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Epigenetic modifications, specifically acetylation of histone plays a decisive role in gene regulation and transcription of normal cellular mechanisms and pathological conditions. The bromodomain and extraterminal (BET) proteins (BRD2, BRD3, BRD4, and BRDT), being epigenetic readers, ligate to acetylated regions of histone and synchronize gene transcription. BET proteins are crucial for normal cellular processing as they control cell cycle progression, neurogenesis, differentiation, and maturation of erythroids and spermatogenesis, etc. Research-based evidence indicated that BET proteins (mainly BRD4) are associated with numeral pathological ailments, including cancer, inflammation, infections, renal diseases, and cardiac diseases. To counter the BET protein-related pathological conditions, there are some BET inhibitors developed and also under development. BET proteins are a topic of most research nowadays. This review, provides an ephemeral but comprehensive knowledge about BET proteins’ basic structure, biochemistry, physiological roles, and pathological conditions in which the role of BETs have been proven. This review also highlights the current and future approaches to pledge BET protein-related pathologies.
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1 INTRODUCTION
Genes are found in compacted forms of chromosomes in histone. The covalent attachment of methyl, phosphoryl, acetyl, ubiquityl, and sumonyl groups to histone is called histone modification (HM) (Choudhary et al., 2009). These HMs lead to chromatin structure alterations, which ultimately change the gene expression. Inheritable chromatin variations in gene countenance, which are not dependent on DNA sequence are called epigenetic modification or epigenetics (Bird, 1986). Epigenetic modifications result in the formation of discrete chromatin states, (Allis and Jenuwein, 2016; Helai et al., 2019), 1) euchromatin in which chromosomes are loosely packed and 2) heterochromatin, where chromosomes are in the compact form (Bannister and Kouzarides, 2011). Epigenetic regulations include phosphorylation, acetylation, ubiquitination, and methylation. Three types of proteins have brought about the HMs changes. These are named writers, readers, and erasers. HMs play crucial and chain roles in signaling pathways (Dhalluin et al., 1999). In 1964, the HMs were discovered by Allfrey et al. (1964), and these modifications were lysine methylation and acetylation.
Bromodomains (BRDs) are groups of proteins described by John W. Tamkun et al. by observing the Drosophilia gene. They were named bromodomains as domain-containing gene Brahama (Tamkun et al., 1992). Bromodomains consist of 110 amino acids. BRDs attach loosely to lysine residues of acetylated proteins. The binding sites of BRDs at lysine are hydrophobic. Apart from N-terminal tails and the C-terminal domain, there are many other domains of BRDs that have distinct molecular functions. They are classified as methyltransferases, transcriptases, or transcription regulators, ATP-dependent chromatin remodelers, signal transducers, acetylases, and chromatin adaptors. They are responsible for protein metabolism and stability, cell cycle and signaling, chromatin remodeling and nuclear transport (Ray, 2010). The research studies over 2 decades confirm that BRDs are extensively studied and found to be irrationally regulated in various diseases, among which the most important is cancer. Others include cardiovascular disease (CVD), neurodegenerative disease and inflammatory diseases (Pérez-Salvia and Esteller, 2017; Zaware and Zhou, 2017).
2 BROMODOMAINS AND EXTRA TERMINAL DOMAIN BROMODOMAINS
2.1 Structure
In the human genome, there are 61 BRD proteins divided into eight structural groups (based on x-ray crystal) and 46 families of proteins. All have common four alpha-helical bundles named as αZ, αA, αB, and αC, and two interhelical loops recognized by the ZA loop and BC loop. The BC loop link αA and αC, while the ZA loop binds αB and αZ helix. There is very little similarity in sequence in N- and C-terminal regions outside the main two helices. The HMs occur when histone is acetylated at the eight N-terminal tails of the core. Acetylation and other HMs, such as ubiquitination and methylation, yield a compact set of histone codes that control the expression and regulation of genes. HMs are responsible for many important metabolic processes. Among the HMs, the most studied epigenetic readers are BRDs. There are 61 BRDs in the human genome, which are distributed among 46 types of different proteins. The acetyl-lysine (KAc) is hydrophobic, and asparagine is present at 48 BRDs, while the remaining 13 BRDs have aspartate, tyrosine, or threonine. The asparagine bearing BRDs are classified as typical BRDs, while the others are called atypical BRDs (Okada et al., 2005; Jeffers et al., 2017). BET proteins belong to the fifth group of the BRD family. BETs include BRD2, BRD3, BRD4, and BRDT. BETs have two tandems, i.e., BD1 and BD2 and an extraterminal domain. BETs perform protein transcription, transcription elongation, and chromatin opening. BETs bind to the di-acetylated lysine of proteins. This distinguishes BETs from other BRDs. There is a slight difference of four amino acids in BD1 and BD2. The BD1 domain consists of Gln85, Asp144, Lys141, and lle146, and the BD2 domain consists of Lys374, Val435, Pro430, and His433 instead (Mujtaba et al., 2007; Nicodeme et al., 2010; Lloyd and Glass, 2018). The tyrosine (Tyr) and asparagine (Asn) amino acid sequences of all BRDs are preserved (Pérez-Salvia and Esteller, 2017; Zaware and Zhou, 2017).
The BRDs are classified into nine major families depending upon the functions in cells (Zeng and Zhou, 2002; Filippakopoulos et al., 2012). These are:.
I. (IA) Histone acetyltransferases (HATs)-containing transcriptional cofactors (PCAF, p300/CBP). HAT-containing transcriptional cofactors are responsible for erythroid gene regulation development, initiation, activation, and assembly of regulatory enhancers or mediator complex at target genes (Ortega et al., 2018).
(IB) BRPF1/2/3 (bromodomain and PHD finger-containing protein) and BRD8 BRPF1is are responsible for HOX gene expression by augmented acetylation of MOZ via BRD (Ullah et al., 2008). BRD8 mediates nuclear receptor translation when it binds to beta receptors of the thyroid or alpha receptors of retinoid X (Monden et al., 1999).
II. SET domain holding MLL and histone lysine methyltransferases (HKMTs) are assembled in it. The major function of this group of proteins is chromatin remodeling.
III. (IIIA) Chromatin remodeling factors (BRD9, SMARCA2/4, and PBRM1) are key components of mammalian ATP-dependent chromatin remodeling complexes (Mashtalir et al., 2018).
(IIIB) ISWI family chromatin remodeling complex possesses nucleosome assembly and spacing, DNA helicase activity, and heterochromatin and chromosome segregation activity in DNA replication (Xiao et al., 2009).
IV. AAA domain-containing ATPase family proteins, such as ATAD2. These are engaged in the reassembly of chromatin and DNA replication. They ligate to newly synthesized di acetylated histone (Koo et al., 2016).
V. BET family proteins (BRD2, BRD3, BRD4, and BRDT) are grouped in the fifth class. They are transcription coactivators, facilitate chromatin opening, recruit transcription factors and coactivators to target gene promoters and enhancers, and activate paused RNA polymerase II complexes to promote transcription elongation (Zhang et al., 2016)
VI. Group six BRD proteins are called TIF1 (transcriptional intermediary factor 1). TIF1 alpha is responsible for p53 stabilization, and TIF1 beta promotes heterochromatin formation (Jain and Barton, 2009) (Zeng et al., 2008). TIF1 gamma possesses E3 SUMO/ubiquitin ligases properties, assists in remodeling of the nucleosome, stops the proliferation of tumor cells and tumorigenesis, and helps in degradation of tumor (Xue et al., 2015).
VII. This group contains sparkled protein (SP) family, such as SP100, SP110 etc. These proteins are involved in stress stimuli reaction to cells as they are part of subnuclear bodies of promyelocytic leukemia (PML-NB) (Seeler et al., 2001). These proteins interact with DNA and other proteins and maintain chromatin structure (Bottomley et al., 2001).
VIII. DEAF-1 proteins, such as ZMYDN8/11 are categorized in this group. These proteins act as transcriptional corepressors, regulators, control gene expression, and protect DNA from damage (Savitsky et al., 2016).
IX. WD-repeat proteins, such as BRWD1 (WDR9), PHP (WDR11), and BRWD3, are assembled in this group. They perform many cellular functions, such as cell cycle regulation, RNA processing, cytoskeleton assembly, transcription, and signal transduction (Li and Roberts, 2001).
The most studied and discussed family of BRDs is bromodomains and extraterminal domains (BETs). This family of BRDs is branded to contain an extraterminal (ET) domain and two tandem bromodomains. BET proteins are associated with mitotic chromosomes throughout the cell cycle (Reyes-Garau et al., 2019). There are four members of this family, namely, BRD2, BRD3, BRD4, and BRDt. This family has a common architectural domain possessing an ET and two N-terminal bromodomains. BRD4 and BRDt have extra C-terminal domains (CTD). The N-terminal domains (BD1, BD2) are the sites that interact with acetylated lysine through a hydrophobic region (Dhalluin et al., 1999). The BDs are hydrophobic regions of amino acids, which are involved in protein–protein interactions and act as “readers” of epigenetics. Transcriptional recruitments are brought out by ET, and CTD is involved in the recruitment of positive elongation factor (P-TEFb). BET proteins ligate to histone at acetylated lysine regions located in “super-enhancers” (DNA region enriched with repressive acetylated H3K27 marks and RNA polymerase II, or promoter regions of the genes) (Barrero, 2017; White et al., 2019). All the BET members recruit transcriptional cofactors through the ET domain and facilitate transcription (Shi et al., 2013). BET proteins are sturdily concerned with regulation, growth, differentiation of cells, and inflammation. Chromosomal location of BET family BRDs in the human genome is near to the Notch genes. The BRD2 place is on chromosome 6 along with the Notch 4 gene, BRD3 resides on the 9th chromosome beside Notch1, BRD4 exists at the 19th chromosome with the Notch 3 gene, and BRDT is found on the 1st chromosome along with the Notch 2 gene. The coexistence of BET and Notch genes at the human genome indicates functional resemblance among these genes (Houzelstein et al., 2002; Wu and Chiang, 2007).
BET proteins dislocate the HEXIM/7SK snRNP (factor 1) transcription factor from cyclin T1/CDK9 (factor 2) of P-TEFb, which permits the RNA Pol II activation through serine 2 phosphorylation (Wu et al., 2013; Winter et al., 2017). BRD2, BRD3, and BRD4 regulate transcription at histone tails, while BRDt is expressed in germ cells. They primarily exist in the nucleus but are functionally not confined to cells. Besides being directly involved in transcription, the BET member also stimulates transcription by nucleosome hyperacetylation, thus, acting as a “histone chaperone” (LeRoy et al., 2008; Kanno et al., 2014). Apart from histone, they can recognize other acetylated proteins and transcription factors, and involve in their transcription, e.g., mesodermal-forming transcription factor TWIST (Shi et al., 2014).
3 CELLULAR FUNCTIONS OF BROMODOMAIN AND EXTRATERMINAL PROTEIN FAMILY
3.1 BRD2
BRD2, previously known as RING3 (really interesting new gene 3) or FSHRG1 (female sterile homeotic related gene 1), stimulates the activity of E2F1 and E2F2 proteins, which promote the synthesis of proteins needed for the G1/S phase. BRD2 is the first nuclear protein, which translates through G-protein-coupled receptors (called canonical protein) (Denis et al., 2000). BRD2 is expressed in the mammary glands, ovaries and testes, uterus, epididymis, and a number of other tissues. The study of Gyuris et al. discovered the vital role of BRD2 in neural tube closure and dorsal root completion during embryogenesis. BRD2 manifestation is essential for neurogenesis and maximum during neuronal tube growth and closure. Pleiotrophin (Ptn) is a neuronal growth factor responsible for neuroprotection, nerve regeneration, and growth of the nervous system. It is highly expressed during nervous system development. During the process of neuronal differentiation, Ptn interrelates with BRD2 and improves the cell-differentiating and stimulating activity of BRD2 (Padmanabhan et al., 2016).
Data obtained from fluorescence resonance energy transfer (FRET) technology revealed that BRD2 has a strong affinity toward acetylated K12 of histone H4 (Padmanabhan et al., 2016), promotes gene transcription, elongation, and chromatin binding in coordination with BRD3. Nuclear serine and theorine (Ser/Thr) activities are enhanced during cellular proliferation. BRD2 possesses nuclear Ser/Thr kinase properties (Denis and Green, 1996). In humans, BRD2 and BRD4 remain persistent with chromatin throughout the cell cycle, thus, involving in epigenetic memory (Kanno et al., 2004). It attaches to the H3 and H4 regions of acetylated histone and activates transcription by recruiting transcriptional coactivators, factors, and transcriptional repressors. Five transcription complexes possess BRD2 and a factory of chromatin remodeling (Denis et al., 2006). These are 1) TATA binding factor-associated factors and Pol II, 2) activated transcription factors E2F and DP-1, 3) mediator proteins, 4) chromatin/histone modification enzymes (HDAC11, CBP, and p300), and 5) SWI/SNF remodeling complex components These transcription factors in association with BRD3 brought about Pol II transcription at the acetylated nucleosome. E2F1 and E2F2 are major cell cycle S phase gene transcription regulators, and BRD2 recruits these factors (Lovén et al., 2013). BRD2 controls the expression of transcriptional regulators, cyclin E, D1, and A. Cyclin D1 and E expressions are critical for mitotic cells, and cyclin A for B lymphocyte-proliferating cells. BRD2 controls the expression of GATA1 (erythroid transcription factor) and functions in the maturation of the erythroid (Stonestrom et al., 2015). Aron et al. reported that BRD2 is a dire component of chromatin and plays an important role in the neurogenesis and embryogenesis of mammals (Gyuris et al., 2009). A study by Ruxin et al. established the fact that BRD2 improves insulin signaling and metabolic disorders (Sun et al., 2017). Among BETs, BRD2 is the main BRD that is involved in the activation and regulation of NF-κB-mediated inflammatory response (Gallagher et al., 2014).
3.2 BRD3
BRD3, also called ORFX or FSHRG2 gene, interacts with acetylated lysine residues of an erythroid transcription factor or GATA1 factor of transcription. GATA1 controls the expression of erythroid and megakaryocytes-specific genes (Lamonica et al., 2011). Cyclin D1 is vital for the transition of dividing cells from the G1 to S phase. BRD3 is a transcriptional regulator of cyclin D1. BRD3 and BRD2 possess properties of nucleosome assembly followed by DNA replication, a process called “nucleosome chaperone.” This nucleosome chaperone initiation by BRD2 and BRD3 via hyperacetylated nucleosome causes elongation of RNA Pol II (Gamsjaeger et al., 2011).
3.3 BRDT
BRDt, a testis-specific bromodomain protein is expressed specifically in the testes (Shang et al., 2004). During meiosis of spermatogenesis in the male germline, BRDt expression starts which lasts until the postmeiotic stage (Gaucher et al., 2012). Shang et al. used BRDt homozygous male mice for testicular histology and found that deletion of BRDt protein results in sterility, oligospermia, and abnormal sperm morphology (Shang et al., 2007). Cyclin A1 gene is a regulatory gene in male germ cell lines and is necessary for spermatocytes to enter the first meiotic division. Cyclin A1 expression is initiated and controlled by BRDt (Liu et al., 1998; Nickerson et al., 2007). H1t is a testis-specific histone, which expression is repressed by BRDt during spermatogenesis. BRDt represses the H1t by interacting with tripartite motif-containing 28 proteins (TRIM 28), histone deacetylase (HDAC1), PRMT5, and arginine-specific histone methyltransferase 5 (Wang and Wolgemuth, 2016). BRDt, in association with other regulatory factor proteins, performs a transcriptional repressor role or activator role during spermatogenesis. The C-terminal motif sequences of BRDt and BRD4 have similarities to each other. Cdk 9 and cyclin T1 are heterodimers of positive transcription elongation factor (P-TEFb), which binds the C-terminal motif of BRD4 (Morinière et al., 2009). BRDt is necessary for the recruitment of P-TEFb with BRD4. BRDt is responsible for chromatin remodeling by interacting with hyperacetylated nucleosomes (Bisgrove et al., 2007).
3.4 BRD4
BRD4, originally known as mitotic chromosome-associated protein (MCAP) or FSGRG4 or Hunk1 (Dey et al., 2000). BRD4 is present almost in all tissues, mainly confined to the cell nucleus. It has 80% amino acid identical similarity with BRD2. BRD4 plays a pivotal role in the control of cell cycle, embryogenesis, and stabilizing the genome (Wu and Chiang, 2007). BRD4 recruits P-TEFb, a transcription factor, for phosphorylation of RNA polymerase II at transcriptional start sites and persuade transcription elongation. BRD4 recruits P-TEFb complexes, which consequently phosphorylate RNA Pol II and NELF (negative elongation factor) leading to the start of transcription elongation (Jang et al., 2005; Bisgrove et al., 2007). BRD4 and mediator complex reside in the same enhancer subset, which is called “super-enhancers (SEs).” SEs are rich in acetylated lysine 27 histone 3 (H3), which favors the BRD4–MED functional interactions. SEs are crucial for lineage-specific and growth survival-promoting genes transcription (Lovén et al., 2013; Filippakopoulos and Knapp, 2014; Bhagwat et al., 2016). The role of BRD4 as a transcriptional regulator is obvious as it interacts with 1) CDK9 and cyclin T1, which are active forms of P-TEFb, and 2) 30 subunits of mediator complex coactivators that interrelates BRD4 and P-TEFb physically. Both the mediator complex and BRD4 support each other and help to recruit P-TEFb at the genome. BRD4 interrelates P-TEFb in two distinct ways (Jang et al., 2005): 1) BD2 module of BRD4 specifically recognizes and interacts with cyclin T1 at the promotor region of active genes, which maintains the Pol II, and leads to initiation and elongation of transcription in cell growth and development (Mochizuki et al., 2008; Yang et al., 2008), 2) CTM of BRD4 binds to T1 and CDK9. CDK9 kinase activity facilitates RNA Pol II transcription elongation via phosphorylation, while inhibiting negative regulators of RNA Pol II (Zhou et al., 2012). BRD4 remains attached to the chromosome throughout mitosis when most of the nuclear factors are scattered in the cytoplasm. This is apparent from the presence of BRD4 in euchromatin but not present at the centromere. Cyclin, CDK9, and other mediating factors are activated by BRD4 in the G2/M phase, which indicates that BRD4 plays a role in controlling cell cycle regulation as the cell must enter into mitosis (Dey et al., 2000). Extraterminal domain (ETD) or extraterminal motif (ETM) of BRD4 enrolls transcription activators, such as acetyltransferase (e.g., P300), histone arginine demethylase (e.g., JMJD6), and histone methyltransferase (e.g., NSD3). BRD4 has unique properties as it can ligate to other acetylated proteins also, such as transcription factors (Alpatov et al., 2014). BRD4 possesses kinase activity. ETD can attach to SWI-SNF and CHD2, which are responsible for ATP-dependent chromatin remodeling (Rahman et al., 2011; Shi et al., 2013).
3.4.1 Role of BRD4 in cell cycle progression
Signal-induced proliferation-associated gene-1 or SPA-1 is mainly expressed in lymphocytes in fetal and adult lymphohematopoietic tissues. The G2 phase is somehow controlled by SPA-1 gene expression in coordination with BRD4. BRD4 is critical from G2 to M transition during the cell cycle. Knockout of BRD4 from cells leads to G2/M phase arrest of the cell cycle. This is due to the lack of balance between SPA-1 and BRD4 activity, which is necessary for cell division (Dey et al., 2000). BRD4 is crucial for the cell cycle as it plays a pivot role for entry from the G1 phase to the S phase during mitosis. A study by Kazuki et al. demonstrated that knockdown of BRD4 from dividing cells resulted in the inactivation of many G1 genes and arrested the cells at the G1 phase, whereas in control cells, the G1 genes were well expressed, and the cells enter the S phase and progressed well (Mochizuki et al., 2008).
BRD4 initiates phosphorylation of histone at H3 in early chromosomal condensation. Its expression is high during the Go/G1 phase in the cell cycle. BRD4 remained confined to the nucleus in the M phase even when most of the nuclear factors are released in the cytoplasm during transcription. BRD4 recruits P-TEFb-dependent serine 2 phosphorylation at the C-terminal at telophase and serves as a transcriptional cofactor. This signifies Pol II elongation status. BRD4 and RNA Pol II recruiting at interphase accelerates the synthesis of mRNA and facilitates transcription reactivation in postmitotic cells. M/G1 genes are expressed during cellular division and play an important role in cell–cell interaction (Zhao et al., 2011). M/G1 genes are programmed to express at the mitosis end or after mitosis immediately. BRD4 is kept attached to m/G1 gene transcription sites and marks the M/G1 genes for transcription memory in mitosis, which then initiate M/G1 transcription in late mitotic postmitotic cells and daughter cells (Dey et al., 2009).
IEGs are immediate–early genes activated rapidly in external stimuli response for the consolidation of synaptic modifications and synaptic memory formation. BRD4 is critical for neuronal development and arbitrates transcriptional regulation essential for learning behavior and memory. Under the heat stress stimuli, heat shock retort is introduced, which is accomplished by the production of heat shock proteins and partial inhibition of intron removal (RNA splicing). BRD4 preserves intron and averts cells from heat tempted splicing inhibition. Thus, BRD4 controls gene expression under external stimuli (Patel et al., 2013; Hussong et al., 2017).
3.4.2 BRD4 is present in distinct forms of positive transcription elongation factor b complexes
P-TEFb, a heterodimer of cyclin-dependent kinase 9 (CDK9), is present in three diverse complex forms (Yang et al., 2005). BRD4, CDK9, and cyclinT1 form the core component of P-TEFb (Yang et al., 2005). CDK9, AFF1/AFF4, cyclin T1, ELL1/ELL2, and ENL/AF9 make the other P-TEFb complex called “super elongation complex” (SEC) (Liang et al., 2018). CDK9, cyclin T1, MEPCE, HEXIM1/2, LARP7, and 7SK RNP (ribonucleoprotein complex) together make the final and third P-TEFb complex (Fujinaga, 2020). BRD4 performs various parts in stimulating Pol II-dependent transcription at chromatin and DNA levels. Cyclin/T-Cdk9, an activated P-TEFb complex, accounts for about half the quantity of P-TEFb in cells. The other half of P-TEFb is a repressive complex, called cyclin T-Cdk9-HEXIM1-7SK. BRD4 binds to the active P-TEFb form rather than the repressor complex. This indicates strongly that BRD4 is involved in transcription (Wada et al., 1998; Yamada et al., 2006).
3.4.3 BRD4 is found in a human papillomavirus transcriptional silencing complex
E2 is a human papillomavirus (HPV) gene that controls viral DNA replication, transcription, segregation, and genome maintenance (Wu et al., 2006). In humans, E2 represses the viral gene expression, along with E6 and E7 (which are oncoproteins) expression, which antagonizes the pRB and p53 tumor suppressor genes. BRD4 recruits E2 at acetylated histone and functions as a transcriptional regulator in viruses. BRD4 links HPV genome segregation in the viral mitotic division (You et al., 2004; Abbate et al., 2006).
3.4.4 BRD4 as transcriptional initiator
P-TEFb, through its complexes CDK9 and cyclin T1, allows the RNA Pol II entry to the transcription site and prevents the pause of gene expression. The active form of P-TEFb phosphorylates NELF (negative elongation factor complex, a pausing factor), binds with cofactors and TFs, and hinders their binding capability to chromatin leading to C-terminal domain of RNA Pol II phosphorylation at transcriptional activation. BRD4 not only recruits P-TEFb but also phosphorylates its active motif CDK9 (Kanno et al., 2014). BRD4 arbitrates the 7SK snRNP/HEXIM release, which facilitates the generation of transcription initiation complex and RNA Pol II pause release (Jang et al., 2005; Devaiah et al., 2012). BRD4 averts the interaction of P-TEFb with 7SK/HEXIM (an inhibitory ribonucleoprotein) preventing P-TEFb from its inactive form. BRD4 acts as a stopping site for P-TEFb at active hyperacetylated transcriptional start sites at (TSSs) leading to the release and activation of Pol II into elongation. BRD4 also facilitates transcription elongation without recruitment of P-TEFb (Rahman et al., 2011). BRD4 phosphorylates RNA Pol II resulting in topoisomerase I activation, which facilitates RNA Pol II transition progression and DNA decompaction; thus, BRD4 presents kinase activity (Devaiah et al., 2012). Transcription mediators are a group of protein complexes that transmit signals from activators and transcription factors (TFs) to the promoters. One of the key mediators is PIC (preinitiation complex); enhancers influence the assembly of PIC and control the PIC assembly of regulatory proteins and TFs. Transcription initiates by the recruitment of RNA Pol II at PIC on the promoter region of the genome followed by phosphorylation of RNA Pol II at serine 2. BRD4 being a cofactor of mediator complex is present at active enhancers and super-enhancers (Dey et al., 2000). BRD4 interacts with histone modifiers and TFs by both ET domains and BDs. BRD4’s ET domain interacts with CDH4 and SWIF/SNF remodeling nucleosome enzymes, JMJD6 (Jumanji C-terminal-containing protein arginine demethylase) and NSD3 lysine methyltransferase, such as histone modifiers, and help in transcription regulation (Angrand et al., 2001). These interactions of BRD4 accelerate the synthesis of mRNA and facilitate the decompaction of chromatin so that transcription is activated (Liu et al., 2013; Yang et al., 2020). BET proteins being TFs directly participate in the differentiation of inflammatory CD4 T lymphocytes to T1 helper cells, such as Th1, Th2, and Th17 cells. BRD4 specifically involves the differentiation of naive CD4 lymphocytes into Th17 cells (Winter et al., 2017). The histone acetyltransferase (HAT) activity pattern of BRD4 is different from classic HATs as it acetylase H3 and H4 K122 leading to the expulsion of nucleosome and decompaction of chromatin, which results in the acceleration of transcription (Kanno et al., 2004).
3.4.5 BRD4 and transcription regulation
BRD4 regulates transcription by transcription factor (TF) recruitment. Studies by Wu et al. showed that BRD4 can also interact with non-acetylated C-Jun, AP2, Myc, YYA, V/EBPbeta, and p53, such as TFs (Wu et al., 2016). BRD4 interacts with transcription genes that are necessary for transcription in the G1 phase of mitosis, hence, ensuring cell cycle progression. Embryonic stem cells (ESCs) and pluripotency in early embryogenesis are maintained by BRD4 through “Nanog, OCT4, and PRDM1,” such as ESC transcription factors at super-enhancer regions (Di Micco et al., 2014). BRD4 depletion reduces the ESC differentiation capacity to multiple cells, induces neuroectodermal linage, and EMT (epithelial-to-mesenchymal transition) (Di Micco et al., 2014). BRD4 expression is necessary for myogenesis and adipose tissue development. A study by Najafowa et al. demonstrates that the whole osteoblast differentiation procedure from mineralization to bone formation is under BRD4 supervision. Casein kinase II (CKII) activates neuronal stimulation and involves in memory formation. BRD4 regulates CKII-mediated transcription, which helps in learning behavior and memory creation (Korb et al., 2015).
3.4.6 BRD4 as DNA damage repairer
BRD4 is not only one of the leader regulators of the DNA repair system but also a direct contributor of DNA double-strand break (DSB) repair in the conventional and uncanonical way. A study of BRD4 and prostate cancer states that ionizing radiation (IR) induces DSBs, which is repaired by BRD4. This study also indicated that DSBs repair activity of BRD4 is independent of its transcriptional activity but based on its ability to bind with DNA repair motifs and histone modification (Korb et al., 2015). Hyperacetylation of Histone H4 and phosphorylation of H2AX (γH2AX) are hallmarks of DSBs. These amendments at each end of the RNA strand induce recruitment of BRD4, which act as cutting-edge sites for DNA repair complex. P53 binging protein (53BPI) being a vital DNA repair part, provides a molecular framework and recruits the additional DSB repair response protein at the damaged site. 53BPI is a binding partner of BRD4 (Stanlie et al., 2014). BRD4 is also involved in DNA damage checkpoints. CDC6 factor is an activator of replication checkpoint response. BRD4 interrelates the CDC6 factor and regulates its function in DNA replication stress. Replication stress activates checkpoint kinase 1 (CHK1), which is a stress DNA replication marker and checkpoint for DNA damage. Activation of CHK1 leads to malfunctioning of other DAN damage checkpoint factors, which results in DNA DSBs and chromosomal rearrangement (Zhang et al., 2018). Telomere shortening occurs at each mitosis and sense aging when telomer becomes very thin. Telomerase reverse transcriptase controls the activity of the telomer. Abnormal lengthening of telomer due to alteration in expression of telomerase is a hallmark of cancerous cells. On one side, though, inactivity of telomerase expression leads to “replicative senescence” (permanent cell growth arrest) due to telomere erosion in growing mitotic cells. Telomerase reverse transcriptase expresses in a controlled and timely manner and hinders too shortening of telomers. BRD4 has telomere-maintaining properties as it recruits the telomerase and telomerase-associated complexes at short telomer, facilitating lengthening (in a controlled manner) and stabilizing of the telomer by accumulating at the chromosomes’ end of histone acetylation (Zhao et al., 2000; Zhang et al., 2003).
4 KNOCKDOWN OR INHIBITORY EFFECTS OF BROMODOMAIN AND EXTRATERMINAL PROTEINS
BRD2 and BRD4 regulate the body’s energy-providing genes, such as the β cells of the pancreas, and knockdown or decrease the expression of BRD2 improving β-cell function by increasing insulin secretion and protects the cells from insulin resistance (Wang et al., 2013; Deeney et al., 2016). Depletion of BRD2 at the promoter region increases adiposity and embryonic mortality (Wang et al., 2009). BRD4 diminution prejudices the immune system lineage development (Houzelstein et al., 2002). Libor et al. experimentation revealed BRD2’s involvement in developing seizures by altering the GABA system, which leads to IGE (idiopathic generalized epilepsy) (Velíšek et al., 2011). BRD2, BRD3, and BRD4 play roles in erythroid development, maturation, and differentiation independently and in a coregulatory manner. BRD2 and BRD4 depletion inhibit erythroid maturation; BRD3 depletion has minimal effect on erythroid maturation, but both BRD2 and BRD3 depletion results in the complete inability of erythroid maturation (Stonestrom et al., 2016). BRD2 activates and regulates NF-κB, which is a key factor of inflammatory cascades leading to cancer progression (Gallagher et al., 2014). Knockdown of BRD2 from embryo results in the inadequate expression of genes essential for neuronal development, failing to enter a midgestation period, head and tail region imperfection, and neuronal tube flaws, which ultimately lead to death within 15 days (Padmanabhan et al., 2016). Knockdown studies of BRD2 in mice have demonstrated the increased expression of inflammatory mediators and induction of obesity characterized by hepatosteatosis and hyperinsulinemia, but the whole-body metabolic profile is upgraded like blood glucose level lowering, increased glucose tolerance, and increased brown fat mass. The improvement in whole-body metabolic contour assisted the body to evade type 2 diabetes (Belkina et al., 2013; Wang et al., 2013).
5 PATHOLOGICAL ROLES OF BROMODOMAIN AND EXTRATERMINAL PROTEINS
Several studies demonstrate the role of the BET bromodomain family in disease development and progression. BET proteins are dysregulated in inflammation, cancer, metabolic disorders, neurodegenerative disorders, renal diseases, lung diseases, etc.; the most studied protein in a pathological sense is BRD4 (Grivennikov et al., 2010). BET proteins promote the expression of oncogenes by the possession of aberrant chromatin structure in various types of cancers, such as AML (acute myelogenous leukemia), BL (Burkitt lymphoma), MM (multiple myeloma), etc. (Zuber et al., 2011; Ott et al., 2012; Zhang et al., 2020). BRD2 overexpression in cooperation with BRD4 causes chromatin decompaction and androgen receptor activation, which lead to prostate cancer development (Devaiah et al., 2016). Deregulation of BET proteins not only initiates solid and hematopoietic malignancies but also maintains and helps to progress their cancerous phenotypic activities (Kanno et al., 2014). Idiopathic generalized epilepsy (IGE) occurs among 30% of total epilepsies. BRD2 is involved in the development of IGE through spontaneous seizure advancement, anatomical γ-aminobutyric acid (GABA) system deterioration, and sex-related seizure susceptibility surge (Velíšek et al., 2011).
Cells produce cytoprotective substances, upregulate cytoprotective genes, and inhibit splicing to cope with heat stress stimuli. BRD4 is involved in the splicing process. BRD4 binds with HSF1 (heat shock factor 1) in heat stress, BRD4 is engaged in SatIII (noncoding), and RNA transcription is upregulated, which increases the splicing process (Hussong et al., 2017).
5.1 Bromodomain and extraterminal proteins in cancer
Initiation of tumor formation is the foremost footstep in cancer development. Tumors contain a population of neoplastic and non-neoplastic cells that produce tumor microenvironment (TME). TMEs consist of immune cells, inflammatory cells, stromal cells, endothelial cells, fibroblasts, bone marrow-derived inflammatory cells, etc. These cells promote consistent signaling, migration, invasion, and blood vessel growth in tumor and adjacent cells. BRD4, as an epigenetic reader, plays a straight role in tumorigenesis by gene expression regulation of neoplastic and non-neoplastic cells (McConkey et al., 2010; Hussong et al., 2017). MYC or c-MYC is a proto-oncogene that regulates numeral cellular functions including cell cycle, a transformation of cells and apoptosis, etc. It attaches to promoter sites of acetylated histone lysine and via recruitment of P-TEFb and other mediator factors and potentiate or overexpress the genes resulting in amplified transcription, activation, and elongation (Frank et al., 2003; Lin et al., 2012). MYC expression is augmented in 60%–70% of cancers, and it is mainly regulated by BET proteins (Dang, 2012). Anomalous expression of c-MYC provides cell survival, metabolic adaptations, and uncontrolled cell division characters leading to cancer (Subramanian et al., 2005). BRD3 and BRD4 regulate the proto oncogenic activities of MYC (Padmanabhan et al., 2016).
Stomal cells present in TME accelerate the expression of cyclin D1 protein. Cyclin D1 expression is regulated by (Figures 1–4) MYC (Tables 1, 2) and NF-κB, and it promotes the synthesis of TNF alpha, CXCL1, CXCL5, CXCL9, CCL2, CXCL12, CCL7, CCL11, and TNF beta-like proinflammatory chemokines and cytokines, which give aggressive behavior to cancer (especially breast cancer). Chronic inflammation causes increase in cyclin D1 proinflammatory chemo and cytokines, which enhance differentiation to CD11b MDSCs (myeloid-derived suppressor cells) from CD34-positive hematopoietic stem cells. MSDCs augment the TME invasion capabilities of cancer. BRD4 mediates transcriptional signaling of cyclin D1 and MSDCs in stomal and inflammatory cells that are associated with tumor progression (Pestell et al., 2017).
[image: Figure 1]FIGURE 1 | A brief overview of gene transcription: how genetic information in cell transfer from nucleus (right part of figure) to histone tail leading to histone posttranslational modification (PTMs) (left part of figure). Created with BioRender.com.
[image: Figure 2]FIGURE 2 | Two-dimensional (2D) structural diagram of BET bromodomain (BRD2, BRD3, and BRD4) proteins: All BET bromodomain proteins have common four alpha-helical bundles named as αZ, αA, αB, and αC. αB and αC are connected by a BC loop, and a ZA loop connects αZ, αA helices (based on x-ray crystal structure).
[image: Figure 3]FIGURE 3 | Summery of functional classification of human bromodomain protein.
[image: Figure 4]FIGURE 4 | P-TEFb complex-associated gene transcription: BET bromodomain proteins (BRD4, BRDT) recruit positive transcription elongation factor b (P-TEFb) transcription factor at RNA polymerase II leading to phosphorylation of RNA Pol II, which results in gene transcription and elongation. Created with BioRender.com.
TABLE 1 | Examples of some bromodomain and extraterminal (BET) inhibitors and their BD1 or BD2 binding affinities over counter BD domain.
[image: Table 1]TABLE 2 | A summary of BET bromodomain protein physiological functions.
[image: Table 2]Nuclear factor-kappa B (NF-κB) inflammatory cytokines and peroxisome proliferator-activated receptor gamma (PPAR-[image: image]), adipocyte differentiation genes, are involved in the cell’s metabolic process. These are regulated by BET proteins, and BETs can activate or repress simultaneously both PPAR-[image: image] and NF-κB genes. Obese women with type 2 diabetes (T2D) and chronic inflammatory diseases are at higher risk of breast cancer, asT2D with obesity mediates the production of IL6, IL7, and CD68 macrophages, such as proinflammatory cytokines, which exacerbate the invasion of metastatic cancerous cells. BET proteins (mainly BRD2), being transcription regulators of inflammatory and proinflammatory genes, induce metabolic breast cancer (Wang et al., 2009; Andrieu et al., 2018).
5.1.1 Roles of BRD4 in carcinogenesis
Aberrant expression of BET proteins leads to cancer, inflammatory diseases, metabolic disorders, and neurodegenerative diseases. BRD4, the most studied protein is dysregulated in numerous diseases, and the major one is cancer. The delocalization of amino acid sequence in BRD4 at the proximal part (which binds to acetylated histone lysine) αB and αC terminals changes the tertiary structure, protein–protein, protein–DNA interaction and conformation. This substitution changes in structure and conformation of BRD4 results in the arbitration of oncogenic characters and leads to tumor genesis, metastasis, and tumor progression. BRD4 regulates and maintains MYC expression in metastasis, and this shows that the BET is used for MYC transcription target strategy (Lin et al., 2012).
5.1.2 BRD4 and hematopoietic cancers
BRD4 activates and keeps the MYC expression constant in hematopoietic cancers. AML patients report abnormal transcription elongation and MYC high expression (Zuber et al., 2011). In DLBCL (diffused large B-cell lymphoma) patients, 32% showed overexpression of MYC. BL is also characterized by increase in MYC expression in B cells leading to lymphomagenesis (Mertz et al., 2011; Horn et al., 2013). NPM1 (nucleophosmin) is a nuclear protein that is involved in ribosomal assembly and regulation of the ARF-p53 cascade. It can move back and forth in the cytoplasm to perform normal cellular functions. NPM1 is reported to be highly expressed in AML. About 35% of AML patients have NPM1 high protein, which is a distinctive feature of AML from other types of hematopoietic cancers (Döhner et al., 2005). Normally, NPM1 interaction with BRD4 in the nucleus activates the P-TEFb repressor component HEXIM, which blocks the transcription elongation mediated by BRD4. In AML, BRD4-facilitated transcription elongation repression is reduced due to mutation of cytoplasmic confined NPM1 gene, which results in overexpression of tumor progressive MYC gene along with BCL2 gene (Dawson et al., 2014).
Methyltransferase lysine 2A or lysine methyltransferase 2A (KMT2A) gene regulates transcription. It is involved in chromosomal translocation in about 10% of hematopoietic myelomas. About 22% of AML children and 5% of adult patients have chromosomal translocation due to KMT2A (Thirman et al., 1993; Krivtsov and Armstrong, 2007). KMT2A fusion with elongation transcriptional regulators (e.g., SE) results in dysregulation of transcription in the development of leukemia. BRD3 and BRD4 facilitate the localization of KMT2A and, thus, help in transcription and chromosomal translocation (Dawson et al., 2011).
5.1.3 NUT carcinoma
NUT carcinoma (NC) or NUT midline carcinoma is a rare category of squamous carcinoma, which affect almost all ages but mostly teen and young aged ones. NC origin cells and anatomical position are not well known because when it is diagnosed, it is spread to many parts of the body (Bauer et al., 2012; Chau et al., 2016). It is one of the highly aggressive types of cancer but is poorly diagnosed (Ball et al., 2012). Some studies indicate its origin in the head, neck, and thorax as it stereotypically ascends from the upper airway midlines (French, 2012), but it also exists in the pancreas, kidneys, lungs, adrenal glands, soft bone tissues, salivary glands, etc. (Ziai et al., 2010). Genetically, NC arises from translocation of nuclear protein in testis (NUT, which is specifically expressed in testis) gene at chromosomal 15 arms with BRD4 on chromosome 19q13.1 [t (15; 9) (q14; p13.1)] leading to the production of a BRD4–NUT fusion protein. Sometimes, the NUT gene can make a fusion with BRD3 at chromosome 9q34.2 [t (15; 9) (q14; q34.2)], resulting in the BRD3–NUT fusion protein (French et al., 2004; French et al., 2008). The BRD4–NUT fusion protein reduces BRD4 isoform expression and potentiates the propensity of BRD4–NUT that influences the free BRD4 to perform cellular differentiation functions, thus, accelerating oncogenic behavior of NM cells (Padmanabhan et al., 2016). Statistical data of NC patients show that 88% have BET–NUT fusion protein, in which 71% are BRD–NUT, while 14% are BRD3–NUT fusion (Floyd et al., 2013).
5.1.4 Prostate cancer
Prostate cancer (PC) reports state that there are more than 300,000 cases per year in the United States, and it is a common cause of cancer of men in Europe and America. BRD4, being a regulator of chromatin remodeling, maintains chromatin and nucleosome compaction. Overexpression of BRD4 causes loss of chromatin compaction, nucleosome expulsion, which increases the chromatin accessibility and co-activates androgen receptor (AR) (Braadland and Urbanucci, 2019). BRD4 overexpression degrades AR and deregulates its expression, leading to prostate cancer or castration-resistant prostate development (Urbanucci et al., 2017). Castration-resistant prostate cancer (CRPC) is a progressive type of PC that occurs when resistance develops to conservative androgen deprivation therapy (ADP). ADP develops by multiple factors including a mutation in AR, gene amplification, and destruction of AR expression. BRD4, as transcription regulator along with lysine methyltransferase 2A, performs a transcription activator role and helps in PC advancement to CRPC. BRD4 is a basis of CRPC cell migration and invasion through AHNAK (protein that potentiates metastasis in a variety of cancers) transcription (Urbanucci and Mills, 2018; Shafran et al., 2019).
5.1.5 Inflammation and cancer
Chronic inflammation induced by either infections or metabolic reasons can be a stage for cancer development, as chronic inflammation can transform the normal body cells to neoplastic and metastatic cells and initiate tumor genesis (Calle et al., 2003; Dalmas et al., 2014). MYC is upregulated in inflammatory conditions that associates tumorgenesis with inflammation (Howe et al., 2013). Cancerous cell development requires the cells to have SASP (secretory-associated senescent phenotype), which recruits BRD4 at enhancer regions. BRD4 recruitment increases the expression of BMP2, IL-1α, inhibin βA, IL-1β, and IL-8 SASP factors which induce malignancies (Tasdemir et al., 2016). Octamer-binding transcription factor 2 (Oct2) is vital for B-cell definite gene expression. BRD4 controls B-cell expression as it interrelates with Oct2. BRD4 can also bind to acetylated non-histone lysine, one such important interaction is the BRD4-NF-κB. The p65/RELA factor of NF-κB is acetylated at lysine 310 b y BRD4, which activates NF-κB. NF-κB activation recruit P-TEFb active factor CDK9 through BRD4, which leads to NF-κB-marked gene stimulation (Huang et al., 2009). Enhancer RNA (eRNA) synthesis and chromatin acetylation at histone 3 lysine 4 arbitrate NF-κB-dependent proinflammatory response. Enhancers regulate the transcription of eRNA, which indicates the NF-κB part in proinflammatory cascade as modulator (Kaikkonen et al., 2013; Hah et al., 2015). In cancer development, BRD4 linkage to NF-κB prevents RELA ubiquitylation, which then blocks RELA degradation through proteasome. This proteasome-mediated degradation inhibition of RELA results in NF-κB activation constantly leading to malignant cell proliferation (Bayarsaihan, 2011).
5.2 Role of BRD4 in asthmatic airway remodeling
Allergic asthma (AA) is a lingering illness of airway inflammation caused by aeroallergen exposure of acute exacerbation or infections. Aeroallergens excite Toll-like receptor (TLR) signaling, which is a key factor in the pathology of AA, that originates from the source of inflammation and oxidative stress injury. The supercoiling of chromosomes at super-enhancer regions are accountable for gene expression. In TLR signaling or inflammation, repositioning of BRD4 at super-enhancer stations occur, which increases inflammatory gene expression (Whyte et al., 2013). TLRs persuade reactive oxygen stress (ROS), which provokes DNA damage and acts as a messenger for the release of growth factors and inflammatory cytokines. These events amend normal gene expression and become the basis of airway remodeling (Choudhary et al., 2016). OGG1 (8-oxoguanine DNA glycosylates) is an epigenetic pleiotropic signal protein involved in DDR and responsible for innate immunity (Pan et al., 2016). ROS provokes oxidation of guanine base to formulate 8-oxoG (7,8 dihydro-8-oxoguanine). OGG1 identifies 8-oxoG at promoter sections and binds to BRD4 mediator TF NF-κB and potentiates inflammatory mediator gene subset recruitment. BRD4 facilitated recruitment of inflammatory gene monitors CXCL2 (C-X-C motif ligand 2), such as neutrophilic chemokine expression and cytokine production, which are the main culprit in pollen allergy and TNF-responsive leukocyte inflammation (Bacsi et al., 2013; Hao et al., 2018).
5.3 Role of BRD4 in cardiac injury
BRD4 is one of the main culprits of cardiac injuries, including cardiac hypertrophy, infarction congestive heart failure, and vascular smooth muscles remodeling. Sun et al. established a rat myocardial infarction model (MIM) to reveal the BET protein role. The results demonstrated that protein levels, as well as mRNA levels of BRD2 and BRD4, were elevated in MIM rats compared with the sham group (Sun et al., 2015). ROS generation is a major contributor to the pathogenesis of cardiac diseases including cardiac hypertrophy. A study by Zhu et al. indicated the upregulation of BRD4 protein expression in pressure overload-induced cardiac myocytes and fibroblasts. Oxidative stress and ROS generation provoke the BRD4 levels and associated cardiac remodeling, hypertrophy, and fibrosis (Zhu et al., 2020). High glucose induction to H9C2 cells (a cell line to study cardiac pathogenesis in vitro) causes cardiac hypertrophy and increases the expression of BRD4, which was further confirmed by the in vivo model of diabetic rats (Wang et al., 2019).
5.4 Bromodomain and extraterminal proteins and renal diseases
Chronic kidney disease (CKD) is defined by alteration or loss of nephron structure and functions. The pathological condition is worsened by 1) altered intracellular mechanisms, such as inflammatory cascade, and 2) factors like diabetes, obesity, non-alcoholic fatty liver diseases, and hypertension that trigger kidney impairment and lead to renal fibrosis and end-stage renal diseases (ESRD). Studies indicate that tainted pathological and environmental factors in CKD are linked to epigenetic alterations and modifications. Those epigenetic alterations, which are linked to kidney pathologies, are DNA methylation, changes in miRNA, and histone modifications. BET proteins bind to transcriptional factor NF-κB, which causes overexpression of CCL2 mRNA and proinflammatory gene mediator, and sustain inflammation in CKD (Keating and El-Osta, 2013; Morgado-Pascual et al., 2018).
In renal pathology, enhancer regions of inflammatory genes, such as CCL-2 and IL-6, bind to BRD4 at acetylated histone (Suarez-Alvarez et al., 2017). BRD4, as TF, regulates and implicates inflammatory CD4 cell differentiation into Th cells (Th1, Th2, and Th17). The important cells involved in immune, non-immune, and chronic renal diseases are Th 17 cells and their active IL-17A cytokine. BRD4 binds to CNS2, which controls IL-17 transcription, thus, participates openly in Th17 transcription. Cardiovascular events are one of the main death causes in CKD patients. BRD4 is an important gene transcription activator in cardiac hypertrophy and heart failure (Wang et al., 2019).
6 APPROACHES TO INHIBIT BROMODOMAIN AND EXTRATERMINAL PROTEINS
Developing BET inhibitors for cancer and other epigenetic diseases is a challenging and hot topic in drug development researchers and laboratories. There are various approaches to target BET proteins; these include.
i. Development of PROTAC (proteolytic targeting chimaera) compounds, e.g., dBETi, MZ1, ARV-825 (DeMars et al., 2019; Lim et al., 2019).
ii. AZD5153, AZD4320, etc., belong to the bivalent class of BETi, and they ligate to both domains with almost the same affinity. It has the advantage of displacing the whole BET proteins (BRD4) by possessing higher potency than monovalent BETi at relatively lower concentrations (Rhyasen et al., 2016).
iii. BET inhibitors bind covalently to the bromodomain domains of BETs. These BETi provide BET inhibition at a relatively lower dose and offer to sustain pharmacological effects. ZEN-3219 and ZEN-3862 are covalent BETi (Kharenko et al., 2018).
iv. Noncovalent BETi that interact specifically to only one domain (either BD1or BD2). JQ1, OTX015, I-BET762, etc., are some examples of monovalent BETi, which ligate to BD1, while Apabatlon binds to BD2 (Dawson et al., 2011; Ferri et al., 2016).
7 THE SELECTIVITY OF NONCOVALENT BROMODOMAIN AND EXTRATERMINAL INHIBITOR BROMODOMAIN BINDING
Noncovalent BETi are mainly divided into two categories.
i. Nonselective: These inhibitors ligate to both domains of BET proteins, i.e., BD1 and BD2. Initially, the inhibitors developed were nonselective, but due to their toxic activity, researchers projected developing selective BETi, which helps to observe their unique and individual activity and biological response.
ii. Selective BETi: they are further subcategorized according to their affinities toward binding to BD1 or BD2
iia BD1 affinitive:
• GSK789 has a 1,000-fold higher affinity for BD1 than BD2 (Ray et al., 2020).
• GSK778 exhibits >130-fold BD1 selectivity over BD2 due to BD1 Asp144/His433 displacement (Kharenko et al., 2016).
• (+)-JQ1 has 45–50 times more binding capabilities to BD1 compared with BD2 (Chen et al., 2021).
• Xanthine derivatives bind to BD1 with 10 times the affinity (Gilan et al., 2020).
• Olinone shows 100-fold more affinity toward BD1 due to mobile hydrogen bonds in the BC and ZA loop (Gilan et al., 2020).
• MS436 forms a hydrogen bond with the phenyl group of BD1’s Tyr97 amino acid and has 10 times the selectivity of BD2 (Fu et al., 2021).
iib BD2 affinitive:
• RVX-208 (Apabetalone), which is a BD2-selective BETi showing 30- to 40-fold high affinity over BD1 (Picaud et al., 2013). Apabetalone is now in clinical phase 3 for CVD (Kharenko et al., 2016; Ray et al., 2020).
• ABBV-744 is another BD2-selective BETi that possesses >300-fold more binding affinity over BD1 (Chen et al., 2021).
• The improved pharmacokinetic properties of BD2-selective BETi are leading to the discovery and development of more and more BD2-selective BETi, examples are GSK620 and GSK046 (more than 300-fold BD2 ligation affinity over BD1) (Gilan et al., 2020).
• BY27 (5- to 38-fold BD2 binding selectivity compared with BD1) (Chen et al., 2019).
• I-BET762 is 20 times BD2 specific than BD1 (Fu et al., 2021).
8 CONCLUSION
Bromodomains (BRDs) and extraterminals (ETs) are epigenetic proteins that function as readers of acetylated histone. There are four types of such epigenetic readers, namely, BRD2, BRD3, BRDT, and BRD4. They are responsible for the regulation and progression of cell cycle, spermatogenesis, embryogenesis, neurogenesis, DNA strand break repair, and are involved in learning and growth, etc. Based on their cellular functions, these acetylated reader proteins are classified into nine groups. Besides these, they are also a major contributor to many pathological conditions, such as cancer (hematopoietic cancer, NUT carcinoma, prostate cancer, etc.), renal diseases, diabetes, inflammation, and cardiac injury. This review sheds a brief light on biochemistry, physiological functions, pathophysiological roles, and their downstream and upstream target proteins. The review presents a comprehensive understanding of BET bromodomains and current and future approaches to counter BET bromodomain-associated diseases. There is a comprehensive description of BETi currently in biological research (GSK 778 and GSK789) and clinical trials (JQ1, RVX-208). Although, nowadays, BETi are developed and studied according to their affinities toward BD1 or BD2 domain, still, they are nonspecific in their target and mechanism. As most of the BETi are nonspecific in their mechanism. BRTi are extremely potent, with a very narrow therapeutic window. So, there is a need for further study on BET bromodomain proteins and to develop such BETi that are specific for a particular pathological condition and have the least side effects.
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GLOSSARY
HM Histone modifications
KAc Acetyl lysine
Gln Glutamine
Asp Aspartic acid
Lle (L-Ie) Isoleucine
al Valine
His Histidine
BRPF1/2/3 Bromodomain and PHD finger-containing protein
MOZ Monocytic leukemia Zing finger protein
SMARCA2/4 SWI/SNF Related Matrix associated, actin-dependent regulator of chromatin, subfamily A (Member 2, 4)
SWI/SNF Switch/sucrose nonfermentable
ISWI Imitation SWI
TIF1 Transcriptional intermediary factor 1
PML-NB Subnuclear bodies of promyelocytic leukemia
WD repeat protein family containing 40 amino acids especially tryptophan and aspartic acid end chain
CTD C-terminal domain
P-TEFb Positive transcription elongation factor b
7SK Small nuclear RNA is a multifunctional transcriptional regulatory RNA that controls the nuclear activity of the P-TEFb
DEAF-1 (Deformed epidermal autoregulatory factor-1)
snRNA 7SK small nuclear RNA
CDK9 Cyclin-dependent kinase 9
SPA-1 Signal-induced proliferation-associated gene-1
HEXIM Hexamethylene bisacetamide inducible 1
TWIST Twist-related protein 1
RING3 Really interesting new gene 3
FSHRG1 Female sterile homeotic-related gene 1
TRIM 28 Tripartite motif containing 28 proteins
PRMT5 Protein arginine methyltransferase 5
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BRD2

BRD3
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BRD4

i. Stimulates E2F1 and E2F2 proteins, which promote the synthesis of proteins needed for the G1/S phase

ii. BRD2 is expressed in mammary glands, ovaries and testes, uterus, epididymis

ii. Plays a vital role in neural tube closure and dorsal root completion during embryogenesis

iv. Pleiotrophin (Ptn) is & neuronal growth factor responsible for neuroprotection, Pt interrelates with BRD2 and improves
cel differentiating and stimulating activities of BRD2 (Padmanabhan et al., 2016)

v. Promotes gene transcription, elongation, and chromatin

vi. Involved in epigenetic memory

Vi Controls the expression of transcriptional regulators, cycin D1 E and A (Stonestrom et al., 2015)

viil. Controls the expression of GATAT (erythroid transcription factor) and function in maturation of erythroid (Stonestrom
etal, 2015)

ix. Plays an important role in neurogenesis and embryogenesis of mammls (Gyuris et al,, 2009)

x. Improves insulin signaling and improve metabolic disorders (Sun et al., 2017)

xi. Involved in the activation and regulation of NF-kB-mediated inflammatory response (Gallagher et al., 2014)

i. Controls the expression of erythroid and megakaryocyte-specific genes

ii. Transcriptional regulator of cyclin D1, which s vital for the transition of dividing cells from G1 to S phase (Lamonica et al.,
2011)

ii. Possesses properties of nucleosome assembly, a process called *nucleosome chaperone” (Lamonica et al., 2011)

i. Involved in spermatogeness in the male germine, BRDt expression starts, which lasts unti the post-meiotic stage
(Lamonica et al., 2011)

ii. Cycin A1 gene is a regulatory gene in male germ cell lines and is necessary for spermatocytes to enter the first meiotic
division. BRDt Initiates and controls cyclin A1 expression (Lamonica et al., 2011)

iil. Performs a transcriptional repressor role or activator role during spermatogenesis (Lamonica et al., 2011)

iv. G-terminal motif sequences of BRDt and BRD4 have similarities (Moriniére et al., 2009)

v. BRDT is necessary for the recruitment of P-TEFb with BRD4 and is responsible for chromatin remodeling by interacting
with hyperacetylated nucleosomes (Bisgrove et al., 2007)

i. Plays a pivotal role in the control of cell cycle, embryogenesis, and stabilizing the genome (Wu and Chiang, 2007)

ii. Recnits P-TEFb, for phosphorylation of RNA polymerase I at transcriptional start sites and persuades transcription
elongation (Jang et al., 2005; Bisgrove et al., 2007)

ii. BRD4 and mediator complex reside i the same enhancer subset, which s called super-enhancer (SE) (Lovén etal., 2013;
Filippakopoulos and Knapp, 2014; Bhagwat et al., 2016)

iv. SEs are crudial for ineage-specific and growth survival-promoting gene transcription (Lovén et al., 2013; Filppakopoulos
and Knapp, 2014; Bhagwat et al., 2016)

v. Plays a role in controiing cell cycle regulation as it is criical for the cell o enter into mitosis (Mochizuk et al., 2008; Yang
etal, 2008)

Vi. Extraterminal domain (ETD) or extra terminal motif (ETM) of BRD4 enrols transcription activators

vil. It can ligate to other acetylated proteins also, such as transcription factors (Alpatov et al,, 2014)

vii. BRD4 possesses kinase activity. ETD can attach to SWI-SNF and CHD2, which are responsible for ATP-dependent
chromatin remodeiing (Rahman et al., 2011; Shi et al., 2013)

ix. BRD4 is critical from G2 to M transition during the cel cycle (Dey et al., 2000)

x. BRD4 is critical for neuronal development and arbitrate transcriptional regulation essential for learning behavior and
memory (Korb et al., 2015)

xi. BRD4 recruits E2 at acetylated histone functions, such as a transcriptional reguiator in the HPV virus (You et al., 2004;
Abbate et al., 2006)

xi. Presents kinase activity, as BRD4 phosphorylates RNA Pl resulting in topoisomerase | activation, which faciltates RNA
Pol Il transition progression and DNA decompaction (Devaiah et al., 2012)

xii. BRD4 interacts with histone modifiers and TFs, involved in the differentiation of inflammatory CD4 T lymphocytes to T4
helper cels, such as Thi, Th2, and Th17 cells (Winter et al., 2017)

xiv. A direct contributor of DNA double-strand break (DSB) repair by the conventional and uncanonical way (Zhao et dl.,
2000; Zhang et al., 2003)

xv. Possesses telomere-maintaining properties as it recruits the telomerase and telomerase-associated complexes at short
telomers, faciltating, lengthening, and stabilizing the telomers (Zhao et al., 2000; Zhang et al., 2003)
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