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Transitions between pluripotent stem cells and differentiated cells are executed by key transcription regulators.
Comparative measurements of RNA polymerase distribution over the genome’s primary transcription units in
different cell states can identify the genes and steps in the transcription cycle that are regulated during such
transitions. To identify the complete transcriptional profiles of RNA polymerases with high sensitivity and
resolution, as well as the critical regulated steps upon which regulatory factors act, we used genome-wide nuclear
run-on (GRO-seq) to map the density and orientation of transcriptionally engaged RNA polymerases in mouse
embryonic stem cells (ESCs) and mouse embryonic fibroblasts (MEFs). In both cell types, progression of
a promoter-proximal, paused RNA polymerase II (Pol II) into productive elongation is a rate-limiting step in
transcription of ~40% of mRNA-encoding genes. Importantly, quantitative comparisons between cell types reveal
that transcription is controlled frequently at paused Pol II’s entry into elongation. Furthermore, ‘‘bivalent’’ ESC
genes (exhibiting both active and repressive histone modifications) bound by Polycomb group complexes PRC1
(Polycomb-repressive complex 1) and PRC2 show dramatically reduced levels of paused Pol II at promoters
relative to an average gene. In contrast, bivalent promoters bound by only PRC2 allow Pol II pausing, but it is
confined to extremely 59 proximal regions. Altogether, these findings identify rate-limiting targets for transcrip-
tion regulation during cell differentiation.
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Mouse embryonic stem cells (ESCs) provide an excellent
model for understanding the gene regulatory framework
underlying self-renewal, pluripotency, and developmen-
tal progression. The core transcriptional factors OCT4,
SOX2, and NANOG form a positive regulatory network
that is specific to pluripotent ESCs and early embryos
(Boyer et al. 2005; Loh et al. 2006). These complexes
localize tomany promoters and regulate the transcription
of target genes important for maintaining stem cell
identity (Jaenisch and Young 2008; Kim et al. 2008;Marson
et al. 2008). Perturbations to the transcriptional network
established by these key transcription factors can result in
a cascade of events that ultimately leads to the differenti-
ation of stem cells (Ivanova et al. 2006; Rizzino 2008;
Chambers and Tomlinson 2009). Moreover, expression of
these core transcription factors is critical in programming
the transition of differentiated mouse embryonic fibro-

blasts (MEFs) to induced pluripotent stem cells, which
have the properties and gene expression patterns of ESCs
(Mikkelsen et al. 2008; Guenther et al. 2010). Quantita-
tively determining the complete transcriptional activity
and the rate-limiting steps of transcription at all genes in
both ESCs and differentiated cell lineages is critical to
understanding the regulatory mechanisms used in main-
taining and generating ESC pluripotency and in directing
ESC differentiation to specific lineages.
A plethora of studies has revealed that transcription

can be regulated at several stages in eukaryotes (Fuda
et al. 2009). The RNA polymerase II (Pol II) transcription
cycle is comprised of multiple steps, including (1) re-
cruitment of general transcription factors, including
hypophosphorylated Pol II, to the promoter forming the
preinitiation complex (PIC); (2) initiation of transcription;
(3) clearance of Pol II from the promoter-bound factors; (4)
pausing of Pol II after it transcribes ;25–50 nucleotides
(nt), which is facilitated by the DRB sensitivity-inducing
factor (DSIF) and negative elongation factor (NELF) protein
complexes; and (5) escape from the pause to productive
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elongation, which is driven by positive elongation factor
b (P-TEFb). Although genes can be regulated at the step of
Pol II recruitment (Nevado et al. 1999), global localization
studies of Pol II indicate that a large number of genes in
metazoans have a rate-limiting transcriptional step fol-
lowing the recruitment of Pol II to a promoter. More
specifically, genome-wide chromatin immunoprecipita-
tion (ChIP) studies in both human (Kim et al. 2005;
Guenther et al. 2007; Rahl et al. 2010) and Drosophila
melanogaster (Muse et al. 2007; Zeitlinger et al. 2007)
cells uncovered significant fractions of active and in-
active genes that maintain high levels of Pol II density
at the 59 end of the gene. Accumulation of Pol II at the
59 end of the gene by ChIP may be the result of Pol II
assembled in a PIC, a transcriptionally arrested complex,
or a paused complex, each of which is at distinct tran-
scriptional steps subsequent to Pol II recruitment. Un-
fortunately, these different Pol II complexes cannot be
distinguished by ChIP (Rougvie and Lis 1988; Adelman
et al. 2005) or methods that quantify small, processed
RNA that are transcribed from promoter-proximal se-
quences (Seila et al. 2008).
Additional studies have sought to determine the status

of Pol II accumulated at the 59 end of genes. The mapping
of a promoter-proximal Pol II transcription bubble by
permanganate sensitivity assays in Drosophila cells
showed that dozens of tested genes display what appears
to be a rate-limiting step at an early stage of elongation
(Muse et al. 2007; Zeitlinger et al. 2007; Lee et al. 2008).
Moreover, sequencing of short-capped transcripts in Dro-
sophila demonstrated that the polymerases at promoters
had initiated but were prevented from transitioning to
productive elongation (Nechaev et al. 2010). Another
study in human cells demonstrated that ;30% of all
coding genes featured peaks of transcriptionally compe-
tent polymerases near the transcription start site (TSS),
implicating pausing as a common rate-limiting step in
transcription (Core et al. 2008). These transcripts at the
promoter-proximal region are generated in nuclear run-on
reactions by RNA Pol II that are engaged in and competent
for transcription, and therefore cannot be backtracked
and arrested (Rougvie and Lis 1988; Adelman et al. 2005).
Therefore, we refer to these accumulated, engaged poly-
merases assayed by genome-wide nuclear run-on method-
ology (GRO-seq) on the mRNA-coding genes as ‘‘paused’’
Pol II. These independent assays are critical for defining
the rate-limiting steps in transcription that are modulated
in transitions between cell states.
In addition to the presence of Pol II and pausing-related

proteins (Guenther et al. 2007; Rahl et al. 2010), gene
promoters also have distinct chromatin signatures. More
specifically, active promoters have an open (nuclease-
sensitive) chromatin structure with adjacent nucleo-
somes that are trimethylated at Lys 4 of histone H3
(H3K4me3) (Guenther et al. 2007; Mikkelsen et al.
2007; Barrera et al. 2008). In contrast, genes that are
repressed have nucleosomes enriched with trimethyla-
tion at Lys 27 of histone H3 (H3K27me3), a modification
mediated by Polycomb-repressive complexes (PRCs). It
has yet to be determined how these combinations of

modifications and PRCs influence promoter-proximal
pausing of Pol II in vivo.
Recent studies have shown that these two histone H3

modifications are not mutually exclusive, as promoters
of ;15% of genes in ESCs retain ‘‘bivalent’’ domains
featuring both active H3K4me3 and repressive H3K27me3
marks (Mikkelsen et al. 2007). During lineage specification,
many bivalent marks are resolved to a monovalent mark
that is indicative of their transcriptional activity in differ-
entiated cells. Interestingly, developmental regulators are
one category of genes enriched with bivalent marks and are
targets of PRCs (Boyer et al. 2006; Lee et al. 2006; Ku et al.
2008). Because ESCs have the potential to activate any
developmental regulator as needed upon differentiation,
bivalent chromatin domains in ESCs may provide the
flexibility needed to prime these lineage-specific genes for
activation or repression, depending on the developmental
lineage.
PRC-mediated repression at promoters can be a result

of a block in any step from chromatin accessibility and
Pol II initiation to release from the pause site. Previous
results indicate that the regulation may occur at either
Pol II recruitment or the pause release step in ESCs, as
some ChIP studies did not detect Pol II at the promoters
of PRC target genes, suggestive of PRC’s role in prevent-
ing Pol II recruitment (Boyer et al. 2006; Lee et al. 2006).
In contrast, another ChIP study detected Pol II near the
59 end of the selective genes in a post-initiation form
(Ser5-phosphorylated Pol II), indicating that repression oc-
curs early in Pol II elongation (Stock et al. 2007). Resolving
the mechanism by which PRCs repress transcription re-
quires that the regulated step in the transcription cycle be
defined for PRC-regulated genes.
GRO-seq maps the distribution of short transcripts

generated by transcriptionally engaged RNA polymerase
that are allowed to transcribe (run-on) a short distance
and incorporate an affinity tag into the nascent RNAs.
Sequencing of these RNAs and aligning to the genome
provide a density and orientation map on mRNA-encod-
ing genes of transcriptionally competent Pol II (Core et al.
2008). These Pol II include those on the body of genes that
are caught in the process of transcriptional elongation, as
well as those that accumulate as promoter-proximal paused
Pol II.
Here, we used our GRO-seq technology to provide

quantitative transcription maps of mouse ESCs and
differentiated MEFs that have significantly higher sensi-
tivity, lower backgrounds, much improved dynamic
range, and higher resolution than corresponding Pol II
ChIP-seq analyses. Importantly, the distribution of tran-
scriptionally engaged RNA polymerase across the pre-
mRNA transcription units supports the importance of
transcription regulation at the step of promoter-proximal
pausing. Our study shows that promoter-proximal paused
RNA polymerase on mRNA-encoding genes is a rate-
limiting step in transcription for at least 40% of genes in
both ESCs and MEFs. Comparison of the changes in Pol II
density in the paused peak relative to the Pol II along the
body of the genes in different cell types supports the
hypothesis that the transition of Pol II from the paused to
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the productive elongation stage of transcription is a major
regulated step during early differentiation in mouse cells.
In addition, this study shows that bivalent genes are
modulated during both elongation and the stages prior
to elongation, as bivalent genes with only PRC2 have
reduced levels of transcriptionally engaged polymerase
that are confined to a region close to the TSS, while those
with both PRC2 and PRC1 complexes are strongly de-
pleted of transcriptionally engaged RNA polymerase in
both the promoter-proximal region (sense) orientation
and the upstream divergent (antisense) orientation.

Results

Genome-wide densities of transcriptionally engaged
RNA polymerases in ESCs and MEFs

We used our recently developed nuclear run-on method,
GRO-seq, to generate a genome-wide view of the loca-
tion, orientation, and density of engaged RNA polymer-
ases at high resolution in mouse ESCs andMEFs. A GRO-
seq experiment generates short extensions (;100 nt in
length) of Br-UTP-labeled nascent transcripts by engaged
RNA polymerases (Core et al. 2008). These engaged RNA
polymerases include those on the body of genes that are
caught in the process of transcriptional elongation as well
as those that accumulate as promoter-proximal paused
RNA polymerase. The presence of the detergent sarkosyl
in the run-on reactions strips factors that normally
impede transcription of paused RNA polymerase, allow-
ing these RNA polymerase to elongate with an efficiency
comparable with engaged polymerase on the body of
genes (Rougvie and Lis 1988). These labeled RNAs are
then base-hydrolyzed to ;100 nt and affinity-purified
three times using an anti-BrdU antibody, which also
binds tightly to Br-U-substituted RNA. Triple selection
enriches Br-UTP-labeled transcripts 500,000-fold from
bulk RNA, as estimated using spike-in transcript controls
(Supplemental Material). Both ends of the Br-UTP-labeled
transcripts were enzymatically processed, then ligated to
distinct linkers for mass scale Illumina sequencing from
the 59 ends of their cDNA copies (Supplemental Figs. S1–
S3) and aligned to the mouse genome (mm9 assembly).
The levels of sequenced run-on transcripts reflect the
density of transcriptionally competent polymerases
genome-wide.
We obtained ;19 million and 15 million nascent

transcript sequences of 35- to 36-base lengths from two
to three biological replicates in mouse ESCs and MEFs,
respectively, 45% of which mapped uniquely to the
mouse genome (Supplemental Table S1). GRO-seq is
extremely sensitive in detecting low copy numbers of
transcripts and highly selective for nascent transcripts
with little contamination from processed mRNA accu-
mulated in the cell, based on estimates using spike-in
controls (Supplemental Material). Based on the total mass
of RNA in each fraction, the overall purity of Br-UTP-
labeled transcripts is 99.98% for our libraries, or a back-
ground level of 0.02%. Replicates in each group yielded
strong correlations to each other (Supplemental Table S2).

Thus, the reads represent run-on transcripts that are
highly purified from bulk RNA, and the protocol is highly
reproducible.
The density of engaged RNA polymerase in the body of

a gene and on its coding strand is a quantitative measure
of that gene’s nascent transcriptional activity. Addition-
ally, peaks in the GRO-seq density across a primary
transcription unit represent slow steps in the transcrip-
tion of that gene. Several notable general features of
transcription units were uncovered by GRO-seq analysis
of ESCs and MEFs, as exemplified in Figure 1, A and B. (1)
The GRO-seq assay precisely measures the differential
transcriptional activity in ESCs and MEFs along the
primary transcription unit from initiation to termination,
including polymerases that are transcribing through
exons and introns. For example, the Tgfb3 and Esrrb
genes exhibit strikingly different levels of transcriptional
activity in ESCs versus MEFs. While, in most cases,
known start sites align with the start of GRO-seq densi-
ties, the Esrrb gene shown here uses an alternative
promoter that is not annotated in RefSeq. Recent Pol II
ChIP analysis confirms the use of this alternative pro-
moter in ESCs (Barrera et al. 2008), and microarray
analysis by another group confirms high expression levels
of Esrrb in ESCs and Tgfb3 in MEFs but not in the other
cell types (Mikkelsen et al. 2007). (2) Transcriptionally
engaged RNA polymerase (the bulk of which is Pol II)
(Seila et al. 2009; Rahl et al. 2010) accumulates at the
59 ends of many mRNA-encoding genes. The level of
promoter-proximal Pol II at the 1700019E19Rik gene
is higher than the Pol II level in the gene body in MEFs,
and in ESCs to a lesser degree, indicating that Pol II’s
transition from this promoter-proximal pause to produc-
tive elongation is a rate-limiting step during transcription
of this gene. (3) A divergent polymerase peak in the
antisense direction is observed upstream of many active
genes in both cell types (Core et al. 2008; Seila et al. 2008;
Affymetrix/Cold Spring Harbor Laboratory ENCODE
Transcriptome Project 2009). 1700020O03Rik is a clear
example. The Pol II peak detected in a ChIP assay using
an antibody against hypophosphorylated CTD (8WG16)
(Seila et al. 2008) for the Nom1 gene is resolved into two
distinct peaks of upstream divergent and paused poly-
merase in the GRO-seq analysis.
In both ESCs and MEFs, ;50% of the mappable GRO-

seq reads map to the coding strand and strictly within the
boundaries of RefSeq gene annotations (Fig. 1C). Another
;20% of the GRO-seq reads appear to be from either
divergent polymerase at annotated promoters (5%) or
post-polyA transcription prior to termination (16%).
These three types of regions contain 69% of reads but
represent <21% of the genome; therefore, the bulk of
RNA polymerase molecules that are engaged in tran-
scription are intimately associated with annotated genes.
In contrast to a view drawn from microarray analysis
of mRNAs (Efroni et al. 2008), pervasive transcription
(‘‘transcriptional noise’’) of the bulk of the genome is
not as obvious using GRO-seq to quantify the distribution
of transcriptionally competent RNA polymerases, and
known gene deserts generally show extremely low levels
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of transcription with this very sensitive assay (Supple-
mental Fig. S4).
To investigate the occupancy and density of engaged

RNA polymerases along all genes, we plotted the GRO-
seq densities from both sense and antisense directions for
all mappable RefSeq genes (Fig. 2A). The number of
transcriptionally active genes was determined by using
an experimentally determined background of 0.02% of
reads at random throughout the genome (Supplemental
Material). Statistical analysis shows that ;85% of genes
in ESCs and 80% of genes in MEFs experience transcrip-
tion above background (Figs. 2A, 3A). Additionally, we
assessed whether each gene showed a significant level of
paused Pol II relative to the transcription in the body of
the gene by using the Fisher’s exact test to compare the
read density in the promoter-proximal region relative to
the density in the body of each gene. A false discovery
rate (FDR)-corrected Q-value cutoff of 0.01 was used to
call significantly paused genes (Supplemental Material;
Supplemental Fig. S5). The majority of genes with paused
Pol II exhibit a sharp peak roughly 30 nt downstream from
the annotated TSS, and a significant amount of divergent
transcription is observed upstream of the TSS (Fig. 2A,B).
The heat map display and a manual survey of individual
genes along chromosomes on the University of California
at Santa Cruz genome browser reveal that, for many
transcriptionally active genes, promoter-proximal paus-
ing and divergent transcription co-occur frequently (Figs.
2A, 3A). Statistical analysis indicates conservatively that

;39% and 34% of all mappable RefSeq genes have
significant enrichment of promoter-proximal paused Pol
II relative to that in the gene body in ESCs and MEFs,
respectively (Fig. 3A). Among transcriptionally active
genes, ;85% and 80% exhibit significant peaks of di-
vergent polymerase in ESCs and MEFs, respectively (Fig.
3A). In addition, we found that the level of promoter-
associated transcription increases as the elongation ac-
tivity in the body of the gene increases, as shown by the
heat map (Fig. 2A) and statistical analyses (Supplemental
Figs. S6, S7). The composite profiles for all genes in both
cell types are similar and consistent with a high level of
promoter-proximally paused Pol II (Fig. 2B; Core et al.
2008), suggesting that pausing is a major rate-limiting
step in the transcription cycle for a substantial fraction
of genes in both mouse ESCs and MEFs. In addition,
divergent polymerase peaking at ;200 base pairs (bp)
upstream of the TSS is observed prominently for both
ESCs and MEFs (Fig. 2A,B), supporting the finding that
upstream divergent polymerase is common in mamma-
lian cells (Seila et al. 2009).
The GRO-seq assay provides a tool for quantifying and

comparing the differential transcription profiles in each
cell type over a 5-log dynamic range (Fig. 2C). Notably,
the pluripotency transcription factors Oct4 and Nanog
show >50-fold higher GRO-seq densities in the body of
the gene in ESCs over MEFs, while genes such as Pdgf2b
and Col1a1 , which function in MEFs, show significant
up-regulation in MEFs relative to ESCs. Gene ontology

Figure 1. Densities of nuclear run-on tran-
scripts in ESCs and MEFs analyzed by GRO-
seq. (A) GRO-seq map in mouse ESCs and MEFs
is presented in a strand-specific manner, with
run-on transcripts along the top/forward (red +)
and bottom/reverse (blue �) strands. GRO-seq
reads are aligned to the genome at 1-nt resolution
and the positions of their 59 ends are displayed.
GRO-seq densities are plotted here and hereafter
as the number of reads per 1 kb per 1 million
total uniquely mapped sequences in each library.
Mappable regions are depicted as black bars in
the top row, and RefSeq gene annotations are
shown in the bottom row. (B) The mouse ESC
GRO-seq map of the Nom1 gene is compared
with maps of other genome-wide assays in ESCs.
Y-axes show the total sequence reads per 1 kb
per 1 million total uniquely mapped sequences
(GRO-seq and RNA-seq) (Cloonan et al. 2008) or
per million reads (Pol II ChIP-seq) (Seila et al.
2008). (C) The distributions of all mapped GRO-
seq reads inside or outside (green) of RefSeq gene
annotation are given for ESCs and MEFs. Anno-
tated transcription units (red) are extended by
10 kb downstream on the same strand to include
post-polyA transcription (orange), and by 5 kb
upstream on the opposite strand to include the
peak of divergent polymerase (blue). The percent-
ages of the genome and GRO-seq libraries with
respect to each relevant annotation are given in

the bar graph (with divergent peaks accounting for 2%, 5%, and 4% of the genome, ESC, and MEF libraries, respectively, and post-
polyA transcription accounting for 3%, 16%, and 16% as well).
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(GO) analysis reveals that ESCs generally show higher
expression of genes that control transcription, cell cycle,
mRNA processing, and chromatin modification (Supple-
mental Fig. S8). In striking contrast, MEFs show higher
expression of genes that are involved in multicellular
development, cell adhesion, and actin cytoskeleton orga-
nization. Changes in nascent transcription activity be-
tween the cell types generally agree with previous micro-
array studies of mRNA changes (Sridharan et al. 2009);
however, some instances of discordance between GRO-
seq levels and mature mRNA levels occur (Supplemental
Fig. S9). These likely reflect transcripts that experience
rates of post-transcriptional processing and/or RNA sta-
bility beyond the norm.

Transcription changes within and between four
promoter transcription classes of genes in ESCs
and MEFs

ESCs have an unusually open chromatin structure and
a high level of global transcription, which have been
proposed to be the basis for ESC pluripotency (Efroni et al.
2008). We too observed that ESCs have a slightly greater
number of active genes (85%) as compared with MEFs
(80%) (Fig. 3A). Furthermore, we calculated that 28% of
genes are significantly more transcriptionally active in
ESCs than in MEFs, whereas only 16% have significantly
higher nascent transcriptional activity in MEFs than in
ESCs, supporting heightened transcriptional activity and
complexity as a distinguishable feature of ESCs (see also
the Supplemental Material; Supplemental Fig. S1).
We further classified genes based on the density of

transcriptionally engaged Pol II in both the gene body and

the promoter-proximal region to derive four major cate-
gories (Fig. 3A; Supplemental Fig.S5): (1) class I (not
paused, transcribed): active transcription in the gene body
without a significant enrichment of density at the pro-
moter; (2) class II (paused, transcribed): active transcrip-
tion in the gene body with significantly higher 59 pause
density; (3) class III (paused, not transcribed): no signifi-
cant transcription in the body of the gene, but with
a significantly higher 59 pause density; and (4) class IV
(not paused, not transcribed): inactive transcription with-
out a 59 peak. Additionally, the presence or absence of
a divergent polymerase peak near the TSS was deter-
mined for each gene to assess the relationship between
divergent transcription and transcription in the sense
direction. In total,;39% and 34% of all mappable RefSeq
genes have paused Pol II in ESCs and MEFs, respectively,
and ;76% and 67% exhibit peaks of divergent poly-
merase in ESCs and MEFs, respectively (Fig. 3A). Al-
though ESCs have a higher number of genes classified as
paused, the proportions of transcriptionally active genes
where pausing is a rate-limiting step (class II) or where it
does not appear to be so (class I) are almost equally
divided in both ESCs and MEFs, indicating that neither
cell type possesses a skewed bias toward transcription
regulation via one mechanism or the other.
About half of the transcriptionally active genes in ESCs

and MEFs have significantly higher 59 levels of Pol II,
suggesting that promoter-proximal pausing is a common
rate-limiting step during transcription. In contrast, very
few (<2%) of transcriptionally inactive genes have paused
Pol II (class III) (Fig. 3A), bolstering the view that pausing
is associated more with transcribed, rather than strictly
nontranscribed, genes (Core et al. 2008). (Note, however,

Figure 2. Comparisons of GRO-seq densi-
ties in the promoter-proximal region and
gene body in ESCs and MEFs. (A) Heat map
display of ESC and MEF GRO-seq densities
for all RefSeq genes. For each cell type, gene
order is listed from the highest (top) to the
lowest (bottom) GRO-seq density in the
gene body in the sense direction. Each
row represents the average value of a block
of 40 genes. (B) Average GRO-seq densities
are plotted for all mappable RefSeq genes in
5-bp bins scanning 3 kb upstream of and
downstream from the TSS for both ESCs
and MEFs. (C) GRO-seq densities (number
of reads on coding strand from +1 kb to the
polyA annotation divided by mappable
fraction of that length in kilobases and
normalized by library size in millions) of all
mappable RefSeq genes are compared be-
tween ESCs and MEFs. Fifty of the most
highly enriched mature mRNAs in ESCs
versus MEFs identified by previous micro-
array analysis (Sridharan et al. 2009) are
highlighted on the plots. (Red diamond) ESCs;
(blue cross) MEFs. A few genes with known
function or expression pattern in each cell
type are indicated with arrows.
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that the sensitivity and low background of GRO-seq
forces us to call genes as transcribed that would be
considered inactive in a microarray assay.) The majority
of transcriptionally active, but not inactive, genes also
has RNA polymerase that is engaged in divergent tran-
scription (Fig. 3A).
Strikingly, GO analysis has revealed that class I and

class II genes are each enriched for distinct categories of
gene function. Class I, and not class II, genes in ESCs are

significantly enriched for genes that play roles in multi-
cellular organismal development, cell adhesion, and in-
tracellular signaling cascade (Fig. 3B). In contrast, class II
(and not class I) genes in ESCs are significantly enriched
for genes that function in response to extracellular or
intracellular stimuli, such as translation, cell cycle, DNA
damage, and modification-dependent catabolic processes.
The GO terms enriched for both class I and class II genes
were the same in MEFs (Fig. 3C). These results indicate
that different cellular processes use distinct mechanisms
when regulating transcription, and imply that the tran-
scription activators that are associated with a particular
cellular process act at the same step in transcription
regulation.
A majority of genes in both ESCs and MEFs are in the

same promoter-transcription class (Fig. 4A), but often
exhibit substantial and quantitative differences in their
relative amounts of polymerases in the promoter-proxi-
mal pause or the gene body region (Fig. 4B, panels a–c).
Additionally, we found that many genes change their
promoter transcription classification in MEFs compared
with ESCs, indicating that they have undergone regulated
changes that alter their rate-limiting step.
Twenty-five percent of the paused, transcribed genes

(class II) in ESCs transition to transcribed, not paused
(class I) in MEFs (Figs. 4A,B, panels d–f). Notably, in ESCs,
the genes encoding the core pluripotency transcription
factors—e.g., OCT4 and NANOG (Jaenisch and Young
2008; Chambers and Tomlinson 2009)—are expressed at
high levels, yet possess higher densities of engaged Pol II
at their 59 end (class II genes) (Fig. 4B, panels e,f), in-
dicating that pausing remains a rate-limiting step for
transcription of these genes even when they are highly
expressed. In MEFs, the core pluripotency transcription
factors are dramatically down-regulated (Fig. 2C), with
Oct4 and Nanog showing extremely low Pol II on the
body of the gene or the pause region that is barely above
the background level (among the lowest percentile ex-
pression levels of class I genes) (Fig. 4C). Notably, class II
genes generally showed much higher transcriptional
activity than class I genes (P < 0.0001 by Mann-Whitney
test) (Fig. 4C). Among the genes that transitioned from
class II in ESCs to class I in MEFs, ;50% were signifi-
cantly down-regulated in MEFs and ;11% were signifi-
cantly up-regulated inMEFs. This up-regulated transition
is expected for genes activated in MEFs that are no longer
rate-limited in the transition of paused Pol II to pro-
ductively elongating states. Importantly, these data also
indicate that pausing is not strictly a repressive mecha-
nism, and that a reduction in pausing can accompany a
reduction in gene expression. These findings agree with
studies in Drosophila cell culture, where a function of
paused Pol II is to prevent nucleosomes from binding key
promoter sequences and thereby repressing transcription
(Gilchrist et al. 2008, 2010).
Transcribed, nonpaused genes (class I) transition read-

ily to paused, transcribed (class II) (Figs. 4A,B, panel g), as
expected, if escape from the pause to productive elonga-
tion becomes rate limiting. Among the 11% of class I
genes in ESCs that switched to class II in MEFs, 49% and

Figure 3. Rate-limiting steps in transcription of individual
genes and GO analysis of genes with paused Pol II peak. (A,
left) Based on the GRO-seq profiles, each gene in each cell type
was classified as transcribed if the density in the gene body was
significantly above background, and as paused if the promoter-
proximal density was significantly above the level in the gene
body (Core et al. 2008). (Right) The fractions of each gene
activation class were determined for ESCs and MEFs. The total
number of RefSeq genes is 19,188. Additionally, each gene was
classified as to whether it had a significant level of divergent
polymerase or not. In each class, the fractions of genes with
divergent polymerase activity are indicated with a darker shade.
The small class III contains only 45 genes in ESCs and 37 genes
in MEFs and is not displayed. (B,C) GO analysis of class I (paused,
transcribed) and class II (not paused, transcribed) genes in ESCs
(B) and MEFs (C) shows GO terms that show significant enrich-
ment relative to all RefSeq genes in black (if significant in only
one class) or gray (if significant in both classes). The numbers of
genes in each class are given in parentheses.
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nearly 19% became significantly up-regulated and down-
regulated, respectively, in MEFs. Thus, changes in gene
expression during differentiation are accompanied by
regulatory changes that can eliminate or generate pausing
as a rate-limiting step.
Roughly 15% of completely silent genes (class IV) in

ESCs become transcribed, not paused (class I) in MEFs
and vice versa (Fig. 4A), representing genes regulated at or
prior to Pol II initiation (Fig. 4B, panels h,i). Interestingly,
paused, transcribed genes (class II) rarely transition to
completely inactive (class IV), and, correspondingly, in-
active genes rarely transition to paused and transcribed,
at least in these cell types. Therefore, paused genes appear
to be designed to be active and tunable in both cell types,
rather than to transition between a paused and an in-
active state or vice versa. The paused Pol II at the 59 end of
the gene may offer the advantage of maintaining the
transcriptional activity of promoters that must be re-
sponsive to a myriad of cellular signaling pathways
during differentiation.

Entry into productive elongation is a general
mechanism of regulating transcription
in differentiation

Mouse genes with higher transcriptional activity in the
gene body also have higher levels of Pol II density at the
59 end when either ESCs or MEFs are analyzed. This can
be seen from examples of individual genes (Fig. 4B, panels
a–c) and in the genome-wide analysis (Supplemental Fig.
S6A). However, the pausing index (the ratio of the GRO-
seq density at the 59 end of the gene to that in the gene
body) decreases with increasing gene activity, as seen

with individual genes (Fig. 4B, panel c) and in the genome-
wide analysis (Supplemental Fig. S6B).
The transition of ESCs to MEFs may involve more than

one regulatory event. Nonetheless, by examining the
changes in Pol II distribution on all genes between cell
types, we can infer whether the net regulatory changes
have had major effects on rates of initiation or escape of
paused Pol II to productive elongation (Fig. 5A). For
example, if the density of Pol II on the body of the gene
increases much more than the density on the promoter
(i.e., the pausing index decreases with an increase in
expression), then we can infer the greater regulatory
effect is on the rate of pause escape. If an increase in Pol
II density on the gene body is accompanied by similar
increases in both paused and gene body Pol II (i.e., no
changes in the pausing index), thenwe can infer themajor
change is on the rate of initiation (Core et al. 2008).
Overall, we found that changes in the gene body tran-

scription activity in MEFs relative to ESCs are accompa-
nied by qualitatively (i.e., of the same sign) similar changes
in GRO-seq density at the 59 end, consistent with rates of
recruitment and initiation indeed contributing to the over-
all activity of a gene (Fig. 5B).Nevertheless, as transcription
levels increase, the relative rate of release of paused Pol II
into productive elongation increases to a greater extent
than entry into the pause site, and, correspondingly, as
transcription levels decrease, the relative rate of release
of paused Pol II into productive elongation decreases to
a greater extent than entry into the pause site (Fig. 5C).
These findings support the hypothesis that full-length
transcription has a significant component of control at
the level of escape of paused Pol II into productive
elongation.

Figure 4. Targets of regulation in the
transition from ESCs to MEFs. (A) The
percentages of genes from each promoter
transcription class that change class from
ESCs to MEFs are presented above each
straight arrow. The circular arrows repre-
sent the number of genes that do not
change classification. (B) Representative
GRO-seq plots comparing ESCs (top) ver-
sus MEFs (bottom) of genes that maintain
(panels a–c) or switch (panels d–i) their
promoter transcription class. (C) Com-
parisons of the average GRO-seq den-
sities in the bodies of class I and class II
genes in ESCs and MEFs. Oct4 (dot) and
Nanog (star), two core pluripotency fac-
tors that switched from class II in ESCs
to class I in MEFs, are presented to
show the difference in the gene body
densities between two cell types. Actn1,
which is significantly up-regulated in
MEFs and switched from class I in ESCs
to class II in MEFs, is indicated with an
X. The middle line in each box plot
indicates the median value, the top and

bottom edges of the box plot are the 75th and 25th percentiles, and the small horizontal bars denote the 95th and fifth
percentiles. (***) P-value < 0.0001 by Mann-Whitney test.
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Developmental regulatory genes are transcribed
at a modest level in ESCs and are not enriched
for pausing

Because ESCs are pluripotent, the promoters of genes that
regulate and execute lineage specification are expected to
be poised for activation but repressed in ESCs by re-
pressive protein complexes PRC1 and PRC2 (Ku et al.
2008). We evaluated whether such developmental regu-
latory genes have paused Pol II and assessed their level of
expression. We found that, although transcriptional ac-
tivity is detectable in ESCs at many of these master
regulators of lineage specification, only a small portion of
these active genes display significantly higher GRO-seq-
measured densities at the 59 end (class II) (Fig. 6A).
Compared with MEFs, which are of mesenchymal

lineage, ESCs express a more diverse range of lineage
specifiers. In general, the transcription level of these
developmental regulators is clearly higher in ESCs com-
pared with MEFs when genes related to mesenchymal
lineage are excluded (Fig. 6B, right), albeit expressed at
a modest level compared with the average GRO-seq
density of all active genes (Fig. 6A). Interestingly, neuro-
ectodermal or neuronal lineage-controlling master tran-
scription factors such as Olig1, Olig2, and Nestin are
transcribed at the highest levels relative to other lineages
in ESCs. In contrast, genes controlling mesenchymal
lineage establishment are consistently up-regulated in
MEFs relative to ESCs (Fig. 6B, left). Together, our
findings demonstrate that master regulators or markers
of many different lineages are broadly transcribed at
a modest level in ESCs, but mostly do not possess
a significant level of paused Pol II.

RNA polymerase at genes whose promoters have either
activating or repressing histone modifications

Promoters usually have adjacent nucleosomes that bear
either an H3K4me3 activation mark or an H3K27me3-
repressive mark. Comparison of GRO-seq with ChIP
analysis of histone methylation marks shows that the
genes that harbor H3K4me3 near the promoter (Ku et al.
2008) display significant levels of transcriptionally com-
petent RNA polymerase at the promoter in ESCs, as
measured by GRO-seq (Fig. 7A). In contrast, genes with
only H3K27me3 show very little GRO-seq activity. The
metagene profiles of Pol II and H3K4me3 ChIP-seq

densities in genes with different GRO-seq signal levels
(deciles) show that the level of transcriptionally compe-
tent polymerase correlates quantitatively with the
amount of promoter-associated Pol II and H3K4me3
marks (Fig. 7B).

Figure 5. Regulation of gene expression
by changing the efficiency of entry into
productive elongation. (A) Illustrations de-
picting types of transcriptional activity
change in MEFs (increase [1] and decrease
[2]) relative to ESCs representing quadrants
1 and 2, as in B and C, are provided. Pause
index is defined as the ratio of pause peak
density to gene body density. The fold
changes of pause peak GRO-seq density
(B) or pausing index (C) versus gene body

GRO-seq density in MEFs relative to ESCs are plotted for all mappable genes. The R-value, determined by Pearson’s correlation, is
presented within the plot. Contour lines by decile are shown in the heat map scale at the right.

Figure 6. Developmental regulators of many lineages are
transcribed but not paused in ESCs. (A) The promoter transcrip-
tion classes and GRO-seq levels of known regulators associated
with lineage specification are shown for ESCs and MEFs. The
GRO-seq density levels in the body of the gene (from the lowest
to the highest, 10%, 25%, 50%, 75%, and 100%, as ranked by
the gene body density) is indicated by heat map for class I (green)
and class II (orange) genes. The lists of developmental regulators
are compiled from Mikkelsen et al. (2007), Stock et al. (2007),
and Marson et al. (2008). (B) The changes in the GRO-seq gene
body density for developmental controllers and markers in-
volved in mesenchymal lineages (left) or all lineages except for
mesenchymal lineages (right) are compared between ESCs and
MEFs. Significance of changes in expression levels between cell
types are P < 0.05 for mesenchymal and P < 0.01 for non-
mesenchymal lineage controllers by Mann-Whitney test.
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RNA polymerase is regulated at distinct steps
on subsets of bivalent genes

The mature mRNA expression level of many develop-
mental regulator genes with bivalent histone modifica-
tions of both H3K4me3 and H3K27me3 is almost un-
detectable in ESCs by microarray technology (Boyer et al.
2006; Lee et al. 2006). While the presence of H3K4me3
suggests that these genes may be ‘‘poised’’ for activation,
the exact state (and even presence) of polymerase at these
genes is not clear, given the contrasting views reported to
date (Mikkelsen et al. 2007; Stock et al. 2007). GRO-seq
data show that bivalent genes in ESCs have considerable
transcriptionally engaged polymerase near the promoter,
but greatly reduced levels of productively elongating
polymerase (Fig. 7C). Nonetheless, these genes are not
completely silent. We found that bivalent gene classes
exhibit significant levels of productive elongation that are
higher than at PRC-bound genes with H3K27me3 but not
H3K4me3 (Fig. 7, cf. A and C).
The relationship of the two polycomb group complexes

PRC1 and PRC2 to promoter-associated polymerase is
revealed when the bivalent genes are subdivided into
those that contain the PRC1 group member Ring1B and
PRC2 (PRC1+,2+), and those that contain only PRC2
(PRC1�,2+). In particular, bivalent genes that lack Ring1B
binding (PRC1�,2+) (Ku et al. 2008) display a high peak of
transcriptionally engaged polymerases at the TSS, whose
peak is comparable with the average level of all genes, but
this polymerase level for these PRC1�,2+ bivalent genes
falls rapidly with distance from the TSS (Fig. 7D, left). In

contrast, bivalent genes that are targeted by both PRC2
and PRC1 (PRC1+,2+) exhibit much lower levels of
transcriptionally engaged polymerase, both proximal to
the promoter and downstream. Cumulative distribution
analysis of GRO-seq reads in the 100-bp window starting
at the TSS shows that that these two bivalent gene classes
are distinct in that PRC1�,2+ bivalent genes show distri-
butions of a higher level of engaged Pol II at the TSS
relative to PRC1+,2+ bivalent genes (Supplemental Fig.
S10). A significant difference was also observed in the
GRO-seq densities at the 59 Pol II peak region between
PRC1+,2+ bivalent and PRC1�,2+ bivalent gene classes
(P < 0.0001 by Mann-Whitney test) (Supplemental Fig.
S11A). Total Pol II occupancy by ChIP-seq (Seila et al.
2008) shows that Pol II recruitment is markedly reduced
for both classes of bivalent genes (Fig. 7D, middle).
Whereas the peak height of sense strand, promoter-

proximal engaged Pol II is similar for all genes and the
PRC1�,2+ bivalent genes, the peak of divergent poly-
merase (by both GRO-seq and ChIP-seq) is greatly re-
duced. The metagene profile result is not due simply to
more variable spacing between the TSS and the divergent
peak for this class of genes. While individual PRC1�,2+

bivalent genes have identifiable peaks of divergent poly-
merase, the peak heights are significantly lower than the
genome-wide distribution. Surprisingly, even with lower
transcriptional activity and reduced levels of Pol II oc-
cupancy in the promoters of both bivalent genes classes,
the level of H3K4me3 is unchanged in comparison with
all genes (Fig. 7D, right). Thus, we did not observe an
obligatory coupling of H3K4me3 and promoter-associated

Figure 7. Regulation of distinct steps in
transcription at polycomb target genes. (A)
GRO-seq metagene profiles of all genes
(purple), the subset of genes marked with
H3K4me3 but not H3K27me3 (green), or the
subset with H3K27me3 but not H3K4me3
(orange) near the promoters in ESCs (Ku et al.
2008). (B) The composite profiles of GRO-
seq, Pol II (8WG16) ChIP-seq (Seila et al.
2008), and H3K4me3 ChIP-seq (Mikkelsen
et al. 2007) are shown for genes whose level
of expression in the gene bodies are in the top
10% (purple), middle 10% (green), and bot-
tom 10% (orange) of active genes in ESCs, as
determined by GRO-seq. The Y-axis is reads
per kilobase per million. For ChIP-seq data,
the forward and reverse reads are plotted
above and below the horizontal axis, re-
spectively. The midpoint between peaks of
forward and reverse read density corre-
sponds to the in vivo binding site, as de-
scribed in Seila et al. (2008). (C) GRO-seq
metagene profiles for all genes (purple) and
H3K4me3/H3K27me3 bivalent genes (gray)
(Ku et al. 2008). (D) Bivalent genes were
subclassified into those that have PRC1
(cyan) or not (squash), based on Ku et al.

(2008). The composite profiles for each subclass are plotted for GRO-seq, Pol II ChIP-seq, and H3K4me3 ChIP-seq, as in B. (E) The
average GRO-seq densities of genes targeted by core pluripotency transcription factors with (sea green; n = 381) or without (red; n =

2,838) PRC2 component SUZ12 co-occupancy in ESCs. The gene lists were taken from Marson et al. (2008).
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Pol II, a result also seen in early development (Vastenhouw
et al. 2010).
The maintenance of the pluripotent state depends on

a specific set of transcription factors (Jaenisch and Young
2008; Chambers and Tomlinson 2009). Core pluripotency
transcription factors often colocalize at the promoters of
the target genes that are active in ESCs (Boyer et al. 2005;
Loh et al. 2006; Marson et al. 2008). However, these core
pluripotency regulators also bind to the promoters of
a significant number of repressed genes that are associ-
ated with PRC proteins (Boyer et al. 2006; Lee et al. 2006).
The genes that are bound by both the core pluripotency
factors and the PRC2 complex have dramatically reduced
peaks of divergent and paused Pol II relative to promoters
that have pluripotency factors and no or little PRC2
relative to the average of all genes (Fig. 7E; Supplemental
Fig. S11B). These repressive complexes comprised of core
pluripotency transcription factors and PRCs in ESCs are
most likely to include PRC1 complex as well (Endoh et al.
2008).

Discussion

Transcription regulation at the transition from pause
to elongation

Our GRO-seq analyses in mouse ESCs and MEFs demon-
strate that nearly 40% of all coding genes exhibit a higher
density of engaged polymerase at the 59 end of genes
relative to the gene body that peaks ;30 bases down-
stream from the TSS. This agrees well with less sensitive
and nondirectional mapping methods such as ChIP-seq
analysis of Pol II on encoding genes (Marson et al. 2008).
Almost all genes that have these paused Pol II peaks
in ESCs and MEFs exhibit detectable levels of tran-
scriptional elongation in the gene body. This agrees
with recent reports (Stock et al. 2007; Core et al. 2008;
Hargreaves et al. 2009; Ramirez-Carrozzi et al. 2009),
although the amount of the transcription elongation
activity varies widely from gene to gene. Furthermore,
genes with the highest Pol II density in the gene body
often possess a significant level of paused Pol II at the
59 end in mammals (Core et al. 2008) and in Drosophila
cell culture (Gilchrist et al. 2008, 2010). This finding
indicates that, even in highly transcribed genes, pausing
can remain a rate-limiting step. In the case of the well-
known model system of pausing, the Drosophila heat-
shock genes, pausing can still be detected under highly
induced conditions, albeit the pausing index is dramati-
cally reduced (Giardina et al. 1992; Boehm et al. 2003).
More importantly, it shows that, whereas the rate of
paused Pol II escape into productive elongation can
be tuned up or down, paused Pol II is rarely entirely
blocked from transcribing the body of the gene.
Our observation that the majority of genes with paused

Pol II show detectable transcription elongation is in
apparent conflict with an estimate that up to 30% of
human genes showed no detectable full-length tran-
scripts by microarray or sequencing methodology, yet
contain 59 Pol II peaks by ChIP assays (Guenther et al.

2007). There can be a couple of explanations. First,
measurements of transcriptionally competent polymer-
ase by GRO-seq and mature mRNA abundance by micro-
array are not always expected to correlate to each other.
For example, gene transcripts that are regulated by pre-
mRNA processing or rapidly turned over may be present
in extremely low amounts in the mRNA pool and are
undetectable by conventional methods for measuring
transcript abundance. Second, the sensitivity in detecting
transcripts by GRO-seq is comparable with very deep
sequencing by RNA-seq, but is one to two orders of
magnitude greater than microarray assays (Supplemental
Fig. S7; Core et al. 2008). Low levels of transcription
detected by sequencing would be scored as silent by a
hybridization assay.
Here, we estimated that ;35%–40% of all RefSeq

genes in ESCs and MEFs feature a paused Pol II peak at
their 59 end by GRO-seq, while a genome-wide Pol II ChIP
localization study revealed that ;48% of coding gene
promoters are occupied with a significant level of Pol II
relative to the gene body region (Rahl et al. 2010). The
difference in these estimates may be due to active, not-
paused (class I) genes (classified by GRO-seq) that have
substantially higher levels of Pol II that either are in a PIC
or are arrested (Adelman et al. 2005)—both of which are
not expected to be detected by GRO-seq—or due to
differences in the experimental protocols or criteria used
to call an excess of promoter-associated Pol II.
Rate-limiting steps in transcription can be a point of

regulation at which regulatory factors act positively or
negatively. By examining the promoter activity class
transition from ESCs to MEFs, we uncovered that pro-
moters can be placed into two categories. Some promoters
maintain transcriptional activity at the promoter-proximal
sites and do not get completely turned off (e.g., class switch
of I to II, or II to I). The other category includes promoters
that are regulated primarily by the recruitment and initi-
ation of Pol II (e.g., class switch of I to IV, or IV to I). By
quantitatively comparing ESCs and MEFs, we were able
to establish that not only are rates of recruitment and
initiation regulated between cell types, but the rate of
escape from pausing is a general target of regulation as
well.
Active genes often have a peak of divergently oriented

polymerases that are likely to be Pol II, because the
associated RNAs can be capped (Affymetrix/Cold Spring
Harbor Laboratory ENCODE Transcriptome Project
2009) and they overlap with Pol II densities measured
by ChIP-seq (Seila et al. 2008). Transcription in the di-
vergent orientation generally co-occurs with transcrip-
tion of the annotated gene, but Pol II enters into pro-
ductive elongation only on the sense orientation of the
annotated gene. Thus, the mechanism that controls the
fate of these Pol II complexes is strikingly asymmetric.
Surprisingly, RNA polymerase II and its modifications
(histone modifications), as well as many factors known to
participate in initiation and pausing, appear to be sym-
metric, associated with both divergent and paused Pol II
(Rahl et al. 2010). Therefore, identifying the cis-elements
and the factors responsible for P-TEFb-mediated escape

RNA polymerase pausing in embryonic stem cells

GENES & DEVELOPMENT 751

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


into productive elongation will be critical for understand-
ing the directionality of productive elongation (Seila et al.
2009).

Transcription of genes with bivalent chromatin
domains is regulated distinctly by PRC2 and PRC1

Determining the presence and status of Pol II at bivalent
genes is important for understanding the mechanisms
that govern their transcription. We found that bivalent
genes that are targets of the PRC2 complex, but not
PRC1, retain promoter-proximal engaged Pol II that is
more tightly confined to a region near the TSS and also
display dramatically reduced levels of elongating Pol II.
These results suggest that transcription at bivalent genes
bound by PRC2 is regulated after the initiation step but
very early in elongation. Although PRC2 activity has
been shown to function in recruiting PRC1 and in DNA
looping, no connections to distinct steps in transcription
have been made previously (Simon and Kingston 2009).
The bivalent genes that are occupied by both the PRC2

and the PRC1 complexes display much less promoter-
proximal Pol II, suggesting a preinitiation block to earlier
steps in transcription at these genes. This is consistent
with the ability of PRC1 to compact nucleosomes (Francis
et al. 2004), interfere with specific functions of the
transcriptional apparatus, or both (Breiling et al. 2001;
Dellino et al. 2004). The stronger repression of bivalent
genes through the additional activity of PRC1 is also
evident in that these genes show more robust retention
of repressive chromatin through differentiation than
PRC1�,2+ bivalent genes (Ku et al. 2008). Nonetheless,
these genes are not completely silent. We found that both
bivalent gene classes exhibit significant levels of produc-
tive elongation that are higher than at PRC-bound genes
with H3K27me3 but not H3K4me3 (Fig. 7, cf. A and C).
The transcriptional activities of most genes are pro-

portional to the levels of H3K4me3 on their promoter
regions (Pokholok et al. 2005). In marked contrast, the
transcriptional activity and divergent transcription of
both classes of bivalent genes can vary widely, but the
amount of H3K4me3 on the promoter remains at a level
that is almost equal to the genome-wide average (Fig. 7D).
This constant presence of H3K4me3modifications across
the promoter region may suggest that bivalent genes are
poised for further activation. Recently, H3K4me3 modi-
fications have been shown to evoke a dynamic cycle
of histone acetylation and deacetylation at the promoters
of inactive genes, which may facilitate the cross-talk
between different histone modifications to prepare for
activation (Wang et al. 2009). In addition, the high affinity
of the TAF3 subunit of TFIID for the H3K4me3-modified
histone tail may assist activation for bivalent genes that
are highly enriched for CpG islands but lacking a TATA
box (Vermeulen et al. 2007).
Many developmental regulatory genes are targets of

PRC2 and PRC1 in ESCs, and most are transcribed at
a modest level but do not feature a significant peak of
paused Pol II. Interestingly, another study has shown that
these genes retain a high level of Ser5-phosphorylated Pol

II at the promoter relative to the gene body (Stock et al.
2007). Although paused Pol II is Ser5-phosphorylated,
these promoters could possibly contain a form of Pol II
that either has not fully entered elongation or is back-
tracked and unable to elongate in a run-on assay.
Most developmental regulatory genes are not highly

expressed in ESCs; however, we do note that regulators of
multiple lineages show some ‘‘promiscuous transcrip-
tion,’’ and this shares some similarities with what has
been observed in the hematopoietic system (Hu et al.
1997; Miyamoto et al. 2002). Interestingly, the regulators
of neural and neuroectodermal lineages are among the
highly expressed regulators in ESCs, supporting the
hypothesis that ESCs in culture have an ‘‘aptitude’’ for
neural differentiation (Hemmati-Brivanlou and Melton
1997; Ying et al. 2003).

Pausing and the responsive transcription control
of key pluripotency regulatory genes

OCT4, SOX2, and NANOG play important roles in
preventing activation of specific lineage differentiation
pathways, as well as forming the positive feedback tran-
scription network for maintaining and establishing the
pluripotent and self-renewal potentials in ESCs (Jaenisch
and Young 2008).Oct4 andNanog are actively transcribed
in ESCs but still exhibit a rate-limiting step at pausing.
Rapid, synchronous, and high levels of activation correlate
better with genes that possess paused Pol II over genes that
do not (Core et al. 2008; Boettiger and Levine 2009). Taken
together, we speculate that pausing provides a responsive
transcriptional regulatory step for controlling the level of
critical core pluripotency transcription factors in ESCs.
The profile of engaged RNA polymerases provides both

a measure of transcription and a means of identifying
those steps that are slow and regulated. This comparison
of ESCs and MEFs establishes that transcription elonga-
tion is often controlled by dynamically tuning the release
of the paused Pol II. However, an important class of
regulated genes in ESCs that show bivalent histone
modifications is modulated at both elongation and stages
prior to elongation. Identification of themolecular targets
of upstream activators or repressors and the role of these
targets in modulating the rate-limiting steps of transcrip-
tion will be essential to fully elucidate the mechanisms
governing the regulation of the ESC state.

Materials and methods

Cell lines

V6.5 ESCs (C57Bl/6 [f]3 129/Sv [m]; passages 12–14) were grown
on irradiated feeders. MEFs (C57Bl/6 [f] 3 129/Sv [m]) were
isolated from male embryonic day 13.5 (E13.5) embryos and
passaged twice before analysis. ESCs were passaged twice in
gelatin-coated plates before the nuclei isolation.

Nuclear run-on assay

GRO-seq experiments were carried out as described previously
(Core et al. 2008). Briefly, nuclei from 5 3 106 cells were
isolated, run-on-transcribed with Br-UTP and other NTPs, and
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base-hydrolyzed to yield nascent RNAs with an average size of
roughly 100 nt. Br-UTP-incorporated nascent transcripts were
purified after three rounds of serial Br-UTP enrichment steps. In
order to empirically determine the sensitivity of our assay in
detecting rare nascent transcripts in the reaction and the purity
of Br-UTP-incorporated nascent transcripts over UTP-contain-
ing transcripts, we included spiking controls incorporated with
or without Br-UTP at known concentrations in the nuclear
run-on reaction. Nascent RNAs were prepared for Illumina
sequencing.

Gene Expression Omnibus (GEO) accession codes

GRO-seq data are accessible at the GEO database, accession num-
ber GSE27037.
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