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Epigenetic modification of the genome through DNA methyl-
ation is the key to maintaining the differentiated state of hu-
man embryonic stem cells (hESCs), and it must be reset during 
differentiation by retinoic acid (RA) treatment. A genome-wide 
methylation/gene expression assay was performed in order to 
identify epigenetic modifications of RA-treated hESCs. Between 
undifferentiated and RA-treated hESCs, 166 differentially me-
thylated CpG sites and 2,013 differentially expressed genes 
were discovered. Combined analysis of methylation and ex-
pression data revealed that 19 genes (STAP2, VAMP8, C10orf26, 
WFIKKN1, ELF3, C1QTNF6, C10orf10, MRGPRF, ARSE, LSAMP, 
CENTD3, LDB2, POU5F1, GSPT2, THY1, ZNF574, MSX1, 
SCMH1, and RARB) were highly correlated with each other. 
The results provided in this study will facilitate future inves-
tigations into the interplay between DNA methylation and 
gene expression through further functional and biological 
studies. [BMB reports 2010; 43(12): 830-835]

INTRODUCTION

Human embryonic stem cells (hESCs) are unique in their abil-
ity to maintain pluripotence. This property makes hESCs lead-
ing candidates for use in cell therapy and in studies on early 
human development. Retinoic acid (RA), the most potent natu-
ral form of vitamin A, plays an important role in mediating the 
growth and differentiation of both normal and transformed 
cells (1, 2). It is essential for many diverse biological functions 
including growth, vision, reproduction, embryonic develop-
ment, differentiation of epithelial tissues, and immune re-

sponses (2). In vitro, RA induces differentiation of hESCs into a 
number of specific cell types.

Differentiation of a specific cell type involves the establish-
ment of a precise epigenetic profile composed of genome- 
wide epigenetic modifications such as DNA methylation and 
histone modification. Since epigenetic modifications in gene 
areas regulate transcriptional activity, the epigenetic profile of 
the cell reflects the transcriptome, at least partially (3-5). 

hESCs have been investigated using multiple techniques, in-
cluding gene expression profiling, mitochondrial sequencing, 
immunocytochemistry, genotyping, functional assays, and 
DNA methylation assay (6-10). DNA methylation of the ge-
nome is the key to maintaining the differentiated state of hESCs 
(11, 12), and it must be reset during differentiation by RA 
treatment. 

Differences between hESC lines with respect to gene ex-
pression profiles have been investigated before (13), and it has 
also been demonstrated that hESCs have unique DNA methyl-
ation profiles compared to other cell types, including embry-
onic germ cells, trophoblast stem cells, and several adult stem 
cell populations (8, 14). Key regulators of development such as 
Oct4 and NANOG are also controlled by epigenetic mecha-
nisms (15, 16). However, a whole-genomic correlation study 
on DNA methylation and gene expression has not been 
reported.

The present study utilized DNA methylation and gene ex-
pression assays to generate whole-genomic methylation and 
gene expression profiles for both undifferentiated hESCs and 
RA-treated hESCs. These results provide valuable information 
that can be used to identify differentially methylated CpG sites 
and differentially expressed genes. 

RESULTS

We applied a comprehensive DNA methylation profiling ap-
proach to assess the epigenetic states of three hESC lines 
(CHA3-hES, CHA4-hES, and SNUhES3) as well as their epi-
genetic modifications after RA treatment. A whole-genome 
DNA methylation assay method was used to analyze the meth-
ylation status of 27,578 CpG sites selected from more than 
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Fig. 1. Heatmaps of differential methylation and gene expression 
assays. (A) The 100 most differentially methylated CpG sites in un-
differentiated hESCs and RA-treated hESCs. Sample IDs and their 
average beta values (methylation levels) are shown. Chromosome, 
coordinate, related gene name, delta beta value, and Diff. P val-
ues of each CpG site are also presented. (B) The 100 most differ-
entially expressed genes in undifferentiated hESCs and RA-treated 
hESCs. Sample IDs and their average signal value (expression lev-
el) are shown. Gene name, fold change values, and Diff. P val-
ues are also presented.

14,000 well-annotated genes. We measured the overall meth-
ylation levels after RA treatment. We found that the average 
methylation level in the RA-treated hESCs (29.5%) was greater 
than in the undifferentiated hESCs (27.1%). The lower methyl-
ation level we obtained for the undifferentiated hESCs was ex-
pected since global hypomethylation has been reported often 
in embryonic stem cells (17).

To discover which CpG sites contribute the most to the epi-
genetic modification of hESCs by RA treatment, we compared 
the DNA methylation patterns between undifferentiated hESCs 
and RA-treated hESCs. This analysis produced a list of 166 
CpG sites from 151 genes that significantly contribute to the 
separation of the two groups. Among them, the top 100 CpG 
sites, based on |Δβ|, are shown in Fig. 1A. We then clustered 
all of the samples based on their relative methylation levels at 
these 166 CpG sites (data not shown). Three hESC lines were 
correctly aggregated into the two other major clusters, which 
comprise undifferentiated hESC lines and RA-treated cells.
　We also investigated three hESC lines for differential ex-
pression of genes upon RA treatment. A total of 9,736 distinct 
genes (23% of the RefList) passed the expression criteria of a 
Detection Score ≥0.99. Among them, 2,013 genes were dif-
ferentially expressed. We observed that 1,003 genes were up-
regulated (＞1.5-fold) and 1,010 genes were downregulated 
(＜0.66-fold). The extreme differences observed between un-
differentiated hESCs and RA-treated hESCs are shown in Fig. 1B.

Combined analysis of methylation and expression data re-
vealed that 19 genes (STAP2, VAMP8, C10orf26, WFIKKN1, 
ELF3, C1QTNF6, C10orf10, MRGPRF, ARSE, LSAMP, CENTD3, 
LDB2, POU5F1, GSPT2, THY1, ZNF574, MSX1, SCMH1, and 
RARB) were highly correlated with each other (Pearson corre-
lation coefficient ≥0.8) (Supplementary Table 1). 

To validate the methylation status of the highly correlated 
genes, we selected two genes (CENTD3 and MSX1) and per-
formed bisulfate sequencing. Bisulfate sequencing of 400-500 
bp including Illumina probe position revealed hypermethy-
lation (36.7% and 19.6%) in SNUhES3 cells after RA treatment 
that was consistent with the genome-wide DNA methylation 
(Supplementary Fig. 1).

DISCUSSION

Despite their differences in origin, different sample preparation 
methods, and karyotypes, three hESC lines were correctly ag-
gregated into two other major clusters, which comprise un-
differentiated hESC lines and RA-treated cells. This suggests 
that the three hESC lines share a common epigenetic signature, 
which is likely linked to embryonic stem (ES) cell-specific 
properties such as self-renewal and pluripotence. 

CpGs on the C10orf10, FAM12B, VAMP8, CLDN15, and 
FLJ20273 genes were the most hypomethylated, whereas 
C7orf29, CHFR, GSPT2, HDCMA18P, and MSX1 were the 
most hypermethylated after RA treatment. Of these genes, 
methylation of CHFR is known to be associated with silencing 

of CHFR expression in various types of cancer (18), and CHFR 
is also known as a tumor suppressor (19). This means that cells 
in which CHFR was epigenetically inactivated constituted dif-
ferentiated hESCs. 

In order to define the relationship between methylation and 
expression of genes, we performed gene expression profiling 
to compare both methylation status and gene expression 
levels. Among the differentially methylated genes, HOXB5, 
INS-IGF2, HOXA5, LCP1, and ANKRD38 were the most highly 
upregulated, whereas PRDM14, ZIC2, C9orf135, MIAT, and 
SFRP2 were downregulated after RA treatment. Among these 
genes, HOXA5 was found to be rapidly induced within mouse 
ES cells as a result of RA treatment (20). In addition, knock-
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down of PRDM14 by siRNA induced expression of early differ-
entiation marker genes (21). These previous studies were re-
markably consistent with our findings.

Combined analysis revealed that 19 genes were highly cor-
related with each other. Among them, we identified seven 
genes (STAP2, VAMP8, C10orf26, WFIKKN1, ELF3, C1QTNF6 
and C10orf10) that were hypomethylated and upregulated 
upon RA treatment. STAP2 is a signal-transducing adaptor mol-
ecule that binds to STAT3 and STAT5, resulting in regulation 
of integrin-mediated T-cell adhesion through protein degrada-
tion of focal adhesion kinase (22). VAMP8 is a member of the 
vesicle associated membrane protein (VAMP) family and is re-
quired for activation-induced degranulation of mature human 
mast cells (23). 

MRGPRF, ARSE, LSAMP, CENTD3, LDB2, POU5F1, GSPT2, 
THY1, and ZNF574 were identified as hypermethylated and 
downregulated (Supplementary Table 1). Among these nine 
genes, POU5F1 (also known as Oct4) is a transcription factor 
previously shown to be expressed only in pluripotent cells of 
the embryo where it promotes differentiation when down-
regulated (24-26). RA-induced differentiation of a human em-
bryonic carcinoma cell line into neurons is also accompanied 
by sequential DNA methylation of the promoter regions of 
POU5F1 (27). THY1, which plays a critical role in maintaining 
the undifferentiated status of ES cells, was also hypermethy-
lated and downregulated (correlation P value = 0.02) (28, 29). 
The mechanism of THY1 gene inactivation due to hyper-
methylation has been previously determined (30, 31). 

Three genes (MSX1, SCMH1, and RARB) did not fit in the 
standard paradigm of extensive methylation being correlated 
with gene silencing. In previous studies, upregulation of RARB 
was reported in RA-treated embryonic stem cells and cancer 
cells (32, 33). In this study, RARB was also hypermethylated 
and upregulated in RA-treated hESCs (Supplementary Table 1). 
This methylation, unlike the common epigenetic paradigm, 
shows positive correlation between the methylation of two up-
stream CpG sites and gene expression. Our results indicate 
that methylation of the upstream CpG sites in these hESC lines 
was correlated with an increase in RARB expression. The data 
further suggest that methylation of CpG sites is required for a 
cell to express high levels of RARB when induced by RA. 
There is also additional evidence that DNA hypermethylation 
in specific regions (promoter or genebody) can lead to upregu-
lation of transcription (34, 35).

In our combined analysis, CpG sites of 11 genes were lo-
cated in the promoter region while others were in the coding 
region. The relationship between promoter methylation and 
gene expression is well-known. Recent studies have found that 
gene-body methylation in differentially expressed genes is a 
consistent phenomenon throughout the human genome (36- 
38). Although we have no functional evidence, the change in 
DNA methylation levels in the promoter and coding regions of 
the gene can alter expression levels.

In summary, we presented genome-wide DNA methylation 

and gene expression profiles of hESCs upon RA treatment. To 
our knowledge, this is the first time such research has been 
reported. The results provided in this study will facilitate inves-
tigations into the interplay between DNA methylation and 
gene expression through further functional and biological studies.

MATERIALS AND METHODS

Human embryonic stem cell culture, RNA, and DNA extraction
Three hESC lines (CHA3-hES, CHA4-hES, and SNUhES3) were 
analyzed for this study by following Human Subjects 
Institutional Review Board approved protocols (Supplementary 
Table 2). The hESCs were maintained on Mitomycin C (Sigma, 
St. Louis, MO, USA)-treated STO (ATCC CRL-1503) feeders 
(39). Prior to being treated with retinoic acid (RA), hESCs were 
transferred onto MatrigelⓇ (BD Biosciences, Bedford, MA, 
USA)-coated culture dishes in STO-conditioned medium (CM), 
as described previously (40). After 2 d of feeder-free culture, 
50 μM RA was applied to hESCs for 5 d. When treated with 
RA under stem-cell conditions, CHA4-hES cells displayed a 
drastic morphological change as a differentiated state, and 
Western blot analysis also showed that expression of OCT4 
protein was dramatically reduced (Supplementary Fig. 2). 
Thus, hESCs could be differentiated by treatment with RA for 5 
d (26). To extract total RNA from the control and RA-treated 
hESCs, TRIzol (Invitrogen) was used according to the manu-
facturer’s protocol. DNA was extracted from the hESCs using a 
Qiagen DNeasy kit (Qiagen, Hilden, Germany) in preparation 
for analysis on bead arrays.

Whole-genome DNA methylation assay
Of the three hESC lines, two cell lines (CHA4-hES and 
SNUhES3) were run in quadruplicate and one (CHA3-hES) in 
singlet. One microgram of genomic DNA from each sample 
was bisulfite converted using a EZ DNA methylation kit (Zymo 
Research, Orange, CA, USA), and 200 ng of the converted 
DNA was used for amplification. Amplified DNA was hybri-
dized to the HumanMethylation27 BeadChip (Illumina, San 
Diego, CA, USA), and the arrays were imaged using a Bead-
ArrayTM Reader (Illumina). Image processing and intensity data 
extraction were performed according to Illumina’s instructions. 
Each methylation signal was used to compute a "Beta" value 
(β), which is a quantitative measure of DNA methylation rang-
ing from 0 for completely unmethylated cytosines to 1 for 
completely methylated cytosines (8).

Whole-genome gene expression assay
All three cell lines were run in triplicate. RNA isolated from 
the hESC lines was used for gene expression analysis using the 
Human-6 Whole-Genome Expression BeadChip (Illumina). 
Biotin-labeled cRNA was produced by means of a linear am-
plification kit (Ambion, Austin, TX, USA) using 300 ng of qual-
ity-checked total RNA as an input. Chip hybridizations, wash-
ing, Cy3-streptavidin staining, and scanning were performed 
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on a BeadArray™ Reader (Illumina) platform using reagents 
and by following protocols supplied by the manufacturer. The 
"Detection Score" was used to determine expression.

Differential DNA methylation/gene expression analysis
Differential DNA methylation and gene expression analysis 
were performed with the Methylation and Gene Expression 
Modules in Illumina’s BeadStudio software. The Illumina data 
were normalized using the background and quantile functions 
for DNA methylation and gene expression, respectively. We 
identified CpG sites/genes that were differentially methy-
lated/expressed in RA-treated hESCs using the t-test error mod-
el implemented in BeadStudio. The methylation/expression 
difference score (Diff. Score) takes into account background 
noise and sample variability (41). 

In order to identify differentially methylated CpG sites be-
tween control hESCs and RA-treated hESCs, we performed a 
t-test on the difference in mean methylation level between the 
two groups. We selected sites with a Diff. Score ＞ 20 (P value 
＜ 0.01) and with an additional filter of mean |Δβ| ＞ 0.17, 
the estimated error in β (42). This resulted in a list of 166 sites, 
the top 100 of which, based on |Δβ|, were chosen to provide 
a readable list in Fig. 1A. For differential gene expression data 
analysis, "signal" values below the detection limit were arbitra-
rily set to the level of threshold detection in order to avoid 
nonsense values for expression ratios. Significantly differ-
entially expressed genes had a fold change of at least 50% 
with a Diff. Score ＞ 20 (P value ＜ 0.01). This resulted in a list 
of 2,013 differentially expressed genes. Among them, the top 
100 genes, based on the fold change, are shown in Fig. 1B.

Combined analysis of differentially methylated/expressed data
Differentially methylated CpG sites (n = 166) and differ-
entially expressed genes (n = 2,013) were combined based on 
gene name represented in both data sets. Pearson correlation 
coefficients were calculated between the expression signal val-
ues and methylation β values. We collected significantly corre-
lated sites/genes with a Pearson correlation coefficient ＞0.8 (P 
value ＜ 0.05) (Supplementary Table 1).

Bisulfite sequencing
Genomic DNA (1 μg) of SNUhES3 was modified by sodium bi-
sulfite using a EZ DNA Methylation kit (ZYMO Research) ac-
cording to the manufacturer’s instructions. For amplification of 
bisulfite-modified DNA, we used the MethPrimer program (43) 
to design the forward and reverse primer sets of two genes 
(CENTD3 and MSX1), including Illumina probe position. 
Bisulfite-modified DNA (1 μl) was amplified in a 20 μl volume 
containing primers. Primer information is available in Supple-
mental Table 3. Samples were heated to 95oC for 12 min and 
then subjected to 35 cycles of denaturation at 95oC for 45 s, 
annealing for 45 s, extension at 72oC for 60 s, and then in-
cubation at 72oC for 10 min and cooling to 4oC. The PCR 
products were visualized on a 1% agarose gel by ethidium 

bromide staining, purified from the gel using a Qiagen Gel 
Extraction kit, and cloned using pGEM-T Easy Vector (Pro-
mega). Ten clones were randomly chosen for sequencing. 
Complete bisulfite conversion was assured when ＜0.01% of 
the cytosines in non-CG dinucleotides in the final sequence 
were not converted.
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