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Abstract In general, methylation of the promoter regions is inversely correlated with gene expression. The
transitional CpGarea between the promoter-associatedCpG islands and the nearby retroelements is oftenmethylated in a
tissue-specific manner. This study analyzed the relationship between gene expression and the methylation of the
transitional CpGs in two human stromal cells derived from the bone marrow (BMSC) and adipose tissue (ATSC), both of
which have amultilineage differentiation potential. The transitional CpGs of the osteoblast-specific (RUNX2andBGLAP),
adipocyte-specific (PPARg2), housekeeping (CDKN2A and MLH1), and mesenchyme-unrelated (RUNX3) genes were
examined by methylation-specific PCR. The expression of each gene was measured using reverse-transcription PCR
analysis. The RUNX2, BGLAP, and CDKN2A genes in the BMSC, and the PPARg2 gene in the ATSC exhibited
hypomethylation of the transitional CpGs alongwith the strong expression. The CpG island of RUNX3 gene not expressed
in both BMSC andATSCwas hypermethylated. Transitional hypomethylation of theMLH1 genewas accompanied by the
higher expression in the BMSC than in the ATSC. The weakly methylated CpGs of the PPARg2 gene in the BMSC became
hypomethylated alongwith the strong expressionduring the osteoblastic differentiation. Therewere nonotable changes in
the transitional methylation and expression of the genes other than PPARg2 after the differentiation. Therefore, the
transitionalmethylationandgene expression established inmesenchymal cells tend tobe consistently preservedunder the
induction of differentiation. Weak transitional methylation of the PPARg2 gene in the BMSC suggests a methylation-
dependent mechanism underlying the adiopogenesis of bone marrow. J. Cell. Biochem. 102: 224–239, 2007.
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Stromal cells derived from bone marrow
(BMSC) and adipose tissue (ATSC) can prolif-
erate easily and differentiate in vitro into a
variety of cell lineages such as osteoblasts,
chondrocytes, adipocytes, and myoblasts [Kern
et al., 2006]. These two mesenchymal cells are
considered promising resources for stem cell

therapy in the regeneration of tissue with a
mesenchymal origin. Currently, it is not known
if this multi-lineage potential produces sepa-
rate precursor cells that exist in vivo, or if the
stem cell potential emerges in the in vitro
culture conditions. In contrast, it has been
suggested that mesenchymal cells are inher-
ently unstable and shift from one lineage to
another [Dennis and Charbord, 2002]. For
example, the aging process, which is one of the
causes of osteoporosis, is associated with the
increasedadipogenesis anddecreased osteogen-
esis of mesenchymal cells in the bone marrow.
Eventually, the red marrow turns yellow and
the differentiation capacity of the BMSC in
elderly people becomes inefficient [Justesen
et al., 2001; Pei and Tontonoz, 2004].

The RUNX2 [Komori et al., 1997; Otto et al.,
1997] and PPARg2 [Ross et al., 1990; Tontonoz
et al., 1994] genes are well-known ‘‘master
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genes’’ that drive the osteoblastic andadipocytic
differentiation of mesenchymal cells, respec-
tively. Generally, it is believed that the specifi-
cation of the cell lineage is established based
on a cell-intrinsic epigenetic program that
guides genome-wide DNA methylation during
mammalian embryogenesis and development
[Holliday and Pugh, 1975]. Individual embryo-
nic cells reconstruct new methylation marks
after initial genome-wide demethylation, which
separates the embryo with high-level methyla-
tion from the placenta with low-level methyla-
tion [Reik et al., 2001]. Postnatal increases and
decreases in methylated CpGs of certain DNA
sequenceshavebeendetected in specific tissues,
suggesting that the methylation-variable CpGs
are associated with somatic cell differentiation
[Shiota, 2004]. Therefore, it is important to
determine if a methylation-dependent mech-
anism is involved in the expression of the
mesenchyme-related genes as well as the
differentiation of mesenchymal cells toward
multiple lineages.
Binding motifs for transcription factors

usually overlap with a CpG-rich island, which
ensures easy access to the transcription factors
[Bird, 1986; Larsen et al., 1992]. The Alu and
L1 retroelements, which are highly repetitive
sequences that are distributed throughout
the human genome, elicit the spread of CpG
methylation into nearby genomic sequences
[Hata and Sakaki, 1997; Yates et al., 1999;
Arnaud et al., 2000]. Although the CpG islands
are consistently unmethylated in most tissue
types, some transitional CpG sites between
retroelements and promoters are methylated
to various levels in a tissue-specific manner
[Kang et al., 2006]. Methylation-variable CpGs
associated with the retroelements could be
found near the boundaries of CpG islands and
at the nonisland CpG sites close to the tran-
scription start sites of the genes lacking CpG
islands [Kang et al., 2006; Kim et al., 2006],
which are expected to influence the phenotype
plasticity of mesenchymal cells through the
DNA methylation-dependent mechanism.
Tissue-specific transitionalmethylation between

the transcription start site and the nearest
retroelements was previously described for the
mesenchyme-related (RUNX2) and -unrelated
(RUNX3) genes as well as the housekeeping
genes (CDKN2A andMLH1) [Kang et al., 2006;
Kim et al., 2006]. This study examined tissue-
specific transitional methylation and gene

expression in the BMSC and ATSC under the
differentiation induction and oxidative stress.
The transitional CpG sites of the mesenchyme-
related genes (RUNX2, BGLAP, and PPARg2)
were completelyhypomethylatedalongwith the
increased gene expression. Interestingly, the
transitionalCpGsof thePPARg2gene thatwere
weakly methylated in the BMSC were comple-
tely hypomethylated under the osteogenic
induction and oxidative stress in agreement
withapropensity of thebonemarrow toundergo
adipogenesis.

MATERIALS AND METHODS

Preparation of Primary Cells

Bonemarrow specimens were diluted with an
equal volume of a-minimum essential medium
(a-MEM) and were layered carefully on Ficoll-
Hypaque. The cell pellets obtained by density-
gradient centrifugation were suspended in a
standard a-MEM medium containing 10% fetal
bovine serum (FBS), and were plated at 4� 105

nucleated cells/ml. The adipose tissue obtained
during abdominal surgery was minced and
digested with 0.1% collagenase for 40 min at
378C. The tissue-collagense mixture was
diluted with a twofold volume of a standard
a-MEM medium, and centrifuged for 10 min.
The supernatant containing the lipid droplets
was discarded. The cells that settled at the
bottom were collected with the standard a-
MEMmedium. The Institutional Review Board
approved this study, and written informed
consent was obtained from each person prior
to the study.

Stromal cells derived from bone marrow and
adipose tissuewere culture-expanded for a total
of 4–5 weeks. When the culture dishes were
almost confluent, theculturedcellsweredetach-
ed using trypsin, plated at 5� 104 cells/ml in
75 cm2 T-flasks, and nourished with a standard
medium for 3 days. The primary cultures were
then grown under the following three different
conditions: control, differentiation induction,
and H2O2 treatment.

Differentiation Induction and Oxidative Stress

For the differentiation induction, the attached
cells were grown with the osteogenic sup-
plements (0.1 mM dexamethasone, 10 mM b-
glycerophosphate, and50mg/mlascorbic acid) or
adipogenic supplements (1 mM dexamethasone,
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10mMinsulin, 200mMindomethacin, and0.5mM
isobutyl-methylxanthine) for a further 2 weeks.
The histochemical stain for alkaline phospha-
tase was carried out to check the level of
osteogenic differentiation. The cells were fixed
in 4% paraformaldehyde and 0.2 M cacodylic
acid for 10 min at 48C, and incubated with an
ALP solution (Sigma, St. Louis, MO, USA) for
1 h at 378C. Cells stained with pink cytoplasm
indicated the alkaline phosphatase activity. An
intracellular lipid droplet in the adipogenic
media was stained with Oil Red O. The cells
were fixed in 60% isopropyl alcohol for 10 min
and incubated in 2% Oil Red O reagent (Sigma)
for 10 min at room temperature. The stained
cells showed cytoplasmic red vacuoles.

The BMSC and ATSC were grown in a
standard a-MEM medium until they had
reached 50% confluence and were treated with
H2O2 at a concentration of 0, 0.1, 0.3, and
0.5 mM in a standard medium without FBS for
24 h. The cells were then grown in standard
a-MEM medium including 10% FBS for 7 days.
The cells from each group were harvested and
frozen at �708C to evaluate the level of DNA
methylation and mRNA expression.

DNA Modification by Sodium Bisulfite

Ninetymicroliters of thegenomicDNA (20ng/
ml) was denatured with 10 ml of 3 M NaOH
for 15 min at 378C prior to sodium bisulfite
modification. For sodium bisulfite modification,
100 ml of the denatured DNA was treated with
1,040 ml of 2.3 M sodium bisulfite and 60 ml of
10 mM hydroquinone for 12 h at 508C. The
modified DNA was purified using Wizard
DNA purification resin (Promega, Madison,
WI, USA), precipitated with ethanol, and dis-
solved in 35 ml of a 5 mM Tris buffer (pH 8.0).
One microliter aliquot of the modified DNA
solution was placed in a PCR tube and stored at
�208C.

Methylation-Specific PCR and Sequencing
of Bisulfite-Modified DNA

The coding andnoncoding sequence informat-
ion for the RUNX2, BGLAP, PPARg2, CDKN2A,
MLH1, and RUNX3 genes was obtained from
the human genome database (http://genome.
ucsc.edu). The genomic locations and annota-
tions of the retroelements were derived from
the RepeatMasker program output (http://ftp.
genome.washington.edu/RM/RepeatMasker.html)

based on RepBase [Jurka, 2000]. A CpG island
was defined as a DNA segment with a GþC
content �50%, longer than 200 bp nucleotides,
and an Obs/Exp CpG ratio over 0.6 [Gardiner-
Garden and Frommer, 1987]. The methylation-
specific PCR (MSP) primers of the six genes
were designed between promoters and retro-
elements, as shown in Figure 1 and Tables I
and II.

The methylation status of the transitional
CpGswas estimatedusing the semiquantitative
MSP protocol reported elsewhere [Hong et al.,
2005; Kang et al., 2006]. MSP analysis was
performed in a minimum number of amplifica-
tion rounds for sub-plateau DNA amplification
using the radioisotope. The bisulfite-modified
DNA was amplified and labeled by a hot-start
PCR containing a-32P dTTP (PerkinElmer,
Boston, MA, USA) and dNTP mixture through
32 PCR cycles. The PCR products were loaded
onto a nondenaturing polyacrylamide gel and
visualized by repeated autoradiography using
a radioluminograph scanner (BAS 2500, Fuji
Photo Film, Kanakawa, Japan). The high
specificity of eachMSPprimer setwas validated
using the universal methylated and unmethy-
lated DNAs. The amplification intensity of the
methylation and unmethylation primer sets
increased linearly with increasing percentage
of the control DNA in theMSP template-primer
mixtures. The methylation density was calcu-
lated from the relative proportion of a methyla-
tion band in the combined total of methylation
and unmethylation band intensities. All MSP
experiments were performed using three inde-
pendent samples and each experiment was
repeated twice to confirm the same result.

The number and position of methylated CpGs
in the transitional area were examined by
cloning and sequencing the common PCR DNA
as described previously [Hong et al., 2005; Kang
et al., 2006; Kim et al., 2006]. The methylation-
variable CpGs were further methylated in the
distal portion of the CpG amplicon. For exam-
ple, the CpG amplicons of the RUNX2, PPARg2,
and CDKN2A genes spanned the methylated
distal CpGs and the unmethylated proximal
CpGs (Fig. 2). The BGLAP gene showed the
gradual DNA methylation in the proximity of
the transcription start site. However, the
intensity of the MSP bands was found to
plausibly represent a difference in the status
of methylation-variable CpGs between the
BMSC and ATSC.

226 Kang et al.



Fig. 1. Schematic diagram of the coverage of the CpG islands
and the retroelement distributions in the 50-end regions of the six
genes examined by methylation-specific PCR analysis. The five
geneswithCpG islandswere examinedusingmore thanonePCR
primer set spanning the CpG island and the nonisland CpGs
between the transcription start sites and the retroelements. The

P2 promoters of the RUNX2, PPARg2, and RUNX3 genes
expressing two isoforms [Zhu et al., 1995; Bangsow et al.,
2001; Xiao et al., 2003] overlap with the CpG islands. The
BGLAP genewithout a CpG islandwas examined at the proximal
CpG site to the transcription start site.

TABLE I. Summary of CpG Sites and Exons Examined in Stromal Cells Derived From Bone
Marrow and Adipose Tissue

Gene symbol
Gene description and

RefSeq ID
Gene

size (bp)
CpG island
size (bp)

CpG amplicon (bp)a

mRNA
exonsUnmethylation Methylation

RUNX2 Osteoblast differentiation 128,905 2,226 �3,883 �3,883 1–2
NM_004348 (P2 promoter) �3,061 �3,061

�1,947 �1,947
�852 �850

þ1,573 þ1,573
BGLAP Osteocalcin precursor 1,108 Absence �502 �502 1–4

NM_199173
PPARg2 Adipocyte differentiation 145,405 906 �141 �141 3–6

NM_138711 (P2 promoter) �1,563 �1,563
CDKN2A Cell cycle G1 control 26,739 1,375 �1,580 �1,575 1–2

NM_058195 �85 �85
þ776 þ775

MLH1 DNA mismatch repair gene 57,357 1,128 �1,098 �1,098 9–11
NM_000249 �660 �655

RUNX3 Gastric mucosa differentiation 30,310 4,493 �1,790 �1,790 1–2
NM_004350 (P2 promoter) �1,166 �1,166

�559 �559
�219 �217
þ952 þ952

aDistance from the transcription start site of each gene.
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Semiquantitative Reverse-Transcription PCR

The cDNA was synthesized in a 100 ml of
reactionmixture containing the totalRNA(1mg),
a random primer (3.2 mg), 10� PCR buffer,
MgCl2 (5 mM), dNTP (1.0 mM of each dATP,
dGTP, dCTP,anddTTP),RNase inhibitor (50U),
and AMV reverse transcriptase (20 U). This
reaction mixture was incubated at 258C for
10 min and then at 428C for 60 min. The cDNA
(1 ml) was amplified in a 20 ml reaction mixture
containing a 10� PCR buffer, MgCl2 (25 mM),
dNTP (2.5 mM of each dATP, dGTP, dCTP, and
dTTP), the primers (10 pmol for each forward
and reverse sequence primer), and Taq DNA
polymerase (0.5 U). The primers of the genes
examined were designed, as noted in Tables I

and II. The RUNX2, PPARg2, and RUNX3
genes have two promoters (upstream/distal P1
and downstream/proximal P2) that regulate the
expression of two isoforms [Zhu et al., 1995;
Bangsow et al., 2001; Xiao et al., 2003], of which
theproximalP2promoters overlappingwith the
CpG islands were examined. Each reaction was
initiated in 948C for 5min; followed by 30 cycles
of 948C for 1 min (denaturation), 55–608C for
1 min (annealing), 728C for 1 min (extension);
and terminated in 728C for 10min. The reverse-
transcription PCR (RT-PCR) products were
electrophoresed on a 1.5% agarose gel and
visualized by ethidium bromide staining. For
semiquantitative PCR, the linear range of
amplification was first established with similar
results being obtained from the duplicated PCR

TABLE II. Primer Sequences Used in Methylation and mRNA Analyses

Amplicon
sites Primera Forward Reverse

Amplicon
size (bp)

RUNX2, �3.8 kb U AGGTTTAGTTAGTTTTAGTTG CCACTAAATACCCTAACAACA 113
M AGGTTTAGTTAGTTTTAGTCG CCACTAAATACCCTAACAACG 113

�3.0 kb U TGTTTGAGTGTATATGAGTGGAT TCTCTCAAATCCCACAAACAACCA 123
M TGTTCGAGTGTATATGAGTGGAC TCTCTCGAATCCCACAAACGACCG 123

�1.9 kb U GGATTTTTTGGTTTTTGTGGGT CTCTAACTAAATCAATCATTACA 127
M GATTTTTCGGTTTTTGCGGGC CTCTAACTAAATCGATCATTACG 126

�0.7 kb U GGTTTTGGAAATTGTATATGGTGT AAACAACAAATCTCAAACCTACA 96
M TTTCGGAAATTGTATACGGCGC AACAACGAATCTCGAACCTACG 93

þ1.6 kb U GTTTGAGGGTGGGTGGTAGTTGT ACTACCCCAAAAAATCTAAATCA 127
M GTTTGAGGGCGGGTGGTAGTCGC ACTACCCCGAAAAATCTAAATCG 127
RT CCCCACGACAACCGCACCAT CGCTCCGGCCCACAAATCTC 289

BGLAP, �0.5 kb U AGGGTAGGGTTTGAGTTGTT AATACCTCACAATACCCCCA 86
M AGGGTAGGGTTTGAGTCGTC AATACCTCGCAATACCCCCG 86
RT CCTGAAAGCCGATGTGGTC CTCACACTCCTCGCCCTAT 262

PPARg2, �1.5 kb U AGAAGAGAAAATTAAGGGATTT ATAACTTACCCTTCACACAACA 117
M AGAAGAGAAAATTAAGGGATTC ATAACTTACCCTTCACACGACG 117

�0.2 kb U GGTTAGGTTTTGTGTTTTGATGT CCTAACTACACACTCCATCCA 111
M GGTTAGGTTTTGTGTTTTGACGC CCTAACTACGCGCTCCATCCG 111
RT AAGACCACTCCCACTCCTTTG GTCAGCGGACTCTGGATTCA 554

CDKN2A,�1.5 kb U TTGGGATTAGGTTTAGTTTTGG CTATAAAACCCTATCAACTCACACT 130
M TCGGGATTAGGTTTAGTTTCG AAACCCTATCGACTCACGCT 125

�0.1 kb U TGTTTATTTTTGTTTTGTAGGTG AAAACTCAAAACCATTCCAA 129
M TGTTTATTTTCGTTTCGTAGGC AAAACTCAAAACCGTTCCGA 129

þ0.8 kb U GTATTTTAGGAAGTTGTTGTTTGT TTTTCTCCCCAACCTCCCAACA 101
M GTATTTTAGGAAGTCGTTGTTTGC TTTTTCTCCCCAACCTCCCGACG 102
RT GGTTCTTGGTGACCCTCC ACCAGCGTGTCCAGGAGG 331

MLH1, �1.0 kb U GATTTTAGGATTGTTGATATGAGT AAACTACCTCCTAATCTTTATCCA 126
M GATTTTAGGATTGTCGATATGAGC AACTACCTCCTAATCTTTATCCG 125

�0.6 kb U TTTTGATGTAGATGTTTTATTA-
GGGTTGT

ACCACCTCATCATAACTACCCACA 121

M ACGTAGACGTTTTATTAGGGTCGC CCTCATCGTAACTACCCGCG 115
RT ACTCTTCATCAACCATCGTC TTGTGGATTTAACCATCTCC 314

RUNX3, �1.7 kb U TGGGGTTAGATTTTTGTTGTTTTT ATAAAATCTTACAACCACCATCA 107
M CGGGGTTAGATTTTCGTTGTTTTC ATAAAATCTTACGACCACCGTCG 107

�1.1 kb U TGTTAAATTGGGGATAGGT AACCACAAACCACCACAACA 151
M TGTTAAATCGGGGATAGGC AACCACAAACCGCCACAACG 151

�0.5 kb U GATGTGTTGTATAGTTAATTGGT TCCCCATTAAACAACCTCCA 97
M CGCGTCGTATAGTTAATCGGC TCCCCGTTAAACGACCTCCG 95

�0.1kb U GGAAAGTAGAAGTGGTGGGGTTT ACTAACCAAACAAACTACAAACA 128
M GAAAGTAGAAGCGGCGGGGTTC ACTAACCGAACAAACTACGAACG 125

þ1.0 kb U GTTGTTTTAATGGGAGTAGGGAT CAAAATAAAACAAAAACACCTCA 147
M GTCGTTTTAATGGGAGTAGGGAC GAAATAAAACGAAAACGCCTCG 147
RT AGGCATTGCGCAGCTCAGCGGAGTA TCTGCTCCGTGCTGCCCTCGCACT 150

aThe genomic position of each MSP primer sets is indicated with the gene symbol and the distance (kb nucleotides) from the
transcription start site.Unmethylation (U),methylation (M), and reverse-transcription (RT)PCRprimersweremade for eachgene.The
bold sequences with a single underline indicate bisulfite-modified nucleotides.
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reactions. The glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH)-specific primers were
used for the internal control PCR and all
RT-PCR signals were normalized to this value.

RESULTS

Transitional CpG Methylation Between
Transcription Start Sites and Retroelements

The transitional area between the transcrip-
tion start sites and the nearby retroelements
upstream of the six genes was examined using
MSP analysis with the bisulfite-modified geno-
mic DNA obtained from the BMSC and ATSC.
The P2 promoter regions of the RUNX2 and
RUNX3 genes containing the long CpG islands
were verified using five MSP primer sets
(Fig. 3A). The proximal CpG sites of the long
CpG islands were consistently unmethylated in
both BMSC and ATSC. There was a difference
in the level ofmethylation of the distal CpG site,
at a distance of 1.0–4.0 kb, between the BMSC
and ATSC. The transitional CpGs of the
PPARg2andCDKN2Agenesweredifferentially

methylated in the nonisland CpG sites near the
promoter-associated CpG islands.

The individual variations in methylation
were examined at the methylation-variable
CpG sites of the RUNX2, PPARg2, and RUNX3
genes, which contain CpG islands (Fig. 3B).
Three BMSC samples were grown in the
primary and secondary cultures using a stan-
dard medium. The methylation status of the
methylation-variable CpG sites in a BMSC
sample in the primary and secondary cultures
was identical. The methylation-variable CpG
site of the RUNX2 gene was completely hypo-
methylated in all samples and that of the
PPARg2 gene was completely or incompletely
hypomethylated. The CpG island of the RUNX3
gene was completely or incompletely hyper-
methylated.

Transitional CpG Methylation and mRNA
Expression in Mesenchymal Cells

The transitional area of each gene was
examined at one methylation-variable CpG site
showing the greatest difference in methylation

Fig. 2. Comparison of the density of methylation estimated by
semiquantitative methylation-specific PCR (MSP) and sequen-
cing of the common PCR DNA. The genomic DNA was purified
from the primary cultures of undifferentiated stromal cells of
bone marrow (BMSC) and adipose tissue (ATSC). The density of
methylation was estimated based on the standard curve of MSP
bands and is indicatedbelow the electrophoretic lanes. The lanes

markedUandM indicate the PCRbands of the unmethylated and
methylated primer sets, respectively. The common primer sets
encompassing the MSP primer sequences were used. The CpG
sites on the MSP primers are represented in the box. The
unmethylated and methylated CpG sites are shown by the open
and closed circles, respectively.
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between the undifferentiated BMSC and ATSC
(Fig. 4). The methylation status of the methy-
lation-variable CpGs was divided into the
following five levels: 1 (0–20%, complete
hypomethylation), 2 (21–40%, incomplete
hypomethylation), 3 (41–60%, intermedia-
te methylation), 4 (61–80%, incomplete hyper-
methylation), and 5 (81–100%, complete
hypermethylation). The level of methylation in
the methylation-variable CpGs upstream of the
osteoblast- (RUNX2 and BGLAP) or adipocyte-

(PPARg2) specific, cell cycle-related (CDKN2A),
mismatch repair (MLH1), and stomach-specific
(RUNX3) genes in the undifferentiated BMSC
andATSCwere compared (Fig. 4A).Adifference
in methylation of more than one level between
the BMSC and ATSC was observed in every
gene except for MLH1. The methylation-
variable CpG sites of the RUNX2, BGLAP, and
CDKN2A genes were further hypomethylated
in theBMSCand that of thePPARg2 gene in the
ATSC.

Fig. 3. Themethylation status of transitional CpGs between the
promoters and retroelements. The stromal cells derived from the
human bone marrow (BMSC) and adipose tissue (ATSC) were
examined by methylation-specific PCR using the bisulfitemodi-
fied genomic DNA and the methylation (M) and unmethylation
(U) primer sets. The genomic position of each CpG amplicon is
indicated by the distance (kb nucleotides) from the transcription

start site. A: The CpG islands and nonisland CpG sites in the
transitional area of the RUNX2 and RUNX3 genes were verified
using five primer sets. B: The interindividual methylation
variation was examined at the methylation-variable CpG sites
of the RUNX2, PPARg2, and RUNX3 genes. The undifferentiated
BMSC was prepared from the primary and secondary cultures of
three samples.
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The mRNA expression of the RUNX2 and
RUNX3 genes were examined in exons 1 and 2,
which were derived from the P2 promoter
regions. The hypomethylation of the methyla-
tion-variable CpGs in the BMSC and ATSC
tended to coincide with the higher levels of
corresponding gene expression (Fig. 4B). Com-
plete hypermethylation of the transitional
CpGs area was observed at �1.0-kb CpG site
of theRUNX3genewithnomRNAexpression in
the BMSC and at �1.9-kb CpG site of the

RUNX2 gene with a weak level of mRNA
expression in the ATSC (Figs. 3A and 4B). The
MLH1 gene demonstrated transitional CpGs
that were completely hypomethylated in both
the BMSC and ATSC. However, MLH1 expres-
sion was higher in the BMSC than in the ATSC.

Effect of Differentiation Induction on
Methylation-Variable CpGs and Gene Expression

The primary cultures of both BMSC and
ATSC were subcultured in the osteogenic and

Fig. 4. Transitional CpGmethylation and mRNA expression of
the six genes in the undifferentiated stromal cells of bone
marrows (BMSC) and adipose tissue (ATSC). A: A methylation-
specific PCR assay was performed using bisulfite-modified
genomic DNAs from the primary cultures of three samples. The
density of methylation (%) was calculated by the proportion of
methylation in a total band intensity of the methylation (M) and
unmethylation (U) PCR primers. The genomic position of each

CpG amplicon is indicated by the gene symbol and the distance
(kb nucleotides) from the transcription start site. B: The total
RNAs were obtained from the primary cultures of three samples.
The signal intensity of the reverse-transcription PCR band was
measured and normalized with respect to that of endogenous
GAPDH. Columns represent the mean level standard deviation
of three samples. Tables I and II list all information about the
methylationspecific and reverse-transcription PCR primers.
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adipogenic media for 2 weeks (Fig. 5). The
alkaline phosphatase activity was induced by
the osteogenic induction of the BMSC and
ATSC, as confirmed by the histochemical stain-
ing. Both BMSC and ATSC grown in the
adipogenic media showed changes from an
elongated fibroblastic appearance to a
rounder shape, and were stained positively

with Oil Red O, an established lipid
dye.

An analysis of methylation-variable CpGs
showed the following (Fig. 6A): (i) the tissue-
specific methylation of the RUNX2 and BGLAP
genes did not change with the osteogenic and
adipogenic induction of both BMSC and ATSC,
(ii) the incompletely hypomethylated CpG sites

Fig. 5. Inverted optical microscopic pictures of the bone marrow-derived (BMSC) and adipose tissue-
derived (ATSC) stromal cells. The BMSC and ATSC were observed with special stain of osteogenic and
adipogenic differentiation. The undifferentiated BMSC (A) and ATSC (B) show a similarly elongated
fibroblastic morphology. The osteogenic differentiation of BMSC (C) and ATSC (D) shows pink colored
cytoplasm in the alkaline phosphatase histochemical stain. The adipogenic differentiation of BMSC (E) and
ATSC (F) shows red colored lipid droplets in the Oil Red O stain. Scale bar, 100 mm.
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of thePPARg2andCDKN2Agenes in theBMSC
became completely hypomethylated with osteo-
genic induction, (iii) the intermediately methy-
lated CpGs of the CDKN2A gene in the ATSC
become further hypermethylated with both the
osteogenic and adipogenic induction, and (iv)
the completely hypomethylated CpGs of the
genes examined did not change with both the
osteogenic and adipogenic induction.
RT-PCR analysis revealed a greater than

equal to twofold increase or decrease in the
mRNA expression of the PPARg2 and BGLAP
genes as follows (Fig. 6B): (i) the expression of
the PPARg2 gene in the BMSC and ATSC
increased as a result of osteogenic and adipo-
genic induction, (ii) the increasedmRNA level of
the PPARg2 gene in the ATSC was higher with
adipogenic induction than with osteogenic
induction, and (iii) BGLAP expression in the
BMSC decreased considerably with adipogenic
induction. Thedifferentiation induction showed
a �1.5-fold increase in gene expression as
follows: (i) the adipogenic induction of theATSC
increased RUNX2 expression and (ii) CDKN2A
expression in the BMSC and MLH1 expression
in the BMSC and ATSC were different between
the osteogenic induction that increased expres-
sion and the adipogenic induction that
decreased expression. The PPARg2 and MLH1
genes showed a similar RT-PCR intensity in the
control BMSC and ATSC grown in the second-
ary cultures.

Effect of Oxidative Stress on Transitional
CpG Methylation

The 4-week or 5-week cultured stromal cells
were exposed to various doses of H2O2, 0.1 mM,
0.3 mM, and 0.5 mM, for 24 h. The transitional
methylation of each gene was measured 1 week
after the H2O2 treatment. H2O2 reduced the
number of cells in the ATSC cultures consider-
ably at all doses tested (Fig. 7A), which
generated detectable CpG amplicon signals in
MSP analysis using a radioisotope but no
detectable RT-PCR signals.
An analysis of the transitional CpGs showed

the following (Fig. 7B): (i) the transitional
methylation of the PPARg2 andCDKN2Agenes
in the BMSC culture decreased linearly accord-
ing to the H2O2 dose, (ii) the transitional
methylation of the CDKN2A gene in the ATSC
culturewas hypomethylated to various degrees,
and (iii) methylation-variable CpGs of the
RUNX2, BGLAP, and RUNX3 genes in both

BMSC and ATSC cultures did not change after
the H2O2 treatment. The expression of the six
genes in the BMSC did not change at all H2O2

doses tested (data not shown).

DISCUSSION

Despite the large number of reports on the
relationship between the CpG islands and gene
expression, the length and location of CpG
islands are so heterogeneous that the extent
and boundary of CpG methylation influencing
gene expression cannot be explained in a simple
manner [Jones, 1999]. In this study, a long CpG
island of the osteoblast-specific RUNX2 gene
was completely hypomethylated in the BMSC.
The nonisland CpG site close to the transcrip-
tion start site of the osteoblast-specific BGLAP
genewasalso completely hypomethylated in the
BMSC. The distal boundary of the CpG islands
upstreamof theadipocyte-specificPPARg2gene
in the ATSC was completely hypomethylated.
These complete hypomethylation levels observ-
ed in the CpG island boundary or the nonisland
CpG site close to the transcription start site
were consistent with the high expression levels.
These genes in the counterpart cells showed
higher levels of methylation at the same CpG
sites and lower levels of expression. This sug-
gests a general trend where the transitional
CpGs chosen are more methylated when the
gene is less expressed and lessmethylatedwhen
the gene is more expressed (Table III).

Complete hypermethylation at �1.9-kb CpG
site (P2 promoter) of the RUNX2 was accom-
paniedbyaweak level ofmRNAderived fromP2
promoter in the ATSC (Figs. 3A and 4B). The
RUNX3 gene is associated with the develop-
ment of the gastric mucosa [Li et al., 2002]. The
proximal part (�1.0 kb, P2 promoter) of the
RUNX3 CpG island was completely hyper-
methylated in the BMSC showing no mRNA
derived from the P2 promoter and incompletely
hypermethylated in the ATSC showing weak
mRNA expression (Fig. 3). This indicates that
complete gene silencing can result from com-
plete CpG island hypermethylation at a CpG
site of �1 kb.

Lineage-specific DNA methylation estab-
lished at the initial embryonic stage is stably
maintained during an individual’s lifetime
[Ahuja and Issa, 2000; Issa, 2000]. Accordingly,
in this study, there were no notable changes in
the transitional CpG methylation and gene
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expressionafter the induction of differentiation,
or only slight differences in the methylation
status between the different differentiation
inductions. However, the transitional CpGs of
the PPARg2 gene in the BMSC were hypo-
methylated after the osteoblast differentiation,
and those of the CDKN2A gene in the ATSC
were hypermethylated after the adipocyte dif-
ferentiation (Table III). The spread of DNA
methylation is not static, but instead varies at
individual CpG sites in the same-type cells
(Fig. 7). A wide spectrum of variously methy-
lated alleles in the transitional area is believed
to reach a dynamic equilibrium in a given tissue
environment [Turker, 2002]. It is possible that a
subset of stromal cells predominantly expand in
response to cell-external stimulation, leading to
methylation alterations. The transitional area
of the PPARg2 and CDKN2A genes was closely
bordered by the L1 or LTR elements, whereas
the longCpG islands of the RUNX2 andRUNX3
genes that showed insignificant methylation
and expression alterations neighbored a few
retroelements (Fig. 1). Because the L1 elements
can initiate the long-distance spread of tissue-
specific methylation [Kang et al., 2006; Kim
et al., 2006], the L1-associated CpGs in the
transitional area of the PPARg2 and CDKN2A
gene are likely to be often related tomethylation
alterations.
There are well-known clinical conditions that

predispose BMSC to adipogenesis. Avascular
necrosis of the hips is associated with the long-
term use of steroids as well as with a fat
embolism [Chang et al., 1993; Assouline-Dayan
et al., 2002]. Glucocorticoid-induced bone loss
increases the level of adipogenesis and
decreases the level of osteogenesis in the bone
marrow [Mazziotti et al., 2006].Oxidative stress
is believed to link aging and age-related osteo-
porosis [Basu et al., 2001]. As a person ages, the
fat content of the bone marrow increases and
forms a more yellow marrow [Justesen et al.,
2001; Pei andTontonoz, 2004]. In this study, the
PPARg2 gene in the BMSC was bordered by

incompletely hypomethylated transitional
CpGs, which were completely hypomethylated
after exposure to the steroid-containing media
and a H2O2 treatment. Weak transitional
methylation of the PPARg2 gene in the bone
marrow environment is likely to be prone to
complete hypomethylation, suggesting that a
methylation-dependent mechanism is involved
in senile aswell as steroid-induced osteoporosis.

Weak transitional methylation of the
PPARg2 gene in the BMSC became hypomethy-
lated during osteogenic induction but not dur-
ing adipogenic induction (Fig. 6A). The
transitional CpGs of the PPARg2 gene were
hypomethylated in a manner independent of
the steroid dose in the culture media, because
the steroid dose was higher in the adipogenic
medium than in the osteogenic medium. With
respect tomethylation kinetics, the reestablish-
ment of methylation on a newly replicated DNA
strand is needed in order to continue cell-
specific gene expression in the subsequent cell
cycle. A strong link between the timing of
transcription and replication provides opportu-
nities for maintaining the level of DNA methy-
lation [Schubeler et al., 2002; Woodfine et al.,
2004]. Most cells in the heterogeneousmethyla-
tion state synchronously enter the cell cycle and
go through one or two rounds of cell division
before differentiating [Tseng et al., 2005]. The
in vitro osteogenic induction appears to initiate
newly synchronized expansion, and further
increase the proportion of the BMSC containing
the hypomethylated transitional CpGs of the
PPARg2 gene.

The transitional CpGs of the CDKN2A gene,
which were intermediately methylated in the
ATSC, were further hypermethylated during
both osteogenic and adipogenic induction. The
RT-PCR results showed a high CDKN2A
expression in BMSC and a low CDKN2A
expression in ATSC. Previous studies reported
that the proliferation and differentiation of
mesenchymal cells was differentially checked
by the CDKN2A (BMSC) and E2F (ATSC) cell

Fig. 6. Transitional CpGmethylation and expression profiles of
the six genes examined in the stromal cells derived from bone
marrow (BMSC) and adipose tissue (ATSC). Both BMSC and
ATSC were grown in the standard media for 4 or 5 weeks and
subcultured in the osteogenic or adipogenic supplements. The
undifferentiated stromal cells for the control experiments were
grown in a standard medium for the same culture period. The
BMSC and ATSC were examined by both methylation-specific

(A) and reversetranscription (B) PCR analyses. The methylation
status of the transitional CpGs is reported as themean percentage
of methylated CpGs estimated from the PCR bands amplified by
themethylation (M) andunmethylation (U) primers. The intensity
of the reverse-transcription PCR band was measured and
normalized with respect to that of the endogenous GAPDH.
Columns represent the mean level standard deviation of the
results of three samples in each culture condition.
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Fig. 7. Transitional CpGmethylation of the six genes examined in the bone marrow (BMSC)- and adipose
tissue (ATSC)-derived stromalcells treatedwithH2O2.A: Thenumberof cellswascounted1weekafter exposing
the BMSC and ATSC to H2O2. B: The methylation status of the transitional CpGs is reported as the mean
percentage of methylated CpGs estimated from the PCR bands amplified by the methylation (M) and
unmethylation (U)primers.Columns represent themeanmethylation level standarddeviationsof three samples.
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cycle regulators [Oliva et al., 2003; Miard and
Fajas, 2005]. This suggests that the CDKN2A
gene can be suppressed by transitional hyper-
methylation during the differentiation of ATSC
under the control of the E2F cell cycle regula-
tors.
The BMSC treated with H2O2 showed hypo-

methylation alterations in the transitional
CpGs of the PPARg2 and CDKN2A genes in
proportion to the H2O2 dose added to the BMSC
culture. The number of cells in the ATSC
cultures decreased considerably after the H2O2

treatment compared with that of the BMSC
culture (Fig. 7A). The ATSC treated with H2O2

showed hypomethylation at various levels in
the transitional CpGs of the CDKN2A gene
(Fig. 7B). A previous study reported that low
doses of reactive oxygen species stimulate cell
proliferation, but high doses cause cellular
damage and cell cycle arrest [Yoon et al.,
2002]. It is possible that the transitional CpGs
of the CDKN2A gene are hypermethylated in a
small proportion ofBMSCanda large fraction of
ATSC, which undergo cell death and cell cycle
arrest due to a susceptibility to oxidative stress.
Consequently, most of the viable cells resistant
to the H2O2 treatment are likely to contain the
hypomethylated alleles of the PPARg2 and
CDKN2A genes.
The adipocyte-specific PPARg2 gene in the

BMSC showed transitional CpGs hypomethyla-
tion and increased expression after the osteo-
genic differentiation. The expression of the
PPARg2 gene might be enhanced in the osteo-
genicmedia enriched in lineage-specific factors.
The expression of the osteoblast-specific

RUNX2 gene did not change in the osteogenic
media. A previous study reported that the
RUNX2 expression can be increased on a
substrate culture mimicking a tissue environ-
ment such as lamin, fibronectin, and collagen
[Cool and Nurcombe, 2005]. The RUNX2 gene
having two promoters is believed to autoregu-
lated by negative feedback on their own promo-
ters to stringently control gene expression in a
tissue environment [Ogawa et al., 1993; Stew-
art et al., 1997; Xiao et al., 2003].

In conclusion, a section of hypomethylated
CpGs in the transitional area between promo-
ters and retroelements is associated with
increased gene expression in mesenchymal
cells. Mesenchymal cells withstand the tissue-
specific methylation of transitional CpGs under
the in vitro induction of differentiation. It is
suggested that mesenchymal cells can transi-
ently shift from one position to another largely
dependent on the lineage-specific factors added
to the culture media. This provides important
information for stemcell therapy,which is still a
highly experimental procedure that has not yet
reached clinical applications. Interestingly, the
weak transitional CpG methylation of the
adipocyte-specific PPARg2 gene in BMSC was
prone to hypomethylation under osteogenic
induction and oxidative stress, suggesting the
involvement of a methylation-dependent mech-
anism in the adipogenesis of bone marrow.
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