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Summary

Upon stimulation with angiogenic factors, vascular endothelial cells (ECs) secrete a negative-feedback regulator of angiogenesis,
vasohibin-1 (VASH1). Because VASH1 lacks a classical signal sequence, it is not clear how ECs secrete VASH1. We isolated a small
vasohibin-binding protein (SVBP) composed of 66 amino acids. The level of Svbp mRNA was relatively high in the bone marrow,
spleen and testes of mice. In cultured ECs, Vash/ mRNA was induced by VEGF, and Svbp mRNA was expressed constitutively. The
interaction between VASH1 and SVBP was confirmed using the BlAcore system and immunoprecipitation analysis. Immunocytochemical
analysis revealed that SVBP colocalized with VASH1 in ECs. In polarized epithelial cells, SVBP accumulated on the apical side,
whereas VASH1 was present throughout the cells and partially colocalized with SVBP. Transfection of SVBP enhanced VASHI
secretion, whereas knockdown of endogenous SVBP markedly reduced VASH1 secretion. SVBP increased the solubility of VASH1
protein in detergent solution and inhibited the ubiquitylation of VASHI protein. Moreover, co-transfection of SVBP significantly
augmented the inhibitory effect of VASH1 on EC migration. These results indicate that SVBP acts as a secretory chaperone for VASH1

and contributes to the anti-angiogenic activity of VASH1.

Key words: Vaschibin, Secretion, Angiogenesis, Molecular chaperon, Ubiquitylation, Endothelial cell

Introduction

Angiogenesis is essential for physiological events, such as
development, reproduction, and wound healing. Tt is also involved
in various pathological processes, including tumor growth and
ischemic retinopathy (Carmeliet, 2003). Angiogenesis is tightly
regulated by stimulators, such as vascular endothelial growth factor
(VEGF) and fibroblast growth factor-2 (FGF-2); angiogenesis
inhibitors, such as angiostatin, endostatin and thrombospondin-1;
and factors that modulate vascular maturation, such as angiopoietin-
1 and transforming growth factor-f (Kerbel, 2008; Sato, 2006).
Recently, ECs were shown to produce factors that regulate
angiogenesis in an autocrine manner. The expression of Delta-like
4 and its cognate receptor Notchl are detected mainly in tip cells
and stalk cells, respectively, and contribute to their regulation
during sprouting angiogenesis (Hellstrom et al., 2007; Leslie et al.,
2007; Siekmann and Lawson, 2007).

We previously isolated the angiogenesis inhibitor, vasohibin-1
(VASH1), which is produced and secreted by vascular ECs upon
stimulation by VEGF and FGF-2 (Hosaka et al., 2009; Kimura et
al., 2009; Nasu et al., 2009; Sato et al., 2009; Sato and Sonoda,
2007; Shibuya et al., 2006; Shimizu et al., 2005; Tamaki et al.,
2009; Wakusawa et al., 2008; Watanabe et al., 2004; Yamashita et
al., 2006; Yoshinaga et al., 2008). VASH1 regulates EC proliferation
and migration in an autocrine manner by acting as a negative-
feedback regulator of angiogenesis. Purified VASH1 protein has
been shown to inhibit the migration and network formation of
human umbilical vein endothelial cells (HUVECs) in vitro. The
administration of exogenous VASH1 strongly inhibits pathological
and physiological angiogenesis without any significant side effects
(Hosaka et al., 2009; Kimura et al., 2009; Shen et al., 2006;

Watanabe et al., 2004; Yamashita et al., 2006). Most recently, we
showed that VASH1 exhibits anti-lymphangiogenic activity and
inhibits lymph node metastasis (Heishi et al.,, 2010). We also
isolated VASH2, a homologue of VASH1 that displays more than
50% amino acid similarity to VASH1 (Kimura et al., 2009; Sato
and Sonoda, 2007; Shibuya et al., 2006).

VASH1 protein is post-translationally processed into several
truncated forms in ECs (Sato and Sonoda, 2007; Sonoda et al,,
2006). Each VASHI1 protein has at least two proteolytic cleavage
sites in each terminus. Biochemical and functional analyses of
VASHI1 have revealed that some basic residues at the C-terminus
are important for heparin binding and anti-angiogenic activity.

To elucidate the biological functions of VASHI in detail,
clarification of how newly synthesized VASH1 is secreted from
ECs and acts on ECs is necessary. However, VASH1 protein does
not contain a classical signal sequence typical of secreted proteins
(Hegde and Kang, 2008). Also, it does not colocalize with the
endoplasmic reticulum (ER) marker calnexin, suggesting that
VASHI1 might be transported and released into the extracellular
space via an unconventional secretary pathway (Watanabe et al.,
2004). In the present study, we characterized a VASH1 binding
partner, which we designated small vasohibin-binding protein
(SVBP), and determined a unique chaperone-like function for
regulating VASH1 secretion.

Results

Isolation of the VASH1 binding factor

We performed yeast two-hybrid analysis to isolate potential VASH1
binding partner(s). Four strongly positive clones were obtained,
each encoding hypothetical protein L.OC374969 cDNA. This



D
o)
{ax
o
O
w <
'
O
e
o
.-c-.U
o
B
=3
0
—

A secretory chaperone for vasohibin 3095

hypothetical protein is also registered as coiled-coil domain
containing 23 (CCDC23; GenBank accession number NP_955374).
Because the protein is composed of only 66 amino acids, we
named it small vasohibin-binding protein (SVBP). SVBP is highly
conserved among mammals, and the amino acids corresponding to
residues 32-52 are predicted to form a coiled-coil structure (Fig.
1A). Similarly to VASHI and VASH2, SVBP does not have any
classical signal sequences in the N-terminal region. We prepared
recombinant human VASH1 (Watanabe et al., 2004), human
VASH2 (Shibuya et al., 2006) and human SVBP proteins (Fig. 1B)
and examined their direct interaction using the BlAcore system.
SVBP bound strongly to VASHI1 (Kp=3.1x10"% M; Fig. 1C). We
found that SVBP also bound to the VASH1 homologue, VASH2
(Kp =8.7x107% M; Fig. 1D).

Expression of Svbp mRNA in various organs and ECs
Because SVBP is a hypothetical protein, we performed Northern
blot analysis to determine whether Svbp mRNA was actually
expressed. The mouse EC line MS1 expressed a possible band of
Svbp mRNA, and the intensity of this band was reduced by three
different specific siRNAs (Fig. 2A). We also detected the expression
of Svbp mRNA in various mouse organs (Fig. 2B). Svbp mRNA
expression was especially high in the bone marrow, spleen and
testes. We then evaluated changes in the expression of VASH1 and
SVBP in ECs upon VEGF stimulation. As shown in Fig. 2C, a low
level of Vash! mRNA was expressed under basal conditions, and
it was induced by VEGF stimulation, as previously reported
(Shimizu et al., 2005; Watanabe et al., 2004). By contrast, a high
level of Svbp mRNA was expressed, even under basal conditions.
These results, together with the steady state expression of SVBP
in various organs, suggest that Svhp mRNA is expressed
constitutively.

Interaction of SVBP and VASH1 in cuitured ECs

We prepared mouse monoclonal antibodies against SVBP peptides
{Asp2-Lys13). One of antibodies was able to detect recombinant
SVBP protein by western blotting (Fig. 1B). Using this antibody,
we tried to detect SVBP protein transiently expressed in MS1 cells.
As shown in Fig. 3A, SVBP was detected in both the conditioned
medium (CM) and cell lysate. The amount of SVBP in the CM was
gradually increased in a time-dependent manner, implying that
SVBP is constantly secreted in the medium. To characterize the
interaction between VASHI1 and SVBP, we performed co-

A

human MDPPARKEKTKVKESVSRVEKAKQKSAGOELKQRQRAEIYALNRVMTELEQQQFDEFCKOMQOPPGE
chimpanzee MDPPARKEKTKVKESVSRVEKAKQKSAQQELKQRORAEIYALNRVMTELEQQOQFDEFCKQMOPPGE
mouse MDPFPARKEKSKVKEPAFRVEKAKQKSAQUELKQRQRAEIYALNRVMTELEQQQFDEFCKOMQPPGE

rat MDPPARKEKSKVKEPAFRVEKAKOKSAQQELKORQRAEIVALNRYMTELEQQOFDEFCKOMOPPGE

bovine MDPPARKEKPKVKEFVSRI EKAKQKSAQQELKQRORAEIYALNRVMTELEQQQFDEFCKQMQOPPGE
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immunoprecipitation followed by western blotting. Endogenous
VASH]1 was co-immunoprecipitated from both cell lysate and CM
by the anti-SVBP antibody (Fig. 3B). We previously reported that
the full-length VASH1 protein (44 kDa) is post-translationally
truncated, resulting in at least three smaller forms (42 kDa, 36 kDa
and 27 kDa) (Sonoda et al., 2006). Western blot analysis revealed
that the 42 kDa protein was mainly detected in the cell lysate,
wheteas the 36 kDa and 27 kDa forms were detected in the CM,
and all forms were co-immunoprecipitated with anti-SVBP antibody
(Fig. 3B). We obtained similar results using MS1 cells transiently
transfected with VASH1 and SVBP expression vectors (data not
shown). Using the BlAcore system, we confirmed that SVBP
bound to the 36 kDa (77-365) and 27 kDa (77-318) VASH1
proteins (Fig. 3C,D). We previously reported that proteolytic
cleavage near Arg29 and Arg76 of VASH1 generates the two major
forms of VASH1 (42 kDa and 36 kDa, respectively), and the
subsequent proteolytic cleavage removing most of the basic region
at the C-terminus generates the 27 kDa protein (Sonoda et al.,
2006; Watanabe et al., 2004). These results suggest that de novo
produced VASH1 and SVBP interact within cells and are secreted
together, and this interaction might persist during the post-
translational processing of VASH1.

Colocalization of SVBP and VASH1

Next, we transiently transfected human VASHT and SVBP ¢cDNAs
into MS1 cells and performed immunocytochemical analysis. The
intracellular localization of VASH! and SVBP was determined by
immunostaining with VASH1- or SVBP-specific antibodies. SVBP
partly colocalized with VASHI1 within the cells (Fig. 4A). To
further prove that the interaction between SVBP and VASH1 occurs
inside the cell, we performed a Duolink in situ proximity ligation
assay (PLLA). This assay can detect protein—protein interactions
using a combination of specific antibodies against them (Yamazaki
et al., 2009). As shown in Fig. 4B, positive signals (red) were
clearly observed by the treatment with both anti-VASH1 antibody
and anti-Flag antibody (panel d), whereas there were no positive
signals by the treatment with other combinations (panels a—c),
indicating that SVBP and VASH]1 do interact within a cell. Because
ECs overlap each other in their peripheral cellular region when
they are confluent and form a thin cellular sheet, it is very difficult
to analyze the polarity as well as the subcellular localization of
proteins within cells. Therefore, we used a polarized epithelial cell
line (MDCK cells) as a model to observe the subcellular localization

66 a.a.

Fig. 1. Amino acid sequence of SVBP and physical
interactions between SVBP and VASHL. (A) The SVBP
protein is highly conserved among mammals. Asterisks and
dots indicate identical and similar amino acids,
respectively. The arrow indicates the putative coiled-coil
domain. (B) Preparation of recombinant SVBP-Flag
protein. SVBP-Flag protein was produced by a baculovirus
system. The protein was purified by affinity
chromatography using anti-FLAG antibody. 10 pl crude
lysate (lane 1) and cluted sample from the column (lane 2)
were subjected to SDS-PAGE followed by Coomassic
Brilliant Blue staining. Tt was also confirmed that the
purified recombinant protein could react with mouse
monoclonal anti-SVBP antibody (lane 3). An arrow
indicates SVBP-Flag. (C.D) Kinetic analysis of the direct
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binding of SVBP and VASH1 or VASH2 using the BIAcore
system.
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of VASHI and SVBP in relation to cell polarity (Sabath et al,,
2008). We confirmed that the tight junction marker ZO-1 was
present at the apical side of MDCK cells (Fig. 4C). When VASH1
and SVBP c¢cDNAs were co-transfected into MDCK cells, SVBP
localized mainly on the apical side. This apical localization
coincided with ZO-1. By contrast, VASH1 was present throughout
the cell and partially colocalized with SVBP on the apical side
(Fig. 4D). Positive signals of PLA were observed in the apical side
of MDCK cells co-transfected with VASH1 and SVBP expression
vectors (Fig. 4E), indicating that SVBP and VASH1 binds and
colocalizes in the apical side of cells.

SVBP enhances VASH1 solubility and secretion

A previous report showed that VASH1 does not contain any
classical signal sequence for translocation to the ER and does not
colocalize with the ER marker calnexin (Watanabe et al., 2004).
The above evidence that SVBP interacts with VASH1 both
intracellularly and extracellularly prompted us to evaluate whether
SVBP might affect VASH1 secretion. We transfected equal amounts

Thymus

Ms1

Fig. 2. In vitro and in vivo expression of Svhp and Vash] mRNA.
(AYMS1 cells were transiently transfected with three different
siRNAs designed for mouse Svhp mRNA and the expression
evaluated by Northern blot. B-actin was used as an internal control,
(B) Svbp mRNA (arrow) was extracted from the indicated aduit
mouse organs and analyzed by Northern blot. (C) MST cells pre-
incubated in 0.1% FBS in o-MEM for 12 hours were stimulated with
20 ng/ml VEGF for the indicated periods. RT-PCR was performed on
total RNA using specific primer pairs for mouse VASHI, SVBP and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

of VASHI1 expression vector and increasing amounts of SVBP
expression vector into MST cells and found that SVBP enhanced
the secretion of VASHI1 in a dose-dependent manner (Fig. 5A).
This increased secretion of VASH1 by SVBP was confirmed by
ELISA, which measured the concentration of the VASH1-SVBP
complex (Fig. 5B). Moreover, we confirmed that Brefeldin A, an
inhibitor of ER- and Golgi-dependent secretory transport (Nickel,
2007; Seelenmeyer et al., 2003), does not affect the secretion of
VASHI (Fig. 5B), suggesting that VASH1 might be released from
ECs via an unconventional secretion pathway (Nickel and
Rabouille, 2009). We also observed that SVBP enhanced the
secretion of VASH2, which also lacks a signal sequence (Fig. 5C).
Furthermote, the interaction between VASH! and SVBP
dramatically changed the ability to extract VASHI1 protein into 1%
Triton X-100 cell lysis buffer (Fig. 5SA). SVBP increased the
amount of VASHT1 in the soluble fraction, which coincided with a
decrease of VASHI in the insoluble fraction. The solubility of B-
actin, an internal control, was not affected by SVBP. When
endogenous SVBP was knocked down by siRNA, we observed the

Fig. 3. SVBP-VASHI complexes in the cell lysate and CM.
(A) Time~course of SVBP release from ECs. MST cells
transiently transfected with p3xFLLAG-SVRBP for 24 hours were
washed with serum-free o-MEM, and then cultured in 0.1%
FBS in o-MEM for the indicated periods. Concentrated CM and
Cell lysate (CL)) were evaluated by western blot. (B) Co-

immunoprecipitation of the SVBP-VASHI protein complex
from HUVECs. ClL. from confluent HUVECs and their CM
were immunoprecipitated with either anti-human VASH1
antibody or anti-human SVBP antibody as indicated.

Immunoprecipitates were analyzed by western blot analysis
using peroxidase-conjugated anti-human VASHI antibody. TP,

immunoprecipitation. (C,D) Kinetic analysis of the direct
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opposite results (Fig. 5D). SVBP expression did not affect Vash/
mRNA levels (data not shown), and Svhp siRNA specifically
decreased endogenous Svhp mRNA levels with no effect on the
levels of Vash! mRNA (Fig. 5E). Also, Svbp siRNA decreased the
ability to extract VASH1 protein into 1% Triton X-100 cell lysis
buffer and decreased the secretion of VASHI into the medium.
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Fig. 4. Intracellular colocalization of SVBP and VASHI.
{A) Colocalization of SVBP and VASH]1 in MS1 cells
transiently transfected with a human VASHI expression
vector and p3xFL.AG-SVBP for 24 hours. The fixed cells
were immunostained with anti-VASH1 (green) and anti-
SVRBP (red) antibodies. a, VASHI; b, SVBP; ¢, merge; d,
DIC. Scale bar: 50 pum. (B) Interaction between SVBP and
VASHI1 in ECs. PLA was performed after incubation with
combination of antibodies. a, normal mouse TgG + normal
rabbit TgG; b, normal mouse IgG + anti-Flag antibody; ¢,
anti-VASHI1 mAbD + normal rabbit 1gG; d, anti-VASHI
mAb + anti-Flag antibody. Scale bar: 20 um. (C) MDCK
celis with polarization. MDCK cells immunostained with
anti-Z0-1 (red, a marker of tight junction) and Phatfoidin-
FITC (green). Scale bar: 10 pm. (D) Apical localization of
SVBP in polarized epithelial cells. MDCK cells were
transiently co-transfected with human VASHI and
p3xFLAG-SVBP expression vectors for 24 hours. The fixed
cells were immunostained with anti-VASH1 (green), anti-
FLAG (red) and anti-ZO-1 (blue) antibodies. Scale bar:

10 um. (E) Interaction between SVBP and VASHI in the
apical side of MDCK cells. MDDCK cells transiently
transfected with human VASHI and p3xFLAG-SVBP
expression vectors were subjected to PLA. AP, apical side;
BS, basolateral side.

These results indicate that SVBP has an important role in VASHI
secretion, probably by increasing the solubility of the VASHI1
protein.

SVBP prevents ubiquitylation of VASH1

The solubility of some proteins in detergent solution is closely
concerned with protein folding regulated by interactions with
molecular chaperones (Dou et al., 2003; Muchowski et al., 2000).
In general, misfolded or unfolded proteins are either refolded by
molecular chaperones or degraded immediately by the ubiquitin
proteasome system (UPS) (Hishiya and Takayama, 2008;
Muchowski et al., 2000), which is known as an intrinsic protein
quality control. We hypothesized that SVBP might contribute to
the quality control of VASHI1 protein in ECs. Therefore, we
examined first whether the UPS affects VASH1 stability in ECs.
To detect the total amount of VASH1 protein, we prepared cell
lysate using 1% SDS cell lysis buffer, which was different to levels
in the experiments performed in Fig. 5. As shown in Fig. 6A B, the

Fig. 5. SVBP increases VASH1 solubility and seeretion. (A) CM was
collected from MST cells transiently co-transfected with human VASH1 and
various amounts of p3xFLLAG-SVBP expression vectors after 24 hours.
Concentrated CM, the supernatant (soluble fraction) of cell lysates (C1.) and
the pellet (insoluble fraction) were evaluated by western blot.

(B) Measurement of the VASHI-SVBP complex in the CM. The CM was
collected from transfected MS1 cells, The concentration of VASH1-SVBP
complex in the CM was measured by ELISA. Error bars indicate s.d. BFA,
Brefeldin A. (€) CL. and concentrated CM of MST cells transfected with
human VASH2 and/or p3xFLAG-SVBP expression vectors were prepared and
subjected to western blot analysis. Arrows indicate VASH2 protein in CL or its
truncated forms in CM. (D) Western blot analysis showed that SVBP
knockdown decreases VASHI secretion and solubility. Concentrated CM and
soluble and insoluble fractions of CLs were prepared 48 hours after VASH -
expressing MS|1 cells were transfected with various concentrations of siRNAs
designed against mouse Svbp mRNA. (E) RT-PCR shows that SVBP
knockdown does not affect Vash/ expression in MS1 cells.
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total amount of VASH1 protein was reduced in the presence of
Myc—ubiquitin-B (UBB) compared with VASH1 alone. By contrast,
this reduction was recovered in a dose-dependent manner by co-
transfection with SVBP, implying that the VASH1 protein is stable
when associated with SVBP. In the presence of a proteasome
inhibitor, MG-132, polyubiquitylated VASHI proteins were
detected as many ladder bands of a higher molecular mass than the
42 kDa form (Fig. 6C). Co-transfection with SVBP dramatically
reduced these polyubiquitylated VASH1 proteins. These results
suggest that the interaction between SVBP and VASH1 enhances
the stability of VASH1 protein by preventing ubiquitylation.

SVBP accelerates VASH1 function

Finally, we examined whether SVBP affects the anti-angiogenic
activity of VASHI. The co-expression of SVBP and VASH1
significantly inhibited VEGF-inducible EC migration (Fig. 7A).
Stimulation with VEGF (20 ng/ml) increased MS1 migration 2.2-
fold relative to control cells. MS1 cells transfected with VASH1 no
longer responded to VEGF stimulation. Co-transfection with
VASH1 and SVBP downregulated the basal level of EC migration
compared with other samples, regardless of VEGF stimulation. We
then examined whether this anti-angiogenic activity might be
derived from secreted VASHI. The CM from MDCK cells
transfected with VASH1 and/or SVBP expression vector was added
to HMVECs. As shown in Fig. 7B, VEGF-inducible migration of
HMVECs was inhibited by CM containing the VASHI-SVBP
complex in a concentration-dependent manner. These results
indicate that SVBP regulates the secretion of VASH from ECs and
contributes to the anti-angiogenic activity of VASHI1.

Discussion

Secretory proteins generally contain a typical signal sequence
composed of successive hydrophobic amino acids that is usually
located in the N-terminal region and removed by signal peptidase
after the protein passes through the ER membrane (Hegde and
Kang, 2008). VASH1 has no such classical secretion signal

b Fig. 6. SVBP inhibits the ubiquitylation of VASH1. (A) MS1
- 28 cells were transiently transfected with human VASH1, 3xFLAG-
SVBP and Myc-UBB expression vectors in the indicated

-7 combinations. Cell lysates were prepared and subjected to western

blot analysis 24 hours after transfection. (B) Densitometric
quantification of VASHI protein. The relative VASHI protein
levels were normalized to o-tubulin. Error bars indicate s.d.
(7=3). *P=0.05 versus VASH1 alone. (C) Western blot of MS1
cells transiently transfected identically to those in A, but 6 hours
after transfection, the cells were incubated with 10 pM MG132
for 18 hours and harvested with cell lysis buffer containing
ubiquitin aldehyde.

sequence (Watanabe et al., 2004), and does not colocalize with the
ER marker calnexin in ECs (Watanabe et al.,, 2004). These
observations led us to hypothesize that de novo produced VASH1
might be secreted via an unconventional secretory pathway. Here,
we identified SVBP as a novel VASH1 binding partner. The
association between endogenous SVBP and VASH1 proteins in
cell lysate and CM of ECs appeared crucial for VASH1 secretion,
because knockdown of SVBP significantly impaired VASH1
secretion. We also showed that SVBP bound to VASH2 and
enhanced its secretion from ECs. The expression of VASHI mRNA
is induced by VEGF or FGF-2, mediated by protein kinase C-3
downstream of VEGF receptor-2 (Shimizu et al., 2005). However,
we observed a constitutive expression of Svbp mRNA in ECs
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Fig. 7. SVBP accelerates VASHI-mediated inhibition of EC migration.
(A) MST cells were transiently transfected with human VASH1 and/or
3xFL.AG-SVBP expression vectors and cell migration analyzed with a
modified Boyden chamber assay. Relative numbers of niigrating cells are
shown as mean  s.d. (n=3). (B) HMVECs were treated with CM collected
from MDCK cells transfected human VASHI and various amounts of
p3xFLLAG-SVBP expression vectors. Cell migration was analyzed with a
modified Boyden chamber assay. The numbers of migrating cells in a field are
shown as mean £ s5.d. (7=9). *P<0.001 versus negative control (mock).
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under basal conditions and in various normal mouse organs. Thus,
the scenario of VASHI secretion might be as follows: SVBP is
prepared in advance and accumulates under or on the cell surface.
Once VASHI has been induced, it binds SVBP, which facilitates
the secretion of VASH1 (Fig. 8). The molecular mechanism by
which VASH1 exhibits anti-angiogenic activity is not fully
understood. Co-transfection of VASH1 and SVBP to ECs decreased
the basal migration of ECs, suggesting that anti-angiogenic activity
of VASH1 might not simply be caused by the blockade of VEGF-
mediated signaling in ECs. We predict a putative receptor for
VASH]1, which transduces specific signals for anti-angiogenesis in
ECs. If we could isolate such a receptor, it should help us to
characterize the molecular mechanism of VASH activity.

Molecular chaperones comprise several highly conserved
families, including heat shock proteins (HSPs), and contribute to
post-translational quality control of proteins (Wickner et al., 1999).
Although the native structure of a protein is determined principally
by its amino acid sequence, the process of folding in vivo often
requires the assistance of molecular chaperones, which are often
required to maintain the proper conformation of proteins under
changing environmental conditions. Misfolded or unfolded proteins
exhibit insolubility in detergent solution. Some molecular chaperones
can help such proteins to complete the correct folding and recover
solubility. For instance, HSP70 and HSP90 are reported to function
as molecular chaperones for microtubule-associated protein Tau or
endothelial nitric oxide synthase and increase their solubility in
detergent solution (Dou et al., 2003; Jiang et al., 2003; Petrucelli et
al., 2004). Because SVBP non-covalently binds VASH1 and
increases its solubility in 1% Triton X-100 (a nonionic detergent)
cell lysis buffer, SVBP might have a chaperone-like role for VASHI.
Molecular chaperones, including HSPs, generally accumulate on
membranes (Horvath et al., 2008), and our data show that SVBP
accumulates on the apical plasma membrane of polarized epithelial
cells, supporting a chaperone-like function of SVBP.

Leaderless secretory proteins (e.g. FGF-2, interleukin-1f and
galectins) are released from a variety of cell types via
unconventional secretory pathways independently of the ER and
Golgi (Calderwood et al., 2007; Hughes, 1999; Keller et al., 2008;
Nickel, 2005; Nickel and Rabouille, 2009; Piotrowicz et al., 1997,
Torrado et al., 2009). Four potential mechanisms of unconventional

angiogenic stimuli

Fig. 8. SVBP facilitates VASHT sccretion by acting as a chaperone. SVBP
is constitutively expressed, whereas VASHI is induced by angiogenic factors
(e.g. VEGF and FGF-2) in ECs. SVBP might bind to de novo produced
VASHI1 and render it soluble via chaperone-like activity, resulting in the
efficient secretion of the VASH-SVBP complex into the extracellular space.
N, nucleus.

protein export have been proposed: export across the plasma
membrane, export by secretory lysosomes, export through the
release of exosomes derived from multivesicular bodies, and export
mediated by plasma membrane shedding of microvesicles (Nickel,
2005; Nickel and Rabouille, 2009). Piotrowicz and colleagues
previously reported that the molecular chaperone HSP27 binds to
FGF-2 in ECs, which facilitates FGF-2 secretion from ECs via an
unconventional secretory pathway (Piotrowicz et al., 1997).
Importantly, a recent report showed that correctly folded FGF-2
might be required for translocation across the plasma membrane
(Torrado et al., 2009). Interestingly, HSPs themselves lack a
secretion signal sequence but are released from cells and function
as extracellular ligands, giving rise intracellular signaling
(Calderwood et al., 2007). However, the detailed mechanism by
which molecular chaperones modulate the secretion of leaderless
secretory proteins remains obscure. Further study is required to
determine whether SVBP is involved in the secretion of other
leaderless proteins such as FGF-2.

Recently, the level of Cede23 (also known as SVBP) mRNA
was shown to be significantly higher in adenomatous polyposis
coli than in normal colorectal mucosa (Gaspar et al., 2008), but the
expression of VASH1 appears to be restricted to ECs. Thus, the
expression of Svhp mRNA might not always associate with the
expression of Vash/ mRNA. SVBP might have additional role(s)
beyond that of a VASH1 binding partner. This possibility is
currently under investigation.

Materials and Methods

Yeast two-hybrid screen

We performed a yeast two-hybrid screen to isolate VASHI binding pariners as
previously described (Colland et al., 2004). Full-length human VASH1 (amino acids
1-363) and the human placental random-primed cIDNA library were used as bait and
prey, respectively. We screened 1.3X10% independent clones. The prey fragments of
the positive clones were amplified by polymerase chain reaction (PCR) and
sequenced. The resulting sequences were used to identify the corresponding gene in
the GenBank database.

Plasmid construction

Human SVBP ¢DNA (CCDC23; GenBank accession number NM_199342) was
cloned into the Nodl and Ybal sites of the p3xFL.AG-CMV 14 plasmid vector (Sigma)
to generate p3XFLAG-SVBP, in which SVBP ¢DNA was attached to a triple repeat
of the FLLAG tag sequence at the 3"end. The DNA fragment containing the SVBP
cDNA joined with 3xFLAG was cloned into the Smal site of baculovirus transfer
vector pYNG (Katakura). Human ubiquitin B ¢DNA (UBB; GenBank accession
number NM_018955) was cloned into the EcoRI site of the pCMV Myc plasmid
vector (Clontech) to generate pCMV Myc-UBB, in which UBB cDNA was attached
10 a Myc sequence at the 3 start site.

Evaluation of molecular interactions using the BlAcore system

Recombinant human SVBP-FLAG protein was expressed in the silkworm, Bombyx
mowi, as previously reported (Takahashi et al., 2007). Briefly, the constructed transfer
vector was mixed with cysteine-proteinase-deleted baculoviral genomic DNA and
then co-transfected in BmN cells of B. mori larvae. The resulting recombinant
baculovirus was infected in B. mori pupae. Harvested pupae were lysed and the
SVBP-FLAG protein puritied using an anti-FLAG M2 affinity column (Sigma).
Purified recombinant full-length VASHI, its truncated forms and VASH2 proteins
were prepared as previously described (Shibuya et al., 2006: Sonoda et al., 2006;
Watanabe et al., 2004). The interaction of VASHI and VASH2 with SVBP was
analyzed using a BIAcore 3000 (BlAcore AB). SVBP (20.6 ug/mi) in 10 mM
sodium acetate (pH 4.5) was immobilized on a CMS sensor chip using the amine-
coupling method according to the manufacturer’s protocol, VASHI, its truncated
forms, or VASH2 in 10 mM HEPES (pH 7.4), 0.15 M NaCl, 3 mM EDTA, 0.005%
Surfactant P20 (pH 7.4) at concentrations of 62.5 nM to 1 ©M was passed over the
surface of the sensor chip at a flow rate of 20 ul/minute. The interaction was
monitored as the change in surface plasmon resonance response at 25°C. After 2
minutes of monitoring, the same buffer was introduced to the sensor chip in place
of the VASHI solution to start the dissociation. The sensor surface was regenerated
with 10 mM glycine (pH 2.0) at the end of each experiment. Both the association
rate constant (K) and the dissociation rate constant (Ky) were calculated according
to the BlAevaluation software. The dissociation constant (Kp) was determined as
Ky/K,.
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Celi culture

The murine EC line MS1 was cultured in o minimal essential medium (GMEM:
Wako Pure Chemical) supplemented with 10% fetal bovine serum (FBS; JRH
Biosciences) (Arbiser et al,, 1997). Polarized epithelial Madin-Darby canine kidney
(MDCK) cells were cultured in Dulbecco’s modified Eagle medium (Wako Pure
Chemical) supplemented with 10% FBS (Martin-Belmonte et al., 2001). Human
umbilical vein endothelial cells (HUVECs) and human microvascular endothefial
cells (HMVECs) were purchased from KURABO and cultured on type 1-C collagen-
coated dishes (Asahi Techno Glass) in endothelial basal medium containing 5% FBS
and EC growth supplements (Cambrex Bio Science Walkersville).

RT-PCR

Total RNA was extracted from cultured cells using the RNeasy Mini Kit{Qiagen). RT-
PCR was carried out using the First Strand ¢cDNA Synthesis Kit (Roche Diagnostics)
according to the manufacturer’s instructions. Briefly, total RNA was reverse
transcribed for 50 minutes at 42°C using oligo(dT) primers. PCR was performed using
sets of primers specific for the target genes. Thermal cycler conditions were 20-30
cycles of 94°C for 15 seconds for denaturing, 56°C for 30 seconds for annealing and
72°C for 45 seconds for extension. PCR products were separated on a 1.5% agarose
gel and visualized under ultraviolet by ethidium bromide staining. The primer pairs
were as follows: mouse Cedc23, sense (3'-ATGGATCCACCTGCCCGGAA-3") and
antisense (5'-TCACTCCCCAGGCGGCTGCA-3"), mouse Vash], sense (3'-ATGTG-
GAAGGCATGTGGCCAAG-3") and antisense (5'-CACCCGGATCTGGTACC-
CACT-3").

Northern blotting

Total RNA was isolated from cultured cells or mouse organs using QTAzol reagent
(Qiagen), and mRNA was isolated from total RNA samples using Oligotex-dT30
Super (Takara) according to the manufacturers™ instructions, Each mRNA sample
(600 ng) was separated by 1% agarose-formaldehyde gel electrophoresis and
wansferred to a positively charged nylon membrane (Roche Diagnostics). Membranes
were hybridized with antisense SVBP- or B-actin-specific RNA probes labeled with
digoxigenin (DIG) using the SP6/T7 DIG RNA Labeling Kit (Roche Diagnostics).
Hybridization was performed for 2 hours at 68°C using PerfectHyb reagent (Toyobo)
containing 0.2 ng/mi DIG-labeled antisense RNA probe, After hybridization, the
membranes were washed twice with 2X SSC, 0.1% sodium dodecy! sulfate (SDS)
at 68°C for 15 minutes. The final wash was performed twice using 0.1X S8C, 0.1%
SDS at 68°C for 15 minutes. The mRNA bands were detected using the Northern
Blot Starter Kit (Roche Diagnostics), and the results were analyzed using a LAS-
4000 (Fuji Photo Film).

Small interfering RNAs (siRNAs)

Three sets of specific siRNAs targeting mouse Svhp mRNA (mouse CCDC23:
GenBank accession number NM_024462) were designed and syuthesized by
Invitrogen. The target sequences were: Sebp sSIRNA A, 5'-GGGUCAGAGCUAAC-
CAAGAAGCAUU-3"; Svbp siRNA B, 5'-AAGAAGCAUUCAGAAGCCAAAC-
CAU-3"; $vbp siRNA C, 5'-GAGAUCUAUGCUCUCAACAGAGUCA-3", Stealth
RNAI Negative Control Low GC Duplex (Invitrogen) was used as a negative control.
Cells were cultured to 60-70% confluency and transfected with Svbp siRNAs using
Lipofectamine RNAIMAX (Invitrogen) according to the manufacturer’s instructions.
The medium was changed after 3 hours of transfection and the cells cultured for an
additional 24-48 hours.

Transient transfection

MS1 and MDCK cells were wansiently wansfected with human VASHI (Watanabe
et al., 2004), human VASH2 (Shibuya et al.,, 2006), p3xFLAG-SVBP, and pCMV
Myc-UBB expression vectors using Effectene reagent (Qiagen) according to the
manufacturer’s instructions.

Preparation of anti-SVBP monoclaonal antibodies

A/J mice (JTapan SL.C) were immunized three times with Cys-SVBP peptide (Asp2—
Lys13 of the CCDC23 protein) conjugated to keyhole limpet hemocyanin. Spleen
cells from the immunized mice were fused with the myeloma cell line P3U1. Culture
supernatant from each hybridoma was screened as previously described (Ohta et al,,
1999; Watanabe et al., 2004). Positive hybridomas were cloned using the limiting-
ditution technique. The resulting monoclonal antibodies (mAbs) were purified from
ascites using protein-A-Sepharose beads (GE Healthcare Bio-Sciences).

Western blotting

Cells were lysed in 1% SDS cell lysis buffer consisting of 10 mM Tris-HCI, pH 7.5,
150 mM NaCl, 1% SDS supplemented with 0.5 mM phenylmethylsulfony] fluoride
and Complete EDTA-free Protease Inhibitor Cocktail (Roche Diagnostics). The CM
was concentrated 30-fold using an Amicon Ulra-15 (10,000 MWCO:; Millipore).
Equal amounts of protein from cell lysates and concentrated CM were separated by
SDS-polyacrylamide gel clectrophoresis (SDS-PAGE) and transferred onto
polyvinylidene fluoride (PVDF) membranes (Bio-Rad). Blotting was performed
according to standard procedures. The primary antibodies were anti-human VASHI
mAb (Watanabe et al., 2004), anti-human VASH2 mAb (Shibuya et al., 2006), anti-
human SVBP mAb, anti-FLAG M2 mAb (Sigma), and anti-Myc mAb (Cloniech).

Normalization was performed using anti-B-actin mAb (Sigma). Immunoreactive
protein bands were detected using ECL Western Blotting Detection Reagents (GE
Healthcare) or Immobilon Western HRP Substrate (Millipore) using an LAS-4000
(Fyji Photo Film). Densitometric quantification was performed using Multi Gauge
Ver 3.0 software (Fuji Photo Filin).

Extraction of soluble and insoluble VASH1 proteins from cuitured cells
Cells were lysed in ice-cold 1% Triton X~100 cell lysis buffer consisting of 10 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 1% sodium deoxycholate, 0.1% SDS, and 1%
Triton X-100. Cell extracts were placed on ice for 1 hour and then centrifuged at
15.000 g for 15 minutes to separate the supernatant (soluble fraction) and pellet
(insoluble fraction). The insoluble fraction was washed three times with ice~-cold 1%
Triton X-100 cell Iysis buffer and re-exwracted with sample bufter for SDS-PAGE.
Western blotting was carried out as described above.

Immunoprecipitation

The cell lysate or CM was incubated with anti-human VASH]1 antibody, anti-human
SVBP antibody, or normal mouse 1gG (Santa Cruz Biotechnology) at 4°C overnight
on a rotating mixer. Protein-A-Sepharose beads were then added and the samples
incubated for another 2 hours at 4°C. The beads were washed three times with
phosphate-butfered saline (PBS) containing 0.05% Tween 20. Immunoprecipitated
proteins were eluted into sample buffer for SDS-PAGE, and western bloiting was
performed as described above.

Immunostaining

Transfected MST or MDCK cells were fixed in 4% paraformaldehyde, permeabilized
with 0.1% Triton-X100, and stained with VASH1, SVBP, FLAG (Sigma), Z0-1
(Sanko Junyaku) antibodies. or Phalloidin-FITC (Sigma). Nuclei were visualized
using TO-PRO®3 (Invitrogen). All incubations were performed at 4°C in PBS
containing 1% bovine serum albumin. Images were captured using a Fluoview
FV1000 confocal microscope system (Olympus).

Duolink in situ proximity ligation assay (PLA)

The Duolink in situ PLA kit was purchased from Olink Bioscience. Transfected MS|
cells and MDCK cells were immunoreacted with the combination of anti-human
VASH1 mAb (mouse), anti-FLAG plyclonal Ab (rabbit), normal mouse TgG, and
normal rabbit gG as described above. According to the manufacturer’s protocol, a
pair of anti-mouse MINUS and anti-rabbit PLUS was used to generate positive
fluorescence signals indicating that two PLA probes bound in close proximity (<40
nm). Nuclei counterstaining using TO-PRO®3 and the images were captured as
described above.

ELISA for VASH1-SVBP complex

We established a highly sensitive ELISA system that could quantify the VASHI~
SVBP complex. A pair of specific monoclonal antibody against SVBP and VASH1
was used to coat a 96-well plate and for HRP labeling, respectively. MS1 cells and
MDCK cells were transiently co-transfected with a combination of human VASH1
and SVBP expression vectors for 6 hours, then were washed with serum free o=
MEM. and cultred in 0.1% FBS in o-MEM for 24 hours. The CMs were centrifuged
at 5000 g for 15 minutes to remove cell debris. Subsequently, the supernatant was
subjected to ELISA. The detailed procedure for the measurements carried out is
described elsewhere (Heishi et al., 2010).

Endothelial cell migration
The migratory activity of ECs was measured by modified Boyden chamber assay in
two different procedures (Kobayashi et al, 2006; Watanabe et al., 2004). First,
transfected MS1 cells were plated on the upper chambers (inserts) of the Boyden
chamber (8.0 pim pore size, Corning). The lower chamber was filled with 0.2% FBS
in 0-MEM with or without 20 ng/il recombinant human VEGF (Sigma). After
incubation for 18 hours, cells that migrated to the lower surface of the membrane
were fixed with 4% formaldehyde, stained with crystal violet (Sigma), and counted
in a blinded manner. The relative number of migrating cells was calculated; the mean
number of migrating cells transfected with empty vector (mock) alone was set equal
t0 1.0

Another procedure was prepared to evaluate anti-angiogenic activity of the
VASHI-SVBP complex secreted from cells. MDCK cells were transiently co-
transfected with a combination of human VASH1T and SVBP expression vectors for
6 hours, washed with serum free -MEM and then cultured in 0.05% FBS in o-
MEM for 24 howrs. CM was concentrated 10-fold using an Amicon Ultra-13.
HMVECs, preincubated in 0.5% FBS in Medium-199 (Invitrogen) for 16 hours,
were suspended in concentrated CMs and then plated on the upper chambers of the
Boyden chamber. The lower chamber was filled with 0.5% FBS in Medium-199
with 20 ng/mi recombinant human VEGF. HMVECs were allowed to migrate under
VEGF stimulation for 4 hours. The number of cells that migrated across the filter
was counted in nine fields per insert in a blinded manner.

Statistical analysis
Data are expressed as mean # s.d. Significance was assessed by one-way analysis of
variance (ANOVA) followed by Sheffe’s #test.
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PSF1 is a subunit of the GINS complex that functions along with the MCM2-7 complex and
Cdc45 in eukaryotic DNA replication. Although mammalian PSF1 is predominantly expressed
in highly proliferating cells and organs, little is known about the roles of PSF! in mature cells
or cancer cells. We found that PSF1 was expressed at relatively high levels in breast tumor
cells, but at low levels in normal breast cells. Knockdown of PSF1 expression using small intet-
fering RNA (siRNA) slowed the growth of breast cancer cell lines by delaying DNA replication
but did not affect proliferation of normal human mammary epithelial cells. Reduced PSF1
expression also inhibited anchorage-independent growth in breast cancer cell lines. These
results suggest that PSF1 over-expression is specifically involved in breast cancer cell growth.
Therefore, PSF1 inhibition might provide new therapeutic approaches for breast cancer.

Introduction

Chromosomal DNA replication is tightly regulated in
eukaryotic  cells.  Origin-recognition  complexes
(ORQC) are believed to play a central role in the rec-
ognition of replication origins (Labib & Gambus
2007). In the late M and early G1 phases of the cell
cycle, the mini-chromosome maintenance 2-7
(MCM2-7) complex and Cdc45 are localized to
DNA replication origins along with ORC (Labib &
Gambus 2007). The MCM2-7 complex and Cdc45
unwind the parental DNA duplex, allowing DNA
polymerases to initiate DNA synthesis (Labib & Gam-
bus 2007). The GINS complex was recently reported
to participate in both the inidation and elongation
phases of DNA replication through its ability to
recruit Cdc45 and DNA polymerase (Pai er al. 2009).
The GINS complex, which contains PSF1, PSF2,
PSF3 and SLD3, was first identified as a component
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shown that up-regulated PSF1

of prerecognition complexes by genetic analyses in
Saccharomyces cerevisiae (Takayama ef al. 2003). Genes
encoding the GINS components are evolutionally
conserved (Kubota er al. 2003). PSF1 gene expression
is essential for early embryogenesis, maintenance of
immature hematopoietic cell pool size and acute bone
marrow regeneration in mice (Ueno ef al. 2005,
2009). PSF1 is predominantly expressed in highly
proliferating cells but not in mature cells (Ueno er al.
2005) and is up-regulated in intrahepatic cholangio-
carcinomas (Obama et al. 2005). Recently, it was
expression  drove
tumorigenesis and conferred metastatic properties
(Nagahama ef al. 2010). However, the role of PSF1
in normal mature cells or mammalian cancer cells
remains unclear.

In this study, we show that PSF1 expression is up-
regulated in breast cancer tissues and cell lines.
Down-regulation of PSFT expression led to reduced
growth of cancer cells, but not of normal mammary
epichelial cells. Reduced PSF{ expression also inhib-
ited the anchorage-independent cell growth of breast

Genes to Cells (2010) 15, 1015-1024
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cancer cell lines. These findings indicate that PSF1
might have potential as a breast cancer biomarker and
as a gene target for breast cancer treatment.

Results

PSF1 protein expression is enhanced in breast
cancer cells

As PSF1 promoter activity can be stimulated in vitro
via 17B-estradiol (E2)-mediated estrogen receptor
(ER) signaling (Hayashi et al. 2006), we speculated
that PSF1 expression might be up-regulated in breast
cancer cells. To examine PSF1 expression in breast
cancer tissues, we performed an immunostaining anal-
ysis of 34 tissue specimens. PSF1 immunohistochemi-
cal staining in normal breast tissues was very weak
but was significantly enhanced in 41% (14 of 34) of
cancer tissue specimens (Fig. 1A and Table 1). We
also found that PSF1 was highly expressed in the
invasive tumor area (Fig. 1B), suggesting that PSF1
might be predominantly expressed in advanced malig-
nancy cells. The relationship between the level of
PSF1 expression and clinicopathological parameters
was also investigated, although no significant associa-
tions between the level of PSF1 expression and prog-
nostic indicators could be established in the breast
cancer specimens tested (Table 1). Next, to examine
whether PSF1 expression correlated with hormone
receptor expression and breast cancer biomarkers, we
analyzed the expression of ER, progesterone receptor
(PgR), human epidermal growth factor receptor type
2 (HER2) and tumor suppressor gene product p53 by
immunohistochemical staining of the same breast can-
cer samples used previously. No correlation between
the expression of PSF1 and that of hormone receptors
or breast cancer biomarkers was observed (Table 1),
suggesting that PSF1 protein expression is not affected
by hormone receptors (ER and PgR) or breast cancer
biomarkers (HER2 and p53).

We analyzed the association between PSF1 expres-
sion and prognosis. The observation time (range: 0.6~
3.4 years, median: 3.2 years) after surgery for the 34
patients did not allow for analysis of either the 5-year
survival rate or 3-year disease-free survival rate.
Therefore, we investigated PSF1 expression levels and
analyzed the survival rate using a publicly available
microarray dataset of 295 patients with breast
cancer (http://microarray-pubs.stanford.edu/wound_
NKI/explore.html). Figure 1C shows the survival
rates of the 127 and 168 patients who respectively
had high and low PSF1 expression levels. The 15-

Genes to Cells (2010) 15, 1015-1024

year survival rate of the low PSF1 expression level
group was higher (P = 0.00466), suggesting that
PSF1 expression might be a prognostic marker.

Promoter activity of PSF1 is up-regulated in
breast cancer cells

To examine PSF1 expression in cell lines, we ana-
lyzed PSF1 mRINA expression levels in breast cancer
cell lines and normal breast cells using real-time RT-
PCR. High PSF1 expression levels were observed in
breast cancer cell lines (Fig. 2A, lanes 3-5; upper
panel), whereas only low levels were detected in nor-
mal human mammary epithelial cells (HMEC) or
immortalized HMEC by expression of hTERT (cata-
lytic component of human telomerase) (HMEC-tert)
(Fig. 2A, lanes 1 and 2; upper panel). Next, we ana-
lyzed PSF1 protein levels in breast cancer cell lines
and normal breast cells by Western blotting using
anti~-PSF1 antibody. PSF1 proteins were detected at
high levels in breast cancer cell lines, but at low levels
in HMEC and HMEC-tert cells (Fig. 2A; lower
panel). These results suggested that both PSF1
mRNA and PSF1 protein expressions were enhanced
in breast cancer cell lines. We also analyzed the
expression levels of the other GINS complex subunits
(PSF2, PSF3 and SLD3) in normal breast cells and
breast cancer cell lines. Like PSF1 expression, SLD5
expression was up-regulated in all three breast cancer
cell lines tested (Fig. 2B; lower panel), whereas
expression levels of PSF2 and PSF3 were only up-
regulated in specific breast cancer cell lines (Fig. 2B;
upper and middle panels).

Because gene amplification of cancer-related genes
has been observed in cancer cells, we investigated the
possibility of PSF1 gene amplification using a single-
nucleotide polymorphism (SNP) chip. SNP IDs were
152500406 and rs6083862. No amplification of the
PSF1 gene locus was detected in any of the breast
cancer cell lines tested (data not shown), which sug-
gested that PSF1 up-regulation in breast cancer cell
lines was not because of PSF1 gene amplification.
We then analyzed PSF1 promoter activity using dif-
ferent promoter region lengths: 5, 1.6 and 0.5 kb
upstream from the transcriptional start site. We found
that when of cach of the three regions was fused to
the luciferase gene in T47D cells, the promoter activ-
ities were more than 10 times higher than those
observed in HMEC-tert (Fig. 3A). This result indi-
cated that the up-regulated PSF7 expression was
because of increased promoter activity of PSF1 in
breast cancer cells.

© 2010 The Authors
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Figure 1 Increased PSF1 expression in human breast cancer tssues. Immunohistochemical staining of PSF1 in human breast can-
cer samples using anti-PSF1 antibody. Bars indicate 100 pun. (A) Nuclear PSF1 expression was detected in three types of breast
cancer (papillo-tubular, solid-tubular and scirrhous). In rare cases, nuclear PSF1 was also detected in a few normal mammary epi-
thelial cells located in the lobule where cell proliferation occurs physiologically. (B) Prominent and frequent nuclear accumulation
of PSF1 was detected in invasive carcinoma cells (in tumor area), whereas no positive staining was observed in noncancerous mam-
mary duct epithelivm (in normal area). (C) The relationship between the level of PSFT expression and the survival rate in patients
with breast cancer. The relationship between PSF! expression levels and the survival rate was analyzed by using publicly available
microarray dataset of 295 patients with breast cancer (http://microarray-pubs.stanford.edu/wound_NKI/explore.html). The sur-
vival rates were determined using the Kaplan—-Meier methods and were compared by means of the log rank test. The gray line
shows a survival curve for 127 patients with higher PSF1 expression levels and the black line for 168 parients with lower PSF!
expression levels. The cutoff value of PSF1 expression level was calculated by taking the mean value of the median expression lev-
els of the good prognosis group (over 5-year survival) and the poor prognosis group (<S-year survival), respectively.

and normal cells treated with PSF1-specific siRNA.
Knockdown of PSFI expression was detected by
real-time RT-PCR in breast cancer cells (T47D,
To determine whether knockdown of PSFI expres-  MDA-MB-231 and MDA-MB-361) and normal
sion impacted the growth of breast cancer cells, we  human mammary epithelial cells (HMEC and
measured the growth rate of breast cancer cell lines ~ HMEC-tert) (Fig. 3B and Fig. S1 in Supporting

Down-regulation of PSF1 led to reduced growth
of breast cancer cells

© 2010 The Authors Genes to Cells (2010) 15, 1015-1024
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Table 1 Clinicopathologic features and immunohistochemical
results of PSF1, ER, PgR, HER2 and p53

Patient

number PSF1 ER PgR HER2 p53 Stage Histology

BC-1 05 0 0 3 2 2B Papillo-tubular
BC-2 05 1 3 1 0 2A  Scirthous
BC-3 1 2 3 2 0 1 Solid-tubular
BC4 05 2 3 1 1 2A  Scirthous
BC-5 1 2 3 0 1 2A Scirrhous
BC-6 1 3 2 1 1 3B Papillo~tubular
BC-7 2 1 1 0 2 1 Scirrhous
BC-8 2 3 3 1 0o 1 Papillo-tubular
BC-9 2 3 1 1 2 2B Scirrhous
BC-10 2 0 1 1 0 1 Papillo-tubular
BC-11 2 0 1 3 1 3A  Solid-tubular
BC-12 1 3 3 3 2 2B Solid-tubular
BC-13 2 3 0 1 1 2A  Papillo-tubular
BC-14 2 1 2 3 2 3A  Solid-tubular
BC-15 1 0 0 1 2 1 Solid-tubular
BC-16 05 1 3 1 2 1 Scirrhous
BC-18 05 0 1 0 2 2B Solid-tubular
BC-19 2 0 0 0 1 2A Solid-tubular
BC-20 05 2 2 0 0 2A  Solid-tubular
BC-21 2 [ 0 2 2A Scirrhous
BC-22 05 1 3 0 0 2B Solid-tubular
BC-23 2 0 3 1 2 2A Scirrhous
BC-24 05 0 1 1 1 2A  Papilio-tubular
BC-25 1 2 2 0 2 2A  Solid-tabular
BC-26 05 1 2 0 0 1 Papillo-tubular
BC-28 2 3 3 0 1 1 Solid-tubular
BC-29 2 0 3 1 0  2A  Solid-tubular
BC-30 05 0 0 0 0 1 Scirrhous
BC-31 2 0 0 0 2 2A  Solid-tubular
BC-32 05 3 3 0 1 1 Papilio-tubular
BC-34 1 0 0 3 1 1 Papillo~-tubular
BC-35 05 2 2 Q 2 2B Scirthous
BC-36 05 2 3 0 1 2A  Papillo-tubular
BC-37 2 0 0 0 0 1 Solid-tubular

Sraining extent was scored on a scale of 0-2 for PSF1, as fol-
lows: 0 = no staining, 0.5 = <5%, 1 = 5%-30% and

2 = >30% of tumor cells. Tumor cells with staining intensity
2 were considered as positive. Staining extent was scored on a
scale of 0-3 for ER and PgR, as follows: 0 = no staining,
1= <10%, 2 = 1%-10% and 3 = >10% of cumor cells.
Tumor cells with staining intensity 3 were considered as posi-
tve. Staining extent was scored on a scale of 0-3 for HERZ2,
as follows: 0 = no staining, 1 = <10%, 2 = 10%-30% and

3 = >30% of tumor cells. Tumor cells with staining intensity
2 and 3 were considered as positive. Staining extent was
scored on a scale of 0-2 for p53, as follows: 0 = no staining,
1 = weak staining and 2 = strong staining in tumor cells.
Tumor cells with staining intensity 2 were considered as
positive.

ER, estrogen receptor; Pgr, progesterone receptor.
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Figure 2 Expression levels of subunits of GINS in cell lines.
(A) PSF1 expression levels in cell lines. PSF1 expressions in
normal human mammary epithelial cells, HMEC and HMEC-
tert (lanes 1 and 2) and in breast cancer cell lines, MDA-MB-
231, MDA-MB-361 and T47D (lanes 3-5) were analyzed by
real-time RT-PCR (upper pancl) and by immunoblotting
(lower panel). Level of PSF1 expression in IMEC cells was
set at 1. CTBP! and actin were internal controls. Data show
the mean = SEM (n = 3). (B) Expressions of PSF2, PSF3 and
SLD3 in normal human mammary epithelial cells (HMEC and
HMEC-tert) and in breast cancer cell lines (MDA-MB-231,
MDA-MB-361 and T47D cells) were analyzed by real-time
RT-PCR. Level of each gene expression in HMEC cells was
set at 1. CTBP1 was internal control. Data show the mean &

SEM (n = 3).
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Information). Six days after transfection, the numbers
of HMEC, HMEC-tert and T47D cells transfected
with either PSFl-specific or control siRNA were
similar (Fig. 3C and Fig. S2 in Supporting Informa-
tion). In contrast, MDA-MB-231 and MDA-MB-
361 cell numbers after transfection with PSF1-spe-
cific siRINA were approximately 50% and 40%,
respectively, of those transfected with control siRNA
(Fig. 3C and Fig. S2 in Supporting Information).
These results indicated that PSFT over-expression
promoted growth in MIDA-MB-231 and MDA-
MB-361 cells, but not in normal HMEC and T47D
cells.

© 2010 The Authors

Over-expression of PSF1 in breast cancer

Figure 3 Up-regulation of PSF{ promotes growth of breast
cancer cell lines. (A) PSF1 promater (—0.5, —1.6 and 5 kb)
activity using luciferase assay in normal human mammary epi-
thelial cells (IMEC) and breast cancer cells, The pGL3-basic
reporter plasmid (vec) containing the PSF1 promoter (100 ng)
was transfected into FIMEC-tert and T47D cells. Luciferase
activity in cell lysates was normalized to the Renilla luciferase
activity of p RL-TK as an internal control. The activity in the
absence of PSF1 promoter was set at 1. Data show the
mean + SEM (n = 3). (B) Knockdown of PSF1 expression by
PSF1 siRNA. The control siRNA or PSF1 siRNA was trans-
fected into HMEC, MMEC-tert, MDA-MB-231, MDA-MB-
361 and T47D) cells. After 2 days, the expression level of PSF1
in the cells was analyzed by real-time RT-PCR. Level of
PSF1 expression in cells transfected with control siRNA was
set at 1. GAPDH was an internal control. Data show the
mean + SEM (n = 3). (C) Growth rate of breast cancer cells
by knockdown of PSF1. Six days after transfection of siRNA,
cell numbers were counted. The number of cells transfected
with control siRNA was set at 100. Data show the mean &
SEM, *P > (.05, **P < 0.01 (n = 3).

To examine whether other components of the
GINS complex were necessary for the growth of nor-
mal HMEC and breast cancer cells, we analyzed cell
growth after knockdown of PSFZ, PSF3 and SLD3
expression. Knockdown of these genes was confirmed
by real-time RT-PCR (Fig. S3 in Supporting Infor-
mation). Growth of normal human mammary epithe-
lial cells (HMEC-tert) after knockdown of these three
genes was not significantly influenced (Fig. 4A). In
contrast, growth of breast cancer cells (MDA-MB-
231) was reduced by knockdown of PSF2 and SLDS5,
similar to that of PSF1 (Fig. 4A; upper and lower
panels) and was weakly reduced by knockdown of
PSF3 (Fig. 4A; middle panel). As the amount of
PSF1 might be regulated by PSF2, PSF3 and SLDS5,
we analyzed the levels of PSF1 mRNA and PSF1
protein after knockdown of GINS complex subunit
expression. Reduced expression of PSF2, PSF3 or
SLD5 had no effect on the level of PSFT mRNA
(Fig. 4B; upper panel), but the level of PSF1 protein
decreased (Fig. 4B; lower panel). This result could
indicate that PSF1 protein is stabilized in the GINS
complex in breast cancer cells.

Slow cell growth in response to reduced PSF1
expression due to delayed DNA replication

To examine whether PSF! knockdown induced
apoptosis in breast cancer cells, we analyzed cell apop-
tosis using a fluorochrome inhibitor that covalently
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binds to active caspases (Bedner et al. 2000; Ishida
et al. 2007). At 3 or 6 days after transfection with
cither control or PSF1 siRNA, caspase-positive cells
were not detected in the ~400 MDA-MB-231 cells
examined (data not shown). Next, to determine
whether PSF1 knockdown affected the cell cycle, we
analyzed DNA content using flow cytometry 5 days

after transfection of breast cancer cells or normal cells

with PSF1 siRNA. FACS analysis showed that the
number of cells in the cell cycle S phase increased
after PSF1 knockdown in MDA-MB-231 and MDA-

Genes to Cells (2010) 15, 1015-1024

Figure 4 Knockdown of GINS complex subunits reduces
growth of breast cancer cells. (A) Growth rate of normal cells
and breast cancer cells by knockdown of PSF2 (upper), PSF3
(middle) and SLD35 (lower). Conwol, PSF2, PSF3 or SLD3
siIRNA was wransfected into HMEC-tert or MDA-MB-231
cells. Six days after mansfection of siRNA, cell numbers were
counted. The number of cells transfected with control siRNA
was ser at 100. Data show the mean = SEM, *P > (.05,
AP < (.01 (n=3). (B) Expression levels of PSFI mRNA
and PSF1 protein in MDA-MB-231 cells transfected with
SIRNA of GINS complex subunits. Control, PSF1, PSF2,
PSF3 or SLD3 siRNA was transfected into MDA-MB-231
cells. After 2 days, the expression level of PSFT was analyzed
by real-time RT-PCR (upper panel). Level of PSF1 expres-
sion in cells wansfected with control siRNA was set at 1.
GAPDH was an internal control. Data show the mean = SEM
(n = 3). Four days after mansfection of siRINA, cells were col-
lected and lysed by RIPA buffer. PSF1 protein was detected
by anti-PSF1 antibody (lower panel). Actin was an internal
control. HMEC, human mammary epithelial cells.

MB-361 cells, but not in HMEC-tert cells (Fig. 5A).
This result indicated that PSFT might participate in
the S phase of the cell cycle in breast cancer cells, but
not in normal HMEC. EdU incorporation assays
were then performed in cells treated with PSF7?
siRNA. At 72 h after PSF! knockdown, EdU was
incorporated for 75 min in cells. PSF1 knockdown
reduced cellular EdU incorporation in breast cancer
cell lines (MDA-MB-231 and MDA-MB-361), but
not normal human mammary epithelial cells (HMEC-
tert) (Fig. 5B and C). These results supported the find-
ing that reduction of PSF1 levels slowed cell growth
by delaying DNA replication in breast cancer cell lines.

Down-regulation of PSF1 repressed anchorage-
independent growth of breast cancer cells

To determine whether PSF1 expression knockdown
affected anchorage-independent breast cancer cell
growth, we analyzed colony-formation activity of
MDA-MB-231, MDA-MB-361 and T47D cells trea-
ted with PSF1 siRNA on soft agar. Although MDA~
MB-361 cells did not form colonies on soft agar (data
not shown), 3 weeks after treatment, the number of
colonies formed from T47D and MDA-MB-231 cells
transfected with PSF1-specific siRNA was reduced
approximately 40% and 10%, respectively, compared
to those from cells transfected with control siRNA
(Fig. 6). This result suggested that up-regulation of
PSF1 induced anchorage-independent growth of
breast cancer cells.
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