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CpG islands and GC content dictate nucleosome
depletion in a transcription-independent manner

at mammalian promoters
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One clear hallmark of mammalian promoters is the presence of CpG islands (CGls) at more than two-thirds of genes,
whereas TATA boxes are only present at a minority of promoters. Using genome-wide approaches, we show that GC
content and CGlIs are major promoter elements in mammalian cells, able to govern open chromatin conformation and
support paused transcription. First, we define three classes of promoters with distinct transcriptional directionality and
pausing properties that correlate with their GC content. We further analyze the direct influence of GC content on
nucleosome positioning and depletion and show that CpG content and CGI width correlate with nucleosome depletion
both in vivo and in vitro. We also show that transcription is not essential for nucleosome exclusion but influences both
a weak +1 and a well-positioned nucleosome at CGI borders. Altogether our data support the idea that CGIs have become
an essential feature of promoter structure defining novel regulatory properties in mammals.

[Supplemental material is available for this article.]

How the transcriptional machinery accesses gene promoters is
a central question for understanding gene regulation. Because
eukaryotic genomes are highly compacted, most of the DNA is not
easily accessible to transcription factors, to the notable exception
of promoters that tend to be more open chromatin structures. In
recent years, with the development of genome-wide approaches,
several studies in various organisms have described that nucleo-
somes are at least partially dependent on the primary sequence for
their positioning (Kaplan et al. 2009). In yeast and Drosophila, for
example, AT-rich stretches at promoters exclude nucleosomes both
in vivo and in vitro, although the correlation of both data sets has
been discussed in the literature, as opposed to GC-rich regions,
often found in gene bodies, which favor nucleosome occupancy
(Kaplan et al. 2009, 2010; Zhang et al. 2009; Pugh 2010). In contrast,
most mammalian promoters are enriched for GC-rich areas—also
called CpG islands (CGIs)—whereas TATA boxes only appear in a
minority of genes (Sandelin et al. 2007). CGIs are defined as large
genomic areas of over-enriched CpG dinucleotides estimated to
amount to between 20,000 and 30,000 in various mammalian
genomes lacking counterparts in cold blooded organisms or other
eukaryotes (Illingworth and Bird 2009; Sharif et al. 2010). Al-
though recent works suggest a link between nucleosome depletion
at promoters and the presence of CGIs, a direct correlation was
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never established (Li et al. 2011; Valouev et al. 2011). Furthermore,
it remains to be determined whether nucleosome depletion is a
cause or a consequence of promoter transcription because in vitro
experimental approaches describe apparently contradictory results
(Ramirez-Carrozzi et al. 2009; Valouev et al. 2011).

In this study, we report that GC content and CGIs are major
promoter elements in mammals able to govern open chromatin
conformation and support paused transcription genome-wide. First,
we define three classes of promoters with distinct transcriptional
directionality and pausing properties that correlate with their GC
content. We further analyze the direct influence of GC content on
nucleosome positioning and depletion, and show that CpG content
and CGI width correlate with nucleosome depletion both in vivo
and in vitro. We also show that transcription is not essential for
nucleosome exclusion but influences both a weak +1 and a well-
positioned nucleosome at CGI borders. Altogether our data support
the idea that CGIs arose as an essential feature of promoter structure
defining novel regulatory properties in mammals.

Results

Three classes of promoters with distinct pausing
and bidirectional transcription properties

We previously showed that mammalian transcription initiation
platforms (TIPs), recruiting large arrays of general transcription
factors (GTFs) and initiating RNA polymerase (Pol) II, displayed
high GC content at promoters (Koch et al. 2011). To further in-
vestigate transcription at promoters, we analyzed genome-wide
Pol II accumulation by ChIP-seq, nucleosome density by micro-
coccal nuclease digestion (MNase-seq), and paused bidirectional
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Figure 1. Three groups of mammalian promoters are defined by Pol Il occupancy and correlate with directionality of paused transcripts and nucle-
osome occupancy. (A) Average profiling of Pol Il (left), nucleosomes (middle), and short directional TSS-RNAs (right) based on ChlIP-seq, MNase-seq, and
strand-specific RNA-seq, respectively. The analysis was performed on 1727 active promoters in mouse primary CD4* CD8" (DP) sorted T-cells (top 20% of
Pol Il signal distribution on selected promoters). The main aNDR is delimited by —1 and +1 nucleosomes around the TSS (dashed green line), approxi-
mately between —200 bp and +100 bp around the TSS. Nucleosomal midpoints (middle, black line) show a more marked periodicity than pure nucle-
osome occupancy (red) and also reveal strong +2, +3 nucleosomes. (B) Heat map of features described in A on promoters sorted by position of the main
Pol Il accumulation area (peak) from the most 5’ to the most 3’ around TSSs. Three main groups are defined by Pol Il occupancy (left panel): class | most 5’
(red bar), class Il TSS-proximal (green bar), and class Ill most 3’ (blue bar). The corresponding heat maps for nucleosome midpoints and short TSSs RNA
heat maps are indicated. (C) Pol Il (solid line) and nucleosome midpoint profiling (dashed lines) of the three groups defined in B. (D) Profiling of short sense
(blue) and antisense (red) TSS-RNAs from the groups defined in B. Pol Il corresponding profiles are indicated as in C.
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Figure 2. Nucleosome position at the borders of CpG-rich areas in the three classes of Pol ll-bound promoters. For the three classes of promoters
defined in Figure 1, CpG and GC content are displayed side by side with nucleosome midpoints and densities. A more complete analysis of this cluster is
also presented in Supplemental Figure 1.

transcripts associated with transcription start sites (TSS RNAs) apparent depletion areas or nucleosome midpoints for nucleo-
(Seila et al. 2008) by strand-specific RNA-seq in mouse primary some positioning investigations.
T-cells. We present two types of analyses of the MNase data that Average profiling on a selection of Pol II-containing pro-

relate either to nucleosome density for quantitative assessment of moters (see Supplemental Methods) showed strong overlap be-
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Figure 3. GC content at promoters conditions +1 nucleosome strength and correlates with aNDRs in GC-rich areas. (A) Heat maps of CpG di-
nucleotides, CpG islands, and nucleosome density, ordered by increasing GC content, in murine DP T-cells at all 8634 promoters (excluding those in close
proximity to other annotations) and centered on the TSSs. On the left of the heat maps, the six groups A-F (red to violet boxes) of increasing GC content
are represented along with the presence of CGls in each group (blue bar represent CGls, and white bars non-CGl promoter). The percentages of CGl
promoters in each group from top to bottom are 4%, 34%, 55%, 65%, 78%, and 93%. Therefore, the first two groups can be classified as CGl-poor. The
profiles of CpG content and nucleosome densities for all promoters (top) or the six subgroups A-F are shown on the right. The red and green lines on the
CGls and nucleosome density heat maps show the trend lines of the CGls borders (see Methods) starting from group B because group A does not contain
a significant amount of CGls. (Orange stars) Transition point from which +1 nucleosome densities switch from a correlation to an anti-correlation pattern
with GC content. (B) Correlation of CpG peak length and aNDR size within CGl-rich groups. A linear regression of CGl length versus nucleosome
occupancy, divided into 80 classes, shows a high correlation (R=0.91). (C) GC content correlate (in GC-low areas) and anti-correlate in GC-rich areas with
MNase signal at +1 nucleosome proximity. Promoters were divided into 80 equal groups of increasing +1 GC content and plotted against MNase signal.
Nucleosome density increases and then decreases after a 0.58 GC content threshold. (D) Transitions in the major nucleosome occupancy from position +1
to +4 with increasing GC content. Occupancy levels for +1 to +4 nucleosomes were measured around the midpoint position calculated on all promoters.
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Figure 4. In vivo and in vitro human nucleosomes show a similar inversion of correlation trends. (A) Comparison of in vivo— and in vitro-reconstituted

nucleosomes in human T-cells (CD4" or SP) or using T-cell-derived genomic DNA and presented as in Figure 3A at all promoters (7021 regions).
Whereas in vivo the aNDR appears in subgroup B, it appears in group D in vitro. (B) Correlation of CpG peak length and aNDR size in vitro and in vivo
within CGl-rich groups as in Figure 3B. (C) GC content and MNase signal at +1 nucleosome proximity (as in Fig. 3C) from data presented in A. A similar
trend of inversion from correlation to anti-correlation is observed between +1 nucleosome density and GC content but with different GC content

thresholds.

tween upstream and downstream Pol II peaks around TSSs, borders
of the —1/+1 nucleosomes, and antisense/sense TSS RNAs (Fig. 1A),
as previously suggested (Core et al. 2008; Seila et al. 2008). Because
average profiles may reflect a composite of very heterogeneous
populations, we sorted active Pol II-containing promoters based
on the position of the main peak/accumulation area from the 5’ to
the 3’ of TSSs (Fig. 1B). This analysis revealed three main classes of
promoters depending on the main Pol II signals: (I) upstream of,
(II) around, and (III) downstream from the TSS. Furthermore, while
sense TSS RNA was detected at most genes, antisense (AS) tran-
scription was mainly restricted to class I, overlapping with Pol II
and upstream nucleosome density—indicating a block of the
transcriptional machinery. In each of the three classes within 3 kb
around the TSS, we observed the main Pol II peak overlapping with
(class I) or upstream of (class II and III) the center of the nucleo-
some (Fig. 1B,C). Investigation of corresponding profiles for initi-
ating Pol Il phosphorylated on Ser5 of its carboxy-terminal domain
(Ser5P), as well as the TBP and TFIIB GTFs, indicated accumulation
of the initiation complex in all three classes at the primary Pol II
peaks (Supplemental Fig. 1A). It is worth noting that most TSS-
proximal TATA boxes were found in class Il promoters, whereas the
upstream B recognition element (BREu) was enriched in all classes
(Supplemental Fig. 1B). Furthermore, the average distance between

Pol II and GTFs was relatively constant throughout classes and in
agreement with previous structural studies (Kostrewa et al. 2009)
and as recently described at various yeast promoters (Rhee and
Pugh 2012). As observed in the clusters, all promoters showed
paused unidirectional sense transcription around the TSS in
average profiling, whereas bidirectional (sense and antisense)
transcription was essentially observed in class I (Fig. 1D) and to
a lesser extent in class III, which differed from class I, showing
more diffuse products of paused transcription and less local
accumulation. In class 1II, a relatively good overlap can be ob-
served between Pol II peaks and TSS RNAs. In class I, however,
a larger separation between Pol II and RNAs was measured, in
the range of 15-30 nt. This raises the possibility that AS Pol II
produces longer paused transcripts at the stage that they reach
the nucleosome and suggests that AS transcriptional initiation
does not harbor the same constraints as compared with sense
transcription.

To further characterize the influence of the sequence context
in the properties of paused transcription, we next analyzed our
promoter groups for their GC and CpG dinucleotide content. We
observed classes I and III to display a higher and more spread
GC/CpG content as compared with class II (Fig. 2; Supplemental
Fig. 1C). Both features as well as the average CGI length were most
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Figure 5. Pol Il occupancy influences nucleosome positioning but not nucleosome depletion at CGl promoters. Heat maps of CpG content, nucle-
osome density, and nucleosome midpoints ordered by increasing GC content are shown for 2590 Pol lI-containing (A) and 2590 Pol ll-depleted (B) CGl
promoters only. CGI border trend lines are shown on the CpG heat maps as for Figure 3A. (C) Corresponding average profiles of subgroups A-F (gene
sextiles from lowest to highest GC content) for nucleosome densities and CpG dinucleotide scores are shown.

prominent in class I promoters, possibly accounting for differences
observed for paused transcription. Conversely, class II displayed
an increased AT content, peaking at approximately —25 bp, the
theoretical location of the TATA box. There was also a striking
correlation between the nucleosome/Pol II favored position and
the boundaries of GC enrichment as well as between apparent
nucleosome-depleted regions (aNDR) and the level of GC content.
Finally, by assessing a score for transcriptional pausing (Supple-
mental Fig. 2A-C; Supplemental Methods), we confirmed that
classes I and II, unlike class III, showed medium to high pausing
levels (Supplemental Fig. 2D). Overall, these data indicate three
classes of promoters: (1) paused, GC-rich, and bidirectional with
the main Pol II peak upstream of the TSS; (2) paused, GC-poor,
and monodirectional with the main Pol II peak at the TSS;
and (3) less paused, GC-rich, and diffuse bidirectional with the
main Pol I peak downstream from the TSS. In each case, the GC

content of the promoters appears to dictate the best nucleoso-
mal position.

GC content and CGls define nucleosome depletion patterns
at mammalian promoters

We therefore wondered if there was a direct influence of GC con-
tent, including the presence and widths of associated CGlIs, on
promoter organization and nucleosome positioning. We ranked all
promoters according to increasing GC content and established
sextiles of genes (Fig. 3A). In the first two AT-rich groups, with alow
amount of CGIs (A and B of which 4% and 34% contain CGls), the
+1 and overall nucleosome densities increased with GC/CpG
content (defined in Supplemental Methods), as described for pro-
moters of eukaryotes with no CGIs such as yeast (Kaplan et al.
2009). In contrast, within the four remaining groups of promoters
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described above: first increasing nucleo-
some density with GC content in the
three lowest groups (A-C) of GC/CpGs
density (Fig. 4A), and then an inverted
trend with elevated nucleosome exclu-

sion as CGI length increases (groups D-F,
with 65%-93% of CGIs containing pro-
moters, respectively). As before, we ob-
served a strong correlation between CGI

Nucl. midpoint

and aNDR width (Fig. 4B). Thus, although
the inversion of correlation trend is oc-
curring at higher GC content, in vitro and
in vivo nucleosomes show similar trends
(Fig. 4A,C). The reasons why the trends are

Figure 6. Enhanced nucleosome positioning in Pol ll-containing CGI promoters. Average positions of
the —1 to +4 nucleosomes midpoint shown in Figure 5, A and B, are indicated on the top panel (all CGI
promoters). Gene group colors A-F in the middle and bottom panels correspond to sextiles of increasing
GC content. For Pol ll-containing promoters, a clearer nucleosome periodicity as well as positioning is

visible when compared with Pol ll-depleted promoters.

(C-F) with high CGI promoter occurrence (55%-93%), increasing
GC/CpG +1 nucleosome density decreased, whereas aNDRs in-
creased. Strikingly, the length of the CGIs within the CGI-con-
taining promoters directly correlated with that of aNDRs (Fig. 3B)
in these groups, and nucleosome density anticorrelated the GC
content around the +1 position beyond a 0.58 threshold (Fig. 3C;
indicated by stars in Fig. 3A) that is located between groups B and
C. We also validated these trends in mouse embryonic stem (ES)
cells and human B-cells and T-cells (Supplemental Fig. 3A,C). To
exclude a possible MNase digestion bias or sequencing artifact
within CGIs, we performed additional controls such as ChIP-seq
with histone H3 in mouse T-cells (Supplemental Fig. 3A) and nu-
cleosome mapping using an alternative method based on DNA
digestion by a chemical agent (phenanthroline) in human Raji
B-cells (Supplemental Fig. 3C; Tsang et al. 1996). In both cases, we
confirmed a correlation between nucleosome depletion and CGI
length; we also sequenced sonicated genomic DNA that showed
only very little sequencing bias in the promoters containing the
largest CpG content (Supplemental Fig. 3A). Finally, the position
of the major nucleosome in each promoter varied depending on
increasing GC content and its average position was shifted from
the +1 to the +2 and +3 (Fig. 3D). A similar analysis was conducted
using only those promoters containing CGIs or in orphan inter-
genic CGIls and control random intergenic regions that confirmed
correlation of CpG/GC content with aNDR in all promoters and
orphan CGIs (data not shown).

A recent study compared positioning of human nucleosomes
in vitro and in vivo. Interestingly, it was suggested that nucleo-
somes in vivo are overall depleted within CGIs, whereas nucleo-

shifted might relate to many parameters,
including the experimental conditions
for nucleosome reconstitution on geno-
mic DNA (average size of fragmented
DNA, ratio of nucleosomes to DNA, ionic
strength, etc.) or the absence of specific
additional factors naturally associated
with high GC content or CGI promoters
in vivo. Furthermore, investigating an
independent in vivo data set in the same CD4 T-cells (Schones et al.
2008), and allowing for a better nucleosome positioning analysis,
indicated a much closer correspondence of the in vivo and in
vitro data sets (Supplemental Fig. 4).

Altogether, our analyses show a strong correlation between
CGI width and aNDR, on the one hand, and between the major
nucleosome position and the boundaries of CGIs at promoters, on
the other.

Nucleosome depletion at CGIs promoters is essentially
transcription-independent

Several studies suggested that Pol II might play a role in the
maintenance of aNDRs at promoters in various species, although
this point was subject to discussion (Gilchrist et al. 2010; Weiner
et al. 2010; Valouev et al. 2011; Zhang et al. 2011). To investigate
this phenomenon in the light of CpG content at promoters, we
selected two groups of promoters with or without Pol Il and ranked
them based on GC content (Supplemental Fig. 5). As previously
described, we observed that Pol [I-containing promoters are over-
enriched (>80%) in CGIs (Rozenberg et al. 2008), whereas the
Pol II-depleted ones are less enriched (33%). However, when
comparing the CGIs promoters directly in both categories, we
observed the aNDR lengths to increase similarly with that of CGIs
in both cases, suggesting a transcription-independent mechanism.
In the Pol II-depleted group of promoters, we observed enrich-
ment for the H3K27me3 epigenetic mark in the CGI area (Sup-
plemental Fig. 5C). This mark depends on the Polycomb group
(PcG) complex, previously described to associate with CGIs and
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hence consistent with our observations (Mikkelsen et al. 2007; Ku
et al. 2008; Mendenhall et al. 2010). We also performed a correla-
tion analysis between CGI length or GC content and aNDR length
as in Figure 2B, and found similar results for Pol Il-containing and
Pol II-depleted promoters (Supplemental Fig. 5A,B). To strengthen
this observation and perform a more direct comparison, we iso-
lated a similar selection of Pol II-containing and Pol II-depleted
only within CGI promoters, based on UCSC annotations (Fig. 5).
In both promoter sets, a direct correlation of CGI length with
aNDR can be observed. We also note an enhanced positional effect
of nucleosomes in Pol II-containing promoters as compared with
the overall promoter set from Figure 2 or to the ones with no de-
tectable levels of Pol II (Figs. 5, 6; Supplemental Fig. 5A,B). This
observation is supported by nucleosome midpoint analyses that
allow a better assessment of nucleosome positions (Fig. 6), whereas
nucleosome density is used for aNDR length correlations. Finally,
we also analyzed promoters without CGI annotations (AT-rich)
that show both an increase of +1 nucleosome and overall promoter
nucleosome density when GC content increases, irrespective of
the presence of Pol II (Supplemental Fig. 6). This situation reminds
us of what was previously described in eukaryotes with AT-rich pro-
moters such as yeast. Taken together, our results suggest that aNDRs
are not depending on Pol II at promoters, whereas nucleosome po-
sitioning at CGI boundaries is constrained by initiating transcription.

To further investigate the importance of paused transcription
on nucleosome density and organization at promoters, we inhibited
transcription in a human B-cell line (Raji) using a-amanitin. This
compound binds the active site of the enzyme, blocking transcrip-
tion, which finally results in Pol I degradation (Nguyen et al. 1996).
We performed a kinetic experiment that showed a disappearance
of Pol II between 24 h and 36 h after treatment (Fig. 7A). When
examining the corresponding genome-wide MNase-seq experi-
ments, we observed that overall nucleosome density slightly in-
creased at 24 h and 36 h at most promoters, and thus chromatin
opening became reduced (Fig. 7B). This effect was more pro-
nounced at the +1 nucleosome level as we found a 50% increase
of the apparent +1 nucleosome density after stripping most Pol II
from promoters. However, we do not observe aNDR clearance even
at the latest time point for Pol II-bound promoters (Fig. 7B,C). This
effect is neither observed for a selection of highly paused pro-
moters (Supplemental Figs. 7, 8), indicating that paused Pol II
transcription is not the cause of nucleosome exclusion in CGIs,
although a slight reduction of the depleted area is visible after
a-amanitin treatment. Interestingly, however, this reduction is
getting more pronounced for groups with high GC content, al-
though the aNDR remain clearly present in the absence of Pol II
(Fig. 7D). Overall, our results are consistent with the presence of
aNDRs in the absence of Pol II (Fig. 5) as well as with our analysis of
in vitro-reconstituted nucleosomes, and plead for CGI-dependent
promoter opening being a cause rather than a consequence of
paused transcription.

Discussion

Previous studies already suggested that CGIs influence a lower
nucleosome density at promoters (Schones et al. 2008; Ramirez-
Carrozzi et al. 2009; Choi 2010; Li et al. 2011; Valouev et al. 2011).
Our work adds several lines of evidence that these genomic struc-
tures directly correlate with the level of nucleosome depletion at
promoters and that GC content is the prominent, if not the most
essential mark for maintenance of opened chromatin structures.
The positioning of the +1 nucleosome in mouse promoters in-
creases with GC content at thresholds lower than 0.5-0.6 (0.4-0.6
in humans in vivo and 0.6-0.7 in vitro). This class resembles yeast
or mammalian AT-rich promoters that might depend on SWI/SNIF-
related complexes to displace nucleosomes, allowing Pol II to
enter elongation (Ramirez-Carrozzi et al. 2009; Zhang et al. 2011).
In CGI-containing promoters, Pol II is able to transcribe most
likely in a paused conformation within larger areas. Our analyses
reveal that these promoters can either be paused (and mostly
bidirectional) or not. Pol I pausing within large GC-rich regions
should result in high energy requirements, resulting from triple
hydrogen bonding and base stacking (Yakovchuk et al. 2006)
and explaining why these regions are more prone to paused
rather than to elongating transcription. It is also plausible that
many GC-rich promoters contain secondary structures such as
G-quadruplexes (Lipps and Rhodes 2009) that could disfavor the
assembly into nucleosomal structures, resulting in the observed
exclusion at these promoter regions. Interestingly, a recent work
indicates that certain yeast species harbor promoters with
poly(G) tracks that also display anti-nucleosomal properties, al-
though CGIs are not present per se in these genomes (Tsankov et al.
2011).

It has been debated whether paused promoter transcription
represents a cause or a consequence of open chromatin structures
(Seila et al. 2009). Our experiments support the latter possibility:
Open CGI/GC-rich promoters would naturally exclude nucleo-
somes and allow PIC formation unless specific repressive mecha-
nisms, such as the one mediated by PcG, forbid or restrict Pol II
recruitment and transcription. Experiments with the group of
promoters containing high GC content in human cells suggest
amoderate effect of Pol II for enlargement of the aNDR. Indeed, the
widths of aNDRs were reduced 8%, 10%, and 20% in the three GC
content classes following a-amanitin treatment and Pol Il removal.
Thus, we conclude that Pol II is not responsible for aNDR forma-
tion but plays a role in both enlargement of this area and precise
nucleosome positioning at promoters. We propose that in the
absence of transcription, nucleosomes tend to position closer to
the border of GC-rich areas, whereas initiating Pol II represents
a motor force that will push them further away up to a sequence
position where they will stabilize more easily.

Our various analyses with Pol II ChIP-seq profiling suggest
that >50% promoters harbor detectable Pol II levels (data not

Figure 7. Pol Il disruption in vivo reduces aNDRs only moderately and results in an increase of the +1 nucleosome. (A) To investigate the effect of Pol Il
presence on aNDRs, we stripped Pol |l from the chromatin by treating the human Raji B-cell line with a-amanitin for the indicated time points. Western blot
samples were analyzed at 12 h, 18 h, 24 h, 36 h, and 48 h and showed Pol Il disappearance in the latter two points. Tubulin (lower panel) was used as an
internal control to check equal protein loading. At to, t24, and ts¢, Pol Il ChIP-seq and MNase-seq experiments were performed as indicated. (B) Genome-
wide analysis of nucleosome occupancy and Pol Il recruitment following treatment at 1504 Pol ll-enriched promoters (top 20%). As expected, Pol Il signals
around the TSS decreased over time (left). Nucleosome density slightly increased downstream from the TSS, indicating narrowing of the effective aNDR
area (right) and an increase of the +1 nucleosome. (C) Examples showing the difference of Pol Il occupation and nucleosome density across the TRIM4 and
PPIA genes. ChIP-seq and MNase-seq data were scaled such that the represented units correspond to an equivalent amount of sequenced tags. (Arrow)
Position of the +1 nucleosome. (D) Effect of GC content on aNDRs after Pol Il removal. Three groups of GC content were built for the group of Pol II-
enriched promoters shown in B. CpG scores, nucleosome densities (bottom panels), and Pol Il ChIP-seq signal (top panels), before and after treatment are
displayed. A stronger aNDR reduction, but not disruption, is observed for the group with the highest GC (and CpG) content.
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shown). It is conceivable that the remaining promoters are also
transcribed at a rate that falls below the experimental detection
range. CGIs, however, seem to disfavor naturally nucleosome po-
sitioning, even in the absence of Pol II. Several factors were pre-
viously described to be recruited in CGIs, resulting in inclusion or
exclusion of specific epigenetic marks from promoters (Blackledge
etal. 2010; Thomson et al. 2010). It will be of interest to investigate
their connection with initiating Pol II and pausing at active TSSs.
We believe that our work will open avenues for a better un-
derstanding of mammalian promoter elements that govern many
aspects of complex gene regulation.

Methods

A detailed description of methods is provided in the Supplemental
Material.

Cell culture and sorting

Mouse CD4* CD8" DP cells were sorted from thymuses of 5- to
6-wk-old mice. Raji cells were grown in RPMI 1640 medium sup-
plemented with 10% fetal calf serum, 100 units/mL penicillin,
100 mg/mL streptomycin, and 2 mM L-glutamine at 37°C and 5%
COs,. For the a-amanitin experiment, cells were treated at 2.5 pg/mL
for the indicated times. Murine ES cells (B16) were grown as described
(Boyer et al. 2006) on a layer of PMEF in the presence of leukemia
inhibitory factor on gelatinized plates. Cells were trypsynized and
separated from feeders prior to cross-linking for ChIP.

ChIP-seq and MNase-seq

ChIPs were essentially carried out as described (Koch et al. 2011).
All antibodies and ChIP conditions are described in Supplemental
Table 1. MNase nucleosome digestion of permeabilized cells was
optimized to obtain a majority of mononucleosomes (70%-80% as
estimated on a Bioanalyzer DNA chip). The corresponding DNA
fraction was selected after library preparation. The sequencing
procedure was conducted using at least 1 ng of starting mate-
rial and run on a Genome Analyzer II (Illumina). The in vivo
phenanthroline digestion of nucleosomes was adapted from Tsang
et al. (1996) and is described in the Supplemental Methods to-
gether with the computational processing and analysis pipeline.

Strand-specific TSS RNA-seq

Weisolated a 15-nt to 70-nt population from TRIzol-extracted RNA
using a denaturing urea polyacrylamide gel. The isolated RNA
was processed using the Illumina small RNA kit with modifications
(see Supplemental Methods). The resulting complementary DNA
(cDNA) was sequenced on an [llumina Genome Analyzer II, using
the small RNA sequencing kit (see Supplemental Methods).

Downloaded published data

The in vivo- and in vitro-reconstituted MNase-seq experiments in
human CD4* T-cells (GEO accession no. GSE25133) (Valouev et al.
2011) were downloaded to complement those presented here and
our previously published work (GEO accession no. GSE29362)
(Koch et al. 2011).

Bioinformatic processing and analyses

The pre-treatment of raw sequence data was essentially carried out
as previously described (Koch et al. 2011). For TSS RNA-seq, we

used the MIRO pipeline (http://seq.crg.es/main/bin/view/Home/
MiroPipeline) to detect and remove adapter sequences before
alignment using the Genome Multi-tool (GEM; http://gemlibrary.
sourceforge.net).

Data access

ChlIP-seq, RNA-seq, and MNase-seq data used in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO)
(http://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE38577.
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