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ABSTRACT
Cyclin-dependent kinase 9 (CDK9) is critical for RNA Polymerase II (Pol II) transcription initiation,
elongation, and termination in several key biological processes including development, differen-
tiation, and cell fate responses. A broad range of diseases are characterized by CDK9 malfunction,
illustrating its importance in maintaining transcriptional homeostasis in basal- and signal-regu-
lated conditions. Here we provide a historical recount of CDK9 discovery and the current models
suggesting CDK9 is a central hub necessary for proper execution of different steps in the
transcription cycle. Finally, we discuss the current therapeutic strategies to treat CDK9 malfunction
in several disease states.
Abbreviations: CDK: Cyclin-dependent kinase; Pol II: RNA Polymerase II; PIC: Pre-initiation
Complex; TFIIH: Transcription Factor-II H; snoRNA: small nucleolar RNA; CycT: CyclinT1/T2; P-
TEFb: Positive Transcription Elongation Factor Complex; snRNP: small nuclear ribonucleo-protein;
HEXIM: Hexamethylene Bis-acetamide-inducible Protein 1/2; LARP7: La-related Protein 7; MePCE:
Methylphosphate Capping Enzyme; HIV: human immunodeficiency virus; TAT: trans-activator of
transcription; TAR: Trans-activation response element; Hsp70: Heat Shock Protein 70; Hsp90/
Cdc37: Hsp90- Hsp90 co-chaperone Cdc37; DSIF: DRB Sensitivity Inducing Factor; NELF:
Negative Elongation Factor; CPSF: cleavage and polyadenylation-specific factor; CSTF: cleavage-
stimulatory factor; eRNA: enhancer RNA; BRD4: Bromodomain-containing protein 4; JMJD6:
Jumonji C-domain-containing protein 6; SEC: Super Elongation Complex; ELL: eleven-nineteen
Lys-rich leukemia; ENL: eleven-nineteen leukemia; MLL: mixed lineage leukemia; BEC: BRD4-con-
taining Elongation Complex; SEC-L2/L3: SEC-like complexes; KAP1: Kruppel-associated box-protein
1; KEC: KAP1-7SK Elongation Complex; DRB: Dichloro-1-ß-D-Ribofuranosylbenzimidazole; H2Bub1:
H2B mono-ubiquitination; KM: KM05382; PP1: Protein Phosphatase 1; CDK9i: CDK9 inhibitor;
SHAPE: Selective 2’-hydroxyl acylation analyzed by primer extension; TE: Typical enhancer; SE :
Super enhancer.
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Introduction

Several Ser/Thr cyclin dependent kinases (CDK)
are regulators of diverse sets of processes in the
cell, including transcription [1]. There are sev-
eral transcriptional CDKs including CDK7,
CDK8, CDK9, CDK12, CDK13, CDK18, and
CDK19. CDK8 and CDK19 are mutually exclu-
sive subunits of the Mediator complex and help
to establish the pre-initiation complex (PIC),
while CDK7 is part of the Transcription
Factor-II H (TFIIH) complex necessary for the
release of Pol II from the PIC [2,3]. Following
PIC formation and promoter clearance, transi-
tion into productive elongation requires the
activity of CDK9 and CDK12 or CDK13. While
loss of CDK12/13 in human cells selectively

affects DNA damage response and small nucleo-
lar RNA (snoRNA) genes [4,5], CDK9 appears
to be necessary for the global regulation of gene
transcription under both basal and stimulated
conditions [6–14]. Furthermore, CDK9 localizes
to sites of active transcription throughout the
nucleus [15,16]. Originally defined as a key fac-
tor for Pol II transcription elongation, CDK9 has
recently emerged as a central regulatory hub at
several stages of the transcription cycle [8,11,17–
22]. Here we discuss the recent advances in our
understanding of how CDK9 is normally regu-
lated, how its kinase activity signals for different
steps of the transcription cycle, and how mis-
localization of CDK9 to chromatin promotes
aberrant transcriptional programs leading to dis-
ease states.
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Figure 1. CDK9 activity is tightly regulated through incorporation into several regulatory complexes. (a) CDK9 Western Blot. CDK9
exists in two isoforms, a 55-kDa long form and the best characterized, 42-kDa short form. CDK9 probed in HCT-116 cells with anti-
CDK9 (D-7, sc-13130). (b) CDK9 Crystal Structure. Structure of CDK9 showing the ATP binding site (green) and T186 in the T-loop
(red). Note that the structure is of CDK9 complexed with CycT [27] but CycT was omitted for simplicity. CDK9 has not been
crystallized in the apo form. (c) CDK9 kinase activity is regulated through incorporation into the 7SK snRNP complex. Phosphorylation
of CDK9’s T-loop (T186) promotes its interaction with HEXIM and incorporation into the 7SK snRNP. The 7SK RNA/snRNP model
depicted is based on Selective 2'-hydroxyl acylation analyzed by primer extension (SHAPE) data from the Price lab [35]. (d) ES cells
utilize the 7SK snRNP for CDK9 kinase regulation. In ES cells, CDK9 is inactivated through incorporation into the 7SK snRNP (left).
Upon ES stimulation (e.g., retinoic acid), CDK9 release factors (CDK9 RF) promote the release of CDK9, resulting in kinase activation
for target gene transcription and cell differentiation (right). (e) Resting CD4 T cells prevent CDK9/CycT assembly. In resting T cells,
CDK9 is sequentially incorporated into the Hsp70 and the co-chaperone Hsp90/CDC37 complex in the cytoplasm, where it awaits
assembly with CycT (left). Upon T cell activation (e.g., antigen, Toll-like receptor signaling), CDK9 is released from the co-chaperone
complex, assembled with newly-synthesized CycT and delivered to T cell responsive genes for transcription activation (right).
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Regulation of CDK9 kinase activity

Two CDK9 isoforms [short (CDK9-S: 42-kDa) and
long (CDK9-L: 55-kDa)] (Figure 1(a)) are encoded by
the same gene and are transcribed by two different
promoters located more than 500-bp apart from each
other. Both isoforms share exons 2–7, but exon 1 is
longer in the 55-kDa isoform thus containing an addi-
tional 117 amino acids N-terminal stretch. The two
CDK9 isoforms are expressed in cells at different levels
with the short one beingmore abundant [23] (Figure 1
(a)). The majority of the short CDK9 isoform appears
to localize throughout the nucleoplasm and a minor
fraction to the cytoplasm, while the long isoform is
contained mostly in the nucleolus [23]. While CDK9-
L has been implicated in regulating apoptosis and
DNA repair, CDK9-S is the best studied and is impli-
cated in global transcriptional regulation [12,13].
However, it is worth noting these results were
obtained under ectopic expression of epitope-tagged
constructs. Therefore, the normal subcellular distribu-
tion, cell type/tissue expression patterns and precise
functions, especially of the long isoform, remain
poorly understood. Given most of our understanding
of CDK9 function on transcriptional regulation
derives from studies with the short isoform, this
review will focus on this canonical CDK9 isoform.

In their active kinase state, CDKs form hetero-
dimers with Cyclin proteins [1]. CDK9 is no
exception to this rule, as it forms a heterodimer
with either CyclinT1 or CyclinT2 (hereafter
referred to as CycT) to form the Positive
Transcription Elongation Factor Complex (P-
TEFb, hereafter referred to as CDK9) [24,25].
Besides a role for CycT in controlling kinase activ-
ity, the current model suggests that CycT is also
required for assembly of CDK9 and its substrates
at sites of active transcription in the nucleus
[16,26]. Interestingly, the CDK9-CycT heterodi-
mer was found to be critical for localization of
both CDK9 and Pol II to phase-separated droplets,
which are thought to be sites of active transcrip-
tion in living cells [16].

While the structure of CDK9 in the unbound
state has not been solved, the atomic resolution of
CDK9 bound to its cognate CycT has established a
framework for understanding the molecular and
chemical details of the mechanism of kinase acti-
vation and inhibition by anti-cancer drugs such as

flavopiridol [27]. As any other kinase, CDK9 con-
tains an ATP binding site (Figure 1(b), green) and
an activating T-loop containing the key T186 resi-
due (Figure 1(b), red). CDK9 activity and CycT
interaction are governed by in cis auto-phosphor-
ylation of T186 and three C-terminal phosphory-
lation sites [18,27–31].

While T-loop phosphorylation at S175 was
reported to increase under signal-regulated condi-
tions (T-cell activation) to potentially control CDK9
interaction with other transcription elongation com-
plexes (see CDK9 Delivery to Genome Regulatory
Regions section below), this modification does not
impact kinase activity [30]. In addition to evidence
for in cis auto-phosphorylation, both T186 and S175
can be phosphorylated by other kinases, such as
CDK7 in basal conditions [18]. However, it remains
unclear whether these molecular events are impor-
tant for global or pathway-specific transcription in
basal- and/or signal-regulated conditions in key bio-
logical contexts [18,27,29,30].

Proper regulation of CDK9 kinase activity is
essential for the cell to maintain transcriptional
homeostasis. One-way the cell has evolved to inacti-
vate kinase activity is through its incorporation into
the 7SK small nuclear ribonucleo-protein (snRNP)
complex (Figure 1(c)), a mechanism that has been
well characterized in vitro and in cancer cell lines
[32–35]. Two CycT/CDK9 molecules directly inter-
act with the kinase inhibitor Hexamethylene Bis-
acetamide-inducible Protein 1/2 (HEXIM) in a 7SK
RNA-dependent manner, which forms dimers to
provide a scaffold to organize the snRNP (Figure 1
(c)) [31,35]. In addition to CycT/CDK9-HEXIM, the
La-related Protein 7 (LARP7) and 7SK snRNA
Methylphosphate Capping Enzyme (MePCE)
[37,38] are both required for 7SK RNA stability
and overall snRNP complex integrity [36–40].

Interestingly, using biochemical approaches the
Price lab found that CDK9 T-loop (T186) phos-
phorylation is a pre-requisite for kinase assembly
with the 7SK snRNP through HEXIM interaction
(Figure 1(c)) [31]. As expected, T-loop mutations
prevented CDK9 from binding HEXIM and sub-
sequent incorporation of the kinase into 7SK
snRNP [31]. These studies solidified the model
that physical interaction between T-loop phos-
phorylated CDK9 and HEXIM prevents kinase
activation.
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While the majority of 7SK-bound CDK9 is
nuclear, a small fraction appears to be located in
the cytoplasm [41]. However, some controversy
still exists in the field regarding 7SK snRNP com-
plex subcellular distribution. While 7SK RNA is
predominantly, if not exclusively, nuclear, this
data is derived from RNA fluorescence in situ
hybridization in which the probes used could,
potentially, only detect the nuclear fraction of
7SK RNA and 7SK snRNP complex due to probe
accessibility [42]. Similarly, various studies using
immunofluorescence to detect the protein compo-
nents of the snRNP have provided conflictive
results (nuclear vs nuclear-cytoplasmic) potentially
due to antibodies recognizing different 7SK com-
ponent forms [30,41–43]. Thus, rigorous studies
examining the localization of the complex (and
not its components in isolation) would be required
to precisely address this conundrum and to further
evaluate functional roles for the nuclear and cyto-
plasmic 7SK snRNP pools.

Besides its role in controlling basal transcrip-
tion, CDK9 functions as a hub for transducing
environmental signaling into transcriptional out-
puts. In embryonic stem (ES) cells, stimulus-
dependent activation of CDK9 is necessary for
transcriptional activation of target genes to induce
cell differentiation (Figure 1(d)) [10,44–46]. In the
absence of any given stimuli, developmental genes
are restricted by kinase inactivation through the
7SK snRNP complex. As such, CDK9 must be
released from this state through the action of
CDK9 release factors (CDK9 RF), which are
enzymes/factors depositing or removing post-
translation modifications on various 7SK snRNP
subunits (CycT, CDK9, and HEXIM) or through
direct interactions with the 7SK snRNP complex to
promote kinase eviction. Once released, CDK9
becomes activated to phosphorylate its substrates
(such as Pol II) at target promoters thereby indu-
cing gene activation to facilitate cell differentiation
in response to specific stimuli (Figure 1(d)). These
mechanisms will be thoroughly discussed below.

Because CDK9 T-loop phosphorylation is
required for its incorporation into the 7SK
snRNP complex, it came as no surprise that
dephosphorylation of the kinase T-loop by several
phosphatases could promote release from the 7SK
snRNP in the nucleus [47,48]. The first

description from the Zhou lab revealed that
PP2B and PP1α dephosphorylate the CDK9 T-
loop and that this mechanism appears to be a
key example for signal-regulated transcription
[47]. Additionally, two members of the PPM/
PP2C family of metal-dependent phosphatases
(PPM1A and PPM1G) have also been shown to
promote CDK9 T-loop dephosphorylation
[28,48,49]. While the physiologic involvement of
PPM1A on CDK9 function remains to be clari-
fied, PPM1G functions under signal-regulated
conditions (e.g., NF-κB induction stimulus) and
during activation of the human immunodefi-
ciency virus (HIV) transcriptional program
[28,49]. Interestingly, not only does PPM1G pro-
mote the release of CDK9 from the 7SK snRNP
by T-loop dephosphorylation, it is also capable of
directly interacting with 7SK RNA and HEXIM to
block the reassembly of released CDK9 back into
the snRNP to maintain transcription elongation
programs under signal-regulated conditions
[28,49]. Collectively, given the large number of
Ser/Thr phosphatases in the cell, the variety of
cell types, and activating stimuli, as well as the
complexity of gene-/pathway-specific transcrip-
tional regulation, future systematic studies will
be required to hone our understanding on the
roles of these and other phosphatases in the con-
trol of CDK9-mediated transcriptional regulation
in normal and disease states.

Phosphorylation is not the only post-transla-
tional modification purposed to facilitate CDK9
release from the 7SK snRNP complex. The HIV
trans-activator of transcription (Tat) protein was
recently shown to recruit the UBE2O ubiquitin
ligase to cytoplasmic and nuclear 7SK snRNP
pools, leading to the non-degradative ubiquitina-
tion of HEXIM [41]. This ubiquitination event
promotes release of HEXIM from the 7SK snRNP
and its redistribution from the nucleus to the
cytoplasm thereby promoting an enrichment of
free, active CDK9 in the nucleus for HIV gene
activation [41]. Besides ubiquitination, factor acet-
ylation has also been implicated in CDK9 activa-
tion [50]. In vitro assays suggest that the histone
acetyl transferase p300 acetylates CycT at various
sites, promoting its dissociation from HEXIM, and
facilitating CDK9-mediated transcription activa-
tion in cells [50].
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In addition to protein modification mechan-
isms, the Wysocka lab discovered that RNA mod-
ifying enzymes contribute to CDK9 activation
from the 7SK snRNP complex. The DDX21
DEAD box helicase directly unwinds 7SK RNA
to facilitate kinase release from the 7SK snRNP at
promoters of ribosomal genes [51]. Similarly, the
splicing factor SRSF2 promotes CDK9 activation
through direct interaction with the 7SK snRNP at
exonic recognition sequences potentially linking
splicing dynamics with efficient transcription elon-
gation [52]. However, the molecular details of the
activation mechanisms remain unclear.

The substantial number of modifying enzymes
that have been reported to function through var-
ious 7SK snRNP complex subunits to promote
CDK9 release suggests that they may co-operate
to facilitate kinase activation. However, we do not
have a clear picture of which enzymes function
together and whether an ordered recruitment is
required to facilitate 7SK snRNP complex disas-
sembly for transcription activation in various bio-
logical contexts. One could envision a model in
which these enzymes are activated at select target
genes, in a context-dependent manner, and/or in
response to different regulatory stimuli, thus open-
ing a wide array of potential scenarios to be
discovered.

Another more recent, but less-understood,
mechanism of CDK9 control is through down-
regulation of its cognate CycT, reduction in
CDK9 T-loop (T186) phosphorylation, and
CDK9 sequestration into the cytoplasm as part of
a chaperone complex (Figure 1(e)) [53,54].
Biochemical evidence suggests that CDK9 sequen-
tially binds Heat Shock Protein 70 (Hsp70) and the
Hsp90- Hsp90 co-chaperone Cdc37 (Hsp90/
Cdc37) complex, thereby stabilizing CDK9 in the
cytoplasm until assembly of the active CycT/CDK9
dimer (Figure 1(e)) [54]. Interestingly, resting pri-
mary CD4 T cells display low levels of CDK9 T-
loop phosphorylation and low expression of CycT.
Thus, CDK9 is primarily bound to the Hsp90/
Cdc37 complex in the cytoplasm [30,54]. Upon T
cell receptor (TCR) activation through antigen
engagement, resting cells transition into the active
state, in which levels of T186 phosphorylation,
CycT, and HEXIM readily increase, thereby aug-
menting levels of 7SK snRNP complex formation

and facilitating assembly at target gene promoters
for transcription activation (Figure 1(e)) [53].
Thus, at difference to ES cells and cancer cells
(which have higher transcriptional demand), rest-
ing T cells have low-to-undetectable levels of
active CDK9 and 7SK snRNP formation, consis-
tent with the lower transcription activity of the cell
in the resting state. Collectively, although different
mechanisms have been proposed to regulate
CDK9 activity, all share common themes. To pre-
vent spurious transcriptional activation, CDK9
activity must be suppressed either through incor-
poration into the 7SK snRNP complex or through
decreased expression of its cognate CycT.

To become activated, CycT and CDK9 T-loop
phosphorylation levels should increase to facilitate
7SK snRNP complex assembly, and then the
kinase must be released from the 7SK snRNP
through the action of several modifying enzymes,
the “so-called” CDK9 RF, leading to a pathway of
kinase activation through T-loop re-phosphoryla-
tion. While the observed phosphorylation-depho-
sphorylation-rephosphorylation cycle appears
convoluted, it has biological implications to guar-
antee an ordered pathway of kinase activation to
precisely regulate its function and thus avoid spur-
ious gene activation programs.

Collectively, the multitude of factors that have
been implicated in the regulation of CDK9 activity
illustrate the importance of proper kinase regula-
tion to the cell’s overall health.

CDK9 regulation of promoter transcription

The elongation step of transcription is a highly
regulated process. Shortly after initiation, Pol II
must escape into elongation through CDK7-
mediated phosphorylation of the PIC [2,3]. Once
released from the PIC, Pol II begins elongating but
pauses at the promoter-proximal region ~ 20–50
bp downstream of the transcription start site (TSS)
[14,55–58]. The establishment of paused Pol II is
facilitated by nucleosomal barriers near the TSS
and negative elongation factors [DRB Sensitivity
Inducing Factor (DSIF) and Negative Elongation
Factor (NELF)] (Figure 2(a), top) [17,56,59–64].
By regulating the precise spatio-temporal release
of Pol II into productive elongation the cell
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ensures that both basal- and signal-regulated genes
are expressed at the appropriate time.

CDK9 T-loop phosphorylation, and subsequent
kinase activation, by CDK7 is required for the regu-
lated release of promoter-proximal paused Pol II into
the gene body [18]. The release of paused Pol II into
productive elongation is facilitated by CDK9 through
phosphorylation of three main substrates: 1) Ser2

residues located in the heptad repeats of Pol II
C-Terminal Domain (CTD); 2) the Spt5 subunit of
DSIF, transforming it into a positive elongation factor;
and 3) the E- subunit of NELF, resulting in its ejection
from the nascent pre-mRNA chain (Figure 2(a), bot-
tom) [14,44,62,64–69]. Furthermore, CDK9 presence
at gene promoters indirectly affects the chromatin
landscape through recruitment of chromatin-
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Figure 2. CDK9 is a central hub for proper signaling of each step in the transcription cycle. (a) CDK9 phosphorylation signals for Pol II
pause release and initiation. Pausing of Pol II is facilitated by the negative elongation factors, DSIF and NELF (top) and blocks
initiation of new Pol II molecules. Upon transcription stimulation, CDK9 phosphorylates the negative elongation factors and Ser2 of
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for the recruitment of termination factors at poly(A) sites and pause-release for proper termination and 3ʹ-end formation. CDK9 also
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remodeling and -modifying enzymes [61,70,71]. In
one example, CDK9 co-operates with the histone cha-
perone complex FACT to relieve the NELF/DSIF-
mediated transcription elongation block through the
simultaneous regulation of paused Pol II and nucleo-
some barriers at the promoter-proximal region
[61,71].

In addition to the well-established CDK9 function
in transcription elongation control, a high interdepen-
dence between CDK9-mediated Pol II pause release
and transcription initiation frequency has been pro-
posed. Interestingly, two recent reports found that
genes displaying a high degree of pausing tend to
display a lower rate of transcriptional initiation
[19,20]. The first study combined transcription initia-
tion inhibitors (Triptolide) with the recently devel-
oped chromatin immunoprecipitation (ChIP) assay
with nucleotide resolution through exonuclease,
unique barcode and single ligation (ChIP-nexus)
technique to identify promoters containing stably
paused genes and PIC occupancy profiles in
Drosophila cells [20]. Here the authors observed an
anti-correlation between Pol II pausing duration and
PIC occupancy, suggesting that the presence of pro-
moter-paused Pol II inhibits subsequent rounds of
transcription initiation (Figure 2(a)). Supporting this
model, pharmacologic CDK9 inhibition with DRB
and flavopiridol, which stabilizes paused Pol II,
resulted in a decrease of transcription initiation [20].
These studies are consistent with data from the
Shilatifard lab demonstrating that transcription initia-
tion blockage with Triptolide both reduces and shifts
the paused Pol II peak upstream of the TSS to the
position of the PIC and/or very early transcription
intermediates [72].

The second study also identified an interplay
between CDK9-dependent Pol II pause release
and transcription initiation in human cells [19].
Here the authors used CRISPR-Cas9 to introduce
a CDK9 adenine analog sensitive mutation, allow-
ing them to specifically and acutely inhibit endo-
genous CDK9 activity with the 1-NA-PP1 adenine
analog. Taking a multi-omics approach to build a
kinetic model, the authors found that CDK9 inhi-
bition leads to an increase in paused Pol II dura-
tion at promoter-proximal regions and a decrease
in initiation frequency, further supporting the
model that CDK9 inhibition increases Pol II paus-
ing duration thereby limiting the frequency of

initiation (referred in the original work as
“pause-initiation” limit) [19]. These studies illus-
trate an intricate mechanism for the establishment,
maintenance and release of paused Pol II at pro-
moters facilitated by CDK9 and its interplay with
several positive and negative regulatory factors.

CDK9 regulation of histone modifications and
RNA processing

Similar to promoters, Pol II has also been found to
pause at intron-exon junctions and at the 3ʹ-ends of
genes (although at much lower levels given the higher
turnover of pausing at these sites) to allow for recruit-
ment of RNA splicing and termination factors,
respectively [73–76]. Furthermore, the phosphoryla-
tion pattern of the Pol II CTD acts as a platform for
the recruitment of RNA processing factors at different
steps of the transcription cycle [65]. Given the role of
Pol II CTD phosphorylation in RNA processing and
CDK9’s established role in promoting transcription
through phosphorylation of the Pol II CTD at pro-
moters, it has been proposed that CDK9 plays a role
in RNA processing regulation [21,22,75].

Supporting a regulatory role of CDK9 in transcrip-
tion termination, pharmacologic inhibition of CDK9
with KM05382 (KM) and DRB, leads to a decrease of
nascent transcription downstream of the poly(A) site,
indicative of a termination defect (Figure 2(b)) [75].
Additionally, a reduction in phosphorylated Spt5/
DSIF (CDK9 substrate) and CDK9 occupancy at 3ʹ-
ends of genes coincides with a decrease in transcrip-
tion levels downstream of the poly(A) site upon
CDK9 inhibition, suggesting that the observed
decrease in transcription downstream of the poly(A)
site is due to a Pol II pause release defect [75].
Furthermore, CDK9 activity also links deposition of
H2B mono-ubiquitination (H2Bub1), an epigenetic
mark necessary for termination, at 3ʹ-ends of genes,
especially at histone genes [70]. Thus, CDK9 inte-
grates phosphorylation events with chromatin mod-
ifications to favor co-transcriptional mRNA
processing.

Additional links between CDK9 function and
correct Pol II transcription termination were pro-
vided by the Fisher lab in two recent studies. First,
using a chemical-genetic screen, Protein
Phosphatase 1 (PP1) was identified as a CDK9 sub-
strate [21]. Second, PP1 was found to
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dephosphorylate DSIF at 3ʹ-ends of genes in
Drosophila, leading to transcription termination
(Figure 2(b)) [22]. Interestingly, CDK9 phosphor-
ylation inactivates PP1 activity until the appropriate
time for transcription termination, allowing for
sustained Spt5/DSIF phosphorylation at the 3ʹ-
ends of genes and transcription through the poly
(A) site (Figure 2(b)). Additionally, CDK9 is
required to maintain Ser2P levels downstream of
the poly(A) site, allowing for the recruitment of
cleavage and polyadenylation-specific factor
(CPSF) and cleavage-stimulatory factor (CSTF),
which are critical for proper transcription termina-
tion (Figure 2(b)) [75]. The fact that CDK9 operates
at multiple locations throughout the transcription
unit suggests that it either co-transcriptionally tra-
vels with Pol II or is independently recruited to each
site. Evidence that CDK9 occupies entire transcrip-
tional units, like Pol II [44,77], and that Ser2P Pol II
levels gradually increase as Pol II progresses
through a gene may support the model that CDK9
travels with Pol II during transcription [44,77].

Taken together, the studies mentioned above
provide compelling evidence that CDK9-depen-
dent pause release is a critical rate-limiting step
in both transcription elongation and termination
and further illustrate that CDK9 is the central hub
in transcription regulation that correctly signals
for the execution of different steps in the tran-
scription cycle and not only Pol II pause release
as originally thought.

CDK9 regulation of enhancer transcription

CDK9 has been traditionally viewed as a transcrip-
tion factor that operates exclusively at promoters;
however, recent insights into the mechanisms gov-
erning enhancer regulation have since expanded
our view of how and where in the genome CDK9
activity regulates gene expression. Active enhan-
cers are regions of open chromatin defined by the
presence of several features including chromatin
signatures (H3K27ac and H3K4me1), the assembly
of transcription factors and co-activators (p300/
CBP, Mediator, BRD4, and Pol II) and symmetri-
cal bi-directional enhancer RNA (eRNA) tran-
scription [45,78]. Enhancers can promote gene
expression both locally and distally (thousands of
kilobases away) relative to promoters by delivering

Pol II and other transcription factors to promoters
through a chromatin looping mechanism; how-
ever, it remains unclear if enhancer-promoter
looping is a universal mechanism of enhancer
function regulation [79]. Importantly, mammalian
genomes contain millions of cell-type specific
enhancers thereby explaining their key roles in
cell identity control, differentiation, and develop-
ment [45,80,81].

Originally thought to be a mere staging area for
the assembly of transcription factors, recent work
has found that enhancers operate in a manner
analogous to promoters [82,83]. For instance, Pol
II mediated transcription of short (<2-kb) eRNAs
has been shown to be a pre-requisite for the
expression of enhancer-associated genes [84–86].
Given that enhancer associated Pol II is capable of
transcribing eRNAs and that CDK9 is required for
release of paused Pol II at promoters, CDK9 has
been previously proposed to play a role in regulat-
ing eRNA transcription [45,87,88]. In support of
this model, eRNA transcription is dependent on
DSIF/NELF-mediated Pol II pausing, indicating a
need for a positive elongation factor, such as
CDK9, to release Pol II into active transcription
[82,89,90]. Indeed, CDK9 occupies promoter-dis-
tal intergenic regions, including traditional enhan-
cers (TE) and super-enhancers (SE) [45,87].
Whereas TE contain the classic composition of
features indicated above, SE are locally grouped
clusters of enhancers (defined as H3K27ac
domains within 12.5-kb of each other) driving
high levels of transcription of nearby cell-identity
genes [91]. In support of a functional role of
CDK9 at enhancers, treatment of cells with the
CDK9 inhibitor flavopiridol leads to a decrease in
eRNA transcription elongation [88].

Despite these great past achievements, future
work delineating the precise contributions of
CDK9 to promoter-enhancer communication and/
or its role in eRNA-mediated promoter transcription
stimulation ismuch needed. Given CDK9 is required
for both mRNA and eRNA transcription and is also
potentially required for promoter-enhancer commu-
nication, it will be imperative to determine if gene-
looping is a direct consequence of CDK9 presence
and/or activity at promoters and enhancers. CDK9
inhibition experiments coupled with chromatin con-
formation capture assays will enable one to uncouple
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the assembly of enhancer complexes and gene loop-
ing from eRNA synthesis. In addition, understand-
ing whether CDK9 function at enhancers (and thus
eRNA synthesis) is required for promoter activation
and/or whether promoter and enhancer bound
CDK9 have different complex arrangements and/or
functions will be critical to hone our understanding
of the transcriptional programs regulated by CDK9
in normal and disease states.

CDK9 delivery to genome regulatory regions

For CDK9 to properly activate transcription it
must be delivered to a precise genomic region at
the right time. In this section, we discuss the

functional interactions between CDK9 and sev-
eral co-factors (Figure 3(a)). Early work identi-
fied several transcription factors that could
directly bind CDK9 and are necessary for
CDK9 promoter occupancy [10,14]. Perhaps the
first transcription factor implicated in CDK9
delivery to promoter regions was nuclear factor
(NF)-κB [10]. Here the authors found that, when
co-expressed, the RelA subunit of NF-κB could
be immunoprecipitated along with both CDK9
and CycT1 [10]. Furthermore, the authors found
that CDK9 is necessary for NF-κB recruitment
to the IL-8 promoter, illustrating a requirement
for CDK9 in the activation of NF-κB target
genes [10].
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Another transcription factor, c-Myc, is also
known to utilize CDK9 to activate its target
genes [14,92,93]. Like NF-κB, immunoprecipita-
tion experiments also identified an interaction
between c-Myc and CDK9 [14,92,93].
Additionally, CDK9 and c-Myc are find to co-
occupy promoter regions of c-Myc target genes
and CDK9 is sufficient to activate c-Myc gene
expression [92,93]. Finally, inhibition of CDK9
leads to decreased Pol II occupancy at c-Myc tar-
get genes [14]. Besides NF-κB and c-Myc, other
sequence-specific transcription factors, such as
p53, among others, have been shown to interact
with CDK9 to facilitate target gene activation
[94,44].

Recent work delineating the mechanisms
involved in delivering CDK9 to genomic loci
have led to the identification of additional factors
and protein complexes capable of interacting with
and delivering CDK9 in both its active and inac-
tive kinase state to specific genomic locations. One
of these additional proteins implicated in CDK9
delivery to the genome was Bromodomain-con-
taining protein 4 (BRD4). Biochemical and immu-
nofluorescence data identified an interaction
between BRD4 and the active kinase form of
CDK9 in the nucleus of human cells [95,96].
Furthermore, this interaction was apparently
required for Pol II-mediated transcription and
CDK9 recruitment to both the HIV promoter
and SE [45,95–97]. Interestingly, recent data indi-
cate that BRD4 occupies phase-separated droplets
(referred to “transcriptional condensates”) in liv-
ing cells (Figure 3(b)) and disruption of these
droplets results in a decrease of both BRD4 and
Pol II occupancy at SE, further illustrating BRD4’s
role in transcriptional regulation at enhancers
[98]. However, CDK9 enhancer occupancy levels
were not measured in this study. Therefore, future
work is required to determine if BRD4 plays a role
in CDK9 delivery to transcriptional condensates in
cells or if BRD4 assembles with CDK9 after both
proteins are localized to droplets.

Interestingly, the transcription factor p53 was
identified as a BRD4-bound protein using an
unbiased candidate screen [94]. Here the authors
utilized various biochemical techniques to demon-
strate a direct interaction between BRD4 and p53.
Furthermore, they found BRD4 regulated genes

within the p53 pathway require the BRD4-p53
interaction for activation under stress conditions
[94]. This is one example of how BRD4 might
cooperate with other transcription factors to posi-
tion and activate CDK9 at specific genomic loci
(Figure 3(b)).

The above mentioned BRD4 studies have led to
the proposal that CDK9 recruitment to promoters
and enhancers, as well as CDK9-mediated Pol II
elongation relies on BRD4; however, recent conflict-
ing reports demonstrate that CDK9 is recruited to
the genome independently of BRD4 [87,99].
Treatment of cells with the bromodomain and
extra-terminal domain (BET) inhibitor JQ1 reduced
transcription elongation and BRD4 genome occu-
pancy but had little effect on CDK9 recruitment
[99]. Furthermore, acute depletion of BRD4 using a
degron system reduced transcription levels indepen-
dently of CDK9 recruitment, potentially indicating
that BRD4 function in Pol II elongation control is
unrelated to CDK9 interaction/recruitment to chro-
matin [87].

Given that BRD4 localizes to promoters
throughout the genome, yet its depletion does
not affect CDK9 recruitment at every gene, there
must be additional functions for BRD4 in tran-
scriptional regulation at promoters. Remarkably,
BRD4 is considered to be an atypical kinase that
binds and phosphorylates Ser2 of the Pol II CTD,
suggesting BRD4 itself could act as a positive
elongation factor in a context-dependent manner,
consistent with the model of CDK9-independent
functions in the transcription activation cycle
[100]. Furthermore, BRD4 stimulates CDK9
kinase activity in vitro [101], opening the possibi-
lity that BRD4 regulates transcription activation
through stimulation of CDK9; however, further
studies are needed to determine if BRD4 is capable
of activating CDK9 in living cells. Given the com-
plexity of the data and the intertwined connections
between BRD4 and CDK9 with the transcription
elongation machinery additional investigations are
required to obtain a clearer picture of the mutual
and independent functions of BRD4 and CDK9 in
Pol II CTD phosphorylation and elongation
control.

In addition to sequence-specific transcription
factors and the BRD4 co-factor, CDK9 was, most
recently, found to interact with several elongation
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complexes. Below, we propose a new nomencla-
ture of CDK9-containing elongation complexes to
start integrating the datasets generated by many
different labs in different systems (Figure 3(a)).

The Jumonji C-domain-containing protein 6
(JMJD6) demethylase has recently been found in
complex with BRD4 and CDK9 [102], a protein
complex we refer here to as the BEC for BRD4-
containing Elongation Complex (Figure 3(a)).
JMJD6 is capable of demethylating both the γ-
mono-methylphosphate cap of 7SK RNA and sym-
metric/asymmetric H4R3me2 (an epigenetic mark
apparently read by the 7SK RNA) on enhancers,
resulting in the eviction of CDK9 from the 7SK
snRNP and ejection of 7SK RNA from chromatin
ultimately facilitating gene promoter activity and
Pol II pause release from distal, “anti-pause”
enhancers (Figure 3(b)) [102]. While earlier work
implicated BRD4 in direct recruitment of CDK9,
the recent work described here suggests that
BRD4’s role in transcription activation is to pro-
mote the release and activation of CDK9 at gene
promoters and enhancers.

In addition to the BEC, CDK9 assembles into a
second macromolecular complex, named SEC
(Super Elongation Complex), for Pol II phosphor-
ylation and elongation control (Figure 3(a)). The
SEC, which is composed of CycT/CDK9, the ele-
ven-nineteen Lys-rich leukemia (ELL) family
members (ELL1, ELL2 and ELL3), either AF9 or
the eleven-nineteen leukemia (ENL) family mem-
bers and the AF4/FMR2 (AFF) family members
(AFF4 or AFF1), delivers active CDK9 to both
promoters and enhancers (Figure 3(b)) [103–105].

While the mechanism of SEC genomic recruit-
ment has been extensively studied in the context of
leukemia and HIV infection (discussed in the next
section), the mechanism by which it is normally
recruited to the genome under both basal and
signal-regulated physiologic conditions are still
murky [105,106]. Thus, it remains unclear whether
the SEC is a global regulator under basal condi-
tions and whether it fulfills a pathway-specific
regulatory function during cell stimulation condi-
tions in various physiologic contexts such as dif-
ferentiation, development and cell fate responses.

Beyond the canonical SEC, at least two addi-
tional SEC-like complexes (SEC-L2/L3) have been
described [107]. SEC-L2 and L3 contain AFF4 and

AFF3, respectively, ENL family members and lack
the ELL components found in the canonical SEC
[107]. Furthermore, work in mouse ES cells pro-
posed that the SEC interacts with master transcrip-
tion factors, such as the Notch complex [108], thus
exemplifying an interesting scenario for dictating
target gene specificity.

In addition to its interaction with master regu-
lators, recent work has shown that the SEC inter-
acts with acetylated chromatin through an AFF4 –
H3K27ac interaction, potentially providing timing
and/or a secondary binding interface for selective
and high-affinity SEC recruitment to active loci
[109]. Together, the different SEC compositions
and their interactions with tissue specific factors
and epigenetic marks, suggests that the mechanism
by which the SEC is recruited to the genome in a
normal cell state is tissue- and context-dependent.
Nonetheless, additional work is needed to pre-
cisely define the normal mechanism of SEC and
SEC-like delivery of CDK9 to target loci for tran-
scription activation.

While delivery of active CDK9 to the genome
through the BEC and SEC is required to stimulate
transcription elongation, components of the 7SK
snRNP complex have also been found to occupy
gene promoters and enhancers, suggesting that a
reservoir of inactive or primed CDK9 is also present
at these genomic loci [77,102,110]. This observation
has challenged the long-standing view that the main
function of 7SK is to solely inactive the kinase,
arguing for a revised model in which the 7SK
snRNP functions as a “vehicle” to deliver primed
kinase for activation at target gene promoters.
Delivery of primed CDK9 to promoters could
“time” the transition from pausing to pause release
and productive elongation [28,43,111]. Therefore,
the 7SK snRNP could maintain CDK9 in its inactive
state until it is recruited to the right location, namely
chromatin domains and promoters containing
CDK9 substrates, at the right time (e.g., for the
rapid response to environmental induction).

If the 7SK snRNP complex is recruited to chro-
matin to promote CDK9 kinase function, one
would expect that one or more factors could fulfill
this function. The Kruppel-associated box-protein
1 (KAP1) interacts with the 7SK snRNP, forming
what we have termed “KEC” for KAP1-7SK
Elongation Complex (Figure 3(a)), and is
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necessary for 7SK snRNP delivery to promoters of
cellular and viral NF-κB inducible genes [43].
Furthermore, the KEC occupies promoters of
most, if not all, active genes containing paused
Pol II, indicating that KEC-mediated delivery of
CDK9 to promoters is a widespread phenomenon
(Figure 3(b)) [43]. However, whether the KEC is
required for global or pathway-specific CDK9
recruitment for Pol II elongation control in
basal- and/or signal-regulated transcription still
needs to be addressed. Additionally, the mechan-
ism by which KAP1 itself interacts with target
promoter regions to tether the 7SK snRNP com-
plex to promoters remains an open paradigm. It
should also be noted that a recent study discovered
that subunits of 7SK localize to sn/snoRNA and
promote their transcription independently of
CDK9, suggesting multiple transcriptional roles
for the 7SK snRNP complex [112].

At difference to the BEC, which appears to
assemble only at enhancers to promote enhancer-
driven promoter activation, the SEC delivers active
CDK9 to both promoters and enhancers to poten-
tially control mRNA and eRNA synthesis, respec-
tively (Figure 3(b)) [95,96,102–105]. While the
BEC and SEC deliver active CDK9 to target geno-
mic regions, the KEC brings inactive CDK9, as
part of the 7SK snRNP, to gene promoters, prim-
ing them for subsequent activation (Figure 3(b))
[43]. As such, it is possible that the KEC functions
as a “pre-elongation complex” to deliver primed
kinase for “on site” activation in either the free
state or through a “hand-off” mechanism to pro-
mote BEC and/or SEC assembly at promoters and/
or enhancers (Figure 3(b)).

The identification of multiple protein com-
plexes and transcription factors capable of deliver-
ing CDK9 to gene promoters and enhancers in
different contexts and in response to signal-regu-
lated transcription introduces the intriguing pos-
sibility that these complexes could cooperate to
regulate Pol II pause release and elongation.
However, most of the work characterizing the
SEC, BEC and KEC has taken place in diverse
cellular systems under different stimulus condi-
tions, thus impeding an integrated analysis to
start answering these key points. In support of a
co-operative model of SEC and BEC gene regula-
tion, a recent proteomic analysis discovered that

several BET proteins, including BRD4, are bound
to the SEC, suggesting that the BEC and SEC may
co-operate in gene expression regulation [113].
Another study proposed that the SEC and BRD4
cooperatively regulate the release of paused Pol II
through the recruitment of multiple CDK9 mole-
cules to promoters; however, the lack of gene
expression data in this study makes it difficult to
conclude that these complexes cooperatively acti-
vate gene transcription [114].

Finally, a systematic identification of the promo-
ters and enhancers occupied and regulated by the
three elongation complexes (SEC, BEC, and KEC) in
the same cellular system is an urgent need in the
field. Furthermore, given the genome-wide localiza-
tion of these complexes it will be important to deter-
mine whether sequence-specific transcription factors
(such as c-Myc, NF-κB, and p53) dictate sequence
specific recruitment of the three elongation com-
plexes. This knowledge will provide us with a more
complete understanding of how these macromole-
cular complexes facilitate CDK9 delivery and activity
to promote transcription under basal and/or signal-
regulated conditions, and thus offer a better view of
transcriptional regulation in normal and diseases
states.

CDK9 malfunction in disease

Properly maintaining transcriptional homeostasis
is critical for cell function. CDK9 is a global tran-
scriptional regulator; therefore, any abnormal gene
expression programs will lead to unchecked cell
growth, chronic inflammation, and metabolic dis-
orders. Indeed, malfunction of CDK9 activity can
promote the development of several diseases
including cardiac hypertrophy and leukemia
[105,106,115,116]. Furthermore, viruses co-opt
transcription elongation complexes to transcribe
their genomes and induce a permissive environ-
ment for their own replication, thereby causing
disease [8,25,117].

As discussed previously, SEC components are
frequently fused to MLL due to chromosome rear-
rangements [105]. Normally, in ES cells, MLL
recruits SET methyltransferases to HOX promo-
ters, leading to their activation and thereby pro-
moting cell differentiation (Figure 4(a)) [118].
Once differentiated, the cell then turns off
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expression of HOX genes (Figure 4(a)). However,
in leukemia cells expressing MLL/AFF4 fusion
chimeras, but not in cells expressing wild-type
MLL, CDK9 (SEC) is mis-localized to promoters
of developmental (HOX) genes leading to their
abnormal induction and oncogenic “addiction” to
the MLL fusion protein (Figure 4(b), left)
[105,119]. Interestingly, HOX gene activation by

MLL/AFF4 fusion proteins occurs independently
of H3K4me3 deposition, indicating a mechanism
of activation different from what occurs in non-
cancerous stem cells [118].

Recent therapeutic strategies for leukemia have
focused on targeting these MLL/AFF4 fusion pro-
teins. Depletion of AFF4 leads to downregulation of
HOX genes thus ameliorating disease outcome,

Figure 4. Diseases driven by malfunctioning CDK9 and therapeutic strategies (a) MLL promotes differentiation of stem cells. In ES
cells, MLL recruits SET methyltransferases to promoters of HOX genes, leading to deposition of H3K4me3, gene activation, and
proper differentiation. (b) MLL malfunction and therapeutic strategies in disease. In leukemia cells that express MLL/SEC fusion
protein, WT-MLL is targeted by the UBE2O ubiquitin ligase for degradation, leading to an increase in SEC occupancy at HOX gene
promoters and aberrant HOX gene activation. A promising new therapeutic strategy for leukemia inhibits the degradation of WT-MLL
leading to increased occupancy of WT-MLL at HOX gene promoters, which in turn displaces MLL/SEC fusion protein leading to HOX
downregulation. (c) HIV hijacks CDK9 for transcription of its own genome. The HIV Tat protein tethers CDK9/CycT to the HIV
promoter through its interaction with the HIV TAR RNA (left). Tat inhibitors suppress HIV and are crucial for the success of the “block
and lock” curative strategy of HIV infection (right).
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demonstrating the necessity of MLL/AFF4 fusions
for MLL disease progression [105]. Additionally,
small-molecule inhibition of BET proteins, such as
BRD4, in a leukemia cell culture model suppresses
expression of MLL target genes and reduces occu-
pancy of BRD4 and CDK9 (as part of the SEC)
levels at their promoters thereby dampening HOX
transcription [113]. However, a recent study found
that resistance to BET inhibitors arises in stem cells
thereby leading to decreased efficacy of BET inhi-
bitors in a leukemia disease model [120]. Therefore,
further development of small-molecules targeting
the CDK9 delivery machinery may still be necessary
to cope with the mechanisms of resistance.

In an effort to identify therapeutic targets ofMLL, a
recent study found that wild-typeMLL is less stable in
leukemia cells relative to MLL fusion proteins [121].
Interestingly, the UBE2O ubiquitin ligase associates
with wild-type MLL, but not MLL oncogenic-chi-
meras, promoting its degradation in leukemia cells
(Figure 4(b), left) [121]. Pharmacologic inhibition of
the pathways involved in the degradation of wild-type
MLL increases its stabilization and promotes displace-
ment of fused MLL chimeras, AFF4 and AFF1, from
gene promoters in leukemia cells expressing MLL
fusion proteins (Figure 4(b), right) [121].
Furthermore, stabilization of wild-type MLL in a leu-
kemia mouse model delays disease progression and
increases survival [121]. Replacement of MLL fusion
proteins with wild-type MLL leads to a decrease in
occupancy of SEC components and a downregulation
ofMLL target genes, therefore reversing the oncogenic
“addiction” displayed by leukemia cells. Taken
together, stabilization of wild-typeMLL is a promising
therapeutic strategy for leukemia patients given the
striking decrease in leukemia progression observed in
both human cell culture and mouse models.

Glioblastoma, an aggressive brain cancer for which
there is no efficient treatment, also shows dependency
on CDK9-containing complexes. An shRNA loss-of-
function functional screen identified the BEC compo-
nent, JMJD6, as a factor necessary for proliferation of
patient-derived glioblastoma cells [116]. Additionally,
JMJD6 occupies promoter and enhancer regions in
patient-derived glioblastoma cells and JMJD6 deple-
tion leads to decreased growth of glioblastoma cells
both in culture and in mouse models. Other factors
that were identified in the screen to be necessary for
proliferation of glioblastoma, but not followed up,

include the second BEC component (BRD4) and the
SEC component AFF4 [116]. Given JMJD6’s role as a
CDK9 release factor from the inactive, 7SK snRNP
state, and CDK9 association with both the BEC and
SEC, it is plausible that aberrant localization of CDK9
to promoters and enhancers drives the progression of
glioblastoma and could thus be targeted
therapeutically.

Given CDK9’s central role in transcriptional regu-
lation, viruses have evolved to hijack the kinase to
promote their replication and survival in host cells.
The most well known virus to utilize CDK9 is HIV
[8,25,40,54]. The HIV transcription activator Tat
tethers CDK9 to the 5ʹ-end of viral nascent pre-
mRNAs (Trans-activation response element: TAR
RNA) at the HIV promoter through direct interaction
with CycT to promote viral transcription elongation
(Figure 4(c), left) [8,25,122]. Additionally, Tat has
been implicated in the release and activation of
CDK9 from the 7SK snRNP by both competing with
HEXIM for CDK9 binding and recruiting CDK9 RFs
(Figure 1(d,e)) to the 7SK snRNP complex [28,40,41].

Current anti-retroviral therapy (ART) treat-
ments target active HIV; however, a latent reser-
voir of HIV in resting CD4 T cells evades
treatment, preventing complete eradication of the
virus. A recently proposed “block and lock”
approach aims at locking HIV in a permanently
silent state refractory to signal-regulated transcrip-
tion as a potential curative strategy for HIV infec-
tion [123]. When used in parallel with ART,
inhibition of Tat leads to a decrease in both HIV
activation and rebound after removal of ART
(Figure 4(b), right). The success of this strategy
will depend on the efficiency and specificity of
small molecules inhibiting Tat by blocking its
association with the TAR RNA. Refinement of
Tat inhibitors and a better understanding on the
mechanisms of action and side effects on the host
will be critically required.

Concluding remarks

Since its discovery as a transcription activator,
CDK9 has emerged as a critical regulator of tran-
scriptional homeostasis. Genome-wide studies
have expanded our view of CDK9 as a broad
transcription activator operating from both pro-
moters and enhancers. Initially thought to only
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regulate the elongation step of transcription,
recent work suggests that CDK9 is responsible
for coupling different steps of the transcription
cycle (from initiation to termination). These find-
ings have provided fundamental principles of tran-
scription regulation.

While much progress has been made in under-
standing how CDK9 regulates gene expression,
more work is needed to gain a complete picture
of the mechanisms governing CDK9 recruitment
to genomic loci in both normal and disease states.
The SEC, BEC and KEC are three elongation com-
plexes that have been implicated in CDK9 activa-
tion and delivery to promoters and enhancers.
Whether these complexes operate in a co-depen-
dent or independent manner and/or in different
contexts under basal- and signal-regulated tran-
scription remain open questions. Comprehensive
studies in the same cellular context of how these
complexes regulate CDK9 function will have broad
implications in our understanding of transcription
activation under both normal and disease states,
leading to the development of improved therapeu-
tics to treat diseases characterized by CDK9
malfunction.
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