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proliferation and angiogenesis

Nicolas Clere?, Isabelle Corre?, Sébastien Faure', Anne-Laure Guihot®, Emilie Vessiéres®, Marie Chalopin®, Alain Morel>*,
Olivier Coqueret®*, Lutz Hein®, Yves Delneste®, Francois Paris? and Daniel Henrion!

"CNRS UMR 6214, INSERM UMR U771, Université d’Angers, Faculté de Médecine, Angers, France
2 INSERM UMR U892, Centre de Recherche en Cancérologie Nantes-Angers, Université de Nantes, France

3 Centre de lutte contre le cancer Paul Papin, Angers, France

“INSERM UMR U892, Centre de Recherche en Cancérologie Nantes-Angers, Université d’Angers, France
®Institute of Experimental and Clinical Pharmacology and Toxicology, University of Freiburg, Albertstrasse 25, Freiburg 79104, Germany

Despite significant expression level in cancer cells, the role of the angiotensin Il Type 2 receptor (AT2R) in cancer progression
remains poorly understood. We aimed to investigate the involvement of AT2R in tumorigenesis, hypothesizing a role in tumor
cell proliferation and/or tumor angiogenesis. Two animal tumor models were used: fibrosarcoma induced by 3-
methylcholanthrene (3-MCA) in FVB/N mice invalidated for AT2R (AT2R-KO) and carcinoma LL/2 cells injected in C57BL/6N
mice treated with AT2R antagonist PD123,319. Tumor growth was monitored, microvascular density (MVD) evaluated by CD31
staining. Proliferation index of LL/2 and 3-MCA tumor cells was evaluated by expression of Ki-67. Angiogenesis was assessed
by aorta ring assay and angiogenic mediators’ expression by real-time RT-PCR. Tumor induction by 3-MCA was significantly
delayed in AT2R-KO compared to wild-type mice (56 days vs. 28 days). Tumorigenesis following LL/2 cell injection in mice
was also significantly reduced by early administration of the antagonist PD123,319. In vitro, inactivation or invalidation of
AT2R inhibited proliferation of LL/2 and 3-MCA tumor cells, respectively. Tumor MVD was reduced in mice treated early with
PD123,319. Ex vivo experiments revealed a significant decrease in angiogenesis after PD123,319 treatment or in AT2R-KO
mice. Finally, we identified vascular endothelial growth factor (VEGF) as a soluble proangiogenic factor produced by LL/2 cells
and we showed that in LL/2 and 3-MCA tumor cells, inhibition or deficiency of AT2R was associated with impaired production
of proangiogenic factors included VEGF. This study uncovered novel mechanisms by which AT2R would promote tumor
development, favoring both malignant cell proliferation and tumor angiogenesis.

The renin-angiotensin system (RAS) plays a major role in
vascular homeostasis, regulating blood pressure and blood
flow by modulating vascular tone. Disorders affecting the
RAS contribute to the pathophysiology of most cardiovascu-
lar diseases. Angiotensin II (AnglI), the main effector of the
RAS, acting through G-protein-coupled receptors (GPCRs),
Type 1 (ATIR) and Type 2 (AT2R).! Most of the physiologi-
cal effects of AnglI such as vascular smooth muscle cell con-
traction, growth and inflammation have been attributed to
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ATIR, which is expressed ubiquitously in adult tissues.”
Accumulating evidences also indicate that AT2R, despite
being expressed more restrictly, can induce vasodilation, anti-
growth and anti-inflammatory actions in adult tissues,’
thereby antagonizing the effects of ATIR. Nevertheless, in
various pathologic situations, AT2R was more described as a
pro-proliferative factor as it could participate in cardiovascu-
lar remodeling following myocardial infarction, hypertension,
heart failure and stroke.*® Moreover, it was shown in ische-
mia that AT2R had some pro-angiogenic properties.”® There
is now increasing evidence of implication of the RAS system
in cancer biology. In several organs, there exists a local RAS
system which may, by paracrin mechanisms, affect cell prolif-
eration, apoptosis and inflammation.” Many studies involved
ATIR as the RAS member regulating tumorigenesis. Overex-
pression of ATIR in cancer tissues is common in a number
of cancers (prostate, lung, pancreas, breast, etc.), and may
correlate with tumor progression. Recent years, many studies
have more precisely investigated the role of AT1R in tumor
development and it was shown that ATIR could regulate tu-
mor growth, tumor angiogenesis and metastasis in different
tumor animal models.'*""*

5
p—
=]
ovmi
[==]
3
@)
S
5]
=
<
)




®
p—
=]
o
[==]
—|
Y
QO
Sl
(5]
=
<
)

2280

However, until now the role of the AT2R subtype in tu-
morigenesis has not been deeply investigated. Nevertheless,
AT2R is highly expressed in intratumoral blood vessels in
human pituitary adenomas'® and its upregulation was associ-
ated with poor prognosis in astrocytoma.'® One recent study
has described that genetic deletion of AT2R reduced lung tu-
mor growth after tobacco nitrosamine intoxication.'” These
authors demonstrated that AT2R was regulating activation of
TGF-fB in stromal cells from the tumor microenvironment,
suggesting for the first time an oncogenic modulation func-
tion of AT2R but without proving any direct effect of AT2R
on tumor cells. Importance of the microenvironment is
clearly established in tumor development'® and tumor vascu-
lature, represents a major component of this microenviron-
ment influencing tumorigenesis.'”” We hypothesized that
AT2R could regulate directly tumor cell growth properties
and could also affect tumor vasculature. Our study was aim-
ing at clarifying precise role of AT2R in tumor progression
by exploring blockade effect of AT2R both on tumor cell
growth and on tumor angiogenesis from 2 different animal
models of tumors.

Material and Methods

Reagents

The AT2R blocker PD123,319 was purchased from Tocris (Bris-
tol, United Kingdom), and AngII from Sigma Aldrich (St. Louis,
MO). The ATIR blocker candesartan was kindly provided by
AstraZeneca (Molndal, Sweden). Trypsin and culture media
were obtained from Lonza (Basel, Switzerland). Anti-mouse vas-
cular endothelial growth factor (VEGF) and anti-mouse VEGF-
R1 blocker antibodies were obtained from R&D systems (Min-
neapolis, MN). Methods were summerized in Figure SI.

Mice

Six-week-old female C57BL/6N mice (Charles River laborato-
ries, L’Arbesle, France) and female FVB/N mice (Institut fiir
Experimentelle und Klinische Pharmakologie und Toxikolo-
gie, Freiburg, Germany) with deleted AT2R (Agtr2—/—) gene
were compared to Agtr2+/+ mice (Ref. 20, #68), were used.
All studies involving mice were approved by the regional
ethics committee on animal testing and were carried out with
permission to conduct experiments on animals in accordance
with European guidelines (A49065).

3-Methylcholanthrene (3-MCA)-induced sarcoma
Female AT2R-KO and wild-type (WT) mice (n = 6 per
group) were inoculated subcutaneously in the right flank
with 0.2-ml peanut oil containing 3-MCA (20 mg/kg, Sigma-
Aldrich). Tumor growth was monitored weekly and meas-
ured using a caliper square along the perpendicular axes of
the tumors. Tumor volume was evaluated according to the
formula: V=L x P> x 0.52 (where L is the largest superficial
diameter and [ is the smallest superficial diameter).
Fibrosarcoma-derived cells were extracted from the
tumors of AT2R-KO (3-MCA-KO) and WT (3-MCA-WT)
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mice. Cells were grown in DMEM containing 10% fetal bo-
vine serum (FBS), 1% L-glutamine and 100 UI/ml of penicil-
lin plus streptomycin in a humidified chamber at 37°C under
5% COs.

Cell culture and cell proliferation

The Lewis lung carcinoma cell line LL/2 was purchased from
American Type Culture Collection. These cells were grown in
DMEM containing 10% FBS, 1% L-glutamine and 100 UI/ml
of penicillin plus streptomycin in a humidified chamber at
37°C under 5% CO,.

LL/2 or 3-MCA fibrosarcoma-derived cells were seeded
onto 6-well plates at a density of 3 x 10° cells/well. Cells
were cultured in DMEM media with 10% FBS for 24 hr.
Before experiments, cells were starved for 24 hr and there-
after treated with Angll (108 M) or Angll (1078 M) plus
PD123,319 (107° M) in DMEM for 72 hr. After incubation
in 5% CO, at 37°C, cells were harvested with trypsin and cell
number was estimated after staining with Trypan blue.

Cell immunochemistry

Ki-67 immunolabeling was used to determine cell prolifera-
tion. LL/2 or 3-MCA-fibrosarcoma-derived cells (3 x 10°)
were seeded on glass slides in 6-well plates and treated as
previously described. Cells were then fixed for 5 min in ace-
tone at —20°C followed by 5 min in acetone at room temper-
ature. Slides were incubated for 30 min in PBS with 2% BSA
and 0.01% Tween 20. Slides were incubated for 60 min at
room temperature with mouse anti-Ki-67 antibody (clone
TEC-3, Dako, Glostrup, Denmark), then incubated for 30
min with anti-rat secondary biotinylated antibody, and then
incubated for 30 min with VECTASTAIN® Elite ABC reagent
(Vector Laboratories, Burlingame, CA). Peroxidase activity
was detected with DAB® (Roche Diagnostics, Basel, Switzer-
land) and 0.05% H,O,, resulting in the intranuclear deposi-
tion of a brown pigment. The number of Ki-67-positive cells
was manually counted, for each condition, in 6 randomly
selected fields of view wusing a microscope at 40x
magnification.

Immunoprecipitation and Western blot analysis

LL/2 cells were incubated with Angll or Angll plus
PD123,319 for 72 hr. Cells were then lysed in RIPA buffer
(50 mM Tris, 150 mM NacCl, 1% Triton X100, 0.5% sodium
deoxycholate, 0.1% SDS). After centrifugation at 14,000g for
15 min at 4°C, the supernatant was collected. One hundred
micrograms of cell lysate were incubated with 10 pg of anti-
AT2R polyclonal antibody (C-18, Santa Cruz Biotechnology,
Santa Cruz, CA) at 4°C overnight and precipitated by addi-
tion of 10 ul of protein A/G-agarose (Santa Cruz Biotechnol-
ogy). The immunoprecipitate was resuspended in 2Xx
Laemmli sample buffer and run on a 10% SDS/PAGE. Pro-
teins were then transferred to nitrocellulose membranes
(Amersham, Bucks, United Kingdom), blotted with anti-
AT2R antibody (H-143, Santa Cruz Biotechnology), and
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proteins were visualized using the SuperSignal West Femto
Maximum Sensitivity Substrate Kit (Pierce Biotechnology,
Rockford, IL).

For Western blot, 30 ug of lysate was separated by SDS-
PAGE. Proteins were detected with specific antibodies against
ATIR (SC-1173, Santa Cruz Biotechnology), VEGF (R&D
systems Minneapolis, MN) and B-actin (Sigma Aldrich). Pro-
tein expression was visualized using the SuperSignal West
Femto Maximum Sensitivity Substrate Kit (Pierce Biotechnol-
ogy) and normalized for B-actin expression.

In vivo AT2R blockade with PD123,319

Six-week-old female C57BL/6N mice (Charles River laborato-
ries, L’Arbesle, France) were inoculated with LL/2 cells
(2.5 x 10> cells per mouse) s.c. in the right flank. Osmotic
mini-pumps (Alzet® model 2002, Palo Alto, CA) containing
sterile saline vehicle, candesartan (5 mg/kg/day) or PD123,319
(20 mg/kg/day) were implanted subcutaneously in the back of
the neck 7 or 14 days after LL/2 cell inoculation under anesthe-
sia (5% isoflurane). Tumor growth was monitored weekly. Af-
ter a treatment for 14 days, mice were sacrificed and tumors
were collected and weighed. Tumors were then fixed in 4%
paraformaldehyde and embedded in paraffin.

Immunohistochemical analysis and microvascular density
For the measurement of microvascular density (MVD), tu-
mor sections were first deparaffinized. Endogenous peroxide
production was blocked with 1% hydrogen peroxidase inhibi-
tor (Sigma Aldrich). Nonspecific protein binding was blocked
with 10% rabbit serum and 2% bovine serum for 30 min.
Sections were then incubated overnight at 4°C with anti-
mouse CD31 antibody (Dako). Finally, sections were incu-
bated for 30 min with peroxidase-labeled biotinylated anti-rat
antibody (Vector Laboratories) at room temperature. Signal
was detected with True Blue peroxidase substrate® (KPL,
Gaithersurbg, MD) following incubation for 10 min and sec-
tions counterstained with hematoxylin. Each tumor section
was analyzed by three independent observers to determine
the MVD/mm®.

Mouse aortic ring assay

The abdominal aorta was isolated from WT and AT2R-KO
mice. Transverse sections (1-mm thick) were then washed in
MCDBI131 medium and embedded in BD Matrigel® (BD Bio-
sciences, San Jose, CA) in a 96-well plate. Rings were incu-
bated at 37°C in endothelial basal medium supplemented
with antibiotics with or without AngIl (10°® M) or AngIl
plus PD123,319 (10°® M and 10°° M, respectively) for 5
days.

Tube formation assay

Abdominal aortic rings were embedded in BD Matrigel (BD
Biosciences) in the bottom chambers of 24-well Transwell®
plates (Corning, NY) and incubated in MCDB131 medium.
LL/2 cells (1.5 x 10%) were seeded into the top chambers in
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Table I. Genes analyzed by real-time RT-PCR (alphabetic order)
Genes Primers
AT2 Sense 5'-TGCTTTAAACACTGGCAACTAAA-3’
Antisense 5'-TGCCAGTTGCGTTGAGATTA-3’
Flt1 Sense 5'-GGCCCGGGATATTTATAAGAAC-3'
Antisense 5'-CCATCCATTTTAGGGGAAGTC-
TGF-B Sense 5'-TGGAGCAACATGTGGAACTC-3’
Antisense 5'-CAGCAGCCGGTTACCAAG-
TSP1 Sense 5'-GTTCCTGATGGTGAATGCTG-3’
Antisense 5'-CACGTTGCTGAATCCATTG-
VEGF Sense 5'-AAACGAAAGCGCAAGAAATC-3'

Antisense5’-ATGCTTTCTCCGCTCTGAAC-

Primer were designed using Primer3 software (http://frodo.ui.mit.edu/
cgi-bin/primer3/primer3_www.cgi)

DMEM containing 10% serum or in DMEM supplemented
with Ang II (10°® M). Cells were treated for 5 days with
anti-mouse VEGF (0.15 pg/ml) or VEGF-R1 (8 pg/ml) anti-
bodies. Each ring was scored by three independent observers
on a scale of 0 to 5, depending on the extent of outgrowth
where 0 equals no growth and 5 represents profuse growth.

Real-time RT-PCR

LL/2 or 3-MCA cells were cultured in DMEM media with
10% EBS for 24 hr. Before experiments, cells were starved for
24 hr. LL/2 cells were thereafter treated with AnglI (1078 M)
or Angll plus PD123,319 (10 ® M) in DMEM for 72 hr.
Cells were detached using trypsin and reverse transcription
was performed using a QuantiTect® Reverse transcription kit
(Qiagen, Courtaboeuf, France). Real-time PCR was performed
on ABI PRISM 7000 Sequence Detection System using the
SYBR Green PCR Master Mix (Applied Biosystems®,
Carlsbad, CA). The PCR reaction consisted of 7.5 pl of SYBR
Green PCR Master Mix, 10 nM of forward and reverse pri-
mers (Table 1), and 2.0 pl of 1:20-diluted template cDNA in
a total volume of 20 pl. Cycling was performed using the
conditions 10 min at 95°C, followed by 40 rounds of 15 sec
at 95°C and 1 min at 60°C. To verify that the used primer
pair produced only a single product, a dissociation protocol
was added after thermocycling, determining dissociation of
the PCR products from 65°C to 95°C. We selected the HPRT
gene as an endogenous control (Table 1). Finally, the quanti-
fication of mRNA was performed according to the ACt
method.

Statistics

Data represent mean * SEM. Statistical tests used were Stu-
dent’s t-test or ANOVA as specified in the figure legends.
For Kaplan-Meier survival analysis, the end point was the
detection of tumor volume >100 mm”. Statistical significance
of the difference between the survival curves for different
groups of mice was assessed using x> and log-rank tests.
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Results

AT2R deficiency delays carcinogen-induced tumorigenesis
To evaluate whether AT2R activation was associated with
carcinogen-induced tumorigenesis, AT2R-KO and WT mice
were treated with 3-MCA (20 mg/kg). In AT2R-KO mice, tu-
mor development was significantly delayed compared to WT
mice (Fig. la). Fibrosarcomas were observed in 66% of WT
mice after 28 days, whereas the same percentage of tumors
was observed in AT2R-KO mice after 56 days. Moreover af-
ter 35 days, all WT mice had a tumor of at least 100 mm®
while no detectable tumors were found in AT2R-KO mice
(Fig. 1b). These results suggest that absence of the AT2R sig-
nificantly delays tumorigenesis.

Early AT2R pharmacological blockade

decreases tumor growth

To determine the effect of pharmacological blockade of the
AT2R on tumor growth, C57BL/6N female mice were
injected with LL/2 cells and were treated with either the
AT2R antagonist PD123,319, the ATIR antagonist candesar-
tan or saline 7 or 14 days after cell inoculation. In both cases,
detectable tumors were observed 9 days after LL/2 cells injec-
tion. In mice treated with PD123,319 from Day 7 onward,
tumor growth was significantly retarded compared to mice
treated with the vehicle whereas treatment with the AT1R
agonist candesartan had no effect on tumor growth (Fig. 2a).
Although mice treated with PD123,319 at Day 7 demon-
strated a significant delay in tumor growth, withdrawing
PD123,319 treatment led to increased tumor growth, con-
firming the specific and reversible effect of blocking AT2R in
tumor development (Fig. 2a). Tumor growth was not signifi-
cantly affected by either PD123,319 or candesartan when
treatment started 14 days after LL/2 cell inoculation (Fig. 2b).
These observations were confirmed by the measurement of
tumor weights at the end of the protocol: tumor weight was
significantly lower only in mice treated 7 days after LL/2
injection with PD123,319, but not with candersartan (Fig.
2¢). No differences in tumor weight were observed when
PD123,319 or candersartan treatment was initiated at Day 14
post-injection (Fig. 2d). These results confirm that the
specific pharmacological blockade of AT2R decreases tumor
development, particularly when PD123,319 treatment is initi-
ated at an early stage of tumorigenesis.

Pharmacological blockade of the AT2R with PD123,319
decreases tumor angiogenesis

We hypothesized that AT2R could influence neo-vasculariza-
tion in tumors. Therefore, we investigated MVD in tumor
sections. When AT2R pharmacological blockade by
PD123,319 was initiated at Day 7, CD31 (endothelial specific
marker)-positive staining was lower in tumors of PD123,319-
treated mice than of control animals. Nevertheless, when the
treatment with PD123,319 was started 14 days after LL/2
cells inoculation, CD31-positive staining was not different

AT2R delays early tumor growth
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Figure 1. Invalidation of AT2R protects mice from 3-MCA-induced
sarcoma. (@) Tumor volume in WT or AT2R-KO mice. Data are
expressed as tumor volume (mm?) and are presented as mean =
SEM (n = 6 per group). ***p < 0.001: AT2R-KO vs. WT mice
(ANOVA) (b) Kaplan-Meier analysis of mice with skin fibrosarcomas
in WT and AT2R-KO groups. (AT2R-KO vs. WT mice: % and log-rank
tests). p < 0.002; Hazard ratio: 2.333; 95% Cl of ratio: 1.787-
13.44.

from control (Fig. 3). These results show that blockade of
AT2R by PD123,319 inhibits tumor angiogenesis only when
it was administrated early, implying that AT2R is acting early
during tumorigenesis in our model.

AT2R has direct effects on LL/2 carcinoma cells and

on 3-MCA-fibrosarcoma-derived cells

As our in vivo analysis implicated the AT2R in tumorigene-
sis, we chose to characterize malignant tumor cells from our
2 models: LL/2 cells used for injection and 3-MCA-induced
fibrosarcoma cells isolated from WT or AT2R-KO mice.
First, we examined expression of AT2R and AT1R and found
high expression of each angiotensin receptor in LL/2 cells,
whether treated or not with AnglI plus PD123,319 (Fig. 4a).
In 3-MCA fibrosarcoma cells, AT2R expression was absent in
3-MCA-AT2R KO whereas expression of ATIR was high in
both WT and AT2R KO (Fig. 4a). Results of AT1R and
AT2R protein expression were confirmed at mRNA level by
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Figure 2. Early AT2R pharmacological blockade reduces in vivo tumor growth. LL/2 cells (2.5 x 10°) were injected s.c. into the flank of
C57BL/6N female mice. Mice were chronically treated with PD123,319 (20 mg/kg/day), candesartan (5 mg/kg/day) or their vehicle (saline).
The treatment was initiated 7 (a) or 14 (b) days after LL/2 cells implantation and tumor dimensions were measured weekly. Data are
expressed as tumor volume (mm?) and are presented as mean = SEM (n = 6 per group) ***p < 0.0001: PD123,319 vs. vehicle (ANOVA).
Tumor weights were determined 14 days after pump implantation at the sacrifice of animal, that is, at Day 21 for mice treated 7 days after

cell injection (c) or Day 28 for mice treated 14 days after cell injection (d). Data are expressed as tumor weight (g) and are presented as
mean = SEM (n = 6 per group) ** p < 0.05: PD123,319 vs. vehicle (ANOVA).

real time PCR (data not shown). We then analyzed the pro-
liferation rates of LL/2 and 3-MCA fibrosarcoma cells in
order to determine if the AT2R could directly affect the pro-
liferation status of these cells. Thus, using cell counting and
Ki-67 immuno-staining, we found that in LL/2 cells, AngII
induces a 35% increase in cell number whereas treatment
with Angll and the AT2R antagonist PD123,319 decreases
the cell number by 50% (Fig. 4b). A clear decrease (45%) of
Ki-67-positive LL/2 cells was observed when these cells were
treated with Angll and PDI123,319. No difference was
observed between control cells and Angll treated-LL/2 cells

Int. ). Cancer: 127, 2279-2291 (2010) © 2010 UICC

(Fig. 4c). In 3-MCA-fibrosarcoma derived cells, treatment
with PD123,319 induced a 65 and 47% decrease in cell
counting, respectively in AT2R-KO and in WT cells
(Fig. 4d). Moreover, a significant decrease of Ki-67 positive
cells was found in 3-MCA-KO cells or in 3-MCA-WT cells
treated with AngIl and PD123,319 for 72 hr (Fig. 4e). To
show that AT2R role in tumor cell proliferation was not only
limited to lung carcinoma derived cells LL/2 and 3-MCA
fibrosarcomas, two other cell lines CT-26°' and ID8,*
derived respectively from BALB/c mouse colon carcinoma
and C57BL/6N mouse ovarian cancer and both expressing

?
p—
=]
ovmi
/M~
=]
Y
@)
S
]
9
=]
<
)



®
p—
=]
o
[==]
—|
Y
QO
Sl
(5]
=
<
)

2284

AT2R delays early tumor growth

T bty
L3

LR a"r »

N P T A
g DLW w8 P
- L?.;--w R )

i

Microvessel density/mm?
—
N
=

PD123,319
di4

NaCl

d7 di14
PD123,319

Figure 3. AT2R blockade with PD123,319 reduces tumor-associated angiogenesis. Photographs were taken with 20x objectives. A
representative frozen section of tumor from each group (n = 6) is shown and revealed CD31 staining in blue. d7: PD123,319 treatment initiated
7 days after LL/2 cell injection. d14: PD123,319 treatment initiated 14 days after LL/2 cell injection. Mean MVD (number of vessels/mm?) from
tumors treated with PD123,319 or saline are graphically represented. * p < 0.05. PD123,319-treated mice vs. vehicle-treated group (ANOVA).
Horizontal bar = 50 um. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

AT2R, were subjected to the same treatments for 72 hr. As
in LL/2 and 3-MCA cells, a significant decrease in prolifera-
tion was observed in AnglI plus PD123,319-treated cells after
72 hr in both cell lines CT26 and ID8 cells (data not shown).
These observations demonstrate that AT2R is directly
involved in the control of malignant cell proliferation.

AT2R blockade or AT2R gene deletion inhibits

angiogenesis ex vivo

As we have shown that pharmacological blockade of AT2R
with PD123,319 correlated with decreased MVD, we assessed
the role of the AT2R in angiogenesis in our animal models.
Using the aortic ring assay (Fig. 5a), we showed in rings

from WT mice that treatment with Angll did not affect the
sprouting formation whereas treatment with PD123,319 sig-
nificantly decreased it. In rings from AT2R-KO mice, the
sprouting was significantly reduced in aortic control rings
compared with rings from WT mice. We also noticed that
the treatment with Angll increased the sprouting index of
AT2R-KO rings compared to untreated KO rings. The speci-
ficity of the AT2R antagonist PD123,319 was further con-
firmed, as no difference in sprout formation was observed in
Angll plus PD123,319-treated aortic rings from AT2R-KO
mice compared with untreated AT2R-KO rings (Fig. 5b).
According to these observations, we conclude that the AT2R
can directly modulate angiogenesis.

Int. ). Cancer: 127, 2279-2291 (2010) © 2010 UICC
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Figure 4. Direct effects of AT2R on LL/2 and 3-MCA-fibrosarcoma-derived cells proliferation. (a) AT1R and AT2R expression in LL/2 cells
treated with PD123,319 (PD) or its vehicle (saline) and in wild-type (WT) or AT2R-KO (KO) fibrosarcoma-derived cells. (b) Effect of Angll
(108 M) or Angll plus PD123,319 (10 % M and 10 ° M, respectively) treatments on LL/2 cell number after 72 hr. Data are graphically
expressed as mean (n = 6) = SEM (ANOVA). * p < 0.05: Angll-treated vs. untreated cells. # p < 0.05: Angll-treated vs. Angll plus
PD123,319-treated cells. § p < 0.05: Angll plus PD123,319-treated vs. untreated cells. (¢) Ki-67 expression was analyzed in LL/2 by
immunochemistry. Data are graphically expressed as mean of percentage of labelled cells (n = 6) = SEM. * p < 0.05: Angll plus
PD123,319-treated cells vs. untreated cells (ANOVA). (d) Influence of AT2R invalidation and PD123,319 treatment on malignant cell number
after 72 hr. Data are graphically expressed as mean (n = 6) = SEM (ANOVA). ** p < 0.01: KO vs. WT cells. * p < 0.05: KO vs. Angll plus
PD123,319-treated WT cells. (e) Ki-67 expression was analyzed in 3-MCA-fibrosarcoma-derived cells by immunochemistry. Data are
graphically expressed as mean of percentage of labelled cells (n = 6) = SEM. * p < 0.05: KO cells or WT cells treated with Angll plus
PD123,319 vs. 3-MCA-WT cells (ANOVA).
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Figure 5. Influence of PD123,319 treatment or AT2R invalidation in the regulation of ex vivo angiogenesis. (a) Abdominal aortic ring
segments from AT2R-KO or WT mice were embedded in Matrigel® and incubated with Angll (10~8 M), Angll plus PD123,319 (10 8 M and
107 M, respectively), or vehicle (saline) for 5 days. Panel shows representative photomicrographs of tube formation in each condition
after 5 days in culture. (b) Effect on the sprouting vessels from ex vivo aortic rings embedded in Matrigel. Bars represent mean of 3
independent experiments = SEM. * p < 0.05: each ring vs. WT untreated ring; # p < 0.05: KO-rings treated with Angll vs. KO-untreated
rings (ANOVA).
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Figure 6. Increase of sprouting in mouse aortic rings cocultured
with LL/2 cells. Effect on the sprouting vessels from coculture of
LL/2 cells and aortic rings. Bars represent the mean of 3
independent experiments = SEM. ** p < 0.01 : WT + LL2 vs. WT
— LL/2 (Student’s t-test).

Soluble proangiogenic factors, and particularly VEGF,
produced by LL/2 tumor cells favor angiogenesis

in aortic ring assays

To determine whether the AT2R could be involved in
tumor-regulated angiogenesis, we first set up a coculture
model wherein sprout formation was studied using aortic
rings embedded in Matrigel in the bottom chambers of
Transwell plates and cocultured with LL/2 cells seeded in
upper chambers. In rings cocultured with LL/2 cells, sprout-
ing increased significantly (Fig. 6). These data strongly sug-
gest that soluble factor(s) produced by LL/2 cells, is (are)
required to fully optimize the angiogenic process.

VEGF is known to be an essential proangiogenic factor.
Accordingly, to determine if this proangiogenic factor was
involved in tumor-regulated angiogenesis, sprouting was
studied in Transwell plates, as previously described. Wild-
type aortic rings, cocultured with LL/2 cells, were treated
with VEGF or VEGF-R1 blocker antibodies. Sprout forma-
tion was significantly reduced in aortic rings treated with
VEGF or VEGF-R1 blocker antibodies compared to WT-
untreated rings (Fig. 7). These observations clearly indicate
that VEGF produced by LL/2 cells is required to promote
angiogenesis in our model of ex vivo angiogenesis.

Influence of the AT2R in the regulation of proangiogenic
molecules expression in tumor cells

We then investigated if the modulation of AT2R may influ-
ence the production of soluble proangiogenic molecules by
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Figure 7. Influence of soluble proangiogenic factors produced by
tumor cells on ex vivo angiogenesis. The effect on the sprouting

|® are shown

vessels from ex vivo aortic rings embedded in Matrige
by bars representing the mean of 3 independent experiments *+
SEM. * p < 0.05: each treated ring vs. WT untreated ring (ANOVA).
VEGF Ab: treated with VEGF blocker antibodies; VEGF-R1 Ab:

treated with VEGF-R1 blocker antibodies.

tumor cells (Table S1). A significant decrease of VEGF and
VEGF-R1 transcripts and in VEGF protein expression was
found in 3-MCA-KO cells compared with 3-MCA-WT cells.
Moreover, deletion of the AT2R was associated with an
increase of TGF-P and TSP-1 transcripts expression (Fig. 8a
and Inset). In LL/2 cells, levels of VEGF, VEGF-R1 and
TGEF-f transcripts were increased upon AnglI stimulation but
this Angll-induced increase of pro-angiogenic factors was
inhibited by PD123,319. To the opposite, pharmacological
blockade of AT2R with PD123,319 (i.e., in cells treated
simultaneously with AnglI and PD123,319) induced a signifi-
cant increase of anti-angiogenic factor TSP-1 (Fig. 8b). Study
of VEGF protein expression showed a significant increase of
VEGF in Angll-treated cells and a significant decrease in
cells treated simultaneously with AngIl and PD123,319 (Fig.
8b and Inset). Our data clearly show that blockade of AT2R
can modulate production of angiogenic molecules by tumor
cells.

Discussion

Increasing evidence suggests that AnglIl plays an important
role in tumorigenesis. Although the involvement of ATIR
has been well explored,'"”'***** the role of the AT2R in tu-
morigenesis remained controversial and has been suggested
mainly by correlative studies showing important expression
or overexpression of AT2R in tumor tissues.'>'®**>" This
study was conducted in an attempt to elucidate AT2R
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Figure 8. Genetic invalidation or pharmacological blockade of AT2R modulates expression of various proangiogenic factors. (a) Influence of
AT2R invalidation on VEGF, VEGF-R1, TSP-1 and TGF-B mRNA expression. (Inset) Influence of AT2R invalidation on VEGF expression. Data are
graphically expressed as mean of relative values + SEM (Student’s t-test). * p < 0.05 : KO vs. WT cells; ** p < 0.01: KO vs. WT cells. (b)
Influence of Angll or Angll plus PD123,319 treatments on VEGF, Flt-1, TSP-1 and TGF- mRNA expression. (Inset) Influence of Angll or Angll
plus PD123,319 treatments on VEGF expression. Data are graphically expressed as mean of relative values = SEM (ANOVA). * p < 0.05 :
Angll plus PD123,319-treated vs. untreated cells.
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implication in tumorigenesis. We used 2 different in vivo
tumor models (FVB/N AT2R-KO mice in which fibrosarco-
mas were induced by 3-MCA injection and C57BL/6 mice
with LL/2-xenografted carcinoma) to demonstrate that AT2R
has a key role in tumorigenesis by modulating both malig-
nant cell proliferation and tumor angiogenesis.

In mice lacking AT2R, 3-MCA-induced tumorigenesis was
significantly delayed, suggesting a role for the AT2R in tumor
growth. These results are in agreement with two previous
studies in AT2R KO mice using chemical carcinogens azoxy-
methane or nitrosamine as inducers of colon®® and lung
tumors,'” respectively. In both studies, AT2R deficiency
attenuates mice susceptibility to tumorigenesis by different
mechanisms: carcinogen detoxification®® or modulation of
active TGF-B levels by tumor stroma.'” Besides these effects
on detoxification and on stromal cells, our results now estab-
lished a direct and specific role of AT2R on tumor growth
and tumor angiogenesis. Thus, the specificity of AT2R in tu-
morigenesis was shown using a FVB/N mice model invali-
dated for AT2R in which no compensation of AT1R expres-
sion was described.”® In our study, we did not want to use
another mouse model,” due to conclusions about the signifi-
cant involvement of AT1R in various physiological processes,
including regulation of the blood pressure.

Many studies have identified a role for ATIR in tumor
development mainly by the use of antagonists in animal
models at different concentrations."***** Our results showed
no effect of candersartan on tumor growth in a mice model
of LL/2 pulmonary carcinoma cells. Discrepancy between our
study and studies cited above could be explained first by dif-
ferences in tumor histology. Moreover, doses of AT1R antag-
onist usually used were much higher (40-80 mg/kg/day) than
the dose we used (5 mg/kg/day). We have shown that this
latter lower dose is significantly blocking ATIR effect on con-
traction of mesenteric arteries (D. Henrion, personal commu-
nication). Although the dose of ATIR blocker used in our
study does not reproduce the antigrowth effects of ATIR pre-
viously described, we would argue that the use of lower doses
of sartans is probably more compatible with chronic treat-
ment, not reducing dramatically blood pressure. Using high
doses of ATIR blocker in long-term experiments would
make more difficult to interpret the data as regard to direct
effect of AT1R and AT2R if blood pressure is too different in
treated and not treated group. Furthermore, a study con-
ducted by Uemura et al’* demonstrated that in a mouse
model of prostate xenograft, ATIR blocker candesartan, used
at the same concentration (5 mg/kg/day) as in our study, was
not affecting tumor development in absence of specific
microenvironnment stromal cells.

Our work described a specific key role of AT2R in tumor
growth and particularly a direct effect on malignant cell pro-
liferation. Decreased expression of Ki-67, specific marker
of cell proliferation, in LL/2 carcinoma cells treated with
AnglI plus PD123,319 or in AT2R-KO-fibrosarcoma-derived
cells revealed a proproliferative role of AT2R in these two
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Figure 9. Proposed model of AT2R implication in tumorigenesis. In
tumor cells, stimulation of AT2R led to an increase of malignant
cell proliferation and pro-angiogenic factors production. As AT2R is
commonly expressed on endothelial cells, we can propose that
AT2R activation would stimulate endothelium proliferation,
potentiated also by tumor produced-VEGF stimulation. AT2R by
acting on both tumor cell and angiogenesis might now be
considered as an important actor in tumorigenesis.

different tumor cell lines. This was quite surprising as AT2R
was essentially described as an antiproliferative and proapop-
totic mediator in different in vitro cell systems such as in
neuronal PCI12 cells, fibroblasts or renal mesenglial cells.”"
Despite not in a tumor background, AT2R has been
described as mediating trophic and proliferative effects of
Angll in mesenteric vasculature,” proximal tubular epithelial
cells* or in smooth muscle cells.>* In the cardiovascular con-
text, where AT2R functions have been deeply explored, dual
effects of AT2R on proliferation have also been described as
it has been associated with proliferative effects in cardiac
pathologies such as myocardial infarction,” hypertension’
and heart stroke.* These studies confirmed that one particu-
larity of AT2R is to function in a microenvironment context,
but also in a cell type-specific manner.® Although proprolifer-
ative effects of AT2R were observed mainly in various non-
tumor cells, we showed here that AT2R can also have pro-
growth properties in malignant cells.

Angiogenesis is critical for tumor development'® and neo-
vascularisation is now known as a prerequisite to the rapid
expansion of tumor cells associated with formation of macro-
scopic tumors and required induction and maintenance of
angiogenesis, the so-called event “angiogenic switch.”'® Our
data revealed that detection of macroscopic LL2-derived tu-
mor (i.e., >100 mm?) in mice treated with the AT2R antago-
nist, PD123,319, was significantly delayed when it was given
7 days and not 14 days after LL/2 inoculation, suggesting
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involvement of AT2R in early events of tumorigenesis. Thus,
we showed a decrease of microvascular density in tumor
from mice treated with PD123,319 7 days after LL/2 cell
inoculation. Altogether, these in vivo results strongly support
an effect of AT2R in regulating tumor development via an
effect on tumor angiogenesis. Our findings are consistent
with previous studies describing a proangiogenic effect of
AT2R in tumors: in pituitary adenocarcinoma, blockade of
the AT2R was associated with inhibition of angiogenesis'®
and in an in vivo model of tumor angiogenesis, the absence
of AT2R was associated with inhibition of angiogenesis in a
mice alginate implant angiogenesis model.’® As in non-tumor
context such as ischemia® or in diabetic retinopathy®® AT2R
was described as having some antiangiogenic properties, we
would argue once again that AT2R behavior depends strongly
on cell context.

Our present work clearly established, in aortic ring assays,
that AT2R modulates angiogenesis because invalidation or
pharmalogical blockade of AT2R leads to decrease ex vivo
formation of vessels. Direct effect of AT2R on capillary
microvessels surrounding the tumor has not been undoubt-
edly proven as we did not work on purified microvessels.
Nevertheless, use of ex vivo aortic ring assay performed on
AT2R-KO aorta suggested that AT2R was strongly implied as
a regulator of angiogenesis.

On a more mechanistic approach, we showed that the
pharmacological blockade or the genetic invalidation of the
AT2R in tumor cells was associated with decreased expres-
sion of the proangiogenic factor VEGF and increased expres-
sion of thrombospondin-1, a major antiangiogenic factor.
These results indicated that AT2R was able to regulate tumor
angiogenesis by modulating expression of pro-angiogenic and
antiangiogenic factors. Until now, studies highlighting role of
AT2R in VEGF regulation were only performed in non-tu-
mor angiogenesis models.”>® In tumor cells, expression of
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