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Fig. 1. Histone H3 and H4 tails surrounding the promoter of ChM-I were deacetylated by the binding of HDAC2 in ChM-I-negative OS cells. (A) mRNA
expression of ChM-I before and after the treatment with 5-aza-dC (1 uM). (B) Protein expression of acetylated H3 and H4 tail in OS cells. (C) ChIP assay
demonstrating the association of acetylated H3 and H4 with the core promoter region of the ChM-I gene in OS cells. (D) Protein expression of HDAC2,
HDACS3, and HDACS. (E) ChIP assay demonstrating the binding of HDACs to the core promoter region of the ChM-I gene in OS cells.

responsible for the deacetylation of histone associated
with the promoter region of the ChM-I gene in ChM-
I-negative OS cells.

Inhibition of HDAC2 restored the binding of Sp3 and the
expression of ChM-I gene

MS-275 is an inhibitor for class I HDACs including
HDAC2. The global histone acetylation was promoted
by MS-275 in both ChM-I-positive (ANOS) and negative
(MG63 and TAKAO) cells (Fig. 2A), whereas the local his-
tone acetylation status caused by the MS-275: treatment
differed among the cell lines. Histone H4 was further acet-
ylated in ANOS, and the acetylation of both histone H3
and H4 was induced in MG63. No such induction of his-
tone acetylation was observed in TAKAO (Fig. 2B).

Then we analyzed the binding of Sp3 and HDAC?2 to the
promoter region of the ChM-I gene after the treatment
with MS-275 and/or 5-Aza-dC (Fig. 2C). In ANOS, the
binding status of Sp3 or HDAC2 was not changed by
any treatment (Fig. 2C). In MG63, the binding of Sp3
was induced in association with the elimination of the bind-

ing of HDAC2 by MS-275, but not by 5-Aza-dC treatment
(Fig. 2C). In TAKAO, the binding of Sp3 was induced by
5-Aza-dC treatment with no change in the binding of
HDAC2, and treatment with MS-275 caused a reduction
in the binding of HDAC?2, but failed to induce the binding
of Sp3 (Fig. 2C). Simultaneous treatment with 5-Aza-dC
and MS-275 resulted in a reduction in the binding HDAC2.
The expression of the ChM-I gene in three cell lines corre-
lated with the status of Sp3 binding; MS-275 treatment and
5-Aza-dC treatment induced the expression in MG63 and
TAKAQO, respectively. The binding of Spl, HDAC3, and
HDAC6 was not changed by MS-275 and/or 5-aza-dC
treatment in these three cell lines (Fig. 2C). We performed
identical experiments using Saos2, another ChM-I-negative
OS cell line, and obtained essentially the same results as in
TAKAO (data not shown).

CpG methylation of the promoter lesion was demethylated by
MS-275 in a DNA replication-dependent manner

The induction of ChM-I gene expression in MG63 by
HDACi was an unexpected result because the promoter
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Fig. 2. Histone H3 and H4 tails were acetylated by MS-275, eliminating HDAC2. (A) Protein expression of acetylated H3 and H4 in OS cells with or
without treatment with MS-275 (1 uM). (B) ChIP assay demonstrating the association of acetylated H3 and H4 with the core promoter region of the ChM-
I gene in OS cells with or without treatment with MS-275 (1 uM). (C) ChIP assay demonstrating the binding of Sp1, Sp3, HDAC2, HDAC3, and HDAC6
with the core promoter region of the ChM-I gene in OS cells. Cells were treated with 5-Aza-dC and MS-275 at the indicated concentration. (D) mRNA
expression of the ChM-I gene in OS cells treated with 5-Aza-dC and MS-275 at the indicated concentration.

region was heavily methylated in this cell line [1]. Bisulfite  but to much less of an extent (Fig. 3A). Conversion
genomic sequencing of the promoter region revealed that  between acetylation and methylation of H3-K9 is known
the methylation of MG63 was significantly reduced and to regulate the methylation status of CpG [5). Notably,
almost equivalent with that of ANOS (Fig. 3A). Methyla-  the dimethylation of H3-K9 is known to be correlated with
tion in the promoter region of TAKAO was also reduced  methylation of CpG [6). Therefore, the modification of H3-
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Fig. 3. Modification of the histone tail was associated with the methylation of CpG in the promoter region of the ChM-I gene. (A) Methylation status of the core
promoter region of OS cells analyzed by bisulfite sequencing. Cells were treated with the indicated concentration of MS-275 for 96 h. Y-axis indicates the number
of methylated alleles and X-axis indicates the position of each CpG site relative to the transcription start site. (B) Protein expression of acetylated H3-K9 and
dimethylated H3-K9 in MG63 treated with the indicated concentration of MS-275. (C) ChIP assay demonstrating the association of acetylated H3-K9 and
dimethylated H3-K9 with the core promoter region of ChM-I gene in MG63 cells treated with the indicated concentration of MS-275. (D) Temporal association
of the mRNA expression and the methylation status of the core promoter region of the ChM-I gene in MG63 treated with MS275 (1 uM). Cumulative cell number
(upper column), mRNA expression (middle column), and methylation status of the core promoter region of the ChM-I gene (lower column) were sequentially
analyzed at the indicated time points. (E) Protein expression of acetylated H3, acetylated H3-K9, and dimethylated H3-K9 of MG63 at the time point indicated in
(D). (F) ChIP assay demonstrating the binding of HDAC2 and Sp3 to the core promoter region of the ChM-I gene in MG63 at the time points indicated in (D).

K9 was analyzed by Western blotting (Fig. 3B) and ChIP  ylation by MS-275 treatment in both global (Fig. 3B) and
assay (Fig. 3C). The dimethylation was converted to acet-  local promoter areas (Fig. 3C) in MG63.
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To investigate the temporal relationship between the
demethylation process and the acetylation process, the
methylation status of the promoter region of MG63 was
sequentially analyzed after exposure to MS-275
(Fig. 3D). The expression of ChM-I was gradually up-reg-
ulated in parallel with the demethylation of the promoter
region in a DNA replication-dependent manner (Fig. 3D,
a and b). At 120 h after the exposure to MS-275, the mod-
ification of H3-K9 was converted from dimethylation to
acetylation (Fig. 3E, b), and Sp3 replaced HDAC2
(Fig. 3F, b). The expression of the ChM-I gene completely
disappeared 24s hr after the withdrawal of MS-275 from
the culture medium (Fig. 3D, c). At this time point, the
binding of HDAC2 was restored eliminating the binding
of Sp3 (Fig. 3F, c), although the promoter region was still
hypomethylated (Fig. 3D, c). The methylation of CpG was
gradually increased in a DNA replication-dependent man-
ner and returned to the original status at 120 h after the
withdrawal of MS-275 (Fig. 3D, d). These results suggested
that MS-275 inhibited the maintenance of CpG methyla-
tion after DNA replication by replacing methylated H3-
K9 with acetylated H3-KS9.

Discussion

Both histone deacetylation and DNA methylation are

important mechanisms to silence the transcription of genes

unrelated to the biological phenotype of each cell. Acetyla-
tion of the histone tail is catalyzed by histone acetyltrans-
ferase (HAT) and analyzed using HDAC, each of which
consists of a large family [4]. The acetylation status of his-
tone associated with each genomic locus will be determined
by the balance of two factors, HAT and HDAC, in each
case, and therefore the deacetylation is regarded as a
reversible silencing mechanism [4]. On the other hand,
because there are no intrinsic factors with demethylase
activity, DNA methylation catalyzed by DNA methyl-
transferase has been considered an irreversible silencing
mechanism [3]. Recent reports have shown that these two
mechanisms were not independent and moreover, closely
related to each other [8-10].

One of the most intriguing results of this study is that
the methylation of CpG was reduced by HDACi without
further treatment with 5-Aza-dC. The reduction in methyl-
ation by HDAC:i seems to be dependent on DNA-replica-
tion (Fig. 3C). Several reports have emphasized the
interplay between DNA methylation and histone methyla-
tion [11,12], notably, that H3-K9 dimethylation directry
and H3-K9 acetylation inversely correlates with DNA
methylation [S]. Loss-of-function mutations in H3-K9
methyltransferases of Neurospora and Arabidopsis were
found to reduce overall levels of DNA methylation
in vivo [8]. Consistent with these findings in fungi and
plants, we here showed that the reduction in level of dime-
thylated histone H3-K9 was associated a reduction of
DNA methylation at a specific residue in the regulatory
region of a human gene, presumably due to the increase

in acetylated histone H3-K9 caused by HDACI. The deme-
thylating effect of another HDACi has been reported [9,10].
Further analysis of this intriguing matter may provide new
insight into the regulation of gene expression by chromatin
remodeling factors.

Hypermethylation of CpG dinucleotides in the core pro-
moter region was a common feature of the three ChM-1-
negative OS cell lines, which also shared deacetylation of
the histone tail associated with the promoter region. The
response to DNA-demethylating or histone-acetylating
treatment was, however, quite different. In the case of
TAKAO and Saos2, HDACI treatment failed to induce
histone acetylation and therefore Sp3 binding, whereas 5-
Aza-dC treatment induced Sp3 binding without modifying
of histone acetylation, suggesting that DNA methylation
may be a dominant factor in these cells. In the case of
MG63, however, HDAC: effectively induced histone acety-
lation and Sp3 binding in association with DNA demethyl-
ation. We have no clear explanation for the difference
between these cell lines. MG63 is a unique cell line, in
which the expression of osteogenic markers is not remark-
able under normal culture conditions [1]. The transcription
of the alkaline phosphates (ALP) gene was suppressed by
CpG methylation and induced by 5-Aza-dC [13]. In con-
trast, 5-Aza-dC treatment failed to induce the expression
of the osteocalcin and ChM-I genes, even when CpG meth-
ylation was eliminated [1,13]. In contrast, TAKAO and
Saos2 retained features of osteogenic cells. Saos2 has
strong ALP activity without any induction, and produces
abundant immature bone tissue, osteoid, in the subcutane-
ous environment of athymic mice (data not shown). It is
intriguing whether the difference in differentiation stage
relates to the difference in the plasticity of epigenetic regu-
lation, and the ChM-I gene in OS cells will be a suitable
material with which to investigate this important issue.
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Abstract

Bone marrow stromal cells (BMSCs) are a mixture of cells differing in differentiation potential including mesenchymal stem cells, and
so far no CD antigens were found to be predictable for the differentiation property of each BMSC. Here we attempted to isolate differ-
entiation-associated CD antigens using 100 immortalized human BMSC (ihBMSC) clones. Among 13 CD antigens analyzed, only
CD106/Vascular cell adhesion molecule-1 (VCAM-1) showed a clear correlation with the differentiation potential of each clone;
CD106-positive ihBMSC clones were less osteogenic and more adipogenic than CD106-negative clones. This association was confirmed
in primary BMSCs sorted by CD106, showing that the CD106-positive fraction contained less osteogenic and more adipogenic cells than
the CD106-positive fraction. The evaluation of CD106 fraction of BMSC strains in early passages predicted clearly the osteogenic and
adipogenic potential after in vitro induction of differentiation, indicating the usefulness of CD106 as a differentiation-predicting marker

of BMSC.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Bone marrow stromal cell; Cell surface marker; CD106; Adipogenesis; Osteogenesis; Mesenchymal stem cell-

Mesenchymal stem cells (MSCs) are defined as plastic-
adherent fibroblastic cells with the potential to differentiate
into multiple mesenchymal tissues, including bone, cartilage,
and fat [1]. There have been many reports of regeneration
therapy using bone marrow stromal cells (BMSCs), which
are heterogeneous cell populations including MSCs [2,3].
Onelong-standing enigma concerning MSCs is whether they
have a specific cell surface marker such as the CD34 in hema-
topoietic stem cells. A number of CD antigens and other cell
surface molecules have been proposed as candidates and

* Corresponding author. Fax: +81 75 751 4646.
E-mail address: togjun@frontier.kyoto-u.ac.jp (J. Toguchida).

0006-291X/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2007.10.149

attempts have been made to concentrate MSC populations
using such markers by cell sorting techniques. STRO-1 is
one classical candidate for an MSC-related cell surface mar-
ker, and the fraction of BMSCs sorted with anti-STRO-1
antibody was shown to be rich in MSC-like cells [4].
CDI105/endoglin, formerly known as SH2, is also used as
an MSC-associated marker to evaluate the efficacy of isola-
tion procedures [5]. Recently, low affinity nerve growth
factor receptor (LNGFR) has been proposed as an MSC-
associated marker. LNGFR™ mononuclear cells from bone
marrow were rich in clonogenic precursors and differentiated
into multiple lineages [6]. The modulation of antigen expres-
sion was analyzed until the 10th passage, and BMSCs
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retained high levels of CD29, CD44, CD90, and CD105 [7].
Expression of CD106 and CD166 was lost gradually through
long-term culture [7,8). CD106" cells in bone marrow also
demonstrated high clonogeneity and the potential to differ-
entiate in potential to differentiate in multiple directions [9].

In spite of these extensive studies, no definite answer has
been yet obtained. This is, at least partially, due to the het-
erogeneity of cell populations analyzed as MSCs. The clo-
nal analysis of BMSCs is a rational approach to identifying
cell surface markers associated with multi-directional dif-
ferentiation potential. This approach, however, requires a
considerable number of cell divisions in vitro, which is
not feasible for BMSCs with a limited growth potential.
Several groups including ours have established immortal-
ized human BMSCs (ihBMSCs) [10-12]. When analyzed
as a whole, hBMSCs demonstrated multi-directional dif-
ferentiation potential encompassing osteogenic, adipo-
genic, and chondrogenic lineages. Clonal analyses,
however, revealed that ihBMSC clones were heterogeneous
in terms of differentiation potential [10]. This heterogeneity
would be useful for identifying differentiation-associated
cell surface markers. The identification of such markers
may contribute to the clinical application of BMSCs. Most
current procedures to induce differentiation into a particu-
lar lineage require considerable time. For example, the
osteogenic or adipogenic differentiation potential of iso-
lated BMSCs is not known until 2 weeks after the induc-
tion of differentiation. This can cause serious problems if
the quality turns out to be not good enough for use. There-
fore, it would be useful for regeneration therapy using
BMSCs to have markers with which to predict the differen-
tiation potential of isolated BMSCs before the induction of
differentiation.

Here we addressed this issue using clonal ihBMSCs estab-
lished through the introduction of hTERT and Bmil genes
[13], because the karyotype of this cell line is near diploid
with less chromosomal aberrations than the ihnBMSCs estab-
lished with hTERT and HPVE6E7[11,13]. Then, we clarified
the relationship between CD106/VCAM-1 expression and
differentiation potential of BMSC.

Materials and methods

Cells and tissue samples

ihBMSCs were established by sequential transduction of the hTERT
and Bmil genes (13}, and cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Sigma-Aldrich, St. Louis, MI) with 10% fetal bovine serum
(FBS, Hyclone, South Logan, UT). Subcloning of ihBMSCs was per-
formed by limited dilution, and 100 clones were established and cultured
under the same conditions.

Primary human BMSCs (designated as huBM) were isolated from the
bone marrow taken from iliac crests of donors, who received orthopedic
operative procedures, and cultured by means of a previously described
method [14,15]. Briefly, mononuclear cells were isolated from the bone
marrow aspirates by density centrifugation, and then washed twice, and
suspended in DMEM supplemented with 10% FBS. All procedures were
approved by the Ethics Committee of the Faculty of Medicine, Kyoto
University, Japan, and informed consent was obtained from each donor.

Differentiation procedures and qualitative and quantitative evaluation

Adipogenic differentiation. Adipogenic differentiation induction was
performed by the standard method described previously [14). Cells were
then fixed in 10% buffered formalin and stained with 0.3% Oil-Red-O
(Nacalai Tesque, Kyoto, Japan). Clones were categorized as adipogenic
when Oil-Red-O positive mature lipoblasts were found in the dish
regardless of the number. To quantify the differentiation potential, cells
were lysed in 0.1% Thesit (Fluka Chemika, Buchs, Switzerland), and then
triglyceride (TG) amounts in the cells were quantified by serum triglyc-
eride determination kit (Sigma-Aldrich). For same samples, protein
amounts were quantified using BCA protein assay reagent (Pierce Bio-
technology, Rockford, IL). The assays were performed according to the
manufacturer’s directions.

Osteogenic differentiation. Osteogenic differentiation induction was
performed by the standard method described previously [14]. To visualize
calcium deposits, cultures were fixed in 100% ethanol (Nakalai Tesque),
and stained with 1% Alizarin-Red (Waldeck GmbH&Co, Muenster,
Germany). Clones were categorized as osteogenic when Alizarin-Red
positive nodules were found in the dish regardless of the number. Alka-
linephosphatase (ALP) staining was performed by a method previously
described [16]. ALP activity was measured with a Phosphate Substrate kit
(BioRad, Hercules, CA). Amounts of DNA were also quantified by
PicoGreen dsDNA Quantitation kit (Invitrogen, Carlsbad, CA). The
assays were performed according to the manufacturer’s directions.

Chondrogenic differentiation. Chondrogenic differentiation induction
was performed by the standard method described previously [14). Cryo-
sections were stained with Alcian blue (Muto Pure Chemicals, Tokyo,
Japan). Clones were categorized as.chodrogenic when an Alcian blue-
positive matrix was found in the pellet regardless of the amount. Gly-
cosaminoglycan (GAG) contents in the pellets were quantified by BLY-
SCAN Dye and Dissociation reagents (BIOCOLOR, Belfast, UK)
according to manufacturer’s directions. Amounts of DNA were also
quantified by PicoGreen dsDNA Quantitation kit.

Reverse transcription (RT)-PCR

Total RNA was extracted from cells using an RNeasy plus mini kit
(Qiagen, Hilden, Germany), and reverse-transcribed with the SuperScript
III first strand system (Invitrogen). The synthesized cDNA was used as a
template for each PCR, and the products were electrophoresed on 2%
agarose gels and visualized by ethidium bromide staining. Information on
the primer pairs is available upon request.

Complementary DNA for quantitative RT-PCR (QRT-PCR) was
synthesized by the same method as above. For each sample and gene, 25 pl
reactions were set up in triplicate, each with 12.5 ul of Syber Green
supermix (Applied Biosystems, Foster City, CA), 0.5 pmol of each primer,
and 0.3 pl of cDNA. The levels of the CD106 and B-actin genes were
determined with an ABI Prism 7700 Sequence Detection System (Applied
Biosystems) using the same primer pairs as in RT-PCR.

Flow cytometry (FCM)

PE-conjugated antibody against human VCAM-1 and PE-conjugated
non-immune mouse IgG (isotype control) were purchased from BD Bio-
sciences (BD, San Diego, CA). Before FCM, cells were trypsinized and
washed in PBS with 0.5% BSA and 2 mM EDTA. The cells (1 x 10°) were
incubated with antibody (2 pl) or isotype control. The acquisition was
performed in FACS Calibur (BD) using CellQuest software (BD).

Magnet activated cell sorting (MACS)

Trypsinized cells were washed with buffer consisting of PBS with 0.5%
BSA and 2mM EDTA. The cells (1 x 10%) were incubated with 20 pl of
PE-conjugated anti-human VCAM-1 antibody (BD), and then with 20 u!
of-anti-PE magnet beads (Miltenyi Biotec, Bergisch Gladbach, Germany).
After being washed at each step, the cells were applied to the sorting
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column. An MS column (Miltenyi Biotec) for positive sorting and an LD
column (Miltenyi Biotec) for negative sorting were used.

Statistical analyses

Statistical analyses were performed using Statce] software. Data were
assessed using the Pearson product-moment correlation coefficient and
Student’s ¢-test.

Results
Heterogeneous differentiation potential of ihBMSC clones

One hundred single-cell derived clones were established
from the parental ihBMSC by limited dilution. No signifi-
cant difference was observed among clones in terms of
growth potential (data not shown). The adipogentc, osteo-
genic, and chondrogenic potential of each clone was deter-
mined by the standard induction method and categorized
as either positive or negative based on the definition
described in Materials and methods section. Five clones
showed tri-directional differentiation, and 78 clones
showed the potential to differentiate into either two or
one lineage, and 17 clones showed no differentiation poten-
tial (Supplementary Table 1). This heterogeneity concern-
ing differentiation potential was essentially the same as

A clone 26 clone 64
v :/b B B

we previously described in ithBMSCs established with
hTERT and HPVEG6E7 [10].

Expression of CD106 correlated with the differentiation
property of immortalized clones

The expression of 13 CD antigens, among which 10 were
known to be positive in hMSC and three were negative
[17,18], in 100 clones was analyzed by RT-PCR using gene
specific primers (Supplementary Fig. 1). All three MSC-
negative antigens were negative or only weakly positive
and all 10 MSC-positive antigens were positive in all clones
except CD10 and CD106. The expression of CD10 and
CD106 was positive in 65 and 35 clones, respectively. There
was no clear association between the expression of CDI10
and any of the three differentiation potentials. But, the
expression of CD106 showed an association with the
differentiation potential of ihBMSC clones, especially with
osteogenic differentiation potential (Fig. 1A). Then the
expression level of CD106 in each clone was evaluated
by QRT-PCR. CDI106 expression negatively correlated
with the osteogenic differentiation potential (P < 0.01,
Fig. 1B). In case of adipogenic differentiation the expres-
sion of CD106 was higher in clones with differentiation
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Fig. 1. The expression of CD106 correlated with the differentiation potential in ihnBMSC clones. (A) Alizarin-Red staining and the mRNA expression of
the CD106 gene in 4 representative clones that differ in osteogenic potential. The mRNA expression of the CD106 relative to the control gene (B-actin) was
quantified by QRT-PCR in (B-D). (B) The average expression of CD106 in 29 osteogenic ihBMSC clones was significantly weaker than that in 71 non-
osteogenic clones (**P <0.01). (C) The average expression of CD106 in 46 adipogenic ihBMSC clones was significantly higher than that in 54 non-
adipoogenic clones (*P < 0.05). (D) The average expression of CD106 was compared in chondrogenic and non-chondrogenic clones (NS, not significant).
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potential than those without differentiation potential
(P <0.05, Fig. 1C), but there was no significant correlation
between chondrogenic differentiation potential and the
expression of CD106 in ihBMSC clones (Fig. 1D). Cell sur-
face expression of CD106 in ihBMSC clones determined by
FCM correlated with the data of QRT-PCR (data not
shown). These results suggested that the ihBMSC clones
positive for CD106 were less osteogenic and more adipo-
genic than those negative for CD106.

Expression of CD106 correlated with the differentiation
property of primary BMSC

To confirm that the association of CD106 with differ-
entiation potential was not a product of the immortali-
zation process, the differentiation property of primary
BMSC sorted by the expression of CDI106 was ana-
lyzed. Both early (2nd) and late (passage 12th) cells
were available for the analysis in six huBM strains.
The fraction of CD106-positive cells at early passages
showed a considerable difference among strains, ranging
from 30% to 95% (Fig. 2A), and all strains showed a
passage-dependant reduction in numbers of CD106-posi-
tive cells (Fig. 2B).

- MACS was performed using antibody against CD106 in

each huBM at an early passage. In the case of huBM49 at
PNS5, the population of CD106-positive cells was 80%
before sorting, and the purity of positive-sorting and
negative-sorting was 97% and 75%, respectively (Fig. 2C).
When cells in each group were subjected to osteogenic
induction, CDI106-positive-sorted cells showed fewer
number of Alizarin-Red-positive cells (data not shown),
and less activity of ALP (Fig. 2D) than CD106-negative-
sorted cells. On the other hand, after the adipogenic
induction, CD106-positive-sorted cells included many
Oil-red-O-positive cells (data not shown) and larger
amounts of TG (Fig. 2E) than those of negative-sorted
cells. Essentially the same results were obtained in addi-
tional three huBM strains (data not shown). These results
were compatible with the results obtained in ihBMSCs,
indicating that primary BMSCs were heterogeneous in
terms of the expression of CD106, which correlated with
the osteogenic and adipogenic differentiation potential of
each BMSC.

Prediction of differentiation property based on CDI06
expression in primary BMSCs

Above data suggested that the evaluation of the CD106
fraction at early passages may predict the differentiation
potential of each huBM strain. As for osteogenic potential,
ALP activity of each huBM strain at early passage did not
correlate with the ALP activity of the corresponding huBM
strain after the osteogenic induction (Fig. 3A). On the
other hand, the fraction of CD106-positive cells at early
passage showed a clear negative correlation with the ALP
activity after osteogenic induction (Fig. 3B). The TG was

almost undetectable in all huBM strains at early passage,
indicating no value for the prediction of adipogenic differ-
entiation (Fig. 3C), whereas there was a clear positive cor-
relation between the fraction of CDI106-positive cells at
early passage and the amount of TG after adipogenic
induction (Fig. 3D). These results indicated that the evalu-
ation of CD106 at early passage is useful for predicting the
differentiation potential of BMSCs.

Discussion

CD106/VCAM-1 is a cell surface glycoprotein, which
binds to the a4pl and a4B7 integrins [19]. A deficiency of
CD106/VCAM-1 results in embryonic death with the
absence of chorion-allantois fusion or multiple abnormali-
ties in the heart in mice, but no significant abnormality was
found in mesenchymal tissues during the embryonic stage
[20]. CD106/VCAM-1 is associated with homing of HSCs,
and CDI106/VCAM-1-positive BMSCs, which may be
MSCs, keep HSCs in their niche [21,22]. The binding to
CD106/VCAM-1 activates integrin signaling, and cell
migration or cytoskeletal organization is promoted [23].
But it is still unknown whether the integrin signaling influ-
ences the differentiation potential of BMSCs.

Wehave found that the fraction of CD106-positive cells in
primary cultured-BMSC varied considerably among
donors, although the same procedure was applied in all

- cases. The fraction of CD106 did not show any significant

correlation with the sex or age of the donor (data not shown).
Expression of CD106 is regulated by several cytokines [24],
and some of them are produced by hematopoietic cells in
bone marrow, which therefore may determine the number
of CD106-positive cells at the beginning of the culture.

The negative correlation between CD106/VCAM-1
expression and the osteogenic property of ihBMSC seemed
to contradict the idea of CD106/VCAM-1 as an MSC mar-
ker. We have no clear explanation for this phenomenon,
but it should be considered that a considerable number
of BMSCs have already committed to the osteogenic line-
age before in vitro culture, among which some are ALP-
positive but others may not be [25). The expression of
CD106/VCAM-1 was lost during the osteogenic differenti-
ation (data not shown), suggesting the loss of CD106/
VCAM-1 expression in osteogenic precursors. Therefore
the osteogenic potential of each huBM strain evaluated in
the current study may be determined by the number of
osteogenic precursors negative for CD106/VCAM-1, but
not of MSCs positive for CD106/VCAM-1, which would
lead to the negative correlation observed in this study.

We also have found that the fraction of CD106-positive
cells was positively correlated to the production of adipo-
genesis, which is compatible with the idea that CD106-

- positive cells include stem cells with adipogenic potential.

As far as we know, there are no useful markers for predict-
ing the adipogenic potential of BMSCs. Irrespective of the
adipogenic potential, the amount of TG was below the
detectable level (Fig. 3C), and no expression of the PPARY
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Fig. 2. The expression of CD106 correlated with the differentiation potential in primary BMSC. (A) Fraction of CD106-positive cells in six huBM strains.
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by anti-CD106 Ab. (D) ALP activity after osteogenic induction in each cell population. (E) TG amounts after adipogenic induction in each cell

population.

gene was observed (data not shown) in any BMSC strains
before the adipogenic induction. Therefore, CD106 is the
first cell surface marker to indicate the adipogenic potential
of BMSC. Whether CD106/VCAM-1 is functionally
involved in the promotion of adipogenesis is not known.
That CD106/VCAM-1 knockout mice showed an appar-
ently normal generation of mesenchymal tissue does not
support a functional role for CD106/VCAM-1 in adipo-
genesis [20].

Whatever the mechanisms, the predictive power of
CD106/VCAM-1 for osteogenic potential is quite valuable
in the clinical application of BMSCs for bone regeneration.
As far as we know, there are no useful markers for predict-
ing the differentiation potential of BMSCs. The establish-
ment of a standard method to evaluate osteogenic
potential is one of the topics in bone regeneration therapy
using MSCs, and a number of candidates have been
proposed including ALP activity [26]. We have found,
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positive association was found (r = 0.91, P = 0.005).

however, that the ALP activity of BMSCs at early passage
was not a reliable indicator for osteogenic potential
(Fig. 3A). CD106 may be a reliable indicator for the oste-
ogenic differentiation potential of BMSC.
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