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Neurotensin Receptor 1 Determines the Outcome of
Non-Small Cell Lung Cancer

Marco Alifano’, Frédérique Souazé®, Sandra Dupouy?, Sophie Camilleri-Broét*, Mohamad Younes?,
Sadi-Menad Ahmed-Zaid?, Takashi Takahashi®, Alessandra Cancellieri®, Stefania Damiani’,
Maurizio Boaron’, Philippe Broét*, Lance D. Miller®, Christian Gespach?,

Jean Frangois Regnard', and Patricia Forgez®

Abstract

Purpose: This study aimed to investigate the role of the neurotensin/neurotensin receptor I (NTSR1)
complex in non-small cell lung cancer (NSCLC) progression.

Experimental Design: The expression of neurotensin and NTSR1 was studied by transcriptome
analysis and immunohistochemistry in two series of 74 and 139 consecutive patients with pathologic
stage I NSCLC adenocarcinoma. The findings were correlated with clinic-pathologic features. Experimen-
tal tumors were d from the mali human lung carcinoma cell line A459, and a subclone of
LNM35, LNM-R. The role of the neurotensin signaling system on tumor growth and metastasis was
investigated by small hairpin RNA-mediated silencing of NTSR1 and neurotensin.

Results: Transcriptome analysis carried out in a series of 74 patients showed that the positive regula-
tion of NTSR1 put it within the top 50 genes related with relapse-free survival. Inmunohistochemistry
revealed neurotensin- and NTSR1-positive staining in 60.4% and 59.7% of lung adenocarcinomas, respec-
tively. At univariate analysis, NTSR1 expression was strongly associated with worse 5-year overall survival
rate (P = 0.0081) and relapse-free survival (P = 0.0024). Multivariate analysis showed that patients over
65 years of age (P = 0.0018) and NTSR1 expression (P = 0.0034) were independent negative prognostic
factors. Experimental tumor xenografts generated by neurotensin- and NTSR1-silenced human lung
cancer cells revealed that neurotensin enhanced primary tumor growth and production of massive nodal
metastasis via autocrine and paracrine regulation loops.

Conclusion: NTSR1 expression was identified as a potential new prognostic biomarker for surgically
resected stage I lung adenocarcinomas, as NTSR1 activation was shown to participate in lung cancer
progression. Clin Cancer Res; 16(17); 4401-10. ©2010 AACR.

Lung cancer is the leading cause of cancer-related deaths
in the United States and remains the most common malig-
nancy in the world (1-3). Two main histologic categories
are recognized: small cell lung cancer and non-small cell
lung cancer (NSCLC). NSCLC is usually further divided in-
to three main histologic types: large cell lung carcinoma,
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squamous cell carcinoma, and adenocarcinoma. This last
represents nowadays the most frequent histologic type in
western countries. NSCLC is believed to arise from a multi-
step process, with each step associated with genetic and
epigenetic alterations, and correlated with tumor aggres-
siveness. The factors used to define the stage of the disease,
to choose the optimal management, and to predict out-
come are the size of the primary tumor, the invasion of lo-
coregional nodes, and the presence of distant metastases
(4). Nevertheless, a vast disparity in patient outcome is
seen within the same stage. Globally, patients with opera-
ble lung cancers (stage I-I1la) have an overall 5-year surviv-
al rate of around 40%. The survival rate among those with
stage [ disease is only 60% to 70%; in a quarter of these
patients relapse is local, whereas for the others the disease
shows metastatic spread (4-6). The current challenge today
is to identify factors that would predict tumor relapse
despite curative treatment. In a series of stage IB lung ade-
nocarcinomas, we carried out a tandem DNA copy number
and gene expression profile using high-resolution micro-
arrays to establish a robust predictor of clinical outcome
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Translational Relevance

Non-small cell lung cancer is a heterogeneous
condition with significant variability in prognosis
_and in the individual response to treatments. There-
fore, identification of patients with high risk of relapse
after surgery will enable tailored management in
terms of adjuvant treatments and stricter follow—up
We report that the neurotensin/neurotensin tor
1 (NTSR1) complex is specifically expresse

adenocarcinoma. NTSR] expression was
- g

outcome in stage 1 lung adenoatcmc

in/NTSR1 compl
mor progression. The neurotensin system r
suitable for the development of new therapeutic tar-
gets, new applications of already available treatments,
and the development of a new diagnostic biomarker
ensuing better predictive parameters.

at the early stages of NSCLC (7). Among the first 50 genes
upregulated and associated with disease-free survival was
the neurotensin receptor 1 (NTSR1).

Neurotensin and its cognate receptor (NTSR1) are
neuropeptide-receptor complexes frequently deregulated
during the neoplastic process. Neurotensin is a 13-amino-
acid peptide previously recognized for its distribution
along the gastrointestinal tract (8). Typical physiologic
functions associated with neurotensin include the stimula-
tion of pancreatic and biliary secretions, inhibition of
small bowel and gastric motility, and facilitation of fatty
acids translocation (9, 10). The peripheral functions of
neurotensin are mediated through its interaction with
NTSR1, a high affinity receptor coupled to a Gq/G11
protein. When neurotensin binds to NTSR1, phosphatidyl
inositols are hydrolyzed leading to Ca2+ mobilization
and PKC activation.

NTSR1 activation leads to cell proliferation, survival,
mobility, and invasiveness in specific cancer cell types
via signal transduction through PKC, extracellular signal-
regulated kinase 1 and 2, RhoGTPases, NF-«B, or focal
adhesion kinase activation. (11-13). The disruption of
the neurotensinergic pathway through a specific anta-
gonist, in experimental tumors from colon, breast, and
small cell lung cancer cells, caused a strong reduction in
tumor growth (14-16). We had previously shown the
presence of a chronic self-activation loop between neuro-
tensin and NTSR1, as one mechanism responsible for the
constitutive activation of the mitogen-activated protein
kinase mitogenic signaling pathways along with sustained
target gene activation (17-20). More recently, NTSR1
expression level was associated with poor prognosis in
patients with ductal breast cancer, and similar results have

been found in head and neck squamous cell carcinomas
(21, 22).

In this study, we examined the expression of both neu-
rotensin and NTSR1 in two series of consecutive patients
undergoing pulmonary lobectomy and nodal dissection for
pathologic stage I lung adenocarcinoma by transcriptome
analysis and immunohistochemistry, respectively. The
expression of NTSR1 was clearly shown to negatively affect
the outcome. Experimental tumors were also developed to
study the role of the neurotensin system on tumor growth.
With this model, we show the aggravating role of the
neurotensinergic system in tumor progression.

Materials and Methods

Study from a g ide gene expressi

We report the results obtained for NTSR1 from a previous
large-scale gene expression analysis carried out on 74 ho-
mogeneous cases of stage pT,N, lung adenocarcinomas/
large cell carcinomas treated by surgery (7). In this study
RNA samples were hybridized to the Human U133 Plus
2.0 oligonucleotide arrays (Affymetrix), and 37,771 probes
met the quality control criteria and were considered for the
analysis (GEO Series accession number GSE10445). We
selected transcripts having a high likelihood of being asso-
ciated with relapse-free survival (RFS) by considering the
false discovery rate error as described in Broet et al. (7).

Patients and tissue specimens for neurotensin and
NTSR1 immunohistochemistry

Expression of NTSR1 and neurotensin was done in a
multicenter study. The clinical files of 139 patients (Table 1)
treated by lobectomy and full nodal dissection for pathologic
stage I (pT,Ng, n = 51; pT,Ny, n = 88) primary lung adeno-
carcinomas were retrospectively reviewed. They were operated
on in three teaching hospitals in Paris, France and Bologna,
Italy between January 2001 and March 2003. All patients
had macroscopically and microscopically complete resec-
tions. None of the patients had preoperative or postoperative
chemotherapy or radiotherapy. For all cases histologic slides
of primary tumors were obtained by paraffin wax embedded
tissues. Standard H&E staining was used to ensure the tumoral
character of the specimen, and adjacent sections were
obtained for immunohistochemistry. For 23 of 71 patients
operated on at the Hotel-Dieu Hospital, frozen samples of
resected tumors were used to detect RNA for neurotensin
and NTSR1, after verification of the tumoral character of the
samples by frozen sections. As normal tissue, we assessed the
lung parenchyma of 26 patients with idiopathic pneumo-
thorax treated by apical resection.

Ethics

The study was carried out according to the Declaration
of Helsinki principles and in agreement with the French
and Italian laws on biomedical research. The following
studies were conducted on tissues obtained from surgical
specimens between 2001 and 2003. The experiments
reported here were carried out under the current ethical
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regulations as defined by the Huriet-Sérusclat Act of
December 20, 1988. Under this act, institutional review
board approval was not required. Accordingly, patients
or next of kin (in case of deceased patients) were specifi-
cally asked for verbal informed consent only.

Statistical analysis

Overall survival rates were estimated using the Kaplan-
Meier method, and survival curves were compared using
the Log-rank test. RFS time was calculated from the date
of the patients' surgery until disease-related death, disease
recurrence (either local or distant), or last follow-up exam-
ination. All available variables potentially influencing sur-
vival, namely, age, sex, smoking habit (current and former
versus never smoker), presence of vascular or lymphatic
or vascular emboli, pT category, and NTSR1 expression,
were considered for a multivariate analysis using the Cox
proportional hazards model.

For the transcriptome analysis, the prognostic impact of
NTSR1 gene expression changes on RFS was evaluated by
calculating the score test statistic derived from the semi-
parametric Cox proportional hazards model. The analyses
were done with the SPlus software package.

Immunohistochemistry

Immunostaining of neurotensin and NTSR1 was carried
out on 4-pum-thick deparaffinized sections, using the avi-
din-biotin-peroxidase complex method. Slides were incubat-
ed with 10% normal rabbit serum at room temperature for
30 minutes. Neurotensin immunoreactivity was conducted
using rabbit antibody directed against neurotensin (1:500;
NA1230, Biomol GmbH) for 2 hours. NTSR1 immunoreac-
tivity was detected using a goat polyclonal antibody directed
against the human carboxy terminus of the receptor (1:100;
C-20, Santa Cruz Biotechnology). All slides were rinsed three
times with TBS; sections were incubated with biotinylated
secondary antibody (1:200; Vector laboratories, Inc). The
antigen-antibody complex was revealed with avidin-biotin-
peroxidase complex, according to the manufacturer's instruc-
tions for the Vectastain ABC Kit (Vector laboratories, Inc.).
Staining was done with diamino-benzidine tetrahydrochlor-
id. All slides were counterstained with hematoxylin. All speci-
mens were scored by an anatomopathologist (SCB).

Culture procedures
The human lung adenocarcinoma cell lines LNM35 and
A459 were grown in RPMI-1640 medium (Invitrogen

Lung adenocarcinomas, n = 139

Table 1. Clinical characteristics of the multicenter series of patients whose tumors were studied by
immunohistochemistry for neurotensin and NTSR1 expression

Age (years)
Women
Tobacco history

64.0 + 10.7
34/139 (24.5%)

Current smoker il

Former smoker (stop >2 months) 49

Never smoker 19
pT, disease 51/139 (36.7%)
pT, disease 88/139 (63.3%)
Tumor size (cm), mean + SD 3.1+194
No 139/139
Intratumoral or peritumoral neoplastic vascular emboli 34/139 (24.5%)
Intratumoral or peritumoral neoplastic lymphatic emboli 21/139 (15.1%)
NTSR1-positive tumors, n (% of patients) 83/139 (59.7%)
Neurotensin -positive tumors, n (% of patients) 84/139 (60.4%)
NTSR1- and neurotensin-positive tumors, n (% of patients) 54/139 (38.8%)
Lost at follow-up 1/139 (0.7%)
Follow-up in months, mean + SD 44.2 + 209
Deaths during follow-up, n (% of patients) 49/139 (31%)
Perioperative therapies

Radiotherapy 0/139

Chemotherapy 0/139
Idiopathic pneumothorax, n = 26
NTSR1-positive lung parenchyma 0/26
Neurotensin-positive lung parenchyma 0/26
NTSR1- and neurotensin-positive lung parenchyma 0/26
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SARL) supplemented with 10% FCS and 2 mmol/L glutamine
(23). The LNM35 cell line was subcloned by limiting
dilution; clones containing exclusively rounded cells were
named LNM-R.

NTSR1 and neurotensin siRNA construction and transfection.
Small hairpin RNAs for human NTSR1 (AAGAAGTTCAT-
CAGCGCCATC) and neurotensin (5'-GCAATGTTGACAA-
TATACC-3') were prepared using psilencer 3.1-H1 according
to the manufacturer's instruction. LNM-R and A549 cells
were transfected using the Lipofectamine reagent (20).

Experimental tumors

Xenografts were initiated in nude mice by s.c. injection
0f 10° cells of LNM-R and derivative cell clones, or 107 cells
of A549 and A549 NTSR1-silenced clones. For tumors gen-
erated from a cell mixture, 10° cells from each clone were
plated together 72 hours prior to injection. Four to six se-
ries were done; each series included 5 to 8 mice. The tumor
volume was calculated with the ellipsoid formula.

RNA extraction and reverse transcriptase-PCR. The proto-
cols for total RNA extraction, reverse-transcription reaction,
and PCR are documented in detail in Souazé et al. (24).
Reverse-transcription reaction was done on 2 ug of total RNA
using a specific NTSR1 primer (5-GCTGACGTAGAAGAG-
3’) or 50 pmol of oligo dT and oligo dN. The PCR ampli-
fication was done on a 1:5 v/v of the reverse-transcription
reaction using 25 pmol of each primer 5'-CGTGGAGCTG-
TACAACTTCA-3' and 5’-CAGCCAGCAGACCACAAAGG-
3’ for NTSR1, and 5’-CAGCTCCTGGAGTCTGTGCT-3’
and 5-GTTGAAAAGCCCTGCTGTGACAGA-3’ for neuro-
tensin, 5’-TCAAATGAGATTGTGGAAAA-3 and AS 5-AG-
ATCATCTCTGCCTGAGTAT-3' for cyclooxygenase-2,
5'-CGGAGTCAACGGATTTGGTCG-3’ and 5’-TTCACCAC-
CATGGAGAAGGCT-3’ for GAPDH, and 1 unit of Taq
polymerase.

Neurotensin RIA

One million cells were grown in 60 mm? Petri dishes.
After 24 hours media were removed and serum-free media
were added to the cells for 24, 48, or 72 hours. Media were
collected; centrifuged 5 minutes at 2,000 g, and 5,000
UIK/mL of trasylol was added to the supernatant. RIA
was done on 1 mL of lyophilized media according the
procedure developed in Scarceriaux et al. (25).

Results

Genome-wide gene expression study in a population
of patients with lung adenocarcinoma/large cell
carcinomas

In an attempt to identify a clinical outcome predictor for
patients with NSCLC, patterns of genomic alteration and
gene expression profiles were analyzed and integrated
concerning 74 homogeneous cases of stage Ib pT,N, lung
adenocarcinomas/large cell carcinomas (7). In this study,
NTSR1 (probe set: 207360_s_at) was the 48th among the
58 selected probes related with RFS. NTSR1 was positively
regulated. To correlate the NTRS1 transcription level and

the RFS over time, a log rank test using the third quartile
as the cutoff point was applied to determine high-risk
subgroups (Fig. 1). High gene expression for NTSR1 was
associated with an increased risk of relapse (P = 0.0005).

Protein expression of neurotensin and NTSR1, and
its impact on the survival of patients with primary
lung adenocarcinoma

A neurotensin and NTSR1 expression study was done on
a multicenter series of 139 consecutive patients undergo-
ing pulmonary lobectomy and nodal dissection for path-
ologic stage I lung adenocarcinomas. The patient clinical
characteristics are shown in Table 1. NTSR1 staining of
cancer cells from patients with primary lung adenocarcino-
ma was granular, restricted to the cytoplasm, and rarely
localized at the cell surface (Fig. 2A, left). Neurotensin
labeling was often very intense and always detected
throughout the cytosol (Fig. 2A, right). Expression of
neurotensin, NTSR1, or both was found in 60.4%, 59.7%,
and 38.8% of the cases, respectively. Similar results were
found when neurotensin and NTSR1 transcripts were
studied (23 patients): 65% of patients expressed neuroten-
sin (Fig. 2B, red dots), 69% expressed NTSR1 (Fig. 2B, green
dots), and 43% expressed both markers. No expression of
either neurotensin or NTSR1 was observed in the lung
parenchyma of 26 patients with idiopathic pneumothorax
treated by apical resection (Fig. 2A), suggesting that normal
lung tissue does not express neurotensin or NTSR1.

The impact of neurotensin/NTSR1 expression on out-
come was assessed on 138 of 139 patients, with a patient lost
at follow-up. The overall 5-year survival was 63.5% [95%
confidence interval (95% CI), 54.4-71.7%|. With respect
to those clinical and pathologic parameters influencing

Fig. 1. Relapse-free survival of a study resulting from transcriptome
analysis. Large-scale gene expression analysis done on 74
homogeneous cases of stage pT2No lung adenocarcinomas/large cell
carcinomas treated by surgery. Depicted according to the procedure
described by Broet et al. (7), the transcriptomic signature of selected
positive scores indicates that overexpression increases relapse risk.
Shown is the Kaplan-Meier plot according to NTSR1 mRNA levels over
(broken line) or below (solid line) the 75th percentile.
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Lung adenocarcinoma

NTSR1

Fig. 2. Neurotensin (NTS) and NTSR1
expression in patients with primary lung
adenocarcinomas. A, example of
immunohistochemistry for NTSR1 (left) and NTS
(right). Top, positive labeling of patients with
primary lung adenocarcinomas; bottom,
negative labeling of idiopathic pneumothorax at
x200 magnification. B, NTS and NTSR1
transcript analysis on RNA from 23 patients
with primary lung adenocarcinomas stage I.

M, 100 bp ladder. Patients with red dot or green
dot were considered as positive for NTS or
NTSR1, respectively.

NTSR1

. - ————

Pneumothorax

8 9101112 13141516 171819 2021 22 23
” ,

-

- - - o 518

patient outcome, no difference was observed in survival
rates using univariate analysis according to sex, pT parame-
ter, presence of vascular or lymphatic tumoral emboli, or
smoking habit (current and former versus never). Five-year
survival rates were 72.0% and 57.7% in patients with T;Ng
and T,N, tumors, respectively (P = 0.13). Patients of age
65 years or older had a lower 5-year survival (P = 0.0028)
as compared with younger patients, at 49.3% (95% CI,
36.2-62.4%) versus 75.9% (95% CI, 64.2-84.7%), respec-
tively. NTSR1 expression, scored as positive (positive stain-
ing involving 210% of tumor cells) or negative (positive
staining of <10% of tumor cells) was associated with a
significantly worse 5-year overall survival [54.6% (95% CI,
42.82-65.86%) versus 76.1% (95% CI, 62.4-85.9%); P =
0.0081; Fig. 3A]. The degree of NTSR1 expression also signif-
icantly influenced outcome (P = 0.015), as patients with
none (positive staining of <10% of tumor cells), medium
(positive staining of 210% and <50% of tumor cells), and
strong (positive staining involving >50% of tumor cells)
NTSR1 expression showed 5-year overall survival rates of

76.1% (95% CI, 62.2-86.0%), 56.4% (95% CI, 43.8-
68.1%), and 40.5% (95% CI, 15.3-72%), respectively
(Fig. 3B). Two independent predictors of worse overall sur-
vival were found using multivariate analysis: age >65 years
(P =0.0018) and expression of NTSR1 (P = 0.0034).

NTSR1 expression was also associated with a signifi-
cantly worse 5-year RFS, at 56.5% (95% ClI, 45.5-66.8%)
versus 79.3% (95% CI, 65.6-88.5%) in patients with
tumors expressing or not expressing NTSR1, respectively
(P =0.0024; Fig. 3C). The degree of NTSR1 expression also
significantly (P = 0.0076) influenced outcome, as patients
with none, medium, and strong NTSR1 expression showed
5-year RFS of 79.3% (95% CI, 65.6-88.5%), 57.3% (95%
Cl, 45.6-68.3%), and 50.0% (95% Cl, 23.6-76.3%),
respectively (Fig. 3D). Two independent predictors of
worse RFS were found using multivariate analysis: expres-
sion of NTSR1 (P = 0.00066) and age >65 years (P =
0.00142). In contrast, neurotensin expression in human
tumor did influence neither overall survival nor RFS (Sup-
plementary Fig. S1).
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Infl

e of the in/NTSR1 signaling
system on the tumorigenic potential of huma
lung cancer cells

To evaluate the role of the neurotensin/NTSR1 complex
in tumor growth and progression, we used mice xeno-
grafted with cancer cells expressing or not expressing the
neurotensin/NTSR1 system. We first established xenografts
from the adenocarcinoma cell line A549. As shown in
Fig. 4A (inset), this cell line expressed both neurotensin
and NTSR1. The silencing of NTSR1 induced a 40% reduc-
tion in the growth of tumor xenografts in nude mice
compared with wild-type cells (Fig. 4A).

Additional evidence of the impact of the neurotensin
system on tumor growth derived from LNM-R, a subpop-
ulation of the highly metastatic lung carcinoma cell line
LNM35 (23). LNM-R cells express neurotensin and NTSR1
as shown by transcript analysis (Fig. 4B, inset). Experimen-
tal lung tumors were generated using LNM-R cells and the
silenced derivative clones R-SI NTS and R-SI NTSR1. In the
clone R-SI NTS, the transcript encoding neurotensin was
completely depleted (Fig. 4B, inset). This result was con-
firmed by the absence of neurotensin estimated by RIA
on the corresponding culture media. In contrast, the

culture medium of LNM-R cells contained 76.4 + 10.3,
153.2 + 25.3, and 624.3 + 81.8 fmol/mL of neurotensin
corresponding to 14, 48, and 72 hours of culture, respec-
tively. In the clone R-SI NTSR1, the transcript for NTSR1
was depleted, whereas neurotensin transcript levels
remained similar to those of LMN-R cells. An example is
shown in the inset of Fig. 4B. The level of neurotensin
released in the culture media was lower than for LNM-R
cells at 22.25 + 2.4, 53.4 + 2.7, and 140.2 + 9 fmol/mL
corresponding to 14, 48, and 72 hours of culture, respectively.

Using these models, we examined the effect of neuro-
tensin and NTSR1 depletion on the growth of LNM-R
xenografts and their neurotensin- and NTSR1-silenced
counterparts. Depletion of neurotensin and NTSR1 was ac-
companied respectively by 35% and 60% decrease of the
tumor volume compared with the LNM-R tumor xeno-
grafts at day 28 (Fig. 4B). To show the participation of
neurotensin in tumor growth enhancement, a mixture of
the two silenced clones was seeded at equal density (50/50)
and cultured for 3 days, prior to injection into mice. The
final tumor volume and weight were similar to those of
the parental LNM-R tumor xenografts. Together these results
strengthen the tumorigenic consequence of neurotensin
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Fig. 4. Tumor growth generated by the human lung adenocarcinoma cell
lines. A, A549 cells, or its NTSR1-silenced clone A-SI NTSR1 were
injected into 15 mice for each cell line. Inset, NTS and NTSR1 transcript
analysis on A549 cells, and A-SI NTSR1 RNA. *, significant differences at
P < 0.05, using unpaired t test. B, LNM-R, R-SI NTS, R-SI NTSR1, or a
50/50 mixture of R-SI NTS and R-SI NTSR1 cells were injected into

36, 21, 21, and 19 mice, respectively. The ellipsoid formula was

used to calculate the volume. Inset, NTS and NTSR1 transcripts analysis
on total RNA from LNM-R, R-SI NTSR1, and R-SI NTS. C, typical
immunohistochemistry for NTSR1 (left) or NTS (right) for tumors
generated from R-SI NTS (top) or R-SI NTSR1 cells (bottom). D, NTS and
NTSR1 transcript analysis on tumors from LMN-R, R-SI NTSR1, and
R-SI NTS cells. Analysis was done at day 28. Examples of two different
tumors are shown. ***, significant differences at P < 0.001; **, at

P < 0.01 using ANOVA and Student-Neuman-Keuls test.

autocrine or paracrine regulation (Fig. 4B). A similar pattern
was observed in tumor weight with4 +0.2,2.8 +0.18, 1.54 +
0.17,and. 3.4 +0.16 g for LNM-R, R-SINTS, R-SINTSR1, and
the 50/50 R-SI NTS/R-SI NTSR1 cellular mixture, respective-
ly. Neurotensin and NTSR1 immunohistochemistry and
transcript analysis on tumor xenografts shows that neuro-
tensin and NTSR1 silencing constructs were still efficient at
28 days postinjection (Fig. 4C and D).

Infl of the
nodal metastasis

The ipsilateral and controlateral regional lymph nodes
from mice bearing either LNM-R or the silenced clones
for neurotensin and NTRS1 were dissected. The weight
of the lymph nodes was 2.5 times smaller when the tumor
was not expressing neurotensin or NTSR1 (Fig. 5A). Metas-
tases were scored by an anatomopathologist as negative,
micro (metastases <1 mm), and massive (Fig. 5B). After
28 days, mice bearing tumor R-SI NTS and R-SI NTSR1
xenografts had a smaller percentage of massively invaded
lymph nodes (9% and 24%, respectively), as compared
with 66% for the LNM-R xenografts (P < 0.0001 and P =
0.0047, respectively, Fisher's exact test; Fig. 5C). The
respective distribution of negative, micro, and massive
lymph node metastasis is detailed under the graph in
Fig. 5C. The negative and the micro metastasis were
combined to form a single set because it covers the global
effect of neurotensin/NTSR1 on metastatic process.

/NTSR1 lex on

Discussion

In this study we found that NTSR1 and neurotensin were
not detected in normal pulmonary tissue, but were strongly
and frequently expressed in stage I lung adenocarcinomas.
Similar results have been seen in colon and breast tissues
where NTSR1 is absent in normal epithelial cells but over-
expressed in tumors (20, 26). As previously described, one
of the possible molecular mechanisms responsible for
NTSR1 upregulation is the Wnt/APC signaling pathway
activation, because of a functional Tcf element within the

NTSR1 promoter. In normal human breast epithelial cells, .

the activation of the NTSR1 gene was observed by agents
causing -catenin cytosolic accumulation (15). A set of
TCF4 regulated genes was recently shown to be associated
with metastasis-free survival in patients with lung adeno-
carcinoma (27). In this study, the transcription factors
HOXBY and LEF1 were identified as mediators of chemo-
tactic invasion. Accordingly, a hyperactive Wnt/TCF path-
way activity in lung adenocarcinomas is associated with a
high rate of relapse at distant sites. As part of Wnt/Tcf
activated genes, NTSR1 should participate in disease
progression and correlation with the worst prognosis.

The availability of useful prognostic factors in NSCLC is
made difficult because of the extreme heterogeneity in pa-
tient populations in terms of histologic typing, disease
staging, type of surgical treatment, and the association
with neoadjuvant or adjuvant therapy. For these reasons,
we focused our study on patients with stage I primary lung
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NTSR1, and R-SI NTS cells.

***, significant differences at

P < 0.001 using ANOVA and
Student-Neuman-Keuls test.

B, standard H&E staining done on
paraffin section of lymph node
embedded tissue. Example is
shown for negative (top); micro
metastasis, less than 1 mm
(middle); and massive metastasis
(bottom) of homolateral lymph
node. C, for each group, the
percentage of ipsilateral lymph
nodes with no and micro
metastasis or with massive
metastasis, from mice xenografted
with LMN-R, R-SI NTSR1, and
R-SI NTS cells, at 29, 21, and

23 mice, respectively.

adenocarcinoma, treated by surgery only (pulmonary
lobectomy and full nodal dissection). This ensured the
reliability of the staging and the absence of interfering
treatments.

In our clinical series from 138 homogeneous patients
with stage I disease, NTSR1 expression was correlated with
poor outcome. This result was confirmed by multivariate
analysis which showed that among the available clinical
and pathologic factors, only the expression of NTSR1
and patient age were independent predictors of worse
prognosis. These findings in human lung cancer suggest
that NTSR1 is a potential marker and/or a pejorative me-
diator of lung cancer progression associated with poor
Pprognosis.

In contrast, no correlation was found between neuroten-
sin expression and patient survival. Neurotensin expres-
sion in the lung tumor is certainly part of the neoplastic
process but is not a discriminative factor of disease pro-
gression. The molecular mechanism inducing neurotensin
expression in lung neoplasm remains unclear. As it was
shown that neurotensin expression can be upregulated
by inflammatory process and mediates proinflammatory
cytokine release, such as interleukin-6 and interleukin-
8 (28, 29), we propose that neurotensin expression is
induced and implicated in the pathogenesis of lung cancer
due to chronic inflammation and neoplasia in the respira-
tory epithelium generated by tobacco carcinogens and

metabolites. The evaluation of neurotensin expression in
premalignant lesions will settle this hypothesis.

To delineate the biological significance of the neuroten-
sin/NTSR1 system in the progression of human lung
tumors, we studied the performance of the neurotensin/
NTSR1 complex on tumor growth and progression.
Removing neurotensin sensitivity and NTSR1 signaling re-
sulted in a strong reduction of lung cancer cell prolifera-
tion and tumor growth in the two experimental models.
The silencing of neurotensin was less efficient than NTSR1
silencing in negating the growth of the LNM-R xenografts,
suggesting that circulating neurotensin in mice may coun-
teract the depletion of neurotensin induced by RNA inter-
ference in cancer cells. Substantiating this argument, we
noted that when R-SI NTSR1 cells were injected s.c. into
the right flank and R-SI NTS cells in the left flank of the
mice, the latter tumor reach the size and weight of the tu-
mors initiated by the corresponding LMN-R parental cells;
in contrast, R-SI NTSR1 tumors remained at the same
smaller size that was observed in mice bearing only R-SI
NTSR1 xenografts (unpublished data). It is likely that neu-
rotensin systemic regulation is implicated in the growth of
the tumor xenografts.

Our data support the position that LNM-R cancer cells
are driven by an autocrine neurotensin-NTSR1 loop to
incur invasive tumor growth and metastasis. LNM-R is a
subpopulation of LNM-35 cells selected for their metastatic
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properties (23). Within the time period of the experi-
ments, 70% of mice bearing LNM-R xenografts exhibited
massive lymph node metastasis. The invalidation of the
neurotensin/NTSR1 system in LNM-R cells was associated
with less aggressive primary tumor xenografts, and it
restricted the metastatic process. Once the cells acquire
metastatic potential, the presence of neurotensin in the
tumor microenvironment potentiates the emergence of
metastasis. When replaced in the context of stage I patients
with adenocarcinoma, most of these patients are treated
only with surgery as adjuvant treatment, which has not
been shown to improve the global outcome (30). In these
patients, local and distant tumor recurrence should arise
either from active or dormant cancer cells that have
spread, both kinds being undetectable with the current
diagnostic methods (31). Our experimental model pre-
dicts that the autocrine or paracrine loop involved in
NTSRI activation in those patients would enhance tumor
progression and recurrence.

Patients within the initial stages of NSCLC are best man-
aged by surgery, with no consensus existing regarding
postoperative follow-up measures (32). The identification
of patients with poor prognosis, within a determined
stage, would be of major importance for the management
of patients with NSCLC (33), as the follow-up procedures
could be individually tailored. Furthermore, patients with
poor prognosis, within a determined stage, could be iden-
tified as more suitable candidates for postoperative
treatments. Adjuvant chemotherapy has been shown to
improve the prognosis of patients with stage II-Illa
resected NSCLC, whereas no benefit has been observed
in patients with stage Ia, and the results remain controver-
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During cancer progr the i is that oc-
curs is involved in tumor growth and hematogenous-
distant whereas lymphangi is is in-
volved in r 1 lymph node is. Angi i
is counterregulated by various endog hibitors:

node metastasis. (AmJ Patbol 2010, 176:1950-1958; DOI:
10.2353/ajpath.2010.090829)

Peripheral lymphatic vessels, which are composed of a
single layer of lymphatic endothelial cells (LECs) without
mural cell coverage, collect fluid lost from blood vessels
and maintain immune responses, lipid uptake, and tissue
homeostasis.' Recently, attention has focused on lym-
phangiogenesis, which is the formation of new lymphatic
vessels, because it has been shown to be related to
lymph node (LN) metastasis of cancers.” Metastasis of
malignant tumors to regional LNs is one of the early signs
of spreading cancer, and it occurs as frequently as he-
matogenous distant metastasis.®

The formation of blood and lymphatic vessels is primarily
controlled by vascular endothelial growth factor (VEGF)
family members.* This family of growth factors consists of 5
members (ie, VEGF-A, VEGF-B, VEGF-C, VEGF-D, and pla-
cental growth factor). There are also 3 types of VEGF re-
ceptor (VEGFR) tyrosine kinases: VEGFR1, VEGFR2, and
VEGFR3. The most important molecule in the VEGF family
that mediates angiogenesis of the formation of new blood

however, little is known about endogenous inhibitors
of lymphangiogenesis. We recently isolated vasohibin1
as an angiogenesis inhibitor intrinsic to the endothe-
lium and further demonstrated its anticancer activity
through angiogenesis inhibition. Here, we examined
the effect of hibin1 on ly Vaso-
hibin1 exhibited broad-spectrum antilymphangiogemc
activity in the mouse cornea induced by factors includ-
ing VEGF-A, VEGF-C, FGF2, and PDGF-BB. We then in-
oculated highly lymph node-metastatic cancer cells
into mice and examined the effect of vasohibinl on
lymph node metastasis. Tail-vein injection of adenovi-
rus containing the h b ihin] fobibaod
tumor lymphangi and regional lymph node
metastasis. Moreover, local injection of recombinant
vasohibin1 inhibited lymph node metastasis. These re-
sults suggest vasohibinl to be the first known intrin-
sic factor having broad-spectrum antilymphangio-
genic activity and indicate that it suppresses lymph

1950

h .

Is is VEGF-A, and VEGFR2 is the major mediator of
VEGF-A-driven responses in blood endothelial cells
(BECs). Alternatively, the most important factors that medi-
ate lymphangiogenesis are VEGF-C and VEGF-D, and
VEGFRS is the major mediator of VEGF-C- and VEGF-D-
mediated responses in LECs.* In addition, several factors
such as fibroblast growth factor (FGF)2, platele-derived
growth factor BB (PDGF-BB), insulin-like growth factor 1

Supported by a grant from the program Grants-in-Aid for Scientific Re-
search on Priority Areas from the Japanese Ministry of Education, Sci-
ence, Sports, and Culture; by Health and Labor Sciences research
grants; and by funding from Third Term Comprehensive Control Research
for Cancer from the Ministry of Health, Labor, and Welfare (Japan).

Accepted for publication December 11, 2009,

Address reprint requests to Yasufumi Sato, M.D., Ph., Department of
Vascular Biology, Institute of Development, Aging, and Cancer, Tohoku
University, 4-1, Seiryo-machi, Aoba-ku, Sendai 980-8575, Japan. E-mail:
y-sato@idac. tohoku.ac.jp.

- 146 -



(IGF1), and hepatocyte growth factor (HGF) are reported to
induce both angiogenesis and lymphangiogenesis.®®

Angiogenesis is counterbalanced by various endoge-
nous inhibitors.® However, little is known about endoge-
nous inhibitors of lymphangiogenesis. Thrombospondin 1
(TSP1), an angiogenesis inhibitor, does not inhibit lym-
phangiogenesis.'® Endostatin, another angiogenesis inhib-
itor, inhibits lymphangiogenesis and LN metastasis of cer-
tain tumors, but its effect on lymphangiogenesis is mediated
via the down-regulation of VEGF-C in tumor cells."'?

Recently, while searching for novel and functional
VEGF-A-inducible molecules in endothelial cells (ECs),
we identified an intrinsic inhibitor of angiogenesis in the
vascular endothelium and named it vasohibin (VASH).'®
Thereafter we isolated a homologue of VASH, and so we
designated it as VASH2 and renamed the original VASH
as VASH1.' Our subsequent analysis revealed that
VASH1 is expressed in BECs in the termination zone to
halt angiogenesis, whereas VASH2 is expressed in infil-
trating mononuclear cells in the sprouting front to pro-
mote angiogenesis.'® When applied exogenously,
VASH1 effectively inhibits various kinds of pathological
angiogenesis'®1%-1® and inhibits tumor growth.''® Here,
we examined whether VASH1 has any effect on lym-
phangiogenesis, and if so, on LN metastasis of tumors.
Our present study provides evidence that intrinsic factor
VASH1 exhibited broad-spectrum antilymphangiogenic
activity and inhibited LN metastasis.

Materials and Methods

All of the animal studies were reviewed and approved by
the committee for animal study at our institute in accord
with established standards of humane handling of re-
search animals.

Mouse Corneal Micropocket Assay

Mouse corneal micropocket assays were performed as
described previously.' Briefly, 4-week-old male BALB/c
mice (Charles River Laboratories Japan, Inc., Yokohama,
Japan) were deeply anesthetized, and 0.3 pg of poly-2-
hydroxyethyl methacrylate (HEME) pellets (Sigma, St.
Louis, Mo, USA) containing either vehicle or 160 ng of
VEGF-A (VEGF g5, Sigma), 160 ng of VEGF-Ceys1seser
(R&D Systems, Inc., Minneapolis, MN), 12.5 ng or 80 ng
of FGF2 (BD Biosciences, San Jose, CA), or 80 ng of
PDGF-BB (R&D Systems, Inc.) was implanted in the cor-
neas. A total of 4 ng of VASH1 protein was added or not
to the pellets.

Fourteen days after the pellet inoculation, the corneas
were excised, washed in PBS, and fixed in acetone at
4°C for 30 minutes. After three additional washings in
PBS and blocking with 1% BSA in PBS for 1 hour, the
corneas were stained overnight at 4°C with rabbit anti-
mouse lymphatic vessel endothelial receptor 1 (LYVE1)
antibody (1:500; Acris Antibodies GmbH, Hiddenhausen,
Germany) and rat anti-mouse CD31 antibody (1:500; Re-
search Diagnostics Inc., Flanders, NJ). On day 2, the cor-
neas were washed, and secondary antibody reactions were
performed by treatment with Alexa Fluor 488-conjugated

Vasohibin1 Inhibits Lymphangiogenesis 1951
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donkey anti-rat IgG (1:1000; Invitrogen Corp., Carlsbad,
CA) and Alexa Fluor 568-conjugated goat anti-rabbit IgG
(1:1000; Invitrogen Corp.) for 6 hours at 4°C. After a last
washing, the sections were covered with fluorescence
mounting medium (DakoCytomation Inc., Carpinteria, CA).
Double-stained whole-mount sections were observed un-
der a FluoView FV1000 confocal microscope (Olympus
Corp., Tokyo, Japan). Blood vessels were positive for CD31
antigen, and lymphatic vessels were positive for LYVET.
The area covered by blood and lymphatic vessels was
measured by using NIH ImageJ software (v. 1.39u).

Subcutaneous Tumor Xenograft Model

Cells of the human lung cancer cell line NCI-H460-
LNM35 (LNM35, 1.0 X 107 cells) were implanted into the
subcutaneous tissue of the right abdominal wall of female
SCID mice (6 to 8 weeks old, Charles River Laboratories,
Japan). A replication-defective adenovirus vector encod-
ing human vasohibin1 (AdVASH1) or B-galactosidase
gene (AdLacZ, 1 x 10° plaque-forming units [pfu]) was
intravenously injected into a tail vein at day O and day 14
after the implantation.'” Four weeks after the inoculation
the mice were sacrificed, and tumors, along with some
internal organs such as the trachea and axillary LNs,
were collected. The sizes of axillary LNs were measured,
and sections of the nodes were stained with hematoxylin
and eosin to evaluate tumor metastasis.

Tissues were embedded in optimal cutting temper-
ature (OCT) compound (Sakura Finetechnical, Tokyo,
Japan) to make frozen tissue specimens, and sectioned
at6 um. Samples were fixed with methanol for 20 minutes
at —20°C, blocked with 1% BSA in PBS for 30 minutes at
room temperature, and stained with anti-mouse LYVE-1
antibody (1:500), anti-mouse CD31 antibody (1:500), or
anti-mouse F4/80 antibody (1:500; Acris Antibodies
GmbH) at 4°C overnight. This action was followed by
staining with secondary antibodies Alexa fluor 488 don-
key anti-rat IgG (1:1000), Alexa fluor 568 goat anti-rabbit
19G (1:1000) and TO-PRO-3 iodide (1:1000; Invitrogen
Corp.) for 30 minutes at room temperature. After having
been washed three times with PBS, the sections were
covered with fluorescence mounting medium and observed
under an Olympus FluoView FV1000 confocal microscope.
The vascular lumen was traced, and the vascular luminal
area was analyzed with NIH ImageJ software.

Western Blotting of Human VASH1 Protein

Frozen tissues (vena cava, kidney, liver, lung, and heart)
were homogenized and lysed with modified RIPA buffer.
Mouse blood was heparinized and centrifuged to obtain
plasma. Albumin and IgG were depleted from the plasma
with a removal kit according to the manufacturer’s proto-
col (Amersham Biosciences Corp., Piscataway, NJ).
Thereafter, Western blot analysis was performed as de-
scribed previously.'® Horseradish peroxidase (HRP)-la-
beled anti-human VASH1 monoclonal antibody (clone
4E12) was used, which recognized human but not murine
VASH1 protein.
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ELISA for VASH1

Peptides corresponding to Gly286-Arg299 (VC1) and
Ala217-Lys229 (VR) of human VASH1 protein were con-
jugated with keyhole limpet hemocyanin. These antigens
were used to immunize A/J mice, and several monoclonal
antibodies were prepared as described previously.'® We
examined various combinations of monoclonal antibod-
ies and found that the combination of VC1-derived clone
12F6 and VR-derived clone 12E7 was ideal for a highly
sensitive and specific ELISA system that could detect
human and mouse VASH1 protein equally. We used 12F6
and 12E7 for plate coating and HRP labeling, respec-
tively. The detailed procedure for the measurement was
described previously.'®

Preparation of Recombinant VASH1 Protein

Human VASH7 gene with optimized codons for Es-
chericha coli (E. coli) expression was cloned in pET-32
LIC/Xa (Novagen, Madison, WI). The resultant expression
plasmid encoded VASH1 with a sequence of GSNSPLA-
MAISDPNSSSVDKLAAALEHHHHHH at its C terminus. E.
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Figure 1. VASH1 inhibits angiogenesis and lymphangiogenesis induced by
VEGF-A. A: Pellets containing 160 ng of VEGF-A plus or minus 4 ng of VASH1
were inoculated into the mouse cornea. Fourteen days after the inoculation,
the corneas were harvested and immunostained for LYVE1 (red) or CD31
(green). Scale bar = 200 wm. Experiments were repeated at least 3 times, and
representative data are shown here. B: The area of CD31-positive vessel was
quantified; the means and SDs are shown. VASH1 significantly inhibited
angiogenesis and lymphangiogenesis induced by VEGF-A. n= 5, *P < 0.01.
C: The area occupied by LYVEI-positive vessel was quantified, and the
means and SDs shown. VASH1 significantly inhibited the lymphangiogenesis
induced by VEGF-A. n = 5, **P < 0.01.

coli transformants were cultivated at 37°C in TB (2.4 M
yeast extract, 1.2 Mtryptone, 1.25 M K,HPO,, 0.23 M
KH,PO,, 500 pg/m/ polypropylene glycol #2000, 50
pa/ml ampicillin; pH 7.0) supplied with 4% glycerol, and
the expression was induced by the addition of 1 mmol/L
isopropyl B-D-1-thiogalactopyranoside (ODgso = 5). After
a 16-hour cultivation, cells were collected and disrupted
in 20 mmol/L sodium phosphate buffer, pH 7.6, contain-
ing 0.5 mol/L NaCl and 1 mmol/L phenylmethylsulfony!
fluoride in a high-pressure homogenizer. The inclusion
bodies were collected, washed with the same buffer, and
solubilized in 20 mmol/L sodium phosphate buffer, pH
8.0, containing 0.5 mol/L NaCl, 1 mmol/L phenylmethyl-
sulfonyl fluoride, 5 mmol/L 2-mercaptoethanol, 60 mmol/L
imidazole, and 7 mol/L guanidine-HCI. The soluble frac-
tion was loaded onto a Ni Chelating Sepharose column
(16 mm X 125 mm, GE health care, Carnegie Center, NJ)
equilibrated with the above solubilization buffer except
that the guanidine-HCI was replaced by 8 mol/L urea and
eluted with the same buffer containing 300 mmol/L imi-
dazole. VASH1 fusion protein fraction was dialyzed
against 20 mmol/L glycine-HCI buffer, pH 3.5, and di-
gested with coagulation factor Xa (Novagen) for 1 hour at
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Figure 2. VASH1 inhibits angiogenesis and lymphangiogenesis induced by
VEGF-C. A: Pellets containing 160 ng of VEGF-C plus or minus 4 ng of VASH1
were inoculated into the mouse cornea. Fourteen days after the inoculation,
corneas were harvested and immunostained for LYVE1 or CD31. Scale bar =
200 wm. Experiments were repeated at least 3 times, and representative data
are shown here. B: The area of CD31-positive vessel was quantified, and the
means and SDs are shown. VEGF-C limitedly stimulated angiogenesis, as did
VASH1, though no significant differe s were observed. n = 5. C: The area
of LYVE1-positive vessels was quantified, and the means and SDs are shown.
VASH1 significantly inhibited the lymphangiogenesis induced by VEGF-C.
n=>5*P<0.01
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25°C. The released VASH1 protein was collected, solu-
bilized, and purified with Ni Chelating Sepharose. VASH1
protein was then collected as the insoluble fraction after
dialysis against 20 mmol/L Tris-HCI (pH 8.0), resolubi-
lized in 25 mmol/L sodium phosphate (pH 7.2) containing
4 mol/L urea, loaded onto a Q Sepharose column (16
mm X 140 mm, GE health care), and eluted by linearly
increasing the NaCl concentration to 1 mol/L. Finally, the
VASH1 protein was dialyzed against 20 mmol/L glycine-
HCI buffer (pH 3.5).

Orthotopic Tumor Xenograft Model

Human breast cancer cell line MDA-MB-231 obtained
from American Type Culture Collection was transfected
with firefly luciferase and geneticin resistance genes, and
stable transfectants (231Luc-1 cells) were selected
231Luc-1 cells were inoculated into the mammary fat pad of
mice, and spontaneous LN metastatic cells (231LN-Luc-1
cells) were isolated from the axillary LNs and cultured.
231LN-Luc-1 cells (5 x 10°%) in 50 pl of 40% Hanks'
balanced salt solution containing 50% Matrigel (Becton,
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Dickinson and Company, Franklin Lakes, NJ) and 10%
VASH1 or human serum albumin (HSA) solution (5 pg
protein/50 ul solution) were inoculated into the abdom-
inal mammary fat pad of female C57BL-17/Icr SCID Jcl
mice (CLEA Japan, Inc., Tokyo, Japan). Six days after
the inoculation, 2.5 png of VASH1 or HSA was locally
injected into the abdominal mammary fat pad every 3
to 4 days. LN metastasis (axillary region) was analyzed
on day 32 by a bioluminescence imaging technique.
Fifty to 60 seconds after the luciferin injection, mice
were placed in the IVIS Imaging System (Xenogen,
Alameda, CA) and imaged. LN metastasis was quan-
tified as photons/sec obtained with Living Image® soft-
ware (Xenogen).

Calculations and Statistical Analysis

Data were expressed as the mean plus or minus SD. The
significance of the data were determined by using Stu-
dent t test for the evaluation of angiogenesis, lym-
phangiogenesis, plasma VASH1 concentration, and tu-
mor-related photons, and by performing Fisher exact test
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Figure 3. VASH1 inhibits angiogenesis and lymphangiogenesis induced by FGF2. A: Pellets containing 80 ng (high dose) or 12.5 ng (low dose) of FGF2 plus or
minus 4 ng of VASH1 were inoculated into the mouse cornea. Fourteen days after the inoculation, the corneas were harvested and immunostained for LYVE1 (red)
or CD31 (green). Scale bar = 200 pm. Experiments were repeated at least 3 times, and representative data are shown here. B: The areas of CD31-positive vessel
were quantified, and the means and SDs are shown. At the higher dose, FGF2 induced angiogen nd VASH1 significantly inhibited the angiogenesis induced
by FGF2. n = 5, **P < 0.01. At the lower dose, FGF2 did not significantly induce angiogenesis. 7 = 5. C: The areas of LYVEI-positive vessel were quantified,
and the means and SDs are shown. At both the higher and lower doses, FGF2 induced lymphangiogenesis, and VASH1 significantly inhibited the lymphangio-
genesis induced by either dose of FGF2. n = 5, **P < 0.01
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for the evaluation of lymph node metastasis. Statistical
significance was defined as a P value less than 0.05

Results

VVASH1 Exhibits Broad-Spectrum
Antiangiogenic and Antilymphangiogenic
Activities

Earlier we used human VASH1 protein in various
mouse models and showed its antiangiogenic activ-
ity.'316-18 A recent study indicated that the antiangio-
genic effect of mouse VASH1 protein was not distin-
guishable from that of human VASH1 protein in a
mouse model.?® Here we used human VASH1 protein.
VEGF-A strongly induces both angiogenesis and lym-
phangiogenesis in the mouse cornea.?’ By immuno-
staining a mouse cornea for CD31 as a marker for
BECs and for LYVE1 as a marker for LECs, we con-
firmed this activity of VEGF-A (Figure 1A), and further
showed that the co-administration of recombinant
VASH1 protein with VEGF-A almost completely blocked
VEGF-A-induced angiogenesis and lymphangiogen-
esis (Figure 1, B and C).

We next applied VEGF-C, a principal stimulator of lym-
phangiogenesis, to the mouse cornea. In agreement with
a previous report,® VEGF-C induced lymphangiogenesis
and also angiogenesis to some extent when administered
alone to mouse corneas, and co-administration of VASH1
with VEGF-C abolished both lymphangiogenesis and
angiogenesis induced by VEGF-C (Figure 2A). Quan-
titative analysis confirmed these effects of VASH1 (Fig-
ure 2, B and C).

We further administered growth factors other than
VEGF family members that are known to have stimulatory
effects on angiogenesis and lymphangiogenesis. It is
reported that FGF2 induces both angiogenesis and lym-
phangiogenesis at a higher dose (80 ng per pellet), but
primarily induces lymphangiogenesis at a lower dose
(12.5 ng per pellet).?? We confirmed these differential
effects of FGF-2 and further demonstrated that co-admin-
istration of VASH1 with high-dose FGF2 almost com-
pletely blocked both angiogenesis and lymphangiogen-
esis (Figure 3, A-C). PDGF-BB is reported to induce
intratumoral lymphangiogenesis and to promote lym-
phatic metastasis.® VASH1 inhibited both angiogenesis
and lymphangiogenesis induced by PDGF-BB (Figure 4,
A and B).

Taken together, these results indicate that VASH1
has broad-spectrum antiangiogenic and antilymphangio-
genic activities.

VASH?1 Inhibits Tumor Lymphangiogenesis and
LN Metastasis

Next, we proceeded to test the effect of VASH1 in the
tumor xenograft model. We injected adenovirus vector
encoding the human VASH1 gene (AdVASH1) into a tail
vein of mice. Adenovirus vector encoding the B-galac-
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Figure 4. VASH1 inhibits angiogenesis and lymphangiogenesis induced
by PDGF-BB. A: Pellets containing 160 ng of PDGF-BB plus or minus 4 ng

of VASH1 were inoculated into the mouse cornea. Fourteen days after the
inoculation, corneas were harvested and immunostained for LYVE1 or
CD31. Scale bar = 200 um. Experiments were repeated at least three

nd representative data are shown here. B: The area of CD31-
vessel was quantified, and the means and SDs are shown. VASH1
significantly inhibited the angiogenesis induced by PDGF-BB. n = 5,
**P < 0.01. The area of LYVE1-positive vessel was quantified, with means
and SDs shown. VASH1 significantly inhibited the lymphangiogenesis
induced by PDGF-BB. n = 5, **P < 0.01

tosidase gene (AdLacZ) was used as a negative con-
trol. This vector should supply sufficient VASH1 protein
to regulate angiogenesis, as described previously.'”
Indeed, Western blotting for human VASH1 revealed
that human VASH1 protein accumulated in various or-
gans 10 days after the viral injection (Figure 5A). Dif-
ferences in molecular size should be attributable to the
FLAG tag in recombinant VASH1 protein for control,""
and posttranslational processing of VASH1 protein in
mice.' ELISA analysis recognizing both murine and
human VASH1 revealed that the plasma concentration
of VASH1 increased about threefold (Figure 5B).

We then inoculated the flanks of SCID mice with
highly LN-metastatic human non-small cell lung cancer
(LNM35) cells.?® Adenovirus vectors were injected on
day 0 and day 14, and tumor tissues were collected on
day 28. Tumor angiogenesis was analyzed by immuno-
staining VECs for CD31. Blood vessels were distributed
within the tumor; and, as expected, the blood vessel area
was significantly reduced in the AdVASH1-injected group
(Figure 5C). Tumor lymphangiogenesis was analyzed by
immunostaining for LYVE1. We simultaneously performed
F4/80 immunostaining to distinguish LYVE1-expressing
macrophages as described.®* LYVE1-positive and F4/
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Figure 5. Adenovirus-mediated systemic delivery of VASH1 protein inhibits tumor lymphangiogenesis of LNM35 cells. A: AdVASH1 or AdLacZ (1 X 10° pfu) was
injected into a tail vein of mice. Various organs were collected from two mice on day 4 and day 10 after the i ion, and Western blotting for human VASH1
protein was performed as described in Materials and Methods. Recombinant human VASH1 protein with a triple repeat of the FLAG tag (thVASH1) was used as
a control. B: Plasma samples were collected 10 days after the injection, and the concentration of VASH1 was determined by ELISA. 7 = 5, *P < 0.05. C: LNM35
cells were inoculated subcutaneously, and adenovirus vectors were injected into the tail vein of mice on day 0 and day 14. On day 28, the mice were sacrificed
and tumors were resected. Tumor sections were immunostained for CD31 (green), and TO-PRO3 (blue) used for nuclear staining. Scale bas 200 pm. The
intratumoral CD31-positive vascular area was quantified and expressed as % of a field. The means and SDs are shown. Tumor angiogenesis was significantly
inhibited in the AdVASH 1-injected mice. 7 = 13 (AdLacZ), n = 12 (AdVASH1D), *P < 0.01. D: Tumor sections were immunostained for LYVEI1 (red) and F4/80
(green). TO-PRO3 (blue) was used for nuclear staining. Scale bar = 100 wm. The peritumoral LYVEI-positive and F4/80-negative vascular area was quantified
and expressed as % of a field. The means and SDs are shown. Tumor lymphangiogenesis was significantly inhibited in the AdVASH1-injected mice, n = 13
(AdLacZ), n = 12 (AdVASH1), *P < 0.05.

80-negative lymphatic vessels were distributed in the nificantly augmented in the metastasis-negative LNs of
peri-tumoral region (Figure 5D). Quantitative analysis re- the AdLacZ-injected mice, and was abolished in those
vealed that lymphatic vessels in the peritumoral region the AdVASH1-injected mice (Figure 6C). These results
were significantly reduced in area in the AdVASH1-in- suggest that VASH1 inhibited lymphangiogenesis in re-
jected group (Figure 5D). gional LNs before the establishment of LN metastasis.
The regional axillary LNs were recovered on day 28. We tested whether VASH1 impaired normal vessels
LN size was measured, and LN metastasis was deter- in mice. Tracheal mucosa was immunostained for
mined by histological analysis. VASH1 significantly inhib- CD31 and LYVE1. We did not detect any morphological
ited LN metastasis, as LN metastasis occurred in 14 of 17 changes in blood or lymphatic vessels of mice injected
AdLacZ-injected mice, but in only 4 of 16 AdVASH1- with AdVASH1 (Figure 7A) Quantitative analysis revealed
injected mice (Figure 6A). It has been described that that VASH1 did not alter the area of blood or lymphatic
lymphangiogenesis in the regional LNs occurs before LN vessels (Figure 7B).
metastasis and determines tumor dissemination beyond To further show the effect of VASH1 on LN metastasis,
the regional LNs.?>?6 Recovered LNs were therefore we performed orthotopical inoculation of LN metastatic
immunostained for CD31 and LYVE1 to analyze angio- human breast cancer (231LN-Luc-1) cells. Moreover, be-
genesis and lymphangiogenesis (Figure 6B). Angio- cause of the limitation of the gene therapy approach in
genesis was not increased in either metastasis-nega- cancers, we applied recombinant VASH1 protein. We
tive or metastasis-positive LNs when compared with inoculated 231LN-Luc-1 cells into the abdominal mam-
LNs isolated from non-tumor-bearing mice (normal mary fat pad of mice in the presence of recombinant
LNs), but was significantly decreased in AdVASH1- VASH1 protein. We then injected recombinant VASH1
injected mice when compared with the AdLacZ-injected protein locally, because of the obstacle of using recom-
mice (Figure 6C). In contrast, lymphangiogenesis was sig- binant VASH1 protein for systemic administration. There
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blood vessels was significantly decreased in the metas
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was a significant decreased in the bioluminescence in
the VASH1-injected group (Figure 8).

Discussion

VASH1 was originally isolated as a VEGF-A-inducible
angiogenesis inhibitor.'® Here we assessed the effect
of VASH1 on lymphangiogenesis, and explored its
broad-spectrum antiangiogenic and antilymphangio-
genic activities. Our findings are the first demonstra-
tion that a molecule intrinsic to the endothelium exhib-
its such activities.

We first applied VASH1 in combination with VEGF-A to
the mouse cornea. VEGF-A induced both angiogenesis
and lymphangiogenesis, and co-administration of VASH1
abolished those effects of VEGF-A. VEGF-A can induce
lymphangiogenesis by affecting LECs directly or indirec-
tly.27?8 One means by which VEGF-A indirectly induces
lymphangiogenesis is by mediating angiogenesis, which
increases the local accumulation of inflammatory cells

is shown. The frequency of LN metasta
s, and representative data are shown here. LN metastasi:
and shown on the right. Scale bars = 500 wm on the left and 100 um on the right
ning. Scale bar = 200 um. C: The CD31-positive and LYVEI-positive ve
significantly decreased in the metastasi
is-positive LNs of the AdVASH1-injected mice. n = 8 (AdLacZ meta+ and AdVASH1 meta-), n = 4 (normal

n AdVASH 1-injected mice was significantly lower, **P < 0.01. Experiments
etermined by histological analysis. Boxed fields on the left were enlarged
Ns were immunostained for CD31 (green) and LYVE1 (red). TO-PRO3 (blue)
| areas were quantified and expressed as % of a field. The means
LNs of the AdVASH1-injected mice, whereas the area of

and thus the supply of lymphangiogenic factors such as
VEGF-C.?°-3" Because VASH1 inhibited angiogenesis,
VASH1 might exhibit its antilymphangiogenesis activity
via the indirect route. To further clarify the effect of VASH1
on lymphangiogenesis, we replaced VEGF-A with
VEGF-C, a principal and direct lymphangiogenesis stim-
ulator. The result showing that VASH1 inhibited VEGF-C—
stimulated lymphangiogenesis supports the direct anti-
lymphangiogenesis activity of VASH1. Notably, VASH1
inhibited FGF2- and PDGF-BB-induced angiogenesis
and lymphangiogenesis as well. Thus, the inhibitory ef-
fect of VASH1 is not restricted to the phenomena induced
by the VEGF family members.

We focused our attention on the antilymphangio-
genic activity of VASH1, as tumor lymphangiogenesis
is recognized as a therapeutic target for the prevention
of LN metastasis. We experimentally used an adenovi-
rus vector, and showed that VASH1 delivered by this
means inhibited tumor lymphangiogenesis and LN me-
tastasis in a mouse xenograft model. The injection of
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Figure 7. VASH1 does not damage normal vessels. A: A mouse trachea
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AdLacZ

AdVASH1 via a tail vein caused the synthesis of VASH1
protein in the liver. The accumulation of human VASH1
protein detected in various organs indicates that this
procedure allowed us to supply human VASH1 protein
systemically. The high affinity of VASH1 for heparin
should be the reason for this local accumulation.™
As expected, AdVASH1 inhibited tumor lymphangio-
genesis and regional LN metastasis. We further tested
lymphatic vessels in the regional LNs, and found that
lymphangiogenesis was significantly augmented in the
metastasis-negative LNs and was inhibited by AdVASH1.
However, lymphangiogenesis was no more augmented in
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the metastasis-positive LNs in the AdLacZ control. We
speculate that this decrease in lymphatic vessels in the
metastasis-positive LNs in the AdLacZ control might be
attributable to the occupation of LNs by metastatic can-
cer tissues (Figure 6A), as lymphatic vessels are rarely
present within cancer tissues.*

We previously reported the antitumor effect of
VASH1 to occur through inhibition of angiogene-
sis.'®'® Antiangiogenic therapy is currently being used
clinically to inhibit tumor angiogenesis and tumor
growth by targeting VEGF-A-mediated signaling, but
one of the problems with this treatment is drug resis-
tance *331 Cancer cells switch to producing other fac-
tors such as FGF2 to combat the antiangiogenic ther-
apy when they are treated with VEGF-A targeting
monotherapy.®® PDGF-mediated signaling is another
pathway that is activated in cancers.®® Importantly,
FGF2 and PDGF-BB synergistically promote tumor
neovascularization and distant metastasis.® The fact
that VASH1 exhibited broad-spectrum antiangiogenic
activity, including that against FGF2 and PDGF-BB,
reveals an advantageous characteristic of it.

It has been reported that the blockade of VEGFR3
signaling inhibits tumor lymphangiogenesis and LN
metastasis.®” Thus, with analogy to the antiangiogen-
esis therapy, VEGFR3 signaling is proposed to be an
appropriate target for the inhibition of lymphangiogen-
esis. It is not clear yet whether resistance would occur
when VEGFR3 signaling is blocked.®” Nevertheless,
because FGF2 and PDGF-BB, which are candidates to
cause drug resistance in antiangiogenic therapy, pro-
mote lymphangiogenesis as well, the broad-spectrum
antiangiogenic and antilymphangiogenic activities of
VASH?1 are noteworthy.

In summary, our present study shows that the intrin-
sic factor VASH1 has broad-spectrum antiangiogenic
and antilymphangiogenic activities, thus affording it
the potential to inhibit tumor lymphangiogenesis and
LN metastasis. We propose that VASH1 should be
tested further for controlling tumor angiogenesis and
lymphangiogenesis.

VASH1

Figure 8. VASH1 inhibits LN metastasis of ortho-

ic: inoculated 231LN-Luc-1 cells. 231LN-
s (5 X 10°) were inoculated into the
abdominal mammary fat pad of mice. Recombi-
nant VASH1 protein or HSA was applied locally.
Auxiliary LN metastasis was analyzed by the biolu-
minescence imaging technique. LN metastasis on
day 32 was quantified as photons/sec on the left.
n=35,*P< 0.05. Representative photos on day 32
are shown on the right. The color-bar indicates the
value (photons/sec) for metastatic tumors.
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