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Precise spatio–temporal control of gene activity is essen-
tial for organismal development, growth, and survival in
a changing environment. Decisive steps in gene regula-
tion involve the pausing of RNA polymerase II (Pol II) in
early elongation, and the controlled release of paused po-
lymerase into productive RNA synthesis. Here we
describe the factors that enable pausing and the events
that trigger Pol II release into the gene. We also discuss
open questions in the field concerning the stability of
paused Pol II, nucleosomes as obstacles to elongation,
and potential roles of pausing in defining the precision
and dynamics of gene expression.

Cell type- and condition-specific patterns of gene expres-
sion involve tight control of multiple steps in the tran-
scription cycle. Early regulatory events govern the
association of DNA-binding transcription factors (TFs)
with their target motifs and the recruitment of RNA poly-
merase II (Pol II) and general TFs (GTFs) to the promoter
region of a gene. These events enable transcription initia-
tion and the synthesis of a short, nascent RNA. However,
Pol II then pauses promoter-proximally, awaiting further
signals before entering the gene body. The fate of the
paused early elongation complex is absolutely decisive
for gene output. If paused Pol II successfully transitions
into productive elongation, a functional full-length
mRNA can bemade. However, a failure in thematuration
of paused Pol II toward productive RNA synthesis short
circuits the process of gene expression. Thus, understand-
ing the factors that govern stable Pol II pausing and release
are of paramount importance toward an appreciation of
gene regulation in human health and disease.
The phenomenon of promoter-proximal Pol II pausing

was described in the mid 1980s by John Lis (Gilmour
and Lis 1986; Rougvie and Lis 1988) during study of the
Drosophila heat-shock protein (hsp) genes. Pol II was
found to be recruited to hsp promoters prior to heat stress

and to begin RNA synthesis. However, Pol II halted with-
in the initially transcribed region, remaining tightly asso-
ciated with the short, nascent RNA. Importantly, this
paused Pol II could be released into productive elongation
under conditions that triggered gene activity. These find-
ings from the heat-shock system in Drosophila came to-
gether with discoveries from a number of mammalian
systems, including the well-studied mammalian β-globin
locus, at which engaged Pol II was found to be enriched
in the first half of the gene (Gariglio et al. 1981). Similar
contemporaneous reports of regulation during early elon-
gation of theHIV LTR, c-myc, and Fos genes emerged (Kao
et al. 1987; Krumm et al. 1992; Strobl and Eick 1992; Plet
et al. 1995). Together, these studies signified that early
elongation is a key checkpoint in gene expression. Howev-
er, despite >30 yr of research, the mechanisms underlying
the regulation of early elongation remain an area of vigor-
ous study and even controversy to this day. In particular,
active debates remain about how much of the paused
elongation complex proceeds into productive RNA syn-
thesis versus undergoing promoter-proximal termination
(Henriques et al. 2013; Jonkers et al. 2014; Chen et al.
2015; Krebs et al. 2017; Nilson et al. 2017; Shao and Zeit-
linger 2017; Erickson et al. 2018).
An obstacle to dissecting themechanisms of Pol II paus-

ing is the lack of an in vitro system that accurately recapit-
ulates the position, duration, and regulation of pausing as
it occurs in cells. Although several promising biochemical
systems have been developed to study early elongation
(Adelman et al. 2005; Cheng and Price 2007; Luse et al.
2011; Li and Gilmour 2015; Vos et al. 2018b), a majority
of these require reduced concentrations or omission of
specific ribonucleotide triphosphate (NTP) substrates to
artificially stall Pol II in the promoter-proximal region. Al-
though a great deal has been learned from these systems,
our inability to generate paused Pol II in vitro at physiolog-
ical NTP concentrations indicates that we still lack some
key factor or feature in these cell-free experiments.
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Therefore, the revolution in our understanding of pausing
came with the development of genomic techniques for
monitoring Pol II distribution and dynamics in metazoan
cells. Indeed, early mapping of Pol II using chromatin im-
munoprecipitation (ChIP)–chip revealed peaks of Pol II
near many promoters (Kim et al. 2005; Guenther et al.
2007), indicating that Pol II goes through rate-limiting
steps near the transcription start site (TSS) before being
released into the gene. Further work revealed that thema-
jority of active genes showed promoter-proximal enrich-
ment of the Pol II signal and that these polymerases
were often engaged in early elongation, suggesting that
promoter-proximal pausing was a widespread phenome-
non (Muse et al. 2007; Zeitlinger et al. 2007). Upon the de-
velopment of global run-on sequencing (GRO-seq), it
became clear that the peaks of Pol II near promoters repre-
sented elongation complexes thatwere paused but compe-
tent to resume transcription elongation (Core et al. 2008).
In fact, subsequent work has demonstrated that the vast
majority of all Pol II detected near promoters in ChIP or
permanganate footprinting assays (Table 1) represents po-
lymerase that is actively engaged in elongation and capa-
ble of resuming synthesis in vitro (Core et al. 2012; Li et al.
2013; Pugh and Venters 2016).

Thanks to the growing repertoire of approaches to study
transcription elongation in vivo (Table 1), the field now
appreciates that pausing of Pol II in early elongation is
an obligate part of the transcription cycle; a step that is
universally experienced by Pol II at all genes. In particular,
potent small molecule inhibitors that block pause release
were demonstrated to broadly trap Pol II at promoters and
abrogate nearly all RNA synthesis in Drosophila and
mammalian cells (Chao and Price 2001; Ni et al. 2008;
Rahl et al. 2010; Henriques et al. 2013; Jonkers et al.
2014). The efficiency of pause release is thus recognized
as a central determinant of gene expression levels, raising
great interest in the mechanisms that drive this process.
Moreover, pausing has been shown recently to be a uni-
versal hallmark of Pol II transcription, with Pol II tran-
scribed enhancers, upstream antisense RNAs, and long
noncoding RNAs exhibiting pausing that appears identi-
cal to that described at promoters (Bunch et al. 2014;
Core et al. 2014; Andersson et al. 2015; Scruggs et al.
2015; Bunch et al. 2016; Henriques et al. 2018; Rennie
et al. 2018; Tome et al. 2018). Thus, a better understand-
ing of pausing is also necessary toward developing models
for the regulated expression and functions of noncoding
RNA species.

In this review, we present recent advances in our
understanding of the early steps in Pol II transcription,
highlighting the events and factors involved in the estab-
lishment and release of paused Pol II. We describe current
models for pausing control and will discuss a number of
unanswered questions about the regulation and function
of Pol II pausing.

Pausing takes center stage in gene regulation

The transcription cycle involves a number of sequential
steps, many of which are regulated in response to cellular

signals or cues (Fig. 1). DNA sequences around promoters
must be rendered accessible to the transcription machin-
ery, which often involves cooperation between TFs (Fig.
1A), coactivators such as the histone acetyltransferase
p300/CBP and/or chromatin remodeling machines such
as Swi/Snf (e.g. Chrom. mod) (Fig. 1A, green). Together,
these factors stimulate binding by the GTFs (Fig.1B,
brown) and association of the Mediator complex (Fig.1B,
blue), which facilitate recruitment of Pol II (Fig.1B, red)
to form the preinitiation complex (PIC). Within the PIC,
Pol II and the GTF TFIID make extensive contacts with
DNA that extend ∼40 bp on either side of the TSS (Nogal-
es et al. 2017). These interactions include binding to core
promoter motifs associated with the TSS itself as well as
those upstream of and downstream from the TSS (de-
scribed in detail below).

The C-terminal domain (CTD) of the Pol II Rpb1
subunit (Fig. 1, shown as red tail on Pol II) is comprised
of numerous repeats of the consensus sequence Y1S2P3T4-

S5P6S7. The Pol II CTD is largely unphosphorylated during
initiation, allowing stabilizing interactions of the unmod-
ified CTD with the Mediator complex (Wong et al. 2014;
Sato et al. 2016; Tsai et al. 2017). However, across the tran-
scription cycle, the CTD repeats are posttranslationally
modified at distinct sites, which stimulates stage-appro-
priate interactions with transcription initiation, elonga-
tion, and RNA processing factors (Buratowski 2009).

The association of the multimeric TFIIH complex with
the growing transcriptional assembly allows the TFIIH-as-
sociated “helicase” to translocate DNA toward Pol II.
This drives opening of the DNA strands to form a tran-
scription bubble (Fig 1C) and allows entry of the template
DNA into the Pol II active site (Fishburn et al. 2016; Schil-
bach et al. 2017; Dienemann et al. 2019). The polymerase
is thus able to initiate RNA synthesis, catalyzing the for-
mation of a nascent RNA that is complementary to tem-
plate DNA sequences. As synthesis begins, the RNA
remains associated with the template DNA to form an
RNA–DNA hybrid within the Pol II active site (Fig. 1C,
RNA, blue). The RNA–DNA hybrid imparts considerable
stability to the elongation complex, and, as it grows, the
polymerase becomes increasingly committed to the
DNA template (Luse 2013). During productive elonga-
tion, an RNA–DNA hybrid of 8–9 nt is maintained: with
each nucleotide of RNA added to the growing 3′ end of
the transcript, the transcription bubble moves forward
to expose the next template DNA base. Simultaneously,
1 bp of RNA–DNA is disrupted at the 5′ end of the hybrid
to allow RNA to exit the polymerase and template and
nontemplate DNA to reanneal. However, during early
elongation, tight contacts with promoter DNA and
GTFs often persist, preventing the polymerase frommov-
ing forward along DNA as the RNA chain is extended and
causing “scrunching” of an extended transcription bubble
within Pol II (Fig. 1C; Fazal et al. 2015). This conformation
is energetically unfavorable, and, after >10 nt of RNA has
been formed, the upstream region of the extended bubble
collapses (Holstege et al. 1997; Hieb et al. 2006; Luse
2013), allowing template and nontemplate DNA to reas-
sociate. The energy gained through this process has been
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Table 1. Assays for the detection of elongation complexes and paused Pol II

Technique Description Strengths Drawbacks References

GRO-seq (global
run-on
sequencing)

Cells are permeabilized, and
engaged Pol II are allowed
to incorporate bromo-UTP
during an in vitro run-on
reaction of defined length
(∼100 bp); bromo-UTP-
labeled RNAs are purified
and sequenced

Measures actively engaged
Pol II across the genome;
moderate resolution
(∼30–50 bp); high signal
to noise; spike-in
normalization is
straightforward;
variations allow for run-
ons from isolated
chromatin instead of
cells (ChRO-seq
[chromatin run-on
sequencing])

Complex multistep
protocol; only active Pol II
run-on such that arrested
or unstable/terminating
complexes are not
detected; time needed for
permeabilization of cells
or isolation of chromatin
should be considered
when performing closely
spaced time courses

Core et al. 2008

PRO-seq
(precision run
on sequencing)

Cells are permeabilized, and
engaged Pol II are allowed
to incorporate biotin-tagged
NTPs during an in vitro
run-on reaction; biotin-
labeled RNAs are purified
and sequenced

Measures actively engaged
Pol II across the genome
at single-nucleotide
resolution; high signal to
noise; spike-in
normalization is
straightforward;
variations allow for run-
ons from isolated
chromatin instead of
cells (ChRO-seq)

Complex multistep
protocol; only active Pol II
run-on such that arrested
or unstable/terminating
complexes are not
detected; time needed for
permeabilization of cells
or isolation of chromatin
should be considered
when performing closely
spaced time courses

Kwak et al. 2013;
Mahat et al.
2016; Chu et al.
2018 (ChRO-
seq)

Start-seq (start
site-associated
RNA
sequencing)

Chromatin-associated or
nuclear RNA is isolated;
short capped RNAs are
purified and paired-end
sequenced; RNA 5′ ends
define TSSs, and 3′ ends
indicate positions of
pausing

Identifies all TSS-
associated RNAs at
single-nucleotide
resolution, regardless of
Pol II status; optimally
sensitive for defining
TSSs and paused Pol II at
noncoding loci where Pol
II is less stable

Complex multistep
protocol; not yet
optimized for small cell
numbers; does not detect
RNAs longer than ∼120
nt

Nechaev et al.
2010;
Henriques et al.
2018

3′ NT-seq (3′

nucleotide
sequencing)

Chromatin-associated RNA is
isolated, and 3’ ends are
identified by sequencing

Does not require that Pol II
can run on, so this
protocol effectively
captures Pol II that has
arrested or is in the
process of terminating;
single-nucleotide
resolution

Insoluble chromatin-
associated RNAs include
RNA processing
intermediates,
mitochondria, ribosomal
RNAs, and other
contaminants that are not
nascent RNAs; requires
biochemical or
bioinformatic removal of
contaminants; time
required for isolation of
chromatin should be
considered when
performing closely spaced
time series

Weber et al. 2014;
Mayer et al.
2015

mNET-seq
(mammalian
native
elongating
transcript
sequencing)

Pol II is immunoprecipitated,
and associated RNAs are
isolated for sequencing

Selection for Pol II-
associated RNAs adds
specificity to the
protocol; allows for use
of antibodies against Pol
II C-terminal domain
isoforms, elongation
factors, etc.

Dependent on quality and
specificity of Pol II
antibody; solubilization of
Pol II-containing
chromatin is inefficient,
reducing yield, and thus
requires increased cell
numbers; lower signal to
noise; time required for
isolation of chromatin
should be considered

Nojima et al.
2015
(modification of
Churchman
and Weissman
2011)

Continued
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proposed to propel the polymerase forward, facilitating
the disruption of upstream contacts withDNA and the ge-
neral transcription machinery and enabling a step called
promoter escape.

Concomitant with initiation, the TFIIH-associated ki-
nase Cdk7 phosphorylates the CTD on serine residues at
positions 5 and 7 of the repeat (Fig 1C, dark-green P) (Bur-
atowski 2009; Glover-Cutter et al. 2009; Kim et al. 2009;
Eick and Geyer 2013; Rodriguez-Molina et al. 2016). The
role of Ser7 phosphorylation (Ser7-P) at protein-coding
genes is still enigmatic, but biochemical evidence indi-
cates that this modification helps prime the CTD for sub-
sequent phosphorylation events (Czudnochowski et al.
2012). Ser5 phosphorylation (Ser5-P), however, has clear
roles in the early stages of mRNA transcription. Ser5-P
on the CTD disrupts interactions with Mediator (Wong
et al. 2014), facilitating promoter escape. Furthermore,
the Ser5-P CTD is recognized by the enzymes that cap
the nascent RNA 5′ end to protect it against degradation
(Ho and Shuman 1999; Rodriguez et al. 2000; Fabrega
et al. 2003). Indeed, RNA capping commences as soon at
the nascent transcript emerges from the RNA exit chan-

nel, at ∼19–22 nt in length (Rasmussen and Lis
1993,1995; Chiu et al. 2002; Tome et al. 2018).

The emerging nascent RNA also serves as a recognition
site for factors such as Spt5 that associate selectively with
the Pol II elongation complex, (Fig. 1D; Missra and
Gilmour 2010). Spt5 and its binding partner Spt4 form a
heterodimer called DSIF (dichloro-1-β-D-ribofuranosyl-
benzimidazole [DRB] sensitivity-inducing factor) (dis-
cussed in detail below) that influences several steps in
transcription elongation. Spt5 docks on Pol II near the
RNA exit channel (Bernecky et al. 2017; Vos et al. 2018a,
b), where it facilitates capping of the nascent RNA (Pei
and Shuman 2002). The negative elongation factor
(NELF) complex then recognizes the Pol II–Spt5 interface
and associates with the elongation complex as it tran-
scribes through the promoter-proximal region (Fig. 1D).
Notably, early elongation is slower and more prone to
pausing than synthesis further downstream (Luse 2013;
Jonkers et al. 2014), and Pol II typically pauses within the
region 25–50 nt downstream from the TSS. As described
in detail below, pausing can be influenced by the DNA
and RNA sequences within the Pol II active site (Nechaev

Table 1. Continued

Technique Description Strengths Drawbacks References

when performing closely
spaced time series

ChIP-seq (ChIP
combined with
high-throughput
sequencing)

Pol II is immunoprecipitated,
and associated DNA is
isolated for sequencing

Robust well- established
protocols; allows for use
of antibodies against Pol
II C-terminal domain
(CTD) isoforms

Resolution is relatively low
(102–103 bp), and
dependent on Pol II
antibody quality; no
information provided on
directionality of Pol II;
cannot distinguish
transcriptional status of
polymerase (i.e. bound vs.
engaged vs. arrested)

Johnson et al.
2007

ChIP-exo (ChIP
combined with
exonuclease);
also called
ChIP-nexus

Pol II is immunoprecipitated,
and DNA is digested with λ

exonuclease; sequencing of
digested ends reveals points
of direct protein cross-links
with the DNA

High resolution and
sensitivity, and new
variations can use low
cell inputs (104 cells);
whole Pol II complex can
be mapped at pause site;
increased resolution
allows some assumption
of transcription complex
directionality at
promoters

Complex and costly (newer
versions are being
developed to reduce these
concerns); dependent on
Pol II antibody quality;
cannot fully distinguish
transcription complex
status and directionality

Rhee and Pugh
2011; He et al.
2015; Rossi
et al. 2018

Permanganate-
ChIP-seq

Pol II is immunoprecipitated
from formaldehyde cross-
linked and permangate-
treated cells; piperdine
cleavage of permanganate-
reactive bases and
subsequent sequencing of
ends reveals sites of
exposed (single-stranded)
DNA, indicative of
transcription bubbles

High-resolution view of
transcription bubble,
indicative of engaged
transcription complex

Not all permangante-
sensitive bases are within
a transcription bubble,
since DNA bending can
also lead to sensitivity;
high background
compared with nascent
RNA methods

Li et al. 2013

Common strategies for isolation and sequencing of nascent and newly synthesized RNAs in metazoan cells are discussed. The
strengths and weakness of each approach are described briefly.
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et al. 2010) and the adoption of a nonproductive conforma-
tion of the RNA–DNA hybrid (Vos et al. 2018a,b). The
paused state is stabilized by both Spt5 andNELF (Yamagu-
chi et al. 1999), with NELF in particular preventing reacti-
vation of the Pol II catalytic site (Adelman and Henriques
2018; Vos et al. 2018a,b).
Release of paused Pol II into productive RNA synthesis

is triggered by the activity of the kinase, positive tran-
scription elongation factor b (P-TEFb) (Fig. 1E). P-TEFb is
recruited to promoters through interactions with TFs,
Mediator, and coactivators (Peterlin and Price 2006; Taka-
hashi et al. 2011). Critically, a majority (>75%) of enzy-
matically active P-TEFb is typically found within a
larger superelongation complex (SEC) (Luo et al. 2012)
that encompasses a broad array of factors that aid in re-
cruitment of P-TEFb to active genes and stimulation of
RNA synthesis (He et al. 2010; Lin et al. 2010; Sobhian
et al. 2010; Li and Gilmour 2013) P-TEFb is known to
phosphorylate many proteins, including Spt5, NELF, and
the Pol II CTD; however, it is the phosphorylation of
Spt5 that is most directly linked to pause release (Fig.
1E, light-green P; Guo et al. 2000; Yamada et al. 2006;
Cheng and Price 2007). Mechanistically, the phosphoryla-
tion of Spt5 appears to trigger dissociation of NELF from
Pol II, enabling Pol II reactivation and resumption of elon-
gation (Wu et al. 2003; Yamada et al. 2006; Cheng and
Price 2007).
Due to the cell’s ability to tune the duration of promot-

er-proximal pausing through transacting factors DSIF,
NELF, and P-TEFb, this step has been termed “regulated
pausing” (Weber et al. 2014; Chiu et al. 2018). In contrast,
pausing due solely to cis-acting nucleic acid sequence or
universal structural barriers such as nucleosomes has
been called “ubiquitous” or “intrinsic pausing” (Landick
2006; Teves et al. 2014;Weber et al. 2014). Given the tight
wrapping of DNA around the histone proteins, nucleo-
somes are inherent barriers to Pol II elongation that
must be contended with across the full length of the
gene. Indeed, to facilitate passage through such ubiqui-
tous obstacles, eukaryotic cells have evolved a number
of specialized elongation factors, including polymerase-
associated factor 1 (PAF1), FACT, and Spt6. Following
pause release, the polymerase moves downstream into
the gene body and soon encounters the first nucleosome,
typically centered around +140 bp downstream from
the TSS (Mavrich et al. 2008; Tolstorukov et al. 2009;
Weber et al. 2014). During this transition, Pol II assembles
the repertoire of transcription elongation factors that fa-
cilitate transcription through nucleosomes, thereby pre-
venting long-lived pausing at nucleosomal boundaries
(Fig. 1F, elongation factors; Kwak et al. 2013; Weber
et al. 2014).
Recent structural studies have illuminated how the re-

cruitment of elongation factors can be triggered by pause
release (Vos et al. 2018a,b). First, the dissociation of NELF
during pause release exposes a binding site for PAF1 on the
elongation complex (Shi et al. 1996, Vos et al. 2018a). Ac-
cordingly, PAF1 associates with Pol II just as it encounters
the first nucleosome on downstreamDNA (Adelman et al.
2006; Van Oss et al. 2016). Second, the Spt6 protein and

linker region leading to the Pol II CTD are phosphorylated
by P-TEFb, stimulating interactions between Spt6 and
elongating Pol II (Vos et al. 2018a). The FACT complex
also associates with the elongation complex at this stage
(Belotserkovskaya et al. 2004) through interactions with
Pol II and histones. Spt6 and FACT both have histone
chaperone activity allowing them to facilitate the disas-
sembly and reassembly of nucleosomes as Pol II passes
through. Thus, the binding of elongation factors facilitates
Pol II movement through nucleosomes and maintains
chromatin organization across the gene body (Wada
et al. 2000; Kaplan et al. 2003; Ardehali et al. 2009).

Many factors govern the establishment and release
of paused Pol II

As described above, a number of factors converge to estab-
lish paused Pol II and mediate its release. Below, we out-
line the current state of knowledge for each of the
factors that affect regulated pausing. We emphasize that
the level of paused Pol II should be considered an equilib-
riumbetween the rate of Pol II recruitment, initiation, and
entry into the paused state and the rate of pause release
into either productive elongation or termination (Fig. 2).
Critically, paused Pol II will not accumulate near promot-
ers if recruitment or initiation rates are slow, nor if pause
release or termination rates are high. Thus, the fact that a
majority of genes show accumulation of paused Pol II is
strong evidence that recruitment of Pol II is typically
much faster than pause release or termination. We there-
fore focus below on the factors that influence the rate lim-
iting steps of Pol II pausing and its escape downstream
into productive RNA synthesis.

DNA or RNA sequence

Sequence elements in the DNA and RNA can modulate
pausing by directing the binding of trans-acting factors
or directly altering the efficiency of catalysis by RNA po-
lymerases. Binding sites for TFs (Fig. 3A) such as Droso-
phila GAGA factor (GAF) serve to recruit GAF and
associated chromatin remodeling machines (e.g., NURF)
(Tsukiyama et al. 1994; Fuda et al. 2015), thereby opening
the chromatin in the vicinity of promoters. This exposes
core promoter sequences that are instrumental for direct-
ing the position, level, and orientation of transcription ini-
tiation by recruiting GTFs. Drosophila DNA elements
enriched in core promoters that promote PIC assembly in-
clude the TATA-box, Initiator (Inr), MTE, and the down-
stream promoter element (DPE) motifs (Fig. 3A; Vo
Ngoc et al. 2017). Although similar sequences have been
noted inmammals, the consensusmotifs are considerably
more degenerate and have lower information content
(Ohler 2006).
Notably, many motifs important for stable promoter

opening and PIC formation positively correlate with the
level of paused Pol II (Hendrix et al. 2008; Gilchrist
et al. 2010; Kwak et al. 2013). For instance, combinations
of GAF, Inr, and DPE motifs reveal an additive effect with
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the presence of each element and levels of pausing ob-
served in Drosophila (Hendrix et al. 2008). In addition,
the agreement of promoter sequences to the consensus
for these motifs also correlates positively with pausing
levels (Kwak et al. 2013). In Drosophila, the pause button
motif (Fig. 3A, PB) is highly enriched at paused genes and
is similar to and overlaps with the position of the consen-
sus DPE (Hendrix et al. 2008). Intriguingly, prominent
pausing of Pol II often occurs at sequences with combina-
tions of pause button, GAF, and/or Inr elements (Hendrix
et al. 2008), suggesting that these motifs can work cooper-

atively with one another to recruit and retain paused
Pol II.

The position of core promoter elements relative to
the TSS is also suggested to affect pausing location and in-
tensity. For instance, pausing is at a maximum at Droso-
phila promoters when the TATA, Inr, MTE, or pause
button are at their consensus position as compared with
when the element is shifted up- or downstream (Kwak
et al. 2013). Also, the sites of pausing can track with the
position of downstream elements within a limited range
(Kwak et al. 2013). Thus, a “tethering”model has emerged
wherein consensus promoter elements create stable PICs
and early elongation complexes. In this model, multiple
strong interactions with factors at the promoter stimulate
recruitment of Pol II but also impede promoter escape, as
such interactions need to be broken as Pol II transitions to-
ward elongation. Indeed, TFIID interacts with both the Inr
centered at the TSS and the DPE located at the site of
pausing, putting TFIID in position to simultaneously in-
teract with GTFs at the promoter and the early elongation
complex (Sypes and Gilmour 1994; Burke and Kadonaga
1996). In addition, strong core promoter motifs can retain
a scaffold of PIC components following promoter escape,
allowing them to recruit new Pol II very efficiently. This
would ensure that additional Pol II is available to quickly
replace polymerases released from pausing, maintaining
high occupancy of the pause site.

DNA elements can also directly alter polymerase elon-
gation rate and processivity as a result of the extensive in-
teractions between the polymerase and nucleic acids.
Sequence-dependent pausing of elongation occurs in all
organisms from bacteria to humans, and recent genomic
examination of pausing at high resolution has revealed
multiple conserved aspects of DNA sequence that
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Figure 1. Outline of early steps in the transcription cycle. Pro-
moterDNA is shownwith theTSS depicted by an arrow.TF-bind-
ing motifs and core promoter sequences are designated, with the
average position of the first nucleosome shown, ∼140 bp down-
stream from the TSS. Distinct protein factors and complexes
are involved in each step as labeled in the figure. Phosphorylation
of DSIF (dichloro-1-β-D-ribofuranosylbenzimidazole [DRB] sensi-
tivity-inducing factor), NELF and the Pol II CTD is shown as a
green “P.” Active positive transcription elongation factor b (P-
TEFb) is typically found within the superelongation complex
(SEC) as shown. Elongation factors that facilitate productive elon-
gation through chromatin include Spt6, FACT, and polymerase-
associated factor 1 (PAF1).
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Figure 2. Rate constants favor the establishment of pausedPol II.
The steps leading toward productive elongation and the relative
rates of transitions between each step are depicted, with thicker
arrows indicating faster rates. Note that Pol II in the PIC and
paused forms are not coincident on the same DNA due to steric
hindrance. The accumulation of Pol II in early elongation at
most promoters indicates that the relative rates toward establish-
ing pausedPol II (recruitment, initiation, andpromoter escape) are
typically faster than rates of Pol II release from pausing into pro-
ductive elongation or premature termination. Upon termination,
Pol II releasesnascentRNA,which is rapidly degraded, and the po-
lymerase is recycled into the pool of free Pol II.
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contribute to this process (Larson et al. 2014). A common
observation is that the RNA/DNA hybrid that forms
within the active site of paused Pol II typically has a
high G/C content flanked by A/T-rich regions (Chan and
Landick 1993; Nechaev et al. 2010; Gressel et al. 2017;
Sheridan et al. 2019) The stability of G/C-rich RNA/
DNA hybrids within the active site presents an obstacle
to forward translocation of the polymerase. When forward
movement becomes energetically unfavorable (Fig. 3B),
the polymerase becomes susceptible to backtracking up-
stream along the template, which dislodges the 3′ end of

the nascent RNA from the catalytic site. Such a conforma-
tion is clearly refractory to RNA synthesis and can lead to
transcriptional arrest (Kireeva and Kashlev 2009). There is
strong evidence that Pol II backtracks during early elonga-
tion and that backtracking contributes to the longevity of
the paused state (Adelman et al. 2005; Nechaev et al.
2010; Weber et al. 2014; Sheridan et al. 2019). Moreover,
this influence of RNA/DNA hybrid stability is observed
at mammalian CpG island promoters that display a clear
GC skew that correlates well with pausing (Core et al.
2008; Kellner et al. 2015).
Nascent RNA secondary structures that influence the

entry into or exit from a paused state arewell documented
in prokaryotes (Hein et al. 2014); however, eukaryotic ex-
amples of this are rare. Transcription of the human immu-
nodeficiency virus (HIV) in humans is a notable exception,
and HIV was one of the first models of promoter-proximal
pausing and premature transcription termination (Fein-
berg et al. 1991; Kessler and Mathews 1991, 1992). The
HIV virus integrates into the host genome, where viral
gene expression is limited by regulation of early elonga-
tion. The initially transcribed region of HIV forms an
RNA stem–loop structure termed the “transactivation re-
sponse” or TAR element. NELF stabilizes pausing at the
HIV promoter (Zhang et al. 2007), potentially through in-
teractions with TAR RNA (Palangat et al. 1998; Fujinaga
et al. 2004). Full-length HIV RNA synthesis requires ex-
pression of a viral transcriptional activator, Tat. The Tat
protein can interact with P-TEFb and TAR, enabling re-
cruitment of P-TEFb to theHIV promoter. This stimulates
pause release through dissociation of NELF and phosphor-
ylation of Spt5 (Fujinaga et al. 2004). Although there is no
evidence for formation of RNA structures similar to TAR
at cellular genes, the RNA-binding domain within NELF-
E was shown recently to bind a short “K-turn” structure
(Pagano et al. 2014) that is modestly enriched nearDroso-
phila promoters. Thus, whereas RNA binding by NELF
does not appear to be broadly necessary for pausing (Mis-
sra and Gilmour 2010; Gressel et al. 2017; Vos et al.
2018b), it may stabilize NELF interactions with elongat-
ing Pol II at select genes.
Intriguingly, secondary structure predictions suggest

that the nontemplateDNA strand just upstream of paused
Pol II has an increased likelihood to form structures such
as G quadruplexes (Szlachta et al. 2018). Structure forma-
tion by the nontemplate DNA strand could be envisioned
to deter its reannealing with the template strand after
transcription, potentially enabling the formation of R
loops between nascent RNA and the DNA template. Giv-
en the recent interest in R-loop formation near promoters
(Chédin 2016; Chen et al. 2017) and the impact of R loops
on genome stability (Santos-Pereira and Aguilera 2015),
this will be an interesting subject for future study. Finally,
we note that while sequence elements in the DNA or
RNA present inherent obstacles to a transcribing poly-
merase, they alone do not dictate the longevity of promot-
er-proximal pausing. Instead, sequence features that slow
elongation by Pol II are envisioned to create a window of
opportunity for the association and action of protein fac-
tors such as those described below.
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Figure 3. Core promoter elements and sequence features that
lead to efficient promoter-proximal pausing. (A) TFs bind their
sites and, with the help of the core promoter elements, recruit
the transcription machinery to the promoter. DNA elements en-
riched in core promoters that promote PIC assembly include the
TATA-box (−28 to −35 with respect to the TSS), Initiator (−4 to
+2), MTE (+18 to +29), and DPE (+28 to +32) motifs. Drosophila

promoters enriched in paused Pol II display a variant of the DPE
called the pause button (PB, +25 to +35). Many of these core pro-
moter elements play a dual role in initiation and pausing. The re-
gion around the pause site (+20 to +50) often contains sequences
that produce locally strong RNA/DNA hybrids (red–yellow box)
that can induce pausing and polymerase backtracking. A high
GC skew in promoters and enrichment of G bases in the nontem-
plate strand of pause sites, especially in mammals, can lead to ef-
ficient pausing by creating strong RNA/DNA hybrids or possibly
DNAandRNAstructures that favor pausing. (B)Depictionof how
strongRNA/DNAhybrids and pausing factors lead to pausing and
backtracking of Pol II. After Pol II transcribes past a sequencewith
a strong RNA/DNAhybrid (red-yellow line) relative to the down-
stream sequence, the polymerase can pause. During pausing, the
polymerase often backtracks such that the stronger more stable
RNA/DNAhybrid is heldwithin the Pol II active site. Thismove-
ment causes the 3′ end of the RNA to be extruded though the fun-
nel (gray), preventing further transcription elongation. NELF
(orange) occludes the binding site of TFIIS (green) on the outer sur-
face of Pol II, preventing TFIIS from reaching into the funnel to
stimulate cleavage of the backtracked RNA and realignment of
the RNA 3′ end with the polymerase active site.
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Spt5 and the DSIF complex

Spt5 is a well-studied and essential elongation factor that
is necessary for both coding and noncoding RNA tran-
scription in higher eukaryotes (Henriques et al. 2018).
Spt5 homologs exist in bacteria and archaea, and the bind-
ing surfaces for these proteins on RNA polymerases are
highly conserved (Hartzog and Fu 2013; Schulz et al.
2016; Bernecky et al. 2017). Notably, eukaryotic Spt5
binds Pol II as a heterodimer with the Spt4 protein to
form a complex called DSIF (Wada et al. 1998a; Ivanov
et al. 2000; Yamaguchi et al. 2013). The name DSIF origi-
nated from in vitro transcription assays studying early
elongation, in which the presence of Spt5/Spt4 was essen-
tial for transcription to be sensitive to P-TEFb kinase in-
hibitors such as DRB (Wada et al. 1998a). Accordingly,
as described in detail in the section on P-TEFb, Spt5 is
the critical target phosphorylated by P-TEFb to mediate
pause release (Wada et al. 1998b).

Notably, the region in Spt5 that is phosphorylated by P-
TEFb contains a series of amino acid repeats that resemble
the Pol II CTD (Yamada et al. 2006), suggesting that phos-
phorylation of Spt5, like that of the Pol II CTD, helps co-
ordinate interactions across each stage of the transcription
cycle. However, despite decades of research, many impor-
tant questions remain concerning Spt5 activity and
domain structure, and this is an area of active research
(Shetty et al. 2017). In particular, the defects caused by
Spt5 mutations that impact cell viability or organismal
development are poorly understood. Interestingly, several
mutations that lead to developmental defects are predict-
ed to destabilize Spt5 structure, and careful examination
of Spt5 levels in missense mutations reveals that many
are protein hypomorphs (Cooper et al. 2005; Jennings
2013; Bernecky et al. 2017). Thus, reduced cellular levels
of Spt5 appear sufficient to cause cell type- or condition-
specific defects.

Features of the Spt5–Pol II interface enforce specific rec-
ognition of elongation complexes by Spt5. Regions of Pol
II bound by Spt5 are occluded during transcription initia-
tion by GTFs, such as TFIIE (Larochelle et al. 2012; Schulz
et al. 2016). The release of initiation factors during pro-
moter escape thus exposes these interaction surfaces to
enable Spt5 binding to Pol II. Furthermore, stable associa-
tion of Spt5 with polymerase requires nascent RNA
emerging from the elongation complex (Missra and Gil-
mour 2010). This requirement ensures that Spt5 associa-
tion occurs shortly after promoter escape, as Pol II forms
an RNA of 18–20 nt in length (Missra and Gilmour
2010). Recently, RNA binding has been mapped to the
KOW5 motif of Spt5, which was shown to be critical for
both high-affinity binding of Spt5 to the elongation com-
plex and promoter-proximal pausing (Qiu and Gilmour
2017). Once bound, Spt5 stimulates rapid and efficient
capping of RNA through direct associations with the cap-
ping enzyme (Wen and Shatkin 1999; Pei and Shuman
2002).

Purified DSIF/Spt5 and its bacterial homolog NusG are
stimulatory to transcription elongation, serving to sup-
press pausing during RNA synthesis. Spt5 and NusG

bind near the clamp domain that engages downstream
DNAwhere they appear to hold the clamp in a closed po-
sition to maintain stabilizing contacts with DNA during
translocation (Weixlbaumer et al. 2013; Bernecky et al.
2017). This favorable stabilizing conformation of Spt5 on
Pol II is evident in both the active and paused elongation
complexes, implying that Spt5 consistently serves this
positive role (Bernecky et al. 2017; Vos et al. 2018a,b). Fur-
thermore, Spt5 is stimulatory to elongation in vitro in the
absence of NELF, particularly at low NTP concentrations
(Wada et al. 1998a; Cheng and Price 2007). Thus, the con-
served activity of DSIF/Spt5 is that of a positive elonga-
tion factor (Hartzog and Fu 2013).

The pause-enhancing activity of Spt5 activity in early
Pol II elongation results from Spt5-mediated recruitment
of NELF to the Pol II elongation complex (Cheng and Price
2007). Accordingly, phosphorylation of Spt5 stimulates
productive elongation at least in part because it triggers
the dissociation of NELF from the elongation complex.
This transition thus allows Spt5 to resume a positive
role in elongation. Following pause release, Spt5 remains
associatedwith Pol II across the gene body, where it serves
as a recruitment platform for a number of factors that
stimulate Pol II activity and RNA processing.

TFIIS

Classic in vitro studies demonstrated that when Pol II en-
counters an obstacle that blocks forwardmovement, such
as a DNA-bound protein, nucleosome, or certain DNA se-
quences, the polymerase becomes prone to sliding back-
ward along the DNA (Fig. 3B; Izban and Luse 1992;
Reines 1992; Bondarenko et al. 2006). This backtracking
causes transcriptional arrest, since the 3′ end of the
RNA becomes disengaged from the Pol II active site, pre-
venting additional nucleotide incorporation. The protein
factor TFIIS rescues Pol II from the backtracked state.
Like Spt5, TFIIS activity and mechanism is highly con-
served from man to eubacteria (Kireeva and Kashlev
2009).

Mechanistically, TFIIS appears to recognize the confor-
mation of arrested Pol II and bind near the funnel through
which incoming NTPs are thought to reach the active
site. TFIIS then extends a finger-like domain into the fun-
nel, toward the Pol II active site, to stimulate endonucleo-
lytic cleavage of the nascent RNA. This process releases a
short RNA and creates a new RNA 3′ end that is properly
aligned with the enzymatic active site. Recent structural
studies have elucidated the molecular details of this reac-
tion (Kettenberger et al. 2003; Cheung and Cramer 2011)
and revealed the proximity of TFIIS and backtracked
RNA in the funnel. Importantly, these findings illuminate
that extensive backtracking of RNA into the funnelwould
create a steric clash between RNA and TFIIS, explaining
why backtracking of more than ∼5 nt is rare and much
less efficiently restarted by TFIIS.

The importance of TFIIS to maintaining the activity
of promoter-proximally paused Pol II was elucidated using
in vitro transcription assays of the Drosophila hsp70
promoter (Adelman et al. 2005). These experiments
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demonstrated that Pol II could not readily elongate
through the defined sites of pausing in the absence of
TFIIS and suggested a propensity for promoter-proximally
paused Pol II to undergo backtracking and arrest. Accord-
ingly, depletion of TFIIS fromDrosophila cells resulted in
a slower, weaker activation of the heat-shock genes upon
thermal stress. Thus, TFIIS-mediated cleavage was pro-
posed to be critical for efficient resumption of elongation
by paused Pol II. The scope of TFIIS activity was empha-
sized by genomic analyses of the short RNAs associated
with paused Pol II in Drosophila using Start-seq (start
site-associated RNA sequencing) (Table 1). Mapping of
RNA 3′ ends at single-nucleotide resolution in control
cells versus those depleted of TFIIS, revealed that paused
Pol II often backtracks by 2–5 nt and requires TFIIS to re-
gain elongation-competence (Nechaev et al. 2010). Recent
work in human cells confirmed these findings and high-
lighted that Pol II is particularly susceptible to backtrack-
ing during early elongation, where TFIIS is critical for
efficient pause release during responses to both heat stress
and hypoxia (Sheridan et al. 2019).

NELF

The four-subunit NELF complex (NELF-A, NELF-B,
NELF-C/D isoforms of the same gene, and NELF-E) binds
the Pol II–Spt5 interface during early elongation (Yamagu-
chi et al. 2002). In addition to requiring Spt5 for tight asso-
ciation with Pol II, NELF subunits display a number of
RNA-binding motifs, suggesting that RNA recognition
could be involved in NELF association with the elonga-
tion complex (Fujinaga et al. 2004; Pagano et al. 2014;
Vos et al. 2016, 2018b). NELF homologs have not been
identified in lower organisms (e.g., bacteria, yeast, worms,
or plants), suggesting that NELF plays a specialized func-
tion in gene regulation in animals (Narita et al. 2003;
Yamaguchi et al. 2013). Interestingly, the organisms that
exhibit stable pausing of Pol II are those that that exhibit
a NELF complex, implying a functional connection. A
phenomenon similar to pausing has been noted at a subset
of genes in Saccharomyces pombe, which lacks NELF
subunits (Booth et al. 2018). However, the slowed promot-
er-proximal elongation observed in S. pombe is less wide-
spread and pausing is much shorter-lived than in higher
organisms (Booth et al. 2018). These findings support bio-
chemical studies of NELF, which indicate that that NELF
is not required to initiate Pol II pausing but instead plays a
role in stabilizing and extending the lifetime of a paused
complex (Cheng and Price 2007; Henriques et al. 2013;
Vos et al. 2018b).
Interestingly, the loss of NELF reduces the accumula-

tion of paused Pol II at many promoters, without causing
an increase of polymerase within gene bodies (Gilchrist
et al. 2008; Gilchrist et al. 2010; Core et al. 2012;Williams
et al. 2015). Thus, Pol II that fails to undergo stable paus-
ing appears susceptible to termination of transcription. In-
deed, measurements of the stability of paused Pol II
confirmed that promoter-proximal Pol II turnover was
much more rapid in cells lacking NELF (Henriques et al.
2013; Shao andZeitlinger 2017). Furthermore, the destabi-

lization of Pol II pausing also reduces the local retention of
a scaffold of GTFs that form during initiation (Gilchrist
et al. 2010). Thus, diminished pause stability can inhibit
the process of new initiation (Boettiger and Levine 2009;
Gilchrist et al. 2010; Lagha et al. 2013). Importantly, the
loss of Pol II and GTFs from the promoter region allows
for the encroachment of nucleosomes over the TSS, fur-
ther blunting gene activity (Gilchrist et al. 2010; Gilchrist
et al. 2012).
Recent structural studies shed light on the mechanism

through which NELF stabilizes pausing of Pol II: NELF in-
teracts broadly with the binding surface occupied by TFIIS
(Fig. 3B). Thus, association of NELF with Pol II blocks rec-
ognition by TFIIS, thereby inhibiting rescue from back-
tracking and arrest (Palangat et al. 2005; Vos et al.
2018b). In addition, NELF binding is thought to stabilize
the distortion of the Pol II active site that is characteristic
of pausing, further deterring RNA elongation. As antici-
pated, escape of Pol II from pausing into productive
RNA synthesis involves release of NELF from the Pol II
complex (Wu et al. 2003). The mechanistic basis for this
process clearly involves the P-TEFb-mediated phosphory-
lation of Spt5 but may include phosphorylation of NELF
as well (Fujinaga et al. 2004).

P-TEFb

The kinase activity of P-TEFb is critical for release of
paused Pol II into productive elongation, both in vivo
and in vitro. P-TEFb, comprised predominantly of Cyclin
T1 and Cdk9, was first discovered by David Price (Mar-
shall and Price 1995; Price 2000) as the activity in nuclear
extracts required to overcome a block to early elongation
in vitro. This powerful biochemical systemwas then used
by the Price and Handa laboratories (Wada et al. 1998a;
Yamaguchi et al. 1999; Cheng and Price 2007) to uncover
the mechanisms at play in establishing the early elonga-
tion block, leading to the discoveries of both DSIF and
NELF complexes. Importantly, depletion of either DSIF
or NELF from nuclear extracts greatly reduced pausing
in early elongation and rendered transcription indepen-
dent of P-TEFb activity (Wada et al. 1998a; Yamaguchi
et al. 1999; Cheng and Price 2007). These biochemical as-
says thus revealed that P-TEFb is needed specifically to re-
lieve DSIF/NELF-mediated inhibition of early elongation.
To identify the functional target of P-TEFb in pause re-

lease, a partially purified system was implemented in
which individual components of the elongation complex
were prephosphorylated by P-TEFb prior to addition to
an in vitro transcription reaction. Critically, these experi-
ments showed that addition of prephosphorylated Spt5 to
transcription assays prevented NELF from eliciting nega-
tive effects on Pol II elongation, dramatically reduced pro-
moter-proximal pausing, andmade elongation insensitive
to P-TEFb inhibition (Cheng and Price 2007). Further-
more, specific mutations in Spt5 were described that in-
terfered with its pausing function, and in vitro
transcription with these mutants did not require P-TEFb
activity (Guo et al. 2000). These findings were confirmed
in vivo, when mutants in Spt5 that prevent P-TEFb-

Pol II pausing as a gateway to gene activity

GENES & DEVELOPMENT 9

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

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


mediated phosphorylation were shown to prevent Pol II
release into gene bodies, even under conditions where P-
TEFb is fully functional in phosphorylation of the Pol II
CTD (Yamada et al. 2006). Thus, Spt5 emerges as the crit-
ical target of P-TEFb activity for pause release, both in vi-
tro and in vivo.

Nonetheless, P-TEFb phosphorylates a large number of
factors in vivo, and there is great interest in defining all po-
tentially relevant targets of P-TEFb activity. However,
this has been complicated by the sheer number of proteins
phosphorylated by P-TEFb in metazoan cells, with recent
work suggesting over 100 putative P-TEFb-phosphorylat-
ed proteins (Sanso et al. 2016). Interestingly, P-TEFb tar-
gets include factors involved in transcription elongation,
chromatin modifications, and RNA processing, suggest-
ing that P-TEFb activity broadly coordinates pause release
with transcription through chromatin and production of a
mature mRNA. Furthermore, P-TEFb can phosphorylate
the Pol II CTD at Ser2 residues (Ser2-P), which is consid-
ered a mark of active, productive elongation. Biochemical
studies reveal that P-TEFb activity toward Ser2 of the
CTD is only efficient if the CTD is “primed” by prior
phosphorylation of Ser7 (Czudnochowski et al. 2012).
Since Ser7-P is deposited by the TFIIH-associated kinase
Cdk7, this suggests that the Ser2-P modification can
only occur after successful transcription initiation has
taken place. Thus, the enzymatic specificity of P-TEFb ap-
pears to be tuned to enable CTD Ser2 phosphorylation
only at the appropriate stage of the transcription cycle
(Buratowski 2009). Nonetheless, P-TEFb does not carry
out the bulk of Pol II CTD Ser2-P; instead the kinases
Cdk12 and Cdk13 contribute the majority of this modifi-
cation (Bartkowiak et al. 2010; Blazek et al. 2011). In par-
ticular, Cdk12 associates with Pol II as it elongates
downstream into the gene body, and Ser2-P levels increase
markedly across gene bodies, with a peak at the 3′ ends
(Mayer et al. 2010). Accordingly, binding partners of Pol
II that recognize Ser2-P CTD are enriched >2 kb into the
gene and encompass a number of chromatin-modifying
and RNA processing complexes that help Pol II achieve
maximum elongation rates (Bartkowiak et al. 2010;
Jonkers et al. 2014).

The availability of P-TEFb kinase inhibitors such as
DRB and the more specific molecule flavopiridol (FP)
have enabled a detailed study of transcription in the ab-
sence of P-TEFb activity in living cells. Foundational ex-
periments have documented that blocking P-TEFb
activity traps Pol II in early elongation at nearly all
mRNA promoters (Chao and Price 2001; Ni et al. 2008;
Rahl et al. 2010; Henriques et al. 2013; Jonkers et al.
2014). Importantly, this failure of Pol II to escape the pro-
moter-proximal region is evident within several minutes
of FP treatment, bolstering conclusions that this is a direct
effect of P-TEFb inhibition. Such experiments, however,
must be performed and interpreted with caution: FP is a
noncovalent inhibitor with off target effects on other ki-
nases at high doses. Therefore caremust be taken to deter-
mine the optimal concentration and time of treatment for
FP. To date, short 5- to 10-min time courses of FP treat-
ment with 200–500 nM concentration, coupled with na-

scent RNA sequencing (RNA-seq) strategies, have proven
most useful for defining the immediate consequences of
P-TEFb inhibition on Pol II elongation (Henriques et al.
2013; Jonkers et al. 2014). Notably, increasingly specific
and covalent Cdk9 inhibitors continue to be developed
(e.g. NVP-2) (Gressel et al. 2017; Olson et al. 2018), and re-
cent experiments with these molecules broadly confirm
the requirement for P-TEFb activity for productive Pol II
elongation.

Although P-TEFb is active as a dimeric Cyclin/Cyclin-
dependentKinase pair, it is typically found as part of larger
complexes. When associated with the 7SK noncoding
RNA, MeCPE, LARP7, and HEXIM proteins, P-TEFb ac-
tivity is inhibited (Zhou et al. 2012). Activation of P-
TEFb therefore requires its regulated dissociation from
the inhibitory 7SK complex. Several proteins are known
to liberate P-TEFb from 7SK complexes, including the
HIVTat protein and the bromodomain-containing protein
Brd4 (Barboric et al. 2007; Schroder et al. 2012). Many cel-
lular stresses and signaling pathways liberate P-TEFb from
7SK, enabling large-scale activation of gene expression
(Quaresma et al. 2016). Although much of the 7SK com-
plex is thought to be sequestered away from chromatin,
there is evidence that this inactive P-TEFb complex can
be recruited to select loci, where P-TEFb can be released
from 7SK and HEXIM1, to activate the kinase activity lo-
cally (D’Orso and Frankel 2010; Faust et al. 2018).

The most active form of P-TEFb is associated with the
SEC (He et al. 2010; Lin et al. 2010; Sobhian et al. 2010).
The SEC contains a number of factors that can stimulate
catalysis by Pol II, such as ELL (Shilatifard et al. 1996), as
well as a number of proteins that can facilitate SEC/P-
TEFb recruitment to target genes. For example, compo-
nents of the SEC interact with Mediator, allowing for re-
cruitment of P-TEFb and pause release at Meditator-
occupied loci (Takahashi et al. 2011). In addition, P-TEFb
is thought to interactwith anumberofTFs andRNA-bind-
ing proteins that help guide it to specific gene regions (e.g.,
NF-kB DDX21, SRSF2) (Barrandon et al. 2007; Van Herre-
weghe et al. 2007; Ji et al. 2013; Calo et al. 2015). Artificial
recruitment experiments using theDrosophila hsp70 pro-
moter demonstrated that recruitment of P-TEFb to the
unstimulated promoter was sufficient to increase gene ac-
tivity (Lis et al. 2000). Accordingly, there is strong evi-
dence that the level of P-TEFb brought to a promoter can
dictate the rate of pause release and thus gene expression.
Therefore, the more rapidly a gene recruits P-TEFb, the
shorter-lived pausing will be at the promoter and the
more efficiently Pol II will be released into productive
RNA synthesis.

Brd4 and bromodomain and extraterminal domain (BET)
proteins

The BET proteins have two tandem bromodomains that
can recognize acetylated lysine residues and an extrater-
minal domain that interacts with regulators and effector
proteins such as JMJD6 (Konuma et al. 2017; Xu and
Vakoc 2017). BET family bromodomains associate with
acetylated histones and TFs, which directs these proteins
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toward active chromatin regions such as promoters and
enhancers. The BET protein Brd4 has received significant
attention for its role in gene activation, since its extended
CTD can bind P-TEFb (Bisgrove et al. 2007). Moreover, in-
teractionswith Brd4 dissociate P-TEFb from the inactivat-
ing 7SK complex, increasing the cellular pool of “free” and
active P-TEFb (Schroder et al. 2012). In addition, associa-
tion of Brd4 with P-TEFb increases kinase activity, sug-
gesting an allosteric stimulatory effect of Brd4-P-TEFb
interactions (Schroder et al. 2012; Itzen et al. 2014). Ac-
cordingly, RNAi-mediated depletion of Brd4 was found
to reduce levels of P-TEFb on chromatin, phosphorylation
of the Pol II CTD, and gene activity (Jang et al. 2005; Yang
et al. 2005).
These findings suggested a model wherein Brd4 would

release P-TEFb from 7SK, recruit P-TEFb to selected loci
through Brd4 acetyl-lysine binding, and stimulate P-
TEFb kinase activity for targeted gene activation. The im-
plication of this model is that manipulation of Brd4 could
be a powerful means to control gene output. The fortu-
itous development of potent small molecule inhibitors
of BET–bromodomain binding to acetyl lysine enabled
testing of this model (e.g., JQ1, I-BET) (Filippakopoulos
et al. 2010; Dawson et al. 2011; Xu andVakoc 2017). These
BET-inhibitor compounds had strong effects on Brd4 asso-
ciation with chromatin and gene expression, demonstrat-
ing that Brd4 stimulates bothmRNA and noncoding RNA
transcription (Filippakopoulos et al. 2010; Dawson et al.
2011; Kanno et al. 2014; Xu and Vakoc 2017). However,
it remained unclear which function of Brd4 was critical
for the stimulation of gene activity, particularly because
Brd4 depletion or inhibition required hours or days to
achieve full effect, raising the possibility of indirect conse-
quences. In particular, it was noted in gene expression
analysis that BET-inhibition caused significant up-regula-
tion of HEXIM1, a central component of the inactive 7SK
complex, which would cause cellular sequestration of P-
TEFb (Anand et al. 2013). Thus, clarifying the direct role
of Brd4 would require faster-acting inhibition strategies.
Recent work using an optimized chemical degrader of

Brd4 called dBET6 has begun to tease apart themany roles
of Brd4. Importantly, rapid, nearly complete loss of Brd4
phenocopies a loss of P-TEFb, with a broad collapse of
gene expression across the genome (Winter et al. 2017).
Surprisingly, this occurs without a detectable effect of
dBET6 on P-TEFb binding to chromatin, demonstrating
that Brd4 is not critical for targeting of P-TEFb to gene
or enhancer regions. Thus, these studies suggest that a
key role of Brd4 could be in allosteric activation of
P-TEFb, to enable chromatin bound Cdk9 to act efficient-
ly on the transcription machinery (Schroder et al. 2012;
Itzen et al. 2014). Clearly, this is an exciting area that in-
vites additional research.

Pausing as a regulatory strategy

Pausing of Pol II occurs at genes across the spectrum of ex-
pression levels, from themost active genes, to those show-
ing very little activity. However, paused Pol II is very

infrequently found at genes that are not expressed (<1%
of paused genes are deemed inactive by nascent RNA-
seq techniques), suggesting that pause release is an inher-
ently leaky process. Thus, we suggest that pausing should
be considered a means to tune gene expression levels,
rather than as an “on–off switch.” In cases where gene
transcription is observed to be low, pausing can be viewed
as maintaining the gene’s potential to be reactivated at a
later time. In light of this, it is worth noting that pausing
appears to be enriched at geneswhere small changes in ex-
pression are highly relevant to the underlying biology,
such as signaling molecules, kinases, receptors, and
many TFs (Adelman et al. 2009; Gilchrist et al. 2012).

Integration of signals

One benefit of separate regulation of transcription initia-
tion and elongation is that signaling pathways can affect
one or both steps, thus allowing integration of opposing
or reinforcing signals (Fig. 4). The outcome is dynamic
and has precise control of gene expression programs over
both short and long periods. For example, someTFs can re-
cruit Pol II and establish pausing (Fig. 4A), while others
can trigger pause release (Fig. 4B). Combinations of TFs
can thus work cooperatively to tune the levels of Pol II en-
gaged at a gene promoter and the rate of release into pro-
ductive elongation (Fig. 4C). The Drosophila GAF and
heat shock factor (HSF) are a notable duo of TFs that
work together in this way to potentiate and activate
promoters, respectively (Duarte et al. 2016). Examples of
signaling systems where initiation and pausing are differ-
entially modulated to induce a rapid response include im-
mune responses (Adelman et al. 2009; Gilchrist et al.
2012), hormone signaling (Hah et al. 2011; Gupte et al.
2013), or early development (Boettiger and Levine 2009;
Marks et al. 2012; Lagha et al. 2013; Saunders et al.
2013; Williams et al. 2015). Critically, any significant in-
crease in initiation frequency would also require a
decrease in pausing duration, since the occupancy of the
promoter-proximal region by paused Pol II sterically
blocks initiation of additional polymerases (Gressel
et al. 2017; Shao and Zeitlinger 2017).
Pausing has been associated with dynamic control of

gene expression across developmental time and in process-
es involving multiple cell generations. For example, genes
that are active but not paused duringDrosophila early em-
bryonic development tend to be completely repressed in
later stages, whereas genes that are active and paused early
in development displayoscillating patterns of gene expres-
sion at later points of development (Saunders et al. 2013).
The corresponding hypothesis is that pausing factors
maintain a paused state over time, allowing varying levels
of gene activation in response to other signals later in de-
velopment. Pausing also enables synchrony in a short
time scale across cell populations that is critical for coordi-
nating rapid tissue development in earlyDrosophila devel-
opment (Boettiger and Levine 2009; Lagha et al. 2013).
Also, loss of NELF in mouse embryonic stem cells or the
pause-inducing function of Spt5 in zebrafish perturb differ-
entiation (Guo et al. 2000; Amleh et al. 2009; Williams
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et al. 2015). Together, these observations suggest that po-
tentiation and plasticity of gene expression afforded by
pausing is critical during development.

A pertinent goal moving forward in regard to signal-de-
pendent regulation is to determinewhich TFs—and hence
which signals—regulate pause potentiation versus escape
into productive RNA synthesis. In this regard, a pause-in-
ducing factor could facilitate any event that leads to the
establishment of paused Pol II, such as Pol II recruitment,
initiation, or the association of NELF and Spt5. On the
other hand, recruitment of active P-TEFb to promoters
is the rate-limiting step and hence most critical compo-
nent of pause escape. Thus, it is not surprising that cells
use a multipronged approach to recruit P-TEFb during
both basal and activated transcription (as described
above). Uncovering the direct mechanisms that lead
from signaling events to selective recruitment of P-TEFb
to promoters remains a topic of intense investigation.

Pol II as a chromatin remodeling enzyme

RNA polymerase is the cell’s most powerful chromatin
remodeler and can dramatically impact promoter chroma-
tin architecture. As Pol II translocates alongDNA, the tor-
sional stress creates positive supercoils ahead of the
polymerase that destabilize nucleosomes (Teves et al.
2014). In addition, Pol II directly or indirectly associates
with an entourage of chromatin modifiers, remodelers,
and chaperones that alter the chromatin architecture
both ahead of and in thewake of transcribing polymerases.
In the case of pausing, the high occupancy of Pol II creates

a strong barrier to the local assembly of nucleosomes (Gil-
christ et al. 2008; Gilchrist et al. 2010; Gilchrist et al.
2012; Teves et al. 2014). In fact, at mammalian promoters
that are divergent, the entire distance between divergent-
ly paused Pol II is open and accessible for TFs to bind (Core
et al. 2014; Scruggs et al. 2015; Chen et al. 2016). Consis-
tently, ablation of NELF results in decreased pausing, in-
creased nucleosome occupancy at many promoters, and
decreased transcription ofmany genes. Promoterswith se-
quences that are highly amenable to bending around his-
tone proteins are especially susceptible to repression
after NELF removal, suggesting that paused Pol II can suc-
cessfully compete with encroaching nucleosomes to
maintain an active chromatin architecture (Gilchrist
et al. 2010). This same arrangement and sensitivity to re-
duction of pausing is observed at transcribed enhancers
that are often divergent (Henriques et al. 2018). The
emerging model is that promoter proximal pausing on ei-
ther side of promoter or enhancer regions likely serves as
bookends to keep repressive chromatin forces from oc-
cluding regulatory sequences such as TF motifs.

Pausing as a modulator of DNA repair, cell cycle
progression, and cell identity

Transcription-coupled nucleotide excision repair (TC-
NER) is responsible for recognizing and repairing geno-
toxic stresses such as UV exposure. This response is
generally rapid and is important for attenuation of acute
and long-term effects of genotoxic stress. In this process,
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Pol II stalls at a DNA lesion and triggers recruitment of
specializedNER proteins. Lavigne et al. (2017) reported re-
cently that UV-induced stress results in a uniform release
of paused Pol II from promoters that coincides with in-
creased TC-NER within active genes. This wave of elon-
gating polymerases is thought to facilitate scanning and
repair of UV-induced regions to protect the transcribed ge-
nome (Lavigne et al. 2017). A plausible mechanism for
UV-induced pause escape comes from evidence that UV
damage releases P-TEFb from the repressive 7SK snRNP,
increasing the pool of active P-TEFb (Nguyen et al. 2001;
Byers et al. 2005). Thus, paused Pol II can act as a reservoir
of polymerases that can be rapidly released to detect le-
sions and ultimately protect actively expressed genes
from potentially harmful mutations.
Storage of Pol II at promoters may also help in mainte-

nance of cell type-specific gene expression programs dur-
ing different phases of the cell cycle or through multiple
cell divisions. Recent work has shown that Pol II occupan-
cy at promoters increases as active transcription decreases
when mouse myoblasts transition to quiescence (Gala
et al. 2018).When released fromquiescence, pausing levels
decrease to normal as transcription resumes. This is a
prime example of dynamic regulation afforded by pausing,
and the potentiation of later activationmay helpmaintain
thecorrect transcriptionprogramoncecell growthcuesare
received. For instance,without pausingduringquiescence,
the chromatinmight adopt a closed or repressive architec-
ture thatwould inhibit bindingofTFsneeded for the return
to growth. This could cause deleterious alterations in the
transcriptional program needed for exit from quiescence.
Similarly, preferential reactivation of genes upon exit

from mitosis may involve “bookmarking” of specific
genes by the presence of paused Pol II, select TFs and his-
tone modifications (Michelotti et al. 1997; Kadauke and
Blobel 2013). The antirepressive and kinetic advantage af-
forded by bookmarking is hypothesized to be important
for cell identity (Kadauke et al. 2012; Teves et al. 2016,
2018; Liu et al. 2017). Although recent work has shown
that low levels of transcription are maintained for most
genes in mitotic cells (Palozola et al. 2017), a small frac-
tion of genes have higher transcription in mitosis than
asynchronous cells. The emerging question is howare cer-
tain genes maintained in a lowly active or preferentially
active state duringmitosis? It is noteworthy that the char-
acteristics associated with bookmarked promoters or en-
hancers—namely, the persistence of an open chromatin
environment among otherwise high nucleosome occu-
pancy—is also a hallmark of paused promoters as de-
scribed above. However, a clear link between pausing
and mitotic bookmarking has yet to be uncovered.

What causes the polymerase to pause promoter-
proximally?

Analyses of transcription by RNA polymerases from bac-
teria to humans have demonstrated that early elongation
complexes are not as stable or processive as complexes
found downstreamwithin gene bodies (Roberts 1988; Kir-

eeva and Kashlev 2009; Luse 2013). Indeed, even in the ab-
sence of chromatin, RNA elongation is considerably
slower without the full repertoire of elongation-stimula-
tory factors, rendering the polymerase highly sensitive
to sequence-dependent pausing (Roberts 1988; Kireeva
and Kashlev 2009; Luse 2013). Single-nucleotide resolu-
tion analyses have demonstrated that the position of paus-
ing is highly focused between +25 and +35 nt downstream
from the TSS in Drosophila and mammalian species (Fig.
5A; Nechaev et al. 2010; Kwak et al. 2013; Williams et al.
2015). However, the exact sites of pausing can vary from
gene to gene depending on the promoter and initially tran-
scribed sequence, and pausing can occur up to 50 nt down-
stream. As described above, the sequence features that
contribute to pausing are multipartite and interconnec-
ted, making them difficult to study in isolation or to pre-
dict computationally. Indeed, sequences within the
RNA–DNA hybrid, the duplex DNA immediately down-
stream from the polymerase, and the collection of nucleic
acids held within the polymerase have all been implicated
in determining the stability of the elongation complex and
the efficiency ofNTP incorporation. Therefore,models for
promoter-proximal pausing in all organisms include a role
for DNA/RNA sequence in determining both the position
and duration of pausing (Roberts 1988; Chan and Landick
1993; Nechaev et al. 2010; Kwak et al. 2013; Hein et al.
2014). Moreover, the sequence surrounding the pause
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site directly influences the propensity of the elongation
complex to backtrack (Fig. 3), contributing to NELF and
TFIIS-mediated regulation.

It is tempting to speculate that DSIF/NELF-regulated
Pol II pausing might be affected by the first nucleosome
encountered. However, careful analyses of the positions
and stability of paused Pol II argue against such a model.
Elegant single-nucleotide mapping of Pol II with respect
to nucleosomes indicates that regulated pausing occurs
well before the first nucleosome is encountered (Kwak
et al. 2013; Li and Gilmour 2013; Weber et al. 2014).
Moreover, genes with the highest levels of promoter-prox-
imally paused Pol II exhibit very low occupancy of down-
stream nucleosomes, implying no direct involvement of
nucleosomes in regulated pausing (Gilchrist et al. 2010;
Li and Gilmour 2013).

Structural studies of paused RNA polymerase complex-
es from bacteria andmammals provide important insights
into pausing by revealing a substantial deformation of the
polymerase active site that precludes further nucleotide
addition. In particular, recent structures of mammalian
Pol II reveal that the RNA–DNA hybrid adopts a “tilted”
conformation in the paused complex, wherein the RNA
has translocated out of the active site, but the DNA has
not (Vos et al. 2018b). This leaves the catalytic site with-
out an available, unpaired DNA base to template new
NTP incorporation. Such a distortion of the active site
conformation would block additional RNA synthesis,
while allowing the polymerase to remain stably associat-
ed with the nascent RNA. Interaction with the NELF
complex constrains paused Pol II in this inactive confor-
mation, structurally revealing how NELF stabilizes Pol
II pausing. Moreover, NELF occupies and blocks a binding
surface recognized byTFIIS, thereby preventing TFIIS-me-
diated Pol II reactivation. Upon P-TEFb driven pause re-
lease and dissociation of NELF, the DNA–RNA hybrid
adopts an active conformation that is compatible with
RNA extension; however, the molecular details of this
transition have yet to be elucidated.

Following pause release by P-TEFb, downstream nucle-
osomes can represent additional obstacles to productive
elongation (Fig. 5B). Indeed, Pol II pauses briefly as it enters
the first nucleosome, as contacts between DNA and his-
tones are broken (Fig. 5C; Kwak et al. 2013; Weber et al.
2014). Interestingly, this type of short-lived pausing is
more prominent at constitutively active genes that exhibit
lower levels of DSIF/NELF-regulated pausing (Li and Gil-
mour2013). By comparison, thenucleosomesdownstream
from highly paused promoters show lower stability and
higher turnover, suggesting that the establishment of
paused Pol II destabilizes nucleosome structure and/or
cause partial histone loss (Teves et al. 2014; Mieczkowski
et al. 2016; Voong et al. 2016). Moreover, chromatin
remodelers could be recruited to paused Pol II along with
elongation factors (e.g., Spt6, FACT, and PAF1) to lower
the nucleosomal barrier to productive elongation upon
pause release (Brown et al. 1996; Teves et al. 2014).
Although there is no current evidence that intrinsic, nu-
cleosome-dependent pausing is regulated during gene acti-
vation, the presence of histone variants such as H2A.Z

within the initial nucleosomes reduces the appearance of
pausing in this region (Weber et al. 2014). H2A.Z-contain-
ingnucleosomes can recruit chromatin remodelers and are
often heavily acetylated, suggesting several mechanisms
that could be used to diminish the extent to which nucle-
osomes are obstacles to elongation.

Interestingly, Pol II slowed by the first several nucleo-
somes becomes susceptible to termination (Chiu et al.
2018). These data raise the intriguing possibility that
proper maturation of the transcription complex during re-
lease from regulated pausing is important to prepare Pol II
to efficiently transcribe through nucleosomes. In support
of this idea, P-TEFb activity stimulates the association of
Spt6, PAF1, and components of the SECwith Pol II during
the transition to productive elongation. A prediction of
this model is that Pol II, which elongates downstream in
the absence of the appropriate factors, should be particu-
larly prone to termination at nucleosomal boundaries.
Consistent with this, during activation of the Hsp70
gene in the absence of P-TEFb, Pol II elongates through
the typical sites of pausing but appears to stall down-
stream during passage through the first several nucleo-
somes (Ni et al. 2008). In future work, it will be
interesting to further test this model and identify the fac-
tors involved in modulating nucleosome disassembly and
transcription termination.

How stable is paused Pol II?

The accumulation of Pol II observed just downstream from
most metazoan promoters clearly indicates that the re-
lease from pausing is a kinetic bottleneck in the transcrip-
tion cycle, such that pause release or premature
termination occurs on a time scale that is much slower
than the processes of transcription initiation andpromoter
escape.However, since initiation and establishment of the
paused state are generally accepted to take only a few sec-
onds (Darzacq et al. 2007; Steurer et al. 2018) the relative
genomic distribution of Pol II in ChIP-seq (ChIP combined
with high-throughput sequencing) or PRO-seq (precision
run-on sequencing) experiments cannot alone distinguish
whether Pol II pauses for 1 min, 10 min, or 1 hr prior to re-
lease. Therefore, additional strategies are required tomore
directly measure the duration of Pol II pausing in living
cells. Much of this work has used the drug triptolide
(Trp) to inhibit transcription initiation through blocking
the activity of the TFIIH helicase (Titov et al. 2011). In
the absence of new initiation, one can measure the occu-
pancy of engaged Pol II in the promoter region over time,
to calculate the decay of the pre-existing paused complex.
The earliest of these studies interrogated the half-life of
promoter Pol II using total Pol II ChIP-qPCR and quantifi-
cation of short TSS-associated RNAs (start-RNAs) held
within paused Pol II and reported strong agreement be-
tween these measures (Henriques et al. 2013). These find-
ings revealed that short nascent RNAs released by paused
Pol II are almost immediately degraded by the exosome
and demonstrated that either RNA- or ChIP-based meth-
ods could be used to define the stability of paused
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polymerase (Henriques et al. 2013). Critically, even
though this study only evaluated pausing at a dozen genes,
there was a clear diversity in stability of Pol II across these
loci:Whereas the average half-life was on the order of 5–10
min, examples of genes with much shorter—and much
longer—durations were described.
A number of subsequent studies have made use of Trp

to monitor pausing duration in a variety of cell types
and conditions, using a broad repertoire of techniques to
measure paused Pol II levels (Buckley et al. 2014; Jonkers
et al. 2014; Chen et al. 2015; Krebs et al. 2017;Nilson et al.
2017; Shao and Zeitlinger 2017; Erickson et al. 2018). De-
spite these differences, all such studies have shown that
Pol II displays highly variable, gene-specific profiles of
stability. Pol II signal was dramatically reduced at some
genes by the earliest time point tested (often ∼2 min),
whereas other genes displayed stably paused Pol II after
20 min or even 1 hr (Henriques et al. 2013; Buckley
et al. 2014; Jonkers et al. 2014; Chen et al. 2015; Krebs
et al. 2017; Nilson et al. 2017; Shao and Zeitlinger 2017;
Erickson et al. 2018; Steurer et al. 2018). As a result of
this striking variability among genes and the different
strategies, numbers of genes, and thresholds used for
data analysis in the individual studies, reported average
half-lives of paused Pol II span from ∼2 to 30 min. As an-
ticipated, all of these estimates for the duration of pausing
are >10-times longer than the typical duration of TF-bind-
ing events or transcription initiation. Thus, all measure-
ments of the lifetime of paused Pol II strongly support
pausing as being a central rate-limiting step. However,
the variability of reported average pausing durations has
led to something of a controversy in the field (Price
2018). In this regard, we emphasize that the critical rele-
vant aspect of these studies of paused Pol II stability is
not the average value obtained but instead is in the incred-
ible diversity of behaviors uncovered. In short, the very
fact that paused Pol II is highly unstable at some genes
and remarkably stable at othersmeans that characterizing
the “average” gene is less relevant than defining the
mechanisms that distinguish a promoter with rapid Pol
II turnover from one with very stable pausing.
Intriguingly, genomic analysis of Pol II stability using

Start-seq across a time course of triptolide treatment in
Drosophila (Krebs et al. 2017) revealed that pausing of
Pol II at mRNA promoters is significantly longer-lived
than pausing at enhancers (Henriques et al. 2018). In
this analysis, nearly half of enhancers showed pausing
half-lives of <2.5min,whereas only 17%of protein-coding
genes displayed such Pol II rapid turnover. This finding
has both technical andmechanistic implications. Techni-
cally, it places limits on the ability to measure Pol II half-
lives in vivo using imaging strategies that cannot distin-
guish between promoter-associated versus enhancer-asso-
ciated Pol II (Darzacq et al. 2007; Steurer et al. 2018), since
such studies will blur together the distinct Pol II turnover
rates at enhancers and promoters. Moreover, given that
enhancers and other transcribed noncoding RNA loci
are far more numerous than mRNA genes, the majority
of Pol II detected will not represent Pol II at protein coding
genes. Thus dynamicmeasurements obtained using these

strategies should be interpretedwith caution.Mechanisti-
cally, these findings raise central questions about how the
stability of early elongation complexes is determined and
what factors or features underlie the striking difference in
Pol II status at protein-coding versus regulatory loci. Bio-
chemically, elongation complexes comprised of Pol II,
the template DNA, and the nascent RNA have extraordi-
nary stability (Kireeva et al. 2000). Engaged Pol II complex-
es are retained on chromatin following stringent washing
conditions that disrupt amajority of other protein–protein
and protein–DNA interactions (Gariglio et al. 1974;
Wuarin and Schibler 1994), and paused Pol II can be sub-
jected to RNase and DNase treatment without the poly-
merase disengaging the template or the nascent RNA
that it protects (Coppola and Luse 1984; Cai and Luse
1987). Remarkably, Pol II within RNase-treated samples
or samples stored in liquid nitrogen for ∼30 yr even retain
their ability to resume transcription in run-on reactions
(Jackson et al. 1998; Core et al. 2008; Chu et al. 2018).
This extreme stability has been observed in the absence
of auxiliary factors, indicating that it is an inherent prop-
erty of elongating Pol II. Therefore, we propose that the
lack of stable pausing at enhancers results from a termina-
tion factor that actively dismantles the engaged transcrip-
tion complex. Although such termination factors have
been described in bacterial and yeast systems (e.g., Rho
factor in Escherichia coli; NNS pathway in Saccharomy-
ces cerevisiae) (Porrua and Libri 2015; Ray-Soni et al.
2016), the mechanisms underlying premature termina-
tion in metazoa remain to be elucidated.

Is pausing near promoters mechanistically similar
to pausing within gene bodies?

Following release from promoter-proximal pausing, Pol II
is known to pause transiently or slowelongation ratewith-
in genes, including near splice junctions and 3′ ends (Brod-
sky et al. 2005; Alexander et al. 2010). However, there are
several salient differences between regulated pausing of
Pol II in early elongation and pausing observed elsewhere
along the gene body, including the duration of pausing
and the evidence for regulation of the paused state. As de-
scribed above, pausing near promoters is stable and can
persist for many minutes; in contrast, pausing near splice
junctions is very short lived (≪15 sec) (Singh and Padgett
2009; Danko et al. 2013; Kwak et al. 2013; Jonkers et al.
2014). This efficiency of productive elongation stems in
part from the entourage of elongation factors associated
with Pol II in gene bodes, which render Pol II refractory
to intrinsic pausing caused by sequence context or nucle-
osomal obstacles (Teves et al. 2014; Jonkers and Lis
2015). Accordingly, recent studies of TFIIS activity
demonstrated that Pol II backtracking and arrest is highly
focused near promoters, with little evidence of backtrack-
ing or arrest at splice junctions (Weber et al. 2014; Sheridan
et al. 2019).Moreover, theNELFcomplex,which is critical
to promoter-proximal pausing, does not play a role in paus-
ing within gene bodies, and the detergent Sarkosyl, which
is essential for paused Pol II to resume elongation and
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“run-on” in vitro, is not needed for Pol II within genes to
restart RNA synthesis (Core et al. 2012). Thus, pausing
in early elongation exhibits features and sensitivities not
observed for productive elongation within genes, support-
ing distinct mechanisms of pausing and its regulation.

Conclusions: pausing as the gateway to productivemRNA
synthesis

Accumulation of Pol II nearmost promoters demonstrates
that relative rates of termination and pause release are
much slower than rates of recruitment and initiation. Reg-
ulatory processes typically target rate-limiting steps, and,
consistently, the release of paused Pol II has emerged as a
central point of gene control. Currently, the field is striv-
ing togobeyond relative rates for each step in the transcrip-
tion cycle, to measure directly the rate constants at
individual genes. In these studies, it will be most helpful
to study dynamic systems, where one can observe the ki-
netics of each step as genes are activated or repressed. Fur-
thermore, we must account for the full range of rates for
the establishment and release of paused Pol II across all
promoters and use the resulting classifications to generate
new hypotheses regardingwhat sequence elements or pro-
tein factors influence the ultimate fate of early transcrib-
ing Pol II. Although it remains unclear how frequently
termination of promoter Pol II occurs in vivo, there is
growing evidence for rapid Pol II turnover at certain meta-
zoan genes and enhancers, suggesting anunderappreciated
layer of transcriptional control. In light of the new ques-
tions put forth, known or undescribed protein factors and
DNA/RNA structures can now be examined with respect
to their contribution to pause polymerase fate and turn-
over. Thus, much remains to be discovered about the crit-
ical step of Pol II pausing and how the transition to
productive elongation is orchestrated in metazoan cells.
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