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Nucleosome repositioning links DNA (de)methylation
and differential CTCF binding during stem cell

development

Vladimir B. Teif," Daria A. Beshnova,' Yevhen Vainshtein,? Caroline Marth,’
Jan-Philipp Mallm,' Thomas Hofer,? and Karsten Rippe'

"Research Group Genome Organization and Function, Deutsches Krebsforschungszentrum (DKFZ) and BioQuant, 69120 Heidelberg,
Germany; “Division Theoretical Systems Biology, Deutsches Krebsforschungszentrum (DKFZ) and BioQuant, 69120 Heidelberg,

Germany

During differentiation of embryonic stem cells, chromatin reorganizes to establish cell type-specific expression programs.
Here, we have dissected the linkages between DNA methylation (5mC), hydroxymethylation (5hmC), nucleosome reposi-
tioning, and binding of the transcription factor CTCF during this process. By integrating MNase-seq and ChlP-seq experi-
ments in mouse embryonic stem cells (ESC) and their differentiated counterparts with biophysical modeling, we found that
the interplay between these factors depends on their genomic context. The mostly unmethylated CpG islands have reduced
nucleosome occupancy and are enriched in cell type-independent binding sites for CTCF. The few remaining methylated
CpG dinucleotides are preferentially associated with nucleosomes. In contrast, outside of CpG islands most CpGs are
methylated, and the average methylation density oscillates so that it is highest in the linker region between nucleosomes.
Outside CpG islands, binding of TETI, an enzyme that converts 5mC to 5hmG, is associated with labile, MNase-sensitive
nucleosomes. Such nucleosomes are poised for eviction in ESCs and become stably bound in differentiated cells where the
TETI and 5hmC levels go down. This process regulates a class of CTCF binding sites outside CpG islands that are occupied by
CTCF in ESCs but lose the protein during differentiation. We rationalize this cell type-dependent targeting of CTCF with
a quantitative biophysical model of competitive binding with the histone octamer, depending on the TETI, 5hmC, and 5mC

state.

[Supplemental material is available for this article.]

DNA cytosine modifications such as methylation (5mC) and
hydroxymethylation (ShmC) are important determinants of cell
differentiation (Reddington et al. 2013; Smith and Meissner 2013).
The site-specific locations of these DNA modifications have been
linked to disease development through nucleosome positioning
(Portela et al. 2013), transcription factor (TF) binding (Stadler et al.
2011), and differential gene expression (Reddington et al. 2013;
Smith and Meissner 2013). For the relation of SmC positions and
genomic nucleosome arrangement, conflicting conclusions have
been reported since this question was first addressed in the 1970s
(Razin and Cedar 1977). Recent studies using high-throughput se-
quencing have found 5mCs to reside preferentially either inside
nucleosomes (Chodavarapu et al. 2010; Li et al. 2012; Collings et al.
2013) or in the linker DNA regions between nucleosomes (Felle et al.
2011; Kelly et al. 2012). In addition, it is an open question as to how
cytosine hydroxymethylation (ShmC) (Williams et al. 2011; Xu
et al. 2011; Spruijt et al. 2013; Sun et al. 2013) and formylation
(5fC) (Raiber et al. 2012; Shen et al. 2013; Song et al. 2013) relate to
nucleosome positions. Furthermore, DNA methylation and nu-
cleosome positioning appear to be linked with TF binding and
gene expression in a complex manner. For some proteins that can
specifically recognize either methylated (Baubec et al. 2013) or
unmethylated CpG DNA dinucleotides (Thomson et al. 2010),
a direct link between the DNA methylation status and binding is
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well established. Many other TFs do not contain a dedicated CpG
recognition domain, but CpGs are present in their DNA consensus
motifs, which can lead to DNA methylation-dependent binding
(Hu et al. 2013b). The majority of TF consensus sequence motifs
(not necessarily bound by TFs) are hypermethylated in vivo (Choy
et al. 2010), and demethylation of these sites can promote TF
binding (Wiench et al. 2011). Alternatively, TF binding could be an
upstream, methylation-independent event responsible for recruit-
ing enzymes, which then change the methylation state (Stadler
etal. 2011). An exemplary case for the complex interplay between
DNA methylation and TF binding is the transcription factor CTCE.
It recognizes its DNA target via a highly conserved zinc finger
protein domain. CTCF demarcates boundaries between chromatin
domains and is involved in the regulation of gene expression
via establishing specific 3D chromatin structures through DNA loop
formation (Merkenschlager and Odom 2013; Van Bortle and Corces
2013). About 40% of the several thousands of potential cell type-
specific CTCF binding sites in the human genome were linked to
changes in DNA methylation (Wang et al. 2012). On the other
hand, it was concluded that in most cases, differential DNA meth-
ylation is not a cause but rather a consequence of CTCF binding
(Stadler et al. 2011; Feldmann et al. 2013). Recent reports showed
that changes of CTCF binding during cell differentiation occur
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mostly at weaker CTCEF sites (Plasschaert et al. 2013) and lead to
functionally important variations in the chromatin states (Kasowski
etal. 2013). However, it remains unclear what drives the selection of
sites within the many weak CTCF motifs throughout the genome.

Here, we set out to dissect how nucleosome positioning, DNA
(de)methylation and cell type-specific binding of CTCF are linked. To
this end, we conducted MNase-seq experiments in mouse embryonic
stem cells (ESCs), differentiated mouse neural progenitor cells (NPCs),
and embryonic fibroblasts (MEFs). We applied a novel procedure of
mapping nucleosome occupancy at three different levels of MNase
digestion, yielding an average DNA fragment length from ~180 to
~150 bp. Nucleosome maps detected at low levels of MNase digestion
contain a higher fraction of labile nucleosomes that are lost upon
moderate and high MNase digestion. In this manner, we obtained not
only static regions of nucleosome depletion and enrichment as done
previously (Teif et al. 2012), but were able to identify labile nucleo-
somes and correlate their positions with published high-resolution
data with respect to DNA methylation (Stadler et al. 2011), CTCF
binding (Shen et al. 2012), TET1 enrichment (Williams et al. 2011),
hydroxymethylation (Yu et al. 2012), and formylation (Raiber et al.
2012), as well as the pattern of H3K4me3 and H3K9me3 histone
modifications also determined in this study. Based on the experi-
mental data and associated bioinformatical analysis, we developed
a biophysical model, which allowed us to rationalize the SmC/
ShmC-dependent competition for DNA-binding between CTCF and
the histone octamer during stem cell development.

Results

DNA methylation in relation to nucleosomes depends
on the chromatin context

To elucidate the SmC distribution with respect to nucleosomes, we
calculated the occurrence of methylated and unmethylated CpGs
along each of the nucleosomal DNA fragments that we determined
in mouse ESCs using paired-end sequencing (Fig. 1). CpGs were
classified as being in- or outside of a CpG cluster using the algorithm
of Hackenberg et al. (2006), which reports 125,000 CpG clusters or
CpG islands (CGls) for the mouse genome. We obtained qualita-
tively similar results when CpGs were classified into being in- or
outside of CpG clusters as defined by the algorithm of Wu et al.
(2010), which reports 75,000 CGIs for the mouse genome (data not
shown). The 16,000 “classical” CGIs included in the UCSC Genome
Browser for the mouse mm9 assembly would mostly appear as
a subset of the CpG clusters defined above.

Figure 1A shows the average pattern of the distribution of
methylated and unmethylated CpGs along the nucleosome, cal-
culated for all genomic nucleosomes, which are mostly located
outside of CGIs. DNA methylation was minimal at the middle of
the nucleosome (close to the nucleosome dyad), and smoothly
increased toward the ends of the nucleosomes up to the maximum
methylation level between nucleosomes. This pattern holds true
for both low and high levels of chromatin digestion with MNase
(black and blue curves in Fig. 1A). Furthermore, the same pattern
was confirmed by mapping the CpG occurrence along the dinu-
cleosome using a purified dinucleosome chromatin fraction obtained
by moderate MNase digestion, where the linker between two nucle-
osomes remained intact (Fig. 1B). The SmC pattern followed the total
CpG content, since most CpGs are methylated (Supplemental Fig.
S1). This suggests that the relation of nucleosome positioning and
DNA methylation is to some extent hard-wired in the DNA sequence.
Both mono- and dinucleosome fractions were characterized by strong
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Figure 1. DNA methylation patterns relative to nucleosomes. (A) Aver-
age CpG density of methylated (>50% 5mC) and unmethylated (<10%
5mC) mononucleosome sequences in ESCs for the complete genome. Most
of the sequences reside outside of CGls because the latter represent only
a fraction of ~1% of the total pool of sequences mapped by MNase-seq.
(Black line) DNA methylation along the nucleosomes obtained at low
MNase digestion; (blue line) high MNase digestion. The nucleosome dyad
is the middle of the nucleosomal DNA fragment. (B) Same as in panel A but
for the dinucleosome fraction. The linker is defined as the middle of the
dinucleosome. (C) CpG density for mononucleosomes and associated
linker DNA inside CGls. Putative CGls were taken from the coordinates of
125,303 CpG clusters defined by the proximity of neighboring CpGs with
the CpGcluster2 algorithm (Hackenberg et al. 2006). (D) Same as in panel C
but for the dinucleosome fraction.

oscillations of SmCs with the period equal to the nucleosome repeat
length. These SmC oscillations were in counter-phase with the nu-
cleosome density (Supplemental Fig. S1C). The borders of both the
nucleosome and dinucleosome DNA fragments were characterized by
sharp dips in the 5SmC density, which is likely to reflect the AT pref-
erence of MNase digestion (Fig. 1A,B). However, in the region that
flanked the isolated DNA fragment, the SmC oscillations persisted
and thus represent the unperturbed genomic distribution (Fig. 1A).
Furthermore, in dinucleosomes, the DNA linker in the middle be-
tween two nucleosomes had an ~20% increased DNA methylation
level (Fig. 1B). Since this linker region remained intact during dinu-
cleosome DNA extraction, the SmC enrichment in this region cannot
be a result of MNase sequence preferences.

The characteristic oscillating DNA methylation pattern
appeared to be specific for nucleosomes outside CGIs (Supple-
mental Fig. S1D). Inside CGIs, the opposite trend was observed
(Fig. 1C,D). The sparsely methylated CpGs in these regions were
preferentially associated with nucleosomes with a flat average DNA
methylation profile. Thus, the local nucleosome/5mC distribution
was dependent on the genomic context, e.g., inside CGIs or not,
which resolves the seeming controversy that existed in the litera-
ture with respect to this issue (Chodavarapu et al. 2010; Felle et al.
2011; Kelly et al. 2012; Li et al. 2012; Collings et al. 2013).

Occupancy of CTCF binding sites within ESCs is determined
by DNA sequence

Having identified the basic features of the interplay between nu-
cleosomes and DNA methylation, we set out to dissect how these
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affect the binding of the CTCF transcription factor in ESCs. The
~40,000 sites bound by CTCF in ESCs were classified according to
Stadler et al. into those within fully methylated regions (FMRs,
characteristic for random genomic locations far from enhancers or
promoters), low-methylated regions (LMRs, characteristic for en-
hancers), and unmethylated regions (UMRs, characteristic for active
promoters) (Stadler et al. 2011). Figure 2A shows large differences in
nucleosome density for large-scale clusters of DNA methylation.
FMRs displayed a genome-average nucleosome density, LMRs had
an ~30% lower nucleosome density, and UMRs were nucleosome-
depleted by ~60%. We then calculated average CTCF enrichment
profiles for these three regions based on ChIP-seq data from the
Mouse ENCODE Project (Shen et al. 2012). CTCF occupancies were
about average in FMR regions, but were elevated in LMRs (10-fold
CTCF enrichment) and UMRs (15-fold CTCF enrichment) (Fig. 2B).
To test whether CTCF binding in these regions was determined by
nucleosome occupancy and/or DNA methylation, we calculated
DNA sequence-specific CTCF occupancy profiles for each of the
several thousands of regions identified as FMR, LMR, and UMR with
our previously introduced TFnuc software (Methods; Teif and Rippe
2012; Teif et al. 2013). TFnuc allows the studying of different sce-
narios of TF binding, taking as input protein concentrations, posi-
tion-specific weight matrices (PWM), and nucleosome occupancy
profiles. Following previous work (Goh et al. 2010), the CTCF
binding constant was corrected by a factor of 1.5 ™" with
nuc_occup being the experimentally determined nucleosome oc-
cupancy. The effect of DNA methylation on the binding constant
was quantified in the same manner using the experimental 5SmC
density averaged in a 200-bp window in ESCs (Stadler et al. 2011).
The CTCF binding occupancy as calculated from the PWM with-
out accounting for nucleosomes and DNA methylation (Fig. 2C)
predicted the experimental CTCF binding profiles at FMRs, LMRs,
and UMRs (Fig. 2B). Since FMR regions are rather large (on average
~50 kb), there is no distinct peak of CTCF occupancy in the
middle of FMRs, although these comprise many strong CTCEF sites.
Three different models were compared based on their corre-
sponding receiver-operator curves (ROC), with the quality of the
model being reflected by the area under the curve (AUC). One
model takes into account only the PWM, while in the two others,
the PWM was combined either with DNA methylation or with
nucleosome occupancy (Fig. 2D). In the latter models, we assumed
a linear effect of DNA methylation and nucleosome occupancy on
the CTCF binding constant predicted from the PWM (see
Methods). The predicted CTCF binding from the pure PWM model
that considered only the DNA sequence was very good (AUC =
0.89) and confirmed the expectation that the ChIP-seq peak
height represents binding site occupancy. Neither the introduc-
tion of DNA methylation, nor including the presence of nucleo-
somes significantly improved the predictions, with AUC = 0.90 in
both cases.

DNA methylation alone is a poor predictor of differential
CTCF binding between ESCs and differentiated cells

A significant change of the global CTCF binding profile is observed
when comparing ESCs, neural progenitor cells, and mouse embry-
onic fibroblasts. Since these cells have identical genomes, CTCF
binding differences cannot be explained by the DNA sequence. Can
they be explained by cell type-specific differences in DNA methyl-
ation as was previously proposed (Wang et al. 2012)? To answer
this question, we compared three groups of CTCF sites classified
according to the peak calling performed by the Mouse ENCODE
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Figure 2. CTCF binding in ESCs can be explained solely by the DNA
sequence. (A) Average nucleosome occupancy profiles for genomic re-
gions with different levels of DNA methylation. For fully methylated re-
gions (FMR), the occupancy remains flat as compared to genome-average
levels. Low methylated regions (LMR) and unmethylated regions (UMR)
were nucleosome-depleted by ~30% and ~60%, respectively. (B) Aver-
age CTCF enrichment calculated from ChlIP-seq data for the three different
classes of 5mC density. (C) Average CTCF enrichment predicted for the
same regions based on the DNA sequence preferences given by the
TRANSFAC PWM, without taking into account nucleosomes and DNA
methylation. (D) Receiver operator curves calculated for the TFnuc model,
taking into account only the CTCF weight matrix without nucleosomes
and DNA methylation (black). In addition to PWM, competition with
nucleosomes (red) or DNA methylation (blue) was considered. The area
under the curve (AUC) reflects both the sensitivity and specificity and thus
determines the goodness of the model.

1 - Specificity

Consortium (Shen et al. 2012) (see Methods): constitutive sites that
were occupied by CTCF both in ESCs and MEFs (termed “ESC and
MEF”), variable sites where CTCF occupancy in MEFs decreased at
least twofold in comparison with ESCs (“ESC not MEF”), and a class
of relatively weak sites for which ChIP-seq peaks were identified
only in MEFs (“MEF not ESC”). In a subsequent analysis of the raw
ChIP-seq data in ESCs or in MEFs, we detected essentially all ChIP-
seq peaks in both data sets. However, the peak heights were different
for a large set of binding sites between ESCs and MEFs. Thus, CTCF
binding had significant differences in occupancy between cell types
but not in an all-or-none manner. The “ESC and MEF” occupancy
data were normalized to unity (100%) for the constitutively occu-
pied sites as defined by sites that were present in both ESCs and
MEFs, with an occupancy of ~50-fold above the background within
a given cell type. The “ESC not MEF” sites comprised those sites for
which the average occupancy decreased from 75% in ESCs to 20% in
MEFs. The “MEF not ESC” class showed only ~5% change of oc-
cupancy, from ~15% occupancy in MEFs to ~10% occupancy in
ESCs, and represents sites which are weak in both ESCs and in MEFs.
Thus, the most significant changes of CTCF binding during ESC to
MEEF differentiation originated from a loss of CTCF at a fraction of
the ESC binding sites, i.e., the “ESC not MEF” class. To rule out the
possibility that the “MEF not ESC” and “ESC not MEF” sites are false-
positives of the ChIP-seq experiment, we compared these data sets
with the recently determined ChIA-PET coordinates of CTCF-
mediated chromatin loops in ESCs (Handoko et al. 2011). We found
that a similar percentage of ~50% of sites from the ChIP-seq data
sets overlapped with the ChIA-PET data.
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tory behavior was, in general, consistent with recent reports (Kelly
et al. 2012; Sun et al. 2013) and with the oscillation pattern that
we found in the genome-wide analysis outside of CpG islands
(Fig. 1A,B).

Importantly, the SmC density in ESCs determined by bisulfite
sequencing (Stadler et al. 2011) was not depleted in the middle of
the “ESC not MEF” CTCF sites, as one would expect if SmCs inhibit
CTCF binding (Fig. 3A). In a lower-resolution DNA methylation
data set measured using MeDIP in ESCs (Wilson et al. 2012), the
5SmC density averaged over windows of ~300 bp revealed a de-
pletion around “ESC not MEF” sites, similar to the constitutive
“ESC and MEF” sites (Supplemental Fig. S4A). However, this simple
relation found in ESCs was lost in MEFs (Supplemental Fig. S4B).
Unlike ESCs, MEFs did not reveal a dip in SmC enrichment at
constitutive CTCEF sites with the MeDIP data set (Wilson et al. 2012).
This complicated relation was further dissected by our analysis of
the high-resolution 5mC data in NPCs (Stadler et al. 2011), com-
bined with the recently published CTCF ChlIP-seq data set in NPCs
(Fig. 3C,D; Phillips-Cremins et al. 2013). For the “ESC not NPC”
binding sites, DNA methylation levels had a peak in both cell types.
In contrast, the “NPC not ESC” class of sites was characterized by
the 5mC depletion in both cell types, independently of whether
CTCF was bound or not. From the above analysis, we conclude
that DNA methylation anti-correlates with CTCF binding in many
cases, but it is not sufficient to predict differential CTCF binding.
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Figure 4. TET1 binding outside CGls is linked with labile MNase-
sensitive nucleosomes. (A) Average TET1 enrichment calculated from
ChlIP-seq data in ESCs (Williams et al. 2011) around CTCF binding sites
(Shen et al. 2012). (B) Enrichment of 5hmC calculated from hMeDIP data
in ESCs and NPCs (Tan et al. 2013) around CTCF binding sites (Shen et al.
2012; Phillips-Cremins et al. 2013). (C) Average nucleosome occupancy
profiles around 5(h)mC in the absence of TET1 within CGls for low (black
line), medium (red line), and high (blue line) MNase digestion in ESCs.
Note that bisulfite sequencing does not distinguish between 5mC and
5hmC. (D) Same as panel Cbut for 5(h)mC regions enriched with TET1. (£)
Nucleosome occupancy at 5(h)mC without TET1 outside of CGls. Same
color-coding as in panel C. (F) Same as panel E but for 5(h)mC regions
with TET1. (G) Same as in panel F but only for (hydroxy)methylated
CpGs that were within a 500 bp distance of bound CTCF. (H) Nucleo-
some occupancy around CTCF sites and occupied by CTCF in ESCs but
not in MEFs. Same color-coding as in panel C.
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peaks overlapped with CTCF binding, resulting in TET1 enrich-
ment for all classes of CTCF binding sites (Fig. 4A). While the level
of DNA methylation changed only moderately at CTCEF sites dur-
ing stem cell development, the level of hydroxymethylation is
dramatically different between ESCs and NPCs in general and
around CTCF binding sites in particular (Fig. 4B). It is noted that
the DNA methylation data used in Figure 4 C-G were determined
by bisulfite sequencing (Stadler et al. 2011) and thus do not dis-
tinguish between cytosine methylation or hydroxmethylation.
While in general the amount of ShmC is only 5%-10% of the 5SmC
level in mouse embryonic stem cells, it is enriched at sites where
TET1 is bound (Pastor et al. 2013). This is indicated here by using
the designation 5(h)mC in the context of Figure 4. To evaluate the
effect of TET1 on nucleosome stability, we performed an analysis
of our three separate chromatin preparations for ESCs with dif-
ferent levels of MNase, each comprising ~150 million paired-end
mononucleosomal sequencing reads. Stable nucleosomes appear as
being rather independent of MNase digestion levels, while unstable
nucleosomes are lost at pronounced MNase treatment. For 5(h)mCs
inside CGls, the nucleosome occupancy profiles obtained with
different levels of MNase digestion converged to almost the same
pattern with the characteristic nucleosome depletion in the middle
(Fig. 4C,D). In contrast, nucleosome occupancy profiles around
5(h)mCs outside of CGIs showed a strong dependence on the
degree of MNase digestion at TET1 sites (Fig. 4E,F). This pattern was
also observed for unmethylated CpGs inside CGIs (Supplemental
Fig. S7). In the presence of TET1, the nucleosome pattern of these
CpGs outside of CGIs was represented by MNase-sensitive hot-
spots. Labile nucleosomes seen at low MNase levels were lost at
higher MNase digestion (Fig. 4F). The same pattern was observed at
(hydroxy)methylated CpGs near CTCF binding sites associated
with TET1 (Fig. 4G). Importantly, only 6% of variable (“ESC not
MEF”) CTCF sites overlapped with CpG clusters, whereas this value
was 21% for constitutive (“ESC and MEF”) and 27% for weak (“MEF
not ESC”) CTCEF sites. Thus, TET1-associated labile nucleosomes
were enriched at variable CTCF sites (Fig. 4H), suggesting that this
is linked to differential CTCF binding.

The conclusion that TET1-bound CpGs outside CGIs are
characterized by labile nucleosomes was further corroborated by the
corresponding heat maps of nucleosome occupancy around bound
TET1 (Fig. 5SA,B): Nucleosome maps obtained at low levels of MNase
digestion were enriched with nucleosomes containing TET1 bind-
ing sites, while for high MNase digestion, nucleosomes became
depleted at the same sites. Labile nucleosomes could be linked to the
enrichment of H2A.Z (encoded by H2afz) (Supplemental Fig. S3A)
and the active chromatin mark H3K4me3 (Supplemental Fig. S3B).
In contrast, the inactive heterochromatin mark H3K9me3 was
enriched at highly methylated CpGs and depleted at unmethylated/
low-methylated CpGs (Supplemental Fig. S3C).

To further dissect the fate of nucleosomes at the sites un-
dergoing 5mC/ShmC conversion, ShmC sites were stratified
according to their hydroxymethylation level of >90%, >50%, and
>25% obtained from the TET-assisted bisulfite mapping data (Yu
et al. 2012). When increasing ShmC levels, the nucleosome oc-
cupancy at the ShmC site changed from a slight enrichment to
astrong depletion (Fig. 5C). This indicates that the process of SmC/
ShmC conversion is coupled to nucleosome eviction. Upon cell
differentiation, the high ESC ShmC levels decrease (Tan et al.
2013). This is accompanied by an increase of nucleosome occu-
pancy, as shown in Figure 5D for sites with >50% ShmC in ESCs.
MEFs have the lowest ShmC content and the strongest nucleo-
some peak at those sites that were covered by labile nucleosomes

when hydroxymethylated in ESCs. Conversion of ShmC to 5fC did
not show this trend (Supplemental Fig. S8), but one should be
cautious due to a lower resolution of the 5fC data set obtained
using enzymatic rather than chemical mapping (Raiber et al.
2012). Thus, nucleosomes outside of CpG clusters can be destabi-
lized by the TET1-mediated SmC to ShmC conversion in ESCs or
stabilized as ShmC is being removed during cell differentiation to
regulate accessibility for CTCF at these sites.

Changes of CTCF binding during embryonic stem cell
differentiation can be predicted from a quantitative model
that accounts for competition with nucleosomes

To describe the relation between variable CTCF binding and TET1-
dependent nucleosome rearrangements quantitatively, we de-
veloped a biophysical model for predicting genome-wide CTCF
occupancy in ESCs and MEFs. To this end, we compared the av-
erage experimental CTCF occupancy profiles calculated from the
raw ChlP-seq data (Fig. 6A; Shen et al. 2012) to the theoretically
predicted CTCF binding profiles calculated by our TFnuc software
(Methods). CTCF binding profiles calculated from its DNA sequence
affinities without taking into account nucleosomes were similar to
those experimentally found in ESCs (Supplemental Fig. S5A), con-
sistent with the sensitivity/specificity analysis shown in Figure 2D.
However, in MEFs, variable CTCF sites showed a loss of CTCF and
a concomitant nucleosome occupancy increase, as represented for
an exemplary genomic region in Supplemental Figure S5B. Without
taking into account nucleosomes, the TFnuc algorithm predicted
CTCF binding sites well in ESCs (AUC = 0.89) but not in MEFs
(AUC = 0.77) (Supplemental Fig. S5C). We then calculated the pre-
dicted CTCF occupancy profiles for each of the three classes of CTCF
binding sites (“ESC and MEE” “ESC not MEE” “MEF not ESC”),
taking into account competition with binding of the histone
octamer. This allowed us to reproduce the experimental occupancy
profiles (Fig. 6B). CTCF occupancy of constitutive and weak sites
remained roughly the same in both cell types. However, for variable
sites, CTCF occupancy decreased from 80% to 40%, in excellent
agreement with the experimentally found decrease in Figure 6A.
Thus, the change of CTCF occupancy in the variable CTCF sites can
be rationalized by taking into account CTCF competition with
binding of the histone octamer. Note that a simple decrease of CTCF
expression in differentiated cells of ~4-fold in MEFs vs. ESC (Teif
etal. 2012) would not reproduce the finding that only variable “ESC
not MEF” but not weak “MEF not ESC” sites became depleted of
nucleosomes upon cell differentiation.

The DNA sequence motifs of constitutive and variable “ESC
not MEF” sites were very similar (Fig. 6C), but the CpG content in
an ~1-kb region around these sites was different (Fig. 6D). The
CpG content around variable “ESC not MEF” CTCF sites was the
smallest in comparison with the “ESC and MEF” and “MEF not
ESC” sites (Fig. 6D). The loss of CpG enrichment in the region
from 100 to 500 bp from the center of variable CTCF sites in
comparison with constitutive ones (P < 10728%) indicates that
these sites were mostly not inside CpG islands. Indeed, variable
CTCEF sites were predominantly found in FMR regions (87%). For
comparison, constitutive CTCF sites were frequently found at cis-
regulatory regions, with 14% in LMRs, 27% in UMRs, and only
59% in FMRs. This explains why constitutive CTCF sites at pro-
moter/enhancer regions remain mainly unchanged during cell
development, while variable CTCF sites located in the distal ge-
nomic regions outside of CGIs are differentially bound due to
chromatin reorganization.
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changes of their chromatin state. These
processes result in higher nucleosome
occupancy at the variable CTCF binding
sites in MEFs, which is represented by
a higher DNA binding affinity of the his-
tone octamer in our calculations. In turn,
the binding competition between CTCF
and the histone octamer is shifted toward
the histone octamer, and CTCF becomes

0 1000 depleted from these loci in MEFs.

Discussion

In order to dissect the interplay between
DNA methylation, nucleosome position-
ing, and CTCF binding, we performed
an integrative, genome-wide analysis. We
mapped nucleosome positions by MNase
digestion and paired-end sequencing for
mononucleosome and dinucleosome sam-
ples extracted from mouse embryonic

000 0 1000 ~1000

Distance from 5hmC (bp)

Figure 5. Nucleosome occupancy around TET1 binding sites and in relation to 5hmC levels. (A)
Average nucleosome occupancy (top panel) and k-means cluster plots showing nucleosome occupancy
around each of 92,888 TET1 ChlIP-seq peaks in ESCs (Yu et al. 2012) at low MNase digestion (bottom
panel). (B) Same as panel A but for high MNase digestion. (C) Aggregate plot of nucleosome occupancy
around 5hmC sites in ESCs (Yu et al. 2012) grouped according to their 5hmC levels as >25% 5hmC
(black line), >50% 5hmC (red line), and > 90% 5hmC (blue line). Upon increasing the 5hmC level, the
nucleosome density changed from slight enrichment to nucleosome depletion, which corresponds to
the nucleosome removal at a subset of these sites. (D) Changes of the nucleosome occupancy during cell
development (ESCs, NPCs, and MEFs) around hydroxymethylated sites in ESCs (>50% 5hmC).

The low stability of nucleosomes at variable CTCF sites ap-
pears to also involve active nucleosome translocation and other
changes of the underlying chromatin states that contribute to
nucleosome positioning as inferred from the following findings:
(1) Bound CTCFs colocalized with chromatin remodelers such as
CHD4 (also known as Mi-2beta), which as part of the NURD
complex, can translocate nucleosomes and also recognize SmC via
associated MBD2 and MBD3 subunits (Supplemental Fig. S6B).
Interestingly, variable “ESC not MEF” CTCEF sites were character-
ized by the largest enrichment of CHD4 in ESCs, suggesting that
this subset of sites undergoes the largest nucleosome turnover; (2)
nucleosomes positioned at a variable CTCF site in MEFs preferably
carried an H3K4me3 modification (Supplemental Fig. S4F); and (3)
weak “MEF not ESC” CTCF sites covered by nucleosomes were
DNA-methylated (Supplemental Fig. S4A,B) and enriched with the
PRC2 subunit SUZ12 (Supplemental Fig. S6A; Hu et al. 2013a).

Thus, our results provide an explanation for differential CTCF
binding between ESCs and MEFs for the “ESC not MEF” class of

Distance from 5hmC (bp)

stem cells (ESCs) and their differentiated
counterparts. These experiments were
performed at different degrees of MNase
digestion, which allowed us to determine
MNase-sensitive chromatin remodeling
hotspots in addition to the previously de-
termined static nucleosome landscapes
(Teif et al. 2012). By integrating these data,
we resolved a puzzling controversy with
respect to in vivo preferences of DNA
methylation between or inside nucleo-
somes (Chodavarapu et al. 2010; Felle et al.
2011; Kelly et al. 2012; Li et al. 2012; Collings et al. 2013). According
to our analysis, unmethylated DNA regions were characterized by an
~30% lower average nucleosome density on the kb length scale and
are typically inside CGIs (Supplemental Fig. S2). Most CGIs are
unmethylated, but for the minority of methylated CGIs, the nu-
cleosome was associated with the region(s) containing SmC (Fig.
1D). The remaining part of the genome outside of CpG islands has
a very different relative distribution of 5mC and nucleosomes: The
average SmC density oscillates in such a way that it is minimal in the
nucleosome center and increases toward the ends of the nucleo-
some, reaching its maximum in the linker regions between nucle-
osomes (Fig. 1). Interestingly, the CpG density around nucleosome
centers also undergoes regular oscillations with the period equal to
the nucleosome repeat length (Supplemental Fig. S1). This type of
5mC oscillations revealed here in mouse has also been reported for
plants (Cokus et al. 2008) and recently for several other eukaryotes
(Huff and Zilberman 2014) and adds a new layer of the genomic
code complexity. The oscillations of both CpGs and SmC density
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50 0T tiation could be predicted when nucleo-
some repositioning was taken into account
(Fig. 6). The biophysical model accounting
for CTCF competition with nucleosomes
quantitatively reproduced the differences
between the constitutive and variable
sites (Fig. 6B). This conclusion is in line
with recent studies showing that, at least
for some TFs, their occupancy predictions
can be improved by taking into account
the competition with histones for DNA
binding (Narlikar et al. 2007; Gordan
et al. 2009; Raveh-Sadka et al. 2009;
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Figure 6. Quantitative model to predict CTCF occupancy changes due to competition with nucle-
osomes. (A) Experimentally observed occupancy of CTCF binding sites in ESCs and MEFs derived from
ChlP-seq peak heights (Shen et al. 2012). Three subsets of CTCF sites can be distinguished: constitutive
sites bound in both cell types (ESC and MEF), variable sites predominantly bound by CTCF in ESCs (ESC
not MEF), and weak sites which are slightly more strongly bound in differentiated cells (MEF not ESC).
(B) Predicted CTCF binding site occupancy in ESCs and MEFs when accounting for nucleosome posi-
tioning for the three binding site classes shown in panel A. (C) Conservation score of CTCF DNA binding
sequence motifs for constitutive, variable, and weak binding sites. (D) Average CpG density at CTCF
sites. The variable sites in the “ESC not MEF” class are located preferentially outside of CGls.

were anti-correlated with nucleosome occupancy outside of CGIs.
The conclusions obtained with the mononucleosome fraction were
confirmed for the dinucleosome fraction extracted after moderate
MNase digestion, which showed an ~20% SmC enrichment in the
linker regions between nucleosomes (Fig. 1B). Inasmuch as DNA
methylation in the linker region is recognized by methyl-binding
proteins, it could contribute to enriching a dinucleosome particle
during the MNase digestion step. Such a complex consisting of a
SmC-recognizing protein binding to the linker DNA between two
nucleosomes might be important for the formation of heterochro-
matic regions (Bulut-Karslioglu et al. 2012) and intron/exon recog-
nition during the cotranscriptional splicing (Gelfman et al. 2013).
With respect to the CTCF binding site selection in a single cell
type (ESC), we showed that CTCF binding preferences are pri-
marily due to the DNA sequence and can be well predicted based
on the DNA sequence alone (Fig. 2; Supplemental Fig. S5). Al-
though DNA methylation and nucleosome positions did correlate
with CTCF binding in ESCs, this was rather a downstream effect of
CTCF binding, consistent with previous observations (Stadler et al.
2011; Feldmann et al. 2013). Interestingly, the DNA methylation
state was previously used by Stadler et al. to improve CTCF binding
prediction from ~40% to ~50% of the binding site variability
(Stadler et al. 2011). In our calculations performed for ESCs, the
incorporation of the knowledge of DNA methylation led to only
a marginal improvement with respect to the pure PWM model
(from 89% to 90% in Fig. 2D). Possibly, our model for CTCF
binding in ESCs was initially better optimized in the absence of
DNA methylation information (AUC = 0.89), so that including

500 Wasson and Hartemink 2009; Goh et al.
2010; Locke et al. 2010; John et al. 2011;
Kaplan et al. 2011; Li et al. 2011; Zhou
and O’Shea 2011; Lickwar et al. 2012; He
et al. 2013).

Interestingly, it follows from our
analysis that ESCs and MEFs are quanti-
tatively different with respect to the
CTCF-nucleosome competition. In ESCs,
the TFnuc algorithm predicted CTCF
binding sites well without taking into
account nucleosomes. It failed to do so in MEFs (Supplemental Fig.
S5C), where nucleosome rearrangement impeded CTCF binding to
the variable sites (Fig. 6B; Supplemental Fig. S5B). This suggests that
ESCs have more dynamic chromatin, where CTCF can displace nu-
cleosomes more easily. Such a global difference in chromatin dy-
namics is consistent with the general notion of ESC chromatin as
being more “open” in comparison with differentiated cells (Gaspar-
Maia et al. 2011; Biran and Meshorer 2012). Our study suggests
a novel mechanistic explanation to rationalize this effect, in addition
to the previously identified differences of CTCF binding during ESC
differentiation, as depicted in Figure 7. CTCF binding inside CGIs is
mostly invariant and determined by the DNA sequence (Fig. 7A). It
comprises strong constitutive CTCF sites that remain unmethylated
and occupied by CTCF both in ESCs and MEFs. The weak sites in
these regions are mostly not bound by CTCF in both cell types.
However, outside of CpG islands, binding of TET creates remod-
eling hotspots with labile MNase-sensitive nucleosomes in ESCs
(Figs. 4, 5). These nucleosomes are prone to become evicted upon
SmC conversion to ShmC (Fig. 5C) or become stabilized upon
ShmC removal during cell differentiation. Thus, TET1-dependent
SmC/ShmC conversion opens up chromatin and creates labile
nucleosomes that can be subsequently displaced by CTCF in
ESCs, as depicted in Figure 7B. On the other hand, in differenti-
ated cells, ShmC and TET1 levels decrease and no longer support
CTCF competition with the nucleosome at the variable sites that
lose CTCF during differentiation.

Are there other factors in addition to nucleosomes that
might influence the selection of CTCF binding sites during stem
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Figure 7. Model rationalizing the linkages between 5mC, 5hmC,
TET1-, and CTCF-binding with nucleosome positioning inside and out-
side of CpG islands. (A) Inside CpG islands, most CpGs are unmethylated
and have low nucleosome occupancy. The small fraction of CpGs in CGls
that are methylated has a nucleosome positioned preferably within the
DNA methylation sites. CTCF binding inside CGls is mostly invariant and
determined by the DNA sequence: Strong constitutive CTCF sites stay
unmethylated and bound by CTCF and its cobinders during the cell
development, while weak sites in these regions are mostly not bound by
CTCF in both ESCs and differentiated cells. (B) Outside of CGls, the ge-
nomic DNA is mostly methylated at CpGs. In relation to nucleosome
positioning, the following features were found: DNA methylation density
is lowest in the middle of the nucleosome, smoothly increases toward the
nucleosome entry/exit, and reaches a maximum between nucleosomes.
In these regions, TET1 binding creates MNase-sensitive labile nucleo-
somes, which are being removed/translocated during the process of
5mC to 5hmC conversion. Variable CTCF sites are found preferentially
outside CGls, where active, TET1-dependent hydroxymethylation and
associated nucleosome repositioning promotes CTCF binding. As CpGs
in these regions change to a methylated state during stem cell differ-
entiation, the formation of stably bound nucleosomes leads to a loss of
CTCEF at these sites.

cell development? We have tested proteins whose ChIP-seq data
for ESCs are currently available in the literature, and found
several potential CTCF binding partners including MECP2
(Baubec et al. 2013), MBD1 (Baubec et al. 2013), YY1 (Vella et al.
2012), and cohesin (Supplemental Fig. S6C; Kagey et al. 2010),
which colocalized with CTCF. However, they all showed stron-
ger enrichments around constitutive versus variable CTCF
sites, which could not explain CTCF binding variability. For
proteins whose ChIP-seq data are not available in ESCs, we ap-
plied a bioinformatics analysis suggested recently (Luu et al.
2013), and indeed found several of their SmC-sensitive motifs
enriched around the “ESC not MEF” and “ESC and MEF” sites.
Interestingly, the significance of this enrichment for GATA1,
FOXO4, and TCF3, as given by P-values calculated using
the TRAP algorithm (Roider et al. 2007), was consistently several
orders of magnitude stronger for “ESC not MEF” vs. “ESC
and MEE.” This might suggest that additional complex mecha-
nisms can be at play, involving many TFs whose concentra-
tions change during the cell development. For CTCF, our data
suggest that the TET1/5hmC/5SmC-dependent nucleosome
repositioning remains the main mechanism that drives its dif-

ferential binding site selection during stem cell development.
The novel linkage between these factors and DNA binding site
accessibility could be relevant also for other TFs during stem
cell differentiation or ligand-activated TF binding (John et al.
2011).

Methods
MNase-seq

MNase-seq experiments for analysis of mononucleosomes and
dinucleosomes were conducted as described previously (Teif et al.
2012). Briefly, embryonic stem cells from 129P2/Ola mice were
cultured in ESGRO complete medium (Millipore), harvested, and
resuspended in low-salt buffer (10 mM Hepes, pH 8, 10 mM KCl,
0.5 mM DTT) at 4°C. After disruption of the cells with a douncer,
the nuclei were collected by centrifugation and washed once with
the MNase Buffer (10 mM Tris-HCI, pH 7.5, 10 mM CacCly), resus-
pended in the MNase Buffer, and digested with 0.5 units MNase per
microliter (Fermentas) and incubation for 6-11 min at 37°C. The
MNase digestion was stopped by putting the samples on ice and
adding EDTA to a concentration of 10 mM. After digestion with 0.1
pg ul~! RNase A (Fermentas) and removal of protein by phenol and
chloroform extraction, the DNA was ethanol-precipitated, and the
resulting DNA pellet was dissolved in H,O. DNA fragments corre-
sponding to mononucleosomes or dinucleosomes were separated
on a 2% agarose gel using an E-Gel electrophoresis system (Life
Technologies). The libraries for sequencing were prepared according
to the standard Illumina protocol. High-throughput paired-end se-
quencing of 50-bp read length was performed on the Illumina HiSeq
2000 platform at the DKFZ sequencing core facility in Heidelberg,
Germany. We obtained ~150 million nucleosome positions per
sequencing reaction and used in the final analysis two biological
replicate experiments for each cell condition.

Chromatin immunoprecipitation

ChIP-seq experiments were conducted as described previously (Teif
etal. 2012). For each sample, 1 X 10° cells were cross-linked with 1%
PFA, and cell nuclei were prepared using a swelling buffer (25 mM
Hepes, pH 7.8, 1 mM MgCl,, 10 mM KCl, 0.1% NP-40, 1 mM DTT).
Chromatin was sheared to mononucleosomal fragments. After IgG
preclearance, the sheared chromatin was incubated with 4 pg of
either H3K9me3 (Abcam ab8898) or H3K4me3 (Abcam ab8580)
antibody overnight. After washes with sonication (10 mM Tris-HCI,
pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5% N-lauroylsarcosine, 0.1%
Na-deoxycholate), high-salt-buffer (50 mM Hepes, pH 7.9, 500 mM
NaCl, 1mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1%
SDS), lithium buffer (20 mM Tris-HCI, pH 8.0, 1 mM EDTA, 250 mM
LiCl, 0.5% NP-40, 0.5% Na-deoxycholate) and 10 mM Tris-HCI,
chromatin was eluted from the protein G magnetic beads and the
crosslink was reversed overnight. After RNase A and proteinase K
digestion, DNA was purified and cloned in a barcoded sequencing
library for the Illumina HiSeq 2000 sequencing platform (single
reads of 50-bp length).

CTCF binding site classification

The initial distinction between the classes of CTCF binding sites
in ESCs and MEFs was done based on the peak calling performed
previously (Shen et al. 2012), and the following intersection of the
areas of the peaks extended to 1000 bp using the “intersectBED”
function of the BEDTools program (Quinlan and Hall 2010).
As a result, three classes of sites were identified: “ESC and MEF,”
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“ESC not MEE,” and “MEF not ESC.” CTCF occupancy was nor-
malized to have the average value for “ESC and MEF” sites equal to
unity, which was denoted as 100% occupancy. Filtering of the “ESC
and MEF” and “MEF not ESC” sites was performed to exclude sites
which have >10% of CTCF occupancy but were not found as peaks
in the initial ENCODE peak calling. The resulting “MEF not ESC”
class appeared to represent sites which are weak both in MEFs and
ESCs. In the case of NPCs, we did peak calling of the raw ChIP-seq
data from Phillips-Cremins et al. (2013) using MACS (Zhang et al.
2008) and then applied the same procedure as above.

Calculation of experimental aggregate profiles

All data sets used in this study were preprocessed with Perl scripts
as follows: For paired-end MNase-seq, coordinates of each read
start and end were used, while for ChIP-seq analysis, reads were
extended by the average DNA fragment length. In the case of
bisulfite sequencing, individual CpG coordinates from a pre-
viously published data set (Stadler et al. 2011) were used for the
calculation of two types of coverage files corresponding to
unmethylated CpGs (methylation < 10%), and methylated CpGs
(methylation > 50%). At the next step, aggregate plots were cal-
culated by summing up all occupancy maps of the individual
regions around a given feature. For example, in the case of the
calculation of nucleosome occupancy around CpGs (Fig. 1), all
annotated mouse CpGs were used for the analysis. When SmC
and CpG patterns were calculated around nucleosome dyads, the
midpoints of all paired-end mono- or dinucleosome reads were
used in the analysis. To facilitate calculations shown in Figure 1, A
and B, we used only reads from chromosome 19. Including re-
gions from other chromosomes did not change the results. Due to
the large number of genomic regions averaged in the aggregate
plots, the differences between all plotted curves are statistically
significant. For example, in Figure 4A, the TET1 peak around “ESC
not MEF” sites is more narrow than the peak around “ESC and
MEF” sites, with P = 0.0097 [two-tailed t-test calculated for the
ChIP-seq signal averaged with a 10-bp step in the window (—800;
—300) from the peak center].

Calculation of protein-DNA binding from DNA sequence

CTCF binding maps were calculated with the software TFnuc that
implements the approach described in our previous works (Teif
and Rippe 2012; Teif et al. 2013). The program takes as input the
DNA sequence, concentrations, and sequence-specific binding
constants for transcription factors, as well as cell type-specific
nucleosome coverage, and computes binding maps (binding prob-
ability distributions) for a given set of proteins to a defined DNA
region as introduced elsewhere (Teif 2007, 2010). Average CTCF
binding profiles were calculated by summing up binding maps for
all individual genomic regions (FMR, LMR, UMR regions in the
case of Figure 3C, and regions around CTCF binding sites in the
case of Figure 6, B and D). The estimation of sequence-specific
binding affinities K(CTCF) is based on the known proportionality
between PWM scores and the binding probability of a TF to DNA
(Roider et al. 2007). The PWM for CTCF was previously determined
from ChIP-seq data by Chen et al. (2008), and the latter data set did
not overlap with the data set from the Mouse ENCODE Project
used in our study (Shen et al. 2012). The parameterization of our
model was implemented in analogy to the TRAP algorithm (Roider
et al. 2007), using 300 random genomic regions and requiring
the best Pearson’s pairwise correlation coefficient of predicted
CTCF binding probabilities with the experimental occupancies
from the Mouse ENCODE Project data (Shen et al. 2012). The

following optimal parameters were used as input in the TFnuc
program: binding constant K(CTCF) = 10° M~!, concentration
[CTCF] = 10~° M, the energy mismatch parameter \ = 1.5. To fa-
cilitate comparison with previous results, the effect of nucleosome
occupancy on CTCF binding was introduced as described pre-
viously (Goh et al. 2010) in the form K(CTCF)yeait = K(CTCF) X
1.577M-U where nuc_occup is the nucleosome occupancy at a
given position taken from MNase-seq experiments.

Published data sets used in the calculations

The following published data sets have been used in the calcula-
tions: GSE40951 (mononucleosomes in ESCs and MEFs, MNase-
seq); GSE30206 (5mC in ESCs and NPCs, Bis-seq); GSM882244
(5hmC in ESCs, Tet-assisted Bis-seq); GSE27468 (SmC in ESCs and
MEFs, MeDIP); GSE39237 (H2A.Z in ESCs, ChIP-seq); GSM687289
(Mi-2B in ESCs, ChlIP-seq); GSM1002268 (ShmC in ESCs and
NPCs, hMeDIP); GSE24843 (TET1 in ESCs, ChIP-seq); GSE36203
(CTCF in NPCs, ChlIP-seq); GSM918743 (CTCF in ESCs, ChIP-seq);
GSM918748 (CTCF in MEFs, ChIP-seq); GSM970527 (SUZ12 in
ESCs); GSE22557 (cohesin in ESCs). A detailed list of the data
sources is provided in Supplemental Table S1F.

Data access

MNase-seq and ChIP-seq data produced in the current study have
been submitted to the NCBI Gene Expression Omnibus (GEO; http://
www.ncbi.nlm.nih.gov/geo/) under accession number GSE56938.
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