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ABSTRACT
The 7SK small nuclear RNA is a multifunctional transcriptional regulatory RNA that controls the
nuclear activity of the positive transcription elongation factor b (P-TEFb), specifically targets P-TEFb
to the promoter regions of selected protein-coding genes and promotes transcription of RNA
polymerase II-specific spliceosomal small nuclear RNA genes. KEYWORDS
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P-TEFb; RNA polymerase II
pausing; transcription
regulation

Introduction

Human 7SK RNA is an abundant 331-nucleotide-
long, evolutionarily conserved small nuclear RNA
(snRNA) that, in the form of 7SK small nuclear RNP
(snRNP), regulates RNA polymerase II (RNAPII)
transcription through controlling the activity of a
major transcription elongation factor, P-TEFb. The
7SK snRNA is an RNAPIII transcript that undergoes
post-transcriptional modifications. The gamma phos-
phate of the 50-terminal triphosphate of the nascent
7SK RNA is methylated by the methyl phosphate cap-
ping enzyme (MePCE) and the U250 residue is con-
verted into pseudouridine.1 The mature 7SK snRNA
folds into 4 major hairpin domains which provide
docking sites for 7SK snRNP core proteins and several
other transiently interacting 7SK snRNP proteins. The
classical 7SK structure has been proposed to undergo
conformational rearrangements to support transient
association with various 7SK snRNP proteins.2-4

The 7SK snRNA is incorporated into the function-
ally active 7SK core snRNP that also contains the cap-
ping enzyme MePCE and the La-related protein 7
(Larp7).3,5 While MePCE binds to the 50-terminal
region of the mature 7SK snRNA, Larp7 binds to its
30-terminal hairpin and the following oligouridylate
tail. Both MePCE and Larp7 are fundamental to the

accumulation and stability of 7SK snRNA. Besides
binding to 7SK, MePCE and Larp7 also interact with
each other to form the metabolically stable 7SK core
snRNP.

The 7SK core snRNP provides a scaffold for
dynamic assembly of structurally and functionally dis-
tinct larger 7SK snRNP particles. The most abundant
and most extensively characterized 7SK particle con-
tains the 7SK core snRNP, a hetero- or homodimer of
HEXIM1/2 and the RNAPII transcription elongation
factor, P-TEFb. P-TEFb is a protein kinase composed
of cyclin-dependent kinase 9 (Cdk9) and its regulatory
cyclin partner CycT1 or T2. The 7SK/HEXIM/P-TEFb
snRNP functions as a negative transcriptional regula-
tory RNP in which the kinase activity of P-TEFb is
inhibited.6 In response to various transcriptional stim-
uli, however, active P-TEFb can be rapidly mobilized
from the transcriptionally inactive 7SK/HEXIM/P-
TEFb. According to a recently emerging view, instead
of simply serving as a nucleoplasmic P-TEFb reser-
voir, the 7SK/HEXIM/P-TEFb snRNP can directly tar-
get inactive P-TEFb to the promoter regions of
protein-coding genes to promote “on site” P-TEFb
mobilization.5

Recently, 2 novel, functionally distinct 7SK-con-
taining transcriptional regulatory complexes have
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been identified.7,8 No evidence supports the presence
of P-TEFb in these new complexes, suggesting that
7SK can also regulate RNAPII transcription through
P-TEFb-independent mechanisms. Here, we discuss
the recent advances on the well-established P-TEFb-
dependent and the newly reported P-TEFb-indepen-
dent mechanisms of transcriptional regulation by 7SK
snRNP.

7SK is a master regulator of nuclear P-TEFb activity

Since P-TEFb is a major regulator of RNAPII tran-
scription, controlling its nuclear activity is of particu-
lar importance. P-TEFb controls the conversion of
transcriptionally engaged but promoter proximally
paused RNAPII into elongation-competent polymer-
ase.5,6 Shortly after transcription initiation, the early
elongating RNAPII is arrested by binding of negative
transcription elongation factors, NELF and DSIF.
Through phosphorylation of NELF, DSIF and the
C-terminal domain (CTD) of RNAPIl at serine 2,
P-TEFb allows RNAPII elongation to resume. During
the past decade, P-TEFb-mediated release of paused
RNAPII has been recognized as a major pervasive
checkpoint of RNAPII transcription that controls
expression of most RNAPII-transcribed genes with
special importance in controlling stimulus-induced
and developmentally-regulated genes. The nuclear
activity of P-TEFb is regulated mainly by the 7SK
snRNP and HEXIM1/2. Mechanistically, a hetero- or

homo-dimer of HEXIM1/2 binds to conserved motifs
of the long 50-terminal hairpin of 7SK snRNA. Dock-
ing of 7SK triggers a conformational change that
unveils the otherwise inaccessible P-TEFb binding
surface of HEXIM proteins. The 7SK-associated “acti-
vated” HEXIM proteins bind to both subunits of
P-TEFb and mask the catalytic site of Cdk9.3,6,9

The active and inactive forms of P-TEFb coexist in
the nucleus (Fig. 1). While the active pool of P-TEFb
seems to be sufficient to support basal transcription,
P-TEFb rapidly mobilized from the inactive 7SK/
HEXIM/P-TEFb reservoir can reinforce the increased
transcriptional demand of the cell. In response to cel-
lular stress or transcriptional blockade, the 7SK/
HEXIM/P-TEFb RNP rapidly disassembles and
releases ready-to-use P-TEFb, whereas the free 7SK
core snRNP associates with a set of abundant hetero-
geneous ribonucleoproteins (hnRNPs) A1, A2/B1, R,
Q and RNA helicase A.10,11 The hnRNP proteins pre-
sumably ‘capture’ the newly released 7SK snRNP to
prevent its re-association with HEXIM and P-TEFb.
Recent RNA structural analysis revealed that stress-
dependent remodeling of the 7SK snRNP is accompa-
nied by structural rearrangements of the 7SK snRNA.4

In the 7SK/HEXIM/P-TEFb snRNP, the 50-terminal
region of 7SK snRNA folds into the classical extended
hairpin structure that supports HEXIM and P-TEFb
binding. Upon 7SK/HEXIM/P-TEFb disassembly,
7SK adopts a closed conformation in which the 50-
and 30-terminal domains are folded close to each

Figure 1. Both active and inactive forms of P-TEFb are recruited to their target gene promoters through association with specific
transcription factors.
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other. RNA helicase A may promote the structural
rearrangements of 7SK and the associated hnRNP
proteins may stabilize the closed conformation of 7SK
snRNA that prevents HEXIM and P-TEFb binding.11

Diverse stimuli and signaling cascades, including
the PI3K/Akt and PP1a/PP2B pathways, have been
shown to induce 7SK/HEXIM/P-TEFb dissociation
through addition or erasure of specific post-transla-
tional modifications on the components of the 7SK/
HEXIM/P-TEFb snRNP.5 Whether the released
P-TEFb stimulates transcription of different sets of
genes depending on the activated cellular pathway
remains unknown. Once released from 7SK/HEXIM/
P-TEFb, the free P-TEFb has to find its way to the tar-
get genes. A number of transcription factors and co-
activators, including NF-kB, c-Myc, CIITA, p53, the
bromodomain protein 4 (Brd4), the super elongation
complexes (SECs) and the human immunodeficiency
virus (HIV) transactivator Tat can directly bind and
target P-TEFb to paused RNAPII.5,6 Brd4 seems to be
the major nuclear binding partner of active P-TEFb
that directs it to the promoters of many primary
response genes through interacting with acetylated
chromatin.12 Releasing of P-TEFb from the 7SK/
HEXIM/P-TEFb snRNP concomitantly augments
Brd4/P-TEFb level, suggesting that Brd4 directly cap-
tures 7SK-evicted P-TEFb for transcription stimula-
tion.13 More recently, P-TEFb has been identified as a
constitutive component of SECs which are composed
of the ELL, AFF and ENL/AF9 proteins.14 SECs have
been proposed to deliver and tether P-TEFb to pro-
moters of protein-coding genes through association
with Mediator and Integrator complexes.15-17 It
remains to be elucidated how P-TEFb is distributed
among Brd4, SECs and other transcription factors
under normal and stress conditions. Moreover, recent
studies demonstrated that the 7SK-associated inactive
form of P-TEFb can also be targeted to genes, adding
a new layer to this intricate regulatory network.

The 7SK/HEXIM/P-TEFb snRNP is targeted
to the chromatin

The nuclear 7SK snRNP, mostly in the form of 7SK/
HEXIM/P-TEFb, accumulates mainly in the soluble
fraction of the nucleoplasm. Cell fractionation experi-
ments, however, also detected a significant fraction of
7SK snRNA being associated with chromatin.18 This
raised the possibility that the 7SK/HEXIM/P-TEFb

negative transcriptional regulatory snRNP may
directly interact with P-TEFb-dependent genes. The
first support to this idea was provided by detection of
HEXIM1, Cdk9 and Larp7 on the HIV long-terminal
repeat (LTR) promoter.19 It was proposed that tether-
ing 7SK/HEXIM/P-TEFb to the HIV LTR promoter
can promote RNAPII transcription activation through
“on site and on time” release of active P-TEFb. Chro-
matin-proximal P-TEFb activation could rapidly
increase P-TEFb concentration at the promoter
regions of target genes to facilitate P-TEFb capturing
by gene-specific transcription factors. Next, dissocia-
tion of chromatin-bound 7SK/HEXIM/P-TEFb in
response to specific cellular stimuli was proposed to
induce rapid transcriptional activation of primary
response genes which are heavily loaded with pro-
moter proximally paused RNAPII.20 More recently,
genome-wide studies suggested that chromatin-tether-
ing of 7SK-repressed P-TEFb is a common mecha-
nism controlling transcription elongation on most
protein-coding genes.21,22 Chromatin immunoprecipi-
tation and deep sequencing (ChIP-seq) experiments
detected Larp7, Cdk9 and HEXIM1 co-enrichments at
the promoter regions of more than 15,000 human
genes.22 Likewise, chromatin isolation by RNA purifi-
cation followed by deep sequencing (ChIRP-seq) anal-
ysis detected 7SK snRNA occupancy on the
transcribed regions of a large set of human genes,
largely resembling RNAPII distribution.8 Widespread
7SK/HEXIM/P-TEFb anchoring to chromatin was
proposed to be mediated by the Kruppel-associated
box-interacting protein KAP1 that has been shown to
facilitate both P-TEFb recruitment and RNAPII elon-
gation on early-response genes upon stimulation.
Moreover, KAP1 shows significant co-occupancy with
components of the 7SK snRNP on most protein-cod-
ing genes controlled by RNAPII pausing.22 Other
mechanisms targeting 7SK/HEXIM/P-TEFb to various
subsets of RNAPII-transcribed genes may also exist.
The CTIP2 transcriptional repressor can directly
interact with both HEXIM1 and 7SK snRNA to posi-
tion 7SK/HEXIM/P-TEFb on a specific set of human
promoters through forming a direct interaction with
HMGA1.23 Finally, the 7SK snRNA has been reported
to directly bind to a specific chromatin signature, the
repressive H4R3me2 mark, at a class of enhancers also
occupied by Brd4 and JMJD6.24 This interaction could
tether the 7SK/HEXIM/P-TEFb snRNP to specific
enhancers and allow local P-TEFb activation upon
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removal of the H4R3me2 mark by the JMJD6 deme-
thylase. On the HIV LTR promoter and primary
response genes, P-TEFb release from 7SK/HEXIM/P-
TEFb is triggered by recruitment of the PPM1G phos-
phatase that disassembles the 7SK/HEXIM/P-TEFb
snRNP through dephosphorylation of the Cdk9
T-loop at Thr186. In this case, release of RNAPII
pausing would require de novo re-phosphorylation of
the Cdk9 T-loop, since this phosphorylation is abso-
lutely required for Cdk9 kinase activity. RNA binding
proteins have been also implicated in chromatin-asso-
ciated P-TEFb activation. SRSF2, a serine/arginine-
rich splicing factor, was found to be associated with
7SK/HEXIM/P-TEFb on several target promoters.21

Emergence of SRSF2 binding sites on the nascent
RNA transcripts captures SRSF2 and promotes 7SK/
HEXIM/P-TEFb dissociation to trigger RNAPII pause
release. The DDX21 DEAD-box RNA helicase has
been also proposed to stimulate RNAPII transcription
through promoting ‘on site’ disassembly of chroma-
tin-associated 7SK/HEXIM/P-TEFb through remodel-
ing of the 7SK secondary structure by its helicase
activity.25

The above studies have described multiple mecha-
nisms to position and disassemble the 7SK/HEXIM/P-
TEFb snRNP directly on the chromatin encompassing
protein genes. Now, a major question of the field is
how widespread these regulatory mechanisms are? A
great fraction of P-TEFb exists in its active free form
in the nucleoplasm, and some transcription factors,
including Brd4 and c-myc, can directly recruit and use
active P-TEFb to stimulate global transcription elon-
gation by RNAPII (Fig. 1). It is unclear why other
transcription activators cannot directly capture and
utilize transcriptionally active nucleoplasmic P-TEFb.
While coordinated ‘on site’ P-TEFb activation can
represent an apparent advantage for orchestrated acti-
vation of stimulus-inducible and developmentally-reg-
ulated genes, the benefit of such P-TEFb activation
strategy is less obvious for ubiquitously-expressed
genes. Nevertheless, if 7SK/HEXIM/P-TEFb delivers
P-TEFb to a great fraction of genomic promoters, the
loss of 7SK snRNP should lead to important transcrip-
tional defects on RNAPII-transcribed genes. However,
depletion of 7SK snRNP by RNA interference had
only a limited impact on the expression of a subset of
P-TEFb-dependent genes.7 Another genome-wide
study found that 7SK depletion in mouse embryonic
stem cells alters expression of less than 500 genes

which are mainly upregulated, pointing to a gene-spe-
cific repressor function of 7SK.26 Further investiga-
tions are therefore required to determine whether
anchoring 7SK/HEXIM/P-TEFb to chromatin is a
pre-requisite for basal transcription by RNAPII or it
regulates only specific cohorts of genes.

7SK snRNA regulates RNAPII transcription
in a P-TEFb-independent manner

In addition to protein-coding genes, RNAPII also
transcribes genes encoding small nuclear (sn) and
small nucleolar (sno) RNAs. The RNAPII-specific
snRNA and snoRNA genes possess specific structural
and functional features distinct from protein-coding
genes.27 They display specific promoter and 30 end
processing elements which are recognized by snRNA
gene-specific factors. After transcription initiation on
sn/snoRNA genes, RNAPII elongation is not inter-
rupted by promoter-proximal pausing and does not
require P-TEFb activity.28 We have recently deter-
mined the genome-wide chromatin occupancy of the
7SK snRNP protein Larp7 in human HeLa cells.7 We
detected marked Larp7 enrichments on RNAPII-tran-
scribed sn/snoRNA genes. Other components of the
7SK core snRNP, MePCE and 7SK snRNA, were also
detected on U2 snRNA genes, but not HEXIM1. We
found that the 7SK snRNP interacts with an sn/
snoRNA gene-specific transcription factor, the Little
Elongation Complex (LEC) composed of Ice1, Ice2,
ELL and ZC3H8.29 LEC promotes RNAPII recruit-
ment to the promoter of sn/snoRNA genes, and stim-
ulates sn/snoRNA transcription through traveling
with the elongating polymerase.29,30

The 7SK/LEC complex is devoid of P-TEFb, indi-
cating that it is structurally and functionally distinct
from the canonical 7SK/HEXIM/P-TEFb transcrip-
tional regulatory snRNP (Fig. 2). Depletion of 7SK
snRNP decreased both LEC and RNAPII occupancy
on snRNA genes and reduced sn/snoRNA synthesis,
but had no significant effect on the expression of pro-
tein-coding genes including P-TEFb-dependent ones.
Interestingly, depletion of the LEC scaffold protein
Ice1 resulted in similar transcriptional defects, since it
also compromised RNAPII recruitment to and tran-
scription of sn/snoRNA genes.7,30 One intriguing pos-
sibility is that on the analogy of directing 7SK/
HEXIM/P-TEFb assembly by HEXIM bound to 7SK,
binding of Ice1 to the 7SK snRNA is a prerequisite for
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7SK/LEC assembly, although Ice1 contains no obvious
RNA-binding domain. The mechanism targeting the
7SK/LEC snRNP to sn/snoRNA genes remains elusive.
Most likely, the pre-initiation complex formed on the
RNAPII-specific sn/snoRNA gene promoters specifi-
cally interacts with 7SK/LEC. Lending support to this
idea, the 7SK snRNP preferentially interacts with
RNAPII hyperphosphorylated at Ser5 and Ser7 that is
a hallmark of RNAPII engaged in snRNA gene tran-
scription. For instance, the snRNA-specific transcrip-
tion factor SNAPc could be a possible candidate for
directing 7SK/LEC recruitment to sn/snoRNA genes.
The detected interaction between the LEC and
MED26 suggests that the Mediator Complex might
also participate in LEC recruitment, although MED26
is not specific to snRNA gene promoters.31

We observed strong Larp7 accumulation along the
entire sn/snoRNA genes that likely reflects stable 7SK/
LEC association with the transcribing RNAPII. Sup-
porting this notion, highly similar distribution profiles
were obtained for Larp7, RNAPII and LEC on sn/
snoRNA genes. In contrast to RNAPII-specific sn/
snoRNA genes, we failed to detect significant Larp7
association with most protein-coding genes,7 suggest-
ing that 7SK/HEXIM/P-TEFb association with pro-
tein-coding genes is highly transient and that fast P-
TEFb activation on the chromatin may result in quick
7SK snRNP release.

Importantly, 7SK association with LEC is largely
enhanced under stress conditions, such as transcrip-
tional blockade or UV irradiation that are known to
trigger P-TEFb eviction from 7SK/HEXIM/P-TEFb.7

Stress-induced dissociation of 7SK/HEXIM/P-TEFb
might transiently increase the cellular level of free 7SK
snRNP available for 7SK/LEC formation. Thus, 7SK/
HEXIM/P-TEFb dissociation can simultaneously aug-
ment accumulation of active P-TEFb and 7SK/LEC
snRNP to synchronously boost transcription of pro-
tein-coding and snRNA genes, respectively (Fig. 2).
This means that the 7SK/HEXIM/P-TEFb snRNP
could be considered as a bifunctional transcriptional
regulatory RNP that can coordinate pre-mRNA tran-
scription with spliceosomal snRNA expression.

Recently, the 7SK snRNA has been also detected at
active enhancers and super-enhancers that are genomic
regions encompassing clustered enhancer elements con-
trolling gene expression networks.8 At super-enhancers,
neither HEXIM1 nor P-TEFb were detected, supporting
the idea that the 7SK snRNP can impact RNAPII tran-
scription independently from P-TEFb regulation. The
7SK snRNA was shown to repress RNAPII-mediated
transcription of enhancer RNAs (eRNAs) through facil-
itating recruitment of the BAF chromatin-remodeling
complex, a known repressor of eRNA transcription.
7SK/BAF-promoted reshaping of chromatin structure
at super-enhancers would restrict convergent transcrip-
tion and prevent DNA damage. Of note, while 7SK/
HEXIM/P-TEFb incorporates a large fraction of cellular
7SK snRNP, the 7SK/LEC and 7SK/BAF snRNPs are
much less abundant in human cells. With development
of sensitive RNA-based purification techniques such as
ChIRP-MS, one can predict that additional low-abun-
dance 7SK-containing complexes will be uncovered in
the future.

Figure 2. The 7SK/HEXIM/P-TEFb snRNP controls transcription of both protein-coding and RNAPII-specific spliceosomal snRNA genes. In
response to transcriptional stress, P-TEFb and 7SK core snRNP are released from the 7SK/HEXIM/P-TEFb snRNP. While P-TEFb stimulates
transcription of protein-coding genes through releasing promoter-proximal paused RNAPII, a fraction of the free 7SK core snRNP associ-
ates with the Little Elongation Complex (LEC) to facilitate snRNA genes transcription.
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Conclusion

Distinct 7SK core snRNP-containing particles associate
with the chromatin and regulate multiple aspects of
nuclear RNAPII transcription. The 7SK/BAF axis con-
trols production of eRNAs, the 7SK/HEXIM/P-TEFb
snRNP regulates RNAPII pause release and/or elonga-
tion on protein-coding genes and finally, the 7SK/LEC
complex promotes transcription of sn/snoRNA genes.
Moreover, recent findings suggest that 7SK also partici-
pates in proper transcription termination on a subset of
genes.26 Therefore, the 7SK snRNP plays a complex
role in orchestration of global RNAPII progression
along the nuclear genome. Future efforts will be
required to decipher the precise mechanisms by which
7SK is able to fine-tune RNAPII transcriptional activity.
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