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Background: NUT midline carcinoma is an aggressive cancer typically caused by the formation of the BRD4-NUT fusion
oncoprotein.
Results: BRD4-NUT-stimulated histone hyperacetylation recruits BRD4 and associated transcription factors to activate gene
expression.
Conclusion: BRD4-NUT perturbs normal gene expression to trigger oncogenic events in NMC.
Significance: Breaking BRD4-NUT interaction with histone acetyltransferases is an excellent strategy to abrogate the BRD4-
NUT oncogenic activities.

NUT midline carcinoma (NMC) is a rare but highly aggressive
cancer typically caused by the translocation t(15;19), which
results in the formation of the BRD4-NUT fusion oncoprotein.
Previous studies have demonstrated that fusion of the NUT pro-
tein with the double bromodomains of BRD4 may significantly
alter the cellular gene expression profile to contribute to NMC
tumorigenesis. However, the mechanistic details of this BRD4-
NUT function remain poorly understood. In this study, we
examined the NUT function in transcriptional regulation by tar-
geting it to a LacO transgene array integrated in U2OS 2-6-3
cells, which allow us to visualize how NUT alters the in situ gene
transcription dynamic. Using this system, we demonstrated that
the NUT protein tethered to the LacO locus recruits p300/
CREB-binding protein (CBP), induces histone hyperacetylation,
and enriches BRD4 to the transgene array chromatin foci. We
also discovered that, in BRD4-NUT expressed in NMC cells, the
NUT moiety of the fusion protein anchored to chromatin by the
double bromodomains also stimulates histone hyperacetyla-
tion, which causes BRD4 to bind tighter to chromatin. Conse-
quently, multiple BRD4-interacting factors are recruited to the
NUT-associated chromatin locus to activate in situ transgene
expression. This gene transcription function was repressed by
either expression of a dominant negative inhibitor of the p300-
NUT interaction or treatment with (�)-JQ1, which dissociates
BRD4 from the LacO chromatin locus. Our data support a model
in which BRD4-NUT-stimulated histone hyperacetylation
recruits additional BRD4 and interacting partners to support
transcriptional activation, which underlies the BRD4-NUT
oncogenic mechanism in NMC.

NUT midline carcinoma (NMC)2 belongs to a class of highly
lethal squamous cell carcinomas occurring in children and
adults of all ages (1). It arises from genetic translocations tar-
geting the nuclear protein in testis (NUT) gene on chromosome
15 (2, 3). In the majority of NMC cases, the translocation t(15;
19) fuses NUT to the bromodomain-containing protein 4
(BRD4) gene on chromosome 19 (4). BRD4 is expressed nor-
mally as long (BRD4 or BRD4L) and short (BRD4S) isoforms
with identical N-terminal double bromodomains and an
extraterminal domain, whereas the long form encodes an addi-
tional C-terminal proline-rich and glutamine-rich region (Fig.
1A). The t(15;19) translocation break point splits BRD4L in half,
causing in-frame fusion of the common N-terminal region of
BRD4 (amino acids 1–719) with nearly the entire sequence
of NUT protein (amino acids 6 –1132), leaving expression of
BRD4S unperturbed (Fig. 1A) (2). Interestingly, in some of the
NMCs lacking a BRD4 rearrangement, NUT is found to be
fused to either BRD3, another member of the bromodomain
and extra-terminal domain (BET) protein family (4), or NSD3, a
BRD4-interacting partner (5). There are also some NMC cases
with unknown NUT fusion partner(s) (6).

NMCs represent the most lethal subset of squamous cell car-
cinomas. All of the known t(15;19)-positive carcinomas metas-
tasize rapidly, respond poorly to standard chemotherapeutic
strategies, and are extremely aggressive, with a median survival
of 6.7 months (3). Therefore, it is important to study the onco-
genic mechanisms of these carcinomas to develop novel thera-
peutic approaches. Moreover, NMC is a valuable model to
investigate squamous carcinogenesis because its remarkably
simple karyotypes suggest that these translocations targeting
the NUT and BET proteins may represent a shortcut to trans-
formation, bypassing the complex process of accumulating

* This work was supported, in whole or in part, by National Institutes of Health
Grants R01CA148768 and R01CA142723.

1 To whom correspondence should be addressed: Dept. of Microbiology, Uni-
versity of Pennsylvania Perelman School of Medicine, 3610 Hamilton Walk,
Philadelphia, PA 19104-6076. Tel.: 215-573-6781; Fax: 215-898-9557;
E-mail: jianyou@mail.med.upenn.edu.

2 The abbreviations used are: NMC, NUT midline carcinoma; NUT, nuclear pro-
tein in testis; BET, bromodomain and extraterminal; P-TEFb, positive tran-
scription elongation factor b; HAT, histone acetyltransferase; CREB, cAMP-
response element-binding protein; CBP, CREB-binding protein; TSA,
trichostatin A; RGB, red, green, and blue; qPCR, quantitative PCR.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 5, pp. 2744 –2758, January 30, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

2744 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 5 • JANUARY 30, 2015



genetic mutations normally required for developing invasive
squamous cell carcinomas (1).

Given the fact that NUT is expressed normally only in testes,
it is reasonable to assume that typical BRD4-NUT NMCs are
caused by the oncogenic consequences of unscheduled NUT
expression and altered BRD4 function (2). BRD4 normally
binds acetylated histones on chromatin through its double bro-
modomains (7) and plays a central role in cellular growth con-
trol (8 –15). It facilitates transcriptional activation by recruiting
positive transcription elongation factor b (P-TEFb), mediators,
and other transcriptional activators (14, 16, 17). BRD4 has been
identified as a critical therapeutic target in a number of differ-
ent cancers (18 –20). In these tumor cells, dissociation of BRD4
from chromatin leads to selective inhibition of numerous key
oncogenes (17). For NMC tumors, the BRD4-NUT fusion
oncoprotein is also tethered to acetylated chromatin by the bro-
modomains (4, 21, 22). It causes malignancy by blocking NMC
differentiation and driving tumor growth (1, 4, 23). However,
the molecular mechanisms by which BRD4-NUT drives the
highly aggressive NMC tumorigenesis remain elusive.

We and others have shown that the NUT moiety of the
BRD4-NUT fusion strongly interacts with and recruits histone
acetyltransferases (HATs) to discrete chromatin foci, where it
activates the HAT activity to stimulate histone hyperacetyla-
tion (21, 22). This leads to recruitment of additional BRD4-
NUT/HATs and formation of hyperacetylated chromatin
domains. Sequestration of BRD4 and associated transcription
factors into these hyperacetylated BRD4-NUT foci causes
repression of genes outside of these regions, such as the epithe-
lial differentiation regulator c-FOS and inhibition of cell differ-
entiation (21, 22). On the other hand, BRD4-NUT is recruited
to c-MYC, which contributes to oncogenesis by blocking epi-
thelial cell differentiation while promoting proliferation (24).
We also demonstrated that BRD4-NUT enriched at the stem
cell marker SOX2 strongly stimulates its abnormal activation
through a gain-of-function recruitment of p300 by the NUT
moiety. The activated SOX2 expression, in turn, drives the
aberrant stem cell-like proliferation and the highly aggressive
transforming activity of NMC (25). These recent studies dem-
onstrated compelling evidence to support the hypothesis that
association of BRD4-NUT with chromatin plays an important
role in modulating gene expression activities in NMC. How-
ever, the mechanism of BRD4-NUT-induced transcriptional
activation is unclear. It is also unknown whether BRD4-NUT
activates the expression of other associated genes genome-wide
in a similar fashion.

In this study, we performed both biochemical and in situ
transcription analyses to investigate NUT protein function in
transcriptional regulation. We tethered NUT to a LacO trans-
gene array integrated in U2OS 2-6-3 cells using the LacI-
CHERRY-NUT fusion, which allowed us to directly visualize
transcriptional activities associated with NUT from individual
transcription sites at the levels of DNA and RNA in single cells
(25, 26). Using this system, we demonstrated that NUT protein
recruits p300/CBP, induces histone hyperacetylation, and
enriches additional BRD4 and associated transcription factors
at its associated chromatin locus to stimulate in situ gene tran-
scription. Abrogation of p300 recruitment or inhibition of

BRD4 binding to these chromatin loci abolishes the in situ gene
transcription, providing further support for the role of histone
hyperacetylation and BRD4 recruitment in BRD4-NUT-medi-
ated transcriptional activation. Our study therefore reveals the
mechanistic details for BRD4-NUT function in transcriptional
regulation and will aid future investigation of the NMC onco-
genic mechanism.

EXPERIMENTAL PROCEDURES

Recombinant Plasmid Constructs—Plasmids encoding
Xpress-tagged BRD4S (pcDNA4c-BRD4S) were generated by
cloning the PCR-amplified DNA fragments of BRD4S from the
previously described pOZN-BRD4S (27) into the pcDNA4C
vector. Plasmids encoding Xpress-tagged NUT (pcDNA4c-
NUT) and BRD4-NUT (pcDNA4c-BRD4-NUT) were gener-
ated by cloning the PCR-amplified DNA fragments of NUT or
BRD4-NUT from the previously described pOZN-BRD4-NUT
(22) into the pcDNA4C vector. For the Xpress-tagged H2B-
NUT construct (pcDNA4c-H2B-NUT), the H2B-coding DNA
fragment was PCR-amplified from the previously described
pOZN-H2B-E2TA (28) and subcloned into pcDNA4C-NUT
in-frame with the NUT moiety. Constructs of LacI-CHERRY,
LacI-CHERRY-BRD4S, LacI-CHERRY-NUT, and LacI-
CHERRY-BRD4L have been described in our previous study
(25). The LacI-CHERRY-BRD4C construct was generated by
cloning the PCR-amplified DNA fragments of BRD4C (encod-
ing BRD4 C-terminal amino acids 720–1362) into the
pcDNA4C-LacI-CHERRY plasmid. To generate highly ex-
pressed NUT subfragments, DNAs coding for NUT 6–300 and
NUT 346–593 were PCR-amplified and cloned into a pOZN vec-
tor to generate in-frame fusions of these molecules with an HA-
FLAG tag. The HA-FLAG-tagged NUT 6–300 or NUT 346–593
DNA fragments were additionally PCR-amplified and subcloned
into a modified pLU vector (a gift from Dr. Susan M. Janicki) (29).
All plasmid constructs were verified by DNA sequencing.

Cell Culture, Transfection, and Gene Knockdown—HCC2429
cells (provided by Dr. Thao P. Dang, Vanderbilt University) (30)
were maintained in RPMI 1640 medium (Invitrogen) with 10%
FBS (Hyclone) and 1% penicillin/streptomycin (Invitrogen).
293T cells were maintained in DMEM (Invitrogen) with 10%
FBS and 1% penicillin/streptomycin. U2OS cells were main-
tained in McCoy’s 5A medium (Invitrogen) with 10% FBS and
1% penicillin/streptomycin. The U2OS 2-6-3 and U2OS 2-6-3
YFP-MS2 stable cell lines were a gift from Dr. Susan M. Janicki
(26, 29). The U2OS 2-6-3 cell line (26) was maintained in
DMEM GlutaMAXTM-I high-glucose (Invitrogen) supple-
mented with 10% Tet system-approved FBS (Clontech), 1%
penicillin/streptomycin, and hygromycin B (100 �g/ml, Clon-
tech). U2OS 2-6-3 YFP-MS2 stable cells (26, 29) were main-
tained in the same medium supplemented with G418 (400
�g/ml, American Bioanalytical).

For 293T cells, the calcium phosphate transfection method
was applied as described previously (27). U2OS cells were trans-
fected with GeneJammer reagent (Agilent Technologies) fol-
lowing the instructions of the manufacturer. For the U2OS
2-6-3 and U2OS 2-6-3 YFP-MS2 stable cell lines, both FuGENE
HD (Roche) and GeneJammer (Agilent Technologies) reagents
were used for plasmid transfection. HCC2429 cells were trans-
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fected with Lipofectamine 2000 (Invitrogen) following the
instructions of the manufacturer.

The non-targeting control siRNA (catalog no. D-001210 –
01) and NUT siRNA (catalog no. D-022211– 01) were pur-
chased from Dharmacon (GE Healthcare). For siRNA knock-
down, HCC2429 cells were transfected at about 30% confluency
using DharmaFECT 2 reagent (GE Healthcare) following the
instructions of the manufacturer.

Nuclear Extraction with Different Salt Concentrations—Cells
were trypsinized and counted. Around 5 � 106 cells were ali-
quoted to each tube for nuclear protein extraction using differ-
ent salt concentrations. Cells were first gently resuspended in
200 �l of buffer A (10 mM Tris-HCl (pH 7.5), 10 mM NaCl, 3 mM

MgCl2, 2.5 mM DTT, 1 mM PMSF, and 0.5% Nonidet P-40 sup-
plemented with protease inhibitors). After 10 min of incubation
on ice, nuclear pellets were centrifuged at 5000 rpm for 5 min at
4 °C and then resuspended in 100 �l of buffer B (10 mM Tris-
HCl (pH 7.5), 3 mM MgCl2, 2.5 mM DTT, 1 mM PMSF, and 0.5%
Nonidet P-40 supplemented with protease inhibitors) with dif-
ferent salt concentrations (100 – 450 mM NaCl). After rotating
at 4 °C for 1 h, nuclear extracts were centrifuged at 12,000 rpm
for 5–10 min at 4 °C. The supernatants were then boiled in
SDS-PAGE sample buffer. The same volume of samples from
different salt concentration extracts were loaded onto SDS-
PAGE gels, transferred onto PVDF membranes, and immuno-
blotted with the BRD4 C antibody (recognizing Brd4 amino
acids 1313–1362). HRP-linked anti-rabbit IgG (Cell Signaling
Technology) was used as the secondary antibody. Western
blots were developed using Western Lightning ECL solution
(PerkinElmer Life Sciences), and images were captured using a
Fuji imaging system.

The intensity of protein bands was quantified using the
“Analyze Gels” function of ImageJ software (National Institutes
of Health). The relative abundance was calculated by setting the
intensity of the BRD4 band from extraction of the highest (450
or 400 mM) NaCl concentration as 1. The curves were fitted by
non-linear regression using the “One site-specific binding with
Hill slope” equation on GraphPad Prism software (version 5.0).

Salt Treatment and Immunofluorescent Staining—U2OS
cells were split onto coverslips 8 h after transfection. At 36 h
post-transfection, cells were either fixed directly for 20 min
with 4% paraformaldehyde in PBS or pre-extracted on ice for 10
min in CSK buffer (10 mM PIPES (pH 6.8), 30 mM sucrose, 3 mM

MgCl2, 1 mM EGTA, 0.5% Triton X-100, and 250 mM NaCl and
supplemented with protease inhibitors) before fixing with 4%
paraformaldehyde in PBS for 20 min (31).

For other immunofluorescent experiments, cells on cover-
slips were fixed with 3% paraformaldehyde in PBS for 20 min.
Immunofluorescent staining was performed as described pre-
viously (27). The following primary antibodies were used: anti-
BRD4 C, anti-Xpress (catalog no. R910-25, Invitrogen), anti-
p300 (catalog no. 05-257, Millipore), anti-p300 (catalog no.
sc-585, Santa Cruz Biotechnology), anti-CBP (catalog no.
06-297, Millipore), anti-AcH4 (catalog no. 06-866, Millipore),
anti-Cyclin T1 (catalog no. sc-10750, Santa Cruz Biotechnol-
ogy), anti-Cdk9 (catalog no. sc-8338, Santa Cruz Biotechnol-
ogy), anti-MED1 (catalog no. A300-793A, Bethyl Laboratories),
and anti-FLAG (catalog no. F-3165, Sigma). Secondary anti-

bodies used were Alexa Fluor 594 goat anti-rabbit IgG (catalog
no. A11012, Invitrogen), Alexa Fluor 488 goat anti-mouse IgG
(catalog no. A11001, Invitrogen), Alexa Fluor 488 donkey anti-
rabbit (catalog no. A21206, Invitrogen), and Alexa Fluor 350
goat anti-mouse (catalog no. A21049, Invitrogen).

All immunofluorescent images were captured using an
inverted fluorescence microscope (Olympus IX81) as described
previously (32). The scale bars were added using ImageJ soft-
ware. Profiles of red, green, and blue signals (RGB) for the trans-
gene sites were generated using the “RGB Profile Plot” function
of ImageJ software.

Quantitative single-cell image analysis was performed using
ImageJ software as described previously (25). All photos used in
the analysis were taken with the same exposure and gain set-
tings and exported as 16-bit monochrome images on a scale of
0 – 4095. The YFP-MS2 intensity was measured at the trans-
gene array regions, which were selected on the basis of the
CHERRY signal. YFP-MS2 intensity measurements were nor-
malized by subtracting the background value, which was deter-
mined by averaging the measurements from three independent
nuclear regions distinct from the transgene array site. YFP-MS2
intensity was measured for more than 50 cells for each sample.

RT-qPCR—Total RNA was isolated using a NucleoSpin RNA
II kit (Macherey-Nagel). Reverse transcription was performed
using Moloney murine leukemia virus (M-MLV) reverse tran-
scriptase (Invitrogen). Quantitative real-time PCR was per-
formed using a CFX96 real-time PCR detection system (Bio-
Rad) with IQ SYBR Green supermix (Bio-Rad). RT-qPCR
Primers used in this study were as follows: reporter 1, 5� TCA
TTA GAT CCT GAG AAC TTC A 3� (forward) and 5� TTT
TGG CAG AGG GAA AAA GA 3� (reverse); LacI, 5� TAA CTA
TCC GCT GGA TGA CC 3� (forward) and LacI, 5� GCC GAG
ACA GAA CTT AAT GG 3� (reverse). The reporter mRNA
level was normalized to the LacI mRNA level, which represents
the expression level of LacI-CHERRY constructs.

ChIP—ChIP experiments were performed as previously
described (25). Primers used for ChIP samples were as follows:
SOX2 promoter, 5� CCA TAC AGT GCC GTG GGA TG 3�
(forward) and 5� CAG CTC TTC CTC TTA GCC CC 3�
(reverse); transgene promoter, 5� TGA AAG TCG TCG ACC
GGG TCG AG 3� (forward) and 5� GGA TCG GTC CCG GTG
TCT TCT ATG 3� (reverse).

Statistical Analyses—Statistical analysis was performed using
unpaired Student’s t test of GraphPad Prism software (Version
5.0) to compare the data from the control and experimental
groups. A two-tailed p value of �0.05 was considered statisti-
cally significant.

RESULTS

NUT Activates in Situ Gene Transcription by Recruiting
HATs, Inducing Histone Acetylation and BRD4 Enrichment—
We discovered that the BRD4-NUT fusion oncoprotein
expressed in NMC cells sequesters transcription factors in
hyperacetylated chromatin foci to stimulate some gene expres-
sion while repressing the expression of others (22, 25). Further
studies suggested that this appears to be a gain of function for
NUT (25). To determine how tethering the NUT moiety of
BRD4-NUT to cellular chromatin affect in situ gene expression,
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we performed mechanistic studies by targeting the NUT mole-
cule to a stably integrated LacO transgene array in U2OS 2-6-3
cells using the LacI-CHERRY fusion (26). This system allowed
us to visualize in situ recruitment of cellular factors and tran-
scription dynamics in the presence of the NUT molecule (25,
26). In this transgene array system, a transcription unit com-
posed of 256 copies of the lac operator (LacO), 96 copies of the
tetracycline response element, a minimal CMV promoter, 24
repeats of the MS2 translational operators (MS2 repeats), and a
polyadenylation signal was stably integrated into a euchromatic
region of chromosome 1 in the U2OS genome (26). The inte-
grated transgene array in the U2OS 2-6-3 cell line could be
visualized by expression of a Lac repressor binding protein
(LacI)-CHERRY fusion, whereas the MS2 operator RNA tran-
scribed from this locus was detected by accumulations of the
RNA-specific binding protein, MS2 coat-YFP fusion protein
(YFP-MS2), at the locus (26). In this study, a LacI-CHERRY-
NUT construct was generated to tether the NUT moiety to the
LacO transgene locus, whereas a LacI-CHERRY-BRD4S con-
struct was used as a control for detecting the contribution of the
BRD4 moiety to the BRD4-NUT function. U2OS 2-6-3 cells
stably expressing YFP-MS2 were transfected with these LacI-
Cherry constructs. We found that NUT tethered to the LacO
array is able to strongly stimulate MS2 operator transcription
even in the absence of tetracycline-controlled transactivator,
whereas BRD4S did not have the same effect (Fig. 1B and (25)).
NUT tethered to the LacO array also efficiently recruits p300
but BRD4S does not have this activity (Fig. 2 and (25)). We have
shown previously that, besides p300, other HATs also interact
with NUT (22). We therefore examined several other HATs,
including p300/CBP-associated factor (P/CAF), Tip60, tran-

scription initiation factor TFIID 250-kDa subunit (TAFII250),
MYST, CBP, and ATF-2, and found that the NUT protein also
recruits high levels of CBP to the transgene site (Fig. 2). About
80% of the cells transfected with either LacI-CHERRY vector
control or LacI-CHERRY-BRD4S also showed a low level of
CBP recruited to the transgene site (Fig. 2 and data not shown).
However, compared with these controls, LacI-CHERRY-NUT-
transfected cells showed a much brighter staining of CBP on the
transgene site, suggesting that it is specifically enriched by the
NUT moiety (Fig. 2). Likely as a result of the recruitment of
p300 and CBP, high levels of acetylated histone H4 (AcH4) and
BRD4 were detected at the transgene site only in the LacI-
CHERRY-NUT-transfected cells but not in the LacI-CHERRY-
BRD4S-positive cells (Fig. 2). To confirm this finding, we per-
formed a ChIP analysis to examine the status of AcH4 and
BRD4 recruitment at the transgene locus. Primers targeting the
transgene promoter were used in the PCR analysis of the ChIP
samples to detect the enrichment of AcH4 or BRD4 at the locus.
ChIP results showed that the AcH4 and BRD4 levels at the
transgene promoter were increased significantly with LacI-
CHERRY-NUT transfection compared with LacI-CHERRY
(CO) or LacI-CHERRY-BRD4S transfection (Fig. 3, A and C). It
is important to note that although only �30% of the U2OS
2-6-3 cells were transfected with the LacI-CHERRY-NUT con-
struct, we were able to see the dramatic effect of LacI-CHERRY-
NUT expression on the local AcH4 and BRD4 enrichment at
the transgene array chromatin foci, indicating that the increase
of AcH4 and BRD4 level at the transgene promoter in LacI-
CHERRY-NUT-positive cells compared with control cells
could be much more dramatic than the data shown in Fig. 3, A
and C. In contrast, LacI-CHERRY-NUT did not change the lev-

FIGURE 1. NUT protein activates in situ gene transcription. A, schematics of the BRD4 isoforms and BRD4-NUT oncogenic fusion. The t(15;19) translocation
breakpoint bisects BRD4L at amino acid 719. The N-terminal component contains the double bromodomains (BD), a potential kinase domain, an extraterminal
(ET) protein-protein interaction domain, and a serine-rich domain. The C-terminal of BRD4-NUT incorporates almost the entire NUT sequence. The BRD4C
region spanning the BRD4 C-terminal amino acids 720 –1362 is specifically present in BRD4L but not in BRD4-NUT. B, U2OS 2-6-3 YFP-MS2 stable cells were
transfected with LacI-CHERRY-BRD4S or LacI-CHERRY-NUT. 24 h post-transfection, cells were fixed and counterstained with DAPI. LacI-CHERRY fusions allow the
LacO locus to be visualized in red, whereas YFP-MS2 marks the sites of active transcription. IF, immunofluorescent staining with indicated antibodies (p300, CBP,
AcH4, or BRD4). The RGB intensity profiles show the intensity curve of red, green, and blue signals along the highlighted yellow bars in the Merge panel. Scale
bars � 5 �m.
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els of AcH4 and BRD4 at the SOX2 promoter region (Fig. 3, B
and D). Together, these results extend our hypothesis to sug-
gest that the NUT moiety of BRD4-NUT recruits p300/CBP,
which induces high levels of histone acetylation, consequently
allowing additional BRD4 to bind to surrounding chromatin.

BRD4-NUT Causes Tighter BRD4 Binding to NMC
Chromatin—Besides the transgene array study, we also exam-
ined whether BRD4-NUT expressed in NMC cells affects BRD4
binding to chromatin through stimulating histone acetylation.
In the BRD4-NUT-positive NMC lung cancer cell line
HCC2429, which carries one intact BRD4 locus and expresses
normal BRD4 as well as the BRD4-NUT fusion proteins (22), we
noticed that BRD4 extraction efficiency was much lower com-
pared with other BRD4-NUT-negative cell lines. We hypothe-
sized that BRD4 bound more tightly to chromatin in HCC2429
than in the BRD4-NUT-negative cell lines. Indeed, increasing

the salt concentration in the extraction buffer from 150 to 400
mM greatly improved recovery of BRD4 from this cell line (Fig.
4A). We were curious whether HCC2429 was unique in having
very tightly bound BRD4, so we tested a number of other cell
lines using various salt concentrations (Fig. 4, A and B). Nuclear
extracts were prepared with 100 – 450 mM salt concentrations,
and extracted BRD4 relative intensities were analyzed. Com-
pared with the BRD4-NUT-negative cell lines, including 293T,
C33A, and U2OS cells, it is clear that HCC2429 cells need a
higher salt concentration to extract BRD4 from chromatin (Fig.
4, A and B), although the levels of endogenous BRD4 in these
cell lines are not dramatically different (Fig. 4A, bottom panel),
suggesting that BRD4 is truly binding tighter to chromatin in
HCC2429 cells.

To test whether BRD4-NUT causes strong binding of BRD4
to chromatin in HCC2429 cells, we knocked down BRD4-NUT

FIGURE 2. The NUT protein recruits p300 to stimulate local histone H4 acetylation and BRD4 enrichment in the transgene locus. U2OS 2-6-3 cells were
transfected with LacI-CHERRY-BRD4S or LacI-CHERRY-NUT. 24 h post-transfection, cells were immunostained with p300, CBP, AcH4, or BRD4 C antibodies and
counterstained with DAPI. BRD4 C antibody is specific for the BRD4 long isoform. IF, immunofluorescent staining with indicated antibodies (p300, CBP, AcH4,
or BRD4). The RGB intensity profiles show the intensity curve of red, green, and blue signals along the highlighted yellow bars in the Merge panel. Scale
bars � 5 �m.
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using NUT siRNA and then performed BRD4 extraction using
different salt concentrations (Fig. 4, C and D). Consistent with
our data published previously (see Fig. 4A in Ref. 25), we repeat-
edly observed a reduced BRD4 protein level in BRD4-NUT
knockdown cells (Fig. 4C, bottom panel). It is possible that
BRD4-NUT-induced tighter BRD4 binding to chromatin con-
tributes to its stabilization. However, although less BRD4 is
present in the BRD4-NUT knockdown cells, BRD4 was more
efficiently extracted from the chromatin in these cells com-
pared with the non-targeting control siRNA-treated cells (Fig.
4, C and D). This result strongly suggests that BRD4-NUT
causes BRD4 to bind tighter to the chromatin.

To further confirm that the NUT moiety of the fusion pro-
tein is inducing the stronger binding of BRD4 to chromatin, we
expressed BRD4S, NUT, or BRD4-NUT in 293T cells (Fig. 4E)
and then examined the extraction efficiency of endogenous
BRD4 using different salt concentrations (Fig. 4, F and G). 293T
cells expressing BRD4-NUT need a higher salt concentration to
extract most of the BRD4 in the nucleus. However, BRD4S- or
NUT-transfected cells show an extraction pattern similar to the
vector control-transfected cells (Fig. 4, F and G), suggesting that
tethering NUT protein to chromatin is required for increasing
the binding affinity of BRD4 to chromatin. To confirm this, we

made a construct encoding H2B-NUT fusion in which the NUT
moiety could be tethered to the chromatin by H2B. As
expected, expression of H2B-NUT increased the salt concen-
tration needed to extract BRD4, similar to the observation
made in the cells expressing BRD4-NUT (Fig. 4, E–G). Notably,
the endogenous BRD4 level in 293T cells was not dramatically
changed by transfection of any of these constructs (Fig. 4E).

Visualization Of The Tighter BRD4 Binding to Chromatin
Induced by the NUT Protein Tethered to Chromatin—As
reported in our previous study (22), the NUT moiety of BRD4-
NUT interacts with and stimulates p300 catalytic activity,
which consequently causes a high level of acetylation on nearby
histones and recruitment of additional BRD4 molecules. We
hypothesized that this may be the mechanism by which BRD4-
NUT enhances the binding affinity of BRD4 to chromatin. To
directly test whether increased histone acetylation makes BRD4
bind tighter to chromatin, we examined the BRD4 extraction
efficiency in 293T cells treated with DMSO or a histone
deacetylase inhibitor, trichostatin A (TSA), which induces his-
tone hyperacetylation as detected by immunofluorescence
staining (data not shown). The nuclear extracts were prepared
from these cells using different salt concentrations. TSA treat-
ment dramatically increased the salt concentration needed to

FIGURE 3. The NUT protein induces local histone H4 hyperacetylation and enriches BRD4 at the transgene locus. U2OS 2-6-3 cells were transfected with
LacI-CHERRY (CO), LacI-CHERRY-BRD4S, or LacI-CHERRY-NUT. 24 h post-transfection, cells were subjected to the ChIP assay with normal rabbit IgG (NR IgG), AcH4,
or BRD4 C antibodies. ChIP samples were analyzed by qPCR using primers targeting the transgene promoter region (A and C) as well as the SOX2 promoter
region (B and D). All values represent the mean � S.D. of three independent experiments.
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extract BRD4 from chromatin (Fig. 5 and Ref. 7). This result
further supports our hypothesis that histone hyperacetylation,
which could be induced by chromatin-bound NUT protein, is
sufficient to cause tighter BRD4 binding to chromatin.

To directly visualize the effect of chromatin-associated NUT
on BRD4 binding to chromatin at the single-cell level, we per-

formed immunofluorescent staining of U2OS cells expressing
BRD4S, BRD4-NUT, or H2B-NUT after extraction with a
buffer containing 250 mM NaCl. In the control cells transfected
with an empty vector, BRD4 was completely removed after salt
treatment (Fig. 6). However, after salt treatment of the cells
expressing BRD4-NUT or H2B-NUT, BRD4 remained strongly

FIGURE 4. Expression of BRD4-NUT increases the binding of BRD4 to chromatin. A, nuclear proteins from four different cell lines (293T, C33A, U2OS, and
HCC2429) were extracted with different NaCl concentrations (Conc., 100 – 450 mM). Nuclear extracts were immunoblotted with the BRD4 C antibody. The
concentration of nuclear proteins extracted with 450 mM NaCl buffer was determined by Bradford assay, and 20 �g of proteins was immunoblotted with BRD4
C and GAPDH antibodies to compare endogenous BRD4 levels in these cell lines. B, the intensity of BRD4 bands was quantified using ImageJ. The relative
abundance of extracted BRD4 was calculated by setting the intensity of the BRD4 band from 450 mM NaCl extraction as 1. The curves were fit using GraphPad
Prism software. C, HCC2429 cells were transfected with a non-targeting control (CO) or NUT siRNA. 36 h post-transfection, nuclear proteins were extracted with
different NaCl concentrations (100 – 400 mM) and immunoblotted with the BRD4 C antibody. The concentration of nuclear proteins extracted with 400 mM NaCl
buffer was determined by Bradford assay, and 20 �g of proteins was also immunoblotted with NUT, BRD4 C, and GAPDH antibodies to confirm the NUT
knockdown efficiency. D, same as B, except the intensity of the BRD4 band from 400 mM NaCl extraction was set as 1. E, 293T cells were transfected with vector
control (V) or constructs expressing Xpress-tagged BRD4S, NUT, BRD4-NUT, or H2B-NUT. 24 h post-transfection, whole cell lysates were immunoblotted with
Xpress, BRD4 C, and GAPDH antibodies. The concentration of cell lysates was determined by Bradford assay, and 20 �g of proteins was loaded for each lane.
Asterisks indicate the Xpress-tagged proteins. F, 293T cells were transfected as in E. 24 h post-transfection, nuclear proteins were extracted with different NaCl
concentrations (150 – 400 mM) and immunoblotted with the BRD4 C antibody. G, as described in D.
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bound to chromatin, showing staining signals as bright as in
non-treated cells. In BRD4S-positive cells either with or with-
out salt extraction, we observed a lower level of BRD4 com-
pared with untreated BRD4S-negative cells (Fig. 6). This is
likely because the high level of BRD4S functions as a dominant-
negative inhibitor to dissociate endogenous BRD4 from chro-
matin, but it can also interact with BRD4 through the bromodo-
mains to retain some BRD4 in the nucleus (32). The data so far
suggest that the NUT moiety tethered to chromatin either
through the BRD4 double bromodomains or H2B cause tighter
binding of BRD4 to chromatin. We were not able to examine
the BRD4 signal in NUT-expressing cells after salt extraction
because the NUT protein not associated with chromatin was
completely removed after salt extraction (data not shown).

NUT-induced Histone Hyperacetylation Allows Further
Recruitment of BRD4-interacting Factors to Activate in Situ
Gene Transcription—To further understand whether BRD4
recruitment contributes to the in situ transgene activation in
U2OS 2-6-3 cells (Figs. 1B and 2), we tested whether BRD4
recruits its known interacting transcription factors, such as
P-TEFb, which contains Cdk9 and Cyclin T1 subunits, and
mediator of RNA polymerase II transcription subunit 1
(MED1), to the LacO locus. Indeed, the endogenous proteins of
these BRD4-interacting factors were all recruited to the trans-
gene foci in LacI-CHERRY-NUT-transfected cells but not in
LacI-CHERRY-BRD4S-transfected cells (Fig. 7A). Quantifica-

tion analysis showed that a high percentage (�80%) of cells
show in situ recruitment of these transcription factors as well as
activation of MS2 operator RNA transcription (Fig. 7B), dem-
onstrating the mechanistic details that support the transgene
activation induced by NUT protein.

NUT 346 –593 Functions as a Dominant-Negative Inhibitor
to Block p300 Recruitment and to Inhibit in Situ Transgene
Transcription Activation—The NUT moiety of BRD4-NUT has
been shown to interact with p300 and to stimulate its catalytic
activity (21). Therefore, p300 likely plays a critical role in NUT-
mediated in situ transcriptional activation. The p300 binding
site has been mapped to the NUT region spanning amino acids
346 –593 (21). We therefore tested whether this region may be
used as a dominant-negative inhibitor to prevent p300 recruit-
ment. Remarkably, coexpression of the NUT 346 –593 domain
with LacI-CHERRY-NUT significantly inhibited p300 recruit-
ment to the transgene site (Fig. 8A). Quantification analysis
showed that nearly 100% of the cells transfected with a control
vector or the construct encoding the NUT 6 –300 domain,
which does not bind p300 (21), displayed strong p300 enrich-
ment at the LacI-CHERRY-NUT-bound transgene site (Fig.
8A). In contrast, only 32.4% of the LacI-CHERRY-NUT-posi-
tive cells coexpressing NUT 346 –593 still showed clear p300
recruitment, 38.9% of the cells showed a weakly recruited p300
signal, and 28.7% had no detectable p300 signal at the transgene
array. NUT 346 –593 expressed in HCC2429 cells also effi-
ciently diffused the p300 signal, which normally accumulates in
the BRD4-NUT foci (Fig. 8B) (25). These results demonstrated
that NUT 346 –593 functions as a dominant-negative inhibitor
to block the NUT and p300 interaction. Importantly, in U2OS
2-6-3 cells stably expressing YFP-MS2, coexpressing LacI-
CHERRY-NUT and NUT 346 –593 caused the transcription
level of MS2 operators to be significantly reduced compared
with the cells cotransfected with the empty vector or the NUT
6 –300 construct (Fig. 8, C and D). Because NUT 346 –593 not
only blocks p300 recruitment but also inhibits the transcription
of the transgene array, these results suggest that p300 recruit-
ment and the downstream events are essential for NUT-medi-
ated transcriptional activation.

Recruitment of BRD4 Plays a Supporting Role in BRD4-NUT-
mediated in Situ Transgene Activation—Our data so far show
that BRD4-NUT can stimulate transcriptional activation by
recruiting HATs through the NUT moiety and that BRD4 is
tightly bound to chromatin in the presence of BRD4-NUT. We
hypothesized that the BRD4-NUT transcriptional activation of
the transgene array in U2OS 2-6-3 cells was mediated by BRD4
binding of acetylated histones at the transgene array through its
bromodomains. We therefore abrogated the interaction of
BRD4 with acetylated histones on chromatin using a small mol-
ecule inhibitor, (	)-JQ1 (23), to test whether, in the absence of
BRD4, recruitment of other factors such as p300 by the NUT
protein to the transgene array could still activate transcription.
Titration analysis showed that 3 �M (	)-JQ1 was sufficient to
completely dissociate BRD4 from the transgene site in most of
the U2OS 2-6-3 cells, with only 8% of LacI-CHERRY-NUT-
positive cells retaining weak BRD4 staining at the transgene
locus (Fig. 9A). When BRD4 was dissociated by (	)-JQ1, the
P-TEFb subunits Cdk9 and Cyclin T1 were also dissociated

FIGURE 5. BRD4 is harder to extract upon TSA treatment. A, 293T cells were
treated with 100 ng/ml TSA for 12 h. Nuclear proteins were extracted with
different NaCl concentrations (Conc., 150 – 400 mM) and immunoblotted with
the BRD4 C antibody. DMSO, dimethyl sulfoxide. B, the intensity of BRD4
bands was quantified using ImageJ. The relative abundance of the extracted
BRD4 in the nuclear extracts was calculated by setting the intensity of the
BRD4 band from 400 mM NaCl extraction as 1. The curves were fit using
GraphPad Prism software.
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from the transgene site in most cases, leaving around 17% and
15% of LacI-CHERRY-NUT-positive cells still showing weak
staining of Cdk9 or Cyclin T1, respectively, at the transgene
locus (Fig. 9A). Dissociation of BRD4 could only partially
inhibit MED1 recruitment to the transgene site, with around
60% of LacI-CHERRY-NUT-positive cells still showing MED1
recruitment at the LacO locus (Fig. 9A), indicating that MED1
may also be recruited to the LacO transgene locus through
BRD4-independent mechanisms. In contrast to the BRD4-in-
teracting factors, p300 recruitment was observed in almost
100% of the LacI-CHERRY-NUT-positive cells treated with
either (	)-JQ1 or its inactive stereoisomer, (-)-JQ1, indicating
that p300 acts upstream of BRD4 and, therefore, is not affected
by BRD4 dissociation (Fig. 9A). These results support the role of
BRD4 in the recruitment of P-TEFb and, to a lesser extent,
MED1, to NUT-bound chromatin.

Further studies in U2OS 2-6-3 cells stably expressing YFP-
MS2 showed that the transcription of the transgene reporter
induced by LacI-CHERRY-NUT, as quantified by both YFP-
MS2 accumulation at the transgene site and mRNA level
detected by RT-qPCR, was significantly repressed upon treat-
ment with (	)-JQ1 compared with the cells treated with (
)-
JQ1 (Fig. 9, B and C). This inhibition was observed in cells
treated with 3 �M JQ1 for 8 h to avoid indirect effects on cell
proliferation and/or the cell cycle progression, indicating a
direct (	)-JQ1 inhibition effect on the transgene transcription.

To further confirm the supporting role of BRD4 in NUT-
induced transcriptional activation, we analyzed LacI-CHERRY
fusions with either BRD4L or BRD4C, which encode the BRD4
C-terminal amino acid 720 to 1362 that are present specifically
in BRD4L but not in BRD4-NUT (Fig. 1A), for their abilities to
recruit interacting partners to activate transgene expression.

FIGURE 6. Visualization of the tighter BRD4 chromatin binding induced by the NUT protein tethered to chromatin. U2OS cells were transfected with
vector control (V) or constructs for expressing Xpress-tagged BRD4S, BRD4-NUT, or H2B-NUT. 36 h post-transfection, coverslips were collected and either fixed
immediately (Non-treated) or pre-extracted in a buffer containing 250 mM NaCl prior to fixation (Salt-treated). The cells were then stained with Xpress (green)
and Brd4 C (red) antibodies and counterstained with DAPI. Representative images from three experiments are presented. Scale bars � 10 �m.
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Quantification of immunofluorescently stained cells indicated
that, as expected, neither LacI-CHERRY-BRD4C nor LacI-
CHERRY-BRD4L could recruit p300 or induce H4 acetylation
at the transgene locus. However, more than 90% of LacI-
CHERRY-BRD4C- and LacI-CHERRY-BRD4L-transfected cells
strongly recruited Cdk9 and Cyclin T1 to the transgene site,
whereas only about 20% of positively transfected cells showed
MED1 signal accumulated at the transgene locus (Fig. 10A).
This agrees with our conclusion from the (	)-JQ1 experiment

that BRD4 plays a major role in the recruitment of P-TEFb and
a partial role in the recruitment of MED1 to the transgene site.
These results show that tethering BRD4, or just the C-terminal
region of BRD4, to the transgene array is sufficient to recruit
P-TEFb. In addition, both BRD4L and BRD4C could weakly
activate the transgene transcription when they were tethered to
the LacO locus using the LacI-CHERRY fusion proteins (Fig.
10B). In fact, quantification analysis showed 43% LacI-CHER-
RY-BRD4C-positive cells and 20% of LacI-CHERRY-BRD4L-

FIGURE 7. The NUT protein enriches the BRD4-interacting partners P-TEFb and MED1 at the transgene locus to stimulate in situ transcription activa-
tion. A, U2OS 2-6-3 cells were transfected with LacI-CHERRY-BRD4S or LacI-CHERRY-NUT. 24 h post-transfection, cells were immunostained with Cdk9, Cyclin T1,
or MED1 antibodies and counterstained with DAPI. IF, immunofluorescent staining with indicated antibodies (Cdk9, cyclin T1, or MED1). The RGB intensity
profiles show the intensity curve of red, green, and blue signals along the highlighted yellow bars in the Merge panel. Scale bars � 5 �m. B, U2OS 2-6-3 cells were
transfected with LacI-CHERRY-NUT. 24 h post-transfection, cells were immunostained with p300, CBP, AcH4, BRD4 C, Cdk9, Cyclin T1, or MED1 antibodies and
counterstained with DAPI. The percentage of cells with the indicated cellular factors recruited to the transgene locus was calculated from more than 100
positively transfected cells. For quantification of MS2 operator RNA transcription activation, U2OS 2-6-3 YFP-MS2 stable cells were transfected with LacI-
CHERRY-NUT. 24 h post-transfection, cells were fixed and counterstained with DAPI. The percentage of cells with the YFP-MS2 signal accumulated at the LacO
transgene locus was calculated from more than 100 positively transfected cells. Values represent the means � S.D. of three independent experiments.
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positive cells with weak YFP-MS2 accumulation at the trans-
gene array locus (Fig. 10C). The lower percentage with the
BRD4L construct was probably due to the fact that BRD4L is
expressed at a lower level compared with the smaller BRD4C
molecule (data not shown). RT-qPCR analysis further con-
firmed that BRD4C or BRD4L tethered to the LacO array by
LacI-CHERRY fusions weakly induced transgene transcription
(data not shown). These results, together with the JQ1 data
described above, strongly support the hypothesis that recruit-

ment of BRD4 contributes to the BRD4-NUT-induced in situ
gene transcriptional activation.

DISCUSSION

Previous studies from our group and others showed that the
NUT moiety of the BRD4-NUT fusion protein strongly inter-
acts with and recruits HATs to induce histone hyperacetylation
in discrete chromatin domains (21, 22, 25). This effect causes
sequestration of BRD4 and associated transcriptional factors
into the hyperacetylated chromatin foci and repression of
global transcription (21, 22). BRD4-NUT has also been shown
to enrich at specific genes, such as c-MYC and SOX2, to stimu-
late gene expression (24, 25). However, it is unclear how BRD4-
NUT affects the transcription of other genes with which it asso-
ciates at the whole-genome level.

In this study, we examined the transcriptional regulation
function of NUT protein using the well established transgene
array in U2OS 2-6-3 cells (26), which provides a powerful tool
to obtain an integrative view of in situ transcriptional dynamics
in single living cells. By tethering the NUT protein to the inte-
grated transgene array, we were able to recapitulate the NUT
chromatin interaction observed in punctuate “NUT foci” in the
nuclei of NMC cells and to visualize the in situ transcription
regulation function of NUT in live cells. Using this system, we
demonstrated that NUT protein in the NUT focus stimulates
the transgene expression by recruiting HATs such as p300/
CBP, which induces regional histone hyperacetylation and
enrichment of BRD4 and associated transcription activators,
including P-TEFb and MED1. As a consequence of the excep-
tional ability of NUT to induce histone hyperacetylation and
recruit BRD4 cofactors, NUT expression leads to a much more
robust stimulation of the transgene activation than BRD4L and
BRD4C molecules (compare the YFP-MS2 data in Figs. 7B and
10C, and also compare the YFP-MS2 signal in Figs. 1B and 10B).
Building on these observations and on published studies (21, 22,
25), we proposed a working model for the BRD4-NUT onco-
genic function in NMCs (Fig. 11). In this model, BRD4-NUT is
enriched in discrete chromatin foci where it recruits p300/CBP,
and possibly other HATs, through the NUT moiety to stimulate
regional histone hyperacetylation. This leads to enrichment of
BRD4 and associated transcription factors like P-TEFb and
MED1 to specifically activate gene expression within the hyper-
acetylated chromatin foci (Fig. 11). These highly acetylated
chromatin foci may sequester transcription factors away from
other genes, such as the differentiation regulator c-FOS, outside
of the hyperacetylated chromatin regions to cause transcription
repression (22). BRD4-NUT enriched at SOX2 and c-MYC
stimulates their transcription (24, 25), providing strong support
for this model. In line with this model, NUT fragment 346 –593,

FIGURE 8. Blocking NUT-p300 interaction using a NUT 346 –593 dominant-negative inhibitor prevents p300 recruitment and represses NUT-mediated
transgene activation. A, U2OS 2-6-3 cells were transfected with LacI-CHERRY-NUT together with either the empty vector (V) or constructs encoding FLAG-
tagged NUT 6 –300 or the NUT 346 –593 fragment. Cells were fixed 24 h after transfection and immunostained with p300 (green) and FLAG (blue) antibodies.
The RGB intensity profiles in the right panel show the intensity curve of red, green, and blue signals along the highlighted yellow bars in the Merge panel. Scale
bars � 5 �m. B, HCC2429 cells were transfected with constructs encoding FLAG-tagged NUT 6 –300 or NUT 346 –593. 24 h post-transfection, cells were fixed and
immunostained with p300 (green) and FLAG (red) and counterstained with DAPI. Scale bars � 10 �m. C, U2OS 2-6-3 YFP-MS2 stable cells were transfected with
LacI-CHERRY-NUT together with either the empty vector or constructs encoding FLAG-tagged NUT 6 –300 or the NUT 346 –593 fragment. Cells were fixed 24 h
after transfection and immunostained with the FLAG antibody. Scale bars � 5 �m. D, quantitative single-cell image analysis of the YFP-MS2 intensity at the
transgene array locus. The average YFP-MS2 intensity of the transgene array was quantified for more than 50 cells in each sample transfected in C using ImageJ.
Data represent the mean � S.D. ***, p � 0.001.

FIGURE 9. Recruitment of BRD4 contributes to NUT-mediated transcrip-
tional activation. A, U2OS 2-6-3 cells transfected with LacI-CHERRY-NUT were
treated with 3 �M (
)-JQ1 or (	)-JQ1. 8 h after adding JQ1, cells were fixed
and immunostained with p300, BRD4 C, Cdk9, Cyclin T1, or MED1 antibodies.
The percentage of cells with these factors recruited to the transgene locus
was calculated from more than 100 positively transfected cells. Values repre-
sent the mean � S.D. of three independent experiments. B, U2OS 2-6-3 YFP-
MS2 stable cells were transfected with LacI-CHERRY-NUT and treated with 3
�M (
)-JQ1 or (	)-JQ1. 8 h after adding JQ1, cells were fixed and subjected to
single-cell image analysis of the YFP-MS2 intensity at the transgene array
locus. The average YFP-MS2 intensity of the transgene array was quantified
from more than 50 cells in each sample using ImageJ. Data represent the
mean � S.D. of all cells examined. C, U2OS 2-6-3 YFP-MS2 stable cells were
treated as in B. The mRNA levels of the transgene reporter were measured by
RT-qPCR and normalized to the LacI mRNA levels. Values represent the
mean � S.D. of three independent experiments. **, p � 0.01; ***, p � 0.001.
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which encodes the p300-binding site in NUT, functions as
dominant-negative inhibitor to block p300 recruitment and to
inhibit in situ transgene expression (Figs. 8 and 11). In addition,
treatment with (	)-JQ1, which specifically dissociates BRD4
from chromatin without affecting the NUT protein tethered to
the LacO transgene locus, inhibits transgene activation, dem-
onstrating the supporting role of BRD4 in NUT-induced in situ
transcriptional activation (Figs. 9 and 11). Together, these stud-
ies provide a comprehensive understanding of the mechanistic
details underlying the transcription regulation activity of
BRD4-NUT fusion oncogene, providing new insights to deter-
mine how BRD4-NUT fusion oncogene perturbs normal cellu-
lar gene expression to trigger oncogenic events in the highly
lethal NMC carcinomas.

Building on our observation, we hypothesized that BRD4-
NUT-mediated HAT recruitment causes a dramatic alteration
in the chromatin epigenetic landscape, perturbing normal
BRD4 transcription function and downstream target gene
expression, which cumulatively contribute to the highly aggres-
sive tumorigenic activity in NMCs. It appears that BRD4-NUT

may activate the genes it binds but represses the genes that
localize outside of the BRD4-NUT hyperacetylated chromatin
domain. However, this hypothesis needs to be formally tested in
future studies using a parallel analysis of genome-wide BRD4-
NUT target genes and BRD4-NUT chromatin binding sites to
determine whether BRD4-NUT is specifically recruited to the
activated genes but sequestered away from the repressed genes
in NMC. Specific enrichment of BRD4-NUT at the activated
genes will support our model, in which BRD4-NUT stimulates
these genes in NMC by recruiting HATs, BRD4, and other tran-
scription factors.

It has been reported previously that the mobility of GFP-
BRD4-NUT was �2-fold less than that of GFP-BRD4, as deter-
mined by fluorescence recovery after photobleaching technol-
ogy (4, 23). Both BRD4 and BRD4-NUT use the same double
bromodomains to associate with chromatin. Therefore, it was
unclear how the NUT moiety contributes to the relatively
higher chromatin affinity of BRD4-NUT. In this study, our bio-
chemical analysis showed that BRD4-NUT causes BRD4 to
bind more tightly to chromatin because the NUT moiety of the

FIGURE 10. BRD4 and BRD4C recruit interacting factors to the transgene foci and slightly activate in situ gene transcription. A, U2OS 2-6-3 cells were
transfected with LacI-CHERRY control, LacI-CHERRY-BRD4C, or LacI-CHERRY-BRD4L. 24 h post-transfection, cells were immunostained with p300, AcH4, Cdk9,
Cyclin T1, or MED1 antibodies and counterstained with DAPI. The percentage of cells with the indicated cellular factors recruited to the transgene foci was
calculated from more than 100 positively transfected cells. Values represent the mean � S.D. of three independent experiments. B, U2OS 2-6-3 YFP-MS2 stable
cells were transfected with LacI-CHERRY control, LacI-CHERRY-BRD4C, or LacI-CHERRY-BRD4L. 24 h post-transfection, cells were fixed and counterstained with
DAPI. The RGB intensity profiles show the intensity curve of red, green, and blue signals along the highlighted yellow bars in the Merge panel. Scale bars � 5 �m.
C, More than 100 positively transfected cells from B were quantified to calculate the percentage of cells with YFP-MS2 accumulated at the transgene foci. Values
represent the mean � S.D. of three independent experiments.
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fusion protein interacts with and stimulates HATs, inducing
histone hyperacetylation. It is likely that NUT-stimulated his-
tone hyperacetylation similarly contributes to the tight BRD4-
NUT binding to chromatin.

NMC tumors are unequivocally resistant to conventional
chemotherapy (1). Currently there is no specific therapeutic
regime available for curing this cancer. Our studies showed that
the p300-binding NUT 346 –593 domain functions as a domi-
nant-negative inhibitor to significantly abolish p300 recruit-
ment as well as NUT-induced gene transactivation (Fig. 8),
demonstrating that sequestration of p300 by BRD4-NUT is
critical for the downstream gene activation. This result pro-
vides a proof of principle example to support the hypothesis
that breaking the BRD4-NUT and p300 interaction is an excel-
lent strategy to abrogate the BRD4-NUT oncogenic activities.
This study, therefore, establishes a platform for the future iden-
tification of small molecules that can specifically inhibit the
abnormal BRD4-NUT and HAT interaction to prevent the
growth of NMC tumors but have little effect on normal cells
that do not express BRD4-NUT. These molecules will represent
novel therapeutics to treat this highly malignant cancer that is
resistant to conventional therapy (1).

Many epigenetic readers such as BRD4 recognize various his-
tone modifications and translate the “histone codes” into gene
transcription activities, providing a tight control for cell prolif-
eration. Dysfunction of this process frequently leads to cancers
and other human diseases, underscoring the biological signifi-
cance of epigenetic signaling. BRD4 has been implicated in the
pathogenesis of a variety of cancers (18 –20, 33, 34). However,
its role in the cancer development process remains largely
undefined. The naturally occurring BRD4-NUT oncogenic

mutation provides an exciting opportunity to determine how
alteration of BRD4 function leads to cancer. By elucidating the
BRD4-NUT function in modulating BRD4 chromatin associa-
tion and transcription regulation in NMC tumors, our findings
provide new insights for studying the oncogenic mechanisms of
other BRD4-associated cancers.
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