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Transcription elongation control by the 7SK snRNP complex: Releasing the pause
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ABSTRACT
The ability for the eukaryotic cell to transcriptionally respond to various stimuli is critical for the overall
homeostasis of the cell, and in turn, the organism. The human RNA polymerase II complex (Pol II), which is
responsible for the transcription of protein-encoding genes and non-coding RNAs, is paused at promoter-
proximal regions to ensure their rapid activation. In response to stimulation, Pol II pause release is
facilitated by the action of positive transcription elongation factors such as the P-TEFb kinase. However,
the majority of P-TEFb is held in a catalytically inactivate state, assembled into the 7SK small nuclear
ribonucleoprotein (snRNP) complex, and must be dislodged to become catalytically active. In this review,
we discuss mechanisms of 7SK snRNP recruitment to promoter-proximal regions and P-TEFb disassembly
from the inhibitory snRNP to regulate ‘on site’ kinase activation and Pol II pause release.
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Introduction

Proper regulation of transcription by the RNA polymerase II
(Pol II) complex is essential to maintain cellular homeostasis.
Checkpoints at multiple steps in the transcription cycle ensure
appropriate and efficient gene activation by Pol II, both under
basal conditions and in response to various stimuli.1-4 One of
the major checkpoints in the transcription cycle is the pausing
of Pol II »20–60 bp downstream of the transcription start site
(TSS).5-11 The regulated release of paused Pol II into its
actively elongating form is governed by the presence of nega-
tive elongation factors, restrictive nucleosome barriers directly
adjacent to the pause site, and the sequestration of positive
elongation factors into inhibitory complexes.10-19 Therefore,
alleviation of these elongation blockades is a major rate-limit-
ing step in gene expression, and is self-imposed by the cell to
ensure transcriptional integrity.

Several transcription factors have been recently shown to
play a critical role in promoting Pol II pause release.8,20-23 In
the case of inducible pathways, transcription factors are
recruited to target promoters to stimulate gene expression
thereby allowing the cell to rapidly and efficiently respond to
various stimuli.8,21-25 This is accomplished through the eviction
of elongation factors from their inhibitory complexes, recruit-
ment of chromatin-modifying enzymes, and the inactivation/
eviction of negative elongation factors from early elongation
complexes. At this point, paused Pol II is rapidly released into
the gene body, resulting in gene activation and allowing the cell
to rapidly respond to the stimulus.

One of the best-characterized elongation factors is the posi-
tive transcription elongation factor b (P-TEFb) kinase.20,26

Upon transcriptional activation, P-TEFb phosphorylates a

number of substrates at the promoter, alleviating the blockade
in Pol II pause release (Fig. 1). P-TEFb inhibition blocks most
Pol II regulated transcription in the cell by affecting both pause
release and termination at both 50- and 30-ends of genes,
respectively.27,28 While P-TEFb has been proposed to be indu-
cibly recruited to gene promoters during transcriptional activa-
tion,10,20-23,26,29 several recent reports have shown that inactive
P-TEFb (as part of the 7SK snRNP complex) is localized to pro-
moter-proximal regions and enhancers genome-wide prior to,
or during, gene activation.24,30-37 Recruitment of catalytically
inactive P-TEFb to gene promoters and enhancers has shifted
our understanding on how the cell controls transcription elon-
gation. By localizing primed P-TEFb near paused Pol II, tran-
scription factors can promote kinase activation to facilitate
pause release (Fig. 1). This review will highlight recent advances
and future challenges in the field of transcriptional regulation
including the role of the 7SK snRNP complex in facilitating
pause release.

The P-TEFb kinase promotes Pol II pause release

P-TEFb is a heterodimer composed of a regulatory cyclin sub-
unit (primarily CycT1 and CycT2) and the cyclin dependent
kinase 9 (Cdk9).38-40 During gene activation, the Cdk9 subunit
of P-TEFb hyper-phosphorylates the C-terminal domain
(CTD) of Pol II at Ser5 and Ser2 residues of the heptad repeats
(Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7).41,42 P-TEFb also phos-
phorylates the multi-subunit negative elongation factor complex
(NELF), particularly the NELF-E subunit, and the DRB-sensi-
tivity inducing factor (DSIF, composed of Spt4/Spt5), which are
loaded into transcription complexes after transcription
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initiation.12-14,43 While NELF-E phosphorylation results in its
eviction from the early elongation complex, the phosphoryla-
tion of the Spt5 subunit of DSIF converts the complex into a
positive elongation factor that travels with Pol II throughout
the transcription unit.14,15,44-48 Collectively, these P-TEFb-medi-
ated promoter-proximal phosphorylation events act as a molec-
ular switch to stimulate Pol II pause release.

After relieving the elongation block, P-TEFb travels with Pol
II as part of the super elongation complex (SEC), further
hyper-phosphorylating both Ser5 and Ser2 residues of the Pol
II CTD.49-51 In addition to P-TEFb, the SEC is composed of the
11–19 Lys-rich leukemia (ELL) family members (ELL1, ELL2,
and ELL3), the AF4/FMR2 (AFF) family members AFF1 and
AFF4, and the ALL1-fused gene from chromosome 9
(AF9).50,51 While the Pol II CTD is phosphorylated at other res-
idues (including Tyr1 and Ser7),52-56 the consensus major sub-
strates of the P-TEFb kinase (as part of the SEC) in the Pol II
CTD are Ser5 and Ser2 residues. Although all CTD heptad
repeats are non-redundant, phosphorylation at Ser5 and Ser2
residues takes place throughout the entire domain, as revealed
through studies in budding yeast using a CTD polypeptide
modified for mass spectrometry analysis.57,58

P-TEFb is utilized by a number of transcription factors to
stimulate gene activation including p53, nuclear factor kB
(NF-kB), heat shock factor (HSF), c-Myc, and HIV Tat, among
several others.8,20-23,26,59 Previous studies have shown that these
transcription factors can directly contact P-TEFb, and even
modulate its kinase activity toward the Pol II CTD.8,21,23,24,59-61

It remains unclear, however, if the transcription factor does
indeed need to directly bind P-TEFb at promoter-proximal
regions to facilitate SEC assembly for Pol II hyper-phosphory-
lation, or whether the SEC assembles without participation of
the transcription factor. Regardless, P-TEFb kinase activity
toward the Pol II CTD is intimately linked to transcriptional
stimulation of a gene by a canonical transcription factor. Future
studies highlighting the potential role of transcription factors in
promoting SEC assembly will be needed to clarify this issue.

The P-TEFb kinase in the 7SK snRNP complex
is catalytically inactive

To ensure that P-TEFb kinase activity, and thereby transcrip-
tional integrity of the cell remains in check, the majority of

P-TEFb is held in a catalytically inactive state assembled into
the 7SK snRNP complex.62-64 This ribonucleoprotein complex
is composed of 7SK RNA, P-TEFb, the kinase inhibitor hexam-
ethylene bis-acetamide inducible 1/2 (here referred as to Hexim
for simplicity) and 2 RNA-binding proteins (the La-related
protein 7 (Larp7) and the methylphosphate-capping enzyme
(MePCE)).65-72

The human 7SK RNA is a 331 nt-long, abundant non-
coding RNA synthesized by Pol III, and composed of
4 stem-loops (stems I-IV).65 MePCE stably binds to and
incorporates a g-monomethyl cap at the 50-end of 7SK RNA
stem I,73 whereas Larp7 constitutively binds stem IV and a
U-rich tail at the 30-end to protect the RNA from degrada-
tion.67,71,72 After RNA capping, MePCE and Larp7 physically
bind to each other, forming a closed loop on the RNA
(referred as to core 7SK snRNP), which provides further sta-
bility to the snRNP.64,66,72,74

The distal portion of 7SK stem I contains 2 structurally simi-
lar motifs, which function in the binding of Hexim1/2 homo- or
hetero-dimers.70,75 The distal part of stems I (50-end) and IV (30-
end) contain all necessary elements required for P-TEFb recruit-
ment.76 Binding to 7SK RNA causes a conformational change in
Hexim that allows it to interact with the CycT1 subunit allowing
it to recruit P-TEFb, thus assembling the 7SK snRNP complex
and inhibiting Cdk9 kinase activity.69,77-81 Systematic 7SK RNA
mutagenesis showed that alterations in Hexim’s binding abol-
ishes P-TEFb’s recruitment thereby indicating its absolute
requirement in formation of the 7SK snRNP.76

Through mass spectrometry analysis, it was discovered that
Cdk9 required T-loop phosphorylation (Thr186) to promote
its interaction with Hexim and the 7SK RNA in vitro.68,82 In
support of this model, it was found that Cdk9 T-loop mutants
were incapable of associating with Hexim-7SK RNA and
assembling the inhibitory snRNP complex.68,82 Therefore,
Hexim physically inhibits the enzymatic activity of P-TEFb
when bound to 7SK RNA and allows the cell to maintain gene
expression equilibrium when the kinase is not transcriptionally
engaged. Interestingly, T-loop phosphorylation is what primes
the kinase for activation, similar to other Cdks,83 and this mod-
ification can be carried out by either P-TEFb’s intrinsic auto-
phosphorylation or by the TFIIH kinase (Cdk7).24,84,85

Collectively, it is widely accepted that the 7SK snRNP com-
plex is the major reservoir of P-TEFb, maintaining a large

Figure 1. The P-TEFb kinase facilitates Pol II pause release. After transcription of a short (> 18 nt-long) RNA chain (red line), the negative elongation factors DSIF and NELF
promote pausing by interactions with Pol II and nascent RNA. At this point, the Pol II CTD is in its hypo-phosphorylated form (S5P) by the action of the TFIIH kinase (not
shown for simplicity). In response to stimulation, the P-TEFb kinase stimulates the hyper-phosphorylation of the Pol II CTD (S5P and S2P), NELF and DSIF. These phosphor-
ylation events cause the release of NELF from the paused, early elongation complex and transforms DSIF into a positive elongation factor, stimulating the release of Pol II
into productive elongation. The arrow denotes the position of the TSS, and the open circle indicates the elongation bubble.
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fraction of P-TEFb primed until the kinase is needed for gene
activation.62,63

P-TEFb is dislodged from the 7SK snRNP complex
on chromatin to become catalytically active

In order to accommodate the transcriptional needs of the cell,
the P-TEFb kinase has to be released from the snRNP and then
captured by promoter-associated factors. Given that phosphor-
ylation of Cdk9 is a prerequisite for P-TEFb incorporation into
the 7SK snRNP, it was proposed that Cdk9 T-loop dephosphor-
ylation could trigger kinase dislodgement from Hexim-7SK
RNA (thereby causing 7SK snRNP disassembly). Indeed, sev-
eral Ser/Thr phosphatases (including PPM1A, PP2B ad PP1a)
have been shown to dephosphorylate Cdk9 T-loop in vitro or
when ectopically expressed in cells, dissociating P-TEFb from
Hexim-7SK RNA.24,86,87 In addition to these enzymes, the
metal-dependent Ser/Thr phosphatase PPM1G not only
dephosphorylates Cdk9 T-loop in vitro, but also binds 7SK
RNA and Hexim after P-TEFb is released. This binding is
accomplished via direct recruitment of the phosphatase by
NF-kB to the 7SK snRNP in response to various NF-kB activat-
ing stimuli to promote Pol II transcription activation24,37

(Fig. 2). Interestingly, this dephosphorylation event occurs
directly on the chromatin-bound pool of 7SK snRNP to ‘locally’
activate inducible transcriptional pathways.24,37

Another enzyme, the DDX21 DEAD-box RNA helicase, has
also been implicated in the release of P-TEFb from the 7SK

snRNP complex, but using a different enzymatic activity as
compared with PPM1G33 (Fig. 2). DDX21 is recruited to the
promoters of Pol II-transcribed genes encoding ribosomal pro-
teins and snoRNAs and promotes their activation by releasing
P-TEFb from the 7SK snRNP through direct unwinding of 7SK
RNA (by virtue of its helicase activity).33 In addition, the splic-
ing regulator SRSF2 (also known as SC35, an SR-splicing fac-
tor) was also shown to mediate P-TEFb release from the 7SK
snRNP upon recognition of exonic splicing enhancer sequences
on target RNAs32 (Fig. 2).

Taken together, while P-TEFb release from the 7SK snRNP
can be accomplished through the activity of various enzymes/
factors, all of these observations point toward a unifying model
of 7SK snRNP disassembly and P-TEFb release/activation on
chromatin, where transcription and pre-mRNA processes
occur.24,31-33,35-37,88 Therefore, activation of P-TEFb can occur
‘on-site’, in direct proximity to the paused Pol II complex.

Recruitment of 7SK RNA and the 7SK snRNP complex
to chromatin

The deposition of the 7SK snRNP complex on chromatin was
initially demonstrated at the HIV promoter, and was depen-
dent on the presence of the general transcription machin-
ery.31,88 Since then, it has become increasingly apparent that
there exists an intimate association of 7SK snRNP components
with chromatin at many cellular genes, both at promoters and
enhancers.24,30-34,37 However, a conceptual understanding of

Figure 2. P-TEFb is released from the 7SK snRNP on chromatin. The 7SK snRNP complex (containing P-TEFb phosphorylated in the T-loop, (P)) occupies promoter-
proximal regions of genes containing paused Pol II, DSIF and NELF. In response to stimulation, PPM1G is recruited by the canonical transcription factor (TF) to
dephosphorylate the P-TEFb T-loop, disrupting its interaction with Hexim-7SK RNA and facilitating its release. Other P-TEFb releasing factors include DDX21
(which directly unwinds the 7SK RNA), and the splicing regulator SF2 (which liberates P-TEFb through interactions with exonic splicing sequences). Through
T-loop re-phosphorylation, P-TEFb is re-activated to phosphorylate paused Pol II and the negative elongation factors to promote pause release. The arrow denotes
the position of the TSS. TF, transcription factor.
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how the 7SK snRNP complex is recruited to chromatin has
been murky.

One recent genome-wide study has provided us with insight
into how the 7SK snRNP complex is recruited to chromatin.30

Using ChIP-seq of 3 7SK snRNP components (Larp7, Hexim,
and Cdk9), McNamara et al. recently shown that the 7SK
snRNP occupies promoter-proximal regions of over 70% of Pol
II paused genes in human cells.30 This placement of the 7SK
snRNP was attributed to the Kruppel-associated box-protein 1
(KAP1, also referred as to TRIM28 and TIF1b),89,90 which
physically interacts with Larp7 and recruits the 7SK snRNP to
the promoter-proximal sites of transcriptionally active genes30

(Fig. 3). Moreover, KAP1 appears to shuttle in more P-TEFb
(through 7SK snRNP) to promoters upon gene activation.30

This model is supported by the observation that antagonizing
7SK snRNP recruitment to promoter-proximal regions through
KAP1 knockdown sharply reduces P-TEFb recruitment and
Pol II pause release thereby blunting activation of inducible
genes in response to stimulation.

Interestingly, the Rosenfeld lab provided recent evidence
that components of the 7SK snRNP complex (Cdk9 and
Hexim) appear to be recruited to distal gene enhancer sites
in the human genome.34,91 These enhancers participate in
the activation of gene expression through a specialized set of
chromatin-modifying enzymes and through long-range inter-
actions between promoters and enhancers.34 One of these
enzymes (JMJD6) demethylates H4R3me2 (which is directly
read by the 7SK RNA and the capping enzyme MePCE),
ensuring eviction of the 7SK snRNP complex for gene activa-
tion. Thus, in this particular case it appears that 7SK RNA
plays a key role in recruiting the 7SK snRNP to promoter-
proximal regions through gene looping and that histone

modifications communicate with the 7SK snRNP to promote
its disassembly.

In a separate study, using ChIRP-seq, the Chang lab demon-
strated that the scaffold of the 7SK snRNP (the 7SK RNA)
occupies both enhancers and super enhancers genome-wide in
mouse embryonic stem cells.35 This study found higher levels
of 7SK RNA occupancy at traditional and super enhancers
compared to promoters, and that deposition of the non-coding
RNA at enhancers directly influenced transcriptional activity
(enhancer RNA synthesis). Interestingly, the disproportionately
high levels of 7SK RNA found at enhancers in mouse embry-
onic stem cells were not to be mirrored by levels of the Hexim
protein. This lends further support to the notion that 7SK’s
role in nuclear events could extend beyond serving as a reser-
voir for P-TEFb. It is important to note that Hexim can be
incorporated into 7SK complexes without P-TEFb,37 and that
core 7SK snRNP complexes lacking P-TEFb-Hexim and con-
taining other RNA-binding factors exist.92-94 In fact, the
authors found high co-occupancy between 7SK RNA and the
chromatin remodeling complex BAF, and that 7SK RNA is
required to limit enhancer RNA initiation and synthesis in a
manner that appears to be distinct from its effects on Pol II
pausing at promoters.35 It is thus imperative to conduct further
genome-wide studies to precisely determine whether the
“canonical” 7SK snRNP is present or not at enhancers, and
what additional roles 7SK RNA plays at these genomic
domains.

These previous studies demonstrate examples of 7SK snRNP
recruitment to chromatin. However, it is possible that other
mechanisms of 7SK recruitment to chromatin exist and that
7SK RNA plays a key role in controlling nuclear dynamics and
partitioning of the inhibitory snRNP between different nuclear

Figure 3. The 7SK snRNP complex is present at the promoters of most Pol II transcribed genes. The 7SK snRNP is recruited onto promoter-proximal regions through KAP1.
Here, the P-TEFb kinase is directly released from the 7SK snRNP complex (by the mechanisms described in Fig. 2) and ‘on-site’ activation (Pol II, DSIF, and NELF phosphor-
ylation) occurs at the targeted gene. It remains unclear what the fate of KAP1 and the core 7SK snRNP is once P-TEFb has been released from the promoter-proximal
region. TF, transcription factor.
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territories such as chromatin and speckles.95,96 Collectively,
there is much still to be learned about how the ‘on-site’ P-TEFb
activation through the 7SK snRNP influences basal and induc-
ible gene expression, and how this process controls cellular
homeostasis, cell cycle progression, and cell fate from pro-
moters and enhancers.

Conclusions and future challenges

The elongation step of transcription has continued to receive
considerable attention over the past decade. While major
advances in the field have occurred during this time, there
still remains much to be understood about this intricately
evolved pathway in metazoans. While it has long been
accepted that the major function of the 7SK snRNP is to reg-
ulate transcription elongation, recent advances have changed
our view of how the inhibitory complex accomplishes this
function. From its initial observation at the HIV promoter,31

the proposed model of 7SK snRNP recruitment to promoters
has been the subject of considerable debate. However, gene-
by-gene and global genome-wide analysis of the 7SK snRNP
has greatly strengthened the support for this model. These
previous studies highlighted the importance of 7SK RNA
recruitment to chromatin and its critical role in controlling
transcription from promoters and enhancers. However, sev-
eral key points remain to be addressed.

One outstanding question in the field is how P-TEFb is
released from the 7SK snRNP complex at promoter-proximal
regions of genes belonging to distinct signaling pathways. The
observation that KAP1 co-localizes with the 7SK snRNP at
most Pol II regulated genes points toward a model where
KAP1 initially recruits P-TEFb to promoter-proximal regions
prior to or simultaneously with the recruitment of an inducible
transcription factor (such as NF-kB). Upon recruitment of the
inducible transcription factor, P-TEFb would be released and
able to directly phosphorylate Pol II CTD and the negative
elongation factors (DSIF and NELF), allowing for rapid release
of Pol II into productive elongation. However, additional
genome-wide analyses are needed to test the model that KAP1
recruits the 7SK snRNP to most promoter-proximal regions in
the genome and that this recruitment event results in the posi-
tioning of P-TEFb at target genomic domains for ‘on-site’
kinase activation to promote Pol II pause release.97 In contrast
to the promoter case, the mechanism of 7SK snRNP recruit-
ment to enhancers remains poorly understood. Flynn et al.
showed that 7SK RNA recruitment was sensitive to JQ1, which
is an acetylated histone mimic that blocks recruitment of the
bromodomain-containing protein BRD4 to chromatin.10,35,46

This is in contrast to previously held models in which BRD4
was implicated in P-TEFb recruitment without other 7SK
snRNP components.34,98-101 Therefore, further investigation is
needed to clarify this discrepancy.

Moreover, it remains unclear the mechanism by which
KAP1 interacts with promoter-proximal regions. Thus, this
opens the question: is KAP1 directly recruited to the template
DNA, modified histones tails and/or the transcription machin-
ery (e.g., Pol II)? Further biochemical and genetic studies are
needed to answer these critical questions. Given the interaction

of both KAP1 and other bromodomain-containing factors with
the 7SK snRNP, it will also be interesting to determine if there
is any interplay between these 7SK snRNP anchoring com-
plexes and various P-TEFb releasing factors (e.g. PPM1G and
DDX21). This would provide evidence that these anchoring
complexes act as central scaffolds for factors involved in
P-TEFb recruitment to chromatin as well as release from the
inhibitory 7SK snRNP complex.

Is KAP1 the ubiquitous anchoring factor to all promoter-
proximal regions containing paused Pol II, or are there other
cell-type specific factors involved in this process? Recent evi-
dence supports the latter since it was found that TIF1g, a highly
homologous protein to KAP1, interacted with P-TEFb to regu-
late transcription elongation of a small subset of erythroid spe-
cific genes.89,102 Whether this interaction is bridged by 7SK
RNA (as is the case for the KAP1–P-TEFb complex) or not has
yet to be addressed. However, given the strikingly high level of
protein identity between KAP1 and TIF1g, a TIF1g-mediated
7SK snRNP recruitment model to target genes could be
envisioned.

Future studies on how promoter and enhancer localized
7SK snRNP complexes serve to control various transcrip-
tional pathways will need to be addressed, as well as other
functions of the 7SK snRNP in pluripotent and committed
cells, and in the responses to various stimuli in different
cell types. With the role these transcriptional regulatory
factors may play in diseases such as cancer and HIV infec-
tion, further understanding of this process will not only
increase our knowledge about biology in general, but will
also pave the way for drug development against a number
of diseases.

Abbreviations

ASF/SF2 alternative splicing factor/Serine-arginine-rich splic-
ing factor 2

AFF AF4/FMR2 family
AF9 ALL1-fused gene from chromosome 9
BAF BRG1 associated factor
c-Myc Myc proto-oncogene protein
Cdk9 Cyclin dependent kinase 9
ChIP chromatin immunoprecipitation
ChiRP chromatin isolation by RNA immunoprecipitation
CTD C-terminal domain
DRB 5,6-dichloro-1-b-D-ribofuranosyl-benzimidazole
DSIF DRB-sensitivity inducing factor
DDX21 Nucleolar RNA helicase 21
Hexim hexamethylene bis-acetamide inducible protein 1
ELL Eleven-19 Lys-rich leukemia
HSF heat shock factor
KAP1 Kruppel-associated protein 1
Larp7 La-related protein 7
MePCE methylphosphate-capping enzyme
NELF Negative elongation factor complex
NF-kB Nuclear factor kB
Pol II RNA polymerase II
PPM1G Protein phosphatase 1G
P-TEFb positive transcription elongation factor b
SEC super elongation complex
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TIF1 transcription intermediary factor 1
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