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Figure 5. Entire flow of the operational components of Mass Spectrometric Biomarker Assays (MSBA).

The MSBA builds on a pre-defined Muitiplex Biomarker list,
which is stored within the MSBA database. Each marker entity
has the values of masses and the relative retention time index
with tolerance parameters. In running a patient sample, the
predefined biomarker list is scanned to pick up patient sample
signals that match with one of the predefined biomarker signals
by satisfying the tolerance criteria (in general £1 for m/z value
and +2% for relative retention time index). The selected
candidate signals are further confirmed using the product ion
spectrum. That is, the product ion spectrum is represented as
a vector by binning (grouping) the m/z ratio values. Using the
cosine correlation between the sample vectors and the refer-
ence vectors, we can confirm whether the selected candidate
signals are truly assigned as target biomarkers. (A standard
threshold value of the cosine correlation is 0.8.)

The process steps within the MSBA cycle are outlined in
Figure 5. The calculation of the final multiplex biomarker assay
read-out from all of the individual markers can be performed
by a varicty of applications, as discussed in morc dctail in the
Principled Statistical Modcling Approach section. Figures 6A
and B illustrate onc approach, calculating a distance scorc
which indicates to what extent a measured sample is distant
from the case or control template in terms of predefined
multiplex biomarkers.
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If the ratio of Scise and Seonwo €xceeds an MSBA threshold
parameler, then the test sample is predicied (o be a palient
susceptible to develop 1LD (ILD case); if not, the test sample is
predicted to be a non-susceptible patient (control). We are
currently evaluating the MSBA approach in practice.

A Principled Statistical Modeling Approach

We have described an analytical approach based on pro-
teomic data, with various novel developments. However, ad-
ditional insight is needed to further improve madel discrimi-
nation and to broaden the focus from the proteomic data (o
the ultimate goal of prediction using combinations of data.
Statistical analysis can be used to provide further refinement
by combining information from the full clinical and laboratory
datasets.

An advantage of a multiple biomarker approach (e.g., pro-
teomics) compared with standard single biomarker develop-
ment is the capability to combine information from many
dilferent entities. An example is illustrated in Figure 7A.
Considering each biomarker alone fails to separate the two
groups of subjects, as there is considerable overlap for both
biomarkers. Use of two biomarkers in combination completely
separates the two groups.

We can also use clinical variables to advantage in the analysis
of the peptide patterns. For example, the efficacy of gelitinib
appears to be greater in non-smokers, women, patients of Asian
origin, and patients with adenocarcinomas? Tigure 7B il-
lustrates how, instead of two protein biomarkers, the combina-
tion of clinical data (c.g., age) and a proteomic biomarker is
able to separate two groups.

On this basis, we propose using a principled statistical
analysis approach to first explore and understand the data and
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Figure 6. (A) Peptide signal comparison that MSBA (Mass
Spectrometric Biomarker Assays) performs of the generated ions
from the sample. The comparison is made both with the pattern
of the controls and with the pattern of the case group for the
corresponding signals. (B) lllustration of the regression model
application of the MSBA where control templates and case
templates are compared to that of the sample template generated
in the analysis process.

then (o model it and understand the quality ol any models
produced. A first step is to perform exploratory data analysis
(EDA), lor example using principal components analysis (PCA),
to understand the major sources of data variation and the
covariation between clinical parameters and protein intensity
measures. The next step is univariate modeling for each protein
marker individually, for example using analysis of covariance
(ANCOVA), and an assessment of the effect of clinical param-
eters across the whole set of protein biomarkers using, for
cxample, the False Discovery Rate as a tool.”™ This provides an
understanding of key clinical variables and sources of variation
within the data. ‘

The next step is to perform multivariate predictive modeling
using the proteins and clinical variables identified as being
potentially important. There are a number of mathematical
methods described in the literature tor performing supervised
classification, for example Support Vector Machines,” Random
Forests,” PAM,™ all of which have been successlully applied
to high dimensional genomics data.”™ It remains an important
unanswered question which modeling approach, or combina-
tion of modeling approaches, will generate the most predictive
and robust models for data generated using this technology
within a prospective study of this design.
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Finally, to confirm that we have a practical prediction, the
predictive power of a mode! must be assessed on a different
sct of patients from that uscd to gencrate the model. There
are a number of approaches for external validation given a
limited size datasel, lor example the sequential approach of
building a model based upon currently available data and
testing on data from new patients when they become available,
or withholding an arbitrary selection of subjects from the
modeling as a test set and testing the model on these subjects.
Internal validation approaches such as cross-validation or
related bootstrapping methods may also be useful (0 assess
the model selection procedure, but tend to overestimate the
performance of a specific predictive model in subsequent
external validation.®8! The key properties to consider when
sclecting an assessment method are to ensure that it will
provide both precise and unbiased information regarding the
prediction error rate of the potential model to be tested for
clinical use. As well as assessing an overall predictive rate, it is
also useful to separately assess the predictive rate for both the
cases and controls and to consider the relative costs of making
these false predictions within a clinical sctting. Finally, the
prevalence of the condition in question (here ILD) is also a
critical factor in estimating what proportion of people predicted
to be at risk are truly at risk, and this should also be borne in
mind when cvaluating a model for potential clinical use. The
recently published FDA concept paper on drug-diagnostic co-
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Figure 7. (A) Hypothetical example of the combined disease-
linkage effect of two protein biomarkers. (Stars signify affected
case individuals, circles non-affected control individuals). (B)
Hypothetical example of the combined disease-linkage effect of
a biomarker and a clinical variable. (Stars signify affected case
individuals, circles non-affected contro! individuals).



Personalized Medicine and Proteomics—Lessons from NSCLC

perspectives

L PROTEIN BioBuid Profiling Process |

‘@ . e Sample preparation \

Liquid Ma1e
Separation

MSMS

l MS and

TATTIT AT T

AT P g
T

End-user web
browser

ﬁ'.i’fm

Proteinpeptide
sequence & structure
mass annotation

<

Clustering & PCA Statistical analysis

Figure 8. Illustration of the bioinformatics and data processing structure within which MSBA (Mass Spectrometric Biomarker Assays)

data are captured, modified and analyzed.

development discusses many of the issues around validating
predictive biomarkers.®?

Finally, it is preferable to be able to assign a biological
rationale (o the biomarkers. Conlidence in the reliability of a
biomarker is greatly enhanced if we can correctly under-
stand how it relates to the mechanism and progression of the
disease of interest. Figure 8 illustrates a bioinformatics and
data processing structure that we have developed 1o allow us
to both conduct interactive exploratory and statistical analyscs,
and also investigate the disease and pathway linkage of
discovered biomarker proteins through direct access to refer-
ence databases.

Future Perspectives

Within this paper we have discussed many of the issucs that
need to considered in developing a personalized medicine
approach. A key starting point is that rigorous steps are taken
to ensure accurate diagnosis and the careful gathering of both
clinical and proteomic data to facilitate the search for peptide
patterns.

There are many challenges in performing protein analysis
in blood, but mass spectrometry equipment and methods can
now be used to generate peptide data with high sensitivity, high
scanning speed, and improved quantification. Data handling
and processing techniques for steps such as peak alignment
and the subsequent methodologies for statistical modeling and
analysis are now far enough developed to generate high quality
data and robustly analyze these data with confidence.

We have provided details ol the MSBA method that can be
used to easily translate protein intensities into a practical
multiplex assay which can be exploited in the clinic without
the need to develop anti-bodies for ELISA. We have also
described how an expanded statistical analysis can be used to
allow for the individual variance of protein expression (o cnable
us to focus on the proteomic patterns that are actually related
to ILD. Finally, we have emphasized the importance of validat-

ing the predictive power of a biomarker tool in a way that
reflects the real-life setting of intended clinical use.
Hopelully, this combination ol developments over a range
of different areas brings us one step closer to a practical
personalized medicine.
IRESSA is a trademark of the AstraZeneca group of
companies.
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addition of anti-av@3 integrin antibody. Taken together, these results suggest that OPN plays a
crucial role for tumor growth and angiogenesis of human lung cancer cells in vivo by interacting
with avp3 integrin. Targeting the interaction between OPN and avp3 integrin could be effective
for future development of anti-angiogenic therapeutic agents for patients with lung cancer.

© 2007 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Lung cancer is one of the most frequently diagnosed solid
tumors in the world, and is the leading cause of cancer-
related deaths in Japan [1]. Despite advancement and
improvements in surgical and medical treatments, the prog-
nosis of lung cancer patients remains extremely poor [2].
These facts indicate how important it is to identify novel
target molecules for the development of new anticancer
therapies for human tung cancer.

Tumor growth and metastasis depend on blood supply
and vessel formation. Therefore, anti-angiogenic therapy
appears to be an attractive and rational approach for
the treatment of solid tumors including lung cancer [3,4].
One approach to anti-angiogenic therapy is to inhibit the
adhesive interactions required for tumor angiogenesis. The
migration and proliferation of vascular endothelial cells is
dependent on their adhesiveness to extracellular matrix
(ECM) proteins through a variety of cell adhesion receptor
including av@3 integrin [5,6}. Thus, the interaction between
ECM and avpB3 integrin may be a therapeutic target for lung
cancer patients.

Osteopontin (OPN) is a multifunctional phosphoprotein
that binds to av integrin at the arginine-glycine-asparatic
acid (RGD) motif of the central portion and exerts cell-
adhesion and migration activity [7,8]. OPN is one of the ECM
proteins produced by cancer cells, and is revealed to be
overexpressed in various human tumors including the lung,
breast, colon, ovary, and gastric cancers [9—14]. Previous
studies suggested that OPN may be involved in the angio-
genesis of cancer cells. For example, Senger et al. reported
that OPN promotes vascular endothelial cell migration via
av integrin in cooperation with vascular endothelial growth
factor (VEGF), suggesting that OPN may be involved in angio-
genesis [15]. Shijubo et al. demonstrated that coexpression
of OPN and VEGF is closely associated with angiogenesis and
poor prognosis in stage | lung adenocarcinoma [16]. Thus,
OPN is postulated to be related with tumor progression and
angiogenesis in various cancers.

Recently, much interest has been focused on OPN expres-
sion in human lung cancer. Donati et al. investigated on
the correlation between OPN expression in tumor tissues
and survival of 136 patients with stage | non-small cell tung
cancer (NSCLC), and indicated that OPN expression is a sig-
nificant unfavorable prognostic factor for survival among
patients with stage | NSCLC [17]. Hu et al. also reported that
OPN expression was associated with tumor growth, tumor
staging, and lymph node invasion of patients with NSCLC.
They further analyzed OPN levels in plasma, and suggest
that plasma OPN levels may serve as a biomarker for diagnos-
ing or monitoring patients with NSCLC [18]. These findings
from these clinical studies imply that OPN may be a thera-
peutic target and useful biomarker for human lung cancer.

However, the biological and functional role of OPN in lung
cancer animal model and therapeutic trials targeting OPN
and its receptor, avf3 integrin, have not yet been reported.

In this study, we first developed stable transfectants from
human small cell lung cancer (SCLC) cell line SBC-3 that
constitutively secrete mouse OPN. We demonstrated that
OPN transfected SBC-3 cells significantly increased in vivo
tumorigenecity and neovascularization in comparison with
the control cells in mice. In addition, we evaluated the
therapeutic efficacy of anti-mouse avf3 integrin antibody
(RMV-7) against OPN-overexpressing SBC-3 cells inoculated
mice. The biological significance of OPN in tumor growth and
angiogenesis of lung cancer and potential treatment using
RMV-7 antibody are also discussed.

2. Materials and methods

2.1. Cell lines and reagents

Human small cell lung cancer cell line, SBC-3 cells, was
kindly provided by Dr. I. Kimura (Okayama University,
Okayama), and cultured in RPMI1640 (Koujin Bio, Saitama,
Japan) medium containing 10% (v/v) fetal calf serum.
HUVEC were purchased from Clonetics (San Diego, CA) and
maintained with EGM-2 medium (Clonetics) on collagen-
coated plastic flasks. The anti-mouse av33 antibody (RMV-7)
was kindly provided by Prof. Okumura (Department of
Immunology, Juntendo University), and has been proven
to interfere with OPN-mediated cell migration, adhesion,
and proliferation [19,20]. Anti-human avp3 monoclonal
antibody (LM609) was purchased from Chemicon Interna-
tional (Australia). The monoclonal antibody against murine
CD31 was purchased from Pharmingen (San Diego,.CA). The
monoclonal antibody against murine OPN was purchased
from Immuno-Biological Laboratories (Gunma, Japan). The
polyclonal rabbit anti-single stranded DNA (ssDNA) was
purchased from Dakocytomation (Tokyo, Japan). TNP-470 (6-
O-(N-chloroacethyl-carbamoyl)-fumagillol), a semisynthetic
analog of fumagillin derived from Aspergillus fumigatus,
was kindly provided by Takeda Chemical Industries (Osaka,
Japan).

2.2. Transfection

5 x 10° SBC-3 cells were transfected with Lipofectamine
Reagent (Invitrogen) using 8 pg of purified murine OPN cDNA
cloned into the eukaryotic cDNA expression vector BMGneo
as previously described [21]. This plasmid was designated
as BMGneo-mOPN. Two days later, the cells were placed in
G418 sulfate (Geneticin; Invitrogen) at 1 mg/ml for selec-
tion. Four weeks after transfection, G418-resistant colonies
were expanded and isolated with limiting dilution. The
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resulting selected and isolated SBC-3 cells transfected with
BMGneo-mOPN and BMGneo were designated as SBC-3/0PN
and SBC-3/NEQ, respectively.

2.3. Detection of OPN and VEGF transcription by
RT-PCR '

Expression of OPN and VEGF mRNA were assessed by RT-
PCR. Total RNAs were extracted from cultured cell lines
with TRIzol reagent (Invitrogen). The primers for the RT-
PCR were: OPN sense primer (5-AGTCGACATGAGATT-
GGCAGTGATTTGC-3'), OPN anti-sense primer (5-ACTCG-
AGGCCTCTTCTTTAGTTGACCTC-3'), VEGF sense primer
(5-TGCACCCATGGCAGAAGGAGG-3'), and VEGF anti-sense
primer (5'-TCACCGCCTCGGCTTGTCACA-3’). RT-PCR was
conducted using a Gene Amp RNA PCR kit (Applied Biosys-
tems, Branchburg, NJ) according to the manufacture’s
instructions.

2.4. Determination of OPN protein secretion by
ELISA

5 x 10°SBC-3/0PN transfectants were cultured in 6-well
plates with 2% FCS in RPMI 1640 medium overnight, fol-
lowed by incubation in 3ml serum free medium for an
additional 24 h. Secreted murine OPN protein level in culture
supernatant was measured with the commercial ELISA kit
(Immuno-Biological Laboratories, Gunma, Japan) according
to the manufacturer’s instruction. :

2.5. Western blot analysis

Conditioned medium from SBC-3/0PN and SBC-3/NEO cells
were subjected to western blot analysis. Samples were
separated on 10% acrylamide gels and transferred to a
nitrocellulose filter with electroblotting at 4°C. The filters
were blocked in phosphate-buffered saline (PBS) contain-
ing 10% dry milk, washed in PBS containing 1% dry milk
and 0.5% Tween-20, and then incubated with polyclonal
rabbit anti-mouse OPN antibody (Immuno-Biological Labora-
tories, Gunma, Japan) at room temperature for t h. Filters
were again washed and then incubated with horseradish-
peroxidase-conjugated anti-rabbit antibody (Amersham
Pharmacia Biotech) for 1h. Filters were then washed with
TBST (150mM NaCl, 10mM Tris, pH 8.0, 0.05% Tween-20),
and specific proteins were detected using the enhanced
chemiluminescence system (Amersham Pharmacia Biotech).

2.6. Invitro cell growth rates

SBC-3/NEO and SBC-3/0PN were placed onto 96-well plates
at 2 x 10° cells/well in triplicate. At designated time points,
the number of cells were quantified using a colormetric MTT
assay as described previously {22].

2.7. In vitro cell migration assay

SBC-3/0PN and SBC-3/NEO were transfered to 6-well cul-
ture plates at 5 x 10° cells/well and incubated with 2% FCS in
RPMI 1640 medium overnight. The cells were washed in PBS,

and 3ml of serum free medium were added to each well.
After 24h, 3ml of conditioned serum-free medium were
collected and subjected to in vitro cell migration assay. In
vitro cell migration was performed using a cell culture insert
with 8 um micropore membrane (Falcon; Becton Dickinson,
Franklin Lake, NJ) as previously described [21]. Briefly, the
suspension of HUVEC (5 x 10% cells/200 .l in RPMI 1640 con-
taining 0.1% BSA) was added to the upper chamber and
the collected medium was added to the lower chamber. In
order to confirm cell migration mediated by OPN, we con-
ducted additional experiments by treating the cells with
GRGDS peptide (Sigma) at the concentration of 100 M or
anti-human ovf33 antibody at the concentration of 10 pg/mt.
After incubation at 37°C for 8 h, the filters were fixed with
10% formalin, and stained with crystal violet. The cells on
the upper surface of the filters were removed by swab-
bing with a cotton swab, and the cells that had migrated
to the lower surface were counted under a microscope at
the magnification of 200x. All assays were performed in
triplicate and at least three independent experiments were
perfaormed.

2.8. Soft agar colony formation assay

Six-well culture plates were covered with a layer of 0.5%
agar in RPMI 1640 medium containing 20% (v/v) fetal calf
serum to prevent the attachment of the cells to plastic
substratum. Cell suspensions (5 x 10° cells/well) of the SBC-
3/0PN or SBC-3/NEQ cells were prepared with 0.3% agar and
poured into 6-well plates. After 2 weeks of incubation at
37°C, the colonies containing at least 50 cells were counted.
All assays were performed in triplicate.

2.9. Mice

Female athymic BALB/c nude mice, 6—7 weeks old, were
purchased from Charlsriver Co., Ltd. (Tokyo, Japan) and
maintained in our animal facilities under specific pathogen-
free conditions. All animal experiments were performed
according to the Guidelines on Animal Experimentation as
established by Juntendo University, School of Medicine.

2.10. In vivo tumorigenicity

SBC-3/0PN and SBC-3/NEO cells were harvested from the
culture flask with 0.05% Trypsin-EDTA (Invitrogen), washed
three times, resuspended in PBS. Cell viability was deter-
mined by trypan blue dye exclusion test and cells were
inoculated subcutaneously (s.c.) into the left flank of
nude mice (1 x 107 cells/mouse). To investigate whether
tumor growth is mediated by the interaction between
OPN and its receptor, the RMV-7 antibody was adminis-
tered to SBC-3/0PN or SBC-3/NEQ inoculated mice. Briefly,
RMV-7 (200 ug/mouse) and control isotype-matched IgG
(200 p.g/mouse) were administered intraperitoneally from
day 3 after inoculation three times a week for 3 weeks.
TNP-470 (30mg/kg) was also administered subcutaneously
from day 7 twice a week for 3 weeks to reveal the involve-
ment of angiogenesis in in vivo tumor growth. Tumor growth
was measured with a digital caliper in two perpendicular
diameters every week. Tumor volumes were calculated from
the length (a) and width (b) by using the following formula:
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volume (mm?3)=ab?/2. Each group consisted of 10 mice. All
experiments were performed twice. '

2.11. Immunohistochemical staining

Histological sections were obtained from SBC-3/0PN and
SBC-3/NEO tumor tissues resected from mice. After resec-
tion, tumor tissues were immediately embedded and frozen
in Tissue-Tek OCD compound (Miles Laboratories, Elkhart,
TN), and sections were cut at 4 um thickness. Immunohisto-
chemical staining for murine OPN and CD31 was performed
as previously described {23]. To quantify apoptotic cell
number in the tumor, we performed immunohistochem-
ical staining for ssDNA. Briefly, the sections were fixed
with 4% paraformaldehyde (PFA) and then incubated at
4°C overnight with rabbit anti-ssDNA antibody diluted to
1:400. Specific binding was detected through avidin-biotin
peroxidase complex formation with biotin conjugated goat
anti-rabbit 1gG (Vectastain ABC kit, Vector, Burlingame,
CA) and diaminobendizine (DAB) (Sigma, St. Louis, Ml) as
the substrate. Staining was absent when isotype-matched
immunoglobulin was used as the control.

2.12. HUVEC proliferation assay

A 96-well flat bottom plastic assay plate (Corning, NY) was
coated with recombinant mouse OPN (RD systems, Inc.,
CA; 10 pg/ml), polylysine (100 wg/ml) or BSA (10mg/ml) in
PBS and incubated overnight at 4°C. The plate was washed
with PBS and non-specific adhesion sites were blocked with
1% BSA in PBS for 1h at 37°C. After washing the wells
with PBS, 5 x 10° cells in 100wl of EGM-2 medium diluted
with OPTI-MEM (Invitrogen) to 1/5 were seeded to each
well. For some experiments, the HUVEC suspensions were
pretreated with GRGDS peptide at the concentration of
100 uM or anti-human av@3 antibody at the concentration
of 10ug/ml for 1h at 37°C. Then after 48h incubation,
10! of 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyt)-5-
(2,4-disulfophenyl)-2H-tetrazolium monosodium salt (WST-
8, Dojindo, Kumamoto, Japan) was added to each well. The
plate was further incubated at 37 °C for 6 h for color develop-
ment. Absorbance was measured at 450nm on a microplate
reader with microplate manager (Bio-Rad, Richmond, CA).
All experiments were performed in triplicate.

2.13. Statistics

Statistical analysis was performed with analysis of vari-
ance (ANOVA). All data are presented as mean = standard
deviation. Differences between means were considered sta-
tistically significant at P<0.05.

3. Results

3.1. Generation of stable transfectants that
secretes murine OPN

BMGneo-mOPN or BMGneo were transfected into SBC-3
cells. Two OPN transfected SBC-3 clones (SBC-3/0PN#5 and
SBC-3/0PN#6) and two control clones (SBC-3/NEO#1 and
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Fig. 1 (A) Expression of OPN and VEGF mRNA determined with

RT-PCR analysis. Total RNAs were extracted from each clone
and 1 pg of RNAs were subjected to RT-PCR analysis for OPN.
(top panel), VEGF (middle panel) and B-actin (bottom panel)
expression. (B) Western blot analysis of secreted mouse OPN
protein. Conditioned mediums from SBC-3/0PN and SBC-3/NEO
clones were subjected to western blot analysis using polyclonal
antibody against OPN. The arrow indicates the expression of
OPN, and molecular standards are shown on the left in KD.
(C) Secretion of OPN protein from SBC-3/0PN and SBC-3/NEO
cells. Conditioned medium from each clones were collected and
subjected to ELISA analysis. Note that the clone SBC-3/0PN#5
secreted the highest level of OPN protein into the culture
medium. "P<0.05 vs. SBC-3/NEO#1 and SBC-3/NEQ#3.

SBC-3/NEQO#3) were constructed. To verify the expression
of OPN and VEGF mRNA in transfectants, we conducted RT-
PCR for OPN and VEGF, respectively. As shown in Fig. 1A,
high levels of OPN mRNA expression were detected in the
SBC-3/0PN cells, while there were no detectable expres-
sion levels observed in the SBC-3/NEO cells. For VEGF mRNA,
there was no difference in the level of expression between
SBC-3/0PN and SBC-3/NEO cells. Thus, transfection with
OPN gene into SBC-3 cells does not affect the expression
of other angiogenic inducers like VEGF mRNA. Secreted OPN
protein from transfectants was confirmed with both western
blot analysis and ELISA kit (Fig. 1B and C). OPN-transfected
clones secreted significant amounts of OPN, while controt
clones did not. The clone SBC-3/0PN#5 secreted the high-
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est level of OPN protein into the cutture medium. Therefore,
we utilized this clone in the subsequential experiments.

3.2. In vitro cell growth rate of stable
OPN-transfectant :

Cells were seeded onto 96-well plates and the number of
cells was quantified at specific time intervals with MTT assay.
Cultured SBC-3/0PN and SBC-3/NEO cells displayed similar
in vitro growth rates (data not shown).

3.3. Biological activity of OPN protein secreted
from the transfectant

Since endothelial cell migration is essential for tumor
angiogenesis, we conducted migration assay using HUVEC.
Conditioned medium from SBC-3/0PN cells significantly
stimulated HUVEC migration as compared with conditioned
medium from SBC-3/NEO cells. Moreover, HUVEC migration
toward the culture medium of SBC-3/0PN cells was almost
completely suppressed with the addition of GRGDS peptide
and anti-human av@3 antibody (Fig. 2). These results sug-
gest that OPN secreted from SBC-3/0PN is actually biological
active and stimulates HUVEC migration by interacting with
av@3 integrin.

3.4. Effect of OPN transfection on colony
formation

We evaluated whether transfection with OPN gene affects
colony formation of SBC-3 cells in vitro with soft agar colony
formation assay. As shown in Fig. 2B, there was no significant
difference in the number of colonies between SBC-3/0PN
and SBC-3/NEQ cells. Thus, colony formation of SBC-3 cells
in vitro was not affected by transfection with the OPN gene.

3.5. In vivo tumorigenecity of OPN transfectant

To investigate whether OPN has any role in tumor growth
in vivo, SBC-3/0PN#5 clone and SBC-3/NEO#1 clone were
injected subcutaneously into the left flank of the nude mice.
As shown in Fig. 3 A and B, in contrast to the absence of any
significant changes in in vitro cell growth, the in vivo growth
rate of SBC-3/0PN#5 was significantly faster than that of
the SBC-3/NEO#1 cells. We also tested in vivo tumor growth
of the other SBC-3/0PN clone, SBC-3/0PN#6, to confirm its
enhanced in vivo tumorigenecity. As expected, SBC-3/0PN#6
demonstrated enhanced in vivo tumor growth compared to
SBC-3/NEO#1 (data not shown).

3.6. Expression of OPN protein in SBC-3/0PN and
SBC-3/NEO tumors

To investigate whether enhanced tumor growth of SBC-
3/0PN clones in vivo was mediated by secreted OPN,
immunohistochemical staining for OPN was conducted. The
OPN-positive cell number was significantly greater in the
SBC-3/0PN induced tumor in comparison with that of the
SBC-3/NEO tumor (Fig. 3C). These results suggest that

A
A) 16 v .
14 p
E
2 n2p
£
g0}
% 8 p *h
E *k
E [
) ‘ -
: ‘4 j
& >
0 N . A A
3 &
S N & §
S &S &£ &
2
) f
(41 <
& &
N.S.
(B) -
I 1
160 p
¢ 140
'_§_ 120
S 100
S 80
g o0
E w
Z 2
(]
SBC-3/OPN=5 SBC-3/NEO=1
Fig. 2  (A) Migration of HUVEC toward conditioned medium

from OPN-transfected cells. Cells were placed in the upper
chamber and culture medium from SBC-3/NEO and SBC-3/0PN
were added to the lower chamber. After 8 h incubation, cells
that migrated through the porous filter were counted at x200
magnification. Enhanced migration of HUVEC toward the cul-
ture medium from SBC-3/0OPN was abrogated with the addition
of either GRGDS peptide (100 M) or anti-human av@3 anti-
body (10 pg/ml) to the upper chambers. Data are presented as
mean £S.D. "P<0.0001 vs. 1% BSA and SBC-3/NEQ; “P<0.001
vs. SBC-3/0PN. (B) Soft-agar colony formation by SBC-3/0PN
and SBC-3/NEO cells. Cells were seeded at an initial density of
5 % 10° cells into 6-well culture plates in triplicate in 0.3% agar.
Cotonies containing at least 50 cells were scored after 2 weeks
of growth. Total colony per well were counted and presented as
the mean £ S.D.

secreted OPN from SBC-3/0PN transfectants enhanced in
vivo tumorigenesis.

3.7. Effect of OPN transfection on tumor
angiogenesis

To investigate whether transfection with OPN gene results
in increased tumor angiogenesis in vivo, we performed
immunohistochemistry for CD31 and counted the microves-
sels in the SBC-3/0PN#5 and SBC-3/NEO#1 induced tumors
of the nude mice. As shown in Fig. 4A, the number of CD31-
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Fig. 3 Effect of OPN gene transfer into SBC-3 cells on tumor
growth in mice. The SBC-3/0PN#5 and SBC-3/NEO#1 cells were
inoculated s.c. into the left flanks of nude mice. (A) Represen-
tative photographs of the tumors at day 35 after inoculation
with either the SBC-3/0PN#5 cells or the SBC-3/NEO#1 cells.
(B) Tumors were measured with a digital caliper in two per-
pendicular diameters every week. The tumor volumes were
calculated as described in Section 2. Each group consisted of
10 mice. "P<0.05 vs. SBC-3/NEO#1. (C) Representative sections
of OPN expression in tumors derived from SBC-3/0PN and SBC-
3/NEQ. Cryostat sections of tumors developing in nude mice
were stained with anti-mouse OPN monoclonal antibody (origi-
nal magnification x400).

positive vascular endothelial cells was markedly increased
in the SBC-3/0PN#5 induced tumor compared to that of the
SBC-3/NEO#1 induced tumor. As shown in Fig. 4B, greater
than tenfold the number of microvessels was identified in
the SBC-3/0PN#5 induced tumor compared with the SBC-
3/NEO#1 induced tumor. These results strongly imply that
OPN upregulates tumor angiogenesis of SBC-3 cells in mice.

3.8. Effecf of OPN transfection on tumor cell
apoptosis

We evaluated whether transfection with OPN gene affects
tumor cell apoptosis of SBC-3 cells in vivo with immunohisto-
chemical staining for ssSDNA. As shown in Fig. 4C, the number
of apoptotic cells in the SBC-3/0PN induced tumor was not
significantly different from that of the SBC-3/NEO induced
tumor. These results suggest the apoptosis of SBC-3 cells in
vivo was not affected by transfection with the OPN gene.
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Fig. 4 (A and B) Vascularization of tumors derived from SBC-

3/0PN#5 and SBC-3/NEO#1 cells. Cryostat sections of tumors
developing in nude mice were stained with anti-CD31 mon-
oclonal antibody. (A) Representative sections were depicted
(x200). (B) Quantification of microvessel density in tumors. The
number of CD31-positive microvessels in five fields of tumors
that demonstrated the highest vascularity was counted at x200
and presented as mean+5.D. "'P<0.001 vs. SBC-3/NEO#1. (C)
Quantification of ss DNA staining in SBC-3/0PN and SBC-3/NEO
cells developed in nude mice. The number of ss DNA positive
cells in SBC-3/0PN#5 tumor was not significantly different from
that of SBC-3/NEO#1 tumor.

3.9. Effect of OPN on in vitro HUVEC proliferation

The endothelial celt proliferation is essential for tumor
angiogenesis. Therefore, we perfarmed HUVEC proliferation
assay using recombinant mouse OPN protein. As shown in
Fig. 5, immobilized OPN significantly stimulated HUVEC pro-
liferation compared with immobilized polylysine and BSA.
Interestingly, this enhanced HUVEC proliferation mediated
by immobilized OPN was significantly inhibited with the
addition of anti-human avB3 antibody or GRGDS peptide.
These results are consistent with our finding that migration
of HUVEC to OPN was mediated by av33 integrin as shown
in Fig. 2. Taken together, these findings imply the interac-
tion between OPN and avf33 integrins on vascular endothelial
cells may play an important role in tumor angiogenesis.
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Fig. 5 Inhibitory effect of anti-avB3 antibody or RGD peptide

on HUVEC proliferation mediated by OPN. (A—C) Representative
microphotographs were depicted (x100). (D) Immobilized OPN
significantly enhanced HUVEC proliferation and this enhance-
ment was markedly suppressed by treatment with anti-avg3
antibody or RGD peptide. Data are presented as mean=S.D.
'P<0.0001 vs. coated with BSA, sotuble (—); “P<0.001 vs.
coated with OPN, soluble (-).

3.10. Effect of RMV-7 antibody or TNP-470 on
growth of SBC-3/0PN tumor in vivo

Since the SBC-3/0PN#5 induced tumors revealed strong
neovascularization and tumor growth, the SBC-3/0PN#5
induced tumors were treated with RMV-7 or anti-angiogenic
agent, TNP-470, to investigate whether the accelerated
SBC-3/0PN#5 tumor growth in vivo was directly associ-
ated with neovascularization mediated by the interaction
between OPN and its receptor, av33 integrin. As shown
in Table 1, TNP-470 and RMV-7 administration significantly
reduced in vivo tumor growth against SBC-3/0PN#5 cells
with growth-inhibitory ratio (GIR) values (%) of 83.8% and
85.6%, respectively. In contrast to strong antitumor activity
against SBC-3/0PN tumor, RMV-7 did not reveal any anti-
tumor activity against the SBC-3/NEO tumor. These results
suggest that the abrogation of the interaction between OPN
and avp3 integrin could be an effective therapeutic modal-
ity in OPN-overexpressing lung cancer.

4. Discussion

OPN is a secreted multifunctional glycosylated phosphopro-
tein that is invotved in tumor progression and metastasis
through interaction with adhesion molecules such as inte-
grins avB3, avp5, and avp1, and CD44 variants in a RGD
sequence dependent or independent manner {24,25]. Angio-

Table 1  Antitumor activity of RMV-7 or TNP-470 against
SBC-3/0PN and SBC-3/NEO inoculated into nude mice

Cell line Agent Tumor volume (mm3) GIR (%)
SBC-3/0PN#5 TNP-470 (-) 506.9 +'246.28 83.8
TNP-470 (+)P 81.79 + 34.4
RMV-7 (-) 2272.45 £ 1126.73 85.6
RMV-7 (+)2 326.35 + 157.18"
SBC-3/NEO#1 TNP-470 (=)  126.7 £ 27.98 271
’ TNP-470 (+)°  92.36 + 12.64
RMV-7 (=) 464.76 + 167.49 3.6
RMV-7 (+)2 448.17 + 177.68

Antitumor activity was evaluated in term of growth-inhibitory
ratio (GIR, %), defined as [1-(mean tumor volume of
treated/mean tumor volume of control)] x 100 at day 322 after
the first administration of RMV-7 or day 28 after the first
administration of TNP-470. Data are presented as mean +S.D.

" P<0.05 vs. TNP-470 (—).

“ P<0.05 vs. RMV-7 (—).

genesis plays a central role in the growth and metastasis of
various cancers. The endothelial cell migration is dependent
on their adhesive to extracellular matrix protein such as OPN
through a variety of cell adhesion receptor including avp3
integrins [26]. It has been reported that overexpression of
the avB3 integrin on tumor vasculature is associated with an
aggressive phenotype of several solid tumor types [27,28].
Recent clinical studies also revealed that OPN, a ligand for
avp3, overexpression is associated with tumor progression
and poor survival of patients with lung cancer [17,18].

In this study, we conducted in vivo tumorigenicity exper-
iments using human lung cancer cell line, SBC-3 cells, to
reveal whether interaction between OPN and its receptor
avp3 plays a key role in tumor growth mediated by angiogen-
esis. The SBC-3 cell line was originally established from bone
marrow aspirate of the 24-year-old male patient with small
cell lung cancer [29]. its subcutaneous implantability has
been approved by Fukumoto et al. [30]. OPN-overexpressing
SBC-3 celis significantly enhanced in vivo tumor growth com-
pared to the control cells. Interestingly, in vitro cell growth
rate and VEGF mRNA expression levels were similar among
these cells. In contrast, transfection of SBC-3 cells with OPN
gene significantly induced neovascularization in vivo. Apop-
tosis of SBC-3 cells in vivo and colony formation of SBC-3
cells in vitro were not affected by transfection with the
OPN gene. These results imply that promotion of the tumor
growth of SBC-3/0PN cells in vivo may be attributed to
the hypervascularization induced by secreted OPN. In fact,
recombinant human OPN protein enhanced HUVEC prolifer-
ation in vitro, and these effects of OPN were significantly
suppressed with the addition of anti-av@3 integrin mono-
clonal antibody or RGD peptide. These results suggest that
OPN is implicated in the process of angiogenesis by inter-
acting with the avp3 integrin. In addition, we performed in
vivo experiment to evaluate the metastatic effect of OPN.
The cell suspensions of SBC-3/0PN or SBC-3/NEO cells were
injected into a tateral tail vein of BALB/c nude mice. Unfor-
tunately, we did not observe metastatic colonies in lungs.
Although liver and kidney metastasis were observed, there



Role of osteopontin in lung cancer

309

was no significant difference in the number of metastatic
colonies in livers and kidneys between in SBC-3/0PN and
SBC-3/NEO injected mice (data not shown).

The sustained growth of solid tumors is dependent on
the vascular network, making tumor blood vessels a poten-
tial therapeutic target [3]. Since previous reports confirmed
that OPN plays an important role in tumar progression and
metastasis, various therapeutical trials targeting the inter-
action between OPN and its receptors have been proposed.
Thalmann et al. reported that anti-OPN antibody inhibits
the growth stimulatory effect of endogenous OPN for human
prostate carcinoma cells [31]. In addition, a murine anti-
human OPN antibody, which recognizes the RGD/thrombin
_ cleavage region, inhibits the adhesion of MDA-MB-435 breast
cancer cells to OPN [32]. Recent trials have used the siRNA
technique to knock down OPN mRNA expression. Shevde et
al. have demonstrated that suppression of OPN mRNA with
siRNA reduced tumorigenecity of MDA-MB-435 breast cancer
cells [33]. In addition, Wai et al. revealed that inhibition
of OPN mRNA reduced metastatic potential in murine colon
carcinoma cells [34]. Regarding anti-OPN receptor antibod-
ies, Brooks et al. have reported that monoclonal antibody
(LM609) against av@3 integrin induces apoptosis of the pro-
liferative angiogenic blood vessel cells and leads to tumor
regression in breast cancer [35]. However, there are no stud-
ies with regard to the therapeutic trials targeting OPN and
its receptor in lung cancer animal models.

In the present study, we evaluated therapeutic efficacy of
anti-avP3 integrin antibody (RMV-7) in OPN-overexpressing
human lung cancer cells inoculated mice model. Treatment
of mice with RMV-7 completely suppressed the in vivo tumor
growth of SBC-3/0PN with GIR value of 85.6%, while growth
rate of SBC-3/NEO in vivo was not attenuated by treatment
with RMV-7. In the same way, anti-angiogenic agent, TNP-
470, exhibited strong anti-tumor activity against SBC-3/0PN
tumor with GIR value of 83.8%. These results suggest that
interaction between OPN and «vp3 integrin plays a crucial
role for tumor growth induced by up-regulated angiogenesis
of human lung cancer cells in mice and anti-avB3 antibody
could be useful in anti-angiogenic treatment of human tung
cancer.

Phase | study using vitaxin (humanized monoclonal anti-
avp3 integrin antibody) has demonstrated its safety and
potential activity in some human cancers. This study
revealed that one patient demonstrated partial response
and seven patients exhibited stable disease course among
the 14 patients evaluated [36]. Recently, McNeel et al.
reported phase | trial of a monoclonal antibody specific for
avp3 integrin (MEDI-522) in patient with advanced multi-
ple malignancies including lung cancer [37]. In their study,
three patients with renal carcinoma demonstrated a pro-
longed and stable disease course among the 25 patients
investigated. However, none of the patients with lung cancer
revealed favorable therapeutic response. According to our
previous report, OPN is predominantly expressed in NSCLC,
but its expression level is variable [38]. In both phase | tri-
als, they did not mention the issue of OPN expression in
NSCLC. The reason why none of the patients with NSCLC
revealed any response to treatment with anti-avf3 anti-
body might have been due to the low expression of OPN in
NSCLC cells in these patients. In fact, administration of RMV-
7 antibody did not reduce in vivo tumor growth in SBC-3/NEO

cells inoculated mice in our study. These results suggest that
intratumoral OPN expression could be a surrogate marker in
the prediction of therapeutic response for treatment with
anti-avp3 integrin antibody in lung cancer.

Conclusively, our study revealed that OPN is involved
in tumor growth and angiogenesis of lung cancer by
up-regulating vascular endothelial cell migration and pro-
liferation via interacting with avB3 integrin. OPN and its
receptor could be effective target molecules in the future
for anti-angiogenic therapy of patients with lung cancer.
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Pertuzumab, a novel HER dimerization inhibitor,
inhibits the growth of human lung cancer cells
mediated by the HER3 signaling pathway
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A humanized anti-HER2 monoclonal antibody pertuzumab (Omnitarg,
2C4), binding to a different HER2 epitope than trastuzumab, is
known as an inhibitor of heterodimerization of the HER receptors.
Potent antitumor activity against HER2-expressing breast and
prostate cancer cell lines has been clarified, but this potential is not
clear against lung cancers. The authors investigated the in vitro anti-
tumor activity of pertuzumab against eight non-small cell lung
cancer cells expressing various members of the HER receptors. A
lung cancer 11_18 cell line expressed a large amount of HER2 and
HER3, and its cell growth was stimulated by an HER3 ligand,
heregulin (HRG)-a. Pertuzumab significantly inhibited the HRG-
a-stimulated cellular growth of the 11_18 cells. Pertuzumab blocked
HRG-o-stimulated phosphorylation of HER3, mitogen-activated
protein kinase (MAPK), and Akt. In contrast, pertuzumab failed to
block epidermal growth factor (EGF)-stimulated phosphorylation of
EGF receptor (EGFR) and MAPK. Immunoprecipitation showed
that pertuzumab inhibited HRG-a-stimulated HER2/HER3 hetero-
dimer formation. HRG-o-stimulated HER3 phosphorylation was also
observed in the PC-9 cells co-overexpressing EGFR, HER2, and HER3,
but the cell growth was neither stimulated by HRG-a nor inhibited
by pertuzumab. The present results suggest that pertuzumab is
effective against HRG-a-dependent cell growth in lung cancer cells
through inhibition of HRG-o-stimulated HER2/HER3 signaling.
(Cancer Sci 2007; 98: 1498-1503)

The HER family of receptor tyrosine kinases consists of four
members: EGFR (also termed HER1/ErbB-1), HER2/ErbB-
2/Neu, HER3/ErbB-3, and HER4/ErbB-4."" Binding of ligands
leads to the homo- and heterodimer formation of the receptor
tyrosine kinase.”” There are numerous HER-specific ligands that
generate signaling diversity within the cell.® EGF, amphiregulin,
and TGF-o are known as a specific ligand of EGFR. HB-EGF,
B-cellutin, and epiregulin have dual specificity for binding to
EGFR and HER4. HRG-a binds HER3 and HER4.™' No direct
ligand for HER2 has been discovered. Dimerization consequently
stimulates the intrinsic tyrosine kinase activity of receptors, and
activates the downstream-signaling molecules such as MAPK,
Akt, JAK, and STAT.4®

Pertuzumab is a humanized monoclonal antibody and binds
to the dimerization domain of HER2 distinct from the domain
that trastuzumab binds to.”” Therefore, pertuzumab is known as
a dimerization inhibiter between HER2 and the other HER family
receptors. A phase I trial of pertuzumab has been performed for
advanced tumors,”® and phase II studies of pertuzumab are
underway. Two members of the HER family, HER2 and HER3,
act as key oncogenes in breast cancer cells.®'% Jn vitro and in vivo
anti-tumor activities of pertuzumab have been reported in breast
tumors through the inhibition of the HER2/HER3 heterodimer

CancerSci | September2007 | vol.98 | no.9 | 1498-1503

formation.""'* In lung cancer cells, EGFR plays a crucial role
in their biological behavior, but it is unclear whether pertuzumab
inhibits the growth of the lung cancer cells mediated by HER
family receptors.

The authors have focused on the growth inhibitory effect of
pertuzumab against NSCLC cells expressing different types
of HER receptors, and analyzed the mechanism of action of
pertuzumab in response to the HER receptor ligand.

Materials and Methods

Reagents. Pertuzumab (Omnitarg, 2C4) was provided in sterile
water at 25 mg/mL by Genentech, Inc. (South San Francisco,
CA, USA) before use. All chemicals and reagents were purchased
from Sigma (St Louis, MO, USA) unless noted otherwise.

Cell lines. The human NSCLC cell lines PC-7, PC-9, and PC-14
(Tokyo Medical University, Tokyo, Japan),"'*'* A549 (American
Type Culture Collection, Manassas, VA, USA), and PC-3, Ma-1,
Ma-24, and 11_18,"'" were maintained in RPMI 1640 medium
supplemented with 10% heat-inactivated FBS (Life Technologies,
Rockville, MD, USA).

Cell stimulation and lysis. Cells were starved in serum free RPMI
1640 medium for 24 h and treated with EGF, TGF-a, HB-EGF,
and HRG-o at 100 ng/mL for 10 min. Cells were washed twice
with ice-cold PBS, and lysed with lysis buffer (50 mM Tris,
pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 5 mM
sodium pyrophosphate, 50 mM NaF, 1 mM sodium vanadate,
4 mg/mL leupeptin, 4 mg/mL apoprotein, 1 mM PMSF). Protein
concentration of the supernatants was determined by the BCA
protein assay (Pierce, Rockford, IL, USA).

Immunoprecipitation. Cell lysates (1000 pug) were incubated
with the anti-HER2 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) at 4°C overnight. Protein G magnetic beads (New
England BioLabs, Beverly, MA, USA) were added for 2 h.
Beads were washed three times with lysis buffer, resuspended in
SDS sample buffer with 2% B-mercaptoethanol, boiled, and
separated using SDS-PAGE.

Western blotting. Cell lysates were electrophoretically separated
on SDS-PAGE and transferred to a polyvinylidene difluoride

5To whom correspondence should be addressed. E-mail: knishio@med.kindai.ac.jp
Abbreviations: BCA, bicinchoninic acid; ECL, electrochemiluminescence; EDTA,
ethylene diamine tetra-acetic acid; EGF, epidermal growth factor; EGFR, epidermal
growth factor receptor; FBS, fetal bovine serum; HB-EGF, heparin-binding epidermal
growth factor; HRG-q, heregulin-o; JAK, Janus kinase; MAPK, mitogen-activated
protein kinase; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium; NSCLC, non-small cell lung cancer; PBS, phosphate-
butfered saline; PMSF, phenylmethylsulfonyl fluoride; RPMI, Roswell Park Memorial
Institute; SDS-PAGE, sodium dodecyl sulfate~-polyacrylamide gel electrophoresis STAT,
signal transducer and activator of transcription; TGF-u, transforming growth factor-o..
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membrane (Millipore, Bedford, MA, USA). The membrane was
probed with each antibody against EGFR and HER2 (Transduc-
tion Laboratory, San Diego, CA, USA), HER3 (Santa Cruz
Biotechnology), phospho-EGFR (Tyr1068), phospho-HER3
(Tyr1289), MAPK, phospho-MAPK (Thr202/204), Akt, phospho-
Akt (Serd73) (Cell Signaling, Beverly, MA, USA), phosphotyrosine
(PY-20, Transduction Laboratory), and f-actin (Sigma) as the
first antibody, followed by detection using a horseradish
peroxidase-conjugated secondary antibody. The bands were
visualized with ECL (Amersham, Piscataway, NJ, USA), and
images of blotted patterns were analyzed with NIH image
software (National Institutes of Health, Bethesda, MD, USA).

Growth inhibition assay. A 100-uL volume of cell suspension
(5000 cells/well) in serum-free RPMI 1640 medium was seeded
into a 96-well plate and 50 UL of each drug at various
concentrations and 50 pL of EGF, TGF-o,, HB-EGF, and HRG-
o, at 100 ng/mL was added. Human IgG1 (Calbiochem, Cambridge,
MA, USA) was used as isotype control. After incubation for
72 h at 37°C, 20 pL of MTS solution (Promega, Madison, WI,
USA) was added to each well and the plates were incubated for
a further 2 h at 37°C. The absorbance readings for each well
were determined at 490 nm with a Delta-soft on a Macintosh
computer (Apple, Cupertino, CA, USA) interfaced to a Bio-Tek
Microplate Reader EL-340 (BioMetallics, Princeton, NJ, USA).
For ligand-stimulated growth of cells, the experiment was
performed in six replicate wells for each ligand and carried out
independently three times. For growth inhibition of pertuzumab,
the experiment was performed in three replicate wells for each
drug concentration and carried out mdependently three times as
described elsewhere.!'®
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Fig. 1.

Results

HRG-a dependent cell growth in lung cancer cells. Ligand-
dependent cell growth of lung cancer cells was examined
(Fig. 1). The addition of EGF, TGF-o, and HB-EGF increased
the cell growth of the PC-3, 11_18, and A549 cells, but not that
of the PC-7, PC-9, PC-14, Ma-1, and Ma-24 cells. HRG-a
addition significantly increased the growth of the 11_18 cells
(390% of control, P < 0.01 by t-test) and Ma-24 cells (204% of
control, P < 0.01 by t-test), but did not influence the growth of
any other cells. These. findings suggest that the growth of the
11_18 and Ma-24 cells is depending upon HRG-oL.

Pertuzumab inhibits HRG-a-dependent cell growth of the 11_18
and Ma-24 cells. Pertuzumab inhibited cell growth stimulated by
HRG-a (IC,, = 0.12 pg/mL) but not stimulated by EGF, TGF-a,
and HB-EGF in the 11_18 cells (IC,,> 100 ug/mL; Fig. 2).
Pertuzumab also inhibited HRG-o dependent cell growth in the
Ma-24 cells (IC,, =39.8 pg/mL). Isotype control human IgGl
had no effect on ligand-dependent growth in the 11_18 and
Ma-24 cells (data not shown). The growth of the other cells was
not affected by exposure to pertuzumab (data not shown). This
finding suggests that pertuzumab selectively inhibits HRG-
o-dependent cell growth.

Ligand-stimulated phosphorylation of HER receptors. The expression
levels of the HER receptors in the pertuzumab-sensitive (11_18
and Ma-24 cells) and pertuzumab-resistant cell (PC-9 cells)
lines were determined using western blotting (Fig. 3a). Comparison
of the protein expression levels of EGFR revealed high to
moderate expression in the PC-9 and Ma-24 cells. EGFR was
also detected in the 11_18 cells, although the expression in this
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Ligand-dependent cell growth in the lung cancer cells. Non-small cell lung cancer cells were stimulated with or without 100 ng/mL of

epidermal growth factor (EGF), transforming growth factor (TGF)-o, heparin-binding epidermal growth factor (HB-EGF), and heregulin (HRG)-o..
After incubation for 72 h, cell growth was determined using the MTS assay. The growth of cells was presented as the percentage of absorbance
compared with ligand-untreated cells. Error bars represent SE. *Significant difference (P < 0.01; t-test) compared to the ligand-non-stimulated cells.
Data shown are representative of at least three independent experiments with similar results.
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Fig. 3. Expression and phosphorylation of HER receptors in non-small
cell lung cancer cells. (a) Expression of epidermal growth factor
receptor (EGFR), HER2, and HER3 was detected using western blot
analysis. Each lane contained 20 ug protein. B-Actin was used as a loading
control. (b) The cells were stimulated with or without 100 ng/mL of epidermal
growth factor (EGF), transforming growth factor (TGF)-t, heparin-
binding epidermal growth factor (HB-EGF), and heregulin (HRG)-a for
10 min. Phosphorylation of EGFR and HER3 was detected using western
blot analysis. Phosphorylation of HER2 was detected using immun-
oprecipitation followed by western blotting. B-Actin was used as a
loading control. Data shown are representative of at least two
independent experiments with similar results.

cell line was weak. The expression levels of HER2 were higher
in the PC-9 and 11_18 cells than in the Ma-24 cells, which only
expressed moderate levels of this receptor. All three cell lines
showed strong expression of HER3. HER4 could not be detected in
any of the three cell lines (data not shown). In contrast, these lung
cancer cell lines expressed different types of EGFR mutations;
the PC-9 cells had a 15-base deletion mutant (delE746-A750,

1500

Fig. 2. Growth inhibitory effect of pertuzumab
in the lung cancer cells. The lung cells were
exposed to pertuzumab (0.01-100 pg/mL) for
72 h in serum free medium with or without
100 ng/mL of epidermal growth factor (EGF),
transforming growth factor (TGF)-o, heparin-
binding epidermal growth factor (HB-EGF), or
heregulin (HRG)-o.. The viability was determined
using the MTS assay. Result are presented as
the percentage of absorbance compared with
pertuzumab-untreated cells. Error bars represent
SE. *Significant difference (P < 0.01; t-test) compared
to pertuzumab-untreated cells. Data shown are

] EGF

[0 TGF-a
E] HB-EGF
B HRG-a

100 representative of at least three independent

experiments with similar results.

exon 19), the 11_18 cells had a L858R point mutation (exon 21)
of EGFR, and the Ma-24 cells had a E709G point mutation
(exon 18) of EGFR. No mutations were detected in exons 19-21
of HER2 (data not shown).

Next, the ligand-stimulated phosphorylation of the HER
receptors in the lung cancer cells after serum starvation was
examined (Fig. 3b). While the ligands for EGFR (EGF, TGF-q,
and HB-EGF) phosphorylated cellular EGFR in the 11_18 and
Ma-24 cells, the EGFR in the PC-9 cells was hyperphosphor-

. ylated even under the non-stimulated condition, because PC-9

cells express an active mutant of EGFR. These results suggest
that the EGF/TGF-a or HB-EGF-EGFR signals are active in
lung cancer cells. The ligands for HER3 (HRG-) specifically
phosphorylated HER3 in the [1_18, Ma-24, and PC-9 cells.
Phosphorylation of HER2 was analyzed by immunoprecipitation
using an anti-HER2 antibody followed by western blotting for
phosphotyrosine. The ligands for EGFR and HER3 phosphorylated
HER?2 in the [1_18 and Ma-24 cells, whereas only HRG-o but
not the other ligands specifically phosphorylated HER2 in the
PC-9 cells. These findings also suggest that the HRG-a~-HER3
signal is active in lung cancer cells.

Pertuzumab blocks HRG-o but not EGF-stimulated signals. An
inhibitory effect of pertuzumab on HRG-o-dependent cell
growth in the 11_18 cells was demonstrated. To examine the effect
of pertuzumab on signal transduction of both EGFR and HER3
in this cell line, the 11_18 cells were exposed to pertuzu-
mab (0.2-200 pg/mL for 6 h) (Fig. 4a,b). HRG-o-stimulated
phosphorylation of HER3 was dose-dependently inhibited by
exposure to pertuzumab in the 11_I8 cells, whereas EGFR
phosphorylation was not stimulated by HRG-a stimulation (data
not shown). MAPK and Akt were phosphorylated by HRG-o
stimulation and these were inhibited by pertuzumab dose-
dependently in the 11_18 cells. In contrast, EGF-stimulated
phosphorylation of EGFR and MAPK was not inhibited by
pertuzumab in the 11_18 cells. Phosphorylation of Akt was
not detected by addition of EGF in the 11_18 cells. EGF did not
phosphorylate HER3 and pertuzumab did not affect it (data not
shown). Taken together, these results showed that pertuzumab
inhibited HRG-o-stimulated phosphorylation of HER3, MAPK,
and Akt, but not EGF-stimulated EGFR phosphorylation signaling.

HERS3 is phosphorylated in response to HRG-ot in the PC-9
cells as observed in the 11_18 cells, but the growth of the PC-9
cells was not increased by HRG-ot (Figs 1,3b). To clarify the
phosphorylation-inhibitory potential of pertuzumab, the effect
of pertuzumab on signal transduction of the PC-9 cells was
examined (Fig. 4c). When the PC-9 cells were stimulated by the
addition of HRG-o, HER3 was phosphorylated in the PC-9
cells, but phosphorylation of HER3 was not inhibited by pertu-
zumab (20 and 200 pg/mL for 6 h). EGFR expressed in the PC-
9 cells is constitutively active and pertuzumab failed to affect
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Effect of pertuzumab on epidermal growth factor receptor (EGFR) and HER3 phosphorylation and their downstream signaling pathways.

The 11_18 and PC-9 cells were exposed to pertuzumab for 6 h and stimulated with either heregulin (HRG)-a. or epidermal growth factor (EGF) for
10 min. Cell lysate were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted for indicated antibodies.
The intensities of bands were quantified by densitometer. (a) HRG-u-stimulated 11_18 cells. (b) EGF-stimulated 11_18 cells. (c) HRG-o-stimulated
PC-9 cells. Data shown are representative of at least two independent experiments with similar results. MAPK, mitogen-activated protein kinase.

the phosphorylation level of the EGFR. Phosphorylation of
MAPK and Akt was detected by the addition of HRG-0, but
these were not inhibited by pertuzumab. These results suggest
that pertuzumab is unable to affect HRG-o-stimulated phospho-
rylation of HER3 in the PC-9 cells.

To clarify the effect of pertuzumab on HER2 phosphorylation
and HER2/HER3 heterodimer formation, cell lysates were
immunoprecipitated with anti-HER2 antibody (Fig. 5a,b). HRG-
o stimulation increased HER2/HER3 heterodimer formation in
the 11_18 cells, and pertuzumab decreased HRG-o-stimulated
heterodimer formation. EGFR/HER?2 heterodimer formation could
be barely detected by HRG-ox stimulation because of slight expression
of EGFR in the 11_18 cells. In the case of EGF stimulation,
HER2/HER3 heterodimer was not increased in the 11_18 cells.
These findings suggest that pertuzumab inhibits HER2/HER3
heterodimerization by HRG-o stimulation. The HRG-o-stimu-
lated phosphorylation of HER2 was inhibited by pertuzumab in
the 11_18 cells. In contrast, the EGF-stimulated phosphorylation of
HER2 was not inhibited. These data suggest that pertuzumab
inhibits HRG-at stimulated phosphorylation in 11_18 cells. In
the PC-9 cells, HRG-a stimulated HER2/HER3 heterodimer
formation could be detected without any ligand stimulation, and
pertuzumab diminished HRG-o-stimulated heterodimer formation

Sakai et al.

(Fig. 5c). Phosphorylation of HER2 was increased by HRG-o
stimulation, but not inhibited by pertuzumab in PC-9 cells.
EGFR/HER?2 heterodimer formation could be detected without
any ligand stimulation, but pertuzumab did not affect it. Based
on these results, it is speculated that the cell growth of the PC-
9 cells is predominantly dependent on active EGFR signaling, and
phosphorylation of HER3 is maintained by active mutant EGFR.

Discussion

Overexpression of HER3 was observed in the lung cancer cell
lines and the HER3 was phosphorylated by the HER3 ligand in
these cells. These results suggest that HER3 signaling is active
in some types of lung cancer cells. Recently it was reported that
high HER3 expression was associated with decreased survival.'? A
relationship between lung cancer metastasis and the expression
of HER3 as well as EGFR and HER2 has been reported.!'®
These bodies of evidence suggest that HER2/HER3 signaling is
activated in a subpopulation of lung cancers and that HER2 and
HER3 play an important role in the biological behavior of these
lung cancers. Both HER2 and HER3 are therefore considered as
a possible important target in the therapeutic strategy against
lung cancer, just as they are in breast cancers.
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HER3 lacks kinase activity because of several base substitutions
in motifs that are essential to tyrosine kinase and heterodimeri-
zation with HER2 or EGFR is essential for its signal transduction.
Therefore co-expression of HER3 and its partners are determi-
nants for the cellular sensitivity against pertuzumab in cancer
cells. The present results showed that HER2/HER3 heterodimers
are detected by HRG-a stimulation and these data are consistent
with previous reports.!' In contrast, the authors monitored the
downstream phosphorylation signal, and demonstrated that
HRG-o, but not EGF, phosphorylated Akt in the 11_18 cells. This
finding allows us to speculate that HRG-o stimulation leads to
Akt phosphorylation through HER2/HER3 heterodimerization.*=

Recently, EGFR mutations have been reported in lung cancers
and it was of great interest to clarify the relationship between the
EGFR mutation and sensitivity to EGFR-targeted tyrosine kinase
inhibitors.?2*2) The PC-9 cells express the deletional mutant
EGFR (delE746-A750 in exon 19 of EGFR),!'8*327 and their
EGFR was constitutively phosphorylated under non-stimulated
conditions (Fig. 3a). The authors speculate that the cell growth
of the PC-9 cells is predominantly dependent on active EGFR
signaling. In Fig. 3b, treatment with EGF and TGF-o seemed to
decrease the phosphorylation of HER3 in PC-9 cells. Unfortu-
nately, we could not conclusively explain this phenomenon.
PC-9 cells express deletional EGFR and form EGFR homodimers
in the absence of ligand stimulation. At the same time, phospho-
HER3 was also detecied under these conditions, suggesting that
heterodimers of EGFR-HER3 were also formed. Ligand stimu-
lation may alter the balance between homodimers and heterodim-
ers, causing a reduction in HER3 phosphorylation, although
there is not any evidence to support this hypothesis. In contrast,
the phosphorylation of EGFR in the [1_18 cells that express a
different type of mutant EGFR (L858R in exon 21 of EGFR),*®

1502

pertuzumab — - o

shown are representative of at least two independent
experiments with simifar results.

" was not constitutive. This finding may be explained by the dif-
ferences between deletion mutant EGFR and L858R; constitutive
active in the deletion mutant versus hyper-response to ligand
stimulation in L858R.*¥ Engelman ef al. suggested that the
mutant EGFR is used to couple HER3 in gefitinib-sensitive
NSCLC cell lines.™ The expression level of EGFR in the 11_18
cells was much lower than in the PC-9 cells, and a similar extent
of HER3 expression was observed in these cell lines (Fig. 3a).
The authors have demonstrated the differential inhibitory effect
of pertuzumab against 11_18 and the PC-9 cells. Pertuzumab
inhibited HER2/HER3 heterodimer formation and phosphoryla-
tion in the 11_18 cells, considering that mutant EGFR do not
influence HER3 signals in the 11_18 cells. HER3 phosphorylation
in the PC-9 cells was also increased by HRG-o stimulation.
Although pertuzumab decreased HER2/HER3 heterodimer
formation, it failed to inhibit HRG-o-stimulated HER3 phos-
phorylation, speculating that an active mutant EGFR transacti-
vates HER3 in the PC-9 cells.

Several EGFR-targeted small inhibitors and antibodies have
been under clinical evaluation in the treatment of lung cancer.
An EGFR-targeted tyrosine kinase inhibitor, erlotinib, has been
clinically applied as a second or third-line single agent therapy
in NSCLC patients who have failed standard chemotherapy.©®
Anti-EGFR monoclonal antibodies such as cetuximab and ABX-
EGF have been examined in a clinical study.®" In addition to
EGFR, HER2 and HER3 are also considered as important
targeting molecules in lung cancers. The present results indicated
that pertuzumab effectively inhibited signaling within HER2
and HER3, and may thus be effective in lung cancers expressing
HER?2 and HER3. To confirm the pertuzumab-sensitive population
of lung cancer cells, experiments using small interfering RNA
for mutant EGFR will be necessary in future studies.

doi: 10.1111/.1349-7006.2007.00553.x
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In conclusion, the authors have demonstrated that pertuzumab
inhibits HRG-o-stimulated cell growth in lung cancer cells
through the inhibition of HRG-o-stimulated HER3 signaling. It
was further demonstrated that pertuzumab exerts an antiproliferative
activity against lung cancer cells expressing HER2 and HER3.
The next step will be to examine the clinical relevance of the
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