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Abstract

Regulation of transcription is a tightly choreographed process. The establishment of RNA 

polymerase II promoter proximal pausing soon after transcription initiation and the release of Pol 

II into productive elongation are key regulatory processes that occur in early elongation. We 

describe the techniques and tools that have become available for the study of promoter proximal 

pausing and their utility for future experiments. We then provide an overview of the factors and 

interactions that govern a multipartite pausing process and address emerging questions 

surrounding the mechanism of RNA polymerase II’s subsequent advancement into the gene body. 

Finally, we address remaining controversies and future areas of study.

Keywords

Pol II; DSIF; NELF; TFIID; P-TEFb

c.Corresponding Author: dsg11@psu.edu, Phone: 814-863-8905.
CRediT author contributions:
Roberta Dollinger: Writing - Original Draft, Writing – Review and Editing David S. Gilmour: Writing – Review and Editing, 
Funding acquisition

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Accession numbers:
The following structures were used to generate the figures in this review: PDB ID: 6GML, structure of human Pol II-NELF-DSIF 
complex; PDB ID: 6GMH, structure of human Pol II-DSIF-SPT6-PAF1C; PDB ID: 5OIK, structure of Pol II-DSIF; PDB ID: 6ASX, 
structure of paused bacterial RNA Polymerase; PDB ID: 6ALF, structure of post-translocated bacterial RNA Polymerase.

Declarations of interest: none

Declaration of interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

HHS Public Access
Author manuscript
J Mol Biol. Author manuscript; available in PMC 2022 July 09.

Published in final edited form as:
J Mol Biol. 2021 July 09; 433(14): 166897. doi:10.1016/j.jmb.2021.166897.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Eukaryotic transcription is a highly regulated process that requires precise temporal and 

spatial coordination of a multitude of factors at the initiation, elongation, and termination 

stages. Promoter proximal pausing of RNA polymerase II (Pol II) has emerged as a 

significant step in the canonical transcription cycle. In metazoans, transcription initiation is 

followed by an accumulation of Pol II ~30–60 nt downstream of the transcription start 

site[1]. This step is not present in Saccharomyces cerevisiae and Caenorhabditis elegans, 

likely owing to the absence of the key negative elongation factor (NELF). The first evidence 

of metazoan Pol II pausing in vivo emerged when the Chambon lab, using a nuclear run-on 

assay, observed a concentration of Pol II at the 5′end of the beta-globin gene in nuclei from 

mature hen erythrocytes that were anticipated to be transcriptionally silent[2]. Similar 

phenomena were later observed on mammalian c-myc[3–5], HIV-1 [6] and on non-induced 

Drosophila heat shock genes[7, 8]. The study of the Drosophila hsp70 heat shock gene by 

Gilmour and Lis was particularly groundbreaking. Using protein-DNA crosslinking with UV 

light, a predecessor to the widely used chromatin immunoprecipitation techniques of today, 

they determined that a single Pol II molecule associates with the region between −12 and 

+65 on the non-induced hsp70 gene[7]. Subsequent work by Rougvie and Lis determined 

that the Pol II at the 5′end of genes in Drosophila is transcriptionally engaged[8] and 

subsequent permanganate footprinting analyses in living cells revealed the transcription 

bubble associated with these Pol II[9]. The question remained, however, as to whether the 

paused Pol II was an idiosyncrasy of a small number of genes or a more general 

phenomenon. The advent of genomic methods provided resounding support for the latter, 

leading to the notion that promoter proximal pausing is a ubiquitous step in the transcription 

cycle for most if not all protein encoding genes in mammals and Drosophila[10–13]. 

Pausing has been linked to a number of regulatory functions, including developmental 

control[12, 14–16] and the maintenance of transcriptionally permissive, nucleosome-free 

regions around promoters[17, 18]. Indeed, it is this latter observation that can explain the 

seemingly contradictory finding that depletion of the pausing factor NELF results in a 

decrease rather than an increase in expression of some genes[18].

Promoter proximal pausing requires at least two factors which function cooperatively: DRB 

sensitivity-inducing factor (DSIF) and NELF[19–22]. The cyclin dependent kinase positive 

transcription elongation factor b (P-TEFb) appears to facilitate pause release by 

phosphorylating Pol II, DSIF, and NELF, resulting in the dissociation of NELF from the 

elongation complex and the transition of DSIF from a negative elongation factor to a positive 

elongation factor[21, 23, 24]. Extensive genome-wide and biochemical studies have 

provided a general framework for how pausing occurs, yet many of the underlying 

mechanisms remain an area of inquiry. First, the exact mechanism through which DSIF and 

NELF promote pausing, particularly with regards to the role of DSIF, has yet to be fully 

elucidated. Several factors in addition to NELF and DSIF have been implicated in pausing, 

most notable among them transcription factor II D (TFIID), GAGA factor, and RNA 

polymerase II-associated factor 1 complex (PAF1C), yet the exact role of each of these 

factors and the nature of their interactions with the paused complex requires further study. 

Finally, additional considerations, such as the role of DNA/RNA sequence, the duration and 
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stability of the pause, and the relationship between Pol II pausing and chromatin architecture 

remain areas of continuing or emerging research and even debate.

Promoter proximal pausing of Pol II is governed by several intrinsic and extrinsic elements. 

Increasing evidence points to DNA and RNA sequence playing a role in regulating promoter 

proximal pausing. Enrichment of promoter elements and pause motifs, as well as GC 

content, likely influence the stability and efficiency of the pause[25–27]. Experiments in 

Drosophila show that disrupting downstream promoter elements can shift the location of the 

pause on the hsp70 gene, suggesting that pause position is heavily reliant on DNA sequence, 

but it is unclear whether this result can be widely extrapolated for other promoters[28]. 

Indeed, contrasting evidence has shown that the location of the pause depends on the 

kinetics of the elongating Pol II; lowering nucleotide concentrations or replacing the wild 

type Pol II with a slowly elongating mutant shifts the location of the pause upstream[29]. 

Thus, the role of intrinsic Pol II-nucleic acid interactions in pausing remains a topic of 

ongoing controversy.

Extrinsic interactions, such as those between Pol II and DSIF, NELF, and P-TEFb, as well as 

between Pol II and accessory factors such as TFIID and others play critical roles in 

establishing the pause and governing the dynamics of pause stability and pause release. 

Interactions between the nucleic acid scaffold and DSIF and NELF are also likely significant 

contributors to the pausing mechanism. Moreover, since the discovery of Pol II pausing, the 

role of chromatin architecture has been a subject of controversy. Of particular interest has 

been the +1 nucleosome, which may play a significant role in enhancing Pol II pausing in 

humans[30], but likely affects Drosophila Pol II promoter proximal pausing in a promoter-

specific manner[31].

Taken together, the current body of knowledge about Pol II promoter proximal pausing 

suggests a multipartite mechanism that relies on the interplay between intrinsic and extrinsic 

interactions, as well as on the promoter and chromatin context of the pause. This review 

distinguishes itself from other recent reviews on Pol II elongation and promoter proximal 

pausing in several ways[32–36]. First, we provide an overview of the broad range of the 

tools available for studying promoter proximal pausing, including in vivo, cell free, and 

genomic techniques. Furthermore, we describe the factors involved in promoter proximal 

pausing with a particular emphasis on the structural and molecular mechanisms of DSIF and 

NELF function. We also discuss the emerging evidence that suggests TFIID plays a 

significant and context-dependent role as a regulator of promoter proximal pausing. 

Additionally, we discuss and attempt to resolve some of the controversies regarding the role 

of chromatin architecture in promoter proximal pausing, with an emphasis on the differences 

between human and Drosophila systems. Finally, we provide a holistic model for Pol II 

pausing that illustrates the various protein factors implicated in pausing and their 

interactions and reconciles some of the apparent contradictions in the current body of 

literature.
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Tools to study pausing

In the almost three decades since the discovery of promoter proximal pausing, numerous 

tools have emerged to facilitate its study. Genome-wide techniques like ChIP-seq[37] and 

the higher resolution ChIP-exo[38, 39] and ChIP-nexus[40, 41] have emerged as powerful 

tools that can be utilized to determine the location of Pol II and its binding partners. These 

techniques involve crosslinking proteins to DNA in vivo followed by immunoprecipitation 

of protein-DNA adducts. ChIP-exo and ChIP-nexus include a digestion step with lambda 

exonuclease, allowing near-nucleotide resolution of the borders of the DNA-bound 

protein[38–41]. Permanganate footprinting as well as genome-wide permanganate ChIP-

seq[9, 29, 31, 42] detect transcription bubbles associated with transcriptionally engaged Pol 

II. Staining of Drosophila polytene chromosomes has proved a useful technique for 

observing the effects of perturbations on Pol II, NELF and DSIF association with 

chromosomes[21, 43].

A shortcoming of these procedures is that they do not reveal which strand Pol II is 

transcribing. Strand-specific information is provided by several methods that monitor the 3′ 
ends of nascent transcripts. These approaches fall into two classes. One class involves 

isolating nuclei and allowing transcriptionally engaged Pol II molecules to resume 

elongation; the second class involves isolating nascent transcripts. Global run-on sequencing 

(GRO-seq)[13] and precision run-on sequencing (PRO-seq)[28] facilitate precise mapping of 

Pol II that is transcriptionally engaged, allowing the generation of moderate- and high-

resolution pausing profiles. These two methods involve prompting paused Pol II to resume 

elongation following treatment of isolated nuclei with sarkosyl, which dissociates NELF and 

DSIF from the paused Pol II. Both methods map the location at which Pol II stops 

transcribing during the run-on reaction[13, 28]. PRO-seq provides notably better assessment 

of the location of Pol II on DNA in isolated nuclei than GRO-seq because because the run-

on reaction is performed in the presence of biotinylated nucleotides, which dramatically 

slow further elongation once incorporated at the 3’ end of the nascent transcript[28]. In 

contrast, GRO-seq involves incorporation of bromodeoxyuridine and the distance the Pol II 

transcribes upon addition of sarkosyl is limited by the duration of the run-on reaction[13]. 

Incorporation of either nucleotide analog into the RNA provides an affinity tag for 

purification of nascent transcripts and subsequent sequencing from the 3′ end. Recently, a 

simplified version of PRO-seq called ChRO-seq was introduced. This technique bypasses 

the nuclear isolation step and instead involves lysing cells in the presence of urea and 

detergent to facilitate the isolation of chromatin. Poll II elongation complexes remain intact 

and can be prompted to resume elongation in the presence of biotinylated nucleotides as is 

done for PRO-seq[44].

Recent results indicate that the accuracy of Pol II mapping by run-on reactions in cells may 

depend on the method of nuclear isolation. Pol II has the potential to creep when nuclei are 

isolated in the presence of magnesium due to the non-biotinylated nucleotides present in cell 

lysates[45]. As a potential resolution to this, the Price lab has developed a “nuclear walk-on 

assay” in which nuclei are rapidly isolated from cells in the presence of EDTA, halting 

incorporation of NTPs and facilitating more accurate Pol II mapping[45, 46]. Nuclei isolated 
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using this rapid method can also be incubated with α-32P-CTP to radiolabel nascent 

transcripts, allowing a quantitative assessment of promoter proximal pausing[46, 47].

The second class of techniques that provide strand specific information relies on the 

isolation of nascent transcripts. These techniques rely on immunoprecipitation of Pol II and 

its associated nascent transcript (NET-seq) [48, 49] or isolation of nascent transcripts stably 

bound to chromatin [50–53]. Unlike the run-on assays, these nascent transcript mapping 

techniques do not require Pol II to resume elongation; this allows the detection of Pol II 

molecules that are not transcriptionally competent, such as those that have backtracked into 

an arrested state[50]. Furthermore, techniques that rely on Pol II immunoprecipitation, like 

NET-seq, can take advantage of the multiple phosphorylation-specific antibodies available 

against Pol II to select for certain post-translational modifications[49].

The methods for monitoring Pol II behavior based on the associated transcript allow for high 

resolution mapping and strand specificity. They also tend to offer a wider dynamic range for 

quantifying levels of Pol II in specific regions than ChIP-based methods. However, these 

techniques do have an important shortcoming. Transcript mapping methods are unable to 

monitor Pol II in preinitiation complexes due to the absence of an associated nascent 

transcript. They are also unable to monitor transcriptionally engaged Pol II located within 

the first ~20 nucleotides of the transcription start site because these sequences are too short 

to be uniquely mapped to the genome. Thus, a combination of these approaches is worth 

considering when investigating the effects of inhibitors or depletion of specific cellular 

factors. For example, ChIP-nexus allows detection of the Pol II that becomes trapped in a 

preinitiation complex when cells are treated with the transcription initiation inhibitor 

triptolide[40].

Pol II mapping techniques have facilitated the quantification of promoter proximal pausing. 

To do this, researchers calculate the ratio of the level of Pol II in the promoter region to the 

level of Pol II in the gene body (pausing index)[12, 13] or its reciprocal (traveling ratio)[54]. 

These ratios provide values that can be used to sort genes and identify correlations with 

other genomic features. This type of quantification also allows evaluation of the effects of 

experimental perturbations such as RNAi-mediated depletion of protein factors on promoter 

proximal pausing. However, the changes that might occur must be judged with caution 

because the pausing index depends on both the numerator and the denominator. A 

perturbation causing a decrease in the Pol II level in the promoter region (numerator) 

accompanied by an increase in the body of the gene (denominator) could be attributed to a 

decrease in the efficiency of promoter proximal pausing. Alternatively, the perturbation 

could be slowing the rate of elongation in the body of the gene, which would in turn result in 

a buildup of Pol II in the gene body. This scenario at least in part appears to be the case 

when PAF1C is depleted from mouse myoblasts[55]. Hence, the assessment of the changes 

in traveling ratio must be accompanied by assessments of changes in mRNA levels, which 

provide a measure of productive elongation and elongation rates.

The pausing index is also highly sensitive to perturbations affecting initiation and premature 

termination rates. Altering initiation frequency influences the level of Pol II in the promoter 

region (numerator), because the zone defined as the promoter encompasses initiating Pol II, 
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paused Pol II, and elongating Pol II. The hsp70 gene of Drosophila illustrates this 

complication. Early analyses indicated that there is an average of one molecule of paused 

Pol II per hsp70 gene prior to heat shock [7, 8]. Upon heat shock induction of hsp70, there is 

marked increase in the level of Pol II detected in the promoter proximal region[56], yet 

much of this is upstream and downstream from the pause[57]. Increased levels of premature 

termination downstream from the pause can result in decreased levels of Pol II in the 

promoter region (numerator) without the accompanying increase of Pol II in the gene body 

(denominator), resulting in an artificially deflated pausing index and giving the misleading 

impression that Pol II is being efficiently released into productive elongation. Finally, since 

the density of Pol II in the body of the gene is often significantly lower than in the promoter 

region, nonspecific background inherent to the technique being employed can dampen 

changes that might otherwise be occurring in the body of the gene, particularly in the case of 

lowly transcribed genes.

A recent technique developed by the Zeitlinger lab, reporter-ChIP-nexus, uses high 

resolution ChIP-nexus to capture endogenous Pol II pausing on transfected plasmids in 

Drosophila cells. This tool is particularly powerful because it facilitates the analysis of the 

effects of sequence changes on Pol II pausing without the need to edit endogenous 

sequences, which can be both costly and deleterious to the system[27].

In addition to techniques that capture Pol II pausing in vivo, a number of cell-free systems 

have been developed. Early experiments by the Price lab used a pulse/chase transcription 

system with preinitiation complexes reconstituted on immobilized DNA templates to show 

both pausing during early elongation and a regulated transition from pausing to productive 

elongation. The Price lab was also able to use a similar pulse/chase method in nuclear 

extract to show the occurrence of pausing on several promoters. These experiments led to 

speculation that pausing could be regulated by so-called “negative transcription elongation 

factors[58].” The Price and Gilmour labs have since both reconstituted Pol II pausing using 

HeLa and Drosophila nuclear extract respectively, allowing for the study of individual 

pausing factors such as NELF and DSIF in a defined context[23, 29, 43]. In vitro 
reconstitution of a complex containing Pol II, DSIF, and NELF by the Gilmour lab has 

enabled the examination of individual domains of NELF and DSIF and their effects on 

paused complex formation[22, 43]. Finally, the Taatjes lab recently reconstituted promoter 

proximal pausing in vitro without nuclear extract using an HSP70 promoter, purified Pol II, 

DSIF, NELF, heat shock factor 1 (HSF1), and preinitiation complex (PIC) components[59].

As a complement to the abundance of in vivo and in vitro techniques, several small 

molecules have been used to gain insight into Pol II pausing mechanisms. Among these are 

inhibitors of the pause release factor P-TEFb such as 5,6-Dichloro-1-beta-D-

ribofuranosylbenzimidazole (DRB)[60] and flavopiridol[61], both of which have proved 

useful in the measurement of elongation rates [55, 62, 63]. However, experiments using 

these kinase inhibitors should be interpreted with caution because both are known to have 

off-target effects[64, 65]. This limitation has prompted the development of increasingly 

specific P-TEFb inhibitors, including the adenine analog 1-NA-PP1 coupled with an analog-

sensitive mutation in the CDK9 subunit of P-TEFb[26], and the drugs Atuveciclib[66] and 

NVP-2[67]. Triptolide, an inhibitor of the ATPase activity of the XPB subunit of 
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transcription factor II H (TFIIH), has been widely used to inhibit new Pol II initiation in the 

measurement of paused Pol II half-life[40, 68–70]. A recent small molecule screen by the 

Dikstein lab also identified several Pol II-DSIF inhibitors, some of which had a marked 

effect on pausing in cells[71]. Expanding the use of Pol II-DSIF inhibitors into the various 

cell-free systems available could provide significant insight into the mechanism of pausing.

Finally, major breakthroughs like the cryo-electron microscopy (cryo-EM) structures of the 

human paused (Pol II-DSIF-NELF) and active (Pol II-DSIF-Spt6-PAF1C) elongation 

complexes published by the Cramer lab[72–74] provide excellent templates for designing 

targeted mutagenesis experiments to be carried out using the cell-free systems described 

above.

DSIF

DSIF is a two-subunit transcription factor composed of Spt4 and Spt5 and is widely 

conserved across eukaryotes (reviewed by Decker 2020[75]). In metazoans, DSIF acts to 

stimulate or repress transcription elongation, depending on its phosphorylation state. The 

pausing function of DSIF was first discovered by the Handa lab as an activity that rendered 

Pol II transcription sensitive to inhibition by DRB, a nucleoside analog[19]. DSIF associates 

with the Pol II elongation complex after the transcription of at least eighteen nucleotides and 

was later found to be the linchpin of promoter proximal pausing due to its critical role in 

recruiting NELF to the elongation complex[22, 72], but the mechanism through which this 

occurs has yet to be fully elucidated.

A recent structure of the human paused elongation complex containing Pol II, DSIF and 

NELF from the Cramer group provides insight into the mechanism of NELF recruitment by 

DSIF. While the structure reveals that NELF and DSIF bind to opposite faces of Pol II, the 

unstructured C-terminal “tentacles” of the NELF-A and NELF-E subunits may drive the 

NELF-DSIF association. The tentacles wrap around either side of the elongation complex, 

contacting Pol II as well as the Spt5 and Spt4 subunits of DSIF. These tentacles are not 

visible in the structure derived from cryo-EM but their locations have been inferred from 

crosslinks identified by mass spectrometry (Fig. 1)[72]. The Spt5 subunit of DSIF is 

composed of several domains, including an unstructured N-terminal domain, a NusG N-

terminal (NGN) domain, multiple Kyprides, Ouzounis, Woese (KOW) domains, as well as a 

disordered C-terminal region (CTR) (Figs. 1 and 4). The NELF-A tentacle crosslinks to the 

KOW1 and KOW4 domains of Spt5 in addition to contacting Spt4. Contacts made by the 

NELF-E tentacle are more extensive: several residues in the KOW1 and KOW2-3 domains 

as well as a significant portion of the KOW4 domain of Spt5 were found to crosslink to the 

tentacle[72]. The lysine-specific crosslinker used to identify these contacts, 

bis(sulfosuccinimidyl)suberate (BS3), has a long spacer arm of 11.4 Å[76]. Given the 

flexible nature of the NELF-A and NELF-E tentacles, it is unclear whether some of the 

crosslinks identified are fortuitous or whether they represent bona fide NELF-DSIF 

interactions. In vitro biochemical studies are needed to shed further light on the mechanism 

of NELF recruitment to the elongation complex. The available structural information 

provides an excellent template for targeted mutagenesis of both NELF and DSIF.
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Whether DSIF contributes to promoter proximal pausing outside its role in NELF binding 

remains an open question. Comparing structures of paused and active elongation complexes 

hint at additional possible roles of DSIF in pausing (Fig. 2). The Spt5 subunit of DSIF forms 

two nucleic acid clamps; the NGN and KOW1 domains frame the upstream DNA duplex 

while the KOW4 and KOW5 domains bracket the nascent RNA. Both nucleic acid clamps 

undergo a conformational change during the transition from the paused to active state. The 

KOW1 domain rotates into an “open” conformation, accompanied by a tilt in the upstream 

DNA. The RNA clamp undergoes a similar opening as a result of repositioning of the 

KOW4 domain (Fig. 2A)[72, 73]. For Pol II to elongate, the downstream DNA must be 

allowed to unwind and move into the active site while the nascent RNA and upstream DNA 

move out of their respective exit channels. The Spt5 DNA and RNA clamps may promote 

pausing by restricting the movement of the nucleic acids out of the exit channels, thus 

impairing the forward motion of the elongation complex (Fig. 2). Moreover, in the paused 

state, the RNA-interacting face of the KOW4 domain also interacts with the NELF-E 

tentacle, which could serve to stabilize the RNA clamp’s closed conformation[72]. Three 

phosphorylation sites have been identified in the flexible linker region between the KOW4 

and KOW5 domains of Spt5[73, 77]. Phosphorylation in this region could play a role in 

pause release by structuring the linker region and facilitating the RNA clamp opening[78]. 

While further biochemical work is required to fully understand the function of these nucleic 

acid clamps, the structural data suggests that the Spt5-nucleic acid interactions play roles in 

establishing or stabilizing the pause.

NELF

NELF was first identified as a four-subunit complex (NELF-A, -B, -C/D isoforms, -E) that 

works cooperatively with DSIF to repress Pol II elongation[20, 79]. NELF is recruited to the 

elongation complex by DSIF[22] and plays a multifaceted role in establishing and 

maintaining promoter proximal pausing.

Structural model

The structure of the human Pol II-DSIF-NELF complex provides several insights into the 

mechanism of promoter proximal pausing. Most notably, binding of NELF to the elongation 

complex stabilizes the formation of a half-translocated or “tilted” DNA-RNA duplex in the 

Pol II active site (Fig. 3). This partially-translocated state prevents the incorporation of new 

nucleotides, forcing the complex into a paused state[72]. Such half-translocated DNA-RNA 

hybrids are also a feature of hairpin-stabilized paused bacterial RNA polymerase (RNAP) 

complexes (Fig. 3)[80, 81]. While the structure of the human paused complex was obtained 

using a template containing a hairpin sequence[72], the observed half-translocated hybrid is 

likely a key feature of NELF-containing elongation complexes rather than an artifact of the 

nucleic acid scaffold; NELF preferentially binds Pol II-DSIF complexes with the RNA-DNA 

duplex in the tilted conformation (Seychelle Vos, personal communication). Therefore, 

stabilization of the tilted nucleic acid duplex in the paused Pol II active site is likely a direct 

effect of NELF binding to the elongation complex and may reflect a conserved facet of a 

multipartite pausing mechanism.
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While bacterial RNAP pausing differs significantly from pausing in metazoans—bacteria, 

for instance, lack NELF and NELF-dependent promoter-proximal pausing—the two systems 

share common features that could point to a generalized mechanism. Pausing of bacterial 

RNAP is generally hairpin-stabilized and multiple cryo-EM structures have shown that this 

pause is accompanied by a tilted RNA-DNA duplex akin to the one observed in the NELF-

bound human paused complex (Fig. 3)[80–82]. Similarly, in human cells, “transcription 

units” with longer pause durations tend to adopt more RNA secondary structure in vivo and 

in silico[26]. This is suggestive of conserved roles for RNA secondary structures in bacteria 

and metazoans. It is important to note, however, that the degree of influence of RNA 

secondary structure on NELF-dependent pausing is likely gene-specific and influenced by 

the distance between the secondary structure sequence and the Pol II pause site. For 

instance, the classic example of hairpin-mediated pausing in metazoans is the human 

immunodeficiency virus type 1 (HIV-1) provirus, which contains a regulatory motif called 

the TAR element. The fully transcribed TAR element forms a hairpin secondary structure 

that has been proposed to facilitate NELF recruitment[83, 84]. However, permanganate 

footprinting shows that NELF-dependent pausing occurs well before the TAR element 

hairpin is fully transcribed[85, 86]. Thus, while RNA secondary structure may be a 

contributing factor to promoter proximal pausing in metazoans, it is not likely to be a 

primary driver as it is in bacteria. Moreover, there is no evidence of substantial RNA 

secondary structure in the promoter proximal region of numerous genes in Drosophila[42], 

suggesting that a pausing mechanism driven by RNA secondary structure is likely not a 

widespread and conserved phenomenon in metazoans. Thus, it will be interesting to see 

whether the tilted hybrid can be observed in paused elongation complexes assembled in the 

absence of the RNA hairpin.

Another shared aspect of metazoan promoter proximal pausing and bacterial pausing is the 

inhibition of trigger loop folding. The trigger loop of RNA Polymerases generally adopts an 

“open” conformation, but folds over the incoming NTP to close off the active site and 

facilitate catalytic chain extension[87, 88]. In the human paused Pol II structure, NELF-C 

contacts the open trigger loop, potentially preventing the closure of the Pol II active site[72]. 

In bacteria, trigger loop inhibition is achieved by the hairpin-stabilized rotation of an RNAP 

swivel module, which results in allosteric inhibition of trigger loop folding[80]. Thus, NELF 

appears to carry out functions in metazoans that bacterial systems achieve without NELF 

homologs.

Despite the clear differences between bacterial and metazoan pausing, understanding the 

commonalities between the two systems could provide significant insight into the 

mechanism of NELF-dependent pausing. While NELF plays a major role in keeping Pol II 

in the paused state, increasing evidence suggests that pausing is a multipartite mechanism. 

Looking to other systems will facilitate the creation of a more complete mechanistic picture.

RRM and NELF-RNA contacts

Much of the work on NELF has focused on its interactions with RNA. Early experiments by 

the Handa group showed that human NELF-E binds RNA, including HIV-1 TAR, through an 

RNA recognition motif (RRM) at the subunit’s C-terminal end. Deleting this RRM domain 
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impaired the transcription inhibition activity of NELF in nuclear extract and point mutations 

in the RRM diminished NELF’s inhibitory activity [79]. The Kim lab later observed that 

enhancer RNAs (eRNAs) can facilitate the transition of Pol II from the paused to the active 

state by binding and redirecting NELF in an RRM-dependent manner in mouse neuronal 

cells. Furthermore, the Kim group showed that deleting the RRM results in decreased NELF 

occupancy at some promoters[89]. Consistent with these studies, SELEX experiments from 

the Lis group using Drosophila NELF-E and a dNELF-E RRM domain identified a NELF-E 

Binding Element (NBE) that is both necessary and sufficient for dNELF-E binding as long 

as the motif is accessible as single-stranded RNA. The Lis group also found that both human 

and Drosophila NELF-E bind specifically to the NBE found in HIV-1 TAR RNA and that 

the NBE is enriched in Drosophila promoter regions[90]. The Cramer group later found that 

NELF contains additional RNA binding faces on NELF-B and the NELF-A/C duplex[91]. 

However, work performed by the Gilmour lab using paused elongation complexes 

reconstituted with purified Pol II, NELF, and DSIF failed to detect NELF-RNA contacts in 

elongation complexes with transcripts of 22–31 nucleotides, lengths which correspond to the 

pausing region in Drosophila[22]. More recently, the Cramer group showed that deletion of 

the C-terminal domain of NELF-E, which includes the unstructured DSIF-interacting 

tentacle as well as the RRM domain, does not affect pausing in an in vitro system[72]. The 

NELF-E RRM may assist in NELF binding to the elongation complex in an in vivo context, 

perhaps by guiding NELF to regions where RNA resides; its contribution would therefore 

depend heavily on cellular concentrations and Pol II elongation kinetics, parameters that in 
vitro systems would have difficulty recapitulating.

Additional considerations

Recent work by the Shilatifard group found that acute depletion of NELF using an auxin-

mediated degradation system in human cells does not result in release of Pol II into the gene 

body. Instead, upon NELF depletion, Pol II shifts downstream to a “second pause” site. This 

transition is independent of P-TEFb kinase activity and is consistent with a strongly 

positioned +1 nucleosome blocking Pol II elongation[92]. Single-nucleotide resolution 

mapping of elongating and arrested Pol II in Drosophila cells performed by the Henikoff lab 

yielded a similar observation: the +1 nucleosome acts as a significant barrier for 

transcription, even at genes that pause upstream from the nucleosome[53]. Although two 

pauses are evident in Drosophila, it is unclear whether the second pause, observed after 

NELF depletion by Shilatifard and colleagues, is normally present in mammalian cells. The 

NELF-dependent pause may act as a critical checkpoint to prime the elongation complex to 

transverse the +1 nucleosome.

NELF-E has also been shown to interact with the cap-binding complex (CBC)[93, 94]. 

ChIP-seq data indicates that the CBC subunit CBP80 co-occupies promoters with NELF. 

Acute depletion of NELF results in a reduction of CBP80 located at pause regions[92]. This 

suggests that the NELF complex possesses additional transcriptional regulatory roles that 

complement its pausing function. Indeed, promoter proximal pausing may act as a kinetic 

facilitator for the recruitment of additional regulatory factors to the elongation complex.
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Phosphorylation-dependent regulation of the pause

P-TEFb, predominantly composed of Cdk9 [95] and Cyclin T in Drosophila [96] and 

Cdk9[95] and Cyclin T1 or Cyclin T2 in human cells[97] is broadly considered to be critical 

for the release of Pol II from the pause and its transition into productive elongation. P-TEFb 

is frequently found as a part of larger complexes. In its inhibited form, P-TEFb is associated 

with the 7SK noncoding RNA and the MeCPE, LARP7, and HEXIM factors[98]. In its most 

active form, P-TEFb is part of the multi-subunit super-elongation complex (SEC), which 

facilitates the transition of Pol II from the paused state to productive elongation[99–103]. 

The SEC has also been found to interact directly with TFIID, suggesting a potential 

mechanism for its recruitment to the elongation complex (discussed in the next section)

[104].

P-TEFb was discovered by the Price lab as the activity required for the transition of Pol II 

into productive elongation[95]. P-TEFb phosphorylation of the C-terminal region (CTR) of 

Spt5 is required for processive elongation[24]. Moreover, adding pre-phosphorylated Spt5 to 

a transcription reaction prevents NELF-mediated suppression of Pol II elongation and 

abolishes the effect of P-TEFb inhibition on elongation[23]. This suggests that the 

phosphorylation of the Spt5 CTR by P-TEFb plays a critical role in the transition of DSIF 

from a pausing factor to an elongation factor. Indeed, phosphorylation of the Spt5 CTR may 

be critical for the recruitment of elongation factors such as the PAF1C[74]. Additional 

phosphorylation sites on Spt5 could also contribute to the transition to productive 

elongation; P-TEFb phosphorylation sites have been identified in the N-terminal region of 

human Spt5 and in the unstructured linker between the human Spt5 KOW4 and KOW5 

domains that bracket the nascent RNA (Table 2, Fig. 4)[73, 77].

Recent work by the Fisher lab provides further support for the hypothesis that DSIF 

phosphorylation by P-TEFb is a critical component of the pause release mechanism. The 

group defined a kinase-phosphatase switch that governs pausing and pause release 

dynamics. The phosphates installed by P-TEFb at Ser666 between the KOW4 and KOW5 

domains and atThr806 in the CTR (Fig. 4) are removed by two protein phosphatase 

complexes called PP1 and PP4. PP1 only acts on the Spt5 CTR and functions primarily in 

the cleavage and polyadenlylation region of genes. In contrast, PP4 acts on both Spt5 Ser666 

and the CTR and affects Spt5 activity at the 5՛ ends of genes. Reducing cellular levels of PP4 

increases Spt5 phosphorylation on Ser666 and the CTR and results in a shift in Pol II 

distribution from the pause region to the gene body at several genes. In addition to 

phosphorylating Spt5, P-TEFb also phosphorylates PP1 and PP4, resulting in an inhibition 

of their phosphatase activities. Thus, in the absence of P-TEFb, PP4 enforces the paused 

state by dephosphorylating Spt5. P-TEFb recruitment results in the simultaneous inhibition 

of PP4 and activation of Spt5. Metagene analysis of over 20,000 genes reveals an increase in 

the pSer666/Spt5 ratio, but not the pThr806/Spt5 ratio, in the gene body compared to the 

region near the transcription start site[78].

Both phosphorylation sites are conserved in Drosophila (Fig. 4), but the phosphorylation of 

the linker between the KOW4 and KOW5 regions may serve a more critical role in pause 

release. Recent work by the Adelman lab shows that pSer666 and its orthologous residue in 
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Drosophila, pSer707, are substrates for another phosphatase called protein phosphatase 2A 

(PP2A) that also associates with the Integrator complex. Adelman and colleagues propose 

that dephosphorylation of Ser666 by Integrator-PP2A prevents pause release and primes the 

elongation complex for premature termination[105]. Phosphorylation of human Ser666 

(Drosophila Ser707) therefore appears to be a critical switch that facilitates transition into 

productive elongation and may promote pause release by stimulating the opening of the Spt5 

RNA clamp (Fig. 2A).

P-TEFb has also been shown to phosphorylate several sites on both the human NELF-A and 

NELF-E subunits (Table 2)[73, 83, 106, 107], but only four of the twenty-two sites are also 

conserved in Drosophila (Table 2, Fig. 4). Notably, the sites that were implicated in 

elongation control of HIV through NELF release are absent in Drosophila[83]. Thus, a 

generalized mechanism in which pause release also depends on P-TEFb phosphorylation of 

NELF likely involves only a fraction of the sites previously identified. Further biochemical 

studies should focus on the functions of these conserved sites.

Experiments by the Price lab using Pol II lacking the carboxy-terminal domain (CTD) of the 

largest subunit showed that the CTD is required for productive elongation. The Price group 

also found that P-TEFb can phosphorylate the CTD of a Pol II in an early elongation 

complex[108]. Further studies ultimately showed that P-TEFb phosphorylates the Pol II 

CTD on the Ser2 position[109, 110]. However, recent work by the Roeder lab, in which an 

inducible Pol II degradation system allowed generation of transcriptionally-engaged CTD-

less Pol II in vivo, found that the Pol II CTD is not essential for pausing or for the transition 

into productive elongation[111]. Thus, the role of the Pol II CTD in pausing, and by 

extension the role of P-TEFb phosphorylation of the CTD in pause release, remains a topic 

in need of further investigation.

TFIID

TFIID is a general transcription factor that provides the foundation for assembling a 

preinitiation complex (PIC). The relationship between TFIID and Pol II promoter proximal 

pausing remains a topic of some controversy. In 2019, the Biswas lab used co-

immunoprecipitation experiments to show that the TAF subunit of TFIID interacts with 

components of the SEC both in mammalian cells and in vitro. AF9 and EAF1, two SEC 

subunits, both have serine-rich domains that are required for this interaction. This data yields 

a model in which TFIID plays a role in pause release by recruiting the SEC through the 

serine-rich domain of AF9[104].

In contrast, the Taatjes lab recently showed that TFIID enables Pol II pausing in a cell free 

system as well as in human and Drosophila cells. The human PIC (composed of purified 

TFIIA, TFIIB, TFIID, TFIIF, TFIIH, Mediator) was found to be sufficient to establish 

pausing in vitro on an HSP70 template in the presence of HSF1. The observed pause occurs 

primarily between +60 and +80 and, to a lesser extent, between +24 and +44. DSIF and 

NELF enhance the pausing between +24 and +44. While most of the PIC components are 

dispensable for pausing Pol II, TFIID was found to be essential for reconstituting in vitro 
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pausing. Knockdown of the TAF 1 and 2 subunits in human and Drosophila cells results in 

increased pause release[59].

Thus, the work regarding the role of TFIID in pausing points to dual yet conflicting roles. A 

promoter-dependent function of TFIID could explain the apparent contradiction. Increased 

pause release upon knockdown of TAFs was not observed at all genes, suggesting 

differential functions[59]. TFIID exhibits structural plasticity that could facilitate multiple 

functions around and beyond the promoter regions of genes[112–114]. Protein-DNA 

crosslinking data indicates that TAF2 interacts directly with DNA downstream of the 

transcription start site[115, 116]. ChIP-nexus and ChIP-exo data further demonstrate that 

TFIID binding extends beyond the paused region, at least in Drosophila cells[40, 117], a 

likely result of conformational flexibility and possibly indicative of dual pause-promoting 

and pause release functions.

A role for TFIID in pausing and pause release can also be reconciled with the enrichment of 

key promoter elements at some genes. For example, in Drosophila, NELF-associated genes 

with paused Pol II are also enriched for TFIID binding sites[42]. TFIID can contact 

promoter elements such as Initiator (Inr), motif ten element (MTE), downstream promoter 

element (DPE), and the TATA box. Downstream promoter sequences, the presence of a 

TATA box, and variations in the Inr sequence (discussed later in this review) strongly 

influence Pol II pause stability in Drosophila[27]. The structural flexibility of TFIID is 

consistent with promoter-specific roles that are at least partially determined by the 

combination of promoter elements at each gene.

GAGA factor

GAGA factor (GAF) is a sequence-specific DNA binding factor that has been shown to 

promote promoter proximal pausing in Drosophila. Early work from the Lis lab indicated 

that point mutations in the GAGA element significantly decrease pausing on the Drosophila 
hsp70 promoter[118, 119]. However, it was unclear whether the loss of paused Pol II was 

due to disruption of pausing or to diminished transcription initiation, a prerequisite for 

pausing. The Gilmour lab later established that the GAGA element can promote Pol II 

pausing[120]. A later genome-wide analysis of promoter elements in the Drosophila embryo 

by the Levine lab observed a positive correlation between Pol II pausing and the presence of 

a GAGA element at promoters[25].

Cell-free transcription experiments in nuclear extract performed by the Gilmour lab 

established a direct link between GAF and pausing. Using GAF antibodies to disrupt GAF 

function at various stages of the transcription cycle, they showed that GAF contributes to 

initiation and the establishment of the pause after initiation, but not to the stability of the 

pause state once it has been established. Immunodepletion of GAF from nuclear extract 

decreases Pol II pausing, but this pausing can be re-established by adding back purified GAF 

to the extract[29]. In accordance with these biochemical results, GAF knockdown 

experiments by the Lis group showed a similar effect genome-wide[121] and the Huang lab 

later showed that overexpression of GAF increases paused Pol II globally[122]. Additional 

results show that reducing GAF levels in cells shifts the location of the pause downstream 
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and that GAF-associated genes exhibit pausing that is closer to the TSS than on non-GAF 

genes[29]. All together, these results suggest that GAF facilitates a kinetically favorable 

association between NELF and Pol II by recruiting NELF to the promoter region [29].

Though GAF has been extensively studied in Drosophila, GAF homologs have not been 

extensively studied in mammalian systems. Some vertebrate GAF homologs have been 

identified[123], but further investigation is required to determine whether the pausing 

function is conserved across species. As exemplified by Drosophila GAF, these analyses 

must be designed to distinguish between functions in initiation and pausing since initiation is 

a prerequisite for promoter proximal pausing.

PAF1C

The multi-subunit Paf1 complex (PAF1C) has been implicated in promoter proximal pausing 

but its role is controversial. Initial studies by the Shilatifard group showed that PAF1C loss 

results in release of paused Pol II into gene bodies in both Drosophila and human HCT116 

and MCF7 cell lines, with a greater effect observed at highly paused genes. PAF1 

knockdown also results in increased SEC recruitment and Pol II CTD phosphorylation at the 

Ser2 position[124]. Hence, they proposed that PAF1C helps enforce the pause by inhibiting 

SEC interaction with the gene. In contrast, results from the Roeder group indicate PAF1C 

promotes pause release in human THP1 cells. They noted that high PAF1C occupancy 

correlates with high gene expression and depletion of PAF1C results in an increase in Pol II 

occupancy near promoters. The Roeder group also demonstrated a direct interaction between 

P-TEFb and PAF1C using pulldown assays, suggesting that PAF1C stimulates pause release 

by recruiting P-TEFb to the paused elongation complex [125]. The contradicting 

observations could initially be reconciled by a cell-specific model of PAF1C function given 

that the Shilatifard and Roeder groups used different cell lines for their experiments. The 

Roeder group noted that depletion of PAF1C from a different cell line, CCRF-CEM, had the 

opposite effect from what they observed in THP1 cells[125]. However, follow-up work by 

the Shilatifard lab showed that PAF1C maintains the Pol II paused state even in THP1 cells, 

in direct contrast to the results obtained by the Roeder group[126]. Thus, the differences in 

the outcomes of these studies remain unresolved.

Dynlacht and colleagues have also investigated the function of PAF1C in murine myoblasts. 

By measuring rates of elongation before and after depletion of PAF1, they provided strong 

evidence that PAF1C functions as a positive elongation factor promoting both pause-release 

and elongation in the body of genes. Depletion of PAF1 increases Pol II occupancy in both 

the gene body and in the promoter region. The latter observation comports with the results 

seen by the Shilatifard group. However, the Dynlacht lab ascribe the changes in Pol II levels 

to reductions in elongation rate, which would be expected to result in a buildup of Pol II in 

the gene body[55].

The Shilatifard group also provided evidence that PAF1C can enforce promoter proximal 

pausing indirectly by repressing the action of a gene’s enhancer. Depletion of PAF1 

increases promoter-enhancer interactions and decreases promoter proximal pausing, 

resulting in a release of Pol II into gene bodies. Strikingly, knockout of PAF1C-regulated 
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enhancers reduces pause release in PAF1 knockdown conditions—reversing the effect of 

PAF1 knockdown on paused Pol II. This suggests that in some cases, rather than acting 

directly as a pausing factor at a gene’s promoter, PAF1C prevents pause release by inhibiting 

the activation of certain enhancers. Indeed, enhancers have a higher ratio of PAF1 to Pol II 

occupancy when compared to promoters[126], suggesting that PAF1C may have distinct 

functions at promoters and enhancers.

Further work is needed to sort out the role of PAF1C in promoter proximal pausing. 

Structures of an activated elongation complex containing Pol II, DSIF, Spt6, and PAF1C 

clearly demonstrate that NELF and PAF1C are mutually exclusive because they bind to the 

same surface of Pol II (Fig. 5)[73, 74].Therefore, the contradicting observations about its 

role can be reconciled by PAF1C having two different states: enhancer-bound and promoter-

bound. Enhancer-bound PAF1C (with greater occupancy and possibly without binding 

directly to Pol II) helps maintain pausing at certain gene promoters by inhibiting enhancer 

activation. Promoter-bound PAF1C, in contrast, binds Pol II and acts as an elongation factor.

Additional proteins

Since the discovery of DSIF and NELF, many more proteins have been implicated in 

promoter proximal pausing of Pol II and it is likely that more will be discovered in the 

future. We discuss some of them in the following section but note that the complete picture 

remains to be fully resolved.

Recently, the pre-exon junction complex (pre-EJC), which regulates expression of long 

genes in Drosophila has also been identified as an intron length-dependent facilitator of Pol 

II pausing. Knockdown of the Mago subunit of the pre-EJC results in global decrease in 

pausing, with the strongest effect observed at highly paused genes. Depletion of pre-EJC 

components also results in a redistribution of Ser2-phosphorylated (Ser2P) Pol II. As with 

DSIF, pre-EJC association with the Pol II elongation complex requires nascent RNA. This 

RNA association appears to contribute significantly to pausing; tethering the Mago subunit 

to the 5′ UTR of nascent RNA results in increased Pol II occupancy at several genes. 

However, the interplay between the pre-EJC and NELF remains unclear. Of the genes found 

to have pre-EJC occupancy, 45% do not overlap with NELF binding, suggesting independent 

mechanisms of action. Depletion of the Mago subunit results in increased Cdk9 occupancy 

near promoters, so its role may primarily be to maintain rather than establish pausing at long 

genes[62].

Histone-associated factors also work to promote pausing. For example, in Drosophila, the 

histone chaperone Facilitates Chromatin Transcription (FACT) is enriched at 5′ ends of 

genes with high Pol II occupancy. Knockdown of FACT results in a decrease in Pol II 

pausing and decreases Pol II pause half-life. FACT may promote pausing by stabilizing the 

+1 nucleosome[127]. This stabilization is likely promoter-specific since nucleosome 

organization in Drosophila differs based on promoter class (discussed further in a later 

section)[31].
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Transcription elongation factor IIS (TFIIS) has previously been viewed as a prominent 

player in the regulation of promoter proximal pausing. Early in vitro studies described TFIIS 

as a factor that facilitates rescue of backtracked polymerases by stimulating Pol II’s intrinsic 

RNA endonuclease activity[128, 129]. Later work by the Lis lab led to the observation that 

TFIIS is critical to maintaining the activity of paused Pol II on the hsp70 gene in Drosophila. 
In the absence of TFIIS, Pol II was found to have impaired elongation through pause 

regions, resulting in weaker activation of hsp70 upon heat shock[130]. More recent genome-

wide studies in Drosophila and in human cells have emphasized the role of TFIIS in re-

setting the elongation competence of stalled Pol II and have indicated that stalled Pol II has a 

propensity to be backtracked[50, 131]. However, the mechanistic and temporal relationship 

between backtracked Pol II and NELF-dependent pausing remains unclear. Structural 

information indicates that NELF prevents the binding of TFIIS[72], in line with previous 

biochemical studies by Price and Landick showing that NELF inhibits the anti-arrest activity 

of TFIIS[132]. A problem with cellular studies that involve knocking down TFIIS is that 

levels of backtracked Pol II can accumulate because overcoming the backtracked state 

becomes a rate limiting step. Thus, it is unclear to what extent backtracking normally 

contributes to the promoter proximal pause and what role TFIIS normally plays in pause 

release.

Role of sequence in pausing

Promoter elements such as GAGA, Inverted GAGA, Inr, and DPE are enriched at paused 

genes in Drosophila[25, 42]. Some of these, such as the Inr and DPE elements, are TFIID 

binding sites and are likely key players in regulating differential TFIID function, as 

discussed above. In Drosophila, sequence can act as a particularly strong contributor to Pol 

II pause stability. Reporter-ChIP-nexus experiments, which detect pausing on plasmids 

transfected into cells, have shown that an Inr variant with a G at the +2 position results in a 

significantly more stable pause. Promoters with the Inr-G variant lack TATA boxes and have 

longer paused Pol II half-lives[27]. An additional element called the Pause Button (PB), 

which is present at approximately 25% of paused genes, also has strongly positioned CpG 

motifs. Indeed, Drosophila paused promoters have significantly higher GC content just 

downstream of the TSS when compared to promoters with low levels of pausing [25].

While mounting evidence points to DNA sequence as a key contributor to pausing, the 

degree of influence remains a matter of controversy. Disrupting or altering downstream 

elements of Drosophila promoters affects the position and stability of the pause[27, 28]. 

However, the Gilmour lab showed that slowing transcription by lowering nucleotide 

concentrations in vitro shifts the position of the pause closer to the transcription start 

site[29]. Even more compellingly, permanganate footprinting analysis of Drosophila salivary 

glands expressing a slow mutant of Pol II showed an upstream shift in the location of the 

pause[29]. Since slowing the rate of transcription can alter the position of the paused Pol II, 

sequence likely plays an accessory role in establishing the pause, either by recruiting factors 

like TFIID or by slowing Pol II movement to allow pausing factors such as DSIF and NELF 

to bind.
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In human cells, evidence connecting sequence motifs and pausing is more limited. However, 

recent PRO-seq analysis of several thousand genes in multiple human cell types reveals that 

Pol II tends to pause at the same nucleotide positions across individuals and across cell 

types[133]. Pause sites have high GC content, as previously observed in Drosophila, and are 

enriched in a high GC content 9-mer motif; a high percentage of the pause sites are at 

cytosines. Mutagenesis of sequences at or near the identified pause sites alters gene 

expression[133]. Recent analysis of promoter sequences in HeLa cells by Luse and Price 

also found that promoter proximal pause sites are GC rich. More notably, they found that a 

preferred sequence signature encompassing the TFIID binding site is present at over 177,000 

genes[45]. Thus, TFIID-DNA interactions may play a role in regulating promoter proximal 

pausing in Drosophila as well as humans, but further work is required to elucidate the 

mechanistic role of these human sequence features in Pol II pausing.

Promoter Proximal Pausing and chromatin architecture

Drosophila vs. human and the role of the +1 nucleosome

The role of nucleosome organization, in particular the positioning of the +1 nucleosome, in 

establishing and maintaining Pol II promoter proximal pausing has been the subject of 

several contradictory studies. Early experiments by the Luse and Kingston labs established 

that partially purified Pol II elongation complexes from HeLa cells pause on templates 

containing assembled nucleosomes[134, 135]. Mapping of micrococcal nuclease cuts in 

HeLa nuclei also determined that human hsp70 is nucleosomal in the transcribed 

region[135]. These studies led to the conclusion that nucleosomes must be necessary to 

establish promoter proximal pausing. However, experiments by the Price lab during the 

same period established that pausing could occur on soluble, non-nucleosomal templates in 

nuclear extract from Drosophila Kc cells. The Price group also showed that preinitiation 

complexes assembled from nuclear extract on immobilized DNA templates are able to pause 

in the absence of nucleosomes[58]. Soon after, Benjamin and Gilmour were also able to 

reconstitute promoter proximal pausing on the Drosophila hsp70 gene in the absence 

nucleosomes[136]. At least some of this discrepancy can be attributed to a major difference 

in the experimental models used. The Price and Gilmour groups both used nuclear extracts 

in their transcription assays, so the pausing they observed was likely due to Pol II-associated 

pausing factors like NELF and DSIF[58, 136]. In contrast, the Kingston group used partially 

purified elongation complexes from HeLa cells that were washed with 1% Sarkosyl prior to 

nucleosome assembly[134, 135]. Sarkosyl likely stripped the purified elongation complexes 

of pausing factors such as DSIF and NELF, making the pause sites observed in the human 

system nucleosome-dependent rather than NELF-dependent[29].

Later studies in human cells and Drosophila indicate that the role for the +1 nucleosome in 

promoter proximal pausing is context specific. ChIP experiments using human cell lines 

expressing versions of the mouse c-Myc where various nucleosome positioning sequences 

were inserted into the pause region established a link between a strongly positioned +1 

nucleosome and increased NELF-dependent pausing[30]. Genome-wide studies by the 

Henikoff lab detected two closely spaced pauses in the 5′ region of genes in Drosophila with 

the proximal one located where NELF-dependent pausing occurs and the distal one mapping 
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to the edge of the +1 nucleosome[53]. The Shilatifard lab observed that acute NELF 

depletion in mammalian cells results in a similar nucleosome-mediated “second pause” by 

Pol II in human cells [92]. Recently, Luse and Price used digestion with DNA Fragmentation 

Factor (DFF) coupled with pulse/chase transcription “run-off” to map the location of the +1 

nucleosome in HeLa cells. Unlike micrococcal nuclease, DFF does not produce sub-

nucleosomal fragments and does not digest RNA. They observed that some, but not all, of 

the paused Pol II abuts the +1 nucleosome; the remaining paused Pol II were separated from 

the +1 nucleosome. Importantly, unlike other studies, Luse and Price were able to show a 

direct interaction between Pol II and the +1 nucleosome, rather than a mere correlation 

between their positions. It remains unclear whether these two classes of paused Pol II are 

found on the same or on distinct types of promoters[45].

Genome-wide data generated using Drosophila embryos also indicates an overlap between 

the locations of the paused Pol II and the +1 nucleosome[137]. However, the role of the +1 

nucleosomes in Drosophila depends on the chromatin structure established at different 

promoter types. Well over a thousand genes in Drosophila associate with a transcription 

factor called M1BP. M1BP-bound genes have well-positioned nucleosomes downstream 

from the transcription start site and the location of the paused Pol II correlates with the 

location of the +1 nucleosome. GAF also associates with well over a thousand genes, but 

few genes are co-occupied by M1BP and GAF. GAF genes, in contrast to M1BP genes, lack 

well-positioned nucleosomes[31]. GAF-associated nucleosomes have also been shown to be 

highly dynamic in composition [138]. GAF genes have a greater overall pausing index as 

well as a greater range of pausing indices compared to M1BP genes. Thus, GAF and M1BP 

genes exemplify two distinct pausing mechanisms. At M1BP genes, pausing is less efficient 

and facilitated in large part by the strongly positioned downstream nucleosome. Notably, 

M1BP genes are housekeeping genes and include most of the ribosomal protein genes, so a 

short pause duration is expected because they are actively transcribed. GAF genes, on the 

other hand, have more efficient pausing that is likely mediated by additional factors[31]. 

Since GAF associates with NELF, GAF-associated genes may have a high local 

concentration of NELF that allows Pol II to be captured prior to Pol II encountering the first 

nucleosome, resulting in more efficient pausing.

Chromatin remodelers and histone modifiers

Chromatin remodelers modulate nucleosome-dependent pausing in the human system. In 
vitro transcription experiments by the Kingston lab showed that addition of fractions with 

hSWI/SNF activity reduced nucleosome-dependent pausing and resulted in read-through of 

Pol II in the presence of HSF activator[135]. Additionally, in vivo experiments by Reyes lab 

showed that SNF2H facilitates promoter proximal pausing if the sequence downstream of 

the pause site has an affinity for nucleosomes[30].

Studies in both mammalian and Drosophila systems have shown that histone deacetylases 

promote promoter proximal pausing. Knockdown of the histone deacetylase SIRT6, which 

deacetylates H3K9ac and H3K56ac in embryonic stem cells decreases Pol II pausing and 

NELF-E coverage in promoter proximal paused regions[139]. In HeLa cells, H3K9ac has 

been shown to recruit the SEC[140], raising the possibility that SIRT6 promotes pausing by 
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removing a chromatin mark recognized by SEC. In Drosophila cells, inhibition of histone 

deacetylases by Trichostatin A (TSA) also results in Pol II release from the promoter 

proximal pause[141], suggesting a generalized role for histone deacetylases in maintaining 

the Pol II pause.

Duration of the pause

The duration of the pause and whether Pol II, upon release, transitions to productive 

elongation or prematurely terminates transcription impacts the level of gene expression. 

These dynamics were initially studied by blocking transcription initiation with the chemical 

triptolide, which covalently inhibits the ATPase activity of the TFIIH subunit XPB[142].This 

ATPase activity plays a critical role in overcoming a block to initiation imposed by 

XPB[143, 144]. The stability of the paused Pol II is then measured by monitoring the rate of 

its disappearance following the application of the drug[40, 63, 68–70, 145]. This analysis 

has been applied specifically to the hsp70 heat shock gene of Drosophila[69] and genome-

wide in Drosophila and mammalian cells[40, 63, 68, 70, 145]. These investigations reveal 

that there is considerable variation among genes in the half-lives of the paused Pol II. Values 

for paused Pol II half-life range from less than 5 minutes at some genes to as long as 60 

minutes at others [40, 63, 68, 69, 145]. It is unclear what allows for the stability observed at 

genes harboring a paused Pol II with a half-life beyond 30 minutes [40, 63, 68, 145]. It has 

been argued that triptolide treatment regimens may be overestimating the duration of the 

pause due to slow and concentration-dependent inhibition of initiation[47, 146]. For 

instance, an analysis using photobleaching of endogenous GFP-tagged Pol II estimated the 

Pol II pause half-life to be on the order of mere seconds, contradicting earlier triptolide-

based studies[147]. Indeed, no study to date has been able to demonstrate rapid inhibition of 

initiation by triptolide in cells. These issues have been discussed in previous reviews[34, 

146]. Nevertheless, even for the case of the hsp70 heat shock gene of Drosophila, results 

vary between studies and fall within a range from 1 to 5 minutes[69, 70]. The basis for these 

differences is unclear but may be due to the different techniques used. The Lis lab tracked 

the decay of photoreactive GFP-Pol II at the hsp70 gene after triptolide treatment [69] while 

the Schübeler lab used single-molecule footprinting to measure the level of paused Pol II on 

hsp70 after triptolide treatment[70].

The more significant and perhaps more controversial issue is what happens to the Pol II after 

it departs from the promoter proximal pause. Does Pol II proceed to produce a mature 

transcript or does it prematurely terminate transcription? Since it appears that promoter 

proximal pausing is a ubiquitous step in the transcription cycle, some portion of the Pol II 

must transition into productive elongation; yet what portion of the released Pol II gets 

diverted into an unproductive course is debated. Based on the level of Pol II detected in the 

body of the genes and the turnover rate of the paused Pol II, some studies have concluded 

that premature termination is infrequent[63, 68]. An exception appears to be those genes 

with a short-lived pause whose premature termination is mediated by the Integrator 

complex[105, 148]. In contrast, other studies have concluded that premature termination is 

frequent [70, 147]. This remains an important issue to resolve as it impacts the 

understanding of the mechanism of activation. On the one hand, if the bulk of Pol II 

departing from the pause enters into productive elongation, then the regulatory mechanism is 
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directed at pause release. On the other hand, if the bulk of the Pol II departing from the 

pause is prone to premature termination, then pause release must be accompanied by 

mechanisms that prevent premature termination.

Open questions and future directions

Promoter proximal pausing of Pol II requires NELF and DSIF and may also involve 

accessory factors such as TFIID, PAF1, GAF (in Drosophila), the pre-EJC, and FACT, as 

well as chromatin remodelers and histone modifiers (Fig. 5). However, for many of these 

factors, how they promote pausing in the context of the Pol II-DSIF-NELF complex remains 

a mystery. Do they associate directly with the elongation complex or do some of them, such 

as FACT and other chromatin-associated factors, mediate pausing by organizing the 

neighboring chromatin architecture (Fig. 5)? Which of these factors function at which 

genes? The differences in sequence, paused Pol II half-life, and chromatin architecture make 

it unlikely that promoter proximal pausing occurs in a uniform manner at each gene. It is 

clear that many of these additional factors, like the pre-EJC, are enriched only at specific 

promoters, and do not always co-exist with NELF and DSIF. Also unclear is the role of 

DSIF and NELF phosphorylation in pause release. If the Pol II CTD is not required for 

pausing or pause release, it follows that DSIF and NELF phosphorylation must play a 

significant role. To what degree does Spt5 phosphorylation occur in vivo? Which Spt5 

phosphorylation sites are most critical for regulation of pausing and pause release and are 

these functions conserved across species? Does phosphorylation of the NELF-A and NELF-

E subunits play a significant, generalized role in pause release, given that most of these sites 

are not evolutionarily conserved between human and Drosophila (Table 2, Fig. 4). These 

questions merit significant consideration and require further study to arrive at a complete 

understanding of the variables that govern promoter proximal pausing. Finally, future 

analyses should take into account recent evidence that endogenous nucleotides present in 

cell lysates could allow Pol II to elongate during some nuclear isolation procedures[45]. This 

is particularly important when knowing the precise location of Pol II is desired.
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Highlights:

• Promoter proximal pausing of RNA Polymerase II is a critical early 

elongation step

• Pausing is governed by a variety of intrinsic and extrinsic interactions

• DSIF and NELF are critical for establishing and maintaining pausing

• TFIID regulates both promoter proximal pausing and pause release

• P-TEFb regulates release of promoter proximal pausing by phosphorylation of 

DSIF
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Figure 1: Surface representation of paused Pol II-DSIF-NELF complex structure.
A) Side view of complex illustrating modeled path of the unstructured NELF-A C-terminal 

tentacle (green)[72]. B) Top view of complex illustrating modeled path of the unstructured 

NELF-E C-terminal tentacle (blue)[72]. PDB ID: 6GML.
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Figure 2: Spt5 DNA and RNA clamps.
A) Superimposed structures of the Spt5 nucleic acid clamps in their paused (grey, PDB ID: 
6GML) and active (orange, PDB ID: 6GMH). The KOW1 and KOW4 domains change 

conformation upon pause release, resulting in clamp opening. B) Surface model of Pol II-

DSIF. The Spt5 NGN and KOW1 domains (shown in orange) form a clamp around the 

upstream DNA (purple) and the Spt5 KOW4 and KOW5 domains (orange) form a clamp 

around the nascent RNA (blue). PDB ID: 6GML.
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Figure 3: Half-translocated RNA-DNA duplex in the paused RNA polymerase active site.
A) The RNA-DNA duplex observed in the Pol II-DSIF-NELF structure (colored, PDB ID: 
6GML) is in a “tilted” conformation relative to the RNA-DNA duplex observed in the Pol 

II-DSIF structure (grey, PDB ID: 5OIK). B) The RNA-DNA hybrid in the active site of the 

paused bacterial RNA polymerase (colored, PDB ID: 6ASX) adopts a similarly tilted 

conformation compared to the hybrid in the active site of a post-translocated RNA 

polymerase (grey, PDB ID: 6ALF).
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Figure 4: Conserved Spt5 and NELF P-TEFb phosphorylation sites.
Ten of the residues identified as putative P-TEFb phosphorylation sites on human Spt5 are 

conserved or semi-conserved (Ser or Thr) in Drosophila Spt5. In contrast, only one putative 

NELF-A phosphorylation site is semi-conserved from human to Drosophila and three 

putative NELF-E phosphorylation sites are conserved from human to Drosophila. The S666 

and T806 in Spt5 (red) have been identified as critical participants in the phosphatase-kinase 

switch that governs pausing and pause release dynamics[78]; both residues are conserved in 

Drosophila.
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Figure 5: Summary of the factors involved in promoter proximal pausing.
A) Pol II pausing occurs ~30–60 nt downstream of the transcription start site and requires 

DSIF and NELF, which function cooperatively; TFIID helps promote pausing[59]. The pre-

EJC helps maintain pausing at genes with long introns[62]. Additional “Factor X” proteins 

may contribute to pause stabilization. B) TFIID, perhaps in a different conformation than in 

(A), helps recruit P-TEFb and the SEC to the elongation complex[104]. H3K9ac can also 

facilitate recruitment of the SEC[140], a process that can be inhibited by histone 

deacetylases[139, 141]. C) The phosphatase PP4 promotes pausing by maintaining the 

dephosphorylated state of DSIF[78]. P-TEFb inactivates PP4 through phosphorylation and 

phosphorylates DSIF, NELF, and potentially phosphorylates the Pol II CTD. This results in 

the ejection of NELF from the elongation complex. For some genes, pause release can be 

triggered by enhancer activation, which is in turn inhibited by PAF1C[126]. D) Pause release 

is accompanied by association of elongation factors like Spt6 and PAF1C with the 

elongation complex, allowing the transition into productive elongation[73, 74]. TFIIS binds 

and rescues backtracked Pol II (not shown)[128, 129]. E) At human and some Drosophila 
promoters, the +1 nucleosome acts to stabilize paused Pol II[30, 31]. In Drosophila, FACT 

promotes pausing, possibly by stabilizing the +1 nucleosome[127]. In humans, SNF2H 

promotes nucleosome-stabilized pausing[30]. In the absence of pausing factors, 

nucleosomes act as barriers to productive transcription. These barriers can be relieved by 

chromatin remodelers SWI/SNF[135].
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Table 1:

Overview of Tools and Techniques for the Study of Promoter Proximal Pausing

Type Tool/Technique Utility

Genome-wide Pol II and 
transcription factor 
mapping

ChIP, ChIP-seq, ChIP-exo, ChIP-nexus Determination of the location of Pol II and its binding partners

Genome-wide Pol II 
mapping

Permanganate ChIP-seq, GRO-seq, PRO-seq, 
ChRO-seq, NET-seq, chromatin-associated 
nascent transcript sequencing

Mapping of transcriptionally engaged Pol II

Pol II mapping Nuclear walk-on assay Quantitative assessment of pausing

Pol II mapping Reporter ChIP-nexus Evaluation of Pol II pausing on transfected plasmids

Genome-wide Pol II and 
transcription factor 
mapping

Drosophila polytene chromosome staining Observing association of Pol II and other factors such as 
NELF and DSIF with chromosomes

Cell free Nuclear extract pausing assays Study of individual factors in semi in vivo conditions

Cell free Electrophoretic mobility shift assay Examination of binding effectiveness between Pol II and 
pausing factors; useful for targeted mutagenesis studies of 
NELF and DSIF domains

Cell free Reconstituted pausing assay using purified 
Pol II, DSIF, NELF. HSF1, and PIC 
components

Potentially transformative for in vitro mutagenesis-function 
studies of pausing factors

Drug Triptolide Inhibition of Pol II initiation; useful for estimates of Pol II 
pause half life

Drug Flavopiridol, DRB, other P-TEFb inhibitors Inhibition of Pol II pause release

Drug Pol II-DSIF inhibitors May provide significant insight into the role of DSIF in 
pausing

Structural data Structures of Pol II-DSIF-NELF and Pol II-
DSIF-Spt6-PAF

Critical roadmaps for designing biochemical studies
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Table 2:

Phosphorylation of Spt5, NELF-A, and NELF-E

Human Drosophila

Spt5

S148 E184

S149 S185**

T153 R189

S666 S707**

S671 S712**

S686 A722

S763 S799**

T775 T815**

T784 T825**

T791 T832**

T799 R840

T806 T847**

S814 T855*

T828 T868**

NELF-A

S3 N3

T157 P160

S225 G228

T227 R230

S230 T233*

S233 G236

T239 R241

S244 R246

T246 P248

T277 Q279

T297 --

S363 K363

NELF-E

S49 S44**

S131 N132

Y133 Y134**

S140 R141
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Human Drosophila

S179 --

S181 --

S185 --

S187 --

S191 --

S353 S260**

**
Conserved residue

*
Semi-conserved Residue
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