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Abstract

Cathepsin E (CE) is an intracellular aspartic proteinase
implicated in various physiological and pathological
processes, yet its actual roles in vivo remain elusive. To
assess the physiological significance of CE expression in
tumor cells, human CE was stably expressed in human
prostate carcinoma ALVA101 cells expressing very little
CE activity. Tumor growth in nude mice with xenografted
ALVA101/hCE cells was slower than with control
ALVA101/mock cells. Angiogenesis antibody array and
ELISA assay showed that this was partly due to the
increased expression of some antiangiogenic molecules
including interleukin 12 and endostatin in tumors induced
by CE expression. In vitro studies also demonstrated
that, among the cathepsins tested, CE most efficiently
generated endostatin from the non-collagenous fragment
of human collagen XVIII at mild acidic pH. Histological
examination revealed that tumors formed by ALVA101/
hCE cells were partitioned by well-developed membra-
nous structures and covered with thickened, well-
stratified hypodermal tissues. In addition, both the num-
ber and extent of activation of tumor-infiltrating macro-
phages were more profound in ALVA101/hCE compared
to ALVA101/mock tumors. The chemotactic response of
macrophages to ALVA101/hCE cells was also higher than
that to ALVA/mock cells. These results thus indicate that
CE expression in tumor cells induces tumor growth arrest
via inhibition of angiogenesis and enhanced immune
responses.
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Introduction

The growth and metastasis of tumor cells are dependent
on their interaction with host defense mechanisms.
Therefore, the microenvironment interacting with tumor
cells is a promising area for the development of novel
tumor therapies. Because angiogenesis is an essential
step for tumor progression, antiangiogenic treatments
are likely to prevent tumor progression. The discovery of
endogenous angiogenic inhibitors such as angiostatin
and endostatin has thus led to the realization that pro-
teinases able to generate these antiangiogenic molecules
in vivo could be considered for therapeutic use. Mean-
while, recent studies have demonstrated that tumor-infil-
trating effector cells, including granulocytes, macro-
phages, natural killer cells, and T- and B-lymphocytes,
are critical for antitumor immune responses. Among
these cells, macrophages are thought to represent the
most important part of the host defense against neo-
plasm via several mechanisms: killing of neoplastic cells
by phagocytosis; antigen processing and presentation to
T4 lymphocytes; and enhanced secretion of various cyto-
kines, including TNF-«, interleukin (IL)-1, IL-6 and IL-8,
that play crucial roles in non-specific host defense (van
Ravenswaay et al., 1992; Naama et al., 2001; Varney et
al.,, 2002). In addition, tumor-associated macrophages
were shown to be associated with the induction of tumor
cell-specific apoptosis through TNF-related apoptosis
ligand (TRAIL)-dependent mechanisms (Griffith et al.,
1999; Herbeuval et al., 2003). In the tumor microenviron-
ment, therefore, it is more likely that multiple mechanisms
are involved in host defense against neoplasm.

The proteolytic activity of various types of proteases,
including lysosomal cathepsins (B, L, and D) and matrix
metalloproteinases (MMP-1, MMP-9), have long been
associated with many types and stages of cancer
(reviewed in Nomura and Katunuma, 2005; Overall and
Kleifeld, 2006) and are thought to be attractive cancer
targets. However, several strategies designed to broadly
block such proteases have been unsuccessful, probably
owing to their functional diversity in vivo. However, some
of the MMP family members, such as MMP-3, MMP-8
and MMP-12, have recently been shown to exhibit ben-
eficial antitumor effects through suppression of tumor
angiogenesis and degradation of chemokines that medi-
ate organ-specific metastasis (Overall and Kleifeld, 2006).
To establish a new strategy for cancer drug discovery,
therefore, it is essential to identify and validate target pro-
teases in various types and stages of cancer. Cathepsin
E (CE) is an endolysosomal aspartic proteinase predom-
inantly expressed in cells of the immune system. In anti-
gen-presenting cells (APCs) such as macrophages,
microglia, and dendritic cells, CE is found mainly in the
endosomal structure as a mature form (Sastradipura et
al., 1998; Nishioku et al., 2002), whereas in lymphocytes
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such as splenocytes and thymocytes it is mainly local-
ized in the endoplasmic reticulum and Golgi complex as
a proform (Sakai et al., 1989; Nishishita et al., 1996; Nis-
hioku et al., 2002). The expression of CE in APCs (Naka-
nishi et al., 1993; Sastradipura et al., 1998; Tominaga et
al., 1998; Yanagawa et al., 2006) and B-cells (Bennett et
al., 1992; Sealy et al., 1996) was enhanced by their acti-
vation, and a significant amount of the activated enzyme
was secreted extracellularly by activated macrophages
(Yanagawa et al., 2006). Furthermore, CE was shown to
play an important role in the processing of exogenous
antigens for the presentation by major histocompatibility
complex class Il molecules (Bennett et al., 1992; Sealy
et al., 1996; Chain et al., 2005). Recent studies with mice
deficient in CE also demonstrated that this protein could
contribute to the maintenance of homeostasis by parti-
cipating in host defense mechanisms (Tsukuba et al.,
2003, 2006). Subsequent analysis of peritoneal macro-
phages derived from CE-deficient mice indicated that
deficiency in this enzyme induced a novel form of lyso-
somal storage disorder, manifest as the accumulation of
major lysosomal membrane sialoglycoproteins such as
LAMP-1 and LAMP-2 and the elevation of lysosomal pH
(Yanagawa et al., 2007). However, because physiological
substrates of CE have not yet been identified, the rele-
vance of these observations to the physiological func-
tions of this protein remains speculative. Here we show
that CE expression in tumor cells is associated with inhi-
bition of angiogenesis and enhanced immune responses,
thereby leading to tumor growth arrest.

Results

Proliferation of ALVA101 cells after human CE and
mock transfection

To understand the physiological significance of CE
expression in tumor cells, we first generated a stable
transfectant of human CE for ALVA101 cells (ALVA101/
hCE) and a control transfectant (ALVA101/mock) using
the human CE expression vector. CE activity, verified
using the specific fluorescent substrate KYS-1 [MOCAc-
Gly-Ser-Pro-Ala-Phe-Leu-Ala-Lys(DNP)-p-Arg-NH,] (Yasu-
da et al.,, 2005), was approximately 10-fold higher in
ALVA101/hCE compared to ALVA101/mock cells. When
each of the transfectants was subcutaneously injected
into nude mice, the growth rate of tumors formed by
ALVA101/hCE cells was slower than that by ALVA101/
mock cells at 39 days post-implantation (Figure 1A).
Contrary to the in vivo behavior, however, there were no
significant differences in the rate of cell proliferation
between the two transfectants in vitro, indicating the
importance of microenvironment interacts for the growth
of tumor cells.

CE affects microvessel formation

Several lines of evidence indicate that angiogenesis is
essential for the growth and persistence of solid tumors
and metastasis (Folman, 1989; Kim et al., 1993; Millauer
et al., 1994), indicating that tumor growth is regulated by
a balance between positive and negative factors for
angiogenesis. To assess the mechanism by which the
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Figure 1 Effect of cathepsin E expression on the in vivo
(A) and in vitro growth (B) of ALVA101 cells.

(A) ALVA101/hCE or ALVA101/mock cells (1107 cells for each)
were injected subcutaneously into the flanks of male nude
mice. Tumor volumes were calculated using the formula
width2Xlengthx052. Data are mean+SD of values for six mice
per group. “p<0.05. (B) ALVA101/hCE or ALVA101/mock cells
(5102 cells/well) were seeded into 96-well plates and incubated
at 37°C in a CO, incubator for the times indicated. Cell prolif-
eration was measured using a Cell Counting Kit 8. Data are the
mean=SD of values for four independent experiments.

tumor growth in nude mice bearing ALVA101/hCE cells
was lower than in those bearing ALVA101/mock cells, we
examined the expression levels of multiple angiogenic
factors in each of the tumor lysates using an angio-
genesis antibody array. The expression levels of IL-12
p40/p70 and monokine induced by vy-interferon (MIG)
were significantly increased in tumor lysates from nude
mice bearing ALVA101/hCE cells compared to those with
ALVA101/mock cells, whereas levels of tissue inhibitor of
metalloproteinases (TIMP)-1 and platelet factor (PF) were
decreased by CE transfection (Figure 2). It has been
shown that while IL-12 and MIG act as antitumor mole-
cules, TIMP-1 has the ability to promote cell proliferation
and to inhibit the proteolytic activity of metalloproteinase
family members. PF-4 has been shown to inhibit endo-
thelial proliferation and angiogenesis. The contradictory
data on PF-4 may be explained by the pleiotropic nature
and ill-defined functions of this molecule. We further
determined expression levels of endostatin in sera and
tumor lysates from nude mice subcutaneously implanted
with each of the transfectants using an endostatin ELISA
kit. Endostatin is a potent endogenous antiangiogenic
protein with an apparent molecular mass of 22 kDa that
is capable of inhibiting endothelial cell proliferation
(O’Reilly et al., 1996, 1997) and migration (Yamaguchi et
al., 1999), and is proteolytically generated from the
C-terminal non-collagenous (NC1) fragment of collagen
XVIII (Felbor et al., 2000; Ferreras et al., 2000). Endostatin
levels in both the serum and tumor lysate from mice
implanted with ALVA101/hCE cells were higher than
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Figure 2 Angiogenesis antibody array for lysates from tumors formed by ALVA101/hCE and ALVA101/mock cells.
Tumors extirpated from nude mice 64 days post-implantation were homogenized and lysed. Samples of 500 g of protein extracts
were used for the antibody array. Numbered rectangles: 1, IL-12 p40/p70; 2, MIG; 3, PF-4; and 4, TIMP-1.

those treated with ALVA101/mock cells (Figure 3). The
results thus indicate that the growth of tumors formed
by ALVA101/hCE cells was suppressed, at least in part,
by an increase in antiangiogenesis molecules and a
decrease in angiogenesis molecules.

Characterization of endostatin generation from the
NC1 domain of collagen XVIIl by CE and other
cathepsins in vitro

To understand the process of endostatin generation by
CE, we tested its ability to generate endostatic fragments
from the NC1 fragment of collagen XVIII at pH 6.0 and
compared its efficiency with that of other cathepsins
(D, B, L, and H) purified from rat sources as previously
described (Yasuda et al., 2005). Each purified enzyme
was incubated at 37°C for 12 h with recombinant NC1 at
the same molar ratio (NC1/enzyme 7.2:1). The reaction
products were then analyzed by SDS-PAGE and immu-
noblotting with polyclonal antibodies to recombinant
human endostatin. As shown in Figure 4A, CE most
effectively converted NC1 into a 22-kDa endostatin-like
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Figure 3 Endostatin levels in serum and tumor lysates from
nude mice implanted with ALVA101/hCE or ALVA101/mock cells.
Tumors extirpated from nude mice 30 days post-implantation
were homogenized in lysis buffer. Endostatin levels in serum and
tumor lysates were measured by ELISA. Data are the mean+SD
of values for four mice per group. *p<0.05.

fragment. Although CD and CL also cleaved NC1 to gen-
erate endostatin-like fragments, their efficiency (in terms
of the extent and stability of the products) was much less
than that of CE. Both CB and CH exhibited little or no
activity to generate endostatin-like fragments from NCH1.
At pH 5-6, CE most efficiently generated the 22-kDa
endostatin-like fragment; however, this fragment was
degraded further by CE at pH 4 (data not shown). Gen-
eration of the 22-kDa endostatin-like fragment by CE was
also found to be dose- and time-dependent (data not
shown). The N-terminal amino acid sequence of the
22-kDa fragment generated by CE and CD was found to
be VHLRPAPT, which corresponds to the sequence of
human collagen XVIII beginning at Val''® (Figure 4B) and
is identical to that found in human tissues and plasma
(Standker et al., 1997; Sasaki et al., 1998). Differing from
CE, however, CD cleaves at an additional site beginning
at Leu. On the other hand, the previously defined
sequence of mouse endostatin generated by CL begins
at His™' (Felbor et al., 2000). Besides CL, CB and CK
were previously shown to process the NC1 domain to an
endostatic fragment with an N-terminus beginning at
Leu'? (Ferreras et al., 2000). Matrix metalloproteinases
including MMP-3, -9, -12, -13, and -20 can also process
human NC1 to generate endostatin-like fragments with
N-termini beginning at Tyr'°® and Ser''s (Standker et al.,
1997). However, it should be noted that endostatin-like
molecules with an N-terminus identical to those gener-
ated by any of these proteinases, except for CE and CD,
have not been detected in human tissues and plasma.
Given the most efficient generation of endostatin by CE
under moderately acidic conditions similar to the micro-
environment of tumors, this enzyme seems the most
likely candidate responsible for endostatin generation in
vivo.

Effect of CE on tube formation and destruction by
HUVECs

We further examined whether the efficiency of endostatin
generation by each cathepsin was correlated to the
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Figure 4 Processing of the NC1 domain of collagen XVIII by
purified cathepsins.

(A) Recombinant NC1 (0.275 wg) was incubated with various
cathepsins (CE, CD, CB, CL, and CH) at concentrations of
1X10-2 mol in pH 6.0 buffer at 37°C for 13 h. Each sample was
then analyzed by SDS-PAGE and immunoblotting using an anti-
endostatin antibody. (B) Cleavage sites of the NC1 domain by
CE and CD compared to those by other proteinases. Data for
the amino acid sequence of human collagen XVIIl and its sub-
stitutions in mouse collagen XVIII indicated below are from Oh
et al. (1994a,b). The NH,-terminal sequences of endostatin-like
fragments detected in human and mouse plasma are shown by
full circles and full triangles, respectively. Numbers 1, 2, and 3
in black boxes indicate cleavage sites by MMP-9 (no. 1), CL
(no. 2), CB (no. 2), CK (no. 2), and pancreatic elastase (no. 3)
reported by Felbor et al. (2000) and Ferreras et al. (2000). The
thick arrow indicates the NH,-terminal sequence of the originally
described mouse endostatin.

extent of inhibition of endothelial tube formation by a
Matrigel tube formation assay, which is known to repre-
sent various aspects of angiogenesis including cellular
migration and differentiation (Grant et al., 1991). Human
umbilical vein endothelial cells (HUVECs) were cultured
on Matrigels in the presence of NC1 with or without each
cathepsin. Consistent with the efficiency of endostatin
generation, CE, as well as CD, was found to most effi-
ciently inhibit tube formation, whereas CL, CB, and CH
exhibited little effect on this process (Figure 5). Although
the efficiency of endostatin generation from NC1 by CD
was relatively less than that by CE (Figure 4), no signifi-
cant differences in the extent of inhibition of tube for-
mation were observed between the two enzymes,
suggesting the presence of additional mechanisms for
inhibition of tube formation by CD. Given the ability of
endostatin to induce apoptosis of endothelial cells
(O’Reilly et al., 1997; Dhanabal et al., 1999a,b), besides

Figure 5 Effects of various cathepsins on tube formation
(A) and tube destruction (B) of HUVECs.

(A) HUVEGCs (1x10* cells/well) were cultured with recombinant
NC1 (0.275 pg) and each purified cathepsin (5X10-2 mol) on
Matrigel in 96-well tissue culture plates for 18 h. Viable cells
were then labeled with Calcein AM (1 M) and observed by
fluorescence microscopy. Individual experiments were per-
formed in at least triplicate and representative images from four
independent experiments are shown. (B) HUVECs (1x10* cell/
well) were cultured on Matrigel for 7 h. Then recombinant NC1
(0.55 wg) and each cathepsin (5x10-2 mol) were added to the
culture and incubated for an additional 13 h. Photomicrographs
were obtained as for (A).

its potential to inhibit tube formation, we further exam-
ined whether the efficiency of endostatin generation was
correlated to the extent of endothelial tube destruction
by cathepsins. The extent of the destruction of endothe-
lial tubes that had been formed on Matrigels also
appeared to be correlated to the efficiency of endostatin



generation (Figure 5B). CE and CD, but not CL, CB and
CH, efficiently destroyed the tubes and dispersed the
endothelial cells.

Morphological observation of tumors formed by
ALVA101/hCE and ALVA101/mock cells

As shown in Figure 6A, the tumors formed by ALVA101/
hCE cells at 29 days post-inoculation showed more poly-
morphous and irregular margins and were covered by a
more thickened skin compared with those formed by
ALVA101/mock cells at the same age. At a microscopic
level, the tumors formed by ALVA101/hCE cells were
found to be partitioned by well-developed membranous
structures and covered with thick, well-stratified dermal
tissues, while those for ALVA101/mock cells exhibited a
large solid mass surrounded by thin membrane struc-
tures (Figure 6B). Strikingly, at higher magnification, the
tumors formed by ALVA101/hCE cells were bordered by
thick, well-stratified dermal and mesenchymal tissues
(Figure 6C). The thickened hypodermal tissues adjacent
to the tumors formed by ALVA101/hCE cells were char-
acterized by progressive and diffuse hyperplasia of
fibrous membranes, fat tissue, and sebaceous gland-like
structures. These results suggest that CE expression in
tumor cells may direct them to normal cell proliferation
and differentiation.

Strikingly, further immunohistochemical studies
showed a large number of tumor-infiltrating effector cells,
including lymphocytes and macrophages, both within
and nearby the tumors formed by each of the transfec-
tants. However, both the number and the extent of acti-
vation of tumor-infiltrating macrophages close to the
tumors were greater in ALVA101/hCE compared to
ALVA101/mock xenografts, as revealed by immunostain-
ing with antibodies to the F4/80 antigen (Figure 6D,
lower panels). In contrast, the number of CD3-positive
T-lymphocytes within tumors was greater in ALVA101/
mock compared to ALVA101/hCE xenografts (Figure 6D,
upper panels). Although the vascularity within tumors
was not significantly different between the two xeno-
grafts, the integrity of vascular endothelial cells in this
area appeared to be vitiated in ALVA101/mock compared
to ALVA101/hCE xenografts (data not shown). Therefore,
the difference in the density of CD3-positive T-lympho-
cytes is probably due to the difference in vascular integ-
rity between the two xenografts.

Chemotactic responses of macrophages to
ALVA101/hCE and ALVA101/mock cells

To assess the effect of CE expression in tumor cells, the
chemotactic response of macrophages to ALVA101/hCE
and ALVA101/mock cells was analyzed using a Boyden
chamber system in the presence or absence of mono-
cyte chemoattractant protein (MCP)-1. The chemotactic
response of macrophages was much higher (1.6-fold) to
ALVA101/hCE than to ALVA101/mock cells in the
absence of MCP-1 (Figure 7). The higher chemotactic
response of macrophages to ALVA101/hCE cells was still
retained in the presence of MCP-1. Given that MCP-1
protein levels in cell extracts of tumors formed by
ALVA101/hCE cells tended to be lower than in those
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formed by ALVA101/mock cells (7.43+2.99 pg/mg pro-
tein vs. 13.4913.97 pg/mg protein), additional factors
other than MCP-1 are likely to be involved in enhance-
ment of the chemotactic response of macrophages by
CE expression.

Discussion

In this study, we provide the first evidence that CE
expression in tumor cells is associated with growth arrest
in vivo through the inhibition of tumor-induced angio-
genesis and enhanced immune responses. Since the
microenvironment interacting with tumor cells and the
expression levels of CE in cells were thought to be critical
for the regulation of tumor growth, we first examined the
effect of CE expression in ALVA101 cells on tumor-
induced angiogenesis. ALVA101 is a cell line established
from bone metastases of human prostate carcinoma
cells (van Bokhoven et al., 2003) and exhibits very little
CE activity. Angiogenesis antibody arrays and ELISAs
showed that the expression levels of antiangiogenic mol-
ecules such as IL-12, MIG, and endostatin were signifi-
cantly higher in ALVA101/hCE compared to ALVA101/
mock xenografts; inversely, levels of cell proliferation
molecules such as TIMP were lower in ALVA101/hCE
compared to ALVA101/mock xenografts. In vitro studies
also demonstrated that purified CE had a strong ability
to generate a 22-kDa endostatic fragment from recom-
binant NC1 by specific cleavage of the Tyr''7-Val''® bond.
This fragment was 13 residues longer at the N-terminus
than the original mouse endostatin, but was identical to
that found in human tissues and plasma. Endostatin gen-
eration by CE was the most potent compared to other
cathepsins. Consistent with this, the efficiency of endo-
statin generation by serum-free culture medium from
ALVA101/hCE cells was greater than for ALVA101/mock
cells (data not shown), indicating a direct correlation
between CE expression levels and the efficiency of
endostatin generation. Furthermore, the endostatic frag-
ment generated by CE was shown to have the potential
to induce both tube formation and destruction on Matri-
gels using HUVECSs. Our data also indicate that produc-
tion of the endostatin fragment by CE is most efficient
under moderately acidic conditions such as pH 6.0.
Given that tumor cells in vivo are exposed to ischemic
and hypoxic conditions (Wike-Hooley et al., 1984; Tan-
nock and Rotin, 1989) and that a proton gradient con-
tributing to the synthesis of ATP at the cell surface is
detected in the extracellular milieu of tumors (Gerweck
et al., 1991), the center of tumors is likely more acidic
than the surface or regions near blood vessels. There-
fore, the mild acidic microenvironment of primary tumor
sites might provide the most suitable conditions for
endostatin generation by CE.

In this study, we also demonstrated for the first time
that CE expression by tumor cells enhanced host
immune responses. The extent of tumor-infiltrated effec-
tor cells, particularly activated macrophages, in the vicin-
ity of the subcutaneous inoculation site was greater in
ALVA101/hCE compared to ALVA101/mock xenografts.
Given the ability of tumor-infiltrating macrophages to
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Mock

Figure 6 Morphological observations of xenografts from nude mice implanted with ALVA101/hCE and ALVA101/mock cells.

(A) Gross appearances of nude mice bearing ALVA101/hCE and ALVA101/mock cells at 29 days post-implantation. (B) Histological
observation of HE-stained samples. The xenografts formed by ALVA101/hCE cells at 29 days post-inoculation showed more poly-
morphous and irregular margins and were covered by more thickened skin compared to those formed by ALVA101/mock cells at the
same age. (C) Enlargement of the square regions of each xenograft in (B). The thickened hypodermal tissues adjacent to the tumors
formed by ALVA101/hCE cells were characterized by progressive and diffuse hyperplasia of fibrous membranes (open arrowhead),
fat tissue (asterisks), and sebaceous gland-like structures (arrows). A representative micrograph from four animals is shown for each
group. Scale bars represent 100 pm. (D) Immunohistochemical staining of tumors from nude mice bearing ALVA101/hCE and
ALVA101/mock cells at 29 days post-implantation with antibodies against the F4/80 antigen and CD3. After treatment with biotinylated
secondary antibody and streptavidin HRP reagent, the sections were reacted with 3,3'-diaminobenzidine and counterstained with
HE. Scale bars represent 100 wm.
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Figure 7 Chemotactic response of macrophages toward
ALVA101/hCE and ALVA101/mock cells.

ALVA101/hCE or ALVA101/mock cells were seeded into the bot-
tom wells of cell migration chambers, and mouse peritoneal
macrophages were added to inserts with a pore size of 8 pm
and placed into each culture well. After incubation for 2 h at
37°C in the absence or presence of MCP-1, the membrane filters
were washed, fixed and stained with May-Giemsa stain before
counting under a light microscope. Data are the mean=SD of
values from five independent experiments. “**p<0.001.

attack and eliminate tumor cells through contact-
dependent and cytokine-mediated mechanisms (Holen et
al., 2002), it is reasonable to infer that tumor-infiltrated
macrophages, together with other cell types of the
immune system, function to inhibit tumor growth and
metastasis. Our data demonstrate that both the number
and the extent of activation of tumor-infiltrated macro-
phages were apparently increased in ALVA101/hCE
compared to ALVA101/mock xenografts. Therefore, CE
expression levels in tumor cells appear to be strongly
associated with a decrease in tumor growth through the
enhanced infiltration and activation of tumor-associated
macrophages. In this regard, our data also show that the
chemotactic response of macrophages was greater in
ALVA101/hCE compared to ALVA101/mock cells.
Although it still remains to be established how CE
expression in tumor cells induces the enhanced chemo-
tactic response of macrophages and the increased infil-
tration and activation of these cells, the present results
provide new insight into the functional diversity of CE in
host defense against tumor cells. Meanwhile, tumor-pro-
moting effects of tumor-associated macrophages have
recently been recognized, such as enhancement of
tumor cell migration and invasion, facilitation of extra-
cellular matrix breakdown and remodeling or promotion
of tumor cell motility, and stimulation of angiogenesis
(Strand et al., 2004). These competing functions of macro-
phages appear to arise from the pleiotropic nature of
these cells, probably due to the production of a variety
of cytokines and reactive oxygen species. The present
results thus indicate that the stable expression of CE in
tumor cells may confer optimal conditions for tumor
regression by tumor-infiltrated macrophages. To the best
of our knowledge, the proteolytic activity of various types
of proteases generated by tumor cells, including CB, CL,
CD, MMP-1, and MMP-9, creates a microenvironment
favorable for tumor growth and progression (Nomura and
Katsunuma, 2005; Overall and Kleifeld, 2006), but limited
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information is available about proteases that induce
tumor growth arrest and inhibition of metastasis. In this
regard, CE may represent a novel example of beneficial
proteases produced by tumor cells.

Materials and methods

Cells culture

The human prostate cancer cell line ALVA101 was kindly provid-
ed by J.Y. Bahk (Gyeogsang National University, Korea) and
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 0.1% NaHCO,, 10% fetal bovine serum (Bio-
medicals, Costa Mesa, CA, USA), penicillin (100 U/ml), strepto-
mycin (100 pg/ml), and 2 mm L-glutamine. HUVECs were
maintained in endothelial basal medium (Toyobo, Osaka, Japan).

Stable transfectant of CE

Human CE cDNA was obtained by digestion of pAGS412
(Azuma et al., 1989) with EcoRV and Smal. The DNA fragment
including human CE cDNA was introduced at the EcoRV site of
pcDNAS3.1 (+). ALVA101 cells were seeded in 100-mm plates,
cultured for 24 h, and transfected with 15 g of hCE/pcDNAS.1
(+) expression vector using 45 wl of TransFast™ transfection
reagent (Promega, Madison, WI, USA). As a negative control,
the pcDNA3.1 (+) empty vector was introduced into ALVA101
cells. Transfections were carried out according to the manufac-
turer’s instructions. At 48 h post-transfection, the medium was
changed to complete culture medium containing 500 wg/ml
G418. After 2 weeks of incubation in this medium, G418-resis-
tant colonies were picked out and cloned.

Measurement of CE activity

CE activity was measured according to the method described
previously (Yasuda et al., 2005). Briefly, reaction mixtures con-
tained 10 | of buffer (1 m sodium acetate buffer, pH 3.5), 10 .l
of 200 wm KYS-1 fluorogenic substrate (Peptide Institute Inc.,
Osaka, Japan), and 80 .l of sample solution in a total volume
of 100 wl. Reaction mixtures were incubated at 40°C for 10 min
and the reaction was terminated by adding 2 ml of 5% trichlo-
roacetic acid. The increase in fluorescence intensity during incu-
bation was measured at an emission wavelength of 393 nm with
excitation at 328 nm using a fluorescence spectrophotometer
(F-3010; Hitachi, Tokyo, Japan).

Cell proliferation assay

Proliferation of tumor cells was measured using a Cell Counting
Kit 8 (Dojin, Kumamoto, Japan). ALVA101/hCE or ALVA101/
mock cells (5x10% cells for each) were seeded into 96-well
plates and incubated at 37°C in a CO, incubator for up to 72 h.
At the end of this incubation period, sodium 2-(4-lodophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium was added
to the culture medium and incubated for an additional 1 h at
37°C. The amount of reduced tetrazolium was determined by
measuring the absorbance at 450 nm in a microplate reader
(ImunoMini NJ-2300; Nalge Nunc International, Tokyo, Japan).

Implantation of tumor cells

Male athymic nude BALB/c mice were obtained from CLEA
Japan Inc. (Osaka, Japan). ALVA101/hCE or mock cells (1x107
cells) in phosphate-buffered saline (PBS) were injected subcu-
taneously into the flank of the nude mice. Tumor size was
assessed using calipers every other day. Tumor volume was cal-
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culated using the formula width?xlengthx0.52. After 4—-9 weeks,
the mice were sacrificed and the tumors were extirpated. Ani-
mals were maintained under specific pathogen-free conditions
according to the guidelines of the Japanese Pharmacological
Society. All experiments using animals and recombinant DNA in
this study were approved by the Animal and Microbiological
Research Committee of Kyushu University.

Angiogenesis antibody array

The RayBio™ mouse angiogenesis antibody array was obtained
from RayBiotech, Inc. (Norcross, GA, USA). Tumors extirpated
at 64 days post-implantation were homogenized and lysed in
cell lysis buffer according to the manufacturer’s protocol. Sam-
ples of 500 g of protein extracts were used for angiogenesis
antibody array analysis.

Quantitative analysis of endostatin

The endostatin ELISA kit was obtained from Cytimmune Sci-
ences (Rockville, MD, USA). Tumors extirpated at 30 days post-
implantation were homogenized in lysis buffer consisting of PBS
and 0.1% Triton X-100. The tumor lysate was centrifuged at
27 000 g for 30 min to remove insoluble particles. Both the lysate
and the serum were assayed for endostatin.

In vitro degradation of NC1 by cathepsins

Recombinant NC1 (0.275 wg) was incubated with cathepsins E,
D, B, L, and H (1X10'2 mol) in pH 6.0 buffer at 37°C for 13 h.
For incubation with CB, CL, and CH, dithiothreitol (10 mm) and
EDTA (1 mm) were added to the reaction mixture. After incuba-
tion, samples were separated by SDS-PAGE, transferred onto
nitrocellulose membranes, and subjected to Western blot anal-
ysis using an anti-endostatin antibody (Cytimmune Sciences).

Tube formation and destruction assays

Tissue culture plates (96-well) were coated with Matrigel (50 I/
well) (Becton Dickinson, Franklin Lakes, NJ, USA) at 37°C for
30 min, followed by seeding of HUVECs (1x10* cell/well).
Recombinant NC1 (0.275 wg/well) and CE, CD, CB, CL, or CH
(5102 mol/well) were added with HUVECs for tube formation
assays. The cell cultures were incubated for 18 h. For tube
destruction assays, NC1 and each cathepsin were added into
wells at 7 h after seeding of HUVECs onto the gels, and then
incubated for an additional 13 h. Viable cells were then fluores-
cent-stained with Calcein AM (1 wwm; Molecular Probes, Inc.,
Eugene, OR, USA), and photographed under fluorescence
microscopic observation. Individual experiments were per-
formed in at least triplicate and representative photographs are
shown.

Histochemistry and immunohistochemistry

At 29 days post-implantation, tumors were extirpated, fixed with
10% formalin, and embedded in paraffin. Sections were stained
with hematoxylin and eosin (HE). Formalin-fixed and paraffin-
embedded xenograft sections were further examined by
immunohistochemistry for F4/80 and CD83, essentially according
to the method described by Sastradipura et al. (1998).

Preparation of peritoneal macrophages

Thioglycolate-elicited peritoneal macrophages were isolated
from mice as previously described (Nishioku et al., 2002). Briefly,
8-14-week-old mice were injected peritoneally with 4.05% thio-
glycolate (2 ml/mouse). At 3.5 days later, peritoneal exudate cells

were isolated from the peritoneal cavity by washing with PBS.
The cells were incubated with RPMI 1640 medium supplement-
ed with 10% fetal bovine serum, penicillin (50 U/ml), and strep-
tomycin (50 wg/ml) at 37°C with 5% CO,. After incubation for
2 h, non-adherent cells were removed by washing with Ca2*/
Mg?*-free PBS three times. Peritoneal macrophages isolated as
adherent MAC-2-positive cells were obtained at a purity of
>95%.

Macrophage chemotaxis assay

ALVA101/hCE or ALVA101/mock cells were seeded onto the bot-
tom wells of cell migration chambers (Becton Dickinson). Peri-
toneal macrophages were added onto filter well inserts (8-pwm
pore size; Becton Dickinson) and placed into each culture well.
Cell migration was assessed by incubation for 2 h in a cell cul-
ture incubator at 37°C with 5% CO,. Cells on the top of the filter
were wiped off, and the filter was fixed in methanol and stained
with HE. The total number of cells that migrated to the lower
side of the filter was determined by averaging the number of
cells counted in five random microscope fields (magnification
200x).

Statistical analysis

The statistical significance of differences between experimental
and control groups was determined by the two-tailed Student
t-test. A p-value of <0.05 was considered statistically significant.
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