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ABSTRACT
RNA polymerase II (Pol II) pausing at promoter-proximal regions is a highly regulated step in the
transcription cycle. Pause release is facilitated by the P-TEFb kinase, which phosphorylates Pol II and
negative elongation factors. Recent studies suggest that P-TEFb (as part of the inhibitory 7SK snRNP) is
recruited to promoter-proximal regions through interaction with KAP1/TRIM28/TIF1b to facilitate ‘on-site’
kinase activation and transcription elongation. Here, I discuss features of this model and future challenges
to further hone our understanding of transcriptional regulation including Pol II pausing and pause release.
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Introduction

RNA polymerase II (Pol II) activity can be regulated at several
steps of the transcription cycle including pre-initiation, DNA
melting, initiation, promoter clearance and elongation
(reviewed in1,2). However, more recently, it has become well-
established that Pol II pauses at promoter-proximal regions,
particularly 20–60 bp downstream of the transcription start site
(TSS). Conversion of paused Pol II into the elongation compe-
tent form is a key rate-limiting step for the regulation of several
biological processes including response to environmental cues,
cell fate choice, differentiation, and development.2-5 Pol II
pausing and pause release are precisely regulated by the action
of 2 sets of elongation factors: negative and positive, respec-
tively. One key positive factor is the P-TEFb kinase, which is
composed of a regulatory cyclin subunit (usually CycT1 or
CycT2) and the catalytic cyclin-dependent kinase 9 (Cdk9) sub-
unit.6-8 P-TEFb phosphorylates the Pol II C-terminal domain
(CTD), as well as the negative factors that promote Pol II stall-
ing (the multi-subunit Negative Elongation Factor complex
(NELF) and DRB sensitivity-inducing factor (DSIF)), trans-
forming DSIF into a positive elongation factor and evicting
NELF (reviewed in6) (Fig. 1).

P-TEFb is both necessary and sufficient for Pol II pause
release and transcription elongation because kinase inhibition
produces a large increase in promoter-proximal Pol II at most
regulated genes.4,9,10 Although P-TEFb occupies promoter-
proximal regions, one critical aspect of the activation mecha-
nism that has not received much attention is the mode of P-
TEFb recruitment to target genomic sites. Here, I discuss recent
evidence for a molecular mechanism that facilitates the delivery
of catalytically inactive/primed P-TEFb (as part of the 7SK
small nuclear ribonucleoprotein (7SK snRNP) complex) to pro-
moter-proximal regions to facilitate ‘on-site’ kinase activation
and Pol II pause release.11 Finally, I put these discoveries in the
context of published literature, and discuss mechanistic insights
and future challenges.

Building the 7SK snRNP complex

P-TEFb exists in at least 2 major forms that are in a reversible
equilibrium in response to cell signaling to accommodate the
transcriptional demands of the cell: (1) 7SK-unbound and cata-
lytically active, and (2) 7SK-bound and catalytically inactive
(reviewed in12). The 7SK snRNP complex is composed of the
7SK non-coding RNA, the P-TEFb kinase, the kinase inhibitor
Hexim1 and/or Hexim2 dimer (here referred as to Hexim for
simplicity), the 50-RNA methyl-capping enzyme MePCE, and
the 30-RNA stability protein Larp713-21 (Fig. 2). 7SK RNA is
composed of 4 hairpins or stem-loops (stems I–IV) containing
specific sites for the integral 7SK snRNP components.16,22-25

Previous reports have shown that MePCE binds the proximal-
region of stem I and Larp7 binds to the U-rich tail region of the
30-terminal stem IV.14,16,24 Then, MePCE and Larp7 form the
core components on 7SK RNA (core 7SK snRNP) to provide
structural stability to the 7SK complex, which does not disinte-
grate in response to cell signaling or transcription inhibi-
tion16,24,26,27 (Fig. 2).

Systematic 7SK RNA mutagenesis showed that precluding
the Hexim-7SK RNA interaction abolishes P-TEFb’s recruit-
ment to RNA, thereby indicating its absolute requirement for
7SK snRNP assembly23 and that Hexim-P-TEFb interacts on
7SK RNA to drive kinase inhibition.18,19,28 Moreover, Larp7
also has an active role in facilitating P-TEFb recruitment to the
7SK RNA through its interaction with Cdk9.24,29

Importantly, 7SK snRNP formation requires phosphoryla-
tion of the Cdk9 T-loop (at residue T186), which promotes
interactions with Hexim and 7SK RNA in vitro17,30 (Fig. 2). 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.17,30 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 also what

CONTACT Iv�an D’Orso ivan.dorso@utsouthwestern.edu
© 2016 Taylor & Francis Group, LCC

RNA BIOLOGY
2016, VOL. 13, NO. 6, 545–553
http://dx.doi.org/10.1080/15476286.2016.1181254

http://dx.doi.org/10.1080/15476286.2016.1181254


primes the kinase for activation, similar to other Cdks,31 and
this modification can be carried out by either P-TEFb’s intrinsic
auto-phosphorylation or by the TFIIH kinase (Cdk7) as first
demonstrated by the Fisher lab.32-34

Together, these previous studies led to the foundation for
the functional characterization of the 7SK snRNP complex in
controlling Pol II activity.

7SK snRNP recruitment to chromatin: ‘On-site’ kinase
activation?

In rapidly growing cells, a large fraction of P-TEFb (up to 90%)
exists in the catalytic inactive state bound to Hexim-7SK RNA
(as part of the 7SK snRNP complex).6,35 Therefore, the 7SK
snRNP is a very abundant complex because it probably regu-
lates most of both Pol II protein-coding and non-coding gene
transcription. Previous studies have shown that the 7SK snRNP
disassembles during activation of signaling cascades in response
to environmental cues leading to an increase in free P-TEFb
levels that positively correlate with gene activation (reviewed
in6,12). Given that the 7SK snRNP is highly abundant in the
nucleoplasm, and that it appears not to stably associate with
chromatin, it has been proposed that P-TEFb is globally
released in this broad cellular compartment. However, it
appears to be an inefficient mechanism for released P-TEFb to
first diffuse around in the nucleoplasm before being attracted
to promoter-proximal regions where it phosphorylates the neg-
ative elongation factors and paused Pol II to facilitate the tran-
scriptional pause release (Fig. 1).

Most molecular reactions (such as enzyme-substrate recog-
nition) are rapidly coordinated through factor compartmentali-
zation.36,37 This leads to the question of whether P-TEFb
(which acts locally on chromatin): (i) is released at target geno-
mic domains where its substrates exist, (ii) is released in the
nucleoplasm before encountering chromatin, or (iii) is released
by a combination of both mechanisms. While completely
answering these questions will require further investigation,
one previous study showed for the first time that the 7SK
snRNP is recruited to the integrated HIV promoter where the
kinase substrates exist.38,39 Concomitantly, P-TEFb is released

from the inhibitory 7SK snRNP complex during gene activation
and the P-TEFb-free snRNP is repositioned or dislodged from
chromatin (Fig. 3).

These discoveries were initially seen to be controversial in
the field because of the low crosslinking efficiency of 7SK
snRNP components compared to factors directly bound to

Figure 1. Simplified model of the factors controlling Pol II pausing and pause release. After assembly of the transcription pre-initiation complex, transcription initiation
and synthesizes of a short nascent RNA chain (> 18 nt-long, shown in red), the negative elongation factors DSIF and NELF are recruited through cooperative interactions
with nascent RNA and Pol II thereby promoting pausing downstream the TSS (arrow). P-TEFb phosphorylated in the kinase activating T-loop (P-T186) is then recruited to
promoter-proximal regions where it phosphorylates NELF (which is evicted from the DSIF-Pol II complex), DSIF, and Pol II to facilitate Pol II pause release. In this simplified
model, it is unclear how P-TEFb is recruited to promoter-proximal regions and what occurs after substrate phosphorylation. Since P-TEFb is known to travel with elongat-
ing Pol II, it is possible that P-TEFb transitions with phosphorylated Pol II into the transcribing unit allowing the recruitment of further P-TEFb molecules to the promoter-
proximal region for subsequent rounds of elongation. Although not shown in this ‘minimalistic’ model, P-TEFb also assembles into the super elongation complex (SEC)
during gene activation, but it is unclear whether P-TEFb incorporation into the SEC occurs before or after DSIF/NELF phosphorylation and pause release.

Figure 2. Composition and assembly of the 7SK snRNP complex. The 7SK snRNP
complex is composed of the 7SK non-coding RNA, the P-TEFb (CycT1:Cdk9) kinase,
the kinase inhibitor Hexim, the 50-RNA methyl-capping enzyme MePCE, and the
30-RNA stability protein Larp7. Assembly of the 7SK snRNP is promoted by 7SK
RNA binding by Hexim and recruitment of the P-TEFb kinase phosphorylated on
the activating T-loop (P-T186).
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chromatin. However, several subsequent studies extended this
initial finding by providing compelling evidence that compo-
nents of the 7SK snRNP complex are recruited to promoter-
proximal regions of human and mouse genes.33,40-42 This pro-
vides evidence that 7SK snRNP recruitment to chromatin is
not unique to the viral promoter, but a general feature of cellu-
lar gene transcriptional control by Pol II. Because regulation of
transcription occurs in the context of chromatin, it makes sense
that kinase recruitment would be coupled with its activation on
chromatin (‘on-site’model) (Fig. 3).

To recruit or not to recruit the 7SK snRNP: Where,
when and how?

If the 7SK snRNP complex occupies promoter-proximal
regions there has to be one or more factors that contribute to
its recruitment. In a tour-de-force study, McNamara et al. used
a biochemical approach (affinity-purification of 7SK snRNP
components coupled with mass spectrometry analysis) and
identified one candidate factor (the transcriptional regulator
KAP1/TRIM28/TIF1b11,43). TRIM28 interacted directly with
the Larp7 subunit, which is constitutively bound to 7SK
RNA.16,26,27 Supporting the biochemical data, TRIM28 and the
7SK snRNP co-occupy the integrated HIV promoter in a man-
ner that correlates with levels of paused Pol II and transcrip-
tional output. Interestingly, loss of TRIM28 reduces levels of
both TRIM28 (as expected) and the 7SK snRNP complex at the
viral promoter at steady state. Importantly, the loss of TRIM28
did not alter levels of Pol II recruited to the promoter nor the
assembly of the transcription pre-initiation complex (PIC) at
promoter-proximal regions, thus suggesting that TRIM28

functions at a post-initiation step by recruiting the 7SK snRNP
complex to promoter-proximal regions. The same results hold
true for 2 NF-kB regulated genes, indicating that these cellular
targets might be regulated in a similar manner.

Given the effect of TRIM28 knockdown in reduced Pol II
elongation and gene activation at steady-state (basal condi-
tions), McNamara et al. examined TRIM28s requirement for
transcription in response to TNF stimulation (activated condi-
tions). Consistent with the results obtained in basal conditions,
loss of TRIM28 antagonized the recruitment of Cdk9 (via the
7SK snRNP complex) in response to the stimulus, but without
affecting kinetics of transcription factor (NF-kB) recruitment.
Reduced Cdk9 recruitment correlated with both decreased Pol
II pause release and gene activation. Together, TRIM28 partici-
pates in the recruitment of inactive/primed P-TEFb to pro-
moter-proximal regions to facilitate activation in both basal
conditions and in response to stimulation (Fig. 4).

During gene activation TRIM28 appears to cycle on and off
promoters, indicating that TRIM28 may continuously tether
the 7SK snRNP complex to deliver several kinase molecules.
Now, if TRIM28 cycles on and off from chromatin, then the
question is how does it stimulate gene activity? One possibility
is that TRIM28 delivers P-TEFb to promoter-proximal regions
and then is evicted from chromatin (probably similarly to
NELF) to allow for further cycles of TRIM28-mediated P-TEFb
recruitment to facilitate multiple rounds of transcription elon-
gation. Another alternative scenario would be that TRIM28
leaves the promoter-proximal region along with Pol II (like
DSIF) and that both TRIM28 and the 7SK snRNP complex
have additional functions in transcription and/or pre-mRNA
processing. Although the first evidence of TRIM28 cycling on/

Figure 3. Model for 7SK snRNP recruitment to chromatin for ‘on site’ P-TEFb kinase activation. P-TEFb (as part of the 7SK snRNP complex) is recruited to promoter-proxi-
mal regions containing Pol II that remains paused by the action of the negative elongation factors DSIF and NELF. The 7SK snRNP complex can be disassembled on chro-
matin by the action of phosphatases activated in response to signaling pathways and dephosphorylate the T-loop of Cdk9 (P-T186). This step is not shown to keep the
Figure simpler (see33,64 for examples). Upon 7SK snRNP disassembly, the P-TEFb-free snRNP becomes repositioned in the promoter-proximal region or dislodged from
chromatin (an aspect of the model that requires further investigation).33,38 Released P-TEFb can then phosphorylate the Pol II CTD on Ser5 (S5) and Ser2 (S2) residues,
DSIF (which is converted into a positive elongation factor), and NELF (which becomes evicted from Pol II) thereby relieving Pol II stalling at promoter-proximal regions. It
remains unclear if released P-TEFb rapidly incorporates into the SEC to phosphorylate its substrates or whether SEC assembly occurs after P-TEFb substrate phosphoryla-
tion at promoter-proximal regions.
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off promoters is tempting, additional experiments are needed to
validate the proposed model by McNamara et al.11

These discoveries suggest an interesting scenario. Given that
P-TEFb associates with several transcription factors (such as
NF-kB and c-Myc) it has been proposed that the kinase is
recruited to promoters via the activator.6,10,44 However,
although NF-kB normally binds target gene promoters in
response to stimulation, the P-TEFb kinase is not properly
recruited in the absence of TRIM28. Therefore, future studies
are needed to test a possible TRIM28 role as co-activator to
‘hand off’ the kinase to the transcription factor and/or another
subunit in the transcription machinery. This possibility could
provide evidence of an ordered recruitment mechanism as a
paradigm for precisely controlling gene activation (Fig. 4).

Whether TRIM28 is the only or the dominant scaffold that
mediates P-TEFb/7SK snRNP recruitment to promoter-proxi-
mal regions remains to be shown. Even though the results by
McNamara et al. clearly favor a model in which TRIM28 is a
critical factor in the recruitment of 7SK-bound P-TEFb to pro-
moter-proximal regions to facilitate gene induction, at this
point is not possible to formally exclude the involvement of
additional mechanisms that regulate 7SK snRNP recruitment.
In fact, Mizutani et al. proposed that the 7SK snRNP complex
is recruited to the HIV promoter via newly-synthesized nascent
RNAs arrested at C50–70 bp from the TSS,45 but it remains
unclear what makes the bridge between the nascent transcript
and the inhibitory snRNP. Thus, the possibility that TRIM28
and/or additional factors contribute to placing the 7SK snRNP
at these genomic sites certainly warrants further examination.

TRIM28-7SK snRNP: General or gene-specific
co-activator?

Genome-wide studies revealed that the majority of human
genes containing promoter-proximal paused Pol II also
show evidence of TRIM28-7SK snRNP recruitment.11 This
suggests that the requirement of TRIM28 for 7SK snRNP
recruitment to these genomic sites might be a widespread
regulatory mechanism to deliver P-TEFb to facilitate Pol II
pause release. Moreover, the presence of P-TEFb as part of
the 7SK snRNP complex at gene promoters correlates with
the degree to which Pol II pauses and transcription levels
(as revealed by GRO-seq), probably indicating a direct role
in positively controlling transcription elongation.11,46 In this
context, the 7SK snRNP complex appears not to be simply
an inactive reservoir of P-TEFb but to play a functional
role in delivering primed kinase to promoter-proximal
regions containing paused Pol II.

McNamara et al. showed that loss of TRIM28 reduces RNA
steady-state levels for only a subset of the genes examined.
Since some of them, such as ACTB and GAPDH, produce
highly abundant and long-lived transcripts, loss of TRIM28
does not appear to have an effect. However, examination of
RNA levels through qPCR does not permit us to distinguish
between effects at the transcriptional and/or post-transcrip-
tional levels. Therefore, techniques that directly measure tran-
scription in cells (such as metabolic labeling of newly
transcribed RNAs47) and run-on with isolated nuclei
(GRO-seq48) would be useful tools to determine if TRIM28-

Figure 4. Model for the assembly of the TRIM28-7SK snRNP complex on chromatin: current knowledge and future challenges. TRIM28 recruits the 7SK snRNP complex to
promoter-proximal regions containing the negative elongation factors (NELF and DSIF) that induce Pol II to pausing. In response to TNF stimulation, NF-kB is recruited to
target promoters and P-TEFb is simultaneously released from the 7SK snRNP by the action of Cdk9 T-loop phosphatases (see33,64 for examples). Then, the precise molecu-
lar steps and ordered recruitment remain poorly understood. It is unclear whether NF-kB binds P-TEFb directly to stimulate Pol II pause release,44 or via BRD4,65,66 which
could also help release P-TEFb from the 7SK snRNP in combination with the action of the Cdk9 T-loop phosphatases. In addition, the P-TEFb-free snRNP and TRIM28
appear to be dislodged from chromatin. It would be interesting to determine whether P-TEFb phosphorylates TRIM28 and whether this molecular event promotes its evic-
tion from chromatin (similarly to NELF ejection from Pol II). The eviction of TRIM28 and the P-TEFb-free snRNP from chromatin could promote that released P-TEFb is
‘hands off’ to NF-kB,44 or another subunit of the transcriptional apparatus that brings P-TEFb in proximity to its substrates to promote molecular crowding and kinase
activity or promote SEC assembly. The question mark (?) is to indicate a lack of understanding of the highlighted steps in the transcription cycle. Further studies are
required to precisely define these uncertainties.
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7SK snRNP function in a gene-specific or condition-specific
manner rather than as a general transcription elongation factor.

In addition, TRIM28 belongs to a family of transcriptional regu-
lators known as transcription intermediary factor 1 (TIF1) com-
posed of 3members: TIF1a/TRIM24, TIF1b/TRIM28, and TIF1g/
TRIM22.49-51 Since TRIM22 controls transcription elongation of
erythroid specific genes in a P-TEFb-dependent manner it would
be interesting to determine whether these family members play
unique roles at selected group of genes or fulfill similar roles at dif-
ferent genes classes to control pause release through 7SK snRNP
recruitment and/or alternativemechanisms.

The dilemma: How does TRIM28 bind
promoter-proximal regions?

The study by McNamara et al.11 has found that TRIM28 is
recruited to promoter-proximal regions genome-wide, consistent
with previous evidence from the Farnham lab.43 However, it is
still unclear whether TRIM28 binds to the template DNA
directly, through a bridging interaction (Pol II or other), by con-
tacting post-translationally modified histone tails as part of
nucleosome C1, or any non-mutually exclusive combination of
these mechanisms.

One recent study linking TRIM28 to pausing and pause
release identified TRIM28 as a factor that binds the non-tem-
plate single-stranded DNA formed in the elongation bubble,52

and contains a motif that was previously derived from
genome-wide studies.53 This study would argue that TRIM28
is recruited directly to the DNA. However, proving that this
model is correct would require an identification of the
TRIM28 DNA-binding domain and evidence of direct in vivo
interaction. In addition, TRIM28 contains a bromodomain, a
unique protein module that recognizes acetylated Lysines on
histone tails, suggesting that TRIM28 could be recruited to
promoter-proximal regions by directly contacting DNA and/
or chromatin.

Historically, TRIM28 is known to interact with a family of
Kruppel-associated box (KRAB)-containing Cys2-His2 zinc
finger (C2H2-ZF) proteins to silence both exogenous retrovi-
ruses and specific endogenous retroelemens.54 The majority of
C2H2-ZF proteins, including KRAB proteins, show widespread
binding to regulatory regions in the human genome, indicating
that through the C2H2-ZF regulatory network the TRIM28-
7SK snRNP complex could target a diverse range of genes and
pathways. Certainly, while the possibility of direct DNA recog-
nition first described by Bunch et al.52 cannot be excluded,
TRIM28 could use multiple surfaces to interact with DNA
(alone or combinatorially), histone tails and/or the transcrip-
tion machinery. Dissecting out these possible models will
require a combination of biochemical, genetic and genomics
approaches.

Nature repeats itself: The negative
to positive transition?

It has been previously shown that TRIM28 is phosphorylated at
the C-terminal domain (S824) to relieve negative interactions
and to induce chromatin relaxation.55 These previous observa-
tions probably prompted Bunch et al. to examine the role of

TRIM28 site-specific phosphorylation on Pol II pausing and
pause release. They found that S824 phosphorylation (possibly
through the ATM or ATR PI3-kinases) appears to positively
control Pol II pause release in vitro and in vivo, but only under
specific conditions.52

Much recently, Sanso et al. also provided preliminary evi-
dence that the mechanism of TRIM28 site-specific phosphory-
lation could still hold true.56 Using Shokat’s ‘chemical genetic’
approach they identified TRIM28 as one substrate of the
P-TEFb kinase. However, Ser residues in the N-terminal of
TRIM28 rather than S824 in the C-terminus were identified as
phospho-acceptor sites. In addition to the study by McNamara
et al., these exciting discoveries would suggest that TRIM28
regulates Pol II pausing and pause release by controlling the
recruitment of primed P-TEFb to promoter-proximal regions
and then by acting as a substrate of the activated kinase
(Fig. 4).11,56

Together, these observations open the possibility that
TRIM28 can also function as a negative elongation factor that
promotes pausing probably by repressing P-TEFb through the
7SK snRNP at promoter-proximal regions. TRIM28 could then
either be converted into a positive elongation factor through
site-specific phosphorylation (like DSIF) or evicted from chro-
matin (like NELF) (Fig. 4). The preliminary evidence that
TRIM28 cycles on and off from chromatin would imply that it
can recruit the 7SK snRNP to promoters, become a substrate of
the P-TEFb kinase (as soon as it is released from the 7SK
snRNP) and then either travel with Pol II (like DSIF) or is dis-
lodged from chromatin with or without the inhibitory 7SK
snRNP subunits (like NELF).33,38 Either mechanism would
allow the subsequent recruitment of further TRIM28-7SK
snRNP molecules aiding in the control of multiple rounds of
elongation (necessary for robust gene induction), as previously
suggested by McNamara et al.11 Whether upon P-TEFb release
from the 7SK snRNP, the core 7SK snRNP is dislodged from
chromatin or repositioned at the promoter-proximal region is
still unclear. One other possible scenario is that TRIM28 keeps
the core 7SK snRNP at promoters and upon resolution of a sig-
naling/activating event the elongation program is shut down by
capturing active P-TEFb into the TRIM28-7SK snRNP complex
assembled at promoters thereby contributing to Pol II pausing.
Using an artificial gene reporter system, Prasanth et al. found
that 7SK RNA transiently associates with the promoter-proxi-
mal region upon transcriptional down-regulation and its pres-
ence correlates with efficient displacement of P-TEFb from the
locus and relocation into speckles.57 It would be really interest-
ing to define whether there are groups of genes regulated
through the TRIM28-7SK snRNP ‘on site’ or through recruit-
ment of the inactive complex to speckles or both. Testing these
hypotheses would be critical for ascertaining the precise basis
of the molecular mechanism through which TRIM28 and the
7SK snRNP control Pol II pausing and pause release.

Evolutionary analyses

A previous analyses of the evolutionary conservation of P-TEFb
subunits as well as factors that control P-TEFb activity (DSIF,
NELF and Hexim) by Peterlin and Price provided some
insights into the development of the transcriptional control
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system.6 In order to examine whether 7SK snRNP components
and TRIM28 potentially co-evolved, I searched and analyzed
their orthologs in model organisms such as zebrafish, fruit fly,
sea urchin, worm and yeast (both budding and fission). Protein
sequences of the canonical P-TEFb subunits (Cdk9 and
CycT1), Hexim, core 7SK snRNP subunits (Larp7, MePCE, and
7SK RNA), and TRIM28 were identified in model organisms
from different evolutionary branches of the phylogenetic tree
and aligned. The percentages of amino acids that were identical
and similar to their human counterpart were calculated
(Fig. 5). Conservation varies for different 7SK snRNP compo-
nents and TRIM28. CycT1 and Cdk9 orthologs were identified
through budding and fission yeast, but Cdk9 orthologs were
more conserved than the cyclin subunit, consistent with previ-
ous observations.6 The kinase inhibitor Hexim is clearly present
in sea urchins and higher organisms but is absent in worms and
yeast, probably indicating a gain in the kinase inactivation con-
trol system in higher organisms. The three core 7SK snRNP
components (Larp7, MePCE, and 7SK RNA) are present in
zebrafish but absent in worms and yeast like Hexim. However,
only Larp7 and MePCE (but not 7SK RNA) are present in fruit
fly and sea urchin potentially suggesting they are not part of an
evolutionary conserved Pol II elongation control mechanism.
The presence of the core 7SK snRNP protein components
Larp7 and MePCE suggest that they might be playing other
roles or working through other non-coding RNAs not related
to 7SK function. The sharp difference in conservation between
P-TEFb and the rest of the 7SK snRNP complex subunits and
TRIM28 also suggest that the kinase control mechanisms arose
as complex organisms evolved. Therefore, the control of
P-TEFb may be different in less complex organisms (yeast and
worm), consistent with previous proposals by Peterlin and
Price.6

Similarly to Hexim and the core 7SK snRNP components
(Larp7 and MePCE), TRIM28 predicted orthologs were found
in zebrafish, fruit fly and sea urchin, potentially indicating co-
evolution. However, the absence of 7SK RNA in fruit fly and
sea urchin poses an interesting paradigm to this evolutionary
conundrum. One possibility could be that Hexim, the core 7SK

snRNP components, and TRIM28 function through a yet
unknown non-coding RNA in fruit fly and sea urchin to regu-
late P-TEFb kinase activity. Alternatively, the control of
P-TEFb may be different in those organisms. Given that the
regulatory axis of P-TEFb kinase has not been found to date in
worm and yeast, it is possible that inhibitory components of
the 7SK snRNP and TRIM28 arose to regulate kinase activity,
leading to a precise control of gene activation mechanisms.
This description will surely be the beginning of more refined
phylogenetic analyses to promote the discovery of alternative
modes of P-TEFb regulation in other species as well as to char-
acterize the TRIM28-7SK snRNP complex and their target
genes in other model organisms.

Conclusions and challenges: The ephemeral nature
of ideas

The current model poses that: (i) TRIM28 and the 7SK snRNP
are present at most promoters where paused Pol II is located,
(ii) recruitment of the 7SK snRNP complex to promoter-proxi-
mal regions allows for the localized release of P-TEFb for ‘on
site’ kinase activation, and (iii) 7SK snRNP recruitment is con-
tinuously stimulated by TRIM28 to control transcriptional
homeostasis and rapidly respond to environmental cues
(Fig. 4). Despite these previous discoveries, the study by
McNamara et al. spurs new questions. Given that only a subset
of genes was examined to determine effects of TRIM28 loss on
gene activation, genome-wide data would be critical to deter-
mine the role of TRIM28 in transcription elongation in both
basal conditions and in response to various stimuli. In addition,
despite the frequent co-occupancy of TRIM28 and the 7SK
snRNP at promoter-proximal regions containing paused Pol II,
it still remains unknown whether TRIM28 recruits the snRNP
to most promoter-proximal regions and whether the TRIM28-
7SK snRNP complex regulates pause release genome-wide.
Does TRIM28-7SK snRNP play a widespread regulatory role at
all paused Pol II target genes or does it regulate different gene
classes with various degrees of dependencies? Furthermore, the
mechanism through which TRIM28 is recruited to active

Figure 5. Phylogenetic analyses of the 7SK snRNP complex and TRIM28 in model organisms. Sequences from the indicated proteins and species were compared to human
sequences. Human sequences for CycT1 (726 residues), Cdk9 (372 residues), Hexim (359 residues), Larp7 (582 residues), MePCE (689 residues), 7SK RNA (331 nucleotides),
and TRIM28 (835 residues) were retrieved from the UniProt Knowledgebase (UniProtKB), blasted and aligned using the specified reference genome at the National Center
for Biotechnology Information (NCBI). Only Hexim1, which is the most studied Hexim isoform, but not Hexim2, was analyzed. Zebrafish, Danio rerio; fruit fly, Drosophila
melanogaster; sea urchin, Strongylocentrotus purpuratus; worm, Caenorhabditis elegans; budding yeast, Saccharomyces cerevisiae; fission yeast, Schizosaccharomyces
pombe. The first and second (in bracket) numbers indicate the percentage (%) of identical and similar residues between the human and model organism sequences,
respectively. Budding and fission yeast are known to have 2 kinases with similarity to Cdk9 (Ctk1 and Bur1). For simplicity, only analysis with the Cdk9 ortholog Ctk1 is
shown. For 7SK RNA, only identical nucleotides were used. Abbreviations: NF, not found. The asterisk (�) indicates predicted orthologs since no functional characterization
has yet been done.
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promoters is still not clear, nor is the model for how this might
stimulate transcription activation.

Genetic evidence of TRIM28-mediated 7SK snRNP recruit-
ment to target genes and loss of gene activation only derives
from TRIM28 knockdown experiments. Therefore, in order to
prove that the sole (or at least the main) function of TRIM28 in
gene activation is through the recruitment of primed P-TEFb
kinase, more thorough genetic/biochemical evidence is needed.
For example, it would be informative to engineer a TRIM28
mutant protein that loses binding to Larp7 (and thus compro-
mises 7SK snRNP recruitment to promoter-proximal regions)
without affecting TRIM28 recruitment to chromatin nor inter-
action with other key players. Importantly, this mutant could
be used to pinpoint 7SK-dependent and -independent TRIM28
functions in the transcriptional cycle.

One other important point that remains to be addressed is
how recruitment of an inactive/primed kinase (as part of the
7SK snRNP) is faster (or more efficient) than just recruiting the
active form of the kinase itself or as part of the highly active
super elongation complex (SEC).58-60 One explanation might
be that P-TEFb is not recruited faster but in an inactive state
until encountering its substrates bound at promoter-proximal
regions, probably to avoid spurious kinase activation and sub-
strate phosphorylation. Approaches to measure dynamics of
P-TEFb/7SK snRNP recruitment to target gene promoters will
provide answers to these conundrums and illuminate possible
unexplored facets in the control of Pol II pausing and pause
release.

Although TRIM28 is an elongation factor, it was not previ-
ously identified as part of the SEC by the Shilatifard lab.58-60

This result can be explained by the fact that TRIM28 does not
bind P-TEFb directly, but through the 7SK snRNP subunit
Larp7, and that only a small fraction (10–15%) of 7SK snRNP
appears to be bound to TRIM28 in cells.11 Thus, even though
both 7SK snRNP and SEC contain P-TEFb, the selectivity of
TRIM28 for the 7SK snRNP can be dictated by the presence of
the inhibitory snRNP subunits. Together, this may also help
explain why a previous Cdk9 immunoprecipitation-mass spec-
trometry analysis did not detect TRIM28 but 7SK snRNP subu-
nits only.59

Our studies have closely examined annotated transcripts
but not divergent transcripts or non-coding RNAs. Therefore,
it remains to be investigated whether these unique non-coding
RNA species are also regulated by TRIM28 and the 7SK
snRNP or if they have unique regulatory strategies. Interest-
ingly, a study by the Sharp lab revealed that antisense Pol II
divergent transcripts are P-TEFb dependent,61 thus opening
the possibility that TRIM28-7SK snRNP also control divergent
transcription.

In addition to 7SK snRNP recruitment to promoter-proxi-
mal regions, the Rosenfeld lab proposed that the snRNP com-
plex occupies transcriptional enhancers,62 which are genomic
elements that stimulate gene activation from promoter-distal
sites (reviewed in63). Through gene looping between enhancer
and promoters, and a specialized set of chromatin-modifying
enzymes, P-TEFb appears to be released from the 7SK snRNP
complex. Notably, given that enhancers play an important role
in controlling gene activation from promoters and because the
7SK snRNP appears to be recruited to these genomic sites,62

studies are needed to further define the role of TRIM28-7SK
snRNP in controlling transcription from enhancers during
development, differentiation and cell fate choice. We believe
that with these recent discoveries we lay a foundation for future
studies.

With my efforts to discuss these recent discoveries and put
them in the context of previously published literature I hope to
provoke future work that will advance our understanding of
this fascinating scientific problem. New data supporting or
refuting the models discussed herein will undoubtedly increase
our knowledge and generate discussions rather than engender-
ing unproductive controversy. Even the more skeptical
researchers should be attracted to challenge these models and
bring their own points of view to fuel the progress in the field.
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