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ABSTRACT

Previous studies demonstrated the existence of osteoblastic
cells in circulating blood. Recently, we reported that osteo-
blast progenitor cells (OPCs) In circulation originated from
bone marrow and contributed to the formation of ectopic
bone induced by implantation of a bone morphogenetic
protein (BMP)-2-containing collagen pellet in mouse mus-
cular tissue. However, the character of circulating bone
marrow-derived osteoblast progenitor cells (MOPCs) and
the precise mechanisms involving the circulating MOPCs in
the osteogenic processes, such as signals that recruit the
circulating MOPCs to the osseous tissues, have been ob-
scure. In this report, we demonstrated for the first time
that the MOPCs were mobilized from intact bones to
transiently occupy approximately 80% of the mononu-
clear cell population in the circulating blood by BMP-2-

pellet implantation. The mobilized MOPCs in the circu-
lation did not express the hematopoietic marker CD45 on
their surface, but they expressed CD44 and CXCR4, re-
ceptors of osteopontin and stromal cell-derived factor-1
(SDF-1), respectively. The MOPCs isolated from the
mouse peripheral blood showed the ability to be osteo-
blasts in vitro and in vive. Furthermore, the MOPCs in
the circulation efficiently migrated to the region of bone
formation by chemoattraction of SDF-1 expressed in vas-
cular endothelial cells and the de novo osteoblasts of the
region. These data may provide a novel insight into the
mechanism of bone formation involving MOPCs in circu-
lating blood, as well as perspective on the use of circulat-
ing MOPCs to accelerate bone regeneration in the future,
STEM CELLS 2008,;26:223-234
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INTRODUCTION

Bone marrow contains hematopoietic stem cells and mesenchy-
mal stem/progenitor cells (MPCs) that can differentiate into
various mesenchymal tissues, such as bone, cartilage, fat, and
muscle [1-3], These cells are also found in various mesenchy-
mal tissues [4], although the relationship between the marrow
mesenchymal stem/progenitor cells (MMPCs) and extramarrow
MPCs has not been fully understood. Marrow MPCs have been
shown to engraft not only in bone marrow but also in multiple
mesenchymal tissues after systemic infusion (3, 5], suggesting
that circulating blood might be a natural route for MMPC
migration to the mesenchymal tissues in vivo.

Previous studies have shown the existence of osteoblast-
lineage cells in the circulating blood of various mammals,
including humans [6-8]. The circulating osteoblast-lineage
cells were shown to form bone in culture and in transplanted
animals [6]. Studies have also reported more circulating osteo-
blast-lineage cells during the adolescent growth spurt than in
adulthood [6]. However, the origin and the functional role of
those osteoblastic cells in human circulation are unclear.

Bone morphogenetic protein (BMP)-2 and other members of
the BMP family are well-known inducers of bone formation in

vitro and in vivo [9]. In the process of a fracture healing, BMP
stimulation recruits MPCs to the fracture lesion and induces
their differentiation into osteoblasts. An experimental model has
also indicated that BMP-2 stimulation is essential for ectopic
bone formation when BMP-2 is transplanted in the back muscles
of mice [10]. Recently, we reported that marrow-derived osteo-
blast progenitor cells (MOPCs) in circulating blood participated
in BMP-2-induced ectopic bone formation [11]. If circulating
MOPCs play a major role in bone regeneration in vivo, efficient
recruitment of MOPCs from bone marrow to the lesion seems to
be critical to obtain mature and sufficient regeneration. How-
ever, the character of circulating MOPCs and precise mecha-
nisms involving the MOPCs in the osteogenic processes, such as
signals that recruit circulating MOPCs 1o the osseous tissues,
have been obscure.

In this study, we characterized MOPCs in the circulating
blood without expansion in culture and showed that MOPCs
were mobilized in the circulation after stimulation with tissue
injury, migrated to damaged tissues by chemoattraction of
stromal cell-derived factor-1 (SDF-1), and provided a signif-
icant number of mature osteoblasts with BMP-2 stimulation
during bone formation. We believe these findings provide
novel insights into bone regeneration involving circulating
MOPCs.
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| MATERIALS AND METHODS |

Bone Marrow Transplantation

Under sterile conditions, bone marrow cells were isolated from 8- to
10-week-old male C57BL/6 transgenic mice that ubiquitously ex-
pressed enhanced green fl ent protein (GFP) [12]. Eight- to
10-week-old female C57BL/6 mice were lethally iradiated with 10
Gy. For total bone marrow transplantation (BMT), each irradiated
recipient received 5 X 10° bone marrow cells from GFP transgenic
mice. For CD45/GFP double-positive BMT, the CD45-positive
bone marrow cells of GFP transgenic mice were sorted using the
magnetic cell sorting (MACS) system (Miltenyi Biotec, Bergisch
Gladbach, Germany, hitp://www . miltenyibiotec.com). Each irradi-
ated recipient received 4.5 X ]{)" CD45-positive marrow cells of
GFP transgenic mice in combi n with 0.5 % 10° CD45-negative
marrow cells of wild-type mice. AII BMT mice were used at least
6 weeks after BMT. All animals were handled according 10 ap-
proved protocols and the guidelines of the Animal Commitiee of
Osaka University.

Parabiotic Mouse Model

The parabiotic mouse model was generated as previously described
[13]. A total BMT mouse and a wild-type mouse (C57/BL6) were
sutured from the olecranon to the knee joint on the corresponding
lateral aspects.

Preparation and Implantation of BMP-2-Containing
Collagen Pellets

Recombinant human BMP-2 was provided by Astcllas Pharma Inc,
(Tokyo, hup://www.astellas.com). The BMP-2 was suspended in
buffer solution (5 mmol/l glutamic acid, 2.5% glycine, 0.5% suc-
rose, and 0.01% Tween 80, pH 4.5) at a concentration of 1 pg/ul.
Next, 3 ul (3 pg of BMP-2) of the BMP-2 solution was diluted in
22 ul of phosphate-buffered saline (PBS) and blotied into a porous
collagen disc (6 mm diameter, | mm thickness), freeze-dried, and
stored at —20°C. All procedures were carried out under stenile
conditions. BMP-2-containing or control PBS-containing collagen
pellets were implanted on the backs of BMT mice, parabiotic mice,
C37BL/6 mice, or nude mice. Three weeks later, fluorescent photos
of ectopic bones were taken using a digital microscope (Multi-
viewer system VB-520; Keyence, Osaka, Japan, hip//www,
keyence.com).

Immunohistochemistry and Analysis

The ectopic bones were removed and fixed with 4% paraformal-
dehyde at 4°C for 48 hours. After soft x-ray photos were taken,
bones were decalcified with EDTA solution at 4°C for 6 days.
The EDTA solution was changed every other day. After decal-
cification, the pellets were equilibrated in PBS containing 15%
sucrose for 12 hours and then in PBS containing 30% sucrose for
12 hours, embedded in Tissue-Tek OCT Compound (Sakura
Finetek, Tokyo, hitp://www.sakuraeu.com), frozen on dry ice,
and stored a1 —20°C.

Fori fluorescence g, 6-pum-thick sections were cut
with a cryostat (Leica Microsystems AG, Wetzlar, Germany, http://
www leica.com). Afiter washing, the sections were treated with
0.1% trypsin (Difco Laboratories, Detroit, M1, hip//www.bd.com/
ds) in PBS for 30 minutes at 37°C to activate antigens, Then, those
sections were blocked with normal goat serum for 1 hour before
incubation with polyclonal anti-mouse osteocalcin antibody (1:250;
Takara Bio, Shiga, Japan, http://www.takara-bio.com) or polyclonal
anti-mouse SDF-la antibody (1:250; eBioscience Inc., San Diego,
hitp://www.ebioscience.com), Subsequently, sections were stained
with Alexa Fluor 546 goat anti-rabbit IgG secondary antibody
(Molecular Probes, Eugene, OR, hitp://probes.invitrogen.com) for 2
hours. Then, sections were stained with 4' 6-diamidino-2-phenylin-
dole (DAPT) for 10 minutes at room temperature and mounted with
the antifade solution Vi hield (Vector Lab
CA, hup://www.vectorlabs.com).

M
ries, Burling

MOPCs Are Recruited to the Bone-Forming Site

For staining endothelial progenitor cells and tissues around the
pellets, the pellets were removed daily until day 7 after implantation.
After removal, pellets were embedded in Tissue-Tek OCT Compound
and frozen on dry ice. Six-micrometer-thick sections were hlocked
with normal goat serum for | hour before incubation with mono-
clonal anti-mouse CD31 antibody (1:250; BD Pharmingen, San Jose,
CA, hup:/fwww.bdbiosciences.com/index_us shiml), monoclonal anti-
mouse CD34 antibody (1:100; BD Pharmingen), monoclonal anti-
smooth-muscle actin antibody (1:250; Sigma-Aldrich, St. Louis, hup://
www.sigmaaldrich.com), or polyclonal anti-mouse SDF-1a antibody
(1:250; eBioscience). Subsequently, sections were stained with Alexa
Fluor 546 goat anti-rat IgG secondary antibody, Alexa Fluor 488
anti-rat 1gG secondary antibody, or Alexa Fluor 488 anti-mouse 1gG
secondary antibody (Molecular Probes) with M.OM. Kit (Vector Lab-
oratories) for 2 hours. The sections were mounted with antifade solu-
tion Vectashield after 10 mi of DAPI staining. All pictures were
taken with a confocal laser microscope, model Radiance 2100 using
LaserSharp 2000 software (Bio-Rad Japan, Tokyo, hup://www.bio-
rad.com). To assess the frequency of MOPCs for osteoblast differen-
tiation, we counted the number of GFP-positive cells in the osteocalcin-
positive osteoblasts lining the trabecular bone, The ratio was
quantitatively calculated in at least five low-power visual fields.

Peripheral Blood Mononuclear Cell Isolation

Peripheral blood was taken from the heart with a 24-gauge
needle and 1-ml syringe comaining heparin and enriched for
low-density mononuclear cells by Ficoll-Pague (Amersham Bio-
sciences, Uppsala, Sweden, hitp://www.amersham.com) centrif-
ugation. Red blood cells were removed by resuspending in
0.125% Tris-NH,C| buffer and sieving through a nylon mesh.
Isolated peripheral blood mononuclear cells (PBMNCs) from
BMP-2 pellet-implanted mice were reacted with anti-mouse
CD45 microbeads (Miltenyi Biotec), and the CD45-negative
cells dominantly containing MOPC's were sorted using the Midi-
MACS system (Miltenyi Biotec) according to the manufacturer’s
protocol.

In Vitro Differentiation

For induction of differenuation in culture, MACS-
sorted CD45-negative PBMNCs from BMP-2-implanted GFP
transgenic mice were plated on a 24-well plate. The sorted cells
were then inoculated in basal medium consisting of Dulbecco’s
modified Eagle's medium (DMEM) supplemented with 10%
fetal calf serum (FCS), 100 U/ml streptomycin/penicillin, and
50% conditioned culture medium (DMEM with 10% FCS) of
mouse bone marrow mesenchymal cells as a growth factor sup-
plement (S. Otsuru and K. Tamai, unpublished data). To induce
osteoblast differentiation, 300 ng/ml BMP-2 was added to the
culture medium for 3 weeks. In some experiments, the sorted
CD45-negative PBMNCs were cultured in the osteogenic me-
dium consisting of Iscove’s modified Dulbecco’s medium sup-
plemented with 0.1 uM dexamethasone (Nacalai Tesque Inc.,
Kyoto, Japan, http://www.nacalai.co.jp/en), 10 mM B-glycerol
phosphate (Sigma-Aldrich), and 0.05 mM ascorbic acid 2-phos-
phate (Sigma-Aldrich) for 3-4 weeks.

Alizarin Red S Staining

To observe calcium deposition, cells were fixed with 4% paraform-
aldehyde and stuined with 2% alizarin red S (Nacalai Tesque)
solution in water for 10 minutes. Excess stain was removed by
several washes with distilled water.

Alkaline Phosphatase Assay

Alkaline phosphatase (ALP) activity was assessed as previously
described [14], Cell lysates were centrifuged, and supernatants were
used for the enzyme assay. Alkaline phosphatase activity was mea-
sured according to the methods of Kind-King, using a test kit (Wako
Chemical, Osaka. Japan, http://www.wako-chem.co.jp/english)
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with phenylphosphate as a substrate. Enzyme activity was expressed
in King-Armstrong units, normalized to protein concentration.

In Vivo Bone Forming Assay

Fully open interconnected porous calcium hydroxyapatite ceramics
were synthesized by adopting a “foam-gel” technique from a slurry
of hydroxyapatite (60% wt/wt) with a cross-linking substrate (poly-
cthylencimine, 40% wt/wt) as previously reported [15]. Blocks of
the ceramics were cut and shaped into 5-mm-diameter disks that
were 2 mm thick. Cell culturing in the of the ceramics was
performed as previously reported [16, 17). The ceramic disk was
soaked in 200 ul of CD45-negative cultured PBMNC suspension
from GFP-transgenic mice in normal medium (10° cells per milli-
liter). After overnight incubation in a 96-well plate, normal medium
was changed to osteogenic medium. The medium was renewed
three times a week. and the cultures were maintained for 2 weeks.
After a wash with PBS, the disks were implanted under the mus-
cular fascia in the backs of nude mice. Disks without cells were also
implanted as controls. Eight weeks later, the disks were harvested
and fixed in 4% paraformaldehyde. After decalcification with K-CX
(Falma Co., Osaka, Japan; hup://www.falma.co.jp), the disks were
embedded in paraffin, and the sections were stained with hematox-
ylin and eosin.

For immunofluorescence staining, the sections were treated
with 0.1% trypsin (Difco Laboratories) in PBS for 30 minutes at
37°C 1o activate antigens. Next, those sections were blocked with
normal goat serum for | hour before incubation with polyclonal
anti-GFP antibody (1:250; MBL International Corp., Nagoya, Ja-
pan, hitp://www.mblintl.com). Subsequently, sections were stained
with Alexa Fluor 488 goat anti-rabbit 1gG secondary antibody
(Molecular Probes) for 2 hours, Sections were then su.med with
DAPI for 10 minutes at room ¢ and d with the
antifade solution Vectashield (Vector Lu.bnrnmnes)

RNA Extraction and Reverse Transcription-
Polymerase Chain Reaction

Total RNA was prepared with an RNeasy Kit (Qiagen, Tokyo,
http://www1.qiagen.com) according to the manufacturer's pro-
tocol. Reverse transcription was performed by conventional pro-
tocols with Superscript reverse transcriptase (Invitrogen, Carls-
bad, CA, http://www. invitrogen.com), and polymerase chain
reaction (PCR) amplification was performed using the following
primer sets: Chfal (NM_009820, 289 base pairs [bp]), 5'-CCG-
CACGACAACCGCACCAT-3" (forward) and 5'-CGCTCCGGC-
CCACAAATCTC-3' (reverse); osteopontin (NM_009263, 437 bp),
5'-TCACCATTCGGATGAGTCTG-3' (forward) and 5'-ACTT-
GTGGCTCTGATGTTCC-3" (reverse); ALP (NM_007431, 180
bp), 5'-CGCCAGAGTACGCTCCCGCC-3" (forward) and 5'-TG-
TACCCTGAGATTCGT-3' (reverse); osteocalcin (X04 142, 350 bp),
5'-CTGACCTCACAGATCCCAAG-3' (forward) and 5'-GGAG-
CTGCTGTGACATCC-3' (reverse); and SDF-1 (NM_021704, 538
bp), 5'-ACGCCAAGGTGGTCGCCGTGCTGG-3" (forward) and
5"-GTTAGGGTAATACAATTCCTTAGA-3' (reverse).

Flow Cytometry

Isolated PBMNCs were suspended in 100 pl of PBS containing
fluorescein isothiocyanate (FITC)-conjugated anti-mouse CD45;
phycoerythrin (PE)-conjugated anti-mouse CD11b, CD31, CD34,
CD44, Flk-1, and Sca-1 (BD Pharmingen); and biotin-conjugated
anti-mouse Gr-1 and CXCR4 (BD Pharmingen). Cells were then
incubated for 30 minutes at 4°C in the dark. Subsequently, cells
were stained with Streptavidin PE or Streptavidin PerCP (BD
Pharmingen) or anti-rat IgG secondary antibody or anti-goat IgG
secondary antibody (Molecular Probes) for 30 minutes at 4°C in the
dark.

For the time-course analysis of the CD45-negative population in
PBMNCs, BMP-2 pellets were implanted on the backs of 8- to
10-week-old female C57BL/6 mice daily, one mouse per day, for 7
days. At day 7, blood samples were taken, and hemolyzed PBMNCs
were harvested. The harvested PBMNCs were reacted with FITC-
conjugated anti-mouse CD45. Flow cytometry analysis was per-
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formed with a FACScan instrument using CellQuest software
(Becton, Dickinson and Company, San Diego, hitp://www.bd.com).

In Vitro Migration Assay

After different concentrations of SDF-la (R&D Systems Inc.,
Minneapolis, hitp://www.rndsystems.com) were added to the
lower chamber, the 5 X 10° isolated CD45-negative PBMNCs
from BMP-2 pellet-implanted mice in 100 pl of DMEM without
growth factors were applied to the upper chamber of the mem-
brane of the 96-well cell migration kit (Chemicon, Temecula,
CA, http://www.chemicon.com). Some cells were pretreated
with a CXCR4-blocking antibody (2B11; BD Pharmingen). After
4 hours of incubation at 37°C, the migratory cells on the bottom
of the insert membrane were dissociated from the membrane by
incubation with cell detachment buffer. These cells were stained
with CyQuant GR dye (Moleculu Probes, Eugene, OR, hup://
probes.invitrogen.com), and the fl ¢ was measured with
a fluorescence plate reader.

In Vivo Migration Assay

For the transplantation experiment, nude mice implanted with BMP-
2-containing collagen pellets were injected via a tail vein with
sorted CD45-negative PBMNCs with or without CXCR4-blocking
antibody (2B11; BD Pharmingen) pretreatment from the GFP-
transgenic BMP-2-implanted mice for 7 days.

Real-Time PCR

hnmmdprobcsfwhypoxhumzblefacwr 1 (HIF- I},SDF-I and
glyceraldehyde-3-phosphate dehy were pur 1 from Ap-
plied Biosystems (Foster City, CA. hutp:/fwww appliedbiosystems.
com). Real-time PCR was camied out and measured by the ABI Prism
T900HT Sequence Detection System using SDS 2.2 software (Applied
Biosystems),

Statistical Analysis

All experiments were repeated four to seven times. Statistical anal-
yses were performed with the unpaired 1 test or the paired Student
1 test. p values <0.05 were considered statistically significant.

g5

Bone Marrow-Derived Osteoblast Progenitor Cells
in Circulation Contribute to BMP-2-Induced Ectopic
Bone Formation

We have already reported that osteoblast progenitor cells
(OPCs) were recruited from bone marrow to the circulating
blood and contributed to the BMP-2-induced ectopic bone
formation [11]. To obtain more direct evidence that circulat-
ing MOPCs were recruited to the region of the BMP-2 pellet
to generate ectopic bone, we established a mouse model with
parabiotic pairings that shared a circulatory system between
a wild-type mouse and a GFP-BMT mouse (Fig. 1A) [13]. In
our parabiotic mouse model, a wild-type mouse was surgi-
cally connected with a GFP-BMT mouse whose bone marrow
had been replaced by GFP-transgenic bone marrow cells. The
wild-type mouse can receive bone marrow-derived GFP-
positive circulating cells from the GFP-BMT mouse after
they develop shared circulation in a few weecks, We im-
planted a BMP-2 pellet into the wild-type mouse of the
parabiotic pairings (Fig. 1A). Three weeks after transplanta-
tion, GFP fluorescence was detected at the region where the
ectopic bone had formed (Fig. 1B). Histologic analysis re-
vealed that 24.5% = 3.1% of the osteoblasts that aligned on
the regenerating bone and expressed osteocalcin (OC) were
GFP-positive cells that originated from the bone marrow of
the GFP-BMT mouse (Fig. 1C; supplemental online Fig. 1).

RESULTS
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A GFP-mouse Wild mouse BMP2 collagen pellet
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Figure 1. Bone marrow-derived osteoblast progenitor cells contribute to BMP-2-induced ectopic bone formation via circulation in a parabiotic

mouse. (A): Parabiotic pairing between a GFP-BMT mouse and a wild-type mouse. A BMP-2 pellet was implanted into the wild-type mouse
that could receive GFP-positive bone marrow cells from the GFP-BMT mouse through the circulation, (B): A BMP-2 pellet showed
accumulation of GFP fluorescence 3 weeks after implantation under the muscular fascia of a wild-type parabiotic mouse. A soft x-ray photo
of the BMP-2 pellet 3 weeks after the implantation demonstrated that ectopic bone formed in the BMP-2 pellet. Histologic section stained with
H&E of the BMP-2 pellet 3 wecks after implantation also revealed bone formation in the BMP-2 pellet. Magnification, *200. (C):
Immunoflucrescence staining of the boxed region in the H&E section showed that the cells lining the newly generated bone were osteoblasts

expressing OC

Abbreviations: BMP, bone morphogenetic protein, BMT, bone marrow transplantation; DAPI,

fluorescent protein; OC, osteocalcin.

If both mice provide the bone marrow cells equally, these
data suggest that approximately 50% of the regenerating
osteoblasts may be derived from endogenous circulating
MOPCs in parabiotic mice.

CD45-Negative Fraction in Bone Marrow Is a Major
Source of Circulating MOPCs

We next examined a particular population in bone marrow to
determine the major source of the circulating MOPCs. To
determine whether the major source of MOPCs in bone
marrow 18 CD45-positive or CD45-negative, we transplanted
two types of bone marrow cells in combination to a lethally
irradiated mouse before BMP-2-pellet implantation: a com-
bination of CD45-negative/GFP-negative bone marrow cells
and CD45-positive/GFP-positive bone marrow cells o gen-
erate CD45/GFP-BMT (Fig. 2A). The ectopic bone formed in
the CD45/GFP-BMT mouse showed less accumulation of
GFP fluorescence than that in the GFP-BMT mouse (Fig. 2B,
2C). Histologic examination revealed that the transplanted
cells with a reduced CD45-negatve/GFP-positive fraction
formed ectopic bone with significantly fewer GFP-positive
osteoblasts (11.0% 3.4%) than the controls (43.4%
10.6%, p 00127; Fig. 2D). These data suggested that
CD45-negauve cells in bone marrow mught be the major
source of circulating MOPCs in BMP-2-implanted mice,
although the contribution of CD45-positive cells to ectopic
bone formation can not be completely excluded

Some of those osteoblasts expressing osteocalcin also exhibited GFP I'luon:atcm.c (arrowheads).

Magnification, X600,

' 6-diamidino-2-phenylindole; GFP, green

Kinetic Analysis of Circulating MOPCs

The data obtained led us to further characterize the kinetics of
CD45-negative cell migration from bone marrow to circulat-
ing blood. To view CD45-negative cells in the circulation,
five sets of the experiment were performed independently. In
each experiment, seven mice were serially implanted (i.e.,
one mouse per day) with a BMP-2 pellet, and at day 7, they
were all at once subjected to flow cytometry analysis to
evaluate the CD45-negative cell populations in the PBMNCs.
Before the implantation, the basal population of the CD45-
negative cells in PBMNCs was less than 20%, possibly
containing a remnant fraction of red blood cells even after the
conventional PBMNC isolation procedure. Surprisingly,
large increases of the CD45-negative population in PBMNCs,
up to 83% frequency, were observed within 7 days after
BMP-2-pellet implantation, coinciding with a significant re-
duction in the CD45-negative population in bone marrow
cells within 7 days after BMP-2 implantation (Fig. 3A). A
similar increase in the CD45-negative population in
PBMNCs was observed at least once within 7 days after
BMP-2-implantation in the other four sets of experiments.
The induction of CD45-negative population in PBMNCs at
the peak in each set of experiments was significantly higher
in the BMP-2-implanted mice than in the control mice (p =
A0000142; Fig. 3B). Implantation of empty collagen pellets
also showed a relatively smaller but significant induction of
the CD45-negative population in PBMNC:s at the peak (p =
.0198; Fig. 3B).
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Figure 2. CD45-negative fraction of bone marrow cells predominantly participated in the BMP-2-induced ectopic bone formation. (A): CD45-negative
bone marrow cells from wild-type mice and CD45-positive bone marrow cells from GFP-trans : mice were transplanted into a lethal-dose-irradiated
wild-type mouse (CD45/GFP-BMT) before the BMP-2-pellet implantation. (B): The ectopic bone (circled with a dotted line) in the CD45/GFP-BMT mouse
showed weak GFP fluorescence. A soft x-ray photo and H&E-stained histologic section showed successful ectopic bone formation in the CD45/GFP-BMT
mice. Immunofluorescence staining revealed fewer GFP-positive cells in the ectopic bone of the CD45/GFP-BMT mice than in the ectopic bone of the
GFP-BMT mice. Magnification, *400. (C): Total bone mamrow cells from GFP transgenic mice were transplanted (o lethally imadiated wild-type mice
(GFP-BMT mouse). A BMP-2 pellet in the GFP-BMT mouse showed stronger GFP fluorescence (circled with a dotted line). A soft x-ray photo and
histologic H&E-stained section showed bone formation in the BMP-2 pellet in the GFP-BMT mice as well. Immunofluorescence staining revealed that more
GFP-positive cells expressed OC in the newly formed bone. Magnification, %200, (D): Quantitative analysis showed that the percentage of GFP-positive/
osteocalcin-positive osteoblasts in the osteocalcin-positive osteoblasts lining the trabecular bone significantly decreased in the CD45/GFP-BMT mice
compared with the GFP-BMT mice. *, p = .00127. Abbreviations: BMC, bone marrow cell; BMP, bone morphogenetic protein; BMT, bone marrow
transplantation; DAPI, 4' 6-diamidino-2-phenylindole, GFP, green fluorescent protein; OC, osteocalcin
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without BMP-2 stimulation (lane 2), and ALP and OC expression in culture with BMP-2 stimulation for 3 weeks (300 ng/ml; lane 3). (D): T‘he sored
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PBMNCs revealed that those cells could form bone in hydroxyapatite. Magnification, % 100, Abbreviations: ALP, alkaline phosphatase; BMC, bone
marrow cell; BMP, bone morphogenetic protein; G3PDH, glyceraldehyde-3-phosphate dehydrogenase; K-A, King-Armstrong; OC, osteocalcin; OP,
osteopontin; PBMNC, peripheral blood mononuclear cell
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To determine whether the mobilized CD45-negative cells
in the circulation contained MOPCs, we enriched the CD45-
negative fraction of the PBMNCs with MACS. The CD45-
negative sorted cells already expressed Cbfal (Fig. 3C). We
cultured the sorted cells in basal medium and examined the
expression of osteoblast-specific mRNA in these cells with or
without BMP-2 stimulation for 3 weeks. Osteopontin (OP),
an early marker of mesenchymal differentiation, started to be
expressed in cultures without BMP-2 (Fig. 3C). As expected,
the addition of BMP-2 to the culture (300 ng/ml) efficiently
induced the expression of osteoblast-specific marker genes
such as ALP and OC (Fig. 3C). These results coincided with
the data at the protein level that we reported previously [11].
We also observed morphological and functional changes of
the CD45-negative sorted cells cultured in the osteogenic
medium for 4 weeks. Those cells showed morphologic
changes with osteoblastic features, and calcium deposition
was clearly observed by alizarin red staining (Fig. 3D). A
significant increase in ALP activity was also demonstrated
(Fig. 3E). To obtain further evidence of the osteogenic po-
tential of the circulating CD45-negative cells in vivo, we
transplanted the fully open interconnected porous calcium
hydroxyapatite with or without the cultured circulating
CD45-negative cells from GFP-transgenic mice under the
muscular fascia in the backs of nude mice (Fig. 3F). Eight
weeks later, the hydroxyapalite was harvested and histolog-
ically analyzed. Newly formed bone was clearly seen only in
the hydroxyapatite with the inoculated CD45-negative cells
(Fig. 3F). Immunofluorescence staining showed that the cells
in the newly formed bone were GFP-positive, suggesting that
not the cells from recipient nude mouse but the transplanted
cells with the hydroxyapatite had formed the bone (supple-
mental online Fig. 2). These data indicate that CD45-negative
cells mobilized from bone marrow to the circulating blood
contain a major, if not exclusive, population of MOPCs that
are derived from bone marrow and provide mature osteo-
blasts to peripheral tissues.

Characterization of Circulating MOPCs

We further analyzed cell surface markers of the circulating
MOPCs in PBMNCs by flow cytomelry analysis (Fig. 4). Sig-
nificant expression of CD44, which is expressed in mesenchy-
mal cells as a receptor of OP [18], was observed (Fig. 4).
However, neither hematopoietic lineage markers, such as CD45,
CD11b, or Gr-1, nor endothelial lineage markers, such as CD34,
Flk-1, or CD31, were detected. Interestingly, circulating CD45-
negative MOPCs markedly expressed CXCR4 (Fig. 4), a recep-
tor of the chemokine SDF-1 [19]. The SDF-1 chemokine is
known to hold CXCR4-positive stem cells in the bone marrow
niche [20—22] and to recruit those cells to peripheral tissues that
express SDF-1 [23, 24].

SDF-1 Is Expressed by Vascular Cells and
Osteoblasts in and Around the BMP-2 Implant

To determine whether the CXCR4 on the MOPCs played a
functional role interacting with SDF-1 for migration to bone
formation, we d SDF-1 expression in cells surround-
ing the BMP-2 implant. Immunofluorescence staining
showed that CD31-positive and CD34-positive vascular en-
dothelial cells adjacent to the BMP-2 collagen pellet highly
expressed SDF-1 (Fig. 5A). The vasculatures expressing
SDF-1 are likely to be arterioles, because they express
smooth muscle actin at the periphery of the endothelial cells
(Fig. 5A). Quantitative real-time PCR analysis also revealed
marked elevation of SDF-1 expression in tissues containing
BMP-2 pellets from day 1 to day 7 after implantation (Fig.
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Figure 4. Flow cytometry analysis of mamow-derived osteoblast
progenitor cells (MOPCs). Most of the peripheral blood mononuclear
cells (PBMNCs) in wild-type mice (control) were CD45-positive.
CD45-negative MOPCs were increased in PEMNCs of BMP-2 pel-
let-implanted mice on day 4. Endothelial lineage markers (CD34,
CD31, and Fik1) and hematopoietic lincage markers (CD45, CD11b,
and Gr-1) were not detected in the CD45-negative MOPCs in BMP-
2-implanted mice. CD44 and CXCR4 were highly expressed in the
CD45-negative MOPCs of BMP-2-implanted mice compared with
the PBMNCs from wild-type mice. Abbreviation: BMP, bone mor-
phogenetic protein.



230 MOPCs Are Recruited to the Bone-Forming Site

B 34 B BMF peliet gan . W ewP patiat |
§ s _ T Ocollagen petief £ g T + O collagen pejief
2% . o U s
w:; Fi s % 20 a L. X
3 s ° »

220 N A . s

315 r r‘ 2 -

Z 4o R E 10 T

76 .| &8 -
Q g | o =

e o 1 2 3 4 5 6 7 © 0 1+ 2 3 4 5 8 7

Time course after pellet implantation (days) Time course after pellet implantation (days)

Figure 5. SDF-1 was expressed around the BMP-2 P. (A): Histologic H&E-staining and immunoflvonescence stamning showed that vessels around the BMP-2
P highly expressed SDF-1. Magnification, > 100 (first) and <500 (second). Immunofluorescence staining of the serial sections of the SDF- | -positive section arcund
the BMP-2 P showed that SDF-1 was expressed from the CD31-, (1D34-, and SMA-positive vessel Magnification, > 500. (B): The quantitative time-course analysis
of SDF-1 and hypoxia inducible factor-1 (HIF-1) mRNA expression in the BMP-2 and collagen Ps revealed that SDF-1 and HIF-1 expression increased significantly
in BMP-2 Ps compared with control tissue (day 0). =, p < .01. The high expression was significantly maintained on day 7 in BMP-2 Ps compared with those on
01. The fold increases of expression levels were normalized to those of control tissue (day 0). (C): The immunofluorescence staining

day 7 in collagen Ps. =, p
of the BMP-2-induced ectopic bone on day 14 demonstrated osteoblasts lining the newly formed bone expressed SDF- 1. Magnification, 500, Abbreviati
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5B). HIF-1, a transcriptional inducer of SDF-1 [23], was also HIF-1 and SDF-1 (Fig. 5B). After day 6, however, BMP-2
highly elevated in and around the implanted pellets with or stimulation significantly and specifically sustained the ex-
pression of SDF-1 and HIF-1(p < .01; Fig. 5B), suggesting

without BMP-2 in the early days, suggesting that nonspecific
hypoxic conditions in the tissue induced the expression of that the continuous expression of SDF-1 in the regenerating
STEM CHLS
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bone was due to BMP-2 stmulation. This speculation was
confirmed by histologic analysis, which clearly indicated
sustained SDF-1 expression in the regenerating osteoblasts
aligning on the newly formed osseous tissues (Fig. 5C).

The CXCR4/SDF-1 System Plays an Important Role
in the Recruitment of Circulating MOPCs to the
Region of Ectopic Bone Formation

To examine the chemoattractant potential of SDF-1 for
MOPCs in the peripheral blood, MOPCs in PBMNCs isolated
from BMP-2 pellet-implanted mice were subjected to in vitro
magration assays in a Boyden chamber. Approximately 2.5
times higher migration of the cells was observed in the lower
chamber, which contained 1,000 ng/ml SDF-1, and this mi-
gration was clearly inhibited by incubating the cells with
CXCR4-blocking antibody before the assay (p < .05; Fig.
6A). Furthermore, to check the in vivo chemotaxis of circu
lating MOPCs, we isolated MOPCs from PBMNCs daily
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00019, Abbreviations: RFU, relative fluorescence units;
intravenous; MOPC, marrow-derived osteoblast progenitor

from the BMP-2 pellet-implanted GFP-transgenic mice and
injected the isolated MOPCs, with or without prior CXCR4
blocking antibody treatment, through the tail veins of BMP-2
pellet-implanted nude mice daily for 7 days. Two weeks later,
histologic examination revealed that GFP-positive osteo-
blasts that originated from injected MOPCs made a signifi-
cant contribution to ectopic bone formation, and the in vivo
migration of the MOPCs to the implanted BMP-2 pellet was
strongly inhibited by treatment of the isolated MOPCs with
CXCR4-blocking antibody (Fig. 6B; supplemental online
Fig. 3). The percentage of GFP-positive osteoblasts in osteo-
calcin-expressing osteoblasts was sigmificantly decreased to
6.8% = 0.9% in the ectopic bone by blocking CXCR4 on the
MOPCs, whereas the percentage was 17.5% = 2.3% in the
ectopic bone from mice injected with MOPCs without
CXCR4 blocking (p = .00019, Fig. 6C). These data strongly
suggest that CXCR4 on circulating MOPCs functions as a
receptor for SDF-1 to induce the migration of MOPCs to the
region expressing SDF-1 in regenerating bone
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Circulating mesenchymal progenitor cells or osteoblast lineage
cells have been shown to exist in various mammals, including
humans and mice [6-8, 25, 26]. Those circulating osteoblast
lineage cells were isolated from peripheral blood, expanded in
culture, and inoculated to show their potency to become osteo-
blasts in vitro and in vivo. Major questions raised after those
observations included where those circulating cells came from,
where they went, and how they approached their destination in
vivo.

Recently, we reported that marrow cells in intact bone are a
major, if not exclusive, source of circulating OPCs under a
BMP-2-induced ectopic bone-forming condition in mice, and
these cells endogenously participate in the process of the ectopic
bone formation [11). In this study, a parabiotic pairing mouse
model showed that ~50% of all osteoblasts were denved from
MOPCs in the BMP-2-induced ectopic bone. Previous studies of
fracture healing have shown that fracture stimulation induces
BMP-2 expression in the surrounding tissues [27-29], suggest-
ing that endogenously circulating MOPCs may also contribute
to fracture healing, as well as to ectopic bone formation.

Circulating MOPCs seem to present as a small population
without induction. Even after inducing stimulation, the increase
of circulating MOPCs was time-limited and not maintained for
more than few days. The peak of the MOPC induction in
circulation oscillated between day 3 and day 7 after BMP-2
implantation, possibly because of the strength of signals gener-
ated by both BMP-2 and injury stimulation (data not shown).
These findings may explain the previous difficulties in detecting
circulating mesenchymal cells without expansion in culture
(30, 31].

SDF-1 has been characterized as a potent CXC chemokine
that is constitutively expressed in various cell types, including
mesenchymal stem cells and osteoblasis, in bone marrow, and in
dermal and synovial fibroblasts [22, 32, 33). SDF-1 retains
hematopoietic stem cells that express CXCR4, a receptor for
SDF-1, in bone marrow [21, 22]. SDF-1 expressed in peripheral
tissues under inflammatory conditions recruits circulating lym-
phocytes, monocytes, and other hematopoietic cells, except neu-
trophils, to the peripheral tssues via the CXCR4/SDF-1 system
[34, 35]). A recent study showed that SDF-1 in mural cells
around blood vessels functioned to entrap bone marrow-derived
vascular endothelial progenitor cells, which express CXCR4, in
circulation [36]. We demonstrated significant expression of
CXCR4 on circulating MOPCs. A strong expression of SDF-1
was noted not in the circulating MOPCs (supplemental online
Fig. 4) but in vascular endothelial cells and osteoblasts in the
regions of the ectopic osteogenesis, suggesting that the CXCR4/
SDF-1 system may play an important role in entrapping circu-
lating MOPCs around the area of the bone formation, although
factors besides SDF-1 may also contribute to the osteogenic
processes with MOPCs recruitment. Further analysis showed
that elevations of SDF-1 levels were accompanied by upregu-
lation of HIF-1, a well-known transcriptional factor that upregu-
lates SDF-1 expression. HIF-1 and SDF-1 induction were ob-
tained by implantation of the collagen pellet without BMP-2 and
probably resulted from the hypoxic tissue damage induced by
surgical implantation of the pellet. The BMP-2 pellet, however,
exhibited significantly prolonged expression of HIF-1 and
SDF-1 at day 7 compared with the collagen pellet itself. This
sustained expression of SDF-1 in the BMP-2-pellet was further
confirmed in osteoblasts, as well as in vascular endothelial cells
of the newly generating bone after day 7 (data not shown).
Collectively, HIF-1-dependent initial expression of SDF-1 in
arterioles around the BMP-2 pellet seemed 1o entrap circulating

MOPCs Are Recruited to the Bone-Forming Site

MOPCs, followed by BMP-2-dependent recruitment and differ-
entiation of the trapped MOPCs to osteoblasts, which expressed
SDF-1 and may have further enhanced bone formation by con-
tinuous recruitment of MOPCs to the osseous tissue in collab-
oration with the CXCR4/SDF-1 pathway. Previous studies [37,
38] also showed that the CXCR4/SDF-1 pathway plays a pivotal
role in the migration of stem cells to regenerating tissues,
suggesting that the hypoxic condition induced by tissue injury
plays a role in the induction of SDF-1 expression at the initial
siage of tissue regeneration.

Recent studies have indicated that CD44 binds to the ubig-
uitous matrix protein OP and serves as a receptor on CD44-
expressing cells to bind to OP [18]. Osteopontin is known to be
expressed in osteoblasts and secreted in the areas of the callus
formation [39], suggesting that OP functions as the major ligand
for CD44 on migrating osteoblast progenitor cells in the remod-
eling phase of fracture healing [40]. In this context, it 1s inter-
esting to note that circulating MOPCs significantly expressed
CD44 on the cell surface. [nteraction between OP and CD44 on
MOPCs may be important for the acceleration of bone forma-
tion in combination with the CXCR4/SDF-1 system and BMP
stimulation,

Signals that trigger migration of the particular cell popula-
tion from bone marrow to the circulation were not identified in
this sudy. Vascular endothelial growth factor (VEGF) was
previously shown to be sufficient for recruitment of marrow-
denved vascular endothelial progenitor cells into the circulation
[36]. We also observed elevation of VEGF levels in muscular
tissue around the implanted collagen pellet (data not shown).
This observation may suggest that VEGF contributes to angio-
genesis in the area of bone regeneration, although further evi-
dence must be obtained to support this conclusion. Implantation
of the collagen pellet itself induced a significant number of
MOPCs in the circulation, suggesting that surgical injury may
induce production of MOPC-recruiting signals, probably be-
cause of hypoxic stress in injured tissue, as previously reported
[41]. BMP-2-pellet implantation, however, induced a relatively
higher increase im MOPCs in the circulation compared with
empty collagen pellets. In addition, subcutaneous injection of
BMP-2 without extensive tissue damage could induce —20% of
CD45-negauve cells in circulation (data not shown), suggesting
that both BMP-2 and ussue injury contribute to the mobilization
of MOPCs in circulation. A lack of detectable expression
of bone morphogenetic protein receptor Il (BMPR-II) on the
MOPCs in the circulation (supplemental online Fig. 5) suggests
that BMP-2 does not participate in MOPC mobilization but that
other factors induced by BMP-2 may. This hypothesis may be
supported by our observation that there were no significant
changes in the concentration of BMP-2 in serum between wild-
type nontreated mice and BMP-2 pellet-implanted mice (sup-
plemental online Fig. 5). Furthermore, we could establish a
CS7BL/6 mouse bone marrow-derived stromal cell line, which
had been shown Lo be negative for BMPR-I1 but maintained the
capability to differentiate to mature mineralizing osteoblasts
when cultured in osteogenic medium (S. Otsuru et al., unpub-
lished data), suggesting that BMPR-II expression may not be
essential to maintain osteogenic features in the initial undiffer-
entiated condition of the MOPCs.

The importance of providing additional OPCs to the site of
bone formation has been shown by a number of previous studies
[42-47]. Identification of signals that induce migration of
MOPCs in the circulation may have clinical applications in the
future, as the ability to increase MOPCs 1n the circulation may
help patients with intractable bone fractures by inducing further
accumulation of MOPCs 1o the fractured lesion. Robust induc-
tion of circulating MOPCs may also enable us to easily isolate
these cells by simple blood sampling, providing the possibility
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to develop novel cell-based regenerative therapies for intracta-
ble bone fractures and possibly for other damaged tssues.
Because current procedures to isolate cells directly from bone
marrow are invasive, the easy isolation of MOPCs from periph-
eral blood has advantages in terms of safety, repeatability, and
acceplability. Genetic manipulation of isolated MOPCs may
also have possible applications in the treatment of genetic dis-
orders such as osteogenesis imperfecta [48, 49].

The potency of circulating MOPCs as stem cells is another
issue 10 be addressed in future studies. Because Sca-1 is an
established marker of both mesenchymal and hematopoietic
stem cells, MOPCs with low levels of Sca-1 expression seem 1o
have different features compared with stem cells in bone mar-
row [50, 51]. Demonstration of efficient differentiation activi-
ties of MOPCs, in addition to osteoblastic lineage, may illustrate
the additional importance of these cells in tissue regeneration.

lized MOPCs that expressed CXCR4 were recruited to the
bone-forming site by SDF-1 expressed in vascular endothelial
cells and the de novo osteoblasts of the region. These data may
provide perspective on the use of circulating MOPCs to accel-
erate bone regeneration in the future.

This work was supported by the Northern Osaka (Saito) Bio-
medical Knowledge-Based Cluster Creation Project and a
Grani-in-Aid from the Ministry of Education, Culture, Sports,
Science and Technology of Japan.

We report here the crucial role of the CXCR4/SDF-1 pathway in
the bone formation involving circulating MOPCs. The mobi-
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Cold shock domain protein A represses angiogenesis and lymphangiogenesis
via inhibition of serum response element
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Dual-targeted therapy for antiangiogenesis and antilym-
phangiogenesis represents a potentially effective strategy
for the treatment of varions malignancies. Therefore, the
goal of the present study was to identify genes that encode
inhibitors of both angiogenesis and lymphangiogenesis.
Using a cDNA library obtained from Lewis lung carcinoma
(LL/2), a candidate gene was identified by the evaluation of
growth inhibition in aortic and lymphatic endothelial cells
(EC) as that coding for the mouse cold shock domain
protein A (mCSDA). Overexpression of mCSDA signifi-
cantly repressed cell proliferation and c-fos promoter
activity in aortic, venous and lymphatic ECs. CSDA is a
DNA-binding protein that binds to the hypoxia response
element (HRE), Furthermore, of importance, we revealed
that CSDA could directly bind to the serum element
(SRE) sequence, resulting in the inhibition of SRE activity,
which may lead to growth inhibition in ECs, In an LL/
2-inoculated mouse model, tumor growth was significantly
repressed in an mCSDA-injected group. Histopathological
analysis revealed that expression of blood and lymphatic EC
markers was significantly decreased in mCSDA-injected
groups. In conclusion, these data suggest that expression of
CSDA can repress angiogenesis and lymphangiogenesis via
direct binding to SRE in addition to HRE.

Oncogene (2008) 27, 1821-1833; doi:10.1038/s).onc. 1210824;
published online 15 October 2007

Keywords: antiangiogenesis; antilymphangiogenesis; gene
therapy; endothelial cell serum response element

Introduction

Normal tissue growth, repair and regeneration require
ingrowth of blood vessels (angiogenesis) and lymphatics
(lymphangiogenesis) to provide proper nutrition and
drainage, respectively. However, a similar process
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governs the uncontrolled growth and spread of various
malignancies (Sleeman, 2000; Pepper, 2001). Indeed, the
capacity of tumor cells 1o induce angiogenesis and
lymphangiogenesis may determine the probability of
vascular or lymphatic spread of malignancy.

The concept of antiangiogenic therapy was first proposed
in the early 1970s as a method of restricting tumor growth
(Folkman, 1971). Many different strategies for antiangio-
genesis have been investigated, including those that target
endothelial cells (EC) (that is, the anti-vascular endothelial
growth factor (VEGF) antibody) (Kim et al., 1993), mural
and stromal cells (Bergers et al., 2003), hematopoietic cells
(Kaplan et al., 2005; Zou, 2005) or neoplastic cells (Izunu
et al., 2002). Furthermore, angiogenesis inhibitors are
currently in clinical use worldwide for the treatment of
various cancers (Folkman, 2006).

More recently, several studies have reported an associa-
tion between VEGF-C expression, tumor lymphangiogen-
esis and lymph node metastasis in many cancers, including
thyroid (Bunone er al., 1999), prostate (Tsurusaki et al,
1999), gastric (Yonemura er al., 1999), colorectal (Akagi
et al, 2000) and lung cancers (Niki et al, 2000). For
example, investigators have reported that overexpression
of VEGF-C or -D induces lymphangiogenesis and
promoles tumor metastasis in mouse tumor models
(Karpanen er al, 2001; Mandriota et al, 2001; Skobe
et al., 2001; Stacker er al, 2001), which suggests that
lymphatic vessels also regulate tumor metastasis. Indeed,
a soluble VEGF receptor (VEGFR)-3-immunoglobulin
(Ig) fusion protein has been shown to inhibit VEGF-
C-induced tumor lymphangiogenesis (Karpanen er al.,
2001).

In combination, these data suggest that simultaneous
targeting of angiogenesis and lymphangiogenesis is an
ideal strategy for the treatment of various malignancies
in views of antitumor growth and antimetastasis.
Therefore, the goal of the present study was to identify
novel therapeutic genes that repress both angiogenesis
and lymphangiogenesis.

Results

Screening for candidate antiangiogenesis/
antilymphangiogenesis genes

A ¢DNA library obtained from Lewis lung carcinoma
(LL/2) was used to screen for candidate genes based on the
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Folkman’s hypothesis applied at discovery of angiostatin
and endostatin that cancer cells might produce factors
related to not only promoters of angiogenesis and lymph-
angiogenesis, but also mhibitors of them (Folkman, 2006).
The first screening was performed in canine lymphatic
endothelial cells (cLEC) by modified 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazohum bromide (MTS) assay
using the indirect functional screening method with the
hemagglutinating virus of Japan envelope (HVJ-E) vector,
as previously reported (Nishikawa ef al., 2006). Canine
LEC is much superior to human LEC (hLEC) about
transfection efficiency and sensitivity of MTS assay (data
not shown), as same as relationship of bovine aortic
endothelial cells (BAEC) and human AEC (HAEC). This
process resulted in identification of 22 candidate antilym-
phangiogenic genes from the well number 88, which had
the lowest value of the cLEC proliferation (Figure la)
Further screening was performed on BAEC by the direct
evaluation of c-fos promoter activity after co-transfection
with each candidate gene (Figure 1b). Gene number 6 had
the lowest value in terms of ¢-fos promoter activity. Gene
sequencing rtevealed that this plasmid DNA sequence
matched that encoding the mouse cold shock domain
protein A (mCSDA) ¢cDNA (GenBank accession number
NM139117.2), which is localized to chromosome 6.
Although the reported full open reading frame length of
mCSDA was 1086bp, the plasmid reading frame length
was 888 bp because 1t lacked part of exon | (from 67 to
175bp of the open reading frame). Repeat subcloning of
mCSDA from the LL/2 ¢cDNA library by PCR yielded
similar results in terms of deletion profiles. Therefore,
subsequent experiments utilized this deletion-modified
mCSDA sequence.

Expression of mCSDA

Immunofluorescent staining demonstrated that over-
expressed mCSDA tagged with hemagglutinin (HA) was
localized to the nucleus untl at least 48h after
transfection (Figure 2a). Furthermore, northern blotting
demonstrated CSDA mRNA expression in the heart and
skeletal muscle of several human tissues, as previously
reported (Figure 2b) (Kudo er al., 1995). In whole
murine embryos, CSDA mRNA was present in low
levels until embryonic day 15, and was highly detected at
embryonic day 17 (Figure 2b). Endogenous expression
of CSDA was detected in several types of ECs by reverse
transcription-PCR (RT-PCR) (Figure 2c). Interesi-
ingly, mCSDA was expressed in aortic and venous
ECs and, to a lesser extent, in lymphatic EC, but was
barely detected in human aortic smooth muscle cell
(HASMC) (P<0.001; Figure 2d).

Function of mCSDA on LL|2 and ECs

Endogenous expression of CSDA was detected in LL/2 by
RT-PCR (Figure 3a). Furthermore, nCSDA mRNA level
was upregulated by overexpression of mCSDA plasmid,
and was knocked down by RNA interference (RNAI)
using small interfering RNA (siRNA). In fact, transfection
of siRNA resulted in a 93% decrease in mCSDA mRNA
levels, as quantified by real-time RT-PCR. To investigate
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Figure 1 Screening for antiangiogenesis and anulymphangiogen-

esis gene. (a) The first screening was performed using the indirect
functional screening method with the HVI-E vector, Well no. 88
has the lowest cLEC proliferation value as determined by MTS
assay (arrow). (b) Effect of 22 candidate genes on c-fos promoter
activity in BAEC, GFP plasmid was transfected as control. The c-
fos promoter activity of no. 6 was the lowest (arrow)

whether mCSDA has an effect on LL/2 proliferation,
mCSDA plasmid or siRNA for mCSDA was transferred
into LL/2. Overexpression or repression of mCSDA
expression in the cells resulted in no sigmficant change in
cellular proliferation, as assessed by MTS assay and e-fos
promoter activity after co-transfection with the c-fos-
luciferase reporter gene (Figure 3b).

Next, to confirm the inhibitory effect of mCSDA on EC
growth, vascular or lymphatic ECs were co-transfected with
the c-fos-luciferase reporter gene and mCSDA plasmid.
Overexpression of mCSDA significantly repressed c-fos
promoter activity in HAEC, human umbilical vein
endothelial cell (HUVEC), hLEC and c¢LEC, when
compared with cells transfected with control plasmid
(P<0.001; Figure 3c). These results demonstrated that
mCSDA had inhibitory effect directly on the proliferation
of vascular and lymphatic ECs.

Functional domain analysis of mCSDA
The effect of the deletion-modified mCSDA was
compared with that of the full human CSDA (hCSDA)
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Figure 3 Function of mouse cold shock domain protein A
(mCSDA) in LL/2 and ECs. (a) Expression of mCSDA transcript
in LL/2, wild-type (left), mCSDA overexpression (OE; middle) and
RNA interference (RNA1) for mCSDA (nght). (b) Effect of
overexpressed mCSDA plasmid or RNAi for mCSDA on LL2
proliferation, as determined by MTS assay (left panel) and c-fos
promoter assay (right panel). GFP plasmid was transfected as
control. n= 6. (¢) Effect of overexpressed mCSDA plasmid on ¢-fos
promoter activity in human aortic endothelial cells (HAEC),
human umbilical vein endothelial cell (HUVEC), hLEC and canine
lymphatuc endothelial cells (cLEC). GFP plasmid was transfected
as control (n=6, *F<0.001 vs control}

sequence using a c-fos promoter assay in BAEC or
cLEC. Overexpressed mCSDA and hCSDA showed a
similar inhibitory effect on c-fos promoter activity In
both EC types (P<0.001; Figure 4a). Since hCSDA
could directly bind the promoter region of DNA via
exon 1-5, leading to suppression of transcrniption (Kudo
et al,, 1995), the importance of exon 1-5 containing cold
shock domain (CSD) in mCSDA was investigated by
construction of deletion mutants (DMs). As shown in
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Figure 4b, three types of DM mCSDA were constructed
DMI1 possessed the CSD, whereas DM2 and DM3
lacked the CSD. DM3 also lacked the nuclear localiza-
tion signal. The c-fos promoter activity was significantly
decreased in both of the ECs that overexpressed DM,
but not in ECs that overexpressed DM2 and DM3
without the CSD (P<0.001; Figure 4c¢). These results
suggest that the CSD plays a key role in the inhibition of
EC proliferation.

Mechanisms of mCSDA in ECs

We next focused on the mechanism of EC-proliferated
inhibition by mCSDA. Although CSDA inhibits VEGF-
A promoter activity by competitive binding with
hypoxia inducible factor-1 (HIF-1) to the hypoxia
response element (HRE) (Coles et al., 2002), the key
factor of lymphatic EC proliferation 1s not VEGF-A,
but VEGF-C. Furthermore, there is no HIF-1 binding
site in the VEGF-C promoter (Chilov et al., 1997). Thus,
the new mechanism of mCSDA was required to explain
about repression of both EC types in our results. Since
we hypothesized that mCSDA have a potential to widely
inhibit effect of growth factors, such as VEGF-A and
-C, we compared the cell proliferations with or without
the treatment of fetal bovine serum (FBS) as a common
paracrine factor on ECs. Indeed, transfection of ECs
with mCSDA resulted in a decrease in serum-induced
cellular proliferation, as demonstrated by MTS assay
(P<0.05; Figure 5a). Furthermore, cells co-transfected
with the c-fos-luciferase reporter gene and mCSDA
plasmid showed decreased serum-induced c-fos promo-
ter activity when compared with those transfected with
control plasmid (P<0.05; Figure 5b).

I'he ras/extracellular signal-regulated kinase (ERK)
pathway provides a common route of signals from
different growth factor receptors, and is a key signaling
pathway [or the regulation of aortic and lymphatic EC
proliferation (Figure 5c¢) (Nakagami er al., 2001; Saito
et al., 2006). Consistent with previous reports, ERK
was phosphorylated by treatment with recombinant
hepatocyte growth factor (HGF) in ECs. However,
overexpression of mCSDA did not inhibit the phos-
phorylation of ERK in BAEC (Figure 5d). Because
mCSDA was reported as a repressor of a number of
growth factors (Shannon et al., 2001), experiments were
conducted 1o determine whether mCSDA could repress
the serum response element (SRE), which is the binding
site of the last signal of the ERK pathway and also exists
in the c-foy promoter.

SRE activity was further evaluated by co-transfection
with the SRE-luciferase reporter gene and mCSDA
plasmid. Overexpressed CSDA significantly decreased
SRE activity compared with that of control plasmid in
HAEC, HUVEC, hLEC and cLEC (P <0.05; Figure 6a).
These data suggest that mCSDA could inhibit the SRE
activation without inhibition of ERK activation. Simi-
larly, ECs co-transfected with the SRE-luciferase repor-
ter gene and mCSDA plasmid showed decreased serum-
induced SRE activity when compared with that of cells
transfected with control plasmid (P<0.05; Figure 6b).
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Figure 4 Domain analysis of mouse cold shock domain protein A (mCSDA). (a) Effect of mouse mCSDA plasmid, which lacked part
of exon 1, and human CSDA (hCSDA) plasmid on ¢-fos promoter activity in bovine aortic endothelial cells (BAEC) and canine
lymphatic endothelial cells (cLEC). GFP plasmid was transfected as control, and hepatocyte growth factor (HGF) plasmid was
transfected as a positive control (n=6, *P<0.00]1 vs control). {b) Schema of constructs for deletion mutants of mCSDA. mCSDA
plasmid lacked & part of exon 1 (red bar). Deletion mutant | (DM1), from exon | to 9 without part of exon 1 (red line), deletion mutant
2 (DM2): from exon 4 to 9 without CSD, deletion mutant 3 (DM3), from exon 6 to 9 without CSD and the nuclear localization signal
(NLS), {c) Comparison of deletion mutants of mCSDA on c-fos promoter activity in BAEC and cLEC. GFP plasmid was transfected
as control (n=6, *P<=0.001 vs control, "P<0.001 vs DM 1)
Because CSD proteins could repress via direct binding to not directly influence with LL/2 growth. In an LL/
CT-rich DNA sequence (Shannon er al, 1997), we  2-inoculated mouse model, transfer of mCSDA into the
hypothesized that mCSDA could directly bind to the  boundary area between tumor and normal tissue was
SRE sequence to repress the cell growth. Gel mobility  performed using the ultrasound-sonoporation method
shift assay demonstrated that overexpression of the  (Supplementary Figure S1b) (Shimamura et al., 2004),
mCSDA gene increased specific binding to the consensus  and tumor size was measured over the subsequent 21 days.
SRE sequence but not to any mutant SRE sequence. On the flank model at day 21 after LL/2 inoculation,
Furthermore, preincubation of nuclear extract with anti-  many mature feeding arteries were connected from the
CSDA antibody blocked formation of mCSDA-SRE  host normal tissue to tumor on the green fluorescent
complex. These results indicate that mCSDA could protein (GFP)-injected group (control group), but a few
directly bind to the SRE sequence (Figure 6¢). weak arteries on mCSDA-injected group (CSDA group)
(Figure 7a). The blood flow by laser Doppler image was
Antiangiogenesis and antilymphangiogenesis in vivo significantly lower around the tumor in the CSDA
Given the in vitro data, we hypothesized that mCSDA  group compared with that in the control group
would repress tumor angiogenesis and lymphangiogenesis  (P<0.01; Figure 7a). Correspondingly, tumor volume
using an LL/2-inoculated mouse model, which was known (P<0.01) and weight (P<0.05) was significantly lower
as a model of the angiogenesis-dependent tumor growth  in the CSDA group when compared with the control
(Supplementary Figure Sla) (Watanabe er al, 2004), and  group (Figure 7b). Furthermore, in this flank model at
in Figure 3, we have already confirmed that mCSDA did 21 days after LL/2 inoculation tumor had spread to the
Oncogena
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Figure 5 Mechanism of mouse cold shock domain protein A (mCSDA) function in ECs. (a) Effect of mCSDA plasmid with or
without fetal bovine serum (FBS) on human sortic endothelial cells (HAEC) and canine lymphatic endothelial cells (¢cLEC), as
demonstrated by the MTS assay. ECs were transfected with mCSDA plasmid or GFP plasmid as control, and cultured in FBS-free
medium (FBS =) or 10% FBS medium (FBS + ). (b) Effect of mCSDA plasmid with or without FBS on HAEC and cLEC, as
demonstrated by the c-fos promoter assay. ECs were transfected with mCSDA plasmid or GFP plasmid as control and then cultured in
FBS-free medium (FBS —) or 10% FBS medium (FBS + ) (n=8, *P<(0.05). (¢) Schematic diagram of the signaling pathways of ERK.
(d) Typical western blot of total ERK and phosphorylated ERK in BAEC transfected with mCSDA plasmid or GFP plasmid as
control, before, and 10min after treatment with human recombinant hepatocyte growth factor (HGF, 10ngml™')
lung in the control group, and the number of lung meta-  significantly decreased in CSDA group when compared
stasis in the CSDA group was significantly decreased with the control group (P<0.0]; Figures 8b and c).
compared with control group (P<0.001; Figures 7¢ and Furthermore, expression of lymphatic EC marker
d). The metastasis in lung and inguinal lymph node was (Prox1) was only seen in tumor tissue (Figure 9a), and
also diagnosed by hematoxylin and eosin (H&E) stain on the magnification images the expression of lymphatic
(Figure 7e¢). We further focused on the histopatho- EC markers (Proxl and LYVE-1) was decreased in the
logical analysis of the boundary area (connecting tissue CSDA groups (Figure 9b). Indeed, the number of
area) between the main tumor and normal tissue by lyvmphatic vessels was significantly decreased in the
immunofluorescent stamming. Of importance, expression CSDA group compared with control group (P<0.05;
of EC marker, von Willebrand factor (vWF), was low in Figure 9¢)
the normal tissue but high in the tumor tssue in the To further evaluate the metastasis of LL/2 noculation,
CSDA group (Figure 8a). At the boundary area between we created footpad model, which initially spreads to the
tumor and normal tissue, the expression of EC markers  inguinal lymph node, using LL/2 stable transfectant expres-
(VWF and PECAM-1) and capillary density was sing luciferase. We also injected the patent blue-staming
Oncogene



