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combined inhibitory effect against both BMP and Wnt
canonical signals via LRP6 by direct binding (Nakamura
et al. 2007).

The case of CCN6 depicts the general property of
the CCN family of genes. Basic molecular interactions
or signal transduction seemed to be well conserved
among animal species, but the phenotype of genetic
mutations is rather different. This may be because the
emphasis of CCN family signal usage is different from
species to species. CCN may be still evolving to keep
pace with vertebrate evolution. It may be that vertebrates
use CCN to evolve their own method of organogenesis.

CCN and relative families

Each domain of CCN is shared with a large number of
genes, but the combination and order of the four
modules is specific to the CCN family. However, partial
homology with the CCN family is found in several gene
families (Fig. 8). In the N-terminal domain (IGFBP-~), the
IGFBP and Tsg families share homology with CCN (Hwa
et al. 1999). For the C-terminal domain (CT), DAN, Sost/
Wise, and Slit families are related (Ellies et al. 2006).
Among these families, CCN and Sost/Wise families
do not have equivalent genes in invertebrates, which
implies that these two families evolved with the emer-
gence of vertebrates. Most members of the IGFP
family are vertebrate-specific, but only IGFBP 7 has an
equivalent in Drosophila (Imp-L2), which counteracts
insulin signaling and is essential for starvation resistance
(Honegger et al. 2008).

The N-terminal homologous domains of CCN, IGFBP
and Tsg are consistent in size, at about 80 amino acid
residues. The simiiarity of the three families depends on
the conserved cysteine residues, which constitute a
conserved local motif (xC-x-CC-x(2)-C-x(3)-LG), namely
GCGCC-x(2)-C. The GCGCC-x(2)-C motif is a putative
interacting domain with IGFs (Finelli et al. 1994).

Tsg was identified in Drosophila as one of seven
zygotic dorso-ventral polarity genes that specify the cell
fate antagonizing decapentaplegic (DPF) gene (Mason
et al. 1994). Dorso-ventral patterning in vertebrates is also
regulated by a gradient of BMP activity, and vertebrate
Tsg was identified as a BMP-binding protein that acts
as an antagonist, a novel member of the BMP signaling
pathway like chordin or noggin (Oelgeschlager et al. 2000).
From protein database analyses, these three gene
families share weak similarity except for the IGFBP
domain. Grotendorst et al. have argued that CCN and
IGFBP are two distinct families and that the CCN family
should not be considered as a part of the IGFBP family
(Grotendorst et al. 2000). However, these families have
also been grouped together in the TIC superfamily (Tsg,
IGFBP, and CCN) (Vimos et al. 2001).

The C-terminal domain of CCN is homologous to other
gene families. From 2001 to 2003, genes homologous
to the CCN C-terminal domain were reported. Sclerostosis
was identified through homozygosity mapping followed
by positional gene cloning from patients that showed
an autosomal recessive sclerosing bone dysplasia charac-
terized by progressive skeletal overgrowth (Brunkow
et al. 2001). Independent mutations were found in this
novel gene, whose product was termed Sclerostin. SOST
contains a cystine knot motif (residues 80-167) that is
similar to the CT domain of CCN. The main function of
SOST is antagonistic activity against BMP (Kusu et al.
2003), but SOST may also antagonistically interact with
LRP5 in bone mass regulation (Li et al. 2005; Ellies et al.
2008). .

ltasaki et al. have isolated the novel secreted molecule
Wise, by functional screening for activities that alter the
anteroposterior character of neuralized Xenopus animal
caps (ltasaki et al. 2003). Wise encodes a secreted
protein that has similarity with CCN in the C-terminal
domain. Phenotypes arising from ectopic expression or
depletion of Wise negatively correlate to Wnt signaling.
Wise has been demonstrated to interact with LRP6 to
retain it in the endoplasmic reticulum, which attenuates
Wnt signaling (Guidato & Itasaki 2007). Wise has two
synonymous names in mammals: ectodin (mouse)
and USAG-1 (rat) (Table 1). A secreted BMP antagonist,
namely ectodin (ectodermal BMP inhibitor) was identified
in mouse ectodermal tissues (Laurikkala et a/. 2003).
Recombinant ectodin protein produced in cultured cells
inhibits the activity of BMP2, BMP4, BMP86, and BMP7.
A knockout of ectodin causes abnormal tooth cusp
development with hyperactivation of BMP signaling
(Kassai etal. 2005). Also, a gene induced in the rat
endometrium at the time of uterine receptivity/sensiti-
zation for the decidual cell reaction, known as Uterine
sensitization-associated gene-1 (USAG-17) (Simmons &
Kennedy 2002), is an equivalent gene of ectodin and
has been demonstrated to be a BMP antagonist
(Yanagita et al. 2004). Contrary to the role of Wise in
chicken, these mammalian equivalents principally act as
BMP antagonists. These facts may indicate that the role
of the Wise family differentially evolved depending on
the vertebrate species.

The C-terminal domain of CCN aiso has high similarity
to the Dan family, including Dan, Cerberus, Gremiin, and
Caronte, which have been shown to act as BMP ant-
agonists. In Drosophila, Slit has been shown to play a
critical role in central nervous system midline formation.
Itoh etal. (1998) cloned the SLI/T gene, a human
homolog of the Drosophila Slit. They also cloned two
additional Sfit homologs. The Slit gene famiy also
shares weak homology with the CT domain of CCN.
The effect of Slit is rather different from other relatives,
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since Slit interacts with ROBO, a member of the neural
cell adhesion molecule (NCAM) family in axonal guidance
as a ligand (Liu et al. 2004). Other proteins interacting
with Slit have not yet been conclusively found.

The molecular evolution of CCN is not yet clearly
understood, but it seems to have evolved with its relative
gene families in vertebrates (chordates). However, the
bipolar similarities in the N-terminal and C-terminal
domains with their relative gene families raise the ques-
tion if CCN emergence is the result of genetic conver-
gence or divergence. Recently, a chordin-like secreted
molecule, Tsukushi, was identified from signal sequence
trap screening using a chicken embryonic lens library
(Ohta et al. 2004). This gene has very weak homology
to CCN (VWC domain in CCN), and has the similar
property of interacting with BMP, Notch (Delta and Jag-
ged), and Wnt (LRP) signals. Tsukushi regulates various
types of stem cells in the primitive streak, neural crest,
and retina (Ohta etal. 2006; Ohta etal. 2008) like
CCNs. R-spondin is relatively distant from CCN, but has
a Wnt inhibitory effect in the same manner as Wise/
Sost (Hendrickx & Leyns 2008). It may be possible
that there still exist some unknown secreted factors in
vertebrates that bind and regulate the principal develop-
mental signals.

CCN and tumor malignancy

In this review, we have not discussed much about the
role of CCNs in adult tissues, but a number of investi-
gations indicate their implication in tumor malignancy.
In the case of CCN3, it has been suggested that this
CCN is positively correlated to malignant behavior
(invasiveness, cell migration) of melanoma cells (Vallacchi
etal. 2008), but another report demonstrated inverted
results (Fukunaga-Kalabis et al. 2008). Vallacchi et al.
studied clinical cases of melanomas demonstrating that
highly metastatic cases showed relatively high expression
of CCN3. They also demonstrated that melanoma cell
lines transfected with CCN3 showed wide and rapid
metastasis in distant organs as compared with non-
transfected ones. Fukunaga-Kalabis et al. also studied
clinical cases of melanomas from the aspect of skin
invasion patterns and demonstrated aggressive invasion
related to the low level expression of CCN3. They
applied a skin graft experiment of melanoma cell lines
transfected with CCN3 and demonstrated low invasive-
ness of transfected melanomas. Both reports confirmed
that overexpression of CCN3 upregulates the cell adhe-
siveness of melanoma cells. Vallacchi et al. claim that
upregulation of cell adhesiveness enhances the nesting
of metastatizing cells in remote areas, while Fukunaga-
Kalabis et al. argue that cell adhesiveness to the
basement membrane proteins cause low invasion of

© 2008 The Authors

melanoma cells. Their reports are consistent in that CCN3
exerts cell adhesive effects. Their differing conclusions
might be because CCN3 biological effects may differ
depending on the spatial situation of melanoma cells.

Conclusions

In brief, a number of reports have brought evidence that
the CCN family of genes interacts with various extra-
cellular matrix proteins, transmembrane proteins, growth
factors, and cytokines. Particularly, its interaction with
BMP, Wnt, and Notch, members of tool kit genes in
development (Ryan & Baxevanis 2007; De Robertis 2008),
is important. The phenotypes of CCN transgenic animals
are mainly concerned with vasculo/angiogenesis and
osteo/chondrogenesis, but it is various among animal
species. Cell biological analysis in vitro demonstrates
that these interactions are sometimes synergistic, but
also sometimes antagonistic. However, CCN seems
to help in vivo tissue construction, organizing the
spatio-temporal activation/suppression of these genes.
This type of fine-tuning may relate to the strong
regeneration capacity of vertebrates. It is possible that
deletion or mutation constructs of CCNs clearly depict
the function of each domain. Further study will help not
only in understanding the complicated nature of CCNs,
but also give some idea for new drug development such
as for regenerative therapy or anti-tumor progression.
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Differentiation of Bone Marrow
Stromal Cells into Osteoblasts in a
Self-assembling Peptide Hydrogel:

In Vitro and In Vivo Studies

MaHO OzEKI,! SHINJI KURODA,"* KAZUHIRO KON!
AND SHOHEI KASUGAI™?

'Oral Implantology and Regenerative Dental Medicine

Graduate School, Tokyo Medical and Dental University
1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8549, Japan
2Global Center of Excellence (GCOE) Program, International Research

Center for Molecular Science in Tooth and Bone Diseases

Tokyo Medical and Dental University, Tokyo, Japan

ABSTRACT: A prerequisite of tissue engineering approaches with regard to
autograft is a suitable scaffold that can harbor cells and signals. Conventionally,
such scaffolds have been prepared as 3D scaffolds prefabricated from synthetic or
natural biomaterials. RAD16 has been introduced as a new biomaterial, where
synthetic peptides self-assemble to form a hydrogel. In this study, RAD16 was
examined in terms of osteogenic efficacy and feasibility of ectopic mineralization.

Two hundreds 71 of RAD16 was cocultured with 1 x 10° bone marrow cells from
the femurs of 6-week-old Wistar male rats in alpha minimum essential medium
supplemented with or without dexamethasone. Second, the same volume of the
RAD16 construct hosting the cells with or without hydroxyapatite (HA) particles
was treated in the dexamethasone medium as well, prepared in a Teflon tube, and
implanted subcutaneously. Cell proliferation was prominent in the RADI16
coculture with dexamethasone at 1 week and significantly decreased by 2 weeks,
whereas the other combinations remained or inclined, and their osteogenic
differentiation was accelerated up to 2 weeks, as seen in increasing alkaline
phosphatase (ALP) activity and mRNAs of ALP, OPN, and OCN. The RAD16
implant prepared with HA particles allowed more osteoblast-like cells and blood
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cells to grow inside, which was accompanied by elevating OPN gene expression
and the stronger peak of VEGF gene expression at 2 weeks. Furthermore, more
OPN mRNA signal was detected around the RAD16 containing HA particles by 4
weeks. On the other hand, the RAD16 alone represented lower expression of OPN
gene. During the experiment, however, no ectopic mineralization was observed in
both groups. Conclusively, it was suggested that the RAD16 showed feasibility of
serving as a matrix for osteogenic differentiation of cocultured bone marrow cells
in vitro and in vivo. Proceeding of exploration and modification of RAD16 is
continuously required for cell-based tissue engineering. 2

KEY WORDS: self-assemble, hydrogel, tissue engineering, RAD16,
osteogenesis.

INTRODUCTION

utologous bone grafts (grafts taken from the same individual in

whom they are reimplanted) are still considered the ‘gold standard’
for reconstruction of compromised bones because of the absence of
immunological rejection and the presence of stem cells and growth factors
having osteoinductive and osteoconductive properties [1]. However,
autologous bone grafting still poses a variety of problems, including donor
site morbidity. The limited amount of available bone suitable for
harvesting and grafting must be taken into account when autologous
bone grafts are considered. Therefore, development of alternatives is
clearly a high priority. Allografts (grafts from human cadavers) and
xenografts (grafts from animals, typically pigs and cows) have inherent
risks and disadvantages, such as the transmission of disease from the
donor to the recipient or immunogenic responses. Synthetic bone
substitute materials, such as calcium phosphate ceramics, have been
used; however, the ceramics are not usually osteogenic. '

An alternative approach would be to apply a cell-based strategy,
whereby mesenchymal stem cells (MSCs) from bone marrow, for
instance, could be grown. Such cultures would have potential for tissue-
engineered cartilage and bone repair [2-5]. Although the number of MSCs
in bone marrow is relatively small, their numbers can be increased
in vitro while maintaining their ability to differentiate into multiple cell
lineages. Osteogenic cells can be isolated from bone marrow and induced
to grow by an established method [6]. The capacity of MSCs to proliferate
and differentiate makes them ideal candidates for bone tissue
engineering.

A prerequisite of a tissue engineering approach is a suitable scaffold
with an architectural design that is feasible for use in bone tissue
engineering applications. Typically, such scaffolds have been prepared
ex vivo as 3D structures prefabricated from synthetic or natural
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biomaterials [1,7-10]. And these materials and their internal structures
have been examined and improved at both micro and nano scales, for
instance by electrospinning or phase separation techniques so that they
can provide more favorable environment for cell survival and bone
regeneration. A new class of biomaterials, synthetic self-assembling
peptide-based hydrogel, was initially introduced by Zhang et al. [11]
This self-assembling peptide, named EAKI16, includes a double unit of
(Ala-Glu-Ala-Glu-Ala-Lys-Ala-Lys), amino acid residues and has a
characteristic b-sheet circular dichroic spectrum In water, with mini-
mum and maximum ellipticities at 218 and 195 nm, respectively [12,13].
EAKI16 comprises self-complementary amphiphilic oligopeptide pairs of
positively charged lysine- and negatively charged glutamic acid side
chains on one side and hydrophobic alanine side chains on the other side.
Self-complementary EAK16 is distinctive from many synthetic peptides
in that it forms an insoluble macroscopic membrane; when the peptide
solution is exposed to a physiological medium or salt solution, it rapidly
forms nanometer-scale fibers and assembles into 3D hydrogel scaffolds.
Another version of EAK16, RAD16, was also constituted by Zhang et al.
[14]. In RADI16, positively charged arginines substitute for lysines and
negatively charged aspartic acids substitute for glutamic acids. Previous
studies have reported cell attachment and differentiation when
supported by those carriers [14-19] as well as the bone formation
potential of bone marrow cells (BMCs) combined with the hydrogel
scaffolds [9,20,21]. In addition, these hydrogels have been shown to
repair critical-sized bone defects; however, few reports have compared
these hydrogel scaffolds with conventional biomaterials with regard to
bone formation [21].

The present study consisted of both in vitro and in vivo experiments:
The in vitro study examined the osteogenic efficacy of PuraMatrix ™
(3-DMatrix Japan, Tokyo, Japan), a hydrogel of RAD16, on rat BMCs
cultured with or without a set of osteogenic supplements. The hydrogel
complexes were then implanted subcutaneously into rats in the in vivo
study and analyzed for mineral apposition in the matrix.
Simultaneously, we also investigated ectopic bone formation ability
using a combination of RAD16 harboring the BMCs and hydroxyapatite
(HA) particles capable of regenerating bone [22-26].

MATERIALS AND METHODS
The animal experiments in this study were performed under the

‘Guidelines for Animal experimentation’ of Tokyo Dental and Medical
University, Tokyo, Japan. The animal welfare committee of Tokyo
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Dental and Medical University approved the experimental procedures
regarding use and care of animals.

Biomaterials

PuraMatrix ™ was kindly donated by 3-DMatrix Japan. The synthesis
and characterization of RAD16 has been described previously [14].
RAD16 has the amino acid sequence AcNRADARADARADARADA-
CNH2 (in single letter amino acid code) and is soluble in salt-free
aqueous solutions. When RAD16 is exposed to a solution containing salt,
such as physiological medium including saline, the peptide self-
assembles spontaneously form hydrogel-producing nanofibers within
the gel, which has a water content of over 99%. Yokoi et al. described the
hydrogel-forming mechanism and physical properties of the formed
hydrogel in more detail [25]. The sterilized RAD16 solution was provided
in vials at a peptide concentration of 10 mg/mL.

Animals

Six- and ten-week-old male Wistar rats (Sankyo Lab. Inc., Tokyo,
Japan) were used. The rats were kept in standard rat cages with free
access to dry pellets and water with unrestricted movement at all times
during feeding. All surgical procedures on the animals were performed
under general anesthesia by intraperitoneal injection of sodium
pentobarbital (body weight, 40 mg/kg; DS Pharma Biomedical Co.,
Ltd., Osaka, Japan).

Preparation of Rat BMCs

BMCs were obtained from the femoral medulla of 6-week-old
Wistar male rats after sacrifice and prepared as follows (Figure 1).

Medium *
a'MF.\ﬂl(]"um‘U
o=
Ostec );,em medium *

Subculwred mat bone
Rat femurs 10~*M dexamethasone
manow cells (BMCs) 10 mMB-GP
Seed the cells into the culture msert 50 pg/mL ascorbic acid

/ %
RADI16 with RADI16 with Atelocollagen Atebcollagen with
zx;-oz(l)nnn Osteogenic medium with medium Osteogenk: medium
wo (200 u1) (200 uL) (200 u1)
Medium 5 3 Medium Osteogenic medium

Osteogenic medium

Figure 1. Scheme of the preparation of the four different constructs for the cell culture.
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Both proximal and distal ends of the femurs were cut away from the
epiphysis, and the marrow was flushed out using 10mL of alpha
minimum essential medium (aMEM; Invitrogen, Burlington, ON,
Canada) expelled from a syringe through a 21-gauge needle. The
released cells were collected in a 175-mL flask (BD Biosciences, Bedford,
MA, USA) containing 20 mL of the aMEM supplemented with 10% fetal
bovine serum (FBS; JRH Biosciences, Lenexa, KS, USA) and antibiotics
(100 U/mL: penicillin: Invitrogen; 0.25ng/mL amphotericin B: Sigma
Chemical, St. Louis, MO, USA). In order to remove nonadherent cells,
the medium was changed after 24 h. Subconfluent cells in the primary
culture were harvested after treatment with 0.25% trypsin/0.05 mmol
EDTA solution (Sigma Chemical) and were subcultured in the culture
medium, aMEM (10% FBS). The medium used was with or without the
following osteogenic reagents: 10nmol dexamethasone (Dex; ICN
Pharmaceutical, Irvine, CA, USA), 10 mmol b-glycerophosphate (b-GP;
EMD Biosciences, San Diego, CA, USA), and 50 ng/mL ascorbic acid
(Ve; Sigma-Aldrich, St. Louis, MO, USA). During the culture period,
cells were incubated at 378C in a humidified atmosphere of 5% CO, with
medium replacement every 3 or 4 days, and reseeded into the flasks
when they became confluent.

BMC Encapsulation

Figure 1 shows the process used for the preparation of the different
constructs. After several passages of the culture, the BMCs incubated in
both ways (with or without the osteogenic supplements) were
trypsinized and encapsulated in the RAD16 hydrogel according to the
manufacturer’s instructions. After washing with aMEM, 100nl of a
10% sucrose suspension of 1x 10%cells with or without osteogenic
supplements (corresponding to each culture condition) was combined
with the same volume of the 1% RAD16 hydrogel. Subsequently, the
entire 200nl. mixture was transferred into cell culture inserts in a
24-well cell culture plate. To form the hydrogel to encapsulate the MSCs,
500 nl of each culture medium was added to the lower chambers of the
inserts by pipetting down the side of the outer well between the cell
culture insert and the 24-well cell culture plate before the 200 nd
cell suspension mixture was transferred into each cell culture insert.
To prevent drying of the formed hydrogel surface, each culture medium
was carefully layered onto the hydrogel by running it slowly down the
inner wall of the insert. During the following 30 min, the medium in the
culture plate (but outside the insert) was changed twice to equilibrate
the growth environment to physiological pH and then incubated for 24 h
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in a humidified atmosphere of 95% air and 5% CO; at 378C. The BMCs
encapsulated within the gel were cultured for 7 and 14 days; the media
were changed every 2-3 days.

In Vitro Studies

The BMCs/RAD16 constructs were then directly used for in vitro
analyses as the RO group for RAD16 in the osteogenic media and the RN
group for RAD16 in the normal media. The same number of cultured
BMCs with or without the osteogenic supplements were also mixed in
200 nl, of 0.24% atelocollagen gel to form two sets of atelocollagen
matrices; that is, the AO group for atelocollagen in the osteogenic media
and the AN group for atelocollagen in the normal media. The number of
samples in each group was four or five for each analysis per time point.

In Vivo Studies

For the animal study, implant composites harboring the MSCs in the
osteogenic environment only were similarly prepared in Teflon tubes
7mm in diameter and 3mm in height, positioned in the center of the
inside bottom of the insert during the gel-making process that produced
the RAD16 group. Prior to the main animal study, a preliminary study
was briefly performed that RAD16 was implanted subcutaneously in the
rat without cocultured cells for an analysis of its degradation and
contraction and that the sample retrieved from the animal showed slight
contraction of RAD16 even after 24 h. Therefore, a skeleton was required
to keep the implant volume just for the animal study. HA has been widely
recognized as a promising bone substitute, a space keeper, and a bone
conductor in orthopedic and dental fields. Then, another version of the
implant that included HA particles was additionally prepared as the
RAD16+ HA group to expect more potential for osteogenesis than
RAD16 alone. The HA particles used in the present study were kindly
provided with their size of 500-700 nm in diameter to keep the space of
RAD16 and with interconnecting pores of 100 mm to allow surrounding
cells to invade and anglogenesis to expand in the particles by Advance
Co. Ltd., Tokyo, Japan. The HA particles were mixed without
homogenization during the self-assembling at a concentration of 5%
(w/w) and 5% (v/v) and did not affect the process of the gel formation.
The composites in the Teflon tubes were then used as the implants in the
animals. Twelve Wistar rats were used. Six were implanted with RAD16
structures and six with RAD16 + HA structures. Within each group of six,
half were used for RNA expression analysis and half for histological and
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immunochemical analysis. Quartets of rats were sacrificed at 1, 2, and 4
weeks. At each sacrifice, four rats were available for evaluation: RAD16
for RNA expression, RAD16+ HA for mRNA expression, RAD16 for
histology and immunology, and RAD16+HA for histology and
immunology.

DNA Amount and Alkaline Phosphatase Activity

A set of cultured BMCs in the hydrogel was centrifuged, washed with
phosphate-buffered solution (PBS), lysed by 0.1% Triton (Sigma
Chemical), and sonicated to destroy cell membranes. After centrifuga-
tion (15,000rpm, 10min at 48C), 100nl. of the supernatant was
extracted from each sample and assayed for DNA content and alkaline
phosphatase (ALP) activity. To determine DNA content, 10nL of the
prepared supernatant of each sample was mixed with 200 nl. of 2 ng/mL
Hoechst 33258 dye in a well of a 96-well plate and processed with a
fluorescent DNA quantitation kit (Bio-Rad Laboratories, Hercules, CA,
USA). The samples were then measured with the Wallac 1420 ARVOsx
multilabel counter at emission and excitation wavelengths of 365 and
460nm, respectively. Subsequently, 20 nl. of the supernatant of each
sample was used for quantitative and kinetic determination of ALP
activity by adding it to the 100 nL working solution (r-nitrophenylpho-
sphate solution) in a well of another 96-well plate. The colorimetric
measurement was performed with the multilabel counter at a
wavelength of 405nm. ALP activity was normalized by total DNA
amount at each time point.

RNA Isolation and Real-time Quantitative Real-time
Polymerase Chain Reaction

BMCs from both the culture and the animal studies were subjected for
a gene expression analysis. They were centrifuged and washed with PBS
as well, but lysed in TRIzol® solution (Life Technologies, Burlington,
ON, Canada) for total RNA extraction. After the total RNA
was precipitated in isopropanol, the first-strand cDNA was reverse-
transcribed from the total RNA with SuperScript™ III First-Strand
Synthesis Super Mix (Invitrogen). All cDNAs were subjected to the
polymerase chain reaction (PCR) for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA as a test of RNA integrity and cDNA
synthesis. Subsequently, equal volumes of cDNA were used to program a
quantitative analysis for osteoblast-related genes, such as collagen I
(COL 1), ALP, osteopontin (OPN), osteocalcin (OCN), vascular
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endothelial growth factor (VEGF), and GAPDH as a housekeeping gene.
The gene expression of interest was determined by a real-time PCR
(RT-PCR). Amplification primer sets used are listed in Table 1. SYBR
green (dye)-based RT-PCR analysis was carried out with the ABI Prism
7300 Sequence Detection System (Applied Biosystems, Foster City, CA,
USA). Expression levels of the genes examined were normalized by that
of GAPDH within the same sample. A conventional RT-PCR was also
performed under the following condition: Up to 42 cycles of denaturing
at 948C for 30's, annealing at 608C for 30's, and extension at 728C for 30 s
with a final extension at 508C for 10 min. The PCR products were run in
2.0% (wiv) agarose gel by electrophoresis and visualized by ethidium
bromide staining.

Implantation into Rats

As described earlier, for the in vivo assay for osteogenesis, 12 10-week-
old male Wistar rats were used. Under general anesthesia (intraper-
itoneal injection of 100 and 8mgkg body weight of ketamine and
xylazine, respectively), the backs of rats were shaved and disinfected
with povidone iodine (Isodine; Meiji Seika Kaisha, Tokyo, Japan). The
dorsal skin of the animals was incised close to the scapula on both sides
across the vertebra at right angles, and then subcutaneous pockets were
prepared in each rat. Each rat received four identical implants of its
assigned composite in individual subcutaneous pockets alongside the

Thble 1. Description of the designed primers and probes.

Fragment

Gene Forward and reverse primers length (bp)

rCOLI 5'-ttg acc cta acc aag gat gc 197
3 -cac ccc tic tge gitgta tt

ALP 5-gtc aca gee agtcecc tca ac 201
3-tat tce aaa cag ggg agteg

OPN 5-titcee tgttic tga tga aca gta t 200
JF-cte tge ta tac tee ttg gac tge t

rOCN -agc tca acc cca att gtg ac 190
3-agce tgt gee gte catacttt

COLT 5-gta cac tgc cct gaa gga tg 201
J-att gtg tig tt tgg ggt tg

VEGF 5-ttg aga ccc tgg tgg aca tc 192
3-ctc cta tgt get gge tt gg

GAPDH 5-aac tce cat tet tee ace tt 200

3-gag gge cte ettt getet

+ MsmwW BnaesdEn 1Y ReNd HHIE (SERBBIGRY (B Pe B3GR Kwad

m



Differentiation of Bone Marrow Stromal Cells 9

vertebra: Six rats received four RAD16 structures each and six received
RAD16 + HA structures. The incised wounds were then sutured. The
animals were euthanized by intraperitoneal injection of an excessive
dose of sodium pentobarbital at 1, 2, and 4 weeks, and the specimens
were subjected to histology and total RNA extraction analyses.

Histological Sections

The sacrificed specimens were immediately fixed in 10% neutral
formalin buffer solution (Wako, Osaka, Japan) for approximately 24 h at
48C, followed by decalcification process in 10% EDTA, pH 6.3, for 14 days
at 48C. The samples were then washed with diethyl pyrocarbonate;
dehydrated in a graded series of ethanol (70-100%); and embedded in
paraffin (melting point, 56-588C). Histological sections 5 mm in thickness

- were cut and transferred onto 3-aminopropyrytrietoxy silane-coated glass
slides. Each section was stained with hematoxylin and eosin.

In Situ Hybridization

RNA probes for rat osteocalcin (175bp) and rat osteopontin (200bp)
mRNA were prepared by transcribing cDNAs of the appropriate genes
inserted into vectors using the following protocol: ¢cDNAs as PCR
products were amplified using RT-PCR with their specific oligonucleo-
tide primer sets designed by Primer3 (v. 0.4.0) software (Whitehead
Institute for Biomedical Research, Cambridge, MA, USA) (Table 1). In
addition, the PCR products were cloned into pCRII®-TOPO® vectors
and amplified in TOP10F' Escherichia coli, and the plasmid DNAs were
isolated and purified with an EndoFree Plasmid Maxi Kit (Qiagen). Both
sense and antisense digoxigenin-11-UTP-labeled single-strand RNA
probes were synthesized with SP6/T7 RNA polymerases prepared
using a digoxigenin (DIG) RNA labeling kit (Roche Diagnostics
GmbH, Mannheim, Germany). In situ hybridization for the detection
of osteocalcin and osteopontin expression proceeded as follows: In each
hybridization experiment, two sets of sections from the same sample
were hybridized separately with the antisense and sense riboprobes
under identical experimental conditions. In situ hybridization was
performed with commercial in situ hybridization reagents (Nippon
Gene, Tokyo, Japan). Hybridization was performed for 16h at 428C.
After DIG-labeled probes were detected with a commercial nucleic acid
detection kit (Roche Diagnostics), each section was stained with methyl
green and mounted with Mount-Quick™ mounting medium (SPI
Supplies and Structure Probe, Inc., West Chester, PA, USA).

+ Dasor/W [@BnaesIm (2 (ReNd EYHIB (SEFBBIERN (@ Be BB Kwd
=

172



+

10 M. OzEXI ET AL
Statistical Analyses

Statistical analyses were performed with the statistical software
package, SPSS 14.0 for Windows (SPSS Inc., Chicago, IL, USA). Data
were analyzed with the nonparametric Kruskal-Wallis test, followed by
Mann-Whitney tests for two-group comparisons. Data were considered
statistically significant when a p-value was equal to or less than 0.05.
Results are expressed as mean values & standard deviation (SD).

RESULTS
The Hydrogels after Incubation

The atelocollagen gel form contracted only when incubated in aMEM
without dexamethasone (AN group) for 2 days; on the other hand, the
atelocollagen cocultured in the dexamethasone medium (AO group) and
the two groups of RAD16 (RN and RO groups) maintained their volumes
over the period (Figure 2).

In Vitro Studies

CELL PROLIFERATION IN RAD16 HYDROGEL
AND ATELOCOLLAGEN

Levels of cellular DNA were assessed as a measure of cell number for
each of the material types investigated in this study (Figure 3(A)). Cell
proliferation proceeded significantly in the RAD16 hydrogel treated with
the osteogenic medium (RO group) compared with that in the RAD16
with aMEM (RN group) and with that in the atelocollagen with the
osteogenic medium (AO group) at 1 week. Although the averaged DNA
amount of the RO group was the largest, it had no significance when
compared with that of the AN group, which indicated a larger DNA

Figure 2. The hydrogels after incubation. Contraction of the hydrogel occurred only in
the AN group. No contraction was observed in the RO, RN, and AO groups.
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amount than the RN group. Subsequently, the concentration of DNA in
the RO group decreased significantly by week 2, and the other groups
showed increased or no change in DNA amount.

ALP BIOACTIVITY

The ALP activity of the cells in the constructs was expressed and
normalized by their DNA quantities (Figure 3(B)). The lowest ALP
activity of the RO group at week 1 increased drastically by week 2 to
become the highest. On the other hand, ALP activity in groups RN and
AO did not change significantly, and ALP activity in the AN group
declined prominently.

OSTEOBLASTIC GENE EXPRESSION IN CULTURE

As shown in Figure 4, gene expressions of interest in the cultured cells
were evaluated at different time points. The two kinds of RAD16
composites (RO and RN) expressed the OPN gene higher than the
atelocollagen constructs over the 2-week period (Figure 4(A)); OPN gene
expression of the RO group dramatically increased over the 2-week
period. Although the AO group also showed increased OPN gene
expression, it did not reach the level of the RO group. OCN gene
expression was less detected at 1 week but surprisingly upregulated at 2
weeks in the two osteogenic treatment groups (RO and AO groups)
(Figure 4(B)). Interestingly, although OCN gene expression was observed
to be less in the atelocollagen matrix treated with aMEM, the RAD16

(V:V) (B
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Figure 3. Cell growth and ALP activity in vitro. (A) Cell number was measured to
evaluate the cell growth. (B) A quantitative analysis of ALP activity was measured
by normalizing the total ALP amount by cell number. The results are expressed as ALP
unit/106 cells. Experiment values were each expressed as the mean+SD (n=6).
a: Statistically significant difference compared in the same group (p5 0.05). b: Statistically
significant difference compared to all other groups (p5 0.05).
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Figure 4. Osteogenic gene expression in culture. Representative curves of mRNA
expression levels of OPN (A), OCN (B), ALP (C), and COL I (D) in each group are
calculated by the 2::Ct formula. Experiment values are each expressed as the mean 4+ SD
(n=3). a: Statistically significant difference compared in the same group (p5 0.05). b:
Statistically significant difference compared to all other groups (p5 0.05). Gel electro-
phoresis (E) showed different gene expression levels corresponding to the quantitative
analysis at different time points.
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matrix cultured in aMEM showed significant OCN gene expression at
1 week. Subsequently, the gene expression faded out at 2 weeks. On the
other hand, the OCN gene was expressed less in the atelocollagen gel
incubated in aMEM during this period. In terms of ALP, the osteogenic
treatment groups were well stimulated during the 2-week period, while
the normal aMEM incubated matrices were significantly downregulated
during the same period, representing an opposite tendency between the
two different medium treatments (Figure 4(C)). Expression of the COL I
gene was also notable: The AO group showed strong expression at 1 week
but dropped down by 2 weeks, while the RO group showed a weaker
expression at 1 week but significantly increased at 2 weeks (Figure 4(D)).
Gel electrophoresis showed different gene expression levels correspond-
ing to the quantitative results by real-time PCR at different time
points (Figure 4(E)).

In Vivo Studies

HISTOLOGICAL FINDINGS

The RAD16 and RAD16+ HA groups presented similar histology
at 1 week but the findings gradually diverged over time. At 1 week,
both samples were surrounded by gathering inflammatory cells and
generated blood vessels (Figure 5(A) and (B)). There were residual gel
pieces in the two groups, and giant cells were seen to permeate into the
sample of the RAD16+ HA group in advance of other inflammatory
cells. Furthermore, the HA residues began to be encapsulated by
infiltrating cells.

Subsequently, at 2 weeks, inflammatory cells increased in both
groups (Figure 5(C) and (D)). RAD16 was being absorbed but
maintained its presence better in the RAD16+ HA group. Contrary
to the RAD16 absorption, osteoblast-like cells and blood cells were
seen to be increasing; particularly, the RAD16 + HA group allowed those
cells to begin replacing the HA particles.

After remaining subcutaneous for 4 weeks, not only did the matrix
gel in the implants decrease but the total volume of the tissue
constituting the implanted and endogenous cells also shrank to half
the original volume in the RAD16 group (Figure 5(E)), whereas
the RAD16 + HA group continued to retain the tissue filling the inside
of the Teflon tube (Figure 5(F)). Although the HA particles were viewed
to be a little absorbed by permeating cells, the final volume of the HA
particles did not change so much from the initial volume of 5% (v/v) and
5% (w/w). Notably, more blood vessels were observed in the
RAD16+ HA group.
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Figure 5. Histology of the implanted hydrogels. The specimens harvested from the
subcutaneous pockets were stained with hematoxylin and eosin. The RAD 16 hydrogel of
both the RAD 16 (A, C, E) and the HA (B, D, F) groups remained till the 4 weeks period.
‘Arrows’ indicate the hydrogel area and ‘asterisks’ indicate hydroxyapatite particles.
Magnification: x 16. Bar: 200 nm.

LOCALIZATION OF OSTEOPONTIN AND OSTEOCALCIN mRNAs
The localization of two osteogenesis-related genes was examined on the
paraffin sections (Figure 6). Osteopontin was observed inside and evenly
along the rim of the grafted materials with a weak signal strength at 2 weeks,
although it was not detected at 1 week in either group. The signal was
restricted along the rim at 4 weeks (Figure 6(C)). This signal was expressed *
somewhat more strongly in the RAD16 + HA group than in the RAD16
group over the period. The signal of the other gene, osteocalcin, was
weaker than that of osteopontin during the experimental period, but it
was distributed in a similar pattern to osteopontin (Figure 6(E) and (Q)).
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Figure 6. In situ hybridization. In situ hybridization on the sections using DIG-labeled
antisense probes for mRNA of rat osteopontin at 4 weeks. The specimen of HA group
(O) represents mRNA expression of osteopontin (arrows) localized inside and along the rim
of the grafted materials. ‘Asterisks’ indicate hydroxyapatite particles and ‘R’ indicates the
RAD 16 hydrogel area. Magnification: x 800. Bar: 100 nm. No signal of rat osteocalcin gene
was observed (data not shown).

GENE EXPRESSIONS IN THE GRAFTED RAD16s

The osteogenesis-related genes, which were examined in the culture
study, were assayed by PCR analysis together with the VEGF gene
(Figure 7). The expression of COL1, ALP, and VEGF genes demonstrated
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