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Abstract  

Bromodomains (BRDs) are evolutionary conserved protein–protein interaction modules that are 

found in a wide range of proteins with diverse catalytic and scaffolding functions, present in 

most tissues. BRDs selectively recognize and bind to acetylated lysine residues, particularly 

acetylated histones and thereby play important roles in regulating gene expression. BRD-

containing proteins are frequently deregulated in cancer, they participate in gene fusions, 

generating diverse, frequently pro-oncogenic protein products and many mutations have been 

mapped to the BRDs themselves. . Importantly, BRDs can be targeted by small molecule 

inhibitors. This has stimulated many translational research projects seeking to attenuate the 

aberrant functions of BRD-containing proteins in disease. 

 

Introduction 

Lysine acetylation (Kac) has emerged over the past decade as an important and widespread 

regulatory post translational modification (PTM) of proteins
1, 2

, and it has been shown to be 

1 

 



involved in regulating transcription, metabolism and cell signalling
3, 4

. Kac results in 

neutralization of the positive charge on lysine residues, affecting protein–protein, protein–DNA 

interactions as well as protein stability and sub-cellular localization
3, 5

. Acetylation of histones in 

chromatin is associated with the establishment of euchromatin leading to transcriptional 

activation and the expression of genes, including tumour suppressor genes. In line with 

this,deregulation of histone acetylation patterns has been shown to drive aberrant expression of 

survival and growth-promoting genes resulting in proliferation and tumorigenesis
6, 7

.  

Acetyl groups are added to histone lysines by histone acetyltransferases (HATs) and are removed 

by histone deacetylases (HDACs), two enzyme classes that have also been shown to act on non-

histone proteins
3
. Importantly, HDACs have been successfully targeted in the clinic

8
, with 4 

currently FDA-approved drugs in the market, highlighting the role of deregulated acetylation in 

disease.  

Recognition of Kac is principally mediated by bromodomains (BRDs), evolutionary conserved 

protein interactions domains (also called “modules”) first identified in the Drosophila 

melanogaster “brahma” gene
9
; however recently it was discovered that YEATS domains can 

also bind to histone Kac-motifs
10

, in addition to lysines modified by crotonylation (Kcr, another 

acylation-based PTM)
11, 12

, thus increasing the diversity of PTM readout.  

The human proteome encodes 61 BRD interaction modules, found in 42 diverse proteins. These 

proteins primarily recognize acetylated histones and engage in regulating gene expression 

through a wide range of activities. First of all, they can act as scaffolds, allowing the assembly of 

larger protein complexes. They can also function as transcription factors and transcriptional 

coregulators. Finally, BRD-containing proteins can serve various catalytic functions, acting as 

methyltransferases, ATP-dependent chromatin remodelling complexes, HATs and helicases, and 

thereby engaging in various chromatin modifications (Supplementary information S1 (Table)). 

Importantly, BRD proteins are expressed in various tissues, and as indicated by recent advances 

in proteomics
13, 14

 they show broad and variable expression profiles, suggesting that BRDs may 

have context-dependent significance (Figure 1a).  

BRD-containing proteins have broad documented roles in cell homeostasis and have been 

implicated in human diseases, including neurological and inflammatory diseases as well as 

cancer (recently reviewed elsewhere
15-18

). Here we will first discuss the structural involvement of 

the BRD module in the recognition of acetylated lysines, and how it occurs in the context of 

multi-domain proteins. We will then discuss the roles of BRD-containing proteins in gene 

regulation and their involvement in normal cell physiology. Finally, we will discuss how 
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mutations, misexpression and gene fusions deregulate BRD-containing proteins, implicating 

these proteins in cancer development and progression. We would also like to suggest excellent 

previous reviews on BRD inhibitor development, particularly targeting the bromo and extra 

terminal (BET) sub class of BRDs
17, 19-21

, which very well highlight that studying BRDs and 

BRD-containing proteins can have a large impact on human health, by leading to clinical 

applications.  

 

Overview of BRD-containing proteins 

BRD modules are often found within multi-domain proteins, where they are linked via flexible 

sequences to diverse interaction or catalytic domains
22

. This architectural arrangement allows for 

conformational flexibility which in turn facilitates interactions with diverse sequence motifs. 

Multi-domain arrangements combine BRDs with various protein–protein interaction domains, 

including methyl-reader domains such as PHD (plant homeodomain zinc finger domain) fingers, 

proline-tryptophan-tryptophan-proline domains (PWWP), bromo- adjacent homology domains 

(BAH), as well as KIX (kinase-inducible domain interacting domain) and SAND domains 

(named after Sp100, AIRE-1, NucP41/75, DEAF-1). In addition, BRD-containing proteins can 

harbour various catalytic domains, such as HAT and multiple BRDs  (Figure 1b). These 

combinations suggest a complex recognition process involving the combinatorial readout of 

different protein-interaction motifs as well as post translational modifications beyond Kac, for 

example in the same or adjacent nuclesomes, or present in other proteins associating with 

chromatin. The diverse range of annotated modular domains, beyond BRDs themselves, found in 

BRD-containing proteins is listed in Supplementary information S1 (Table). 

The complexity introduced by such multivalent interactions makes interpretation of the histone 

code challenging. Recent advances in peptide array technologies have facilitated systematic 

studies combining multiple PTMs in short peptides immobilized on solid support, helping 

understand how combinatorial readout can be achieved by reader modules using recombinant 

proteins
22

 or cellular extracts
23

. However, such techniques can only be reproducibly applied to 

relatively short peptide sequences (about 20-30 residues long), presenting a need for alternative 

technologies to capture the various Kac-containing epitopes dispersed within target proteins. 

 

BRD module architecture  
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The BRD interaction module has a distinctive architecture, structurally characterized more than a 

decade ago
24-26

, comprising four helices (αZ, αA, αB and αC), linked by two divergent loop 

regions (ZA- and BC-loops) (Figure 2). A number of conserved residues are found dispersed 

within the module, including a PxY motif at the end of the ZA-loop region and a tyrosine in the 

AB-loop which forms a salt bridge to a residue on helix B (typically an aspartate), stabilizing the 

fold. A conserved asparagine residue at the beginning of the BC-loop facilitates docking of Kac, 

while the charged surface surrounding the Kac-binding pocket presents a large charged interface 

which initiates interactions with the backbone of the acetylated peptide (Figure 2a, c and d). 

Some BRDs contain a tyrosine (for example the ones present in SP100, SP110 and SP140) or 

threonine (found in BRWD3) instead of the conserved asparagine(Figure 2b); however no 

evidence exists to date linking those unusual BRDs to Kac binding and the specific motifs that 

they may be able to recognize remain uncharacterized. Together, the structural topology of the 

BRD module presents a small hydrophobic pocket within the four helices, flanked by the ZA- 

and BC-loops where the neutralized side-chain of Kac can be accommodated, while binding to 

the entire acetylated peptide is mainly driven by the charged surface surrounding the BRD Kac-

binding site. 

Based on their structural topology and similarity, human BRD modules were classified into eight 

structural families
22

 (Supplementary Information S2 (Figure)). Intriguingly, the distribution of 

charge on the surface of BRD modules varies dramatically, with some exhibiting highly 

positively charged surfaces, suggesting that acetylated histone peptides, which are typically rich 

in positively charged lysine and arginine residues, may not be the target of these modules. Given 

the wide distribution of acetylation
2
 as well as the widespread expression of bromodomain 

containing proteins (Supplementary information S1 (Table)) it is tempting to speculate that 

several acetylated protein targets of BRDs exist, beyond histone proteins; however, despite the 

few but notable established examples
27-32

, little structural and functional evidence exists to date, 

linking most BRDs to acetylated non-histone proteins. Interactions involving acetylated non-

histone proteins are highlighted in Box 1. 

 

Recognition of acetylated lysine   

The hydrophobic nature of the cavity formed by the four helices accommodates the neutralized 

Kac side chain found in histone peptide sequences
24-26

. Several crystal structures of BRDs in 

complex with histone peptides (for a comprehensive list of structurally characterized BRD–

peptide complexes see Supplementary information S3 (Table).) show a conserved binding mode, 
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whereby histone peptides insert one acetylated lysine within the Kac-binding cavity in the BRD, 

initiating contacts with water molecules within this cavity as well as the conserved asparagine 

(Figure 3a). Depending on the domains adjacent to the BRD module, the orientation of the 

bound peptide varies dramatically. For example, proteins harbouring a single BRD typically  

bind histone peptides  so that the N-terminus of the peptide resides on the back of the pocket, and 

the peptide inserts between the ZA- and BC-loops and aligns on top of the Kac-binding cavity 

with an exit vector over the ZA-loop. Notably, the presence of other modular domains can 

largely change this arrangement. For example, the chromatin regulator TRIM24, a member of 

the Tripartite-motif (TRIM) proteins, (also known as Transcription intermediary factor 1-alpha, 

TIF1α) engages the N-terminal histone H3 tail via PHD-finger initiated recognition of lysine 4 

(H3K4), while an adjacent BRD module linked via a flexible loop binds to acetylated lysine 23 

(H3K23ac) on the same histone
33

. A similar PHD–BRD domain arrangement on BPTF 

(Nucleosome-remodelling factor subunit) facilitates binding to H3K4me2 and H3K4me3 via the 

PHD domain
34

, thus allowing the BRD to gain specificity for H4K16ac found in trans within a 

single nucleosome, over other H4 acetylations
35

. Such multivalent interactions dictate the peptide 

orientation, aligning for example the C-terminus of the peptide between the ZA- and BC-loops 

on the BRD of TRIM33 in a complex of the BRD/PHD cassette with H3K9me3 and H3K18ac
36

 

(Figure 3b). The presence of tandem BRDs linked by a short rigid linker found, for example on 

TAF1 (Transcription initiation factor TFIID subunit 1) facilitates binding to histone H4 

acetylated at lysines 5 and 12 (H4K5ac and H4K12ac), allowing for higher specificity towards 

multiply acetylated histone H4 tails
25

. Linking of two BRD modules via long flexible linkers, as 

in the case of the BET subclass of bromodomains, offers conformational plasticity which in turn 

allows for simultaneous recognition of two different acetylated lysines within the same or even 

present in different proteins
30, 31

. Nevertheless, in the absence of multi-domain arrangements, 

single acetyl-lysine binding within histone tails seems to be relatively conserved between 

different BRD modules, with only rather small variations of the peptide topology spanning the 

groove between the BC- and ZA-loop regions (Figure 3c).  

Some BRDs can also recognize double acetyl marks and the first described example of such a 

protein was mouse BRDT, which engages histone H4 peptides bearing K5ac and K8ac
37

. In this 

example, while K5ac directly engages the conserved asparagine, K8ac is also inserted within the 

Kac binding cavity and initiates interactions with K5ac as well as a number of water-assisted 

interactions with the protein (Figure 3d). Recognition of double acetyl histone marks was 

further suggested  to be a common feature shared by members of the BET class of 
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bromodomains, as high resolution crystal structures of the N-terminal BRD of BRD4 with 

different histone H4 peptides revealed the same conserved mode of interaction involving two 

acetylated H4 lysines
22

.  

 

BRDs and other histone acylations  

Recently it has been shown that histones can be modified by non-acetyl acylations, including 

propionylation, butyrylation and crotonolytation 
38, 39

. Similarly to Kac, HATs were 

demonstrated to catalyse the deposition of these PTMs 
40, 41

, and it has been revealed that histone 

acylations have  functional importance
11, 41

. This has stimulated research seeking to identify if 

and how these PTMs can be recognized by BRDs (recently reviewed elsewhere
3, 42

). Despite 

their structural conservation, it appears that several BRD modules, including ones found in 

BRD4, BRDT, BRD9 and TAF1, apart from binding Kac, can also accommodate the bulkier 

acyl-groups in the context of histone peptides (Figure 3e; refer also to Supplementary 

information S3 (Table))
41, 43

. Notably however, at least in the case of butyrylation, it appears 

that distribution of this mark competes with acetylation on H4K5 and it prevents BRDT binding, 

thus affecting stage-specific expression programs
41

. It remains to be seen what the precise 

contributions of this and other acylations signals to transcriptional programmes are and how the 

BRD modules contribute to the relay of these signals. As other acylation PTMs are much less 

studied, we will focus here on the recognition of Kac by BRD modules and discuss how it 

contributes to cell homeostasis, highlighting the role of BRD-containing proteins in gene 

regulation through their interactions with chromatin.  

 

Roles in gene regulation 

BRD-containing proteins serve diverse physiological functions, alone or as part of larger protein 

complexes, and are most notably involved in gene regulation through modulation of 

transcription. First of all, these proteins are known to be involved in regulatory chromatin 

modifications, engaging in chromatin remodelling, and in the introduction of further histone 

modifications (acetylation and methylation). BRD-containing proteins can also regulate 

transcription through specific recognition of histones and serving as scaffolds, which control the 

recruitment of other transcriptional regulators to chromatin. Finally, they can modulate the 

transcriptional machinery itself.  Here we will summarize these various activities of BRD-
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containing proteins in regulating gene expression and we will discuss their functional roles and 

implications in normal tissue.  

 

BRD-containing proteins as components of chromatin remodelling complexes. 

BRD-containing proteins are frequently found as components of large complexes that target 

chromatin and control its compaction and decompaction via diverse activities, thereby leading to 

chromatin remodelling (Figure 4a). An example of such multi-subunit assemblies are 

SWItch/Sucrose Non-Fermentable (SWI/SNF) complexes, first identified in yeast. Mammalian 

SWI/SNF complexes are components of the embryonic stem cell (ESC) core pluripotency 

transcriptional network and play key roles controlling cell differentiation and proliferation
44

. A 

core subunit found in SWI/SNF complexes is responsible for ATP-dependent alteration of 

chromatin structure, resulting in open chromatin which in turn can be recognized by transcription 

factors, resulting in transcriptional stimulation. In human this core subunit consists of either 

SMARCA4 (named after the Drosophila homologue Brama Brg1 gene) or the related 

SMARCA2 (also known as BRM), both of which contain a C-terminal BRD module capable of 

recognizing acetylated histone H3 and H4
22, 45

. Despite the high degree of sequence homology, 

SMARCA2 and SMARCA4 have functionally distinct biological roles. For instance, 

homozygous deletion of SMARCA4 in mice shows embryonic lethality, while SMARCA2 null 

mutant mice are viable
46, 47

. 

In human the PBAF SWI/SNF complex also  contains polybromo protein PB1 (or PBRM), a 

multidomain protein with six BRD modules, two bromo-adjacent homology (BAH) domains and 

a homeobox DNA binding domain. Mice lacking PB1 exhibit defects in heart development due 

to impaired epithelial-to-mesenchymal-transition (EMT) and arrested maturation of epicardium 

as a result of the down-regulation of several growth factors, including fibroblast, transforming 

and vascular endothelial growth factors (FGF, TGF, and VEGF, respectively)
48

. PB1 is also 

involved in mediating cellular senescence and genomic stability by regulating p53 transcriptional 

activity to promote the expression of a subset of genes required for replicative and oncogenic 

stress senescence induction
49

. Recent data also suggests that PB1 is required for the cohesion of 

the centromeres in mouse and human cells, thereby also promoting genome stability
50

. Other 

BRD-containing units of the PBAF complex include a transcriptional regulator BRD7, which 

was found to play a role in regulating expression of key signalling components such as Nodal, 

ADAMTS1, BMI-1, CRABP1, as well as thyroid releasing hormone
51

. Interestingly, BRD7 was 

also shown to compete with p110 (catalytic subunit of phosphatidylinositol 3-kinase (PI3K)) for 
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binding to the p85α (regulatory PI3K subunit), thus regulating the PI3K signalling 

pathway
52

.Additionally, BRD7 was found in obese and diabetic mouse models to play a role in 

glucose homeostasis in the liver, reducing blood glucose levels
53

. The related BRD9 was also 

found to be part of SWI/SNF complexes in mammals, although its precise biological function 

remains elusive
54

. 

Bromodomains are also found in imitation-SWI (ISWI) chromatin remodelling complexes. ISWI 

complexes regulate heterochromatin replication and transcription via chromatin remodelling, and 

assemble into seven or more different complexes containing a central core ATPase comprising 

two SNF2 like mammalian homologues of yeast ISWI, SNF2L and SNF2H. The Cat eye 

syndrome critical region protein 2 (CECR2) is a BRD-containing proteins that is a part of the 

mammalianSNF2L, acting as a chromatin remodelling factor
55

. It is expressed predominantly in 

the nervous system where it plays a critical role in neurulation
56

.  

The NUcleosome Remodelling Factor (NURF) ISWI complex additionally includes 

Bromodomain PHD finger Transcription Factor, BPTF. BPTF was shown to be highly expressed 

in patients with Alzheimer's disease (in this context it was referred to as “Fetal Alz-50 reactive 

Clone 1” (FAC1)), as well as in fetal brain in patients with neurodegenerative diseases (referred 

to as Fetal Alzheimer Antigen, FALZ)
57

. Owing to the presence of a PHD-BRD tandem module , 

BPTF recognizes both acetylated and methylated histone tails , and notably it is able to drive 

multivalent engagement of single nuclesomes
35

. 

BRDs are also found in the bromodomain adjacent zinc finger (BAZ) sub-family of proteins 

encoded by four related genes in human (BAZ1A, BAZ1B, BAZ2A and BAZ2B). BAZ proteins 

share common domain architecture with a characteristic PHD/BRD cassette, offering the 

possibility of multivalent engagement of methylated and acetylated lysine sequences
58

. BAZ1A 

forms a chromatin remodelling complex with SNF2H, which aids  DNA replication through 

highly condensed regions of chromatin
59

. The related protein BAZ1B (also known as Williams-

Beuren syndrome transcription factor) is a subunit of the WICH complex (WSTF-ISWI ATP-

dependent chromatin-remodelling complex) that was shown to have tyrosine kinase activity 

(despite absence of any known kinase domain ), and to mediate H2AX phosphorylation, thereby 

playing an important role in DNA damage response
60

. BAZ2A, also known as TTF-1-interacting 

protein 5 (TIP5), is a key subunit of the nucleolar remodelling complex (NoRC), playing a role 

in non-coding RNA-dependent silencing
61

. The biological function of BAZ2B
62

 remains to date 

elusive. 
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Finally, the WD-repeat protein BRWD1 (also known as WDR9), which is a member of a small 

family of tandem-BRD-containing proteins, has been annotated as a transcriptional regulator 

interacting with the SMARCA4 component of the SWI/SNF complex
63

, with recent data in mice 

demonstrating its role in spermatogenesis and oogenesis
64, 65

. Another protein of this family, 

BRWD3, is involved in the regulation of the JAK-STAT signalling pathway in Drosophila; 

however its precise function in human is not yet established
66

. 

 

Participation of BRD-containing proteins in histone modifications. 

Catalytic activity is found in several BRD-containing proteins, including PCAF, CREBBP, 

EP300, GCN5L2, BRD8, MLL, ASH1L and the BRPF family. These proteins affect chromatin 

structure by directly depositing PTMs (acetylation and methylation) on histones. They may be a 

part of larger complexes and have been implicated in various physiological processes (Figure 

4b). For instance, HAT proteins CREBBP and EP300, which share high degree of sequence 

similarity and domain organization, by acting as transcriptional co-activators are involved in 

controlling genomic stability, development, energy homeostasis, memory formation, neuronal 

plasticity and cell growth (recently reviewed elsewhere
67

). Both proteins contain in addition to a 

catalytic HAT domain, BRD, PHD and KIX protein interaction domains. Despite the 

architectural   similarities, the diverse phenotypes observed in knockout mice suggest that each 

protein has distinct biological functions. For example, homozygous deletion of EP300 results in 

embryonic  lethality, with defects in heart development, neurulation and cell proliferation
68

. 

Homozygous knockout of CREBBP in mice is also lethal (in utero) exhibiting retardation of 

development and delays in both primitive and definitive haematopoiesis, with signs of defective 

blood vessel formation in the central nervous system
69

. Conditional EP300 or CREBBP knockout 

in mice exhibit a degree of redundant perturbation of  co-activation capacity in T cells and 

macrophages, and each gene was found to have unique involvement in thymocyte 

development
70

. 

The HATs PCAF and GCN5L2 also contain BRD modules, and similarly to CREBBP and 

EP300 play roles as transcriptional co-activators
71

. Both proteins are incorporated into the SAGA 

and ATAC complexes (broadly conserved large co-activator complexes that regulate the 

transcription of many inducible and developmentally regulated genes) in human. Despite the fact 

that both these complexes exhibit HAT activity,  they act in a mutually exclusive manner, 

suggesting that each has distinct biological functions
72

. Indeed, deletion of either gene in mice 

has very different consequences: PCAF knockout affects chromatin remodelling necessary for 
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memory formation and response to stress
73

, whereas loss of GCN5L2 is lethal in mice, and 

characterized by severely retarded growth and failure to form dorsal mesoderm lineages and the 

failure of anterior neural tube closure
74, 75

.  

Some BRD-containing proteins lacking HAT activity have also been described as part of HAT 

complexes. BRD8, for instance, has been found to be a component of the conserved NuA4 

complex, a HAT multisubunit complex responsible for acetylation of histone H4 and H2A N-

terminal tails in yeast
76

. Furthermore, BRD8 has been identified as a member of the H2A.Z pre-

deposition complex which stimulates H2A.Z exchange in nucleosomes
77, 78

, however the precise 

biological function and activity  of BRD8 remains unassigned. The Bromodomain and PHD 

finger-containing proteins:BRPF1, BRPF2 (also known as BRD1) and BRPF3 all contain BRDs 

as well as PWWP and assembly of Zinc-fingers (PZP) domains. BRPF1 has been characterized 

as a non-catalytic sub-unit of the MOZ/MORF HAT complex targeting histone H3
79

; it was 

recently discovered that the PZP domain of BRPF1 recruits the MOZ complex to chromatin, thus 

directing the HAT activity towards histones
80

. In addition, deletion of the BRPF1 gene in mice 

was shown to cause embryonic lethality, indicating an essential role of this protein in 

embryogenesis
81

. The related protein BRPF2, associates with the HBO1 HAT complex, which 

regulates erythropoiesis by increasing levels of H3K14ac
82

. BRPF3 also associates with HBO1 

but unlike BRPF2, BRPF3 is required for DNA replication origin activation by being involved in 

the deposition of H3K14ac around transcriptional start sites
83

. 

Apart from HAT activity, proteins that engage in protein methylation have been found to contain 

BRD modules. Examples of these proteins include the Absent small and homeotic disks protein 1 

homolog (ASH1L) and the Myeloid/lymphoid or mixed-lineage leukemia (MLL). ASH1L is the 

mammalian homolog of the Drosophila melanogaster Trithorax group (TrxG) protein Ash1 and 

contains a BRD, PHD and BAH domains in addition to the catalytic SET domain, responsible for 

the methyltransferase activity. ASH1L occupies regulatory regions of  most active genes and 

methylates histone H3 at a subset of genes, including HOX genes
84

, which encode transcription 

factors that control angiogenesis, motility, apoptosis, differentiation and receptor signalling 

during haematopoiesis as well as other developmental processes. Intriguingly, ASH1L is 

required for myelomonocytic differentiation of haematopoietic stem cells in mice and was found 

to regulate both positively and negatively HOX gene expression
85

. MLL is also a multi-domain 

methyltransferase containing a BRD module in addition to a SET domain, and it plays an 

essential role in regulating the expression of genes implicated in self-renewal of hematopoietic 

stem cells
86

. MLL targets Lys4 in histone H3 and this methyltransferase activity is stimulated by  
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H3 acetylation, which has been associated with HOX gene activation and H3K4 methylation in 

vivo
87

. 

 

BRD-containing proteins as histone recognizing scaffolds.  

Recognition of Kac is a shared feature of BRD-containing proteins but as discussed above the 

specificity and the mode of interaction of these proteins with acetylated peptides can largely 

vary, which makes them perfectly tailored for the specific recognition of acetylated histones. A 

few sub-classes of BRD-containing proteins seem to play important roles by serving as scaffolds 

that regulate the recruitment and segregation of transcriptional machinery components to 

particular loci (Figure 4c).  

In particular the sub-family of BET proteins has been extensively studied, particularly following 

the recent availability of selective inhibitors targeting their dual BRD modules
88, 89

 (see also Box 

2); their roles have been recently reviewed elsewhere
16, 18

. The four members of this family 

(BRD2, BRD3, BRD4 and the testis specific BRDT) share a common domain architecture 

comprising two tandem N-terminal BRDs, and an extra-terminal (ET) protein–protein interaction 

domain; they play key critical roles in cell cycle progression by regulating growth promoting 

genes. BET proteins dock onto acetylated chromatin via their BRD modules and recruit 

components of the transcriptional machinery via their ET domain. Reduced levels of BRD2 

resulting from a mutation at the BRD2 promoter give rise to extreme obesity in mice, occurring 

without glucose intolerance
90

. However, complete knockout of BRD2 is lethal in mice
91

, as is 

knockdown of BRD4
92

. BRD3 plays a role in erythropoiesis by regulating erythroid target genes. 

This occurs through additional BRD-initiated interactions with the acetylated transcription factor 

GATA1
93

 (see also Box 1). Recent data suggests that BRD2 and BRD4 may also have non-

redundant functions in erythroid-gene expression
94

. BRD4 and BRDT have been shown to be 

key factors in transcriptional elongation, by recruiting the positive transcription elongation factor 

b (P-TEFb, the complex of CDK9 and cyclinT) to transcriptional start sites, where the paused 

polymerase is reactivated following phosphorylation by CDK9
95-97

. BRDT has also been shown 

to have a key role in spermatogenesis, involving the N-terminal BRD module
98

. The possibility 

to directly target BRDT bromodomains by drugs, established this protein as a potential target for 

pharmacological male contraception
99

. 

TAF1 is the largest component of the core sub-unit of the TFIID transcription factor and contains 

two tandem BRD modules that recognize and bind to multiple Kac residues on the histone H4 

tail
25

. TAF1 modulates the rate of transcriptional initiation by binding to the core promoter 
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sequence and recruiting other transcriptional regulators, thereby regulating various biological 

processes such as cell cycle, apoptosis and DNA damage response
100, 101

. Interestingly, TAF1 

was also found to directly associate with BRD4 exerting synergistic control over gene 

expression, in a mechanism that has yet to be determined
102

. The testis specific homologue of 

TAF1, TAF1L, and may act as a functional substitute for TAF1 during male meiosis
103

. 

Triple-reader assemblies involving a PHD–BRD–PWWP cassette followed by a MYND domain 

are found in the Zinc-finger and MYND binding domain (ZMYND) proteins. ZMYND8 was 

recently identified as a DNA damage response factor which recruits the Nucleosome 

Remodelling and Deacetylase (NuRD) complex to DNA damage sites resulting in transcriptional 

repression, promoting repair by homologous recombination
104

; recent data also suggests that 

ZMYND8 recruits the lysine demethylase KDM5C, resulting in a “molecular break” that 

negatively regulates enhancer activity
105

. ZMYND11 has a similar domain architecture to 

ZMYND8, lacking however the conserved asparagine necessary for Kac interactions within the 

BRD module, which is turn replaced by a tyrosine residue. ZMYND11 was shown to specifically 

bind to H3.3K36me3 sites, regulating transcriptional elongation (acting as a co-repressor) and 

pre-mRNA splicing
106, 107

 

ATPase family AAA domain-containing protein 2 (ATAD2) has been previously implicated in 

transcriptional co-regulation of genes regulated by oestrogen receptor α (ERα)
108

 and MYC
109

. It 

has then been shown that ATAD2 serves as a scaffold recruiting E2F transcription factors to 

chromatin
110

, which further recruit chromatin remodelling complexes and histone modifying 

activities, thereby promoting gene expression. The related protein ATAD2B, is transiently 

expressed in developing neurons in mice, however its precise biological function remains 

elusive
111

. Additionally, apart from BRD ATAD2 also contains an AAA domain (ATPase 

Associated with diverse cellular Activities), which are broadly implicated in ATP-dependent 

remodelling of macromolecules. In line with this, ATAD2 has been shown to be an important 

modulator of chromatin dynamics in ESCs
112

. This example highlights that even a single BRD-

containing protein can regulate gene expression in many ways, which are likely context-

dependent.  

 

BRD-containing proteins as modifiers of transcriptional machinery.  

Various BRD-containing proteins engage in regulating gene expression by modifying 

transcriptional machinery, including transcription factors, the RNA polymerase as well as other 

chromatin modifiers (Figure 4d). ZMYND8 can act as a scaffold as discussed above, but it was 
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also shown to act as a transcriptional coactivator of ERα target genes
113

, providing further 

evidence for the context-specificity of BRD-containing protein functions. Also some members of 

the TRIM sub-family act as modulators of transcriptional machinery. The TRIM sub-family of 

BRDs (TRIM24, TRIM28, TRIM33 and TRIM66 inhuman), contain a BRD and PHD domains 

together with a RING domain and one or two B-boxes (zinc binding motifs) as well as an 

associated coiled-coil region. TRIM24, for example, associates with nucleosomes using its BRD 

and PHD modules, and is involved in ligand-dependent activation of the androgen and retinoic 

acid receptors, thereby participating in the regulation of their target genes
33

. TRIM28 (also 

known as KRAB-associated protein 1 or KAP-1) plays a role as a transcriptional repressor 

modulating chromatin structure  via association with the hetero-chromatin-associated factors 

HP1 (HP1α, HP1β, HP1γ), promoting silencing of euchromatic genes
114

. TRIM28 contains a 

PHD/BRD cassette which was shown to confer E3 SUMO ligase activity necessary for gene 

silencing via recruitment of the NuRD complex
115, 116

. More recently TRIM28 has also been 

implicated in the repair of DNA double-strand breaks in heterochromatin
117

. TRIM33 has 

ubiquitin ligase activity that regulates the TGFβ signalling pathway through negative modulation 

of the activity of transcription factor SMAD4
118

. It is recruited to acetylated histone H3 but only 

in the absence of R2 and K4 methylation, suggesting a tight regulation of TRIM33–DNA 

interactions
119

. TRIM33 has a role in development as demonstrated in knockout mice which die 

during early somitogenesis
120

. Finally the related TRIM66 is mainly expressed in testis where it 

associates with heterochromatin-associated factors (HPs) and functions as a transcriptional 

silencer
121

. 

The nuclear body SP family of bromodomains (including SP100, SP110 and SP140) contain a 

SAND (Sp100, AIRE-1, NucP41/75, DEAF-1) DNA binding domain followed by a tandem 

PHD-BRD cassette and have been shown to regulate diverse cellular functions, including 

genome stability, DNA repair, transcription and chromatin organization by acting as hormone 

receptor transcriptional coactivators (for example for ETS1 and nuclear receptors)
122-124

.  

Similarly, the tandem BRD module containing protein, PH-interacting protein (PHIP), is thought 

to act as a transcriptional coregulator and it has been demonstrated to promote pancreatic β-cell 

growth and survival by regulating gene expression 
125

; how exactly this protein exerts its 

coregulatory functions has not been determined. 

 

BRD-containing proteins in cancer 
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BRD-containing proteins have been found deregulated in cancer and their aberrant expression 

has been shown to stimulate but also to suppress malignant phenotypes, some of which were 

recently reviewed elsewhere
15

 (the reported roles of BRD-containing proteins in cancer are 

summarized in Supplementary information S4 (Table)). These dual roles of certain BRD-

containing proteins (such as TRIM24) in tumour promotion as well as suppression suggest 

context dependent functions, making their study intriguing, albeit difficult. An additional layer of 

complication is introduced when many of these proteins are found participating in large 

complexes as well as when they engage in the formation of fusion products that result in aberrant 

function as detailed below. Here we will discuss the most recent advances in our knowledge of 

how the deregulation of BRD-containing proteins can result in cancer. We will also outline the 

known tumour suppressive properties of some of these proteins. 

 

Mutations of BRD-containing proteins in cancer.  

Large scale studies have contributed to identifying mutations of various proteins (including 

BRD-containing proteins) in cancer, although the precise mechanisms linking the observed 

phenotypes with protein dysfunction resulting from mutations are not completely understood 

most of the time. For instance, a large scale study across 21 different paediatric cancer subtypes 

identified recurrent mutations in 21 out of 42 BRD-containing proteins
126

 (mutations of BRD-

proteins registered in the COSMIC database
127

 are listed in Supplementary information S5 

(Table)). Similar medium-to-large scale studies have identified mutation in BRD-containing 

proteins in hepatocellular carcinoma (HCC)
128

, squamous cell lung cancers
129

, lung 

adenocarcinomas
130-132

, small
133

 and non-small cell lung cancers
134, 135

, adenoid cystic 

carcinoma
136

, spinal ependymomas
137

, T-cell lymphoma
138

, thymic epithelial tumours
139

, cervical 

carcinomas
140

, endometrial carcinomas
141

, follicular lymphomas
142

, oesophageal squamous cell 

carcinomas
143-145

, colorectal (CRC) and gastric cancers
146

. However, no systematic studies 

focusing on the mutation load found on the actual BRD modules themselves exist and as such 

the contribution of Kac readout to the phenotypes observed remains elusive. Nonetheless, the 

recent advances in structural characterization of BRD modules now allow mapping mutation 

load in order to determine their functional outcome. In Supplementary information S6 (Figure), 

mutations annotated in The Cancer Genome Atlas (TCGA) and found on BRD modules 

indicating potential loss of function were annotated on the structure of each sub-family of human 

BRDs. Given that the surface charge surrounding the Kac binding cavity seems to be driving 

binding affinity
22

, we would predict that most identified mutations would alter that affinity, 
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negatively impacting on binding of BRD-containing proteins to their targets, but this remains to 

be determined for each protein affected. 

 

Misexpression of BRD-containing proteins in cancer. 

Aberrant expression of some BRD-containing proteins, for example resulting from the 

alterations of their gene copy numbers (for the information on copy number alterations in BRD-

containing proteins registered in the COSMIC database
127

 see Supplementary information S5 

(Table)), has been shown to drive various malignant phenotypes. BRD9, for example, has been 

recently associated with HCC
128

, CRC and melanoma
54

, however the exact involvement and 

mechanism by which BRD9 contributes to  disease progression remain elusive. The TRIM sub-

family member TRIM24 was also recently shown to promote tumour growth and to enhance 

resistance to chemotherapy via stimulating PI3K-Akt signalling, and its protein levels were 

negatively associated with the prognosis for patients with newly diagnosed glioblastomas
147

. 

Similarly, TRIM66 over-expression correlates with poor prognosis in osteosarcoma patients and 

knockdown of TRIM66 in osteosarcoma cells suppressed tumorigenicity in mice. This suggests 

that TRIM66 may act as an oncoprotein, possibly by suppressing apoptosis while promoting 

TGFβ148
. Finally ZMYND8 was recently shown to promote tumour angiogenesis in zebrafish 

prostate cancer xenografts, as well as in prostate cancer samples from patients
149

.  

 

Oncogenic fusions of BRD-containing proteins. 

Genes of several BRD-containing proteins have been found to generate fusions, resulting from 

chromosomal translocation between genes encoding BRD-containing proteins and other genomic 

regions (Figure 5a and b, Supplementary information S4 (Table)). Such fusion events can lead 

to the inactivation of the original protein(s) and/or can confer completely new functions on the 

fused protein product. Notably, in many cases these fusion proteins have been associated with 

aggressive phenotypes. For instance, the BET family members BRD3 and BRD4 have been 

found fused to the NUT gene, a nuclear protein expressed normally in testis. These fusions are 

the result of gene translocations and have been detected in midline organs, driving the so called 

NUT midline carcinomas
150, 151

. The BRD4-NUT product has been shown to recruit a number of 

factors that stimulate local chromatin hyper-acetylation, which promotes further recruitment of 

BRD4, thereby leading to transcriptional activation and increased expression of pro-survival 

genes
152

 (Figure 5c). Interestingly, thieno-diazepine compounds can selectively target the BRDs 
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on the BRD4-NUT fusion product, resulting in therapeutically relevant phenotypes in mice 

xenograft models
88

. 

BETs are not the only BRD-containing proteins identified in chromosomal translocations. 

CREBBP has been found in several translocations, and was recently shown to be fused to the 

SLX4 gene in lung cancers. In this case, the first two exons of CREBBP were fused to the 3′ 

portion of SLX4 however the significance of the resulting abnormal protein is yet to be 

determined
153

. Another study found CREBBP fused to the RHBDFL gene in small-cell lung 

cancer and the product was predicted to cause loss of function of the genes involved, however 

this remains to be confirmed
133

. EP300, encoding a protein related to CREBBP, was also 

recently found in B-cell precursor acute lymphoblastic leukemia patients to participate in 

genomic fusions. Here, EP300 was fused to ZNF384, whereby the N-terminal portion of EP300 

fused to the first coding exon (exon 3) of ZNF384. Although this fusion product is thought to 

play a role in the development of B cell precursor acute lymphoblastic leukemia (BCP-ALL), its 

precise role has not been determined yet
154

.  

One of the BRD-containing proteins with the largest documented number of genomic fusions is 

MLL, with over 80 reported fusion products occurring with a wide variety of genes in leukemias 

(recently reviewed elsewhere
155

) . Interestingly, MLL fusions found in the majority (~90%) of 

ALL patients seem to be caused by fusion of MLL with a limited number of other genes: AF4 

(also known as AFF1), AF9 (also known as MLLT3) or ENL (also known as MLLT1). Genomic 

fusions of MLL are also frequent in acute myeloid leukemia (AML) patients, where MLL is most 

frequently found fused to AF9, AF10 ,ELL or AF6. These frequently found fusion products seem 

to be involved in regulating transcriptional elongation either by directly binding RNA 

polymerase II (RNAPII), or by participating in super elongation complexes, controlling RNAPII.  

ZMYND8 has also been recently reported to participate in a genomic translocation in acute 

erythroid leukemia. Here, ZMYND8 was fused with RELA , whereby almost the entire ZMYND8 

fuses to the entire RELA gene. The product of this fusion might act as leukemia-promoting factor 

by modulating several cellular processes including the NF-κB pathway
156

. ZMYND8 was 

previously also reported fused to CEP250
157

 and BCAS4
158

 in breast cancer. These fusions result 

in elevated expression of the fused product, however, their precise functions in cancer 

development remain to be determined. The related ZMYND11 was also recently reported in 

fusion with MBTD1 in paediatric acute myeloid leukemia. This fusion product does not contain 

the MYND interaction domain of ZMYND11 but encodes the entire MBTD1 and its expression 

seems to result in elevated expression of HOXA
159

. In glioblastomas, a recent study found 
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ASH1L fused to C1ORF61 resulting in a product that lost the C-terminus of ASH1L including 

the SET and BRD domains
160

. In breast tumours, CARM1 was recently found used to SMARCA4 

resulting in loss of BRD function
161

 and TRIM33 was found fused to POSTN, resulting in a 

product that did not encode any part of the TRIM33 sequence
162

. 

In summary, genes encoding BRD-containing proteins frequently undergo genomic translocation 

resulting in fusions, which when expressed generate various fusion proteins. These fusion events 

can influence the expression of BRD-containing proteins as well as confer new protein activities, 

thereby contributing to pathologic phenotypes.  

 

BRD-containing proteins as tumour suppressors. 

In previous subsections we discussed how BRD-containing proteins contribute to cancer 

development. Notably however, some BRD-containing proteins have been linked to suppression 

of tumour formation and growth as we will next see (see also Supplementary information S4 

(Table)). 

One example is BRD7, a component of the mammalian SWI/SNF complex, levels of which have 

been found reduced in CRC cell lines and cancerous tissues
163

 as well as in ovarian cancer 

tissues
164

. Interestingly, various components of the SWI/SNF complex seem to have context-

specific roles: they can potentially act protectively against cancer in specific tissues, while at the 

same time their mutations affecting multiple subunits seem to be prevalent in certain cancers, 

with a mutation frequency and pattern as complex as that seen in TP53. It has been therefore 

proposed that proper function of mammalian SWI/SNF may offer an important mechanism of 

tumour resistance
54

. 

Within the TRIM sub-family, TRIM24 has been found both mutated and over-expressed in 

different tumour types (at least in the liver tissue). On the other hand, TRIM24 also forms 

complexes with other TRIM family members (such as TRIM28 and TRIM33) which were shown 

to interact with the ligand-bound retinoic acid receptor, resulting in repression of its 

transcriptional activity, thereby exerting a tumour suppressive function
165

. This finding further 

highlights that the role of BRD-containing proteins in tumorigenesis may be highly context 

dependent. The related protein TRIM33 has also been shown to act as a tumour suppressor. 

TRIM33 levels were found to be inversely correlated with the expression of β-catenin in human 

glioblastoma samples, where the canonical Wnt/β-catenin pathway seems to be a significant 

determinant of  disease initiation and progression. This led to the identification of a mechanism, 
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whereby β -catenin is destabilized by the E3 ubiquitin ligase activity of TRIM33, resulting in its 

degradation
166

.  

Also various other BRD-containing proteins, from diverse families have been shown to exhibit 

tumour-suppressive properties. ZMYND11, for example, was found to specifically repress 

oncogene expression in vivo and low levels of ZMYND11 in triple-negative breast cancer 

patients were found to correlate with worse disease-free survival, offering a potential biomarker 

in this cancer type
106

. The polybromo protein PB1 was found to regulate the expression of the 

cell cycle inhibitor p21; truncations and mutations in PB1 seem to be a cause of renal cell 

carcinoma (RCC) and other cancer types
139, 167, 168

. Finally, both SMARCA2 and SMARCA4 

have been identified as tumour suppressors and their roles have been recently reviewed 

elsewhere
169

. 

 

Conclusions and perspectives  

BRD modules are found in proteins that play key roles in cell homeostasis, linking the 

interpretation of acetylated lysine signals, particularly on histones, to a broad set of responses in 

transcription. The versatility of BRD module structures emerging from available structural data, 

the widespread expression of BRD-containing proteins, displaying both cell and tissue 

specificity as well as the large number of acetylated sites found in proteomic screens point 

towards a broader role of these versatile proteins, beyond the recognition of acetylated histones 

and transcriptional regulation (Box 1). It will be interesting to see how recognition of acetylation 

found on non-histone proteins affects signalling and how this is perturbed, if at all, when BRD-

containing proteins are deregulated in disease. One of the challenges that still remains to move 

this research forward is the development of good and extremely selective antibodies that could 

recognize single Kac epitopes on BRD target proteins, beyond histones. Importantly, while 

histone Kac-specific antibodies show some degree of specificity
170, 171

, larger acylations (for 

example lysine crotonylation) have already been successfully detected with specific antibodies
39

. 

The recent discovery of these non-acetyl acylations and their deposition by HATs also point 

towards novel, yet to be determined, functional roles of BRD-containing proteins, which could 

potentially contribute to interpreting these unusual chemical signals, linking them to novel 

cellular phenotypes.  

The developed chemical toolset targeting BRDs offers possibilities to validate BRD-dependent 

interactions, to uncover new functions of BRD-containing proteins and to delineate their roles in 
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normal and disease tissue, demystifying their functions. It remains to be seen how the 

modulation of acylation-dependent circuitries linked to BRD-driven recognition of these PTMs 

will lead to novel, improved therapeutics. Encouragingly however, current efforts focusing on 

interfering with the BRD-mediated recognition of Kac (for details see Box 2 and refer to 

Supplementary information S7 (Table) and S8 (Table)) suggest that there is, indeed, a 

therapeutic window for controlling and modulating the activity of these versatile proteins. 

Altogether, current progress in the mechanisms of Kac recognition by BRD modules, together 

with elucidation of functions of BRD-containing proteins in physiology and disease hold great 

promise for developing novel therapeutics to complement current therapies based on the 

inhibition of the removal of lysine acetylation by histone de-acetylase inhibitors. 
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Display items 

 

Box 1 | Recognition of non-histone acetylated proteins 

Recognition and binding of BRDs to non-histone acetylated motifs has also been described in a 

number of studies involving transcription factors such as GATA1
29

, the RelA subunit of NFκB
32, 

172
 or TWIST

31
. In these cases, BET BRDs stabilize the complex of the transcription factor with 

acetylated chromatin, affecting the transcription of its target genes. A similar mode of interaction 

was described for the complex of cyclin dependent kinase 9 (CDK9) and cyclinT, whereby the 

recruitment of this complex to transcriptional start sites is facilitated by BRD4 and involves 

simultaneous interactions via the C-terminal motif of BRD4 as well as its BRDs which recognize 
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and bind to acetylated cyclinT
30

. The detailed interactions of BET BRDs with non-histone 

acetylated factors have been recently reviewed elsewhere
18

. Beyond BRD-containing proteins of 

the BET sub-family , TAF1 has also been shown to bind to di-acetylated p53, regulating p53-

mediated transcription
173

. CREBBP has also been shown to bind to C-terminally acetylated p53 

following DNA damage, controlling G1 cell cycle arrest
28

. 

The various interactions of BRD-containing proteins with non-histone targets are shown in the 

accompanying Figure, depicting structures of:  the complex of CREBBP with p53 (acetylated at 

K382, PDB: 1JSP) determined by NMR; the first BRD4 module BRD4(1) in complex with 

RelAK310ac (PDB: 4KV1); the NMR-resolved complex of the first BRD module of BRD3, 

BRD3(1), with GATA1 (acetylated at K312 and K315, PDB: 2L5E) and the complex of the 

second BRD4 module BRD4(2) with TWIST (acetylated at K73 and K76, PDB: 2MJV). The 

location of the ZA-loop and the visible helices are annotated in the figure. Acteyl-lysines 

inserted in the BRD cavities are highlighted. Peptides are shown as ball and stick representations 

with a transparent surface indicating the radii of van der Waals interactions. 

 

Box 2 | BRD inhibitor development & Clinical translation 

Inhibitor development 

The hydrophobic nature of the acetyl-lysine binding cavity of BRDs was recently found to be 

tractable for the development of small molecule inhibitors, yielding many potent and selective 

classes of compounds. The main target so far was the BET family of BRD-containing proteins. 

BET proteins are linked to transcriptional stimulation, by providing a tissue-specific scaffolding 

platform of recruitment, tethering transcriptionally active complexes to acetylated histones and 

chromatin, thus controlling lineage specific genes linked to cell cycle progression
18

. BET 

inhibition therefore results in very strong phenotypes, justifying the discovery and development 

of tools to attenuate their function. The potent and selective structural classes of BET inhibitors, 

thieno- and benzo- diazepines, emerged from phenotypic screening following long years of 

development of these compounds. This was followed by the rapid translation of these highly 

optimized molecules to the clinic (see below). This rapidly growing area has been recently 

reviewed elsewhere
17, 19-21

. 

Many non-BET directed chemical tool compounds exhibiting high potency and selectivity while 

retaining cellular activity have also been developed, targeting distinct subsets of BRD modules 

within different sub-families. A non-exhaustive list of these tools is summarized in 
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Supplementary information S7 (Table). Making these compounds available for research will be 

of extreme importance in the immediate future, and their use will allow uncovering novel roles 

for the respective BRD-containing proteins, as well as validating their contribution to already 

established phenotypes.  

We envision that this toolkit will be instrumental in validating targets and activities of BRD-

containing proteins, informing on potential drug targets in diverse biological settings. Of 

particular interest were recent reports suggesting that BET family BRDs can be potently 

inhibited by chemical tools developed specifically against kinases
174-178

, offering novel 

opportunities to explore poly-pharmacology, simultaneously targeting both protein classes. This 

is an appealing possibility, since recent data suggests that resistance to BET inhibition (at least in 

ovarian cancer models) seems to be mediated by the activation of pro-survival receptor tyrosine 

kinase networks which oppose the BET-inhibition-induced apoptotic programmes
179

. Poly-

pharmacology may be a useful tool for overcoming this type of resistance. 

Clinical translation of BRD inhibitors 

The initial success of BET inhibitors, particularly the thieno-diazepine JQ1
88

, the benzo-

diazepine iBET
89

 and the isoxazole iBET151
180

, resulted in rapid clinical translation; currently 

16 active clinical trials in various phases of development (summarized in Supplementary 

information S8 (Table)) seek to target BET proteins in haematological and solid tumour 

settings
19

. Initial data published from the NUT midline carcinoma trials reported improved 

patient response to inhibition with minor toxicity, establishing the proof of concept of clinical 

activity towards the BRD4-NUT onco-fusion
181

. It remains to be seen whether and how BET 

inhibition will apply to other tumour types.  

Importantly, recent reports in animal models revealed that prolonged BET inhibition resulted in 

developmental defects, decreased cellular diversity and stem cell depletion in the small 

intestine
182

. Furthermore, depletion of stem cell pools affecting self-renewal ability and 

pluripotency of embryonic stem cells
183

 as well as indications of memory-deficits in mice
184

, 

have raised concerns. This collectively indicates that BET inhibitors can be toxic and that better 

molecules as well as better understanding of the precise biological functions of these proteins are 

urgently needed. In addition, resistance to BET inhibition (resulting in re-activation of the MYC 

oncogene) was recently reported in leukemia cell lines; suppression of MYC expression has been 

recognized as a hallmark of BET inhibition, however in the inhibitor-resistant cells, MYC 

expression was re-established in a mechanism involving Wnt signalling machinery, which acts 

independently of BRD4 transcriptional stimulation
185, 186

. Resistance was also observed in triple 
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negative breast tumours where cells remained dependent on BRD4, however cell proliferation 

and transcription were found to be decoupled from BRD4-bromodomain functions
187

. 

Interestingly a recent report suggests that combinatorial targeting of BRD4 and factors that 

occupy the MYC super-enhancer, belonging to the WNT-β-catenin-TCF or MEK-ERK 

pathways, enhances the effects of therapeutic suppression of MYC expression achieved by BET 

inhibitors
188

. In the future it will be interesting to see if resistance to BET inhibition can be 

alleviated or prevented also by other combination treatments. 

 

Figures 

 

Figure 1 | Tissue expression and domain organization of BRD-containing proteins. a | 

Recent advances in proteomics have allowed determining tissue-specific expression of proteins. 

BRD-containing proteins exhibit wide distribution between tissues, potentially informing on 

their context and cell-dependent roles in cellular homeostasis. Data compiled from the draft 

proteome (http://www.humanproteomemap.org)
13

 and clustered according to BRD structural 

families (for details on families of BRD-containing proteins see Supplementary information S1 

(Table) and S2 (Figure)). b | BRD modules are components of multi-domain proteins with 

diverse functions (see also Supplementary information S1 (Table)). The modular architecture 

combines protein-protein interaction domains, such as the Plant Homeodomain (PHD), Kinase-

inducible interacting domain (KIX), Bromo-Adjacent Homology domain (BAH), as well as 

catalytic domains such as histone acetyltransferase (HAT) and Helicase domains. The 

combinatorial existence of such modular functions within each protein facilitates interactions 

within complexes, recruitment to specific sites as well as directed catalytic activity. 

Characteristic domain organizations are shown for the P300/CBP-associated factor (PCAF), the 

bromo and extra-terminal 4 (BRD4), CREB-binding protein (CREBBP), bromodomain and PHD 

finger-containing protein 1 (BRPF1), tripartite motif-containing protein 33 (TRIM33), Speckled 

140 kDa (SP140), poly-bromo containing protein 1 (PB1) and SWI/SNF-related matrix-

associated actin-dependent regulator of chromatin subfamily A member 4 (SMARCA4) proteins. 

Domain abbreviations are explained in the inset. 

 

Figure 2 | Structure and Plasticity of BRD modules. a | The structure of the first BRD2 module 

(BRD2(1))(PDB: 2DQV) is shown and conserved structural elements are coloured and 

annotated. The four BRD helices (αZ, αA, αB and αC) are linked by flexible loop regions (AB-, 
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BC- and ZA-loops). A conserved tyrosine (Y135 in BRD2) found on the AB-loop. forms a salt 

bridge to an aspartate residue (D144), keeping the two helices together. A conserved PxY motif 

is found on the ZA-loop region, offering another structural template common to most BRD 

modules. A conserved asparagine on the BC-loop region is responsible for docking o acetylated 

lysine (Kac)  peptides onto BRD modules. b | A subset of BRD modules lack the conserved 

asparagine residue responsible for peptide docking. The structure of SP100 is shown (PDB: 

4PTB) where the asparagine is replaced by a tyrosine residue (Y848). c | Histone H4 peptide 

binding onto the N-terminal domain of BRD2. K12ac inserts in the cavity between the body of 

helixes αB and αC and the ZA-loop while initiating a hydrogen bond to the conserved asparagine 

on the BC-loop. d | Electrostatic charge of the BRD2(1) surface lining up the Kac binding 

groove where K12ac inserts. Interactions of the peptide backbone with the charged surface lining 

the Kac binding site drive the binding of histone peptides to the BRD module. Charge on the 

surface is plotted as indicated in the inset (k: boltzman constant; T: temperature; e: electron 

charge). 

 

Figure 3 | Engagement of target sequences by BRD modules. a | Structure of a histone H4 

peptide acetylated at lysine 12 (H4K12ac) bound to the first BRD module of BRD2 (BRD2(1); 

from PDB: 2DVQ). The acetyl-lysine (Kac) inserts into the hydrophobic-cavity of the BRD 

directly engaging the conserved asparagine (N156 in BRD2(1)) while initiating a number of 

water-mediated bridges to the protein backbone. The ZA- and BC-loops (coloured in magenta 

and purple respectively) direct binding of the N-terminal peptide portion towards helix B, while 

the C-terminus of the peptide is directed towards the Kac cavity , and inserts between a WPF 

motif (W97/P98/F99 in BRD2(1)), which is conserved between BET proteins and caps the front 

of the Kac cavity . Water molecules within the Kac cavity are shown as small spheres with their 

van der Waals radii highlighted as red transparent spheres. Residues defining the groove within 

which the peptide binds are annotated. b | Structure of the BRD–PHD (plant homeodomain zinc 

finger domain) module of TRIM33 in complex with a histone H3 peptide (PDB: 3U5O). Binding 

of the H3 N-terminus (K4 and K9me3 residues) to the PHD finger directs the C-terminal H3 tail 

towards the Kac binding groove of the BRD. The binding occurs in a reverse orientation as 

compared to the single BRD–peptide binding mode shown in (a), but engages similar 

interactions, with H3K18ac inserting in the BRD Kac-cavity. c | Mode of binding of a single Kac  

is conserved between BRD modules and histone tails. The main difference is the orientation of 

the exit vector (defined by the N- and C- termini) of the peptide with respect to the BRD binding 
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cavity exemplified here by: the BRPF3–H2AK5ac complex (PDB: 4QYL); the BAZ2B–

H3K14ac complex (PDB: 4QC1); the second BRD module of mouse BRDT (BRDT(2))–

H3K18ac complex (PDB: 2WP1); and the BRD2(1)–H4K12ac complex (PDB: 2DVQ).  

Peptides are shown in cartoon (loop) representation with their N- and C-termini annotated, 

highlighting the entry- and exit-vectors to and from the Kac cavity. Although the central Kac 

binds in the same position, the topology of the peptide backbone differs in every case, suggesting 

that contributions from the surface of the cavity direct the relative peptide orientation. d | 

Structures of di-acetylated histone H4 peptides in complex with  members of the BET family 

(mouse BRDT with H4K5acK8ac (PDB: 2WP2); first BRD module of BRD4 (BRD4(1)) with 

H4K5acK8ac (PDB: 3UVW); BRD4(1) with H4K12acK16ac (PDB: 3UVX); and BRD4(1) with 

H4K16acK20ac (PDB: 3UVY). While the first Kac initiates direct contact with the conserved 

asparagine, the second Kac fills the empty space on the front of the BRD cavity and by forming 

hydrogen bonds with the first Kac, sterically fills the entire space of the cavity. Structural 

elements are annotated as in (c) and peptides are shown as ball and stick representations with a 

transparent surface indicating van der Waals radii. e | Recognition of non-acetyl lysine 

modifications by BRDs has also been reported, including crotonylation (complex of BRD9 with 

an H4K5crot peptide, PDB: 4YYH); propionylation (complex of BRD4(1) with an H3K23prop 

peptide, PDB: 3MUK); and butyrylation (complex of the second BRD module of TAF1 

(TAF1(2)) with an H4K5butK8but peptide, PDB: 4YYM). Structural elements are annotated as 

in (c). 

 

Figure 4 | Roles of BRD-containing proteins in gene regulation BRD-containing proteins 

regulate gene expression through various activities and mechanisms. a | They are frequently 

found as components of chromatin remodelling complexes. For example, bromodomain adjacent 

to zinc finger domain protein 1A (BAZ1A) and BAZ2A are components of the assembly 

factor/Williams syndrome transcription factor (ACF/WSTF) complex and nucleolar remodelling 

complex (NoRC) respectively, which promote chromatin compaction leading to gene silencing. 

On the other hand, other BRD-containing proteins including SWI/SNF-related matrix-associated 

actin-dependent regulator of chromatin subfamily A member 2 (SMARCA2) and SMARCA4 

together with BRWD1, BAZ1B, Cat eye syndrome critical region protein 2 (CECR2) and 

Bromodomain PHD finger Transcription Factor (BPTF) are components of chromatin 

remodelling complexes that promote chromatin decompaction and acetylation, enhancing 

transcription (respectively: Switch/Sucrose non-fermenting (SWI/SNF), WICH, CECR2-
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containing Remodeling Factor (CERF), NUcleosome Remodelling Factor (NURF) complexes). 

ATPase family AAA domain-containing protein 2 (ATAD2) has also been implicated in 

chromatin dynamics, positively modulating transcription (owing to the presence of an AAA-

ATPase domain it may act as a histone chaperone promoting nucleosome disassembly). b | BRD-

containing proteins engage in acetylation and methylation of histones. They can either modify 

histones directly through their acetyltransferase (CREBBP and EP300) or methyltransferase 

(mixed lineage leukemia (MLL) and absent small and homeotic disks protein 1 homolog 

(ASH1L)) activities, or they can be a part of larger histone-modifying complexes (this includes: 

general control of amino acid synthesis protein 5-like 2 (GCN5L2), P300/CBP-associated factor 

(PCAF), BRD8 and bromodomain and PHD finger-containing proteins (BRPF)).  c | BRD-

containing proteins can serve important roles in transcription by functioning as histone-

recognizing scaffolds that promote the assembly of transcriptional complexes  For example 

bromo and extra-terminal (BET) proteins by recruiting components of the transcriptional 

machinery positively regulate growth promoting genes, whereas zinc-finger and MYND binding 

domain 8 (ZMYND8) recruits the Nucleosome Remodelling and Deacetylase (NuRD) complex 

or lysine demethylase KDM5C, leading to transcriptional repression. Another BRD-containing 

protein, transcription initiation factor TFIID subunit 1 (TAF1), is the largest component of the 

core sub-unit of the TFIID transcription factor, which promotes transcriptional initiation by 

binding to the core promoter sequence and recruiting other transcriptional regulators. d | BRD-

containing proteins can modulate the activity of the components of the transcriptional machinery. 

They can directly control transcription factor activity by acting as transcriptional coactivators 

(for example proteins of the SP family, ZMYND8, TRIM24 and TRIM33). They can also impact 

transcription by modulating other components. ZMYND11 for example, negatively regulates the 

activity of RNA Polymerase II.  

 

Figure 5 | Deregulation of BRD-containing proteins in cancer. a | Chromosomal 

translocations reported to contain BRD-containing genes. The resulting fusion products maintain 

or lose the BRD function(s) resulting in aberrant behaviour and function of the resulting proteins. 

Notably MLL (mixed lineage leukemia gene) is known to participate in more than 80 fusions, 

however only the most commonly found translocations are annotated here, with AF4, AF6, AF9, 

AF10, ENL and ELL. Known cases of loss of BRD-function are annotated with a “*”. b | 

Examples of translocations resulting in shuffling of modular domains and catalytic functions. 

The fusion of BRD4 and NUT results in a product that retains the BRD and ET domains of BRD4 
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while gaining almost the entire NUT gene. Translocations involving the N-terminal portion of 

CREBBP and the C-terminal portion of MLL (CREBBP-MLL fusion products) retain the 

methyltransferase (SET) activity of MLL while losing the N-terminal DNA-binding portion of 

MLL. In contrast, an MLL-CREBBP fusion retains the DNA-binding portion of MLL while 

gaining the histone acetyltransferase (HAT) activity of CREBBP. c | Mechanism of the BRD4-

NUT fusion product in the pathology of NUT midline Carcinomas. The fusion protein is 

recruited to acetylated chromatin via the BRD modules of BRD4 and further recruits via the 

NUT portion the acetyltransferase P300; this results in local hyper-acetylation of chromatin, 

further recruiting endogenous BRD4 which acts as a platform for the recruitment of 

transcriptional regulatory complexes such as Mediator or the positive transcription elongation 

factor b (P-TEF-b, the complex of the kinase CDK9 and CyclinT), resulting in aberrant 

transcriptional stimulation. 

 

Figure S1 | Structural Classification of the human BRD family. The family of human BRD 

modules was classified in eight distinct classes, based on structural alignments and secondary 

structure prediction. Despite high sequence homology, the determined crystal structures (shown 

with electrostatic potential plotted on the surface of each module) exhibit diverse distribution of 

surface charge, suggesting great variability of potential recognition-sequences carrying 

acetylated lysine residues. For example, members of sub-family VIII (eg PB1(3)) contain 

positively charged regions flanking the central Kac recognition site, suggesting that histone tails 

may not be the target sequences of these BRD modules. All modules are oriented in the same 

way, with the Kac-recognition site facing up, as highlighted in the case of PCAF with a dotted 

circle. 

 

Figure S2 | Mutation load of BRD modules | Mutations found on the BRD module of BRD-

containing proteins, annotated by residue as a function of frequency, mapped on the structure of 

representative BRDs from each structural family. Each panel contains a front view (left part) and 

one rotated by 180˚. Data were compiled using TCGA data harvested via the cBioPortal 

(http://www.cbioportal.org/). The four BRD helices (αZ, αA, αB and αC) are annotated together 

with the conserved asparagine, loop regions (ZA- and BC-loops) and the conserved PxY motif. 

Mutation frequency is indicated by sphere size and colour. The location of mutations as well as 

their frequency varies between BRD families, suggesting diversity in the perturbations 

introduced. 
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Further information 

GENT - Gene expression across normal and tumour tissue 

http://medicalgenome.kribb.re.kr/ 

cBioPortal - access to large-scale cancer genomics data sets 

http://www.cbioportal.org/ 

COSMIC - Catalogue of Somatic Mutations in Cancer 

http://cancer.sanger.ac.uk 

Human Proteome Map - access to peptide sequencing result from the draft map of the human 

proteome project 

http://www.humanproteomemap.org/ 

AbMiner – antibody specificity database from the National Cancer Institute (NCI) 

https://discover.nci.nih.gov/abminer/ 

Histone Antibodies – interactive histone antibody specificity database 

http://www.histoneantibodies.com/ 

SGC Chemical Probes Portal – available chemical probes selectively targeting BRD modules 

http://www.thesgc.org/chemical-probes/epigenetics 

 

Supplementary information 

Supplementary information S1 (Table): BRD-containing proteins and their function(s) in cell 

homeostasis 

Supplementary information S2 (Figure): Structural phylogeny of BRD modules 

Supplementary information S3 (Table): Peptide complexes of BRD modules 

Supplementary information S4 (Table): BRD-containing proteins and their role(s) in cancer 

Supplementary information S5 (Table): BRD-proteins and their mutations (COSMIC) in 

different Tissues 

Supplementary information S6 (Figure): TCGA mutations mapped on the BRD structure of 

each subfamily 

Supplementary information S7 (Table): Chemical Probes Targeting BRD modules 
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Glossary terms [Au: Please see my suggestions for additional Glossary terms]  

 

 

YEATS domain: protein interaction domain with an immunoglobin-like fold that can bind to 

acetylated and crotonylated lysines  

Transcriptional coregulators: Proteins that acts to repress or stimulate transcription via 

modulation of transcription factors and their activity through various mechanisms. 

Histone code: The combination of histone modifications that affect transcription of genes in a 

hereditary fashion. 

Epitopes: the part of a protein that can be recognized by a protein interaction domain. In the 

context of antibodies, the part of an antigen molecule to which an antibody attaches itself. 

Epithelial-to-mesenchymal-transition (EMT): The process by which epithelial cells lose 

polarity and adhesion while gaining invasive and migratory properties acquire mesenchymal 

properties. 

Epicardium: Connective tissue forming protective layer outside the heart muscle.  

Centromeres: portions of the chromosome that link sister chromatids. Cohesion of the 

centromeres is achieved by associating with the protein cohesin which is subsequently modified 

in order to keep the two sister chromatids together. 

γ-HOX genes: A group of (homeotic) related genes controlling the body plan of embryos along 

the head-axis tail. 

Enhancer: short DNA region that provides a docking site for activating proteins, resulting in 

increased likelihood of transcription of particular genes.  

RING (Really Interesting New Gene) domain: zinc-finger domain containing a Cys3HisCys4 

motif which binds two zinc cations. 

NUT- midline Carcinomas: aggressive, epithelial cancers that typically arise in organs in the 

midline of the body, and result from a fusion of the NUT gene together with BRD3, BRD4 or 

NSD3 
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Van der Waals radius: the radius of the sphere around an atom which represents the closest 

distance that another atom can approach. 

Mediator complex: large multiprotein complex which acts as a transcriptional co-activator in 

eukaryotes, binding to the C-terminal domain of RNA polymerase II, bridging the polymerase 

together with transcription factors. 
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Key points  

• Bromodomains (BRDs) are evolutionally conserved protein interaction modules. 

Structure-based alignments clustered human BRDs into eight distinct sub-families. 

• BRD modules share a conserved helical bundle (helices αZ, αA, αB, αC) which is 

linked by diverse loop segments of variable length (ZA- and BC-loops). 
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• BRDs primarily recognize acetylated lysine residues on histones. Several BRDs 

are found to recognize acetylated non-histone proteins. 

• BRD-containing proteins regulate gene expression, alone or as part of larger 

protein complexes, through chromatin remodeling, histone modification, histone 

recognition and transcriptional machinery regulation. 

• BRD-containing proteins are frequently deregulated in cancer, and mutations in 

BRDs themselves are frequently identified. BRD-containing proteins are also 

identified in oncogenic rearrangement, leading to highly oncogenic fusion 

proteins.  

• Development of BRD inhibitors as anticancer agents are being intensively 

investigated. Especially, small molecule inhibitors targeting BET bromodomain 

are now in clinical trials for treatment of various types of cancers. 
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