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Whereas the regulation of a gene is uniquely tailored to respond to specific biological needs, general transcriptional mechanisms
are used by diversely regulated genes within and across species. The primary mode of regulation is achieved by modulating
specific steps in the transcription cycle of RNA polymerase II (Pol II). Pol II “pausing” has recently been identified as a prevalent
rate-limiting and regulated step in the transcription cycle. Many sequence-specific transcription factors (TFs) modulate the duration of the pause by directly or indirectly recruiting positive transcription elongation factor b (P-TEFb) kinase, which promotes
escape of Pol II from the pause into productive elongation. These specialized TFs find their target-binding sites by discriminating
between DNA sequence elements based on the chromatin context in which these elements reside and can result in productive
changes in gene expression or nonfunctional “promiscuous” binding. The binding of a TF can precipitate drastic changes in
chromatin architecture that can be both dependent and independent of active Pol II transcription. Here, we highlight heat-shockmediated gene transcription as a model system in which to study common mechanistic features of gene regulation.

The nucleus is a massive and dynamic cellular organelle
that packages, replicates, and regulates the expression of
genes. In a typical metazoan, the nucleus is home to
~20,000 genes. Remarkably, each gene is subject to distinct
regulation of its level, location, and timing of expression
in response to a variety of developmental, environmental,
and nutritional cues. This requires an extraordinary amount
of information to be packaged into DNA.
The genome is a polymer that is unlike many repeating
structures in the cell. Genes arranged along the polymer
must each take on a distinctive character and execute regulatory programs that are tailored to the cellular or organismal need for expression of its protein or RNA product.
Organisms have evolved a large spectrum of regulatory proteins that respond to a correspondingly complex spectrum
of cellular signals. The ability of regulatory machinery to
bind and execute specific tasks to control gene expression
is dependent on their access to corresponding DNA regulatory elements, which is strongly influenced by chromatin
structure and composition. The structure of the chromatin
depends not only on the level of occupancy position of nucleosomes along the DNA fiber but also the extent to which
nucleosomes are locally compacted into chromatin. The
composition of chromatin includes not only the histones
(both canonical and variants thereof) that bind to the DNA,
but also nonhistone chromosomal proteins and the myriad
of posttranslational modifications to the histones and the
nonhistone proteins. Just as chromatin structure can influence the relative composition, so too can the composition
of chromatin affect its structure. Therefore, it is not surprising that changes in chromatin structure and composition
need to occur to effectively regulate gene transcription.
Although individual gene expression requires specific
protein–nucleic acid interactions, many of the complex
molecular machines that execute transcription are common and shared in various combinations among genes that

are each distinctly regulated. At the core of expression is
the machine that transcribes all precursor messenger RNA
(pre-mRNA): RNA Pol II. Pol II is not sufficient to execute this task and requires a collection of common and
some less frequently used general TFs to discern where
on the genome to begin transcription (Orphanides et al.
1996; Roeder 1996). Still more complex sets of proteins
act commonly to execute a variety of other steps in the nuclear expression of genes including (1) necessary remodeling and modification of chromatin for TF accessibility
and Pol II recruitment and initiation, (2) promoter-proximal pausing, (3) transcription elongation, and (4) termination and recycling of the machinery (Fuda et al. 2009).
Here, we summarize focused studies characterizing the
architecture and transcription regulation of inducible heat
shock (HS) genes in Drosophila melanogaster, particularly Hsp70. The first section defines characteristics of
promoter-proximal paused Pol II and its general role in
transcription regulation. The second section describes how
activators are targeted to DNA and mediate initiation, release of paused Pol II, and efficient reinitiation at a subset
of local genes. The third section describes how gene activation triggers dramatic changes in chromatin architecture. In each, we evaluate how the principles of this
defined HS regulatory system are shared by a large fraction of genes across genomes and species.
DEFINING A RATE-LIMITING AND
REGULATORY STEP OF TRANSCRIPTION:
PROMOTER-PROXIMAL PAUSING
Characterization of Paused RNA Pol II
Recruitment of Pol II to a gene’s promoter can be a ratelimiting and regulated step in transcription, and early studies
suggested that this is the predominant mode of transcription
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regulation (Tjian and Maniatis 1994; Ptashne and Gann
1997). Nonetheless, there existed counterexamples,
whereby Pol II occupied the promoters of uninduced genes.
For instance, nuclear–run-on (NRO) assays demonstrated
that transcriptionally engaged Pol II was enriched at the 5′
end of the inactive β-globin gene of chicken erythrocytes,
indicating that the elongation of Pol II could be a controlled
regulatory step in eukaryotic transcription (Gariglio et al.
1981). More in-depth studies of the Drosophila Hsp70 gene
were critical in defining key features of promoter-proximalenriched Pol II. In vivo cross-linking and chromatin immunoprecipitation (ChIP) studies of Pol II at Hsp70
demonstrated that in unstressed conditions, Pol II is enriched at the 5′ end of Drosophila Hsp70 (Gilmour and Lis
1985). Subsequently, NRO experiments determined that the
promoter-proximal Pol II was transcriptionally engaged but
“paused” because the Pol II could not transcribe efficiently
in NRO assays unless negative factors were extracted by
sarkosyl or high salt (Rougvie and Lis 1988). The precise
position of the pause was revealed at near-nucleotide resolution on HS genes by both mapping the single-strand transcription bubble associated with the paused Pol II using
permanganate footprinting in living cells (Giardina et al.
1992) and purifying and sizing chain-terminated NRO
RNAs (Rasmussen and Lis 1993). Moreover, the latter
study also demonstrated that 5′ 7-methylguanosine premRNA capping occurs in vivo on HS genes as Pol II passes
through the pause region (Rasmussen and Lis 1993). Sarkosyl-dependent NRO signals of several genes indicated that
pausing may be a general regulatory mechanism in Drosophila (Rougvie and Lis 1990). These early studies defining the properties of Pol II on Drosophila genes were
complemented by additional studies of key mammalian
genes, notably c-myc and c-fos (Krumm et al. 1992; Strobl
and Eick 1992; Plet et al. 1995).
Pausing Is a General Regulatory Step
in Transcription
The first unbiased attempt to gauge the generality of
pausing within Drosophila used ChIP to purify and clone
DNAs associated with Pol II, and these were then probed
with NRO RNA (Law et al. 1998). Differential hybridization with standard run-on and sarkosyl-treated run-ons
showed that a large fraction of these Pol II–associated
fragments contained sarkysol-dependent RNA transcripts.
Even with the limited sensitivity of this method to detect
pausing, it was estimated that 21% of promoter-proximal–
detected Pol II was stimulated in NRO experiments by
sarkosyl (Law et al. 1998). The evolution of powerful
genome-wide methods made a particularly compelling
case that Pol II is enriched at the 5′ end of 10%–30% of
genes (Kim et al. 2005; Guenther et al. 2007; Muse et al.
2007; Zeitlinger et al. 2007; Core et al. 2008). Although
promoter-proximal pausing was first characterized in eukaryotic cells at signal-regulated genes such as HS- and
cell-cycle-regulated genes, pausing is the hallmark of
many classes of genes, including those involved in embryonic development, housekeeping processes, the unfolded
protein response, DNA damage pathways, and response
to stimuli (Zeitlinger et al. 2007; Core et al. 2008). Paused

Pol II was proposed to allow rapid and synchronous responses to stimuli, and studies in the developing
Drosophila embryo have shown that synchronously expressed genes are enriched for hallmarks of paused Pol II,
compared with stochastically regulated genes (Boettiger
and Levine 2009). Genome-wide data continue to demonstrate the generality of Pol II pausing as a rate-limiting
step and likely target of regulation in metazoans.
Release from the Pause
DRB (Dichloro-1-β-D-ribofuranosylbenzimidazole) sensitivity-inducing factor (DSIF) and negative elongation
factor (NELF) complexes stabilize pausing of Pol II; conversely, P-TEFb is the critical factor that drives the escape
of Pol II from the pause and into productive elongation (Peterlin and Price 2006). In the case of Hsp70 gene expression, HS induces the binding of heat shock factor (HSF)
to upstream target DNA elements, resulting in P-TEFb recruitment to the paused Pol II (Boehm et al. 2003). P-TEFb
is a serine/theonine kinase that phosphorylates serine 2 of
tandem repeats in the carboxy-terminal domain of the
largest subunit of Pol II as well as DSIF and NELF. The
phosphorylation of P-TEFb target proteins allows Pol II to
be released from the pause and productively transcribe
through the body of the gene (Peterlin and Price 2006). The
recruitment of P-TEFb to the Hsp70 promoter is critical
for stimulating transcription because artificially tethering
P-TEFb to the promoter resulted in a high level of transcription, even in the absence of HS (Lis et al. 2000).
Moreover, the P-TEFb–specific kinase inhibitor flavopiridol was used to demonstrate that the enzymatic activity is
necessary for the transition of Pol II from the paused state
into productive elongation in vivo (Ni et al. 2008). Specific
targeting of P-TEFb to the Hsp70 gene requires HSF; however, HSF does not appear to directly recruit P-TEFb because molecular, cytological, and biochemical experiments
have shown that P-TEFb does not localize to upstream
heat-shock-factor sequence elements (HSEs), and P-TEFb
does not directly bind to HSF (Lis et al. 2000; Boehm et
al. 2003). Currently, the mechanism of P-TEFb recruitment
to the Hsp70 gene remains elusive.
Recently, it has been shown that c-myc interacts with PTEFb and is responsible for regulating Pol II release from
the pause for 30% of the paused genes in embryonic stem
cells (Rahl et al. 2010). This study indicates that paused
Pol II is a general feature for controlling transcription in
mammalian cells and that upstream TFs have a role in recruiting P-TEFb for the release of paused Pol II.
MASTER HS REGULATORY PROTEIN: HSF
HSF Targets HS DNA Elements Based
on Chromatin Structure
HSF is the master regulator of stress-responsive genes
among organisms as distantly related as yeast and humans.
HSF binds cis-regulatory elements to modify gene expression. The DNA-binding domain of HSF and the HSF-targeted DNA consensus sequence element are highly
conserved between distantly related organisms (Fig. 1).
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Figure 1. Conservation of HSF-targeted DNA sequence element. The consensus HSE is remarkably conserved among Saccharomyces cerevisiae, D. melanogaster, and Homo sapiens
(Fernandes et al. 1994; Trinklein et al. 2004; Guertin and Lis
2010).

The consensus HSE is a tandem array of three 5-mer sites
(AGAAN) arranged head to tail, consistent with HSF
binding to HSEs as a trimer (Perisic et al. 1989).
Monomeric HSF is localized mainly in the nucleoplasm
during unstressed conditions (Orosz et al. 1996), and following stress, HSF trimerizes and binds to cognate DNA
elements. Trimerization of Drosophila HSF is mediated
by a trimerization domain, characterized by three blocks
of leucine-zipper-like heptad repeats (Rabindran et al.
1993; Wu 1995). Following binding to DNA, HSF affects

3

chromatin structure and composition by directly or indirectly recruiting coactivators (Park et al. 2001; Kim et al.
2004), elongation factors (Lis et al. 2000; Ni et al. 2008;
Ardehali et al. 2009), histone-modifying enzymes (Hong
et al. 2004; Smith et al. 2004), and chaperones (Saunders
et al. 2003). The inducible nature of HSF binding provides
an opportunity to evaluate the roles chromatin environment and locally bound factors have in determining how
HSF discriminates among HSEs and which local genes
will be activated by HSF.
The main predictor of whether a site will be bound by
HSF is the presence of an HSE; however, HSF preferentially binds to HSEs that reside within accessible regions
of the genome, which are marked by acetylated histones
(Fig. 2). The degenerate HSE consensus sequence predicts
that HSF is capable of binding to thousands of sites within
the Drosophila genome (Fig. 1). Nonetheless, in vivo,
chromatin structure restricts HSF binding to only a subset
of HSEs (Westwood et al. 1991; Guertin and Lis 2010;
Gonsalves et al. 2011). This fits a pattern that is well characterized in eukaryotes; some of the best homeoprotein,
p53, and estrogen receptor–binding sequences are not occupied by their cognate factor in vivo (Carr and Biggin
2000; Wei et al. 2006; Welboren et al. 2009).
There are two general models in which TFs are thought
to discriminate between equivalent binding sites at different
places in the genome. TF binding is either facilitated by cooperative interactions with chromatin-bound cofactors or
occluded by chromatin structure (Biggin and McGinnis
1997). Trimerized HSF clearly cooperates with other HSF
trimers to enhance binding at cognate elements (Xiao et al.
1991); however, HSF primarily binds to HSE motifs based

Figure 2. Chromatin landscape dictates HSF binding to HSEs in vivo. This region of chromosome 3L contains four potential HSFbinding sites. HSE sequences conform to the HSE matrix with the following p values, from left to right: 3.9 x 10–6, 1.8 x 10–5, 1.4 x
10–5, and 4.3 x 10–5. Although the HSF-free motif conforms to the consensus with the lowest p value, chromatin structure restricts
HSF occupancy. HSEs that are enriched for H4 and H3 acetylation during non-HS (Kharchenko et al. 2010a) are preferentially bound
by HSF in vivo (Guertin and Lis 2010).
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on accessibility of the DNA within the context of chromatin
(Wu 1980; Guertin and Lis 2010). Although it remains unclear how to formally define accessible chromatin, DNase
I hypersensitivity and canonical marks of “active” chromatin
(e.g., H4 tetra-acetylation and H3K9 acetylation) can be
considered to be an appropriate proxy for chromatin that is
accessible for TF binding (Fig. 2) (Guertin and Lis 2010; Li
et al. 2010). Moreover, histone modifications, which occur
in broad domains and distinct combinations (Heintzman et
al. 2007; Wang et al. 2008; Zang et al. 2009; Kharchenko et
al. 2010), are a powerful predictor of enhancers and TFbinding sites (TFBSs) (Hon et al. 2009; Guertin and Lis
2010). The generality of this TFBS recognition mechanism
is highlighted by the observation that the in vivo occupancy
of 16 developmental factors correlates strongly with DNase
I hypersensitivity (Li et al. 2010). Furthermore, chromatin
accessibility changes that occur throughout development are
responsible for differential TF occupancy observed at different stages in development (Li et al. 2010).
Although binding of a TF to DNA is generally a critical
step in the activation of target genes, not all TF-binding
events are productive—many binding events in higher eukaryotes have no functional consequence on gene expression (Li et al. 2008; MacArthur et al. 2009; Guertin and
Lis 2010). It is still unclear how activators discriminate
between nearby genes to mediate up-regulation of only a
distinct subset of genes.
HSF Functions as a Classic Acidic Activator
Drosophila HSF harbors a conserved transactivation
domain at its carboxyl terminus (Wisniewski et al. 1996)
that contains hydrophobic and acidic residues characteristic of an acidic activator. Like other acidic activators,
HSF has the potential to interact with coactivators such as
the Mediator complex and CBP (cAMP response elementbinding protein) (Hong et al. 2004; Kim et al. 2004; Smith
et al. 2004), and HSF binding to DNA is sufficient to increase local acetylation (Guertin and Lis 2010). This suggests that the activation potential of HSF is at least partly
manifested through HSF’s ability to recruit chromatinmodifying enzymes that alter chromatin structure. Although HSF’s activation domain is sufficient to activate
transgenic reporter genes (Wisniewski et al. 1996), HSF
binding to a promoter is insufficient to activate local genes
in vivo at endogenous binding sites (Guertin and Lis
2010). It is unclear how HSF discriminates among proximal genes to activate; however, directed studies with
known HS-regulated genes suggest that GAGA-associated
factor (GAF) and paused Pol II may facilitate activation
of some genes (H Lee et al. 1992; Tsukiyama et al. 1994;
Wilkins and Lis 1997; Leibovitch et al. 2002; C Lee et al.
2008). In contrast, the insulator BEAF (boundary elementassociated factor) may be able to insulate local genes from
HSF’s activation potential (Guertin and Lis 2010; Gonsalves et al. 2011). Although the DNA elements, promoter
features, and TFs that are critical for HSF-induced expression of Hsp70 are well characterized, it remains unclear
to what extent these chromatin features dictate the activation potential of HS genes genome wide.

HSF is thought to have a predominant role in releasing
paused Pol II into productive elongation (Lis et al. 2000; Ni
et al. 2008), but it remains unclear whether HSF is necessary for Pol II initiation or efficient reinitiation following
the escape of a paused Pol II into productive elongation, as
is seen with other acidic activators (Yudkovsky et al. 2000).
In vitro experiments on chromatin templates indicate that
HSF has a role in setting up a platform that allows faster
initiation (Sandaltzopoulos and Becker 1998), and in vivo
studies demonstrate that HSF remains stably bound to promoters during HS over a time frame that allows many
dozens of cycles of transcription initiation (Yao et al. 2006).
Although the mechanistic role of HSF in transcription after
DNA binding is still under investigation, it is clear that HSF
is necessary to orchestrate the changes in transcription,
chromatin structure, and architecture that are observed following HS (Jedlicka et al. 1997; Petesch and Lis 2008).
HSF PRECIPITATES NUCLEOSOME LOSS AND
FORMATION OF A TRANSCRIPTION PUFF
WITH COMPARTMENT-LIKE PROPERTIES
Chromatin Dynamics Visualized
on Polytene Chromosomes
Drosophila polytene chromosomes have nine inducible
HS puffs that form reproducibly and synchronously and
are maximal in size by 20 min (Fig. 3) (Ashburner 1970;
Lewis et al. 1975). The size of the HS-inducible puffs is
roughly correlated with both gene length and strength of
the promoter (Simon et al. 1985). HSF is necessary for
both gene activation and chromatin decondensation at
these nine sites (Jedlicka et al. 1997). In contrast to the
evidence that active transcription of these HS genes is responsible for the formation of the HS puffs, other studies
show that the two can be uncoupled from each other.
Chemical treatment with sodium salicylate induces HSF
binding to the same nine target loci and induces puff formation, but active transcription of these genes is blocked
(Winegarden et al. 1996). HS genes can thus be used to
study how chromatin structure changes during transcriptional activation and how different factors can influence

Figure 3. Decondensation of heat-shock- and ecdysone-induced
genes. HS genes at cytological loci 87A and 87C and developmental genes at 74EF and 75B decondense dramatically following
activation. Hoeschst-stained DNA (blue), serine-5 phosphorylated
Pol II (H14 antibody) (red).
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the changes in chromatin, either through a transcriptionally dependent or independent pathway. Notably, transcriptional puffs are dynamic structures that are not unique to
HS loci because developmental cues such as hormone exposure also induce puff formation (Fig. 3) (Ritossa 1962).
As such, polytene chromosomes continue to serve as a visual model for how transcription and TFs can influence
chromatin structure and vice versa.
In addition to the many cytological studies performed
with the imaging of polytene chromosomes following HS,
many in vitro and in vivo studies with Hsp70 genes have
provided evidence for the changes that accompany individual nucleosomes following HS. Just as staining of polytene
chromosomes has shown that regions of high levels of chromatin condensation preferentially exclude Pol II, in vitro
studies have shown that the presence of nucleosomes impedes the transcription of Pol II (Knezetic and Luse 1986;
Lorch et al. 1987). However, the presence of nucleosomes
on the gene body of Hsp70 before HS does not impede the
immediate response and efficient transcriptional activation
of paused Pol II at Hsp70 following an instantaneous HS
(Boehm et al. 2003). Intriguingly, the first studies mapping
nucleosomes at Hsp70, both before and after HS, demonstrated that nucleosome structure was severely compromised on the body of the gene following a 20-min HS (Wu
et al. 1979). These results corroborate those seen at a lower
resolution with the formation of chromosomal puffs at the
Hsp70 loci following HS from polytene chromosomes (Fig.
3), and they also go a step further by demonstrating that individual nucleosomes, and not just the chromatin fiber, are
changing during transcriptional activation of the gene.
High Spatial and Temporal Resolution of Changes
in Chromatin Dynamics
More recently, the chromatin structure of Hsp70 has
been probed at higher spatial and temporal resolution to
understand more precisely how and when nucleosome
structures are changing. These results demonstrate that
there is a rapid change in nucleosome structure by 30–60
sec of HS that continues throughout the gene and is independent of active transcription (Petesch and Lis 2008).
These changes are marked by an increase in the accessibility of micrococcal nuclease to nucleosomal DNA and
also a reduction in histone density across the gene. Additionally, between 60 and 120 sec of HS, there is a further
transcription-dependent disruption of nucleosomes, seen
by another increase in micrococcal nuclease accessibility.
These results demonstrate not only the rapid nature of the
changes in nucleosomes that occur following HS but also
separate transcription-dependent and -independent changes
to nucleosome structure that were also documented from
those polytene chromosome analyses performed using
sodium salicylate (Winegarden et al. 1996).
HSF and PARP Are Critical for Changes
in Chromatin Structure
The immediate and widespread changes in chromatin
structure at Hsp70 following HS are critically dependent
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on HSF and poly(ADP-)ribose polymerase (PARP). PARP
is an enzyme that catalyzes the formation of poly(ADP-)ribose (PAR) from NAD+ molecules onto donor proteins as
a posttranslational modification (Krishnakumar and Kraus
2010). As with HSF, PARP has been previously identified
to be a critical factor for puffing in response to HS but is
also important in puff formation associated with developmental genes that respond to hormones and innate immunity genes that respond to infection (Tulin and Spradling
2003). Both RNA interference (RNAi) knockdown of HSF
and PARP as well as catalytic inhibition of PARP result in
the failure of Hsp70 to undergo rapid transcription-independent loss of the chromatin structure following HS
(Petesch and Lis 2008). Taken together, these data suggest
that PARP activation (presumably directly or indirectly by
HSF) and production of long-nucleic-acid–like PAR molecules can directly result in a decondensation event that facilitates the movement of Pol II through nucleosomes.
It is also becoming clear that the formation of PAR at
these sites of transcriptional activation has an additional
function beyond rapidly decreasing the density of histones
and disrupting nucleosome structure along genes. Recent
studies using live cell imaging of polytene chromosomes
expressing GFP-fusion proteins to PARP and histones have
been used to track the dynamic nature of these proteins before and after HS at Hsp70 loci (Zobeck et al. 2010). Before HS, both PARP and histones are present at Hsp70.
Following HS, the total levels of both PARP and histones
remain unchanged from those levels before HS, although
histone density on the gene itself decreases. This indicates
that although histones are being evicted from the gene following HS, they are retained locally at Hsp70 loci. Whether
the histones present before HS at the loci are the same as
those at the loci after HS has yet to be directly measured.
However, these results indicate that in addition to contributing to the decondensation at Hsp70 loci, the activation of
PARP and production of PAR could also aid in the local
retention of histones that are evicted following HS.
Compartmentalization of Transcription
Focused studies of Hsp70 loci of polytene chromosomes
indicate that HS activation precipitates de novo assembly,
accumulation, and retention of TFs at activated regions.
The term “compartment” has been coined to describe the
changes in chromatin architecture that facilitate local retention of TFs that were recruited to the loci. Evidence for
a transcription compartment arose from multiphoton laserscanning confocal and spinning-disk microscopy images
of native cytological loci in living cells (Yao et al. 2007;
Zobeck et al. 2010). Using fluorescence recovery after
photobleaching (FRAP) at Hsp70 loci in polytene nuclei,
it was shown that photobleached Pol II was replaced rapidly by unbleached Pol II 10–20 min after HS; however,
less recovery was observed following a 40–60-min HS
(Fig. 4) (Yao et al. 2007). This change in Pol II exchange
occurs in a progressive manner (Yao et al. 2007). Additional data indicate that transcription is still occurring after
40 min at these sites, suggesting that the bleached Pol II
molecules are locally retained in a transcription compart-
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Figure 4. Dynamics of Pol II at Hsp70 loci in vivo. FRAP (Fluorescence recovery after photobleaching) was used to measure dynamics
of Pol II (using an Rpb3-GFP [green fluorescent protein] fusion protein) after 10- or 60-min following an instantaneous HS. Nonphotobleached Pol II is rapidly recruited to loci after 10 min but more modestly recruited after 60 min. Time (in seconds) along the x axis
represents time elapsed after photobleaching.

ment and recycled for transcription observed at late time
points (Yao et al. 2007).
Although the compartment was initially characterized
for Pol II, this model would predict that other TFs would
be retained in the compartment structure. Indeed, the exchange of P-TEFb, Spt6, and Topo I at Hsp70 loci, as
measured by FRAP, decreases at later HS time points. Interestingly, the transcription compartment is reliant on
PARP catalytic activity, again implicating PARP as an important player in the chromatin changes that occur following HS (Zobeck et al. 2010). Although compartments were
studied in depth at Hsp70 loci, compartment-like features
are found at numerous developmental loci as well, illustrating the generality of this structure (Yao et al. 2007).
Another defining characteristic of compartments is the
de novo assembly and accumulation of TFs at activated regions (Fig. 5) (Yao et al. 2007; Zobeck et al. 2010). In contrast to this model, the transcription “factory” model
proposes that coregulated genes relocate following activation to preformed foci containing Pol II and the transcription
machinery (Iborra et al. 1996). Support for the transcription
factory model stems from fluorescence in situ hybridization
(FISH) data indicating that coexpressed genes colocalize
with Pol II foci more frequently when active compared with
when they are inactive (Osborne et al. 2004, 2007). However, the factory model does not hold true for HS-regulated
genes because FISH of Hsp70 and Hsp83 revealed that the
frequency of interactions of these two loci and distribution
in the nucleus do not change following gene activation in
diploid cells (Yao et al. 2007). Furthermore, live cell imaging in polytene nuclei indicates that Hsp70 loci are not repositioned on gene activation. Similarly, in mouse 3134 cells,
it was shown that a tandem array of mouse mammary tumor
virus promoters does not relocate within the nucleus after

activation (Becker et al. 2002). Additionally, live cell imaging of MS2-GFP binding to the nascent RNA of a β-globin-gene construct harboring MS2-binding sites revealed
that transcriptional activation does not cause movement
from the nuclear membrane to the interior of the nucleoplasm (Kumaran and Spector 2008). These data, taken together, suggest that a de novo recruitment mechanism of
necessary TFs for building a transcriptionally active gene
is conserved beyond Hsp70 loci of Drosophila and is likely
a general model of gene regulation.
PERSPECTIVES
We describe a model system that has proven to be extremely useful in elucidating the general mechanisms by
which paused Pol II and acidic activators function to direct
changes in transcriptional regulation and chromatin structure. However, important unanswered questions remain.
Accumulating evidence shows that Pol II pausing at the
promoter-proximal region is a general mechanism to regulate transcription in diverse genes and in organisms that
extend beyond the highly studied paused Drosophila
Hsp70 gene; however, the mechanism by which paused
Pol II is established is not fully understood. Specific compositions of nucleotides at the promoter are associated
with increased levels of pausing (Hendrix et al. 2008;
Nechaev et al. 2010), but the nucleotide composition alone
is not likely to be sufficient for directing the establishment
of the pause. Several factors including DSIF, NELF, and
GAF have been shown to be important in establishing or
stabilizing the pause, but these are insufficient to dictate
all pausing, suggesting that the full array of the sets of factors is not yet identified. Moreover, the factors that are
known to affect pausing are not understood completely.

Figure 5. Gradual recruitment of Pol II to the Hsp70
loci in vivo. Additional Pol II is recruited to Hsp70 loci
(white doublet) at ~2 min post-HS (third panel) and accumulates until ~5-min post-HS (seventh panel). After
5 min of HS, Pol II reaches maximal levels and remains high for the duration of the experiment.

Downloaded from symposium.cshlp.org on April 9, 2015 - Published by Cold Spring Harbor Laboratory Press

HEAT SHOCK MODEL AND TRANSCRIPTIONAL REGULATION
The chromatin environment and chromatin-bound factors
may also influence how pausing of Pol II is established at
the 5′ end of genes (Gilchrist et al. 2008). Additionally, it
remains unclear how a diverse set of upstream activators
interfaces with P-TEFb to release the paused Pol II into
productive elongation. Furthermore, the full spectrum of
P-TEFb phosphorylation targets needs to be identified, as
does the mechanistic contribution of their phosphorylation
to steps within the transcriptional cycle.
Although HSF is indispensable for the recruitment of
P-TEFb and the release of paused Pol II into productive
elongation at Hsp70, it remains unclear how HSF discriminates among local genes, mediating the activation of only
a subset. GAF is an important factor in mediating activation of some, but not all, HS genes (Lee et al. 2008; Ardehali et al. 2009; Guertin and Lis 2010). Additionally, at
Hsp70, the presence of paused Pol II is a prerequisite for
activation by HSF (Lee et al. 1992). In contrast, insulators
and other repressive factors may inhibit the communication of HSF and promoters (Guertin and Lis 2010; Gonsalves et al. 2011). To date, the properties of
HSF-activated genes have been characterized on a geneby-gene basis, but genome-wide methodologies allow for
an unbiased analysis contrasting the characteristics of
genes that are differentially affected by HSF-proximal
binding. We anticipate that many features including DNA
promoter elements, activator-binding kinetics and proximity to the transcriptional start sites (TSSs), prebound
TFs, local histone modifications, and paused Pol II status
can act together to influence gene activation and affect
chromatin structure.
The dynamic interplay between how chromatin and transcription influence each other needs to be understood quantitatively and in mechanistic detail. It is still unclear as to
what extent chromatin structure affects the ability of the
transcriptional machinery to bind DNA and the extent to
which chromatin structure affects the establishment and
duration time of paused Pol II. During the process of transcriptional elongation, the fate of individual histones during the passage of Pol II through the nucleosome remains
unresolved. We need to define the intermediate in vivo nucleosome structures generated as Pol II transcribes through
a gene and discern the fate of those histones that are evicted
from the DNA. Additionally, we need to understand the
changes in chromatin structure that occur both dependently
and independently of actively transcribing Pol II, in particular, the general role that activators and PARP have in mediating transcription-independent changes in chromatin.
Elucidating these mechanistic details will provide critical
insights into the ways that chromatin structure influences
transcription and vice versa.
Live cell imaging of Drosophila polytene chromosomes
has provided novel insights into the dynamics of TFs at activated genes. These general features may be conserved in
diploid cells, which exhibit some of the characteristics of
a transcription compartment. However, the retention of TFs
in a transcription-activated compartment has only been observed in Drosophila polytene nuclei. To address the generality of compartments, new imaging methods that
improve resolution and sensitivity need to be developed.

7

The HS genes of Drosophila have been integral in
defining and characterizing general mechanisms by which
signal-regulated transcription occurs. The recent emergence of genomic expression and TF-binding data, live
cell imaging techniques, and molecular tools promises that
the HS system will continue to provide novel insights into
transcriptional regulation and chromatin structure.
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