent prognostic factor
for both OS and DFS.

Discussion

Paticnt characteristics such as the gender (male preponderance),
age distribution (median age, 6th decades of life), and 5-year OS
of approximately 80% in the present study were similar to those
in a previous report on the lung adenocarcinoma.% In addition,
the univariate analysis showed the prognostic significance of
occurrence of lymph node metastasis and stage of disease, as
reporied previously."® These findings indicate that the results
obtained from the present cases are commonly applicable.
Among the clinicopathological factors examined, high CDCP1
expression level corvelated with increased occurrence of lymph
node metastasis and tumor relapse. A previous study using the
lung adenocarcinoma cell lines indicated a significant role of
CDCP! for anchorage-independent growth of tumor cells,!®

CancerSc | March2009 | vol. 100 | no.3 | 431
© 2008 Japanese Cancer Association



Table 3. Univariate and multivariate analyses of prognostic factors for overall and disease-free survivals

Overall survival

Disease-free survival

Univariate Multivariate Univariate Multivariate
HR (85% CI} P-value HR {95% Ch) P-value HR (95% Cl) Pvalue HR (95% Ci) Fyalue
Tumor size 1.07 0.672 1.1 0.425
(0.79-1.43) (0.86-1.45)
Lymph node status 2.34 <0.001 1.46 0.167 2.40 <0.001 1.43 0.182
(1.77-3.08) {0.85-2.50) (1.82-3.17) (0.84-2.40)
Stage 2.64 <0.001 1.63 0.128 2.77 <0.001 1.74 0.074
(1.90~3.69) (0.87-3.06) (1.99-3.86) (0.95-3.20)
MIB-1 labeling index 1.46 0.235 1.44 0.250
(0.78-2.74) {0.77-2.69)
CDCP1 expression 4,11 <0.001 2.89 0.001 4.32 <0.001 3.04 <0.001
(2.18-7.75) (1.51-5.54) (2.31-8.08) (1.60-5.80)
HR, hazard ratio; ¢}, confidence interval.
(A) 100 activities of cells. Previously, we showed the positive correlation
o Ry CDCPl-low  of CDCPI cxpression with MIB-1 labeling index in breast can-
E n \ cer cells.® These findings indicate that CDCPJ expression level
T 80 Y, reflects a proliferative activity of cancer cells.
2 ~ e , . Intracellular tyrosine residues of CDCPI arc known to be
2 60 — \—, CDCPI-high  phosphorylated upon activation, and the level of tyrosine
2 R T phosphorylation is associated with the capacity for anchorage
© independence in A549 cells.!” Immunohistochemically, phos-
P40 phorylated CDCP1 was found to be localized to the peripheral
“S - areas of tumor cell nests. Lung adenocarcinoma cells often show
g 20+ bronchioalveolar growth in the periphery of the cancer tissues,
% o but such portions were almost negative for phosphorylated
A - CDCP1 expression. Phosphorylated CDCP] was mostly present
e S e R Bt e e in the tumor c}e]ls expanding to the surrounding normal tissues.
o 2 4 4 4 10 T This was consistent with the previous report that phosphorylated
CDCPI is localized in the invasive front of gastric cancer.!?
(B) 100 =~ ] Therefore, phosphorylated CDCP1 may play some roles for
—_ 4 Er—. CDOCPI-low tumor invasion, in addition to anchorage independence. The
= e staining for phosphorylated and non-phosphorylated CDCP1
et 80 - - demonstrated that most tumor cells expressed CDCP1 as a
) - 1, non-phosphorylated form. This was consistent with the report by
= 60 - s Brown ef al. that the phosphorylation of CDCP1 is dynamically
5 - Ly ChCPI-high bal'aqc.ed by' Srq—famx]y kmals? and phosphotyrosine phosphatase
2 40 T aclivities, yielding low equilibrium phosphorylation.® CDCPI
% _ containg three extracellular CUB domains, which might be
o involved in cell adhesion or interaction with the extracellular
s 20 matrix.%” Non-phosphorylated CDCP1 may function as an
o - adhesion molecule.
= . Multivariate analysis revealed the high cxpression of CDCPI
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Fig. 3. Kaplen-Meier plots of disease-free (A) and overall survival (B)
of patients.

The knocked-down expression of CDCP1 abolished ability of in
vitro colony formation in the A549 lung adenocarcinoma cell
line.!" In addition, when injected into nude mice, the number of
metastatic nodules was low in CDCPI-knocked down A549
cells as compared to parental A549 cells.!'"™ Taken together with
the present results, CDCP1 appeared to play important roles for
metastatic and tumorigenic potentials of lung adenocarcinoma
not only in cell lines but also in clinical samples.

High CDCP! expression was correlated with MIB-1 labeling
index. Since the monoclonal antibody MIB-1 recognizes Ki-67
antigen that is expressed in cclls during the cell cycle, except at
the GO phase, it can be applied to cvaluate the proliferative
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to be an independent factor for poor prognosis for paticnts with
lung adenocarcinoma. Benes et al. reported that Sre, which
mediates proliferation signals in cancers, forms a complex with
phosphorylated CDCP1.%” These findings indicate that overex-
pression of CDCPI could stimulate tumor growth, explaining
why prognosis of patients with CDCPI-high tumors is worse
than that with CDCPl-low tumors.

In conclusion, high CDCP1 expression is an independent facior
for poor prognosis of patients with lung adenocarcinoma.
Further studics will be necessary to elucidate whether CDCPI
expression could be a uscful marker for prediction of prognosis
in other types of cancers. CDCPI could be a molecular target
for cancer therapy.
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Cancer stem cells are a limited population of tumor
cells that are thought to reconstitute whole tumors.
The Hoechst dye exclusion assay revealed that tumors
are composed of both 'a main population and a side
population of cells, which are rich in cancer stem
cells. NROB1 is an orphan nuclear receptor that is
expressed to a greater extent in the side population,
as compared with the main population, of a lung
adenocarcinoma cell line. In this study, we investi-
gated the role of NROB1 in lung adenocarcinoma cells.
Reduction of NROBlexpression levels in lung adeno-
carcinoma cell lines resulted in vulnerability to anti-
cancer drugs and decreased abilities for invasion, in
vitro colony formation, and tumorigenicity in non-
obese diabetic/severe compromised immunodeficient
mice. When 193 cases of lung adenocarcinoma were
immunohistochemically examined, higher levels of
NROB1 expression correlated with higher rates of
lymph node metastasis and recurrence. Multivariate
analysis revealed high NROB1 expression levels, stage
of the disease, and size of tumor to be independent
unfavorable prognostic factors for overall and dis-
ease-free survival rates. In clinical samples, NROB1
expression levels inversely correlated to the proportion
of methylated CpG sequences around the transcription
initiation site of the NROB1 gene, suggesting the epige-
netic control of NROB1 transcription in lung adenocar-
cinoma. In conclusion, NROB1 might play a role in the
malignant potential of lung adenocarcinoma. (4m J
Patbol 2009, 175:1235-1245; DOI: 10.2353/ajpath.2009.090010)

Cancer cells comprise heterogeneous groups of cells;
only a small population of cancer cells possesses the

ability to reconstitute whole turnor.’™® This population,
called cancer stem cells (CSCs), efficiently forms colo-
nies in semisolid culture and is xenotransplantable in
non-obese diabetic/severely compromised immunodefi-
cient (NOD/SCID) mice.* CSCs were first identified in
leukemia,®® and subsequently isolated from the solid
tumors, such as breast, brain, prostate, colon, pancre-
atic, and head/neck cancers.” '® CSCs highly express
various chemical transporters and could efficiently efflux
several chemicals, which might render to resistance to
anti-cancer drugs and tumor recurrence.® "2

Efficient dye-efflux ability could be used for the isola-
tion of CSCs. Most cancer cells are stained intensely with
the fluorescent dye Hoechst 33342, whereas cancer cells
with stem cell properties are not.* 415 At flow-cytometry
analysis, cells with a low level of Hoechst 33342 are
visualized as a faintly stained population, which is called
the side-population (SP).'® Only the SP gives rise to both
SP and non-SP (the main population, hereafter called
MP), and the SP, but not MP, is tumorigenic in NOD/SCID
mice."” These findings support the notion that CSCs'are
enriched in the SP. Recently, the presence of SP was
reported in cancer cell lines established from various
tumors, such as glioma, mammary carcinoma, and lung
cancer.'®20 Proteins highly expressed in the SP may
become the candidate of CSC markers.

Lung cancer has become the most common cause of
cancer death worldwide since 1985, and the annual mor-
tality was 1.18 million peoples in the world.#* Despite the
advances in the methods for detection and treatment of
lung cancer, its prognosis still remains unfavorable. Rem-
nant tumor cells resistant to anti-cancer drugs may pro-
vide a basis for recurrence after chemotherapy. In this
context, evaluation of lung cancers from the standpoint of
CSCs may be important. To date, however, any markers
useful for detection of CSCs in lung cancer have not been
known. Recently, Seo et al®® reported that several genes
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were highly expressed in SP of lung adenocarcinoma celi
lines: one of them was the gene for NROB1, a recently
characterized member of the orphan nuclear receptor
family.®® NROB1 (also called dosage-sensitive sex rever-
sal/adrenal hypoplasia congenital critical region on the X
chromosome 1; DAX1) acts as a negative regulator of
steroid production, and is expressed in the reproductive
and endocrine systems.?® A recent study on the embry-
onic stem cells showed that NROB1 is abundantly ex-
pressed in an undifferentiated status, but its expression
level is down-regulated on differentiation.?® Knocked
down of NROB1 expression resulted in differentiation of
embryonic stem cells, suggesting a role of NROB1 for the
maintenance of undifferentiated state.?®

NROB1 is expressed in several kinds of cancers,
such as endometrial carcinoma, ovarian carcinoma,
prostatic carcinoma, and Ewing's sarcoma.?6~2° Re-
cently, Mendiola et al®® and Kinsey et al®® reported that
NROB1 was a target of EWS/FLI fusion protein in Ewing's
sarcoma: knocked-down expression of NROB1 in the Ew-
ing's sarcoma cell lines resulted in the defect of colony
formation ability and tumorigenicity. These findings sug-
gested that NROB1 expression could be a marker for
tumorigenic cells in lung adenocarcinoma, as well as
Ewing’s sarcoma. To date, there have not been any re-
ports describing the expression and role of NROB1 in
lung adenocarcinoma. In the present study, the role of
NROB1 was investigated in lung adenocarcinoma cell
line, and subsequently, the clinicopathological features
between lung adenocarcinoma with high and low expres-
sion level of NROB1 were compared. In addition, the
epigenetic regulation mechanism of NROB1 gene tran-
scription was investigated.

Materials and Methods
Cells and Flow Cytometry

The human lung adenocarcinoma cell lines A549 and
PC-14 were purchased from the American Type Culture
Collection (Rockville, MD) and the Riken Bioresource
Center (Tsukuba, Japan), respectively. Cells were cul-
tured in. Dulbecco’'s Modified Eagle's Medium (DMEM,
Sigma, St Louis, MO) supplemented with 10% fetal calf
serum (FCS; Nippon Bio-supp. Center, Tokyo, Japan;
DMEM-10% FCS). SP analysis was performed according
to the protocol of Goodell's laboratory with minor modifi-
cations.® Briefly, cells (1 x 10%/ml) were incubated at
37°C for 90 minutes with 5 ng/mi Hoechst 33342 (Sigma)
with or without 50 pumol/L verapamil (Sigma), collected
and resuspended in ice-cold PBS with 2% FCS and 2
wg/ml propidium iodide (BD Pharmingen, San Diego,
CA). SP and MP cells were analyzed and sorted with
fluorescence-activated cell sorting-Vantage (Becton
Dickinson, BD, Franklin Lakes, NJ) carrying a triple-laser.
The Hoechst 33342 was excited with the UV laser at 350
nm, and fluorescence emission was measured with 424/
BP44 (Hoechst blue) and 660/BP20 (Hoechst red) optical
filters.

Quantification of mRNA Levels by Real-Time
Reverse-Transcription PCR

RNA was extracted using an RNeasy kit (Qiagen, Valen-
cia, CA) with DNase | treatment. Total RNA was sub-
jected to reverse transcription (RT) by Superscript i
(Invitrogen, Carlsbad, CA), and the single strand cDNA
was obtained. The mRNA levels for NROB1, B cell/chronic
lymphocytic leukemia lymphoma (Bcl)-2, matrix metallopro-
teinase (MMP)-2, and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) genes were verified using TagMan
gene expression assays (Applied Biosystems, Foster City,
CA) as recommended by the manufacturer. The amount of
NROB1, Bcl-2, and MMP-2 mRNA was normalized to that of
GAPDH mRNA, and the normalized value was shown as
relative mRNA amount.

Semiquantitative RT-PCR Analysis

The reverse-transcribed product (1 or 0.1 ul) was added to
25 pl of a PCR mixture containing 1.25 U of TagDNA poly-
merase (Roche Diagnostics GmbH, Mannheim, Germany)
and 25 pmol of each primer. The sequences of the primers
were: 5'-CGACTTCGCCGAGATGTCCAGCCAG-3' and
5'-ACTTGTGGCCCAGATAGGCACCCAG-3' for Bal-2, 5'-
GGACCCGGTGCCTCAGGA-3' and 5'-CAAAGATGGTCA-
CGGTCTGC-3' for Belll-associated x (Bax), 5-TTGGA-
CAATGGACTGGITGA-3' and 5-GTAGAGTGGATGGT-
CAGTG-3' for Bcl-X 6,5 -AGATCTTCTTICTTCAAGGAC-
CGGTT-3’ and 5'-GGCTGGTCAGTGGCTTGGGGTA-3' for
MMP-2, 5/-TTGCGGCCATCTACAGGAG-3' and 5'-ACT-
GGGGATCGTTATACATC-3' for urokinase-type plasmino-
gen activator (UPA), 5'-TGCATGCAGTGTAAGACC-3' and
5-CTGCGGCAGATTTTCAAG-3’ for uPA receptor, 5'-ATC-
CTGTTGTIGCTGTGGCTGATAG-3' and 5'-TGCTGGGTG-
GTAACTCTTTATTTCA-3' for tissue. inhibitor of metallopro-
teinase (TIMP)-1, 8- TTTATCTACACGGCCCCCTCCTCAG-3’
and 5-ACGGGTCCTCGATGTCAAGAAACTC-3' for TIMP-2,
and 5-GTCCACTGGCGTGTTCACCA-3' and 5'-GTG-
GCAGTGATGGCATGGAC-3' for GAPDH.

Knocked Down of NROB1 Expression by Small
Interfering RNA

To generate a stably expressing small interfering (si)-RNA
system, the BLOCK-T Pol Il miR RNAi expression vector kit
(Invitrogen) was used. Cells stably expressing the NROB1
si-RNA and control cells stably expressing vector alone
were established in DMEM-10% FCS containing blasticidin
S (Invivogen) at a concentration of 10 ug/ml in A549 and 12
wng/mlin PC-14.

Immunoblotting

Cells were harvested,  and the whole cell lysates were
prepared as described previously.3' The lysates were
separated on 10% SDS-polyacrylamide gels, transferred
to Immobilon (Millipore, Bedford, MA), and incubated
with anti-NROB1 (Abcam Ltd, Cambridge, UK) or anti-
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Figure 1. High NROBI expression in SP of A549. A: Dot blot analysis of A549
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RT-PCR was performed with mRNA obtained from SP and MP of AS49. The
amount of NROB1 mRNA was normalized for the amount of GAPDH mRNA.
The values represent the mean £ SE of three experiments. *P < 0.01 by the
Student's /-test.

actin (Sigma) antibodies. After washing, the blots were
incubated with an appropriate peroxidase-labeled sec-
ondary antibody (MBL, Nagoya, Japan), and then re-
acted with Renaissance reagents (NEN, Boston, MA)
before exposure.

Cell Proliferation Assay

Cell growth of A549 was shown by number of cells. Approx-
imately 1 X 10% cells were seeded onto cell culture plates
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with DMEM-10% FCS. The growth medium was changed
every 2 days and cell numbers were counted.

Assessment of Anti-Cancer Drug Topotecan
Effect

Topotecan acts as a topoisomerase | inhibitor, and in-
duces apoptosis in tumor cells.? The effect of topotecan
was evaluated as described by Tomicic et al®*® with minor
modification. Briefly, cells (1 X 10%) were seeded onto
cell culture plates with DMEM-10% FCS, cultured for 12
hours, and then various concentration of topotecan (LKT
Laboratories Inc, St Paul, MN) was added. After 12 hours,
the viability of cells was assessed with Premix WST-1 cell
assay systemn (Takara Bio In¢, Kyoto, Japan). The absor-
bance at 450 nm was divided by that obtained in the cells
without topotecan, and the resultant value was shown as
viability index.

Matrigel Invasion Assay

Invasion of tumor cells into the Matrigel was examined
with BD BioCoat Matrigel Invasion Chamber (BD Bio-
sciences, San Jose, CA). Briefly, cells were seeded in
DMEM without FCS on the Matrigel invasion chamber, -
and cultured in DMEM-10% FCS for 30 hours. Invading
cells were stained with Diff-quick staining kit (Siemens,
Munich, Germany). Number of invading cells was counted
at five microscopic fields per well at a magnification of
%100, and the extent of invasion was: expressed as the
average nurmber of cells per mm?.

In Vitro Colony Formation Assay

Cells were suspended in a volume of 0.1 ml of DMEM-
10% FCS, and 500 cells were plated in culture dishes
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3
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Figure 3. Effect of NROBI expression on the resistance against topotecan and
the cell invasion activity. As Viability in the presence of various amount of
topotecan was compared. B: Matrigel invasion assay. Cells invading through
Matrigel are shown. Original magnification, X100. C: invading cell number
per mm? The values shown in (A) and (C) are the mean * SE of three
experiments. *P < 0.01 by the Student's ftest.

with 1 mi of methylcellulose-containing DMEM supple-
mented with 15% FCS. The number of colonies was
counted on day14.

Mice and Xenograft Transplantation

Six-to 8-week-old female NOD/SCID mice were purchased
from Charles River Laboratories Japan (Kanagawa, Japan)
and kept under specific pathogen-free conditions. Before
xenotransplantation, the mice were deeply anesthetized. Al
animal experiments were performed according to the
guideline of Osaka University Animal Center, and approved
by the institutional review board of committee of animal
experiments (No. 753). For xenograft transplantation, cells
(1 X 10%) were suspended in 0.2 mi of Matrigel (BD Bio-
sciences), and were injected subcutaneously into NOD/
'SCID mice. The tumor volume was estimated using the
following formula: (width)® X (length)/2 according to the
report by Meyer-Siegler et al 4

In Vitro Methylation

The luciferase construct that contained promoter region
of NROB1 starting from nt —4743% was incubated with

Sssi methylase (New England Biolabs, Beverly, MA) in
the presence (methylated) or absence {mock) of S-ad-
enosylmethionine, as recommended by the manufac-
turer. After DNA isolation, 1 ug of the methylated or mock
luciferase construct was transiently transfected into
A549; together with 0.2 ug of the phRL-TK containing
Renilla luciferase gene (Promega, Madison, WI) using
Transfast transfection reagent (Promega). Forty-eight
hours after transfection, the luciferase activity was mea-
sured by Dual Luciferase Reporter Assay Kit (Promega).

Bisulfite Modification and DNA Sequencing
Analysis

One ug of genomic DNA was modified with sodium bisul-
fite using EpiTect Bisulfite Kit (Qiagen); and used for PCR
as a template. The PCR reaction mixture contained 1 ul of
DNA in a total volume of 25 ul, 2.5 ul of 10X PCR buffer
H, & umol/L MgCl,, 250 pmol/L deoxynucieoside triphos-
phate, 1 umol/L of each primer, and 1.25units Tag gold.
The PCR buffer 1I, MgCl,, and Taq gold are parts of the
AmpliTaq Gold with Gene Amp kit (Applied Biosystems).
Sequence of the primers was as follows; 5'-AGGAAAGT-
GTTTAGGAGTTTTT and 5'-CCTAAAACCTATTTATAC-
CT. The PCR was done at 95°C for 10 minutes, followed
by 40 cycles at 95°C for 1 minute, 51°C for 1 minute, and
72°C for 1 minute. In this condition, equal number of
clones was obtained for samples with methylated and
unmethylated NROB1 promoter when equal amount of
clone was mixed. Ampiified PCR fragments were purified
with QlAquick gel extraction kit (Qiagen), and was sub-
cloned into pGEM-T Easy vector (Promega). The se-
quences of the amplified fragments were analyzed using
an ABI 3100 sequencer (Applied Biosystems).

Patients

A total of 193 patients who underwent surgery for lung
adenocarcinoma at Osaka University Hospital during the
period from January 1993 to January 2004 were exam-
ined. The histological stage was determined according
to.the sixth edition of the Union International Contre le
Cancer—TNM staging system.®® Histological speci-
mens were fixed in 10% formalin and routinely pro-
cessed for paraffin embedding. Paraffin-embedded
specimens were stored in the dark roomi in the Depart-
ment of Pathology of Osaka University Hospital at room
temperature, and were sectioned at 4 um thickness at the
time of staining. All patients were followed up with labo-
ratory ‘examinations including routine peripheral blood
cell counts at 1- to 6-month intervals, chest roentgeno-
gram, computed tomographic scan of the chest, and
endoscopic examinations of the bronchus at 6- to 12-
month intervals. The follow-up period for survivors ranged
from 5 to 150 (median, 61) months. The mRNA and
genomic DNA were obtained from several tumor sam-
ples, and stocked in —80°C. The study was approved by
the ethical review board of Graduate School of Medicine,
Osaka University (No. 737).
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biotin-peroxidase complex method. After antigen
retrieval with Pascal pressurized heating chamber
(DAKO A/S, Glostrup, Denmark), the sections were
incubated with anti-NROB1 (Abcam; 1:100). As the
negative control, staining was performed in the ab-
sence of primary antibody. Immunohistochemically
stained sections were evaluated independently by two
investigators (T. O. and E. M.): the results were com-
pared and discussed for patients with discrepant
findings.
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Figure 6. Expression of apoptosis- and invasion-related genes in NROB1-
knocked down A349 celis. A: Semiquantitative RT-PCR. B: Real-time
quantitative RT-PCR 1o examine the expression level of Bcl-2 and MMP-2.
The value is shown as the mean ® SE. *P < 0.01 by the Student's ~test.
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Statistics

Statistical analysis for experimental studies was per-
formed using Student’s t-tests. The values are shown as
the mean * SE of at least three experiments. Statistical
analysis for clinical samples was performed using Stat-
View software (SAS institute Inc., Cary, NC). Five-year
overall survival (OS) and disease-free survival (DFS) were
Calculated by the Kaplan-Meier method, and the differ-
ences.in survival curves were analyzed by the log-lank
test. Independent prognostic factors were analyzed by
the Cox’s:proportional hazards regression model.

Restults

High Expression Level of NROB1 in SP of A549
Cells and Effects of its Knocked-Down by
si-RNA

To examine whether expression level of NROB1 was higher
in SP than in MP, -A549 cells were stained with Hoechst-
33342, and the SP and MP were independently sorted
(Figure 1A). The expression level of NROB1 was approxi-
mately three times higher.in.the SP.than in.the MP (Figure
1B). The expression level of NROB1 was reduced by
si-RNA, but did not significantly affect the proliferative ac-
tivity and the proportion of SP among A549 cells (Figure 2,
A-D). Whereas, the anti-cancer effect of topotecan, which is
a topoisomerase | inhibitor and induces apoptosis in tumor
cells, was stronger in knocked down cells than in control
celis at the concentration of 37.5 and 75 umol/L (Figure 3A).
In Matrigel invasion assay, the number of invading celis in
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Figure 8. Inverse correlation of NROB1 expression level to the proportion of
methylated CpG sequences in clinical samples of lung adenocarcinoma. A:
Quantitative real-time RT-PCR was performed with mRNA obuined from
tumors. The amount of NROBL mRNA.was. normalized for the amount of
GAPDH mRNA. The highest. four and.the. lowest four cases were shown
(cases 1 1o 4, and cases 5 to §, respectively). B Methylation status of CpG
sequences in NROBI promoter. Six clones foreach population were analyzed
by bisulfite sequencing. Open and closed squares denote unmethylated and
methylated cytosines, respecively. C: Methylation status of CpG sequences
in NROB1 promoter of normal lung tissue from two cases.

knocked-down cells- was lower than that of the control cells,
indicating that the knocked-down expression of NROB1 re-
sulted in a defect of invasive ability (Figure 3, B and C).

Effect of NROB1 on Colony Formation and
Tumorigenic Abilities

The in vitro colony formiation and in vivo tumorigenic activities
of NROB1 knocked-down cells wefe evaluated. As com-
pared with the control cells, NROB1 knocked-down cells
formed lower number of colonies in vitro (Figure 4, A and B).
When 1 x 10 cells were injected into NOD/SCID mice, the
size of tumors derived from NROB1 knocked-down cells
was significantly smaller than that of control cells (Figure 4,
C and D). The tumor derived from either control or knocked-
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Figure 9. NROB1 expression in clinical samples of lung adenocarcinoma, A—E: Representative pictures of NROB1 immunostaining in various cases. (X400) NROB1
signals were detected in the nuclei of approximately 90% (A), 70% (B), 30% (C) of umor cells. In some cases, the signals were detected not only in the nucleus
but also in the cytoplasm (D). In other cases, few NROB1-positive tumor cells were detected (E, <1%). F: Quantitative real-time RT-PCR was performed with mRNA
obtained from 11 tumors as described in Figure 8A. The amount of NROB1 mRNA was normalized for the amount of GAPDH mRNA. The amount of NROBL mRNA
was higher in immunohistochemically defined NROB1-hi cases than in NROB1-lo cases. The bar shows mean value of NROB1 amount.

down cells histologically showed glandular structures, mim-
icking lung adenocarcinoma (Figure 4E).

Effect of NROB1 in Another Lung Cancer Cell
Line

To examine the effect of NROB1 observed in Ab49 was
applicable to another lung adenocarcinoma cell ling, the

Table 1. Brief Summary of 193 Patients with Pulmonary
Adenocarcinoma

No. of patients

Sex

Male 107

Female 86
T Category

1 130

2 45

3 13

4 5
N Category

NO 160

N1 6

N2 24

N3 3
Stage

| 145

] 18

Hl 30
Recurrence

Yes 53

No 140
Prognosis

Dead 37

Alive (with recurrence) 12

Alive {(with no recurrence) 144

NROB1 expression was knocked down in PC-14 (Figure
5A). Matrige! invasion assay revealed that the number of
invading cells at NROB1-knocked down condition reduced
to half of the control cells (Figure 5, B and C). The anti-
cancer effect of topotecan was stronger in knocked down
cells than in control cells (Figure 5D). In addition, the in
vitro-formed colony number derived from knocked down
cells was smaller than that of controf cells (Figure 5E).

Decreased Expression Level of Apoptosis- and
Invasion-Related Genes in NROB1 Knocked-
Down Cells

To examine why the colony formation and invasion abili-
ties were defective in NROB1-knocked down cells, the
expression level of apoptosis- and invasion-reiated
genes (Bcl-2, Bax, Bel-X 5. MMP-2, uPA, uPA receptor,
TIMP-1, and TIMP-2) was analyzed. Among the examined
genes, Bcl-2 and MMP-2 expression levels were lower in
knocked-down cells than in controf cells (Figure 6A).
Real-time quantitative RT-PCR revealed that the amount
of Bol-2 and MMP-2 mRNAs in knocked down cells de-
creased to half of control cells (Figure 6B).

Epigenetic Regulation of NROB1 Expression

A number of CpG sequences were found around the
transcription initiation site of NROB1 gene (Figure 7A),
suggesting that the transcription of NROB1 gene might be
epigenetically regulated. To examine this, the luciferase
construct containing NROB1 promoter was methylated in
vitro using Sss! methylase, and the methylated or mock-



