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The bromodomain protein Brd4 plays critical roles in cellular proliferation and cell cycle progression. In this
study, we investigated the involvement of Brd4 in cell cycle regulation and observed aberrant chromosome
segregation and failures in cytokinesis in cancer cells as well as in primary keratinocytes in which Brd4 has
been knocked down by RNA interference. Suppression of Brd4 protein levels in proliferating cells decreased
Aurora B protein and transcript levels and abolished its chromosomal distribution. In contrast, exogenous
Brd4 expression stimulated Aurora B promoter reporter activity and upregulated endogenous Aurora B
expression. Aurora B kinase is a chromosomal passenger protein that is essential for chromosome segregation
and cytokinesis. Either overexpression of Aurora B or its inactivation can induce defects in centrosome
function, spindle assembly, chromosome alignment, and cytokinesis in various cancer cells. The impaired
regulation of Aurora B expression in human cells by Brd4 knockdown or overexpression coincided with mitotic
catastrophe and multinucleation that are typically observed when Aurora B is inactivated or overexpressed.
Overall, our data suggest that Brd4 is essential for the maintenance of the cell cycle progression mediated at

least in part through the control of transcription of the Aurora B kinase cell cycle regulatory gene.

Our previous work identified the cellular bromodomain pro-
tein Brd4 as a major binding protein for bovine papillomavirus
(BPV) type 1 E2 (51). Brd4 tethers the E2/viral genome com-
plex to mitotic chromosomes (51, 52), providing a molecular
mechanism for BPV-1 E2-mediated papillomavirus mainte-
nance in latently infected cells. Brd4 interacts with the E2
proteins from many different types of human and animal pap-
illomaviruses (1, 3, 6, 16, 26, 27, 40, 51) as well as the Kaposi’s
sarcoma-associated herpesvirus (KSHV) latency-associated
nuclear antigen, which is required for KSHV episome mainte-
nance during latent infection (33, 53). The EBNAI1 protein of
Epstein-Barr virus also functionally interacts with Brd4 (23), as
does the orf73 protein of murine herpesvirus 68 (34). Besides
these DNA tumor viruses, Brd4 has also been implicated in the
regulation of human immunodeficiency virus transcription (54)
and human cytomegalovirus immediate-early transcription
(19).

Brd4 is a member of the BET family proteins that contain
double bromodomains, which are conserved sequence motifs
involved in chromatin targeting (11). It associates with mitotic
chromosomes and has been shown to bind to acetylated chro-
matin, with preferential binding for acetylated histone H3 and
H4 through its bromodomains (10). Brd4 plays an important
role in both G,/S and G,/M cell cycle progression (11, 24, 30,
31, 33, 49). Previous in vivo studies suggested an important role
for Brd4 in cellular growth control (15, 24). In mice, Brd4
knockout results in early embryonic lethality, and heterozygos-
ity for Brd4 leads to pre- and postnatal growth defects that are
associated with reduced proliferation (15, 24). In humans, the
Brd4 gene, located on chromosome 19, is the target of trans-
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location t(15;19)(q13;p13.1), which defines a highly lethal up-
per respiratory tract carcinoma in young people (12). Ectopic
expression of Brd4 in mice represses both tumor growth and
metastasis (9). In addition, Brd4 activation in human breast
carcinomas induces a gene expression signature that robustly
predicts progression and survival in multiple human breast
cancer data sets. These studies suggest that Brd4 is a critical
tumor suppressor playing a dominant role in breast cancer
metastasis and that dysregulation of Brd4-associated pathways
may also contribute to breast cancer progression (9).

Brd4 becomes associated with mitotic chromosomes at a
time when most transcription factors are displaced from chro-
matin (10). It has thus been implicated in marking actively
transcribed regions of the genome during mitosis to ensure the
resumption of properly controlled gene expression in newly
divided cells. Brd4 interacts with cyclin T1 and Cdk9, which
constitute core positive transcription elongation factor b (P-
TEFDb) (5, 17, 50). Brd4 binding reconstitutes the active form
of P-TEFb (17, 50), which phosphorylates the C-terminal do-
main of RNA polymerase II and stimulates RNA polymerase
II transcriptional elongation (17, 50). Brd4-P-TEFb interaction
increases dramatically in cells progressing from late mitosis to
early G, (49). This interaction recruits P-TEFb to mitotic chro-
mosomes to stimulate the expression of key G, and growth-
associated genes and promotes progression to S phase (30, 49),
providing a mechanism for Brd4 in transmitting transcriptional
memory across cell division. The P-TEFb and Brd4 complex
also contributes to expression of human immunodeficiency
virus type 1 and human T-lymphotropic virus type 1 genomes
(5, 8). In addition, Brd4 plays an important role in papilloma-
virus E2-mediated viral transcriptional activation and repres-
sion (16, 39, 48). However, the molecular mechanisms by which
Brd4 regulates cellular proliferation and tumor suppression
are largely not known.

The various important roles of Brd4 in transcription and in
viral pathogenesis prompted us to investigate further its cellu-
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lar functions using RNA interference. In this study, we dem-
onstrated that Brd4 knockdown in human cancer cells results
in an abnormal nuclear structure, including a lobulated chro-
matin structure and lagging/bridging chromosomes, which
eventually lead to catastrophic mitotic defects and chromo-
somal instability. In primary human foreskin keratinocytes
(HFKs), Brd4 knockdown caused severe cytokinesis defects
and abnormal centrosome accumulation. Using a candidate
approach, we discovered that Brd4 suppression led to the
downregulation of Aurora B expression, whereas exogenous
Brd4 expression stimulated the Aurora B promoter reporter
gene expression and enhanced the expression of endogenous
Aurora B. Aurora B, previously known as AIM-1, is a con-
served eukaryotic mitotic protein kinase. In mammals, this
kinase plays an essential role in chromosomal segregation pro-
cesses, including chromosome condensation, alignment, con-
trol of spindle checkpoints, chromosome segregation, and cy-
tokinesis (28). Inhibition of Aurora B leads to abnormal
chromosome segregation and failed cytokinesis (18). Our stud-
ies demonstrate that Brd4 regulates Aurora B expression in
mammalian cells to maintain the proper chromosome segre-
gation and cell cycle progression.

MATERIALS AND METHODS

Cell culture, transfection, and retrovirus infection. C33A, HEK293T, T98G,
and U20S cells were maintained in monolayer culture in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS). Monolayer
cultures of primary HFKs were prepared from neonatal foreskins by using a
modified version of the protocol of Rheinwald and Green (37). Keratinocytes
were isolated by using dispase incubation of foreskin tissue to allow for dermal-
epidermal separation. Epidermal specimens were trypsinized, and keratinocytes
released from the tissue were maintained in serum-free keratinocyte growth
medium (GIBCO/BRL) at 37°C in 5% CO, (37). At about 80% confluence, the
cells were frozen. The frozen cells were subsequently thawed in complete serum-
free medium (GIBCO/BRL) supplemented with human recombinant epidermal
growth factor (GIBCO/BRL) and bovine pituitary extract (GIBCO/BRL). Plas-
mid DNAs were introduced into cells using Fugene 6 transfection reagent
(Roche). Recombinant retroviruses were prepared using standard methods, and
infections of the monolayer cells were performed as described previously (51).
Green fluorescent protein (GFP)-H2B retrovirus was generously provided by
Randall King (Harvard Medical School) (41).

Recombinant plasmids. Plasmids containing the full-length human Brd4
(pcDNA4C-Brd4-FL) and mouse pCMV2-F-mBrd4 plasmids have been de-
scribed previously (11, 51). The Aurora B promoter-luciferase constructs, pGL3-
1879, and pGL3-185, were generously provided by Yukio Okano (21).

Brd4 RNA interference. For knockdown of Brd4 expression, the pRETRO
vectors encoding Brd4 short hairpin RNAs (shRNAs) and control shRNA have
been described previously (39). Four Brd4 small interfering RNAs (siRNAs)
targeting different regions of the gene were purchased from Dharmacon. They
are Sil (catalog no. D-004937-02), Si2 (catalog no. D-004937-03), Si3 (catalog no.
D-004937-04), and Si4 (catalog no. D-004937-05). The Dharmacon siGENOME
nontargeting siRNA 1 (catalog no. D-001210-01) was used as a control siRNA in
this study. The siRNAs were transfected into monolayer cultures using the
manufacturer’s protocol.

BrdU incorporation assay. The bromodeoxyuridine (BrdU) incorporation as-
say was performed as recommended by the manufacturer (BrdU cell prolifera-
tion enzyme-linked immunosorbent assay; Roche). Briefly, C33A cells were split
into groups of 5 X 102 2 X 10%, 6 X 103 and 14 X 103 cells per 96-well plate.
Cells were incubated for 2 h with BrdU, followed by fixation for 30 min and
incubation for 1 h with anti-BrdU peroxidase-conjugated antibody. After the
addition of luminol (substrate), chemiluminescence was measured with a lumi-
nometer and expressed as a function of cell number.

Immunofluorescent staining. Cells transfected with Brd4 siRNAs or infected
with retroviruses encoding Brd4 shRNAs were plated onto coverslips and fixed
with 3% paraformaldehyde in phosphate-buffered saline 24 h later. Cells were
incubated in blocking/permeabilization buffer (0.5% Triton X-100 and 3% bo-
vine serum albumin in PBS) for 20 min at room temperature and stained with
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anti-Brd4 rabbit polyclonal antibody (39) at room temperature for 60 min. After
incubation, cells were washed three times with blocking/permeabilization buffer
and incubated with an Alexa Fluor 594-conjugated goat anti-rabbit immunoglob-
ulin G (IgG) (Molecular Probes) for an additional 60 min. Cells were counter-
stained with DAPI (4',6’-diamidino-2-phenylindole) and examined with either a
Zeiss LSM 510 UV upright confocal microscope or a Leica DMLB epifluores-
cence microscope.

Western blot analysis. For Brd4 RNA interference, C33A, 293T, or U20S
cells were transfected with either a Brd4 siRNA or a nontargeting control siRNA
from Dharmacon and harvested at 72 h posttransfection. For transient protein
expression in C33A cells, 40% to 80% confluent cells growing in 10-cm dishes
were transfected with 16 pg of plasmid DNA using Fugene 6 transfection reagent
(Roche). Cells were harvested at 48 h posttransfection. Cytoplasmic and nuclear
extracts were prepared as described previously (38). Twenty micrograms of
nuclear extracts was resolved on a sodium dodecyl sulfate-polyacrylamide gel.
Proteins were transferred to Immobilon-P (Millipore) and blotted with specific
antibodies to detect the proteins of interest (ECL detection; GE Healthcare).
Antibodies employed in the Western blot analysis were as follows: the rabbit
polyclonal antibody against Brd4 has been described previously (39), the cyclin
B1 and cyclin A antibodies were obtained from Santa Cruz, the Aurora B and
Aurora A antibodies were obtained from BD Biosciences, and the securin and
PIk1 antibodies were obtained from Zymed Laboratories.

Reporter assays. A total of 1.5 X 10° 293T cells were cotransfected with 0.3 pg
reporter plasmid and either 1.5 pg pcDNA4C or 1.5 ng pcDNA4C-Brd4-FL
plasmid using the calcium phosphate transfection method. To monitor transfec-
tion efficiencies, 0.2 g pEGFP-C1 plasmid was cotransfected. The transfection
efficiencies were nearly 100% as determined by examining the GFP signal under
a fluorescence microscope. At 24 h posttransfection, cells were lysed and lucif-
erase activities were measured according to the manufacturer’s protocol (lucif-
erase assay system; Promega). Results were normalized to the protein concen-
tration in the lysates. Luciferase activity is expressed as the mean * standard
deviation of triplicate luciferase measurements.

RT-PCR. C33A cells were transfected with either a Brd4 siRNA or a control
siRNA. Total RNA was isolated at 72 h posttransfection using a NucleoSpin
RNA purification kit (Clontech) according to the manufacturer’s manual. Re-
verse transcription-PCR (RT-PCR) was performed in 20 pl of first-strand buffer
containing 0.2 pg of total RNA and 100 ng of oligo(dT) primer using 0.2 wl of
PowerScript (Clontech) for 90 min at 42°C, followed by heat inactivation for 5
min at 99°C. PCR using gene-specific primers was performed using 1 pl of
RT-PCR product in a 50-wl reaction mixture containing 0.4 uM of each primer,
0.2 mM of deoxynucleoside triphosphate, 1X Pfu polymerase buffer, and 2 U of
Pfu DNA polymerase (Stratagene). PCR was carried out for 27 cycles of 94°C (1
min), 56°C (1 min), and 68°C (1 min) for Aurora B; 94°C (1 min), 56°C (1 min),
and 68°C (1 min) for Aurora A; and 94°C (1 min), 59°C (1 min), and 68°C (1 min)
for B-actin. The PCR products were separated on a 2% agarose gel and detected
with ethidium bromide. Primer sequences are available on request.

RESULTS

Brd4 knockdown in cancer cells inhibits cellular prolifera-
tion and leads to abnormal chromosome segregation. We have
previously developed shRNAs in the pRETRO retrovirus vec-
tor to knock down Brd4 in cultured cells (39). Using Brd4
immunofluorescent staining and Western blotting, we were
able to detect efficient Brd4 knockdown in cells transiently
transfected with these constructs at 72 to 96 h posttransfection
or in cells infected with the retroviruses encoding these ShRNAs
after 4 to 5 days of selection in puromycin. However, we were
not able to establish any stable cell lines with stable knockdown
of Brd4. Selection of the retrovirus-infected cells in puromycin
for longer periods (>10 days) resulted in colonies that ex-
pressed normal Brd4 levels, suggesting that cells with efficient
Brd4 knockdown had been outgrown by the cells with more
normal levels of Brd4. The data suggested that Brd4 knock-
down may have a detrimental effect on cellular proliferation,
consistent with the fact that Brd4 knockout is embryonically
lethal in mice (15). To further examine the Brd4 knockdown
effect on cellular proliferation, human papillomavirus-negative
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cervical carcinoma C33A cells were transfected with either a
control vector or a Brd4 shRNA(NT) plasmid and a plasmid
encoding the cell surface ILR2 marker. The transfected cells
were enriched by affinity sorting using anti-ILR2 antibodies.
Equal numbers of cells were analyzed by BrdU cell prolifera-
tion assay. The data showed that Brd4 knockdown significantly
inhibited cellular proliferation (Fig. 1A). To examine the
knockdown effect in single cells, we infected C33A cells with
retrovirus encoding either Brd4shRNA(NT), Brd4shRNA
(CT), or a control shRNA. Brd4shRNA(NT) and Brd4shRNA
(CT) each target two different regions of Brd4. Cells express-
ing the shRNAs were then selected using the puromycin resis-
tance marker for 4 days. The selected cells were examined by
a combination of anti-Brd4 immunofluorescent staining and
DAPI DNA staining. As shown in Fig. 1B, compared to the
control shRNA-treated cells (top panels), cells with Brd4
knockdown by either shRNA showed much larger nuclei or a
lobulated abnormal nuclear structure (Fig. 1B, middle and
bottom panels). To confirm that the abnormal nuclear changes
were due to the Brd4 knockdown and to control for any po-
tential off-target effect, we also analyzed the effect of Brd4
knockdown in C33A cells using a set of four Brd4 siRNAs (Sil
to -4) from Dharmacon. We observed efficient knockdown of
Brd4 with each of the four siRNAs by anti-Brd4 Western blot
analysis (Fig. 2A). Compared to the control siRNA-treated
cells, the Brd4 knockdown cells frequently had increased cell
size and manifested abnormal nuclear and chromosome struc-
tures, including enlarged, lobulated nuclei; micronuclei; and
lagging/bridging chromosomes at mitosis (Fig. 2B). These nu-
clear and chromosomal abnormalities were observed in cells
using each of the four Brd4 siRNAs (Sil to Si4) (Fig. 2C). We
also observed that the severity of the mitotic defect correlated
with the level of Brd4 knockdown in Brd4 siRNA-treated cells;
cells with less Brd4 knockdown appeared to have a more nor-
mal nuclear structure (Fig. 2B and C).

To understand the process that led to the formation of
lobulated nuclei and small micronuclei in the Brd4 knockdown
cells, we performed time-lapse imaging of mitosis after Brd4
knockdown. C33A cells were transduced by retrovirus to es-
tablish cells stably expressing GFP-H2B, which allows the vi-
sualization of mitotic chromosomes and interphase nuclei in
live cells. Upon Brd4 knockdown with Brd4 siRNAs, the
C33A/GFP-H2B cells displayed enlarged/lobulated nuclei and
micronuclei as shown by the DAPI staining (data not shown).
The time-lapse image analysis demonstrated that the lagging
chromosomes round up as micronuclei after mitosis, whereas
the bridging chromosomes prevented furrow regression from
completing resulting in failure of cytokinesis and binucleated/
polynucleated cells. Continual failures in the completion of
furrow regression in multiple cycles of mitosis eventually re-
sulted in enlarged/lobulated nuclei. To rule out a cell type-
specific effect, we examined the impact of Brd4 suppression in
several other cell lines, including 293T and U2O0S. Similar
chromosomal defects were observed in each of these different
cell lines (see Fig. 5 and data not shown). The phenotypes
observed using multiple shRNAs and siRNAs, each targeted to
different regions of Brd4, indicated that Brd4 has a role in
maintaining accurate chromosome segregation.

Brd4 knockdown in primary cells leads to abnormal chro-
mosome segregation. To rule out the possibility that the ab-
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FIG. 1. Brd4 knockdown by shRNA inhibits cellular proliferation
and leads to abnormal chromatin structure. (A) C33A cells were co-
transfected with either a control or Brd4 shRNA(NT) plasmid and a
plasmid encoding the ILR2 marker. At 48 h posttransfection, the
transfected cells were purified by affinity sorting using anti-ILR2 an-
tibodies immobilized on protein A-Sepharose. Two thousand purified
cells from each sample were seeded into a 96-well plate and analyzed
by BrdU cell proliferation assay. Results are expressed as relative light
units (RlIu) per second. Error bars indicate standard deviations. (B) C33A
cells were infected with retrovirus encoding either a control shRNA or a
Brd4 shRNA and a puromycin resistance marker. After 6 days of selection
in puromycin, cells were fixed and stained with an anti-Brd4 rabbit poly-
clonal antibody. The staining was detected by incubation with an Alexa
Fluor 594-conjugated goat anti-rabbit IgG. Cells were also counterstained
with DAPI to identify nuclei and mitotic chromosomes. Cells were exam-
ined under a Zeiss LSM 510 UV upright confocal microscope. Shown are
the cells infected with retrovirus encoding Brd4 shRNA (NT) (middle
panel) and Brd4 shRNA(CT) (lower panel).

normal effects we observed were cancer cell specific, we next
investigated the effect of Brd4 knockdown in primary HFKs.
HFKs were transfected with either Brd4 Sil or a control
siRNA, and at 72 h posttransfection, the cells were examined
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FIG. 2. Brd4 knockdown by siRNAs leads to chromosome misseg-
regation. (A) C33A cells were transfected with either one of the four
Brd4 siRNAs (Sil to -4) or a control siRNA (CO) or were mock
transfected. At 72 h posttransfection, protein lysates were harvested.
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using Brd4 immunostaining and DAPI counterstaining. In pri-
mary HFKs, Brd4 knockdown led to a high frequency of large
cells containing binuclear tetraploid (2 X 2N) and binuclear
octoploid (2 X 4N) nuclei (Fig. 3A). Quantitation revealed
that the number of binucleated and polynucleated cells was
much higher in the Brd4 knockdown cells than in the control
cells (Fig. 3B). The data clearly indicated a cytokinesis defect
in the Brd4 knockdown HFKs. We also noted the abnormal
accumulation of centrosomes in Brd4 knockdown cells (data
not shown). This result confirmed Brd4’s role in chromosome
segregation. Interestingly, unlike the cancer cells, primary
HFK cells did not show any abnormal nuclear structure such as
lobulated nuclei, macronuclei, or micronuclei. The difference
in the nuclear morphologies of Brd4 knockdown cancer cells
and HFKs may be due to a lack of a centrosome-clustering
mechanism in the cancer cells (36). It has been suggested that
existence of the centrosome-clustering system in primary cells
prevents the amplified centrosomes from causing spindle mul-
tipolarity, while the lack of centrosome clustering in the cancer
cells leads to lobulated macro- or micronuclei (36) (see Dis-
cussion).

Brd4 suppression downregulates the Aurora B pathway.
Previous studies have pointed to a role of Brd4 in both the
G,/S and G,/M transitions (11, 24, 30, 31, 33, 49). To gain
mechanistic insight into how Brd4 knockdown induced mitotic
defects, we examined the effects of Brd4 knockdown on a
number of mitotic checkpoint regulators, including securin,
cyclin B1, cyclin A, Aurora A, Aurora B, Plkl, APC2, Cdc2,
and Cdc27. C33A cells were transfected with either Brd4 Sil or
the control siRNA and protein levels determined by Western
blotting at 72 h posttransfection. Brd4 was efficiently knocked
down in the Brd4 siRNA-treated cells (Fig. 4A, Brd4 blot).
Among the factors tested, most showed similar protein levels
in the Brd4 knockdown cells and the control cells. Only the
Aurora B protein level was significantly decreased (by 69%) in
the Brd4 knockdown cells (Fig. 4A). In a separate experiment,
we showed that the Aurora B protein level was decreased by
56% in 293T cells, 58% in U20S cells, and 81% in C33A cells
(Fig. 4B and C). In addition, all four Brd4 siRNAs (Sil to Si4)
that target different regions of Brd4 triggered a significant
reduction of Aurora B protein levels, indicating that the re-
duction was a consequence of the Brd4 knockdown and not
due to an off-target effect of an individual siRNA used (data
not shown). Aurora B encodes a protein kinase that localizes
to inner centromeres at metaphase and to the spindle midzone
in anaphase. It is required for proper chromosome segregation
and cytokinesis (46). To further examine the impact of Brd4

Western blotting was performed using Brd4 and actin antibodies. (B)
C33A cells were transfected with either Brd4 Sil or a control siRNA.
Cells were fixed and subjected to anti-Brd4 immunofluorescent stain-
ing. Cells were counterstained with DAPI to identify nuclei and mitotic
chromosomes. Cells were examined under a Zeiss LSM 510 UV up-
right confocal microscope. Arrows indicate the Brd4 knockdown cells
with abnormal chromatin structure. The experiment shown is repre-
sentative of over 10 experiments. (C) C33A cells were transfected with
either a control siRNA or a Brd4 siRNA as indicated. Cells were
stained as for panel B and examined under a Leica DMLB epifluores-
cence microscope equipped with a Leica DC 500 digital camera.
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FIG. 3. Brd4 knockdown leads to abnormal chromosome segrega-
tion in HFKs. (A) Primary HFKs were transfected with either Brd4
siRNA Sil or a control siRNA. Cells were fixed and subjected to
anti-Brd4 immunofluorescent staining and DAPI nuclear staining. Ar-
rows mark the enlarged Brd4 knockdown cells with binucleated or
polynucleated structure. (B) Cells with abnormal nuclei were quanti-
tated from 100 cells. Three independent experiments were performed.
The averages * standard deviations are shown.

knockdown on Aurora B expression and localization, 293T
cells were transfected with either Brd4 Sil or the control
siRNA and examined by immunofluorescent double staining of
Brd4 and Aurora B. In the control cells, Aurora B associates
with condensing chromatin, localizes to centromeres during
prometaphase, and relocates to the equatorial region along the
midzone microtubules after onset of anaphase. However, the
Aurora B signals were dramatically reduced in both nuclear
locations in Brd4 knockdown cells (Fig. 5, left panel, Aurora B
staining). This result confirmed the observation of a reduction
in protein level made by anti-Aurora B Western blot analysis
(Fig. 4). Notably, the catastrophic mitotic defects observed in
Brd4 knockdown 293T cells an lacking Aurora B signal closely
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resembled the nuclear morphology of cells in which Aurora B
is either inhibited or knocked down (Fig. 5, left panel) (44).

Brd4 regulates Aurora B gene expression. To test whether
Aurora B is a downstream target gene of Brd4, we examined
the level of Aurora B transcript in Brd4 knockdown cells.
C33A cells were mock transfected or transfected with either
Brd4 Sil or a control siRNA. After verification of Brd4 knock-
down by Western blot analysis (data not shown), total RNA
was isolated from the cells and subjected to RT-PCR analysis.
Compared to the control siRNA-treated cells and mock-trans-
fected cells, transfection by Brd4 siRNA significantly de-
creased Brd4 RNA levels. More importantly, the Aurora B
RNA level was also significantly reduced (by 76%) in the Brd4
siRNA-treated cells compared to the control cells (Fig. 6A). In
contrast, the RNA levels of Aurora A, a member of the same
family of serine/threonine protein kinases as Aurora B, re-
mained unchanged upon Brd4 knockdown. In addition, the
RNA levels of several other genes tested, such as Cdc27 and
actin, were not significantly affected by the Brd4 siRNA. These
data established that Aurora B RNA was specifically reduced
upon Brd4 suppression, supporting the hypothesis that Aurora
B is a downstream target gene of Brd4.

Aurora B is an important regulator of mitosis, and its
mRNA and protein levels are tightly regulated in a cell cycle-
dependent manner (21). The Aurora B promoter activity and
mRNA level are upregulated during M phase, and the cell
cycle-dependent element (CDE) and cell cycle gene homology
region (CHR) upstream of the Aurora B transcription initia-
tion sites regulate the cell cycle-dependent expression (21). To
examine Brd4 function in regulating Aurora B promoter activ-
ity, the wild-type Aurora B promoter-luciferase construct
pGL3-1879 (AurB L) and pGL3-185 (AurB S), which contains
a fragment of from —185 to +359 with full promoter activity
(21), were individually transfected into 293T cells with either a
Brd4 expression construct or an empty vector. A pGL3-basic
vector and a luciferase construct containing six E2F binding
sites were also used in the experiment as specificity controls.
Luciferase activity was measured at 24 h posttransfection. As
shown in Fig. 6B, Brd4 expression significantly enhanced the
expression of both the AurB L and AurB S reporter constructs
(Fig. 6B). In contrast, luciferase reporter expression from
pGL3-basic, the six-E2F-luciferase construct, or the Cdk2 pro-
moter-luciferase constructs was not affected by Brd4 (Fig. 6B
and data not shown). These data showed that Brd4 specifically
stimulated Aurora B promoter activity.

To further examine the effect of Brd4 overexpression, the
C33A/GFP-H2B stable cells were transfected with either an
empty vector or a Brd4 expression construct. Interestingly,
overexpression of Brd4 in C33A cells led to an increased num-
ber of cells containing abnormal nuclei and defective chromo-
somal structure (data not shown). Compared to the 1.5% mi-
totic index observed in the cells expressing GFP, GFP-Brd4
expression in cells reduced the mitotic index to 0%. Further-
more, overexpression of Brd4 also increased the Aurora B
RNA level without affecting the Aurora A RNA level (data not
shown). We also examined the effect of Brd4 overexpression
on the Aurora B protein level. C33A cells were transfected
with either an empty vector or a Brd4 expression construct.
The increased Brd4 protein level was validated by anti-Brd4
Western blotting. The Aurora B protein level was also signif-
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FIG. 4. Brd4 knockdown reduces Aurora B protein levels in cells. (A) C33A cells were transfected with either Brd4 Sil (KD) or a control
siRNA (CO). Cells were harvested at 72 h posttransfection. Protein lysates were analyzed by Western blotting using specific antibodies as indicated.
Only the Aurora B protein level was significantly decreased (by 69%) in the Brd4 knockdown cells (arrows). (B) HEK293T, U20S, and C33A cells
were transfected as for panel A and analyzed by anti-Brd4 Western blotting. (C) Anti-Aurora B Western blot of lysates prepared for panel B. Actin

is shown as a loading control.

icantly increased in the cells with ectopic Brd4 expression (Fig.
6C). These results demonstrated that ectopic expression of
Brd4 results in increased endogenous Aurora B levels and
abnormal chromosome segregation. Together, the study iden-
tified the Aurora B gene as a gene whose transcription is
regulated by Brd4.

Brd4 contributes to the mitotic activation of Aurora B in
synchronized cells. In view of the fact that Aurora B expression
is strictly regulated in a cell cycle-dependent manner, we next
examined how Brd4 affects the mitotic activation of Aurora B
expression. T98G cells were synchronized to enrich for cells in
mitosis using serum starvation as described previously (7).
Cells were released from starvation into growth medium con-
taining 10% FCS and analyzed hourly by DAPI staining for
mitotic cells. The peak was 31 h after release, when greater
than 50% of the cells were in mitosis as determined by DAPI
staining. Western blot analysis revealed that the Aurora B
protein level was increased more than threefold in the mitotic
cells compared to nonsynchronized cells (Fig. 7A). To examine
whether Brd4 contributed to this increase in Aurora B protein
levels during mitosis, the T98G cells were transfected with
control siRNA or Brd4 siRNA and the cells were synchronized
by serum starvation, released, and analyzed during mitosis at
31 h. As shown in Fig. 7B, compared to the control siRNA-
treated cells, the Aurora B protein level was dramatically re-
duced in the Brd4 siRNA-treated cells in mitosis. This result
demonstrates that Brd4 directly contributes to the activation of
Aurora B expression during mitosis.

DISCUSSION

Our previous studies have identified Brd4 as the host mitotic
chromosome receptor for the BPV E2 protein (25, 51). Brd4
also functions in E2-mediated viral transcriptional regulation
and is a mitotic chromosome-associated binding protein for
the KSHV latency-associated nuclear antigen protein (33, 53).
In cells, Brd4 plays a crucial role in cellular growth control, cell
cycle progression, and tumor suppression. However, the mo-
lecular mechanisms underlying the Brd4 cellular functions are
complex. In the present study, we showed that this mitotic
chromosome-associated protein is essential for maintaining a
properly condensed chromatin structure to ensure accurate
chromosomal segregation. Knockdown of Brd4 inhibited cel-
lular proliferation and led to abnormal centrosome accumula-
tion, aberrant chromosome segregation and failures in cytoki-
nesis in both cancer cells and primary cells. Interestingly, Brd4
overexpression also introduced similar chromosome segrega-
tion defects. We demonstrated that suppression of Brd4
expression by RNA interference downregulates Aurora B tran-
scription while overexpression of Brd4 enhances the endoge-
nous Aurora B expression in transfected cells. The impaired
regulation of Aurora B expression in human cells by Brd4
knockdown or overexpression coincided with mitotic catastro-
phe and multinucleation that are typically observed when Au-
rora B is inactivated or overexpressed in cancer cells. Overall,
our data suggest that Brd4 is essential for the maintenance of
the cell cycle progression and the transcription of cell cycle
regulatory kinase Aurora B. The phenotype of Brd4 knock-



5100 YOU ET AL.

Brd4

FIG. 5. Aurora B protein level and chromosomal localization after
Brd4 knockdown. 293T cells were transfected with either Brd4 Sil
(KD) or a control siRNA (CO). At 72 h posttransfection, cells were
fixed and double stained with anti-Brd4 and anti-Aurora B antibodies.
The staining was detected by incubation with an Alexa Fluor 594-
conjugated goat anti-rabbit IgG (red) and an Alexa Fluor 488-conju-
gated goat anti-mouse IgG (green), respectively. Cells were also coun-
terstained with DAPI and examined under a Zeiss LSM 510 UV
upright confocal microscope.

down that we observed is consistent with the work published by
Ozato’s group showing that, after nocodazole-induced mitotic
arrest, Brd4™ cells show an increased frequency of abnormal
chromosomal segregation (31). Together, these studies dem-
onstrate that properly maintained Brd4 expression is critical to
ensure precise mitotic progression and that dysregulation of
Brd4 leads to catastrophic mitotic defects that are frequently
observed in cancer cells.

Mochizuki et al. have recently reported the results of a
microarray analysis with NIH 3T3 cells following infection with
a Brd4 shRNA lentivirus (30). Their study demonstrated that
Brd4 stimulated G, gene expression by binding to multiple G,
gene promoters in a cell cycle-dependent manner. Aurora B
was not listed as one of the genes deregulated by Brd4 knock-
down in that study. We have performed a similar microarray
analysis with unsynchronized human cells transfected with
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FIG. 6. Brd4 regulates Aurora B gene transcription. (A) C33A cells
were transfected with either Brd4 Sil (KD) or a control siRNA (CO) or
were mock transfected (C33A). Total RNA was harvested and subjected
to RT-PCR using gene-specific primers. Actin expression is shown as a
loading control. (B) Brd4 expressing construct pcDNA4C-Brd4-FL
(Brd4) or an empty vector pcDNA4C (vector) was cotransfected with a
luciferase reporter carrying no promoter (GL3-basic), six E2F binding
sites (6xE2F), Aurora B long promoter (pGL3-1879, AurB L), or Aurora
B short promoter (pGL3-185, AurB S) into 293T cells. At 24 h posttrans-
fection, cell lysates were harvested for luciferase analysis. Results were
normalized to the protein concentration in the lysates. Luciferase activity
is expressed as the mean =* standard deviation of triplicate luciferase
measurements. The data represents the averages from three independent
experiments. (C) C33A cells were transfected with either an empty vector
(V) or a Brd4-expressing construct, pPCMV2-F-mBrd4 (Brd4). At 48 h
posttransfection, protein lysates were analyzed by Western blotting using
Brd4, Aurora B, and actin antibodies.
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FIG. 7. Brd4 regulates Aurora B activation during mitosis.
(A) T98G cells were cultured in DMEM and 10% FCS. At 60 to 80%
confluence, the cells were incubated with starvation medium (DMEM
with 4.5 g/liter glucose) for 72 to 96 h. Cells were then released into
release medium (DMEM with 4.5 g/liter glucose and 10% FCS). At
31 h after release, the peak for mitotic cells (>50%), protein lysates
were prepared and analyzed by Western blotting using anti-Aurora B
antibodies. Actin is shown as a loading control. (B) T98G cells were
transfected with either Brd4 Sil (KD) or the control siRNA (CO). At
24 h posttransfection, cells were synchronized as described above. At
the peak of mitosis (31 h after release from starvation medium),
protein lysates were prepared and analyzed by anti-Aurora B Western
blotting. Actin is shown as a loading control.

Brd4 siRNA, in which we detected a 1.4-fold reduction in
Aurora B expression upon Brd4 knockdown (unpublished re-
sults). Such a moderate reduction might have been below the
cutoff level of the study published by Mochizuki et al. (30). The
modest reduction in Aurora B expression is likely due to
the fact that the Aurora B transcript level is relatively low in
the asynchronized cells. By examining the cells synchronized at
mitosis (Fig. 7), we were able to demonstrate a more dramatic
inhibition of Aurora B expression by Brd4 knockdown.
Aurora B kinase is a chromosomal passenger protein and
plays a crucial role in chromosome condensation, alignment,
spindle checkpoints, chromosome segregation, and cytokinesis
(28). Impaired regulation of Aurora B expression in human
cells causes chromosomal abnormality and instability. Both the
expression level and the kinase activity of Aurora B have been
found to be upregulated in a variety of human cancers, indi-
cating that this kinase might serve as a useful target for the
development of anticancer drugs (4, 20, 43). Overexpression of
Aurora B results in centrosome amplification and multinucle-
ation in human cells, causing unequal distribution of genetic
information and creating aneuploidy cells, one of the hall-
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marks of cancer (2, 14, 29, 32, 45). Interestingly, downregula-
tion or overexpression of an inactive form of Aurora B yields
the same polyploidization phenomenon in human cells as Au-
rora B overexpression. Aurora B knocked down by RNA-
mediated interference prevents the formation of the midbody
and leads to abnormal chromosome segregation and multinu-
cleated cells as a consequence of cytokinesis failure (13). De-
pletion of Aurora B or overexpression of a kinase-inactive
form in cells would also compromise the spindle checkpoint
because the activity of Aurora B is required for checkpoint
protein recruitment. The Brd4 knockdown-induced chromo-
some lagging in metaphase, chromosome segregation error,
and errors in cytokinesis as presented in our study match pre-
cisely the chromosome segregation defects triggered by Aurora
B knockdown or inactivation. These data were consistent with
the fact that Aurora B levels were significantly reduced in Brd4
knockdown cells (Fig. 4). Due to the severe mitotic defect
introduced by Brd4 knockdown, it was impossible to establish
a stable Brd4 knockdown cell line. This is in agreement with
the fact that deletion of the Brd4 gene is embryonically lethal
in mice (15). In line with the fact that either increased or
decreased Aurora B leads to phenotypically identical mitotic
defects, the overexpression of Brd4, which enhanced Aurora B
transcription, leads to the same mitotic abnormality as Brd4
knockdown. These observations support the idea that properly
maintained Aurora B levels are essential for successful com-
pletion of chromosome segregation. Due to the Brd4 overex-
pression phenotype, our attempts to rescue the Brd4 siRNA
defect were not successful. The rescue construct introduced
severe cellular toxicity in the transfected cells, thus preventing
further analysis of the Brd4 siRNA specificity. To overcome
this problem, we used a set of two different Brd4 shRNAs and
four different siRNAs that target different regions of the Brd4
mRNA to demonstrate the same mitotic defects, essentially
ruling out the possibility of potential off-target effects being
responsible for the observed phenotype. Besides the morpho-
logical analysis of the Brd4 knockdown cells, we have also
examined how the Aurora B transcription, promoter activity
and protein levels are modulated by Brd4 knockdown or over-
expression. Despite the important function of Aurora B kinase
in mitotic progression and cancer development, the mecha-
nisms regulating Aurora B expression through the cell cycle
remain largely unknown. Our functional studies provide evi-
dence supporting a role for Brd4 in regulating the Aurora B
pathway, thus contributing to the mitotic progression.

Both Aurora B promoter activity and mRNA transcription
are upregulated during M phase. The cell cycle-dependent
Aurora B expression is tightly regulated by the CDE and CHR
upstream of the transcription initiation sites, which regulate
the promoters by binding proteins (22, 35, 42, 47, 55). Highly
homologous CDE-CHR elements have been identified in the
promoter regions of genes such as those for Aurora A, Plk,
Cdc25C, Cdc2, B-myb, cyclin A, and cyclin B2 and have been
implicated in regulating gene expression in a cell cycle-depen-
dent manner (22, 35, 42, 47, 55). The Aurora B mRNA level is
regulated by a subset of E2F/DP family proteins that bind to
the CDE (21). It will be interesting to investigate if Brd4 is a
component of protein complexes that bind to the CDE or
CHR sites in vivo. Notably, Brd4 knockdown by siRNA could
not completely abrogate the transcription of Aurora B pro-
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moter luciferase reporters (data not shown), suggesting that
the mechanism of Aurora B expression may be complex and
that additional cellular factors besides Brd4 may contribute to
regulation of Aurora B transcription. Nonetheless, the data
presented here establish that Brd4 is involved in the regulation
of the important cell cycle regulator Aurora B kinase and as
such contributes to mitotic progression.

Most tumor cells are characterized by increased genomic
instability and chromosome segregation defects, often associ-
ated with hyperamplification of centrosomes and formation of
multipolar spindles. We observed a large number of macronu-
clei and micronuclei in cancer cells in which Brd4 had been
knocked down. However, Brd4 knockdown in primary HFKs
resulted primarily in binucleated or polynucleated cells. The
centrosome hyperamplification in primary cells when Brd4 is
knocked down did not lead to multipolarity in the primary
cells. This is consistent with the theory that a process called
centrosomal clustering prevented the formation of multipolar
spindles in noncancer cells with accumulated centrosomes
(36). However, the lack of a centrosome-clustering mechanism
in cancer cells leads to a loss of centrosome coalescence, al-
lowing multipolar spindle formation at a high frequency (36).
This difference in the cancer cells might eventually result in the
multipolar phenotype that we observed in the Brd4 knockdown
cancer cells. Thus, our study further supports the notion that
centrosome clustering may be an important mechanism for
preserving genomic stability in noncancer cells.

Brd4 has emerged as an important host cell cycle regulator,
tumor suppressor, and DNA tumor virus target. In order to
establish Brd4 as an efficient antiviral and antitumor target,
more studies are needed to understand the mechanisms that
regulate the Brd4 cellular functions and its multiple roles in
the life cycles of the various viruses with which it has now been
associated. The specificity of Brd4 in the regulation of its
downstream targets remains an interesting question for future
studies. The identification of mechanisms controlling Brd4
functions in the cell cycle regulation and tumor suppressor
pathways may facilitate the development of novel antitumor as
well as antiviral therapeutic approaches.
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