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On entry into mitosis, many transcription factors dissociate from chromatin, resulting in global transcriptional shutdown.
During mitosis, some genes are marked to ensure the inheritance of their expression in the next generation of cells. The
nature of mitotic gene marking, however, has been obscure. Brd4 is a double bromodomain protein that localizes to
chromosomes during mitosis and is implicated in holding mitotic memory. In interphase, Brd4 interacts with P-TEFb and
functions as a global transcriptional coactivator. We found that throughout mitosis, Brd4 remained bound to the
transcription start sites of many M/G1 genes that are programmed to be expressed at the end of, or immediately after
mitosis. In contrast, Brd4 did not bind to genes that are expressed at later phases of cell cycle. Brd4 binding to M/G1 genes
increased at telophase, the end phase of mitosis, coinciding with increased acetylation of histone H3 and H4 in these
genes. Increased Brd4 binding was accompanied by the recruitment of P-TEFb and de novo M/G1 gene transcription, the
events impaired in Brd4 knockdown cells. In sum, Brd4 marks M/G1 genes for transcriptional memory during mitosis,

and upon exiting mitosis, this mark acts as a signal for initiating their prompt transcription in daughter cells.

INTRODUCTION

The states of gene expression, either active or silenced, are
inherited through generations of somatic cells, providing a
basis for stable cellular functions (Ringrose and Paro, 2004;
Egli et al., 2008; Ng and Gurdon, 2008). With respect to
inheritance of gene expression, mitosis poses a mystery,
because most transcription factors dissociate from chromo-
somes during that time (Delcuve ef al., 2008; Egli ef al., 2008).
The massive dissociation of transcription factors accom-
panies global cessation of transcription, which likely
erases gene expression patterns established before mitosis
(Martinez-Balbas et al., 1995; Gottesfeld and Forbes, 1997;
Delcuve et al., 2008). Transcription factors that dissociate
from mitotic chromosomes include RNA polymerase II,
Octl,2, Sp1,3, Pax 3, E2F1, Brgl, Brm, TFIIB, and TFIID
among others. Mitotic nuclei are thus thought to represent a
transcriptionally uncommitted state. Consistent with this
idea, mitotic nuclei serve as better donors of genome transfer
compared with interphase nuclei (Egli et al., 2008). The tran-
scriptionally inert state is reversed at the end of mitosis,
when RNA polymerase II (Pol II) and other transcription
factors are sequentially reloaded onto chromosomes, leading
to the initiation of transcription at telophase (Prasanth et al.,
2003). Although the prior modes of transcription established
in parental cells would be erased upon entry into mitosis,
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some “memory” remains during mitosis, allowing daughter
cells to reproduce an inherited pattern of gene expression
after mitosis. Relevant to this memory, some core histones
retain their acetylation mark during mitosis, although
histone acetylation is generally reduced during mitosis
(Kruhlak et al., 2001; Nishiyama et al., 2006). Particularly,
regions at or near the transcription start sites (TSS) are
shown to be enriched with acetylated histone H3 and H4 as
well as H3 with trimethylated lysine K4 (H3K4me3) during
mitosis (Kouskouti and Talianidis, 2005; Valls ef al., 2005).
Moreover, some transcription factors remain associated with
mitotic chromosomes to mark specific genes in the genome
(Delcuve et al., 2008; Egli et al., 2008). For example, a lineage
specific transcription factor, Runx2 binds to mitotic chromo-
somes through specific DNA sequences to ensure the ex-
pression of lineage specific genes in the progeny cells
(Young et al., 2007a,b). The zinc finger protein, CTCF which
acts as an insulator during interphase, also remains on mi-
totic chromosomes to take part in the inheritance of long-
range chromatin interactions at the Igf2/H19 locus (Burke et
al., 2005). Similarly, transcription factors such as HSF2 and
FoxI1 remain bound on mitotic chromosomes to mark target
genes (Xing et al., 2005; Yan et al., 2006). In addition, a
fraction of the TATA-binding protein (TBP) remains bound
to certain areas of chromatin (Christova and Oelgeschlager,
2002). A recent article found that the chromosome-bound
TBP marks promoter regions of many genes by inhibiting
condensin-mediated chromatin compaction (Xing et al.,
2008). Partial retention of polycomb proteins on mitotic
chromosomes has also been documented, which is involved
in heritable gene silencing (Saurin et al., 1998).

The double bromodomain protein Brd4 possesses certain
characteristics that are compatible with a role in keeping
transcriptional memory during mitosis. Brd4 localizes to the
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noncentromeric regions of mitotic chromosomes in many
vertebrate cells. These cells range from cells of zebrafish
embryos to mammalian embryonic stem cells, primary and
established fibroblasts, virus-transformed cells to macro-
phages (Dey et al., 2000, 2003; You et al., 2004; Nishiyama et
al., 2006; Toyama ef al., 2008). Brd4 binds to acetylated tails
of histones H3 and H4 with the preference for acetylated
lysine (K) 9/14 of H3 and diacetylated K5/K12 of H4 (Dey
et al., 2000, 2003; Nishiyama et al., 2008). Moreover, Brd4
plays a key role in Pol II-dependent transcription during
interphase (Jang et al., 2005; Yang et al., 2005, Wu and
Chiang, 2007). This activity of Brd4 is mediated primarily by
its ability to interact with P-TEFb, a kinase that phosphory-
lates Serine 2 (S2) of the C-terminal domain (CTD) of Pol II,
thus promoting transcriptional elongation. Through this ac-
tivity, Brd4 is shown to act as a transcriptional coactivator of
many cellular genes (Jang et al., 2005; Yang ef al., 2005;
Bisgrove et al., 2007; Mochizuki et al., 2008). For example, we
previously showed that Brd4 is recruited to the promoter of
many G1 genes and stimulates G1 gene transcription by
corecruiting P-TEFb (Mochizuki et al., 2008). In an indepen-
dent study, transcription of several G1 genes was also re-
ported to be dependent on Brd4 (Yang et al., 2008). Recently,
Brd4 was shown to be recruited to many genes in macro-
phages activated by bacterial lipopolysaccharides, prompt-
ing the recruitment of P-TEFb, and subsequent transcription
elongation of these genes (Hargreaves et al., 2009). Brd4 was
also shown to interact with NF-«B, stimulating transcription
linked to inflammation (Huang et al., 2008).

In this study, we asked 1) whether Brd4 marks specific
genes during mitosis to retain their transcriptional memory
and 2) whether Brd4 helps retrieve the memory in daughter
cells by stimulating transcription after mitosis. By chromatin
immunoprecipitation (ChIP) analysis, we found that Brd4
remains bound to the TSS of many genes throughout mito-
sis. Brd4-bound genes mostly belonged to the M/G1 genes
that are destined to be expressed at the end of and immedi-
ately after mitosis. Genes expressed at later stages of cell
cycle were not marked by Brd4. Correlating with Brd4-
dependent gene marking, many M/G1 genes were associ-
ated with acetylated H3 and H4 in their promoters. Brd4
binding sharply increased at telophase, the end stage of
mitosis, correlating again with the increased H3/H4 acety-
lation. The increased Brd4 binding triggered corecruitment
of P-TEFb and the onset of M/Glgene transcription, and this
activity was greatly curtailed in Brd4 knockdown cells. To-
gether, Brd4 preferentially marks the promoters of late and
early postmitotic genes and directs restart of their transcrip-
tion in newly divided cells.

MATERIALS AND METHODS

Cell Culture, Synchronization, and Brd4 Short Hairpin
RNA Vectors

NIH3T3 cells were cultured in DMEM (Mediatech, Herndon, VA) supple-
mented with 10% donor bovine serum (Atlanta Biologicals. Norcross, GA)
and 100 U/ml penicillin-streptomycin (Invitrogen, Carlsbad, CA). Mitotic
cells were collected as described with some modifications (Whitfield et al.,
2002; Nishiyama et al., 2006). Cells were first treated with 2.5 mM thymidine
(Sigma-Aldrich, St. Louis, MO) for 18 h, washed, and then incubated with 50
ng/ml nocodazole (Sigma Aldrich) for 8 h, and mitotic cells were harvested
by gentle shaking. Cells were replated in fresh media and allowed to proceed
for indicated periods. Retroviral vectors for control and Brd4 shRNA and viral
transduction procedures were described (Mochizuki et al., 2008).

Immunofluorescence Staining, Salt Extraction Analysis,
and Immunoblotting

Mitotic cells were spun on to coated slides (Shandon, Pittsburgh, PA) and
fixed in 2% paraformaldehyde for 10 min. Cells were permeabilized in 1%
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Triton X-100 for IgM (Prasanth et al., 2003) or methanol for IgG antibody (Dey
et al., 2003). After blocking with 5% BSA, cells were incubated in monoclonal
antibodies for RNA polymerase II (8WG16, H14, or H5, diluted at 1:50,
Covance, Madison, WI), polyclonal antibody for cyclin T1 or Cdk9 (diluted at
1:200, Santa Cruz Biotechnology, Santa Cruz, CA), lamin B (1:200) and anti-
body for Brd4 (1:400; Mochizuki et al., 2008) for 1 h at room temperature
followed by incubation with secondary antibody conjugated to Alexa 594,
Alexa 564, or Alexa 488 (1:200, Invitrogen) for 1 h. Immunofluorescent images
were obtained using a 63X oil immersion lens on a Leica confocal microscope
(TCS-SP2; Deerfield, IL). For differential salt extraction, mitotic cells were
resuspended in polyamine buffer (15 mM Tris-HCI, pH 7.5, 0.2 mM spermine,
0.5 mM spermidine, 2 mM EDTA, 40 mM KCl, and 0.1% digitonin), homog-
enized, and centrifuged (Dey et al., 2003). The pellets were extracted with 50,
150, and 300 mM KCl diluted in polyamine buffer. Ten micrograms of extracts
was resolved on 4-12% SDS PAGE (Invitrogen) and immunoblotted as in
Mochizuki et al. (2008). Immunoblot images were quantified by the Vision-
WorksLS software (UVP, San Gabriel, CA).

Fluorescence Recovery after Photobleaching Assay

For fluorescence recovery after photobleaching (FRAP) assays, green fluores-
cent protein (GFP), and full-length Brd4 fragments were subcloned into the
Hpal site of the retroviral vector MSCVpuro (Clontech, Palo Alto, CA).
Full-length Brd2 was inserted into the EcoRI site at the 3" end of the GFP-
pMSCVpuro vector. Cells were transduced with the vectors, plated on cham-
bered cover glass (Nunc, Rochester, NY), cultured in 2.5 mM thymidine for
18 h, and then transferred to fresh media for 5 h to obtain mitotic cells. GFP
signals in live cells were detected using a Zeiss 510 confocal laser-scanning
microscope (Thornwood, NY). Photobleaching was performed under a 100X
oil immersion lens with a 488-nm argon laser at a maximum laser power with
a 285-ms pulse within a small circle, set at 25 pixels (Sprague and McNally,
2005; Nishiyama et al., 2008). Before the bleach pulse, 30 prebleach images
were acquired. Recovery was monitored for 14 s (s) with 49-ms intervals.
Prebleach and recovery images were collected at 0.5% laser power. Each
FRAP curve was generated by averaging data from 7 to 15 individual cells.

Incorporation of Bromouridine or [PH]Uridine and
Measurement of Nascent Transcripts

Mitotic cells were incubated in bromouridine (BrU; 50 uM, Sigma-Aldrich) or
[*H]uridine (1 uCi/ml, Amersham, Piscataway, NJ) for 15 min before harvest.
BrU signals were detected by immunostaining with mAb for bromodeoxyuri-
dine (BrU) (1:200, Sigma-Aldrich) using the procedures described above.
RNA isolation and measurement of radioactivity were performed as de-
scribed (Dey et al., 2000). Nascent mRNA was detected by quantitative RT-
PCR (qRT-PCR), using two primer sets, one corresponding to the intron—exon
boundary and the other to an exon or an adjacent intron. The primers were
designed according to the Primer Express 3.0 software (Applied Biosystems,
Foster City, CA), and are listed in the Supplementary Information (Supple-
mentary Table S1).

ChIP Assay

ChIP assay was performed essentially as described (Dahl and Collas, 2007;
Mochizuki et al., 2008). Briefly, 10° mitotic cells were cross-linked with 1%
formaldehyde for 10 min at room temperature and sonicated for 10 s twice in
Misonix Sonicator 3000 (Farmingdale, NY). One microgram of affinity-puri-
fied antibody prepared from polyclonal rabbit anti-Brd4 sera, antibody
against di-acetyl H3, tetra-acetyl H4 (Stratagene, La Jolla, CA) or H3K4me3
(Abcam, Cambridge, MA), antibody against Cdk9 or Pol II (8WG16) or
normal rabbit IgG were incubated with 10 ul of Dynabeads protein G (In-
vitrogen) for 2 h. Antibodies against phosphorylated Pol II (H5 and H14) were
incubated with Dynabeads conjugated to rat anti-mouse IgM (Invitrogen).
Antibody-conjugated beads were incubated with chromatin preparations cor-
responding to 0.1-0.2 X 10° cells overnight at 4°C. Immunoprecipitated
chromatin was de-cross-linked and DNA was purified. Input DNA for indi-
vidual samples was prepared from 1% of respective chromatin before precip-
itation. Purified DNA was subjected to qPCR using appropriate primers. The
percentage input was calculated as follows: 2" (CT input — CT IP sample)/Ct
input X 100. Samples with control IgG were tested for each primer set, all of
which gave values within 0.2% of the input, and SD among samples was
<0.01%. The information on the primers used for ChIP assay is available on
request.

RESULTS

Retention of Brd4 on Mitotic Chromosomes

Many general and sequence specific transcription factors
dissociate from chromosomes during mitosis (Gottesfeld
and Forbes, 1997; Delcuve et al., 2008; Egli et al., 2008).
However, Brd4 is shown to remain on chromosomes during
mitosis in many cell types (Dey et al., 2000, 2003; You et al.,
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Figure 1. Retention of Brd4 on mitotic chromosomes: reloading of
Pol II and P-TEFb on chromosomes after telophase. Synchronized
NIH3T3 cells were allowed to proceed through the indicated mitotic
stages, fixed with paraformaldehyde, permeabilized, and immuno-
stained for (A) Brd4 and Pol II, (B) Cdk9, and (C) Cyclin T1. Cells
were coimmunostained for lamin B and counterstained for DNA
with Hoechst 33342.

2004; Nishiyama et al., 2006; Toyama et al., 2008). Immuno-
staining experiments with NIH 3T3 cells in Figure 1A con-
firmed that Brd4 localizes entirely to condensed chromo-
somes throughout mitosis from metaphase and anaphase to
telophase, in agreement with earlier reports. It should be
noted here that Brd4 was reported to be only partially
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loaded on mitotic chromosomes in HelLa cells (Yang et al.,
2008). The partial Brd4-chromosome interaction may reflect
the transformed nature of HeLa cells, in which MAP kinases
are aberrantly activated, inhibiting Brd4—chromosome inter-
actions (Nishiyama et al., 2006; Chuang et al., 2008; Ghosh, S.,
Ghosh, A., Dey, McNally, Mueller, and Ozato, unpublished
observations), whereas Pol II localized outside the chromo-
somes in metaphase and anaphase, but reassociated with
chromosomes in late telophase, when lamin B was deposited
along the nuclear periphery (Figure 1A). Because Brd4 in-
teracts with P-TEFb during interphase (Jang et al., 2005; Yang
et al., 2005; Mochizuki ef al., 2008), we tested whether P-TEFDb
also associates with mitotic chromosomes. As shown in Fig-
ure 1, B and C, respectively, Cdk9 and cyclin T1, the core
components of P-TEFb were both excluded from chromo-
somes until late anaphase and reassociated with chromo-
somes only at telophase. These data indicate that Brd4 binds
to mitotic chromosomes without P-TEFb.

Brd4—Chromatin Interactions Increase at Telophase

FRAP assays provide an excellent means by which to assess
interactions of a protein with chromatin in living cells (Phair
et al., 2004; Sprague and McNally, 2005). Our earlier FRAP
analysis showed Brd4 is mobile during interphase, and its
mobility reflects interaction of Brd4 with acetylated histones
(Dey et al., 2003; Nishiyama et al., 2008). Histones become
generally hypoacetylated during mitosis, although some
acetylated residues persist on H3 and H4 in some genes
(Kruhlak et al., 2001; Kouskouti and Talianidis, 2005; Valls et
al., 2005). We performed FRAP assays for mitotic NIH3T3
cells expressing Brd4 fused to the enhanced GFP, GFP-Brd4.
We have previously shown that ectopic GFP-Brd4 localizes
to chromatin and functions in a manner comparable to the
endogenous Brd4 (Dey et al., 2003; Nishiyama et al., 2008).
Fluorescent images of live cells in Figure 2B verified that
GFP-Brd4 resided in the nucleus during G2, then localized
on chromosomes during mitosis (telophase in Figure 2B),
and redistributed to the nuclei in G1 after cell division. In
Figure 2A a small region of a mitotic chromosome with
GFP-Brd4 or GFP-Brd2 (telophase in both cases) was briefly
bleached (marked by red), and fluorescent recovery in that
region was detected after bleach. Green and blue arrows
indicate an unbleached region and a region of background
fluorescence, respectively. Based on images such as these,
fluorescence recovery was quantified for cells at G2, M (at
telophase), and G1 using 15 independent samples at each
stage. The recovery of GFP-Brd4 was rapid in G1 and G2
cells (red and green, respectively, in Figure 2C), as it reached
a plateau within 7 s, showing a 50% recovery time (t,,,) of
~1 s, similar to the previously noted recovery profile (Dey et
al., 2003; Nishiyama ef al., 2008). In contrast, mitotic cells
showed distinctly slower recovery kinetics (blue in Figure
2C). The delayed recovery was substantiated by an increase
in the t,,, value (~2.3 s), indicating that Brd4-chromatin
interactions become tighter during telophase. A delay in
FRAP recovery was unexpected, because overall histone
acetylation is reduced during mitosis, whereas chromatin
interaction of double bromodomains of Brd4 occurs via
acetylated (Kruhlak et al., 2001; Dey et al., 2003). To test if the
slowed Brd4 recovery was due to general changes in chro-
matin configuration/architecture, we performed FRAP anal-
ysis for another double bromodomain protein Brd2 that also
associates with chromosomes during mitosis (Figure 2, A
and B; Kanno et al., 2004). As presented in Figure 2D, GFP-
Brd2 showed essentially identical recovery patterns at G2,
M, and G1. Accordingly, t, ,, values for the three stages were
very similar to each other (Figure 2E). In Figure 2, F and G,
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recovery of free GFP was tested as another control. As
expected, free-GFP did not localize to chromosomes during
mitosis and showed extremely rapid and complete recovery
within a second, which obscured bleaching effects (Sprague
and McNally, 2005). These results indicate that the slowed
Brd4 recovery reflects a change in the property of Brd4-
chromatin interactions, rather than changes in chromatin
architecture itself. To further investigate the altered mobility
of Brd4 during mitosis, we performed FRAP assays from
metaphase, anaphase, and telophase (Figure 2, H and I) and
found that the delayed recovery was restricted to telophase,
because Brd4-GFP in metaphase and anaphase showed re-
covery comparable to that in G2 and G1 cells. These
results suggest that at telophase Brd4 acquires an in-
creased binding affinity for chromatin, at the time when
other nuclear factors begin to reassociate with chromatin
and transcription restarts.

Biochemical Evidence for an Increased Brd4-Chromatin
Interaction at Telophase

To ascertain whether telophase-selective reduction in Brd4
mobility was attributed to increased binding of Brd4 to
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chromatin, differential salt extraction experiments were car-
ried out, in which the extraction profiles were compared
between control and Brd4 knockdown cells. In the latter
cells, Brd4 protein expression was reduced by ~90% (Dey et
al., 2003; Mochizuki et al., 2008; Nishiyama et al., 2008). Cells
with control short hairpin RNA (shRNA) or with Brd4
shRNA were synchronized by thymidine block and nocoda-
zole treatment and released into fresh media, allowing cells
to proceed through mitosis (see the diagram in Figure 3A for
the procedure). At 30 min after release, more than 98% of
cells were in metaphase/anaphase, reaching early telophase
at 60 min and late telophase at 90 min. Cells at metaphase/
anaphase and early telophase were lysed and subjected to
extraction with a buffer containing increasing salt concen-
trations (from 50 to 300 mM KCl), and extracts were tested
for Brd4 by immunoblot. At metaphase/anaphase, Brd4 was
extracted at 150 and 300 mM KCl in similar amounts in
control cells (control in Figure 3B). On the other hand, at
telophase the bulk of Brd4 was extracted at 300 mM KCl,
with very small amounts of Brd4 extracted at 150 mM KCL
With Brd4 knockdown cells, little Brd4 was extracted at any
salt concentrations tested, reflecting low Brd4 expression in
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Figure 3. Reduction of postmitotic S2-phosphorylation of Pol II
CTD in Brd4 knockdown cells. (A) A diagram of the synchroniza-
tion procedure. Cells with control shRNA or Brd4 shRNA were
synchronized by thymidine and nocodazole, released, and allowed
to proceed for the indicated times. Mitotic progression was viewed
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these cells (Figure 3B, Brd4 shRNA). This was confirmed by
the quantification of Brd4 in the gels shown in Figure 3C.
Similar results were obtained with extracts from cells at late
telophase (Supplementary Figure S1A). These results indi-
cate that Brd4 binds to chromatin more tightly at telophase
relative to metaphase/anaphase, consistent with the FRAP
results in Figure 2B.

Salt extraction profiles were also examined for three forms
of Pol II: the hypophosphorylated form, the form that phos-
phorylated at serine (S) 5 of the CTD, and the form that
phosphorylated at S2 of the CTD. On activation, hyperphos-
phorylated Pol II becomes phosphorylated at S5 in the CTD,
conferring an initiation competent state. This is followed by
P-TEFb-dependent phosphorylation of S2 in the CTD that
signifies an elongation state of Pol II (Price, 2000; Sims et al.,
2004). Phosphorylation of S2 in the Pol II CTD takes place
toward the end of mitosis subsequent to S5-phosphorylation
(Prasanth et al., 2003). Hypophosphorylated Pol II was ex-
tracted at all salt concentrations similarly in control and
Brd4 knockdown cells. Likewise, the extraction profiles of
S5-phosphorylated Pol IT were largely comparable in control
and Brd4 knockdown cells at both times (Figure 3, B and C).
However, extraction profiles of S2-phopshorylated Pol II
were markedly different between control and Brd4 knock-
down cells, in that the amount of S2-phosphorylated Pol Il in
Brd4 knockdown cells was lower than in control cells (Fig-
ure 3, B and C). Similarly, S2-phosphorylated Pol II was
lower in Brd4 knockdown cells at 90 min after release (Sup-
plementary Figure S1A, not shown). These results indicate
that Pol II associates with chromatin and gains S5-phosphor-
ylation without requiring Brd4, whereas S2-phosphorylation
depends on Brd4. Because during interphase Brd4 interacts
with P-TEFb, which phosphorylates S2 of Pol II CTD, salt
extraction patterns were next examined for cyclin T1 and
Cdk9, the core P-TEFb component. At telophase, both pro-
teins were extracted at 300 mM KCl, a higher salt concen-
tration than that observed at metaphase/anaphase. Impor-
tantly, the extraction patterns were comparable between
control and Brd4 knockdown cells (Figure 3, B and C),
indicating that P-TEFb reassociates with chromatin after
mitosis without requiring Brd4, although the subsequent
S2-phosphorylation is dependent on Brd4.

To further investigate the role of Brd4 in Pol II S2-phos-
phorylation, immunostaining was performed for cells at
telophase (Figure 3D). Nuclei from control cells were in-
tensely stained with antibodies for S2-phosphorylated Pol II,
S5-phosphorylated Pol II, and Brd4 (Figure 3D). In Brd4
knockdown cells, staining of S2-phosphorylated Pol II and

by DIC images. (B) Extracts from control (control sShRNA) and Brd4
knockdown cells (Brd4 shRNA) at 30 and 60 min after release were
extracted with buffers with increasing KCl concentrations. Extracts
were immunoblotted with the indicated antibodies. Pol II phosphor-
ylated at S2, or at S5 in the CTD, and hypophosphorylated Pol II
were detected by H5, H14, and 8WG16 antibodies, respectively. (C)
Quantification of immunoblot data. Band intensity of each protein
was normalized by respective tubulin bands. Values represent the
ratio of band intensity in control cells/Brd4 knockdown cells col-
lected from all salt concentrations. Note that ratios are higher only
for Brd4 and S2-phosphorylated Pol II. Similar results were seen
with separate preparations of extracts. (D) Control and Brd4
knockdown cells at 90 min were coimmunostained for Brd4
(green) and Pol Il with phospho-52 CTD (top panels, red) or with
phospho-S5 (bottom panels) and counterstained for DNA. (E)
The percentage of phospho-S2 positive cells in control and Brd4
knockdown cells was obtained by counting 200-250 cells in three
independent fields.
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Brd4 was both very faint, although staining of S5-phos-
phorylated Pol II was comparable in control and Brd4
knockdown cells. Cell count data in Figure 3E showed that
although nearly 80% of control telophase cells were S2-
phosphorylation positive, <40% of Brd4 knockdown cells
showed S2-phosphorylation signals. These values are likely
to be an underestimate, because fluorescence intensity in
signal-positive cells was much lower in Brd4 knockdown
cells than in control cells. As expected, staining of hypophos-
phorylated Pol II, Cdk9, and cyclinT1 was likewise similar in
control and Brd4 knockdown cells (Supplementary Figure
S1B). These results are consistent with the above biochemical
data and indicate that Pol II and P-TEFb are reloaded on
chromatin after mitosis independently of Brd4, but the sub-
sequent P-TEFb-mediated S2-phosphorylation of Pol II de-
pends on Brd4.

Brd4 Directs Late-Telophase and Early Postmitotic
Transcription

Data in the preceding section showed that Brd4 binds to
mitotic chromosomes and promotes phosphorylation of S2
in the Pol II CTD. These data are compatible with the idea
that Brd4 marks chromatin during mitosis and plays a role
in restarting transcription in newly divided cells. To assess
the role of Brd4 in postmitotic, de novo RNA synthesis, we
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tested BrU incorporation in control and knockdown cells.
Immunostaining data in Figure 4A showed that although
control cells robustly took up BrU, Brd4 knockdown cells
showed little BrU incorporation. More than 85% of 200 cells
counted were strongly BrU-positive in control cells, whereas
<45% of cells displayed BrU signals in Brd4 knockdown
cells. Furthermore, signals within BrU-positive cells were
much weaker in Brd4 knockdown cells than control cells. In
Figure 4B, postmitotic RNA synthesis was quantitatively
estimated by measuring [*H]uridine incorporation. In con-
trol cells, the [*H]uridine uptake was low at metaphase/
early anaphase (30 min), but increased thereafter when cells
moved through telophase (60 and 90 min) and early G1 (120
min). [*H]Juridine incorporation was consistently lower in
Brd4 knockdown cells than control cells at all time points
tested (Figure 4B). These data indicate that Brd4 has a role in
restarting transcription after mitosis.

We next sought to identify individual genes that depend
on Brd4 for postmitotic transcription. A previous study of
synchronized HeLa cells reported that among ~1100 genes
expressed in a cell cycle-regulated manner, ~17% are spe-
cifically expressed at the end of mitosis through early G1
(Whitfield ef al., 2002). These genes are classified as “M/Gl1
genes,” many of which are important for establishing basic
cellular functions in newly divided cells, such as those in-
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volved in forming structural components, chromatin metab-
olism, and cell cycle control. We tested expression of 23
M/G1 genes in control and Brd4 knockdown cells. qRT-PCR
was performed using primers that detected nascent tran-
scripts, excluding mature RNAs that may have been carried
over from prior stages. Data in Figure 4C show transcript
levels of nine M/G1 genes among 23 measured at promet-
aphase, metaphase/anaphase, telophase, and late telo-
phase/early G1 (0, 30, 60, and 90 min after release). As
expected, their expression was low in prometaphase and
metaphase/anaphase, but sharply increased at telophase in
control cells. In Brd4 knockdown cells, however, transcript
levels of eight M/G1 genes (Ran, Kifob, Tgf1, Ywhah, Gnbl,
Rad21, Ctnndl, and Topol) were substantially lower than
those of control cells. One exception was Parathymosin,
which was expressed at similar levels in control and Brd4
knockdown cells. Of remaining 14 M/G1 genes tested, 11
showed a clear reduction in transcript in Brd4 knockdown
cells (Supplementary Figure S2A). Together, 19 of 23 M/G1
genes examined in this study showed reduced expression in
Brd4 knockdown cells, indicating that Brd4 has a large im-
pact on restarting transcription of late M and early Glgenes.
As expected, G1/S genes (Mcm2 and E2f1), S genes (Hdac3
and Radb51), a gene not regulated by cell cycle (Recl), and a
silent gene (B-globin) showed negligible transcript expres-
sion throughout the mitotic and postmitotic stages, in both
control and Brd4 knockdown cells.

Brd4 Marks TSS of M/G1 Genes During Mitosis

To determine whether Brd4 specifically binds to M/G1
genes and marks them during mitosis for postmitotic tran-
scription, ChIP analysis was performed with Brd4 antibody
at different stages of mitosis: prometaphase, metaphase/
anaphase, and telophase (0, 30, and 60 min after release,
respectively). We found that Brd4 remained bound at or
near the TSS of the majority of M/G1 genes throughout
mitosis. Figure 5A (left panel) shows examples of ChIP
results obtained for Rad21 and Ran, typical M/G1 genes.
Brd4 binding to the TSS regions was evident already at
prometaphase and metaphase/anaphase, and the binding to
the TSS markedly increased at telophase. However, Brd4
binding on other regions within these genes (i.e., upstream
promoter regions and the coding regions) was much lower.
Rad51, an S phase gene, however, showed essentially back-
ground levels of Brd4 binding over the entire gene including
the TSS throughout mitosis. Figure 5B shows binding of
Brd4 to the TSS of all nine M/Gl tested in Figure 4C. Eight
M/G1 genes showed significantly above-background Brd4
binding at prometaphase through anaphase followed by a
sharp increase at telophase. These genes were expressed at
telophase in a Brd4-dependent manner (Figure 4C). Four
additional M/G1 genes (Cbx3, Cdkn3, Cdk7, and Vcam1; Sup-
plementary Figure S2A) also showed significant Brd4 bind-
ing throughout mitosis (Supplementary Figure S2B). How-
ever, little Brd4 binding was seen on Ptms (Parathymosin),
an M/G1 gene, whose expression was not dependent on
Brd4. Importantly, Brd4 did not bind to genes expressed at
later times after mitosis, i.e., Mcm2, E2f1 (expressed at G1/S),
Hdac3, and Rad51(expressed at S), nor did it bind to the silent
Hbb-b1 (B-globin) gene throughout mitosis. These results
indicate that Brd4 selectively marks M/G1 genes during the
course of mitosis and its binding increases at telophase.
We next assessed binding of Pol II to these genes. As
shown in Figure 5A (right panels), Pol II also showed TSS-
preferred binding to Ran and Rad 21, which increased at
telophase. Unlike Brd4, however, Rad51, an S phase gene,
showed a clear, above baseline Pol II binding at the TSS.
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Figure 5. Brd4 marks the TSS regions of M/G1 genes throughout
mitosis. (A) ChIP analysis was performed with affinity-purified
anti-Brd4 antibody (left) or antibody against hypophosphorylated
Pol II (8WG16, right) at indicated sites in the Ran, Rad21, and Rad51
genes for cells at indicated times after release. Values in A and B
(and all ChIP data below) represent the average of three determi-
nations = SD. (B) ChIP analysis was performed with the antibodies
against Brd4 or hypophosphorylated Pol II as in A for the TSS
regions of indicated M/G1 genes. Dotted lines represent averaged
values for normal IgG binding (SD, <0.01%).

Consistent with this result, Pol II binding was found at or
near the TSS of not only all M/G1 genes, but genes ex-
pressed at G1/S and S phase, although Pol II did not bind to
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Figure 6. Histone acetylation marks correlate with Brd4 gene
marking on mitotic cells. ChIP analysis was performed with anti-
body against di-acetyl H3 (K9, 14), tetra-acetyl H4 (K5, 8, 12, and 16),
and H3K4me3 on the TSS of M/G1 genes. Dotted lines represent
averaged values for normal IgG binding (SD, <0.01).

Hbb-b1, silent in NIH3T3 cells (Figure 5B). Furthermore,
binding of Pol II did not seem to depend on Brd4, because
Pol II showed appreciable binding to the Ptms gene as well
(see below). These data indicate that Pol II binds at the TSS
of many genes, regardless of their expression at telophase or
later times. In line with these Pol II results, genomewide
studies have shown that Pol II is constitutively bound to the
promoters of many expressed and nonexpressed genes in
interphase (Guenther et al., 2007; Core et al., 2008).

Elevated Acetylation of Histone H3 and H4 in M/G1
Genes

Many transcriptionally active genes carry acetylated histone
H3 and H4 in their promoters during interphase (Guenther
et al., 2007; Wang et al., 2008). Similarly, promoters of active
genes are marked with H3 trimethylated at lysine 4
(H3K4me3) in interphase. Although histones are generally
hypoacetylated during mitosis, enrichment of acetylated hi-
stones is reported for some genes during mitosis (Kruhlak et
al., 2001; Kouskouti and Talianidis, 2005; Valls et al., 2005;
Nishiyama et al., 2006). Because Brd4 preferentially binds to
acetylated H3 and H4 in interphase, we performed ChIP
assays for the above M/Gl1 genes on mitotic chromatin for
acetylated H3 and H4 and H3K4me3. Figure 6 (top and
middle panels), and Supplementary Figure S2B summarizes
the status of H3/H4 acetylation at the TSS of genes tested in
Figure 5 and Supplementary S2B. All 12 Brd4-dependent
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M/G1 genes showed elevated acetylation for H3 and H4
throughout mitosis, and their acetylation levels further rose
at telophase. The elevated H3/H4 acetylation was confined
largely to the TSS and +1-kb coding region, as shown in
Supplementary Figure S3. However, the Ptms gene, which
did not require Brd4 for expression, showed low histone
acetylation. Similarly, histone acetylation was at a low-to-
negligible level for G1/S and S genes as well as Hbb-b1
(Figure 6, top and middle panels). These results indicate that
many M/GI1 genes carry acetylation-rich histone H3 and H4
during mitosis and that acetylation levels markedly increase
toward the end of mitosis. In contrast, the H3K4me3 mark
was observed on not only M/Gl1 genes, but on G1/S and S
genes equally prominently throughout mitosis, showing lit-
tle change at telophase (Figure 6, bottom panel, and Supple-
mentary Figure S2B). Together, the profiles for histone acet-
ylation matched well with that of Brd4 binding, suggesting
that Brd4 marking of M/G1 genes is accounted for by in-
creased histone H3 and H4 acetylation. On the other hand,
the H3K4me3 profile matched more closely with that of
Pol II binding, consistent with the idea that Pol II and
H3K4me3 identify many nonsilent genes, irrespective of
active transcription.

To ascertain whether Brd4 marking of M/G1 genes is a
common event during mitosis, we examined another cell
type, a macrophage line, RAW264.7. This cell line is widely
studied for its immune functions (Hargreaves ef al., 2009).
ChIP analysis was performed to test Brd4 binding to M/G1
genes on mitotic RAW264.7 cells synchronized at promet-
aphase and telophase were tested for binding of Brd4. Brd4
bound to all four M/G1 genes, but not an S phase gene,
similar to the results with NIH3T3 cells above (Supplemen-
tary Figure S4). Furthermore, these M/G1 genes, but not the
S phase gene showed elevated acetylation in histones H3
and H4, again in line with the data with NIH3T3 cells
(Supplementary Figure S4).

Brd4 Directs Telophase Recruitment of P-TEFb

To further verify M/G1-selective Brd4 marking, ChIP anal-
ysis was performed for Brd4 knockdown cells. In Supple-
mentary Figure S5, Brd4 binding was negligible in four
Brd4-dependent M/G1 genes not only at prometaphase but
at telophase, whereas these genes showed abundant Brd4
binding in control cells. These data support the notion that
mitotic Brd4 gene marking is directly linked to the onset of
their transcription at telophase.

During interphase, Brd4 interacts with P-TEFb and re-
cruits it to the promoter of active genes to prompt transcrip-
tional elongation from these genes (Jang et al., 2005; Yang et
al., 2005; Wu and Chiang, 2007; Mochizuki ef al., 2008; Yang
et al., 2008). Thus, it was of importance to determine whether
Brd4 recruits P-TEFb to M/G1 genes during mitosis to start
their transcription. We sought to address this question for
another reason, i.e., to resolve an apparent dichotomy where
Brd4 was not required for reassociation P-TEFb with chro-
mosomes at telophase, whereas it was required for phos-
phorylation of S2 in the Pol II CTD (see Figure 3). ChIP
analysis was performed for P-TEFb and three forms of Pol II:
the hypophosphorylated, the S5 phosphorylated, and the S2
phosphorylated Pol II in control and Brd4 knockdown cells
(Figure 7). In control cells, P-TEFb bound to the M/G1 genes
at telophase, although was not present on these genes at
earlier times, indicating that P-TEFb was recruited to the
genes only after telophase. In Brd4 knockdown cells, how-
ever, P-TEFb recruitment was reduced by ~40-60%. Simi-
larly, binding of S2-phosphorylated Pol II was reduced in
Brd4 knockdown cells by 40-50% relative to control cells.

Molecular Biology of the Cell



HBrd4 [@Cdk9

Ran

Mitotic Gene Marking by Brd4

Pol Il

W pS2 OpS5 W Hypo-p

Kif5b

N
IN

L35 15 |
23 5 35 .~
£25 w0we E'° : £
& 2 & & 1 ! 2 ®
£15 sf 8 \ g
g 1 S Bos ! 18
fos5 s © ! )
0 0 o o 1 o
Omin 60min Omin 60min o ) : 0
Control Brda KD Omin 60min Omin 60min
r Control Brd4 KD
2 Rad21 . 1 Rad51 2
" ' <
H 43 3 | 15 2
Figure 7. Brd4-dependent recruitment of -?'5 5E £ I ;
P-TEFb and S2 phosphorylation of POl IICTD g 1 ) & 505 : 1 g
at telophase. Binding of Brd4, Cdk9 (P-TEFb), §°5 I | 058
and three forms of Pol II to the TSS of indi- & 1 s 8 : [
cated M/G1 genes was tested for control and 0 : 0 0 X somi o Somin 0
Brd4 knockdown cells at the indicated times Omin 60min Omin 60min Ll min min
after release. Control Brd4 KD Control Brd4 KD

On the other hand, hypophosphorylated Pol II and S5-phos-
phoylated Pol II were present on these genes at comparable
levels in control and Brd4 knockdown cells. As might have
been expected, Rad 51, a non-M/G1 gene to which Brd4 did
not bind, showed little P-TEFb recruitment, and very low S2
phosphorylation. Nevertheless, Rad51 showed significant
binding of hypophosphorylated Pol II and S5 phosphory-
lated Pol 1T in both control and knockdown cells, in line with
the data in Figure 5B. These results indicate that while
P-TEFb returns to the telophase nucleus in a Brd4 indepen-
dent manner, the subsequent recruitment to the M/G1 pro-
moters depends on Brd4.

DISCUSSION

Our analysis revealed that Brd4 remains bound to many
M/G1 genes throughout mitosis, at a time when other chro-
matin-binding factors are dispersed and the genome is ren-
dered transcriptionally inert. On the basis of this and our
additional observations that Brd4 directs M/G1 gene expres-
sion at telophase, we suggest that Brd4 belongs to the class
of proteins that contribute to the epigenetic inheritance of
gene expression through cell division (John and Workman,
1998; Sarge and Park-Sarge, 2005). A number of proteins
deposit distinct marks on chromatin during mitosis to en-
sure expression of particular genes in the progeny cells.
These proteins include the transcription factors: Runx2,
CTCF, and FoxI1 (Burke et al., 2005; Yan et al., 2006; Young
et al., 2007a,b). They mark chromosomes by binding to spe-
cific DNA sequences. In addition, HSP2 marks mitotic chro-
matin not only by binding to specific DNA, but also by
regulating chromatin compaction through the interaction
with a phosphatase (Xing et al., 2005). A recent report shows
that TBP also marks mitotic chromatin that accompanies an
interaction with a phosphatase and prevention of chromatin
compaction (Xing et al., 2008). Compared with gene marking
by other proteins, marking by Brd4 has two distinguishing
features. First, Brd4 marking relies on the recognition of
acetylated histones, H3 and H4, but not that of specific DNA
sequences. Second, Brd4 selectively marks M/G1 genes to
the exclusion of other genes expressed later in cell cycle.

M/ G1-restricted Gene Marking by Brd4

Brd4 remained bound to many M/G1 genes throughout
mitosis, with the binding sites typically limited to the TSS
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regions. Our results that Brd4 occupies these genes not only
in mitotic NIH3T3 cells, but in the RAW264.7 macrophages
further support the M/Gl-selectivity of Brd4 binding. Re-
markably, Brd4 marking was essentially undetectable in
non-M/Gl1 genes, in that genes that are expressed at later
stages or silent in these cells were not occupied by Brd4
during mitosis. This result was striking, given that Brd4
binds and stimulates expression of many G1/S and S genes
when cells are in G1 and S phase (Mochizuki et al., 2008) and
highlights the dynamic nature of Brd4 occupancy. The fluid
nature of Brd4 binding is also evident as Brd4 is induced to
bind to the promoter of genes stimulated by inflammatory
signals (Huang et al., 2008; Hargreaves ef al., 2009). To-
gether, M/G1 selectivity of Brd4 marking, although strik-
ing, likely represents an important feature of mitotic
memory (see below).

Coinciding with Brd4 marking, histone H3 and H4
showed elevated acetylation on M/G1 genes, which was
largely confined at/near the TSS regions. Moreover, ele-
vated H3 and H4 acetylation was predominantly seen on
M/G1 genes, but not on other genes tested here. Further
underscoring the correlation between Brd4 binding and hi-
stone acetylation, both Brd4 binding and H3/H4 acetylation
greatly increased toward the end of mitosis. Our findings
support the previous reports that promoters of some genes
bear acetylated chromatin during mitosis (Kouskouti and
Talianidis, 2005; Valls et al., 2005). Extending these reports,
our data indicate that it is Brd4 that recognizes the mitotic
acetyl histone marks and translates them into transcription
at telophase (Dey et al., 2003; Nishiyama et al., 2008).

In light of the information gleaned from the ChIP data,
earlier microscopic observations that Brd4 localizes to non-
centromeric regions of mitotic chromosomes are best ex-
plained by Brd4’s selective binding to M/G1 genes (Dey et
al., 2000). It is important to note that not only Brd4 but other
BET family proteins such as Brd2 may take part in mitotic
gene marking, given that they also remain on mitotic chro-
mosomes through acetylated histones (Kanno et al., 2004;
Wu and Chiang, 2007; Shang et al., 2009).

Brd4 Gene Marking and the Role in Postmitotic
Transcription

Levels of Brd4 binding to M/G1 genes markedly increased
when mitosis proceeded from anaphase to telophase. This
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increase coincided with reduced real-time Brd4 mobility and
the decreased salt solubility, both indicative of Brd4’s in-
creased affinity for chromatin at this stage of mitosis. At
telophase, many other transcription factors as well as Pol II
return to chromatin, and Pol II CTD becomes phosphory-
lated at S5 (Prasanth et al., 2003). This is followed by S2
phosphorylation of Pol II and initiation of postmitotic tran-
scription. We noted high Pol II binding to a broad array of
genes at this stage: unlike Brd4, Pol II binding was not
limited to M/G1 genes, but was found on many other genes,
including G1/S and S genes that are expressed at later times.
Furthermore, unlike Brd4, Pol II binding did not correlate
well with elevated histone acetylation, which was largely
limited to M/G1 genes. Rather, Pol II binding displayed a
better concordance with H3K4me3, because this mark was
present on many genes active throughout interphase. More-
over, binding of hypophosphorylated Pol II and S5 phos-
phorylated Pol II was comparable in control and Brd4
knockdown cells, the data consistent with the salt solubility
results. Together, it may be suggested that Pol II returns to
chromatin and binds to a large set of genes beyond M/G1
genes, irrespective of Brd4. This view is in line with the
reports that in interphase, Pol II binds to the promoter
regions of numerous genes, regardless of their transcrip-
tional states (Guenther et al., 2007; Core et al., 2008).

Although postmitotic Pol II binding to M/G1 genes did
not require Brd4, recruitment of P-TEFb and Pol II CTD S2
phosphorylation of these genes was critically dependent on
Brd4, as evidenced by inhibition of both events in Brd4
knockdown cells. Because Brd4 physically interacts with
P-TEFb, it is likely that Brd4 stabilizes binding of P-TEFb
and confers an elongation competent state upon Pol II. Con-
sidering that P-TEFb returned to chromatin at telophase
without requiring Brd4, it is clear that reassociation with
chromatin itself was not sufficient for P-TEFb to secure sta-
ble association with the Pol IT complex, but rather, it requires
Brd4 to achieve this and to phosphorylate the substrate S2 in
the Pol IT CTD. Although the molecular mechanism by which
Brd4 recruits P-TEFb is not fully understood, it may involve
regulation of P-TEFb’s inhibitory complex, HEXIM1/7SK RNA
(Price, 2000; Jang et al., 2005; Yang et al., 2005).

A picture that emerges from these observations is that
mitotic gene marking by Brd4 is not universal, as non-M/Gl1
genes were not marked by Brd4, and that Brd4’s memory is
internally coupled with postmitotic M/Glgene transcrip-
tion. What is the significance of the lack of Brd4 marking on
non-M/Gl1 genes? How important is the coupling of Brd4
marking with postmitotic transcription? It is noted that
proper execution of early postmitotic transcription is essen-
tial for determining subsequent gene expression programs
in the daughter cells, as it shapes their identity and future
potentials (Egli et al., 2008). Under this line of thinking,
M/GI1 selective marking would ensure faithful execution of
early postmitotic step, but would leave subsequent gene
expression open to modifications. By limiting mitotic mem-
ory to M/G1 genes, the genome would have ample room for
flexible reprogramming of gene expression in newly divided
cells, allowing them to readjust to a shifting environment.

In conclusion, Brd4 binds to early postmitotic genes
throughout mitosis. By recruiting P-TEFb, it directs the onset
of de novo M/G1 gene transcription. This transcription-
coupled Brd4 marking is distinct from Pol II binding that
takes place in a broader array of genes beyond immediate
postmitotic genes. Further, by the restricting the range of
mitotic Brd4 gene marking, it provides the daughter cells a
license to reprogram subsequent gene expression patterns in
response to various external events.
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