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We previously demonstrated that aminopeptidase A (APA), a membrane-bound metallopeptidase degrading
bioactive peptides such as angiotensin II (Ang II), is expressed in neoplastic lesions of the uterine cervix, and
that its expression is upregulated as the lesion progresses from cervical intraepithelial neoplasms (CIN) toward
invasive squamous cell carcinomas (SCC). The present study investigated the regulatory mechanisms involved
in APA expression and its potential role in cervical carcinoma. Immunohistochemical staining in high-grade CIN
and SCC tissues showed that APA was strongly expressed at the edge of lesions adjacent to cervical stromal
cells. Fluorescence-activated cell sorting analysis demonstrated that cell surface APA expression was
extremely low in three human SCC cell lines, SiHa, TCS and CaSki, under basal conditions. However, both
contact and noncontact cocultures with human cervical fibroblasts resulted in the induction of APA expression
in these SCC cells. APA expression was also induced in vivo when TCS cells were subcutaneously inoculated
into nude mice. Furthermore, APA expression and enzymatic activity were enhanced by addition of the
conditioned medium (CM) from fibroblast culture, but not by heat-treated CM. Among the various cytokines
tested, vascular endothelial growth factor (VEGF) significantly increased APA activity, and induction of APA by
the fibroblast CM was partly inhibited by anti-VEGF neutralizing antibody. Finally, APA cDNA-transfected APA-
overexpressing TCS cells significantly reduced the Ang II-induced cell invasion ability as compared with
parental or control vector-transfected TCS cells, although there was no significant difference in cellular
proliferation among them. These results suggested the importance of tumor–stromal interaction for the
regulation of APA expression in the microenvironment of cervical carcinoma and the potential role for this
peptidase in regulating tumor invasion through inactivation of Ang II activity.
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Cell surface peptidases play a key role in the control
of growth, differentiation and signal transduction of
many cellular systems by modulating the activity of
bioactive peptides and regulating their access to
receptors or adjacent cells.1,2 Thus, abnormal
changes in expression pattern and catalytic function
of peptidases result in altered peptide activation,
which disrupts normal cellular homeostasis and may
contribute to neoplastic transformation or tumor

progression. Recent studies have demonstrated that
several membrane-bound peptidases, including neu-
tral endopeptidase (NEP),3,4 dipeptidyl peptidase IV
(DPPIV)5,6 and aminopeptidase N (APN),7,8 are
involved in tumor cell growth, differentiation and
invasion in various human malignancies through
upregulation or downregulation of their expression
dependent on the types of malignancies.

Aminopeptidase A (APA, angiotensinase, EC
3.4.11.7) is also a zinc-dependent membrane-bound
peptidase, which specifically cleaves the amino-
terminal glutamyl or aspartyl residue from peptide
substrates such as angiotensin II (Ang II).9 APA has
recently been cloned and proven to be identical to
the mouse B-lymphocyte lineage marker BP-110 or
the human kidney differentiation antigen gp160.11
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Physiologically, APA is expressed in vascular
pericytes12,13 and renal proximal tubules/glome-
ruli,14 and involved in the regulation of blood
pressure by converting Ang II to Ang III in the
catabolic pathway of the renin–angiotensin sys-
tem.15 We purified APA from the human placenta16

and demonstrated the role of this enzyme in
regulating blood pressure during pregnancy.17

However, there have been few reports on APA
expression and its functional significance in
tumor cells.18–20

We have recently demonstrated that APA was
expressed in neoplastic lesions of the uterine cervix,
and its expression was upregulated as the lesion
progresses from cervical intraepithelial neoplasms
(CIN) toward invasive squamous cell carcinomas
(SCC).21 However, the regulatory mechanisms for
APA expression and its functional role in the
progression of cervical carcinoma remain to be
clarified. It has been suggested that tumor–stromal
interaction is a critical factor in both tumor invasion
and proliferation, and the stromal cells play a key
role in tumor cell invasion by providing specific
soluble factors and extracellular matrix (ECM)
molecules.22,23 In fact, induction of matrix metallo-
proteinases (MMPs) and their activation, which are
essential for ECM degradation, are demonstrated by
contact with stromal fibroblasts or macrophages.24,25

Based on these findings, in the present study,
we cocultured cervical cancer cells with cervical
fibroblasts in vitro under contact or noncontact
conditions, mimicking in vivo tumor–stromal inter-
actions. Using these systems, we examined the APA
expression levels and attempted to identify factors
responsible for APA induction in cervical carcino-
ma. Furthermore, we transfected APA cDNA into
cervical cancer cells to obtain APA-overexpressing
cells, and attempted to clarify the role for APA in the
invasiveness and proliferation of cervical cancer
cells in the presence or absence of its specific
peptide substrate Ang II.

Materials and methods

Reagents and Antibodies

Human Ang II was purchased from the Peptide
Institute (Osaka, Japan). Human recombinant vas-
cular endothelial growth factor (VEGF), transform-
ing growth factor (TGF)-b1, tumor necrosis factor
(TNF)-a, interferon (IFN)-g, and interleukin (IL)-1b
were all purchased from Sigma-Aldrich (St Louis,
MO, USA).

Rabbit anti-APA polyclonal antibody was raised
against a synthetic peptide composed of the 18-
amino-acid sequence from Ser257 to Thr274

(SNMPVAKEESVDDKWTRT) in human APA as
previously described.20 Mouse monoclonal anti-
body S4 (URO-2) specific to human APA was
obtained from Signet Laboratories (Dedham, MA,

USA). Anti-VEGF neutralizing antibody was
purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA).

Cell Lines and Culture

Human cervical cancer (SCC) cell lines, SiHa, TCS
and CaSki, were used. SiHa and CaSki were
purchased from ATCC (Manassas, VA, USA). TCS
was a generous gift from RIKEN (Saitama, Japan).
Human choriocarcinoma cell line BeWo was also
purchased from ATCC. All cell lines were main-
tained in DMEM or RPMI medium supplemented
with 10% fetal calf serum (FCS) and penicillin/
streptomycin and incubated at 371C in a humidified
atmosphere of 5% CO2.

Human fibroblasts were obtained from tissue
specimens of the uterine cervix, which were
surgically resected from patients with benign
gynecologic diseases under informed consent.
Primary cultures of fibroblasts were established
as previously described22 with minor modifica-
tions. Briefly, cervical stromal tissues were finely
minced and digested with collagenase and
trypsin. Then the suspension was passed through a
200 mm pore nylon mesh to remove undigested
fragments. The collected cells were washed with
phosphate-buffered saline (PBS) and cultured in
DMEM with 10% FCS. Fibroblasts were confirmed
by immunostaining with monoclonal antibodies to
cytokeratin 14 and vimentin (Dako, Carpintaria, CA,
USA) as previously described.22 Fibroblasts were
cultured up to 10 passages and were used at
passages three to five. The conditioned medium
(CM) was collected from subconfluent cultures
of the fibroblasts after incubation in six-well
culture plates (1� 105 cells/well) in serum-free
medium for 24h.

Co-culture Experiments

In contact co-culture experiments, cervical
cancer cells (1� 104 cells/well) alone or fibroblasts
(2� 104 cells/well) alone or in combination were
seeded in four-well chamber glass slides (LabTek,
Nunc Inc., Naperville, IL, USA), and cultured for
24h in serum-free medium. The cells were washed
with PBS and fixed with 4% paraformaldehyde,
and immunocytochemical staining was performed
as described below. Noncontact co-culture experi-
ments were performed using 24-well transwell
chambers with a 0.4 mm pore membrane (Corning,
NY, USA). Different numbers of fibroblasts (1� 104

or 1� 105 cells) were seeded in the upper compart-
ments, while cervical cancer cells (5� 104 cells)
were seeded in the lower compartments. After
incubation in serum-free medium for 24h, APA
activity in cervical cancer cells was measured. In
negative controls, medium alone (no fibroblast) was
added to the upper compartments.
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Immunohistochemistry and Immunocytochemistry

Cervical neoplastic tissues including high-grade CIN
(CIN III, n¼ 5) and invasive SCC (n¼ 10) were
obtained from patients who underwent hysterec-
tomy at Nagoya University Hospital. The use of
tissue samples was approved by the Ethics Commit-
tee of Nagoya University Hospital and the indivi-
dual patients, respectively. Formalin-fixed, paraffin-
embedded tissue sections were cut at a thickness of
4mm. Immunohistochemical staining was performed
using the avidin–biotin immunoperoxidase techni-
que as previously described.21 The primary antibody
(anti-APA) at a dilution of 1:200 was used and
incubated at room temperature for 2h. The sections
were rinsed with PBS and incubated for 30min
with biotinylated second antibody. After washes
with PBS, the sections were incubated for
30min with horseradish peroxidase-conjugated
streptavidin, and finally treated with 3-amino-9-
ethylcarbazole (AEC) in PBS containing 0.01% H2O2

for 10min. The slides were counterstained with
Meyer’s hematoxylin. As a negative control, the
primary antibody was replaced with normal rabbit
IgG at an appropriate dilution. Immunocytochem-
istry for APA expression in co-cultured cells was
also performed using the same avidin–biotin im-
munoperoxidase method.

Tumor Cell Inoculation into Nude Mice

TCS or SiHa cells (5� 106 cells/0.5ml of medium)
were inoculated subcutaneously in the right
flank of 5-week-old female nude mice (BALB/c)
(Chubu Kagaku, Nagoya, Japan). The animals (n¼ 3)
were kept in a temperature-controlled room with
food and water. All mice developed a single
subcutaneous palpable tumor 1 week after cell
inoculation. At 4 weeks after inoculation, tumors
were resected from mice, fixed in formalin, and
embedded in paraffin for subsequent immunohisto-
chemistry.

Flow Cytometric Analysis

Fluorescence-activated cell sorting (FACS) was
performed to quantify cell-surface APA expression.
Cells (1� 106/ml) were stained with mouse anti-
APA monoclonal antibody S4 (diluted 1:40) or the
isotype-matched control mouse IgG (Coulter, Hia-
leah, FL, USA) for 1 h at 41C. The cells were washed
three times and incubated with phycoerythrin
(PE)-conjugated goat anti-mouse IgG (Coulter, 1:80
dilution) for 30min at 41C. After washing, FACS
data were acquired on a FACS Calibur (Becton
Dickinson, San Jose, CA, USA) and analyzed
using CELLQuest software (Becton Dickinson). In
all, 10 000 cells were analyzed in one parameter
mode.

Assay for APA Enzymatic Activity

APA enzymatic activity was measured spectro-
photometrically as previously reported.20 Cells
(1� 105/well) were suspended in 96-well microtiter
plates in 200 ml of substrate solution consisting of
1.5mM a-L-glutamic acid-p-nitroanilide (Peptide
Institute) in 0.1M Tris HCl (pH 7.0) containing
2.5mM CaCl2. Following incubation at 371C for
30min with continuous agitation, the reaction
was terminated by the addition of ice-cold PBS.
APA activity was measured at 405nm by a micro-
plate reader. Cell- and substrate-free blanks were
run in parallel.

Western Blotting

Cells were lysed in a lysis buffer consisting of
20mM Tris HCl pH 7.5, 2mM EDTA, 150mM NaCl,
1% Triton X-100 and the protease inhibitor mixture.
After centrifugation at 15 000 g for 30min, the
supernatant was obtained. Protein extract (20 mg)
was separated by SDS/7.5% polyacrylamide gel
electrophoresis (PAGE), transferred onto nitrocellu-
lose membranes, and immunoblotted with anti-APA
polyclonal antibody. Immunoreactive proteins were
stained using a chemiluminescence detection sys-
tem (ECL, Amersham Pharmacia Biotech).

Plasmid Construction and Stable Transfection

Full-length cDNA for human APA was prepared as
described previously.26 TCS cells were transfected
with eukaryotic expression vector pcDNA3.1(�)
(TCS-pcDNA cells) (Invitrogen, Carlsbad, CA,
USA) or pcDNA3.1(�) with APA cDNA inserted
(TCS-APA cells) using lipofectamine according to
the manufacturer’s instructions (Life Technologies,
San Diego, CA, USA). Stable transfectants were
selected by growth in media supplemented with
400 mg/ml of G418 (Sigma-Aldrich) and clones
resistant to G418 were obtained as APA-overexpres-
sing cells. A total of 100 stable clones were obtained.
The APA expression level on each transfectant was
evaluated by Western blot analysis and enzyme
activity assay, and several clones highly expressing
APA were selected and used.

In vitro Cell Proliferation Assay

Cells (1500 cells/well) were plated in triplicate in
96-well culture plates with or without various
concentrations of Ang II and cultured for 24–48 h.
Cell viability was assayed using a modified MTT
protocol by CellTiter 96 Aqueous One Solution Cell
Proliferation Assay kit (Promega, Madison, WI,
USA) according to the manufacturer’s instructions.
Absorbance was measured at 490nm by a microplate
reader.
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In vitro Cell Invasion Assay

Cell invasion was evaluated using 24-well Matrigel
invasion chambers (Becton Dickinson). Cells were
suspended in the upper chamber at a density of
4� 104 cells in 200 ml of media with various con-
centrations of Ang II. The lower chamber contained
750 ml of D-MEM supplemented with 10% FCS as a
chemoattractant. After incubation for 16h, the
remaining tumor cells on the upper surface of the
filters were removed by wiping with cotton swabs,
and invading cells on the lower surface were stained
using May-Grünwald Giemsa. The number of cells
on the lower surface of the filters was counted under
a microscope. Data were obtained from three
individual experiments in triplicate.

Statistical Analysis

Each experiment was performed in triplicate, and
the results are presented as the mean7s.d. of three
independent experiments. Analysis of variance
(ANOVA) with Bonferroni corrections was applied
to compare the difference between experimental
groups, and po0.05 was considered significant.

Results

Immunohistochemical Expression of APA in CIN and
SCC Tissues

We first confirmed the immunohistochemical ex-
pression of APA in tissue samples of cervical
neoplasia. As demonstrated in our previous paper,21

APAwas expressed in all high-grade CIN (n¼ 5) and
invasive SCC (n¼ 10) tissues examined. Interest-
ingly, in most cases, we found that APAwas strongly
expressed on tumor cells located at the edges of
lesions surrounded by adjacent cervical stromal
cells (Figure 1a and b).

Expression of APA in Cervical Cancer Cell Lines

Next, we examined cell-surface expression of APA
in human cervical cancer (SCC) cell lines by FACS
analysis. As shown in Figure 2, all three SCC cell
lines, TCS, SiHa and CaSki, showed extremely
low or almost no APA expression on the cell
surface under the normal culture conditions,
while BeWo choriocarcinoma cells, used as a
positive control, showed strong APA expression as
previously reported.20

Induction of APA Expression by Contact with Stromal
Fibroblasts

To clarify possible mechanisms involved in
the regulation of APA expression in cervical carci-
noma, cervical cancer cells were co-cultured
with fibroblasts derived from the uterine cervical
stroma as a model of the in vivo microenviron-
ment at the tumor–stromal interface. As shown in
Figure 3a–e, contact co-cultures of TCS or SiHa cells
with cervical fibroblasts resulted in a marked
induction of APA expression in these SCC cells
as demonstrated by immunocytochemistry, while
either tumor cells or fibroblasts alone showed
faint or no expression of APA. In addition, APA
expression was also clearly detected in vivo
in tumor cells surrounded by mouse stromal
fibroblasts after TCS cells were subcutaneously
inoculated into nude mice and developed for 4
weeks to form a tumor mass (Figure 3f). Similar
APA induction was also observed when SiHa
cells were inoculated into nude mice (data not
shown). These results suggested that APA expres-
sion was upregulated by contact with adjacent
stromal fibroblasts.

APA Upregulation by Fibroblast CM

To determine whether APA expression could be
induced by a soluble factor(s) or direct cell–cell
contact, we examined APA expression by cervical
cancer cells in non-contact co-cultures with
fibroblasts, or in cultures with CM from fibro-
blast culture. APA enzymatic activity in TCS
or SiHa cells was significantly enhanced by trans-
well co-cultures with fibroblasts (Figure 4a).
Furthermore, the fibroblast CM significantly en-
hanced APA activity in a concentration-dependent
manner (Figure 4b). These results suggest that
soluble factor(s) produced by cervical fibroblasts
were mainly involved in the induction of APA
expression. Induction of APA protein expression
in TCS and SiHa cells by treatment with fibro-
blast CM was also demonstrated by immunocyto-
chemistry (Figure 4c) and Western blotting
(Figure 4d).

Figure 1 Immunohistochemical expression of APA in tissue
sections of high-grade CIN (a) and invasive SCC (b). APA was
strongly expressed at the edges of lesions (arrows) surrounded by
adjacent cervical stromal cells. T, tumor; S, stroma. Original
magnification, � 100 in (a), � 200 in (b).
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VEGF Increased APA Expression in Cervical Cancer
Cells

To identify the possible factor(s) responsible for
APA induction in cervical cancer cells, we per-
formed heat treatment of the CM (boiling at 951C for
5min) before use. Most cytokines/growth factors
could be inactivated by this heat treatment, while
low-molecular-weight bioactive peptides (o3.0 kDa)
remained active after treatment.27 As shown in
Figure 5a, enhancement of APA activity by fibroblast
CM was significantly (but not completely) inhibited
by heat treatment, suggesting that factors mainly
involved in APA induction may be cytokine(s)
rather than low-molecular-weight peptides. Among
the various cytokines tested, VEGF significantly

increased APA activity in TCS cells, but others,
including TGF-b1, TNF-a, IFN-g and IL-1b, did not
affect APA activity (Figure 5b). Furthermore, induc-
tion of APA by fibroblast CM was partly inhibited by
anti-VEGF neutralizing antibody (Figure 5c). These
data suggested that APA induction in cervical
cancer cells was due, at least in part, to VEGF
secreted at the tumor–stromal interface.

Overexpression of APA Reduced Ang II-mediated Cell
Invasion

To investigate the role of APA in cervical carcinoma,
we stably introduced human APA cDNA into TCS
cells. APA-transfected TCS cells (TCS-APA) showed

Figure 2 Cell-surface expression of APA in cervical cancer cell lines. Cells were stained with APA-specific mouse monoclonal antibody
(lower panels) or isotype-matched control mouse IgG (upper panels), followed by staining with PE-conjugated antibody. FACS analysis
was performed on TCS, SiHa, CaSki, and also a choriocarcinoma cell line BeWo used as a positive control. Note: In all SCC cell lines,
there was almost no APA expression on the cell surface under basal culture conditions.

Figure 3 Immunocytochemical expression of APA in TCS cells alone (a), SiHa cells alone (b), cervical fibroblasts alone (c), TCS cells co-
cultured with cervical fibroblasts for 24h (d), and SiHa cells co-cultured with cervical fibroblasts for 24h (e). (f) Immunohistochemical
expression of APA in TCS cells 4 weeks after subcutaneously inoculated into nude mice. T, tumor cells; F-cell, fibroblasts. Original
magnification, � 200 in (a)–(f).
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a high level of APA protein expression and remark-
ably increased APA activity as confirmed by
Western blotting (Figure 6a) and enzyme assay
(Figure 6b). Both parental (TCS) and control vector-
transfected TCS cells (TCS-pcDNA) showed very
low APA expression and enzymatic activity. There
was no significant difference in cellular prolifera-
tion in the absence or presence of Ang II between
TCS-APA and parental TCS or TCS-pcDNA (Figure
6c). In contrast, invasive potential in TCS-APA was
significantly reduced as compared to those in TCS
or TCS-pcDNAwhen the cells were incubated in the
presence of Ang II, although there was no significant

difference among the three groups when incubated
in the absence of Ang II (Figure 6d). In addition,
pretreatment of TCS cells with fibroblast CM
significantly reduced the Ang II-induced cell inva-
sion (Figure 7). These results suggest that APA may

Figure 4 APA enzymatic activity in TCS and SiHa cells after
noncontact co-cultures with fibroblasts (F-cell, 1�104 or 1� 105

cells) for 24h using the transwell chambers (a), or after incubation
in serum-free media with or without fibroblast conditioned media
(F-CM, 5% or 10%) for 24h (b). Data are expressed as the
mean7s.d. of three independent experiments. *Po0.05. (c)
Immunocytochemical expression of APA after incubation for
24h in serum-free media with or without 10% F-CM. Magnifica-
tion, �200. (d) Western blot analysis for APA expression in TCS
(lane 1 and 2) and SiHa cells (lane 3 and 4). Cells were incubated
for 24h in serum-free media alone (lane 1 and 3) or in serum-free
media with 10% F-CM (lanes 2 and 4). Note: APAwas detected as
a single band with a molecular mass of 160kDa.

Figure 5 (a) APA enzymatic activity in TCS and SiHa cells after
incubation for 24h in serum-free media with untreated or heat-
treated fibroblast conditioned media (F-CM). (b) APA enzymatic
activity in TCS cells after incubation for 24h in serum-free media
with the indicated concentrations of various cytokines. (c) APA
enzymatic activity in TCS cells after treatment with 10% F-CM
together with anti-VEGF neutralizing antibody (5, 50 or 500ng/
ml) or control mouse IgG (500ng/ml). All data are expressed as
the mean7s.d. of three independent experiments. *Po0.05.
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have a suppressive effect on Ang II-induced inva-
sion of cervical cancer cells.

Discussion

We previously reported that APA was highly
expressed in human cervical neoplastic lesions.21

Further detailed immunohistochemical analysis
demonstrated that APA was strongly expressed at
the edge of tumor lesions surrounded by adjacent
cervical stromal cells. Based on these findings, the
present study was focused on the role of interaction
between tumor cells and stromal cells to clarify the
regulatory mechanisms for APA expression in
cervical carcinoma.

The present data demonstrated that co-cultures of
cervical cancer cells with cervical fibroblasts mark-
edly induced APA expression. Furthermore, it is of
interest that APA expression was also induced
in vivo when cervical cancer cells were inoculated
into nude mice to form tumors surrounded by
mouse fibroblasts. These results indicated that
APA could be induced by interaction with stromal
fibroblasts in the tumor microenvironment. Recent
studies demonstrated that stromal cells surrounding
tumor cells play a key role in tumor cell invasion
and progression by providing specific soluble
factors such as cytokines or ECM molecules.22,23

These tumor–stromal interactions are essential for
MMP activation and ECM degradation for cancer
invasion and metastasis.24,25,28 We reported that
soluble factors derived from adjacent normal tissues
enhanced MMP expression in ovarian cancer
cells.29,30 Similarly, Bogenrieder et al31 reported that
APA was expressed in stromal cells surrounding
prostate cancer cells, but not in benign prostatic
stroma. Saiki et al 7 showed that another aminopep-
tidase APN was expressed at the invasive edge of

Figure 6 Overexpression of APA in APA cDNA-transfected TCS
cells confirmed by Western blot analysis (a) and enzyme assay (b).
TCS, parental TCS cells; TCS-pcDNA, TCS cells transfected with
control vectors; TCS-APA, TCS cells transfected with APA
expression vectors. (c) Cell proliferation was examined by MTT
assay after incubation for 24 or 48h with the indicated
concentrations of Ang II. (d) Cell invasive ability after incubation
for 16h with or without Ang II at 10�7M. All data are expressed as
the mean7s.d. of three independent experiments. *Po0.05.

Figure 7 Effect of pretreatment with fibroblast CM on the invasive
potential of TCS cells. TCS cells were pretreated (or untreated)
with 10% fibroblast CM for 24h, and further incubated in
invasion chambers for 16h in the presence or absence of Ang II
at 10�7M. All data are expressed as the mean7s.d. of three
independent experiments. *Po0.05.
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renal cancer cells. Riemann et al 32 also demon-
strated that cell–cell contact with stromal cells was
required for APN expression on tumor-infiltrating
lymphocytes. These findings could support evi-
dence that tumor–stromal interaction is essential
not only for MMP activation, but also for the
expression of aminopeptidases such as APA or
APN during the tumor invasion and progression.

The current study demonstrated that a soluble
factor(s), but not direct cell–cell contact, was
required for APA induction in cervical cancer cells.
Furthermore, our results from heat treatment experi-
ments suggest that the factors involved in APA
induction may be certain cytokine(s)/growth fac-
tor(s) rather than low-molecular-weight peptides.
We checked the existence of cytokines in the
fibroblast CM, and various cytokines, including IL-
1b IFN-g, TGF-b1, TNF-a and VEGF, were detected
by enzyme-linked immunosorbent assay (ELISA)
(data not shown). Previous studies reported that
IFNs and IL-7 as well as the CM from bone marrow
stromal cells upregulated APA expression in mouse
B cells.33,34 In contrast, APA expression in renal
carcinoma cells was upregulated by IFNs, while it
was downregulated by TGF-b1 and TNF-a.35 APA
expression in the brain tumor vasculature was also
downregulated by TGF-b.36 In the present study,
among the cytokines tested, only VEGF significantly
increased APA activity. Furthermore, APA induc-
tion was significantly (but not completely) inhibited
by anti-VEGF neutralizing antibody. These data
suggest that APA induction in cervical cancer cells
is due mainly to VEGF secreted by the stromal cells.
Similar VEGF-inducible aminopeptidase was found
in mouse endothelial cells during angiogenesis.37 In
contrast, we reported that APA was expressed in
choriocarcinoma cells and its expression was upre-
gulated by the peptide substrate Ang II.26 However,
neither Ang II nor its receptor antagonist candesar-
tan could affect APA expression levels in cervical
cancer cells (data not shown). Thus, in addition to
VEGF, some low-molecular-weight peptides (but not
Ang II) might be involved, at least in part, in the
upregulation of APA expression.

The functional significance of APA in cervical
carcinoma remains to be determined. Enzymatically,
APA specifically degrades and inactivates Ang II to
generate Ang III in the catabolic pathway of the local
renin–angiotensin system. Recent studies have
shown that Ang II acts not only as a vasoconstrictor
but also as a growth factor.38 Furthermore, Ang II
stimulates cell migration.39 Indeed, we found that
Ang II enhanced the growth of choriocarcinoma
cells26 and also stimulated the invasiveness of
choriocarcinoma or cervical cancer cells (unpub-
lished data). Thus, to clarify the role of APA in
cervical cancer cells, we constructed APA-overex-
pressing cells and examined its behavior under
conditions with or without Ang II. We found that
invasive potential was significantly reduced in
APA-overexpressing TCS cells when incubated in

the presence of Ang II. Furthermore, pretreatment of
TCS cells with the fibroblast CM (possibly with
higher APA expression) significantly suppressed
Ang II-induced cell invasion. These results suggest
that APA may play a functional role as a negative
regulator on Ang II-mediated cervical cancer inva-
sion possibly via inactivation of locally produced
Ang II. Thus, upregulation of APA by stromal cell-
derived factors (VEGF and others) might be one of
the host defensive mechanisms against cancer
progression in the activated local renin–angiotensin
system. Similar to APA, our recent studies have
shown that DPPIV, an aminopeptidase degrading
certain chemokines, decreased the invasive poten-
tial of ovarian cancer cells,6 while another amino-
peptidase APN had a stimulatory effect on invasion
and ECM degradation in renal cancer or melano-
ma.7,40 Taken together, it appeared that aminopepti-
dases are involved in tumor cell invasion as either a
stimulator or inhibitor, which might be dependent
on their specific peptide substrates.

The present study showed that VEGF played a
major role in upregulating APA expression in
cervical cancer cells. Many studies demonstrated
that VEGF is a key factor in stromal invasion as well
as angiogenesis of cervical carcinoma in vivo.41–45

Immunohistochemically VEGF was localized to
cervical tumor cells, and also moderately or weakly
expressed in adjacent stromal cells.41,42,45 In the
preliminary experiments, we found that VEGF
levels in CM from three cervical cancer cell lines
used in the present study were much lower than
those in the cervical fibroblast CM (data not shown).
Furthermore, APA expression was not induced in a
culture of cervical cancer cells alone (Figures 2 and
3). Therefore, we speculated that APA expression in
cervical cancer cells could be induced mainly by
VEGF secreted from stromal fibroblasts, but not by
VEGF from the tumor cell origin alone. Further
studies are needed to clarify the detailed relation-
ship between APA expression and VEGF at the
tumor–stromal interface in vivo.

In summary, we demonstrated that APA expres-
sion in cervical cancer cells was upregulated by
interaction with cervical stromal fibroblasts, and
VEGF was mainly involved in this regulatory
mechanism. Furthermore, overexpression of APA
reduced Ang II-induced invasive ability. These
findings indicate the importance of tumor–stromal
interaction in regulating APA expression in the
microenvironment of cervical carcinoma, and sug-
gest the potential role for this peptidase in regulat-
ing tumor cell invasion through inactivation of Ang
II activity.
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