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Transcriptional elongation control by RNA polymerase II
and its associated factors has taken center stage as a
process essential for the regulation of gene expression
throughout development. In this review, we analyze re-
cent findings on the identification of factors functioning in
the regulation of the transcriptional elongation checkpoint
control (TECC) stage of gene expression and how the
factors’ misregulation is associated with disease patho-
genesis, including cancer.

It has long been recognized that gene expression can be
regulated at the level of transcription elongation (Shilatifard
1998; Saunders et al. 2006). For example, the presence
of transcriptionally engaged RNA polymerase (Pol II)
without productive elongation (promoter-proximal paused
Pol II) was observed for the Hsp70 gene in Drosophila and
at the c-myc and c-fos genes in mammalian cells (Gilmour
and Lis 1986; Fort et al. 1987; Rougvie and Lis 1988;
Krumm et al. 1992). Subsequent genome-wide analyses of
Pol II occupancy and nascent transcription have shown
that proximal pausing of Pol II is a common feature of
developmentally regulated genes (Guenther et al. 2007;
Muse et al. 2007; Zeitlinger et al. 2007). Since the phenom-
enon of paused Pol II was initially described for the c-fos
and Hsp70 genes, both of which are rapidly induced in
response to environmental signals, it was considered that
rapid transcriptional induction might be the major function
of having Pol II present at the promoter prior to transcrip-
tional induction. However, recent work has demonstrated
that genes can be rapidly induced without having paused
Pol II (Lin et al. 2011). Elegant in vivo studies by Boettiger
and Levine (2009) have also demonstrated that develop-
mental genes bearing paused Pol II on their promoters have
a greater propensity to be induced synchronously. Based on
these and additional studies demonstrating an essential
role for the super elongation complex (SEC) in rapid
transcriptional induction with or without paused Pol II,
the emerging consensus is that genes with paused Pol II
can be induced in an equitable and synchronous manner
compared with genes without paused Pol II that are subject
to potentially stochastic initiation events leading to more

variable induction (Boettiger and Levine 2009; Levine
2011; Lin et al. 2011). This well-regulated release of paused
Pol II is referred to as the transcriptional elongation
checkpoint control (TECC) (Luo et al. 2012b).

Numerous factors have been identified that regulate
the transcription elongation stage of gene expression, and
many such factors were initially identified from in vitro
biochemical studies (Shilatifard et al. 2003; Sims et al.
2004). In vitro assays typically use fractionated nuclear
extracts and a runoff transcription template to measure
either elongation rates or the ability to extend RNA chains
by RNA Pol II (Shilatifard et al. 2003). The identified
factors can be classified according to the step at which
they are thought to be required. For example, TFIIF helps
recruit Pol II to the promoter and has a role in the
transcription of the first few nucleotides (Yan et al. 1999).
The RNA Pol II elongation factor TFIIS is required
whenever Pol II is irreversibly backtracked, in which case
TFIIS stimulates Pol II to cleave the nascent RNA chain
to allow realignment of the catalytic pocket with the 39-OH
of the nascent chain (Reines et al. 1996). The elongation
factors Elongin A and ELL were identified by their ability
to increase the rate (Vmax) of transcription elongation by
Pol II in vitro, and even though they possess similar
biochemical properties in vitro, they have been found to
participate in distinct complexes and to have nonredun-
dant functions in vivo (Aso et al. 1995; Shilatifard et al.
1996, 2003; Eissenberg et al. 2002; Gerber et al. 2004;
Smith et al. 2008; Chopra et al. 2009; Yasukawa et al.
2012). The RNA Pol II elongation factors NELF and DSIF
were purified as negative elongation factors that cooper-
ate to promote the paused Pol II state, but DSIF, composed
of SPT4 and SPT5, also has a distinct role in regulating the
rate of elongation by Pol II (Wada et al. 1998; Yamaguchi
et al. 1999).

Many of the Pol II elongation factors identified from
these in vitro assays were independently identified from
genetic studies as regulators of development in Drosophila,
zebrafish, or mammals. ELL (eleven-nineteen lysine-rich
leukemia) was identified as a Pol II elongation factor
isolated from rat liver nuclear extracts and turned out to
be the ortholog of the ELL gene product from humans
(Thirman et al. 1994; Shilatifard et al. 1996). ELL is a
frequent translocation partner of MLL (mixed-lineage
leukemia), and even though MLL has a large number of
translocation partners in leukemia, ELL was the first
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partner for which a biological function was proposed
(Shilatifard 1998). Studies from our laboratory and others
demonstrated that ELL is a component of the SEC that
contains other ELL family members in addition to MLL
translocation partners AFF1, AFF4, AF9, and ENL and
Pol II elongation factor P-TEFb (He et al. 2010; Lin et al.
2010; Mohan et al. 2010; Sobhian et al. 2010). In vivo
studies demonstrated that chromosomal translocations
that result in the fusion of MLL with subunits of SEC can
lead to the improper recruitment of SEC to MLL target
genes, suggesting that misregulation of the TECC stage of
gene expression contributes to leukemic pathogenesis (Lin
et al. 2010; Mohan et al. 2010).

As indicated above, SEC contains the kinase module
P-TEFb, itself a factor that was originally identified as
an elongation factor from in vitro biochemical studies
(Marshall and Price 1995). The first characterized in vivo
role of P-TEFb was as a cellular cofactor for the viral Tat
protein’s ability to remove an elongation block of tran-
scription of the HIV-1 provirus (Mancebo et al. 1997; Zhu
et al. 1997). P-TEFb’s kinase activity is required for the
release of paused Pol II through the phosphorylations of
the RNA Pol II C-terminal domain (CTD), the NELF-E
subunit, and the CTD of the SPT5 subunit of DSIF (Fujinaga
et al. 2004; Peterlin and Price 2006; Yamada et al. 2006).
Phosphorylation of SPT5 results in the release of DSIF
from NELF, and DSIF proceeds to travel with Pol II as
a positive elongation factor. Foggy, the zebrafish ortholog
of SPT5, was identified in a genetic screen for factors
required for neuronal development (Guo et al. 1999). The
mutant allele showed a single nucleotide change that
resulted in an amino acid substitution of a conserved
C-terminal residue. The mutant version of Foggy was able
to stimulate elongation as well as the wild type but lacked
the negative elongation activity, indicating the importance
of Pol II pause control for development (Guo et al. 2000).

In this review, we discuss recent findings that provide
insight into the nature of transcriptional regulation on
genes at the level of paused Pol II and the TECC and the
potential for diverse regulatory mechanisms for its regula-
tion in normal developmental contexts as well as disease
contexts.

Setup and release of RNA Pol II: Paused Pol II is not
a prerequisite for rapid induction of gene expression

The Drosophila Hsp70 gene is characterized by the pres-
ence of transcriptionally engaged Pol II that is primarily
producing 30- to 40-nucleotide (nt) transcripts in the un-
stressed state. Occasionally, about every 10 min, Pol II
escapes and produces a full-length transcript, thus pro-
ducing a low basal level of the Hsp70 protein. Upon heat
shock, Pol II is released about every 4 sec, but the presence
of Pol II and the production of shorter transcripts can
still be detected even during a full heat-shock response
(Nechaev and Adelman 2011). ‘‘Constitutively expressed’’
genes such as actin and tubulin are even known to have
a ‘‘pileup’’ of Pol II at their 59 ends and have engaged Pol II in
producing the short transcripts while maintaining high
levels of expression of the full-length transcripts (Boehm

et al. 2003). These studies support a model in which genes
bearing paused Pol II at their promoters are not in an off
state, but rather in a preassembled state ready to respond
rapidly to cellular signals. In addition to a possible role in
rapid induction, one benefit of a preassembled system is to
allow a synchronous response to developmental cues be-
tween cells in a developing organism, avoiding stochastic
steps, including preinitiation complex (PIC) assembly and
promoter melting (Boettiger and Levine 2009). Studies in
mouse embryonic stem (ES) cells demonstrated that the
most rapidly induced gene in response to retinoic acid,
Cyp26a1, lacked paused Pol II in the undifferentiated
state, demonstrating that paused Pol II is not a prerequi-
site for rapid transcriptional induction (Lin et al. 2011).
Studies by Lin et al. (2011) also suggested that paused
Pol II may function in the regulation of a uniform or eq-
uitable induction of gene expression in a given cell, similar
to what was proposed on the role of paused Pol II in the
regulation of uniform and synchronous transcriptional
induction of a given gene in the cells of a developing
embryo (Boettiger and Levine 2009).

Release of paused Pol II through CTD phosphorylation

A prominent distinction between paused and elongating
Pol II is the phosphorylation state of the heptad repeat in
the CTD. This repeat contains three serines, one threo-
nine, and one tyrosine, all of which can be phosphory-
lated. Notably, the Ser 2 and Ser 5 phosphorylations have
been the most widely investigated modification sites (for
review, see Hsin and Manley 2012). Ser 5 phosphorylation
is enriched in the promoter-proximal region, including
genes such as Hsp70 that exhibit pausing. Ser 2 phos-
phorylation is enriched in the gene bodies and corre-
sponds to the elongating form of Pol II. Therefore, the
transition from paused Pol II to elongating Pol II through
phosphorylation has been identified as a key regulatory
step in gene expression (Mohan et al. 2010). Given the
fact that the SEC family of Pol II elongation factors
contains the most catalytically active versions of P-TEFb,
their role in the regulation of pause release is of great
interest (Luo et al. 2012a).

In addition to phosphorylating the Pol II CTD, P-TEFb
also phosphorylates the CTD of SPT5 and the ‘‘E’’ subunit
of the NELF complex. Both SPT5 and NELF are implicated
in setting up the paused state of RNA Pol II. Phosphoryla-
tions of Pol II, Spt5, and NELF may all contribute to the
release of the paused state. Phosphorylations of the CTDs
of both SPT5 and Pol II also occur in the budding yeast
Saccharomyces cerevisiae. As in metazoans, the Pol II
CTD in yeast is phosphorylated on Ser 5 at the 59 ends of
genes, with a transitioning to Ser 2 phosphorylation toward
the 39 ends. However, yeast lacks NELF and may not
regulate the pausing of RNA Pol II as seen in metazoans
(Kim et al. 2010; Mayer et al. 2010; Churchman and
Weissman 2011; Yearling et al. 2011).

An important difference between yeast and metazoan
SPT5 is the addition of a conserved region that is C-terminal
to the phosphorylated CTD, referred to as the extreme C
terminus. This domain is implicated in the pausing of
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RNA Pol II and is the affected region in the zebrafish
foggy mutant (Guo et al. 1999). It is known that phosphor-
ylation of the CTDs of SPT5 and Pol II is required for the
interaction of these proteins with a large number of partners
mediating various cotranscriptional processes from mRNA
capping, histone modifications, and transcription termi-
nation (Hsin and Manley 2012; Werner 2012; Zhou et al.
2012). Although the precise molecular details are not
known, it is thought that a combination of interactions
between Pol II, SPT5, and NELF mediates pausing of Pol II,
with the P-TEFb-dependent phosphorylation of these
factors disrupting these interactions (Hsin and Manley
2012; Zhou et al. 2012). The P-TEFb within SEC has
emerged as the form of P-TEFb that is required for the
release of Pol II at Hsp70, c-myc, c-fos, the HIV-LTR, and
many of the developmentally regulated genes such as the
Hox genes in ES cells (Fig. 1; Luo et al. 2012b). Much
attention has also focused on the Brd4-associated form
of P-TEFb (Zhou et al. 2012). Determining precisely how
P-TEFb transitions between different complexes to regu-
late the various steps of the transcription cycle or the
different classes of genes will be an important area of
investigation (Bartholomeeusen et al. 2012; Zhou et al.
2012).

New regulators of pause–release

Recent yeast studies of nascent transcription suggest that a
subset of genes may have some form of promoter-proximal
pausing (Churchman and Weissman 2011; McKinlay et al.
2011), raising the possibility that alternate mechanisms for
pausing may exist in yeast (Yearling et al. 2011). Further-
more, recent studies in mammalian cells have raised the

possibility that there are multiple ways of regulating the
release of paused Pol II, further increasing the complexity of
transcriptional regulation at the level of TECC. One factor
that was recently implicated in regulating paused Pol II
is Gdown1, a protein associated with 30%–50% of Pol II
(Hu et al. 2006). The Gdown1 form of Pol II was shown to
require Mediator in activator-dependent in vitro transcrip-
tion, while Pol II without Gdown1 did not require Mediator
in these in vitro assays. Therefore, Gdown1 was seen as
repressing transcription in a way that could be relieved by
Mediator. Later studies indicated that Gdown1 and TFIIF
compete with each other for association with Pol II (Cheng
et al. 2012; Espinosa 2012; Jishage et al. 2012). Since TFIIF
can act as both a preinitiation factor and an early elonga-
tion factor, Gdown1 could prevent transcription at either
step. Genome-wide profiling of Gdown1 in HeLa cells
shows that Gdown1 colocalizes extensively with Pol II
and, despite being found on gene bodies, is particularly
prominent at transcription start sites (Cheng et al. 2012).
It was noted that on some genes, there were multiple
peaks of Pol II and Gdown1, possibly due to alternative
transcription start sites. There were many cases in which
Gdown1 was strongly bound to both start sites, but Pol II
was stronger on one site than the other. This could reflect
differential pausing and release of Pol II at the alternate
start sites, but differences in initiation cannot be ruled
out by these assays.

While Gdown1 can antagonize TFIIF function (Cheng
et al. 2012; Espinosa 2012; Jishage et al. 2012), Price and
colleagues (Cheng et al. 2012) also found that Gdown1
can inhibit the activity of the Pol II termination factor
TTF2. TTF2 is an SWI2/SNF2-related ATPase that has a
prominent role in terminating transcription before chro-

Figure 1. Transcriptional activation with and
without paused Pol II. (A) The classic example of
transcriptional regulation by paused Pol II was
demonstrated for the Hsp70 gene in Drosophila.
Pol II is initially recruited to the gene promoter
by the PIC (represented here with a TBP-shaped
crescent). (Left panel) DSIF cooperates with
NELF to keep Pol II within the first 40–70 nt of
the transcription start site (TSS). (Right panel)
Upon heat shock, the P-TEFb kinase (red sphere),
as a component of the SEC, phosphorylates both
DSIF and the Pol II CTD to allow the release
from NELF, which allows productive elongation
by Pol II, while DSIF becomes a positive factor
for processivity. (B) Paused Pol II and its release
by SEC have been extensively studied during
transactivation of the HIV-1 provirus by the
HIV-1 encoded Tat protein. Early in the viral life
cycle, provirus transcription is inefficient until
enough Tat protein has accumulated. Tat binds
to a stem–loop structure early in the first 80 nt of
the transcript from which it recruits SEC to
cause the release of Pol II into productive tran-

scription. (C) Transcriptional induction without paused Pol II. Recent studies in mouse ES cells revealed that one of the most rapidly
induced genes in response to differentiation signals, Cyp26a1, lacks paused Pol II in the ES cell state and is covered by H3K27me3. In
the presence of retinoic acid (RA), the PIC, Pol II can quickly initiate transcription, and in the presence of SEC, rapid transcriptional
induction is ensued (see also Fig. 4A,B).
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mosomes condense at mitosis (Jiang et al. 2004). Inter-
estingly, TTF2 was recently found by the Bentley group
(Brannan et al. 2012) to be associated with the XRN2
exonuclease. XRN2 degrades RNA in a 59–39 manner to
facilitate termination of transcription using the 59 end of
the transcript created after cleavage by 39 end processing
enzymes. XRN2 is proposed to act as a torpedo, catching
up to and helping to evict Pol I or Pol II, as the poly-
merases would otherwise continue transcribing well
past the 39 end cleavage site, which, in the case of Pol II,
normally occurs just after the polyadenylation signal.
Bentley and colleagues (Brannan et al. 2012) also found
decapping enzymes in their XRN2 immunoprecipitates.
Cytoplasmic decapping factors are used to destabilize
transcripts by generating a 59 phosphate for the 59–39

exonuclease XRN1. Chromatin immunoprecipitation
(ChIP) combined with deep sequencing (ChIP-seq) analy-
sis to map the genome-wide distribution of XRN2, TTF2,
and the decapping enzyme DCP1A demonstrated an asso-
ciation with Pol II at the 59 end of genes. Furthermore,
depletion of these factors by shRNA led to global changes
in Pol II distribution. Therefore, it has been proposed that
the decapping factors act to initiate the XRN2 torpedo in
order to terminate Pol II at an early elongation stage (Fig. 2).
Taking into account the work by Price and colleagues
(Cheng et al. 2012), who suggested that Gdown1 might
help to form a particularly stable form of paused Pol II,
Gdown1 could regulate paused Pol II by preventing early
termination by the TTF2/XRN2/DCP1A complex.

XRN2 was also recently found to participate in pre-
mature termination of HIV transcription (Wagschal et al.
2012). Expression of the full-length RNA constituting the
HIV genome requires the viral-encoded transcription acti-
vator Tat, which specifically recognizes a stem–loop struc-
ture (called the transcription activation response element
[TAR]) that forms at the 59 end of all HIV transcripts. Tat

binding to TAR recruits P-TEFb within SEC, which can
phosphorylate the Pol II CTD and promotes the production
of full-length transcripts. Without Tat, HIV transcription
is mostly unproductive, and most Pol II molecules tran-
scribe a short distance and are considered to exist in a
paused state. A small percentage of Pol II molecules are
able to escape to make longer transcripts, which include
those needed to express the Tat protein. Eventually, enough
Tat protein is made to bind to TAR elements on nascent
transcripts, and the full activation of HIV transcription
begins. Wagschal et al. (2012) noticed that the TAR element
resembled microRNAs (miRNAs) and asked whether the
Drosha endonuclease required for miRNA cleavage regu-
lated HIV transcription. They found that the knockdown of
the Drosha levels led to activation of HIV transcription in
the absence of Tat, indicating that Drosha was responsible
for the nonproductive transcription of HIV. They proposed
that Drosha stimulates the premature termination of HIV
transcription by cleaving the TAR stem–loop structure.
This cleavage generates a 59 fragment containing the 7meG
cap and a 39 fragment that is associated with the engaged
Pol II. The exposed 59 phosphate of the 39 fragment provides
an entry point for the XRN2 torpedo, leading to premature
termination of transcription. They proposed that in addi-
tion to the decapping/torpedo mechanism of termination
observed by the Bentley group (Brannan et al. 2012), the
Drosha-dependent cleavage is another path for the XRN2-
dependent early termination of RNA Pol II.

A challenging area for the future will be to determine
whether genes exhibiting engaged, nonproductive Pol II
can be classified into being regulated by NELF/SPT5,
XRN2/TTF2, or Gdown1 or to what extent combinations
of these mechanisms can regulate the same gene. A subset
of genes could have paused Pol II that is later released to
elongate, while other genes exhibiting nonproductive Pol II
might require termination of the proximally paused Pol II

Figure 2. Multiple ways to regulate paused Pol
II. Recent studies have revealed other mecha-
nisms to regulate paused Pol II in addition to the
DSIF/NELF pause–release mechanism shown in
Figure 1. (A) Paused Pol II is a nonproductive state
producing short ;50-nt transcripts that have al-
ready been modified with a methyl-7-guanosine
cap (m7GPP) protecting the 59 end of the mRNA
from exonucleolytic cleavage. (B) Normally, the
cap-binding protein complex (CBC) recognizes the
m7G cap and stays with the transcript to facilitate
RNA processing and the export of the RNA to
the cytoplasm. (C) A decapping enzyme (DCP)
can remove the m7G cap, thereby restoring the
59 phosphate of the RNA, which allows the RNA
to be degraded by the XRN2 exonuclease. The 59

-to-39 processivity of the XRN2 exonuclease helps
push the stalling Pol II off the transcript, resulting
in transcription termination. Note that an entry
point for XRN2-dependent Pol II termination can
also come about from any endonucleolytic cleav-
age event, such as when the miRNA processing
factor Drosha cleaves the stem–loop structure of
the TAR region of the HIV-1 transcript (also see
Fig. 1).
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to allow a new productive form of Pol II to initiate a new
transcript. However, both mechanisms appear to be used
at the HIV LTR whose transcriptional regulation requires
NELF for the pausing of Pol II (Zhang et al. 2007), SEC for
releasing paused Pol II for productive elongation (He et al.
2010; Sobhian et al. 2010), and Drosha and XRN2 for
controlling HIV-1 proviral transcription (Wagschal et al.
2012).

Regulating TECC in the context of chromatin

The in vitro transcription assays that have been used to
identify elongation factors have traditionally used naked
DNA templates. Attempts to use chromatin-containing
templates for in vitro transcription were initially un-
successful due to competition between nucleosomes and
PIC formation (Lorch et al. 1987; Workman and Roeder
1987). The addition of nucleosome remodelers could
restore the ability of Pol II to initiate on chromatin
templates, but these transcripts were unable to elongate
efficiently (Orphanides et al. 1998). Reinberg and col-
leagues (Orphanides et al. 1998, 1999) therefore assayed
for factors that could facilitate transcription on chroma-
tin templates and identified FACT, which is composed of
two subunits, SPT16 and SSRP. SPT16 was identified in
the same screen for factors affecting TY element tran-
scription in budding yeast that identified SPT4 and SPT5,
which were also independently identified biochemically
as forming the elongation factor DSIF (Malone et al. 1991;
Swanson et al. 1991; Hartzog et al. 1998; Wada et al. 1998;
Kaplan et al. 2000, 2003). FACT directly interacts with
H2A and H2B and facilitates both the disassembly and
reassembly of nucleosomes associated with transcription
by acting as a histone chaperone (Winkler and Luger 2011).
SPT6, another hit in the TY transcription screen, also acts
as a histone chaperone. In vivo, SPT6 associates with the
Ser 2 phosphorylated CTD of Pol II (Yoh et al. 2007).
Genome-wide studies in yeast have shown that SPT6 and
SPT16 enter and leave the transcription unit at different
places, indicating that they have nonredundant roles in
vivo (Mayer et al. 2010).

Although FACT was identified as a factor that assisted
RNA Pol II to transcribe chromatin templates, a function
that seemingly would be required at all transcribed loci,
FACT has also been implicated in the control of de-
velopmentally regulated genes. FACT subunits SPT16
and SSRP have been identified as interactors of TIF1g, an
E3 ubiquitin ligase that belongs to a family of coactivators
and corepressors. TIF1g is a major regulator of erythro-
poiesis from zebrafish to mammals (Ransom et al. 2004;
He et al. 2006; Bai et al. 2010, 2013; Kusy et al. 2011) and
is recruited to genes through its interactions with the
SCL transcription factor complex (Schuh et al. 2005; Bai
et al. 2010).

TIF1g was first found to be involved in hematopoiesis
when mutations in moonshine, shown to encode a TIF1g

ortholog, had severe defects in the differentiation of red
blood cells (Ransom et al. 2004). Mutations in moonshine
were used in the first genetic suppressor screen ever
performed in a vertebrate system, which identified the

zebrafish homolog of Cdc73 (named sunrise), a subunit of
the PAF complex (Bai et al. 2010). The PAF complex has
long been linked to transcription elongation through its
association with Pol II, playing a role as a platform for
the association of different factors mediating numerous
cotranscriptional events, such as histone modifications
and RNA processing events (for review, see Gerber and
Shilatifard 2003; Sims et al. 2004). The foggy mutation,
which lacks the negative elongation activity of SPT5, was
also shown to suppress moonshine mutant phenotypes,
suggesting a positive elongation activity dependent on
TIF1g. Defects in transcription elongation were demon-
strated for several erythroid lineage genes in moonshine
mutant zebrafish (Bai et al. 2010). Together with the
biochemical association with the FACT complex, these
molecular and genetic studies point to a role for TIF1g in
regulating FACT activity for the control of gene expres-
sion at the level of transcription elongation during de-
velopment (Fig. 3).

The FACT subunit SPT16 was also recently identified
as physically interacting with JMJD3, a histone H3K27-
demethylating enzyme in human cells (Chen et al. 2012).
JMJD3 is associated with a second H3K27 demethylase,
KIAA1718; the histone chaperone SPT6; the SPT6 inter-
actor; and Pol II CTD-binding protein IWS1 as well as the
H3K36 methyltransferase SET2, itself an interactor with
the Pol II CTD. Using PMA induction for differentiation
of HL60 cells as a model system, JMJD3 activity was shown
to be required for the recruitment of SPT6 and SPT16 as
well as for proper levels of the Ser 2 phosphorylated form
of Pol II in the gene bodies of target genes. JMJD3 was found
at many genes bearing paused Pol II and the bivalent
H3K4me3/H3K27me3 mark, and its presence was re-
quired for their induction after TPA treatment.

Figure 3. Regulating paused Pol II in the context of chromatin.
TIF1g associates with histone chaperones and elongation factors
to stimulate gene expression during erythropoiesis. Mutations
in moonshine, encoding zebrafish TIF1g, could be suppressed by
mutations in sunrise, encoding the PAF-c subunit CDC73, and
by mutations in foggy, which is an allele of the DSIF subunit
SPT5, which loses its ability to maintain the paused Pol II state.
The SCL complex, containing the basic helix–loop–helix (bHLH)
SCL transcription factor, could recruit TIF1g and the histone
chaperones SPT6 and SPT16/FACT to remodel nucleosomes to
facilitate Pol II release. The most active form of P-TEFb (red
sphere) within SEC is involved in Pol II CTD phosphorylation
and the release from the paused state. These findings implicate
transcription elongation as a major regulatory step for the control
of erythroid gene expression.
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While more work needs to be done in order to un-
derstand the mechanisms by which TIF1g and JMJD3
regulate transcription elongation, both studies link the
FACT subunits SPT16 and SPT6 to the regulation of
genes through the release of paused Pol II. The copurifica-
tion of SPT6 with SPT16 in the TIF1g and JMJD3 purifica-
tions suggests that these factors may work in some co-
ordinated manner to regulate the transcription elongation
processes on chromatin. Although the histone chaperone
activities of SPT6 and FACT may facilitate Pol II trans-
location through nucleosomes, both have been shown to
have effects on transcription elongation outside the context
of chromatin: SPT6 can stimulate transcription elongation
by Pol II (Endoh et al. 2004), and FACT can relieve DSIF/
NELF’s transcription inhibitory activity, both on naked
DNA templates in vitro (Wada et al. 2000). Therefore,
interactions with Pol II and/or DSIF/NELF could also
contribute to these factors’ abilities to facilitate transcrip-
tion elongation in vivo.

Establishment of the TECC in stem cells

Genome-wide studies in both Drosophila embryos and
mouse ES cells have shown that proximal pausing of Pol II
is found at many developmentally controlled genes well
before their later activation in response to differentiation
cues (Guenther et al. 2007; Muse et al. 2007; Zeitlinger
et al. 2007). While several factors such as NELF are known
to be required for the paused Pol II state, how this state is
established in the early embryonic stage is largely un-
known. Sequence-specific binding factors may help es-
tablish paused Pol II at specific promoters in the early
embryo (Levine 2011). The Drosophila protein Zelda can
recognize a specific motif, CAGGTAG, found at promoters
and enhancers of many developmental genes, and Zelda is
present at these genes before zygotic transcription has
begun (Liang et al. 2008; Harrison et al. 2011; Levine 2011).

Although no Zelda-like protein has been found in
mammals, early enhancer marking by a non-DNA-bind-
ing protein was shown for ELL3, which, like its homolog,
ELL, can function as an elongation factor in vitro (Miller
et al. 2000; Lin et al. 2013). ELL3 was found at some of the
active, inactive, and poised enhancers in ES cells, being
cobound with Mediator and cohesin. Mediator and cohesin
were previously shown to be required for enhancer–pro-
moter communication through chromatin looping (Kagey
et al. 2010). ELL3’s binding to some of the enhancers
required cohesin. Additionally, loss of ELL3 led to reduced
paused Pol II occupancy at some developmental genes (Lin
et al. 2013). Induction of many lineage-specific genes re-
quires the ELL2-containing SEC, and reductions in the levels
of ELL3 can lead to defective induction of these genes. This
observation suggests that there may be a handoff from
ELL3, which helped establish the paused Pol II state and
SEC that can mediate the release of paused Pol II during
gene activation. In the absence of a Zelda-like protein in
mammals, it is unclear at this time how Ell3, Mediator, and
cohesin recognize enhancers (Lin et al. 2013).

ELL3 was originally described as a protein enriched in
testes, but, recently, it was shown that ELL3 is also enriched

in oocytes, with lower levels in ES cells and declining
expression during embryoid body formation (Miller et al.
2000; Ahn et al. 2012). Immunogold electron microscopy
showed that ELL3 and RNA Pol II are present in sperm
nuclei, suggesting that transcription factors could be
marking enhancers and promoters as early as the germ
cell state (Lin et al. 2013). These studies raise the question
of how early factors such as ELL3, Mediator, cohesin, and
other transcription factors are brought to the enhancers
and what the signals are that initiate enhancer–promoter
communication establishing the paused Pol II state.

TECC and the biological significance of pausing

It has been widely assumed that the function of setting up
paused Pol II at genes before their induction is to allow for
a more rapid induction of the genes, since many of the
steps associated with initiation have already taken place
(Nechaev and Adelman 2011). This assumption was
based in large part on the extraordinarily rapid induction
of the Drosophila Hsp70 gene within seconds after heat
shock (Boehm et al. 2003). However, human Hsp70—which,
like its Drosophila counterpart, has paused Pol II that is
released by SEC—instead takes hours to be induced,
suggesting that paused Pol II is not just for rapid induction
(Lin et al. 2010). Furthermore, among all of the genes
induced in ES cells by retinoic acid, the most rapidly
induced gene was identified as Cyp26a1, which lacks
paused Pol II (Fig. 4A; Lin et al. 2011). Genes such as
Hoxa1 that are rapidly induced, but whose levels need to
be carefully regulated during development, have paused
Pol II, suggesting that well-regulated expression is a major
function of setting up paused Pol II at inducible genes.
Collectively, the studies by Lin et al. (2011) suggest that
genes bearing paused Pol II are equitably induced, while
the presence of paused Pol II is not a prerequisite for rapid
transcriptional induction (Fig. 4B).

Similarly, analysis of a Gro-seq study of estrogen re-
sponse genes (Hah et al. 2011) showed that these genes
could also be rapidly induced without prior paused Pol II
(Gilchrist et al. 2012). Furthermore, a study of the Drosoph-
ila innate immune response pathway showed that rapidly
induced anti-bacterial genes lack paused Pol II, while the
master regulators of the immune pathway, whose levels
need to be precisely controlled, have paused Pol II (Gilchrist
et al. 2012). An elegant demonstration of the importance
of paused Pol II in development comes from in situ
hybridization studies of Drosophila embryos (Fig. 4C).
Genes with paused Pol II were more synchronously in-
duced compared with genes without Pol II that showed
stochastic induction (Boettiger and Levine 2009), suggest-
ing that genes without prior paused Pol II are subject to
stochastic steps of preinitiation.

Summary and future directions

The past several years have seen a growing appreciation of
transcription elongation as a critical aspect of the regula-
tion of development. The number of elongation factors and
the diverse ways in which they regulate post-initiation
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events will continue to expand at a rapid rate due to this
heightened interest. Elegant genome-wide techniques that
look at nascent transcription have provided an unpre-
cedented view of transcribing Pol II (Core et al. 2008;
Churchman and Weissman 2011; Khodor et al. 2011),
and the power of these techniques for helping solve some
of our remaining challenges will be even greater as they
are used in combination with experimental perturbations
such as the RNAi-mediated knockdown of elongation
factors.

An emerging theme in the transcription field is that
different elongation factors are required for different classes
of genes. The ELL family has prominent roles in small
nuclear RNA transcription as part of the little elongation
complex (LEC) (Smith et al. 2011), in the rapid gene

activation of developmental genes as part of SEC, and in
enhancer–promoter communication for setting up the
paused Pol II state and response to developmental signals
(Lin et al. 2013). Even within the same complex, different
factors have context-specific roles. For example, SPT4,
which, with SPT5, forms DSIF, has a particular require-
ment for transcription of tracts of trinucleotide repeats (Liu
et al. 2012). Like DSIF, which has both positive and nega-
tive elongation activities, the PAF complex, which is
generally thought of as a positive elongation factor, is
antagonistic to the productive elongation of erythroid
genes, as evidenced by the suppression of the TIF1g mu-
tant in zebrafish (Schuh et al. 2005; Bai et al. 2010). Some
of the diversity in elongation factors is matched by the
multitude of challenges that Pol II encounters in differ-

Figure 4. Paused Pol II in equitable and synchronous transcriptional induction. (A) Rapid induction of gene expression can occur
without prior paused Pol II. In mouse ES cells (mES), Pol II is absent from the promoter of Cyp26a1. Upon retinoic acid (RA) treatment,
Pol II is recruited to Cyp26a1 along with the SEC component AFF4 (Lin et al. 2011). (B) Time course of transcriptional induction in
retinoic acid-treated mouse ES cells. Cyp26a1 (pink line/top bracket), which A shows lacks paused Pol II in the ES state, is the most
rapidly (dynamically) induced gene in response to retinoic acid treatment. Many genes that are rapidly induced by retinoic acid
treatment had paused Pol II in mouse ES cells, although they are induced in a more regulated or equitable manner (middle bracket).
This study demonstrated that paused Pol II is not a prerequisite for rapid transcriptional induction (Lin et al. 2011). (C) Paused Pol II
correlates with the synchronous induction of genes in early Drosophila embryogenesis. Two genes, thisbe (ths) and short gastrulation

(sog), can be distinguished by the absence of paused Pol II in very early embryos. (Left panel) ths in situ hybridization shows that ths,
which lacked paused Pol II prior to induction, has a stochastic induction with a nonuniform pattern of expression. (Right panel) A gene
with paused Pol II in the early embryo is sog, which, like ths, is induced in the neurogenic ectoderm but has a more uniform induction
pattern. Therefore, Boettiger and Levine (2009) propose that the prevalence of paused Pol II on developmentally regulated genes is to
ensure a well-regulated, less stochastic expression during embryogenesis. A and B are modified with permission from Genes &

Development (Lin et al. 2011). C is modified from Levine 2011 with permission from Elsevier (� 2011).
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ent contexts. Discovering the diverse roles and regulation
of P-TEFb as part of SEC and SEC-like complexes and
within the Brd4 complex is an important challenge (Luo
et al. 2012a; Zhou et al. 2012).

Recent studies of promoter-proximally paused Pol II
suggest that there may be more than one way to regulate
pausing, with Gdown1, TTF2, and XRN2 as new candi-
dates of regulating the pause and release of Pol II (Brannan
et al. 2012; Cheng et al. 2012; Wagschal et al. 2012). The
paused Pol IIs observed at housekeeping genes, heat-
shock loci, or developmental genes could each be con-
trolled by different mechanisms and for different pur-
poses, whether being dynamically or synchronously reg-
ulated. As with any step of transcription, knowing the
underlying DNA features and their sequence-specific
DNA-binding factors will help in understanding how
specific elongation factors are recruited to specific classes
of genes. Understanding the role of long-range commu-
nication between enhancer and promoter elements and
the way that cohesin, Mediator, and elongation factors
cooperate in this process will undoubtedly be part of the
solution to understanding the intricate control of the
pausing and release of Pol II in development and their
perturbation in human disease.
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