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Brd4, a bromodomain protein capable of interacting with acetylated histones, is implicated in transmitting
epigenetic memory through mitosis. It also functions as an associated factor and positive regulator of P-TEFb,
a Cdk9-cyclin T1 heterodimer that stimulates transcriptional elongation by phosphorylating RNA polymerase
II. In the present study, experiments were performed to determine whether these two functions of Brd4 are
interrelated and, if so, how they may impact cell cycle progression. Our data demonstrate that while the
P-TEFb level remains constant, the Brd4-P-TEFb interaction increases dramatically in cells progressing from
late mitosis to early G,. Concurrently, P-TEFb is recruited to chromosomes, beginning around mid- to late
anaphase and before nuclear envelope/lamina formation and nuclear import of other general transcription
factors. Importantly, the recruitment of P-TEFb depends on Brd4. Abrogation of this process through Brd4
knockdown reduces the binding of P-TEFb to and expression of key G, and growth-associated genes, leading
to G, cell cycle arrest and apoptosis. Because P-TEFb is synonymous with productive elongation, its recruit-
ment by Brd4 to chromosomes at late mitosis may indicate those genes whose active transcription status must

be preserved across cell division.

Eukaryotic transcription elongation is a highly regulated
process important for not only the production of full-length
RNA transcripts but also the coupling of transcription with
other major gene expression events. The positive transcrip-
tional elongation factor b (P-TEFb) plays a central role in this
process. Consisting predominantly of a Cdk9-cyclin T1(CycT1)
heterodimer, P-TEFb stimulates elongation by phosphorylat-
ing the carboxy-terminal domain of RNA polymerase II (Pol
IT) as well as negative elongation factors. These events allow
Pol II to escape from promoter-proximal pausing and engage
in productive elongation (16, 26).

Nuclear P-TEFD is maintained in a functional equilibrium
through alternately interacting with its positive and negative
regulators (26). Diverse signals, including those that impact
cell growth and differentiation, can affect this equilibrium by
altering the ratio of the negative and positive factors associated
with P-TEFb (8, 26). These observations raise an intriguing
possibility that the functional P-TEFb equilibrium is tightly
linked to the cellular transcriptional demand and the global
control of cell growth and differentiation (8, 26).

Whereas the associations with the HEXIMI1 protein and
7SK snRNA sequester P-TEFbD in an inactive complex, it is the
interaction with the bromodomain protein Brd4 that forms the
transcriptionally active P-TEFb (10, 24). Brd4 recruits P-TEFb
to a promoter by contacting acetylated chromatin and the
Mediator complex, and this process is essential for elongation
(10, 24). While the Brd4-P-TEFb complex stimulates tran-
scription in general, it is worth noting that Brd4 can also be
found in a separate complex assembled by the human papillo-
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maviruses E2 to silence the expression of human papillomavi-
rus-encoded E6 and E7 oncoproteins (23). Another important
feature of Brd4 is its ability to remain bound to chromosomes
through mitosis. This function of Brd4, which is observed in a
number of cell lines (2, 3, 13, 15, 25), has been proposed to play
a key role in transmitting epigenetic memory across cell divi-
sion (3, 15).

Cdk9 and CycT1 are constitutively expressed through the
cell cycle (4). Moreover, the kinase activity of the isolated
Cdk9-CycT1 heterodimer also remains constant in this pro-
cess. Based on these observations, it is generally presumed
that, unlike many other Cdk-cyclin pairs, P-TEFb plays no
direct role in cell cycle progression. However, the recent
identification of Brd4 as a major P-TEFb-associated factor
and positive regulator makes it necessary to reconsider this
presumption.

Here, we show that while the P-TEFb level displayed no
major change through the cell cycle, the interaction of P-TEFb
with Brd4 increased dramatically in cells progressing from late
mitosis to early G,. Concurrent to this increase, P-TEFb be-
came intimately associated with mitotic chromosomes, starting
around mid- to late anaphase and before nuclear envelope/
lamina formation. This early recruitment sets P-TEFb apart
from virtually all other general transcription factors and Pol II,
which are imported into the nucleus only after nuclear enve-
lope formation. Importantly, the association of P-TEFb with
mitotic chromosomes correlated closely with P-TEFb’s inter-
action with Brd4. We show that the Brd4-dependent recruit-
ment of P-TEFb to mitotic chromosomes before the M/G,
transition was crucial for the binding of P-TEFb to and expres-
sion of key G, genes and progression of the cell cycle through
G,. Since the P-TEFb-mediated productive elongation is a
hallmark of a committed, robust transcription state, we pro-
pose that the Brd4-dependent recruitment of P-TEFb before
the onset of fresh rounds of transcription in early G, serves to
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mark those genes whose active transcription status needs to be
preserved across cell division.

MATERIALS AND METHODS

Cell synchronization and mitotic shake-off. To obtain populations of mitotic
cells, HeLa cells were plated at 1.7 X 10* cells/cm? and incubated for 24 h. Cells
were then placed in fresh medium containing 2 mM thymidine. Upon incubation
for 15 h, cells were separated from the medium, rinsed twice, and incubated in new
medium without thymidine for another 12 h. Thymidine was then reintroduced into
the medium, and cells were incubated for 12 h prior to the removal of thymidine by
rinsing cells twice with normal, drug-free medium. Synchronized cells were incu-
bated for 10 h to reach mitosis in normal medium. Next, the rounded-up mitotic cells
were shaken off the culture dish and replated in fresh medium. At different time
points following the start of replating, cells were harvested and lysed with lysis buffer
(50 mM HEPES [pH 7.9], 150 mM NaCl, 0.5% NP-40, 5 mM EDTA, 3 mM
dithiothreitol, and 0.25 mM phenylmethylsulfonyl fluoride).

Generation of a stable Brd4 knockdown cell line. The lentiviral vector pSico (a
kind gift from Tyler Jacks, Massachusetts Institute of Technology) was used for
the Cre-regulated RNA interference (20) against Brd4. Two DNA oligonucleo-
tides (5'-TGAACCTCCCTGATTACTATAAGCTTCCTGTCACTTATAGTA
ATCAGGGAGGTTCTTTTTTC-3" and 5'-TCGAGAAAAAAGAACCTCCC
TGATTACTATAAGTGACAGGAAGCTTATAGTAATCAGGGAGGTTC
A-3") for expressing short hairpin RNA were annealed and then cloned into
Hpal-Xhol-digested pSico vector for knocking down Brd4. For the generation of
lentiviruses, 1 wg of recombinant pSico vector and 0.4 pg of each packaging
vector were cotransfected into 293T cells in one well of a six-well plate. Superna-
tants were collected 48 h posttransfection, centrifuged at 20,000 X g for 5 min, and
then used to infect HeLa cells supplemented with 8 pg/ml polybrene. Two rounds of
infection 24 h apart were sufficient to infect most cells. The infected HeLa cells were
serially diluted after 2 days of infection, and then the green fluorescent protein-
positive clones were picked under a fluorescent microscope about 2 weeks later. The
adenoviruses expressing Cre recombinase were purchased from the Gene Transfer
Vector Core facility of the University of Iowa College of Medicine (Iowa City, IA).
Two rounds of infection 24 h apart were performed by using 5 to 10 PFU of virus per
cell. Brd4 knockdown was confirmed by Western blotting.

Immunoaffinity purification of Cdk9 and its associated factors. The Cdk9-
containing complexes were affinity purified from cell lysates by incubation at 4°C
for 2 h with the anti-Cdk9 antibodies and protein A-Sepharose beads (Amer-
sham Biosciences). After extensive washes with buffer D (20 mM HEPES-KOH
[pH 7.9], 150 mM KClI, 15% glycerol, 0.2 mM EDTA, 0.1% NP-40, 1 mM
dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride), the immunoprecipi-
tated proteins were eluted off the beads with 1X sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis loading buffer (50 mM Tris-HCI [pH 6.8], 100 mM
dithiothreitol, 4% 2-mercaptoethanol, 2% sodium dodecyl sulfate, 0.5X dye mix,
and 10% glycerol) at 95°C.

Immunofluorescence staining. Immunofluorescence staining was performed
based on a protocol described previously (1) with minor modifications. Briefly,
cells were grown on coverslips, fixed for 10 min in 2% formaldehyde, and
permeabilized for 7 min in cold (—20°C) methanol. Cells were then rinsed with
phosphate-buffered saline (PBS) and blocked for 30 min at room temperature in
PBS containing 0.1% Triton X-100, 10% fetal bovine serum, and 3% bovine
serum albumin. Cells were incubated at room temperature for 1 h with the
indicated primary antibodies: anti-Brd4 (1:200), anti-cyclin T1 (1:200), anti-Cdk9
(1:400), anti-Cdk9 (monoclonal, 1:100), anti-TFIIB (1:200), anti-p34 (TFIIE
subunit, 1:200), anti-RAP30 (TFIIF subunit, 1:100), anti-RNA Pol II (8WG16,
1:200), anti-lamin B (1:100), or anti-a-tubulin (1:200). After a washing step in
PBS containing 0.1% Triton X-100 and 10% fetal bovine serum, secondary
anti-species-specific antibodies were added for 1 h at room temperature. DNA
was stained with 4,6-diamidino-2-phenylindole (DAPI). Cells were mounted in
FluorSave Reagent (Calbiochem) and examined using a Zeiss LSM510 Meta
confocal microscope (Carl Zeiss Inc.) with a Plan Apochromat 100X lens (nu-
merical aperture, 1.4) or Zeiss Axiophot epifluorescence microscope with a Plan
NeoFLUAR 40X lens (numerical aperture, 0.75).

Flow cytometry analysis. Cells (1 X 10°) were washed twice with PBS and fixed
in cold 70% ethanol (—20°C). For assessing DNA profiles, cells were then
stained with propidium iodide (100 pg/ml) for 15 min at room temperature and
analyzed by a Beckman Coulter Epics XL flow cytometer.

RT-PCR analysis. Total RNA was prepared with a Qiagen RNAeasy kit
following the manufacturer’s instructions. Reverse transcription-PCRs (RT-
PCRs) were performed with Superscriptase III (Invitrogen) using oligo(dT)
primer (Ambion). The transcription mixture was then used in PCRs with primers
specific for the indicated mRNA. Pilot experiments were performed first to

MoL. CELL. BIOL.

ensure that PCRs were occurring in the linear range of amplification. The
following primers were used for amplification: for c-Myc, 5'-CAGCTTGTACC
TGCAGGATC-3' and 5'-GTCGAGGAGAGCAGAGAATC-3'; for JunB, 5'-
AACAGCAACGGCGTGATCAC-3" and 5'-GCAGATCGTCCAGGGCTTTG
—3'; for Cdk7, 5'-TTCAGTGCAGCAGGAGACGAC-3' and 5'-CTGGACAG
TTTGGTCTTGGC-3'; for cyclin D1, 5'-AAGATCGTCGCCACCTGGAT-3’
and 5'-CACTTGCATGTTCGTGGCCT-3'; for glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), 5'-CGTCTTCACCACCATGGAGA-3" and 5'-CGGC
CATCACGCCACAGTTT-3'; for Ki67, 5'-TGACCAGAACAAGGGGAAG
G-3" and 5'-CCAGTAGTATACAGGTCTTTG-3'; for Cdk1, 5'-TCAGCTCGT
TACTCAACTCC-3" and 5'-TCCACTTCTGGCCACACTTC-3'; for Cdk2, 5'-
TTGTCAAGCTGCTGGATGTC-3' and 5'-AATGGCAGAAAGCTAGGCC
C-3'; for cyclin B, 5'-AGAACCTGAGCCTGTTAAAG-3' and 5'-GCATCCAC
ATCATTTACTGC-3'; for cyclin E, 5'-TATTGCACCATCCAGAGGC-3" and
5'-CACACCTCCATTAACCAATC-3'".

ChIP assay. The chromatin immunoprecipitation (ChIP) assay was performed
based on a protocol described previously (21) with anti-Cdk9 antibody. After
DNA purification, PCRs containing [a->?P]dCTP were carried out for 20 cycles,
and the products were analyzed on a 6% polyacrylamide gel. Input and immu-
noprecipitated chromatin were analyzed first in pilot experiments to ensure that
PCRs were occurring in the linear range of amplification. The distributions of
Cdk9 on the c-myc promoter region between —93 and +87, exon 1 of the c-myc
gene between +266 and +419, exon 2 between +4863 and +5003, and an
interior region of GAPDH between +4233 and +4550 were detected.

RESULTS

P-TEFb becomes associated with chromosomes toward the
end of mitosis. Brd4 has been shown to remain bound to
chromosomes throughout mitosis in a number of human and
murine cell lines (2, 3, 13, 15, 25). Given that P-TEFb has been
demonstrated as a major associated factor of Brd4, we exam-
ined the localizations of Cdk9 and CycT1 at different stages of
mitosis in HeLa cells by immunofluorescence staining followed
by confocal microscopy. Different from what has been de-
scribed for Brd4, both Cdk9 and CycT1 were displaced from
chromosomes (as revealed by DAPI staining) and dispersed
into the cytoplasm during prophase, metaphase, and what ap-
peared to be early anaphase of mitosis (Fig. 1). This observa-
tion is nevertheless consistent with the global shut-down of
transcription during mitosis, when most other transcription
and RNA processing factors are known to dissociate from
chromosomes (6, 14, 18). Interestingly, as mitosis progressed
further toward telophase and two daughter cells were about to
pinch off, as indicated by the presence of the cleavage furrow
(Fig. 1, anti-a-tubulin staining in frames o), Cdk9 and CycT1
became abruptly reassociated with chromosomes and
costained with DAPI (frames m to p). Importantly, this behav-
ior of Cdk9 and CycT1 was observed not only in HeLa cells but
also in the mouse mammary tumor cell line C127 (see below),
implicating it as a rather general phenomenon.

P-TEFb associates with chromosomes before nuclear enve-
lope/lamina reassembly. To determine at what stage of mitosis
P-TEFb becomes associated with chromosomes, we examined
the temporal relationship between P-TEFb localization on mi-
totic chromosomes and the process of nuclear envelope/lamina
reassembly. To this end, we double-stained HeLa cells with
antibodies against CycT1 and lamin B1. As a component of the
nuclear lamina, lamin B1 is involved in nuclear envelope/lam-
ina assembly. The nuclear envelope/lamina of higher eu-
karyotes breaks down during prophase and is reconstituted
around chromosomes during late anaphase to telophase, rees-
tablishing the boundary of the interphase nucleus (5, 7).

In agreement with this description, the nuclear lamina was
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FIG. 1. Reloading of P-TEFb onto mitotic chromosomes toward
the end of mitosis. HeLa cells were cultured on coverslips, fixed, and
immunostained to reveal the subcellular localizations of Cdk9 (A) and
CycT1 (B) at various stages of mitosis by confocal microscopy (red).
The localizations of chromosomal DNA (DAPI staining; blue) and
a-tubulin (green) in the same cells are also shown. Bar, 5 pm.

disassembled, and lamin B1 was dispersed into the cytoplasm
during metaphase (Fig. 2A, frames a to d) and early or mid-
anaphase (frames e to h). Meanwhile, CycT1 was also excluded
from chromosomes and showed a similarly diffused pattern.
However, as mitosis proceeded further, lamin B1 and CycT1
began to have drastically different localizations. While CycT1
was already localized on chromosomes, lamin Bl was still
mostly dispersed throughout the cytoplasm (frames i to 1).
Based on the fact that the reconstitution of the nuclear enve-
lope/lamina had not occurred at this moment and would not do
so until late anaphase to telophase, P-TEFb was judged to
begin its association with chromosomes some time around
mid- to late anaphase. Consistent with this analysis, after the
nuclear envelope/lamina was completely reconstituted at telo-
phase, lamin B1 finally displayed the characteristic ring-like
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FIG. 2. Unlike most other general transcription factors and Pol II,
P-TEFb is recruited to mitotic chromosomes before nuclear envelope/
lamina reassembly. (A) Coimmunofiuorescence followed by confocal
microscopic analyses of the localizations of CycT1 (red) and lamin B1
(green) in HeLa cells at various stages of mitosis (left) was performed.
Staining of chromosomal DNA by DAPI (blue) and a merge of all three
stainings in the same cells are also shown. Bar, 5 um. (B) The localizations
of lamin B1, TFIIB, TFIIF (Rap30), Pol II (the cells under discussion are
indicated by an arrow), and Cdk9 in HeLa cells at mid- to late anaphase
were examined by coimmunofluorescence as in panel A.

structure that tightly surrounded chromosomes, which were yet
to undergo complete decondensation (Fig. 2A, frames m to p).

P-TEFb differs from other transcription factors in terms of
the timing of entry into daughter nuclei. It is important to
emphasize that the interaction of P-TEFb with chromosomes
before nuclear envelope/lamina reassembly sets P-TEFb apart
from virtually all other general transcription and RNA pro-
cessing factors. These factors enter daughter nuclei only after
nuclear envelope/lamina formation and presumably depend on
the nuclear import machinery for this effect (17). For example,
when analyzed under the same conditions as used for Cdk9 and
CycT1, TFIIB, TFIIE (anti-p34) (data not shown), TFIIF
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FIG. 3. Brd4 displays cell-type-specific localization patterns during
mitosis. Distributions of Brd4 in HeLa (A) and C127 cells (B) at
various stages of mitosis were examined by coimmunofluorescence
with antibodies against either Brd4 (red) or a-tubulin (green). Chro-
mosomes in the same cells were stained with DAPI (blue). Cell images
were obtained with a confocal microscope. Bar, 5 pm.

(anti-RAP30), and RNA Pol II (monoclonal antibody 8WG16)
were found still dispersed in the cytoplasm when lamina and
the nuclear envelope were beginning to form around chromo-
somes (Fig. 2B). In fact, for these general transcription factors
and Pol II, we did not find a single cell showing a situation
similar to that depicted in frames a to d of Fig. 2B, where Cdk9
was already localized on condensed chromosomes even before
nuclear envelope/lamina formation. Thus, unlike these factors,
P-TEFb must rely on a specialized recruitment mechanism
rather than the default nuclear import process to become as-
sociated with chromosomes.

Cell-type-specific Brd4 localization patterns during mitosis.
Brd4 has been identified as a major P-TEFb-associated factor
(10, 24). With the demonstration of a controlled reloading of
P-TEFb onto chromosomes toward the end of mitosis, we next
examined the localization of Brd4 in mitotic cells. To our surprise,
in HeLa cells, Brd4 was not always localized on chromosomes
throughout mitosis (Fig. 3A), which contrasted sharply with the
observations made in a number of other human and mouse cell
lines (2, 3, 13, 15, 25). First, in HeLa cells that were at either pro-

MoL. CELL. BIOL.

A Brdd

lamin B1 DAPI merge
early/mid-
anaphase
c
mid-/late
anaphase Hela
f
telophase
k
B Brd4 Cdk9 DAPI merge
early/mid- 5
anaphase
HelLa
18'0phase . .
C Brd4 Cdk9 DAPI merge
early/mid-
anaphase
= c127
f

FIG. 4. Colocalization of Brd4 and P-TEFb on mitotic chromo-
somes before nuclear envelope/lamina reassembly. (A) The localiza-
tions of Brd4 (red) and lamin B1 (green) in HeLa cells at various
stages of mitosis (indicated on the left) were examined by coimmun-
ofluorescence and confocal microscopy. Chromosomal DNA in the
same cells was stained by DAPI (blue). Bar, 5 pm. (B and C) HeLa and
C127 cells at the indicated stages of mitosis were immunostained with
antibodies against Brd4 (red) and Cdk9 (green) and examined with a
confocal microscope. DAPI staining of chromosomes (blue) in the
same cells is also shown. Bar, 5 pm.

or metaphase, Brd4 was not preferentially associated with mitotic
chromosomes but rather showed relatively dispersed distributions
throughout the entire cell (Fig. 3A, frames a to h). At early
anaphase, Brd4 was even largely excluded from chromosomes
(frames i to 1). However, at telophase when two daughter cells
were pinching off through cytokinesis, Brd4 was found to colocal-
ize with chromosomes (frames m to p), a behavior reminiscent of
that of P-TEFD as described above.

To be sure that our immunofluorescence procedure did not
prevent the detection of Brd4 on chromosomes until late mi-
tosis in HeLa cells, we performed the same procedure on
mouse C127 cells, where Brd4 had previously been reported to
localize on chromosomes at metaphase (13). Indeed, a major
portion of Brd4 remained associated with chromosomes
through the entire mitotic process (Fig. 3B), although there
appeared to be further enrichment of the protein on chromo-
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FIG. 5. Brd4-dependent recruitment of P-TEFb to mitotic chromosomes. (A) Wild-type (WT) but not mutant Cdk9 S175A becomes associated
with mitotic chromosomes before nuclear envelope/lamina reassembly. Stable HeLa-based cell lines expressing Flag-tagged wild-type Cdk9 or
Cdk9 mutant S175A were immunostained at the indicated cell cycle stages (right) with antibodies against Flag (red) and lamin B1 (green).
Chromosomes in the same cells were stained with DAPI (blue). Bar, 5 pm. (B) siRNA-mediated depletion of Brd4 in HeLa cells. The levels of
Brd4 and Cdk9 in cells containing either an empty vector (—) or the Brd4-specific siRNA (+) were analyzed by Western blotting. (C) Reduced
association of CycT1 with mitotic chromosomes in Brd4 knockdown cells. HeLa cells with (+) or without (—) the expressed Brd4 siRNA were
immunostained with antibodies against CycT1 and a-tubulin to examine the behaviors of CycT1 in mitotic cells. Quantification of the percentages
of cells with CycT1 on chromosomes is shown against either total cell population (left) or only mitotic cells (right). Error bar represents the mean *
standard deviation. (D) Association of CycT1 with mitotic chromosomes in cells with incomplete Brd4 depletion. Coimmunofluorescence staining
was performed with anti-Brd4 (red) and anti-a-tubulin (green) or anti-CycT1 (green) antibodies in Brd4 knockdown cells. Chromosomes were
stained with DAPI (blue). Arrowheads indicate cells with detectable levels of Brd4 that were in mitosis. Bar, 10 pm.

somes at telophase (Fig. 3B, compare frame m with frames a,
e, and i). Thus, the association of Brd4 with chromosomes
during most of mitosis is controlled differently in HeLa and
C127 cells. However, at late mitosis, Brd4 displayed the same
intimate association with chromosomes in both cell lines.
Colocalization of Brd4 with P-TEFb on mitotic chromo-
somes before nuclear envelope/lamina reassembly. Just like
P-TEFb, Brd4 also began its reloading onto mitotic chromo-
somes around mid- to late anaphase right before nuclear en-
velope/lamina reassembly in HeLa cells (Fig. 4A, frames e to
h). In fact, both proteins were in the cytoplasm around early to
mid-anaphase (Fig. 4B) but then colocalized on chromosomes
immediately afterward (Fig. 4B, telophase). In mouse C127
cells, however, the situation was somewhat different. Despite
the fact that Brd4 and Cdk9 were localized differently from
each other at early to mid-anaphase (Fig. 4C), Cdk9 eventually
joined Brd4 to become associated with chromosomes toward
the end of mitosis (Fig. 4C, telophase). These results indicate
that although Brd4 displayed distinct localization patterns dur-

ing most of mitosis in HeLa and C127 cells, it became inti-
mately associated with mitotic chromosomes in both cell lines
right before nuclear envelope/lamina formation, which could
be responsible for the loading of P-TEFb onto chromosomes at
precisely the same moment.

P-TEFb’s association with mitotic chromosomes correlates
with its ability to bind Brd4. To test whether Brd4 played a key
role in the recruitment of P-TEFb to mitotic chromosomes, a
stable HeLa-based cell line expressing the Flag-tagged Cdk9
mutant S175A-f, which fails to bind to Brd4 (24), was estab-
lished. Except for Brd4, this mutant is able to bind to all other
known Cdk9-associated factors including CycT1, HEXIMI,
and 7SK (24). Coimmunofluorescence staining with anti-Flag
and anti-lamin B1 antibodies indicated that wild-type Cdk9-f,
like its endogenous counterpart, was properly localized to
chromosomes around mid- to late anaphase and before nu-
clear envelope/lamina reassembly (Fig. 5A, frames a to c). In
contrast, S175A-f failed to display chromosome-association at
this stage (frames g to i). It was imported into the nucleus only
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after nuclear envelope/lamina was completely reconstituted in
late telophase/early G, (frames j to 1), most likely through the
conventional nuclear import machinery. These data suggest
that the ability to bind Brd4 was crucial for P-TEFb to become
associated with chromosomes before nuclear envelope/lamina
formation.

Brd4 knockdown prevents the recruitment of P-TEFb to
mitotic chromosomes. To further investigate the role of Brd4
in recruiting P-TEFb to mitotic chromosomes, we knocked
down Brd4 levels in HeLa cells by using a lentivirus-based
system that uses the Cre-loxP control switch for inducible small
interfering RNA (siRNA) expression (20). Upon the introduc-
tion of the Cre recombinase, cellular Brd4 levels were reduced
by about 90% compared to control cells containing an empty
vector (Fig. 5B).

We then performed coimmunostaining with antibodies
against CycT1 and a-tubulin to examine the behaviors of
CycT1 in control and Brd4 knockdown cells that were in mi-
tosis. Inspections of several thousand cells in each group indi-
cated that when the total cell population was used as the base,
the Brd4 siRNA reduced the association of CycT1 with chro-
mosomes by about 23-fold (from 1.46% to 0.064%) (Fig. 5C,
left graph). However, when only the mitotic cells were selected
(more than 150 cells from each group), the knockdown re-
duced CycT1 on chromosomes by twofold (from 27.2% to
13.5%) (Fig. 5C, right graph). This discrepancy is caused by the
fact that the percentage of cells able to reach mitosis due to
siRNA-induced cell cycle arrest and apoptosis (see below) was
much smaller within the knockdown population than in control
cells.

Further examination of the situations in knockdown cells
revealed that the twofold decrease in CycT1’s association with
chromosomes was most likely a gross underestimation of the
true extent of the siRNA-mediated reduction. This is because
the siRNA did not uniformly reduce Brd4 levels in all cells.
Compared to either the a-tubulin or DAPI staining that was
ubiquitous in all cells, a small percentage of cells from the Brd4
knockdown population still contained Brd4 at levels similar to
those of control cells (Fig. 5D, frames a and d; also data not
shown). Moreover, almost all the cells that were able to reach
late telophase, as indicated by the formation of the cleavage
furrow, also contained detectable levels of Brd4 (Fig. 5D, cells
indicated by arrows in frames a to c). Thus, it is likely that the
association of CycT1 with mitotic chromosomes observed in
these cells was actually due to the presence of Brd4 (or lack of
siRNA effect) in them (Fig. 5D, arrows in frames d to f). In
light of these considerations, we believe that the true effect of
Brd4 siRNA in reducing the association of P-TEFb with chro-
mosomes should be much greater than the above-mentioned
twofold difference. This analysis, together with the data shown
in Fig. 5A employing the Cdk9 mutant S175A, is consistent
with the notion that Brd4 is required for reloading P-TEFb
onto chromosomes at late mitosis.

Significantly enhanced Brd4-P-TEFb interaction in cells
progressing from late mitosis to early G,. Next, we investi-
gated whether the Brd4-dependent recruitment of P-TEFb to
mitotic chromosomes would involve any increase in the inter-
action between the two proteins and, if so, how long this
increase would last. To address these two questions, we first
arrested HeLa cells at the G,/S boundary by the method of a
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double-thymidine block (Fig. 6A, left panel). Synchronized
cells were then released from the arrest and allowed to pro-
ceed for about 10 h to reach mitosis. To collect mitotic cells,
the rounded-up, detached cells were shaken off the culture dish
and replated in fresh medium at time zero (Fig. 6A, left). Cells
were subsequently harvested at the indicated time points as
they were progressing from mitosis into G;.

Western analysis of the levels of phosphorylated histone 3,
which served as an M phase indicator (15), in the lysates of the
harvested cells indicated that more than 50% of cells exited the
M phase and entered early G, after about 0.5 h in fresh me-
dium (Fig. 6A, right panel). By 2 h, very few cells were still in
mitosis, which was consistent with DNA content analysis by
flow cytometry (data not shown). Interestingly, although West-
ern analyses indicate that the levels of Cdk9, Brd4, HEXIMI,
and CycT1 in cell lysates remained unchanged during the pro-
gression from mitosis to G, (Fig. 6A, right panel; also data not
shown), the interaction of the immunoprecipitated Cdk9 with
Brd4 but not CycTl or HEXIMI1 underwent significant
changes (Fig. 6A, right panel). For example, while the Cdk9-
Brd4 interaction was barely detectable during most of the M
phase, it was dramatically enhanced when cells were reaching
the end of mitosis, exiting mitosis, and then entering G,. The
elevated Cdk9-Brd4 interaction lasted for about 1.5 h (0.5 to
2 h from the start of replating) (Fig. 6A, right panel). However,
as cells were progressing into late G, this interaction de-
creased again and remained at an intermediate level for the
rest of G;.

The interaction of P-TEFb with Brd4 can be affected by a
number of stress-inducing agents (24). To rule out the possi-
bility that the observed fluctuation in this interaction was
caused by the thymidine treatment of cells, we collected nat-
ural, untreated mitotic cells and replated them in fresh me-
dium. Consistent with the results described above, the associ-
ation of P-TEFb with Brd4 was markedly reduced when cells
were in mitosis (Fig. 6B, left panel, 0 h) and increased signif-
icantly 1 h later when they were entering G,. Again, the levels
of Brd4 and Cdk9 remained unchanged throughout the entire
process (Fig. 6B, right panel). Finally, the enhanced Brd4-P-
TEFb interaction observed at late mitosis and early G, was
completely disrupted by the S175A mutation in Cdk9 (Fig.
6C). This result mirrors the situation described previously in
unsynchronized cells (24).

Brd4 depletion causes G, cell cycle arrest and apoptosis.
What could be the biological significance of the enhanced
Brd4-P-TEFb interaction as well as the Brd4-dependent re-
cruitment of P-TEFb to chromosomes during the cell cycle
progression from late mitosis to early G,? To address this
question, we first examined the effect of the Brd4 siRNA on
HeLa cell growth. Compared to control cells containing an
empty vector, induction of siRNA expression significantly re-
tarded cell growth (Fig. 7A), consistent with the previous find-
ing that Brd4-null cells do not grow in culture (15). Next, DNA
profiles of control and Brd4 knockdown cells were analyzed by
flow cytometry. Compared to control cells, the expression of
the Brd4 siRNA resulted in an increase in the percentage of
cells in G, (from 51.4% to 59.1%) (Fig. 7B) and a concurrent
reduction in the fraction of cells in G,/M (from 31.4% to
21.1%). Further analyses by BrdU incorporation to determine
cells in S phase and phospho-H3 immunoblotting to identify
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progressing from late mitosis to early G,. (A) Schematic representation

(left) the experimental setup. HeLa cell growth was synchronized by a double-thymidine block. Ten hours after the release from the block, mitotic
cells were collected by shake-off and replated in fresh medium. Cell lysates were prepared at indicated time points and subjected to anti-Cdk9
immunoprecipitation. The lysates and the immunoprecipitates were analyzed by Western blotting (right) for the various components, as indicated

to the right. (B) Mitotic cells were also collected by shake-off at 0 h from

the asychronized (AS) HeLa-based cell line F1C2 expressing Flag-tagged

Cdk9-f and replated in fresh medium for 1 h. The levels of the indicated components in either the cell lysate or the anti-Cdk9-f immunoprecipitates
were analyzed by Western blotting. (C) The enhanced Brd4-P-TEFb interaction at late M/early G, is disrupted by the S175A mutation in Cdk9.
Stable cell lines expressing Flag-tagged wild-type Cdk9 or S175A were collected by shake-off and replated in fresh medium for 1 h. The cell lysates
and anti-Flag immunoprecipitates were analyzed by Western blotting as in panel B. IP, immunoprecipitation; WT, wild type; WB, Western blotting.

mitotic cells also revealed a 14.4% and 33.6% reduction, re-
spectively, in the number of cells in these two phases as a result
of Brd4 knockdown (data not shown). These data are consis-
tent with the notion that Brd4 depletion and the resulting lack
of recruitment of P-TEFb to chromosomes at the M/G, bound-
ary caused more cells to be arrested at G,. Along with—and
also probably a direct result of—this arrest, a significant in-
crease in the sub-G, population containing fragmented DNA
was also observed (from 4.58% to 26.6%) (Fig. 6C). This latter
result is consistent with the previous observation that Brd4
depletion leads to apoptosis (15).

Reduced expression of key G; and growth-associated genes
in Brd4 knockdown cells. To determine whether the Brd4-

mediated recruitment of P-TEFb to mitotic chromosomes is
required for gene expression in early G,, we compared mRNA
levels of a selected panel of genes in control and Brd4 knock-
down cells. Mitotic cells were collected by shake-off. Upon
incubation in fresh medium for 1 h, most cells were in early G,
(Fig. 6). Analysis by RT-PCR at this point indicates that the
expression of two immediate-early transcription factors, JunB
and c-Myc, as well as the G;-specific cyclin, cyclin D1—all of
which are known to be induced in early G, and important for
cell cycle progression (9, 11)-was significantly reduced in Brd4
knockdown cells (Fig. 7D). Moreover, a diminished expression
was also observed for Cdk7 (Fig. 7D), the catalytic subunit of
the Cdk-activating kinase, whose expression is known to be
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stimulated at the M/G, boundary (22). Finally, in agreement
with the Brd4 siRNA-induced growth arrest, the level of Ki67,
a proliferation marker expressed throughout the cell cycle but
not in quiescent (Gg) cells, was also significantly reduced in
knockdown cells (Fig. 7D).

In contrast to these key early G, and growth-associated
genes, the mRNA level of a well-characterized housekeeping
gene, GAPDH, was mostly unaffected by Brd4 knockdown
(Fig. 7D). Moreover, several proteins that function at later
time points in the cell cycle, such as the G,/M-specific Cdkl
and cyclin B as well as the G,/S-specific Cdk2 and cyclin E,
also displayed no major change in their expression. Al-
though a generic effect of Brd4 knockdown cannot be com-
pletely ruled out, these data are consistent with the model
that Brd4 is important for the expression of key early G, and
growth-associated genes through recruiting P-TEFb to mi-
totic chromosomes prior to the M/G, transition. This model
agrees well with recent microarray analysis, which revealed
that the induction of numerous genes at early G, was mark-
edly inhibited in Brd4 knockdown cells (K. Ozato, personal
communication).

Reduced recruitment of P-TEFbD to the c-Myc locus at early
G, in Brd4 knockdown cells. To determine how the Brd4-
mediated recruitment of P-TEFb to mitotic chromosomes
would affect the loading of P-TEFbD to a specific gene locus at
early G,, we performed a ChIP assay to examine the associa-
tion of Cdk9 with the promoter, exon 1, and exon 2 regions of
the c-Myc gene in control and Brd4 knockdown cells. Consis-
tent with the Brd4-dependent c-Myc expression described
above, Brd4 knockdown markedly decreased the association of
Cdk9 with all three regions of the c-Myc gene (Fig. 7E, lanes 1
to 3). In contrast, the interaction of Cdk9 with the GAPDH
gene was very weak (an exposure two times longer was needed
to see the bands despite the abundant input signals amplified
with the GAPDH-specific primers) and also largely unaffected
by Brd4 depletion (lanes 1 to 3). Consistent with these obser-
vations, the Cdk9 mutant S175A-f, which was defective in
Brd4-binding in early G, cells (Fig. 6C), displayed a signifi-
cantly decreased occupancy at the c-Myc locus compared to
wild-type Cdk9-f (Fig. 7E, lanes 4 to 6). As for GAPDH,
occupancy of wild-type Cdk9-f at this locus was only slightly
above the background level (obtained through anti-Flag im-
munoprecipitation with HeLa chromatin as the input) and
largely unaffected by the S175A mutation (Fig. 7E, lanes 4 to
6). Thus, unlike the c-Myc gene, which depends on the Brd4-
recruited P-TEFb for efficient transcription in early G, the
GAPDH transcription involves only a very small amount of
P-TEFb, which is recruited via a Brd4-independent mecha-
nism. Taken together, through analyzing c-Myc and several
other key G, and growth-associated genes by RT-PCR and
ChIP, our data strongly suggest that the decreased recruitment
of P-TEFb to and expression from these genes are the primary
causes for the observed G, arrest and apoptosis of Brd4 knock-
down cells.

DISCUSSION

Whether the activity of P-TEFD is regulated through the cell
cycle and, if so, how it is regulated and whether this regulation
may affect cell cycle progression are key questions that have
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not yet been addressed in the past. In this study, a critical role
for the bromodomain protein Brd4 in linking P-TEFb to cell
cycle control has been revealed. Although the levels of Cdk9
and CycT1 as well as the kinase activity of the isolated P-TEFb
heterodimer do not fluctuate throughout the cell cycle (4), our
current data indicate that the interaction of P-TEFb with its
positive regulator Brd4 as well as the Brd4-dependent recruit-
ment of P-TEFb to chromosomes can, in fact, become signif-
icantly enhanced at the M/G, boundary. Importantly, these
changes allow P-TEFb to stimulate transcription of the genes
that are essential for the cell cycle progression through G;.

Our current data, in conjunction with previous findings, also
indicate that P-TEFb is different from virtually all other tran-
scription and pre-mRNA processing factors in terms of the
timing and manner of its entry into newly formed daughter
nuclei after each cell division. In contrast to most other factors
that are imported into daughter nuclei only after nuclear en-
velope/lamina reconstitution (17) (Fig. 2B) and thus likely
depend on the standard nuclear import machinery, P-TEFDb is
recruited to mitotic chromosomes by Brd4 before nuclear en-
velope/lamina formation.

What could be the benefit to have P-TEFb, a transcription
elongation factor, reach chromatin templates before most tran-
scription initiation factors and RNA Pol II, which are required
to set up preinitiation complexes in early G,? We believe the
answer may lie in P-TEFb’s unique position in the transcrip-
tion cycle as well as the demonstrated role of Brd4 in trans-
mitting transcriptional memory through mitosis (3, 15). Com-
pared to transcription initiation and early elongation, which
are frequently aborted due to the presence of strong negative
signals and/or the absence of positive stimuli (19), productive
elongation is a much more reliable indicator of a highly com-
mitted and robust transcription state. Since P-TEFb is one of
the most important activators of elongation, its early recruit-
ment by Brd4 to chromatin templates may help mark those
genes whose transcription cycle must be completed, and thus
active expression status preserved, across cell division.

Brd4 has been shown to interact with the acetylated histones
H3 and H4 (2). Interestingly, despite the demonstration of a
general chromatin hypoacetylation in mitotic cells (12), several
key lysine residues on H3 and H4 that are recognized by Brd4
remain acetylated on mitotic chromosomes (12). With the
acetylated histones H3 and H4 serving as a permanent mark
for transcriptional memory, it is perhaps not necessary for
Brd4 to remain associated with chromosomes at all stages of
mitosis. It is, however, more important for it to know precisely
when and where to recruit P-TEFb to chromatin templates.
Consistent with this analysis, Brd4 was found in HeLa and
several other cell types (e.g., mouse cell lines NIH 3T3 and
C2C12) to migrate to chromosomes together with P-TEFb only
at late mitosis (Fig. 3A; also data not shown). This is different
from the continuous association of Brd4 with mitotic chromo-
somes observed in a number of other cell lines (2, 3, 13, 15, 25)
(Fig. 3B). The mechanism and biological significance of such
cell-type-specific difference are yet to be elucidated.

It is important that the mere presence of Brd4 on chromo-
somes is insufficient to recruit P-TEFDb. This is evident in C127
cells, where Cdk9 was recruited only toward the end of mitosis,
despite the fact that Brd4 was continuously present on chro-
mosomes throughout the entire process. Our preliminary data
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indicate that other factors, such as variations in posttransla-
tional modifications on Brd4 and/or P-TEFD at different stages
of mitosis, could be additionally involved in controlling the
dissociation and then reassociation of P-TEFb with Brd4/chro-
matin as cells progress from mitosis to G, (data not shown).
Currently, a major effort is under way to test this hypothesis by
determining the nature of the modifications and mapping the
modification sites. Although the signals and mechanism that
control the cell cycle-dependent interaction between Brd4 and
P-TEFb are yet to be determined, the P-TEFb and Brd4 dy-
namics described in this work may already serve as a new
paradigm to study the contributions of these two molecules to
control of the cell cycle and to the transmission of transcrip-
tional memory across cell division.
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