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Brd4 belongs to the BET family of nuclear proteins that carry two bromodomains implicated in the
interaction with chromatin. Expression of Brd4 correlates with cell growth and is induced during early G1 upon
mitogenic stimuli. In the present study, we investigated the role of Brd4 in cell growth regulation. We found
that ectopic expression of Brd4 in NIH 3T3 and HeLa cells inhibits cell cycle progression from G1 to S.
Coimmunoprecipitation experiments showed that endogenous and transfected Brd4 interacts with replication
factor C (RFC), the conserved five-subunit complex essential for DNA replication. In vitro analysis showed that
Brd4 binds directly to the largest subunit, RFC-140, thereby interacting with the entire RFC. In line with the
inhibitory activity seen in vivo, recombinant Brd4 inhibited RFC-dependent DNA elongation reactions in vitro.
Analysis of Brd4 deletion mutants indicated that both the interaction with RFC-140 and the inhibition of entry
into S phase are dependent on the second bromodomain of Brd4. Lastly, supporting the functional importance
of this interaction, it was found that cotransfection with RFC-140 reduced the growth-inhibitory effect of Brd4.
Taken as a whole, the present study suggests that Brd4 regulates cell cycle progression in part by interacting
with RFC.

The bromodomain is a conserved motif that is present in
many nuclear regulatory factors and forms four � helices (13,
46; F. Jeanmougin, J. M. Wurtz, B. Le Douarin, P. Chambon,
and R. Losson, Letter, Trends Biochem. Sci. 22:151–153,
1997). Structural studies of the bromodomains in PCAF,
GCN5 (32), and TAF250 indicate that they have a binding
affinity for acetylated lysines and acetylated histone H4 (13,
23), leading to the proposal that the domain acts as a chroma-
tin-targeting module (46). Proteins that carry a bromodo-
main(s) generally possess additional unique motifs that are
associated with distinct functions. Based on these and other
features, bromodomain-carrying proteins are classified into
several families (Jeanmougin et al., letter). They include the
SWI/SNF family, the transcriptional coactivator family, and
the histone acetylase family.

The BET family constitutes another distinct group of bro-
modomain proteins. Although their functions are poorly un-
derstood, proteins of this family share a characteristic struc-
tural feature: they have two bromodomains and an additional
ET domain (37; Jeanmougin et al., letter). Drosophila melano-
gaster fsh is the oldest known member of the BET family (14,

21). In Saccharomyces cerevisiae, there are two BET family
proteins, bdf1 and bdf2, which are similar in structure (7, 29).
While each gene alone is not essential, disruption of both bdf1
and bdf2 is lethal (29). Bdf1 is part of a general transcription
factor complex, playing a role in transcription (28). In addition,
previous genetic analysis indicated that it plays a role in cell
growth regulation (7). In mammals, there are five genes that
encode members of the BET family (2, 12, 25, 35, 38). Under
the guidance of the human and mouse genome nomenclature
committees, these genes have recently been redesignated brd1
through brd5. Brd2, previously known as Ring3/fsrg1, is a com-
ponent of the transcription mediator (24). It is expressed in
proliferating cells in mouse tissues and leukemia cells in hu-
mans (35) and may have a kinase activity (9, 10). Less is known
about Brd1, Brd3, and Brd5 (25, 38; Jeanmougin et al., letter).
Brd4 is a novel member of the family, which we reported
previously under the tentative designation of MCAP (mitotic
chromosome-associated protein) (12). Both mouse and human
Brd4/mcap encode a 200-kDa nuclear protein which has a
signature BET motif in the N-terminal region and a large
C-terminal region (see Fig. 6A). We have previously shown
that Brd4 is expressed in dividing cells and tissues and is in-
duced in response to growth stimuli. The Brd4 protein associ-
ates with condensed chromosomes during mitosis, a feature
similarly found in the yeast bdf1 (7, 12).

The aim of this study was to delineate the role of Brd4 in cell
growth regulation and to begin to address the possible mech-
anism of the regulation. As an initial approach to this goal, we
have used ectopic-expression strategies. Transient, stable, and
tetracycline (TET)-inducible Brd4 expressions all led to
growth inhibition in NIH 3T3 cells. Analysis of synchronized
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cells showed that ectopic expression of Brd4 inhibits progres-
sion from G1 to S phase. Similar cell cycle inhibitory effects
were seen in HeLa cells following Brd4 transfection. We show
in this paper that Brd4 interacts with replication factor C
(RFC) in vivo and in vitro. RFC is a component of the con-
served replication machinery (6, 17, 30, 41, 44) that is essential
for DNA replication (11, 15, 36). In vitro DNA elongation
reactions that depend on RFC were inhibited by recombinant
Brd4, providing a possible explanation for the effect of Brd4.
Cotransfection with RFC-140 counteracted the growth-inhibi-
tory effect of ectopic Brd4, further suggesting the functional
significance of the Brd4-RFC interaction. As additional evi-
dence supporting the significance of the interaction, it was
found that deletion of a bromodomain that abolished the in-
teraction with RFC also abolished inhibition of S-phase entry
by ectopic Brd4. Together, the present results indicate that
Brd4, by interacting with RFC, participates in the regulation of
cell cycle progression from G1 to S.

MATERIALS AND METHODS

Plasmids and antibodies. Full-length murine Brd4 cDNA (12) and Brd4 de-
letion mutants were subcloned into the following vectors: pCMV2-Flag (Kodak),
pcxn2 (3), pTRE (Clontech), pEGFP-C1, pEGFP-N3 (Clontech), and
pAcHLTC (PharMingen). Internal deletions of Brd4 were constructed from
full-length MCAP cloned in pBluescript II SK� (Stratagene) with EcoRI sites at
both termini of the cDNA. Deletions were introduced by digestion through
appropriate restriction sites with partial fill-in by T4 DNA polymerase, mung
bean nuclease, and religation. Deletions and in-frame sequences without unde-
sired mutations were confirmed by DNA sequencing. Murine RFC-140 cDNA
was cloned into pcDNA3.1 (Invitrogen). Rabbit antibodies to Brd4 were as
described previously (12). Rabbit antibody to RFC-140 was raised against the
bacterial recombinant RFC-140 protein fused to the maltose-binding protein and
affinity purified. Antibodies to small subunits of RFC were as described previ-
ously (41). Antibodies to PCNA, YY1 and green fluorescent protein (GFP) were
obtained from Santa Cruz, Flag M2 was obtained from Sigma, bromodeoxyuri-
dine (BrdU) was obtained from PharMingen, and second antibodies were ob-
tained from Amersham.

Cell culture, transfection, and monitoring of cell growth. NIH 3T3 cells were
grown in Dulbecco’s modified Eagle’s medium supplemented with 10% calf
serum and were synchronized by serum starvation. Cells were cultured in the
presence of 0.1% serum for 48 to 72 h and then released to the complete medium
for designated periods. Transfection was performed with Lipofectamine or Li-
pofectamine-Plus (Life Technologies). In some experiments, transfected cells
were separated by cotransfecting cells with pCMX-IL-2R and then sorting trans-
fected cells with antibody to IL-2R (3, 31). TET-inducible Brd4 expression was
performed as follows. NIH 3T3 clones were generated following transfection of
pTk-hygro and pTRE (Clontech) containing full-length Brd4 into cells that had
been transfected with pTet-On vector (Clontech). Brd4 expression was induced
by doxycyline (DOX) at specified doses for specified periods. Cell yields, BrdU
incorporation, and cell cycle profiles were monitored by using previously de-
scribed procedures (12, 31) and are detailed in the legends to the figures. HeLa
cells were cultured in the same medium as described above supplemented with
10% fetal bovine serum and synchronized by double-thymidine block (12).

BrdU staining. Synchronized NIH 3T3 cells transfected with GFP-Brd4 dele-
tion mutants were incubated with 10 �M BrdU for 16 h and fixed with 4%
paraformaldehyde. Cells were blocked in a blocking buffer (phosphate-buffered
saline containing 0.1% Tween and 3% bovine serum albumin) for 1 h, incubated
in 2 N HCl for 10 min, washed and permeabilized in 0.25% Triton X for 5 min,
and incubated with anti-BrdU antibody at 37°C for 1 h and then with rhodamine-
conjugated anti-mouse immunoglobulin G for 1 h. Cells were counterstained
with Hoechst 33342 (1 �g/ml) for 3 min. Stained cells were viewed by using a
Zeiss Axiophot microscope with a 63� planachromat objective.

Coimmunoprecipitation assays. Preparations of nuclear extracts from NIH
3T3 cells and coimmunoprecipitation analysis were performed according to a
previously described method (19), with minor modifications. Briefly, 60 �l (�300
to 500 �g) of protein G precleared extracts were incubated with anti-Brd4 or
anti-RFC-140 antibody overnight at 4°C and mixed with 50 �l of protein G-
Sepharose beads for 1 h. HeLa cells transfected with Flag-Brd4 were synchro-

nized at G1 and harvested at G1/S, and extracts were prepared following lysis in
buffer containing 20 mM HEPES (pH 7.9), 0.2 M NaCl, 1 mM EGTA (pH 7), 1
mM EDTA (pH 8), 0.6% NP-40, 10% glycerol, 1 mM dithiothreitol, 1 mM
Na3VO4, 50 mM NaF, 0.5 mM phenylmethylsulfonyl fluoride, and 1 mM sodium
molybdate and dialyzed in buffer containing 20 mM HEPES (pH 7.9), 20%
glycerol, 0.1 M KCl, and 0.2 mM EDTA (pH 8). About 150 �g of extracts was
incubated with 30 �l of anti-Flag affinity gel (Sigma) at 4°C for 4 h. Bound
materials were eluted with 2� sodium dodecyl sulfate (SDS) sample buffer,
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) on a 4 to 20%
gradient gel, and immunoblotted with the designated antibodies.

Brd4-RFC interaction in vitro. The in vitro coupled transcription-translation
reaction of the cDNAs encoding the five subunits of human RFC were carried
out with the TNT Quick Coupled Transcription/Translation System (Promega)
according to the manufacturer’s protocols. The cDNAs used in the reactions
have been previously described and have been shown to produce biologically
active RFC (41). Hexahistidine-tagged, recombinant Brd4 was produced by clon-
ing corresponding cDNA fragments into pAcHLTC baculovirus vector (Phar-
Mingen) and was purified on Ni2� resin beads (Qiagen) (3). The in vitro tran-
scription-translation reaction was conducted by mixing specified amounts of
purified recombinant Brd4, 0.35 �g of each RFC subunit plasmid, 60 �l of TNT
Quick reticulocyte lysate, and 45 �Ci of L-[35S]methionine (1,000 Ci/mmol;
NEN) and incubating the mixture at 30°C for 90 min. DNase I (750 U; Boehr-
inger) was then added, and the mixture was incubated for 10 min at 30°C.
Antibodies (1 �l) specific for either the N-terminal sequence of Brd4 or the p37
subunit of RFC were added to 20-�l aliquots of the in vitro transcribed-trans-
lated RFC reaction mixture, which was then incubated on ice for 1 h. The
immunocomplexes were diluted fivefold, bound to 10 �l of protein A-Sepharose
beads (Upstate Biotechnology) equilibrated with wash buffer (25 mM Tris-Cl
[pH 7.5], 10% glycerol, 5 mM EDTA, 1 mM dithiothreitol, 0.15 M NaCl, 0.5%
NP-40, 1% bovine serum albumin), incubated for 30 min at 4°C, and then washed
five times. Bound materials were separated by SDS–12% PAGE, and bands were
visualized by autoradiography.

In vitro replication assay. The replication assay using singly primed M13 DNA
as the template was carried out as previously described (41). Six femtomoles of
a singly primed DNA template, 0.5 pmol of PCNA, 250 ng of RPA, and 0.5 U of
DNA polymerase � were mixed with specified amounts of RFC and a recombi-
nant Brd4 deletion mutant, D1 or D3, in a total reaction mixture of 20 �l for 30
min at 37°C. An aliquot was used to measure labeled nucleotide incorporation,
and an aliquot was subjected to alkaline-agarose gel electrophoresis. After being
dried, the gel was subjected to autoradiography.

RESULTS

Ectopic Brd4 expression inhibits cell growth. To explore the
role of Brd4 in cell growth, NIH 3T3 cells were stably trans-
fected with an expression vector for Brd4 and selected for
G418 and colony formation was examined two weeks later. As
shown in Fig. 1A, the number of colonies that arose from
Brd4-transfected cells was much fewer than that from cells
transfected with a control vector (�30%). Immunoblot analy-
sis of pooled Brd4 transfectants (Fig. 1A) verified an increase
in Brd4 expression compared to that in control transfectants.
Similar growth-inhibitory effects were seen in other cell types
including HeLa cells transfected with Brd4 (data not shown),
providing the first indication that ectopic Brd4 expression is
growth inhibitory.

NIH 3T3 cells stably expressing ectopic Brd4 grew slowly
and could not be maintained for extended periods of time,
making a detailed study difficult. To further analyze the growth
inhibition observed with Brd4, we established a TET-inducible
Brd4 expression system (1) in NIH 3T3 cells. The results with
a representative TET-inducible clone (Fig. 1B) showed that
Brd4 expression was induced within 8 h after the addition of
DOX in a dose-dependent manner. The low level of Brd4
expression seen before the addition of DOX represents the
expression of the endogenous protein. Figure 1C shows a com-
parison of the cell yields from the parental clone with those
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from the inducible Brd4 clone over 4 days of DOX treatment.
Cell growth was markedly attenuated in the inducible Brd4
clone following the addition of DOX, although the same clone
grew rapidly in the absence of DOX. At the end of 4 days, cell
yields from DOX-treated cultures were 20- to 50-fold less than
those from untreated cultures. In contrast, parental cells grew
exponentially over the same period, regardless of whether cells
were treated with DOX or left untreated. The results of im-
munoblot analysis (Fig. 1C, right) confirmed that Brd4 was
induced in a DOX-dependent manner in the inducible cells,
while the endogenous Brd4 expression in parental cells was
unaffected by DOX treatment during the same period. Three
additional TET-inducible Brd4 clones also showed DOX-in-
ducible inhibition of cell growth (data not shown). These re-
sults show that ectopic Brd4 expression negatively affects cell
growth.

Ectopic Brd4 inhibits cell cycle progression from G1 to S
phase. To study the role of Brd4 in cell cycle regulation, NIH
3T3 cells were transiently transfected with the Brd4 fusion

constructs containing GFP either at the N or the C terminus
(Fig. 2A) along with the IL-2R vector. Transfected cells were
separated from untransfected cells by sorting IL-2R-positive
cells (3, 31) and were then allowed to grow for an additional
10 h. They were pulse-labeled with BrdU, and cell cycle pro-
files were analyzed by flow cytometry for DNA content and
BrdU incorporation (Fig. 2A). In the control transfection with
GFP alone, 35% of the cells were in S phase and incorporated
BrdU (Fig. 2A). In contrast, among cells transfected with Brd4
fusion constructs containing GFP (both GFP-Brd4 and Brd4-
GFP), only about 8% to 13% of cells were BrdU positive,
indicating an inhibition of S-phase entry. Immunoblot analysis
of sorted cells confirmed ectopic Brd4 expression in trans-
fected cells (Fig. 2A, right). This effect was reproducible and
was caused by Brd4 itself and not by GFP, since Brd4 without
GFP gave the same outcome (see Fig. 5). These data suggest
that ectopic Brd4 expression negatively affects cell cycle pro-
gression from G1 to S.

To further assess a cell cycle stage at which Brd4 exerts its

FIG. 1. Ectopic Brd4 expression inhibits cell growth. (A) Reduced colony formation by NIH 3T3 cells expressing ectopic Brd4. Cells (105) were
transfected with an empty vector, pcxn (Control) or pcxn2-Brd4 and selected in G418 for 2 weeks (upper panels). Colonies were stained with
methylene blue. The graph shows the number of colonies per plate in cells transfected with the control or Brd4. Also shown are the results of
immunoblot analysis of Brd4 protein expression in control (pcxn2) or pcxn2-Brd4 transfectants (lower right panels). YY1 was used as a control
for protein loading throughout this work. (B) TET-inducible Brd4 expression. TET-inducible cells were treated with DOX at the indicated doses
for the indicated hours, and Brd4 expression was detected by immunoblot analysis. (C) TET-induced inhibition of cell growth. Parental or
TET-inducible cells were treated with DOX (2 �g/ml) or left untreated, and cell numbers were counted on the indicated days (left panels).
Inducible Brd4 expression was monitored by immunoblot analysis (right panels).
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inhibitory activity, experiments were performed with synchro-
nized, TET-inducible cells. As diagrammed in Fig. 2B, parental
and TET-inducible Brd4 cells were serum starved for 72 h and
treated with DOX beginning at 48 h of starvation. Cells were
then released to a serum-rich medium and allowed to proceed

to G1 and S for the subsequent periods. Figure 2B shows cell
cycle profiles at 0 and 16 h after release. The great majority of
parental cells that had been arrested at G0 at the end of
starvation proceeded to S at 16 h after the addition of serum,
irrespective of DOX treatment. In contrast, about half of the

FIG. 2. Cell cycle analysis. (A) Reduced S-phase cells after transient Brd4 transfection. NIH 3T3 cells (2 � 106) were transfected with 30 �g
of GFP-Brd4, Brd4-GFP, or control pEGFP-Cl (GFP only) along with 3 �g of pCMX-IL-2R (left panels). Twenty-four hours after transfection,
cells were labeled with BrdU (10 �M) for 30 min and then sorted by anti-IL-2R antibody (GFP� cells, �95%). Nuclei were double stained with
fluorescein isothiocyanate-conjugated anti-BrdU antibody and PI and analyzed by flow cytometry. Also shown are the results of immunoblot
detection of GFP-Brd4 with anti-GFP antibody (right panels). (B) The parental and TET-inducible cells were synchronized by serum starvation,
and Brd4 was induced by DOX 24 h prior to release. Cells were harvested at 0 and 16 h after release, stained with PI, and analyzed by flow
cytometry. The panels at the right show the percentage of the S-phase population. Values represent the averages from three independent
experiments plus standard deviations. Panels at the bottom show the results of immunoblot detection of Brd4 expression.
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DOX-treated Brd4-inducible cells remained at G1 at 16 h,
indicating an inhibition of S-phase entry (Fig. 2B, right
graphs). The other half of the DOX-treated cells entered S at
this time. The variability of the levels of Brd4 induction may
account for the incomplete inhibition. Brd4-inducible cells not
treated with DOX, however, proceeded to S phase, verifying
that it is the ectopic Brd4 expression that inhibited S-phase
entry. DOX induction of Brd4 expression was confirmed by
immunoblot analysis (Fig. 2B, bottom). These results show that
ectopic Brd4 expression during G0 and G1 inhibits cell cycle
progression from G1 to S. We have also observed a notable
inhibition of S-phase entry with synchronized HeLa cells trans-
fected with Brd4 (data not shown).

Brd4 interacts with RFC in vivo. To examine the possibility
that ectopic Brd4 inhibits entry into S phase by interacting with
a protein involved in DNA synthesis, coimmunoprecipitation

analyses were performed. Among several proteins tested, we
found that RFC-140, the large subunit of RFC (4, 5, 44),
interacts with Brd4. Extracts from NIH 3T3 cells were first
precipitated with anti-Brd4 antibody, and the precipitated ma-
terials were tested for RFC-140 by immunoblot analysis. As
shown in Fig. 3A, RFC-140 was found in the precipitates along
with Brd4. Neither RFC-140 nor Brd4 was found in the pre-
cipitates from preimmune sera. Conversely, antibody to RFC-
140, but not preimmune sera, precipitated Brd4 along with
RFC-140, indicating that Brd4 and RFC-140 interacted with
each other in vivo.

To further substantiate the Brd4–RFC-140 interaction in
vivo, coimmunoprecipitation analysis was performed with cells
transfected with the Flag-tagged Brd4 (Fig. 3B). Extracts were
precipitated with anti-Flag antibody, and precipitated materi-
als were tested for RFC-140 by immunoblot analysis. Figure 3B

FIG. 3. Brd4-RFC interaction in vivo. (A) Coimmunoprecipitation of endogenous Brd4 and RFC-140. Extracts (500 �g of protein) from NIH
3T3 cells were immunoprecipitated (IP) with the antibodies indicated above the panels. Precipitates were tested for RFC-140 and Brd4 by
immunoblot analysis (Blot) using the indicated antibodies. Input represents 10% of the extracts used for precipitation. (B) Extracts from cells
transfected with a Flag-Brd4 or empty vector were immunoprecipitated with anti-Flag antibody, and precipitates were blotted for RFC-140 or
Flag-Brd4 (left panels). Extracts from cells transfected with Flag-Brd4 were immunoprecipitated with anti-RFC-140 antibody and blotted with
anti-Flag antibody or anti-RFC-140 antibody (right panels). Input represents 10% of extracts. (C) Coimmunoprecipitation of RFC subunits.
Extracts from cells transfected with Flag-Brd4 or the empty Flag vector were precipitated with anti-Flag antibody and blotted with antibodies to
the indicated subunits of RFC. Input represents 10% of extracts. (D) Lack of Brd4-PCNA interaction. Extracts were immunoprecipitated with the
antibodies indicated above the panels and blotted for Brd4, RFC-140, or PCNA.
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shows that anti-Flag antibody precipitated the endogenous
RFC-140 along with Flag-tagged Brd4. Supporting a specific
interaction between Brd4 and RFC-140, it was found that
anti-Flag antibody did not precipitate RFC-140 from samples
transfected with the empty Flag vector. In the reciprocal co-
immunoprecipitation assay, anti-RFC-140 antibody precipi-
tated Flag-tagged Brd4 along with the endogenous RFC-140.
The interaction between RFC-140 and the endogenous or
Flag-tagged Brd4 was also observed with extracts from HeLa
cells (see Fig. 6).

In addition to RFC-140, the complete RFC contains four
smaller subunits, p40, p38, p37, and p36 (6, 8, 16, 18, 34, 43,
47). To assess whether Brd4 interacts with the complete RFC
or only with RFC-140, materials precipitated by anti-Flag an-
tibody were blotted with antibodies against all five subunits
(41). As shown in Fig. 3C, all five RFC subunits were copre-
cipitated along with Flag-Brd4, indicating that Brd4 can inter-
act with the RFC as a complete complex. Confirming this
specificity, it was found that none of the subunits were precip-
itated from cells transfected with the empty vector. These
results indicate that Brd4 associates with the complete RFC in
vivo.

One of the important activities of RFC is binding to PCNA
and loading it onto replicating DNA (26, 30, 39, 40). It was of
interest to assess whether Brd4 also interacts with PCNA. To
address this question, coimmunoprecipitation analysis was per-
formed with antibodies to PCNA, RFC-140, and Brd4 (Fig.
3D). Anti-RFC-140 antibody coprecipitated Brd4 as well as
PCNA, as expected. However, anti-PCNA antibody did not
coprecipitate Brd4 (Fig. 3D, top left panel). Similarly, anti-
Brd4 antibody (Fig. 3D, right panels) precipitated RFC-140
but not PCNA. Neither PCNA nor Brd4 was precipitated by
preimmune antibody. These results indicate that Brd4 does not
interact with PCNA.

Brd4 interacts with RFC in vitro. To determine whether
Brd4 directly binds to RFC or interacts with RFC by binding to
a third-party protein, immunoprecipitation assays were per-
formed in vitro. The cDNAs encoding all five subunits of RFC
(41) were translated in vitro and 35S labeled in the presence of
recombinant full-length Brd4 or a Brd4 deletion mutant, D1,
and reactions were precipitated with antibody against Brd4.
Like D7, D1 lacks the C-terminal region but retains both
bromodomains (see Fig. 6A). As shown in Fig. 4A, anti-Brd4
antibody precipitated all five subunits of RFC both when they
were incubated with full-length Brd4 and when they were in-
cubated with D1. Control preimmune serum did not precipi-
tate any of the RFC subunits with either Brd4 or D1. D1 was
much more efficient than full-length Brd4 in precipitating RFC
under these conditions, although the basis for this is not clear
at present. Thus, Brd4 binds to the entire RFC as a complex
rather than to separate subunits. To identify the RFC subunit
responsible for binding to Brd4, the large subunit (p140) and
the small subunit p38 as well as the mixture of p40, p37, and
p36 were separately translated in vitro, 35S labeled, incubated
with full-length Brd4, and examined with an immunoprecipi-
tation assay as described above. As shown in Fig. 4B, only
p140, but not p38 or the combination of p40, p37, and p36, was
precipitated by anti-Brd4 antibody. These results indicate that
the large subunit of RFC, p140, but none of the small subunits,
directly binds to Brd4. Combining this result with the data

presented in Fig. 3C, it appears that binding of Brd4 to RFC-
140 does not disrupt the formation of the five-subunit complex.

Overexpression of RFC-140 counteracts the growth-inhibi-
tory effect of Brd4. The above-mentioned data suggested that
the interaction of Brd4 with RFC-140 is part of the mechanism
by which ectopic Brd4 inhibits progression to S, as overexpres-
sion of Brd4 may have interfered with the activity of RFC. If
this is the case, then ectopic expression of RFC-140 may offset
the negative effect of Brd4. Previously, Haque et al. showed
that overexpression of RFC-140 in NIH 3T3 cells stimulated
proliferation, increasing the percentage of cells in S (20). With
that report in mind, we first tested whether transfection with
RFC-140 could ameliorate the growth-inhibitory effect seen
with ectopic Brd4. TET-inducible Brd4 cells were transiently
transfected with an RFC-140 expression vector along with
IL-2R vector. Transfected cells were isolated by sorting,
treated with DOX for induction of Brd4 expression, and al-

FIG. 4. Brd4-RFC interaction in vitro. (A) Either full-length Brd4
(lanes 1 to 4) or D1 (lanes 5 to 8) (both 0.5 �g) was added to in vitro
transcribed-translated RFC. 35S-labeled RFC was immunoprecipitated
with preimmune sera (Pr) (lanes 2 and 6), Brd4 antisera (lanes 3 and
7), or p37 antisera (lanes 4 and 8). Precipitated materials were resolved
by SDS–12%PAGE. LO, load on, represents 10% of the aliquots used
in the immunoprecipitation. (B) Full-length Brd4 (0.4 �g) was added
to in vitro transcribed-translated RFC-p140, p40, p38, p37, and p36.
Material shown in lanes 1, 4, and 7 was immunoprecipitated with either
preimmune sera (lanes 2, 5, and 8) or anti-Brd4 antisera (lanes 3, 6,
and 9). Fifty percent of the immunoprecipitated products was sub-
jected to SDS–12%PAGE.
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lowed to grow for 48 h. Figure 5A shows the data for cell
recovery. Transfecting cells with a control vector and treating
them with DOX (hence overexpressing Brd4) led to a signifi-
cant reduction in cell yields (�50%) relative to what was seen
without DOX induction, as was expected from the data pre-
sented in Fig. 1C. In contrast, transfecting cells with RFC-140
led to a lower reduction (�18%) in cell yields following DOX
treatment. The results of immunoblot analysis presented in
Fig. 5A showed that transfection with RFC-140 increased the
expression of RFC-140 protein, irrespective of the addition of
DOX. As expected, DOX treatment induced Brd4 expression
at comparable levels in control and RFC-140-transfected cells.
These results indicate that RFC-140 counteracts the growth-
inhibitory effect of Brd4.

To ascertain whether ectopic RFC-140 relieves inhibition of
S-phase entry caused by ectopic Brd4, the following experi-
ments were performed. NIH 3T3 cells were transiently trans-
fected with Brd4 and RFC-140 along with IL-2R for 24 h and
pulse-labeled with BrdU. Transfected cells were separated by
sorting and were analyzed by flow cytometry for BrdU uptake
and propidium iodide (PI) staining. As seen in Fig. 5B,
whereas transfection with Brd4 alone reduced the percentage
of cells in S, transfection with RFC-140 alone led to an in-
crease in S-phase cells, which is in agreement with the results
of the report by Haque et al. (20). Importantly, compared with
transfection with Brd4 alone, cotransfection with Brd4 and
RFC-140 led to a significant increase in the percentage of
S-phase cells. Immunoblot analysis showed that transfection
with Brd4 and RFC-140 increased the expression of the re-
spective proteins and that RFC-140 did not inhibit Brd4 ex-
pression and vice versa (Fig. 5B). Several independent trans-
fection experiments gave similar outcomes (data not shown).
These results are consistent with the data presented in Fig. 5A
and indicate that RFC-140 relieved the inhibition of S-phase
entry by Brd4.

A bromodomain is required for the interaction with RFC-
140 and for the inhibition of progression from G1 to S. To
assess the domains of Brd4 involved in the interaction with
RFC and inhibition of S-phase entry, a series of Brd4 deletion
mutants was generated. As diagrammed in Fig. 6A, D3 lacked
the second bromodomain but retained the first bromodomain,
D8 lacked the first bromodomain but retained the second one,
D10 lacked both bromodomains, and D7 and D1 lacked the
large C-terminal region but retained both bromodomains.
These deletion mutants all carried the spacer region between
the two bromodomains. D5, on the other hand, lacked the
spacer and the first bromodomain. These deletion mutants
were expressed as GFP fusion constructs in NIH 3T3 cells, and
their intracellular localization was examined (Fig. 6B). Full-
length Brd4 fused to GFP localized to the nucleus with uni-
form distribution, except for the nucleoli, which is consistent
with the pattern of the endogenous Brd4 (12). Removal of one
or both bromodomains did not change the nuclear localization

FIG. 5. RFC-140 overexpression alleviates Brd4 inhibition of G1/S
transition. (A) Partial restoration of cell growth by RFC-140. TET-
inducible Brd4 cells (2 � 106) were transfected with 30 �g of pcDNA–
RFC-140 or empty vector along with 3 �g of pCMX–IL-2R. Trans-
fected cells were separated by sorting and induced by treatment with
DOX for 2 days. The graph indicates relative cell recovery, with the
cell yield from untreated cells taken to be 100%. Values are the means
from three independent experiments. The mean cell recoveries shown
in lanes 1 to 4 were 6.3 � 106, 3.2 � 106, 7.2 � 106, and 6.1 � 106,
respectively. The panels below the graph show the results of immuno-
blot detection of RFC-140 and Brd4. (B) Counterregulation of S-phase
entry by RFC-140 and Brd4. Cells (2 � 106) were transfected with 15
�g of pcxn2-Brd4 and/or 15 �g of pcDNA–RFC-140 along with 3 �g of
pcMX–IL-2R. Cells were allowed to proceed to S phase for 24 h and

were labeled with 10 �M BrdU for 30 min and then sorted as described
in the legend to Fig. 2A. Cells were stained with fluorescein isothio-
cyanate-conjugated anti-BrdU antibody and PI and were analyzed by
flow cytometry. The panels at the bottom show the results of immu-
noblot detection of Brd4 and RFC-140 in transfected cells.
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FIG. 6. Brd4 domains required for the interaction with RFC and inhibition of S-phase progression. (A) Diagram of Brd4 deletion constructs.
BD, bromodomain; ET, ET domain. Solid boxes represent the presence of indicated domains, and diagonal lines represent the absence of indicated
domains. (B) Subcellular localization of GFP-Brd4. NIH 3T3 cells (105) were transfected with 2 �g of the indicated constructs, and GFP
localization was visualized by microscopy 24 h after transfection. (C) HeLa cells synchronized at G1 were transfected with empty pCMV-Flag vector
(Cont, control), pCMV-Flag full-length Brd4, or the indicated deletion constructs and harvested at 16 h. Extracts were precipitated with anti-Flag
antibody and analyzed for RFC-140 and Flag-Brd4 by immunoblot analysis. Input represents Flag-Brd4 in 8% of the extracts. (D) Inhibition of
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(Fig. 6B, panels showing D3, D8, and D10). D7 and D1 also
localized to the nucleus (data not shown). However, D5, which
lacked the spacer region, localized exclusively to the cytoplasm
(Fig. 6B). These data show that the spacer region separating
the two bromodomains is at least partly responsible for the
nuclear localization of Brd4.

To assess the domains required for the interaction with
RFC-140, Flag-tagged Brd4 deletion mutants were transiently
transfected in synchronized HeLa cells, harvested at G1/S, pre-
cipitated with anti-Flag antibody, and tested for endogenous
RFC-140 by immunoblot analysis. As shown in the upper panel
in Fig. 6C, Brd4 deletion mutants of expected sizes were ex-
pressed in transfected cells and precipitated by the antibody.
The lower panel in Fig. 6C shows that RFC-140 was coprecipi-
tated with the wild-type Brd4, D7, and D8 but not with D3 and
D10, indicating that the second bromodomain, but not the first
one, is critical for the interaction with RFC-140.

We next examined whether the domain required for the
interaction with RFC-140 is also required for the inhibition of
S-phase entry by ectopic Brd4. NIH 3T3 cells were first syn-
chronized by serum starvation for 48 h and transfected with
GFP-Brd4 deletion mutants 4 h prior to release. Then they
were allowed to proceed through G1 and to enter S in the
subsequent 16 h in the presence of BrdU. As shown in Fig. 6D,
cells that entered S were detected by anti-BrdU antibody. Cells
expressing Brd4 deletion mutants were monitored with GFP,
and all cells were detected by Hoechst DNA stain. The use of
Lipofectamine-Plus, a high-efficiency transfection reagent, en-
abled microscopic inspection without the sorting of transfected
cells. On average, the transfection efficiency was �50% for all
constructs tested here, as about half of the cells on the fields
were GFP positive. Untransfected, GFP-negative cells incor-
porating BrdU on the same field served as internal controls.
The majority of control cells expressing only GFP incorporated
BrdU, indicating that they entered S. However, the majority of
cells expressing full-length Brd4, D7, or D8 failed to incorpo-
rate BrdU, indicating that they failed to enter S. In contrast,
cells expressing D3 and D10 incorporated BrdU, indicating
that these deletion mutants no longer inhibited S-phase entry.
The table presented in Fig. 6D shows the percentage of BrdU-
positive cells within transfected, GFP-positive cells, indicating
that deletion of the second bromodomain abolishes inhibition
of S-phase entry. In experiments performed with HeLa cells, it
was also found that only the wild-type Brd4, D7, and D8, but
not D3 or D10, inhibited BrdU uptake (data not shown). These
results indicate that both the interaction with RFC-140 and the
inhibition of S-phase entry are dependent on the second bro-
modomain of Brd4.

Brd4 inhibits DNA elongation reaction in vitro. To begin to
address the mechanism by which Brd4 inhibits BrdU incorpo-
ration at S phase, we investigated the activity of recombinant
Brd4 and its deletion mutants (D1 and D3) in the previously
established in vitro DNA replication system (41). While D1
and full-length Brd4 bind to RFC, D3 does not (Fig. 6C). The
influence of D1 and D3 on the elongation of a singly primed
M213 DNA substrate catalyzed by DNA polymerase � holoen-
zyme (including RFC and PCNA) was examined (Fig. 6E).
Increasing levels of D1 (Fig. 6E, lanes 5 to 7) markedly inhib-
ited DNA replication, whereas the addition of D3 hardly af-
fected the reaction (lanes 2 to 4). The inhibitory effects of D1
were reversed substantially by the addition of higher levels of
RFC (Fig. 6E, compare lanes 7 and 10). Inhibition by D1,
however, was not reversed by increased levels of PCNA and/or
DNA polymerase � (data not shown). These findings suggest
that D1 selectively affected the action of RFC. Full-length
Brd4 was also found to inhibit the elongation reaction, and this
effect was also reversed by increased levels of RFC (data not
shown). Thus, in keeping with the in vivo findings, the second
bromodomain of Brd4 appears to play a key role in affecting
the action of RFC.

Coexpression of Brd4 and RFC-140 during cell growth. Be-
cause the interaction between Brd4 and RFC-140 appeared to
exert a function when cells progress from G1 to S, we were
interested in assessing whether the expression of the two pro-
teins is regulated during cell growth. NIH 3T3 cells were syn-
chronized by serum starvation, and the expression of the pro-
teins was detected by immunoblot analysis (Fig. 7A). Brd4
expression was not detected at G0 but was induced during early
G1 and was observed throughout the remainder of the cell
cycle. RFC-140 expression was detected in quiescent cells (22).
The levels were reduced in early G1, followed by an increase in
late G1 just prior to entry into S, and RFC-140 remained
expressed in G2 and M. These results indicate that Brd4 and
RFC-140 are coexpressed through late G1 to M.

DISCUSSION

Role of Brd4 in cell cycle progression. The present study
established that Brd4 has a regulatory role in cell cycle pro-
gression from G1 to S. Our initial observation was that ectopic
Brd4 expression inhibits cell growth, as verified in three inde-
pendent systems, the stable and transient transfections as well
as the TET-inducible Brd4 expression (Fig. 1, 2, and 5). In
these experiments, the proportion of cells in S phase was re-
duced while that in G1 increased. Consistent with this result,
analysis with synchronized cells showed that ectopic Brd4 in-

BrdU uptake by ectopically expressed Brd4 deletion constructs. Serum-starved NIH 3T3 cells were transfected with 4 �g of EGFP-Brd4 by
Lipofectamine-Plus 4 h prior to release. Cells were allowed to proceed to S phase in the presence of BrdU (10 �M) for 16 h and were fixed and
stained for BrdU (diagram at top left). FBS, fetal bovine serum. The number of cells with GFP-Brd4 (green) with or without BrdU incorporation
(red) was counted from five independent fields. All cells were detected by Hoechst DNA stain (blue). A total of �150 cells was counted in each
field. The table at top right indicates the percentage of BrdU-positive cells in the total number of GFP-positive cells. (E) Influence of recombinant
Brd4 deletion constructs on the elongation of a singly primed DNA template by the DNA polymerase � holoenzyme. DNA elongation reactions
were carried out with 1 fmol (lanes 1 to 7) and 10 fmol (lanes 8 to 10) of RFC. Thirty-five, 70, 175, and 175 ng of D3 was added to lanes 2, 3, 4
and 9, respectively, and 35, 70, 175, and 175 ng of D1 was added to lanes 5, 6, 7 and 10, respectively. The DNA synthesized in each reaction (in
picomoles) was as follows: 9.81 in lane 1, 13.7 in lane 2, 9.82 in lane 3, 9.51 in lane 4, 8.01 in lane 5, 5.01 in lane 6, 2.61 in lane 7, 17.0 in lane 8,
16.4 in lane 9, and 12.2 in lane 10. In the absence of RFC, no DNA synthesis was observed (data not shown).
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hibited entry into S phase, leaving cells in G1 that did not
incorporate BrdU (Fig. 2 and 6). A similar inhibition of pro-
gression to S phase was observed with ectopic Brd4 expression
in synchronized HeLa cells (data not shown). Although the
present study relied on an ectopic-expression strategy, it is
important to mention that the endogenous Brd4 plays a role in
cell growth and the results presented here are not due to an
artifact of Brd4 overexpression. This has been ascertained by
our ongoing study employing other strategies. For example,
preliminary analysis of cells expressing morpholino-modified
antisense Brd4 oligomers suggests that a reduction of Brd4
protein expression during G1 phase promotes S-phase entry
(A. Farina, A. Dey, and K. Ozato, unpublished data). In view
of the previously presented finding indicating that Brd4 regu-
lates G2-to-M transition (12), it seems that Brd4 has a complex
growth-regulatory activity that affects multiple steps of the cell
cycle. An additional piece of evidence supporting the role of
Brd4 in cell growth is the observation that disruption of Brd4
alleles in embryonic stem cells is growth inhibitory (A. Nish-

iyama and K. Ozato, unpublished data). Together, our findings
add to and extend previous reports pointing to a role for the
BET family in cell growth; it has been shown that disruption of
bdf1, a yeast BET member, causes a slow-growth phenotype
and a defect in sporulation (7). Also suggesting a role in the
cell cycle, Ring3/Brd2 has been reported to be capable of
regulating cell cycle-dependent transcription (10).

Interaction with RFC. RFC is a component of conserved
DNA replication machinery (18, 41, 44). Composed of five
subunits (6, 8), RFC loads PCNA onto DNA (40, 47) and plays
an essential role in DNA replication (16, 34, 42). We found
that Brd4 interacts with RFC in vivo, as demonstrated by
reciprocal coimmunoprecipitation of the endogenous proteins.
RFC-140 and small subunits of RFC were also coimmunopre-
cipitated along with transfected, Flag-tagged Brd4 (Fig. 3). In
vitro studies performed with recombinant Brd4 and individual
subunits of RFC showed that Brd4 interacts with the complete
RFC by binding to the largest subunit, RFC-140 (Fig. 4). Sev-
eral lines of evidence support the view that this interaction
accounts, at least in part, for the inhibition of progression to S
phase caused by ectopic Brd4. First, indicative of a functional
interaction, inhibition of S-phase entry by ectopic Brd4 was
alleviated by cotransfection with RFC-140 (Fig. 5). In these
experiments, transfection with RFC-140 alone promoted S-
phase entry while that with Brd4 alone caused an opposite
effect. Second, Brd4 deletion mutants that lost the ability to
interact with RFC-140 also lost the ability to inhibit S-phase
entry, which shows a good concordance between the RFC-
Brd4 interaction and inhibition of entry into S phase. Con-
versely, deletion mutants that retained the ability to interact
with RFC retained the ability to inhibit S-phase entry (Fig. 6).
Further supporting the functionality of the interaction, RFC-
dependent DNA elongation reactions in vitro were inhibited
by recombinant Brd4, indicating that Brd4 is capable of inter-
fering with the function of RFC in supporting DNA replication
(Fig. 6).

Despite the convincing evidence of the Brd4-RFC interac-
tion and the functional implications obtained in this study, the
overall biological significance of the interaction is not com-
pletely apparent at this time. At present, however, it may be
surmised that Brd4 plays a role in fine-tuning the function of
RFC in DNA replication (Fig. 7B). Brd4 might adjust the
timing and intranuclear location of RFC action and might help
prevent premature onset of DNA replication.

It seems plausible that Brd4-RFC interaction is influenced
by various factors in vivo. First, the interaction may be stoi-
chiometrically controlled, and abnormal levels of either pro-
tein may distort the balance of interaction as well as the activity
of the two proteins. Brd4 overexpression may be deleterious to
the function of RFC in supporting DNA replication. Or, over-
expression of Brd4 may alter its overall interaction with chro-
matin (see below), thereby negatively influencing the activity of
RFC. The fact that RFC-140 overexpression alleviated the
Brd4-imposed G1 arrest appears consistent with this view. Sec-
ond, Brd4 and RFC may not always be complexed with each
other. Brd4 may interact with RFC transiently, perhaps de-
pending on the cell cycle stages and other factors. The fact that
PCNA was not coprecipitated with Brd4 may support this
notion. In addition, our preliminary coimmunoprecipitation
data with synchronized cells also appear to support this possi-

FIG. 7. Cell cycle-regulated interaction between Brd4 and RFC-
140. (A) NIH 3T3 cells synchronized by serum starvation were released
and harvested at the indicated times and analyzed by immunoblot
analysis. Cell synchronization was confirmed by flow cytometry analysis
(bottom). (B) A model for Brd4 action. Levels of Brd4 and RFC-140
increase during G1, and Brd4 interacts efficiently with RFC during G1
to S. This interaction may influence the activity of RFC in supporting
DNA replication.
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bility (Farina et al., unpublished). Moreover, RFC has been
shown to interact with other factors, including the BRCA-1
complexes (45) and C/EBP� (22). It is possible that interac-
tions with these factors may influence the ability of RFC to
interact with Brd4. Furthermore, Brd4-RFC interaction may
be influenced by posttranslational modification of either pro-
tein. Since both RFC-140 and Brd4 are phosphoproteins and
the status of phosphorylation may be under cell cycle control
(12), such a posttranslational modification may contribute to
transient interaction of the two proteins.

Role for bromodomain. Bromodomains have been shown to
interact with acetylated histones and have been proposed to act
as chromatin-targeting modules (13, 46). Consistent with a link
with chromatin, the yeast bdf1 has been reported to interact
with histones in vitro (33). It has been shown that two tandem
bromodomains present in TAF250 act synergistically to inter-
act with acetylated histones (23). Given that all BET family
proteins have two bromodomains, Brd4 and related proteins
may have preferential affinity for acetylated chromatin. Based
on this idea, it seems attractive to envisage that Brd4 plays a
role in recruiting RFC to specific regions of chromatin during
DNA replication, thereby contributing to cell cycle progression
(27).

Brd4 deletion analysis revealed that only one of the two
bromodomains, namely the second bromodomain, is essential
for inhibiting progression to S phase. In our analysis, the first
bromodomain did not appear to be critical for the interaction
with RFC and the inhibition of S-phase entry. From these
results, it is evident that (i) a bromodomain has a role in
interacting not only with histones but also with nonhistone
proteins and (ii) the first and second bromodomains in Brd4
possess distinct functions. The latter result may not be surpris-
ing, since the first and second bromodomains of Brd4 are less
than 40% identical to each other in their primary amino acid
sequences (12). Likewise, the two bromodomains present in
other BET members are relatively dissimilar. In contrast to this
relative dissimilarity, the first bromodomains of different BET
members exhibit a marked similarity across species. The sec-
ond bromodomains of different members also show a notable
similarity (Jeanmougin et al., letter). For example, the first
bromodomain of Brd4 is 80% identical to that of Brd2 and
75% identical to that of Drosophila fsh. In light of this and the
fact that bromodomains within the BET family are more sim-
ilar to each other than to those of other families, it is possible
that other proteins of the BET family are also involved in cell
growth control, employing a mechanism similar to that of
Brd4.

In summary, we investigated the role of Brd4 in cell growth,
particularly during progression from G1 to S, and described the
interaction between Brd4 and RFC as a possible mechanistic
basis for this role. This work represents an initial delineation of
the complex growth-regulatory activities of Brd4 and the BET
family. Further studies utilizing other approaches are required
for full elucidation of the function of Brd4 and related pro-
teins.
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