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Summary

The dual specificity phosphatase CDC25B positively
controls the G2-M transition by activating CDK1/cyclin B.
The binding of 14-3-3 to CDC25B has been shown to
regulate the subcellular redistribution of CDC25B from the
nucleus to the cytoplasm and may be correlated with
the G2 checkpoint. We used a FLAG-tagged version of
CDC25B to study the differences among the binding sites
for the 14-3-3 subtypes, 14-3-3f, 14-3-3¢ and 14-3-30,
and the relationship between subtype binding and the
subeellular localization of CDC25B. All three subtypes
were found to bind to CDC25B. Site-directed mutagenesis
studies revealed that 14-3-3p bound exclusively near serine-
309 of CDC25B1, which is within a potential consensus
motif for 14-3-3 binding. By contrast, 14-3-3c bound
preferentially to a site around serine-216, and the presence
of serine-137 and -309 enhanced the binding. In addition to
these binding-site differences, we found that the binding of
14-3-3p drove CDC25B to the cytoplasim and that mutation

of serine-309 to alanine completely abolished the
cytoplasmic localization of CDC25B. However, co-
expression of 14-3-3c and CDC25B did not affect the
subcellular localization of CDC25B. Furthermore, serine-
309 of CIDC25B was sufficient to produce its cytoplasmic
distribution with co-expression of 14-3-38, evem when
other putative 14-3-3 binding sites were mutated. 14-3-3¢
resembled 14-3-3p with regard to its binding to CDC25B
and the control of CDC25B subcellular localization. The
results of the present study indicate that two 14-3-3
subtypes can control the subcellular localization of
CDC25B by binding to a specific site and that 14-3-30 has
effects on CDC25B other than the control of its subcellular
localization.

Key words: CDC25B, 14-3-3p, 14-3-30, Subcellular localization, G2
checkpoint

Introduction

The CDXK (cyclin-dependent kinase) family of proteins controls
the eukaryotic cell cycle, and one of these proteins, CDK1, is
required for the onset and maintenance of mitosis. The
activities of CDK family proteins related to cell cycle
control are regulated by associations with cyclin proteins,
interactions with cyclin-dependent kinase inhibitors, such as
p21 and p27, and the phosphorylation-dephosphorylation cycle
of CDK (Morgan, 1997). For instance, the phosphorylation
of CDK1 at threonine-14 and tyrosine-15 by Weel and/or
Mytl kinases negatively controls CDKI1 activity, whereas
the dephosphorylation of CDK1 by the CDC25 family
phosphatases activates CDK1, an essential step in the transition
from G2 to M phase. The CDC25 family of dual protein

phosphatases consists of three members, CDC25A, CDC25B,
and CDC25C (Nilsson and Hoffman, 2000). CDC25A is
thought to regulate the G1 to S transition, and CDC25B and C
have been proposed to activate the CDK1/cyclin B1 complex
to advance the cell cycle from G2 to M. Recent reports strongly
suggest that CDC25A also has a function that is essential for
the entry into and maintenance of M phase (Mailand et al.,
2002).

The 14-3-3 family of proteins consists of small, acidic,
highly conserved proteins that are present in ali eukaryotic
cells from yeast to mammals. There are seven isotypes present
in mammalian cells. The 14-3-3 proteins are involved in
numerous cellular processes related to signal transduction
(Muslin and Xing, 2000; Tzivion et al., 2001; Yaffe, 2002).
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These molecules bind to phosphoproteins at specific sequence
motifs, which contain phosphoserine/threonine residues three
amino acids downstream of an arginine (RxxS/T), and thereby
regulate extracellular signaling or stress response pathways
(Muslin et al., 1996; Yaffe et al., 1997). Emerging evidence
suggests that 14-3-3 proteins are key regulators of cell cycle
control, especially at cell cycle checkpoints, where they might
function as negative regulators of DNA damage checkpoints.
For example, one canonical 14-3-3 binding motif, which
contains a phosphorylated serine residue, is similar to the
consensus substrate motif of the checkpoint kinase Chkl
(Sanchez et al., 1997; Hutchins et al., 2000). In fission yeast,
the 14-3-3 proteins Rad24/25 are required for checkpoint
responses and are essential for cell survival (Ford et al., 1994).
One of the 14-3-3 isotype proteins, 14-3-3¢ is strongly up-
regulated following genotoxic stress and is a downstream target
of the tumor suppressor p53 (Hermeking et al., 1997).

The involvement of 14-3-3 in the progression from G2 to M
was first suggested by the interactions of isolated 14-3-3f and =
with CDC25B (and CDC25A) and of isolated 14-3-3% with
Weel (Conklin et al., 1995; Honda et al., 1997). Accumulated
circumstantial evidence indicates that 14-3-3 negatively controls
the G2-M transition by binding to these regulators. An
association of 14-3-3 with human CDC25C was detected in G1,
S and G2 phases, but not in M phase (Peng et al., 1997). The
binding of 14-3-3 requires the Ser216 of CDC25C, and mutating
this residue to Ala abolishes the interaction. This site is
present in the potential recognition motif for 14-3-3 and is
phosphorylated in vitro by checkpoint kinases, such as Chk1 and
Chk2 (Sanchez et al., 1997; Peng et al., 1998; Matsuoka et al.,
1998; O’ Neill et al., 2002). Studies of the interaction between
Xenopus CDC25C and 14-3-3 clearly demonstrated that the
binding of 14-3-3 masks the nuclear localization signal of
CDC25C, thereby causing nuclear exclusion of the protein
without affecting its phosphatase activity (Kumagai et al., 1998;
Kumagai and Dunphy, 1999; Yang et al., 1999). By contrast, the
binding of 14-3-3 to Xenopus Weel, after Chk1 activation by
DNA damage or by stalled replication, augments Weel tyrosine
kinase activity for CDK1 (Wang et al., 2000; Lee et al., 2001;
Rothblum-Opviatt et al., 2001). Thus, the association of 14-3-3
with target proteins could modulate cell cycle progression
through different mechanisms such as subcellular localization
and enzyme activity, depending on cellular signaling.

In the normal cell cycle, CDC25B accumulates only at G2
phase and is degraded when cells exit M phase (Nagata et al.,
1991; Galaktionov and Beach, 1991; Sebastian et al., 1993;
Lammer et al., 1998). Interestingly, the overexpression of
CDC235B induces a mitotic catastrophe by prematurely
activating CDKl1/cyclin B1, indicating that CDC25B induces
mitosis more efficiently than CDC25C (Karlsson et al., 1999).
In addition, the exogenous expression of CDC25B can override
the G2 DNA damage checkpoint, and CDC25B is expressed in
certain tumors (Miyata et al., 2001). Therefore, CDC25B has
been proposed 1o be a potential oncogene acting to abrogate
the DNA damage checkpoint (Galaktionov et al., 1995; Ma
et al., 1999; Yao et al., 1999). Subcellular localization of
CDC25B can be controlled by its association with 14-3-3 ata
specific site on CDC25B2 or B3, Ser323 and might contribute
to stall the cell cycle at the G2 phase following DNA damage
(Mils et al., 2000; Davezac et al., 2000; Forrest and Babrielli,
2001). Ser323 of CDC25B2 or CDC25B3 (the equivalent to

Ser309 of CDC25B1) is a crucial residue in the consensus
14-3-3 binding motif, where it is phosphorylated by the stress
kinase p38 (Bulavin et al., 2001).

In the present study, we have analyzed the binding site
specificity of three 14-3-3 subtypes, 14-3-38, ¢, and o. Our
results indicate that the binding site of 14-3-3¢ differs
markedly from those of 14-3-3f and 14-3-3e. Moreover, the
interaction of 14-3-3f or 14-3-3¢, but not of 14-3-3¢ with
CDC25B drives CDC25B from the nucleus into the cytoplasm.
The biological significance of our results is discussed.

Materials and Methods
Cell culture and transfection

HEK293 cells (ATCC number CRIL-1573) and U208 cells (ATCC
number HTB-96) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma, USA) supplemented with 10% fetal bovine
serum (FBS) (Invitrogen, USA), 100 units/m] penicillin and 10 pg/ml
streptomycin. Transient transfections were performed with FuGENE6G
(Roche Diagnostics, Germany). For immunoprecipitation, cells were
typically seeded at 1.3x10° per well. After 24 hours, cells were
co-transfected with 2.5 pg of FLAG-tagged CDC25B and 1.0 pug of
myc-tagged 14-3-3 DNA. For the indirect immunofluorescence
experiments, cells were plated at a lower density, 2.0x105 per well
and transfected after 24 hours with 3.0 ug of CDC25B DNA and
1.5 pg 14-3-3 of DNA. Transfected cells were processed for
immunoblotting, immunoprecipitation, or immunostaining 24 hours
after transfection. Leptomycin B, an inhibitor of CRM1 (exportinl),
was obtained from Minoru Yoshida (RIKEN, Wako, Japan) and was
administered to cells at a dose of 20 ng/ml to induce the nuclear
accumulation of CDC25B.

Plasmids and site-directed mutagenesis

The ¢cDNA of human CDC25B (CDC25B1 subtype), a kind gift from
H. Okayama (University of Tokyo, Japan), was subcloned into the
pEF6B vector (Invitrogen, USA) and expressed in transfected cells
with a C-terminal FLAG tag. For point mutations at putative 14-3-3
binding sites, the following oligonucleotides {and their complements)
were used to change serine to alanine (SA) in human CDC25B cDNA
(CDC25B1). Clones with multiple mutations were generated by
exchanging restriction fragments. The mutations were confirmed by
sequencing.
S81A: 5-CTGTCTCGACGGGCAGCCGAATCCTCCCTG-3,
S137A: 5-ATCAGACGCTTCCAGGCTATGCCGGTGAGG-3,
S216A: 5-GCCCAGAGACCCAGCGCGGCCCCCGACCTG-3,
S309A: 5'-CTCTTCCGCTCTCCGGCCATGCCCTGCAGC-3,
S361A: 5-GTCCTCCGCTCAAAAGCACTGTGTCACGAT-3'.
The ¢cDNAs of human 14-3-3f, ¢, and ¢ were obtained by PCR
amplification with the following oligonucleotides:
14-3-3B forward: 5'-ACTTGGAGTCAGCATATGACAATGGAT-3/,
14-3-3B reverse: 5'-CACTGGACGGATCCCAAAGCACGAGAA-
3,
14-3-3¢ forward: 5-GCCGCTGCCCATATGGATGATCGAGAG-3',
14-3-3¢ reverse: 5'-CTCTTGTGGGCGGATCCCTCACTGATT-3',
14-3-30 forward: 5'-GTCCCCAGACATATGGAGAGAGCCAGT-
31' .
14-3-30 reverse: 5-GGTGGCGGGCAAGCITCAGCTCTGGGG-
CTC-3.
PCR products were subcloned into the pEF6 vector. Each 14-3-3
¢DNA was expressed in transfected cells in an N-terminal myc-tagged
form.

Antibodies
Anti-FLAG M2 agarose was obtained from Sigma (USA). The rabbit
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anti-FL.AG antibody was described previously (Wang et al., 2001).
Rabbit polyclonal and mouse monoclonal anti-myc-tag antibodies
were purchased from Cell Signaling (USA). Antibodies to 14-3-38
(C-20), 14-3-3¢ (T-16), and 14-3-30 (N-14) were purchased from
Santa Cruz Biotechnology (USA).

Preparation of crude cell extracts, immunoprecipitation and
immunoblotting

Transfected cells were lysed in immunoprecipitation (IP) buffer (50
mM Tris-HCI pH 7.5, 150 mM NaCl, 0.5% NP-40, 5 mM EGTA, 1
mM EDTA) supplemented with a protease inhibitor mix and a
phosphatase inhibitor mix. The protease inhibitor mix contained a
1:100 dilution of FOCUS protease arrest (Calbiochem, USA), 5 pg/ml
E64 (Roche Diagnostics, Germany), 0.4 uM cathepsin inhibitor 11
(Sigma, USA), 10 uM MG132 (Calbiochem, USA), 20 pM N-acetyl-
leu-leu-norleu-ala (Sigma, USA) and 1 mg/ml Pefabloc®SC (Roche
Diagnostics, Germany). The phosphatase inhibitor mix consisted of a
1:100 dilution of Phosphatase inhibitor cocktail II (Sigma, USA),
20 mM p-nitropbenyl phosphate, 20 mM NaF, 20 mM f-
glycerophosphate, 0.2 uM microcystin-LR (Calbiochem, USA), 0.2
uM calyculin A (Wako, Japan), 0.2 uM okadaic acid (Wako, Japan),
0.1 uM phenylarsin (Sigma, USA), and 0.2 pM cantharidin (Sigma,
USA). FLAG-tagged CDC25B and mutant proteins were
immunoprecipitated using FLAG M2-agarose; myc-tagged 14-3-3
proteins were immunoprecipitated with mouse monoclonal anti-
myc tag antibody followed by protein G-Sepharose (Amersham
Bioscience, USA). Cell lysates and immunoprecipitates were
analyzed on western blots using rabbit polyclonal anti-FLAG (for
CDC25B) or anti-myc antibodies (for exogenous 14-3-3), or 14-3-3
subtype-specific antibodies (for endogenous 14-3-3),

Indirect immunofluorescence microscopy

Transfected HEK293 cells grown on glass coverslips were fixed in
3.7% formaldehyde in PBS and then permeabilized with 0.5% Triton
X-100 in PBS. FLAG-tagged CDC25B and mutants were detected
with rabbit polyclonal anti-FLAG antibody and Alexa-594-
conjugated goat anti-rabbit I1gG (Molecular Probes, USA).
Alternatively, myc-tagged 14-3-3 proteins were detected with mouse
monoclonal anti-myc-tag antibody and Alexa-488-conjugated goat
anti-mouse IgG (Molecular Probes, USA). In all samples, DNA was
visualized with 4'.6-diamidino-2-phenylindole (DAPI) (Sigma,
USA) at 0.1 pg/ml. To quantify the subcellular localization of
CDC25B, more than 200 transfectant cells were counted and
classified as having nuclear, diffuse or cytoplasmic localization.

Results
Binding of 14-3-38, ¢, and o to CDC25B
Several groups have reported the interaction of 14-3-3 isotypes,
such as 14-3-38, ¢, m, and G, with CDC25B (Mils et al., 2000;
Forrest and Gabrielli, 2001). We have isolated 14-3-38 and ¢
as proteins that interact with CDC25B in yeast two-hybrid
screening (S.U., A K., M.O., M.S., M.H,, H.N., TM., Y.I. and
K.Y., unpublished data), obtaining the same results as those
previously reported (Conklin et al., 1995). Apart from these
two 14-3-3 proteins (B and ¢), 14-3-30 was also reported to be
possibly involved in a DNA damage checkpoint (Hermeking et
al., 1997; Chan et al., 1999, 2000), which prompted us to
isolate its cDNA and analyze its interaction with CDC25B.
We expressed FLAG-tagged CDC25B with myc-tagged
14-3-3B, € or o in HEK293 or U20S cells and examined their
interaction (Fig. 1). Expression of these proteins was confirmed
in cell extracts prepared from transfected cells, as shown in Fig.

HEK293 U208
Lysate vpsr oo v f ¢ o
(D28 | one®| 0=
| e [ ==
IP: CDC25B (o-FLAG Ab)
v B eo vppeo
W (ovee| 0009
e | @ = L ==<]
IP: 14-3-3 (0-Myc Ab)
vBro vpoeo
2323 pry
(‘tﬁx?yc) l = "Bll > e
CDC25B

Geo| | 06

Fig. 1. 14-3-38, 14-3-3¢, and 14-3-30 bind to CDC25B in
transfected cells. HEK293 (left panels) or U20S (right panels) cells
were transfected with FLAG-tagged CDC25B together with either
empty vector or one of the myc-tagged 14-3-3 subtypes as described
in Materials and Methods. (Top row) Lysate. Expression of CDC25B
and 14-3-3- subtypes was confirmed in cell lysates with anti-FLAG
antibody against CDC25B or anti-myc antibody against 14-3-3,
respectively. (Middle row) IP: CDC25B (a-FLAG Ab). CDC25B
was immunoprecipitated with anti-FLAG beads followed by western
blotting and detection with anti-FLAG antibody to detect CDC25B
and anti-myc antibody to detect CDC25B-bound 14-3-3. (Bottom
row) IP: 14-3-3 (a-myc Ab. Reciprocal immunoprecipitation;
CDC25B was detected in anti-myc immunoprecipitates. Protein 14-
3-3 subtypes were immunoprecipitated with anti-myc antibody; the
collected 14-3-3 or 14-3-3-bound CDC25B was detected by
immunoblotting. v, empty vector; B, 14-3-3B, ¢; 14-3-3¢, o; 14-3-30.

(-FLAGY

1 (Lysate). CDC25B was immunoprecipitated with anti-FLAG
beads followed by western blotting and detection with either
anti-FLAG or anti-myc antibody to detect CDC25B bound to
14-3-3. The results in Fig. 1 (IP: CDC25B) clearly indicate
that all three 14-3-3 proteins can bind to CDC25B in co-
transfected cells. To further confirm these results, reciprocal
immunoprecipitation and western blot experiments were
conducted in which CDC25B was detected in anti-myc
immunoprecipitates of 14-3-3, ¢, or o (Fig. 1, IP: 14-3-3).
Thus, 14-3-3c was most probably a new CDC25B-interacting
protein.

Binding site specificity of 14-3-3 subtypes

The binding of 14-3-3 proteins to target proteins requires the
specific motif RSxS/T(P)xP, where S/T(P) and x represent
phosphoserine or phosphothreonine, and any amino acid,
respectively (Muslin et al., 1996; Yaffe et al.,, 1997). The
arginine (R) at position -3 from the phosphorylatable serine
(or threonine) is a minimal requirement. In Xenopus for
instance, after phosphorylation of CDC25 or Weel by Chk1 or
other kinases, 14-3-3¢ binds to the phosphorylated Ser287 in
the RSPSMP sequence of CDC25 (Kumagai et al., 1998; Yang
etal., 1999) and to the phosphorylated Ser549 in the RSVSFT
sequence of Weel (Wang et al., 2000; Lee et al., 2001). There
are several Rxx8 sites in CDC25B (or in our case, CDC25B1),
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of which we chose the following five: 78-RRAS-81, 134-
RFQS-137, 213-RPSS-216, 306-RSPS-309, and 358-RSKS-
361, as shown in Fig. 2A. Of the relevant serine residues,
Ser309 and Ser361 were phosphorylated by p38 in vitro and
Ser309 was reported to be crucial for 14-3-3 binding after
phosphorylation (Bulavin et al., 2001).

To analyze binding site specificity, we constructed three
different groups of mutants in respect to the five above
mentioned phosphorylatable serine sites of CDC25BI1.

A Consenstis R
Ser-41 TR %3
Ser-137 R 1
Ker-ll6 2 R Mt
Ser-309 wh R i
Ser-3614 a8 R hi
B Lysate IP: CDC2SB {o-F1L.AG)
-f%i:2 e d ZEFZ s sae
- 2 LTEEL - PRI U3 S O
FEFNCIEENER Y 3L fIRigzg
(he2sn [ecoesscesse=| [caBenssecnes]
14-3-38 | | Peee = e |
l@omnsaeassl
i4-3-30 l&eee@emml {b-a oo - l
L23 456789101112 P23 456780000012
14-3-3¢ @ -
o exponure
789101012
C Lysate IP: CDO25B (a-FLAG)

Members of the first group have only a single mutation
that changed one phosphorylatable serine to a non-
phosphorylatable alanine; these mutants were namend
CDC25B-S81A, SI37A, etc. Members of the second group
only remain a single phosphorylatable serine residue and
contain mutations that changed the four serine residues to
alanines; these mutants were named CDC25B-81S, 1378, etc.
The only member of the last group is CDC25B-5SA in which
all five serine residues were mutated to alanines. Using these
mutants and the wild-type CDC25B, we determined the
binding site specificity of 14-3-38, ¢, and o.

Wild-type or mutant CDC25B were co-transfected with
14-3-3B, &, or o. Crude cell extracts were prepared, and
expression of CDC25B and 14-3-3 was confirmed. Protein
extracts were immunoprecipitated with anti-FLAG or anti-myc
antibody, transferred for westemn blotting and detected with
anti-myc or anti-FLAG antibody, respectively, to assess
binding. We observed similar expression levels of CDC25B
and 14-3-3 in transfected cells (Fig. 2B, Lysate), although
lower levels of CDC25B mutants that failed to interact with
14-3-3, such as 81S and 5SA mutants, were occasionally
detected (S.U., AK., M.O., M.S,, M.H,, HN,, TM,, Y.I. and
K.Y., unpublished data).

Interestingly, each 14-3-3 protein bound to a specific site on
CDC25B (Fig. 2B, IP: CDC25B). These results clearly indicate
that the CDC25B point mutation that changed Ser309 to
Ala309, completely abolished 14-3-38 binding and that
mutations of the other putative binding sites had essentially no
effect on binding when compared with wild-type CDC25B.
Also, experiments with the CDC25B mutant containing a
single phosphorylatable serine revealed that Ser309 was the

Fig. 2. Binding of 14-3-3 subtypes to CDC25B is site specific,
(A) Putative 14-3-3 consensus binding sites in CDC25B.

(B-D) Mutants of CDC25B were transfected into HEK293 or
UZ20S cells either alone or together with 14-3-3 subtypes as
indicated. Recovered CDC25B proteins are indicated (upper
panel of each set of figures). The letters at the top and numbers at
the bottom of each blot represent the CDC25B mutants: wild-
type (1); S81A (2); S137A (3); S216A (4); S309A (5); S361A
(6); 818 (7); 1378 (8); 216S (9); 3098 (10); 3618 (11); 5SA (12).
The definitions of the abbreviations for each mutant are described
in the text. (B) Mutants of CDC25B were co-transfected into
HEK293 cells with 14-3-3 subtypes B, ¢ or ¢ . Protein expression
was determined by immunoblot. Wild-type or mutant CDC25B
proteins were immunoprecipitated with anti-FLAG beads, and
CDC25B-bound 14-3-3 was determined in the lysate (Lysate)
and the immunoprecipitate [IP: CDC25B (a-FLAG Ab)].

. Separate panel ‘long exposure’ shows 14-3-3 subtype o after an
exposure for 1 hour. (C) Mutants of CDC25B were transfected
into HEK293 cells. Recovered CDC25B proteins and CDC25B-

bound endogenous 14-3-38 (endo-14-3-3B) or endogenous
14-3-3¢ (endo-14-3-3¢) were detected with specific

antibodies in the lysate (Lysate) and the immunoprecipitate

[IP: CDC25B (a-FLAG Ab]. (D) Mutants of CDC25B were
transfected into U20S cells. Recovered CDC25B and

- CDC25B-bound endogenous 14-3-30 (endo-14-3-30) were
- detected with specific antibodies in the lysate (Lysate) and

the immunoprecipitate [IP: CDC25B (a-FLAG Ab].(E)

Binding of endogenous and transfected 14-3-3 subtypes to

CDC25B mutants. ++, well bound; +, detectably bound; =,

CD(C258
endo-14-3-30 laaaac—eae-ea! g»- =
1234567891011 P23 4567 8 9l
CIH 258 munants
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faintly bound (could be detected only after long exposure); —,
no binding.




14-3-3 subtypes and subcellular localization of CDC25B 3015

sole site responsible for 14-3-3f8 binding. A faint signal was
detected with the CDC25B mutants containing Serl37 or
Ser216, but only after a long exposure time (S.U., A K., M.O.,
M.S., M.H,, H.N., TM., Y.I. and K.Y., unpublished data).
Exactly the same results were obtained for 14-3-3¢ binding
(Fig. 2B), i.e. the intact Ser309 fulfills the binding requirement.
Surprisingly, entirely different results were obtained when
14-3-30 was co-expressed with CDC25B. As shown in Fig.
2B, the mutation of Ser309 to Ala309 had little effect on 14-3-
30 binding. Instead, a single mutation changing Ser216
to Ala216 apparently abrogated the binding of 14-3-3c.
Experiments with single-serine constructs of CDC25B
provided complementary results, indicating that only Ser216is
responsible for 14-3-3c binding. Notice, that the amount of
14-3-30 that bound to the CDC25B-8216 mutant was roughly
half the amount of 14-3-3f or & that bound to the CDC25B-
S309 mutant. Therefore, the affinity of 14-3-3c for Ser216
seems to be lower than those of 14-3-3p and ¢ for Ser309.
Furthermore, 14-3-3¢ bound to two other binding sites, Ser137
and Ser309, although with a lower affinity than the binding to
Ser216 (Fig. 2B, Long exposure).

Binding of endogenous 14-3-3 to CDC25B

Next, we addressed the question of whether endogenous 14-3-3
binds to transfected CDC25B. After transfection of wild-type or
mutant CDC25B, CDC25B was recovered and CDC25-bound
14-3-3f, &, or o was detected with subtype-specific antibodies.
CDC25B was transfected to HEK293 cells to investigate binding
of 14-3-3B and &. U208 cells were used to determine 14-3-3c
binding because no expression of 14-3-3c was detected in
HEK?293 cells. Binding of endogenous 14-3-3f and ¢ is shown
in Fig. 2C and that of 14-3-30 in Fig. 2D. As illustrated, the
results were essentially the same as those for the exogenously
expressed ones. 14-3-3f and ¢ preferentially bound to Ser309
and a mutation to Ala at this site impaired 14-3-3 binding. Unlike
14-3-38 and ¢, a Ser to Ala mutation at Ser216 eliminated
14-3-3c binding (summarized in Fig. 2E). As clearly indicated,
both endogenous and exogenous 14-3-3f and & preferentially
bind to Ser309, whereas 14-3-3c prefers Ser216. Besides these
two sites, Ser137 seems to be a favored binding site for the three
14-3-3 subtypes tested here because the binding signals are
reduced by mutation at Ser137 (Fig. 2C and D). In respect to the
other putative binding sites, we found no evidence that the
14-3-3 subtypes bind to either Ser81 or Ser361.

Muitiple binding sites for 14-3-3c0 on CDC25B

The results shown in Fig. 2 suggest that 14-3-3c binds to
CDC25B at multiple sites and possibly requires two sites to
stably bind the protein. To explore this further, we constructed
a series of mutants in which two serine residues were changed
to alanine, and examined the binding of the 14-3-3 subtypes
(Fig. 3). Compared with the single SA mutant (i.e. S216A),
binding of 14-3-3c to double SA mutants, such as S216/309A,
was weaker or absent. Further work with the double mutants
indicated that either of two sites, Serl137 or Ser309, seem to
work cooperatively with Ser216. These results strongly suggest
that 14-3-30 requires two sites, Ser216 and Ser137 or Ser216
and Ser309, to interact effectively with CDC25B, and that
14-3-30 might function as a dimer.
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Fig, 3. Efficient binding of 14-3-30 to CDC25B requires two
independent sites. HEK293 cells were co-transfected with 14-3-3¢
and a series of CDC25B mutants. Protein expression (Lysate) and
protein binding (IP: CDC25B (a-FLAG Ab)) were detected. The
letters in the upper panel of Lysate indicate CDC25B wild type and
respective mutants. The definitions of the abbreviations for each
mutant are described in the text.

14-3-3 binding sites and subcellular localization of
CDC25B

Binding of 14-3-3 to CDC25B was previously reported to
induce the redistribution of CDC25B from the nucleus to the
cytoplasm; the amino acid residue essential for this effect was
shown to be Ser323 of CDC25B3 (or CDC25B2), which
corresponds to Ser30S of CDC25B1 in our experiments
(Davezac et al., 2000; Forrest and Gabrielli, 2001). Therefore,
we analyzed the subcellular localization of CDC25B mutants
expressed in combination with 14-3-3 subtypes that possess
different binding site preferences. To assess the effects of co-
transfection on the subcellular localization of CDC25B, we
distinguished three different distributions [nuclear (N), diffuse
(N=C) and cytoplasmic (C)] of CDC25B (Fig. 4A). The
localization of exogenously expressed CDC25B was mainly
nuclear (Fig. 4B), transfected 14-3-3f or o was detected in the
cytoplasm (S.U., A K., M.O,, M.S., M.H., H.N,, TM,, Y.I. and
K.Y., unpublished data). Upon co-transfection with 14-3-3§,
CDC25B exhibited a diffuse distribution (Fig. 4B).
Quantitatively, the percentage of cells with nuclear CDC25B
was reduced from 55% to 30% and that of cells with a diffuse
distribution increased from 38% to 60% when co-expressed
with 14-3-3f. Based on our results, it is possible that nuclear
localization is disturbed by 14-3-3 binding. Interestingly, the
expression of 14-3-3c had no effect on the localization of
CDC25B. These results led us to hypothesize that when
14-3-38 binds to Ser30% of CDC25B, it can drive CDC25B
from the nucleus to the cytoplasm, but that 14-3-3c, which
does not bind primarily to Ser309, has no ability to do so.

Effects of mutations at 14-3-3 binding sites on the
localization of CDC25B

The primary 14-3-3f binding site on CDC25B was Ser309, and
a point mutation at this site that changed serine to alanine
abolished the interaction. If the binding of 14-3-38 is correlated
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with the cytoplasmic localization of CDC25B, 14-3-3 could not
drive the CDC25B mutant out of the nucleus. The results shown
in Fg. 4C indicate that the mutation Ser309 to Ala309 in
CDC25B completely disrupted its cytoplasmic localization with
more than 90% of the mutant protein being located in the nuclei.
In contrast to the wild type, this CDC25B mutant was not
diffused into the cytoplasm by co-expression of 14-3-3f8 or
14-3-30. However, mutant S216A behaved like the wild type,
ie. its subcellular localization was effectively changed from
nuclear to diffuse when co-expressed with 14-3-3p (Fig. 4D).
Moreover, introduction of 14-3-3c did not cause any change in
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the distribution of CDC25B. Collectively, these results show that
Ser309 is essential for the cytoplasmic distribution of CDC25B
and that Ser216 does not have any influence on the subcellular
localization of CDC25B, even when 14-3-3¢ binds to it.

To confirm that the subcellular distribution of CDC25B by
14-3-3B depends on Ser309, we made mutants in which serine
was changed to alanine at four of the five sites that have a single
phosphorylatable serine residue. The mutants were denoted
as CDC25B-81S, CDC25B-137S, CDC25B-2168, CDC25B-
3098 and CDC25B-361S (as mentioned in Fig. 2). These
CDC25B mutants were transfected with or without 14-3-3 and
their localizations analyzed. Only CDC25B-309S behaved like
the wild type (Fig. 5B); the other mutants exhibited nuclear
localizations, probably because they possessed the S309A
mutation and could not bind to 14-3-3p (Fig. 5A). Wild-type
CDC25B and the CDC25B-309S mutant exhibited nuclear
localization in about 60% of the cells (Fig. 5B). As was the
case with wild-type CDC25B (see Fig. 4B), the expression of
14-3-3p antagonized the nuclear localization of CDC25B-309S
and led to a diffuse distribution (Fig. 5B). In contrast to 14-3-
38, 14-3-3¢ did not bind to the mutant and had no effect
on the nuclear localization of CDC25B-309S or wild-type
CDC25B (Fig. 5B). These results strongly suggest that only
Ser309 of CDC25B is required for the control of the
subcellular localization of CDC25B by 14-3-3.

Effects of 14-3-3¢ on the nuclear iocalization of CDC25B

The results shown in Fig. 2 indicate that Ser309 of CDC25B
is the specific binding site for 14-3-3¢. We examined the effects

Fig. 4. 14-3-3 but not 14-3-30c efficiently redistributes CDC25B
from the nucleus to the cytoplasm. HEK293 cells were transfected
with FLAG-tagged CDC25B in combination with empty vector,
myc-tagged 14-3-3f or myc-tagged 14-3-30, followed by
immunostaining with anti-FLAG antibodies to detect the subcellular
localization of CDC25B and with anti-myc antibodies to detect co-
transfected 14-3-3 proteins. Analyses showed that more than 95% of
the cells that expressed CDC25B also expressed the co-transfected
14-3-3 proteins. (A) Exemplary images, showing how the subcellular
distribution of CDC25B was evaluated: N>C, predominantly nuclear;
N=C diffuse; N<C, predominantly cytoplasmic. (B) Wild-type
CDC25B was co-transfected with empty vector (WT), myc-tagged
14-3-3B (WT+14-3-3f) or myc-tagged 14-3-36 (WT+14-3-30) to
quantify the subcellular distribution of CDC25B. Over 200 cells
expressing CDC25B were counted to determine the percentage of
cells that express CDC25B with nuclear, diffuse and cytoplasmic
distribution. Error bars in graphs represent the means+s.d. of three
independent experiments. (C) Transfection with wild-type CDC25B
alone (WT), S309A mutant of CDC25B alone (S309A) and mutant
S309A in combination with myc-tagged 14-3-3B (S309A+14-3-3p)
or myc-tagged 14-3-30 (S309A+14-3-30). Over 200 cells expressing
CDC25B were counted to determine the percentage of cells that
express CDC25B with nuclear, diffuse and cytoplasmic distribution.
Error bars in graphs represent the meanszs.d. of three independent
experiments. (D) Transfection with wild-type CDC25B alone (WT),
$216A mutant of CDC25B alone (S216A) and mutant S216A in
combination with myc-tagged 14-3-38 (S216A+14-3-38) or myc-
tagged 14-3-30 {(S216A+14-3-30). Over 200 cells expressing
CDC25B were counted to determine the percentage of cells that
express CDC25B with nuclear, diffuse and cytoplasmic distribution.
Error bars in graphs represent the means+s.d. of three independent
experiments.
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of 14-3-3¢ on the subcellular localization of CDC25B in three
sets of experiments. First, 14-3-3g was co-transfected with
wild-type CDC25B and CDC25B-distribution (as defined
above and in Fig. 4A) was analyzed by counting the cells. Co-
expression of 14-3-3¢ reduced the percentage of cells with
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Fig. 5. Only the 309S mutant of CDC25B was distributed diffusely
with co-transfection of 14-3-3p. (A) Wild type CDC25B or different
CDC25B mutants with a single phosphorylatable serine were co-
transfected with 14-3-38 into HEK293 cells. (Upper panels)
Subcellular localization of CDC25B wild type and mutants. (Lower
panel) Corresponding images of nuclei. (B) Percentage of cells
transfected with mutant CDC25B 309S (shown in A) that express
CDC25B with nuclear, diffuse and cytoplasmic distribution. Over
200 cells expressing CDC25B were counted to determine the
percentage of cells that express CDC25B. Transfection with wild-
type CDC25B alone (WT), 309S mutant of CDC25B alone (309S)
and mutant 3098 in combination with myc-tagged 14-3-3f (3098
+14-3-38) or myc-tagged 14-3-3¢ (309S +14-3-30). Error bars in
graphs represent the means+s.d. of three independent experiments.
Subcellular distribution of CDC25B: N>C, predominantly nuclear;
N=C diffuse; N<C, predominantly cytoplasmic (C).

nuclear localization of CDC25B from 55% to 47% and
concomitantly increased the percentage of cells displaying a
diffuse pattern from 40% to 55% (Fig. 6A). Second, 14-3-3¢
was co-transfected with the CDC25B-309S mutant. Here, the
nuclear localization of CDC25B decreased from 60% to 37%,
whereas its diffuse distribution increased from 35% to 55%
(Fig. 6B). We found no effects of the co-expression of 14-3-3¢
on the subcellular localization of the CDC25B-S309A mutant
(Fig. 6C). In summary, the results with 14-3-3¢ were exactly
the same as those obtained with 14-3-3B and different from
those with 14-3-30.

Effects of 14-3-38 binding on the nuclear import of
CDC25B

Several previous studies demonstrated that treating cells with
leptomycin B (LMB), a CRM1 (exportinl) inhibitor, disrupts
the cytoplasmic localization of CDC25B (Nishi et al., 1994;
Kudo et al., 1998; Karlsson et al., 1999; Davezac et al., 2000)
(Fig. 7A). Therefore, it might be that 14-3-3p-binding slows
down the nuclear import of CDC25B by LMB. After
transfecting CDC25B with or without 14-3-38, cells were
treated with LMB and the nuclear accumulation of CDC25B
was measured. As shown in Fig. 7B, co-expression of
exogenous 14-3-3f efficiently inhibited the nuclear import of
CDC25B. Notice that this effect was not observed when
14-3-3c was co-transfected with CDC25B. These results
suggest that 14-3-3p masks the nuclear localizing signal
(NLS) of CDC25B, which is located about 30 amino acids
downstream of Ser309.

Discussion

It has long been believed that higher eukaryotic cells have two
dual specificity phosphatases, CDC25B and CDC25C, which
activate CDKl/cyclin B to initiate mitosis. Recent reports
indicate that another dual specificity phosphatase, CDC25A,
plays a crucial role in G2-M events (Mailand et al., 2002).
CDC25A can bind and activate CDKl/cyclin B, and
downregulation by RNAI delays mitotic entry. In addition, the
overexpression of CDC25A abrogates the G2 DNA-damage
checkpoint (Mailand et al., 2002; Chow et al., 2003).
Therefore, it is possible to regard CDC25A as a master
activator of CDK/cyclin in the cell cycle, and the roles of
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Fig. 6. 14-3-3¢ had effects similar to those of 14-3-38 on the subcellular localization of CDC25B. HE293 cells were transfected with (A) wild-
type CDC25B, (B) the 3095 mutant or (C) the S309A mutant with or without 14-3-3¢. Over 200 cells expressing CDC25B were counted to
determine the percentage of cells that express CDC25B with nuclear, diffuse and cytoplasmic distribution. Error bars in graphs represent the
means#s.d. of three independent experiments. Subcellular distribution of CDC25B: N>C, predominantly nuclear; N=C diffuse; N<C,

predominantly cytoplasmic (C).
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Fig. 7. Binding of 14-3-38 to CDC25B A
efficiently slowed down the nuclear

import of CDC25B induced by

leptomycin B (LMB). (A) HEK293

CDC25B

cells transfected with wild-type LMB -
CD(C258 and treated with 20 ng/ml

LMB at for 3 hours. Transfected

CD(C25B was detected with anti-FLLAG

antibody. The upper and lower panels LMRB +

show the results without or with LMB
treatment, respectively. (B) HEK293
cells transfected with wild-type
CDC25B alone or with 14-3-3f.

Twenty-four hours after transfection, 20 ng/ml LMB were added to the cultures and
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the percentage of cells exhibiting nuclear-specific localization of CDC25B was

determined at the indicated time-points: O (before addition of LMB), 1.5, 3 or 6 houss after the addition. Over 200 cells expressing CDC25B
were counted to determine the percentage of cells that express CDC25B. The percentage of cells with a nuclear localization (as shown in Fig. 4)
was determined from three independent experiments. @, CDC25B; O,CDC25B with 14-3-3f.

CDC25B and CDC25C as being restricted to G2-M events to
activate CDK1/cyclin B.

It has been proposed that CDC25C inhibits human CDC25C,
by downregulating its phosphatase activity or by binding
14-3-3 after the phosphorylation of Ser216 (Peng et al., 1997;
Blasina et al., 1999; Furnari et al., 1999; Graves et al., 2001).
The amount of cellular CDC25C is essentially kept constant.
Therefore, a qualitative regulation of its functions, 1.e. enzyme
activity and subcellular localization, is required to control cell
cycle progression. In the case of CDC25B, the protein
accumulates as the cell cycle progresses, reaching a maximum
at G2-M phase. Thus, controlling the expression of CDC25B
is an effective means of regulating its function. However, at G2
phase, when the CDC25B level is at its peak, an alternate way
of keeping it inactive is needed when its activation is
inappropriate. Recently, several groups have reported that the
binding of 14-3-3, specifically at Ser309 of CDC25B1 or
Ser323 of CDC25B2 or CDC25B3, results in the cytoplasmic
localization of CDC25B, supporting the theory of its
redistribution from the nucleus to the cytoplasm as a critical
G2-M checkpoint (Davezac et al., 2000; Forrest and Gabrielli,
2001).

In agreement with these reports, we found that 14-3-38 and
14-3-3¢ bound specifically at Ser309 of CDC25B1 and that the
binding effectively redistributed CDC25B, decreasing its
amount in the nuclei. We consistently detected nuclear
localization in about 50% of the CDC25B-transfected cells.
Endogenous 14-3-3, detected with a pan-14-3-3 antibody, was
recovered as a complex with exogenous CDC25B. The co-
expression of 14-3-3B or 14-3-3¢ reduced the nuclear
localization of exogenous CDC25B by about 20%, but
endogenous 14-3-3 was recovered with exogenous CDC25B.
More than 95% of the introduced CDC25B was localized in
nuclei when the binding of 14-3-3 was abolished by a CDC25B
point mutation. Thus, it is reasonable to conclude that the
binding of 14-3-3 at Ser309 of CDC25B is essential for the
exclusion of CDC25B from the nucleus. We also presented
evidence that binding of 14-3-3f to CDC25B slowed down the
nuclear import induced by LMB treatment. Since 14-3-38
specifically binds to Ser309, bound 14-3-3 should impair the
access of nuclear import cargos, such as importin, to the NLS.

In Xenopus, 14-3-3-binding to CDC25C was suggested to

mask its NLS, making its nuclear exclusion signal (NES)
available for the transfer of CDC25C to the cytoplasm
(Kumagai and Dunphy, 1999). The NLS in human CDC25B is
located at the same position relative to the 14-3-3-binding
site of CDC25C in Xenopus, i.e., about 30 amino acids
downstream of Ser309 (Davezac et al., 2000) (S.U.,, AK,,
M.O., M.S.,, MH,, HN,, TM,, Y.I. and K.Y., unpublished
data). Therefore, the binding of 14-3-3f or 14-3-3¢ at Ser309
could inactivate the NLS, which in turn would make the N-
terminal NES dominant. This idea is further supported by the
observation that the preferential binding of 14-3-3¢ to Ser216
does not cause cytoplasmic redistribution of CDC25B because
Ser216 is too far away to allow 14-3-30 to mask the NLS. We
also conclude from this result that the NES-like sequence
present in the C-terminus of all 14-3-3 subtypes does not
function as an NES. Thus, our results agree well with the
recently presented hypothesis that the binding of 14-3-3 does
not add an ‘attachable NES’ that targets proteins (Rittinger et
al., 1999; Brunet et al., 2002). Instead, it might serve other
functions, such as providing scaffolding or a cover that hides
specific motifs, such as NL.S or NES (Muslin and Xing, 2000;
Tzivion et al., 2001; Yaffe, 2002).

Ser309 was shown to be phosphorylated by p38 MAP
kinase, and the kinase activity was necessary to maintain cell
cycle arrest at G2 in response to DNA damage caused by UV
light (Bulavin et al., 2001). One of the checkpoint kinases,
Chk1, can phosphorylate Ser309 to enhance 14-3-3-binding in
vitro (Forrest and Gabrielli, 2001) (8.U., A.K,, M.O., M.S,,
M.H., HN,, TM,, Y.I. and K.Y., unpublished data). Although
co-expression of MKK®6, Chk1 or Chk2 with CDC25B and 14-
3-38 enhanced the binding of 14-3-38 to CDC25B, these
effects were not significant (S.U., AK., M.O., M.S., M.H,,
HN., TM,, YI. and K.Y, unpublished data). Therefore,
Ser309 seems to be constitutively phosphorylated, possibly by
p38 or C-TAK1. If phosphorylation of this serine is crucial for
the induction and/or maintenance of G2 arrest, the inactivation
of the phosphatase responsible for the dephosphorylation
might also occur, although enhanced checkpoint kinase activity
is usually thought to maintain the phosphorylation state. The
significance of the cytoplasmic localization of CDC25B in
terms of cell cycle regulation, especially at the G2 checkpoint,
is not clear. However, abrogation of the 14-3-3 binding site
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abolished G2-arrest and thus caused localization of CDC25B
to the nucleus. The overexpression of CDC25B is sufficient to
override the G2 DNA damage checkpoint (Miyata et al., 2001),
but in this case, Ser309 of the overexpressed CDC25B would
be phosphorylated as is the endogenous residue. In addition,
the amount of cellular 14-3-3 is obviously in excess of the
amount of CDC25B, and thus the equilibrium between 14-3-
3-bound CDC25B and unbound CDC25B should be the same
in transfected cells and in normal cells. If overexpression
enhances the probability of the localization of CDC25B in the
nucleus, CDC25B could counteract the inhibitory effects of
Weel kinase, leading to the activation of CDK1/cyclin B and
abrogation of the G2 checkpoint. Phosphorylation of Ser309
should be necessary to inhibit premature mitosis, but it is too
early to attribute maintained phosphorylation at the G2
checkpoint to the checkpoint kinases or to p38. So, if Ser309
is constantly phosphorylated, then its phosphorylation level
could never be enhanced because of DNA damage (Bulavin et
al.,, 2001). Indeed, no reports indicate a higher than normal
phosphorylation level of Ser309 or Ser323 in CDC25B2 or
CDC25B3 at the G2 checkpoint, although it is possible to
postulate a change from the maintenance kinases to the
checkpoint kinases at the checkpoint state to keep the
phosphorylation level constant (Bulavin et al., 2002). Thus, the
significance of the phosphorylation of Ser309, in combination
with the binding of 14-3-3 at the site, must await further
conclusions about the G2 checkpoint.

We have reported here the binding of 14-3-30¢ at Ser216 of
CDC25B, which has not been reported previously. We have
also described another site, Ser137, that seems to provide
support for the binding of 14-3-3c. The subtypes 14-3-3f and
£ have little preference for either of these sites, although both
serine residues partly satisfy the consensus-binding motif of
14-3-3 (RxxS). It is rare to find binding-preference differences
among 14-3-3 subtypes and it should be noticed that 14-3-3¢
does not prefer Ser309 for binding even though it is in one
of the typical 14-3-3 binding muotifs." Interestingly, 14-3-3c
also does not bind to CDC25C where Ser216 is located in a
typical 14-3-3 binding motif (RSxSMP) (Chan et al., 1999)
S.U.,, AK., MO, MS,, MH., HN,, TM,, Y.I. and KY.,
unpublished data). Two sites on CDC25B are required for the
efficient binding of 14-3-3¢, which means that 14-3-3c must
be a dimer to bind efficiently to the two different sites on
CDC25B.

During the preparation of this manuscript an on-line report
was published, describing two sites, other than Ser323 of
CDC25B2, necessary for 14-3-3 binding (Giles et al., 2003).
Those two sites in CDC25B2, Ser151 and Ser230, are exactly
the same as Ser137 and Ser216 of CDC25B1 that have been
discussed here. We have demonstrated that 14-3-3¢ binds to
these sites. It is well known that 14-3-3¢ is one of the
downstream transcriptional targets of p53 (Hermeking et al.,
1997). There have been several reports that 14-3-3c can
downregulate CDK activity by binding to it or that 14-3-3G can
move the CDKl1/cyclin B complex to the cytoplasm (Bulavin
et al., 2002). Here, we suggest that 14-3-3c downregulates the
function of CDC25B and thereby acts as a G2-checkpoint
regulator. Our preliminary experiments indicate that the co-
expression of CDC25B and Chkl, but not MKK6 (that
activates p38), enhances phosphorylation at Ser137 and Ser216
(S.U, AK, M.O,, M.S,, MH,, HN., TM,, Y.I. and K.Y,

unpublished data). Further studies are required to determine
whether the phosphorylation of both sites leads to the binding
of 14-3-3¢ and to establish the consequences for CDC25B.
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CD13/aminopeptidase-N (CD13/APN) is an important regulator of

angiogenesis where its expression on activated blood vessels is
induced by angiogenic signals. A previous study demonstrated that
angiogenesis is suppressed under the presence of high concentrations
of aminopeptidase antagonists. However, the mechanisms underlying
the inhibition of morphogenesis by aminopeptidase antagonists
have not been elucidated. In this study, we have for the first time
examined the effects of continuous treatment of therapeutic dose
of aminopeptidase antagonists on vascular endothelial capillary-like
tube formation. In the antagonists tested, only bestatin significantly
interfered in the capillary tube formation of primary endothelial celis
(EC) after treatment for 72 h. Aminopeptidase analysis revealed
that inhibitory activity of bestatin was not specific for CD13/APN,
and the other inhibitors lacking anti-angiogenic properties also
inhibit cell-surface aminopeptidase activity as well or more
potently than bestatin, suggesting that the angiogenesis-inhibitory
effect of bestatin was not due to inhibition of CD13/APN activity
at this concentration. To elucidate the influence of continuous
treatment of bestatin on endothelial cells, we performed microarray
analysis and revealed that 72-h treatment of a pharmacokinetic
dose of bestatin modulated the several angiogenesis-related
genes including vascular endothelial growth factor (VEGF). Northern
blot analysis indicated that modulation of the VEGF gene became
obvious after 48 h of treatment. Furthermore, knockdown of the VEGF
gene by siRNA remarkably suppressed capillary tube formation and
required a higher concentration of exogenous VEGF to reverse the
capillary formation ability. These data suggested that bestatin
decreases a reactivity of EC to angiogenesis stimuli, and it can be
achieved by the regulation of angiogenesis-related gene expression,
(Cancer Sci 2007; 98: 364-372)

A ngiogenesis is the development of new blood vessels from
pre-existing vasculature to provide a nutritive blood supply
and is indispensable for tumor growth and survival.®? The
anti-angiogenic approach to antitumor treatment is thought
not only to eradicate primary tumor tissues, but also to suppress
tumor metastases.®* In addition, because angiogenesis occurs at
extremely low levels in the non-tumor-bearing adult organism,
anti-angiogenic therapy is thought to be free of the severe side-
effects that are usually seen with cytotoxic anticancer drugs.”®
Recent studies indicated that CD13/aminopeptidase-N (CD13/
APN) cell-surface antigen expresses on endothelial cells (EC)
of angiogenic vasculature but not normal ones.®” Furthermore,
aminopeptidase antagonists specifically inhibited chorioallantoic
membrane angiogenesis and xenograft tumor growth.® Bhagwat
et gl. reported that CD13/APN in EC is activated by angiogenic
signals and is essential for capillary tube formation.®® They
demonstrated that CD13/APN inhibitors effectively abrogate the
ability of the cells to organize capillary formation. These effects
are apparent at extremely high concentrations of CD13/APN
inhibitors (>250 pM), and are thought to result from inhibition
of aminopeptidase activity.
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Previously, we have demonstrated that one of the CD13/
APN inhibitors bestatin induces expression of interleukin-8
(IL-8) mRNA.® Endothelial cell-derived interleukin (IL)-8 protein
is different along with monocyte-derived IL-8 in primary structure,
and the former induces apoptosis in leukemic cells, but the latter does
not.“*12 Ours was the first report stating that an aminopeptidase
inhibitor modulates the expression of an antitumor molecule.
The induction of JL-8 gene expression was observed after
48 h of incubation with bestatin at a concentration within the
pharmacokinetic dose {<10 uM). As mentioned above, amino-
peptidase antagonists inhibit angiogenesis at extremely high
doses, but the influence of continued exposure to aminopeptidase
antagonists at a moderate dose has not been elucidated. The
purpose of the current study is to clarify the effect of chronic
treatment of APN antagonists on angiogenic potency and the
regulation of gene expression of vascular EC.

Materials and methods

Reagents. Bestatin was provided by Nippon Kayaku (Tokyo,
Japan). All other peptidase inhibitors were purchased from Sigma
(St Louis, MO, USA). A monoclonal antibody that neutralizes
CD13/APN, WM-15 and an isotype-matched control antibody
(DD7) were purchased from Chemicon (Temecula, CA, USA).
Matrigel was purchased from Collaborative Research (Waltham,
MA, USA).

Cell and cell culture. Human umbilical vascular endothelial cells
(HUVEC) and neonatal dermal microvascular endothelial
cells (HMVEC) were purchased from Cambrex Bio Science
(Walkersville, MD, USA), and were used from passages 2-7. Both
HUVEC and HMVEC used in the present study were derived from
pooled donors. Cells were routinely cultured in EGM-2 medium
or EGM-2 MV medium, respectively, containing endothelial growth
supplement according to the manufacturer’s recommendations
(Cambrex Bio Science). Neonatal human dermal fibroblasts
(NHDF) were purchased form Cambrex Bio Science, and were
cultured in FGM-2 medium (Cambrex Bio Science).

Aminopeptidase activity. Aminopeptidase activity was measured
regarding the whole living cell and a cell surface and cytoplasm
fraction of EC in triplicate experiments using different batches
of HUVEC. For total aminopeptidase activity, HUVEC were
suspended in phosphate-buffered saline (PBS, pH 7.4) at 1 x 1P
cells/mL, and 100-pL aliquot was mixed with an equal volume
of 200 uM alanine-(7-amino-4-methylcoumarine)acetic acid (Ala-
MCA), leucine-MCA (Leu-MCA), methionie-MCA (Met-MCA),
phenylalanine-MCA (Phe-MCA), lysine-MCA (Lys-MCA) or
arginine-MCA (Arg-MCA) in a 96-well microtiter plate in the
presence or absence of aminopeptidase inhibitors (final con-
centration of 10 M) or WM-15 (final concentration of 10 pg/mL).
Progress of fluorescent product (7-amino-4-methylcoumarine)
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formation was recorded using a fluorometric plate reader (Fluoroskan
Ascent, Helsinki, Finland) on kinetic mode at 37°C with a 355-nm
excitation filter and a 460-nm emission filter. For cell-surface
and cytoplasmic aminopeptidase, 1 x 10° cells were resuspended
in 1 mL of PBS containing 1.0 pg/mL of leupeptin, pepstatin, and
aprotinin, then homogenized by ultrasonication and the lysate
was centrifuged for 60 min at 125 000 g at 4°C. Supernatant was
collected and diluted 10-fold with PBS (cytoplasmic fraction;
1 x 10° cells/mL equivalency). Precipitate was resuspended in
1 mL of PBS containing 1.0 pg/mL of leupeptin, pepstatin and
aprotinin by ultrasonication and diluted 10-fold with PBS (cell-
surface fraction; 1 x 10° cells/mL equivalency). The aminopeptidase
activity was calculated from the fluorescence of a 7-amino-4-
methylcoumarine standard.

Cell proliferation assay. To determine cell numbers, 1.0 x 10*
cells/well were seeded into 96-well plate in EGM-2 medium. An
APN inhibitor, bestatin, amastatin, arphamenine-B or actinonin
at the concentration of 10 pM, or WM-15 at the concentration of
10 pg/mL, was added. For negative control, 100 pug/mL of trypsin
inhibitor with 0.1% dimethylsulfoxide (DMSO) or 10 pg/mL of
isotype-matched control antibody were added. Cultures were
incubated for 72 h at 37°C in a humidified atmosphere of 95% air
and 5% CO,. Each condition was performed in quadruplicate.
After 72 h, cell numbers were assessed using a Cell Counting
Kit (Dojin Laboratories, Kumamoto, Japan) to count living cells
by combining 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium (WST-8) and 1-methoxy-
phenazine methosulfate (1-methoxy-PMS). Control experiments
comparing cell enumeration by the colorimetric assay or by direct
counting after trypsinization showed an exact proportionality of
data.

Capillary tube formation assay. HUVEC were cultured in the
presence or absence of a CD13/APN antagonist for 72 h. The
antagonists used were bestatin, amastatin, arphamenine-B
or actinonin at the concentration of 10 uM or WM-15 at the
concentration of 10 pg/ml. For negative control, 100 pg/mL of
trypsin inhibitor containing 0.1% DMSO or 10 pg/mL isotype-
matched control antibody were added. After 72 h treatment, the
cells were detached by gentle treatment with 2 mM ethylene
diamine tetra acetate (EDTA), and immediately resuspended in
Dulbecco’s minimum essential medium (DMEM) supplemented
with 2% fetal calf serum (FCS) at the concentration of 2 x 10*
cells/mL., and were then plated at a density of 1 x 10* cells/well
onto a 48-well plate coated with 100 pl/well of growth-factor-
reduced Matrigel (Becton Dickinson, Bedford, MA, USA). The
plates were incubated at 37°C in a humidified atmosphere of
95% air and 5% CO,. Capillary tube formation was assessed
after 22-24 h by counting the total number of capillary-like
tubular structures of each well using an inverted microscope
(IX-81; Olympus, Tokyo, Japan) fitted with a confocal laser-
scanning unit (FV-1000; Olympus)."® The assay was performed
using three different batches of HUVEC from pooled donors.

For rescue experiments by exogenous vascular endothelial
growth factor (VEGF), 10 ng/mL or 100 ng/mL of recombinant
VEGF (R&D Systems, Minneapolis, MN, USA) was added to
the medium of capillary tube formation experiments.

Three-dimensional co-culture of EC and fibroblasts. Three-
dimensional co-culture of EC and fibroblasts was performed
as previously described."® Briefly, HMVEC monolayers were
cultured to 80% confluency in 24-well glass bottom plate and then
overlaid with a 1-mm layer of acellular collagen type I (2 mg/mL)
prepared in M199 medium supplemented with heparin (100 U/mL),
vitamin C (50 ug/mL) and FCS (10%). After polymerization,
the cells were overlaid with a second (3 mm) collagen layer
containing 4 X 10°/mL NHDF (2.0 x 10° total cells). The endothelial
cell growth medium (without endothelial growth supplement) was
changed every 48 h. Experimental controls with only acellular
collagen were constructed with the same sequence. To make a
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sharp distinction between EC and fibroblasts, HMVEC and
NHDF were stained with PKH-2 (green fluorescence; Sigma)
and PKH-26 (red fluorescence), respectively, before seeding.
After 7 days, the three-dimensional morphology of the EC was
observed by using confocal microscopy (FV-1000; Olympus).
Observation was carried out at the position of the surface of
culture matrix of the glass bottom plate and 200 um above the
surface of culture matrix, where endothelial cell and fibroblast
had co-localized. The assay was performed using two different
batches of HMVEC and NHDF combination. To confirm
whether secretion of cytokines by fibroblast is affected by
bestatin, the levels of VEGF, platelet-derived growth factor
(PDGF)-BB, and basic-fibroblast growth factor (bFGF), which
were representative angiogenic factors secreted by fibroblast
was measured. NHDF was cultured alone with or without the
presence of 10 uM aminopeptidase inhibitors for 7 days with
a half-medium change on days 3 and 6 with added inhibitors.
Conditioned media was collected after the third day and the
sixth day from inhibitor addition, and assay was performed
using commercially available ELISA kits (Quantikine, R&D
Systems) according to the manufacturer’s instructions. Addition-
ally, total RNA was extracted at day 7, and semiquantitative
reverse transcription polymerase chain reaction (RT-PCR) was
performed using specific primers for VEGF,,,, PDGF- chain,
and bFGE.

RNA isolation from HUVEC, HUVEC were treated with 10 pM
bestatin, diluted from a 10 mM stock of DMSO or with an
equivalent volume of DMSO (0.1%), for 72 h. The cells were
then washed once with PBS and harvested with a cell-scraper.
Total RNA from HUVEC was extracted by using an Atlas Glass
Total RNA Isolation kit (Clontech), according to the manufacturer’s
instructions.

RNA guality assessment. Fifty nanograms of total RNA was
assessed for quality by electrophoretic separation on a 2100
Bioanalyzer (Agilent Technologies). From the electopherogram,
the quality of RNA was assessed by analysis of the 185 and 28S
ribosomal subunit peak ratio. A 285/18S peak ratio between 1.8
and 2.3 suggested RNA of high enough quality to proceed with
microarray target labeling.

cDNA synthesis and fluorescent labeling. Labeled cDNA probes
were synthesized from total RNA by using the Atlas Glass
Fluorescent Labeling kit (Clontech). Briefly, 20 pg of total RNA
was reverse transcribed with MMLV-Reverse Transcriptase
using cDNA Synthesis (CDS) Primer (Clontech) that was
designed to only synthesize cDNA for the genes printed on the
array. During ¢cDNA synthesis, primary aliphatic amino groups
were incorporated using an optimized deoxyribonucleotide
triphosphate (ANTP) mix, which includes the thymidine 5’-
triphosphate (dTTP) analog, aminoallyl-deoxyuridine 5-triphosphate
(dUTP). Synthesized cDNA were purified by ethanol precipitation,
then resuspended in 10 uL of 2 x Atlas fluorescent labeling buffer
(Clontech), mixed with 10 uL. of 5 mM Cy3 monofunctional
N-hydroxysuccinimide-activated dye (Amersham Pharmacia
Biotech), and incubated in the dark at 25°C for 30 min. Labeled
probes were purified by ethanol precipitation and Atlas NucleoSpin
Extraction kit.

Microarray hybridization. An Atlas Glass Human 1.0 Microarray
(Clontech), which contains DNA representing 1081 known
genes, was used in these studies. The cDNA microarrays were
hybridized with 21 mL of Atlas Glass Human Hybridization
Solution in a Clontech Hyb Chamber (Clontech) at 50°C for
16 h. The arrays were washed with Clontech GlassHyb Wash
Solution, X1 standard saline citrate with one-tenth Clontech
GlassHyb Wash Solution, and x0.1 standard saline citrate each
for 10 min at room temperature. The arrays were rinsed
briefly with distilled water and dried, subsequently scanned
fluorescent intensities with the GenePix-4000 A scanner (Axon
Instruments).
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Microarray data analysis. Data analysis was performed with
AtlasImage Software 1.0 (Clontech). Expression values of
transcripts were normalized to the total signal intensity on the
membrane. The low signal threshold value was calculated by
the gene-based signal threshold method. In agreement with the
indications of the manufacturers, transcripts with a ratio of
normalized expression levels of more than 2 or less than 0.5
were regarded as modulated.

Northern blot analysis. To assess the level of mRNA expression,
northern blotting was performed as we previously described.®
Briefly, total RNA from HUVEC was isolated with RNAzol B
(Tel-Test, Friendswood, NJ, USA). Five micrograms of total
RNA was fractionated by electrophoresis in formaldehyde/
1.5% agarose gels, and bands were blotted onto a nitrocellulose
membrane. RNA was cross-linked to membranes by ultraviolet
(UV) irradiation (UV Strata-linker 1800; Stratagene, La Jolla,
CA, USA). The membrane was hybridized first with a cDNA
probe for the interested gene and then with a ¢cDNA for
glyceraldehyde-3-phosphate dehydrogenase (G3PDH), radiolabeled
by use of a Random-Prime Labelling kit (Amersham Pharmacia,
Piscataway, NJ, USA). Hybridization was performed at 68°C for
2 b, followed by stringent washing in 2.0-1.0-0.5-0.1 x standard
saline citrate/0.1% sodium dodecyl sulfate (SDS) at 68°C for
two 15-min periods. Hybridized membranes were exposed to
Hyperfilm MP (Amersham Pharmacia) at —80°C.

Western blot analysis. To determine the alteration of cytoplasmic
level of VEGF protein in EC exposed to aminopeptidase inhibitors,
western blot analysis was carried out. HUVEC were seeded in
six-well plates, treated with various aminopeptidase inhibitors,
and harvested following the treatment. Cells were detached,
harvested and lysed in a lysis buffer, containing 10 mM Tris-
HCI (pH 6.8), 0.5% Triton, 5 mM EDTA and proteases inhibitors,
for 30 min on ice. After removing the nuclei by centrifugation,
50 pg of protein from each sample was separated on 15-25%
SDS—polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto a polyvinylidene diftuoride (PVDF) membrane
(Bio-Rad; Hercules, CA, USA) using standard techniques.
Rabbit polyclonal antibodies against human VEGF (Santa Cruz,
Santa Cruz, CA, USA) were used at a 1:200 dilution followed
by a secondary antibody (horseradish peroxidase-conjugated goat
antirabbit IgG; Santa Cruz) used at a 1:10 000 dilution. Antibody
complexes were detected using the ECL system (Amersham).
For negative control, 100 pg/mL of trypsin inhibitor with 0.1%
DMSO was added.

siRNA transfection. HUVEC were transfected with either 20 nM
control small interfering RNA (siRNA; Santa Cruz) or VEGF
siRNA (Santa Cruz) using Lipofectamine RNAIMAX (Invitrogen),
as described by the manufacturer. After a 48-h incubation in
EGM-2 medium, cells were harvested and the silencing of VEGF
gene and protein expression confirmed.

Resulis

Aminopeptidase activity of HUVEC treated with aminopeptidase
antagonist. Recent report have indicated that CD13/APN in EC
is activated by angiogenic signals.®” HUVEC maintained in
EGM-2 medium containing endothelial growth supplement such
as VEGF or bFGF expresses a considerable amount of CD13/
APN as well (data not shown). To evaluate the cell-surface
aminopeptidase activity of HUVEC under the presence of various
aminopeptidase antagonists, we performed the aminopeptidase
assay using the fluorescence substrate, Ala-MCA, Leu-MCA, Met-
MCA, Phe-MCA, Lys-MCA and Arg-MCA. Inhibitory activity
of various chemical aminopeptidase antagonists and a CD13/
APN neutralizing antibody, WM-15, was measured in living
cells, cell membrane fraction and cytoplasmic fraction of
HUVEC (Fig. 1a). As a result of the suppression experiment by
WM-15, it was shown that aminopeptidase activity derived from
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CD13/APN accounted for approximately half of cell surface
aminopeptidase activities, and the inhibitory activity of this
antibody was not found in cytoplasm. Most aminopeptidase activity
detected in living cells were collected in a cell membrane
fraction, but high aminopeptidase activity, which could not be
detected by living cell assay, was found in extracted cytoplasm.
‘WM-13 was not able to inhibit cytoplasmic aminopeptidase, but
the low-molecular aminopeptidase antagonists such as bestatin,
amastatin, arphamenine-B and actinonin efficiently inhibited
cytoplasmic aminopeptidase. Among these antagonists, amastatin
and actinonin were effective to the peptidase activity for
N-terminal neutral amino acid residues, and arphamenine-B
preferentially inhibited aminopeptidase to a basic amino acid
residue. In contrast, bestatin showed high inhibitory activity for
hydrolysis of all examined N-terminal amino acid residue
universally. To estimate the reversibility of aminopeptidase
activity after the long term treatment by the antagonists, the
aminopeptidase activity was measured in the cells that were
treated with various inhibitors for 72 h and subsequently washed
with PBS. Except for neutralization antibody WM-15, that strongly
associates with a CD13/APN molecule, the aminopeptidase
activity of HUVEC recovered to the same level as when activity
measurements were carried out when there existed an antagonist
at the concentration of 1:100 (Fig. 1b).

Effect of the chronic treatment of aminopeptidase inhibitors on
proliferation of HUVEC. To assess the effect of aminopeptidase
antagonists on proliferation of EC, we performed the cell
proliferation assay in HUVEC treated with an aminopeptidase
inhibitor, bestatin, amastatin, arphamenine-B, actinonin, or
the CD13/APN neutralizing antibody, WM-15. The effect of
aminopeptidase antagonists on HUVEC proliferation is shown
in Figure 2. Actinonin significantly inhibited HUVEC proliferation
after 3 days of incubation at the concentrations of 10 uM (P < 0.05).
The inhibition was more dramatic at the concentrations of 50 uM
(P <0.01). However, other antagonists did not significantly
affect HUVEC proliferation at concentrations as high as 10 uM
(bestatin, amastatin and arphamenine-B) or 10 pg/mL (WM-15).
The treatment with higher concentration (50 uM) slightly decreased
the cell number, but a level of statistical significance was not
atfained. In the light of these results, APN antagonists except
actinonin do not exhibit direct cytotoxicity to HUVEC.

Effect of the chronic treatment of aminopeptidase inhibitor
on capillary tube formation of EC. Although it was reported that
capillary tube formation of EC were suppressed under the presence
of a high concentration of the aminopeptidase inhibitors, the
effect of prolonged treatment of aminopeptidase antagonists at a
moderate dose has not been elucidated.®'» To clarify the effect
long-term treatment with an inhibitor of a moderate dosage,
we performed a capillary tube formation assay by using the EC
treated with 10 uM of an aminopeptidase inhibitor (bestatin,
amastatin, arphamenine-B or actinonin) or 10 pg/mL of WM-15
for 72 h. To eliminate the effects of carry-over of antagonists,
the cells were rinsed with PBS in order to flush the antagonist,
then seeded on growth-factor-reduced Matrigel. As indicated in
Figure 3(a), the total number of capillary-like tubular structures
of the well was significantly reduced by the treatment of bestatin.
Actinonin that has been shown the direct cytotoxicity to EC,
slightly suppressed the capillary tube formation but a level of
statistical significance was not attained. Although Matrigel
tube formation assay is widely used for in vitro models of
angiogenesis, and is a useful technique for quantification of
angiogenic property, the molecular basis is still not completely
elucidated. In order to further confirm the effect of aminopeptidase
inhibitors on angiogenesis, we used an endothelium-fibroblast
co-culture model that reflected EC detachment, invasion, migration,
proliferation, and vacuole and tube formation. HMVEC was
cultivated for 72 h in the medium containing the 10 uM of
bestatin, amastatin, arphamenine-B, actinonin or 100 pg/mL of
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Fig. 1. Aminopeptidase activity was measured in
the whole living cell, cell surface and cytoplasm
fraction of endothelial cells (EC) using various
antagonist-treated human umbilical vascular
endothelial cells (HUVEC). (a) The aminopeptidase-
activity of HUVEC was measured in the presence
of 10 uM of aminopeptidase inhibitors (bestatin,
amastatin, arphamenine-B or actinonin) or 10 pg/mL
of a neutralizing antibody, WM-15. The aminope-
ptidase inhibitors were added directly to the
aminopeptidase assay system and pre-incubated
at 37°C for 30 min before addition of substrate.
For the control experiments, soybean trypsin inhibitor
(SBTI) or isotype matched immunoglobulin (Ig)G
(DD7) were used. (b) Effects of 72-h treatment of
aminopeptidase antagonists on aminopeptidase -
activity of living HUVEC. The cells were treated
with aminopeptidase inhibitors (10 uM of bestatin,
amastatin, arphamenine-B or actinonin) or a
neutralizing antibody, WM-15 (10 pg/mL), for 72 h.
After washing the cells with phosphate-buffered
saline (PBS), the activity of aminopeptidase was
measured. While WM-15 significantly suppressed
the aminopeptidase activity of HUVEC even after
washing, the inhibition of the other chemical
inhibitor was almost reversible. Data are expressed
as mean + 95% confidence interval of the mean
from three experiments; *£ < 0.01 vs control.

cytoplasmic
TP T Bk
0O - N W a0

envtid 1SATE
beslatin {BE
amastatin 1AM
arpharmanin (AR

(b)

Aminopepiideso activity
(% va control)

soybean trypsin inhibitor (SBTI) with 0.1% DMSO (for control),
then used for three-dimensional tube-formation assay, keeping a
concentration of inhibitor of 10 pM. In the control group, some
EC migrated into the acellular collagen layer, regardless of
whether fibroblasts were present in the upper collagen layer
or not (data not shown). The EC migrated through the acellular
collagen into the fibroblast-containing collagen layer, They assumed
an elongated, tubular morphology with branching cytoplasm after
7 days co-cultare (Fig. 3b, a—f). EC were observed proliferating
in collagen I even 7 days after overlay. In the groups that added
an inhibitor except bestatin, a remarkable difference was not
observed in comparison with the control group (data not
shown). On the other hand, in the group where bestatin was
added, a considerable amount of EC were left on the matrix of
the culture dish and a smaller number of EC migrated into the
fibroblast-containing collagen layer; however, the proliferation
and/or tubular formation of EC in the fibroblast layer were less
apparent than observed in the control group (Fig. 3b, g-1).

To examine whether bestatin affected the angiogenesis-
supporiing ability of fibroblast, levels of pro-angiogenic cytokines
in conditioned media and corresponding gene expression were
analyzed in NHDF cultured alone with addition of aminopeptidase
inhibitors, As shown in Figure 3(c), at least regarding VEGF and
bFGF, 10 uM of bestatin treatment did not affect the secretion
of pro-angiogenic cytokine from NHDF. Secretion of PDGF-BB
was under detection levels, but expression levels of all these
genes were revealed to be unchanged by bestatin addition. Also,
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bestatin addition did not affect the proliferation of NHDF
significantly (data not shown).

Comprehensive gene expression analysis of bestatin-treated EC.
One of the CD13/APN inhibitors, 72 h of moderate dose bestatin
treatment suppresses capillary-like tubular formation, although
a greater part of aminopeptidase activity remains. This result
indicates that other mechanisms than aminopeptidase suppression
may exist. To confirm this hypothesis, alteration of gene expres-
sion in vascular cells was analyzed by using the technique of
¢DNA microarray in order to characterize the effect of chronic
treatment of bestatin.

The obtained fluorescent intensity data were background-
corrected, and the signal intensity between the two arrays
subsequently normalized. The calculated threshold value was
239. Figure 4a shows the differences in the gene expression
pattern between control and bestatin-exposed HUVEC. Among
the relevant 1081 genes assembled in the cDNA microarray, 19
were found to be modulated by treatment of bestatin, with a
difference of signal intensity ratio of more than 2. Genes were
divided into two groups on the basis of the difference in signal
mtensity: Out of 19 differentially expressed genes, eight were
upregulated (signal intensity ratio >2) in bestatin-treated HUVEC
compared with DMSO-treated control cells, and 11 were
downregulated (signal intensity ratio <0.5). Results are shown in
Table 1. Our comparative hybridization studies demonstrated
that 72-h treatment with bestatin modulates many important
angiogenesis-related genes in mRNA levels such as VEGF,
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Fig. 2. Effects of 72-h treatment of aminopeptidase antagonists on
the proliferation of EC. HUVEC was treated with bestatin, amastatin,
arphamenine-B, actinonin (10 pM or 50 M), and a neutralizing anti-
body, WM-15 (10 mg/mL), for 72 h, then viable cell numbers were
determined, as described in Materials and Methods. For the control
experiments, SBTI or isotype-matched I1gG (DD7) were used. Data are
expressed as percentages for control cell number. Error bars, 95%
confidence interval of the mean. *P < 0.05, **P < 0.01 vs control.

Table 1. The differentially expressed genes
Gene Ratio®
Upregulated gene
CD71 antigen 3.77
nuclear factor NF90 3.22
colorectal cancer suppressor protein 2.08
Jjagged homologue 2 2.06
43-kDa postsynaptic protein 2.06
tissue inhibitor of metailoproteinase 1 2.04
Na*/K+transporting ATPase isoform 2 beta polypeptide 2 2.04
collagen VI alpha subunit 2.01
Downregulated gene
bone morphogenetic protein 2A 0.07

bone morphogenetic protein 1 0.5

transforming growth factor alpha 0.22
platelet-derived growth factor B subunit 0.27
bone morphogenetic protein 8 0.28
pancreatitis-associated protein 1 0.34
hepatocyte growth factor activator 0.35
CD4 antigen 0.38
vascular endothelial growth factor 0.46
cardiac muscle sodium channel alpha subunit 0.47
oncostatin M 0.47

'Ratio of intensity of fluorescence of bestatin-treated group for
control group

PDGF-B, tissue inhibitor of metalloproteinase 1 (TIMP-1) and
bone morphogenetic protein (BMP). Previously, we demonstrated
that expression of the IL-8 gene is upregulated by bestatin
treatment. In the present study, the DNA microarray data sug-
gests that the expression of the IL-8 gene increased by 2.8-fold
in the bestatin-treated group, but it was omitted because the
signal intensity was less than the threshold value.

Northern blot analysis. To establish the validity of the microarray
data, we analyzed the patterns of expression of some groups of
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genes by northern blot analysis, using the RNA extracted from
the HUVEC treated with various time period or dosage of bestatin
(Fig. 4b). The VEGF gene contains eight exons."® Analysis of
VEGF cDNA predicts three major alternately spliced VEGF protein
isoforms: VEGF,,; (lacking exons 6 and 7), VEGF,, (lacking exon 6)
and VEGF, 3. Northern blot analysis revealed that VEGF 5, (5.2 kb)
and VEGF ,;; (4.5 kb) were downregulated by the dose- and time-
dependent treatment of bestatin. The band at 3.7 kb corresponding
to VEGF ,, was faint and inconstantly visible (data not shown).
These changes of mRNA expression were prominent after 24 h
of treatment. The gene expression of the major receptors for
VEGF (Flt-1 nor KDR) was not changed by bestatin treatment
in agreement with the results of the microarray analysis. The
PDGF-[3 subunit was downregulated by dose-dependent bestatin
treatment, whereas the PDGF-¢ subunit was not. Besides the
endothelial growth factors, gene expression of matrix metallo-
proteinases (MMP)-1 was downregulated by dose-dependent
bestatin treatment. The down-modulation was remarkable after
48 h treatment. On the other hand, the expression of TIMP-1,
one of the inhibitory proteins of MMP, was upregulated. The
increase in TIMP-1 mRNA expression had reached a plateau at
a relatively Jow dose of bestatin treatment (>2 uM), and it was
prominent after 48 h.

Western blot analysis. To confirm the protein expression of
VEGF, PDGF-B subunit and TIMP-1, western blotting and
ELISA were performed on cell lysate and conditioned medium
of APN-inhibitor-treated HUVEC. The protein of PDGF-B
subunit and TIMP-1 were under the detectable level in both cell
lysate and conditioned medium (data not shown). VEGF protein
also could not be detected in the conditioned medium, using
enzyme-linked immunosorbent assay (ELISA) and western blot
analysis. The cytoplasmic VEGF protein expression was decreased
by treatment with bestatin and actinonin after 3 days (Fig. 4c).
Among the subtypes of VEGF, VEGF, was dominant and VEGF,,,
and VEGF,,, were not detected. The suppression level by bestatin
was prominent in comparison with that of actinonin.

VEGF silencing is associated with the attenuation of tube formation
ability. To confirm the downregulation of cytoplasmic VEGF
protein is associated with the attenuation of the capillary tube
formation of EC, we established conditions for siRNA oligonucleotide-
based depletion of VEGF. A liposome-based transfection of
20 nM siRNA for VEGF resulted in the downregulation of
cytoplasmic VEGF to the same extent as that of bestatin
ireatment (Fig. 5a,b). By the quantification study of Matrigel
tube formation, we confirmed that capillary tube formation was
significantly decreased in the VEGF-silenced EC (Fig. 5c). We
further examined whether bestatin-induced abrogation of
tube-like formation in Matrigel is rescued by addition of VEGF
or not. Matrigel capillary tube formation assay was performed
using bestatin-treated HUVEC and VEGF-knockdown cells by
siRNA with or without addition of 10 or 100 ng/mL of recombinant
VEGEF. Bestatin treatment was conducted at 10 uM for 3 days.
Addition of exogenous VEGF rescued the suppression of tube
formation in both bestatin-treated HUVEC and VEGF-siRNA-
transfected HUVEC in a dose-dependent manner. In contrast, in
non-treated HUVEC as well as control siRNA-transfected
cells, capillary structure became more compact by addition of
recombinant VEGF (data not shown).

Discussion

Accumulating evidences indicate that progressive tumor growth
is dependent on angiogenesis.!!"' Cancers cannot grow beyond
a few cubic millimeters in volume unless they have their own
blood supply.® On the other hand, in normal tissue, new blood
vessels are formed in response to signals generated during tissue
growth and repair (wound healing), during the normal female
reproductive cycle, and during the development of the fetus in
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Fig. 3. Effects of 72-h treatment of aminopeptidase antagonists on the capillary tube formation of EC. (a) Matrigel capillary tube-like network
formation assay. HUVEC was treated with bestatin, amastatin, arphamenine-B, actinonin (10 uM), and a neutralizing antibody, WM-15 (10 pg/mL),
for 72 h, and cultured on a growth-factor-reduced Matrigel-coated plate for 22-24 h at 37°C. For the control experiments, SBTI or isotype-matched
IgG (DD7) were used. The images were captured with a confocal microscope and the capillary-like tubular structure of each well was counted
under the light microscope. The capillary tube formation of cells treated with bestatin were significantly suppressed. Representative of three
independent experiments using different batches of HUVEC. Bar, 200 um. Data are expressed as mean + 95% confidence interval of the mean from
three experiments. *P < 0.01 vs control. (b) Three-dimensional co-cuiture of EC and fibroblasts. A neonatal dermal microvascular endothelial cells
(HMVEC) monolayer was cultured to 80% confluency, overlaid with collagen |, followed by a second overlay of collagen | with neonatal human
dermal fibroblasts (NHDF). After incubation for 7 days, the three-dimensional morphology of the EC was observed by confocal microscopy.
Observation was carried out at the position of the surface of culture matrix of glass bottom plate and 200 um above the surface of culture matrix,
where endothelial cells and fibroblast co-localized. (a,d,g,l) HMVEC stained with PKH-2. (b,e, h,k) NHDF stained with PKH-26. (¢{,i,]) Merged image.
(a—f) Control experiment added SBTI and dimethylsulfoxide (DMSO). (g—i) HMVEC was cultivated for 72 h in the medium containing the 10 uM of
bestatin, and bestatin concentration kept at 10 uM during the co-cuiture. The tube-like network-morphology of EC was observed at the position
of 200 um above the surface of culture matrix in the control group (a—f). However, fewer EC migrated into the acellular collagen layer and tubular
formation of EC were less apparent in the bestatin-treated group on day 7 (g-h). Representative of two independent experiments using different
batches of HMVEC and NHDF combination. Bar, 200 um. (c) To eliminate the effect of bestatin on angiogenesis-supporting ability of fibroblast,
levels of vascular endothelial growth factor (VEGF), platelet derived growth factor (PDGF)-BB and basic fibroblast growth factor (FGF) in conditioned
media and corresponding gene expression were analyzed in fibroblast cultured alone with addition of aminopeptidase inhibitors. Upper panels
show the results of VEGF and bFGF concentration in conditioned media. The concentration of PDGF-BB was under detectable level {(data not
shown). Lower panels show the electrophoresis image of reverse transcription polymerase chain reaction (RT-PCR) product of VEGF (28 cycle
amplification), PDGF-BB (38 cycles), basic FGF (28 cycles) and housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (G3PDH; 28 cydles).

pregnancy.®® To date, several proteins have been identified to  tumor necrosis factor alpha (TNF-0() participate in angiogenesis.?>%
activate new blood vessel growth. Among these, the most potent  In tumor tissue, tumor cells produce VEGF and other factors,
is thought to be VEGE.®" Besides VEGEF, it has been confirmed  which induce the existing blood vessels to make new blood
that quite a few factors such as bFGF, angiogenin, epidermal  vessels for the growth of the tumor in the surrounding tumor
growth factor (EGF), placental growth factor (PIGF), PDGF and  environment.?"
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Fig. 4. Comprehensive gene expression analysis of bestatin-treated EC.
(a) Scatter plot of normalized intensities (log scale) for gene expression
of bestatin-treated HUVEC vs that of control cells. Nineteen genes were
found to be modulated by 72 h of bestatin treatment (®). The gene of
a fluorescent intensity less than 239, either the bestatin-treated or
control cells, were omitted in order to avoid false positive (O). (b)
Northern blot analysis of HUVEC with probes of angiogenic related
genes. HUVEC was treated with 50 pM bestatin for 0-72 h (left) or 0-
50uM for 72h {right) and total RNA was isolated. Northern blot
hybridization was performed with the probe indicated. G3PDH probe
was used for normalization of expression levels in the different
lanes. (c) Western blot analysis of VEGF in HUVEC treated with an
aminopeptidase antagonist for 72 h. A polycional antibody that could
recognize three major isoforms was used. In HUVEC, VEGF165 was
dominant and VEGF121 and VEGF189 were not detected. The
cytoplasmic VEGF protein expression was decreased by treatment with
bestatin and actinonin after 3 days. BE, bestatin; AM, amastatin; AR,
arphamenine-B; AC, actinonin; WM, WM-15; VEGF165, recombinant
VEGF165 control.
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Fig. 5. VEGF silencing is associated with the attenuation of tube formation
ability. (3) VEGF siRNA silenced VEGF,,; mRNA as determined by
semiquantitative RT-PCR. (b) Gene silencing of VEGF resulted in the
downregulation of cytoplasmic VEGF protein level as determined
by Western blot. {¢) Matrigel capillary tube-like network formation
assay revealed VEGF silencing significantly decreased the capillary tube
formation of EC. Representative of three independent experiments
using different batches of HUVEC. Bar, 200 um. Data are expressed as
mean £ 95% confidence interval of the mean from three experiments.
*P < 0.01 vs siRNA control. (), intact HUVEC; C, control siRNA; V, VEGF
siRNA. (d) Exogenous VEGF rescues the inhibition of capillary tube
formation. Matrigel capillary tube formation assay was performed
using bestatin-treated HUVEC and VEGF knockdown cells by siRNA with
or without addition of 10 or 100 ng/ml. of recombinant VEGF, Addition
of exogenous VEGF rescued the suppression of tube formation in both
bestatin and VEGF-siRNA treated HUVEC in a dose-dependent manner.

Endothelial cells, that compose the walls of blood vessels,
play particularly important roles during angiogenesis. Respond-
ing to these signals from tumor cells, EC proliferate, destroying
their surrounding tissue barriers with MMP enzymes, and migrate
toward the tumor to form a connection to the blood supply.®+2?
Thus, the activation of EC is the key phenomenon of tumor
angiogenesis. Recently, several studies have demonstrated that
CD13/APN is an important regulator of angiogenesis where its
expression on activated blood vessels is induced by angiogenic
signals. However, the relationship between activation and CD13/
APN induction have not been elucidated. Although previous
studies have demonstrated that aminopeptidase inhibitor or
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CD13/APN-neutralizing antibody abrogate the ability of the
EC to organize a capillary network, the doses of antagonists
necessary for inhibiting tube-formation are extremely high
(>250 pM) as compared with pharmacokinetic blood concentra-
tion of bestatin, the representative drug medicine of the APN/
CD13 antagonists.®' Indeed, bestatin did not interfere with
capillary tube formation at a transiently-added concentration of
less than therapeutic blood level (<10 uM; data not shown). In
our previous study, we demonstrated that 48-h treatment of
pharmacokinetic dose of bestatin to the CD13/APN-expressing
leukemia cell reverses the resistance to apoptosis induction,
accompanied by induction of the mRNA of an apoptosis-
inducing peptide.®” Thus, continuous treatment of CD13/APN
antagonists might have distinct effects on the CDI13/APN-
expressing cells. To address this hypothesis, we investigated the
effect of 72-h treatment of CD13/APN antagonists on the ang-
iogenic activity of primary EC. Seventy-two hours of treatment
of 10 uM of aminopeptidase antagonist, except actinonin, had
no significant effect on the proliferation of HUVEC. Treatment
of actinonin suppresses the proliferation of HUVEC to 68% of
control, and induced apoptosis in a part of the cells (data not
shown). In the treatment with the higher dose (50 uM), the cyto-
toxicity of actinonin was more prominent, and other chemical
antagonists suppress the proliferation of HUVEC slightly, but
these effects did not reach statistical significance. The capillary
tube formation assay of the antagonist-pretreated cells revealed
that only bestatin significantly abolishes the tube formation abil-
ity. Because the cell surface aminopeptidase activity of bestatin-
treated cells was recovered to 90% of the control by washing
out the residual bestatin, or because other inhibitors have no sig-
nificant effect on capillary formation, it is unlikely that the inhi-
bition of the aminopeptidase activity was solely responsible for
the anti-angiogenic property of bestatin treatment. In order to
clarify the mechanisms underlying the angiogenesis-suppressive
effects of the continuous treatment of bestatin, we performed the
gene expression analysis of the bestatin-treated primary EC.
Treatment conditions were settled at the concentration of 10 pM
of bestatin, or the equivalent concentration of DMSO, for 72 h.
This concentration was chosen because the mean of maximum
serum concentrations of bestatin after a single standard dose
(30 mg/day) was determined to be 2.2 ug/mlL (7.2 uM) and,
after repeated administration, maximum serum concentrations
of bestatin were slightly increased.®® By analyzing the expres-
sion profile of the cDNA microarray containing 1101 known
genes, eight genes were upregulated more than twofold while 11
genes were downregulated in the bestatin-treated EC when
compared with the DMSO-treated control. Among these genes,
VEGF and PDGF- chain are included in the downregulated genes,
and TIMP-1, an endogenous inhibitor of matrix metalloproteinase
that degrades the extracellular matrix, is included in the upreg-
ulated genes.®” In addition, several BMP (BMP-1, BMP2A and
BMPS8) were downregulated (to 15%, 7.0% and 28%, respec-
tively). Among these, modulation of expression in the protein
level was confirmed only in VEGF. The alteration of the protein
expression of other molecules could not be analyzed because of
low expression levels. VEGF is considered to be the most
important angiogenic factor. In normal tissues, its receptors spe-
cifically express in the EC from the early stage of development,
and intensive VEGF expression is observed at the angiogenic
stages.®® In the present study, we demonstrated that 72 h of
bestatin treatment downregulates both mRNA and cytoplasmic
protein expression of VEGF in EC. In addition, silencing of the
VEGF gene by siRNA caused the cytoplasmic VEGF down-
regulation in the primary EC and decreased the capillary tube
formation in vitro. Furthermore, we demonstrated that the
exogenous addition of recombinant VEGF reversed the capillary
formation ability of in both bestatin and VEGF-siRNA-treated
HUVEC in a dose-dependent manner. The secretion of VEGF from
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tumor cells is an important trigger of the tumor angiogenesis. In
addition, several studies demonstrated that activated EC secrete
VEGF as well and induce their own VEGF mRNA expression.®”
Namely, VEGF operates not only in a paracrine manner but
also in an autocrine manner. Bestatin treatment may block this
autocrine loop, and this would suggest the explanation of the
mechanism responsible for the anti-angiogenic effect of bestatin.
This hypothesis may also explain the reason why bestatin suppressed
the proliferation of EC only in the three-dimensional co-culture
model. In the proliferation assay, because the medium was
supplemented with the endothelial growth factors, such as VEGF,
bFGF or nsulin-like-growth factor, auto-activation was not required
for survival or for the presence of excessive growth factors. On
the other hand, growth factors were only derived from fibroblast
in the three-dimensional co-culture model; hence, the autocrine
loop of VEGF would be necessary for survival and proliferation
of EC.

Downregulation of the gene and protein expression of VEGF
was specific to bestatin, except for the actinonin. Treatment by
actinonin showed a cytotoxic effect for endothelial cells, and
decreased the protein level of VEGF, but the degree of downreg-
ulation was lower than bestatin. Because tendency to suppress
the capillary tube formation was observed in actinonin-treated
EC, degradation of VEGF-expression may also contribute to
angiogenetic inhibition even in the case of actinonin.

The cell surface aminopeptidase activity including CD13/APN
was inhibited by bestatin of pharmacokinetic concentration.
However, the degree of suppression was not more potent than
amastatin and actinonin that did not inhibit capillary tube forma-
tion. In addition, the inhibition by bestatin was reversible. These
results suggest that inhibition of aminopeptidase activity of CD13/
APN is not a direct mechanism of angiogenesis inhibition in
continuous bestatin treatment. Recently, several aminopepti-
dases that are localized in cytoplasm of EC, such as puromycin
insensitive leucyl-specific aminopeptidase (PILSAP) or methionine
aminopeptidases type2 (MetAp2) have been suggested to play
an important role in angiogenesis.®**» In addition, it has been
reported that bestatin can be transported through peptide
transporter-mediated processes in the cells of some organs such
as liver, kidneys and intestine, and also. indicated that bestatin
inhibits cytosolic exopeptidases in mammalian reticulocytes,
in the liver cytosol and in skeletal muscles.®*39 In this study,
although it was not able to clarify whether bestatin is uptaken
in living EC or inhibits cytoplasmic aminopeptidase, bestatin
showed broad inhibitory activity against the extracted cytosolic
aminopeptidase that hydrolyze both neutral- and basic-amino
acid residues. A possible explanation for anti-angiogenic
modulation of bestatin is that continuous inhibition of some
intracytoplasmic aminopeptidase may contribute to the regulation
of the expression of angiogenesis-related molecules including
VEGE

Bestatin has been used clinically for years as an immuno-
therapy drug. Recently, a randomized phase III study of bestatin
as a postoperative adjuvant treatment in patients with stage I
squamous cell lung cancer was carried out, and statistically
significant clinical improvement in overall survival and disease-
free survival was ascertained.®” However, the mechanisms
of the antitumor effects of bestatin are not fully understood. The
present study explains a portion of antitumor effects of bestatin
as an adjuvant medicine. In addition, the angiogenesis-inhibitory
effect of bestatin is an important clue that will help to elucidate
the participation of aminopeptidases in the angiogenic process.
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