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Abstract
Recent work has shown that the RNA polymerase II enzyme pauses at a promoter-proximal site of
many genes in Drosophila and mammals. This rate-limiting step occurs after recruitment and
initiation of RNA polymerase II at a gene promoter. This stage in early elongation appears to be an
important and broadly used target of gene regulation.

Most eukaryotic genes that encode messenger RNAs are subject to primary regulation at the
level of transcription. Transcription of these RNAs consists of a series of distinct phases during
which RNA polymerase II (Pol II) is recruited to a gene promoter, initiates transcription,
escapes from the promoter and any proximal pause sites, elongates the RNA transcript, and
eventually terminates transcription (1). These phases can each be further dissected into discrete
biochemical steps that are potential targets of regulation. To understand how regulation works
for a particular gene, it is important to identify which of these steps is rate-limiting and how
signal-responsive activators and repressors act on them mechanistically.

Mechanistic studies of transcription regulation in eukaryotes have predominantly focused on
the stages of preinitiation complex formation and the initiation of transcription; however,
examples of regulation during elongation have been noted repeatedly over the past 25 years.
A compelling early study by Chambon and colleagues showed that transcriptionally engaged
Pol II at the 5′ end of the adult β-globin genes persisted after the genes were supposedly shut
down in mature erythrocytes (2). A focused series of studies identified Pol II that was
transcriptionally engaged but paused (3) 20 to 50 bases downstream of the transcription start
site of uninduced Drosophila Hsp70 (4) and several other Drosophila and mammalian genes
(5,6). This promoter-proximal pausing, which has similarities to a transcription regulatory
mechanism observed in prokaryotes (7), was postulated to be a rate-limiting step in gene
regulation (4,8). Whereas promoter-proximal pausing was being established at a modest
number of model genes in metazoans (5,6), regulation at an earlier stage—recruitment of Pol
II to the promoter—was proving to be the general rule in the yeast Saccharomyces
cerevisiae (9,10). Thus, observations where Pol II was transcriptionally engaged at unactivated
promoters seemed unusual and were generally viewed as exceptions.

Generality of Promoter-Proximal Pausing
Although Pol II levels at a gene promoter generally correlate with mRNA levels in S.
cerevisiae (11), several recent genome-wide analyses have revealed that this is not always the
case in mammalian and Drosophila cells (12-15). These studies used the chromatin
immunoprecipitation assay coupled with genomic microarray technologies (“ChIP-chip”) to
examine Pol II density along genes. These studies found that about 20 to 30% of genes have
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enriched Pol II density at the 5′ end relative to the body of the genes. This class included genes
with either detectable or undetectable expression. Identification of this latter subclass, which
has Pol II bound without fulllength transcript production, suggests that a postrecruitment step
of the transcription cycle is rate-limiting at these genes. Whereas the ChIP assay can detect the
density of Pol II across a gene, it cannot necessarily determine whether Pol II is transcriptionally
engaged; that is, the 5′-skewed distribution of Pol II could represent Pol II in either the
preinitiation form or the initiated-but-paused form.

Three of the genome-wide studies presented additional assays of permanganate footprinting,
which maps the transcription bubble associated with a transcriptionally engaged Pol II, or
analysis of short RNA products as evidence that Pol II had progressed beyond initiation at
multiple candidate genes (13-15). Although the validated genes in these studies were mainly
in the class of low or nondetectable expression levels, it is important to emphasize that highly
expressed genes were also identified as candidates for pausing. Thus, regulation at the level of
pausing appears to occur broadly and over a large dynamic range of transcript production.

Pausing Is a Target of Regulation
Several in vitro studies have shown that promoter-proximal pausing is a natural process that
Pol II undergoes even in the absence of auxiliary factors. The DNA template and nascent RNA
sequences are proposed to affect a position-dependent structural change in the transcription
complex during early elongation (16,17). Such a conformational change may be necessary for
achieving the fully processive form capable of transcribing long distances without disengaging
the template or nascent RNA. The extent of intrinsic pausing in vivo is unclear, but the position
relative to the start site is coincident with the action of the known pausing factors DSIF (DRB
sensitivity–inducing factor) and NELF (negative elongation factor) (18), which appear to
further stabilize Pol II in the paused form. These factors have been the subject of recent reviews
(1,6,19).

Entry of Pol II into a promoter-proximal pause site requires that the transcription machinery
must first gain access to the promoter and initiate transcription. Escape from the pause site
occurs when Pol II moves into productive elongation, which clears Pol II from the promoter
and allows sufficient space for another Pol II complex to initiate transcription. The relative
rates of entry and escape combine to determine the effective level of pausing at a gene (Fig.
1). High entry levels in combination with low escape rates result in increased dwell time at
promoter-proximal pause sites; this is reflected by a high density of Pol II at the 5′ end relative
to down-stream regions of genes as seen by ChIP analysis (Fig. 1, B and C, bottom). Low Pol
II dwell times are observed when the entry rate is less than or equal to pause site escape; the
result is a more uniform occupancy of Pol II over the gene (Fig. 1C, top).

The differential rate of Pol II entry and escape at a pause site is well documented for the
Hsp70 gene of Drosophila. At this gene, GAGA factor is required for efficient pause site entry
under nonactivating conditions, whereas binding of activated heat shock factor (HSF) is
required for stimulation of escape and full activation of the gene (6). Similar, although generally
less defined, examples of cooperating activators that stimulate different rate-limiting steps have
been found in mammalian and Drosophila systems (5,20-22). A major implication that arises
from the recent genome-wide studies is that activators that stimulate pause site entry without
escape may function to potentiate transcription at a large number of promoters for later
activation by additional factors. This theoretically imparts combinatorial control over
transcription output, allowing cells to integrate more diverse signaling pathways and to
synergistically up-regulate genes rapidly when needed.

Activators that stimulate escape do so by recruiting factors that directly modulate the
transcription complex, and/or possibly by manipulating the chromatin environment such that
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transcription through nucleosomes is possible. The primary executor of escape from pausing
is the kinase activity of positive transcription elongation factor–b (P-TEFb) (19,23). This factor
phosphorylates multiple targets within the transcription complex, including Pol II, NELF, and
DSIF, and is crucial for relief of the NELF- and DSIF-dependent block to transcription
elongation (Fig. 1). At this transition, NELF dissociates from the transcription complex, but
the modified DSIF remains associated and enhances elongation. Not surprisingly, cells have
developed a number of ways to bring P-TEFb to genes, through direct interaction with
activators or through interactions with proteins that are brought in during activation (6,19).

Pausing and the Connection to RNA Processing
Promoter-proximal pausing occurs at a point where it may serve to coordinate transcription
elongation with pre-mRNA processing (1). Indeed, pausing is coincident with mRNA capping
(6), which stabilizes the RNA and is important for downstream processing events (1).
Additionally, Pol II undergoes stepwise phosphorylation of the C-terminal domain (CTD) of
its largest subunit as it progresses from its entry mode to its elongation mode, and this brings
about the accompanying changes in its entourage of associated pre-mRNA processing proteins
(1).

Not Just Repression: Potentiation of Transcription
Considerable evidence suggests that maintenance of pausing at a promoter is key for full
activation of a gene. Studies on the Drosophila Hsp70 and human FOS and MYC genes have
shown that removal of the sequences that cause pausing result in decreased transcription factor
accessibility and defective activation (24-26). How a paused Pol II grants accessibility of
promoter DNA to regulatory factors is unclear, but it is possible that Pol II exerts this effect
either by directly preventing nucleosomes from obstructing DNA binding sites, or by recruiting
other factors that modify the chromatin architecture around the promoter. Of the genes
identified by the genomic studies as likely having a paused polymerase in Drosophila, genes
that respond rapidly to developmental and cell signaling were overrepresented (14,15). This
raises the likelihood that potentiation through pausing before activation is a fundamental step
for rapidly controlling developmental programs, as suggested by recent studies (15,27).

Transcription regulation is a multistep process that is controlled at the level of recruitment,
initiation, pausing, and elongation of RNA polymerase II. A number of genome-scale studies
have identified large classes of genes that are likely to be regulated by promoter-proximal
pausing, and thus have provided us with a large set of model genes with which to study distinct
aspects of this mode of regulation. Future investigations should focus on determining how
promoter-specific binding proteins affect the transition between initiation and pausing, as well
as the transition between pausing and productive elongation; the results will provide important
insights into the role of cell signaling events in the mechanics of transcription regulation.
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Fig. 1.
Regulation of entry and escape of Pol II at pause sites. The rate of pause site entry (yellow
arrows—wide arrow, fast entry; narrow arrow, slow entry) is defined as the rate at which Pol
II (red) enters a pause site when it is freely accessible. The relative rates of entry and escape
(green arrow) produce the observed patterns of Pol II density (blue line). (A) Pol II cannot
access the promoter and transcription is “off.” (B) A potentiated state through the setup of a
promoter-proximal paused Pol II by factors that promote entry (yellow oval). NELF (pentagon)
and DSIF (blue oval) stabilize the paused Pol II. (C) Fully activated transcription requires
factors that promote escape (green rectangle). Also, single factors can have one or both types
of activation domains that in turn can be regulated by reversible modifications and associations.
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