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Recent epigenome-wide mapping studies describe nucleosome-
depleted regions (NDRs) at transcription start sites and enhancers.
However, these static maps do not address causality or the roles of
NDRs in gene control, and their relationship to transcription fac-
tors and DNA methylation is not well understood. Using a high-
resolution single-molecule mapping approach to simultaneously
investigate endogenous DNA methylation and nucleosome occu-
pancies on individual DNA molecules, we show that the unmethy-
lated OCT4 distal enhancer has an NDR, whereas NANOG has
a clear NDR at its proximal promoter. These NDRs are maintained
by binding of OCT4 and are required for OCT4 and NANOG expres-
sion. Differentiation causes a rapid loss of both NDRs accompanied
by nucleosome occupancy, which precedes de novo DNA methyl-
ation. NDRs can be restored by forced expression of OCT4 in so-
matic cells but only when there is no cytosine methylation. These
data show the central role of the NDRs, established by OCT4, in
ensuring the autoregulatory loop of pluripotency and, further-
more, that de novo methylation follows the loss of NDRs and sta-
bilizes the suppressed state.

During development, each cell acquires its own epigenetic
signature that provides guidelines to its cellular identity (1,

2). This epigenetic signature is accomplished by multiple epige-
netic mechanisms, including DNA methylation, histone mod-
ifications, nucleosome positioning, and noncoding RNAs (3, 4).
Pluripotent cells have a distinctive signature that is more dy-
namic compared with differentiated cells and allows for self-
renewal and pluripotency. Developmentally important genes are
bivalent in embryonic stem cells, containing both active and re-
pressive histone modifications (5, 6). The transcription factors
OCT4, SOX2, and NANOG are known as core regulators of
the transcription circuitry in pluripotent cells. The transcription
autoregulatory loop ensures high levels of expression of these
key stemness genes; they bind to their own regulatory regions,
thereby maintaining expression patterns necessary for establish-
ing and preserving pluripotent states (7).
The nucleosome is the basic unit of chromatin and consists of

DNA wound around a histone octamer protein core to achieve
high compaction. Besides its role in packing the genome, pio-
neering studies have shown that nucleosome occupancy at gene
promoters inhibits transcription initiation (8) and plays a critical
role in epigenetic regulation (9). Genome-wide studies have
shown that nucleosome-depleted regions (NDRs) are present at
the transcription start sites of active genes and enhancers (10–
14). More recently, genome-wide studies have begun to focus on
the relationship between nucleosome positioning and gene ex-
pression (15, 16). Despite these observations, the role of dynamic
nucleosome occupancy at gene regulatory regions and the re-
lationship with transcription factors has not been well charac-
terized at high resolution, particularly during the initial steps
when embryonic stem cells lose their pluripotency.
In this study, we used our high-resolution single-molecule nu-

cleosome occupancy and methylome sequencing (NOMe-seq)
approach to investigate endogenous DNA methylation as well as

the distribution of nucleosomes on the same DNA strand (Fig.
1A). NOMe-seq is based on the accessibility of DNA to the GpC
methyltransferase (M.CviPI) to provide a digital footprint of nu-
cleosome occupancies and DNA methylation within the same
DNA molecule, regardless of CpG density or methylation state
(17, 18). Using NOMe-seq to assess nucleosome occupancy and
DNA methylation at genomic regulatory elements underlying
pluripotency, we show that NDRs at the OCT4 distal enhancer
and the NANOG proximal promoter play key roles in the ex-
pression of these genes. The OCT4 protein physically binds to the
DNA regulatory regions of OCT4 and NANOG, a process that is
crucial for establishing and maintaining NDRs. Furthermore,
nucleosome occupancy precedes de novo DNA methylation,
which can act as a major epigenetic barrier to gene reactivation
during differentiation. These data provide a potential mechanism
for de novo DNA methylation after nucleosome insertion at
regulatory regions of pluripotent genes during differentiation,
thereby ensuring gene silencing.

Results
Nucleosome Occupancy at DNA Regulatory Regions Is a Key Player in
Pluripotent Gene Expression. To investigate the roles of distinct
epigenetic mechanisms in silencing pluripotency genes, we used
embryonic carcinoma cell line NCCIT (19, 20), colon cancer cell
line HCT116, and cell line DKO1, the hypomethylated derivative
of HCT116 that exhibits 95% reduced DNA methylation be-
cause of the genetic knockdown of DNA methyltransferases
DNMT3B and DNMT1 (21, 22). These cell lines were selected
because they represent distinct transcriptional contexts of plu-
ripotency genes in the presence and absence of DNA methyla-
tion. NCCIT cells are easy to culture and manipulate, yet they
have a very similar transcriptional profile and comparable plu-
ripotency potential to embryonic stem cells. To rule out cancer
cell-specific effects, we confirmed our results with human em-
bryonic stem cells and other normal cell lines. As expected, only
NCCIT cells strongly expressed OCT4 (Fig. S1A). Three OCT4
regulatory elements—the distal enhancer, proximal enhancer,
and proximal promoter (23)—were largely unmethylated in both
NCCIT and DKO1 cells but were extensively methylated in
HCT116 cells (Fig. 1B). Similar results were obtained for the
NANOG promoter (Fig. 1C) (24), which is expressed in NCCIT
cells but not in HCT116 or DKO1 cells (Fig. 1C and Fig. S1B).
These results showed that OCT4 and NANOG expression was
associated with low levels of DNA methylation at regulatory
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elements. However, these genes can also be silenced in the ab-
sence of DNA methylation because neither gene was expressed
in DKO1 cells, which contained little methylation.
A large NDR was present in the majority of OCT4 distal en-

hancer modules, although some modules contained nucleosomes
in the expressing NCCIT cells, indicating the presence of an
NDR in which the modules were alternatively occupied or un-
occupied by nucleosomes (Fig. 1B). In contrast, the proximal
enhancer of OCT4 showed a highly defined NDR (<150 bp),
and, although the proximal promoter showed some accessibility,
it did not show a clear NDR (Fig. 1B). Interestingly, the non-
expressing HCT116 and DKO1 cells showed a complete loss of
the NDR throughout the distal and proximal enhancers, sug-
gesting that nucleosome occupancy at enhancers is associated
with gene suppression in the two cell types and that endogenous
DNA methylation is not required for silencing. A similar situa-
tion was observed at the proximal promoter of the NANOG gene
(Fig. 1C). ChIP analysis using a histone 3 (H3) antibody gener-
ally confirmed the nucleosome occupancies we observed in
OCT4 and NANOG regulatory regions in each of the three cell
lines (Fig. S1B). However, it did not show the more detailed
configuration of nucleosome occupancy provided by NOMe-seq.
Once again, a clear NDR was present in the expressing cells but
was absent in the nonexpressing cell types. These observations
were confirmed with a human embryonic stem cell line (H1),
human fibroblasts (LD419), and keratinocytes (HaCaT) (Fig.
S1C). We also performed the NOMe-seq assay after high salt
concentration (400 nM) washings, which would be expected to
dissociate other transcription factors and chromatin factors in
both NCCIT and H1 cells (Fig. S1D). The increased salt resulted
in only a slight increase in GpC enzyme accessibility; however,
nucleosome positions remain unaltered. These data suggest that
the chromatin configuration we saw initially (Fig. 1B and Fig.

S1C) is caused by the presence of nucleosomes rather than by
tightly binding transcription factors or chromatin remodelers.

Nucleosome Occupancy Precedes DNA Methylation During Differ-
entiation. NCCIT cells, like human embryonic stem cells, can be
induced to differentiate in response to retinoic acid (RA) (19,
20). Treatment of NCCIT cells with RA reduced OCT4 and
NANOG mRNA expression at 3 d after treatment, and expres-
sion had decreased to baseline at 7 and 14 d after treatment (Fig.
2A). We next performed NOMe-seq experiments to measure
changes in endogenous CpG methylation and nucleosome oc-
cupancy of the OCT4 distal enhancer and the NANOG proximal
promoter (Fig. 2 A and B). Endogenous DNA methylation
progressively increased, reaching 41% at the OCT4 distal en-
hancer and 23% at the NANOG proximal promoter after 14 d of
treatment. Loss of the NDRs at the OCT4 distal enhancer and
the NANOG proximal promoter could be observed as early as 3
d after RA treatment (Fig. 2 A and B), with the NDR completely
obscured by 14 d after induction of differentiation. We con-
firmed the change in nucleosome occupancy with ChIP for H3
(Fig. S2A). Other OCT4 and NANOG regulatory regions
showed similar nucleosome occupancy kinetics during differen-
tiation (Fig. 2C and Fig. S2B). Importantly, gene expression
decreased and regulatory region NDRs were lost, resulting in
nucleosome occupancy before changes in endogenous DNA
methylation (Fig. 2C). Enrichment of DNMT3B and DNMT3L
at days 7 and 14 further support the finding that changes in DNA
methylation occur after changes in nucleosome occupancy and
decreased gene expression (Fig. 2D).
To examine the role of DNA methylation in stabilizing gene

repression, we removed RA after 3, 7, and 14 d of exposure.
Cells exposed to RA for 3 d before the onset of DNA methyl-
ation reexpressed OCT4 and NANOG upon RA withdrawal

Fig. 1. OCT4 and NANOG show distinct nucleosome
configurations at DNA regulatory regions that corre-
late with transcriptional activities. (A) Scheme of the
NOMe-seq assay. Upper black circles represent CpG
sites (white circles represent unmethylated CpG sites,
and black circles represent methylated CpG sites).
Lower blue circles represent GpC sites (unfilled blue
circles represent GpC sites that are inaccessible to GpC
methyltransferase, and green-filled blue circles repre-
sent sites that are accessible to GpC methyltransfer-
ase). Pink bars represent regions of inaccessibility large
enough to accommodate a nucleosome. (B and C)
Schematic diagrams of the human OCT4 distal en-
hancer (DE), proximal enhancer (PE), and proximal
promoter (PP) and the NANOG promoter. OCT4 rec-
ognizes specific octamer sequences at the OCT4 distal
enhancer and NANOG proximal promoter (denoted by
asterisks). Arrows indicate the transcription start sites.
Small upper black lines indicate CpG sites, and lower
blue lines indicate GpC sites of those regions. Endog-
enous DNA methylation and nucleosome occupancy
were analyzed by the NOMe-seq assay. A 150-bp
marker gives the approximate size that would ac-
commodate a nucleosome. Each horizontal line rep-
resents individual OCT4 enhancers and promoter or
NANOG promoter modules.
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(Fig. 2 A and B, Lower Left). However, in cells exposed to RA for
14 d after DNA methylation was established, little OCT4 and
NANOG reexpression was detected after RA withdrawal (Fig. 2
A and B, Lower Right). These data demonstrate the role of DNA
methylation in stabilizing, rather than initiating, gene repression.

OCT4 Is Required for Maintaining NDRs, Which Ensures the Auto-
regulatory Loop of Pluripotency. Interestingly, prominent NDRs
detected at both the distal enhancer of OCT4 and the proximal
promoter of NANOG have OCT4/SOX2 binding motifs (25, 26).
We performed ChIP assays to examine whether physical OCT4
binding is important for the presence of NDRs at these regions.
These data showed that RA-mediated differentiation resulted in
decreased occupancy of OCT4 and SOX2 at both regulatory
regions (Fig. S3A). Disruption of the autoregulatory loop by
downregulating OCT4 via siRNA allowed us to determine
whether the OCT4 gene product itself was required for the pres-
ence of the NDR. We first verified OCT4 knockdown and also
found reduced NANOG and SOX2 expression (Fig. S3B). Next,
we examined the OCT4 distal enhancer and found that it was
inaccessible after OCT4 knockdown, compared with 68% of the
enhancer modules that contained an NDR in cells transfected
with the control siRNA (Fig. 3A). Likewise, the NANOG proxi-
mal promoter showed a decrease in GpC methyltransferase ac-
cessibility from 59% to 4% after OCT4 knockdown (Fig. 3A).
Altogether, these data suggest that active expression of OCT4 is
required formaintaining NDRs by directly binding toDNAwithin

the NDRs, which likely ensures that the autoregulatory loop
is functional.
Recent studies have shown that OCT4 can physically bind to

BAF155, which is a unique subunit of the Brg1/Brm-associated
factor (BAF) complex in embryonic stem cells (27–29). We found
a decrease ofBAF155 binding duringRAdifferentiation andOCT4
knockdown experiments (Fig. S3C). Western blot analysis showed
that changes in the expression level of BAF155 correlate with
changes in occupancy (Fig. S3D). However, BAF155 knockdown
experiments showed the BAF155 enrichment only plays a minor
role in maintaining NDRs and OCT4 expression (Fig. 3B and Fig.
S3E), suggesting that residual OCT4 protein can recruit other
factors that maintain the NDRs and ensure OCT4 and NANOG
expression.

OCT4 Can Establish NDRs at Unmethylated but Not Methylated DNA
Regulatory Regions of OCT4 and NANOG. Because OCT4 controls
the expression of many transcription factors in addition to itself, it
was important to exclude the possibility that these other factors
could be directly involved in setting up the NDRs. To examine the
more direct role of OCT4 in establishing and maintaining NDRs,
we introduced exogenous OCT4 into HCT116 and DKO1 cells,
which exhibit different DNA methylation contexts. Exogenous
OCT4 established NDRs at OCT4 and NANOG regulatory
regions in unmethylated DKO1 cells, whereas HCT116 cells with
a high level of DNA methylation did not undergo these changes
(Fig. 4A). Transfected DKO1 cells showed a small amount of

Fig. 2. DNA methylation follows nu-
cleosome insertion during cell differen-
tiation and inhibits reactivation of OCT4
and NANOG gene expression. NCCIT
cells were exposed to 10 μM RA for the
indicated days. (A and B) Endogenous
DNA methylation and nucleosome oc-
cupancy at the OCT4 distal enhancer and
NANOG proximal promoter were ana-
lyzed by the NOMe-seq assay during dif-
ferentiation. OCT4 recognizes specific
octamer sequences at the OCT4 distal
enhancer and NANOG proximal pro-
moter that do not include CpG sites
(denoted by asterisks). For reactivation
experiments, RA was removed and cells
were cultured for an additional 3 d with
fresh growth media. The expression lev-
els of OCT4 and NANOG were de-
termined by quantitative PCR at each
indicated time point. (C) Kinetics of the
change in DNA methylation and nucleo-
some occupancy at the OCT4 and NANOG
DNA regulatory regions. (D) Chromatin
was immunoprecipitated with anti-
DNMT3B and anti-DNMT3L antibodies at
each time point during the differentia-
tion, and their binding to the OCT4 distal
enhancer and NANOG proximal pro-
moter was analyzed by quantitative PCR.
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endogenous OCT4 andNANOGexpression (determined by using
specific primers that detect 3′ untranslated regions), whereas
HCT116 cells did not, consistent with nucleosome occupancy as
determined by NOMe-seq (Fig. 4A and Fig. S4A).
OCT4 is known to be a sequence-specific binding transcrip-

tion factor with no CpG sites in its binding motif. Therefore,
the methylation effects are most likely indirect. We next in-
vestigated changes in OCT4 binding with ChIP assays using
OCT4 antibodies, which addresses the question of DNA meth-
ylation and OCT4 binding. The results showed that OCT4 does
not bind in HCT116 cells in which the flanking CpG sites of its
consensus motifs are methylated but does bind to unmethylated
DNA in DKO cells (Fig. 4B). We also analyzed the relation-
ship between OCT4 binding regions and DNA methylated
regions genome-wide in human embryonic stem cells (H1) by
using Encyclopedia of DNA Elements (ENCODE) and Gene

Expression Omnibus (GEO) data (wgEncodeHudsonalpha-
MethylSeqRegionsRep1H1hesc for DNA methylation and
GSM518373 for OCT4 ChIP-Seq). These data show that 100-bp
windows of OCT4 binding regions (29,740 sites) and DNA
methylation (43,659 sites) are mutually exclusive (Fig. 4C). This
evidence suggests two possibilities: (i) OCT4 cannot bind its
recognition sites when they have flanking methylated DNA or
(ii) DNA methylation stabilizes nucleosomes that cannot be
dissociated by OCT4. Recent work by Choy et al. (30), showing
that CpG methylation increases nucleosome compaction and ri-
gidity, lends more weight to the latter idea. In summary, OCT4
competes with relatively unstable nucleosomes that do not have
DNA methylation, and it establishes NDRs, which are crucial for
target gene expression.
Although we could detect endogenous OCT4 and NANOG

expression in DKO1 cells at 3 d posttransfection (Fig. S4A), it was

Fig. 3. OCT4 maintains NDRs at regulatory
regions of OCT4 and NANOG, which ensures
the autoregulatory loop of pluripotency. (A) At
72 h posttransfection with OCT4 and control
siRNAs (100 nmol/L), endogenous DNA meth-
ylation and nucleosome occupancy at the OCT4
distal enhancer and NANOG proximal pro-
moter were analyzed by the NOMe-seq assay.
The data are representative of three biological
experiments. (B) At 72 h posttransfection with
BAF155 or OCT4 siRNA in NCCIT cells, the
NOMe-seq assay was performed. The data are
representative of two biological experiments.

Fig. 4. Exogenous OCT4 expression initiates nucleosome depletion at DNA regulatory regions of OCT4 and NANOG, which are inhibited by DNAmethylation.
(A) Transfection of HCT116 and DKO1 cells with exogenous OCT4 and mock vectors was carried out with Lipofectamine LTX. At 72 h posttransfection, en-
dogenous DNA methylation and nucleosome occupancy at the OCT4 distal enhancer and NANOG proximal promoter were analyzed by the NOMe-seq assay.
(B) At the same time points, ChIP assays were performed with OCT4 and histone H3. (C) To understand the relationship between OCT4 binding and DNA
methylated regions, genome-wide studies in human embryonic stem cells (H1) using ENCODE and GEO data (wgEncodeHudsonalphaMethylSeqRe-
gionsRep1H1hesc for DNA methylation and GSM518373 for OCT4 ChIP-Seq) were performed. The data comprised 100-bp windows of OCT4 binding regions
(29,740 sites) and DNA methylation (43,659 sites). (D) DKO1 cells were transfected with exogenous OCT4 and mock vectors. The NOMe-seq assay was per-
formed at the indicated time after transfection.
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very low compared with pluripotent NCCIT cells. Notably, there
was little change in the expression of OCT4 downstream target
genes, such as other pluripotent genes (SOX2, KLF4, C-MYC,
LIN28, AP, and REST) and master regulatory genes involved in
lineage commitment (CDX2, PAX6, and NEUROG1) (Fig. S4B),
indicating that the changes we see are because of a change in
OCT4 expression and subsequent binding rather than an indirect
response to a change in pluripotency. Furthermore, the time
course of exogenous OCT4 introduction shows that nucleosome
depletion could be detected before endogenous OCT4 and
NANOG expression (Fig. 4D), demonstrating that OCT4 can di-
rectly reorganize the chromatin structure at the DNA regulatory
regions of OCT4 and NANOGwithout changing the expression of
other downstream genes.
To examine which domain of OCT4 is involved in this process,

we performed deletion mutant experiments. The N-terminal
transactivation domain of OCT4 is unique to pluripotent cells,
whereas the POU and C-terminal domains are shared with other
isoforms that are also expressed in HCT116, DKO1, and NCCIT
cells (31). The pluripotent cell specificity of the N terminus of
OCT4 suggests that the N terminus is necessary for this chroma-
tin-remodeling activity. To determine the role of other domains,
we overexpressed three deletion mutants (N terminus alone, N
terminus and POU domain, and N and C termini) in DKO cells
(Fig. S4C). The presence of the N terminus alone did not result in
remodeling, whereas some remodeling occurred when either the
POU or C-terminal domain was present. These results suggest
that, although both regions are capable of remodeling activity,
complete chromatin remodeling requires all three domains. These
data confirm that the OCT4 transcription factor has a key role in
establishing andmaintaining NDRs, which are essential for OCT4
and NANOG expression, and that DNA methylation acts as an
epigenetic barrier preventing reexpression.

Discussion
In this study, we used a nucleosome-positioning analysis tech-
nique (NOMe-seq) to show endogenous DNA methylation and

nucleosome occupancy within the same DNA molecule. Our
results are summarized in the model outlined in Fig. 5. The key
regulatory regions, which contain OCT4 binding sites (OCT4
distal enhancer and NANOG proximal promoter), show nucle-
osome depletion and OCT4/SOX2 occupancy in pluripotent
states. When cells receive a differentiation signal, the NDRs are
lost first, followed by de novo DNA methylation, which acts as
a major barrier to reactivation by locking in nucleosome occu-
pancy. NANOG shows the canonical nucleosome configuration
of an open promoter with an NDR upstream of the transcription
start site when the gene is transcriptionally active (16, 32, 33).
OCT4, on the other hand, shows a very interesting footprint:
some OCT4 distal enhancer modules contain nucleosomes,
whereas others show a striking NDR that contains regions in
which two or more nucleosomes are missing. In contrast, the
OCT4 proximal enhancer shows a highly defined NDR. The
distinct enhancer chromatin structures are intriguing given that
the proximal enhancer is required for epiblast expression in vivo,
whereas the distal enhancer is required for preimplantation and
germ-cell lineage expression of Oct4 in the mouse (34). In-
terestingly, the NDR within the OCT4 proximal enhancer has
various transcription factor binding motifs (Table S1). The spe-
cific transcription factor that maintains the highly defined NDR
within the proximal enhancer remains to be elucidated. Recently,
it has been shown that the transcription factor PRDM14 binds
to the OCT4 proximal enhancer and has crucial functions in
maintaining pluripotency in human embryonic stem cells, making
it a possible candidate (35). Unlike the promoter of NANOG,
the OCT4 proximal promoter does not show a clear NDR in our
results. It is possible that the enhancer, which does contain an
NDR, is close enough to the transcription start site that it can
recruit the transcription machinery and initiate transcription.
The mechanisms regulating nucleosome positioning are of great

interest and have been the subject of several recent outstanding
reviews (15, 16, 32). Based on the Segal laboratory’s prediction
program and/or the NuPoP program, the NANOG proximal
promoter showed a lower nucleosome occupancy score compared
with other regions. However, in vivo, nucleosome positioning is
affected by competition between transcription factors and nucle-
osomes for a given piece of DNA. The NDR formation and loss
described here are likely caused by the competition between
OCT4 and nucleosomes. This result is supported by a “thermody-
namic equilibrium model,” which describes the dynamic reposi-
tioning of nucleosomes that occurs as the relative input balance
between nucleosomes and specific transcription factors changes
(15). Specifically, the cells receive a signal that down-regulates
OCT4 protein levels, shifting the balance in the favor of nucleo-
somes; as a result, the NDRs begin to lose, amplifying the negative
autoregulatory loop. In corroboration, Zhang et al. report a pack-
ing mechanism that can override DNA intrinsic positioning (36).
It has been known for some time that silencing precedes DNA

methylation (37), and some studies have investigated the roles of
histone marks, such as H3K9me, in this process (38–40). However,
previous works have overlooked the role of nucleosome occu-
pancy in silencing by not, for example, correcting ChIP data for
histone occupancy at key regulatory regions. The follow-up study
by Bergman and colleagues showed that G9a binding is more
crucial rather than the repressive histone mark (41). In addition,
our H3K9me3/H3 data showed that the changes of nucleosome
occupancy were more significant and occurred before repressive
histone modification changes (Fig. S2A). The high-resolution ap-
proach that we used shows nucleosome occupancy and endoge-
nous DNA methylation on the same single molecule of DNA by
identifying changes at individual CpG and GpC sites, which is not
possible with ChIP/DNase I. Decreased levels of OCT4, initiated
by either RA-induced differentiation or siRNA knockdown, result
in the collapse of the NDRs by nucleosome insertion into these
regions. These data demonstrate the critical importance of OCT4

Fig. 5. A proposed model of the mechanism of repression and de novo DNA
methylation of OCT4 and NANOG during cell differentiation. (Refer to Dis-
cussion for a detailed explanation.)
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occupancy accompanying nucleosome depletion at key regulatory
elements in ensuring the activity of the autoregulatory network.
Furthermore, exogenous OCT4 overexpression shows that OCT4
has chromatin reorganizing activity that establishes NDRs at the
unmethylated endogenous OCT4 distal enhancer and NANOG
proximal promoter in somatic cells.
Both the differentiation experiments in pluripotent cells and

the experiments with somatic cell lines show that the presence of
nucleosomes at the OCT4 distal enhancer and NANOG proxi-
mal promoter is associated with transcriptional repression, even
in the absence of DNA methylation. The presence of nucleo-
somes provides a substrate leading to the recruitment of the
DNA methyltransferases, which apply DNA methylation to the
region. This result is consistent with a seminal study showing that
DNMT3A, DNMT3B, and DNMT3L complexes require nucle-
osomes to initiate DNA methylation (42). It has also recently
been shown that de novo DNA methyltransferases selectively
anchor to nucleosomes and that nucleosomes containing meth-
ylated DNA stabilize de novo DNA methyltransferases (43, 44),
emphasizing the important role of nucleosomes not only in gene
silencing but also in initiating de novo DNA methylation. These
data support the idea that DNA methylation may be required
not to initiate gene repression but to maintain silencing over
a protracted time period in differentiated cell types (45). These
data correlate with previous studies showing that the efficiency of

induced pluripotent stem cell formation can be increased by
using DNA methylation inhibitors (46, 47).
Our work, using the precise digital-mapping approach that inte-

grates the analysis of two fundamental epigenetic control mecha-
nisms, establishes the critical role of the NDRs in transcriptional
competency and de novo DNA methylation. Our results have
implications for cell biology, stem cell differentiation, and reprog-
ramming. These data show that OCT4 is a master structural regu-
latorwith the central roleof establishingandmaintainingNDRs in its
distal enhancer and the NANOG proximal promoter; these NDRs
are crucial in the control of pluripotency gene regulation.Our results
also show that nucleosomal occupancy precedes de novo DNA
methylation and that DNA methylation is required not to initiate
silencing of genes but to keep them silenced over a protracted time
period in differentiated cell types.

Methods
Details of the methods used in this article, including cell culture, NOMe-seq,
reagents and antibodies, RNA extraction and RT-PCR, Western blot analysis,
ChIP, siRNA transfection, and introduction of exogenous OCT4 experiments,
are described in SI Methods.
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