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Mesenchymal stem cells from adipose tissue can differentiate into mesodermal lineages. Differentiation potential,
however, varies between clones of adipose stem cells (ASCs), raising the hypothesis that epigenetic differences account
for this variability. We report here a bisulfite sequencing analysis of CpG methylation of adipogenic (leptin [LEP],
peroxisome proliferator-activated receptor gamma 2 [PPARG2], fatty acid-binding protein 4 [FABP4], and lipoprotein
lipase [LPL]) promoters and of nonadipogenic (myogenin [MYOG], CD31, and GAPDH) loci in freshly isolated human
ASCs and in cultured ASCs, in relation to gene expression and differentiation potential. Uncultured ASCs display
hypomethylated adipogenic promoters, in contrast to myogenic and endothelial loci, which are methylated. Adipogenic
promoters exhibit mosaic CpG methylation, on the basis of heterogeneous methylation between cells and of variation in
the extent of methylation of a given CpG between donors, and both between and within clonal cell lines. DNA
methylation reflects neither transcriptional status nor potential for gene expression upon differentiation. ASC culture
preserves hypomethylation of adipogenic promoters; however, between- and within-clone mosaic methylation is detected.
Adipogenic differentiation also maintains the overall CpG hypomethylation of LEP, PPARG2, FABP4, and LPL despite
demethylation of specific CpGs and transcriptional induction. Furthermore, enhanced methylation at adipogenic loci in
primary differentiated cells unrelated to adipogenesis argues for ASC specificity of the hypomethylated state of these loci.
Therefore, mosaic hypomethylation of adipogenic promoters may constitute a molecular signature of ASCs, and DNA
methylation does not seem to be a determinant of differentiation potential of these cells.

INTRODUCTION

Stem cells have been identified in several adult mesenchy-
mal tissues and are thought to be responsible for maintain-
ing tissue homeostasis. Mesenchymal stem cells (MSCs) un-
dergo self-renewing divisions but also give rise to more
committed progenitor cells, which can differentiate into spe-
cific cell types. Bone marrow-derived MSCs can differentiate
in vitro into primarily mesodermal lineages (Pittenger et al.,
1999; Gronthos et al., 2003); however, a minor population
seems to display greater multilineage differentiation poten-
tial (Jiang et al., 2002). Stem cells of stromal origin also can be
obtained in large numbers from liposuction material (Zuk et
al., 2001). These cells also display multilineage differentia-
tion capacities (Zuk et al., 2001; Rodriguez et al., 2004;
Boquest et al., 2005; Katz et al., 2005; Timper et al., 2006) and can
promote neuronal (Kang et al., 2003) or osteogenic (Cowan et
al., 2004) repair, restoration of hepatic function (Kim et al.,
2003), and reconstitution of the immune system (Cousin et

al., 2003; Fraser et al., 2006). We recently reported the iden-
tification, purification, and characterization of precursor
cells with a CD34�CD105�CD45�CD31� phenotype from
the stromal vascular fraction of human adipose tissue, which
exhibit MSC properties upon culture (Boquest et al., 2005).
CD31� adipose stem cells (ASCs) are relatively quiescent
but reenter the cell cycle upon culture. They can be ex-
panded clonally and differentiate into mesodermal lineages,
including chondrogenic, adipogenic, and osteogenic cell
types. Notably, clones derived from single ASCs, even when
harboring the same genetic makeup, display variations in
their differentiation potential (Boquest et al., 2005). This ob-
servation raises the hypothesis of an epigenetic basis for this
variation. Because they can be collected in large numbers
(�5 � 106 98% pure CD31� cells/100 ml of liposuction
material), ASCs constitute an attractive source of multipo-
tent cells suitable for epigenetic analyses, before and after
culture.

Despite many reports on the differentiation potential of
MSCs, little is known on the molecular premises of pluripo-
tency of these cells and of ASCs in particular. Gene expres-
sion array-based attempts at defining stemness have been
reported for embryonic stem cells (ESCs) (Ramalho-Santos et
al., 2002), and gene expression profiles of ASCs have started
to emerge (Urs et al., 2004; Boquest et al., 2005). The tran-
scription profile of ASCs reveals expression of genes extend-
ing across all three germ layers, a feature coined as multi-
lineage priming. Nevertheless, although such analyses may
identify genes that potentially serve as pluripotency mark-
ers, there is to date no understanding of chromatin organi-
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zation in ASCs, which may account for potential for gene
activation or up-regulation upon differentiation.

Epigenetic modifications of DNA and histones contribute
to the regulation of gene expression (Lachner and Jenuwein,
2002). DNA methylation consists in the addition of a
methyl group to the 5� position of cytosine in a CpG
dinucleotide. DNA methylation is a heritable modification
that favors genomic integrity and ensures proper regula-
tion of gene expression. It largely contributes to gene
silencing (Antequera, 2003) and is essential for development
(Li et al., 1992), X chromosome inactivation (Panning and
Jaenisch, 1998), and genomic imprinting (Li et al., 1993).
Differentiation can also be associated with alterations in
DNA methylation; however, only sporadic indications of
DNA methylation changes have been reported upon stem or
precursor cell differentiation (Brero et al., 2005; Deb-Rinker et
al., 2005; Rodic et al., 2005).

Heterogeneity in the efficiency of differentiation of ASCs
into mesodermal lineages in vitro raises the hypothesis of
epigenetic variations at promoters required for lineage-spe-
cific differentiation. To begin addressing this issue, we ex-
amined the DNA methylation status of adipogenic and
nonadipogenic genes in ASCs. This study reports a bisulfite
sequencing analysis of DNA methylation in freshly isolated
human ASCs and in undifferentiated and differentiated
clonal populations of ASCs. Bisulfite sequencing enables
identification of individual methylated cytosines in single
DNA molecules (Grunau et al., 2001; Warnecke et al., 2002).
Because ASCs are natural adipocyte precursors (Otto and
Lane, 2005), we focused on four adipogenic gene promoters.
Our results indicate that mosaic DNA hypomethylation es-
tablished in adipogenic promoters in ASCs in vivo remains
stable upon culture and in vitro differentiation. Nonadipo-
genic loci, however, are highly methylated. Furthermore,
DNA methylation does not seem to be the sole determinant
of differentiation potential of ASCs.

MATERIALS AND METHODS

ASC Isolation and Clonal Culture
Stromal vascular cells with a CD34�CD105�CD45�CD31� phenotype (ASCs)
were isolated from human adipose tissue (Boquest et al., 2005). In short, tissue
was obtained by liposuction from the hip and thigh regions of healthy women.
After washing in Hank’s balanced salt solution (HBSS), the tissue was di-
gested for 2 h at 37°C in HBSS with collagenase and DNase I. Adipocytes were
separated from stromal vascular cells after sedimentation at 400 � g for 10 min
and removed by aspiration. Erythrocytes were removed by resuspending
stromal vascular cell pellets in lysis buffer (2.06 mg/ml Tris base, pH 7.2, and
7.49 mg/ml NH4Cl) for 10 min. After centrifugation, pellets were resus-
pended in HBSS containing 2% fetal bovine serum (FBS) (Sigma-Aldrich. St.
Louis, MO) and passed through a 100-�m sieve and a 40-�m sieve. CD45�

cells were removed with paramagnetic beads conjugated to mouse anti-
human CD45 monoclonal antibodies (Miltenyi Biotech, Bergish Gladbach,
Germany) using a superMACS magnet (Miltenyi Biotech). Remaining CD45�

cells were incubated with fluorescein isothiocyanate (FITC)-conjugated
mouse anti-human CD31 antibodies (Serotec, Oxford, United Kingdom) at a
concentration of 10 �l of antibody per 106 cells for 15 min at 4°C. Cells were
washed and incubated with anti-FITC microbeads (Miltenyi Biotech) for 15
min at 4°C. CD31� and CD31� cells were separated using an LS column
(Miltenyi Biotech). CD31� cells were reexposed to a new LS column to
eliminate any leftover contaminating CD31� cells. Flow cytometry analysis of
each cell subset from each donor indicated that purity was �98% (our
unpublished data) (Boquest et al., 2005). Aliquots of each cell subset were
immediately snap-frozen in liquid nitrogen for DNA and RNA isolations, or
they were cultured.

CD31� clonal cell lines were generated by culturing single CD31� cells in
each well of 48-well plates in DMEM/F-12 medium containing 50% FBS and
antibiotics. After �16 h, the medium was replaced by DMEM/F-12 with 20%
FBS. After �1 wk, colonies containing �10 cells were passaged by trypsiniza-
tion and expanded. Only clonal lines that could be easily expanded were used
in this study. Clones A1 and A2, and clones B1, B2, and B3 examined in this
study were from two different female donors (age 27 and 39, respectively).

Adipogenic Differentiation
Clonal ASC lines generated from individual CD31� cells at passage 4 were
cultured to confluence before differentiation. For adipogenic differentiation
(Zuk et al., 2001), cells cultured in DMEM/F-12 with 10% FBS were stimulated
for 3 wk with 0.5 mM 1-methyl-3 isobutylxanthine, 1 �M dexamethasone, 10
�g/ml insulin (Novo Nordisk, Copenhagen, Denmark), and 200 �M indo-
methacin (Dumex-Alpharma, Copenhagen, Denmark). To visualize lipid
droplets, formalin-fixed cells were washed in 50% isopropanol and stained
with Oil Red-O.

Gene Loci and Regions Analyzed by Bisulfite Sequencing
Supplemental Figure S1 illustrates the promoter regions of the genes analyzed
by bisulfite sequencing in this study. We examined four adipogenic genes,
including leptin (LEP) (Mason et al., 1998; Reseland et al., 2001), peroxisome
proliferator-activated receptor gamma 2 (PPARG2) (Fajas et al., 1997), fatty
acid-binding protein 4 (FABP4) (Ross et al., 1990; Graves et al., 1992), and
lipoprotein lipase (LPL) (Bey et al., 1998; Merkel et al., 2002). We also examined
genes unrelated to adipogenesis, such as myogenin (MYOG), a basic helix-
loop-helix transcription factor required for myocyte differentiation (Massari
and Murre, 2000); the endothelial marker gene CD31/PCAM-1 (Cao et al., 2002;
Chi et al., 2003); and the constitutively expressed housekeeping gene GAPDH.
The LEP promoter region analyzed was from nucleotides 2719–2937 (Gen-
Bank accession no. U43589) and spanned 27 potentially methylated cytosines
in CpG dinucleotides starting 42 base pairs upstream of the ATG translational
start site. The LEP proximal promoter activity is known to be regulated by
DNA methylation (Melzner et al., 2002). The PPARG2 promoter region (Fajas
et al., 1997) spanned nucleotides 108–587 (GenBank accession no. AB005520)
and included 6 CpGs starting 264 base pairs upstream of the ATG. The FABP4
(GenBank accession no. NM_001442) promoter region examined was identi-
fied using ENSEMBL and encompassed four CpGs starting 130 base pairs
upstream of the ATG. The LPL promoter region spanned bases 1321–1777
(GenBank accession no. X68111) and included 11 CpGs starting 134 base pairs
upstream of the ATG. The MYOG region analyzed spanned nucleotides
1268–1484 (GenBank accession no. X62155) and included 16 CpGs starting 87
base pairs downstream of the ATG. The CD31 promoter region examined
included nucleotides 1095–1480 (GenBank accession no. X96848) and included
18 CpGs ranging from nucleotide �352 to �34 relative to the ATG. The
GAPDH promoter region spanned bases 1121–1337 (GenBank accession no.
J04038) and encompassed 28 CpGs 116 base pairs upstream of the ATG.

Bisulfite Sequencing
DNA was purified either using the GenElute Mammalian Genomic DNA Mini-
prep kit (Sigma-Aldrich), or for most samples, by phenol-chloroform-isoamyl
alcohol extraction. In the latter case, cells were first lysed for 10 min in lysis buffer
(10 mM Tris-HCl, pH 8, 100 mM EDTA, and 0.5% SDS) and digested with 0.1
mg/ml proteinase K overnight. Bisulfite conversion (Warnecke et al., 2002) was
performed using the MethylEasy DNA bisulfite modification kit (Human
Genetic Signatures, Sydney, Australia). Converted DNA was used fresh or
stored at �20°C. Converted DNA was amplified by PCR using primer sets
purchased from Human Genetic Signatures for the LEP, MYOG, CD31 and
GAPDH genes. These primers sets are commercially available (www.
geneticsignatures.com). We also designed primers using the Methprimer
software (www.urogene.org/methprimer/index1.html) for the PPARG2,
FABP4, and LPL genes (Table 1). For PPARG2, FABP4, and LPL, PCR condi-
tions were 95°C for 7 min and 40 cycles of 95°C 1 min, 54°C 2 min and 72°C
2 min, followed by 10 min at 72°C. For LEP, MYOG, CD31, and GAPDH,
nested PCRs were performed, each as follows: 95°C for 3 min and 30 cycles of

Table 1. Bisulfite sequencing primers used in this study

Gene
name

Forward primer (F)
Reverse primer (R)

Product
size (bp)

FABP4 F: GGTAATTTTTGAGATAGGAGTGTTT 413
R: CCAATTAAAAATAAAATCCAATCATTT

LPL F: GGGAGGATTGTAAGTGATAAATAGG 457
R: CAACTAAAAATAAACAACTTTCCCTT

PPARG2 F: GTTGAAGTTTTTAAGAAAGTAAATT 480
R: AAAAAAAATATTACCACACTATCTC

CD31 Seminested primer seta 386
GAPDH Seminested primer seta 217
LEP Seminested primer seta 218
MYOG Seminested primer seta 217

a Purchased from Human Genetic Signatures.
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95°C for 1 min, 50°C for 2 min, and 72°C for 2 min, followed by 10 min at 72°C.
PCR products were directly sequenced or cloned into bacteria using the
TOPO TA cloning kit (Invitrogen, Oslo, Norway). Clones were sequenced
using commercial services from MWG Biotech (Ebersberg, Germany).

Real-Time Reverse Transcription (RT)-PCR
RT-PCR was carried from 500 ng of total RNA using the Iscript cDNA
synthesis kit (Bio-Rad, Hercules, CA). Quantitative (Q)RT-PCR reactions were
performed in triplicates on a MyiQ real-time PCR Detection System using IQ
SYBR Green (Bio-Rad). Most samples were analyzed in duplicates from two
separate cDNA preparations. Primers used are listed in Table 2. SYBR Green
PCR conditions were 95°C for 4.5 min and 40 cycles of 95°C for 30 s, 60°C for
30 s, and 72°C for 30 s, using GAPDH as a normalization control. mRNA levels
were calculated as described previously (Pfaffl, 2001).

RESULTS

Adipogenic Gene Promoters Are Hypomethylated in
Clonally Cultured ASCs and Exhibit Between-Clone
Heterogeneity in 5�-3� CpG Methylation Pattern
We first examined the DNA methylation status of four adi-
pogenic genes in polyclonal cultures of ASCs. CpG methyl-
ation analysis of LEP, PPARG2, FABP4, and LPL promoter
regions (Figure 1A) across several populations of cultured
undifferentiated ASCs revealed hypomethylated promoters
(Figure 1, B–E). The LEP promoter region contained CpGs,
which were at most 32% methylated (nos. 1, 19, and 21),
whereas the rest of the CpGs displayed 0–25% methylation
(Figure 1B). PPARG2 was also hypomethylated (8–23%
methylated CpGs; Figure 1C), as were the FABP4 and LPL

Table 2. Real-time RT-PCR primers used in this study

Gene
name

Forward primer (F) 5�33�
Reverse primer (R) 5�33�

Product
size (bp)

CD31 F: AGCAGCATCGTGGTCAACATA 105
R: GATGGAGCAGGACAGGTTCAG

FABP4 F: TCAGTGTGAATGGGGATGTGAT 310
R: TTCAATGCGAACTTCAGTCCAG

GAPDH F: TTGCCATGGGTGGAATCATA 148
R: TCGGAGTCAACGGATTTGGT

LEP F: TTTCACACACGCAGTCAGTCT 61
R: CCAGGAATGAAGTCCAAACC

LPL F: CCTGAAGTTTCCACAAATAAGACC 321
R: ATGCCGTTCTTTGTTCTGTAGAT

MYOG F: ACCGACTTCCTCTTACACACCTTAC 224
R: TATGAGACATCCCCCTACTTCTACC

PPARG2 F: CTTCCATTACGGAGAGATCCAC 125
R: AAGCGATTCCTTCACTGATACAC

Figure 1. CpG-specific methylation level at
the LEP, PPARG2, FABP4, and LPL promoters
in cultured ASCs. (A) Distribution of CpGs in
each promoter region examined. Numbers in-
dicate nucleotide number upstream of the
ATG translational start site (see Supplemental
Figure S1 for sequences). Tick marks indicate
the position of each CpG. (B–E) Percentage of
5�–3� CpG methylation determined by bisul-
fite sequencing at indicated promoters in
polyclonal populations of cultured undiffer-
entiated ASCs. Number 1 refers to the 5�-most
CpG.
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promoters (Figure 1, D and E). Despite the overall hypom-
ethylation, however, distinct CpGs were clearly more meth-
ylated than others in the LEP, FABP4, and LPL promoters.

The variation in differentiation potential between clonal
cultures of ASCs observed previously (Boquest et al., 2005)
prompted the analysis of DNA methylation in five clonal
lines of ASCs established from single freshly isolated cells.
Clones A1 and A2 were from one donor and clones B1–B3
were from another donor. All clones were analyzed at pas-
sage 4, i.e., after �20 population doublings from single cells.
Figure 2A shows the methylation status of each CpG for
each gene, in 7–10 bacterial clones of PCR products. For each
gene and in each cell clone, the overall percentage of meth-
ylation was under 50% (Figure 2A, right), and no gene was
consistently more methylated than any other (Figure 2A,
right). Thus, DNA hypomethylation of adipogenic promot-
ers is a common feature of undifferentiated ASC clones.

Although no overt differences were detected in the overall
proportion of methylation between cell clones, several ob-
servations were made from the analysis of each clone. First,
despite some heterogeneity (see below), the clones displayed
overlapping areas of preferred methylation, as judged by
graphic representation of percentages of methylation of each
CpG for each clone (Figure 2B). Second, there was no con-
sistency in the methylation status of a given CpG within
clones derived from a particular donor. Indeed, we detected
as much variation between clones within one donor (i.e.,
within A or B clones) as between clones derived from dif-
ferent donors. Third, except for clone A1, which surprisingly
displayed two main methylation profiles (Figure 2A), there
was relative homogeneity in the methylation pattern within
a clone. Fourth, there were nevertheless differences in meth-
ylation profiles between clones (Figure 2B). This was partic-
ularly evident in the LEP promoter: a cluster of six CpGs
(nos. 1–6; Supplemental Figure S1A) were 30–70% methyl-
ated in clones A2 and B3, but they were essentially unmeth-
ylated in the other clones (Figure 2B). Similarly, methylation
of two other areas (CpGs nos. 18–21 and 24–27) differed
highly between clones. Of note, CpG 21 (nucleotide position
�107 in the LEP promoter) showed 90 and 60% methylation
in clones B1 and B3, respectively, whereas it was completely
unmethylated in the other clones. Another example is CpG
26 (position �48), which was 50% methylated in clones A2
and B3 and unmethylated in the other clones. Clone A1 also
displayed nearly 40% methylation in two distinct areas
(CpG nos. 9–11 and 18–19), which were unmethylated in the
other clones. For PPARG2, similar differences were noted,
although to a lesser extent and mostly caused by the overall
higher methylation of clone B3 (Figure 2B). FABP4 also
displayed methylation variation between clones at CpGs
nos. 1–3, CpG no. 4 being largely unmethylated. Clones A1
and B3 were highly methylated at CpGs nos. 1 and 2, in
contrast to the others clones, which showed no or little
methylation (Figure 2B). Last, the LPL promoter also dis-
played between-clone methylation differences within meth-
ylated areas (CpG nos. 1–4 and 6), whereas CpG nos. 5 and
7–11 were essentially unmethylated in all clones (Figure 2B).

We concluded from these observations that the LEP,
PPARG2, FABP4, and LPL promoters are largely hypom-
ethylated in undifferentiated cultured ASCs. Nevertheless,
we detected in each locus areas where methylation prefer-
entially occurs. In these areas, however, the extent of meth-
ylation of specific CpGs can vary between cell clones, even
when derived from a single donor. Furthermore, although
global methylation profiles overlap within a clone, CpG
methylation is mosaic.

CpG Methylation Pattern Is Unrelated to Gene Expression
in Undifferentiated Cultured ASCs
To determine whether there was any correlation between
CpG methylation and gene expression in undifferentiated
cultured ASCs, expression of LEP, PPARG2, FABP4, and LPL
was analyzed by real-time RT-PCR. Consistent with previ-
ous cDNA microrray analyses (Boquest et al., 2005), some of
the genes were transcribed in undifferentiated cells, albeit at
variable levels between clones (Figure 2C). Specifically, LEP
expression was only detected in clones B2 and B3 and at
similar levels (p � 0.1; t test). FABP4 was expressed in all cell
clones, with clone B2 being by far the lowest expresser (p �
0.01) and clone B3 the highest expresser (p � 0.001 com-
pared with all other clones). Similarly, PPARG2 was ex-
pressed in all clones at variable levels with clone A1 being
the weakest expresser (p � 0.01) and clone B3 the highest
expresser (p � 0.01). LPL was not expressed in any of the
clones (Figure 2C).

Most significantly, the relatively low CpG methylation
level at each locus and in each clone was irrespective of gene
expression level (Figure 2, A–C). For example, LEP was
notably differentially methylated in clones A1, A2, and B1
(Figure 2A), but not transcribed in any of these clones (Fig-
ure 2C). Moreover, clones B2 and B3 expressed LEP at sim-
ilar levels despite a different methylation pattern and level
(Figure 2A). Similarly, FABP4 and PPARG2 expression lev-
els (Figure 2C) were unrelated to DNA methylation profile
at these promoters (Figure 2A). Furthermore, the lack of LPL
expression in all clones could not strongly be correlated to
CpG methylation, because, as for LEP and FABP4, there was
marked mosaicism in the methylation state of specific CpGs
at this locus (Figure 2A). Therefore, for each region exam-
ined in these adipogenic genes, we could not attribute a
specific CpG methylation status to respective mRNA levels
in undifferentiated ASCs.

DNA Methylation of Adipogenic Genes upon Adipogenic
Differentiation In Vitro
The localization of ASCs in adipose tissue argues that adi-
pogenesis is a natural differentiation pathway for these cells.
To determine whether methylation of LEP, PPARG2, FABP4,
and LPL was altered upon adipogenic differentiation, the
five ASC clones were stimulated for 3 wk toward the
adipogenic pathway. Each clone responded to stimula-
tion, with various efficiencies, with clones B1–B3 being
more efficient than clones A1 and A2 on the basis of Oil
Red-O staining (Figure 3A). QRT-PCR analysis of differ-
entiated cells with respect to undifferentiated counter-
parts established the induction of expression of LEP and
LPL, and strong up-regulation of PPARG2 and FABP4,
confirming adipogenic differentiation (Figure 3B). Note
that in Figure 3B, NQ refers to nonquantified LEP and LPL
mRNA levels due to the lack of expression of these genes

Figure 2 (facing page). Adipogenic loci are hypomethylated in
cultured ASC clones, irrespective of gene expression. (A) Bisulfite
analysis of LEP, PPARG2, FABP4, and LPL in five ASC clones from
two donors (A and B clones, respectively). Table shows the percent-
age of global CpG methylation (● in A) at each locus for each clone.
(B) Proportion of individual methylated CpGs at the LEP, PPARG2,
FABP4, and LPL promoter in each clone. (C) QRT-PCR analysis of
expression of LEP, PPARG2, FABP4, and LPL in undifferentiated
ASC clones, relative to the lowest expressing clone (level 1) for a
given gene. Asterisk (*) indicates a statistical difference in expres-
sion at the p � 0.01 level (t test) relative to the weakest expressing
clone (level 1).
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in undifferentiated cells (Figure 2C); these levels were
arbitrarily set on the graph.

Expression of each gene relative to the lowest express-
ing clone indicated that mRNA levels varied between
clones after differentiation, likely as a result of variations
in differentiation efficiency (Figure 3C). The t test analysis
of expression levels relative to the weakest expressing
clones within each gene revealed highly significant differ-
ences in expression (p � 0.005 to � 0.0001 for transcripts
up-regulated �10-fold compared with the lowest express-
ing clone; Figure 3C). Furthermore, we found a correla-
tion between the low expression levels of FABP4,
PPARG2, and LPL and weak Oil-Red-O staining in clones
A1 and A2 (Figure 3, A and C). In contrast, LEP was most
strongly expressed in clones A1 and A2 (p � 0.001 com-
pared with clone B1), and LEP expression was inversely
proportional to that of FABP4, PPARG2, and LPL (Figure
3C). This suggests that peak LEP expression is temporally

distinct from that of FABP4, PPARG2, and LPL. Thus, al-
though all clones were induced to differentiate, we detected
considerable variation in the relative expression levels of indi-
vidual genes. Additionally, strong up-regulation of FABP4,
PPARG2, and LPL expression in clones B1 and B3 (p � 0.001)
seemed to correlate with strong phenotypic changes elicited by
adipogenic stimulation.

With a few exceptions (see below), the global DNA
methylation pattern of all genes examined remained un-
expectedly stable upon adipogenic differentiation. Meth-
ylation of each CpG is shown in Figure 4A, and transitions
in CpG methylation after adipogenic induction across all
clones are illustrated in Figure 4C. Transitions for each
individual clones are shown in Supplemental Figure S2.
Global methylation over the regions examined in the LEP,
PPARG2, FABP4, and LPL promoters remained un-
changed after differentiation (p � 0.1, t tests; see Supple-
mental Table S1; Figure 4, A and B; compare with Figure

Figure 3. Adipogenic differentiation of ASC clones. (A) Morphological evidence of differentiation after 3 wk of adipogenic stimulation (Oil
Red-O staining). Bar, 50 �m. (B) QRT-PCR analysis of expression of indicated genes in each ASC clone after 3 wk of differentiation, relative
to expression level in the same but undifferentiated clone. (C) Gene expression analysis as in B, but expressed relative to the lowest expressing
clone for a given gene. All samples were analyzed in triplicates. NQ indicates gene expression, but level was not quantified due the absence
of expression in undifferentiated ASCs (value was arbitrarily set on graph). *p � 0.005 (t test) for all transcripts with an expression level
�10-fold relative to the weakest expressing clone (level 1), and p � 0.001 for genes indicated in the text.
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2A). Thus, upon adipogenic differentiation, each clone
globally maintains its methylation profile. An average of
the percentages of methylation at individual CpGs across
all clones supported this observation; however, t test anal-
ysis of (de)methylation of individual CpGs revealed some
noticeable changes (Figure 4C). Specifically, in the LEP

promoter, CpG nos. 2, 3, 4, 21, 24, and 25 displayed
significant (albeit not complete) demethylation upon adi-
pogenic differentiation (p � 0.001), whereas all other cy-
tosines remained unaffected (p � 0.05). In the PPARG2
promoter, CpG nos. 4 and 6 underwent demethylation
(p � 0.001 and � 0.01, respectively), whereas CpGs no. 1

Figure 4. Bisulfite sequencing analysis of DNA methylation of LEP, PPARG2, FABP4, and LPL promoters in ASC clones after adipogenic
differentiation. (A) Bisulfite analysis. (B) Percentage of global CpG methylation (● in A) at each promoter for each clone. (C) Average
percentage of individual CpG methylation, across all clones, in undifferentiated ASCs and after adipogenic differentiation. Statistical analysis
(paired t tests) of differences in percentage methylation is provided in the text.
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in the FABP4 promoter and CpG no. 3 in the LPL promoter
underwent methylation (p � 0.01; Figure 4C).

A few alterations in CpG methylation were also observed,
which were specific for individual clones. In the LEP pro-
moter, the most noticeable change was complete CpG nos.
9–11 and 18–19 demethylation in clone A1 (Figure 4A and
Supplemental Figure S2A), which was accompanied by in-
duction of LEP expression. Cytosines 1–5 and 24–25 also
apparently underwent demethylation in clone A2; however,
the data are based on only two sequenced PCR product
clones after differentiation (Figure 4A and Supplemental
Figure S2A) due to extreme cloning difficulty. Furthermore,
CpG 21 was clearly demethylated upon adipogenic differ-
entiation in clone B1 (Figure 4A and Supplemental Figure
S2A), but this was not indicative of strong expression, be-
cause clone B1 was the weakest LEP expresser (Figure 3B). In
all other clones, DNA methylation profiles were maintained
(Figure 4C and Supplemental Figure S2A) regardless of LEP
expression levels. In the PPARG2 promoter, DNA methyl-
ation patterns remained unaltered such as the same be-
tween-clone variation was observed as in undifferentiated
cells (Figure 4, A and C and Supplemental Figure S2B).
FAPB4 promoter methylation also remained stable, with the
exception of CpG No. 2 in clones A1 and B3, which under-
went demethylation (�60–20–30% methylation; Figure 4A
and Supplemental Figure S2C). This demethylation, how-
ever, did not relate to particularly strong expression of
FABP4, because whereas FABP4 was strongly induced in
clone B3, it was barely up-regulated in clone A1 (Figure 3C).
The LPL promoter retained its undifferentiated methylation
pattern in clones B1, B2, and B3 despite induction of expres-
sion; however, specific CpGs displayed alterations in other
clones (Figure 4, A and C, and Supplemental Figure S2D). In
clone A1 (40% methylated CpG nos. 1 and 4) underwent
complete demethylation, and in clone A2, the 60% methyl-
ated CpG no. 2 was completely demethylated. Either of
these changes correlated with induction of LPL transcription
(Figure 3B) but not with strong expression compared with
other clones (Figure 3C).

These results indicate that globally, average methylation
of LEP, PPARG2, FABP4, and LPL promoters across ASC
clones remain stable upon adipogenic differentiation. Nev-
ertheless, methylation and demethylation events are identi-
fied at specific CpGs in all promoters, but there is no con-
sistent response to differentiation induction between clones.

To assess the physiological relevance of methylation
changes, or lack thereof, detected in the LEP promoter upon
in vitro ASC differentiation, we examined LEP promoter
methylation in fully differentiated cultured Simpson–
Golabi–Behmel syndrome (SGBS) human adipocytes
(Wabitsch et al., 2001). Figure 5 indicates that the LEP pro-
moter in mature adipocytes was also hypomethylated (11%
methylation; Figure 5A), and the 5�-3� CpG methylation
profile was nearly identical to that of adipogenic differenti-
ated ASCs (Figure 5B; p � 0.79; t test). LEP was expressed in
SGBS cells, as expected from this cell type (Figure 5C). Thus,
the methylation pattern of adipogenic differentiated ASCs
reflects that of other differentiated human adipocytes.

Adipogenic Loci Are Also Hypomethylated in Freshly
Isolated, Uncultured ASCs
Our results indicate so far that the adipogenic genes LEP,
PPARG2, FABP4, and LPL are largely hypomethylated in
cultured ASCs. ASCs in passage 4 of clonal culture have
undergone �20 population doublings. This is due to the
time required for single cells to initiate replication and for
obtaining cell numbers compatible with these analyses.

Thus, we hypothesized that DNA hypomethylation of adi-
pogenic loci in ASCs might be a result of culture, because
global DNA demethylation is known to occur upon long-
term culture of other cell types (Catania and Fairweather,
1991; Hornsby et al., 1992; Zheng et al., 2006).

To test this hypothesis, we examined CpG methylation of
LEP, PPARG2, FABP4 and LPL in ASCs immediately after
isolation from three healthy women of comparable age. The
data are shown in Figure 6, A and B. First, all loci were
globally hypomethylated in ASCs purified from each donor.
The global percentage of methylation ranged from 4% (LPL;
donor 2) to 32% (PPARG2; donor 2) (Figure 6A) and was
consistent with data obtained from cultured cells (Figure
2A). Thus, freshly isolated ASCs display hypomethylated
adipogenic promoters, and little change occurs globally
upon culture, when the methylation percentage of all CpGs
is taken into account (Figure 7; p � 0.16; and Supplemental
Table S1).

Second, however, some alterations were noted at specific
CpGs upon culture. Chi-square analysis of CpG methylation
percentages indicated enhanced methylation upon culture
of cytosines C21 or LEP (p � 0.001), C3 of FAPB4 (p �
0.0001), and C1, C4, and C6 of LPL (p � 0.001), whereas
cytosines C19 of LEP (p � 0.001) and C1 of PPARG2 (p �
0.006) underwent hypermethylation upon culture. All other
CpGs remained altered (p � 0.05). Third, there was minor
heterogeneity in the 5�-3� CpG methylation profile between
donors and overall methylation profiles largely overlapped
(Figure 6B). Variation was gene-specific, because no one
donor displayed consistent methylation across all loci rela-
tive to any other donor. More specifically, a between-donor

Figure 5. DNA methylation analysis of the LEP promoter in dif-
ferentiated human SGBS adipocytes. (A) Bisulfite sequencing anal-
ysis. (B) Percentage of individual CpG methylation in adipogenic-
differentiated ASCs (pool of all clones shown in A) and in SGBS
adipocytes. (C) Endpoint RT-PCR analysis of LEP and GAPDH
expression in differentiated SGBS adipocytes.
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comparison of methylation frequencies for individual CpGs
revealed no significant variation in CpG methylation at each
locus examined (p � 0.06–0.968; Supplemental Table S1),
with three exceptions: for LEP (donor 2 versus donor 3; p �
0.006), PPARG2 (donor 1 versus donor 2; p � 0.02), and LPL

(donor 1 versus donor 2; p � 0.007). Fourth, we also detected
some mosaicism with donors, although again, the methyl-
ated areas were conserved. Fifth, RT-PCR analysis of uncul-
tured ASCs from each donor indicated that all genes were
expressed; however, not all three donors expressed all genes

Figure 6. DNA methylation analysis of LEP, PPARG2, FABP4, and LPL in freshly isolated, uncultured ASCs. (A) Bisulfite analysis of CpG
methylation in ASCs from three donors (D1–D3). Percentage of overall CpG methylation (%Me; ● ) is shown. (B) Proportions of individual
methylated CpGs at each promoter and or each donor. CpG numbers are indicated, no. 1 being the 5� most CpG. Note that analysis of 10
bacterial clones for each donor was barely sufficient for statistical comparisons. (C) Endpoint RT-PCR analysis of expression of indicated
genes in ASCs purified from donors D1, D2, and D3.
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(Figure 6C). This is consistent with previous cDNA microar-
ray analyses of freshly isolated ASCs (Boquest et al., 2005).
Last, there was no correlation between gene expression in
one given donor and global or pattern-specific methylation.

We concluded that adipogenic loci are hypomethylated in
freshly isolated ASCs and that methylation profiles are rather
homogenous between donors despite some mosaicism. Areas
of higher methylation within each locus are consistent with
those detected in cultured undifferentiated cells, despite a few
specific differences. This observation was consistent regardless
of whether all donors and all clonal cultures were pooled to
provide average methylation levels at each CpG (Figure 7) or
whether individual donors and clones were examined (com-
pare Figure 2A with 6A). DNA hypomethylation of adipogenic
loci in ASCs, therefore, is a characteristic of these stem cells and
does not arise as a result of culture.

Lineage-specific, Nonadipogenic Loci Are Methylated in
ASCs
The overall DNA hypomethylation reported for adipogenic
genes in ASCs was not generalized to all multilineage prim-
ing genes. In contrast to LEP, PPARG2, FABP4, or LPL, the
myogenic locus MYOG (Supplemental Figure S1E) revealed
methylation at all CpGs examined in ASCs from three do-
nors (Figure 8A). MYOG methylation was maintained upon
clonal culture as well as upon adipogenic differentiation
(Figure 8B). MYOG methylation was evident even without
cloning PCR products generated from bisulfite-converted
DNA (Figure 8, A and B, and Supplemental Figure S3A). Of
note, however, MYOG was methylated despite its expres-
sion in undifferentiated ASCs (Boquest et al., 2005). There-
fore, methylation of MYOG in ASCs does not correlate with
its expression.

Similar observations were made for the endothelial cell-
specific CD31 gene promoter. CD31 was heavily methylated
both in freshly isolated and in cultured ASCs (Figure 8, A
and C, and Supplemental Figure S3B). This was in agree-
ment with selection of ASCs against the CD31 surface anti-

gen upon isolation (Boquest et al., 2005). In contrast, the
CD31 promoter region examined was unmethylated in
CD31� endothelial precursor cells (our unpublished data;
Boquest, Noer, Sørensen, Vekterud, and Collas, manuscript
in preparation). Nevertheless, methylation of MYOG and
CD31 in undifferentiated ASCs did not preclude its expres-
sion in undifferentiated ASCs and in vitro differentiation

Figure 7. Comparison of CpG methylation
profiles in uncultured versus cultured ASCs.
Average percentages of methylation of indi-
vidual CpGs in the LEP, PPARG2, FABP4, and
LPL promoters in freshly isolated ASCs from
all three donors (uncultured) and across all
five undifferentiated ASC clones (cultured)
are shown.

Figure 8. DNA methylation analysis of MYOG, CD31, and GAPDH
in uncultured and cultured ASCs. (A) Analysis of ASCs purified
from donors D1–D3 resulting from direct sequencing of PCR prod-
ucts after bisulfite conversion. Representative sequences are shown
in Supplemental Figure S3. (B and C) Analysis of MYOG (B) and
CD31 (C) methylation in undifferentiated and adipogenic-differen-
tiated ASC clones. (D) Analysis of GAPDH methylation in undiffer-
entiated ASC clones B1–B3. The “mixed” methylation pattern is due
to the analysis of mixed cell populations because PCR products
resulting from bisulfite conversion were not cloned.
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toward myogenic and endothelial pathways (Boquest,
Noer, Sørensen, Vekterud, and Collas, unpublished data).
Last, as expected from its ubiquitous expression, the
GAPDH promoter was largely unmethylated in ASCs puri-
fied from each donor (Figure 8A) and in undifferentiated
cultured cells (Figure 8D and Supplemental Figure S3C).

These results suggest that DNA hypomethylation in both
freshly isolated and cultured ASCs is restricted to adipo-
genic and housekeeping gene promoters. Genes apparently
not involved in adipogenesis, such as MYOG or CD31, are
highly methylated. This suggests tissue type specificity in
the extent of methylation of multilineage priming genes in
ASCs within their tissue of residence as well as upon culture
in undifferentiated state. For any of those genes, however,
methylation profile does not correlate with expression.

The Leptin Promoter Is Methylated in Nonadipose
Differentiated Somatic Cells
To determine whether DNA hypomethylation of adipogenic
gene loci was restricted to stem cells or was a constitutive
property, we examined the DNA methylation status of the
LEP promoter in primary human cells, either isolated from
donors or cultured. In purified human (uncultured) periph-
eral blood lymphocytes (PBLs) and T-cells, the LEP pro-
moter was hypermethylated, albeit not totally methylated,
compared with ASCs (Figure 9A; p � 0.0001). We concluded
from these observations that DNA hypomethylation of the
LEP promoter is a property of ASCs, regardless of their
differentiation state, and of differentiated adipocytes.

DISCUSSION

This study presents the first assessment, to our knowledge,
of promoter DNA methylation at the nucleotide level in
relation to gene expression in freshly isolated, cultured, and
differentiated human MSCs. Several features seem to epige-
netically characterize stem cells from lipoaspirates at the
DNA methylation level. 1) Freshly isolated cells display
hypomethylated adipogenic promoters, in contrast to myo-
genic or endothelial genes. 2) ASCs exhibit a mosaic CpG
methylation profile, on the basis of heterogeneous methyl-
ation patterns between individual cells, and of variations in
the percentage of methylation of a given CpG between do-
nors and between cell clones. 3) DNA methylation profiles
reflect neither the transcriptional status in undifferentiated

cells nor the potential for gene expression upon in vitro
differentiation. 4) Clonal culture of ASCs established from
single isolated cells preserves the overall hypomethylation
of adipogenic promoters; nevertheless, between-clone mo-
saicism at specific CpGs occurs. 5) Within-clone mosaicism
is also detectable despite the overall overlap of methylated
areas in a given locus. 6) In vitro differentiation toward the
adipogenic pathway maintains global methylation patterns
at the loci examined despite the induction or up-regulation
of gene expression. Nevertheless, specific CpGs undergo
demethylation, particularly in the LEP promoter. 7) Adipo-
genic genes are more methylated in primary differentiated
cells unrelated to adipogenesis, arguing for ASC specificity
of the hypomethylated state of these loci. Mosaic hypom-
ethylation of adipogenic promoters in ASCs may therefore
constitute a molecular signature of ASCs.

Hypomethylation of Adipogenic Loci in Undifferentiated
ASCs
Bisulfite sequencing analysis of ASCs reveals the overall
hypomethylation of undifferentiated, freshly isolated, or cul-
tured stem cells. The average percentage of CpG methyl-
ation in the promoter regions examined in the LEP, PPARG2,
FABP4, and LPL promoters in cells from three donors
ranged from 10 to 15%. These values agree with the hypom-
ethylation reported for human colon (endodermal) crypt
stem cells (Yatabe et al., 2001; Kim et al., 2005). Nevertheless,
the LEP promoter of preadipocytes cultured from adipose
tissue were found in a separate study (Melzner et al., 2002) to
be highly methylated (73%), a surprising finding for a CpG
island. However, in contrast to ASCs characterized in this
study, these preadipocytes were found not to express LEP
(Melzner et al., 2002), possibly reflecting a less committed
cell type or a result of culture. CpG methylation in ASCs was
heterogeneous across adipogenic promoters examined. Both
in uncultured and cultured ASCs, we identified areas of
preferred methylation, but these areas did not exceed 5–40%
methylation. Analysis of cells from individual donors and of
clonal ASC lines, however, reveals a broader range of meth-
ylation frequencies at specific CpGs. Nevertheless, although
adipogenic promoters are hypomethylated, DNA hypom-
ethylation is not a ubiquitous feature of ASCs, because
MYOG and CD31, myogenic and endothelial markers, re-
spectively, are highly methylated.

Hypomethylation of adipogenic loci in undifferentiated
cells may reflect a commitment of these cells to a specific
lineage. In vivo, the very location of ASCs in the stromal
vascular fraction of adipose tissue predicts a preferred com-
mitment toward adipogenic differentiation. To support this
view, we found, in agreement data of Melzner et al. (2002) in
differentiated adipocytes, consistent unmethylation of SP1-
binding sites (covering CpGs nos. 11–12 and 15–16 in our
study) and of a C/EBP-binding site (covering CpG no. 21;
clones A1, A2, and B2) in the LEP promoter in undifferen-
tiated ASCs. Similarly, the PPAR�-response element be-
tween CpGs 7 and 8, and the sterol response element (be-
tween CpGs 9 and 10) in the LPL promoter, are also
consistently unmethylated (Merkel et al., 2002). Unmethyla-
tion of these sites likely ensures accessibility to these tran-
scription factors. Lineage commitment is also supported by
the overall hypomethylated state of DNA in ESCs in early
passage cultures, when they retain pluripotency (Hoffman
and Carpenter, 2005; Maitra et al., 2005; Zvetkova et al.,
2005). Adipogenic lineage-specific promoter hypomethyla-
tion may, therefore, constitute a molecular signature of
ASCs. An implication, then, is that although similar to ASCs
at the transcriptome and immune phenotype levels (Kern et

Figure 9. Bisulfite sequencing analysis of CpG methylation of LEP
in primary human nonadipocytic cells. Analysis of uncultured PBLs
and T-cells. Percentage of global methylation (● ) is shown. CpG
numbers are shown, with no. 1 being the 5�-most CpG.
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al., 2006), MSCs from nonadipogenic tissues may display a
different extent of methylation at adipogenic loci. Con-
versely, promoters of other lineage-specific genes may in
turn be undermethylated in such MSCs, relative to stem cells
from adipose tissue. Our results raise the hypothesis, there-
fore, that MSCs of different tissues may be marked by lin-
eage-specific promoter hypomethylation.

Mosaic Methylation in Adipose Stem Cell Populations
Despite the overall hypomethylation of ASCs, we consis-
tently observed heterogeneous methylation patterns at adi-
pogenic loci in freshly isolated cells. There was minor vari-
ation in the percentage of methylation of specific cytosines
between donors, despite the sequence overlap between the
methylated areas. Furthermore, within individuals, we de-
tected mosaicism between cells, both in the number of meth-
ylated cytosines and in the methylation pattern. This is in
agreement with heterogeneity in 5�-to-3� CpG methylation
patterns reported in stem cells from single intestinal crypts
(Yatabe et al., 2001; Kim et al., 2005). Mosaic methylation may
result from stochastic methylation, which accumulates inde-
pendently in different cells (CpG-rich sites are unmethylated
at birth; Bird, 2002) as a result of exposure to environmental,
aging, and health factors (Esteller, 2005; Hoffman and
Carpenter, 2005; Laird, 2005; Ushijima, 2005; Zardo et al., 2005), in
combination with a propensity for specific CpGs to be more
methylated than others (Pfeifer et al., 1990; Silva et al., 1993).
Thus, by analogy to the genetic diversity generated during
evolution, stochastic methylation may reflect an epigenetic
drift arising within stem cell reservoirs in somatic tissues.

Depending on the level of analysis, heterogeneous meth-
ylation profiles of ASCs are maintained or enhanced upon
culture of undifferentiated cells. Averaging of methylation
percentages at each CpG examined across all donors (uncul-
tured cells) and across all cell clones shows a stable meth-
ylation profile and frequency in all adipogenic loci, in addi-
tion to GAPDH, MYOG, and CD31. Thus, polyclonal stem
cell populations can display stable DNA methylation pro-
files. Nonetheless, we detected enhanced mosaicism at all
adipogenic loci between clones of ASCs compared with that
identified between stem cell donors. Clones from single
isolated ASCs have been cultured for �1 wk before first
division and then for �10 population doublings to reach
sufficient cell numbers for first passaging, followed by an-
other �10 population doublings by the time of analysis
(passage 4). Twenty rounds of DNA replication are expected
to elicit fidelity errors in maintenance methylation. A non-
exclusive alternative accounting for enhanced heteroge-
neous methylation patterns is that different cells in the start-
ing stem cell population display mosaic CpG methylation.
Furthermore, asymmetric cell division, a characteristic of
pluripotent stem cells (Clevers, 2005; Giebel et al., 2006),
would also be expected to generate a differential epigenetic
pattern in each daughter cell within a clonal cell line. It
should be noted, however, that heterogeneous CpG methyl-
ation profiles are not specific for pluripotent cells, because
mosaic methylation has also been reported in other clonal
primary cell cultures (Zhu et al., 1999), tumor-derived clones
(Silva et al., 1993; Graff et al., 2000), or uncultured PBLs and
T-cells (Figure 9; this study).

DNA Methylation May Not Be a Determinant of Gene
Expression or Potential for Expression in ASCs
The relationship between DNA methylation and gene ex-
pression or expression potential in undifferentiated ASCs
remains complex (Jones and Takai, 2001). A typical obser-
vation in our study is the LEP promoter, which shows

9–23% methylation in three nonexpressing clones (A1, A2,
and B1) and 7 and 24% methylation in two expressing clones
(B1 and B2). Nevertheless, CpG no. 21 in the LEP promoter
(which notably is contained within an C/EBP-binding site)
is 60–90% methylated in clones B1 and B3, in which LEP
up-regulation is significantly weaker (p � 0.001) than in any
of the other clones in which CpG no. 21 is unmethylated.
Furthermore, heavily methylated loci do not preclude ex-
pression. For example, the CD31 gene is highly methylated
(this study) but nonetheless transcribed in ASCs with a
CD31� immunophenotype (Boquest et al., 2005). Therefore,
gene expression in undifferentiated ASCs does not correlate
with a specific methylation pattern at any of the loci exam-
ined. Evidence against a direct role of DNA methylation as
the primary determinant of gene expression has been ad-
dressed previously (Jones and Takai, 2001), and it is becom-
ing clear that the lack of correlation between DNA methyl-
ation and transcription is not necessarily restricted to
pluripotent cells (Kaneko et al., 2004).

DNA methylation does not seem to be a predictor of
differentiation potential of ASCs. The adipogenic genes ex-
amined were hypomethylated, yet transcriptional up-regu-
lation upon differentiation varied from 2- to �700-fold with
respect to the lowest expressing clone. Furthermore, we
found no correlation between any pattern of CpG methyl-
ation and gene expression or differentiation potential. Be-
cause ASCs can differentiate toward myogenic and endothe-
lial lineages despite complete methylation of MYOG and
CD31 in undifferentiated cells, this contention seems to also
hold true for nonadipogenic genes. Nevertheless, differenti-
ation toward nonadipogenic lineages may be more challeng-
ing due to the more methylated state of the DNA at key
control elements. We are currently testing this hypothesis. In
contrast to genes required for differentiation to nonadipo-
genic lineages, adipogenic gene promoters in undifferenti-
ated ASCs may be maintained in a transcriptionally poised
state by a mechanism that relies on DNA hypomethylation.

What, then, controls expression potential of lineage-spe-
cific genes in pluripotent cells? Recent evidence that neuro-
nal differentiation of (hypomethylated) ESCs is regulated by
the removal of a repressor complex (Ballas et al., 2005) ar-
gues that determinants of differentiation potential in other
stem cell types may involve additional levels of regulation.
As recently illustrated for pluripotent ESCs (Azuara et al.,
2006), it is possible that a key transcriptional brake in undif-
ferentiated ASCs involves histone H3 lysine 27 methylation,
controlled by polycomb-group proteins (Pasini et al., 2004;
Ringrose et al., 2004; Montgomery et al., 2005). The known
interplay between DNA methylation and transcriptionally
repressive histone modifications is also likely to operate in
mesenchymal stem cells (Ayyanathan et al., 2003; Fujita et al.,
2003; Lehnertz et al., 2003).
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