
750–762 Nucleic Acids Research, 2022, Vol. 50, No. 2 Published online 22 December 2021
https://doi.org/10.1093/nar/gkab1228

Disrupting the Cdk9/Cyclin T1 heterodimer of 7SK
snRNP for the Brd4 and AFF1/4 guided reconstitution
of active P-TEFb
Kai Zhou1,†, Songkuan Zhuang1,†, Fulong Liu1,†, Yanheng Chen2,†, You Li3, Shihui Wang1,
Yuxuan Li1, Huixin Wen1, Xiaohua Lin1, Jie Wang1, Yue Huang1, Cailing He1, Nan Xu1,
Zongshu Li1, Lang Xu1, Zixuan Zhang1, Lin-Feng Chen2,*, Ruichuan Chen1,* and Min Liu1,*

1State Key Laboratory of Cellular Stress Biology, School of Life Sciences, Xiamen University, Xiamen 361005, Fujian,
China, 2Department of Biochemistry, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA and
3Biomolecular Interaction Centre, University of Canterbury, Christchurch 8140, New Zealand

Received September 09, 2021; Revised November 23, 2021; Editorial Decision November 24, 2021; Accepted December 10, 2021

ABSTRACT

P-TEFb modulates RNA polymerase II elongation
through alternative interaction with negative and
positive regulation factors. While inactive P-TEFbs
are mainly sequestered in the 7SK snRNP complex
in a chromatin-free state, most of its active forms
are in complex with its recruitment factors, Brd4
and SEC, in a chromatin-associated state. Thus,
switching from inactive 7SK snRNP to active P-TEFb
(Brd4/P-TEFb or SEC/P-TEFb) is essential for global
gene expression. Although it has been shown that
cellular signaling stimulates the disruption of 7SK
snRNP, releasing dephosphorylated and catalytically
inactive P-TEFb, little is known about how the inac-
tive released P-TEFb is reactivated. Here, we show
that the Cdk9/CycT1 heterodimer released from 7SK
snRNP is completely dissociated into monomers
in response to stress. Brd4 or SEC then recruits
monomerized Cdk9 and CycT1 to reassemble the
core P-TEFb. Meanwhile, the binding of monomeric
dephosphorylated Cdk9 to either Brd4 or SEC in-
duces the autophosphorylation of T186 of Cdk9. Fi-
nally, the same mechanism is employed during noco-
dazole released entry into early G1 phase of cell
cycle. Therefore, our studies demonstrate a novel
mechanism by which Cdk9 and CycT1 monomers are
reassembled on chromatin to form active P-TEFb by
its interaction with Brd4 or SEC to regulate transcrip-
tion.

INTRODUCTION

In eukaryotic cells, RNA polymerase II (Pol II) is strictly
regulated by several tightly coordinated steps in response to
transcriptional demands. Transcription initiation and elon-
gation are the two key rate-limiting steps that control gene
expression. While much is known about the regulation in
transcription initiation, the regulatory mechanisms govern-
ing elongation have yet to be fully understood (1,2). During
transcription elongation, modulation of promoter proximal
pause and release of Pol II is crucial for the rapid expression
of many inducible genes that play key roles in growth, dif-
ferentiation, and stress response (3–5).

Currently, multiple positive and negative factors that di-
rectly target Pol II have been identified as key regulators in
transcription elongation, including the positive factor Pos-
itive Transcription Elongation Factor b (P-TEFb), the neg-
ative factor DRB sensitivity-inducing factor (DSIF), and
negative elongation factor (NELF) (3,6). Shortly after tran-
scribing the first 20–120 nucleotides, Pol II is stalled by
DSIF and NELF, resulting in pausing at the promoter-
proximal region and temporarily halting the transcription
of >30% of active genes (7,8). Upon stimulation, multi-
ple P-TEFbs are quickly recruited to the stalled Pol II,
where they phosphorylate DSIF and NELF to release Pol
II (1,2). Phosphorylation of Ser2 at the C-terminal domain
(CTD) of Pol II by P-TEFb also allows productive elonga-
tion to produce full-length mRNA (1,2). Abnormal regula-
tion of transcription elongation has been linked to cancer
and other human diseases, highlighting the importance of
P-TEFb-mediated elongation control (1,9).

The core P-TEFb, which consists of Cdk9 and CycT1,
is a general transcription factor which can bind to
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different complexes to modulate the appropriate transcrip-
tional activity (2,10). Most core P-TEFbs in the cells exist
in a chromatin-free, inactive 7SK snRNP complex, which
is comprised of the 7SK snRNA (7SK) and three nu-
clear proteins HEXIM1 (or the minor HEXIM2), MePCE
and Larp7 (11–15). Within the 7SK snRNP complex, 7SK
serves as the central scaffold to maintain the integrity of
7SK snRNP through interactions with its protein compo-
nents. HEXIM1 functions as a kinase inhibitor of Cdk9 in
a 7SK-dependent manner, while MePCE and LARP7 to-
gether stabilize 7SK (15). Another major portion of core
P-TEFb is found to bind to recruitment factors Brd4 or
the super elongation complex (SEC) in the active form,
which in turn recruits P-TEFb onto the chromatin to facil-
itate the release of paused Pol II (16,17). Brd4 is a bromod-
omain containing protein which recruits P-TEFb to DSIF
for subsequent phosphorylation (18). SEC is a multisub-
unit complex that contains one of four AFF scaffold pro-
teins (AFF1 to AFF4), one of three ELL proteins (ELL1
to ELL3), and an ENL or its analogue AF9 (17,19). P-
TEFbs recruited by SEC phosphorylate NELF and Ser2 on
the CTD of Pol II (18,19). Thus, the cooperation between
Brd4/P-TEFb and SEC/P-TEFb abolishes the inhibition
of stalled Pol II, leading to the activation of global gene
transcription (18). Notably, P-TEFb was previously consid-
ered as a cell cycle progression unrelated kinase, which is
unique in the cyclin-dependent kinase (CDK) superfamily
(20). The only link between P-TEFb and the cell cycle pro-
gression is P-TEFb’s recruitment by Brd4 to target the early
G1 genes (21–23).

When stimulated, cellular signaling triggers a functional
switch of P-TEFb from its inactive 7SK snRNP form to
the active Brd4/P-TEFb or SEC/P-TEFb forms (2,10). Our
previous studies revealed that the core P-TEFb was released
from 7SK snRNP by dephosphorylation of Cdk9 at thre-
onine 186 (T186) through the cooperation of PP2B and
PP1� (24). This process directly results in the dephospho-
rylated P-TEFb without full transcriptional activity, what
remains unclear is how P-TEFb is reactivated after release
from 7SK snRNP. In this study, we found that upon releas-
ing from 7SK snRNP, the Cdk9/CycT1 heterodimer of core
P-TEFb dissociates into monomers. The monomeric Cdk9
and CycT1 are then reassembled into active P-TEFb facili-
tated by Brd4 and SEC scaffold protein AFF1/AFF4. The
functional dissociation and reconstitution of P-TEFb are
essential for gene expression under stress conditions and
during cell cycle progression.

MATERIALS AND METHODS

Materials

More detailed information about chemicals, antibodies and
plasmids used in the study is provided in the Supplementary
Information.

Cell lines, transfection, infection and treatment with UV or
pharmacological compounds

293T, HeLa and the HeLa-based F1C2 (Cdk9-f) cells were
maintained as previously described (25). HCT116 cells

were maintained in McCoy’s 5A medium (Sigma) supple-
mented with 10% FBS and 1xPSK (Gibco). A549, NT2 and
HepG2 cells were maintained in RPMI 1640 medium sup-
plemented with 10% FBS and 1xPSK (Gibco). The trans-
fection and lentiviral infection were performed as previ-
ously described (24,25). For pharmacological compounds
treatment, cells at ∼50% confluence were pre-incubated
with DMSO, Flavopiridol (FVP, 300 nM) or OA (200 nM)
for 1 h, followed by the treatment with 10 mM HMBA for 2
h or other compounds at the indicated concentrations for 1
h. For UV irradiation, the cell medium was briefly removed
during UV exposure at 80 J/m2 in Spectrolinker XL-1000
(Spectronics). Cells were then collected 1 h after UV irradi-
ation for further analysis (19).

Cell synchronization and mitotic shake-off

To obtain the population of mitotic cells, 80% confluence
HeLa or F1C2 cells were placed in fresh medium contain-
ing nocodazole (50 ng/ml). After incubation for 24 h, the
rounded-up mitotic cells were shaken off the culture dish,
washed with drug-free medium twice, and then replated in
fresh medium. Cells were harvested and extracted at differ-
ent time points following the start of replating.

Preparation of LSF, HSF and WCE

The low-salt fraction (LSF) and high-salt fraction (HSF)
were prepared with improved nuclear fractionation proto-
col (see Supplementary Information for details). The whole
cell extraction (WCE) was prepared as previously described
(24,26).

Immunoprecipitation and Western blot analysis

Immunoprecipitation (IP) and Western blot (WB) analysis
were performed as previously described (18). Briefly, Flag-,
HA-tagged proteins or endogenous proteins and their asso-
ciated factors were isolated by anti-Flag, anti-HA or spe-
cific antibodies from LSF, HSF or WCE of transfected or
lentivirus-infected HeLa cells as previously described (18).
The levels of proteins in IP products, fractionated samples
or whole cell extracts were analyzed by WB with corre-
sponding antibodies.

In vitro phosphatase treatment of affinity-purified P-TEFb

The in vitro phosphatase treatment were performed as pre-
viously described (24). Briefly, the 7SK snRNP or active
P-TEFb was affinity-purified from 300 �L of F1C2 LSF
or HSF, respectively. After washing with buffer D (20 mM
HEPES–KOH PH 7.9, 0.1% NP40, 10% glycerol, 0.2 mM
EDTA) containing 0.3 M KCl (designated as D0.3) and
then 0.1 M KCl (designated as D0.1), the immobilized com-
plex on anti-Flag beads was incubated for 30 min at 30◦C
with the indicated amounts of phosphatases in the 30 �l
of in vitro assay buffer (10 mM HEPES–KOH PH 7.9, 10
mM KCl) plus 1 mM MnCl2 and CaCl2. The reactions were
carried in the presence or absence of 1 �g/�l RNase as in-
dicated. The levels of pT186 and other associated proteins
were detected by WB.
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In vitro kinase assay

For Cdk9 autophosphorylation assay, the dephosphory-
lated Cdk9 monomers were affinity-purified from LSF of
HMBA-treated F1C2 cells. Wild-type Brd4, SEC com-
ponents and their truncations were affinity-purified from
WCE of transiently transfected 293T cells after HMBA
treatment. To ensure the high purity of indicated proteins,
the NaCl concentration of LSF or WCE was adjusted to 0.8
M and then pre-depleted with anti-CycT1 or anti-Cdk9 an-
tibody, respectively. The in vitro kinase assay was performed
as previously described (18). The levels of pT186 were de-
termined by WB with anti-phospho-T186 antibody.

In vitro pull-down assay

For in vitro reconstitution of core P-TEFb, immobilized
CycT1, Brd4, AFF1 or AFF4 were derived from WCE of
transfected 293T cells by anti-HA IP, washed 3 times with
D0.3 and then once with D0.1. After incubation for 30 min
at 30◦C with the indicated proteins in 30 �l in vitro assay
buffer, samples were washed, and finally eluted with HA
peptides. The levels of the desired proteins were detected by
WB.

Quantitative RT-PCR analyses

The quantitative real-time polymerase chain reaction (qRT-
PCR) was performed as previously described (18). The
primer sequences are shown in the Supplementary Infor-
mation. All values were expressed as mean ± SD of three
replicates. P-values were assessed using two-tailed Student’s
t-test.

Luciferase assay

HeLa cells with an integrated HIV-LTR-luciferase re-
porter gene (HIV-LTR-Luc) were incubated with 10 mM of
HMBA and 100 �g/ml synthesized peptides for 6 h as in-
dicated. The luciferase activity was measured as previously
described (18). Data from three replicates were averaged
and presented as fold induction compared to untreated cells.
All values were expressed as Mean ± SD of three replicates.
P-values were assessed using two-tailed Student’s t-test.

Chromatin immunoprecipitation (ChIP)-qPCR

ChIP was performed in HeLa cells and the immunopre-
cipitated DNA was analyzed by qRT-PCR as previously
described (26). All values were expressed as Mean ± SD
of three replicates. P-values were assessed using two-tailed
Student’s t-test. The primer sequence are presented in Sup-
plementary Information.

RESULTS

Stress induces the core P-TEFb of 7SK snRNP to completely
dissociate into Cdk9 and CycT1 monomers

To study the process of P-TEFb activation, we established
a cell fractionation method to separate P-TEFbs based on
their state of transcriptional activity. To accomplish this, we

fractionated F1C2 cells, a HeLa cell line stably expressing
Flag-tagged Cdk9 (Cdk9-f), into two fractions, the low-salt
fraction (LSF) and the high salt fraction (HSF) (Figure 1A).
The LSF extracted with 0.15 M NaCl low salt buffer was
comprised of cytoplasmic and nucleoplasmic extracts with
the inactive P-TEFb in complex with 7SK-snRNP (Figure
1B, lane 1). The HSF was extracted with 0.3M NaCl high
salt buffer of the remaining nuclei, which was comprised
of chromatin extracts with active P-TEFb in complex with
Brd4 and SEC (Figure 1B, lane 3). This distribution of both
inactive and active P-TEFb complexes remained separate
when cells were treated with hexamethylene bisacetamide
(HMBA), a drug capable of inducing the release of P-TEFb
from 7SK snRNP and the subsequent recruitment by Brd4
or SEC (Figure 1B, lanes 2 and 4). Immunoprecipitation
of Cdk9-f in LSF and HSF confirmed the interacting com-
ponents within inactive or active P-TEFb complexes after
fractionation (Figure 1C). P-TEFb was released from 7SK
snRNP and was recruited by Brd4 and SEC after HMBA
treatment (Figure 1C).

Surprisingly, in the LSF of HMBA-treated F1C2 and
HeLa cells, in addition to the disruption of 7SK snRNP, we
observed a dissociation of Cdk9/CyclinT1 heterodimer, the
core P-TEFb (Figure 1C, lane 2 and Supplementary Fig-
ure S1A, right panel). We explored whether this observa-
tion was limited to HMBA treatment or HeLa cell line. Dif-
ferent physical and chemical stress capable of activating P-
TEFb all caused a similar dissociation of Cdk9 and CycT1
(Supplementary Figure S1B). Similarly, HMBA treatment
also caused core P-TEFb dissociation in the LSF in multiple
cell lines (Supplementary Figure S1C). To further confirm
the dissociation, we performed a depletion assay targeting
HEXIM1 or CycT1 in LSF of HeLa cells. Compared to
untreated cells, depletion of HEXIM1 failed to co-deplete
Cdk9 or CycT1 in HMBA-treated cells, likely due to the
induced release of P-TEFb from 7SK snRNP (Figure 1D,
lanes 2 and 5). Importantly, CycT1 could not co-deplete
Cdk9 in HMBA-treated cells (Figure 1D, lanes 3 and 6),
confirming the core P-TEFb was indeed dissociated dur-
ing HMBA-induced activation. In fact, when different fac-
tors of 7SK snRNP were immunoprecipitated after HMBA
treatment, we found that the only remaining interaction of
the disrupted 7SK snRNP was with MePCE and LARP7
(Figure 1E).

PP1�-mediated Cdk9-pT186 dephosphorylation leads to
core P-TEFb dissociation

We have previously reported that phosphorylated T186
(pT186) of Cdk9 is directly dephosphorylated by PP1�
when induced by HMBA or UV, leading to the disruption
of the 7SK snRNP (24). Given the same dephosphorylation
was observed in T186 along with the dissociation of CycT1
(Figure 1C, lane 2), we asked whether pT186 dephosphory-
lation by PP1� was also important for core P-TEFb disso-
ciation in the LSF.

Consistent with our previous study, when cells were pre-
treated with Okadaic Acid (OA), a PP1� inhibitor, HMBA
treatment failed to disrupt 7SK snRNP (Figure 2A). Dis-
sociation of core P-TEFb was also blocked, likely due to
the inhibition of PP1�-mediated pT186 dephosphorylation
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Figure 1. The Cdk9/CycT1 heterodimer of chromatin-free 7SK-snRNP is dissociated into monomers upon stimulation. (A) Schematic representation of an
improved nuclear fractionation protocol. (B) The low-salt fraction (LSF) and high-salt fraction (HSF) prepared from F1C2 (Cdk9-f stable line) cells treated
with or without HMBA were subjected to WB and probed with the indicated antibodies. (C) The Cdk9 associated proteins and T186 phosphorylation
in anti-Flag immunoprecipitates (IPs) from LSF and HSF of F1C2 cells treated with or without HMBA were analyzed by WB. (D) LSF of HeLa cells
was either mock- or immuno-depleted with immobilized anti-HEXIM1 or anti-CycT1 antibodies before or after HMBA treatment. The levels of Cdk9,
CycT1, HEXIM1 and Actin (internal control) in the depleted LSF were examined by WB. (E) HeLa LSF with or without HMBA treatment was subjected
to endogenous IP with the indicated specific antibodies and blotted for their associated proteins by WB.

(Figure 2A). In support of this notion, shRNA depletion
of PP1� also blocked HMBA-induced core P-TEFb disso-
ciation (Figure 2B). However, these data did not exclude
the possibility that core P-TEFb was unable to dissociate
when in complex with the inhibitory 7SK subcomplex (7SK,
HEXIM1, MePCE and Larp7). The levels of the proteins
tested remained unchanged with OA treatment and shRNA
knockdown (Supplementary Figures S2A and S2B).

To determine whether dephosphorylation of pT186 by
PP1� was the direct cause of core P-TEFb dissociation,
we first took an in vitro approach by immobilizing in-
active P-TEFb complex isolated from the LSF of F1C2
cells with Flag beads, RNase A was then added to de-
grade 7SK snRNA and release the inhibitory 7SK sub-
complex off beads (Figure 2C and Supplementary Fig-
ure S2C), leaving only the core P-TEFb immobilized on-

beads. When PP1� was added, pT186 was dephosphory-
lated and Cdk9/CycT1 heterodimer dissociated (Figure 2C,
lane 2). This dissociation was not observed with the addi-
tion of PP2B, a protein phosphatase without the ability to
dephosphorylate pT186 (24).

To complement the above experiment, we depleted
MePCE, a key subunit required for the stability of in-
hibitory 7SK subcomplex, in F1C2 cells using shRNA
(Supplementary Figure S2D). Without the sequestration of
P-TEFb by 7SK snRNP, Cdk9-pT186 was dephosphory-
lated and the core P-TEFb dissociated (Figure 2D, lane 3).
In contrast, when PP1� was also knocked down, T186 re-
mained phosphorylated with the core P-TEFb remaining
intact despite the release of 7SK subcomplex (Figure 2D,
lane 4). Furthermore, Cdk9-T186A/E phosphorylation-
null mutant failed to pull down CycT1 compared to WT
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Figure 2. The dephosphorylation of Cdk9 at T186 by PP1� triggered the dissociation of core P-TEFb. (A) F1C2 cells were preincubated with PP1� inhibitor
Okadaic Acid (OA) and then treated with HMBA. Anti-Flag IPs from LSF were subjected to WB for the levels of pT186 and Cdk9-f-bound proteins. (B)
F1C2 cells were infected with shPP1� and then stimulated by HMBA. Anti-Flag IPs from LSF were analyzed as in A. (C) Affinity-purified P-TEFb from
LSF of F1C2 cells was first incubated with RNase A, and then with the indicated PP2B (2 U) or PP1� (2 U). The reaction samples were analyzed as in
B. (D) LSF derived from F1C2 cells infected with the indicated shRNA(s) was subjected to anti-Flag IP and then analyzed by WB to determine the levels
of phosphorylated T186 (pT186) and the indicated Cdk9-f-associated proteins. (E) HeLa cells were transfected with various mutants of Cdk9-f. Anti-Flag
IPs from LSF were subjected to WB for the levels of pT186 and the indicated Cdk9-f-associated factors.

Cdk9 or other phosphorylation mutants (Figure 2E). The
levels of proteins tested remained unchanged with overex-
pressed Cdk9 mutants (Supplementary Figure S2E). Col-
lectively, these data implicate that PP1�-mediated dephos-
phorylation of pT186 is indeed the direct cause of dissoci-
ation of core P-TEFb. Notably, the in vivo dephosphoryla-
tion of pT186 occurred without HMBA-induced activation
of P-TEFb (Figure 2D), suggesting that PP1� is constitu-
tively active in the cells, and the function of the inhibitory
7SK subcomplex is likely to protect pT186 from dephos-
phorylation, thus keeping core P-TEFb intact.

The presence of Brd4 and AFF1/AFF4 is essential for the
reassembly of core P-TEFb

Cdk9-pT186 dephosphorylation led to the dissociation of
core P-TEFb from 7SK snRNP into Cdk9 and CycT1
monomers (Figures 1 and 2), raising a possibility that
the reconstitution of active P-TEFb might require both
T186 re-phosphorylation and reassembly of core P-TEFb
from monomers. To test this possibility, we first determined

whether T186 re-phosphorylation would drive reassembly
of P-TEFb. We expressed Flag-tagged WT-Cdk9, Cdk9-
T186A/E mutant or Cdk9-S175A/D mutant to similar lev-
els in HeLa cells and examined their reassembly with CycT1
in the HSF, the fraction containing active P-TEFb. Unlike
their interactions in the LSF (Figure 2E), Cdk9-T186A or
Cdk9-T186E mutant was able to bind to CycT1, similar to
WT-Cdk9 and S175 mutants upon HMBA treatment (Fig-
ure 3A). These data suggest that T186 re-phosphorylation
might be critical for the kinase function of active P-TEFb,
it may not be a prerequisite for the reassembly of core
P-TEFb. Interestingly, we observed that Cdk9-S175 and
Cdk9-T186 mutants exclusively bound to SEC or Brd4, re-
spectively (Figure 3A, lanes 2–5), while the ectopic expres-
sion of Cdk9 mutants did not affect the levels of either Brd4
or SEC in the HSF (Supplementary Figure S3A).

Given Brd4 and SEC are the major chromatin re-
cruitment factors for active P-TEFb (16–18), this result
prompted us to test whether they might also play a role in
core P-TEFb reassembly. Supporting this notion, we found
that the Cdk9-S175D/T186E dual mutant which abolished
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Figure 3. Brd4 and SEC are responsible for core P-TEFb reassembly from dissociated monomers. (A, B) IPs derived from HSF or WCE of HeLa cells
expressing WT or mutant Cdk9-f were analyzed by WB as indicated. All cells in (A) to (E) were treated with HMBA before harvesting. (C) IPs derived from
HSF of HeLa cells co-transfected with T186E-Cdk9-f cDNA and indicated shRNAs were analyzed by WB. (D) IPs derived from HSF of HeLa cells with
S175D-Cdk9-f cDNA and indicated shRNA co-transfection were analyzed by WB. (E) IPs derived from WCE of F1C2 cells infected with the indicated
shRNAs were analyzed by WB. (F) The in vitro pull-down assay for the binding of Cdk9-f to immobilized HA-CycT1 was performed in the presence of
Brd4, AFF1 or AFF4 with/without ATP/Mg2+. The levels of Cdk9-f bound to HA-CycT1 and pT186 were analyzed by WB.

its interaction with both Brd4 and SEC, failed to reassemble
with CycT1 in HeLa cells, as compared to WT-Cdk9 (Fig-
ure 3B and Supplementary Figure S3B). To further explore
individual role of Brd4 and SEC in core P-TEFb reconstitu-
tion, we depleted Brd4 or SEC with shRNAs in HeLa cells
expressing Cdk9 T186E and S175D. When Brd4 was de-
pleted, Cdk9-T186E failed to reassemble with CycT1 (Fig-
ure 3C). Moreover, when we co-depleted three paralog com-
ponents of SEC (AFF1/4, ELL1/2, AF9 + ENL) in Cdk9-
S175D expressing HeLa cells, the co-depletion of SEC scaf-
fold proteins AFF1 + 4, but not ELL1/2 or AF9 + ENL,
blocked core P-TEFb formation after HMBA treatment
(Figure 3D and Supplementary Figure S3C). The level of
CycT1, as well as the levels of non shRNA targeted SEC
components in the HSF remain unchanged with shRNA-
knockdown of Brd4 or SEC (Supplementary Figures S3D
and S3E).

Having demonstrated that Brd4 and AFF1/4 are in-
volved in the formation of core P-TEFb with Cdk9 T186E
and S175D mutants, we next evaluated whether Brd4 or
SEC also affected core P-TEFb reassembly with WT-Cdk9.
When we depleted Brd4 or AFF1 + 4 individually in F1C2
cells, we found that HMBA failed to disrupt the formation
of core P-TEFb between WT-Cdk9 and CycT1 (Figure 3E).
The disruption of core P-TEFb formation only occurred
with the co-depletion of both Brd4 and AFF1 + 4 (Fig-
ure 3E and Supplementary Figure S3F). These data indicate
that Brd4 and SEC have redundant functions in facilitating
core P-TEFb reassembly.

To verify the above observations, we performed in vitro
pull-down assay with purified HA-CycT1 monomers im-
mobilized on-beads. When incubated with affinity-purified,
dephosphorylated Cdk9-f monomers, HA-CycT1 failed to
pull down Cdk9 (Figure 3F, lane 1). With the addition of
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Brd4, Cdk9 and CycT1 were able to form the core P-TEFb,
accompanied by the re-phosphorylation of T186 in the pres-
ence of ATP/Mg2+ (Figure 3F, lane 2). Without ATP/Mg2+

to facilitate re-phosphorylation, reassembly of core P-TEFb
still occurred upon Brd4 co-incubation, consistent with the
previous conclusion that T186 phosphorylation state does
not affect reassembly of core P-TEFb (Figure 3A). Similar
results were obtained with AFF1 (Figure 3F, lanes 3 and 7)
and AFF4 (Figure 3F, lanes 4 and 8). Together, our data re-
veal that both Brd4 and AFF1/4 facilitate the reassembly
of core P-TEFb, a key step towards active P-TEFb recon-
stitution.

Brd4 and SEC are required for the autophosphorylation of
T186 of Cdk9 to restore activity

Next, we wanted to understand how Cdk9-T186 is re-
phosphorylated during the reconstitution of active P-TEFb.
Given that with the addition of Brd4 or AFF1/4, Cdk9 and
CycT1 was sufficient to trigger the phosphorylation of T186
(Figure 3F), we asked which of these factors were sufficient
to facilitate T186 re-phosphorylation. To determine this,
we performed an in vitro kinase assay. When dephosphory-
lated Cdk9 monomers were incubated with ATP/Mg2+, no
T186 phosphorylation could be detected (Figure 4A, lane
2). The addition of CycT1 also failed to trigger T186 re-
phosphorylation (Figure 4A, lane 3). However, T186 was
phosphorylated when Brd4 was added with Cdk9 (Figure
4A, lane 4) and this phosphorylation was enhanced with
the addition of Brd4 in a dose-dependent-manner (Supple-
mentary Figure S4A) while no enhanced phosphorylation
was observed when CycT1 monomers were added (Figure
4A, lane 5). Similar results were obtained with AFF1/4 un-
der the same conditions (Figure 4B). Since Brd4 has pre-
viously been reported as an atypical kinase with its ki-
nase activity mapped within the N-terminus (27), we tested
whether this kinase activity was responsible for T186 re-
phosphorylation. To our surprise, only Brd4 C-terminal
mutant (721–1362) but not the N-terminal mutant (1–720)
was able to facilitate T186 phosphorylation (Figure 4C).
Additionally, N-terminus of both AFF1 (1–328) and AFF4
(1–300) also induced T186 re-phosphorylation (Supple-
mentary Figure S4B). Interestingly, these Brd4 or AFF mu-
tants with the ability to trigger the re-phosphorylation of
Cdk9 were also able to facilitate the reassembly of core P-
TEFb (Supplementary Figures S4C and S4D).

Since neither the C-terminus of Brd4, nor AFF1/4 con-
tains any known kinase domains, the data above suggest
that Cdk9 may undergo autophosphorylation of T186 in-
duced by Brd4 or AFF1/4. To explore this possibility,
we generated a kinase-dead Cdk9-f (KD-Cdk9) with a
double point mutation in the conserved catalytic pocket
(K48R/E66A). A pharmacological approach was also
taken with flavopiridol (FVP), a potent inhibitor that com-
petes with ATP to inhibit CDKs. In contrast to the stim-
ulatory effect from Brd4 or AFF1/4, both FVP and the
KD-Cdk9 inhibited the re-phosphorylation of Cdk9 in an in
vitro kinase assay (Figures 4D and 4E). Furthermore, Cdk9
remained unphosphorylated at T186 in either the LSF or
HSF when HeLa cells were transfected with either WT or
KD-Cdk9, while their interactions with Brd4 or SEC in the

HSF remained undisrupted (Figure 4F). Collectively, these
data implicate that Brd4 and AFF1/4 are the key factors
for the re-phosphorylation of Cdk9-T186, likely by its au-
tophosphorylation.

The direct interaction between Brd4/AFF1/AFF4 and Cdk9
T-loop is key for the reconstitution of active P-TEFb

Since Cdk9 re-phosphorylation could be triggered without
CycT1 (Figure 4A), it was very likely that T186 autophos-
phorylation resulted from the direct interactions between
Cdk9 and its recruitment factors Brd4/AFF1/AFF4. To
verify this, purified Cdk9 and CycT1 monomers were sub-
jected to in vitro pull-down assay with immobilized HA-
tagged Brd4, AFF1 or AFF4. Indeed, Cdk9 was pulled
down by all three recruitment factors (Figures 5A, S5A and
S5B). In contrast, CycT1 could only be pulled down when
the core P-TEFb was reassembled (Figures 5A, S5A and
S5B), indicating that Cdk9, but not CycT1, directly inter-
acts with Brd4, AFF1 or AFF4.

Next, we determined the binding motif within Cdk9 for
its interaction with Brd4 or AFF1/AFF4. As shown in
Figure 3A, Cdk9-S175 mutants disrupted Cdk9′s interac-
tion with Brd4, while Cdk9-T186 mutants failed to inter-
act with AFF1/4, indicating that the T-loop of Cdk9 is the
binding motif for Brd4/AFF1/AFF4. To test this hypoth-
esis, a 20 a.a. long T-loop mimetic was designed (Supple-
mentary Figure S5C) and expressed in HeLa cells to com-
pete against Cdk9 for the binding of Brd4 or AFF1/AFF4.
Consistently, we observed a significant decrease in Cdk9′s
binding to Brd4 or SEC in the whole cell extract (WCE)
of Cdk9 T-loop expressing cells after HMBA treatment
(Figure 5B). We also observed a significant attenuation
of Cdk9/CycT1 reassembly of core P-TEFb and T186 re-
phosphorylation in these cells (Figure 5B). The ectopic ex-
pression of the T-loop peptide did not change the level of
the factors tested (Supplementary Figure S5D). Further-
more, in vitro incubation with chemically synthesized T-
loop peptides completely blocked Brd4- or AFF1/AFF4-
induced re-phosphorylation of Cdk9 and the reassembly of
core P-TEFb (Figures 5C and 5D). Consistent with this, ex-
pression of T-loop peptides in HeLa cells blocked HMBA-
induced phosphorylation of Spt5 and Ser2 at the CTD of
Pol II, two well-known targets of active P-TEFb (Figure
5E). Transcription of HIV-LTR-driven luciferase reporter
gene, which is active P-TEFb-dependent, was also blocked
by the expression of T-loop peptides (Figure 5F). These
data suggest that the direct interaction between Brd4 or
AFF1/AFF4 and Cdk9 T-loop is required for the recon-
stitution of active P-TEFb.

The core P-TEFb undergoes a dissociation and reassembly
process similar to the stress response during the cell cycle

Having demonstrated that P-TEFb undergoes heterodimer
dissociation and T186 dephosphorylation, followed by re-
constitution induced by Cdk9 binding to P-TEFb recruit-
ment factors Brd4 or SEC in response to HMBA or stress,
we next explored whether other cellular processes would
also employ similar mechanism. Transcription is tightly reg-
ulated during cell cycle as transcription is mostly shut down
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Figure 4. Brd4 and AFF1/4 induced autophosphorylation of Cdk9-T186. (A, B) The in vitro kinase assay was performed with purified f-Brd4, f-AFF1,
f-AFF4, f-CycT1 and dephosphorylated Cdk9-f as indicated and the pT186 of Cdk9-f was detected by WB with specific anti-phospho-T186 Cdk9 antibody.
(C) Levels of pT186 in kinase reactions containing affinity purified dephosphorylated Cdk9-f and full-length or truncated f-Brd4 were analyzed by WB
as indicated. (D, E) Kinase reactions containing purified f-Brd4, f-AFF1, f-AFF4, WT- or 2M-Cdk9-f with or without FVP are shown as indicated. The
levels of pT186 was examined as in B. 2M-Cdk9 is a double-point mutant of Cdk9 (K48R/E66A). (F) HeLa cells were transfected with WT- or 2M-Cdk9-f.
Anti-Flag IPs from LSF or HSF were analyzed by WB for the levels of pT186 and the indicated Cdk9-f-associated factors.

in M phase, and the compacting chromatins displace ac-
tive P-TEFb (21). Upon entry into early G1, transcription
is restarted, likely accompanied by P-TEFb activation from
a completely inactive state. To assess whether cells use sim-
ilar mechanism for the re-activation of P-TEFb during the
cell cycle, we synchronized cells in mitosis by treating HeLa
cells with nocodazole, a drug blocking cells from entering
early G1 phase. Examining the P-TEFb distribution in frac-
tionated LSF and HSF of these mitotic cells, we found that
nearly all P-TEFb was in the LSF (Figure 6A lanes 1 and 5),
a significant distribution difference compared with freely
dividing cells (Figure 1B, lanes 1 and 3). Release of noco-
dazole drove the cell cycle into early G1 phase with the de
novo P-TEFb activation (Figure 6B). More P-TEFb was re-
cruited to the HSF in a time-dependent manner (Figure
6A, lanes 5–8). The migration of P-TEFb peaked at 2 h
after nocodazole release, with nearly all P-TEFb now dis-
tributed in the HSF, suggesting that the majority of P-TEFb

was recruited to the chromatin (Figure 6A). Furthermore,
immunoprecipitation of Cdk9-f from WCE of F1C2 cells
revealed that P-TEFb transitioned from the 7SK snRNP
complex into the Brd4 and SEC complexes with the release
of nocodazole (Figure 6B). Notably, there were no changes
in the expression of all the indicated proteins during noco-
dazole release (Supplementary Figure S6A).

The activation of P-TEFb during early G1 entry also re-
quired dissociation of Cdk9 and CycT1 heterodimer as well
as the dephosphorylation of T186. When the LSF of either
nocodazole-induced mitotic cells or nocodazole-released
early G1 cells were subjected to HEXIM1 depletion, we
observed that HEXIM1 completely co-depleted P-TEFb in
mitotic cells (Figure 6C), further confirming that the major-
ity of P-TEFb was indeed sequestered in 7SK snRNP. How-
ever, depletion of CycT1 failed to co-deplete Cdk9 from
nocodazole released cells (Figure 6C, lane 6), suggesting the
dissociation of core P-TEFb in these nocodazole released
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Figure 5. The T-loop peptide of Cdk9 blocks Brd4/AFF1/AFF4 induced reconstitution of active P-TEFb and thus impairs transcription. (A) Pull-down
reactions containing affinity purified HA-Brd4, Cdk9-f and f-CycT1 are shown as indicated. The amounts of Cdk9-f and f-CycT1 bound to the immobilized
HA-Brd4 were analyzed by WB. (B) The anti-Flag IPs derived from WCE of HeLa cells co-transfected with Cdk9-f cDNA and SCR (as control) or T-loop
peptide under HMBA treatment were analyzed by WB for the levels of pT186 and Cdk9-f-bound proteins. (C) The in vitro pull-down reactions containing
the indicated purified proteins and 100 �g/mL SCR or T-loop peptide are shown as indicated. The amounts of Cdk9-f bound to the immobilized HA-
CycT1 were analyzed by WB. (D) The in vitro kinase reactions containing purified f-Brd4, f-AFF1 or f-AFF4 together with dephosphorylated Cdk9-f and
indicated peptides are shown as indicated. The levels of pT186 was analyzed by WB. (E) The phosphorylation status of Pol II and Spt5 was analyzed by
WB in WCE from HeLa cells co-treated with HMBA and indicated peptides. (F) Luciferase activities were measured in extracts of cells stably transfected
with the HIV-1 LTR-luciferase reporter gene after cotreatment with HMBA and peptides. The activity in untreated cells was set to 1.0. All values were
expressed as Mean ± SD of three replicates. NS > 0.05, ***P < 0.001; P-values were assessed using two-tailed Student’s t-test.

cells. Immunoprecipitation of Cdk9 also demonstrated the
dissociation of CycT1 from Cdk9, as well as the dephos-
phorylation of T186 during nocodazole release, similar to
HMBA or stress treatment (Figure 6D).

We next examined whether the reconstitution of P-TEFb
during nocodazole release also utilized the similar mech-
anism as HMBA or stress-induced reconstitution. When
T-loop peptides were introduced to nocodazole releasing
cells, Cdk9 monomers failed to bind to Brd4 or SEC, subse-
quently blocking the reconstitution of active P-TEFb (Fig-
ure 6E and Supplementary Figure S6B). With the inhibi-
tion of reconstitution by the T-loop peptides, the recruit-
ment of Cdk9 towards the promoters of typical early G1
genes (23,28) was reduced (Supplementary Figure S6C), re-

sulting in a significant decrease in the expression of these
genes (Figure 6F and Supplementary Figure S6C). All to-
gether, these data demonstrate that during transition into
early G1, the de novo activation of P-TEFb also requires the
dissociation of core P-TEFb, dephosphorylation of pT186,
and the reconstitution of active P-TEFb.

DISCUSSION

In cells, P-TEFb is mostly found reserved in the inactive
7SK snRNP complex, P-TEFb is activated by its release
and recruitment by Brd4 and SEC in response to stress and
other cellular activities. Based on our previous reports (24),
the release of core P-TEFb from 7SK snRNP occurs via
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Figure 6. Brd4 and AFF1/AFF4 also facilitate the reconstitution of active P-TEFb from dissociated monomers during the cell cycle. (A) F1C2 cells were
synchronized by nocodazole (Noco) treatment. Mitotic cells were collected by shake-off and replated in fresh medium (as Noco release). LSF and HSF
were prepared at the indicated time points and then analyzed by WB for the indicated proteins. (B) Anti-Flag IPs of WCE from cells harvested at the
indicated time points were analyzed by WB for the Cdk9-f-bound proteins. (C) LSF of synchronized HeLa cells was either mock- or immuno-depleted
with immobilized anti-HEXIM1 or anti-CycT1 antibodies with or without Noco release. The levels of Cdk9, CycT1, HEXIM1, and Actin in the depleted
LSF were analyzed by WB. (D) Synchronized F1C2 cells were released in fresh medium for 0.5 h. Anti-Flag IPs of LSF from cells was subjected to WB
for the Cdk9-f-bound proteins. (E) Synchronized mitotic cells were released for 2 h in fresh medium containing the SCR or T-loop peptides. Anti-Flag IPs
of WCE from cells were assayed as in B. (F) Total RNA isolated from Noco-released HeLa cells containing the SCR or T-loop peptides were analyzed by
qRT-PCR for mRNA levels of representative G1 genes. The values for cells treated with SCR peptide was set to 1.00. All values are expressed as Mean ± SD
of three replicates after normalization to 18S rRNA. *P < 0.05, **P < 0.01, ***P < 0.001; P-values were assessed using two-tailed Student’s t-test.

activation by protein phosphatase PP2B and PP1� signal-
ing pathways. However, how the P-TEFb is released and
reassembled into its active form remains unclear. Here, we
demonstrate that the release of core P-TEFb is accompa-
nied by its dissociation into Cdk9 and CycT1 monomers
facilitated by PP1� dephosphorylation of pT186. Follow-
ing this, the monomerized Cdk9 is reassembled with CycT1
into core P-TEFb, mediated by its interaction with Brd4 or
AFF1/AFF4 through the T-loop. Meanwhile, this interac-
tion directly stimulates the autophosphorylation of Cdk9
at T186, which eventually leads the reconstitution of active
P-TEFb and the activation of inducible genes (Figure 7).

The observation that the core P-TEFb of 7SK snRNP
was further dissociated under various stresses and mitotic
conditions was intriguing. While the dissociation of core
P-TEFb has previously been reported under various con-
ditions (29–31), which contributed to the decrease of P-
TEFb activity, we observed here that the dissociation of
core P-TEFb was a necessary step during stress/cell cy-
cle induced P-TEFb activation, as disruption of follow-
ing reconstitution step resulted in nearly all Cdk9 in the
cells being monomers (Figures 5B and 6E). During the past
decade, several pathways leading to the disassembly of 7SK
snRNP have been elucidated (24,32–34), which are believed
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Figure 7. Schematic model for the dissociation and reconstitution of P-TEFb. 1) Stress or entry into early G1 stimulates PP1�-mediated dephosphorylation
of Cdk9-pT186, leading to disruption of 7SK snRNP and dissociation of the core P-TEFb. 2) The dissociated Cdk9 and CycT1 monomers are then
reconstituted via direct interaction with Brd4 or SEC through the Cdk9 T-loop, accompanied by the re-phosphorylation of T186. 3) The reconstituted
active P-TEFb then activates inducible genes via the release of Pol II.

to activate transcription by releasing core P-TEFb. Since
HEXIM1 along with scaffold 7SK inhibits the Cdk9 kinase,
it is reasonable that the interactions of these three compo-
nents are targeted to perturb the integrity of 7SK snRNP.
For example, stress-induced phosphorylation of HEXIM1
by protein kinase C (PKC) affects its interaction with 7SK
(32). Alternatively, DRB or ActD treatment atypically stim-
ulates the release of HEXIM1 through competitive binding
of 7SK with the hnRNPs (33,34). Another account is the
promotion of the conformational changes of 7SK snRNP
by PP2B through a yet-to-be-identified target, which ex-
poses pT186 for PP1�. When this occurs, PP1� dephospho-
rylates pT186 and detaches the phosphorylation-dependent
binding of scaffold 7SK to Cdk9 (24). Notably, once core
P-TEFb deviates from HEXIM1, there would be inevitable
dephosphorylation of pT186, and therefore the simultane-
ous destruction of the Cdk9/CycT1 heterodimer (Figure
2D). These observations could be the reason for the disso-
ciation of core P-TEFb under various stresses (Supplemen-
tary Figure S1B), in cells from different tissues (Supplemen-
tary Figure S1C), and even during mitosis (Figure 6).

Our study also elucidates the underlying mechanism
by which P-TEFb is reconstituted into full transcrip-
tional activity after release from 7SK snRNP. We have ob-
served here that T186 underwent autophosphorylation in
an interaction-dependent manner (Figure 4). In fact, our
results indicate that almost all active P-TEFb was recon-
stituted through interaction with either recruitment fac-
tors Brd4 or AFF1/AFF4 (Figure 3E). As long as Cdk9
binds to Brd4 or AFF1/AFF4, T186 autophosphorylation
occurs in vitro (Figures 5A and 5B). Moreover, these key
interactions were contingent on the binding of Cdk9 T-
loop to these recruitment factors rather than CycT1 (35) or
other SEC components (Figure 5). Similarly, pretreatment
with T-loop peptides abrogated the reconstitution of active

P-TEFb, thereby attenuating the phosphorylation of Pol
II-Ser2 and the transcription of P-TEFb-dependent HIV-
LTR-luciferase (Figure 5).

Another interesting aspect of the reconstitution mecha-
nism is that the restoration of the Cdk9/CycT1 heterodimer
and the autophosphorylation of T186 are two independent
events, which further ensure that the core P-TEFb recruited
by Brd4 or SEC will not be improperly destroyed by PP1�
before its recruitment to gene promoters. Based on these,
we are convinced that core P-TEFb is recovered before be-
ing recruited toward chromatin, and that T186 autophos-
phorylation is not required at the same time, an observation
consistent with our previous reports (24). Another possible
benefit of reonstitution of active P-TEFb with two indepen-
dent events comes from the diverse ways to phosphorylate
T186. T186 autophosphorylation was firstly revealed when
studying the structure of the core P-TEFb (36). Later, the
CaMK1D (Ca2+/Calmodulin dependent Kinase 1D) was
identified as a candidate for T186 kinase from studies of
calcium signaling in HeLa cells and primary CD4+ T lym-
phocytes (37). Almost at the same time, Cdk7 was identi-
fied as a T186 kinase in HCT116 cells induced by specific
chemical (38). Therefore, similar to the various pathways
that disrupts 7SK snRNP to release P-TEFb, different T186
phosphorylation pathways can be utilized to accommodate
corresponding stimuli. In combination with our previous
reports, during HMBA-induced stress or cell cycle release,
T186 autophosphorylation is the dominant mechanism to
efficiently reconstitute P-TEFb and release the promoter
proximally paused Pol II (18) or restart global closed tran-
scription, respectively.

The constitution of active P-TEFb from inactive 7SK
snRNP had always been studied under stress conditions,
with studies rarely exploring the activation of P-TEFb un-
der physiological processes such as the cell cycle. Given



Nucleic Acids Research, 2022, Vol. 50, No. 2 761

that the expression level of P-TEFb remains constant dur-
ing the cell cycle, its transcriptional control of early G1
genes through Brd4-dependent recruitment serves as the
only mechanism to regulate cell cycle progression (21–23).
Our current data uncover another mechanism, where the
P-TEFb is almost completely sequestered in 7SK snRNP
during mitosis, requiring de novo activation through dis-
sociation of the Cdk9/CycT1 heterodimer (Figure 6). Im-
portantly, these observations are consistent with the overall
transcriptional shutdown in cells during mitosis (21). Treat-
ment of cells in mitosis with Cdk9 T-loop peptides signifi-
cantly impaired the transcription of early G1 genes (Figure
6). Thus, our current study provides new insights into the
role of P-TEFb and its associated factors in the control of
the cell cycle.

In conclusion, our data demonstrated a delicate process
whereby signals induce the complete dissociation of inac-
tive 7SK snRNP to release monomeric Cdk9 and CycT1,
which then are reconstituted back to active P-TEFb facil-
itated by Brd4 and SEC to enhance the transcription of
inducible genes. It would be of great interest to determine
whether the mechanism identified here would also apply to
the transcriptional regulation of other P-TEFb-dependent
genes in other biological settings.
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