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Abstract

The rapid expansion of genomics methods has enabled developmental biologists to address fun-
damental questions of developmental gene regulation on a genome-wide scale. These efforts have
demonstrated that transcription of developmental control genes by RNA polymerase II (Pol II) is
commonly regulated at the transition to productive elongation, resulting in the promoter-proximal
accumulation of transcriptionally engaged but paused Pol Il prior to gene induction. Here we re-
view the mechanisms and possible functions of Pol II pausing and their implications for
development.
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Introduction

During metazoan development, pluripotent cells gradually acquire cell type-specific gene expres-
sion programs to give rise to a plethora of different lineages. Such programs are set up by se-
quence-specific transcription factors and co-regulators, traditionally thought to mediate recruit-
ment of the transcription machinery to gene promoters. However, in recent years it has become
clear that at a significant fraction of genes RNA polymerase II (Pol II) is also regulated after its re-
cruitment to the promoter, at the level of transcription elongation. At these genes, Pol Il initiates
transcription and transitions to early elongation, before it pauses ~30-50 bp downstream of the
transcription start site (TSS). This promoter-proximal pausing is mediated by negative elongation
factors, and positive transcription elongation factors are required to overcome this roadblock to
productive transcription.
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Although the phenomenon of Pol Il pausing was first discovered several decades ago (see
Adelman and Lis, 2012), it was only through genome-wide studies in mammalian embryonic stem

cells (ESCs) and Drosophila that it became evident that Pol II pausing is not restricted to a few spe-
cialized genes but is a widespread phenomenon, affecting 10-40% of all genes (Guenther et al,,
2007; Muse et al., 2007; Zeitlinger et al., 2007). Furthermore, these genome-wide studies revealed

that, at least in Drosophila, paused Pol Il is preferentially found at developmental control genes,
including transcription factors and components of signal transduction cascades. This suggests that
Pol Il pausing has an important role in controlling gene expression during development.

In this review we focus on recent progress in understanding the relationship between Pol Il paus-
ing and development. This has been most extensively studied in Drosophila, and most of the data
we present stem from this model organism. Yet, because of the broad conservation of the factors
involved in this process, principles learned from fly development should also be applicable to all
higher eukaryotes.

Molecular mechanisms of Pol Il pausing

Pol II pausing in the transcription cycle

Pol Il pausing is a late step during the initiation stage of transcription. It begins with the recruit-
ment of Pol Il and basal transcription factors to an accessible promoter to form the preinitiation
complex (PIC) [for a recent review see Luse (Luse, 2013)]. After Pol II has initiated transcription
and the nascent RNA reaches a length of 9-10 nt, Pol Il escapes the promoter and the C-terminal
heptapeptide repeat domain (CTD) of its largest subunit is phosphorylated on serine 5 residues.
Once the transcript is 20-50 nt long, Pol Il may pause and only enter into productive elongation
after pause release (Zhou etal.,, 2012). Pol Il pausing occurs both at highly transcribed genes as
well as at those that are transcribed at very low levels and are poised for activation (e.g. heat
shock genes).

Experimental evidence for Pol Il pausing

Paused Pol Il can be detected by several techniques. First, chromatin immunoprecipitation se-
quencing (ChIP-seq) studies find high levels of cross-linked Pol II ~30-50 nt downstream of the
TSS at many genes, consistent with the model that Pol Il often has a long residence time at this po-
sition. Second, permanganate footprinting assays detect an open transcription bubble at the paus-
ing position (Gilmour and Fan, 2009). Third, sequencing of short capped RNA species shows that
short transcripts of 30-50 bp are produced from paused genes (Nechaev et al,, 2010). Finally,
global nuclear run-on sequencing assays (GRO-seq and PRO-seq) demonstrate that a large fraction
of paused Pol Il is still elongation competent (Core et al.,, 2008; Kwak et al., 2013). Since these dif-

ferent assays produce, overall, very similar results, the available evidence suggests that promoter-
proximal paused Pol Il is the most frequent form of non-elongating Pol 1], and that the preinitia-
tion or transcriptionally arrested forms are rare by comparison.

Establishment of Pol II pausing



Two key regulators of Pol Il promoter-proximal pausing are the DRB sensitivity-inducing factor
(DSIF) and the Negative elongation factor (NELF) complexes (for details, see Yamaguchi et al.,

2013). Both associate with Pol II following promoter escape and transiently halt elongation, possi-
bly through interaction with the newly emerging transcript. Moreover, a third Poll [I-associated
factor, Gdown1 (Polr2m), has recently been found to make Pol II pausing more stable in vitro (Guo
and Price, 2013).

Release of Pol Il pausing by P-TEFb

Pausing is overcome through P-TEFb (positive transcription elongation factor b), which comprises
the cyclin-dependent kinase Cdk9 and Cyclin T. This complex phosphorylates NELF, DSIF and the
Pol Il CTD at serine 2 residues, causing NELF to dissociate while converting DSIF to a positive
elongation factor (for details, see Zhou et al., 2012; Yamaguchi et al., 2013).

Inactive P-TEFD is sequestered in the 7SK small nuclear ribonucleoprotein complex, which is often
localized to promoters (Jietal, 2013). The release of P-TEFb from this complex and its activation
can be stimulated by transcription factors through multiple mechanisms, either by direct contact
(Barboric et al., 2001; Rahl etal.,, 2010) or indirectly via Mediator (Takahashi et al., 2011) or his-
tone acetylation (Guo and Price, 2013). Active P-TEFb associates with super elongation complexes
(SECs) (Guo and Price, 2013).

Dual role of transcription factors

Transcription factors have different abilities to stimulate Pol II initiation, Pol II elongation or both
(Yankulov et al,, 1994; Blau et al.,, 1996; Brown et al,, 1998). Although long known, this became
more appreciated when Pol Il pausing was shown to be a widespread phenomenon. Tifly
(Trim33), for example, appears to help overcome pausing at erythroid genes in zebrafish by re-
cruiting P-TEFb and the transcription elongation factor FACT (Bai et al., 2010). Similarly, at highly

transcribed genes in ESCs, the transcription factor c-Myc predominantly stimulates Pol II elonga-
tion through P-TEFb (Rahl et al., 2010).

Regulation of pause release by signaling pathways

Signaling pathways can affect Pol Il pausing either via regulation of transcription factor activity or
by more direct effects on the pausing machinery. For example, mitogen-activated protein (MAP)
kinases may bind directly to target genes and phosphorylate histone H3 serine 10 (H3510) at ac-
tive promoters (Pokholok et al.,, 2006), which in turn could directly or indirectly promote P-TEFb
recruitment (Ivaldi et al., 2007; Zippo et al, 2009). Moreover, PI3K/Akt signaling has been found
to dissociate P-TEFb from the 7SK complex, freeing it for transcription stimulation (Contreras et
al, 2007).

Pausing factors in evolution



Bona fide paused Pol Il is absent in budding yeast, C. elegans and plants, and this correlates with a
lack of NELF orthologs in these species. It is interesting to speculate that Pol II pausing might be
particularly important for metazoans with complex development that require high transcriptional
precision and synchrony (see below).

Intrinsic promoter differences

Pol Il pausing is not found at all genes to the same extent. In the early Drosophila embryo, the
most highly paused genes are developmental control genes (Zeitlinger et al, 2007), and an overall

theme has been that paused genes tend to be highly regulated in response to extracellular stimuli.

This disposition for Pol I pausing among highly regulated genes is most likely due to intrinsic

properties of the core promoter, as demonstrated by promoter-swapping experiments (Lagha et
al, 2013) and the strong relationship between Pol II pausing and promoter sequence throughout
Drosophila development (Gaertner et al., 2012; Chen et al., 2013). This suggests that transcription

initiation varies between different promoter types. At promoters prone to pausing, the residence
time of Pol II at the pause site may be intrinsically longer, and the transition to productive elonga-
tion might be more frequently subject to regulation.

Promoters of highly paused genes

In Drosophila, promoters with highly paused Pol Il show very clear characteristics. They tend to
undergo focused initiation within a very narrow window, often where an initiator (Inr) motif is
found. These promoters are enriched for promoter elements such as the downstream promoter
element (DPE), motif ten element (MTE) or the pause button (PB), which are located close to the
pause site (Hendrix et al., 2008; Rach et al,, 2011; Lenhard etal., 2012). They may regulate Pol II
pausing through specific factors or, more indirectly, through their high CG content (Hendrix et al.,
2008; Nechaev et al,, 2010), where a G nucleotide may stabilize the pause position (Zhang etal.,
2012).

Another characteristic of highly paused promoters in Drosophila is a strong tendency to be occu-
pied by a nucleosome in the absence of Pol II (Gilchrist et al., 2010). This tendency can be pre-
dicted from DNA sequence and thus is also an intrinsic property of these promoters. Paused pro-
moters are frequently bound by GAGA factor, which may antagonize the promoter nucleosome
and help recruit NELF and paused Pol Il (Adkins et al., 2006; Lee et al., 2008; Lietal.,, 2013).

Promoters with dispersed initiation

At promoters with dispersed transcription, Pol II initiates from a broadly distributed range of start
sites within ~50-100 bp. Although these promoters are typically associated with so-called house-
keeping genes (which are broadly expressed across tissues, regulating such as metabolism and
the cytoskeleton), they are also found at highly regulated developmental genes in mammals
(Lenhard etal.,, 2012). The promoters are strongly nucleosome depleted and have well-positioned
downstream nucleosomes with high levels of histone modifications and H2A.Z (Rach etal., 2011;




Gaertner etal., 2012; Chen et al,, 2013). In Drosophila, these promoters are enriched for core pro-
moter elements such as the DNA replication-related element (DRE), and the Ohler1, Ohler6 and
Ohler7 promoter motifs (Ohler etal,, 2002), whereas in mammals they mostly have CpG islands.

Pol Il pausing at these promoters ranges from very low to moderately high (Zeitlinger et al., 2007;
Rach etal.,, 2011; Kwak et al.,, 2013; Li and Gilmour, 2013) and often occurs further downstream

(at +50-80 nt) compared with highly paused genes (Kwak et al., 2013). The mechanisms leading to
pausing at this promoter type are not well understood but it is possible that the first downstream

nucleosome (the ‘+1 nucleosome’) plays a crucial role (Kwak et al., 2013; Li and Gilmour, 2013).

TATA promoters

A third class of promoters in Drosophila and mammals is characterized by focused initiation, the
presence of a TATA box and absence of pausing motifs. These promoters are typically associated
with adult tissue-specific genes (Lenhard et al.,, 2012). In Drosophila, TATA promoters are also en-

riched among the earliest expressed developmental genes in the embryo (Chen et al.,, 2013) but
are under-represented during the main patterning stages of embryonic development. Expression
of tissue-specific TATA genes only increases again towards the end of embryogenesis (Gaertner et
al, 2012).

Drosophila TATA genes are associated with a low degree of pausing and tend to be induced with-
out prior poised Pol II (Gaertner etal, 2012; Chen etal., 2013). This suggests that, under some
conditions, TATA prevents Pol Il pausing and hence that Pol Il initiation rather than elongation be-
comes rate limiting. Indeed, it has been shown in mammalian cells that TATA promotes P-TEFb ac-

tivity, leading to more efficient elongation rates in vitro and in vivo (Amir-Zilberstein et al., 2007;
Montanuy et al., 2008), suggesting that the properties of TATA promoters are conserved across
metazoans (Dikstein, 2011).

Why regulate developmental gene expression by pausing?

Induction speed

Heat shock genes are induced rapidly to protect cells under high temperatures, and thus it is often
assumed that Pol II primes heat shock genes for rapid induction. Recent evidence, however, sug-
gests that paused Pol Il is not absolutely required for rapid gene induction since genes lacking Pol
Il occupancy can be induced just as quickly as, and perhaps to even higher levels than, paused
genes (Lin etal, 2011; Gilchrist etal, 2012; Chen et al,, 2013). Furthermore, a genome-wide
analysis of transcription rates by GRO-seq in mammalian cells revealed that induction of paused
genes in response to TNF-alpha treatment is associated with a slight delay (Danko et al., 2013).

Therefore, speedy induction is unlikely to be the primary purpose for paused Pol II.

The permissive state and its regulation



Pol Il pausing is found broadly across tissues in the Drosophila embryo, frequently even in tissues
in which the gene will never be induced (Levine, 2011; Gaertner et al., 2012). Here, the promoter

lacks a nucleosome (i.e. is in an ‘open state’), but Pol Il is paused and the levels of transcription
are low. The simplest explanation is that such ‘poised Pol II’ is a permissive state that renders
genes competent to respond to extracellular signals (Lis, 1998; Adelman and Lis, 2012).

This might be important for the interpretation of morphogen gradients, where all cells in a field
must be prepared to respond to an extracellular signal in a concentration-dependent manner,
even though many cells will not receive the signal. This is illustrated by the mesodermal transcrip-
tion factor Snail, the expression of which on the ventral side of Drosophila embryos requires high
levels of the Dorsal morphogen. Although cells on the dorsal side do not receive sufficient Dorsal
to express snail, the snail gene is paused in these cells (Zeitlinger et al., 2007).

If poised Pol II constitutes a permissive state, one would expect the transition of genes into this
state to be regulated during development. Thus, a promoter that harbors poised Pol II in one con-
text may be in a ‘closed state’ in another, unresponsive to extracellular signals. Indeed, during
Drosophila embryogenesis, many promoters are initially in a closed state with a strong promoter
nucleosome and gradually open over time to acquire high levels of paused Pol Il (Gaertner et al.,
2012). Data so far indicate that the permissive state is established broadly across the entire em-
bryo in a stage-specific fashion, although individual genes are expressed only in specific tissues.

This suggests that the ‘opening’ of promoters is indeed a permissive step and prepares genes for
activation by tissue-specific transcription factors (Gaertner et al., 2012).

Antagonistic repression

When cells do not receive an activation signal, paused genes are often kept silent by transcrip-
tional repressors. Genome-wide binding of the zinc finger repressor Snail, for instance, was found
to correlate with paused Pol II (Zeitlinger et al., 2007). This suggests that transcriptional repres-
sors can block the release of Pol II (Bothma et al., 2011). To do so, repressors may act locally at
enhancers to prevent adjacent activators from stimulating Pol Il pause release at the promoter

(also called ‘quenching’ or short-range repression).

Another mechanism that might keep the permissive state of paused Pol Il in check is repression by
Polycomb group (PcG) proteins. In both Drosophila and mammals, PcG proteins are frequently
found at developmental control genes and prevent their inappropriate expression in a time- and
tissue-specific fashion. Although the mechanisms of Pol Il repression by PcG proteins may not be
specific to paused Pol Il and the biochemical characteristics of PcG-repressed paused genes re-
main to be clarified, it appears that the combination of both mechanisms is a powerful way to reg-
ulate transcription during development. In Drosophila, genes with both paused Pol Il and PcG re-
pression (the so-called ‘balanced state’) have particularly dynamic expression patterns during de-
velopment (Schwartz et al., 2010; Gaertner et al., 2012). In mammals, PcG repression frequently
coincides with histone H3 lysine 4 trimethylation (H3K4me3) (Bernstein et al., 2006), a marker for
Pol Il initiation. These ‘bivalent genes’ are also dynamically regulated during development, sup-

porting the idea that a dynamic equilibrium between activation and repression keeps genes in a
plastic, inducible state (Voigt et al.,, 2013).



Synchronicity of gene induction

Another reason why Pol Il pausing is common at developmental genes might relate to the obser-
vation that paused genes have been shown to be induced more synchronously among a field of
cells in the early Drosophila embryo (Boettiger and Levine, 2009). By contrast, genes without Pol
Il pausing appear to be induced more stochastically, creating a ‘salt-and-pepper’ pattern during

gene activation. This difference in synchronicity depends on the core promoter (Lagha etal,
2013), indicating that differences in the transcription dynamics rather than regulation by tran-
scription factors produce this effect.

In principle, there are two explanations for the more synchronous activation of paused genes.
First, paused Pol Il might reduce the stochasticity inherent to the stepwise assembly of the tran-
scription machinery into a PIC and thus ensure that transcription begins synchronously in re-
sponse to an extracellular signal. Second, Pol Il pausing might serve to space out subsequent tran-
scripts and thus attenuate transcription bursts. This might be particularly important when cells re-
spond to low levels of an activating signal, as stochastic transcription bursts would lead to very
high variation in the transcriptional response. Furthermore, longer time periods between subse-
quent rounds of transcription might give the transcription machinery more time for post-tran-
scriptional processing and prevent Pol Il crowding (Marbach-Bar et al.,, 2013). This could be im-
portant for developmental control genes, which tend to be long and frequently regulated by alter-
native splicing.

Whether a gene is activated in a more synchronous or stochastic fashion has important conse-
quences for development. For example, the snail gene, which is essential for the coordinated in-
vagination of cells during gastrulation, is expressed very synchronously. However, under the con-
trol of a promoter from a less paused gene, snail expression is more stochastic, resulting in vari-
able invagination defects (Lagha et al, 2013). In the early Drosophila syncytium, by contrast, tran-
scription variability may be averaged over space and time (Little et al., 2013), which could explain
why Pol Il pausing is rare at this stage (Chen et al., 2013). Taken together, Pol Il pausing might be
particularly important for pattern formation during development, when fields of cells have to re-

spond in a precise and synchronous fashion to extracellular signals.
Perspectives

Although Pol Il pausing has emerged as a key regulatory step of the transcription cycle, many
mechanistic aspects of its regulation are still unclear and its consequences for development re-
main to be rigorously tested in vivo. How does Pol Il pausing affect transcription dynamics at the
different classes of promoter? How is paused Pol Il recruited de novo to previously closed promot-
ers during development? How does Pol II pausing vary across evolution and do other mecha-
nisms exist in organisms that do not have NELF homologs? Future studies will undoubtedly reveal
deeper insights into the role of paused Pol I during development, and perhaps uncover further
surprises.
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