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SUMMARY
Metazoan gene expression is often regulated after the recruitment of RNA polymerase II (Pol II)
to promoters, through the controlled release of promoter-proximally paused Pol II into productive
RNA synthesis. Despite the prevalence of paused Pol II, very little is known about the dynamics
of these early elongation complexes or the fate of short transcription start site-associated (tss)
RNAs they produce. Here, we demonstrate that paused elongation complexes can be remarkably
stable, with half-lives exceeding 15 minutes at genes with inefficient pause release. Promoter-
proximal termination by Pol II is infrequent and released tssRNAs are targeted for rapid
degradation. Further, we provide evidence that the predominant tssRNA species observed are
nascent RNAs held within early elongation complexes. We propose that stable pausing of
polymerase provides a temporal window of opportunity for recruitment of factors to modulate
gene expression and that the nascent tssRNA represents an appealing target for these interactions.

INTRODUCTION
At many metazoan genes, especially those in developmental and stimulus-responsive
pathways, transcriptionally engaged Pol II pauses after generating a short, 20–65 nt RNA
(Muse et al., 2007; Core et al., 2008; Nechaev et al., 2010; Rahl et al., 2010). The
establishment of a paused polymerase involves the generation of an accessible promoter
chromatin structure and recruitment of the transcription machinery, likely through the action
of one or more DNA-binding transcription factors (Adelman and Lis, 2012). Pol II then
initiates RNA synthesis and comes under control of two pause-inducing factors: the
Negative Elongation Factor complex (NELF) and DRB-Sensitivity Inducing Factor (DSIF),
which inhibit further elongation (Li et al., 2013; Yamaguchi et al., 2012). Release of paused
Pol II into productive synthesis is triggered by a different class of transcription factors,
exemplified by c-myc and NF-κB (Barboric et al., 2001; Blau et al., 1996; Eberhardy and
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Farnham, 2002; Rahl et al., 2010). These factors recruit the kinase Positive Transcription
Elongation Factor-b (P-TEFb; Cheng and Price, 2007; Peterlin and Price, 2006), which
phosphorylates the Pol II C-terminal domain as well as pause-inducing factors to dissociate
NELF and stimulate productive elongation.

The existence of several independent regulatory steps in the transcription cycle that are
controlled by distinct transcription factors has been suggested to enable the integrated
control of gene expression, with activators that stimulate Pol II recruitment working in
combination with factors that mediate pause release (Adelman and Lis, 2012; Blau et al.,
1996). However, our models for such coordinated control are currently limited by our lack
of knowledge about the lifetime and dynamics of promoter Pol II. For example, if the paused
elongation complex were stable, it could facilitate the integration of signals and transcription
factor binding events over time. In this model, the transient binding of a transcription factor
that promoted recruitment and initiation of Pol II would have a long-lived effect, with the
stably paused polymerase serving as a lasting consequence of the binding event. The
subsequent binding of a transcription factor that mediated pause release would then be
sufficient to trigger productive RNA synthesis.

As appealing as this model may be, recent work suggests that promoter-associated Pol II is
unstable and susceptible to premature termination (also called abortive elongation or
transcription attenuation), with Pol II undergoing many iterative cycles of: initiation,
pausing and termination before proceeding productively into the gene (Brannan et al., 2012;
Wagschal et al., 2012). This transcriptional ‘idling’ would present a very different regulatory
framework, as it would require constant re-initiation of transcription and the continuous,
simultaneous presence of multiple transcription factors to promote both initiation and
productive elongation. Furthermore, iterative rounds of promoter-proximal termination
would lead to the generation and release of many short tssRNA species. Such RNAs have
been detected in multiple systems (Fejes-Toth, 2009; Flynn et al., 2011; Preker et al., 2008;
Taft et al., 2009; Valen et al., 2011; Yus et al., 2012) and in association with a number of
different epigenetic and regulatory factors (Brockdorff, 2013; Kanhere et al., 2010) leading
to a great deal of interest in their biogenesis and potential functions.

Direct investigation of RNAs derived from promoter-associated Pol II is ideal for answering
questions concerning Pol II dynamics and the levels of transcription termination. This
strategy overcomes the limitations of assays such as ChIP-seq or Global Run-on assays (e.g.
GRO-seq; Core et al., 2008) that reflect the steady-state occupancy of Pol II on the genome,
but reveal little about Pol II turnover. We recently developed a highly-sensitive method for
isolating the short, capped RNA species (scRNAs) generated by paused polymerase and
identified their origins genome-wide using high-throughput sequencing (Nechaev et al.,
2010). Notably, the scRNA-seq method gives information about the 5’ and 3’-ends of the
scRNAs with single nucleotide resolution, allowing us to pinpoint both the sites of
transcription initiation and the exact locations within the promoter-proximal region where
Pol II pauses. Thus, the scRNA-seq method is well suited for investigation of the abundance,
origin and stability of RNA species originating near transcription start sites, as well as
elucidating their relationship with paused Pol II.

Herein, we characterize the dynamics of promoter-associated Pol II and the short RNAs
generated during early elongation. We find that paused Pol II is extremely stable and that its
release from the promoter occurs predominantly through the transition to productive
synthesis. Accordingly, pausing could indeed enable a temporal integration of transcription
factor binding events and other regulatory signals. Further, our data indicate that tssRNAs
are long-lived when associated with paused Pol II, but are marked for rapid degradation
when released through premature termination. Thus, as has recently been suggested (Ji et al.,
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2013), epigenetic modifiers and transcription regulators that interact with tssRNAs may do
so in cis, while the RNA is stably held within a paused elongation complex.

RESULTS
scRNAs generated by paused Pol II remain stably associated with chromatin

Genomic analyses of scRNAs purified from whole Drosophila S2 cells (Figure 1A) and
isolated nuclei (Nechaev et al., 2010) revealed a strong correlation between the level of Pol
II ChIP-seq signal near gene promoters and the number of scRNA reads observed. These
findings suggest that promoter-proximal Pol II detected in ChIP assays is often engaged in
transcription and generates short, nascent transcripts (Nechaev et al., 2010). However, our
previous work did not define whether the scRNAs observed remained stably associated with
paused Pol II on the DNA template, or if these RNA species were released from polymerase
during termination. To address this question, we probed the cellular localization of scRNAs
by performing a biochemical fractionation procedure that separated RNAs that were tightly
bound to chromatin from RNA species that could be released during successive washes
(Wysocka et al., 2001). It is known that productive transcription elongation complexes are
very stable, withstanding wash conditions that remove nearly all other non-histone proteins
(Figure S1A; Wysocka et al., 2001).

Chromatin-associated and detergent-soluble scRNA species were subjected to high-
throughput sequencing from their 3’-ends and compared with scRNAs derived from whole
cells. Chromatin-associated scRNA sequences mapped efficiently to the genome with a
marked enrichment around TSSs. In contrast, far fewer of the soluble scRNA species were
uniquely mappable or derived from known sites of transcription initiation (Supplemental
Table S1), suggesting that the biogenesis of these two sets of scRNAs were different. As
anticipated, short nuclear RNA species such as snRNAs and snoRNAs were significantly
enriched in the soluble RNA fraction (Figure S1B; P<0.001 Mann-Whitney).

Normalized heat map representations of scRNA 3’-ends revealed that genes enriched in
promoter Pol II signal generate scRNAs that are predominant in the chromatin fraction
(Figure 1A; Figure 1B, blue lines). There was a strong correlation between the number of
chromatin-associated scRNA-seq reads from a given promoter and the Pol II ChIP-seq and
GRO-seq signals from that region (Figure S1D), suggesting that these scRNAs remain
associated with engaged Pol II. Permanganate footprinting at several genes indicated no loss
of reactivity associated with paused Pol II in the washed chromatin fraction, supporting the
idea that paused polymerase remained engaged on the genome during our wash steps (Figure
S1C). Moreover, chromatin-associated scRNAs exhibited a focused 3’-end distribution
within the region where promoter-proximal pausing occurs (Figure 1B; 20 to 65 nt
downstream of the TSS; Nechaev et al., 2010). In contrast, detergent-soluble scRNAs were
far less enriched at genes with high promoter-proximal Pol II levels (Figure 1C; Figure S1E)
and displayed more dispersed 3’-end positions (Figure S1F) that extended beyond the
typical pausing region and into gene bodies (Supplemental Table S1B).

These findings suggested that the majority of short transcripts arising from highly paused
genes remain tightly associated with chromatin, and this idea was strongly supported by
Northern blot analysis (e.g. Figure S1G, Hsp70 and CG9008). Moreover, in agreement with
earlier work (Rasmussen and Lis, 1993), Northern blots demonstrated that the short RNA
species arising from two paused genes were predominantly capped at their 5’-ends. Thus, we
find that scRNAs stably retained on chromatin are likely to be associated with or derived
from paused Pol II, whereas RNAs in the soluble fraction have a distinct origin.
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To determine whether the soluble scRNAs arise as degradation intermediates of longer RNA
species such as mature mRNAs, we generated heatmaps of scRNA 3’-ends at Drosophila
genes ranked from highest to lowest mRNA expression (Figure 1D). This analysis revealed
that the majority of soluble scRNAs are derived from abundant transcripts, with more than
50% of all soluble scRNA reads mapping near the most highly expressed 3% of TSSs
(Figure 1D, arrow head depicts 50% point). In contrast, only 9% of chromatin-associated
reads come from this group of highly expressed genes. Thus, these data support a model
wherein soluble scRNA species arise through degradation of longer mRNAs rather than
being generated by termination of Pol II.

Exosome depletion does not lead to accumulation of scRNAs
The dearth of soluble short RNAs derived from genes with high levels of promoter Pol II
raised the possibility that scRNAs released during premature termination may be rapidly
degraded. To test this, we sequenced scRNAs from samples depleted of the primary 3’-5’
degradation machinery, the exosome, by targeting the Rrp40 subunit with RNA interference
(RNAi) (Figure S2A; Chlebowski et al., 2013; Kiss and Andrulis, 2010). To allow accurate
normalization between exosome-depleted and Mock RNAi-treated samples, each cell pellet
was spiked with 15 in vitro-synthesized and capped RNAs (see Supplemental Experimental
Procedures). Notably, for both replicates of this experiment, normalization of the Mock-
treated and Rrp40-depleted scRNA libraries by sequencing depth revealed nearly identical
read counts for the spiked RNAs (median spike ratio =1.05), indicating that exosome
depletion did not grossly alter the cellular pool of scRNAs.

Heat maps of scRNA 3’-ends from Mock-treated and Rrp40-depleted samples revealed
nearly identical distributions of scRNAs (Figure 2A) and no significant differences were
detected between samples in the number of scRNAs mapping near TSSs (Figure S2B, S2C).
Moreover, Northern blot analysis of short transcripts generated by paused Pol II at the
Hsp70 gene showed negligible effects of Rrp40-depletion on their level, length or cellular
localization (Figure 2B). Thus, the exosome degradation pathway does not appear to affect
scRNA abundance, suggesting that these species are protected from 3’-to-5’ exonuclease
digestion through stable association with paused Pol II.

We then considered the possibility that scRNAs released from Pol II during termination are
processed through a distinct pathway. For example, the addition of several non-templated
3’-end residues to structured or short RNA species has been shown to promote their
degradation (e.g. oligo-adenylation or oligo-uridylation; LaCava et al., 2005; Mullen and
Marzluff, 2008). Notably, since scRNAs in this study were sequenced from their 3’-ends,
reads containing non-templated 3’-residues would have failed to align in our original
analysis. Thus, we reanalyzed the raw sequence reads to determine whether the 3’-ends of
scRNAs from mock-treated or Rrp40-depleted samples consisted of stretches of any given
nucleotide. Strikingly, we found a specific enrichment in 3’-oligo-adenylated species in the
exosome-depleted samples (Figure 2C; Figure S2D, S2E, note lack of detectable oligo-
uridylation). The presence of a short stretch of 3’-A nucleotides suggested the involvement
of an oligo-adenylase such as the TRAMP complex, which targets RNAs for degradation by
the exosome through addition of 3–6 A residues (Schmidt and Butler, 2013). Taken
together, these data imply that released scRNAs are marked for efficient degradation
through oligo-adenylation.

To determine the origin of oligo-adenylated scRNAs, we removed the non-templated oligo-
A tails from these sequences in silico and re-mapped the trimmed reads against the
Drosophila genome. Remarkably, 40% of the re-mapped reads from Rrp40-depleted cells
aligned within 100 nt of TSSs (as compared to 5% from Mock-treated cells), with an
enrichment at genes with high levels of promoter Pol II (Figure 2D; Figure S2G). The 3’-
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ends of the trimmed reads from Rrp40-depleted samples overlapped precisely with the 3’-
ends from scRNA reads that were mapped directly (Figure 2E), suggesting that oligo-
adenylated species were derived from scRNAs released by promoter-proximal termination.

Termination appeared to be a rare event, however, as the percentage of scRNAs that were
oligo-adenylated was a consistently low level (~1%) across genes regardless of Pol II
promoter signal (Figure 2F). Further, the absence of efficient pause release was not found to
encourage termination as it does in bacterial systems (von Hippel and Yager, 1991): to the
contrary, genes with low levels of productive elongation generated significantly fewer oligo-
adenylated RNAs than highly active genes (Figure 2G; P<0.0001 Kruskal-Wallis; gene
activity measured by GRO-seq signal within the gene body). This suggests that promoter-
paused Pol II is stable while awaiting the transition to productive elongation. To validate this
finding, Rrp40-depleted cells were treated with Flavopiridol, a potent inhibitor of P-TEFb
kinase that prevents Pol II release into productive elongation (Chao et al., 2000 and see
below). No significant increase in termination was detected in these cells as measured by the
fraction of oligo-adenylated species (Figure S2F). Thus, these results support the idea that
paused elongation complexes are stabilized against termination, even in the absence of
productive pause release (Cheng et al., 2012).

Quantification reveals abundant, stable tssRNAs
Thus far, our genomic data provide evidence for a generally stable promoter Pol II complex.
Moreover, when paused polymerase does terminate, the released RNAs appear to be
specifically marked for efficient exosome degradation through oligo-adenylation (Figure
3A, scRNA reads at example gene). To confirm these findings using an independent
technique, we developed a qPCR strategy (Figure 3B) based on methods for quantifying
short RNA species such as miRNAs. This technique amplifies short RNAs independently of
the 5’-end cap, enabling an evaluation of all RNAs under 200 nt within the cell. For this
reason, we refer to the RNA species measured by this technique as short transcription start
site associated RNAs, or tssRNAs. The qPCR approach also allowed independent detection
of tssRNAs that are oligo-adenylated in vivo, since these species are specifically amplified
when omitting the poly(A) tailing step prior to anchored oligo-dT reverse priming (right side
of diagram, Figure 3B). The results from this assay performed on multiple genes
demonstrated that scRNA-seq data (Figure 3C; Figure S3) were in remarkable agreement
with qPCR-based analysis of tssRNAs (Figure 3D), providing little evidence for tssRNA
accumulation in exosome-depleted cells yet supporting the presence of a low level of oligo-
adenylated RNA species.

To address whether paused elongation complexes might be targeted by 5’-3’ exonuclease
activity, we evaluated levels of paused Pol II in S2 cells depleted of the nuclear 5’-3’
exoribonuclease, Xrn2 (Figure S3C, S3D). Xrn2 has been previously implicated in
premature termination at the HIV gene as well as near mammalian promoters (Brannan et
al., 2012; Wagschal et al., 2012). However, it has been suggested that the primary target of
Xrn2 activity near mammalian TSSs might be the upstream antisense RNAs common at
many promoters (Reines, 2011). Working in Drosophila, which does not exhibit antisense
transcription upstream of mRNA genes (Core et al., 2012; Nechaev et al., 2010), we did not
observe an effect of Xrn2 knock-down on Pol II ChIP signal either promoter-proximally or
downstream within active genes (e.g. Figure S3D), in contrast to data from human cells
(Brannan et al., 2012). Further, we did not observe an effect of depleting Xrn2, alone or in
combination with the decapping enzyme Dcp2, on levels of tssRNAs (Figure S3C). These
results suggest that in the absence of antisense transcription, the exonuclease activity of
Xrn2 and associated termination complex is not broadly targeted to Drosophila mRNA loci.
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Importantly, a qPCR-based measurement of tssRNA levels enables quantification of the
number of molecules of short RNA present per genomic locus in vivo, which has thus far
remained elusive using sequencing techniques. In agreement with prior studies, our Northern
blots of Hsp70 (Figure 2B) revealed that paused Pol II and associated nascent RNA are
present at nearly one molecule per gene copy, suggesting nearly complete Pol II occupancy
of Hsp70 promoters; however, this type of quantitative analysis has not yet been carried out
at other genes. We find that levels of tssRNA species differ considerably from gene to gene
(Figure 3D; Figure S3), with several promoters (e.g. CG9884 or CG2207) displaying similar
RNA abundance to Hsp70. Notably, this suggests that a number of paused genes can attain a
relative Pol II occupancy of >50%, implying that an early elongation complex and
associated tssRNA would occupy at least one allele of the gene at any given moment.

Directly measuring turnover of promoter Pol II complexes reveals remarkable stability
To directly investigate the temporal stability of promoter Pol II and tssRNAs, we used the
potent inhibitor of transcription initiation, Triptolide (Trp). This chemical rapidly blocks the
ATPase activity of the TFIIH helicase, thereby preventing the opening of template DNA
(Titov et al., 2011; Vispe et al., 2009). Treatment of cells with Trp thus allowed us to
measure the lifetime of Pol II elongation complexes present at the moment of drug
treatment, analogous to a ‘chase’ or ‘decay’ experiment. Notably, Trp-dependent inhibition
of transcription initiation should not affect the release of an engaged elongation complex
into productive synthesis nor would it impede termination by Pol II. As such, the decay of
Pol II ChIP and tssRNA signals at a given gene following Trp-treatment informs on the rate
at which Pol II vacates the promoter region, either through escape into productive synthesis
or through termination.

Following treatment with Trp or DMSO as a control, cells were harvested at multiple time
points for short RNA qPCR and Pol II ChIP assays. In agreement with prior studies
demonstrating the fast action of Trp, the tssRNA (Figure 4A) and Pol II ChIP signals
(Figure 4B) at the CG4427 gene (top row) showed a rapid decline upon Trp-treatment. The
CG4427 gene is highly active (Gene body GRO-seq signal=1638 RPKM), suggesting that
the rapid loss of promoter-associated Pol II and short tssRNA signals results from efficient
release of polymerase into the gene body and elongation of the nascent RNA. However, as
noted above, the loss of promoter Pol II signal might also reflect termination by promoter
Pol II, wherein the polymerase dissociates from the DNA and the tssRNA is rapidly
degraded. To distinguish between these possibilities, we investigated the half-life of Pol II
and RNA at genes across a spectrum of activity levels.

Strikingly, the loss of tssRNA and Pol II signals at the moderately active CG9884 gene
(middle row, Gene body GRO-seq signal= 345) was much slower than that observed at
CG4427, with a half-life just under 10 minutes. Likewise, the minimally active CG33174
gene (bottom row, Gene body GRO-seq signal=89) displayed a very stable elongation
complex (T½ ~ 15 minutes). The longer lifetime of promoter Pol II and tssRNA at genes
with lower activity levels suggested that in the absence of a signal to undergo productive
synthesis, the elongation complex remains intact and stably associated with the promoter
region.

Indeed, analysis of over a dozen genes revealed consistently longer half-lives for tssRNA
and promoter Pol II signals at genes with low levels of activity (Figure 4C; Figure S4). This
relationship suggests that the primary source of decay in tssRNA and Pol II ChIP signals
following Trp-treatment is release into productive elongation and not termination.
Moreover, the tight agreement between the lifetimes observed for promoter Pol II and
tssRNAs at each gene (Figure 4, Figure S4) provides strong evidence that these RNA
species remain associated within the early elongation complex. Thus, we find that the
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paused polymerase can remain engaged and ‘wait’ for the signal for pause release, achieving
half-lives of 15–20 minutes at genes with low activity.

The dramatic decrease of Pol II ChIP signals in Trp-treated cells is somewhat surprising,
since ChIP assays should capture all forms of Pol II and Trp-treament does not prevent the
formation of a Pre-initiation complex (PIC). However, we reasoned that this may reflect the
low stability of the closed polymerase complex which may not crosslink efficiently to DNA.
To investigate the status of the PIC at these genes, we performed ChIP on the general
transcription factor TFIIA after 10 minutes of Trp-treatment. Interestingly, TFIIA levels do
not decrease at gene promoters (Figure S4C) in Trp-treated cells, and are even found to
increase slightly, confirming that Trp-treatment does not prevent assembly of the general
transcription machinery (Titov et al., 2011).

Blocking pause release leads to accumulation of promoter Pol II
The above results imply that paused Pol II can remain stably engaged in the promoter region
in the absence of a signal to elongate productively into the gene. The prediction of this
model is that inhibition of pause release through use of the P-TEFb inhibitor Flavopiridol
(FP) should cause an increase in promoter Pol II, including at genes that previously did not
accumulate paused polymerase. To test this model, we treated cells with FP for 10 minutes
to inhibit Pol II escape from promoters (Figure S5A) prior to harvesting cells for scRNA-
seq. As described earlier, each cell pellet was spiked with a defined set of RNAs to enable
accurate normalization between samples (see Extended Experimental Procedures).

In agreement with our model, heat map representations of scRNA 3’-ends depict a broad
increase in RNA abundance including the appearance of scRNAs from genes that display
low levels of promoter Pol II and scRNA reads in untreated cells (Figure 5A, note bottom
portion of heat map, Figure S5B). Nearly identical results were obtained when scRNAs were
isolated from FP-treated cells that had been Mock-treated with RNAi or depleted of Rrp40
(Figure S5C and S5D). The absence of exosome activity on these FP-dependent scRNA
species suggests that they are protected from degradation, likely through continued
association with the polymerase. Composite metagene analyses of the average scRNA-seq
signal across all Pol II-occupied genes reveals a considerable increase in reads that is
restricted to the region of pausing (Figure 5B). This result demonstrates that inhibition of P-
TEFb effectively prevents downstream movement of paused polymerase, in agreement with
a recent study (Cheng et al., 2012).

To determine which genes were particularly susceptible to accumulation of scRNAs in FP-
treated cells, we separated genes into quartiles based upon the level of Pol II pausing
observed at their promoters in untreated cells (horizontal quartiles, Figure 5C), and by the
level of gene activity as determined by GRO-seq signal within gene bodies (vertical
quartiles, Figure 5C). This created a 4 × 4 matrix where the most paused, least expressed
genes are at top right. These genes would be anticipated to infrequently experience P-TEFb-
mediated pause release in untreated cells. In agreement with this, they are largely unaffected
by a brief FP-treatment. In contrast, genes in the bottom left corner are highly active genes
that typically don’t exhibit stable pausing of Pol II: these promoters presumably recruit P-
TEFb efficiently so that promoter Pol II is rapidly released into productive elongation.
Notably, it is this group of genes that display the strongest accumulation of scRNAs in FP-
treated cells (Figure 5C; S5E and S5F). This finding suggests that by preventing P-TEFb-
mediated pause release, a paused elongation complex can be trapped near the promoters of
many genes, including those that normally don’t exhibit characteristics of stable pausing.

To verify that the observed increase in scRNAs reflected an accumulation of paused Pol II
near gene promoters, Pol II ChIP was performed in FP-treated cells. Figure 5D shows a
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significant increase in the promoter Pol II ChIP signal at a number of genes with low
pausing indices and high gene activity, indicative of polymerase being retained near these
promoters. By comparison, highly paused genes (Figure 5D, right; genes from top row of
Figure 5C), exhibited very little change in promoter Pol II levels upon FP-treatment. In
summary, blocking P-TEFb activity causes an exosome-independent increase in scRNAs
and accumulation of Pol II at genes that normally undergo efficient productive elongation,
arguing that inhibiting pause release causes even non-paused promoters to retain promoter
Pol II.

Disruption of NELF-mediated pausing destabilizes promoter-associated Pol II
The surprisingly long lifetime of paused Pol II suggests that the factors that establish
pausing may also play a role in stabilization of the early elongation complexes. The Gdown1
protein has recently been shown to associate with Pol II near promoters, rendering the
polymerase resistant to termination by the TTF2 protein (Cheng et al., 2012). However, it is
unclear whether the NELF and DSIF factors that establish paused Pol II also play a role in
maintenance of stably paused complexes. Notably, depletion of NELF in Drosophila cells
has been shown to significantly affect gene expression and Pol II occupancy at only a subset
of ~250 genes (Gilchrist et al., 2010; Gilchrist et al., 2008). The remainder of genes
displayed modest decreases of Pol II near their promoters (on average ~25%), with no
concomitant increases in gene body transcription as determined by expression microarray or
GRO-seq assays (Core et al., 2012; Gilchrist et al., 2010). Thus, Pol II recruited to
promoters in the absence of NELF does not appear to freely enter productive synthesis.

We investigated the role of NELF in defining the stability of promoter Pol II, by performing
Pol II ChIP in NELF-depleted cells following the addition of Trp. Pol II ChIP samples at
each time point were evaluated by qPCR using promoter-proximal primer sets (Figure 6A),
focusing on genes with considerable promoter Pol II ChIP signal in untreated cells that
displayed minimal reduction in promoter Pol II signal upon NELF-depletion (Gilchrist et al.,
2010). As anticipated, Pol II ChIP signal at the highly active CG4427 gene decreased
rapidly upon addition of Trp in Mock-RNAi-treated cells (Figure 6A, top left) and this fast
loss of Pol II from the promoter was not significantly altered by NELF-depletion. In
contrast, genes with longer promoter Pol II half-lives (as shown in Figure 4) displayed a
consistently faster decay of Pol II ChIP signal upon NELF-depletion (Figure 6A).

To probe the relationship between the half-life of promoter Pol II and the effect of NELF-
depletion at a given gene, we extended the Pol II ChIP analysis to a total of 12 genes
selected from the top quartile of pausing indices (Figure 6 and S6) with a wide range of gene
activity. Consistent with a rapid transition from paused to productive elongation complexes,
highly active genes have a shorter average residence time of Pol II near the promoter that is
not dependent on the presence of NELF (Figure 6B, High gene activity). However, genes
with intermediate and lower activity levels have more stably paused Pol II in Mock-treated
cells, and exhibit significantly reduced half-lives for promoter Pol II upon depletion of
NELF (Figure 6B). Thus, long-lived pausing near promoters is broadly dependent on the
activity of NELF.

That NELF was found to impact the stability of promoter Pol II, even at genes where NELF-
depletion caused little decrease in total Pol II ChIP signal is striking. This implies that,
despite giving similar Pol II ChIP signal in untreated and NELF-depleted cells, the
fundamental stability and rate of turnover of promoter-associated Pol II in the absence of
NELF is markedly different. This finding extends the well-defined role of NELF in
inhibiting early transcription elongation and establishing a paused complex (Li et al., 2013;
Yamaguchi et al., 2012), and suggests that NELF likely works in conjunction with Gdown1
and other factors to maintain paused Pol II stably associated with the promoter region.
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DISCUSSION
Our work reveals that the paused elongation complex displays remarkable stability near
promoters. This finding provides a framework for understanding how multiple transcription
factors can exert combinatorial control of gene expression. We propose that the transient
binding of a transcription factor that facilitates recruitment and transcription initiation can be
‘remembered’ through the stable establishment of paused Pol II (Figure 7A). Pausing would
then provide an extended window of time for binding of a second transcription factor that
recruits P-TEFb and triggers productive elongation. In this way, information from multiple,
temporally separate signaling and/or transcription factor binding events could be integrated
through paused Pol II to cooperatively regulate transcription output. Thus, the sophisticated,
multi-layered nature of signal-responsive gene expression can be reconciled with the rapid,
transient dynamics of transcription factor binding.

Consistent with the stable pausing of Pol II, recent work has shown that Pol II near mRNA
promoters is often associated with the Gdown1 factor, which renders the early elongation
complex resistant to termination (Cheng et al., 2012). Further, work in yeast demonstrates
that a Pol II CTD modification that occurs near gene promoters, Tyrosine-1
phosphorylation, impairs the recruitment of termination factors (Mayer et al., 2012).
Accordingly, our data provides evidence that termination near promoters of Drosophila
protein coding genes is rare, fitting with suggestions that termination serves primarily to
impede spurious transcription and regulate production of non-coding RNAs (Almada et al.,
2013; Reines, 2011). Indeed, the antisense RNAs arising from divergent transcription at
mammalian promoters are subject to termination and exosome-mediated degradation
(Almada et al., 2013; Flynn et al., 2011).

Our findings also clarify the function of NELF, which is found at most, if not all, gene
promoters (Gilchrist et al., 2010; Rahl et al., 2010) but which regulates the expression of
only a subset of genes (Gilchrist et al., 2008; Narita et al., 2007). We demonstrate that NELF
increases the stability of promoter Pol II, even at genes with similar Pol II ChIP signals in
Mock-treated and NELF-depleted cells (Figure 6; Figure 7B). The more rapid loss of Pol II
from promoters observed upon NELF RNAi does not lead to higher levels of productive
elongation at most genes (Core et al., 2012), suggesting that polymerase that fails to pause
does not proceed into processive RNA synthesis.

Consistent with this, P-TEFb activity is thought to be required for both pause release and
productive elongation (Peterlin and Price, 2006). Notably, we find that inhibition of P-TEFb
by FP causes accumulation of paused Pol II at a broad array of genes, indicating that the key
determinant of Pol II lifetime in the promoter region is the rate of P-TEFb recruitment. In
agreement with this, the level of pausing observed at a given gene is not hard-wired, but can
be tuned in a context- or signal-dependent manner (Danko et al., 2013; Gilchrist et al.,
2012).

Finally, our study has important implications concerning the function and localization of
RNAs derived from promoter regions. Our work reveals that tssRNAs arising from highly
paused genes in Drosophila are likely stably retained within the elongation complex and are
not released as long-lived species. We note that these tssRNAs would have a very well
defined origin and remain localized in cis as a stable landmark near the promoter (Figure
7C). Importantly, a nascent RNA-targeting mechanism has long been appreciated in the HIV
system (Wei et al., 1998), and evidence suggesting recruitment of regulatory factors by
nascent transcripts of cellular genes is beginning to emerge (Ji et al., 2013). Thus, we
propose that nascent tssRNAs associated stably with paused Pol II provide a locus-specific
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target for recruitment of chromatin modifying or transcription elongation factors that
modulate gene expression.

EXPERIMENTAL PROCEDURES
Cell growth, RNAi and drug treatments

Drosophila S2 cells from the DGRC were grown in M3 media supplemented with
bactopeptone, yeast extract and 10% FBS. For all experiments, cells were harvested at a
consistent cell density of 4–6×106 cells/ml. NELF RNAi was performed for 72 hours as
described previously (Gilchrist et al., 2008) and Rrp40 RNAi employed the same protocol.
To measure the half-lives of promoter Pol II and associated short-RNA, S2 cells were
treated with 10µM of Trp (InvivoGen) for the indicated times before harvesting for ChIP or
RNA analysis. We note that the use of 10µM Trp for the short time periods employed here
has no effect on levels of Pol II protein as determined by Western (data not shown). To
block P-TEFb-mediated pause release, cells were treated with 500 nM Flavopiridol (Sigma)
for 10 minutes.

scRNA-seq
Total RNA was extracted from nuclei, whole cells, or fractionated cells as indicated using
Trizol reagent (Invitrogen) and libraries prepared for 3’ scRNA-sequencing as described in
(Nechaev et al., 2010). Cell fractionation was performed as described previously (Wysocka
et al., 2001) with modifications noted in Extended Experimental Procedures.

scRNA reads were trimmed to 26 nt and uniquely aligned to the Drosophila genome with
Bowtie allowing 2 mismatches. To account for sequencing depth, all scRNA samples were
normalized to 15 million mappable reads (Supplemental Table S1). Additionally, for data
shown in Figures 2 and 5, 15 synthetic short capped RNAs were spiked into the Trizol RNA
preparation at a specific number of copies per genome to ensure proper normalization
between samples.

Short-RNA qPCR
For all short RNA quantification, cells were harvested at the time points indicated, spike-in
controls added for normalization and short RNA isolated using the Qiagen miRNeasy Mini
Kit. For Figure 3, total short RNA was quantified by Oligo-A tailing 200 ng of short RNA in
vitro using 1.5U of E. coli Poly(A) Polymerase (NEB) for 20min at 37°C. This step was
omitted to quantify short RNAs that were oligo-adenylated in vivo. Samples were reverse
transcribed with an anchored oligo-dT primer (IDT) using SuperScript II Reverse
Transcriptase (Invitrogen) according to the manufacturer’s instructions. To quantify all short
tssRNAs (as in Figure 4 and 6), 200 ng RNA isolated as above was reverse transcribed using
the Qiagen miScript Reverse Transcription Kit according to the manufacturer’s instructions.
All qPCR experiments were performed using a universal reverse primer together with a
forward primer complementary to the 5’-end of nascent RNA.

ChIP
Pol II ChIP was performed using the anti-Rpb3 antibody as previously described (Muse et
al., 2007), except that cells treated with Trp, FP or DMSO for 10 minutes were then
crosslinked with formaldehyde for 12 minutes. For Trp experiments, the percent of Pol II
ChIP signal present at each time point was calculated relative to the value prior to addition
of the drug. The percent of Pol II ChIP signal in FP treated samples was calculated relative
to control (DMSO) values.

Henriques et al. Page 10

Mol Cell. Author manuscript; available in PMC 2014 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Half-life determination
The half-lives for both short RNA qPCR and Pol II ChIP qPCR signals (Figure 4 and 6)
during the Trp-treatment time course were derived as linear fits of log10 transformed values.
For easier visualization, the data shown are not log transformed. Thus, the lines shown are
derived from a fit to single exponential decay, as this is the simplest model that can describe
the data.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Pol II pausing near promoters generates stable, long-lived elongation complexes

• Disrupting pausing greatly reduces the lifetime of promoter Pol II

• Blocking pause release leads to widespread accumulation of Pol II at active
genes

• Stable transcription-start site associated RNAs remain with Pol II on chromatin
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Figure 1. scRNAs co-localize with Pol II and remain stably associated with chromatin
(A) Heat map representations of Pol II ChIP-seq reads, mRNA expression levels determined
by microarray and 3’-end sequencing reads of scRNAs isolated from different cellular
fractions. Shown are Drosophila genes with significant Pol II occupancy (as determined by
Pol II ChIP-seq using an α-Rpb3 antibody) and >550 nt in length (N=6,152). Genes are rank
ordered by decreasing number of Pol II ChIP-seq reads observed around the transcription
start sites (+/− 150 bp from TSS, depicted by arrow). Arrow heads at right of heat maps
indicate the position above which 50% of the scRNA-seq reads are located. Color bars at
bottom indicate range for each depth-normalized data set.
(B and C) Composite metagene analysis of scRNA reads 3’-ends in the chromatin-
associated pellet (B) or detergent-soluble fraction (C). Shown is the average number and
position of scRNA 3’-end reads per TSS at the top decile of genes when rank ordered by
mRNA expression, promoter Pol II ChIP-seq signal or Pausing Index, as indicated.
(D) Heat maps are shown as in (A) but with genes rank ordered by decreasing mRNA
expression levels. Of the Pol II-occupied TSSs shown in (A) 4,954 are represented by
unique transcripts on the microarray and are included in this panel.
See also Figure S1.
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Figure 2. Disruption of exosome activity reveals a low-level of termination coupled with targeted
degradation of released RNAs
(A) Heat maps showing 3'-end distributions of scRNAs isolated from Mock-treated or
Exosome(Rrp40)-depleted cells at genes occupied by Pol II. Genes are rank-ordered and
shown as in Figure 1A.
(B) Northern analysis of short RNAs generated by promoter Pol II at the Hsp70 gene in
Mock-treated and Rrp40-depleted cells. RNAs derived from whole cells are shown along
with species present in the chromatin or soluble fractions. To quantify the abundance of
these species, a 33 nt synthetic DNA corresponding to the Hsp70 5’-end was loaded over a
range of molecular equivalents per gene copy in the S2 cell genome.
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(C) Enrichment in 3’-oligo-adenylated species observed in Rrp40-depleted samples. Shown
is the difference in number of scRNA-seq reads with 3'-A residues of the specified length in
Rrp40-depleted vs. Mock-treated samples.
(D) Oligo-adenylated species identified in exosome-depleted cells are derived from near
TSSs. Heat maps are depicted as in (A) for the species that mapped uniquely after trimming
3’-A residues.
(E) Comparison of 3’-end positions of directly mappable and 3’-oligo-adenylated scRNA
species isolated from Rrp40-depleted samples shows that they both localize tightly within
the region of promoter-proximal pausing, suggesting that they share a common origin.
(F and G) The percentage of reads bearing non-templated A-tails is consistently low across
gene quartiles ranked by promoter Pol II signal (F) and gene activity (G).
See also Figure S2.
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Figure 3. Quantitative PCR indicates abundant tssRNAs at paused genes, with low levels of
oligo-adenylated species
(A) 3’-end locations are shown for scRNAs derived from an example gene (CG9884) in
Mock-treated and Rrp40-depleted cells. The number of reads at each location, in single
nucleotide intervals, is shown for each sample. Note the >10-fold difference in scale
between reads that were mapped directly and those with A-tails at their 3’-ends (oligo-A), as
well as the lack of oligo-A reads in cells with intact exosome activity. The gene model is
shown below, with TSS depicted as an arrow.
(B) Schematic of the experimental protocol for amplification of tssRNA species. Following
isolation of short RNAs, an in vitro adenylation reaction (left) allows for reverse
transcription of all short RNA species using an anchored oligo-dT primer. Omitting the in
vitro adenylation (right) allows for detection of only those species that are oligo-adenylated
in vivo. The oligo-dT primer contains a sequence complementary to the universal Reverse
primer (univ. R), allowing amplification of individual tssRNAs when coupled with a gene-
specific Forward primer (G-S F).
(C and D) Example quantification of the scRNA read counts near promoters (C, from the
TSS to 100 nt downstream) and qPCR results (D) for tssRNA species generated by the
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CG9884 gene (top), and CG2207 (below). Values represent the averages of ≥3 biological
replicates ± SEM. The small differences in directly mappable scRNAs or total short RNAs
observed at individual genes were not statistically significant.
See also Figure S3.
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Figure 4. Measurement of the turnover of tssRNA and promoter Pol II indicates a long-lived
elongation complex whose residence time is dictated by the rate of pause release
(A and B) Quantification of the short tssRNA levels (A, green) and promoter Pol II ChIP
signal (B, blue) during a time course of treatment with Trp. Plots show the decay of signal
from genes with varying levels of gene activity as measured by gene body GRO-seq signal:
CG4427 (top) is highly active, CG9884 (middle) has moderate activity and CG33174
(bottom) exhibits very low activity. Signals at each time point were quantified by qPCR
relative to DMSO-treated cells at t = 0. For tssRNA, each point represents the mean of three
biological replicates ± SEM. ChIP samples show average values and range of two replicates.
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(C) The relationship between gene activity and the half-lives measured for tssRNAs is
shown at thirteen genes, revealing that the lifetime of early elongation complexes is
inversely correlated with the rate of release into productive elongation.
See also Figure S4.
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Figure 5. Flavopiridol causes broad accumulation of RNAs and Pol II near promoters
(A) Heat maps showing 3'-end distributions of scRNAs isolated from DMSO-treated or FP-
treated cells at genes occupied by Pol II. Genes are rank-ordered and shown as in Figure 1A.
Arrow heads at right of heat maps indicate the position above which 50% of the scRNA-seq
reads are located, revealing a shift in FP-treated cells.
(B) Composite metagene analysis of scRNA reads 3’-ends detected in the DMSO-treated or
FP-treated cells. Shown is the average number and position of scRNA 3’-end reads per TSS.
(C) Heatmap showing the Fold change in scRNA reads upon FP-treatment for genes divided
into groups based on their Pausing index (y-axis) and Gene activity level (Gene body GRO-
seq signal, x-axis). Color bars at bottom indicate range.
(D) Quantification of the change in promoter Pol II ChIP signal at genes following FP
treatment. Promoter Pol II signal was quantified relative to DMSO-treated cells (set as
100%) using primer pairs centered near the TSSs for each gene. The relative pausing index
and gene activity level for each gene is shown. Data represents the mean of two biological
replicates ± range.
See also Figure S5.
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Figure 6. Generation of stable promoter-associated Pol II complexes involves the pause-inducing
factor NELF
(A) Promoter Pol II ChIP signal was measured following Trp-treatment in cells that were
Mock-treated or NELF-depleted. Genes shown display High (e.g. CG4427), intermediate
(e.g. CG8896 and CG9884) and Low (CG33174 and CG17697) levels of gene activity as
determined by GRO-seq. The percent input of promoter Pol II at each time point was
compared to the signal present at t=0 (before adding Trp), and is reported as the percentage
of ChIP signal remaining at each time. Values represent averages of ≥3 biological replicates
± SEM.
(B) Difference in Pol II half-life between Mock-treated and NELF-depleted cells. The
twelve genes analyzed as in (A) were separated into three groups based on their gene
activity levels in untreated S2 cells. Whereas highly active genes with short-lived promoter
Pol II occupancy were not significantly affected by NELF-depletion (High P=0.155, N=3),
genes with Intermediate and Low activity displayed more long-lived promoter occupancy in
untreated cells that was significantly affected by NELF RNAi (Intermediate P=0.025, N=5;
Low P=0.029, N=4). Values are mean half-lives for each group of genes ± SEM.
See also Figure S6.
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Figure 7. Stable pausing by Pol II provides a framework for regulation
(A) Model: Pol II (red) initiates transcription and is induced to pause through the activity of
NELF and other factors (not shown). Paused Pol II and nascent tssRNA (blue) remain stably
associated with the promoter while awaiting the recruitment of P-TEFb (green) which
triggers productive elongation. Most promoter-associated Pol II can transition to productive
elongation (thick arrow); however, we detect a low level of promoter-proximal termination
(small arrow), with the exosome (purple) rapidly degrading the released tssRNAs.
(B) Upon depletion of NELF, elongation complexes no longer stably pause and exhibit
decreased half-lives near promoters. Many genes can support rapid re-initiation of Pol II to
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maintain similar Pol II occupancy, but genes with inefficient re-initiation display decreased
expression.
(C) We propose that the tssRNAs produced by, and stably associated with, paused Pol II
could play an important role in transcription activation in cis through interactions with
factors that affect productive elongation and promoter chromatin.
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