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Table 4 :
The 15 most highly expressed genes in the cDNA library for RDEC, H4-1 (BMSC), and ThMSC1 cells*
Ranking Gene title Gene symbol Gene ID Identity  Clones Expression
level
RDEC
1 Biglycan BGN NM_001711.1 100% 145 5.50%
2 Transforming growth factor, beta-induced TGFBI NM_000358.1 100% 133 5.06%
3 Cartilage oligomeric matrix protein COMP NM_000095.1 98% 85 3.24%
4 Chitinase 3-like 1 CHI3L1 NM_001276.1 99% 58 2.21%
5 Complement cornponent 1, r subcomponent CIR NM_001733.1 99% 51 1.94%
6 Decidual protein induced by progesterone DEFPP NM_007021.1 100% 41 1.56%
? Procollagen-proline, 2-oxoglutarate 4-dioxygenase P4HB NM_000918.1 97% 32 1.22%
3 Decorin DCN NM_001920.1 99% 31 1.13%
9 Insulin-like growth factor binding protein 3 IGFBP3 NM_000598.1 97% 30 1.14%
10 Vimentin VIM NM_003380.1 100% 28 1.07%
11 Heat shock 70-kDa protein 8 HSPAS NM_006597.1 99% 27 1.03%
12 Lamin A/C LMNA NM_005572.1 99% 23 0.88%
12 Fibromodulin FMOD NM_002023.2 98% 23 0.88%
14 Pyruvate kinase, muscle PKM?2 NM_002654.1 999, 21 0.80%
15 Granulin GRN NM_002087.1 100% 20 0.76%
H4-1 (BMSC)
1 Insulin-like growth factor binding protein-3 IGFEP3 NM_000598.1 971% 131 4.85%
2 Transforming growth factor, beta-induced TGFBI NM_000358.1 100% 119 4.43%
3 Eukaryotic translation elongation factor-1 alpha 1 EEFiAl NM_001402.1 99% 88 3.28%
4 Proteinase inhibitor, clade H (heat shock protein 47) SERPINH2 NM_001235.1 99% 56 2.08%
5 EGF-containing fibulin-like extracellular matrix protein 1 EFEMP1 NM_004105.2 99% 53 1.97%
6 Vimentin VvIM NM_003380.1 100% 43 1.60%
7 Heat shock 70-kDa protein 8 HSPAS NM_006597.1 99% 42 1.56%
8 Actin, beta ACTB NM_001101.2 99% 27 1.00%
9 Biglycan BGN NM_001711.1 100% 26 0.97%
9 Procollagen-proline, 2-oxoglutarate 4-dioxygenase P4HB NM_000918.1 S7% 26 0.97%
11 Connective tissue growth factor CTGF NM_001901.1 98% 24 0.839%
12 Amyloid beta (A4) precorsor-like protein 2 APLP2 NM_001642.1 99% 21 0.78%
13 Lamin A/C LMNA NM_005572.1 99% 20 0.74%
14 Pyruvate kinase, muscle PKM2 NM_002654.1 9% 15 0.56%
14 Complement component I, r subcomponent CIR NM_001733.1 99% 12 0.45%
15 Decorin DCN NM_001920.1 99% 12 0.45%
THMSC1
1 Insulin-like growth factor binding protein 3 IGFBP3 NM_000598.1 97% 37 331%
2 Transforming growth factor, beta-induced IGFBI NM_000358.1 100% 36 5.37%
3 Vimentin VIM NM_003380.1 100% 19 283%
4 Eukaryotic translation elongation factor-1 alpha ] EEF1AI NM_001402.1 99% 12 1.79%
4 Heat shock 70-kDa protein 8 HSPAS NM_006597.1 99% 12 1.79%
é EGF-containing fibulin-like extracellular matrix protein 1 EFEMP1 NM_004105.2 99% 10 1.49%
7 Lactate dehydrogenase A LDHA NM_005566.1 9% g 1.19%
7 Lamin A/C LMNa NM_005572.1 99% 8 1.19%
9 Biglycan BGN NM_001711.1 100% 7 1.04%
10 Pyruvate kinase, muscle PKM2 NM_002654,1 999, 6 1.04%
11 Upregulated by 1.25-dikydroxyvitamin D-3 VDUP1 NM_006472.1 99% 4 0.60%
11 Immunoglobulin superfamily containing leucine-rich repeat  ISLR NM_0035545.1 100% 4 0.60%
11 P311 protein P311 NM_004772.1 9% 4 0.60%
11 RAPI1B, member of RAS oncogene family RAPIB NM_015646.1 98% 4 0.60%
11 Karyopherin alpha 2 KPNA2 NM_002266.1 99% 4 0.60%

* RDEC, redifferentiation of dedifferentiated chondrocytes; BMSC, bone marrow stromal cells; EGF, epidermal growth factor.

Fig. 5. General analysis of cDNA library from redifferentiated dedifferentiated chondrocytes (DEC), bone marrow stromat cells H-1 (BMSC), and ThMSCI1.
(A) The number of clones per unigene cluster that belongs to high similarity (identity over 96%). Approximately 70% of redifferentiated DEC (RDEC) and
H4-1 clones (BMSC) was a single clene. For ThMSCL, 242 clones (78%) were nonrepetitive clones. (B) Distdbution of the molecular functions of clones
for redifferentiated DEC (RDEC), H4-1 (BMSC), and ThMSCI. Each slice Iists the numbers and percentages of human gene functions assigned to a given
category of molecular function according to the Gene Ontology (GO). (C) The number of clones on extracellular matrix genes for redifferentiated DEC
{RDEC) and H4-1 (BMSC).
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Table 5 :
The genes (identity over 96% of similarity) with the classification of molecular function®
Classification Subclassification  Gene title Gene symbol Gene ID Identity RDEC H4-1 ThMSCI
Extracelular Proteoglycan Aggrecan PGl NM_0011351 9% 6 0 o
matrix Versican PG2 NM_004385.1 99% 0 1 0
Chondrottin sulfate 4 CSPG4 NM_001897.1 100% 1 0 0
Testican SPOCK NM_004598.2 99% 1 1 0
Tenascin C HXB NM_002160.1  99% 1 0 4]
Lumican LUM NM_002345.1 9%% 12 5 1
Fibromudulin FMOD NM_002023.2 98% 23 3 0
Biglycan BGN NM_001711.1  100% 145 26 7
Decorin DCN NM_001920.1 99% 31 12 3
Syndecand sSDC4 NM_00299%.1 100% 1 0 0
Osteoglycin OGN NM_033014.1 99% 7 0 0
Glypican 4 GPN4 NM_001448.1 99% 0 1 ]
Matrix protein Cartilage oligomeric matrix protein COMP NM_000095.1 98% 85 9 1
Cartilage glycoprotein-39 CHI3L1 NM_001276.1 99% 58 0 0
Cartilage linking protein 1 CRTLI NM_001884.1 99% 1 1 1
Thrombospondin 1 THBS1 NM_006988.2 100% 1 0 ¢
Thrombospondin 2 THBS2 NM_003247.1 100% 0 0 0
EGF-containing fibulin-like EFEMP! NM_0041052 9% 13 53 0
Extracellular matrix protein }
EGF-containing fibulin-like EFEMP2 NM_016938.1 99% 2 1 0
Extracellular matrix protein 2
Collagen Collagen, type I, al COL1A1 NM_000088.2 99% 1 ) 0
Collagen, type II, al COL3A1 NM_000090.2 100% 1 0 0
Collagen, type V, o2 COLS5A2 NM_000393.1 99% 1 0 0
Collagen, type V1, al COL6AL NM_001848.1 99% 0 1 0
Collagen, type VI, o3 COL6A3 NM_004389.1 99% 2 1 0
Growth factor Growth factor Transforming growth factor, Bl TGFul NM_000660.1  99% 1 0 0
Fibroblast growth factor 7 FGF7 NM_002009.2 100% 1 7 1
Vascutar endothelial growth factor VEGF NM_003376.1 100% 1 0 0
Vascular endothelial growth factor C VEGFC NM_005429.1 100% 1 0 0
Growth differentiation factor 10 GDF10 NM_004962.2  99% 1 0 0
Connective tissue growth factor CTGF NM_0019¢1.1 98% 0 24 3
Platelet-derived growth factor C PDGFC NM_016205.1 100% 1 1 0
Heparin-binding epidermal growth DTR NM_001945.1 99% - 0 0 1
factor-like growth factor
Granulin GRN NM_002087.1 100% 20 7 1
Growth factor- Transforming growth factor, TGFB11 NM_000358.1 100% 133 119 36
related protein B-induced
Insulin-like growth factor binding IGFBP3 NM_000598.1 97% 30 131 37
protein 3
Gremlin CKTSF1BI NM_013372.1  99% 0 5 0
CCN family WNTI inducible signaling pathway WISP1 NM_003882.1 99% 0 1 0
protein 1 '
WNT1 inducible signaling pathway WISP2 NM_003881.1 99% 0 1 0
protein 2
Wnt Wnt family Wingless-type MMTV integration site ' WNT5A NM_003392.1 98% 1 0] 0
family, member SA
Wnt signal Frizzled-related protein FRZB NM_001463.1. 98% 5 g 0
pathway Dickkopf homolog 3 DEK3 NM_013253.1 100% 2 0 a
Cell surface 10. CALLA NM_007288.1 99% 0 1 ]
markers 24 NM_013230.1 99% 0 1 0
29 NM_002211.1 100% 2 3 0
44 H-CAM, Pgp-1 NM_000610.1 99% 11 7 2
46 MCP NM_002389.1 99% 1 0 0
54 ICAM11 NM_000201.1 100% 1 0 0
55 DAF NM_000574.1 100% 1 1 1
59 NM_000611.1  99% 1 5 2
68 NM_001251.1  100% 1 0 0
73 NM_002526.1 99% a 1 0
920 Thy-1 NM_002526.1 59% 4 2 1
97 GR1 NM_001784.1 100% 0 1 01
105 ENG NM_000118.1  100% 4 5 1
164 MGC-24 NM_006016.1 100% 0 2
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Table 5 (continued)

Classification Subclassification Gene title Gene symbol  Gene ID Identity RDEC H4-1 ThMSC1
Cell adhesions Integrin Integrin, a5 ITGAS NM_002205.1 100% O 3 0
Integrin, all ITGall NM_012211.1 100% 1 0 o
Integrin, 81 ITGBI NM_002211.1 93% 2 3 0
Integrin, B-like 1 ITGBLI NM_004791.1 99% 0 0 o
Integrin, B2 ITGBE2 NM_000211.1 99% 0 0 1
Integrin, 85 ITGBS NM_002213.1 100% 1 0 0
Cadherin Cadherin 11 CDHI11 NM_001797.1 100% I 1 0
Cadherin 13 CDHI13 NM_001257.1 93% 0 2 1
Cell adhesion Cerebral cell adhesion molecule C-CAM NM_016174.1 9%% 1 0 0
molecules
Vascular cell adhesion molecule 1 VCAM! NM_001078.1 99% 0 1 2
Junctional adhesion molecule 3 JAM3 NM_031470.1 100% 1 0 0
Melanoma adhesion molecule MCAM NM_006500.1 99% 0 1 4]
Intercellular adhesion molecule 1 ICAM1 NM_000201.1 100% 1 0 Y
Intercellular adhesion molecule 3 ICAM3 NM_002162.2 98% 0 0 0
MMP MMP Matrix metalloproteinase 1 MMP1 NM_002421.2 99% 4 0 0
Matrix metalloproteinase 2 MMP2 NM_004530.1 99% 7 2 o
Matrix metalloproteinase 3 MMP3 NM_0024222 100% 3 0 0
Matrix metatloproteinase 14 MMP14 NM_004995.2 99% 0 0 i}
TIMP TIMP Tissue inhibitor of metalloproteinase 1  TIMP1 NM_003254.1 9%% 2 0 0
Tissue inhibitor of metalloproteinase 3 TIMP3 NM_000362.2 98% 2 2 0
ADAM ADAM A disintegrin-like and metalloprotease ADAMTSI1 NM_006988.2 99% 0 0 0
with thrombospendin type 1 motif, 1
A disintegrin and metalloproteinase ADAMY NM_003816.1 99% 0 1 0
domain ¢
A disintegrin and metalloproteinase ADAMI0 NM_001110.1 99% 0 0 0
domain 10
A disintegrin and metalloproteinase ADAMIS NM_0038152 99% 2 Q 0
domain 15
Receptor Type 1 Interleukin 6 signal transducer IL6ST NM_002184.1 99% I 0 0
Oncostatin M receptor OSM NM_003999.1 93% 3 0 0
Interleukin 13 receptor, al IL13RAL NM_001560.1 100% 1 0 0
Type I Interferon-y receptor 1 IFNIR1 NM_000416.1 100% O 2 0
Type IX Tumor necrosis factor receptor TNFRSFIA NM_001065.1 99% 4 5 2
superfamily, member 1A
Tumor necrosis factor receptor TNFRSF10D NM_003840.1 100% 1 0 0]
superfamily, member 10d
Tumor necrosis factor receptor TNFRSF10B NM_003842.1 100% 1 1 0
superfamily, member 10b
Lymphotoxin £ receptor (TNFR LTBR NM_002342.1 100% 0 0 \]
superfamily, member 3)
Cther (inner Retinoic acid receptor, y RARG NM_000966.1 100% 2 ¢ 0
cellular)
Transcription ETS V-ets avian erythroblastosis virus E26 ETS2 NM_005239.1 100% 2 0 0
oncogene homolog 2
Ets variant gene 5 ETVS NM_004454.1 98% 0 0 0
V-ets avian erythroblastosis virus E26 ERG NM_004449.2 100% 1 0 0
oncogenc related
SOX SOX SRY (sex determining region)-box 2  SOX9 NM_000346.1 99% 1 0 0

* EGF, epidermal growth factor.

Expression of cartilage-related genes in DECs and BMSCs

The results of RT-PCR assays of parallel samples were
consistent with the cDNA profiling data (Fig. 6). The ex-
pression of the COMP genes was detected at a higher level
in the redifferentiated DECs than in H4-1 cells {(Fig. 6A),
and expression of cartilage glycoprotein-39 was found in
both DECs and redifferentiated DECs (Fig. 6B). Expression

of WISP1 was observed in H4-1 cells but not in DECs or
redifferentiated DECs (Fig. 6C).

Discussion

BMSCs were successfully cultured for more than 25
passages. H4-1 cells proliferated and retained differenti-
ation capability even after 48 population doublings
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Fig. 6. The expression pattern of cartilage-related gene was consistent with
the results of random sequencing analysis. (A) Reverse transcription-
polymerase chain reaction (RT-PCR) analysis of cartilage oligomeric ma-
trix protein (COMP) expression (lanes 5-8) in redifferentiation of dedif-
ferentiated chondrocytes (DEC) at 1 week (upper column) and in the
monolayer culture of H4-1 (lower column). Expression of S2-microglobu-
lin is used for an internal control of each RNA (lanes 1-4). Lanes 1 and 5,
20 cycles of PCR; lanes 2 and 6, 25 cycles; lanes 3 and 7, 30 cycles; lanes
4 and 8, 35 cycles. (B and C) RT-PCR analysis of cartilage glycoprotein-39
(B) and WISP 1 (C). M, molecular markers; lanes 1 and 4, monolayer
culrure of DEC; lanes 2 and 5, redifferentiation of DEC at 1 week, lanes 3
and 6, monolayer colture of H4-1.

(PDs}, while most marrow-derived mesenchymal cells
reached senescence before 30 PDs. Human marrow pro-
genitor cells have been successfully cultured for more
than 60 cell doublings with multipotency under specific
culture conditions [31]. H4-1 cells had a surface marker
pattern similar to that of mesodermal progenitor cells,
and thus it is of interest to investigate whether it under-
goes not only chondrogenic differentiation but differen-
tiation into other mesenchymal phenotypes under specific
inducing conditions.

The method of chondrosphere formation, which has been
modified in this study, promoted redifferentiation of dedif-
ferentiated chondrocytes. Pellet culture is the method most
commonly used for chondrogenesis of marrow mesenchy-
mal stem cells [15], and comparison of the chondrosphere
culture method and pellet method revealed that they have
similar effects in inducting chondrogenesis in vitro in terms
of increasing cell density to a high level. Based on the
evidence that chondrocytes markers such as aggrecan and
type II collagen were rapidly induced, 2-h cell aggregation
by the chondrosphere method sufficiently promoted differ-
entiation. Furthermore, since extremely abundant ECM was

produced by the cultured cells, the chondrosphere culture
did not require a scaffold for chondrogenesis. We conclude
that chondrosphere formation is sufficient for chondrogen-
esis of dedifferentiated chondrocytes and H4-1 cells.

Human mesenchymal stem cells have been successfully
isolated and can differentiate into osteocytes, chondrocytes,
and adipocytes [15). The surface antigen phenotype of H4-1
cells, c-kit negative and CD140« low or negative cells,
showed differences from the surface antigens of human
mesenchymal stem cells [15,31]. When FACS sorting is set
for this population, CD34 7, c-kit~, and CD140a~ ° '°¥, the
fraction of human bone marrow cells will be highly en-
riched in chondrogenic progenitor cells. CD29%, CD44,
CD90, CDI105, CD106, and CD166 were detected in both
H4-1 cells and DECs in this study.

The consistency between the result of flow cytometric
analysis and the frequency of the clusters (Table 6) indicates
that the expression profiling by large-scale sequence anal-
ysis of the cDNA libraries obtained by cligocapping method
[32] is valid, the same as previously reported large-scale
sequencing analyses [33,34] and expression tag analyses
[35]. Expression of “structural protein” on Gene Ontology,
including the ECM, was much higher by redifferentiated
DECs than by H4-1 and ThMSC1 cells, implying that the
cells are mainly engaged in synthesizing ECM. Leucine-
rich small proteoglycans having a molecular weight of 30 to
50 kDa include decorin, biglycan, fibromodulin, and Iumi-
can. Redifferentiated chondrocytes rapidly produced these
small proteoglycans to embed themselves in the ECM, and

Table 6
Consistency between frequency of the clones and flow cytometric
analysis® '

Surface marker H4-1 (BMSC) Dedifferentiated
chondrocytes
Flow cDNA Flow cDNA
cytometric analysis cytometric analysis
analysis (clones) analysis (clones)
(folds) (folds)
CD14 1 0 3 0
CD29 10 5 90 2
CD34 1 0 1 0
CD44 13 7 300 12
CD45 1 Q 1 1]
CD10s 3 5 7 4
CD144 1 4] 1 0
CD31 1 0 i 0
CD50 1 0 1 0
cpi17 i 0 1 0
CDi140a 1 1 2 1
CD90 5 2 43 4
CD106 5 1 6 0

* H4-1 (flow cytometric analysis), H4-1 (cDNA analysis), and dediffer-
entiated chondrocytes (flow cytometric analysis) were in the monolayer
culture. Dedifferentiated chondrocytes (cDNA analysis) were in the con-
dition of chondrosphere culture, BMSC, bone marrow stromal cells.
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produced larger molecular weight proteoglycans, such as
aggrecan at a later stage of differentiation. This pattern of
expression for proteoglycans in redifferentiated DECs re-
sembles the higher expression of biglycan, decorin, and
fibromodutin by human mesenchymal stem cells by the
pellet culture protocol [25].

Elongation factor 1 ol (EF-1 «) is one of the highly
expressed genes among “nucleic acid binding proteins™ (88
clones in H4-1 cells and 15 clones in redifferentiated
DECs). The marked difference between these H4-1 cells
and DECs may be attributable to a stage of cellular aging,
since the level of EF-1 « expression during aging, e.g., an
ireversible decrease in EF-1 e, is found in aged mesenchy-
mal cells [36,37]. Among growth factors, genes of the CCN
family, including CTGF, WISP1 (CCN4), and WISP2
(CCNS5), were highly detected in H4-1. WISP1 and WISP2
are expressed at high levels in fibroblasts, and overex-
pressed in colon tumors [38]. The proteins they encode bind
to decorin and biglycan, and may prevent the inhibitory
activity of decorin and biglycan. The next most highly
expressed genes of growth factors in H4-1 cells were FGF7/
‘keratinocyte growth factor. This growth factor has a mito-
gen potentiality for epithelial cells, but for neither fibro-
blasts nor endothelial cells [39]. One of the growth factor-
related genes is gremlin, whose protein acts as an antagonist
of BMP signaling by preventing BMPs from interacting
with their receptors [40,41]. Gremlin was highly detected
during the growth phase of H4-1 cells, and this protein may
inhibit differentiation of these cells through BMP inhibition
at this stage. ’

The expression pattern of chondrocyte-specific genes in
dedifferentiated chondrocytes is different from that of
ATDCS cells, which are a mouse embryonal carcinoma-
derived chondrogenic cell line. ATDCS5 cells exhibit a mul-
tistep differentiation process encompassing the stages from
chondrogenesis to enchondral ossification [42]. Early-phase
differentiation is characterized by expression of type II
collagen, followed by induction of the aggrecan gene [42).
Late-stage differentiation is characterized by the start of
expression of short-chain collagen type X genes. By con-
trast, marrow-derived mesenchymal stem cells express the
aggrecan genes at an early stage and then type II collagen
during chondrogenic differentiation {15]. The time course
of ECM expression in redifferentiated DECs in this study
resembles that of mesenchymal stem cells during chondro-
genic differentiation rather than that of differentiating em-
bryonal cell carcinoma celis.

These established human mesenchymal cells with ex-
pression profiling provide a powerful mode! for a study of
chondrogenic differentiation and our further understanding
of cartilage regeneration using redifferentiated DECs and
BMSCs. BMSCs with a chondrogenic potential and dedif-
ferentiated chondrocytes are useful candidate cell sources
for transplantation in osteoarthritis and rheumatoid arthritis.
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Abstract

The characterization of mesenchymal stem cells (MSCs) is of biological and clinical interest. We demonstrate that isolated MSCs,
defined by CD34™* c-kit* CD140a™ Sca-1"%", are able to differentiate into cardiomyocytes, endothelial cells, and pericytes or smooth
muscle cells by direct injection into adult heart. In skeletal muscle and lung, they also contributed to formation of the vasculature. MSCs
did not transform into malignant cells or form excess extracellular matrix. This study suggests that MSCs may supply an ideal donor source
of cardiovascular cells in patients with cardiopulmonary diseases.

© 2003 Elsevier Science (USA). All rights reserved.
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Intreduction

The existence of stem cells for nonhematopoietic cells in
bone marrow was first suggested by Cohnheim [1] about
130 years ago. Recently, it was reported that marrow-de-
rived mesenchymal stem cells (MSCs) differentiate into
most somatic cells including osteoblasts, chondrocytes,
myoblasts, and adipocytes such as adult neural stem cells
[2] when placed in appropriate in vitro [3,4] and in vivo
environments [5] or injected into blastocysts [6]. We have
shown that stromal cells are able to generate cardiomyo-
cytes in vitro [7,8]. However, most of these experiments
were performed with heterogeneous stromal cells that had
been obtained by adherence to plastic culture dishes [9].
Since it was demonstrated that bone marrow-derived stro-
mal cells were purified to a homogeneous population that
met the criteria for nonhematopoietic stem cells [10], these

* Comresponding author. Department of Pathology, Keio University
School of Medicine, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582,
Japan, Fax: +81-3-3353-3290.

E-mail address: umezawa@ 1985 jukuin.keio.ac jp (A. Umezawa).

cells have been termed mesenchymal stem cells because they
generate an array of cells, defined as mesenchymal cells.

Major advances have been made in the prevention, di-
agnosis, and treatment of cardiovascular diseases, However,
morbidity and mortality from cardiovascular diseases con-
tinue to be an enormous burden experienced by many indi-
viduals with substantial economic cost. Recently, it was
reported that adult bone marrow-derived cells can be repro-
grammed to differentiate into various cell types, including
liver cells [11], and neuronal-type cells {12] in vivo. In this
study, our results present two novel findings in marrow-
derived MSCs, i.e., the presence of a set of surface marker
proteins and site-specific differentiation into cardiovascular
cells in adult.

Materials and methods

Cell culture

Bone marrow-derived stromal cells were cultred by
using methods previously described {4]. Bone marrow cells

0014-4827/03/% - see front matter © 2003 Elsevier Science (USA). All rights reserved.
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were obtained from female C3H/HeJ mice. Cells were cul-
tured in Iscove’s modified Dulbecco’s medium (IMDM)
supplemented with 20% fetal bovine serum and penicillin
(100 pg/ml)/streptomycin (250 ng/mi)/amphotericin B (85
wg/ml) at 33°C in humid air with 5% CO,. After a series of
passages, attached marrow stromal cells became homoge-
neous and were devoid of hematopoietic cells. Immortalized
cells were obtained by frequent subculture for more than 4
months. To induce demethylation of genomic DNA, cells
were treated with 3 pmol/l of 5-azacytidine (Sigma Chem-
ical Co., St. Louis, MO, USA) for 24 h.

A number of clones were isolated by limiting dilution.
Subcloned cells were maintained and again exposed to
5-azacytidine for 24 h. We selected a unique population of
immortalized cells that expressed the hematopoietic stem
markers CD34"°~ and c-kit* and the mesenchymal
marker CD140a™ for subsequent experiments, because this
cell population is believed to be one of the most upstream
progenitors among our isolated cell population. The retro-
viral vector used in this study contains enhanced green
fluorescent protein (EGFP) driven by the long terminal
repeat enhancer/promoter of the Moloney murine leukemia
virus. The ecotropic virus-producing GP + EB86 cells were
created as a packaging cell. Supernatants from the vector-
producing cells, with a titer of 5 X 10° particles per milli-
liter, were used to transduce MSCs. Gene transduction was
performed by three exchanges of the culture media of MSCs
plated at density of 1 X 10° cells per 10 cm of tissue culture
dish with the supernatant of the retroviral supernatant over
72 h with polybrene. Following transduction of the EGFP
gene, the cells were maintained and used as donor cells in
subsequent experiments. The transduction efficiency was
determined by fluorescence-activating cell sorting (FACS)
analysis.

FACS analysis

All samples were treated by water lysis to delete red
blood cells. Cells were incubated with 0.01 pg/ul mono-
clonal antibody in Hanks’ balanced salt solution (containing
0.1% albumin and 0.1% sodium azide) per 1 X 10° cells.
When the first antibody was conjugated with biotin, cells
were then washed twice and incubated with 1 pg of strep-
toavidin-phycoerythrin (GibcoBRL, Gaithersburg, MD,
USA) for 30 min on ice. Purified antibodies in the first step

were stained with 1 ug of fluorescein isothiocyanate-con-
jugated goat anti-mouse antibody. Controls inclnded cells
stained with individual isotypes (mouse IgG, or rat IgG,,).
Incubation was performed in the presence of 10 ug of
mouse immunoglobulin to prevent nonspecific antibody
binding. Anti-mouse Flk-1 (KDR or VEGF-receptor 2),
CD31 (PECAM-1), CD34, c-kit, Sca-1 (Ly-6A/E), CD140a,
CD144 (VE-Cadherin; endothelial cell-specific marker),
CD14 (a marker for macrophages and dendritic cells}, CD29
(integrin 81), CD41 (integrin oIIf chain), CD44 (Pgp-1/
Ly-24), CD45 (leukocyte common antigen), CD49b (inte-
grin a2 chain), CD49d (integrin o4 chain), CD54 (ICAM-
1), CD90 (Thy-1), CD102 (ICAM-2), CD105 (Endoglin),
CD106 (VCAM-1}, Ly-6C, Ly-6G (Gr-1), and isotype con-
trol antibodies were purchased from Pharmingen Pharma-
ceutical, Inc. (San Diego, CA, USA). Dead cells were re-
moved by washing twice with Hanks’ balanced salt
solution, then propidium iodide was added to each tast tube
at a concentration of 1 pg/ml just before acquisition by
FACScan flow cytometry (Becton Dickinson, Bedford, MA,
USA) with the argon laser at 488 nm. List mode data for
30,000 to 50,000 cells were collected in the propidium
iodide gate.

Cellular transplantation

Following priming by S-azacytidine, the cells were cul-
tured for an additional 3 days (Fig. 1A). Then these cells
were harvested with 0.05% trypsin and 0.25 mM EDTA and
suspended as single cells at a concentration of 1 X 10°
cells/pl with phosphate-buffered saline (PES). Cell viability
in suspension, determined by 0.05% erythrosine dye exclu-
sion, was 90% to 95%. After general anesthesia of the
recipient mice by an intraperitoneal injection of pentobar-
biturate 0.05 mg/g body weight, a transverse incision was
made under the arch of a rib. The xiphoid process was
inverted to the head, and the liver was pushed inferiorly so
that the heart became visible through the diaphragm. Im-
mediately before implantation, the cell suspension was
drawn up into a 50-p! Hamilton syringe with a 31-gauge
needle. A 10-4il portion of the cell suspension was injected
into the ventricular myocardium or the inferior vena cava of
syngeneic adult recipient mouse (C3H/Hel, purchased from.
Clea Japan, Inc., Tokyo, Japan), aged 8 to 10 weeks {13].
Cell transplantations were also performed into the quadrant

Fig. 1. In vitro characteristics of the mesenchymal stem cells (MSCs) as a pluripotent stem cell model. {A) Construction of the recombinant retrovirus carrying
enhanced green flucrescent protein (EGFP) ¢cDNA and experimental procedure of cell transplantation. (B) Phase-contrast micrograph of isolated MSCs at the
semiconfluent stage. (C-F) In vitro differentiation of the isolated MSCs. (C) Cell clusters spontaneously beat with the characteristic findings specific to
cardiomyocytes such as branched strecture. (D) Myotubes with multinuclei do not spontaneocusly beat. (E) Clusters of adipocytes. (F) Bone matrix produced

by the cells.

Fig. 2. Flow cytometric analysis of cell surface markers in murine mesenchymal stem celts (MSCs). Endothelial cell markers Flk-1 and CD31 are negative,
Mesenchymal marker C[140a and hematopoietic cell markers c-kits and Sca-1 are positive. Although CD34 expression has two peaks, negative and low
positive at the periods of the transplantation, the more CD34'"™ cells are generated the longer cultivation after the exposure to 5-azacytidine. Further
phenotypic analysis was shown in the table (details in the supplements). The stainings of MSCs were performed according to Pharmingen protocols. All the

antibodies used were from Pharmingen.

- 228 -



54

5. Gojo et al. / Experimental Cell Research 288 (2003) 51-59

Al e ey
sk

ir.

RS R
S
-




$. Gojo et al. / Experimental Cell Research 288 (2003) 51-59 55

muscles at a dose of 1 X 10° and 1 X 10% cells per each
mouse. At 1, 4, 8, and 12 weeks after the transplantation,
three to five mice were killed, and the lung, heart, thymus,
liver, spleen, kidney, stomach, small intestine, colon, and
brain were harvested from each animal. All animals re-
ceived humane care in compliance with the Principles of
Laboratory Animai Care, formulated by the National Soci-
ety for Medical Research, and the Guide for the Care and
Use of Laboratory Animals, prepared by the Institute of
Laboratory Animal Resources and published by the Na-
tional Institutes of Health (NIH Publication No. 86-23,
revised 1985), All mice were maintained in a laminar-flow
rack in our animal facility.

Histological analyses

Tissues were fixed in 10% neutral buffered formalin and
embedded in paraffin. Tissue sections (6 um) were mounted
on poly-L-lysine-coated slides. After deparaffinization with
xylene, tissues were rinsed in acetone or ethanol. Slides
were incubated in 0.3% H,0, in methanol for 30 min. After
washing in PBS, tissues were preblocked for 30 min with
5% normal swine serum. They were incubated overnight at
4°C with mouse monoclonal antibody against recombinant
green fluorescent protein (Clontech Laboratories, Inc., Palo
Alto, CA, USA, catalogue no. 8362-1) at 1:500. After rins-
ing in PBS, slides were incubated with horseradish peroxi-
dase-conjugated swine anti-mouse immunoglobulin diluted
at 1:100 with 1% bovine serum albumin (BSA) in PBS, and
washed in cold PBS. Staining was developed by using a
solution containing diaminobenzidine and 0.01% H,0, in
0.05 M Tris-HCl buffer, pH 6.7. Slides were counterstained
with methylgreen or hematoxylin. Harvested organs were
fixed in 10% formaldehyde and stained with hematoxylin
and eosin, or anti-EGFP. Slices with positive signals for
EGFP were further stained with anti-CD31 (PECAM-1)
(M-20, Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA). The total numbers of EGFP-positive cells per section
were counted.

Frozen sections (6 pm) of the samples were used to
detect the donor cells and the differentiation status by using
alkaline phosphatase and fluorescence. After fixation with
acetone and the blocking with PBS containing 5% rabbit
serum, anti-GFP antibody was overlaid at 4°C overnight.

Following three washes with PBS, the slides were incubated
with anti-mouse IgG antibody conjugated with alkaline
phosphatase for 1 h at room temperature. Visualization was
achieved through the alkaline phosphatase detection system.
In the case of fluorescence, anti-CD31 or anti-desmin (Big-
Science Products AG, Emmenbriicke, Switzerland) was
used for first antibody, and rat anti-mouse IgG antibody
conjugated with tetramethylrhodamine isothiocyanate
{T4280, Sigma) or goat anti-mouse IgG antibody conju-
gated with rhodamine (M116, Leinco Technology, Inc., St.
Louis, MO, USA) was used for second antibody, respec-
tively.

Results
Gene transduction

Following retrovirus-mediated gene transduction of iso-
lated MSCs derived from marrow stroma with the EGFP
gene and subsequent culture (Fig. 1A and B), the cells were
evaluated by FACS analysis and confocal laser microscopy.
After three 24-h exposures of the cells to the retroviral
vector, 70% to 80% of the cells expressed the reporter
EGFP gene. The isolated MSCs retained the ability to gen-
erate cardiomyocytes, skeletal muscle cells, adipocytes, and
osteoblasts in vitro (Fig. 1C-F).

Surface analysis of mesenchymal stem cell line

A true mesenchymal stem marker has yet to be identified.
The putative MSCs (CD34"°%~ c-kit* CD140a™), used in
this experiment, expressed CD34 on the fourth day after the
S-azacytidine treatment (Fig. 2). Sca-1, CD29, and CD44
were expressed in all mesenchymal cell lines examined at
moderate to high levels. Further surface analysis showed
that these cells also expressed CD41, CDi44, and Ly-6C.
The cells were negative for Flk-1, CD31, CD14, CD45,
CD4%b, CD49d, CD54, CD90, CD102, CD103, CD106, and
Ly-6G. It was previously reported that human mesenchymal
stemn cells were successfully isolated and could differentiate
into osteocytes, chondrocytes, and adipocytes [14]. Qur
surface antigens analyses showed the differences from those

on human MSCs, which express CDI10S but not CD34,

Fig. 3. Generation of endothelial cells by the isolated mesenchymal stem cells (MSCs). The MSCs expressing enhanced green fluorescent protein (EGFP)
were directly injected into the heart, and were histologically analyzed in the heart 1 week (A-C) or 3 months (D-F) after the grafting (n = 41). Sections for
donor-derived cells were stained with hematoxylin and eosin (A and D), anti-EGFP antibody (B and E), or anti-CD31 antibody (C and F) by peroxidase
method. CD31 staining demonstrates that the donor MSCs differentiated into the endothelial cells. The vessels contained red bloed cells (D), suggesting that
the vessels connected to the host vascular system and supplied blood to the tissues. The merge (T) of green fluorescence of injected MSCs (G) and rhodamine
of CD31 (H) clearly demonstrated that the MSCs differentiated into the endothelium.

Fig. 4. Differentiation of the isolated mesenchymal stem cells (MSCs) into cardiomyocytes. Enhanced green fluorescent protein (EGFP)-labeled MSCs could
be recognized morphologically as the cardiomyocytes in the heart 3 months after transplantation (A, hemotoxglin and eosin staining; B and C, peroxidase
staining). The EGFP-positive doner cells exhibit cardiomyocyte-specific features such as a single nuclens in the middle of the cells, branching, striation, and
jntercalated disks. The injected donor cells labeled with EGFP were also detected by green fluorescence., () Green fluorescence of EGFP-labeled donor cells.

(E) Immunohistochemistry against desmin (red). (F) Merge.
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Fig. 5. Donor celt distribution after intravenous injection of the mesenchy-
mal stem cells (MSCs) expressing enhanced green fluorescent protein
(EGFP). EGFP immunoreactivities were detected in the lung (A and B), the
small intestine (C and D), and the stomach (E and F). Recipient tissues {(n
= 28) were examined at 3 months after the transplantation of MSCs.

Engraftment of mesenchymal stem cells

Cells, which were grafted into the heart, generated neo-
angiogenesis near the imjection site within 1 week after
transplantation. The number of vessels increased signifi-
cantly in the injection region and EGFP-positive donor cells
could be identified in these vessels (Fig. 3A and B). Immu-
nohistochemistry with anti-CD31, a marker for endothe-
lium, confirmed that the donor cells of the newly formed
vessels had differentiated into endothelivm (Fig. 3C). At 3
months after transplantation into the heart, the donor-de-
rived endothelium that formed vessels were observed in in
vivo environments (Fig. 3D-F).

Furthermore, we assessed the fluorescence conjugated to
the anti-CD?31 antibody. Double-positive cells for GFP and
CD31 were clearly demonstrated in the injection area (Fig.
3G-1I). Donor cells engrafted in the heart appeared to main-
tain the characteristics of stem cells, which continue to
provide the progenies, i.e., differentiated endothelial cells,
in this case. At this time point, cardiomyocytes expressing
EGFP protein were present in juxtapositions of both donor
to donor and donor to host cells in the heart around the
injection area (Fig. 4A-C). These cells formed striated mus-
cles with a branched structure, which distinguished them
from skeletal muscle cells. Another cardiac muscle-specific
finding, an intercalated disk, was found at the longitudinal

end of donor cells. Moreover, the alienment of the im-
planted cells observed in this study was parallel to the host
cardiomyocytes, suggesting that the donor cells possibly
cooperate with cardiac contraction. We reconfirm the pres-
ence of donor cells by visnalization with alkaline phospha-
tase as well as with EGFP. Positive signals for atkaline
phosphatase (data not shown) and the green fluorescence
were clearly recognized in the injected donor cells (Fig.
4D-F).

Quantification of the EGFP-positive MSCs from serial
sections showed that an estimated 2,500 donor cells were
viable in the ventricle 1 week after grafting 1 X 10° cells
(0.25%) into the heart. The number of endothelial cells and
cardiomyocytes originating from the injected cells were
1,625 and 75 cells, respectively. The remaining donor cells
could not be characterized using immunohistochemistry.
The number of donor-derived cells in the heart 3 months
after transplantation decreased to 1,100 cells, including 275
endothelial cells and 25 cardiomyocytes.

We injected mesenchymal stem cells intravenously to
clarify whether vasculogenesis could occur elsewhere, es-
pecially in the lung. At 1 week after intravenous injection,

Fig. 6. Generation of endothelium and skeletal muscle by the mesenchymal
stem cells (MSCs). The MSCs also differentiated into the skeletal muscle
cells and fused to the host skeletal muscle 3 months after the grafting (A
and B). Bone formation was detected in the skeletal muscle after a mega-
dose injection of the cells (C and D). Similarly, osteogenesis was seen in
the spleen (E) and the liver (F) 2 months after the injection of the MSCs
into the spleen. Bone formation in the liver is probably due to transfer of
donor cells via portal vein from the spleen to the liver.
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mice showed predominant targeting of donor cells to the
lung, where clusters of donor cells were seen in lymphatic
vessels and in the vessel walls. At 4 weeks following trans-
plantation, very few cell clusters remained, and some
EGFP-positive cells covered the vessel lumens completely
(Fig. 5A and B). Although EGFP-positive cells in the lung
were negative for the vascular endothelium marker anti-
CD31 at 1 week, they had formed tube-like structures 4
weeks after intravenous injection, suggesting that they had
differentiated into smooth muscle cells or pericytes. Only a
small portion of stromal cells in the interstitia! space of the
lung expressed EGFP 12 weeks after the grafting (Fig. 5C
and D). No obvious tissue-specific differentiation was ob-
served. In addition, no tumorous growth was seen in any
tissue throughout the experiment.

Small numbers of EGFP-positive cells were also seen in
the brain, thymus, uterus, and kidney throughout these ex-
periments (data not shown). Although few EGFP-positive
cells were present in the stomach and small intestine in the
early phase after both intravenous and intramuscular trans-
plantation, many donor cells were recognized in these or-
gans at 12 weeks following injection (Fig. SE and F).

We examined the dose escalation of MSC injection in the
skeletal muscle. Donor mesenchymal stem cells differenti-
ated atong a similar time course into endothelial cells and
myocytes in skeletal muscle as in heart. By 1 week after
implantation, the donor cells had differentiated into endo-
thelial cells and formed vessels in the graft sites. A skeletal
myocyte phenotype was first observed in cells derived from
the donor cells at 3 months after transplantation (Fig. 6A
and B). When a megadose of cells (1 X 10% celis/mouse)
was implanted into one site in skeletal muscles, no endo-
thelial cells or skeletal myocytes emerged at any observa-
tion time point. However, we detected a massive hard mass
in the thigh, and hematoxylin and eosin staining indicated
that the mass was newly formed bone (Fig. 6C and D).
Transplantation into the spleen also led to bone formation in
the spleen and liver (Fig. 6E and F).

Discussion

This experiment demonstrated that MSCs retain their
plasticity in the adult body in addition to being able to
differentiate into mesoderm-derived cells in the fetus [15].
Immortalized cells, including MSCs, have specific patterns
of DNA methylation, and because the established methyl-
ation pattern is subsequently maintained with considerable
fidelity [16-18], the cell phenotype remains in its original
state in the immortalized cells. The silenced genes are stably
inherited throughout the culture period, and such genes can
be demethylated and reactivated by a demethylating agent
[19]. 5-Azacytidine, a cytosine analog, has a remarkable
effect on transdifferentiation of cells and has been shown to
induce differentiation of mesenchymal cells into cardiomy-

-232-

ocytes, skeletal myocytes, adipocytes, and chondrocytes
[7,20].

5-Azacytidine is incorporated into DNA and has been
shown to cause extensive demethylation. The demethylation
is attributable to covalent binding of DNA methyltrans-
ferase to S-azacytidine in the DNA [21], with the subse-
quent reduction of enzyme activity in cells resulting in
dilution out and loss of methylation at many sites in the
genome. This may in turn account for reactivation of car-
diomyogenic “master gene(s),” such as MEF-2C, GATA4,
dHAND, TEF-1 and Nkx2.5/Csx, by 5-azacytidine, leading
to transdifferentiation of MSCs into cardiomyocytes.

Isolated adult MSCs could differentiate into the progeny
in a tissue-specific manner according to their ultimate des-
tination. Nonphysiological cells, such as osteocytes, chon-
drocytes, or adipocytes, were not generated in this experi-
mental setting in 41 transplants, despite that these donor
cells have the potential to generate a variety of mesoderm-
dertved cells in vitro. Although there were some EGFP-
positive cells in the interstitial spaces, no newly formed
matrices were observed. There was no significant inflam-
matory reaction, consistent with the long survival of these
donor stem cells in the heart. In this transplant procedure
into the heart that we have been performing since 1992, no
lethal arrhythmia has ever been recorded [13].

It has been generally accepted that cardiac myocytes are
unable to divide once cell proliferation ceases shortly after
birth in the mammalian heart, because mitotic figures have
not been detected in myocytes [22]. Although genetically
altered cardiomyocytes induced DNA synthesis in vivo and
in vitro [23,24], it remained vnclear whether normal or
diseased cardiac myocytes can synthesize DNA. Adult
hearts often exhibit a polypoid structure, which results from
stochastic accumulation of mutations as cells pass through
cell cyele check points [25]. However, the hypothesis that
the life span of terminally differentiated cells corresponds to
that of the body may contradict the concept of cellular
aging. Recently, there are a number of lines of evidence that
suggest that there is some cell proliferation in the adult
heart. A mitotic index was calculated in patients with heart
failure and 11 myocyte nuclei per 1 million cells exhibited
mitotic images [26], and karyokinesis and cytckinesis were
observed by confocal microscopy in adult normal subjects
and patients with dilated cardiomyopathy [27]. Our data
together with a report [28] that bone marrow-derived cells
provided cardiomyocytes and skeletal muscle in dystrophic
mdx mice support this hypothesis,

The potential for engraftment of bone marrow-derived
stromal cells following transplantation has been debated in
mice {29] and humans [30]. Since stromal cells are esti-
mated to account for only around 1% of total nucleated
marrow cells [31], it is very difficult to monitor engraftment
of stromal cells in bone marrow transplantation. But, trans-
plantation of a portion enriched for stromal cells from crude
human bone marrow showed engraftment into SCID mice.
Murine mesenchymal cells were distributed in the lung,
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spleen, cartilage, and bone marrow up to 5 months after
infusion into irradiated mice [32]. Taken together with our
results, these data suggest that a significant number of stro-
mal cells can be expected to engraft and survive in various
organs.

We previously observed the fate of bone produced by
immortalized osteoblasts, and found that the ectopically
gencrated bone keeps its size and shape for 12 months [33].
Furthermore, the transplanted cells did not metastasize like
tumor cells. In this study, the MSC-derived cardiomyocytes
remained unchanged for at least 8 weeks. Although injected
cells did not escape from the transplanted sites or settle in
other organs for at least 8 weeks, long-term observation is
necessary to confirm the survival of the differentiated cells
and rule out the possibility of transformation.

In this model, we could not confirm whether the donor cells
enforced the recipient heart. Crude bone marrow cells, skeletal
myocytes, or smooth muscle cells grafted into an infarcted area
are able to improve its elasticity, but not contractility [34].
Transplantation of fetal or neonatal cardiomyocytes has been
demonstrated to connect the graft cells and the host cardiomy-
ocytes [35] and improve cardiac function, including contrac-
tility [36]. Taken together with these studies, the existence of
autologous cardicmyocytes or the precursors for the transplan-
tation should be only one prerequisite for a clinical cell therapy
for cardiac diseases. When compared with hematopoietic stem
cells, our mesenchymal stem cells were easily propagated [4],
and sufficient numbers of cells for a clinical application can be
obtained in vitro. .

The present study demonstrates that when the isolated
adult MSCs are introduced into adult heart and lung, they
can generate cardiovascular cells. When FACS sorting is set
for this novel population, CD34'™ c-kit* CD140a* Sca-
1™8"  the fraction of human bone marrow cells will be
highty enriched for cardiovascular cells.
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Differentiation Potential of a Mouse Bone Marrow
Stromal Cell Line
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Abstract In order to study osteoblast differentiation we subcloned a cell derived from a mouse a bone marrow
stromal cell line, Kusa O, and obtained a number of clones representative of three different phenotypes. One that neither
differentiated into osteoblasts nor into adipocytes, a second that differentiated into osteoblasts but not adipocytes, and a
third that differentiated into both astecblasts and adipocytes. Four subclones were selected for further characterization
according to their ability to mineralize and/or differentiate into adipocytes. The non-mineralizing clone had no detectable
alkaline phosphatase activity although some alkaline phosphatase mRNA was detected after 21 days in osteobiast
differentiating medium. Alkaline phosphatase activity and mRNA in the three mineralizing clones were comparable with
the parent clones. Osteocalcin mRNA and protein levels in the non-mineralizing clone were low and non-detectable,
respectively, while both were elevated in the parent cells and mineralizing subclones after 21 days in differentiating
medium. PTH receptor mRNA and activity increased in the four subclones and parent cells with differentiation. mRNA for
two other osteoblast phenotypic markers, osteopontin and bone sialoprotein, were similarly expressed in the parent cells
and subclones while mRNAs for the transcription factors, Runx2 and osterix, were detectable in both parentand subclone
cells. Runx2 was unchanged with differentiation while osterix was increased. Interestingly, PPARy mRNA expression did
not correlate with cell line potential to differentiate into adipocytes. Indian hedgehog mRNA and its receptor (patched)
mRNA levels both increased with differentiation while mRNA levels of the Wnt pathway components B-catenin and
dickkopf also increased with differentiation. Although we have focussed on characterizing these clones from the
ostecblast perspective it is clear that they may be useful for studying both osteoblast and adipocyte differentiation as well as
their transdifferentiation. ). Cell. Biochem. 90: 158-169, 2003, @ 2003 Wiley-Liss, Inc.
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Multipotential stromal stem cells from the
bone marrow can differentiate into a number of
cell types including osteoblasts, adipocytes, re-
ticulocytes, and fibroblasts {Owen, 1985]; the
progenitors of which have the ability to trans-
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differentiate [Beresford et al., 1992; Oreffoet al.,
1997]. Ostecblast differentiation of these cul-
tures is dependent upon the addition of ascor-
bate, which stimulates the synthesis of collagen
followed by induction of osteoblastic genes
[Franceschi et al., 1994]. Commitment to and
interconversion of stromal cells among the
several phenotypes is likely to involve specific
genes that may be required to induce or
suppress a particular phenotype.

It is now well documented that the transcrip-
tion factor, Runx2, is required for commitment
to the osteoblast phenotype [Ducy et al., 1997]
and that in Runx2 null mice osteoblast differ-
entiation is arrested in both the endochondrial
and intramembranous skeleton [Komori et al.,
1997; Otto et al., 1997]. Runx2 is known to
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modulate the transcription of several genes in-
volved in the mineralization process. The bone
sialoprotein (BSP) promoter has a number of
functional Runx DNA binding sites and Runx?2
mediates repression of the promoter [Javed
et al, 2001]. In contrast, Runx2 enhances
transcription of both typel collagen genes [Kern
etal., 2001], collagenase 3 [Jiménez et al., 1999],
osteoprotegerin [Thirunavukkarasu et al.,
. 2000], osteopontin [Sato et al., 1998], and osteo-
calcin [Gutierrez et al., 2002]. Furthermore,
Runx2 appears to interact synergistically with
C/ERPB, enhancing transcription of osteocalcin
30-40-fold in HeLa cells co-expressing Runxz2
and C/ERPB compared with 2—4-fold for each
protein alone [Gutierrez et al., 2002]. Another
transcription factor essential for osteoblast
differentiation is osterix. This factor appears
to be required at a later stage of differentiation
than Runx2 since preosteoblasts of osterix null
mice express Runx2 at comparable levels to wild
type osteoblasts while no expression of osterix
was apparent in Runx2 mice [Nakashima et al,,
2002]. Other transcription factors are involved
in commitment of multipotential stromal cells
to the adipocytic pathway, of these PPARy
has been reported to have divergent effects
on adipocyte and osteoblast differentiation by
playing a role in the function of many adipocyte
specific genes, such as «P2 and PEPCK, as well
as suppression of Runx2 [Lecka-Czernik et al.,
1999) and synthesis of «1(1)-procollagen, osteo-
pontin, alkaline phosphatase, and osteocalcin
[Lecka-Czernik et al., 2002].

Alkaline phosphatase, osteopontin, BSP,
PTH receptor-1 (PTHR1), and osteocalcin are
all proteins whose significance in ostecblast
differentiation has been studied extensively
[Bellows et al., 1991]. Although variation occurs
among species and cell types, osteopontin, BSP,
PTHR1, and alkaline phosphatase are gener-
ally associated with early osteoblasts while
osteocalcin is an indicator of the mature
osteoblast [Aubin, 1998] and is implicated in
the inhibition of the mineralization process
[Ducy et al., 1996). In the last few years, new
insights into osteoblast differentiation have
been provided by the discovery of several new
transcription factors and signaling pathways.
The present work was undertaken to identify
cells in which osteoblast differentiation could be
studied in vitro, with the aim of putting the new
control pathways into context with what was
known previously.
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Kusa O cells are a subclone of Kusa cells that
were cloned from mouse bone marrow stromal
cells and which differentiate into osteoblasts,
adipocytes, and myoblasts [Umezawa et al,
1992). The Kusa O cells demonstrated plasticity
and were found to support osteoclastogenesis
[Horwood et al., 1998]. When incubated in
the presence of ascorbate and B-glycerophos-
phate, a subpopulation developed an osteo-
blastic phenotype and formed mineralized
nodules while another developed an adipocytic
phenotype. We therefore subcloned the Kusa O
cells with the view to obtaining genetically
related clones with different phenotypes.

MATERIALS AND METHODS
Cell Culture

Kusa O cells were derived from a multipo-
tential hone marrow stromal cell line [Umezawa
et al., 1992] and were maintained in a-modified
Eagle’s minimal medium (¢MEM) plus 10%
FCS. Subclones were obtained by limiting
dilution and frozen at passage 3. Cells were
used between passages 5 and 20 and main-
tained in the same medium as the parent Kusa
O cells. The characteristics of the clones
appeared stable up to 25 passages, thereafter
the mineralizing clones lost their capacity to
mineralize.

Bone Nodule Assay

Cells were subcultured at a density of
3,000 cells/cm? in «MEM plus 10% FCS for 24 h
before changing to an osteoblast differentiating
medium of «MEM plus 15% heat-inactivated
FCS (HIFCS) together with ascorbate and p-
glycerophosphate (50 pg/ml and 10 mM, respec-
tively). Cells were maintained in this medium
for the times indicated and the medium was
replaced three times a week. At the end of the
incubation, the cells were washed three times in
PBS, fixed in ice cold 70% ETOH for 1 h, and
stained with 0.5% alizarin red pH 4.2 for 30 min.
Cells were washed three times with deionized
water and twice with PBS for 10 min. Alizarin
red was eluted in 10% cetylpyridinium chloride
in PBS and measured spectrophotometrically as
described by Stanford et al. [1995].

Qil Red-O Lipid Staining

Cells were cultured in an adipocyte dif-
ferentiating medium (6.6 x10™® M insulin,
2.5x1071® M 3-isobutyl-1-methylxanthine,
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and 10~®* M dexamethasone) with medium
changes three times a week. Cultures were
washed and fixed as for the nodule assay before
staining for lipid by the Oil Red-O method [Kuri-
Haruch and Green, 1978].

Alkaline Phosphatase Assay

Cells were washed three times with PBS,
scraped in ice cold 10 mM Tris HClL, pH 7.4,
sonicated for 10 s on ice, and stored at —20°C
until assayed. Extracts were assayed for alka-
line phosphatase activity at 37°C for 30 min
using p-nitrophenyl-phosphate as substrate
[Partridge et al., 1981]. Aliquots of the cell
extracts were assayed for protein using a BCA
protein assay kit (Pierce, Milwaulkee, WI).

PTH/PTHrP Receptor

Cells were subcultured and incubated as for
the nodule assay for 7 or 21 days with the ex-
ception that no B-glycerophosphate was added
to the medium. At the end of the incubation,
cells were treated with 10 oM PTH (1-34) in
the presence of isobutylmethylxanthine and
cyclic AMP formation assayed as described by
Houssami et al. [1994].

PTHrP and Osteocalcin Protein

Cells were subcultured at the same density
as for the nodule assay. After 24 h, the medium
was replaced with «MEM plus 15% HIFCS and
50 pg/ml ascorbate, and cells were incubated for
7 or 21 days. Three days prior to sample col-
lection, the medium was replaced with sMEM
plus 2% FCS together with ascorbate (50 pg/ml).
At the end of the incubation time, the medium
was aspirated, centrifugued briefly to remove
any cell debris, and supernatants stored at
—20°C until assayed for PTHrP by radicimmu-
noassay [Grill et al., 1991] or osteocalcin using
an ELISA for rat osteocalcin (Osteometer
BioTech A/S, Herlev, Denmark). The cells were
washed, extracts prepared as for alkaline phos-
phatase measurements and assayed for protein
using a BCA protein assay kit (as described
above).

Gene Expression Analysis by Real-Time PCR

Cells were subcultured at the same density as
for the nodule assay. After 24 h, the medium was
aspirated and replaced with «MEM plus 15%
HIFCS for the zero time cultures while ascor-
bate (50 pg/ml) was added to cultures which
were examined after growth for 7 and 21 days.

Zero time samples were lysed when cultures
were just confluent while the 7 and 21 day cul-
tures were lysed 7 and 21 days after the addition
of ascorbate. Total RNA was prepared according
to the method of Chomczynski and Sacchi [1987]
and treated with DNase to remove any contam-
inating DNA. RNA was reversed transerib-
ed using random hexamers and AMV reverse
transcriptase. Authenticity of product was as-
sessed for each primer pair according to size and
by hybridizing the PCR product with an inter-
nal oligonucleotide probe. Aliquots of the RT
mix were diluted so that they fell within the
linear portion of the standard curve generated
from dilutions of eDNA. All PCR reactions were
performed in duplicate and the mean cycle
threshold values were used to calculate gene ex-
pression with normalization to 18s. Results
are represenative of three independent experi-
ments. Amplification was carried out using
AmpliTaq Gold (Perkin-Elmer) with SYBR
Green (Molecular Probes) as probe and specific
oligonucleotide primers (Table I). Cycling con-
ditions were 95°C for 15 s, 60°C for 60 s for
40 cycles in a GeneAmp 5700 Detection System
(Perkin-Elmer Applied Biosystems, Inc.).

RESULTS
Mineralization of Subclones

Of 10 clones that were obtained by subcloning
the Kusa O cells, 4 that were representative of
clones that had different osteoblastic and
adipocytic potential were selected for the study.
Figure 1 shows mineralization and lipid forma-
tion in these clones together with the parent
Kusa O cells. The Kusa O cells could form
mineralized nodules and adipocytes, Kusad4d10
failed to form mineralized nodules or adipo-
cytes, Kusa4bl0 formed mineralized nodules
but failed to differentiate into adipocytes in
osteoblast differentiating medium although
small numbers were apparent in cultures in-
cubated in adipecyte differentiating medium
as shown in the Figure 1. The remaining two
clones, Kusalcll and Kusa2gll, like the parent
Kusa O cells, formed large numbers of miner-
alized nodules and differentiated into adipo-
cytes in both osteoblast differentiating medium
and adipocyte differentiating medium.

Comparison of the osteoblast phenotype of the
four subclones with the parent Kusa O cells is
illustrated in Figure 2. Mineralization first
became apparent around day 15 and increased
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TABLE I. Primers Used in Real Time PCR Analysis of Mouse Reverse

Transcribed RNA

161

Gene 5f 5r
Alkaline phosphatase aaa ccc aga aca caa gea ttc ¢ tec ace age aag aag aag cc
BSP cga tca gaa aaa gea goa ¢ gta gee ttc ata gee atg ce
B-Catenin agctgecct gt ttgatac aaa acc att ccc accctae
Diclkkopf gac cac age cat ttt cct ¢ tet ctt gea caa cac agee
Indian hedgehog gea gac ace att gag actiga a tga aga atc gea gec aga g
Lrps gea ctt-cat cta ctg gacegac tge ace cte cat tte cat ¢
QOsteocalcin tet cte tga cct cacaga tec e tac ctt att gee cleetgett g
Osteopontin cca tet cag aag cag aat ctec atg gtc atc atc gte gicc
Osterix tat get ceg acc tec tea ac aat agg att gog aag cagaaag
Patched caa act ttg acc cet tgg aa aaa ace agg gge aca tea ag
PPARy gga sag ace acg gac asatca ¢ tac gga tcg aaa ctg gea ¢
PTHR tic cag gga ttt tit gtt ge agt ccatgoceagtgtccag
Run=z2 cte cge tgt gaa aaacc tga aac tct tge cte gte e
Smoothened cag gag cfe tee tic age at ttg the ttc tgg tgg cac tg
get cca aga att tea cet ¢t

18s cga tge tet tag ctg agt gt

rapidly over 28 days in all but the Kusa4d10

subclone (Fig. 2A). Alkaline phosphatase activ-
ity was indicative of mineralization capa-
city, with clones Kusadb10, Kusalecll, and
Kusa2gll showing that increasing alkaline
phosphatase activity preceded mineralization
(Fig. 2B). No alkaline phosphatase activity was
detected in the non-mineralizing Kusa4d10
clone by this assay. Osteocalcin protein, a late
marker of the ostecblast phenotype, was unde-
tectable at day 7 but expressed by day 21 in all
but the non-mineralizing Kusa4dl0Q cells
(Fig. 20C). PTHrP was not detected in the
medium from any of the clones at day 7 but
was detected by day 21 in clones Kusa4bl0,
Kusalell, and KusaZgll but not in the
Kusa4d10 cells or surprisingly the parent Kusa
O cells (Fig. 2D). Induction of the PTH receptor
was not apparent at day 7 but by day 21 the
parent cells and four subclones demonstrated
considerable PTH responsiveness (Fig. 2E).
Messenger RNA levels of the ostecblastic
markers measured in Figure 2 as well as
osteopontin and BSP were detected by quanti-
tative RT-PCR. Alkaline phosphatase mRNA
(Fig. 3A) expression increased with differentia-
tion in the Kusa O, Kusalcll and Kusa2gll
cells, while the level in the Kusa4bl0 cells
appeared to peak earlier in the process and
decline at 21 days although the level was still
higher than for the other clones. A low level of
alkaline phosphatase mRNA was detectable at
21 days in the Kusa4d10 cells and although no
activity was detected by the alkaline phospha-
tase assay (Fig. 2A), a small number of cells
stained for alkaline phosphatase in parallel
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experiments (data not shown). Osteocalcin
mRNA (Fig. 3B) was not detectable at 0 and
7 days but was highly expressed on day 21 in
all but the Kusa4dl0 cells, results that are
in agreement with the osteccalcin protein
(Fig. 2C). PTHR-1 mRNA (Fig. 3C) was very
low in the undifferentiated cells but was highly
expressed on day 21, data that were salso
reflective of the measurement of receptor activ-
ity (Fig. 2E). BSP mRNA (Fig. 3D} levels rose
dramatically between days 7 and 21 in the Kusa
O cells, the subclones and the primary osteo-
blasts, although the level of BSP mENA in the
Kusadd10cells was lower than in the other cells,
Osteopontin mRNA (Fig. 3E) levels were low in
the non-differentiated cells, but were elevated
early in the process, consistent with published
data [Aubin, 1998]. These levels were further
elevated in the Kusalcll and Kusa2gl1 clones
at 21 days.

Having established a phenotypic profile for
the Kusa O cells and four subclones we pro-
ceeded to measure mRERNA levels of three
transcription factors known to regulate expres-
sion of the osteoblastic and adipocytic genes,
Runx2 mRNA expression did not vary substan-
tially with differentiation or between clones
and cultures of primary mouse calvarial osteo-
blast-like cells (Fig. 4A). Osteriz, involved
later in differentiation than Runx2, was more
highly expressed in more differentiated cells,
At 21 days osterix (Fig. 3B} expression in the
Kusa4d10 cells was lower than for the Kusa O
cells and other subclones but was comparable
tothe levels in the primary osteoblasts and was
still higher than in the undifferentiated cells.



