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Summary. 

The RNA polymerase II (Pol II) transcribes all mRNA genes in eukaryotes and is among the most highly 

regulated enzymes in the cell. The classic model of mRNA gene regulation involves recruitment of the 

RNA polymerase to gene promoters in response to environmental signals. Higher eukaryotes have an 

additional ability to generate multiple cell types. This extra level of regulation requires that each cell 

interpret the same genome by committing to one of the many possible transcription programs and 

executing it in a precise and robust manner. Whereas multiple mechanisms are implicated in cell type-

specific transcriptional regulation, how one genome can give rise to distinct transcriptional programs and 

what mechanisms activate and maintain the appropriate program in each cell remains unclear. This review 

focuses on the process of promoter-proximal Pol II pausing during early transcription elongation as a key 

step in context-dependent interpretation of the metazoan genome. We highlight aspects of promoter-

proximal Pol II pausing, including its interplay with epigenetic mechanisms, that may enable cell type-

specific regulation, and emphasize some of the pertinent questions that remain unanswered and open for 

investigation. 
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Gene transcription: a moving target. 

Promoter-proximal RNA polymerase II (Pol II) pausing involves a temporary halt of transcription 

elongation within the first ~100 nucleotides downstream of the transcription start site (TSS) (Figure 1). A 

key hallmark of promoter-proximal pausing is accumulation of Pol II near the promoter without the 

corresponding enrichment within the gene body (Kim et al. 2005; Guenther et al. 2007; Muse et al. 2007). 

Originally discovered on heat shock genes in Drosophila (Gilmour and Lis, 1986; Rougvie and Lis, 1988; 

Giardina et al. 1992; Rasmussen and Lis, 1993), pausing is now known to be widespread in metazoans 

(Core et al. 2012) (reviewed in (Adelman and Lis, 2012)) and is implicated in many regulatory processes 

including organism development, cellular responses to signals, and differentiation (Muse et al. 2007; 

Zeitlinger et al. 2007; Min et al. 2011; Saha et al. 2011; Chen et al. 2013a; Lagha et al. 2013; Williams et 

al. 2015). Its original discovery on environmentally responsive, exceptionally highly inducible heat shock 

genes suggested that accumulation of paused Pol II prepares these, and by extension other genes, for 

future activation. However, recent reports from multiple groups suggest that poising genes for activation 

may be but one function of pausing. For example, it is now well established that the presence of paused 

Pol II is not repressive (reviewed in (Nechaev and Adelman, 2008; Adelman and Lis, 2012)). In fact, Pol 

II pausing is generally associated with active genes (Guenther et al. 2007; Core et al. 2008), and can even 

be retained on genes during their activation (Danko et al. 2013; Samarakkody et al. 2015). Furthermore, 

work in human breast cancer cells demonstrated that the presence of paused Pol II prior to activation does 

not correlate with how rapidly a gene would be activated by the hormone beta-estrogen (E2) (Hah et al. 

2011). On the other hand, whereas pausing is associated with active genes, its correlation with gene 

activity across the genome is rather poor, as shown in Drosophila and human cells (Nechaev et al. 2010; 

Samarakkody et al. 2015) (Figure 2). These observations suggest that rather than controlling the absolute 

levels of transcription, pausing “licenses” Pol II to proceed into synthesizing mRNA. Borrowing an 

analogy from the automobile, pausing is a stop at the charging station: while it may appear to an outside 
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observer as just an impediment that merely slows down the flow of traffic, it is in fact beneficial, and one 

may argue essential for the enzyme to proceed to the destination.  

Consistent with pausing being a regulatory checkpoint, Pol II at promoters is increasingly 

implicated in multiple processes including long-distance interactions within the nucleus (Li et al. 2012), 

direct competition with nucleosomes at the promoter regions (Gilchrist et al. 2010) and generation of 

short RNAs with potentially regulatory function (Affymetrix and ENCODE Transcriptome Project, 2009; 

Taft et al. 2009; Kanhere et al. 2010; Zamudio et al. 2014; Carissimi et al. 2015). However, while the 

importance of pausing in gene transcription is no longer disputed, the fundamental roles of pausing in 

gene regulation remain to be understood.  

Regulation of early elongation: a checkpoint on every gene? 

Early transcription elongation involves multiple steps that could serve as points for regulation. 

The entry of Pol II into the paused state (establishment of pausing) and its exit into productive elongation 

(pausing release) to synthesize mRNA are directly controlled by the Negative ELongation Factor (NELF) 

(Yamaguchi et al. 1999) and Positive Transcription Elongation Factor b (P-TEFb), respectively (Marshall 

and Price, 1995; Zhu et al. 1997) (Figure 1). Because of their critical role in transcription, each of these 

steps is the subject of active investigation. Over the years, it has become clear that both NELF and P-

TEFb activities are themselves regulated by multiple factors (Lee et al. 2008), (reviewed in (Jonkers and 

Lis, 2015)), the repertoire of which continues to be unravelled at a rapid pace.  

Setting up pausing: Not-so-Negative Elongation Factor. Pol II pausing is established by the 

five-subunit NELF complex (Yamaguchi et al. 1999; Narita et al. 2003). NELF likely functions as a 

single complex, since RNA interference based depletion of individual NELF subunits results in the 

corresponding reduction of levels of other NELF subunits (Gilchrist et al. 2008; Sun and Li, 2010), with a 

possible exception of NELF C/D (Sun and Li, 2010), and requires an additional complex, the DRB 

Sensitivity Inducing Factor (DSIF) (Wada et al. 1998) to function. NELF action involves interaction of its 
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smallest subunit, NELF-E, with RNA. This invokes earlier work in bacteria wherein folding of the 

nascent RNA into a stem loop was shown to directly increase the probability of RNA polymerase pausing 

(Artsimovitch and Landick, 1998; Toulmé et al. 2005). A similar mechanism may have been adopted by 

Pol II (Zamft et al. 2012), except that in the case of promoter-proximal pausing the stem loop RNA 

structure is functionally replaced by a dedicated factor. That NELF-E can interact with a wide variety of 

RNA structures (Yamaguchi et al. 2002) is consistent with a role of NELF in pausing of many if not all 

genes (Missra and Gilmour, 2010; Pagano et al. 2014). The regulatory role of NELF-RNA interaction 

remains to be fully elucidated, although recent work showed that RNAs acting in trans can displace NELF 

from the paused complexes and trigger the release of paused Pol II into productive elongation 

(Schaukowitch et al. 2014). 

Despite the rapid progress in understanding Pol II pausing, many important questions on NELF 

function remain to be answered. First, it remains uncertain whether NELF is brought in to Pol II 

independently or coupled to another process during transcription initiation. In addition to its requirement 

for the DSIF factor (Wada et al. 1998; Yamaguchi et al. 1999), NELF complex has been shown to interact 

with proteins such as RNA CAP-Binding Complex (CBC) (Narita et al. 2007; Ghosh et al. 2011), BRCA-

1 (Ye et al. 2001), Estrogen Receptor alpha (ERa) (Aiyar et al. 2004), or the Integrator (Stadelmayer et al. 

2014; Yamamoto et al. 2014a). These observations suggest that NELF recruitment to the promoter can be 

coupled with transcription initiation and, further, can be regulated both in a global and gene specific 

manner. Second, it remains unclear whether NELF is required for transcription of all genes and, 

specifically, whether a gene can be sustainably transcribed without Pol II undergoing pausing or 

involvement of NELF. Yeast (S. cerevisiae) and worms (C. elegans) appear to lack NELF, suggesting that 

NELF function could in principle be dispensable. Accordingly, C. elegans shows pausing at a reduced 

level (Chen et al. 2013b) and yeast appear to lack pausing at the promoter-proximal regions altogether 

(Keaveney and Struhl, 1998; Alexander et al. 2010). However, the global distribution of NELF (the 

NELF-B homolog, Cofactor of BRCA-1, COBRA1) in mouse embryonic stem cells closely follows that 
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of Pol II (Rahl et al. 2010), indicating that NELF accompanies transcription initiation events consistently 

on all genes and suggesting that NELF is involved in transcription of most if not all genes in higher 

organisms. Third, even on a paused gene, it is unclear whether NELF is involved in all transcription 

initiation events at a given promoter. While the presence of NELF marks a paused gene, it is possible that 

it is involved only in a portion of individual transcription initiation events. We suggest that availability of 

NELF, or a functionally similar factor, may explain recently described events such as transcriptional 

bursts (Singh et al. 2010; Bothma et al. 2014) or transcriptional ‘memory’ (Cesbron et al. 2015). 

Consistent with its involvement in regulation, NELF levels are altered in cancer cells (Sun et al. 2008). 

Further studies of NELF dynamics will help reveal the mechanisms of Pol II pausing in different systems 

and environmental conditions.  

If establishing pausing is the only role of NELF, then reducing NELF levels in the cells is 

expected to increase Pol II output, because pausing would no longer impede the passage of polymerase. 

However, when NELF levels are depleted using RNA interference approaches, most genes in mouse and 

Drosophila cells in fact exhibit a reduction in transcription (Amleh et al. 2009; Gilchrist et al. 2010), 

suggesting that NELF - and pausing - stimulate transcription. Accordingly, NELF knockouts are 

embryonic lethal and its conditional knockouts lead to spontaneous death of mice (Amleh et al. 2009). 

However, recent work demonstrated that mouse embryonic fibroblasts (Sun et al. 2011), cardiomyocytes 

(Pan et al. 2014), blastocysts (Amleh et al. 2009) or embryonic stem cells (Williams et al. 2015) can 

survive at least for several days in culture without a functional NELF-B gene, indicating that transcription 

can take place without NELF, or at least with greatly diminished amounts of residual NELF (Sun et al. 

2011; Williams et al. 2015). Importantly, knockout of NELF-B resulted in failure of mouse embryonic 

stem cells to differentiate in vitro, suggesting that the NELF complex - and by extension Pol II pausing - 

is required for proper cell differentiation (Williams et al. 2015). One possibility that may explain its 

requirement for transcription is that NELF is a general transcription factor that must be involved in at 
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least a minimal proportion of transcriptional events on most or all genes. The requirements for NELF in 

gene expression in different cell types remain to be fully understood. 

Release of pausing: P-TEFb. The positive transcription elongation complex P-TEFb, which 

consists of the cyclin T1 and Cdk9 kinase subunits, phosphorylates several proteins including NELF, Pol 

II, and Spt5 component of the DSIF complex in a process that accompanies the release of paused 

polymerase into productive elongation (reviewed in (Peterlin and Price, 2006)), and is found on promoter 

regions of many genes (Schwartz et al. 2012). On Pol II, P-TEFb is suggested to phosphorylate Serine 2 

of the largest polymerase subunit C-terminal Domain (CTD) repeat with YSPTSPS consensus sequence 

(reviewed in (Buratowski, 2009; Heidemann et al. 2013)), although in vitro work points to Serine 5 as a 

target of P-TEFb (Czudnochowski et al. 2012). Treatment of cells with inhibitors of Cdk9, 5,6-Dichloro-

1-β-D-ribofuranosylbenzimidazole (DRB)(Chodosh et al. 1989) or flavopiridol (Chao et al. 2000) leads to 

the overall suppression of transcription, indicating that P-TEFb continuously functions on most if not all 

Pol II transcribed genes (Ni et al. 2008; Jonkers et al. 2014). Indeed, the function of P-TEFb is conserved 

in eukaryotes as yeast contains kinases Bur1 and Ctk1 that phosphorylate the CTD at Serine 2 (Keogh et 

al. 2003; Ahn et al. 2009). However, in an apparent contradiction to the global role of P-TEFb in 

transcription, some genes were shown to be upregulated in the presence of P-TEFb inhibitors (Gomes et 

al. 2006; Keskin et al. 2012; Ni et al. 2004) transcription of some genes in human fibroblasts was shown 

to be upregulated in the presence of flavopiridol, indicating that the requirement for P-TEFb for 

transcription can in principle be bypassed. On the other hand, recent work showed that this residual 

transcription results from redistribution of the available P-TEFb to a small number of genes and that the 

residual transcription in the presence of a novel specific P-TEFb inhibitor still involves CTD 

phosphorylation by the remaining P-TEFb (Lu et al. 2015). Whether and when the P-TEFb function can 

be compensated by additional kinases (Bartkowiak et al. 2010) remains to be determined.  

Consistent with its importance in Pol II transcription, the activity of P-TEFb in the cell is tightly 

regulated. Elevated levels of P-TEFb are associated with cancer transformation (Moiola et al. 2010), and 
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P-TEFb components, particularly CDK9, are targets for anti-cancer therapies (reviewed in (Romano, 

2013)). Much of P-TEFb in the cell is found in a nucleoprotein complex that contains several dedicated 

protein components and a non-coding 7SK RNA (Nguyen et al. 2012), which sequesters P-TEFb away 

from Pol II (reviewed in (Peterlin and Price, 2006)). Activation of P-TEFb for pause release involves its 

dislodging from the 7SK complex and recruitment to promoters. The mechanisms for the recruitment of 

P-TEFb to promoters may include interaction with chromatin remodelling factors such as BRD4 (Jang et 

al. 2005) (reviewed in (Chen et al. 2014; Peterlin and Price, 2006)), Mediator (Donner et al. 2010; 

Ebmeier and Taatjes, 2010), association with transcription factors that bind DNA such as NF-KB and c-

Myc, an RNA-based interaction such as the case for the Human Immunodeficiency Virus (HIV) promoter 

(reviewed in (Peterlin and Price, 2006)), or large protein complexes such as Super Elongation Complexes 

(Lin et al. 2011; Smith et al. 2011) or Integrator (Gardini et al. 2014). These findings arising from a 

rapidly growing field suggest that, like NELF, P-TEFb can act both globally and in a gene-specific 

manner.  

Whereas the kinase activity of P-TEFb is associated with the release of paused Pol II into 

productive elongation, how P-TEFb phosphorylation triggers the release remains to be fully understood. 

The existence of several possible targets that can be phosphorylated by P-TEFb at the promoter region, 

including NELF, DSIF, and Pol II CTD, suggests that phosphorylation requirements of these factors 

could vary for different genes or at different conditions. Interestingly, genes have been shown to have 

different elongation velocities in human cells (Danko et al. 2013), offering an intriguing possibility that 

the speed of transcription elongation in the body of a gene may be pre-determined early on, including 

during pause release. It is also worth noting that c-Myc and NF-kB are transcription factors that have been 

classically considered to act on transcription initiation through Pol II recruitment to promoters (reviewed 

in (Dang et al. 1999; Levens, 2003)). That they also interact with P-TEFb to encourage pause release 

suggests that P-TEFb may be brought in to the promoter together with Pol II in a process that tightly 

integrates initiation and early elongation.  
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Pausing duration: hitting the balance? Promoter-proximal Pol II pausing takes place within the 

same distance on all genes, peaking at approximately 35 nucleotides from the transcription start site. This 

notion is based on global sequencing of short capped RNAs generated by paused polymerase as well as 

on high-resolution Global Run-on sequencing (Gro-Seq) analyses in Drosophila and mammalian systems 

(Nechaev et al. 2010; Core et al. 2014; Samarakkody et al. 2015). These observations suggest that the 

basic mechanisms of promoter-proximal pausing are similar for all genes in the cell and are conserved 

across metazoans. Given this conservation, the molecular mechanisms that establish pausing and control 

its duration must also be conserved across organisms and highly robust across different cell types and 

environmental conditions. In particular, pausing must occur in different cell types, on genes displaying 

varying levels of promoter activity, and the process must be resistant to changes in the environment 

(Brown et al. 1996; Samarakkody et al. 2015). Consistent with the robust control of pausing, 

measurements of the stability of paused complexes in mouse embryonic stem cells across the genome 

using the specific inhibitor of TFIIH, triptolide, (Vispé et al. 2009) demonstrated that most genes show a 

rather tight distribution of Pol II pause duration times, centered at about 7 minutes (Jonkers et al. 2014). 

Interestingly, recent work in human (HeLa) cells suggested that some genes, including FOS, can be 

outliers and undergo an order of magnitude longer pausing, with complexes remaining essentially stable 

even after an hour of exposure to triptolide (Chen et al. 2015). While these findings offer an exciting 

possibility that pausing duration can be regulated in a gene-specific manner, the extent and mechanisms 

of such regulation remain to be characterized.  

The point of pausing: is it worth not stopping by? 

Recent findings indicate that promoter-proximal pausing represents the principal form of Pol II 

on promoters of metazoan genes, and that other Pol II complexes at the promoter, including closed and 

open preinitiation complexes, are much more transient and represent at best only a small proportion of Pol 

II. There are at least two lines of evidence in support of this notion. First, the magnitude of Gro-seq 

signal, which represents Pol II actively engaged in RNA synthesis, corresponds well with the abundance 
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of Pol II detected by ChIP at the promoter regions, suggesting that Pol II present at promoter regions is 

indeed engaged in elongation (Core et al. 2012). Second, genome-wide permanganate reactivity profiling 

shows the absence of permanganate reactivity of open complexes at transcription start sites in Drosophila 

S2 cells (Li et al. 2013). Notably, open promoter complexes are not detectable even during robust 

activation of the Drosophila (Giardina et al. 1992) and human Hsp70 gene (Samarakkody et al. 2015), 

suggesting that pausing remains the slowest transcriptional intermediate even at the conditions of 

transcriptional activation (Boehm et al. 2003). It is worth noting that because both Gro-Seq and 

permanganate footprinting approaches detect only functional Pol II, but not closed promoter complexes, it 

remains possible that some proportion of Pol II exists in a closed complex without opening the 

transcription bubble or synthesizing RNA. While the presence of such a complex cannot be completely 

ruled out, given the high degree of correspondence between different assays that measure Pol II 

abundance (Core et al. 2012), the putative stable closed complex must coexist with the paused Pol II on 

the same gene copy, which was previously deemed unlikely (Li et al. 2013). We note that this appears to 

be in contrast to lower organisms including yeast, where stable open complexes, but not paused 

complexes, are detectable in vivo (Giardina and Lis, 1993; Giardina and Lis, 1995; Guzmán and Lis, 

1999; Rhee and Pugh, 2012), further indicating that Pol II pausing is in principle a regulatory, not 

obligatory, step of transcription.  

Pol II pausing presents multiple opportunities for regulatory inputs (Figure 1). At an average half-

life of 5 to 10 minutes (Jonkers et al. 2014), individual pausing events are sufficiently long to enable 

several proteins to interact with the same paused Pol II molecule even if these interactions are separated 

in time. Pausing can thus enable integration of “hit and run” regulatory inputs such as distinct 

transcription factors (Henriques et al. 2013) that would release paused Pol II only if interactions take 

place in a certain sequence that forms the “molecular password”. Indeed, observation of transcription 

factor dynamics offers support for this provocative “hit and run” model of gene regulation (Sung et al. 

2014; Stavreva et al. 2015). Another mechanism may involve interaction of paused Pol II with other loci 
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in trans. The involvement of a structural factor cohesin (Fay et al. 2011; Lin et al. 2013; Schaaf et al. 

2013) in the interaction with paused Pol II suggests that Pol II complexes can directly connect distant 

gene loci in a dynamic, transcription-dependent manner (Kagey et al. 2010). Furthermore, the recently 

described superenhancers have been proposed to provide an integrated platform that enables concerted, 

cell type specific regulation of genes across the genome (Hnisz et al. 2013; Lovén et al. 2013; Whyte et 

al. 2013). A third mechanism involves direct competition of Pol II with chromatin, as paused Pol II has 

been shown to compete with nucleosomes for binding to the initially transcribed regions of genes in 

Drosophila (Gilchrist et al. 2008; Gilchrist et al. 2010). Lastly, it is possible that the paused Pol II itself 

can serve as a transcription factor to encourage recruitment of additional Pol II molecules such as that 

during signal response. This model was proposed previously (Rasmussen and Lis, 1995). Indeed, imaging 

of Drosophila polytene chromosomes using fluorescence recovery after photobleaching (Yao et al. 2006) 

showed that Pol II on heat shock Hsp70 gene became locally recycled for subsequent rounds of 

transcription at the conditions of activation by heat shock. These results suggest that transcription during 

signal responses may be governed by mechanisms that are different from steady state transcription before 

activation (Yao et al. 2006). In this regard, finding that pausing can be retained on genes during activation 

(Brown et al. 1996; Lis, 1998; Samarakkody et al. 2015) suggests that paused Pol II can continue to 

function during gene activation, to coordinate interaction with distinct sets of transcriptional factors in 

basal versus activated conditions, or moderate the extent of gene activation (Figure 3). 

Despite the widespread occurrence of Pol II pausing, the question of whether genes can be 

transcribed without undergoing pausing remains open. First, available data cannot distinguish whether 

“non-paused” genes (for example, (Chen et al. 2015)) in fact always bypass pausing. At least some, but 

not all, non-paused genes may have been designated as non-paused because of the low intrinsic activity of 

their promoters, and in fact become paused as the gene is activated, such as the SNAI2 gene in human 

MCF-7 cells (Samarakkody et al. 2015). Analysis of Pol II pausing by global sequencing of short RNAs 

indicated that non-paused genes show the same paused signature, albeit at lower levels (Nechaev et al. 
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2010), indicating that non-paused genes undergo low-level pausing in the same location in respect to the 

transcription start site. However, it is still unclear whether the “low-level” pausing involves lower 

duration of pausing for individual transcription events or, alternatively, a lower probability of pausing for 

each transcription event, but with the same duration. Second, and conversely, available data cannot 

exclude a possibility that even on highly paused genes, some individual transcription events bypass 

pausing. Analysis of several individual genes in Drosophila S2 cells (Henriques et al. 2013) estimated the 

fractional occupancy of Pol II at over 50%, suggesting that most if not all copies of these genes can be 

occupied by Pol II at a given time. However, the occupancy of Pol II on the highly paused Snail 

transcription factor (SNAI1) gene in human breast cancer MCF-7 cells was estimated at less than 40%, 

suggesting that most genes in MCF-7 cells, including highly paused genes, are not fully occupied by Pol 

II. Some of this lower occupancy may be explained by transcriptional events that bypass the pausing step.  

One important question relating to the dynamics of pausing is whether the same gene can change 

its pausing status, such as during cell differentiation or as a result of exposure to stimuli, and what factors 

can trigger such a change. We propose that a biological role of Pol II pausing is to moderate the extent of 

a transcriptional response by limiting the turnover of molecules during activation (Figure 3). Taken 

genome-wide, the presence of paused Pol II enables the cell to maintain expression levels of key 

regulatory genes and thus maintain the transcription network (Gilchrist et al. 2012; Henriques et al. 2013). 

We propose further that normal cell differentiation is accompanied by concerted changes in Pol II pausing 

status across the genome. Consequently, a spurious change in pausing status resulting from an exposure to 

an environmental challenge can alter the ability of cells to respond to a signal and contribute to unwanted 

changes including cancer. It has been proposed that genes can change their “pausing class“ between 

different cell types (Min et al. 2011), but the scope of such changes during cell differentiation as well as 

mechanisms underlying such changes remain to be fully determined.  

A word with many meanings: Roles of the DNA sequence in dynamic regulation of Pol II pausing. 
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Analysis in Drosophila S2 cells showed that paused genes contain distinct DNA sequence 

signatures within their initially transcribed regions (Kutach and Kadonaga, 2000; Hendrix et al. 2008; 

Nechaev et al. 2010). The probability of Pol II to pause on a given gene depends on the nucleotide 

sequence of its initially transcribed region and is directly dependent on the stability of the DNA-RNA 

hybrid in the enzyme’s active center (Kireeva et al. 2000). Importantly, this mechanism transmits the 

sequence context information within the initially transcribed regions of genes directly to Pol II. As a 

caveat, however, we note that because C+G context is different between Drosophila and mammals 

(which have CpG islands around promoters of many genes) (Core et al. 2008; Rozenberg et al. 2008), 

regulation of pausing in these systems might be different from that in Drosophila. 

Two models could in principle contribute to interpreting the sequence context of promoter-

proximal regions by the transcriptional machinery. The first is the kinetic model, wherein the probability 

of pausing on a gene depends on the velocity of the elongating Pol II. As a result, NELF, which is known 

to slow down the transcribing Pol II (Cheng and Price, 2007; Li et al. 2013), can induce pausing in a 

gene-specific manner depending on the initially transcribed DNA sequence. Another model is the 

“molecular ruler” model, wherein the location at which Pol II pauses is determined by interaction with a 

protein independent of the DNA sequence, and probability of pausing at given conditions is determined 

by the availability of this factor. The possibility for kinetic control of pausing has been demonstrated 

through mutations in Pol II and depletion of NELF factor (Li et al. 2013) in Drosophila. However, Pol II 

pausing location at the heat shock gene did not change with activation in human cancer cells (Brown et al. 

1996; Samarakkody et al. 2015), indicating that regulation of pausing can vary between species or genes. 

The importance of the DNA sequence in setting up pausing was directly demonstrated in Drosophila 

HSP70 transgene, as the precise location of pausing in the transgenic flies followed the sequence if it was 

moved 5 nucleotides downstream of its original location (Kwak et al. 2013). However, extension of the 

pausing sequence by an additional 5 nucleotides for the total of 10 restored Pol II pausing to its original 

distance from the TSS. This result suggests that Pol II pausing is controlled through multiple mechanisms 
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that sense the local sequence context by monitoring the efficiency of Pol II elongation, but additionally, 

limit the “degrees of freedom” through sequence-independent mechanisms. The responsiveness to signals 

that are hard-wired in the genomic sequence and dynamic inputs from transcription and epigenetic factors 

places Pol II pausing as a key step in context-dependent interpretation of the genome. 

Parting the chromatin: Friend or foe? 

Gene transcription takes place in the context of chromatin (reviewed most recently in (Venkatesh 

and Workman, 2015)), and Pol II can interact with nucleosomes through multiple mechanisms. First, gene 

promoters are known to serve as center points, relative to which the nucleosomes are positioned (Mavrich 

et al. 2008a; Afek et al. 2011). However, nucleosome-free regions (NFRs) are also well defined in yeast, 

which appear to lack ubiquitous promoter-proximal pausing (Rhee and Pugh, 2012), indicating that it is 

not pausing, but the promoter itself that may be responsible for establishing the NFR. On the other hand, 

nucleosomes have been proposed to enhance promoter-proximal pausing (Fuda et al. 2015; Jimeno-

González et al. 2015) as also evidenced by shifting of nucleosome locations by paused Pol II (Mavrich et 

al. 2008b), indicating their direct physical interaction. In support of this notion, recent work demonstrated 

that the chromatin remodeler Chd1 is required for the positioning of promoter-proximal nucleosomes and 

for the escape of paused Pol II into productive elongation (Skene et al. 2014). Second, paused Pol II can 

compete with nucleosomes for binding in the promoter-proximal regions, as shown in Drosophila. In 

particular, the very same sequences that encourage Pol II pausing at the initially transcribed regions of 

genes were also shown to favour positioning of nucleosomes (Gilchrist et al. 2010), as depletion of NELF 

using RNA interference in Drosophila S2 cells resulted in the replacement of Pol II at previously paused 

genes with nucleosomes, leading to repression of the genes. Crucially, non-paused genes in the same cells 

did not show the increase in nucleosome occupancy upon NELF depletion (Gilchrist et al. 2010), 

indicating that the initially transcribed regions of genes specify the dynamic competition between Pol II 

and chromatin, but only on a subset of genes. Taken together, these observations suggest that the static 

genome can encode distinct regulatory states of a gene (Adelman and Lis, 2012) and, taken globally, 
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specify the gamut of alternative states of the transcriptome through initially transcribed sequences of 

mRNA genes.  

While nucleosomes have been shown to compete with paused Pol II, it remains unclear whether 

this competition takes place as dynamic replacement (on a minute time scale) on the same DNA molecule 

or, alternatively, reflects stable differences between paused and inactive, chromatin-occupied, gene states 

and could potentially account for natural heterogeneity in cell populations, including stem cells (Graf and 

Stadtfeld, 2008; Marks et al. 2012). In this regard, promoter-proximal nucleosomes have been shown to 

be enriched in H2AZ (and H3.3) variant histones (reviewed in (Jin and Felsenfeld, 2007)), which 

intrinsically bind less stably to DNA, perhaps facilitating their dynamic exchange with Pol II during 

transcription.  

In the wake: covalent modifications in early transcription elongation. 

In addition to physical rearrangement of nucleosomes, the process of transcription involves changes in 

covalent histone modifications (Venkatesh and Workman, 2015). A number of histone modifications have 

been shown to selectively mark active or inactive genes, leading to the hypothesis of the “histone code” as 

a mechanism that enables interpretation of the genome in a cell type-specific manner. As H3K4Me3, or 

H3K9/K14 acetylation is associated with promoter-proximal regions, it is possible that Pol II pausing 

plays an important role in establishing these marks. Indeed, H3K4me3 and H3K9/K14ac marks have been 

associated with promoter enrichment of Pol II (Guenther et al. 2007; Rahl et al. 2010), not necessarily 

with transcriptional activity (Vastenhouw et al. 2010). This is in contrast to active elongation-specific 

marks in downstream regions of genes such as H3K36me3 (Rahl et al. 2010). However, just as the case 

with nucleosome positioning, whether the modification is a cause or consequence of transcriptional 

activity, or pausing, remains to be determined.  

  Histone H3K27 trimethylation is associated with heterochromatin and is generally considered a 

repressive gene mark (Mikkelsen et al. 2007). In stem cells, however, the so-called “bivalent” genes carry 
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both H3K27 and H3K4 trimethylation marks (Azuara et al. 2006; Bernstein et al. 2006; Mikkelsen et al. 

2007), (reviewed in (Voigt et al. 2013)), leading to a hypothesis that the bivalency at the histone level 

established in stem cells is resolved into active or repressive marks upon differentiation (Rodriguez et al. 

2008). Importantly, it is the same nucleosome that can carry both marks (Bernstein et al. 2006), 

suggesting that distinct mechanisms are involved in establishing the bivalent chromatin state. Mass-

spectrometry analysis (Voigt et al. 2012) demonstrated that nucleosomes can contain both symmetric and 

asymmetric modifications (different marks in each copy of H3 histone within the same nucleosome). 

Because H3K27 and H3K4 marks were not found on the same peptide within one nucleosome, it is likely 

that the histone modification ‘writers’ may be sensitive to pre-existing modifications to introduce 

combinatory marks, representing another level of the histone code.  

Additional modifications such as H3S10 phosphorylation have been shown to occur after Pol II 

initiation, but before release from the paused state by P-TEFb (Ivaldi et al. 2007), suggesting that the full 

gamut of histone code associated with pausing is yet to be defined. Modifications such as H3K27 

acetylation have been shown to be associated with super-enhancers (Achour et al. 2015), although the 

direct involvement of pausing with enhancers has not yet been demonstrated. It is tempting to speculate 

that paused Pol II interacts with super-enhancers to enable cell type specific gene rearrangement within 

the nucleus. As the mechanisms of generating cell-type specific enhancers remain uncertain (Pott and 

Lieb, 2015), exploring transcription regulation by enhancers will be the subject of future work. 

Small RNAs – reading promoters between the lines? 

Paused Pol II has been recently shown to undergo “premature” termination at the initially transcribed 

regions (Zamudio et al. 2014). This termination, which occurs in promoter-proximal regions to generate a 

short RNA (Figure 1), is distinct from the well-known process of termination that occurs at the 3’-ends of 

genes to produce the mRNA, but may involve at least some of the same factors. Premature termination 

has been shown to take place in promoter-proximal regions of genes in yeast (Terzi et al. 2011), providing 

a rationale for the existence of similar mechanisms in higher organisms. Importantly, the Nrd1-Nab3-
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Sen1 termination pathway involved in promoter-proximal termination in yeast involves proteins that 

interact with nascent RNAs, indicating that transcription termination in metazoans could take place 

through similar mechanisms, but would also involve (or require) a stably paused complex. Indeed, the 

termination factor TTF2, which acts through the RNA-mediated termination pathway involving the Xrn2 

exonuclease, was found at the promoter regions of many genes in mammalian cells (Brannan et al. 2012; 

Wagschal et al. 2012). Direct evidence for functional promoter-proximal termination in metazoans comes 

from the detection of short capped RNAs dissociated from paused Pol II complexes on Hsp70 gene 

(Buckley et al. 2014) and detection of 3’-oligoadenylated short capped RNAs through post-transcriptional 

processing (Preker et al. 2011; Valen et al. 2011; Henriques et al. 2013). We note that while NELF has 

been traditionally considered a pausing factor, studies suggest that it can also serve as a termination factor 

in downstream regions of genes (Egloff et al. 2009). More recently, NELF has been shown to be involved 

in promoter-proximal termination of the HIV RNA through recruiting the PCF11 termination factor 

(Natarajan et al. 2013). Taken together, these results raise an intriguing possibility that in addition to 

pausing, NELF may be also involved in promoter-proximal termination. 

Discovery of promoter-proximal termination hints at an exciting possibility that the short 

noncoding RNAs generated by paused Pol II can function in the cell. Sequencing of small RNAs 

physically associated with miRNA processing machinery (specifically, the Argonaute 2 protein) in the 

mouse identified miRNAs generated from 5’-regions of many genes (Carissimi et al. 2015), lending 

experimental support to the idea that these RNAs that can function in trans. In addition to its processing 

to miRNAs, which could function translationally or at the transcription level, the unprocessed short RNAs 

generated by paused Pol II can in principle function as well. Indeed, short RNAs have been demonstrated 

to affect transcription of genes in a sequence-specific manner (Janowski et al. 2005). These exciting 

findings may prompt the field to revisit the role of a metazoan gene promoter as a mechanism for delivery 

of Pol II to the pausing site. The actual product of this transcription event, short RNA or mature, 

“conventional” transcript, would then be determined at the level of pause release.   
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Conclusions and perspectives: 

The perception of promoter-proximal pausing has transitioned from a peculiar phenomenon to a 

commonly recognized widespread step in Pol II gene transcription. Whereas great progress in 

understanding the role of pausing in gene regulation has been made, much more remains to be learned. 

We suggest that two main experimental strategies will be fruitful at least in a short perspective. The first 

strategy is reconstitution of Pol II pausing with purified components in vitro. Whereas a number of 

studies have provided key insights into the mechanisms of RNA polymerase II transcription and 

enzymatic mechanisms (Brown et al. 1996; Brown et al. 1998; Yamaguchi et al. 2002; Zhu et al. 2007; 

Chen et al. 2009; Cheng et al. 2012; Li et al. 2013), to name only a few, modelling multiple-round steady-

state transcription that involves Pol II pausing in vitro remains a challenge and is expected to further 

improve. Indeed, recent work led to the discovery and characterization of several such components, 

examples of which include TRIM28 (Bunch et al. 2014) and a factor involved in premature termination, 

Gdown1 (Hu et al. 2006; Cheng et al. 2012; Jishage et al. 2012; Guo et al. 2014). We expect that the use 

of improved in vitro systems and involvement of single-molecule approaches (reviewed in (Herbert et al. 

2008)) will offer further insight into the mechanisms of early transcription elongation. 

Secondly, improved sequencing technologies will continue to provide more data per experiment 

and its use will remain widespread. However, a major limitation of sequencing approaches has been not 

the depth of sequencing, but rather the necessity to rely on modification enzymes whose substrate 

requirements limit the minimum amount of starting material required for successful preparation of a 

library to be sequenced. Multiple strategies are being developed to deal with this limitation. Advances in 

the design of libraries using current enzymes to enable reliable preparation of samples from lower 

amounts of starting material become available (Chu et al. 2015) and are expected to improve the 

sensitivity of sequencing further. The improved “spike-in” control strategies (Grzybowski et al. 2015; Hu 

et al. 2015) could further enhance global ChIP-sequencing based approaches (Rhee and Pugh, 2012; He et 

al. 2015; Skene and Henikoff, 2015). On the other hand, a limitation that cannot be overcome by 
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increasing the depth of sequencing is the imperfect specificity of antibodies whether due to relaxed 

specificity of the antibody itself (Nishikori et al. 2012) or heterogeneity of the target epitope (such as the 

Pol II CTD). The use of tools with completely novel or vastly improved substrate specificity, including 

enzymes based on nucleic acids, will enable global approaches to rival and exceed the resolution and 

quantitative insights of individual gene experiments, eventually rendering the latter obsolete. Combining 

novel core technologies with their inventive interpretation beyond instruction manuals will revolutionize 

our ability to see into the cell’s transcriptome and will enable reprogramming of the cell fate through 

precise targeting of the epigenetic environment, including Pol II pausing, both globally and on individual 

genes. 
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Figure Legends. 

 

Figure 1. Promoter-proximal Pol II pausing as a checkpoint in gene regulation. The scheme 

shows the initially transcribed region of a gene, with pausing occurring within the first 100 nucleotides of 

the gene to generate a short capped RNA (scRNA). Pol II pausing is established through interaction with 

NELF and can be resolved by release into productive elongation by P-TEFb or to premature transcription 

termination by factors that are still not fully known (shown by a question mark). Transcription factors 

necessary for transcription initiation as well as nucleosomes are omitted.  
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Figure 2. Pol II pausing does not correlate with gene expression in human cells. Pol II 

pausing was analysed in breast cancer MCF-7 cells by ChIP-sequencing after precipitation with anti-Pol 

II antibody (Samarakkody et al. 2015). The list of 7302 genes with Pol II enrichment (Samarakkody et al. 

2015) was sorted by promoter Pol II enrichment or by gene expression signal, which was obtained from 

our analysis of RNA-sequencing data in MCF-7 cells combined from accession numbers SRR787327 and 

SRR787328 (Vanderkraats et al. 2013), SRR805877(Yamamoto et al. 2014b), SRR882016 (Jin et al. 

2013), and SRR925723(Daemen et al. 2013). Numerical ranks for Pol II pausing and mRNA levels of two 

individual genes previously analysed by us (Samarakkody et al. 2015) are indicated.  
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Figure 3. A proposed role of Pol II pausing in regulating transcriptional responses. A scheme with 

responses of a paused (A, B) and non-paused gene (C, D) to the same activator. The colors are as in 

Figure 1. Insets show levels of the mRNA, in each condition. A gene with paused Pol II (A) can be 

activated while retaining Pol II pausing (B) (Samarakkody et al. 2015). The retention of pausing limits the 

extent of gene activation (horizontal bar, inset). On a nonpaused gene (C), the same signal can lead to 

higher-level activation in the absence of the limit imposed by pausing (D). Release of Pol II pausing 

during activation or changes in pausing status of a gene during differentiation or following exposure to 

environmental stress can alter the magnitude of its transcriptional response to the same activator.  
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