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vessel enlargement would facilitate our understanding of the
process of caliber size determination during angiogenesis.

On the other hand, VEGFs and their cognate receptors
(VEGFRSs), play central roles in the proliferation of ECs under
physiological conditions (23); however, in contrast to Angl,
transgenic overexpression of VEGF in keratinocytes induces
formation of a greater number of blood vessels in the dermis, but
these were reported to be exclusively of very small caliber (20).

Both VEGF and Ang]1 are required for the process of angio-
genesis. What happens when both Angl and VEGF are over-
expressed? Double transgenic mice expressing both these fac-
tors in keratinocytes had blood vessels in the dermis larger than
wild-type mice but smaller than mice transgenic for Ang! alone
(20). Therefore, the relative amounts of Angl and VEGF may
alter the caliber size of blood vessels and molecules affected by
VEGFR. Hence, Tie2 on ECs must be involved in the regulation
of caliber size in blood vessels.

Genes upregulated following Angl binding to Tie2 on ECs
have been identified by the subtraction method. In this way, the
apelin gene was isolated from human umbilical venous endothe-
lial cells (HUVECs) (24). Of many proangiogenic cytokines,
such as Angl, VEGF, bFGF, PDGF-BB, and EGF, it was found
that apelin expression was upregulated in HUVECs only by
Angl and bFGF (Table 1).

Apelin, a ligand for APJ, was recently isolated as a bioactive
peptide from bovine gastric extract. The apelin gene encodes a
protein of 77 amino acids, which can generate two active poly-
peptides: the long (42-77) and the short (65-77) forms of apelin
(25-27), which both activate APJ. Apelin mRNA and protein are
highly expressed in the lung and mammary gland. However, the
distribution of the different molecular forms of apelin differs
among tissues: apelin molecules with sizes close to apelin-36
(long forms) are major components in the lung, testis, and uterus,
but both long and short (approximating apelin-13) forms are de-
tected in the mammary gland (26).

APJ is a G protein-coupled receptor, reportedly expressed in
the cardiovascular and central nervous systems (28, 29). In the
brain, APJ expression is observed in neurons (30) as well as in
oligodendrocytes and astrocytes (31). In the brain, the apelin/
APJ system plays a role in maintaining body fluid homeostasis
and regulating the release of vasopressin from the hypothalamus
(32). In the cardiovascular system, APJ is expressed in the en-
dothelial lineage in various species of amphibians, as well as in
mice and humans (29, 33, 34). In the latter two, the expression of
the receptor has also been detected by immunocytochemistry in
vascular smooth muscle cells and cardiomyocytes (35). Apelin/
APJ function in cardiomyocytes is thought to associate with a
very strong inotropic activity (36, 37). The function of apelin/
APJ in the EC lineage is reported to be associated with the hypo-
tensive activity of apelin (38), as the activation of APJ leads to ni-
tric oxide (NO) production by the ECs (39), and this possibly
plays a role in the relaxation of the smooth muscle cell.

Using morpholino antisense oligonucleotides (MO), requi-
site roles of the apelin/APJ system have been reported in the car-
diovascular system of Xenopus laevis (40, 41) and Zebrafish
(42). Xenopus apelin (Xapelin) was detected in the region around
the presumptive blood vessels during early embryogenesis and
overlapped with the expression of Xmsr, the Xenopus homolog of
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APJ. Overexpression of Xapelin disorganised the expression of
the endothelial precursor cell marker XIFi at the neurula stage.
Knock down of Xapelin or Xmsr induced abnormal heart mor-
phology and attenuated the expression of Tie2, resulting in the
disruption of blood vessel formation in the posterior cardinal
vein, intersomitic vessels, and vitelline vessels. In contrast, ape-
lin protein has been shown to induce angiogenesis in the chicken
chorioallantoic membrane assay (41).

APJ expression on EC lineage cells and the
phenotype of apelin-deficient mice

AP]J expression is observed in the EC lineage in mammals; how-
ever, when apelin first becomes expressed by ECs and which
ECs express its receptor APJ is not clear. During early embryo-
genesis, compared to ECs from other tissues, such as yolk sac,
head region, and heart at the same stage (E10.5), ECs from the
the AGM region [Aorta-Gonad-Mesonephros region followed
by para-aortic splanchnopleural mesoderm (P-Sp) region at em-
bryonic day (E) 10.5 to E11.5], in which angiogenesis is actively
taking place, strongly express APJ (Table 2). However, in the
adult, ECs from heart and liver express it only very weakly, but
ECs of blood vessels in tumors have been reported to express
APJ more strongly (43).

During early embryogenesis at E8.5-9.5, APJ is expressed
on ECs sprouted from the dorsal aorta. However, it is not on
ECs of the dorsal aorta constructed by vasculogenesis pro-
cesses. ECs sprouted from dorsal aorta form intersomitic
vessels and most express APJ at E8.5; however, APJ ex-
pression is observed on ECs in the migrating tip region of in-
tersomitic vessels at E9.5 (24). Therefore, taken together,
these expression profiles suggest that APJ is expressed by ECs
during angiogenesis but not vasculogenesis. In the neonate,
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Figure 2: Effect of VEGF and apelin on
proliferation and assembly of ECs.

A) VEGF activates the PLCy-PKKC-Raf- [-MEK-
MAP kinase pathway through its cognate re-
ceptor. VEGF also induces expression of the
apelin receptor AP} on HUVECs. Apelin then
activates p7056 kinase. Therefore, VEGF and
apelin coordinately enhance the proliferation
of HUVECs. B) Apelin function in spheroid
formation by ECs. In semisolid culture media,
HUVECs pre-stimulated with VEGF generate
larger spheroids in the presence of apelin than
with VEGF alone.

APJ expression is observed in ECs of blood vessels in the der-
mis, but gradually disappears with maturity. These expression
patterns strongly suggest that APJ plays a spatio-temporal role
for the maturation of blood vessels by transient expression on
ECs where angiogenesis is taking place. Generally, apelin-
deficient mutant animals appear healthy as adults, but al-
though body size and number of somites was similar between
wild-type and apelin mutant embryos at E9.5, the caliber of in-
tersomitic vessels was narrower in the apelin-deficient em-
bryos (24). Moreover, the blood vessels observed in the tra-
chea, dermis, heart and other organs were narrower than those
in wild-type mice after birth, Therefore, it is suggested that
apelin regulates caliber size of blood vessels.

Coordinate effect of apelin with VEGF
for the proliferation of HUVECs
It is well known that VEGF induces proliferation of HUVECs.

However, apelin alone is not so effective in this respect. Because
APJ expression is observed in ECs during angiogenesis, it is pos-
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Figure 3: Apelin and VEGF together induce enlarged capillary
tube formation in the aorta ring assay. Apelin alone does not in-
duce capillary tube formation in the aorta ring assay. However, in the
presence of VEGEF it induces larger capillary tubes than VEGF alone.

sible that apelin cannot function in the absence of VEGEF, which
is upregulated during angiogenesis in response to tissue hypoxia.
HUVECs do not constitutively express APJ strongly; however, it
is greatly upregulated on stimulation with VEGF (Table 1).
Therefore, in the presence of VEGF, HUVECs can respond to
apelin effectively. Indeed, apelin alone does not affect prolifer-
ation of HUVECs, but in the presence of VEGF, it enhances their
proliferation to VEGF (24).

It has been reported that VEGF-A-induced activation of the
Raf-1-MEK-MAP kinase pathway mediated mainly by acti-
vation of PLCy and subsequent stimulation of PKC (particularly
PKCp) resulted in the proliferation of ECs (44, 45). Recently, it
has been reported that apelin activates p70S6 kinase for cell-
cycle progression (46). Therefore, VEGF and apelin may coor-
dinately induce proliferation of HUVECs (Fig. 2).

Alone among the proangiogenic cytokines, such as Angl,
bFGF, PDGF-BB, and EGF, VEGF induces APJ expression on
HUVECs (Table 1). Of course, other molecules may also affect
APJ expression on ECs; however, it is very interesting that
VEGF affects APJ expression, suggesting a close relationship
between the APJ/apelin system and tissue hypoxia in which an-
giogenesis is induced.

Apelin regulates cell assembly in spheroids

Spheroid models of cells have been widely used in tumor and
embryonic stem cell studies of cellular differentiation, cell-cell
interactions, and hypoxia responses, and were recently utilised to
induce proliferation of neural stem cells. Based on these studies,
Korff and Augustin (47) developed a spheroid culture system of
ECs, such as HUVECs or bovine aortic ECs (BAECs) and
showed that these three-dimensional spheroid EC models are
useful for the analysis of differentiated cell function. In this cul-
ture system, ECs are suspended in culture medium containing
20% methocel, seeded into non-adhesive bacteriological dishes
and cultured. Under these conditions, suspended ECs aggregate
spontaneously within 4 hours to form cellular aggregates of
varying size and cell number (24). Therefore, molecules affect-
ing cell-to-cell assembly can induce larger spheroids in this cul-
ture system. When HUVECs were pretreated with VEGF for the
induction of APJ and maintained in this spheroid culture system
in the presence of apelin, this agent induced the formation of

1002

— 120 —



Takakura, Kidoya: Apelin in caliber size regulation

Figure 4: Apelin is involved in the regu-
lation of blood vessel caliber size. En-
dothelial sprouts from pre-existing vessels ex-
press AP] following stimulation withVEGF. Dur-
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ing angiogenesis, when the Tie2 agonist, Angl,
stimulates ECs sprouted from vessels, apelin
expression is induced in these cells. VEGF and
apelin coordinately enhance proliferation and
assembly of ECs, resulting in the formation of
larger tubes. VEGF continuously stimulates ECs
during angiogenesis; however, once VEGF ex-
pression is reduced in the foci, APj expression
is down-regulated in ECs and caliber size regu-
lation is finalised.

APJ disappears on angiogenesis
inactive ECs.

larger spheroids than VEGF alone (Fig. 2). Induction of APJ on
Ba/F3 hematopoietic cells (pro-B lymphocyte cell line), also fa-
cilitated their aggregation upon stimulation with apelin (Kidoya
and Takakura unpublished data). These data indicate that apelin
acts on cell-to-cell aggregation or assembly.

When ECs are cultured on Matrigel, a solid gel of basement
membrane proteins, they rapidly align and form hollow tube-like
structures. Grant et al. (48) first reported this effect of Matrigel.
In the original study, the authors reported that tube formation is
amulti-step process induced by laminin and that laminin-derived
synthetic peptides can induce single-cell hollowing. However, in
a similar culture system, Kamei et al. (17) induced cord hollow-
ing to create enlarged tubes. Therefore, this culture system can
be utilised to examine whether a certain molecule regulates cap-
illary caliber size. HUVECs cultured on Matrigels in the pres-
ence of apelin generate larger tube-like structures than when they
are cultured in the presence of VEGF (24). Therefore, this indi-
cates that apelin is involved in cord hollowing.

Apelin induces formation of large tubes
in the aorta ring assay ex vivo
The aorta ring assay, first reported by Nicosia and Madri in 1987

(49), can be employed to explore the roles of angiogenesis-related
molecules ex vivo. This report described the utilization of rat aorta

"rings" as explants. Several subsequent studies modified this
method; now most researchers culture aorta rings in a three-dimen-
sional (3-D) extracellular matrix, such as type I collagen or Matri-
gel. Under these culture conditions, ring explants generate capil-
lary-like endothelial sprouts in vifro. Thus, this culture system
mimics sprouting angiogenesis from pre-existing blood vessels.

Upon addition of proangiogenic factors or anti-angiogenic
factors, formation of capillary-like tubes is affected (Fig. 3). In
the absence of growth factors, very small numbers and very short
capillary-like structures are observed. However, upon addition
of VEGF, capillary-like tubes radially sprout from the aorta ring.
In this 3-D system, apelin alone does not induce abundant capil-
lary-like tube formation, but in the presence of VEGF, the caliber
size of the capillary tube is enlarged by apelin. In culture there is
of course no blood flow through capillary-like tubes, showing
that the effect of apelin on capillary enlargement is independent
of blood flow.

Apelin acts as a potent caliber size regulator
by inducing cord hollowing

Given the expression of APJ on ECs and the function of apelin,
the role of this molecule in inducing enlarged blood vessels by
promoting proliferation and cell-to-cell aggregation/assembly
may be as follows (Fig. 4). Upon stimulation by VEGF, ECs
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Figure 5: Function of HSCs/HPCs and production of Angl. Hae-
matopoietic stem cells (HSCs) and progenitor cells (HPCs) migrate into
avascular regions and produce Angl, which then induces chemotaxis of
ECs and determines the migration direction of EC sprouting, Therefore,
in this case, HSCs/HPCs act as proangiogenic accessory cell com-
ponents. Moreover, HSCs/HPCs located at perivascular regions differ-
entiate into mural-like cells, Both HSCs/HPCs and such mural-like cells
produce Angl and then induce apelin expression in ECs to regulate vas-
cular diameter.

sprouted from pre-existing vessels express APJ. Subsequently,
Angl or bFGF stimulates such sprouted ECs to express apelin. In
the presence of both VEGF and apelin, EC proliferation is en-
hanced more than in the presence of VEGF alone. They then ad-
here and form contacts with each other through junctional pro-
teins, and construct enlarged blood vessels. Upon stimulation of
APJ by apelin, junctional proteins such as Claudin-5 and VE-
Cadherin are upregulated in HUVECs (24). When VEGF ceases
to affect ECs, APJ expression is lost, and the modification of
caliber size is finalised. As described above (Fig. 1), the single-
cell hollowing system generates narrow capillaries and the cord
hollowing system is responsible for the production of larger
blood vessels. Therefore, apelin may function in the later, cord
hollowing system and be involved in the size determination of
blood vessels during angiogenesis.

Haematopoietic stem cells are candidate sources
of Angl for the production of apelin during
angiogenesis

Angl is usually produced from MCs in cells composing blood
vessels (50). However, haematopoietic stem cells (HSCs) and
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The Tie2 receptor tyrosine kinase plays a pivotal role in vascular and hematopoietic development The
major intracellular signaling systems activated by Tie2 in response to Angiopoietin-1 (Ang1) include
the Akt and Erk1/2 pathways. Here, we investigated the role of cholesterol-rich plasma membrane
microdomains (lipid rafts) in Tie2 regulation. Tie2 could not be detected in the lipid raft fraction of
human umbilical vein endothelial cells (HUVECs) unless they were first stimulated with Ang1. After
stimulation, a minor fraction of Tie2 associated tightly with the lipid rafts, Treatment of HUVECs with
the lipid raft disrupting agent methyl-3-cyclodextrin selectively inhibited Angl-induced Akt
Tie2 phosphorylation, but not Erk1/2 phosphorylation. It has been reported that inhibition of FoxO
Angiopoietin-1 activity is an important mechanism for Angl-stimulated Tie2-mediated endothelial function.
Lipid rafts Consistent with this, we found that phosphorylation of FoxC mediated by Tie2 activation was
Akt attenuated by lipid raft disruption. Therefore, we propose that lipid rafts serve as signaling platforms
Erk for Tie2 receptor tyrosine kinase in vascular endothelial cells, especially for the Akt pathway.

FoxO © 2009 Elsevier Inc. All rights reserved.

Keywords:

Introduction and survival. The Ang1-Tie2 system seems to have different functions

for blood vessels depending on the situation of ECs. Recently, it has
been suggested that Tie2 activation by Angl induces phosphoryla-
tion of Akt rather than Erk when EC-EC contact is established,
resulting in quiescence of blood vessel formation [5]. On the other
hand, when ECs are migrating and proliferating, Tie2 mainly activates
the Erk pathway rather than Akt, resulting in progression of
angiogenesis. Therefore, utilization of the Akt or Erk pathway is key
for explaining the different functions of TieZ in blood vessel
formation. However, how such signaling diversity occurs by a single
Tie2 receptor is not fully elucidated.

Plasma membrane lipid raft domains, which contain high
concentrations of cholesterol and sphingolipids [6,7], are known
to function as centers for the assembly of signaling complexes. Such

Angiogenesis, the outgrowth of novel blood vessels from pre-existing
ones, is essential for a number of physiological processes such as
embryonic development, organ formation, tissue regeneration, and
tissue remodeling [1]. However, under pathological conditions,
uncontroiled angiogenesis sustains the progression of many diseases,
including diabetic retinopathy, psoriasis, rheumatoid arthritis, and
tumor growth {1} In the latter condition, numerous studies have
provided evidence that tumor growth and metastasis are angiogenesis
dependent {2]. Therefore, it is necessary to analyze the molecular
mechanism of angiogenesis to develop angiogenesis disrupting agents.

Angiopoietin-1 (Ang1) is the ligand of the endothelial tyrosine
kinase receptor Tie2 [3]. Mice lacking Angl die during embryogen-

esis (E12.5) showing a poorly remodeled and immature vasculature
with defects in endothelial cell (EC) adhesion to mural cells [4]. Ang1
is a potent and unique angiogenic protein that induces EC migration
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E-mail address: ntakaku@biken.osaka-u.ac.jp (N. Takakura).
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assembly is suggested to facilitate both specificity and the rate of
signaling events, and they have become a central facet of signaling
research since the function of many receptors and their
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downstream effectors are dependent on lipid rafts {8-11). The
presence of receptor and effector proteins in lipid rafts, as well as
the ability of lipid rafts to enhance receptor signaling {12}, hasled to
the concept of a signalosome where proteins are localized together
to facilitate receptor signaling following agonist exposure {8,13].
For some receptors, lipid raft complexes appear to play an
inhibitory role [12}, although this need not conflict with signal
facilitation if inhibition is directed at the unstimulated receptor.

Here, we hypothesize that Angl-Tie2 could mediate different
biologic effects under the influence of lipid rafts. We show here that
lipid rafts are essential components for Tie2-Akt pathway activation,
but not Tie2-Erk pathway activation. These data suggest that lipid
rafts serve as signaling platforms for the Tie2 receptor tyrosine kinase
and could mediate different biologic effects in vascular ECs.

Materiais and methods
Reagents and antibodies

Recombinant human angiopoietin-1 (Ang1) was purchased from
R&D systems (Minneapolis, MN). Monoclonal anti-caveolin-1 anti-
body was purchased from BD Transduction Laboratories (Lexington,
KY). Monoclonal anti-Tie2 antibody was purchased from Upstate
(Lake Placid, NY). Monoclonal anti-transferrin receptor antibody was
purchased from Zymed (South San Francisco, CA). Monoclonal anti-
GAPDH antibody was purchased from Chemicon (Temecula, CA).
Monoclonal anti-Na*/K* ATPase beta 1 subunit antibody was
purchased from NOVUS Biologicals (Littleton, CO). Polyclonal anti-
Akt, anti-phospho-Akt (Ser473), anti-Erk1/2, anti-phospho-Erk1/2
(Thr202/Tyr204), anti-FoxO1, anti-phospho-FoxO1 (Thr24), anti-
phospho-FoxO1 (Ser256), anti-phospho-Fox0O1 (Ser319), anti-
FoxO3a, anti-phospho-Fox03a (Ser253), and anti-phospho-Fox03a
(Ser318/321) antibodies were purchased from Cell Signaling
Technology (Beverly, MA). Polyclonal anti-phospho-Tie2 (Tyr992)
antibody was purchased from R&D systems. Horseradish peroxidase
(HRP)-coupled anti-mouse and anti-rabbit Ig were purchased from
Jackson ImmunoResearch Laboratory (West Grove, PA). Alexa Fluor
488-coupled anti-rabbit 1gG was purchased from Molecular Probes
(Eugene, OR).

Cell culture

Human umbilical vein ECs {(HUVECs) were purchased from Kurabo
(Kurashiki, Japan) and maintained per manufacturer's instruc-
tions. For Angl stimulations, cells were starved in RPMI1640
medium containing 0.1% bovine serum albumin (BSA; Sigma, St
Louis, Missouri) for 3 h in parallel with untreated cells and then
stimulated with Ang1 as indicated in the figure legend. For methyl-
beta-cyclodextrin (mpCD; Sigma) treatment, mBCD was added to
the culture media and incubated at 37 °C as indicated in the figure
legend before Ang1l was added to conditioned media.

Lipid raft isolation

Lipid rafts were isolated by two different methods. First, Opti-Prep
gradient centrifugation using the 1% Triton X-100 method was
performed using a previously described protocol with some
modifications {14,15]). HUVECs grown to confluence in 10 cm
dishes were used. After washing with PBS, cells were scraped and

precipitated by centrifugation. Precipitate was lysed in 140 pL lysis
buffer (25 mM Tris-HCl pH 7.4, 125 mM Nacl, 12.5 mM EDTA, 1%
Triton X-100) for 30 min on ice. The lysate was added to four
volumes of 50% Opti-Prep in the same lysis buffer and placed at the
bottom of an ultracentrifuge tube. A 0~-40% discontinuous Opti-
Prep gradient was formed above the sample (0.3 mL lysis buffer
without Opti-Prep, 1 mL 30% Opti prep in lysis buffer) and
centrifuged at 55,000 rpm for 2 h in a TLS-55 rotor (Beckman
Instruments, Fullerton, CA). Ten 0.2 mL fractions were gently
collected from the top of the gradient. Second, centrifugation with
1% Triton X-100 was performed using a previously described
protocol with modifications [16}. All steps were performed in a 4 °C
cold room and on ice. Briefly, HUVECs grown in a six-well plate
were lysed with 0.5 mL of lysis buffer (25 mM Tris-HCl pH 74,
125 mM Na(l, 12.5 mM EDTA, 1% Triton X-100), collected in plastic
tube, and lysed on ice for 30 min. Lysate and insoluble material
were centrifuged for 30 min in a microfuge at 12,000 xg at 4 °C,
The supernatant was collected (soluble fraction). Buffer was again
added to the pellet and centrifuged for 10 min in a microfuge at
12,000 xg at 4 °C. The supernatant was discarded. The pellet was
solubilized in 0.1 mL of RIPA buffer {10 mM Tris-HCl pH 7.4, 1% NP-
40, 0.1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS),
0.15 M NaCl, 1 mM EDTA-2Na).

Immuno-blotting

The proteins were separated by electrophoresis on 7.5% or 10%
polyacrylamide gels containing SDS. The proteins were transferred
by electroblotting to polyvinylidene difluoride membranes, and
the membranes were subsequently incubated with the primary
antibody. Proteins were detected with HRP-coupled secondary
antibodies after extensive washing using ECL reagents (Amersham
Biosciences, Piscataway, NJ) according to the manufacturer’s
instructions. Caveolin-1 was used as a marker for the lipid raft
fraction. The Na*/K* ATPase beta 1 subunit and transferrin
receptor were used as markers for the non-raft fraction. GAPDH
was used as an internal control. Representative data from more
than three independent experiments is shown.

Immunocytochemistry

HUVECs were fixed with 4% paraformaldehyde in PBS and
permeabilized with methanol. Next, the cells were incubated
with anti-FoxO1 antibody, then with Alexa Fluor 488-coupled anti-
rabbit 1gG, and examined by fluorescence microscopy.

Statistical analysis
Results were expressed as the mean 4 standard deviation (SD).

Student's t-test was used for statistical analysis. Differences were
considered statistically significant if the P-value was less than 0.05.

Results
Localization of Tie2 in lipid rafts
One {ine of research suggests that Tie2 localizes to the caveolae, a

subset of lipid rafts, of ECs [17]. However, how localization of Tie2
is affected in the presence or absence of Angl has not been
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investigated. Therefore, we analyzed the precise location of Tie2 on
ECs and determined whether it is affected by Ang1 stimulation. We
examined the subcellular localization of Tie2 using the gradient
centrifugation method with 1% Triton X-100, the most popular
method for identifying lipid raft-associated proteins [14]. As
shown in Fig. 1A, most Tie2 was detected in the non-lipid raft
fraction with very little in the lipid raft fraction in the absence of
Ang1 stimulation. However, treatment with Ang1 resulted in an
increase of Tie2 in the lipid raft fraction (although not in very large
amounts). Localization of Tie2 into the raft fraction following Ang1
stimulation was prevented by mpCD treatment (Fig. 1B), suggest-
ing that Tie2-raft interaction is induced by the binding of Ang1 to
Tie2.

Akt and Erk pathway regulation by Tie2

As reported above, we found that a minor fraction of Tie2 tightly
associates with lipid rafts after stimulation with Angl. Next, we
examined whether phosphorylated Tie2 is found in lipid rafts. As
was shown in Fig. 1, the amount of Tie2 localizing to lipid rafts is
low. This made it impossible to detect phosphorylated Tie2 in the
lipid rafts following their isolation using the gradient centrifuga-
tion method with 1% Triton X-100 (data not shown). Therefore, we
used an alternative method for the isolation of insoluble proteins
in cold non-ionic detergents {16]. As shown in Fig. 1, Tie2 is almost
undetectable in the insoluble fraction (lipid raft fraction) before
Ang1l stimulation. However, Tie2 became detectable in lipid rafts
from 15 to 60 min after stimulation with Angl, peaked and
decreased again by 120 min (Figs. 2A, B). On the other hand, we
found Tie2 in the soluble fraction before stimulation with Ang1, the
amount of which was largely unaffected by Angl, except at
120 min (Figs. 2A, B). This attenuation of Tie2 in the soluble
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Fracton 1 2 3 4 5 6 7 8 910

EREE] o'+ miCO
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Fig. 1 - Ang1 stimulation induces localization of Tie2 in lipid
rafts. (A) HUVECs were incubated with (Ang1) or without
(untreated) Ang1 (200 ng/mL) for 30 min. (B) HUVECs were
incubated with (Ang1 + mpCD) or without (Ang1) mpCD

(10 mM) for 30 min and then incubated with Ang1 (200 ng/mL)
for 30 min. In all experiments, HUVECs were fractionated by
Opti-Prep gradient centrifugations with 1% Triton X-100.
Fractions were collected and subjected to immuno-blotting
with antibodies directed against Tie2, caveolin-1 (Cav1), or
transferrin receptor (TfR). Cavl and TfR were used as markers
for lipid raft and non-raft-membrane fractions, respectively.
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Fig. 2 - Phospho-Tie2 tightly interacts with lipid rafts. (A)
HUVECs were incubated with Ang1 (200 ng/mL) for several
minutes as indicated. Total cell lysates were fractionated into
1% Triton X-100 insoluble and soluble fractions. Each fraction
was subjected to immuno-blotting with antibodies directed
against Tie2, phospho-Tie2 (P-Tie2), caveolin-1 (Cavl), or
transferrin receptor (TfR). Cav1 and TfR were as markers used
for lipid raft and non-raft-membrane fractions, respectively.
(B) Tie2 and Cav1, and TfR observed in (A) were quantified. The
amount of Tie2 is expressed as the ratio of Tie2 to TfR or Cavl
compared to the value obtained for Ang1 untreated cells in the
soluble or insoluble fractions, respectively. (C) Tie2 and P-Tie2
observed in (A) were quantified. Tie2 phosphorylation
represents the ratio of phosphorylated Tie2 to total Tie2
normalized to the value obtained for the insoluble fraction
stimulated for 60 min.

fraction might be caused by its down modulation at a later time
point after stimulation. Tie2 phosphorylation in lipid rafts was
strongly induced 30-60 min after Angl stimulation and subse-
quently decreased again (Fig. 2A). Taking account of the low
amount of Tie2 protein in the insoluble compared to the soluble
fraction, it appears that phospho-Tie2 tightly interacts with EC
lipid rafts (Figs. 2A, C).

Next, we examined whether Tie2 expression on ECs is
affected by the presence or absence of lipid rafts. As shown in
Figs. 3A and B, lipid rafts disrupted by mpCD reduced the
amount of Tie2 in HUVECs weakly. The difference is significant
but not large. This suggested that Angl stimulation on ECs
induces Tie2 activation even in the presence of m{3(CD. Indeed,
treatment of HUVECs with mBCD did not inhibit Angl-induced
Tie2 phosphorylation (Fig. 3C).

Next, we examined whether disruption of lipid raft forma-
tion affects Tie2 downstream signaling. Both Akt and Erk were
phosphorylated upon Angl treatment in the absence of mp(D
(Fig. 3D). Interestingly, treatment of HUVECs with mfCD
selectively inhibited Angl-induced Akt phosphorylation but
not Erk1/2 phosphorylation (Fig. 3D). In the Tie2 signaling
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Fig. 3 - Lipid rafts serve as a signaling platform for the Tie2-Akt
pathway. (A) HUVECs were incubated with or without mpCD
(5 mM) for 3 h, and total protein was subjected to
immuno-blotting with the indicated antibodies. (B) Tie2,
Na*/K* ATPase, and transferrin receptor (TfR) observed in (A)
were quantified. All data were normalized to the GAPDH
density and the ratio of mpCD-treated data to untreated data is
presented as a percentage. (n>3), *P<0.05. (C) HUVECs were
incubated with or without mpCD (10 mM) for 15 min after
serum starvation and then cultured in the presence or absence
of Ang1 (200 ng/mL) for 15 min. (D) HUVECs were incubated
with or without mpCD (1-10 mM) for 15 min after serum
starvation and then stimulated with Ang1 (200 ng/mL) for

15 min. Total protein was subjected to immuno-blotting with
the indicated antibodies.

pathway, Akt and Erk are suggested to be important for cell
survival [18] and for cell migration and proliferation {19, 20],
respectively. Therefore, our data suggest that lipid rafts may
serve as a signaling platform for Tie2 in ECs, especially for the
Akt pathway.

Activation and subcellular localization of FoxO are affected
by disruption of lipid rafts

Recently, the forkhead box-containing O subfamily (Fox0), com-
prised of members such as FoxO1 and FoxO3a, has been reported to
be important for negatively regulating vessel formation [21}, Further,
inhibition of FoxO1 activity has been shown to be an important
mechanism for Ang1-Tie2 mediated endothelial function [22]. It has
been reported that FoxO is phosphorylated by Akt, inducing
exclusion of FoxO from the nucleus and resulting in prevention of
transcriptional regulation by Fox0 | 19,20,23-26]. Thus, we examined
whether disruption of lipid rafts affects FoxO phosphorylation as
mediated by Angl stimulation of Tie2 on HUVECs. As shown in
Fig. 4A, Ang1 induced phosphorylation of FoxO1 and Fox03a, and
phosphorylation of FoxO1 and FoxQO3a was attenuated by mpCD
treatment. Furthermore, nuclear export of FoxO1 by Angl was
suppressed by mBCD treatment (Figs. 4B and C). These findings

indicate that lipid raft disruption inhibits FoxO inactivation in
relation to Tie2 activation.

Discussion

Regulation of the Tie2 receptor has been suggested to be one way
of inhibiting angiogenesis in a variety of diseases. However, it is
still controversial as to whether Angl is a proangiogenic or anti-
angiogenic factor. Within the Tie2-mediated signaling pathway,
Akt and Erk have been suggested to be important regulators of
angiogenesis {27,28]. Due to the diverse signaling network down-
stream of Akt and differences observed in short-term versus long-
term Akt activation, its role in pathophysiological processes
remains elusive. For example, whereas short-term Akt activation
in the heart resulted in increased angiogenesis, chronic activation
led to decreased angiogenesis and increased fibrosis [29,30]. In
terms of the Tie2 signaling pathway, activation of Akt through Tie2
activation induces cell survival [18]. Therefore, this pathway is
thought to contribute to the maintenance of vascular quiescence or
stability. In contrast to this Akt pathway, activation of Erk is
suggested to be important for cell migration and proliferation
[19,20]. Recently, it has been reported that Tie2 activation at celi-
cell or cell-substratum contacts leads to preferential activation of
Akt or Erk, respectively [5,31]. Although Tie2 is a context-
dependent regulator of blood vessel formation, how Akt or Erk
activation is altered by Tie2 has not been determined so far.

Plasma membrane lipid raft domains, which contain high
concentrations of cholesterol and sphingolipids, are known to
function as centers for the assembly of signaling complexes. Such
assembly is suggested to facilitate both specificity and the rate of
signaling events, and it has become a central facet of signaling
research as the function of many receptors and their downstream
effectors are dependent on rafts [8-11}. Our present data show that
raft disruption inhibits Akt phosphorylation but not Erk phosphor-
ylation. We found that a subset of Tie2 becomes insoluble upon
Angl-stimulation. These results indicate that Tie2 localization or
interaction on/with lipid rafts is key for regulation of Akt
phosphorylation via Tie2 activation. Regulatory mechanisms, i.e.
the joint strength between Tie2 and lipid rafts, types of lipid rafts
or types of associated proteins with lipid rafts, may promote Tie2
localization to the raft domain. However, at present, the precise
molecular mechanism regulating Tie2 localization to rafts is not
known. Although the in vivo relevance of these findings remains to
be proven, our experiments suggest that lipid rafts serve as
signaling platforms for Tie2, separately controlling the Akt and Erk
pathways, and that lipid rafts are important for signal transduction
of Akt via Tie2 phosphorylation.

Several lines of research demonstrated that lipid raft disrup-
tion reduced basal Akt phosphorylation levels in tumor cells and
that treatment with cholesterol-depleting agents such as mpCD
induced apoptosis {31-34]. Moreover, it has been reported that
lipid rafts contain junction proteins, such as annexin and VE-
cadherin, in vascular ECs and that those proteins are recruited
when cell-to-cell contact is established [35]. Cell-cell contact is
one situation when cell apoptosis is inhibited, and Tie2 located
on the cell-cell boundary preferentially induces Akt phospho-
rylation rather than Erk phosphorylation upon stimulation with
Angl [5,31]. Akt, as described above, is important mediator for
cell survival for ECs [18]. Therefore, when cell-cell contact is
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Fig. 4 - Lipid rafts serve as a signaling platform for the Tie2-Fox0Q pathway. (A) HUVECs were incubated with or without mpCD (10 mM)
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Quantitative evaluation of Fox01 localization observed in (B). FoxO1 localization at the intranuclear or extranuclear part of the cell
was scored and expressed as a percentage relative to total number of cells scored (n=3), *P<0.01.

established, recruitment of Akt to raft domain may be a key for
regulation of EC survival via Tie2 activation.

At present, which molecules allow Tie2 to localize to lipid rafts
are not known. One candidate is caveolin-1 because it is a major
structural protein of caveolae, a subdomain of lipid rafts, and
because the cytoplasmic domain of Tie2 contains a binding motif
for caveolin-1 [36]. However, more precise analyses to identify the
molecules that recruit Tie2 to lipid rafts will help to elucidate this
mechanism.

In the present findings, we have provided evidence for the
existence of a novel mechanism able to promote Akt signal
transduction via Tie2 activation. Further precise molecular ana-
lyses of how Tie2 and Akt tether to lipid rafts may shed light on the
mechanisms behind Tie2-dependent vascular quiescence and
angiogenesis.
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Abstract

PSF1 (partner of sld five 1) is an evolutionarily conserved DNA replication factor implicated in DNA rep-
lication in lower species that is strongly expressed in a wide range of normal stem cell populations and pro-
genitor cell populations. Because stem and progenitor cells possess high proliferative capacjty, we
hypothesized that PSF1 may play an important role in tumor growth. To begin to investigate PSF1 function
in cancer cells, we cloned the mouse PSF1 promoter and generated lung and colon carcinoma cells that stably
express a PSF1 promoter-reporter gene. Reporter expression in cells correlated with endogenous PSF1 mRNA
expression. In a tumor cell xenograft model, high levels of reporter expression correlated with high prolifer-
ative activity, serial transplantation potential, and metastatic capability. Notably, cancer cells expressing re-
porter levels localized to perivascular regions in tumors and displayed expression signatures related to
embryonic stem cells. RNAi-mediated silencing of endogenous PSF1 inhibited cancer cell growth by disrupting
DNA synthesis and chromosomal segregation. These findings implicate PSF1 in tumorigenesis and offer initial
evidence of its potential as a theranostic target. Cancer Res; 70(3); 1215-24. ©2010 AACR.

Introduction

PSF1 (partner of SLD5) is a member of the tetrameric
complex termed GINS, composed of SLD5, PSF1, PSF2, and
PSF3, and is well conserved evolutionarily. In yeast, the GINS
complex associates with the MCM2-7 complex and CDC45,
and this “C-M-G complex” (CDC45-MCM2-7-GINS) regulates
both the initiation and the progression of DNA replication
(1-6). In Xeropus and human, GINS has been suggested to
be involved in DNA replication because of its binding to
DNA replication protein (7-10); however, a recent study sug-
gests that PSF1/2 is associated with the response to replica-
tion stress and acquisition of DNA damage in untransformed
human dermal fibroblasts (11). Thus, the exact functions of
GINS components in mammalian cells are not yet clear.
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We have previously cloned the mouse ortholog of PSFI
from a hematopoietic stem cell cDNA library (12) and found
that PSF1 expression in mice was predominantly observed in
the adult bone marrow and thymus, as well as the testis and
ovary (i.e., tissues in which stem cell proliferation is actively
induced and continues after birth). Moreover, we reported that
PSF1 is strongly expressed in different immature cell lineages,
such as cells in the inner cell mass during early embryogenesis
as well as spermatogonia and hematopoietic stem cells after
birth (12-14). Loss of PSF1 led to embryonic lethality around
the implantation stage caused by the inability of cells of the
inner cell mass to proliferate (12). Moreover, haploinsufficiency
of PSF1 in PSF1*/~ mice resuited in the delayed induction
of hematopoietic stem cell proliferation during reconstitution
of bone marrow after 5-fluorouracil ablation. These data
strongly suggest that PSF1 is required for acute proliferation
of cells, especially immature cells such as stem cells and
progenitor cells.

Several recent studies have suggested that GINS compo-
nents play a role not only in immature cells from normal tis-
sues, as we reported, but also in cancer cells. For example, all
GINS components were found to be overexpressed in intra-
hepatic cholangiocarcinoma tissues (15). A Gene Expression
Omnibus (GEQ) database search revealed that PSFI is an es-
trogen target in MCF7 human breast carcinoma cells (16). In
a comprehensive study, it was found that PSFI and SLD5
were upregulated in aggressive melanoma (17). Based on
these results, we examined the nature of cells highly expres-
sing PSF1 in a tumor xenograft model.

Genetic events caused by epigenetic modulation and micro-
environmental exposure have been suggested to be responsible

www.aacrjournals.org

AR American Association for Cancer Research

— 130 —

1215



1216

Nagahama et al.

for tumor progression. Therefore, a species-matched (murine)
microenvironment is needed to examine the nature of cells
strongly expressing PSF1.

Here, we have investigated the expression of PSF1 and the
localization of PSF1-positive cancer cells in a mouse tumor
cell xenograft model. We observed malignant behavior of
highly PSF1-positive tumor cells with regard to tumorigene-
sis and metastasis. Moreover, highly PSF1-positive cancer
cells have been characterized by microarray analysis, and
the data compared with those of the recently reported em-
bryonic stem cell (ESC)-like gene expression signature in
poorly differentiated aggressive human tumors (18). Finally,
to determine whether PSF1 could be a molecular target for
the development of anticancer drugs, we silenced the PSF1
gene by the RNA interference (RNAi) method in human car-
cinoma cell lines and observed the effects thereof on the
growth of the cancer cells.

Materials and Methods

Cell culture and cell line construction. LLC, B16, NIH3T3,
HelLa, and HEK293T were maintained in DMEM (Sigma) with
10% fetal bovine serum (FBS; Sigma) and penicillin/strepto-
mycin (Life Technologies, Inc.). Colon26 cells were main-
tained in RPMI 1640 (Sigma) with 10% FBS and penicillin/
streptomycin. Mouse embryonic fibroblasts were prepared
from day 14.5 embryos and cultured in high-glucose DMEM
(Sigma) with 10% FBS and penicillin/streptomycin.

The gene encoding the PSF1 promoter region was isolated
by mouse BAC cloning (RP23-193L22, Advanced GenoTechs Co.).
Using the 5’ upstream sequence of the first exon of the PSF! locus
as a probe, 5.5 kb of the 5'flanking PSF1 gene were isolated and
subcloned into pBluescript II KS (Stratagene). The enhanced
green fluorescent protein (EGFP) gene and the neomycin gene
were excised from pEGFP-N1 and pcDNA3.1(-) (Clontech), re-
spectively, and ligated to the 5.5 kb of the PSF1 5'-flanking frag-
ment. This construct was designated PSF1p-EGFP, LLC and
colon26 cells were transfected using Lipofectamine 2000 (Invitro-
gen). After transfection, the cells were cultured in medium sup-
plemented with G418 (Life Technologies) to obtain cells stably
expressing EGFP under the control of the PSF1 promoter
(LLC-PSF1p-EGFP and colon26-PSFIp-EGEP),

Quantitative reverse transcription-PCR. Quantitative re-
verse transcription-PCR (RT-PCR) was done as previously de-
scribed (14). The primer sets were described in Supplementary
Materials and Methods.

Mice. Seven- to eight-week-old C57BL/6 female mice (for
the LLC experiments) and BALB/c female mice of the same
age (for colon26) were purchased from Japan SLC. All animal
studies were approved by the Osaka University Animal Care
and Use Committee. Subcutaneous xenografts were estab-
lished by injecting 10° cells into the flanks of the mice.

Flow cytometric analysis. Single-cell suspensions from
tumors were prepared using a standard protocol. Cell sorting
was done using a FACSAria (Becton Dickinson). For the EGF-
P"&" population, the 5% most brightly fluorescing cells were
sorted, and for the EGEP'™" population, the 5% least fluores-
cent, We used parental LLC or colon26 as negative controls.

In vitro clonal analyses and in vive tumorigenicity
analysis. Isolated cells were plated on 10-cm culture dishes
(200 per dish for LLC-PSFIp-EGFP and 100 per dish for co-
lon26-PSF1p-EGFP) and cultured. The percentage of cells that
initiated a clone was taken as the plating efficiency. For
in vivo experiments, 100 sorted cells in 100 pL of PBS with
growth factor-reduced Matrigel (BD Biosciences; 1:1) were
injected s.c. into the mice. Five weeks after injection, tumor
volumes were measured with a caliper and calculated as
width x width x length x 0.52.

Invasion assay and metastasis assay. The invasive activ-
ity of tumor cells was assayed using a BioCoat Matrigel Invasion
Chamber (BD Biosciences) according to the manufacturer's
instruction.

For the lung metastasis assay using LLC-PSF1p-EGFP, 10°
viable sorted cells were injected into the tail veins of mice.
After 4 wk, lungs were dissected and the number of colonies
observable on the surface of the lungs was noted. For the he-
patic metastasis assay of colon26-PSF1p-EGFP, spleens of mice
were exposed to allow the direct injection of 5 x 10* viable
sorted cells. After 12 d, livers and spleens were dissected out
and the number of colonies observable on the surface of the
livers was recorded. Sections of liver were stained with H&E
to evaluate tissue morphology and to detect metastases,

Immunohistochemistry and immunocytochemistry.
Immunohistochemical analyses were done as previously de-
scribed (19). Rabbit anti-GFP antibody (Invitrogen) and rat
anti-CD31 (BD Biosciences) were used for primary anti-
bodies. For the fluorescent immunohistochemical analyses,
phycoerythrin-conjugated anti-CD31 (BD Biosciences) was
used for staining endothelial cells,

For immunocytochemistry, anti-PSF1(14), anti-bromo-
deoxyuridine (BrdUrd) (Zymed Laboratories), anti-p-tubulin
(Sigma), anti-CENP-A (MBL), and anti-survivin (Chemicon
International, Inc.) antibodies were used as previously de-
scribed (14).

PSF1 knockdown. Transfection was done using Lipo-
fectamine 2000 (Invitrogen). For the enrichment of transiently
shRNA vector-transfected cells, the puromycin resistance
gene was ligated into the Xhol site of the pSINsi-hU6 vector
(Takara), and then sense and antisense oligonucleotide pairs
(see below) were annealed and ligated into the BamHI/Clal
site of the pSINsi-hU6-P vectors. The sequences of the oligonu-
cleotide sets were described in Supplementary Materials and
Methods. For time-lapse imaging of histone H3 and tubulin in
living cells, HEK293T cells were transfected with GFP-histone
(20) or tubulin-GFP (Clontech) expression vectors, and stably
expressing clones were selected. Time-lapse observation
was done as previously reported using an IX70 microscope
(Olympus; ref. 21).

Microarray and bioinformatics analysis. Microarrays
were done as previously described (22). Raw data are avail-
able for download from GEO (GSE17112). Gene set enrich-
ment analysis (GSEA; ref. 23) was done by CeresBioscience
as previously reported.

Statistical analysis. Results were expressed as the mean +
SEM. Student’s ¢ test was used for statistical analysis. Differ-
ences were considered statistically significant when P < 0.01.
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Results

Establishment of transgenic cell lines to monitor endoge-
nous PSF1 expression in living cells. We first examined
PSF1 mRNA expression in mouse cancer cell lines, a noncan-
cer cell line, and primary cultured cells. PSF1 mRNA in can-
cer cell lines is expressed to a greater degree than in the
noncancer cell line or primary cultured cells (Fig. 1A). To de-
termine whether the cancer cells strongly expressing PSF1
had malignant features, they need to be collected as living
cells. Because PSF1 is an intracellular protein, viable cells
cannot be isolated using PSF1 antibody and flow cytometric
cell sorting. Therefore, we used promoter activity to monitor
the expression level of PSF1 in cancer cells in the murine tu-
mor xenograft model. We have cloned the mouse PSFI pro-
moter gene and established lung carcinoma [Lewis lung
carcinoma (LLC)] and colon cancer (colon26) cell lines stably

expressing EGFP under the transcriptional control of the
PSF1 promoter (LLC- and colon26-PSF1p-EGFP, respectively).
We confirmed PSFI mRNA expression in parental LLC and
colon26 cells (data not shown). After inoculation of LLC-
PSF1p-EGFP, tumors were dissected and the intensity of
EGFP in dissociated cancer cells was analyzed by flow cyto-
metry (Fig. 1B-D). As can be seen, EGFP-positive (EGFP")
cells containing high or low levels of EGFP (EGFP™" or EGF-
P cells, respectively) were present. These were separated
and the expression of PSFI mRNA was examined (Fig. 1D).
The results indicate that the intensity of EGFP is correlated
with the endogenous PSFI expression. Similar results were
obtained using colon26-PSF1p-EGFP (data not shown). These
results suggest that these cell lines are useful tools to mon-
itor endogenous PSFI expression in living cells.
EGFP(PSFI1)"#" cells possess greater tumorigenic capacity.
To study their colony forming efficiency, cancer cells
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Figure 1. PSF1 expression in murine carcinoma cell fines. A, expression of PSF1 mRNA in murine carcinoma cells. Total RNA was analyzed by quantitative
RT-PCR for PSF1 expression in different murine carcinoma cell fines and compared with a noncancer cell line and a primary cell culture. The values are
normalized to the amount of mRNA in mouse embryonic fibroblasts. LLC, lung carcinoma; colon26, colon carcinoma; B16, melanoma; NIH3T3, mouse
embryonic fibroblast cell line; MEF, mouse embryonic fibroblast. Data show the mean = SEM. *, **, ***, P < 0.01 (n = 3). B, experimental procedure. We
have cloned the mouse PSF1 promoter gene and established cell lines stably expressing EGFP under the transcriptional control of the PSF1 promoter
(LLC- and colon26-PSF1p-EGFP, respectively). After inoculation of LLC- or colon26-PSF1p-EGFP, tumors were dissected and the dissociated cancer cells
were separated using a cell sorter according to the intensity of EGFP expression and further analyzed. C, fluorescence-activated cell sorting anaiysis

of cells from tumor tissues injected with LLC (green) or LLC-PSF1p-EGFP (red) cells. EGFP*, EGFP'%, and EGFP™®" cells were sorted as indicated. Intensity
of EGFP is displayed on a log or linear scale. D, quantitative RT-PCR analysis of PSFT mRNA expression in sorted cells as indicated. The values are
normalized to the amount of mANA in EGFP* cells. Data show the mean + SEM. *, P < 0.01 {n = 3).
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(LLC- and colon26-PSF1p-EGFP) from tumor-bearing mice
were divided into three fractions (EGFP*, EGFP'Y, and
EGFP"®") as indicated in Fig 1C, seeded, and cultured
for 2 weeks. EGFP™" cells formed significantly larger col-
onies than did EGFP"™ cells (Fig. 2A) in both colon26
and LLC tumors.

We next examined the serial transplantation ability of
these cells. We inoculated sorted EGFP"#" or EGFP" cells
from tumor-bearing mice into new hosts to evaluate the re-
lationship between PSF1 expression and tumorigenicity. Four
weeks (LLC-PSF1p-EGFP) or 2 weeks (colon26-PSF1p-EGFP)
after initial inoculation, 100 sorted EGFP*, EGFP"Y, or EGF-
PPE" tumor cells were again transplanted into new hosts,
EGFPM" cells from both LLC and colon26 tumors formed
significantly larger tumors than did EGFP'" or EGFP* cells
(Fig. 2B). When tumor cell components were examined in tu-
mors generated after the second transplantation, EGFPMe

cells were found to have given rise to both EGFP"®" and
EGFP"" cells in both LLC and colon26 tumors (Supple-
mentary Fig. S1). Taken together, these data suggest that
cancer cells expressing higher levels of PSFI exhibit high
cloning efficiency and tumorigenicity.

EGFP(PSF1)"#" cells possess greater invasive and meta-
static capacity. We investigated that EGFP"® cells also play
a crucial role in tumor metastasis, We determined the overall
ability of cells sorted, as described in Fig. 1C, for invasion us-
ing Matrigel, a basement membrane model used to estimate
metastatic potential, EGFP"'®" cells migrated more effectively
than did EGFP™" cells or EGFP* cells, indicating that they
possess greater invasive capacity (Fig. 3A and B).

Next, we examined the in vivo metastatic potential of these
cells by two different means. First, viable sorted EGFP"®" or
EGFP"Y cells from LLC tumors were injected into the tail
veins of recipient mice. After 4 weeks, macrometastatic lesions
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in the lung were enumerated. Results clearly indicated that
EGFP"" cells had a higher metastatic potential than did EGF-
P cells (Fig, 3C; Supplementary Fig. S2A). Second, in the case
of colon26 tumors, viable sorted EGFP"8" or EGFP'®" cells
were injected into the spleen. After 12 days, metastatic no-
dules in the liver were analyzed on liver sections, EGFP'™" cells
rarely generated metastatic foci, but large lesions were fre-
quently observed in the livers of mice injected with EGFP"#"
cells (Fig. 3C; Supplementary Fig. $2B).

ESC-like signatures are enriched in EGEP"s" cells versus
EGFPlow cells. Recent studies showed that poor prognosis in
a diverse set of human and mouse malignancies is associated
with the expression of an ESC-like genetic program (18), We
therefore compared the gene expression signatures of EGF-
P"Y and EGFP™" cells. Data clearly indicated that ESC-like
signatures were enriched in EGFPM®" cells versus EGFP'Y
cells (Fig. 4). Interestingly, other ESC-like signatures (24, 25),
in which some cancer-initiating/stem cells (CIC/CSC) were
enriched, were also enriched in EGFPY8" cells versus EGFP'®Y
cells (Fig. 4; Supplementary Table S1). Taken together, the

results from all the above experiments lead us to conclude
that cancer cells harboring large amounts of PSF1 or high
transcriptional activity of PSFI possess malignant features,
including high proliferative capacity, tumorigenesis, meta-
static ability, and genetic profiles of poor prognosis.

PSFI™" cells are localized in perivascular regions, Next,
the tissue distribution of EGFP"® cells in tumors was exam-
ined (Fig. 5A-C). EGFP"'®" cells were located close to the
edge of the tumor and near the blood vessels. Preliminary,
we investigated PSF1 expression in human carcinoma speci-
mens (Supplementary Fig, $3). We found that PSF1 expression
in human lung and esophageal squamous cell carcinoma spe-
cimens was confined to the surrounding basal-like cells and
located at some distance from the centers of terminal differ-
entiation zones. Furthermore, PSF1-positive cells were loc-
ated in close proximity to blood vessels near the edge of the
tumor, as observed in our murine xenograft model (Supple-
mentary Fig, §3).

Silencing of PSF1 inhibits the proliferation of carcinoma
cells. Targeted disruption of PSF1 led to embryonic lethality
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Figure 4. Gene set enrichment analysis. GSEA plots show that expression of an ESC-like core gene module (24) is more enriched in EGFP™I" celis
compared with EGFP'Y cells in LLC-PSF1p-EGFP tumor and colon26-PSF1p-EGFP tumor.

caused by the inhibition of cell growth in the inner cell mass
(12), suggesting that silencing this gene may also inhibit tu-
mor cell proliferation. To determine whether PSF1 could be a
suitable molecular target for anticancer drug development,
the inhibitory effects of its expression in human carcinoma
cell lines should be evaluated. In budding yeast, it has been
suggested that PSF1 plays a role in DNA replication, associ-
ated with the formation of the DNA replication fork (7-9).
However, its function in mammalian cells has not been clar-
ified. First, we established the cellular localization of PSF1 in
HelLa cells (Fig. 6A). At interphase, PSF1 was localized pre-
dominantly in the nuclei. During mitosis, it was almost exclu-
sively diffusely located outside the chromatin. Next, we used
short hairpin RNA (shRNA) expression plasmids for RNAi-
mediated endogenous gene silencing in HeLa cells in vitro.
Quantitative RT-PCR with gene-specific ShRNA confirmed
that endogenous PSF1 gene expression was reduced by more
than 75% within 72 hours, compared with the lack of effect of
transfection of a scrambled shRNA expression plasmid (data
not shown). At 96 hours, the total number of PSF1 shRNA-
treated cells was significantly decreased compared with the
control (Fig. 6B), suggesting that depletion of PSF1 had re-
sulted in cell growth arrest. To analyze more precisely the ef-
fect of PSF1 depletion on cell growth, first, the DNA contents
were analyzed (Fig. 6C, left). Results showed that depletion of
PSF1 led to an increase in the fraction of cells in the sub-G,, S,
and G,-M phases, suggesting that this molecule is important
not only for § phase but also for G,-M phase progression.

Polyploid cells can arise as a result of errors in mitosis.
These cells usually exit the cycle in an aberrant fashion, with-
out sister chromatid segregation or cytokinesis, a process
known as “mitotic slippage.” Cancer cell lines (such as Hela
and HEK293T cells) lacking functional p53 progress into S
phase without p53-dependent growth arrest at the subse-
quent G;-S boundary, and hyperploid cells develop as a re-
sult. However, no obvious hyperploid cell populations were
found in PSF1-depleted celis (Fig. 6C, left). During a 4-hour
pulse, approximately 75% of scrambled shRNA-treated cells
incorporated BrdUrd (Fig. 6C, right), but only approximately
23% of PSF1-depleted cells possessed large nuclei staining
with anti-BrdUrd antibody. Taken together, these data indi-
cate that PSF1 depletion also inhibits DNA synthesis of mul-
tiploid cells, which resulted in the generation of only a small
number of cells harboring large nuclei (8N; Fig 6C, left).

During the 72- to 120-hour period after shRNA treatment,
the population of G,-M phase cells increased in the PSF1 de-
pletion experiments (Fig. 6C, left). Therefore, we assessed the
function of PSF1 in G,-M progression, In the scrambled
shRNA-treated control population, most cells had divided
within 60 minutes, whereas division times were prolonged
in the PSF1-depleted cells (Fig. 6D, left). To examine this in
terms of chromosome segregation, real-time imaging was
done with histone H2B-GFP, which labels the chromosomes
(Fig. 6D, middle). In control cells, the chromosomes were
condensed and congressed to the metaphase plate, but sub-
sequently, and suddenly, they completely segregated and the
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time spent in metaphase was between 15 and 30 minutes. By lyzed spindle organization by staining for §-tubulin. Results
contrast, PSF1 depletion prolonged the duration of meta- showed that approximately 10% of the mitotic cells formed
phase by between 33 and 145 minutes, and a proportion of multipolar asters (Fig. 6E, left), whereas a small number of
the PSF1-depleted cells showed abnormal chromosome con- abnormal spindles were found in the control experiments
gression and segregation (data not shown). Real-time obser- (data not shown). Moreover, by immunostaining with anti-
vation with GFP-tubulin also revealed that depletion of PSF1 survivin antibody, we found that unaligned chromosomes
caused arrest at metaphase (data not shown). To resolve were present in PSF1 shRNA-treated cells, which may reflect
whether this mitotic arrest, induced by PSF1 depletion, was a defect in chromosome congression or segregation (Fig. 6E,
dependent on the spindle assembly checkpoint, Mad2 was middle). Recently, we reported that PSF1-deficient mice were
co-depleted from the cells. We found that the mitotic arrest nonviable at around embryonic day E6.5 and that BrdUrd in-
of almost all co-depleted cells was rescued by the early onset corporation was inhibited in the cultured inner cell mass
of anaphase (Fig. 6D, right). Taken together, these data from the blastocysts of E3.5 PSFI”/~ embryos (12). Consistent
showed that, in the absence of PSF1, the spindle checkpoint with the present results from RNAi experiments in HeLa
signal was activated and mitotic arrest was precipitated. cells, we found that micronuclei and abnormal chromosomal
Because we observed abnormalities in metaphase arrest segregation occurred in E3.5 PSFI”/~ blastocysts (Fig. 6E,
and DNA segregation in PSF1-depleted cells, we next ana- right). These data indicate that PSF1 contributes not only
|
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Figure 5. Localization of cancer cells strongly expressing PSF1. A, sections from LLC-PSF1p-EGFP (left) and colon26-PSF1p-EGFP (right) xenografts
were double stained with anti-GFP antibody (brown in left, purple in right) and anti-CD31 antibody (red). Bar, 100 pm. B, sections of LLC-PSF1p-EGFP (top)
and colon26-PSF1p-EGFP (bottom) tumor tissues were stained with anti-CD31 antibody (red). Nuclei were counterstained with Hoechst 33342 (blue).
Endogenous EGFP was observed in iow contrast (left) and high contrast {right). C, percentages of EGFP™I" cells that were located at incremental
distances of 5 ym from the nearest CD31* endothelial cells. Data are mean + SEM from five random fieids. Bar, 100 ym.
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Figure 6. PSF1 silencing inhibits proiiferation of cancer celis. A, Hel.a cells were immunostained with anti-PSF1 (green). DNA was counterstained with
4',6-diamidino-2-phenylindole (DAPI; blue). B, total numbers of RNAi-treated Hela cells 96 h after transfection (bottom). SCR, nonspecific scrambled
shRNA as a negative control. *, P < 0.05. G, DNA content of shRNA-treated Hela cells (72 h after transfection) was determined by flow cytometry (left).
DNA synthesis in large nucleated cells treated with the indicated shRNA. Immunostaining was done with anti-BrdUrd antibody (red), and counterstaining
with DAPI (blue; right). Arrows, large nuclei. D, Hela cells were treated with contro! (blue) or PSF1 (red) shRNA. Time required for cell division was
evaluated by time-lapse observation 72 to 96 h after transfection (left). Using histone H3-GFP-expressing HEK293T celis, metaphase retention time
was observed 72 to 120 h after transfection (middie). The H3-GFP-HEK293T cells were cotransfected with PSF1 shRNA and scrambled shRNA {red) or
PSF1 and Mad?2 shRNA vectors (green), and metaphase retention time was observed 36 to 72 h after transfection (right). E, Hela cells transfected

with shRNA as indicated. Expression of tubulin (green) and CENP-A (red; left). DNA was counterstained with DAPI (blue). Expression of survivin

(green; middle). DNA was counterstained with propidium iodide (red). E3.5 PSF1** or PSF1~~ embryos were fixed and stained with propidium

iodide (right). Arrows, disorganized micronuclei.

to DNA replication but also to the transition from metaphase
to anaphase, as well as to chromosome segregation.

Discussion

In the present work, we used cells with a high level of ex-
pression of PSF1 to show that these malignant cancer cells,
which are located in the vascular region and at the edge of
the tumor, exhibit high tumorigenic and metastatic ability.

Thus far, acquisition of genetic changes affected by epige-
netic manipulation and microenvironmental exposure has
been suggested to be responsible for tumor progression. When
we cultured the tumor cells in vitro, we observed that the pop-
ulation consisted of PSF1(EGFP)"®" and PSF1(EGFP)°" frac-

tions. When sorted and separately injected into mice, we failed
to detect any marked differences between them in terms of tu-
morigenic or metastatic capacity (data not shown). When
nonfractionated tumor cells from these cultures were injected,
the tumors that developed consisted of both PSF1(EGFP)"&"
and PSF1(EGFP)"°" cells, However, when these cells extracted
from tumors in vivo were fractionated into PSF1(EGFP)"i&b
and PSF1(EGFP)°* and injected into mice again, then we
did see clear a difference in terms of tumorigenic and meta-
static capacity between the two fractions.

Our model therefore strongly supports the possibility that
environmental changes in vivo clearly affect the features of
cancer cells with regard to tumorigenicity or nontumorigeni-
city. Thus, this model suggested that the interaction of cancer
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cells with their microenvironment changes them into more
malignant ones. In our tumor model as well as histology of hu-
man tissues, cells highly positive for PSF1 are located near
blood vessels. It has been suggested that CSCs/CICs localize
in the perivascular region (26), as is observed in normal or-
gans, where stem cells are located in the vascular niche (27).
Furthermore, microarray data clearly indicated that ESC-like
signatures, which are reported to be enriched in CSCs/CICs
fractions, were also enriched in EGFP™®" celis versus EGFP™"
cells (Fig. 4). Thus, the subpopulation of cells strongly positive
for PSF1 might include the CSC/CIC fraction.

Antitumor angiogenesis is a promising approach for man-
aging cancer patients, and many angiogenesis-disrupting
agents have been developed (28). Although some agents have
already been tested clinically and prolongation of survival
has been confirmed, it is impossible to destroy all of the
blood vessels in a tumor. Recent research in mice has sug-
gested that the tumor repopulates from the edge region to
the center after treatment with an angiogenesis-disrupting
agent (28), and also that malignant tumor cells egress
through remnant blood vessels at the tumor edge after inhi-
bition of vascular endothelial growth factor signals (29). We
previously reported that blood vessels in peripheral regions
of tumors are well matured compared with those in the cen-
ter and that they are resistant to antiangiogenic drugs (19,
30). Our data therefore strongly support the notion that cells
with malignant features located near blood vessels at the tu-
mor edge and showing resistance to angiogenesis-disrupting
agents are responsible for invasion and metastasis. Our pres-
ent model represents a precise analytic tool to determine
whether candidate drugs directed against cells with malig-
nant features including CSCs/CICs or blood vessels actually
do suppress proliferation of cancer cells or destroy the vas-
cular niche.

Our data clearly indicate that PSF1 plays a pivotal role in
DNA replication and microtubule organization. Recently, it
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