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Abstract

Pharmacologic inhibitors of the bromodomain and extra-terminal motif (BET) protein family are 

in clinical trials for the treatment of hematologic malignancies, yet the functions of individual 

BET proteins remain largely uncharacterized. We review the molecular roles of BETs in the 

context of erythropoiesis. Studies in this lineage have provided valuable insights into their 

mechanisms of action, and helped define the individual and overlapping functions of BET protein 

family members BRD2, BRD3, and BRD4. These studies have important ramifications for our 

understanding of the molecular and physiologic roles of BET proteins, and provide a framework 

for elucidating some of the beneficial and adverse effects of pharmacologic inhibitors.

Introduction

BET inhibitors have great potential as treatments for cancer, inflammatory diseases, and 

other medical conditions. Unlocking the full potential of BET inhibitors requires an 

improved understanding of the physiologic functions of BETs. Here we review the 

molecular roles of BETs focusing on their functions in the context of erythropoiesis. We 

discuss how BETs associate with specific genomic locations and how this association leads 

to transcriptional specificity. The erythroid transcription factor GATA1 was one of the first 

acetylated transcription factors found to associate with BETs and remains one of the best 

studied. We discuss how GATA1 recruits BET family members to establish its lineage-

specific gene expression program. We further consider the implications of an evolving 

understanding of BET mechanisms for the development of pharmacologic BET inhibitors 

and highlight areas where further research is needed.

BETs are chromatin interpreters

BETs play well-recognized roles in transcription [1–3]. There are four BET family members 

in mammalian cells. BRD2, BRD3, and BRD4 are found in all tissues, while BRDT is 

expressed only in the testes and in some cancers. BETs associate with chromatin in a 
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manner requiring their bromodomains, which bind to acetylated lysine residues. This has 

been most closely examined in the case of BRD4. BRD4 binding correlates with histone 

acetylation across the genome in a number of cell types [4–6]. BET bromodomains bind 

histones with specific combinations of acetylated lysines and other post-translational 

modifications (PTMs) in vitro [7,8]. However, no histone mark or combination of marks has 

been found to definitively predict BET binding in vivo. The association of BETs with 

acetylated transcription factors accounts for at least some of their particular occupancy 

patterns [9–11]. Accordingly, BET association with chromatin is often maximal at 

transcription factor binding sites that reside in nucleosome-depleted regions [6,12]. This is 

particularly important as recent work has found that transcription factor binding may better 

predict enhancer function than histone PTMs [13]. Transcription factor binding may serve as 

a nucleus for BET spreading across regions of acetylated histones, perhaps through BET 

multimerization [14]. Another notable feature of the association of BETs with chromatin is 

that it remains present during mitosis when most transcription factors vacate chromatin and 

transcription is globally silenced [15]. Knockdown experiments have demonstrated that 

BETs facilitate post-mitotic gene reactivation [16–18], but whether BETs must occupy 

mitotic chromatin to perform this role has not been tested.

While BET proteins have conserved domains and bind to overlapping regulatory elements, 

they also associate with distinct regulatory complexes that may dictate their individual 

functions. BRD4 uses both bromodomains [19] and its unique C-terminal domain to bind 

and activate PTEF-b complexes [20–22]. PTEF-b subsequently phosphorylates RNA 

polymerase II and negative elongation factors (NELF and DSIF) to trigger productive 

transcriptional elongation. The concurrent recruitment of BRD4 and PTEF-b has been 

shown to be important for inducible gene expression programs in multiple contexts [8,23]. 

BRD2 and BRD3 also bind to pTEFb but do not contain any analog to BRD4’s C-terminal 

region, and neither has been shown to directly activate pTEFb. However, all BET proteins 

contain an extra-terminal (ET) domain that may promote transcription through recruitment 

of coactivators. The BRD4 ET domain associates with additional chromatin regulatory 

proteins including the nucleosome remodeling SWI/SNF complex, the histone 

methyltransferase NSD3, and the NuRD component CHD4 [24,25]. The ET domain is ~80% 

conserved between BET family members, and BRD2 and BRD3 also bind to many of the 

same complexes [25,26]. In addition to recruiting other factors, BRD2, BRD3, and BRD4 

may have histone chaperone function and stimulate transcription through hyperacetylated 

nucleosomes in vitro [27,28]. Also, both BRD2 [29] and BRD4 [30] have been reported to 

have kinase activity. BRD4 has been characterized as an RNA Polymerase II kinase, 

potentially adding an intriguing additional layer of regulation.

Single cell nuclear imaging and micrococcal nuclease (MNase)-based assays have shown 

that BRD4 depletion leads to large-scale chromatin decondensation and increased 

accessibility. Furthermore, dominant-negative acting molecules encoding the double 

bromodomains (BDI/II) of BRD4 competitively dissociate endogenous BRD4 (and 

presumably other BETs from chromatin and lead to chromatin fragmentation [31] This 

suggests that widespread BET binding has a role in maintaining normal chromatin structure.
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Work on NUT midline carcinoma (NMC) has shed further light on the interplay of BETs 

with chromatin architecture. NMC is an epithelial cancer that can be driven by chromosomal 

fusion between the NUT gene and translocation partners including BRD3 or BRD4. BRD4-

NUT potentiates a positive feedback loop by recruiting p300 acetyltransferase activity, 

which further recruits BRD4-NUT [32–34]. Expression of a BRD4-NUT fusion protein in 

NMC cells expands shorter regions of acetylated chromatin into “mega-domains” that span 

hundreds of kilobases [35]. BRD3-NUT also binds similarly large chromatin regions. 

Interestingly these large acetylated domains rarely cross topologically associating domain 

(TAD) boundaries, suggesting that BET spreading is constrained by other levels of large-

scale genomic structure.

Studies utilizing small molecule BET inhibitors have demonstrated the importance of BET 

proteins in diverse transcriptional programs. How inhibition of these ubiquitously expressed 

transcriptional regulators leads to gene-specific effects remains a critical unanswered 

question. Genome-wide studies examining the occupancy of BET proteins on chromatin 

have revealed that BRD2, BRD3, and BRD4 occupy many genes uniquely and co-occupy 

many others [11,36]. The degree to which BRD2, BRD3 and BRD4 control expression of 

the same or disparate sets of genes remains poorly understood. The molecular basis of the 

observed patterns of chromatin association and how these patterns relate to gene 

transcription are beginning to be understood in a few specific cellular contexts such as 

erythropoiesis. Insights from these systems are likely to be generally applicable.

BET function is required for erythropoiesis

During erythroid maturation GATA1 activates nearly all erythroid specific genes including 

those involved in hemoglobin synthesis. GATA1 is also a major transcriptional repressor that 

silences genes involved in self-renewal and the maintenance of an immature state [37–39]. 

GATA1 is acetylated by acetyltransferases p300/CBP on multiples lysine residues 

immediately adjacent to each of its two zinc fingers [40,41]. Mutations of these lysines lead 

to loss of chromatin occupancy in vivo, but not in vitro. This implies that the function of 

GATA1 acetylation is specific to chromatin [42]. Affinity purification using acetylated 

GATA1 peptides as bait followed by mass spectrometry identified BRD2, BRD3, and BRD4 

as candidate GATA1 binding partners [9]. Evidence for the direct interaction of BRD3 with 

acetylated GATA1 is supported by their widespread co-occupancy on chromatin, their 

biochemical co-purification that is enhanced by GATA1 acetylation, the requirement of an 

intact acetyl-binding pocket within BDI of BRD3 for GATA1 binding, the disruption of their 

interaction by an acetyl-lysine mimetic, as well as structural analyses [9,43]. As BRD2 and 

BRD4 have similar bromodomains and also co-occupy many GATA1 bound chromatin 

segments, it is likely that these proteins also interact directly with GATA1. Still, the degree 

to which each BET occupies particular genomic GATA1 binding sites varies widely, 

suggesting that in vivo site selectivity is determined by additional factors.

Pharmacologic BET inhibition inhibits erythroid maturation both in erythroid cell lines and 

in primary mouse erythroblasts [6,9]. Interestingly, this is due to the impairment of the 

activating functions of GATA1 while its repressive functions are mostly left intact. This 

occurs through at least two mechanisms. BET inhibitors compromise the establishment of 
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GATA1 occupancy at many sites in genome, including the beta-globin locus. Additionally, 

BET inhibition can suppress the transcription of many genes without significantly altering 

GATA1 occupancy, consistent with multiple mechanisms of BET action. The degree to 

which individual BET proteins carry out distinct functions remains uncertain. Regardless of 

the mechanism, transcriptional activation by GATA1 is a reliable predictor of sensitivity to 

BET inhibitors. This is consistent with the idea that BETs play major roles in inducible gene 

expression [23] and suggests that the major consequence of BET inhibition in this context is 

impaired GATA1-dependent activation. Interestingly, a small number of important genes 

including the transcriptional repressor Hexim1 are activated by BET inhibitor treatment in 

many cell types [44–46]. This effect may be driven by BRD2 inhibition as BRD2 depletion 

in erythroid cells activates Hexim1 transcription while BRD4 knockdown does not [6].

Depletion experiments demonstrate that both BRD2 and BRD4 are individually required for 

GATA1-driven erythroid maturation (Figure 1). Surprisingly, despite displaying the highest 

degree of genome-wide co-localization with GATA1, BRD3 is largely dispensable for 

GATA1 function. Gene knockout-rescue experiments suggest that the functions of BRD2 

and BRD3 overlap extensively [6], potentially explaining the minimal phenotype associated 

with BRD3 loss. Consistent with this, BRD2 is expressed several times higher levels than 

BRD3 [47], and BRD2 is required for normal GATA1-induced erythroid maturation. The 

differential but overlapping requirements of BRD2 and BRD3 likely reflect functional 

similarities as well as their relative expression levels.

BETs are ubiquitous hematopoietic and inflammatory regulators

BETs are implicated in a rapidly growing number of hematopoietic transcriptional programs. 

For example, hematopoietic stem cell grafts require BRD2 to reconstitute recipient immune 

systems in mice [48]. Additionally BRD4 co-localizes with hematopoietic transcription 

factors in models of acute myeloid leukemia [12] and binds to lineage specific regulatory 

regions in T lymphocytes [4,49]. BRD4 also co-localizes with the transcription factor AIRE 

in thymic stromal cells and is required for normal expression of genes necessary for deletion 

of auto-reactive T cells in the thymus [50]. In addition to developmental roles, BETs are 

essential in the acute activation of the inflammatory response, consistent with their general 

importance for rapidly inducible gene expression programs. BET inhibition largely 

abrogates NFkB-dependent gene activation in inflammatory macrophages and cytokine-

stimulated endothelial cells [51,52]. BRD4 interacts with the acetylated p65 subunit of 

NFkB [53], providing a potential explanation for these effects. Taken together with GATA1, 

the NFkB example suggests a general link between BET function and transcription factor 

acetylation.

BETs have also been described to play roles in metabolism, a finding likely to influence 

their role in many contexts including hematopoiesis and inflammation [2]. Mice with low 

levels of BRD2 due to disruption of the brd2 promoter have increased adiposity but less 

infiltration of macrophages into adipose tissue. Further, adipocytes in which BRD2 is 

depleted maintain insulin sensitivity in response to TNF-alpha signaling that causes insulin 

resistance in wild-type cells [54]. More generally, complete deletion of either BRD2 or 

BRD4 causes embryonic lethality in mice [54,55], and depletion of BRD4 in the 
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hematopoietic lineage impairs the development of immune lineages, particularly T cells 

[56]. The increasingly recognized roles of BETs in hematopoiesis and inflammation provide 

insight into the pleiotropic physiologic effects of BET inhibition, including effects on the 

growth and maturation of various hematopoietic lineages as well as immunosuppression.

Implications for rational design of BET inhibitors

Small molecule BET inhibitors have shown promise for use as treatments for cancer and 

other diseases [2,3,57,58]. Many BET inhibitors chemically resemble thienodiazepines (such 

as JQ1, I-BET151, and OTX-015), although others have unrelated structures [59,60]. This 

current generation of molecules simultaneously inhibits all BET family members. A number 

of studies have examined the functions of BET proteins as inhibitor targets by studying the 

phenotypes of cells in which BET proteins are depleted individually [6,11,61–63]. While 

this approach has yielded significant insights, it is only able to detect non-redundant 

activities. Mechanistic work on BETs in erythropoiesis suggests that significant redundancy 

exists. While loss of BRD2 or BRD3 individually has a lesser effect on transcription, the 

combined depletion of these proteins reduces the expression of BET inhibitor-sensitive 

genes. This overlapping functionality necessitates a revised interpretation of the phenotypes 

elicited by currently available BET inhibitors. It suggests that the common finding in several 

cell types that BRD2 and BRD3 loss are individually tolerated does not allow their exclusion 

as functionally important targets. We speculate that this concept may hold true across cells 

and tissues in which the effects of BET inhibitors have been attributed to a single BET 

family member [62,64].

The anti-inflammatory and anti-proliferative properties of BET inhibitors will likely make 

them useful in diverse non-oncologic applications. BET inhibition decreases mortality in 

mouse models of sepsis, attenuates autoimmunity, and lessens damage from overactive 

inflammatory responses in the lung [49,51,65,66]. Preclinical studies have also demonstrated 

the potential efficacy of BET inhibition in applications that would require chronic 

administration such as heart failure, and type I diabetes mellitus [67,68]. Given the essential 

roles of BETs in development and tissue homeostasis, any pharmacologic intervention that 

fully inhibits BET function would be expected to be highly toxic, if not lethal, to patients 

[55,56]. One way in which therapeutic benefits of BET inhibitors may be achieved is 

through incomplete inhibition that affects only the most BET-dependent genes. Accordingly, 

residual BET binding in the presence of BET inhibitors has been observed in a number of 

systems. An additional consideration is that BET inhibition with JQ1 in mice is likely 

transient due to its short half-life [26], but the BET inhibitors being tested in human patients 

are more stable [69]. Interestingly, major side effects reported in early phase clinical trials 

include anemia [70] and thrombocytopenia [70,71]. Inhibition of GATA1-dependent 

transcription may contribute to both of these phenotypes as maturation of erythrocytes and 

megakaryocytes depends on GATA1. As platelets have a shorter life cycle than red blood 

cells, shorter treatment intervals are more likely to affect this population. Further clinical 

studies are needed to definitively characterize the side effects and dose-limiting toxicities of 

BET inhibitors.
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Conclusions

BETs occupy the majority of promoters and enhancers in the genomes of mammalian cells 

and are required for many diverse cellular processes. BET inhibitors have demonstrated 

great therapeutic potential despite their ubiquitous presence and the essential functions of 

their targets. In-depth study of BET proteins in the context of erythroid cells has contributed 

to a deeper understanding of their mechanisms of action. This system allows careful teasing 

apart of the distinct roles of BETs in transcription factor occupancy and at subsequent steps 

in transcription. It has revealed that BRD2, BRD3, and BRD4 have both distinct and 

overlapping cellular roles. It has also presaged some of the toxicity associated with the use 

of BET inhibitors to treat human disease. Further study of the mechanisms of BET function 

in normal physiologic as well as pathologic contexts is critical to understanding the uses and 

limitations of the growing armamentarium of BET inhibitors.
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Figure 1. BET protein requirements in erythropoiesis
BRD2 depletion partially inhibits erythroid maturation. BRD3 depletion has minimal effects 

by itself, but when combined with BRD2 deficiency BRD3 depletion completely abrogates 

erythroid maturation. BRD4 depletion also prevents erythroid maturation.
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