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The bromodomains and extra-terminal domain (BET) family proteins recognize acetylated chromatin through their
bromodomains (BDs) and help in regulating gene expression. BDs are chromatin ‘readers’: by interacting with
acetylated lysines on the histone tails, they recruit chromatin-regulating proteins on the promoter region to regulate
gene expression and repression. Extensive efforts have been employed by scientific communities worldwide to
identify and develop potential inhibitors of BET family BDs to regulate protein expression by inhibiting acetylated
histone (H3/H4) interactions. Several small molecule inhibitors have been reported, which not only have high affinity
but also have high specificity to BET BDs. These developments make BET family proteins an important therapeutic
targets for major diseases such as cancer, neurological disorders, obesity and inflammation. Here, we review and
discuss the structural biology of BET family BDs and their applications in major diseases.
[Padmanabhan B, Mathur S, Manjula R and Tripathi S 2016 Bromodomain and extra-terminal (BET) family proteins: New therapeutic targets in
major diseases. J. Biosci. 41 295–311] DOI 10.1007/s12038-016-9600-6

1.

Introduction

The histone code, defined by combinatorial post-translation
modifications (PTMs) on the histone tails, regulates gene
expression and repression through structural alteration of
the chromatin and/or association of its trans-acting factors
(Strahl and Allis 2000). PTMs generally refer to the addition
of a functional group covalently to a protein as in methylation, acetylation, phosphorylation, ubiquitylation and
sumoylation. Among PTMs, acetylation of lysine residues
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(Kac) on the histone tails and the acetylated-histone recognition is a typical hallmark of transcriptionally active genes
(Taverna et al. 2007). Although PTMs can affect the chromatin structure, the overall state of chromatin is eventually
determined by combinations of these modifications. These
complex codes are important in maintaining genome integrity by means of epigenetic memory, a mechanism that
inherits expression patterns in dividing cells (Jenuwein and
Allis 2001). The acetylated N-terminal tails of histones are
recognized by bromodomains (BDs), which act as a reader of
lysine acetylation state (Dhalluin et al. 1999; Mujtaba et al.
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2007). The bromodomains consist of about 110 residues and
are structurally conserved. The BDs are present in many
chromatin-associated factors, including nuclear histone acetyl transferases (HATs), chromatin remodeling factors and
bromodomains and extra terminal (BET) domains family
nuclear proteins (Mujtaba et al. 2007; Wu and Chiang
2007). The tertiary structure of BD contains an α-helical
bundle formed by four α-helices (αZ, αA, αB, αC)
(figure 1a). The substrate binding site (acetylated histones
or non-histones) is defined by an extended long loop ZA,
which connects the helices αZ and αA and by another short
loop BC, connecting the helices αB and αC. These two loops
produce a deep cleft with a cavity at the middle of the
pocket. The hydrophobic core cavity of BD is stabilized
mainly by the conserved hydrophobic residues and additionally by conserved hydrophilic residues (Mujtaba et al. 2007).
The BET family proteins (BRD2, BRD3, BRD4 and
mBRDT) contain two tandem bromodomains (BD1 and
BD2) and the C-terminal extra-terminal (ET) domain
(figure 1b). In human cells, bromodomain containing protein
2 (BRD2) and bromodomain containing protein 3 (BRD3)
are known to recognize acetylated chromatin which is significantly enriched in K5 and K12 acetylated histone H4
(LeRoy et al. 2008). It is also shown that BRD2 and bromodomain containing protein 4 (BRD4) associate with acetylated chromatin throughout the cell cycle (Dey et al. 2003;
Kanno et al. 2004) while other non-BET bromodomain
family members dissociate from the chromosomes during
mitosis (Martínez-Balbás et al. 1995). The retention of
mitotic chromosomes by BRD2 and BRD4 is postulated to
be important to carry epigenetic memory across cell cycle.
This unique feature can be utilized by the human papilloma
as well as Kaposi’s sarcoma-associated herpes virus for
tethering genomes to the mitotic chromosome of their host
and for propagating them during the cell division (Platt et al.
1999; You et al. 2004).
Recent reports have shown the importance of BET family
BDs as therapeutic targets for cancer, neurological disorder,
obesity and inflammation (Belkina and Denis 2012, and
references therein). NUT (nuclear protein in testis) midline
carcinoma (NMC) is occurred due to the rearrangements of
the NUT gene. The coding sequence of NUT on chromosome 15q14 is fused with BRD3 or BRD4, creating chimeric
genes that encode BRD-NUT fusion proteins (French 2012).
As BRD4 promotes transcription of growth promoting and
antiapoptotic genes, it plays a crucial role in promoting
several types of tumors (Rahl et al. 2010). As BRD2 is also
expressed in differentiating neurons (Crowley et al. 2004), it
might be linked to the neural tube closure defects observed
in Brd2-knockout mouse embryos as well as to the association of BRD2 locus with human juvenile myoclonic epilepsy
(Gyuris et al. 2009; Shang et al. 2009; Velíšek et al. 2011).
Recent studies reported that the growth factor pleiotrophin
(Ptn) antagonizes BRD2 during neuronal differentiation;
thus, Ptn-mediated BRD2 antagonism acts as a modulation
J. Biosci. 41(2), June 2016

system accounting for the balance between cell proliferation
and differentiation in the vertebrate nervous system (GarciaGutierrz et al. 2014). It is also shown that the reduced
expression of BRD2 in mice produced a hypomorphic phenotype with extreme obesity and hyperinsulinemia, but enhanced tolerance and low blood glucose (Wang et al. 2010).
In the last few years, both academia and industry have
shown immense interest in the BET family protein targets to
discover and develop inhibitors to regulate gene expression
by inhibiting the acetylated chromatin interaction (Hewings
et al. 2012). Here, we review the biological role of BET
family proteins based on the BD structures to emphasize
their importance as potential therapeutic targets for diseases
such as cancer, neurodegenerative disorders, inflammation
and obesity.
2.

Bromodomain architecture

Recent reviews have discussed different types of BD containing proteins and their interacting modules
(Filippakopoulos and Knapp 2012; Filippakopoulos et al.
2010). Based on the structure-based comparison of human
BDs, 61 BD containing proteins have been grouped into
eight families. The BET family proteins are known to recognize mono-, di-, tri- or tetra-acetylated histones H4
(Filippakopoulos et al. 2012a; Huang et al. 2007; Liu et al.
2008; Umehara et al. 2010a, b). The N-terminal BD (BD1)
of BET family possesses more affinity towards acetylated
H4 compared to the C-terminal BD (BD2). Recognition of
acetylated histone H3 by the BD containing proteins have
been implicated in chromatin remodeling (Dhalluin et al.
1999; Thomson et al. 1999). The BD2 of mouse bromodomain testis-specific protein (mBRDT) has a significant affinity with the acetylated histone H3 compared to the
mBRDT-BD1 (Morinière et al. 2009).
The tertiary structure of BD1 and BD2 of BRD2, BRD4
and mBRDT have been reported both in the apo-form as well
as in complex with the acetylated histone tails (Morinière
et al. 2009; Umehara et al. 2010a, b; Vollmuth and Geyer
2010). The side-chain of Kac sits in the deep hydrophobic
pocket, produced by the residues P98, F99, V103, L108,
L110, C152 and I162 (BRD2-BD1 numbering). All these
residues are conserved, except I162 which is replaced by
V435 in BD2. The acetyl group of Kac is stabilized by Nζ2
of conserved N156 and by Y113 side-chain through a water
molecule. This water molecule is conserved in all BDs
(Mujtaba et al. 2007).
The BD1 of BRD2 forms a homodimer both in vitro and
in vivo (Nakamura et al. 2007). The substrate binding pockets of BD1 are side-by-side (figure 1c). The BRD2-BD1
crystal structure (Chung et al. 2011) also possesses identical
dimer arrangement (PDB: 4A9M). Although the dimer packing is slightly different in mouse BRDT-BD1, it also forms a
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similar dimer arrangement via αB and αC interface (PDB:
2WP2) (Morinière et al. 2009). The BRD2-BD2 also exhibits dimerization with relatively weak interactions between
the monomers (Umehara et al. 2010b). The weak BD2
dimerization is the result of the buried water molecules. In
BRD2-BD2 dimer, binding pockets of monomers are nearly
opposite to each other. The existence of BRD2 dimerization
is also present in cell, and it has been recently linked to a
prominent role in cell proliferation (Garcia-Gutierrez et al.
2012). The conserved motif B of 47 amino acids is also
shown to be essential for dimerization. The motif B is
positioned between BD2 and the ET domain. The dimerization of motif B plays an important role during mitosis to
maintain the attachment of BET proteins to chromatin and
helps BDs to recognize hyper-acetylated histones. Removal
of this region has been shown to alter the functionality of
BRD2 (Garcia-Gutierrez et al. 2012, and references therein).
In the BRD2-BD1 complex, the BD1 dimer recognizes
two H4K12ac peptides of length corresponding to the region
1-15aa in H4. The K8 of H4 is anchored at the dimer
interface. The side chain of K8 binds into the deep cleft
produced by the dimer interface. The K8 anchoring assists
H4K12ac strong peptide binding with BRD2-BD1 (Umehara
et al. 2010a) (figure 1c). In the complex of BRD2-BD2 with
the H4K5ac/H4K12ac diacetylated peptide, K5ac binds to
one BD2 molecule, while K12ac of the same peptide binds
to the other BD2 molecule simultaneously (Umehara et al.
2010b) (figure 1d). This indicates that a diacetylated H4
peptide tethers two BD2 molecules simultaneously.
The BRD4-BD1 and BRDT-BD1 complexes are shown
to bind to the diacetylated H4K5acK8ac peptide (PDB:
3UVW, 2WP2) (Filippakopoulos et al. 2012a; Morinière
et al. 2009). It showed that ‘a single BD1’ binds to two
acetyl-lysines (K5ac and K8ac) simultaneously, in a cooperative manner; one lysine (K5ac) binds to the conventional
Kac binding pocket and other lysine (K8ac) binds to near
this pocket across the WPF (W97, P98 and F99) shelf
(figure 1e). The conserved WPF motif lies in the ZA loop
(figures 2 and 3b). These observations suggest that BD1 of
BRD2, BRD4 and BRDT may also recognize a diacetylated
H4 tail, when the acetylated lysine residues are separated by
few residues, such as H4K5acK8ac. Moreover, biochemical
studies suggest that ‘a single BD’ of BRD2, BRD3, BRD4
and BRDT also interacts with tri- or tetracetylated H3 or H4
tails (Dey et al. 2003; Filippakopoulos et al. 2012a; Kanno
et al. 2004; Vollmuth et al. 2009; Vollmuth and Geyer
2010). However, structurally how these monomers recognize
multiple acetyl-lysines of H3 and H4, simultaneously are
still not known.
The conserved residues D385, Y428, N429, D432 and
H433 in BRD2-BD2 are critical residues to interact with the
H4Kac peptide. These residues are absent in non-BET BDs,
suggesting that each BD is unique to recognize histones

acetylated at specific lysine(s) (figure 2). Sequence comparison between the BET family members has shown that
corresponding N-terminal and C-terminal BDs (i.e. BD1 vs
BD1, and BD2 vs BD2) are highly homologous, as compared to the non-equivalent BDs (BD1 vs BD2) (figure 2).
The H4-tail interacting residues are highly conserved, suggesting that the other members of the BET family (BRD4,
BRD3 and BRDT) recognize acetylated histone tails in a
similar manner as in BRD2.
As the BRD2 protein forms a dimer in solution (GarciaGutierrez et al. 2012; Nakamura et al. 2007), the BD1 may
associate with two mono-acetylated H4 tails of the same
nucleosome or different nucleosome. Since BD2 also binds
to two independent diacetylated H4 tails, BRD2-BD2 can
associate with two diacetylated H4 tails of the same nucleosome or different nucleosomes. However, our model analysis suggests that BD2 is unlikely to interact with the same
flanking tails of H4, which already associate with BRD2BD1 (unpublished results). Overall, a full-length BRD2 dimer may associate with at least three nucleosomes
simultaneously.
3.

BET family inhibitors

The first crystal structure of BET family BD has been
reported by Yokoyama and co-workers (Nakamura et al.
2007). Recently, both pharmaceutical companies and academicians have shown great interest in BET proteins for drug
discovery and development for treating cancer, inflammation
and neurodegenerative diseases. The discovery of first selective inhibitors in a nanomolar range for the tandem BET
family BDs (Chung et al. 2011), suggests that BDs are good
therapeutic targets for small-molecule drug discovery, linked
to the above-mentioned diseases. Structures of inhibitorsBET family BDs complexes are shown in tables 1 and 2.
In a pioneering study, NMR screening technique has been
exploited to filter out molecules that could inhibit CREB
(cyclic AMP response element binding protein) binding
protein (CREBBP) (Mujtaba et al. 2004). The Kac mimics,
which possess only weak inhibitory activity against
CREBBP BD have been obtained. They are known to modulate p53 stability and its function in response to DNA
damage.
A BRD2-BD1 inhibitor was discovered and checked for
its inhibitory function by FRET analysis using the fluorescent probe, Histac-K12 (Ito et al. 2011). This powerful tool
detects any physical interaction between H4K12ac and BD
in vivo. In the crystal structure (PDB Id: 3AQA), the benzene
ring of the benzimidazole moiety is positioned in the Kac
binding site, while the WPF shelf region is occupied by
benzaimidazole-2-thione (figure 3). The Kd value of abovementioned BIC1 inhibitor is 28 μM against the H4K12ac
peptide.
J. Biosci. 41(2), June 2016
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Figure 1. BET family bromodomains: (a) Overall tertiary structure of BRD2-BD1 in complex with H4K12ac peptide (PDB Id: 2DVQ).
The K12ac residue is shown in sticks. The potential residues of BD1 responsible for acetylated histone tail interactions are shown in sticks
model; (b) schematic representations of the BET proteins. The bromodomains (BD1 and BD2), extra-terminal region (ET) and an additional
dimerization region (mB) are indicated brown, green, violet and cyan boxes, respectively; (c) electrostatic surface charge distribution at the
acetyl-lysine binding site of BRD2-BD1 homodimer in complex with H4K12ac peptides (shown in sticks); (d) overall structure of BRD2BD2 dimer complex that interacts with diacetylated H4 tails (H4K5acK12ac) (PDB Id: 2E3K). The diacetylated peptides (Q and R) are
shown as ribbon and side-chains of H4K5ac and H4K12ac are indicated by stick models; and (e) the tertiary structure of the BRD2-BD1
complex with H4K5acK8ac diacetylated peptide (PDB Id: 3UVW). The diacetylated peptide is shown as ribbon and the side-chains of
H4K5ac and H4K8ac are indicated by stick models.

JQ1 ((+)-JQ1, triazolobenzodiazepine derivative), PCT/
JP2008/073864 (US2010/0286127 A1, Mitsubishi Pharmaceuticals), (Miyoshi et al. 2009), is a stereo-specific compound
reported to be an anti-tumor agent. This compound has also
been developed by structure-based approach against BET
family BDs (Filippakopoulos et al. 2010). The cue for the
core scaffold has been taken from FDA approved substances,
such as alprazolam and triazolam. The compound JQ1 shows
an IC50 of 77 nM on binding with BRD4-BD1, as determined by differential scanning fluorimetry and Alpha Screen
titrations.

J. Biosci. 41(2), June 2016

It is recently reported that a bioisostere of peptide lysine
namely, (3, 5-dimethylisoxazole) is capable of displacing the
acetylated histone peptides from the BDs (Hewings et al.
2011). It has shown IC50 value of <5 μM for BRD2 and
BRD4. To generate cell-penetrant chemical probes for BDs,
a binding assay has been developed based on protein stability shift to identify a fragment and small molecule ligands
that inhibit the BD-histone tail interaction.
Of the two compounds GSK525762A and GSK525768A
(discovered by the GSK group), GSK525762A is the potent
molecule against BET BDs (nM range) (Chung et al. 2011).
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Figure 2. Sequence comparison between the BET and non-BET family bromodomains [The name and region of the BET family are
indicated in blue (i.e. BD1 and BD2 regions of human BRD2 and BRD4). The amino acid sequence alignment is produced by ClustalW
(Thompson et al. 1994) and is manually modified. Red characters indicate the identical residues in the BET family (group 1) of BRD2 and
BRD4 bromodomains. Characters on the red background indicate completely conserved amino acids among the BET (group 1) and nonBET (group 2) bromodomains. The figure is generated by ESpript (Gouet et al. 1999).

It is a pan BET protein inhibitor (BRD2, BRD3, BRD4),
capable of directly inhibiting the protein-protein interactions
at the acetyl lysine recognition pocket. Moreover, the molecular mechanism of the above-mentioned compound has
been elucidated by correlating the BET protein (BRD2,
BRD3, and BRD4) inhibition with upregulation of apolipoprotein A1 based on both in vitro and in vivo assays.
Fragment based drug discovery (FBDD) approach has
also yielded several low molecular weight compounds

that inhibit BRD2 and BRD4 BDs (table 1). To assess
the strength of interaction of these compounds against
BDs (for example paracetamol), ligand efficiency (LE)
parameter was taken into consideration. These compounds
(table 1, #16–25) are found to bind to different BDs,
such as CREBBP in a consistent mode and could thus
potentially act as generic BD templates. In addition,
structure-based optimization of these compounds has led
to the development of a structure-activity relationship of a
J. Biosci. 41(2), June 2016
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Figure 3. Comparison with representative BET family bromodomain-inhibitor complexes: (a) Superposition of representative inhibitors
(shown as sticks) near the acetyl-lysine binding pocket (PDB Id: 4A9M, fire-brick; PDB Id: 3MXF, olive green; PDB Id: 3AQA, red; PDB
Id: 2YEM, yellow). The side-chain of H4K12ac of the BD1 complex (PDB Id: 2DVQ) is shown in violet sticks; and (b) a close-up view of
BIC1 complex (PDB Id: 3AQA) as shown by sticks near the binding site. The H4K12ac peptide (PDB Id: 2DVQ) is shown in yellow
ribbon. The WPF motif is coloured in green.

series of sulfonamide analogues with anti-inflammatory
activity (μM range) (Bamborough et al. 2012; Chung
et al. 2012).
It is suggested that the WPF motif contributes to the selectivity of inhibitors specific to the BET family BDs (Chung
et al. 2011). As the sequence comparison analysis has revealed
J. Biosci. 41(2), June 2016

that WPF motif is also present in the hTAFI, hGCN5 and
hPCAF BDs (figure 2), additional care is required while designing inhibitors specific to BET family BDs.
Based on the known structures of BET BD–inhibitor
complexes, three key areas of interactions need to be considered – the Kac-binding pocket, WPF shelf region, and ZA
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Table 1. BET bromodomains–inhibitor complexes (PDB structures)
S. No.

BET bromodomain

PDB ID

Ligand/Inhibitor

BRD4-BD1
1
2
3
4
5
6
7
8
9
10
11
12

BRD4-BD1
BRD4-BD1
BRD4-BD1
BRD4-BD1
BRD4-BD1
BRD4-BD1
BRD4-BD1
BRD4-BD1
BRD4-BD1
BRD4-BD1
BRD4-BD1
BRD4-BD1

3MXF
2YEM
2YEL
3ZYU
3U5J
3U5K
3U5L
3P5O
4C66
4BW2
4BW3
4BW4

JQ1
GWX841819X
GWX841819X
IBET-151
Alprazolam
Midazolam
Benzo-triazepine (BzT-7)
I-BET (GSK525768A)
IBET-762
3,5-Dimethylisoxaxole
3,5-Dimethylisoxaxole
3,5-Dimethylisoxaxole

Filippakopoulos et al. 2010
Chung et al. 2011

BRD2-BD1
13
14
15
16

BRD2-BD1
BRD2-BD1
BRD2-BD1
BRD2-BD1

2YDW
2YEK
3AQA
4ALH

Chung et al. 2011

17

BRD2-BD1

4A9O

18

BRD2-BD1

4A9M

19

BRD2-BD1

4A9N

20

BRD2-BD1

4A9I

21

BRD2-BD1

4A9E

22
23

BRD2-BD1
BRD2-BD1

4A9F
4A9H

24
25

BRD2-BD1
BRD2-BD1

4A9J
4A9L

26
27

BRD2-BD1
BRD2-BD1

4AKN
4ALG

GW841819X
IBET-762 (GSK525762)
B1C1
3,5-Dimethyl-4-phenyl-1,
2-oxazole
5-Ethyl-3-methyl-4-phenyl-1,
2-oxazole
N-Cyclopentyl-5-(3,5-dimethyl-1,
2-oxazol-4-yl)-2-methylbenzene1-sulfonamide
N-Cyclopropyl-5-(3,5-dimethyl-1,
2-oxazol-4-yl)-2-methylbenzene1-sulfonamide
3-Methyl-1,2,3,4
-tetrahydroquinazolin-2-one
3-Methyl-1,2,3,4
-tetrahydroquinazolin-2-one
1-Methylpyrrolidin-2-one
1-(2-Methyl-1,2,3,4
-tetrahydroquinolin-1-yl)ethan-1-one
N-(4-hydroxypheny)-acetamide
1,3-Dimethyl-6-(morpholine-4-sulfonyl)
-1,2,3,4- tetrahydroqunazolin-2-one
IBET-151
IBET-151

BRD2-BD2
BRD2-BD2

3ONI
4MR5

JQ1
RVX-208

Filippakopoulos et al. 2010
Picaud et al. 2013b

BRD2-BD2
28
29

channel (figure 3b). In Kac-binding pocket, a part of inhibitor compounds mimics Kac-binding mode; the highly conserved residues F99, V103, Y113, N156 and conserved
water molecules contribute interactions with ligand atoms
as observed in Kac interaction. The WPF shelf region, which

References

Dawson et al. 2011
Fedorov et al. 2012

Nicodeme et al. 2010
Mirguet et al. 2013

Ito et al. 2011
Bamborough et al. 2012

Chung et al. 2012

Seal et al. 2012

is predominantly hydrophobic is a potential site for designing selective BET family inhibitors. The third region the ZA
channel, where ligand interactions are observed, is another
potential site to be considered when designing lead compounds. Two crystallographically conserved water
J. Biosci. 41(2), June 2016
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Table 2. Chemical structures of BET–Inhibitor complexes
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Table 2. (continued)
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Alsarraj and Hunter 2012
Ottinger et al. 2009

Zhou et al. 2009

Anti-cancer activity: reduction in tumor growth
and pulmonary metastasis in mice
Inhibition of CDK9 kinase activity and HIV
transcription
Anti-cancer activity
Establish viral latency in vivo: Anti-viral activity

Huang et al. 2009; Mahdi et al. 2009;
Chen et al. 2002
Mertz et al. 2011; Yang et al. 2008
Anti-inflammatory activity

Anti-proliferative activity

Platt et al. 1999; Gagnon et al. 2009;
You et al. 2004
Umehara et al. 2010a, b; Dey et al. 2009
Anti-cancer activity

molecules are invariably present in all structures of the
complexes; hence, these water molecules should also be
included in docking studies.
4.

Biological significance and associated disorders of
BET family proteins

BRD2 and BRD4 play a critical role in cell cycle control of
normal mammalian cell (Kanno et al. 2004). They affect
cellular processes, such as cellular proliferation, apoptosis,
and transcription. The presence of BRD4-specific antibodies
leads to cell cycle arrest, suggesting that BRD4 may be
required for the G2-M phase transition during cell cycle
(Dey et al. 2000). Since BRD2 and BRD4 remain bound to
mitotic chromosomes, it is hypothesized that they carry
epigenetic memory across cell division through recognizing
acetylated histone tails (Delmore et al. 2011; Dey et al.
2009). The P-TEFb recruitment is dependent on BRD4,
which is involved in M-G1 post-mitotic phase for transcription. BRD2 does not recruit P-TEFb; however, it associates
with post-mitotic chromatin. The expression of Aurora B
kinase which is responsible for chromosome separation and
cytokinesis during mitosis is dependent on BRD4 (Yan et al.
2011; You et al. 2009). Dysregulation of this function leads
to aberrant chromosomal conditions in cancerous cells. An
outline of the possible clinical implications of BRD4 is
depicted in Table 3.

Interaction with K12ac – histones/signals promoters for early
and late post-mitotic transcription maintains transcriptional memory
Transcriptional activation of NF-κB through binding of BRD’s
to the Kac residue on the RelA subunit of NF-κB
Stimulating G1 gene transcription and promoting cell cycle
progression to the S-phase
Transcription of viral genes and Trans-activation of promoters
of several cell cycle
Breast Cancer progression and survival of tumor cells
Transcriptional activity of viral proteins like Murine–herpes virus
68 protein ORF73

Proteosomal degradation of papillomavirus E2 protein

5.

Biological action

Table 3. A tabulation of BRD4-related function and therapeutic area of interest

Inhibitory action of therapeutic interest

References

BET family proteins as therapeutic targets in major diseases

Cancer

BRD2 is generally localized in the nucleus during the stage
of cell proliferation and is sequestered in the cytoplasm
during terminal differential stage. Embryonic stem cell studies have shown that BRD2 is essential during the dorsal root
ganglia and neural tube closure during the process of embryogenesis (Gyuris et al. 2009). In the nucleus, BRD2 is
reported to interact with E2F and transactivating promoters
of genes encoding cell cycle regulatory proteins, such as
cyclin D1, A2 and E, and dihydrofolate reductase (Denis
et al. 2006; Guo et al. 2000; Sinha et al. 2005).
Nuclear protein in testis (NUT) encodes a nuclear protein
which is expressed only in testis. NUT midline carcinoma
(NMC) is a rare, highly lethal and poorly differentiated or
undifferentiated epithelial cancer caused by BRD4 translocations (Delmore et al. 2011). The BRD4-NUT fused oncogene might contribute to: (i) reduced expression of long
BRD4 isoform, (ii) increased tendency of fused BRD4NUT which perturbs non-fused BRD4 functions to cellular
differentiation, finally leading to oncogenic progression in
the highly aggressive NMC (Delmore et al. 2011; French
et al. 2003; Yan et al. 2011). The recently discovered BRD4
inhibitor JQ1 is found to be highly effective against NMC
J. Biosci. 41(2), June 2016
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xenografts in mice and promotes both growth and differentiation of NMC cell in vitro (Filippakopoulos et al. 2010).
BRD3 and BRD4 are involved in regulating the protooncogene Myc (Zuber et al. 2011). Recently reported BET
inhibitor JQ1 has shown potent inhibitory property against
various c-Myc related cancer cell as acute myeloid leukemia
(AML) (Hewings et al. 2012), Burkitt’s lymphoma (BL)
(Hewings et al. 2012) and multiple myeloma (MM)
(Delmore et al. 2011). The BET inhibitor I-BET151 has
been reported to arrest the cell cycle and apoptosis in
mixed-lineage leukemia (MLL) cell line (Dawson et al.
2011; Huang et al. 2009).
The testing of JQ1 inhibitor in a large panel of lung
adenocarcinoma (LAC) cell line has shown that a subset of
LAC cell lines is acutely susceptible to BET inhibition. This
is largely mediated by the repression of the oncogenic transcription factor FOS-like antigen 1 (FOSL1) and it’s downstream targets (Lockwood et al. 2012). The BET family
inhibitor GSK1210151A (I-BET151) has shown to induce
cell cycle arrest and apoptosis in human and murine MLLfusion leukaemic cell lines, where it displaces BRD3/4,
PAFc (polymerase associated factor complex) and SEC (super elongation complex) components from chromatin, subsequently inhibiting the transcription of B-cell lymphoma 2
(BCL2), c-Myc and cyclin-dependent kinase 6 (CDK6)
(Dawson et al. 2011). An isoxazole azepine BRD4 inhibitor
is reported to bind (μM range) to Myc locus, thereby reducing mRNA transcription of Myc oncogenes following cell
cycle arrest in vivo models of leukemia and lymphoma
(Gehling and Hewitt 2013).
6.

Inflammation and obesity

A significant association has been found between human
single nucleotide polymorphisms (SNPs) in the BRD2 locus
with autoimmune and inflammatory process, which subsequently leads to rheumatoid arthritis. On the other hand,
BRD4 is a novel co-activator of NF-κB through direct interaction with RelA acetylated at K310 (Chen et al. 2002;
Mahdi et al. 2009). A recent study suggests that inhibiting
the BET-BD, thereby repressing the NF-κB pro-inflammatory genes activity as a novel therapeutic approach for treating NF-κB-mediated inflammation and kidney injury,
especially in HIVAN (HIV-associated neuropathy) (Zhang
et al. 2012). For example, BET inhibitors such as JQ1 and IBET-762 possess anti-inflammatory activity by inhibiting
the expression level of several pro-inflammatory cytokines,
including IL-1β, IL-16, IL-12a, CXCL9 and CCL12 in a
well-established model system of pro-inflammatory cytokine
production from bone marrow-derived macrophages
(Bandukwala et al. 2012; Belkina et al. 2013).
Whole body reduction of BRD2 expression in mice have
been shown to have induce lifelong obesity (with
J. Biosci. 41(2), June 2016

hyperinsulinaema, hepatosteatosis, and elevated proinflammatory cytokines), but also the symptoms of overall
improved metabolic profile (enhanced glucose tolerance,
increased weight of brown adipose tissue, lowered blood
glucose levels, etc) and helped avoid Type 2 diabetes
(Wang et al. 2009; Belkina et al. 2010). Insertion of LacZ
gene near the 5’ transcription initiation site of BRD2 gene,
helped in reducing the expression of BRD2 rather than
eliminating. The study may help to provide a new treatment
model for obese subjects demonstrating glucose intolerance
and inflammation related complications. The study also
diversifies the role of bromodomain proteins in diseases
involving metabolic disorders.
7.

Neurological disorders
7.1

Epilepsy

Idiopathic generalized epilepsy (IGE) constitutes of a variety
of epileptic disorders in humans, including juvenile myoclonic epilepsy (JME) and juvenile absence epilepsy (JAE).
JME is characterized by myoclonic seizures, consisting of
small jerks of the arms, shoulders and sometimes legs.
Faulty genetic variation in the Brd2 gene in brain, is now
being realized to be significant cause of JME (Pal et al.
2003). Several linkages and association studies have supported the notion of BRD2 to be the epilepsy juvenile
myoclonic 1 (EJM1) locus. It is observed that the locus for
Brd2 gene can be mapped to chromosome 6p21.3 and Brd2
gene defects therein correlate with JME. Hence many studies
on BRD2 homologues have been conducted, to determine
the exact function of this protein. Studies on human Brd2
gene have revealed that certain polymorphisms in noncoding regions, near the BRD2 promoter are associated with
JME (Shang et al. 2011).
Increased levels of γ-aminobutyric acid (GABA) have
been associated with high susceptibility to primarily generalized spontaneous seizures (Velíšek et al. 2011). Moreover,
treatment of IGE patients with lamotrigine has been shown
to reduce glucose metabolism (thereby reduced GABA levels) in basal ganglia (including substantia nigra), cerebral
cortex and thalamus pathway. The haploinsufficient Brd2
gene (chromosome 6p21.3) has been used to study the
GABAergic release in mice (Velíšek et al. 2011). The
Brd2 haploinsufficiency condition led to a reduction of
GABAergic neurons along the basal ganglia seizurecontrolling pathway. This causes decrease in GABAergic
neurons and reduction in their synthesizing enzyme expression (GAD67), thereby increasing susceptibility and spontaneous seizure development. Overall, they demonstrate
increased susceptibility of JME in the haploinsufficient
Brd2 gene condition in mice. Thus, the above-mentioned
study has provided pioneering evidence for the following
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findings: (i) developmentally-related mechanism for seizure
susceptibility of common forms of epilepsy, (ii) specific
seizure disorders may involve in specific brain structures
and, (iii) sex-specific increases in seizure susceptibility in
human JME. However, these findings do not hold true for
the Asian population and are unable to explain a rise in
compensatory GABA levels or enhanced activity of glutaminergic excitatory system in neurons.
Another independent finding highlights the importance of
γ-hydroxybutyrate (GHB) which is a natural brain neuromodulator and brain regions involved therein (Kemmel et al.
2010). A single administration of GHB is found to increase
the release of GABA that significantly affects expression of
several genes, including BRD4 BDs. However, these studies
raise questions whether BRD2 interacts directly or indirectly
with GABA. It will be interesting to know, how these findings can bear significance to the clinical implications of the
BET family proteins.
A far more comprehensive finding to explain the molecular mechanism of Brd2 gene defect mediated epilepsy has
been put forward by Shang et al (Shang et al. 2011).They
found different BRD2 promoters expressing distinct tissuespecific transcripts. These transcripts were found to differ in
lengths of 5′-untranslated regions (5′UTR) and ultimately
affect the efficiency of resultant protein product. In fact,
presence of BRD2 protein was observed only in the cerebral
Purkinje, despite occurrence of the functional Brd2 mRNA
transcripts in hippocampus and cerebellum. Evidence is also
suggestive of a microsatellite (GT sequence) based mechanism to account for the premature termination of translation
on inclusion of a highly conserved alternative spliced exon
(Shang et al. 2011).
7.2

Embryonic neural defects

BRD2 is expressed in a variety of tissues such as mammary
gland, uterus, epididymis, ovary and testis (Shang et al.
2011). It is also reported in the germ lines of testis and
somatic cells in the ovary. In fact, null mutants of mice have
been used to illustrate that Brd2 gene deficient embryos
affected neural tube defects and neurogenesis. As the expression of BRD2 is maximum during the neural tube development, BRD2 is essential for the successful completion of
embryonic stage development and neural tube closure
(Shang et al. 2009). Embryos deficient in Brd2 exhibits
misexpression of multiple genes, which are required for
normal neuronal development, ultimately leading to death
of the embryo within 15 days, unable to cross the midgestation period. Similar to the neural tube defect, the
homeosis defect of head and tail region is also observed in
Drosophila ortholog fsh1 mutants (Rhee et al. 1998). The
growth factor pleiotrophin (Ptn) is abundantly expressed in
the developing nervous systems and its neuroprotective

properties are important for nerve regeneration (Jin et al.
2009). Recent studies showed that Ptn directly interacts with
BRD2 during neuronal differentiation and thereby Ptn
enhances induced neuronal differentiation, by antagonizing
BRD2 cell-cycle stimulating activity (Garcia-Gutierrz et al.
2014). Thus, these findings hold a key for therapeutic intervention in defects of neuronal differentiation and seizure
disorders (epilepsy).
7.3

Memory, neurons and brain

Casein Kinase 2 (CK2) has been previously shown to
activate neuronal stimulation (Schael et al. 2013) and
BRD4 activity has been previously shown to be regulated by CK2 (Wu et al, 2013). A direct link between
neuronal stimulation and transcription activation by histone modification was unknown until recently it was
shown that BET family member BRD4 regulates transcription activity underlying memory formation (Korb
et al. 2015). Blocking BRD4 using JQ1 inhibitor led
to memory impairment in mice. The results are first of
its kinds, suggesting direct role of bromodomain proteins
in memory formation. Neurological disorders like seizures, which are the result of excessive synaptic excitability, were further shown to decrease in mice treated
with JQ1 in the same study. Such an application of
these small molecule BD inhibitors is very important,
considering they are highly specific in binding, as well
as they can cross a highly selective blood-brain barrier
(BBB).
Genome wide expression analysis of neuroblastoma cancer cell lines treated with BET inhibitor, have been shown to
downregulate MYCN (V-Myc Avian Myelocytomatosis Viral Oncogene Neuroblastoma Derived Homolog), followed
by apoptosis (Puissant et al. 2013). The results also suggest
the BET BDs to be the transcriptional regulators of MYCN.
The BET inhibition has also been shown to induce neuronal
differentiation of neuroblastoma both in vitro and in vivo in
mice (Lee et al. 2015). These results all together suggest that
these BET inhibitors, not only have the potential to provide
new promise against various forms of cancer, but they can
also serve as excellent chemical probes for future studies on
epigenetic pathways.
8.

Conclusion

This review presents an overview of the BET family BDs.
The BET family proteins are chromatin readers which recognize specific acetylated histones, thereby regulating chromatin functions. The established role of BET family proteins
in cell development and cell-cycle control suggests how
BET family proteins are being implicated in several interJ. Biosci. 41(2), June 2016
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related disease pathways such as neural tube defects, neurodegenerative disorders as well as cancer, adipogenesis and
chronic inflammation-related disorders.
A significant achievement has recently been made in
developing inhibitors of BET family proteins by integrated
approaches of advanced modern biology. The diverse heterocyclics (e.g. benzodiazepines, quinazolines, napthyhydrines, and phenylisoxazoles) compounds have emerged as
potent inhibitors of the BET family BDs for the treatment of
cancer and inflammation. In fact, continuous efforts are
being made to synthesize these potent and selective inhibitors by combining, site directed mutagenesis studies and
structure-based optimization approach. In future, this trend
is expected to grow and allow avenues for discovery of yet
more successful chemotypes that can better inhibit the bromodomain activity and open vistas for drug-development,
providing newer drugs for existing/inter-related ailments.
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