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Cascades of zygotic gene expression pattern the anterior–posterior (AP) and dorsal–ventral (DV) axes of the early
Drosophila embryo. Here, we used the global run-on sequencing assay (GRO-seq) to map the genome-wide RNA
polymerase distribution during early Drosophila embryogenesis, thus providing insights into how genes are
regulated. We identify widespread promoter-proximal pausing yet show that the presence of paused polymerase
does not necessarily equate to direct regulation through pause release to productive elongation. Our data reveal
that a subset of early Zelda-activated genes is regulated at the level of polymerase recruitment, whereas other
Zelda target and axis patterning genes are predominantly regulated through pause release. In contrast to other
signaling pathways, we found that bone morphogenetic protein (BMP) target genes are collectively more highly
paused than BMP pathway components and show that BMP target gene expression requires the pause-inducing
negative elongation factor (NELF) complex. Our data also suggest that polymerase pausing allows plasticity in gene
activation throughout embryogenesis, as transiently repressed and transcriptionally silenced genes maintain and
lose promoter polymerases, respectively. Finally, we provide evidence that the major effect of pausing is on the
levels, rather than timing, of transcription. These data are discussed in terms of the efficiency of transcriptional
activation required across cell populations during developmental time constraints.
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Patterning the axes of the Drosophila embryo relies
on the activation of zygotic gene networks in response
to maternal cues. Specification of the anterior–posterior
(AP) axis is dependent on a segmentation gene cascade,
with the gap genes activated first, followed by the pair-
rule genes, then the segment polarity genes, and, finally,
the homeotic genes (Niessing et al. 1997; Sanson 2001).
Patterning of the dorsal–ventral (DV) axis is initiated by
a maternal Dorsal nuclear gradient, which divides the
embryo into threemajor tissues (Stathopoulos and Levine
2004). Subsequent signaling interactions subdivide these
tissues into specific cell types. For example, Dorsal-
mediated repression restricts decapentaplegic (dpp) tran-
scription to the dorsal ectoderm of the embryo. Although
Dpp protein, encoding a bonemorphogenetic protein (BMP)
ligand, is initially uniform in the dorsal ectoderm, it is

redistributed to form a gradient that patterns this region
into distinct cell fates (O’Connor et al. 2006).
The intricate expression patterns of key zygotic de-

velopmental genes require tight regulation of transcrip-
tion. For transcription to occur, the promoter region is
remodeled to an open chromatin structure that is acces-
sible to the core transcription machinery. General tran-
scription factors melt the promoter DNA and enable the
RNA polymerase to initiate transcription. The transition
to productive transcription elongation is facilitated by
post-translational modification of the C-terminal domain
(CTD) of the largest subunit of RNA polymerase II (Pol II).
Various transcription factors interact with the modified
CTD to govern the elongation rate, cotranscriptional
processing of the RNA, and, finally, transcription termi-
nation. Transcription activators or repressors bound to
enhancers regulate the initiation step by affecting preini-
tiation complex recruitment through specific protein in-
teractions and/or altering nucleosome occupancy of the
promoter region (Kadonaga 2004).
Although the need for recruitment and initiation of the

transcription complex at promoters is absolute, another
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major point of control is at the level of elongation via
Pol II pausing proximal to the promoter. During pausing,
the initiated polymerase transcribes;20–50 nucleotides
(nt) and then is held from further elongation by pause-
inducing factors (Saunders et al. 2006). Transcription
factors can establish a promoter-proximally paused com-
plex, vary the duration and stability of the pause, or change
the rate of escape into productive elongation (Fuda et al.
2009). Promoter-proximal pausing was initially character-
ized on the humanmyc gene (Bentley and Groudine 1986),
HIV (Kao et al. 1987), and the Drosophila heat-shock gene
hsp70 (Gilmour and Lis 1986; Rougvie and Lis 1988). More
recently, the use of Pol II chromatin immunoprecipitation
(ChIP) followed by genomic approaches has found that
promoter-associated Pol II is widespread in mammalian
and Drosophila genomes (Adelman and Lis 2012), partic-
ularly for developmental genes in Drosophila (Muse et al.
2007; Zeitlinger et al. 2007; Levine 2011; Gaertner et al.
2012). Pausing appears to be important for maintaining
promoters in an open conformation through competition
between paused Pol II and the +1 nucleosome (Gilchrist
et al. 2008, 2010). Other hypothesized functions for
pausing describe it as (1) critical for robust and synchro-
nous transcription responses (Boettiger and Levine
2009), (2) a post-initiation checkpoint that allows for
integration of more information from signaling path-
ways, and (3) a checkpoint that ensures proper prepro-
cessing of nascent RNAs or maturation of the transcrip-
tion complex itself (Adelman and Lis 2012).
Recent technological advances in the mapping of na-

scent or short RNAs have allowed Pol II pausing to be
visualized with higher resolution, thus uncovering a
mechanistic insight into promoter regulation (Core et al.
2008; Nechaev et al. 2010; Churchman and Weissman
2011; Menet et al. 2012). The global run-on sequencing
assay (GRO-seq) provides a measure of the density and
orientation of transcriptionally competent polymerases
across the genome (Core et al. 2008) and affords an attractive
balance between resolution, comprehensive genome cov-
erage, and sensitivity (Core et al. 2008, 2012; Chopra et al.
2011; Min et al. 2011). Here, we used GRO-seq to ex-
amine the pausing and transcription dynamics of key
developmental genes during early Drosophila embryo-
genesis. Our data determine the mechanisms of tran-
scriptional regulation of key gene sets deployed during
early embryogenesis and clearly distinguish between
promoters that are regulated primarily through increased
escape from pausing versus increased recruitment. Fi-
nally, our data also provide insight into the biological
impact of pausing on the long-term expression of genes.

Results

Widespread early zygotic transcription and pausing
at active genes

To generate a high-resolution profile of gene transcription
in early Drosophila embryos, we performed GRO-seq
analysis (Core et al. 2008).GRO-seq involves next-generation
sequencing of nuclear run-on RNA molecules represent-

ing the very 39 portion of nascent transcripts from paused
or elongating RNA polymerases. Mapping these se-
quencing reads reveals the distribution and orientation
of transcriptionally competent polymerases across the
genome (Core et al. 2008). Time points of 2–2.5 h and
3–3.5 h after egg laying (AEL) were chosen to coincide with
transcription of the gene networks required for AP and DV
axis patterning (Sanson 2001; Stathopoulos and Levine
2004). Two biological replicates were analyzed for each
time point; Supplemental Figure S1 shows the high
correlation between replicates (R2

= 0.92–0.98). The num-
bers of rRNA GRO-seq reads indicated that the 2- to 2.5-h
and 3- to 3.5-h time points had similar transcriptional
activity, allowing their direct comparison (see theMaterials
and Methods). Evidence that the embryos collected at each
of our time points were correctly staged and not contam-
inated with incorrectly staged embryos is shown in Sup-
plemental Figure S2 (see also the Materials and Methods).
Analysis of transcription levels in 2- to 2.5-h embryos,

based on normalized gene body read counts (gene body
reads per kilobase per million [gbRPKM]) (see the Mate-
rials and Methods), reveals a range of transcriptional
activity across the genome (Fig. 1A). Using a conservative
statistical cutoff for gene body read density, we found that
at least 62% (8752 of 14,065) of genes are transcription-
ally active in 2- to 2.5-h embryos (Fig. 1B), which is more
than double a previous estimate (Lott et al. 2011). The top
500 most transcriptionally active genes are shown in
Supplemental Table S1. Of the genes we assigned as
active at 2–2.5 h (Fig. 1B), 23 are part of a set of 27 genes
previously categorized as being strictly maternal and
lacking zygotic transcription (Arbeitman et al. 2002).
With the higher sensitivity of GRO-seq, we detected
zygotic transcription of the 23 genes at variable levels
(Supplemental Fig. S3A–C) and confirmed early zygotic
expression of one of these, CycA, using nascent RNA in
situ hybridization (Supplemental Fig. S3D). Similarly,
analysis of another set of >5000 genes defined as being
maternally expressed with no early zygotic transcription
(Lott et al. 2011) revealed that only 288 of these lack
zygotic transcription at either of our two time points, as
detected by GRO-seq (Supplemental Table S2).
Next, we calculated the pausing index (PI) for each

gene, which is the density of polymerases in the promoter
region divided by that in the gene body (Core et al. 2008),
to determine the number of genes that harbor paused
polymerase in the early Drosophila embryo. The distri-
bution of PI values across the genome at 2–2.5 h is shown
in Figure 1C, with some genes having a very high PI value.
Different scenarios can account for high PI values. In
many cases, one paused polymerase occupies each pro-
moter-proximal region at around position +40, although
there is the potential to fit more where pausing is more
dispersed and distal (Kwak et al. 2013). However, if only
a few polymerases are present across the rest of the gene,
then the polymerase density in the 250-base-pair (bp)
promoter-proximal region will be vastly different from
the polymerase density in a multikilobase gene body.
Similarly, every gene copy could be occupied by a paused
polymerase, but polymerases might only be present in the
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gene body in a subpopulation of cells, again leading to
vastly different promoter and gene body polymerase
densities. The complete list of paused genes at 2–2.5 h
with the PI ranking is shown in Supplemental Table S3.
Using a statistical cutoff of 0.01 for the PI (see theMaterials
and Methods), we found that more than half of the genes

at 2–2.5 h AEL (55%; 7734 out of 14,065) have significant
enrichment of GRO-seq density in the promoter-proxi-
mal region relative to the gene body (Fig. 1D). Our data
also indicate that the majority (80%; 7036 out of 7734) of
transcriptionally active genes have promoter-paused Pol
II, whereas only a small proportion of inactive genes have

Figure 1. Transcriptional activity within the early embryo. (A) Chart showing the distribution of gbRPKMs across all genes in the
Drosophila genome (see the Materials and Methods). (B) Pie chart displaying proportion of genes that are transcriptionally active (have
a gbActPval of <0.01) or inactive (have a gbActPval of >0.01) at 2–2.5 h AEL. The number of active and inactive genes is displayed. (C)
Chart showing the distribution of PIs across all genes in the Drosophila genome (see the Materials and Methods). (D) Pie chart
displaying proportion of genes that are paused (have a pausing P-value of <0.01) or not paused (have a pausing P-value of >0.01) at 2–2.5 h
AEL. (E) Chart showing the paused and not paused genes in D also separated depending on whether the genes are active or inactive. (F)
UCSC genome browser images of GRO-seq data for an example of each class of gene at 2–2.5 h, with the percentage of genes in each
category shown.
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paused polymerase (Fig. 1E). The four possible GRO-seq
gene classes, as defined by the PI and gene body activity,
and the proportion of genes in each are shown in Figure
1F. Due to the heterogeneity of the nucleus population
analyzed, the paused and active profile for any given gene
could be a mix of different pausing and activity states of
the gene in expressing and nonexpressing cells across
the embryo. To investigate whether actively transcribed
genes are likely to be paused, we further analyzed the
7036 genes classified as paused and active from the 2- to
2.5-h embryo data set. Of these genes, 6253 are also active
in a more homogenous population of S2 cells, with 4052
of these (65%) harboring paused Pol II (Core et al. 2012).
This suggests that the paused and active profile that we
identified in the embryo can be associated with individ-
ual genes bearing both paused and actively transcribing
Pol II. We also note that some ubiquitously expressed
genes are paused and active. It is also likely that paused
Pol II is present when some genes are inactive (see below).
Together, these data are consistent with Pol II pausing
being important for the capability and maintenance of
transcription activity.

The segmentation genes are regulated by pausing

To investigate transcriptional regulation of specific sets
of genes, we initially focused on the segmentation genes,
which pattern the AP axis. The classical gap, pair-rule,
and segment polarity genes have moderate to high tran-
scriptional activity at 2–2.5 h, whereas the homeotic genes
have lower activity (Fig. 2A, Y-axis shows gbRPKM). To

compare the proportion of polymerases in the promoter
region of each segmentation gene, we color-coded the data
points in the graph by the level of GRO-seq promoter reads
(prRPKM) at 2–2.5 h (Fig. 2A). The gap, pair-rule, and
segment polarity genes mostly have a very high poly-
merase density in the pause region, whereas the homeotic
genes tend to have a lower density of polymerases in their
promoters and, on average, in their gene bodies. The
transcription profiles of individual examples from each
set of genes are shown in Supplemental Figure S4, A–D.
Thus, the segmentation genes in early embryos generally
have a high density of promoter-proximal Pol II.
By 3–3.5 h, the changes in transcriptional activity of the

segmentation genes (Supplemental Fig. S4E) correlate
with that of their mRNA levels observed after 3.5 h, as
revealed by analysis of the modENCODE consortium
RNA sequencing (RNA-seq) data (Supplemental Fig. S4F;
The modENCODE Consortium et al. 2010; Graveley
et al. 2011). Despite the altered transcriptional activity of
some gap, pair-rule, and segment polarity genes at 3–3.5 h,
these genes retain high promoter reads (Supplemental Fig.
S4Ei). We visualized pausing of the segmentation genes by
plotting their PI values, which show that, with the ex-
ception of some homeotic genes, all segmentation genes
analyzed have promoter-paused Pol II at 2–2.5 h and
3–3.5 h (Fig. 2B; Supplemental Table S4).
The high PIs of the gap, pair-rule, and segment polarity

genes prompted us to investigate whether they are regu-
lated at the level of pause release. If a gene is regulated at
release, as the gene body reads increase, the promoter

Figure 2. Transcription dynamics of the seg-
mentation genes. (A) Graph shows the gbRPKMs
of the individual segmentation genes at 2–2.5 h.
The points are color-coded for the 2- to 2.5-h
prRPKMs; color denotes whether a gene is not
paused (based on a pausing P-value of >0.01) or
paused with a prRPKM within the top 0%–
25%, 26%–50%, 51%–75%, or 76%–100% of
paused genes. (B) Relative PIs of the gap, pair-
rule, and segment polarity genes. Genes are
categorized as not paused or paused with a PI
within the top 25%, 25%–50%, or bottom 50%
of all paused genes at 2–2.5 h or 3–3.5 h. See
also Supplemental Table S4. (C,Ci) Graphs show
the change in gbRPKM (C) versus the change in
PI or prRPKM (Ci) from 2–2.5 h to 3–3.5 h for
the gap, pair-rule, and segment polarity genes.
The point highlighted in pink corresponds to ftz,
which exhibits characteristics of regulation by
polymerase recruitment and is excluded from
the trend line.
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reads remain similar or decrease, and the PI decreases
(Supplemental Fig. S4G). Thus, there is a negative corre-
lation between the change in gbRPKM versus the change
in PI, and there is no correlation between the change in
gene body read counts versus the change in prRPKM.
When we plotted these data for the combined set of gap,
pair-rule, and segment polarity genes, for most genes
(except fushi tarazu [ftz]) (Fig. 2C,Ci, pink diamond), we
found a strong negative correlation between the change in
gbRPKM versus PI (Fig. 2C) and very little correlation
between the change in gbRPKM versus prRPKM (Fig.
2Ci). This can also be seen simply when the raw reads are
plotted: There are obvious changes in the gbRPKMs
between 2–2.5 h and 3–3.5 h (Supplemental Fig. S4E)
but little change in the prRPKMs (Supplemental Fig. S4H),
as expected for regulation by pause release. Together, these

data indicate that escape from the pause is an important
regulatory step in the activation of most gap, pair-rule, and
segment polarity genes during AP patterning.

Regulation of DV patterning genes

We next investigated the transcriptional dynamics and
regulation of genes involved in DV patterning—in partic-
ular, targets of the Dorsal transcription factor, the BMP
signaling pathway components, and BMP target genes
(Stathopoulos and Levine 2004; O’Connor et al. 2006).
Five of the BMP pathway components are Dorsal targets,
and at 2–2.5 h, these two gene sets show, on average,
slightly higher transcription levels than the BMP targets
(Fig. 3A, Y-axis is gbRPKM). As described for the segmen-
tation genes, many of the DV genes show high promoter

Figure 3. Transcription dynamics of the DV
patterning genes. (A) Graph shows the gbRPKMs
of the DV patterning genes at 2–2.5 h. The
points are color coded for the 2- to 2.5-h
prRPKMs; color denotes whether a gene is
not paused (P > 0.01) or paused with a prRPKM
within the top 0%–25%, 26%–50%, 51%–
75%, or 76%–100% of paused genes. The five
genes shaded in gray are both Dorsal targets
and BMP pathway components. (B,Bi) Graphs
show the change in gbRPKM (B) versus the
change in PI or prRPKM (Bi) from 2–2.5 h to
3–3.5 h for the Dorsal target genes. Neu2, tsg,
and zen (highlighted in pink) exhibit charac-
teristics of regulation by polymerase recruit-
ment and are excluded from the trend line. The
gbRPKMs and prRPKMs of Mes1 and Neu1 do
not change and are therefore absent from the
chart. (C,Ci) As in B and Bi for the BMP target
genes. Doc2 and C15 (highlighted in pink) ex-
hibit characteristics of regulation by polymerase
recruitment and are excluded from the trend
line. (D) Pie charts show the proportion of DV
patterning genes with PIs within the top 25%,
or 25%–50% or bottom 50% of all paused genes
at 2–2.5 h or 3–3.5 h. See also Supplemental
Table S5. (E) RNA in situ hybridization for the
Race, hnt, ush, and pnr mRNAs, activated in re-
sponse to BMP signaling, in wild-type or NELF-A
maternal and zygotic null embryos. Embryos are
dorsal views with anterior to the left.
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read counts (Fig. 3A, color coding). University of California
at Santa Cruz (UCSC) browser images for specific DV
patterning genes are shown in Supplemental Figure S5,
A–C. At 3–3.5 h, changes in the transcriptional activity
of many of the DV genes were observed (Supplemental Fig.
S5D), although most of these genes retain high promoter
reads (Supplemental Fig. S5Di,E). The screw (scw) and
twisted gastrulation (tsg) genes, encoding a BMP ligand
and extracellular BMP-binding protein, respectively (see
the X-axis of Supplemental Fig. S5G for the functions of
BMP pathway components; O’Connor et al. 2006), and the
Dorsal target gene Neuroectoderm-expressed 2 (Neu2) are
highly transcribed at 2–2.5 h but shut off at 3–3.5 h
(Supplemental Fig. S5D). These three genes even lose
polymerases from the gene promoter, indicating com-
plete transcriptional repression (Supplemental Fig. S5F).
This repression results in a sharp decrease in the mRNA
levels of these genes by 4–6 h AEL (Supplemental Fig.
S5G; data not shown), as also observed by RNA in situ
hybridization for scw transcripts (Arora et al. 1994).
To address whether the DV genes are transcriptionally

regulated at the level of pause release, we plotted the
change in gbRPKM versus the change in prRPKM or PI.
For the Dorsal and BMP target genes, there is generally
a negative correlation between the changes in gbRPKM
and PI (Fig. 3B,C) but little correlation between the
changes in gbRPKM and prRPKM (Fig. 3Bi,Ci), consistent
with regulation predominantly at the level of pause re-
lease (Supplemental Fig. S4G). GenesNeu2, tsg, zerknullt
(zen),Dorsocross2 (Doc2), andC15, however, appear to be
regulated at the recruitment step (Fig. 3B,Bi,C,Ci, pink
diamonds). As mentioned above, five BMP pathway
components are Dorsal targets that, with the exception
of tsg, are regulated by pause release. Inference of the
transcription regulatory mechanism of the remaining
BMP pathway components was not possible due to half
of the genes within this small category having similar
transcriptional activity at both time points (data not
shown).
Analysis of the PI values for DV genes reveals that all

of the BMP pathway components and target genes are
paused, as are most of the Dorsal targets (Fig. 3D; Sup-
plemental Table S5). In particular, we were interested in
how pausing distributed across the BMP pathway and its
targets, as previous analysis of the NF-kB, JNK, and JAK–
STATsignaling pathways and their gene targets in S2 cells
found that a higher proportion of the signaling pathway
components are paused compared with downstream
targets (Gilchrist et al. 2012). In contrast, our data show
that the BMP target genes exhibit stronger pausing than
the BMP pathway components, with around two-thirds
having PIs within the top 25% of paused genes across the
genome at 2–2.5 h. At 3–3.5 h, the BMP target genes have
slightly lower PIs overall compared with 2–2.5 h, but
again, a greater proportion of BMP target genes are pres-
ent in the top 25% paused category compared with BMP
pathway components (Fig. 3D). In addition, in the early
embryo, most targets of the NF-kB transcription factor
Dorsal are paused (Fig. 3D), with one-third in the top 25%
paused category, although we cannot compare this with

pausing dynamics across the Toll–Dorsal signaling path-
way, as these components are maternally expressed.
To determine whether the high pausing on signaling

pathway targets in the early embryo reflects differences
relating to the pathway–target set and/or system, we used
our 2- to 2.5-h AEL data to analyze the subset of AMP
genes examined by Gilchrist et al. (2012) in S2 cells in
response to NF-kB signaling. Consistent with their find-
ings, these genes are only modestly enriched for poly-
merase pausing in 2- to 2.5-h embryos, with only around
half classified as paused based on the PI (Supplemental
Fig. S5H; Supplemental Table S6). We therefore extended
our analysis to a second embryonic signaling pathway
active during our assayed time points: the STAT pathway
(Zeidler et al. 2000). A large proportion of the STAT path-
way components are also highly paused (Supplemental
Fig. S5I; Supplemental Table S7). However, a set of STAT
target genes (Tsurumi et al. 2011) is less paused than the
STAT pathway components, as observed in S2 cells
(Gilchrist et al. 2012), with a quarter lacking a pause in
the early embryo (Supplemental Fig. S5I; Supplemental
Table S7). Therefore, BMP and Dorsal target genes show
higher pausing than the STAT signaling pathway targets
and AMP genes tested. Thus, different signaling pathways
and particular sets of targets might require different modes
of regulation as a means to satisfy specific needs of the
organism.
As many DV genes are paused, we investigated the

expression patterns of a subset of these in embryosmutant
for theNELF-A gene, encoding the A subunit of the pause-
inducing negative elongation factor (NELF) complex
(Narita et al. 2003; Wu et al. 2005). We found that the
expression patterns of dpp and sog, encoding the main
BMP ligand and its regulator, respectively (O’Connor
et al. 2006), do not showmajor defects in embryos obtained
from females carrying homozygous germline clones for the
NELF-A[KG] mutation and lacking zygotic NELF-A activ-
ity (Supplemental Fig. S5J). This finding is similar to a
previous observation that the expression of some pair-rule
genes and the Dorsal target rhomboid is unaffected in the
neuroectoderm in embryos lacking NELF subunits (Wang
et al. 2010). However, we observed that BMP target gene
expression is disrupted in approximately half of the
embryos lacking maternal and zygotic NELF-A (Fig. 3E),
suggesting that these genes are more dependent on paused
Pol II for their activation.

Differential regulation of early Zelda-activated genes

The predominant mode of regulation identified for the
AP and DV genes analyzed above is at the level of pause
release; however, not all paused genes are regulated at
this step. When we examined genes activated at the
earliest stages of embryogenesis (1–2 h AEL) by Zelda
(Zld), a key maternally deposited transcription factor
involved in the activation of zygotic genes (Liang et al.
2008), most of these genes still have high transcription at
2–2.5 h (75% are in the top 25% most transcriptionally
active category). However, many have lower promoter
polymerase densities than the AP (excluding the homeotic)
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and DV genes (cf. color coding in Figs. 4A and 2A, 3A). As
these genes are early activated Zld targets, their tran-
scription levels and promoter polymerase densities are
reduced at 3–3.5 h (Supplemental Fig. S6A,Ai). Analyses
of how changes in gbRPKM correlate with that of
prRPKM and PI revealed that two-thirds of these genes
clearly sort into two groups: one that is regulated at the
level of pause release (31% of the genes) (Fig. 4B,Bi) and
one that is regulated by polymerase recruitment (37% of
the genes) (Fig. 4C,Ci; Supplemental Fig. S6B–E). In terms
of the latter, this gene set shows a positive correlation
between gbRPKM and prRPKM but a much lower corre-
lation between gbRPKM and PI (Fig. 4C,Ci; Supplemental
Fig. S4G). The remaining one-third of Zld target genes
could not be clearly assigned to either mode of regulation
(Supplemental Fig. S6E). The PIs reveal that pausing is
observed for the majority of Zld-regulated genes in the
2- to 2.5-h embryo, including those regulated by recruit-
ment (Fig. 4D; Supplemental Table S8). Consistent with
their mode of control, the recruitment-regulated genes
then show lower pausing at 3–3.5 h, when their tran-

scriptional activity has decreased (Fig. 4D). The observa-
tion that most of the recruitment-controlled genes are
paused when active supports the concept that the major
regulated step in transcription of paused genes is not
always escape from the pause (Hah et al. 2011).
We next considered whether the AP, DV, and Zld genes

classified as paused and active in the heterogenous nu-
cleus population from the embryo might be paused and
inactive in nonexpressing cells. To address this, we ana-
lyzed the Zld genes regulated by pause release or recruit-
ment using the GRO-seq data set from S2 cells, which
represent a more homogenous embryonically derived cell
population (Core et al. 2012). Almost all of the Zld genes
regulated by pause release that are inactive in S2 cells
have promoter-paused Pol II (Supplemental Fig. S6F). In
contrast, the Zld genes regulated by Pol II recruitment are
mostly not paused when inactive in S2 cells, as expected
for activation at the level of polymerase recruitment.
Similarly, a proportion of the AP and DV genes that we
found to be regulated by pause release in the embryo is
paused and inactive in S2 cells. Although the DV genes

Figure 4. Regulation of Zld target genes. (A)
Graph shows gbRPKMs at 2–2.5 h for Zld target
genes (Liang et al. 2008); the points are color-
coded for prRPKM at 2–2.5 h, as detailed in the
legend. Gene list is shown in Supplemental
Figure S6E. (B,C) Graphs show the changes in
gbRPKM versus PI (B,C) or prRPKM (Bi,Ci)
from 2–2.5 h to 3–3.5 h for Zld genes regulated
by pause release (B) or recruitment (C). Genes
within these categories are listed in Supple-
mental Figure S6E. (D) Pie charts show pro-
portion of Zld target genes with PIs within the
top 25% or 25%–50% or bottom 50% of all
paused genes at 2–2.5 h or 3–3.5 h. See also
Supplemental Table S8.
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show the lowest proportion of paused and inactive genes
in S2 cells, analysis of mutant embryos with altered
nuclear Dorsal levels has previously shown that some
Dorsal target genes are paused when inactive (Zeitlinger
et al. 2007). Therefore, together, these data suggest that
activation of some of the paused genes in the Drosophila
embryo may involve a change from inactive and paused
to active in particular cells, which is entirely consistent
with a mechanism involving polymerase release from the
pause (Chopra et al. 2009).

Pausing enables transcriptional plasticity

As some genes (scw and tsg) (Supplemental Fig. S5F) lose
their promoter polymerases when they become transcrip-
tionally repressed and others maintain promoter polymer-
ases when inactive (class III genes), we further investigated

the connection between promoter polymerase occupancy
and transcriptional inactivity. First, we used RNA-seq
data (The modENCODE Consortium et al. 2010) to select
genes that are transcribed early but become shut off later
in embryogenesis. Thirty genes that match this profile
and have a statistically significant decrease in transcrip-
tion from 2–2.5 to 3–3.5 h, including scw and tsg, are
shown in Figure 5A (see also Supplemental Fig. S7A). The
majority of these long-term repressed genes (73%; 22 out
of 30) also have substantially reduced densities of pro-
moter polymerases at 3–3.5 h (Fig. 5B). The genes in
Figure 5, A and B, become completely shut off and do
not reactivate transcription during embryogenesis. There-
fore, we next used the RNA-seq data to select transiently
repressed genes with a statistically significant decrease in
transcription at 3–3.5 h as compared with 2–2.5 h but that
then become more actively transcribed again sometime

Figure 5. Long-term consequences of paus-
ing. (A,B) Graphs show the gbRPKMs (A) or
prRPKMs (B) of long-term repressed genes at
2–2.5 h or 3–3.5 h. Genes are ordered by the
2- to 2.5-h gbRPKM (A) or prRPKM (B), low–
high in both cases; therefore, the gene order
differs in A and B. All gbRPKM changes
are statistically significant (DESeq adjusted
P-value < 0.2); statistically significant prRPKM
changes are highlighted in yellow. The mini-
charts on the right display mRNA levels for
each of the 30 genes during embryogenesis,
derived from modENCODE data. Gene or-
ders are listed in Supplemental Figure S7A.
(C,D) As in A and B, but the data shown are
for transiently repressed genes. (E) Pie charts
show the proportion of long-term or tran-
siently repressed genes with PIs within the
top 25% or 25%–50% or bottom 50% of all
paused genes at 2–2.5h or 3–3.5 h. (F) Graph
shows the average RNA-seq RPKM for class
III versus class IV zygotic genes throughout
embryogenesis.
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later in embryogenesis (Fig. 5C). In contrast to the long-
term repressed genes, these transiently repressed genes
have a similar level of polymerase density at their pro-
moter at the two time points (Fig. 5D). Only two of the 30
transiently repressed genes (7%) have statistically signifi-
cant promoter read changes, indicating that pausing is
maintained at genes requiring adjustable transcription
output. Investigation of the PIs for these two sets of genes
reveals that there is qualitatively and quantitatively less
pausing on the long-term repressed genes in early embryo-
genesis (Fig. 5E). These data suggest that high pausing set
up on genes early facilitates flexibility in gene expression
over long periods of development.
We also investigated the effect of pausing on the ac-

tivation of zygotic genes in the embryo. For this, we
focused on genes that are transcriptionally repressed in
the early embryo and compared our class III (off, paused at
2–2.5 h) versus class IV (off, not paused at 2–2.5 h) genes
(Fig. 1F) for the ability to become transcriptionally active
during later embryogenesis. As shown in Figure 5F, genes
that are paused at 2–2.5 h have, on average, higher tran-
scription levels at every time point later in embryogenesis
compared with genes that are completely unbound by
polymerases at 2–2.5 h. However, the timing of transcrip-
tion activation is similar between these two groups, with
both increasing throughout embryogenesis (Fig. 5F).
Therefore, the major effect of pausing appears to be on
the levels of transcription rather than the timing of ac-
tivation in that paused genes are not necessarily those
destined to fire next in the sequence of developmental
regulation. Consistent with this, genes that are paused and
active during the early time points that we tested show, on
average, higher mRNA levels later in embryogenesis than
genes that are active but not paused during the same early
time points (Supplemental Fig. S7B). These findings can be
explained by synchronous gene activation in the presence
of pausing (see the Discussion; Boettiger and Levine 2009).
Together, our results suggest that pausing allows more
robust transcriptional activity upon gene activation and is
less prevalent on genes that are destined to be silenced.

Discussion

Our data detect extensive zygotic transcription in the
early embryo, including of genes not previously known to
be transcribed in the embryo, and show that most of the
active genes display promoter-proximal pausing. We also
reveal new mechanistic insight into transcription activa-
tion of specific gene sets. Some early Zld-activated genes
are predominately regulated at the level of polymerase
recruitment, whereas paused polymerase release is the
main control point for others. Many Zld genes regulated
at recruitment show promoter-proximal pausing, even
though the regulated rate-limiting step for activation of
these genes is polymerase recruitment. Similarly, many
estrogen-responsive genes are paused in breast cancer
cells, even though most are regulated through initiation
rather than pausing (Hah et al. 2011). Therefore, on a subset
of genes, pausing can be a prominent step in transcription
without necessarily being the main point of regulation.

Zld has been described as a pioneer transcription factor
that binds to a multitude of enhancers to establish or
maintain an open chromatin structure that facilitates
transcriptional activation of the zygotic genome (Harrison
et al. 2011). Pioneer transcription factors can function
actively to open chromatin and allow other factors to
bind (Zaret and Carroll 2011). This may be how Zld
functions at genes regulated by polymerase recruitment,
with the chromatin-opening property of Zld at these
enhancers bypassing the need to set up a paused poly-
merase to maintain an open chromatin conformation.
Pioneer transcription factors can also function in a de-
layed, passive manner (Zaret and Carroll 2011), binding
to an enhancer and priming it for later activation. This
may be the role Zld is playing at the genes regulated by
pause escape, with establishment of the pause as part of
the priming mechanism.
Regulation at the level of pause release appears to be a

major form of regulation for genes involved in AP and DV
axis patterning. This is based on both the changes in our
GRO-seq patterns during development and findings for
individual genes in these sets (Wang et al. 2007; Zeitlinger
et al. 2007; Chopra et al. 2009). In addition, the pheno-
types of mutants in genes encoding pausing and escape
factors support this conclusion.NELF-Amutant embryos
arrest early due to cellularization defects or later due to
abnormalities associated with germband retraction, in-
cluding head defects and incomplete dorsal closure (Wang
et al. 2010). The former phenotype may be due to a failure
to activate the Zld targets involved in cellularization,
whereas germband retraction defects are associated with
disrupted BMP signaling (Frank and Rushlow 1996), and
we showed defective BMP target gene expression in
embryos lacking NELF-A. Similarly, mutations in lillipu-
tian, a gene encoding a component of the super elonga-
tion complex (SEC) (Luo et al. 2012), phenocopy partial
loss of dpp function (Su et al. 2001), and lilliputian
mutant embryos have a pair-rule phenotype (Tang et al.
2001). The SEC contains the critical pause–release factor
P-TEFb and stimulates productive elongation (Luo et al.
2012). Finally, embryos mutant for Spt5, which encodes
a component of the pause-inducing DRB sensitivity-
inducing factor (DSIF) complex (Wada et al. 1998), have
disrupted expression patterns of pair-rule genes and seg-
mentation defects (Jennings et al. 2004). Therefore, over-
all, the phenotypes associated with mutations in genes
encoding factors involved in pausing regulation can be
attributed, at least in part, to defects in the transcription
activation of genes regulated by pause release.
Promoter polymerases are maintained or lost upon

transcription down-regulation of transiently or long-term
repressed genes, respectively. This suggests that pausing
allows plasticity in gene expression during development.
Transient repression can be mediated by repressors like
Snail, Knirps, Runt, and Ftz, which appear to act by in-
hibiting the release of paused polymerases into produc-
tive elongation (Wang et al. 2007; Bothma et al. 2011; Li
and Arnosti 2011). As a result, these genes will be poised
for reactivation following relief of repression. In contrast,
repressors that mediate complete gene silencing—e.g.,
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Polycomb group repressors—might remove pausing as
a prelude to chromatin compaction and long-term silenc-
ing. This is consistent with our observation that genes
destined for silencing have lower pausing in early em-
bryogenesis, possibly due to the presence of specific
promoter elements that are unfavorable for high pausing.
In support of Polycomb repressors removing pausing,
Drosophila embryos mutant for extra sex combs, a
PRC2 complex subunit, have enhanced pausing on a quar-
ter of all genes, including those normally lacking a paused
polymerase (Chopra et al. 2011). In addition, genes bound
by Polycomb group complexes have reduced levels of
paused polymerases in both the Drosophila embryo and
mouse embryonic stem cells (Chopra et al. 2011; Min
et al. 2011). Recent data suggest that, although the Poly-
comb-repressive H3K27me3 chromatin mark and paused
Pol II can coexist on many genes during Drosophila de-
velopment, for some genes, maintenance of theH3K27me3
mark correlates with loss of Pol II over time (Gaertner et al.
2012). It is also possible that loss of paused polymerase
leads to chromatin condensation, followed by recruitment
of Polycomb group repressors and gene silencing.
Last, we addressed whether pausing confers an advan-

tage to gene activation. Our data suggest that the absence
of pausing does not preclude early activation but tends to
lead to lower mRNA levels. Therefore, the genes with
paused Pol II are not necessarily the next genes to fire
during the time course of development. Genes can be
paused earlier than when they are activated and can
maintain a paused Pol II through cycles of regulatory
signals that activate or repress their transcription. A
simple way to explain the positive influence of pausing
on transcription levels relates to the idea that pausing
facilitates transcriptional synchrony of gene activation
(Boettiger and Levine 2009). In this scenario, within a cell
population, pausing on a target gene will increase the
probability of activation so that the majority of cells
respond to a cue, leading to high mRNA levels. In con-
trast, if a cell population lacks pausing on a target gene,
then, although cells can respond to the cue with the same
initial timing, the need for polymerase recruitment
would lower the probability of activation in any given
cell. The resulting stochastic response would lead to
a reduced mRNA level across the cell population, as we
observed. Other functions proposed for pausing, such as
chromatin accessibility, coupling of elongation to RNA
processing events, or the organization of genes into chro-
matin domains (Li and Gilmour 2011; Adelman and Lis
2012), may contribute to the synchronous activation of
genes in addition to being important for subsequent rounds
of transcription.
Our data show that many Dorsal target genes are

paused, as described previously (Zeitlinger et al. 2007),
with pausing of these genes being linked to their syn-
chronous activation (Boettiger and Levine 2009). Consid-
ering pausing in terms of promoting synchronous versus
stochastic activation may also explain the widespread,
high pausing that we detected on BMP target genes as
well as pathway components. This is different from some
other signaling pathways where pathway components are

typically more paused than the target genes (Gilchrist
et al. 2012). The BMP cascade is specialized in that there
is a very narrow time window (;1 h) in which localized
pathway components must be activated, the gradient
established, and then target genes induced before the
cell movements associated with gastrulation commence
(Stathopoulos and Levine 2004). Therefore, the BMP tar-
get genes, like the Dorsal targets, may be mostly paused
to promote synchronous activation of genes in order to
provide the efficiency in activation needed due to the
time constraint. Consistent with this, although STAT
also activates transcription in the early embryo, some of
the STAT target genes that we tested show higher levels
of expression later in embryogenesis, and these are the
ones enriched in the lowest PI category for STAT targets
(data not shown). It would be interesting to compare the
pausing levels of the BMP pathway and target genes
during wing imaginal disc patterning, which occurs over
a much longer time period (Podos and Ferguson 1999).
The short timing associated with early Drosophila em-
bryogenesis in general may explain why our estimate of
the proportion of paused genes (;55%) exceeds the esti-
mate of 30%–40% for human cell lines and mouse
embryonic cell lines (Core et al. 2008; Min et al. 2011).
We suggest that pausing conveys an advantage to gene
activation across cell populations under time pressure
conditions and/or during rapid differentiation.

Materials and methods

GRO-seq

Embryos were collected from young, well-fed yellow white flies
at 25°C. Adult Drosophila flies were kept in multiple small
collection bottles (;700 adults per bottle), as, in our experience,
adults are less prone to withholding embryos in these bottles
than in large cages. Collection plates from the first 2 h were
discarded to minimize collection of older, stored embryos. Flies
were allowed to lay embryos on apple agar plates that were
changed every 30 min, and the embryos were then aged for
a further 2 h (for the 2- to 2.5-h time point) or 3 h (for the 3- to
3.5-h time point) at 25°C before immediate collection. Therefore,
embryoswere at least 2 or 3 h old, respectively. Collected embryos
were rinsed thoroughly, flash-frozen, and stored at �80°C. Em-
bryos were resuspended in cold buffer 1 (250 mM sucrose, 10 mM
Tris at pH 7.5, 5 mM MgCl2, 0.1% Triton X-100, 1 mM EGTA,
5 mM DTT, 13 protease inhibitor cocktail [Roche], 1:5000
superasin [Ambion]) plus 3 mM CaCl2, loose dounced 20 times,
poured over mesh to remove large debris, and tight dounced
a further 10 times at 4°C. Nuclei were pelleted at 700g for 10 min
at 4°C and washed twice in buffer 1 and then once in freezing
buffer (50mMTris at pH8.0, 25%glycerol, 5mMMgAc2, 0.1mM
EDTA, 5mMDTT, 13 protease inhibitor cocktail [Roche], 1:2500
superasin [Ambion]). Nuclei were then resuspended in freezing
buffer, flash-frozen, and stored at �80°C. In each run-on reaction,
73 107 to 303 107 nuclei were used. The run-on RNA librarywas
prepared as in Core et al. (2008), with 25 min of base hydrolysis,
and sequenced on the Illumina Genome Analyzer in the Core
Laboratories Center at Cornell University.

Data analysis

Data were analyzed as in Core et al. (2012). Reads from the
replicates were combined to provide the counts presented here;
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all P-value cutoffs are 0.01. For genes withmultiple isoforms, the
isoform with the lowest pausing P-value was used. We note that
some pauses were missed due to inaccurate annotations. For
plotting gbRPKMs, values were multiplied by 10,000 for aes-
thetic purposes. To avoid zeros for Log scales, pseudo gbRPKMs
were used, where +1 was added to all gene body or promoter read
counts. For the continuums in Figure 1, A and C, the log10
pseudo values (gbRPKM or PI) were divided into 10% portions,
and the total number of genes in each portion was calculated.
Labels on the X-axes are the nonlog pseudo values of these
categories. The Drosophilia melanogaster dm3 genome assem-
bly was used for all analyses and UCSC genome browser images
(http://genome.ucsc.edu; Kent et al. 2002). The processed Zld
(Liang et al. 2008) and STAT (Tsurumi et al. 2011) data sets were
obtained from the respective studies. Zld target genes were those
down-regulated more than threefold in the absence of Zld (Liang
et al. 2008). Zld targets were categorized as regulated at re-
cruitment or pause release based on the relationship between the
change in gene body reads versus the change in promoter reads
(Supplemental Fig. S4G). STAT targets were the top 40 down-
regulated genes in a STAT mutant background classified as
active with GRO-seq at 2–2.5 h (Tsurumi et al. 2011). Adjusted
P-values (Padj) were generated using DESeq (version 1.10.1)
(Anders and Huber 2010) on the separate replicate data. The
long-term and transiently repressed genes decreased in GRO-seq
gene body counts from 2–2.5 h to 3–3.5 h with Padj < 0.2. The
genes were categorized based on their modENCODE expres-
sion profile. The modENCODE RPKMs were downloaded from
FlyBase (http://www.flybase.org). The long-term, and transiently
repressed gene sets presented in Figure 5, A–D, were selected
based on having statistically significant changes in transcrip-
tion between 2–2.5 h and 3–3.5 h. For Figure 5F, maternally
expressed mRNAs were removed based on the modENCODE
data having a read count >100 at the 0- to 2-h time point. The
GRO-seq data have been deposited in NCBI’s Gene Expression
Omnibus (GEO) (Edgar et al. 2002) and are accessible through
GEO series accession number GSE41611 (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE41611). The link to the GRO-
seq data on the UCSC genome browser is available from http://
ashelab.com/datasets.

Normalization of GRO-seq reads from the 2- to 2.5-h

and 3- to 3.5-h time points

The GRO-seq data presented are the uniquely mapped reads.
Repetitive reads, like those mapping as rRNA, were excluded
from the analysis. It is possible that more genes are transcrip-
tionally active at 3–3.5 h than at 2–2.5 h. Therefore, GRO-seq on
exactly the same number of nuclei at these two time points
could yield more uniquelymapped sequencing reads at 3–3.5 h. If
this were the case, gene activity at 3–3.5 h could be under-
estimated when reads are normalized to the total uniquely
mapped reads. However, the rRNA genes will be active at both
time points, and so we can expect these genes to be expressed at
equal levels at both times. Therefore, to determine whether we
needed to normalize the data between the time points, we
determined the correction factor for normalizing to total tran-
scription activity. To do this, we mapped all reads to the genome
(including the rRNA) and expressed the unique reads (the pre-
sentedGRO-seq data) as a fraction of the total transcriptome.With
this method, we determined the correction factor to be 1.036.
Since this value is essentially 1.0, no correction was required.

In situ hybridization

Nascent transcript in situs were performed as previously de-
scribed (Ronshaugen and Levine 2004); mRNA in situs were

performed using digU-labeled RNA probes and standard pro-
tocols. NELF-A[KG] flies are described in Wang et al. (2010).
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