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Human embryonic stem cells have a unique
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Human embryonic stem (hES) cells originate during an embryonic period of active epigenetic remodeling. DNA
methylation patterns are likely to be critical for their self-renewal and pluripotence. We compared the DNA
methylation status of 1536 CpG sites (from 371 genes) in 14 independently isolated hES cell lines with five other cell
types: 24 cancer cell lines, four adult stem cell populations, four lymphoblastoid cell lines, five normal human
tissues, and an embryonal carcinoma cell line. We found that the DNA methylation profile clearly distinguished the
hES cells from all of the other cell types. A subset of 49 CpG sites from 40 genes contributed most to the
differences among cell types. Another set of 25 sites from 23 genes distinguished hES cells from normal
differentiated cells and can be used as biomarkers to monitor differentiation. Our results indicate that hES cells have
a unique epigenetic signature that may contribute to their developmental potential.

[Supplemental material is available online at www.genome.org.]

Human embryonic stem (hES) cells are unique in their abilities to
maintain pluripotence and a normal diploid karyotype over long
periods in culture. These properties make hES cells leading can-
didates for use in cell therapy and for studies of early human
development. Human ES cells have been investigated by multiple
techniques, including gene expression profiling, mitochondrial
sequencing, immunocytochemistry, genotyping, and functional
assays (Andrews et al. 2005; Loring and Rao 2006). These comple-
mentary approaches have been applied to a representative subset
of the more than 200 hES lines now in existence, helping to
construct a comprehensive molecular profile of an archetypal
hES cell line. While recent studies have reported gene expression
changes and variations in the DNA sequence of hES cells during
long term culture, very little is known about epigenetic regula-
tion in hES cells. Methylation and demethylation of regulatory
sequences in the genome are known to have profound effects on
cellular behavior and fate (Allegrucci et al. 2005). Massive de-
methylation is believed to underlie the global genomic repro-
gramming of gamete DNA that occurs after fertilization (Morgan

et al. 2005). Maintenance in gametes of methylation patterns in
imprinted genes is responsible for parental-specific inheritance of
human disorders such as Prader-Willi/Angelman syndrome (Kan-
tor et al. 2004).

Human ES cell lines are derived from blastocyst-stage em-
bryos that are excess after in vitro fertilization (IVF) procedures
(Thomson et al. 1998; Keller 2005). The blastocyst stage, which
occurs at about five days after fertilization in humans, is charac-
terized by high levels of epigenetic activity, including DNA meth-
ylation, X chromosome inactivation, and dynamic chromatin
remodeling. Recent reports from IVF clinics have suggested an
unexpectedly high occurrence of imprinting and other epige-
netic abnormalities in early-stage human embryos (Jacob and
Moley 2005), raising the possibility that cultured embryonic
stem cells may vary considerably in their epigenetic status and
that these differences may underlie functional differences in dif-
ferentiation ability. But an equally strong argument can be made
for the existence of common epigenetic characteristics in differ-
ent hES cell lines, perhaps as a property that allowed them to be
expanded in culture as cell lines in the first place. In either case,
it is not known whether the epigenetic profile of ES cells is stable
during long-term culture, nor how it may change as the cells
differentiate along different developmental pathways. Efforts
have been initiated to assess the epigenetic status of a small num-
ber of specific genes in hES cell lines (Allegrucci et al. 2005; Keller
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2005; Maitra et al. 2005), but so far there has been no global
assessment of their overall methylation status.

Results

Methylation profiles of human ES cell lines

We applied a comprehensive DNA methylation profiling ap-
proach to assess the epigenetic state of 36 human ES cell cultures,
derived from 14 independently isolated lines of hES cells (Thom-
son et al. 1998; Reubinoff et al. 2000; Amit and Itskovitz-Eldor
2002; Brimble et al. 2004; Cowan et al. 2004; Heins et al. 2004;
Zeng et al. 2004; Maitra et al. 2005) at various times in culture,
and the embryonal carcinoma cell line NTERA2 (Andrews et al.
1984) and asked whether these pluripotent cells differed from
other types of cells, including other types of stem cells. We used
an array-based method (Bibikova et al. 2006) to analyze the
methylation status of 1536 CpG sites selected from the 5�-
regulatory regions of 371 genes. These genes were chosen on the
basis of their importance to cellular behavior and differentiation,
and included known imprinted genes and genes previously re-
ported to be differentially methylated, as well as tumor suppres-
sor genes, oncogenes, and genes coding for factors involved in
cell cycle checkpoint. We also included genes that are regulated
by various signaling pathways and/or are responsible for altered
cell growth, differentiation and apoptosis, and genes involved in
DNA damage repair and oxidative metabolism. The methylation
state of all 1536 specific CpG sites was quantitatively measured in
a single reaction by multiplexed genotyping of bisulfite-treated
genomic DNA (Bibikova et al. 2006).

We measured methylation in the 14 independently derived
hES lines that originated in several different laboratories, an an-
euploid derivative of the diploid line BG01 (BG01V) and a dip-

loid revertant of the aneuploid line SA02 (SA02.5), and NTERA2
(Table 1). The cells were all undifferentiated populations. Each
cell line showed a slightly different methylation profile (epigeno-
type), but unsupervised hierarchical clustering based on the
methylation status at each of the 1536 sites revealed that all hES
cells (and NTERA2) could be easily separated from all differenti-
ated cells, somatic stem cells, and cancer cell lines (Fig. 1A;
Supplemental Table 1).

Within the ES cell type, the cell lines separated into subclus-
ters according to their sex, since the analyzed loci include mul-
tiple X chromosome-linked genes. As shown in Figure 1A, all the
male lines (BG01, BG02, WA01, TE06, SA01, and HUES7) were
clustered together, while the female lines were clustered into
three subgroups: group 1 (BG03, TE04, WA07, and WA09), group
2 (SA02/SA02.5), and group 3 (Relicell hES1, ES02, and ES03). The
only exception was NTERA2, an aneuploid (hypotriploid) em-
bryonal carcinoma cell line, which was most similar to the fe-
male group 3, even though it is a male cell line by origin. Fur-
thermore, cluster analysis of methylation profiles of six X-linked
housekeeping genes (ELK1, EFNB1, FMR1, G6PD, GLA, and GPC3)
segregated all the hES cells, including various in vitro passages,
NTERA2, somatic stem cells, differentiated lymphoblastoid cells,
and human tissues accurately by their sex (Fig. 1B).

NTERA2 has many of the qualities of hES cells, including
pluripotence. Although methylation patterns of NTERA2 cells
were in general similar to those of hES cells, certain CpG sites
were distinctly different. For example, four imprinted genes
(NDN, SGCE, PEG3, and SNURF) were hypermethylated in
NTERA2 but unmethylated in all hES cells, while other genes
such as RUNX3, POMC, PTPN6, and KCNK4 are hypomethylated
in NTERA2 and hypermethylated in the hES cells (data not
shown).

Using all 1536 CpG sites, we determined the overall meth-

Table 1. Human embryonic and somatic stem cells

Embryonic stem cell lines Passagea
Gender

(extra chromosomes) Ethnicity Reference

BG01 P11, P41 Male Unknown Brimble et al. (2004)
BG01V P25 Male (+12, +17, +X) Unknown Zeng et al. (2004)
BG02 P13, P14, P40 Male Unknown Brimble et al. (2004)
BG03 P14, P47 Female Unknown Brimble et al. (2004)
ES02 (HES2) P55, P146, P147 Female Chinese Reubinoff et al. (2000)
ES03 (HES3) P59, P92, P93 Female Chinese Reubinoff et al. (2000)
HUES7 P14 Malec Unknown Cowan et al. (2004)
Relicell hES1 P30 Female Indian Mandal et al. (2006)
SA01 P14, P25, P32, P60 Male Unknown Heins et al. (2004)
SA02 P18, P29, P30, P59 Female (+13) Unknown Heins et al. (2004)
SA02.5b P12, P49, P50, P77 Female diploid Unknown Heins et al. (2006)
TE04 (14) P29 Female Unknown Amit and Itskovitz-Eldor (2002)
TE06 (16) P44 Male Unknown Amit and Itskovitz-Eldor (2002)
WA01 (H1) P80 Male Unknown Thomson et al. (1998)
WA07 (H7) P41, P63 Female Unknown Thomson et al. (1998)
WA09 (H9) P33, P68, P78 Female Unknown Thomson et al. (1998)
Embryonal carcinoma
NTERA-2 Male (aneuploid) Unknown Andrews et al. (1984)
Somatic stem cells
THD-hWB-015 (NSC) Malec Unknown Unknown
THD-hFB-017 (NSC) Femalec Unknown Unknown
BMSC-21 Male African american Unknown
BMSC-25 Male African american Unknown

a“Passages” are relative to the beginning of the indicated line, and lines derived from other lines (BG01V and SA02.5) will have been cultured in vitro
longer than the passage number suggests.
bSA02.5 itself is a clonal derivation from SA02 after 155 passages, so its 12 passage is really 155 + 12 = 167 passages from initiation.
cGender determined in this study.
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ylation levels for three sample groups: the hES cell lines, cancer
cell lines, and a group that comprised the differentiated lympho-
blastoid cells and somatic stem cells. We found the average meth-
ylation level of analyzed genes in cancer cell lines (38%) to be
greater than in hES cell lines (35%) which in turn was greater
than in differentiated cells and somatic stem cells (32%) (Fig. 2A)
at a high confidence level (P = 4.78 � 10�5). Since the 371 genes
that we examined were not selected randomly (for example,
many tumor suppressor and other cancer-related genes were in-
cluded), the higher methylation level we obtained for the cancer
cell lines was expected, because promoter hypermethylation has
been established as the most frequent mechanism for gene inac-
tivation in cancers (Esteller 2002; Herman and Baylin 2003) (Fig.
2C). However, the intermediate methylation level in hES cell
lines is surprising, given that, in general, global hypomethylation
has been reported in embryonic stem cells (Zvetkova et al. 2005).
We note that Figure 2A should not give the impression that the
overall distribution of methylation among the 1536 sites peaks
between 30% and 40% methylation. Rather, the distribution is
biased toward low methylation (Supplemental Fig. 1).

We further looked at the overall methylation levels of these
cell populations according to different gene categories—
imprinted genes, tumor suppressor genes, and genes in the MHC
region (Supplemental Table 2). While the average methylation
level of imprinted genes was quite similar in all sample groups
(Fig. 2B), the variation was small in differentiated cells and hES

cells, while cancer cell lines exhibited a very broad distribution of
methylation levels in imprinted genes. This observation indi-
cates that patterns of imprinting are established very early in
embryo development and, in general, they are tightly controlled
during in vitro culturing. It also confirms that loss of imprinting
is one of the common epigenetic changes in cancer (Lee 2003;
Holm et al. 2005). Our finding of increased methylation levels in
tumor suppressor genes in cancer cell lines compared with hES
cells and differentiated cells (Fig. 2C) agrees well with the estab-
lished mechanism of malignant transformation through silenc-
ing of tumor suppressor genes by CpG island promoter hyper-
methylation (Herman and Baylin 2003). In contrast, we found
that genes in the MHC region had higher levels of methylation in
hES cells and lower levels in differentiated tissues and cancer cell
lines (Fig. 2D).

Methylation profiles differ between hES cells and
differentiated cells

To discover which CpG sites contribute the most to the epige-
netic signature of different cell types, we used a supervised analy-
sis method, “Between Group Analysis” (Culhane et al. 2002). We
compared the DNA methylation patterns among four groups of
cell types: hES cells, somatic stem cells (two neural stem cell lines
and two bone marrow stem cell preparations), differentiated
cells, and cancer cell lines. Only the earliest passage of each hES

Figure 1. Cluster analysis of human embryonic stem cells, differentiated cells, somatic stem cells, and cancer cell lines based on correlation of
methylation profiles of 1536 CpG sites (A) and 36 CpG sites from six X-linked housekeeping genes: EFNB1, ELK1, FMR1, G6PD, GLA, and GPC3 (B).
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cell line was used for this analysis and NTERA2 was excluded.
This analysis produced a list of 49 CpG sites from 40 genes that
contribute most to the separation of the four groups (see Meth-
ods). We then clustered all samples based on their relative meth-
ylation levels at these 49 CpG sites (Fig. 3). Despite the multiple
locations of origin, different sample preparation, and karyotypes,
all pluripotent cell lines (including early and later hES passages
and NTERA2) were correctly aggregated into a single cluster,
which is well separated from the two other major clusters, which
comprise cancer cell lines and differentiated cells with somatic
stem cell lines. This suggests that all human ES cells share a com-
mon epigenetic signature, which is likely to be linked to ES cell-
specific properties such as self renewal and pluripotence.

Both unsupervised clustering based on all 1536 sites (Fig.
1A) and the methylation signatures shown in Figure 3 indicated
that somatic stem cells had overall methylation profiles that were
more similar to differentiated cells than to hES cells. When we
use the methylation signature of the 49 CpG sites, somatic stem
cells separate from normal tissues and lymphoblastoid cell lines,
but this difference is much smaller than between other groups of
samples (Fig. 3).

Unique methylation signature of pluripotent cells

The choice of the 49 CpG sites discussed above was heavily in-
fluenced by the methylation profiles of the cancer cell lines. To
identify methylation markers that could be used to monitor sta-
bility of pluripotent, undifferentiated hES cells, we used a t-test to
ask which CpG sites had a mean methylation level in hES cells
that differed significantly from the mean level in the normal

samples (somatic stem cells and differen-
tiated cells, with cancer cell lines ex-
cluded). This analysis yielded 168 CpG
sites that had a highly significant differ-
ence (P < 0.001) in methylation between
the hES cell group and the differentiated
and somatic stem cell groups (Supple-
mental Table 3). A cluster diagram and
heat map based on the 25 most signifi-
cant sites derived from 23 genes are
shown in Figure 4. Although only the
earliest passage of each hES line was used
to select the CpG sites, all pluripotent
cells (hES cells and NTERA2) form one
cluster that is widely separated from all
normal differentiated cell samples.
Therefore, the 25 CpG sites should be
useful as biomarkers diagnostic for un-
differentiated, pluripotent cells.

Methylation changes during prolonged
passage

Methylation profiling of hES cells can
serve to assess epigenetic stability during
cell culture. To assess the amount of
change during culture, we compared the
methylation pattern at different passage
numbers for nine hES cell lines. The pas-
sage interval of hES cells varies in differ-
ent laboratories, owing both to planned
schedules and to experimental condi-
tions that affect growth rates, but is gen-

erally between four and seven days. We observed that different
hES cell lines showed different changes with time in culture, and
that the degree of overall change in methylation was roughly
proportional to the number of passages separating compared
preparations. For example, we observed few changes between
p41 and p63 (22 additional passages) in the WA07 cell line, but
relatively more changes between p33 and p78 (45 additional pas-
sages) in WA09 and between p55 and p146 (91 additional pas-
sages) in ES02. Some CpG sites lost methylation during time in
culture, while some gained methylation (Supplemental Table 4).
Among these sites, there are known imprinted genes (ASCL2,
PEG10), nonimprinted autosomal genes such as COL1A2, HLA-
DQA1, and RASSF1, a gene in which changed methylation level
after prolonged passage was reported previously (Maitra et al.
2005). We cannot determine if the methylation changes are re-
flecting the changes in each individual cell or are the result of
selection (during prolonged passage) of a cell population with
different methylation levels. The changes could be a trend or
could be simply fluctuations that occur during multiple passages.

Although methylation changes did occur with time in cul-
ture, we did not find a specific set of genes in the group studied
that changed predictably. Complicating this analysis is the fact
that passage number is only a rough measure of time in culture,
and that some lines, such as SA02.5, were derived from previous
lines (Heins et al. 2006). Overall, however, the methylation
changes during time in culture are small compared with differ-
ences among cell types, as illustrated by the cluster analysis in
Figure 1A, in which the same cell lines of different passages are
still clustered together and separate from other cell lines.

Figure 2. Boxplots of methylation levels in three sample groups—hES cells (N = 16), differentiated
and somatic stem cells (N = 13), and cancer cell lines (N = 24). (A) Global methylation levels, calculated
using all 1536 CpG sites; (B) methylation levels of 146 CpG sites in 33 imprinted genes; (C) methylation
levels of 190 CpG sites in 45 tumor suppressor genes; (D) methylation levels of 45 CpG sites in 13
genes from the MHC region. The black bar represents the median methylation level for each cell type,
calculated from the means of each individual cell line. The gray box defines quartiles (25% and 75%,
respectively). The error bars are 1st and 99th percentiles of the distribution. Dots represent the outliers.
P-values were computed using the Kruskal-Wallis test, which indicates the likelihood that all medians
are the same.
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Validation of BeadArray methylation data

We selected four CpG sites (ASC_1350, HS3ST2_955,
HTR1B_1278, and TP73_377) that showed differential methyl-
ation between hES cells and the other cells (Fig. 3) for MSP vali-
dation. MSP primers were developed (Supplemental Table 5) and
used to measure the methylation levels at the corresponding sites
in DNA isolated from 16 cell lines and tissues: normal lung and
breast tissues, normal lymphoblastoid cell lines (NA07033 and
NA06999), cancer cell lines (NCI-H358, T-47D, NCI-H1395, and
MCF-7), hES cell lines (WA07_P41, BG01V_P25, WA07_P63,
WA09_P33, BG02_P14, WA09_P78, BG02_P40), and NTERA2.

A good correlation between methylation patterns was ob-
tained between real-time MSP and BeadArray data. The Spearman
correlation coefficient between the two methods for each tested
CpG site was 0.87 (ASC_1350), 0.82 (HS3ST2_955), 0.86
(HTR1B_1278), and 0.89 (TP73_377), respectively (Supplemental
Table 6). This agrees well with the correlation previously ob-
tained with five other sites using different samples (Bibikova et
al. 2006). When real-time MSP and array data disagreed, there

was a tendency for array data to indicate a higher level of meth-
ylation (Supplemental Table 6). Without a third independent
method, we cannot tell which values are more accurate. How-
ever, the power of array data is that a very large number of sites
is determined simultaneously, allowing highly reproducible glo-
bal patterns to be discovered.

Discussion

The ability to access the epigenomic information for a large num-
ber of genes or the entire genome (Rakyan et al. 2004; Heisler et
al. 2005; Murrell et al. 2005; Weber et al. 2005) should greatly
facilitate the understanding of the nature of pluripotence in em-
bryonic stem cells. It should also have significance for studies of
human epigenetic disorders and assisted reproduction (Allegrucci
et al. 2004; Cowan et al. 2005; Jacob and Moley 2005). For ex-
ample, there are indications that some hES cell lines undergo
spontaneous differentiation more readily than others under stan-
dardized conditions (Bodnar et al. 2004; Clark et al. 2004), and it

Figure 3. Methylation profiles of human embryonic stem cells, differentiated tissues, somatic stem cells, and cancer cell lines for 49 CpG sites from
40 genes that most strongly distinguish between hES cells and the other three cell categories.
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seems likely that genomic differences among diverse hES cell
lines will affect their abilities to develop into different kinds of
mature cell types. In this study, we took a comprehensive ap-
proach to analyze DNA methylation profiles of 371 genes in a
diverse group of hES cell lines, somatic stem cell lines, differen-
tiated cells, cancer cell lines, and an embryonal carcinoma cell
line. Our study revealed unique epigenotypes (i.e., baseline DNA
methylation profiles) for each of these cell types.

Our results may help resolve a concern that, because hES
cells share certain characteristics with cancer cells (lack of senes-
cence, regulation of cell cycle, and contact inhibition), they may
be partially transformed cells that are prone to form tumors. Our
results show that the methylation profile of hES cells was signifi-
cantly different from that of cancer cells, and that imprinted
genes are tightly controlled in hES cells and differentiated cells,
but not cancer cells (Fig. 2B). This suggests that some qualities of
hES cells are coincidentally, not functionally, similar to cancer
cells.

A panel of 49 CpG sites from 40 genes was identified whose
differential methylation was sufficient to define distinct epige-
netic signatures among hES cells, all differentiated cells, somatic
stem cells, and cancer cell lines. Profound methylation differ-
ences between hES cells and every other cell type extended well
beyond the 49 CpG sites used for the analysis in Figure 3, but
these sites were major contributors. These 49 sites will be useful
markers for monitoring hES cell cultures for signs that they are

becoming differentiated or acquiring epigenetic similarities to
cancer cells. We also selected a list of 25 methylation sites from
23 genes that distinguish undifferentiated, pluripotent cells from
normal differentiated cells and somatic stem cells. These 25 CpG
sites will be valuable for detecting more subtle changes that are
indicative of hES cell differentiation. It is important to note that
these 25 sites are useful biomarkers of developmental potential,
but they are not the only markers of cellular differentiation. The
methylation profiles were different for a much larger number of
CpG sites (Supplemental Table 3), which is reflected by the fact
that good separation was achieved when we clustered these
samples using all 1536 CpG sites (Fig. 1A). Among the genes with
elevated methylation levels in hES cells are genes encoding pro-
teins involved in nuclear and extracellular signaling (e.g., THBS2,
IL13, IL16, TNF, MSF(SEPT9), PI3), stress response and apoptosis
ASC(PYCARD), CASP8), cell cycle control (CDKN1B, RASSF1), and
genes from the HLA locus (HLA-DQA1, HLA-DPA1). Two growth
factor receptor genes, FGFR3 and TGFBR1, had a very low meth-
ylation level in hES cells as compared with that in differentiated
cells and somatic stem cells. TGF� signaling has been shown to
play a crucial role in the maintenance of the undifferentiated
state of hES cells (James et al. 2005), while the basic fibroblast
growth factor (FGF2) has been shown to promote long-term un-
differentiated proliferation of hES cells (Xu et al. 2005). In order
to address the key question of the relationship between methyl-
ation and expression of genes, we have begun experiments to

Figure 4. Methylation profiles of human embryonic stem cells, differentiated tissues, and somatic stem cells for 25 CpG sites (from 23 genes) selected
for their distinct difference in methylation level between hES cells and normal differentiated tissues and somatic stem cells.
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examine individual populations of hES cells for both methyl-
ation status and expression of the genes in this panel.

We monitored epigenomic stability through multiple pas-
sages of nine of the hES cell lines and were able to detect finer
resolution methylation changes during extended passages
(Supplemental Table 4). The changes, while useful for pinpoint-
ing differences in hES cell preparations, do not obscure the fun-
damental distinctive methylation profile of hES cells; in most
cases, the early and late passage preparations still cluster closely
together (Figs. 1A, 3), making it feasible to establish a correlation
between epigenetic stability measured by methylation profiling
and variations in culture conditions. Recently efforts have been
directed toward development of new culture systems for the
maintenance of hES cells in vitro (Ludwig et al. 2006), and such
studies potentially represent important technical advances for
the field. But without knowing how much particular cell lines
differentiate under a given set of growth conditions, or how the
properties of a given cell line vary when grown in different labo-
ratories, it is difficult to assess the utility of any new protocol
(Andrews et al. 2005; Loring and Rao 2006). A simple test using
methylation profiling of signature genes such as those we iden-
tified should prove to be useful for comparing stem cell lines
derived from different laboratories and for assessing the effects of
new culture methodology on stem cell stability.

The methylation profiles also served to distinguish between
male and female lines with high reliability. Detailed examination
showed that this difference could be attributed to methylation
patterns of X-linked genes included in the analysis (Fig. 1B). It is
tempting to suggest that the methylation pattern we observe
could be used as a surrogate for X inactivation. However, a careful
study of X chromosome inactivation in hES cells found evidence
of X inactivation in WA09 but not in WA07 lines (Hoffman et al.
2005), which suggested that hES cell lines can differ in this epi-
genetic characteristic. Our results suggest that these two lines
have a similar DNA methylation pattern of X-linked genes (five
of six X-linked genes), suggesting that the processes of establish-
ment and maintenance of X inactivation in hES cells may be
more complex than has been imagined.

Our results show that DNA methylation pattern distin-
guishes hES cells from other types of cells examined, which sug-
gests that this epigenetic characteristic is involved in hES cell
characteristics such as self-renewal and pluripotence. The genes
were selected for the array because of their significance in cancer,
not because of their association with stem cells. Yet the methyl-
ation pattern at even a small subset of these genes is sufficient to
reliably distinguish hES cells from normal adult cells, somatic
stem cells, and tumor cell populations. This suggests that global
epigenetic changes may lie at the heart of features of hES cells
such as pluripotence and self-renewal. Perturbation of the expres-
sion of key differentially methylated genes may reveal the func-
tional significance of these epigenetic events and yield clues
about how the genes function in stem cell maintenance at a
molecular level.

Our results also highlight the importance of methylation in
regulating cell differentiation. Compared with hES cells, somatic
stem cells had overall methylation profiles that were more simi-
lar to differentiated cells, as is illustrated by their coclustering
with normal tissues (Figs. 1A, 3, 4). This result may be a conse-
quence of the more restricted developmental repertory of so-
matic stem cells compared with embryonic stem cells.

The hES cell preparations used for this analysis differed in
ethnic origin, time in culture, culture conditions, and laboratory-

specific methods. Despite this diversity, there is striking similar-
ity in methylation pattern among all hES cell lines, demonstrat-
ing that there may be an hES cell-specific epigenetic signature.
These observations should be considered in light of the efforts to
create patient-specific hES cells by transplantation of somatic nu-
clei (Holm et al. 2005). If somatic cell nuclear transfer (SCNT)
eventually succeeds for humans, it will be important to test the
accuracy of epigenetic reprogramming by comparing the meth-
ylation profile of the SCNT-derived hES cells with a normal pro-
file of hES cell lines such as the one reported here.

Methods

Stem cell lines for methylation analysis
Twelve hES cell lines listed on the NIH registry were analyzed for
this study (Table 1). The cell pellets were obtained from five pro-
viders or collaborating laboratories, where the lines had been
maintained under each laboratory’s standard conditions. The
characteristics of these twelve hES cell lines used are available at
http://stemcells.nih.gov/research/registry/eligibilityCriteria.asp.
Multiple passages were available on nine of the lines, as described
(Maitra et al. 2005). In addition, two hES cell lines outside the
NIH registry (HES1 [Reliance Life Sciences] and HUES7 [HUES
Cell Facility]) were also analyzed, as was the teratocarcinoma cell
line NTERA2 (Andrews et al. 1984). Two neural stem cells (THD-
hWB-015 and THD-hFB-017) were obtained from Theradigm,
Inc., and two bone marrow mesenchymal stromal cells (BMSC-21
and BMSC-25) were obtained from Cognate Therapeutics. No ad-
ditional cultures were performed at Illumina, Inc., nor at Johns
Hopkins University for any of the hES cell or adult stem cell lines.
DNA was extracted from the cell pellets using the Qiagen DNeasy
kit in preparation for analysis on the bead arrays.

DNA samples
Twenty-four human cancer cell lines, four B-lymphocyte non-
cancer cell lines and five differentiated tissues were analyzed as a
comparison with hES cells and adult stem cell lines (Supplemen-
tal Table 1). DNA from normal lung, ovary, breast, colon, and
prostate tissues was purchased from Clinomics Biosciences. DNA
samples NA06999, NA07033, NA10923, and NA10924 were pur-
chased from the Coriell Institute for Medical Research. Breast
cancer cell lines MCF-7, MDA-MB-435, MDA-MB-468, and
T-47D, colon cancer cell lines Fet, HT29, HCT116, LS174, SW480,
esophageal cancer cell lines EC109, T.T., T.Tn, TE3, HCE4, pros-
tate cancer cell lines PC3 and LNCaP, cervical carcinoma C33A,
and epidermal carcinoma A431 were a gift from Prof. Wei Jiang
(The Burnham Institute). DNA from these cancer cell lines was
extracted using a modified Trizol method according to the manu-
facturer’s recommendations (Invitrogen). DNA from lung cancer
cell lines NCI-H69, NCI-H526, NCI-H358, NCI-H1299, NCI-
H1395, and NCI-H2126 was purchased from ATCC.

DNA methylation profiling using bead arrays
Methylation detection for 1536 CpG sites was performed as de-
scribed previously (Bibikova et al. 2006). Briefly, for each CpG
site, four probes were designed: two allele-specific oligos (ASO)
and two locus-specific oligos (LSO). Each ASO–LSO oligo pair
corresponded to either the methylated or unmethylated state of
the CpG site. Bisulfite conversion of DNA samples was done us-
ing the EZ DNA methylation kit (Zymo Research). After bisulfite
treatment, the remaining assay steps were identical to the Gold-
enGate genotyping assay (Fan et al. 2003), using Illumina-
supplied reagents and conditions. Technical replicates of each
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bisulfite-converted sample were run. The duplicates all agreed
well with each other (average R2 = 0.98) and were averaged to-
gether for further analysis. In several cases, essentially the same
cell lines were obtained from two different laboratories. In these
cases both samples were analyzed and showed good agreement
with each other. The array hybridization was conducted under a
temperature gradient program, and arrays were imaged using a
BeadArray Reader (Barker et al. 2003). Image processing and in-
tensity data extraction software were as described previously (Ga-
linsky 2003). Each methylation data point is represented by fluo-
rescent signals from the M (methylated) and U (unmethylated)
alleles. Background intensity computed from a set of negative
controls was subtracted from each analytical data point. The ratio
of fluorescent signals was then computed from the two alleles:
� = ( max(M,0)/|U| + |M| + 100). The �-value reflects the fractional
methylation level of each CpG site.

Cluster analysis and selection of differentially methylated
CpG sites
Using �-values, samples were clustered using agglomerative nest-
ing with the Ward method with dissimilarity between samples
defined as 1�r, where r is the correlation coefficient (Fig. 1).

We used a supervised analysis method, “Between Group
Analysis” (Culhane et al. 2002), to identify differences between
four groups of samples: (1) hES cells, (2) somatic stem cells, (3)
fully differentiated cells, and (4) cancer cells. For the hES cells, we
used only the earliest passage of each line. Computations were
carried out using the bga function from the MADE4 R package
(Culhane et al. 2005). Briefly, samples were projected on a sub-
space formed by three eigenvectors (number of groups minus
one) computed using principle component analysis. The first two
eigenvectors cleanly separated three groups, hES samples, cancer
samples, and somatic stem cells plus differentiated cells. The
third eigenvector separated somatic stem cells from fully differ-
entiated cells. The significance of separation among groups was
assessed by randomly permuting sample labels and calculating
the ratio of between-group inertia to total inertia. Out of 100
random permutations, the maximum ratio was 0.098, while with
the original labels the ratio was 0.287. Sites contributing the
most to separation among groups have the most extreme coor-
dinates when projected in the coordinate system defined by the
three eigenvectors. We picked the 20 most extreme sites (positive
and negative) for each axis, and then filtered out those with very
low differences of �-values between groups (maximum mean dif-
ference between groups <0.1). This produced the 49 sites shown
on the heat map of Figure 3.

In order to identify sites that provide the best discrimination
between hES samples and all normal differentiated samples (in-
cluding adult stem cells), we performed a t-test on the difference
in mean methylation level between groups. We selected sites
with P < 0.001 and with the additional filter of mean |��| > 0.17,
the estimated error in � (Bibikova et al. 2006). �his resulted in a
list of 168 sites (Supplemental Table 3). In this test, we also used
only the earliest passage for each hES line. The top 25 sites, based
on P-value, were used to construct the cluster diagram and heat
map in Figure 4.

Methylation-specific PCR
The bisulfite-converted genomic DNA was amplified by real-time
methylation-specific PCR using two sets of primers for each CpG
locus of interest. The MSP primers (Supplemental Table 5) were
designed using CpGWare (Chemicon), software originally de-
signed by Todd W. Plaia and Alexander Khripin. The methyl-

ation-specific PCR was performed as described previously (Bibi-
kova et al. 2006).
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