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ABSTRACT  

Bromodomain-containing protein 4, an epigenetic reader protein and a member of the 

bromodomain and extra-terminal (BET) family of proteins, regulates key transcriptional pathways 

involved in cardiovascular diseases. BRD4 facilitates transcription by forming complexes with 

positive transcriptional elongation factor b (P-TEFb), Mediator, and other transcription factors. 

The BRD4 bromodomains interact with acetylated histones, and potentially other acetylated 

proteins; these interactions are important for BRD4 recruitment to chromatin. Small molecule 

inhibition of the interaction between BRD4 bromodomains and acetylated histones represses gene 

expression associated with pathologic cardiac hypertrophy and partially reverses previously 

established signs of heart failure. Using isolated cardiomyocytes, we previously showed that 

chromatin recruitment of BRD4 during pathologic hypertrophy depends on which G protein-

coupled receptor (GPCR) signaling pathway initiates the hypertrophic response. GPCRs are the 

largest family of transmembrane receptors in eukaryotic cells and translate diverse extracellular signals 

into intracellular signaling cascades using heterotrimeric G proteins as adapters. GPCR signaling through 

the Gq, G protein isoform is thought to be the major driver of the pathological hypertrophy 

response, but our work has shown that 1-adrenergic receptors can also stimulate hypertrophic 

response via cAMP/PKA pathway in a Gs-dependent manner. This pathway was more strongly 

linked to BRD4 activity, suggesting that there may be a general role for the Gs/cAMP/PKA 

pathway in activating BRD4. This work aims to dissect the distinct GPCR signaling pathways that 

induce pathologic gene expression programs as it remains unclear how BRD4-dependent 

transcriptional responses are regulated in diseased conditions. Based on our previous data, we 

hypothesize that Gs and Gq signaling pathways differentially activate BRD4-mediated gene 

expression. To investigate this, the aim of my project is to measure the BRD4-mediated gene expression 

downstream of Gq and Gs signaling pathways using   BET inhibitors, which competitively inhibit 

the interaction of BET bromodomains with acetyl lysine. Gs and Gq signaling pathways were 

activated using Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) in 

HEK 293 cells. RNA-seq analysis was performed to help us derive gene expression profiles 

following Gs and Gq activation in the presence and absence of the BET inhibitors JQ1 and 

dBET6. It was found that Gs-mediated genes were inhibited in presence of dBET6 whereas the 

same genes activated by Gq were largely insensitive to JQ1 and dBET6, consistent with the idea 

that gene regulatory effects of Gs signaling may rely more on BRD4 than those expressed by 
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Gq. Our data also suggested that Gq-activated genes upon BET inhibitor treatment did not 

suppress inflammatory pathways. Together, our results strengthen the idea that BRD4 activation 

is receptor-specific, with potential implications for understanding its role in inflammation and 

other cellular processes beyond heart disease. 
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RÉSUMÉ 

La protéine contenant un bromodomaine 4 (BRD4), une protéine lectrice épigénétique et membre 

de la famille des protéines BET (bromodomaine et extra-terminal), régule des voies 

transcriptionnelles clés impliquées dans les maladies cardiovasculaires. BRD4 facilite la 

transcription en formant des complexes avec le facteur d'élongation transcriptionnelle positive b 

(P-TEFb), le médiateur et d'autres facteurs de transcription. Les bromodomaines BRD4 

interagissent avec les histones acétylées et potentiellement d’autres protéines acétylées; ces 

interactions sont importantes pour le recrutement de BRD4 à la chromatine. L’inhibition de petites 

molécules permettant l’interaction entre les bromodomaines BRD4 et les histones acétylées 

entraîne la réduction de l’expression génique associée à l’hypertrophie cardiaque pathologique et 

renverse partiellement les signes préétablis de l’insuffisance cardiaque. Par l’isolation de 

cardiomyocytes, nous avons démontré précédemment que le recrutement de BRD4 à la chromatine 

au cours de l’hypertrophie pathologique est dépendant du mécanisme de signalisation emprunté 

par les récepteurs couplés aux protéines G (RCPG) pour initier la réponse hypertrophique. Les 

GPCRs (récepteurs couplés aux protéines G) constituent la plus grande famille de récepteurs 

transmembranaires dans les cellules eucaryotes et traduisent divers signaux extracellulaires en 

cascades de signalisation intracellulaires en utilisant des protéines G hétérotrimériques comme 

adaptateurs. La signalisation des GPCRs via l’isoforme Gq des protéines G est considérée comme 

le principal moteur de la réponse hypertrophique pathologique. Cependant, nos travaux ont montré 

que les récepteurs 1-adrénergiques peuvent également stimuler une réponse hypertrophique via 

la voie cAMP/PKA de manière dépendante de Gs. Ce mécanisme semble énormément lié à 

l’activité de BRD4 suggérant que le mécanisme Gs/cAMP/PKA pourrait avoir un rôle dans 

l’activation de BRD4. La présente étude vise à distinguer les mécanismes de signalisation reliés 

aux RCPGs qui induisent les programmes d’expression génique pathologique car il n’est pas connu 

de quelle façon les réponses transcriptionnelles dépendantes de BRD4 sont affectées lors de 

certaines maladies. Selon nos résultats antérieurs, nous émettons l’hypothèse que les mécanismes 

de signalisation de Gs et Gq activent différemment l’expression génique médiée par BRD4. 

Pour étudier cela, l'objectif de mon projet est de mesurer l'expression génique médiée par BRD4 

en aval des voies de signalisation Gq et Gs en utilisant des inhibiteurs de BET, qui inhibent de 

manière compétitive l'interaction des bromodomaines BET avec les lysines acétylées. Les 

inhibiteurs de BET ont été choisis car ils ciblent spécifiquement BRD4 et d'autres protéines de la 
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famille BET, permettant d'inhiber l'activité transcriptionnelle médiée par BRD4 et de déterminer 

son rôle dans ces voies de signalisation. Les mécanismes de signalisation Gs et Gq ont été 

activés en utilisant des récepteurs artificiels exclusivement activés par des drogues de synthèse 

DREADDs) dans les cellules HEK293. Une analyse de séquençage de l’ARN a été faite pour 

obtenir des profils d’expression génique suivant l’activation de Gs et Gq lors de la présence ou 

l’absence des inhibiteurs BET, soit JQ1 et dBET6. Il a été constaté que les gènes médiés par Gαs 

étaient inhibés en présence de dBET6, tandis que les mêmes gènes activés par Gαq étaient 

largement insensibles à JQ1 et dBET6, ce qui est cohérent avec l'idée que les effets régulateurs de 

l'expression génique de la signalisation Gαs pourraient dépendre davantage de BRD4 que ceux 

exprimés par Gαq. Nos données ont également suggéré que les gènes activés par Gαq, après 

traitement par des inhibiteurs de BET, ne supprimaient pas les voies inflammatoires. Ensemble, 

nos résultats renforcent l'idée que l'activation de BRD4 est spécifique au récepteur, avec des 

implications potentielles pour comprendre son rôle dans l'inflammation et d'autres processus 

cellulaires au-delà des maladies cardiaques. 
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 INTRODUCTION 

1.1 The role of GPCRs in cardiac remodeling processes in heart failure 

 

           The heart is a muscular organ, intricately regulated to adapt and ensure optimal blood 

circulation under normal physiological conditions.1 Heart disease is generally defined as any 

condition that impairs the ability of the heart to pump oxygenated blood to peripheral tissues and/or 

deoxygenated blood back to the lungs2. Heart diseases often arise from cardiac injuries like 

myocardial infarction, hypertension, diabetes, which can trigger cardiac remodeling processes in 

a healthy heart3 (Figure.1.1). It remains one of the leading causes of death in Canada.4,5 According 

to CCDSS (Canadian Chronic Disease Surveillance System), 1 in 12 Canadian adults aged 20 or 

older has been diagnosed with heart disease5,6. These pathologic remodeling processes eventually 

lead to heart failure, which accounts for approximately 32% of all deaths worldwide3,7,8.    

 

Figure 1.1 Pathologic Cardiac Remodeling and Progression to Heart Failure. Cardiac injuries such as myocardial 

infarction, contractile dysfunction, or arrhythmia can initiate prolonged cardiac remodeling, including cardiac 

hypertrophy. This remodeling can result in adverse outcomes like cardiomyocyte death and cardiac fibrosis, which 

further exacerbate the progression towards heart failure. Figure adapted from 9 

 

                         Cardiac remodeling processes refers to the changes in heart’s shape, size and function to 

adapt to an injury or cardiac load10. Cardiac remodeling processes are driven by diverse signaling 

pathways which are activated via neurohormonal factors like catecholamines, angiotensin II, 

endothelin-1 which bind to specific membrane-bound G protein-coupled receptors (GPCRs)11–14. 

GPCRs are seven-transmembrane-spanning receptors coupled to heterotrimeric G proteins made 
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up of G (including Gq, Gi, Gs) subunit and obligate heterodimer G15,16. There are around 

200 distinct GPCRs in the heart, and their signaling depends on the ligand that engages the 

receptor17. Upon ligand binding, typically at the receptor’s N-terminal tail, extracellular loops, or 

exofacial transmembrane helices, GPCRs undergo a conformational change18 16. This activates the 

associated G-protein by exchanging GDP for GTP on the Gα subunit, causing its dissociation from 

the Gβγ dimer16,18. The Gα subunit then triggers specific downstream signaling pathways 

depending on its type (Gαs, Gαi, Gαq, or Gα11/12), each leading to different physiological 

responses16,18. 

1.2 Cardiac Hypertrophy 

 

           Physiological cardiac hypertrophy is a stress-adaptive response that helps the heart manage 

increased demands during activities such as exercise, pregnancy, or post-natal development.19,20. 

However, in response to pathological stimuli such as pressure overload, G protein-coupled 

receptors (GPCRs) are activated by neurohormonal factors like angiotensin II (Ang II), endothelin-

1 (ET-1), and norepinephrine (NE). These factors promote cardiac growth by binding to their 

respective GPCRs: Ang II interacts with the AT1 receptor, ET-1 binds to endothelin receptors 

(ETA and ETB), and NE engages α1-adrenergic receptors (ARs)11–14,21. Upon ligand binding, these 

receptors activate the Gαq/11 protein, which stimulates phospholipase C-β (PLC-β). This 

activation leads to the production of diacylglycerol (DAG) and inositol trisphosphate (IP3), 

triggering downstream signaling pathways22 (Figure 1.2).  

The hypertrophic response induced by GPCR agonists involves a common signaling 

cascade via Gαq/11 and PLC-β, which plays a critical role in the development of hypertrophy 

under pathological conditions23,24. The significance of Gαq/11 signaling is further highlighted by 

studies on transgenic mice: overexpression of Gαq in the heart leads to hypertrophy and 

dysfunction, while disruption of Gαq/11 signaling protects against hypertrophy even under 

stress25,26. Together, these findings indicate a pivotal role of Gαq/11 in mediating pathological 

cardiac growth, making it a key target for therapeutic interventions aimed at preventing heart 

failure25,26.  
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Figure 1.2. GPCR agonists drive cardiac hypertrophy through Gαq Signaling pathway. DAG activates various 

isoforms of protein kinase C (PKC), including PKCβ, PKCα, and PKCε. These PKC isoforms regulate different 

cardiac processes: PKCβ is associated with hypertrophy and neonatal cardiac growth, PKCα contributes to contractile 

dysfunction, while PKCε plays a cardioprotective role in ischemic preconditioning. Meanwhile, IP3 elevates 

intracellular calcium levels, activating calcium-dependent pathways such as CaMKII and NFAT, both of which 

contribute to hypertrophic signaling. Figure adapted from 27. 

Reprinted by permission from Elsevier publishers, Natasha C. Salazar, Juhsien Chen, Howard A. Rockman, “Cardiac 

GPCRs: GPCR signaling in healthy and failing hearts”, Biochimica et Biophysica Acta (BBA) - Bio membranes, 

Volume 1768, Issue 4, Copyright 2007,  

 

Pathologic cardiac hypertrophy is characterized by thickening of the ventricular wall, 

increased size of cardiomyocytes accompanied by accumulation of myocardial collagen, myocyte 

elongation (eccentric hypertrophy), serial assembly of sarcomeres and reinduction of a fetal gene 

expression program19,28. The reinduction of this fetal gene expression program includes the 

upregulation of genes encoding the natriuretic peptides and the switch between the two myosin 

chain (MHC) isoforms,  and  29.   
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1.2.1 Contractile Dysfunction  

 

  The heart's ability to circulate blood throughout the body is facilitated by the synchronized 

contraction (systole) and relaxation (diastole) of cardiomyocytes, which together comprise the 

cardiac cycle30. During systole, the depolarization of the cardiomyocyte triggers the opening of 

voltage-gated L-type Ca2+ channels (LTCC), allowing Ca2+ influx into the cell31,32. This influx 

activates ryanodine receptors (RyR2) on the sarcoplasmic reticulum (SR), leading to the release of 

SR-stored Ca2+ into the cytosol31,32. The resulting increase in cytoplasmic Ca2+ concentration 

activates contractile proteins in the sarcomere, driving ATP-dependent contraction of the 

cardiomyocyte40,41. Following contraction, diastole is facilitated by the removal of Ca2+ from the 

cytoplasm. This process is largely regulated by SERCA2a (sarco-/endoplasmic reticulum Ca2+-

ATPase 2a), which pumps Ca2+ back into the SR to maintain proper calcium handling32. In 

pathologic conditions such as hypertrophic and failing hearts, SERCA2a expression and activity 

are downregulated, which leads to accumulation of Ca2+ in cytoplasm31. This results in increased 

cytosolic Ca2+ levels during diastole and a reduction in SR Ca2+content, ultimately contributing to 

contractile dysfunction and heart failure33–35.   

In pathological conditions like hypertrophy or heart failure, these regulatory processes are 

significantly impaired. Protein kinase A (PKA), a crucial regulator of cardiac function and 

structural activity, is often found to be abnormal in pathological conditions thereby causes 

contractile dysfunction, as it plays a vital role in excitation-contraction coupling in 

cardiomyocytes36,37. Notably, PKA-mediated hyperphosphorylation of the ryanodine 

receptor/Ca2+ release channel has been observed in the hearts of transgenic mice, resulting in 

elevated expression levels of hypertrophic gene markers such as ANP and BNP 38. One of the 

hallmarks of pathologic cardiac remodeling is the shift in the relative expression levels of α-MHC 

and β-MHC, as observed in rodent models 39–41. During early developmental stages, β-MHC is 

expressed at higher levels than α-MHC39,42,43. However, with advancing age, this pattern shifts, 

and α-MHC becomes the more dominant isoform. In rodent hearts under pathophysiological state, 

similar expression patterns have been observed 39. Since α-MHC exhibits higher actin-activated 

ATPase activity than β-MHC, this results in increased myofiber shortening velocity, ultimately 

contributing to contractile dysfunction.39,44,45. Furthermore, genes encoding natriuretic peptides, 

such as atrial natriuretic peptide (protein encoded by Nppa) and B-type natriuretic peptide (protein 
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encoded by Nppb), serve as common markers for pathologic cardiac hypertrophy and are 

upregulated in a manner similar to that seen in fetal hearts46–48.  

1.2.2 Transcriptional factors  

 

Epigenetic regulation is a dynamic process managed by three primary regulators: writers, 

readers, and erasers. Epigenetic writers, such as histone acetyltransferases (HATs), introduce 

modifications like acetylation on histones, thereby influencing gene expression patterns. These 

modifications are recognized by specialized protein modules known as epigenetic readers, such as 

bromodomains, which detect and bind specific acetylation marks, further influencing chromatin 

structure and function49,50. Conversely, epigenetic erasers, such as histone deacetylases (HDACs), 

remove these modifications, thereby maintaining the dynamic regulation of epigenetic states51,52. 

Two classes of HDACs have been extensively studied in connection with heart disease and cardiac 

hypertrophy: class I HDACs, which are constitutively nuclear and reside in large transcriptional 

repressor complexes; and class II HDACs, which shuttle between cytoplasm and nucleus in 

response to stimuli53–55. 

In context of cardiac hypertrophy, a key transcription factors is NFAT, which is 

dephosphorylated by the calcium- and calmodulin-dependent phosphatase calcineurin56. This 

dephosphorylation enables the nuclear translocation of NFAT, facilitating its interaction with other 

hypertrophic transcription factors like MEF2 and GATA428,57. This interaction promotes the 

transcription of hypertrophic genes. Calcineurin increases nuclear accumulation of MEF2, partly 

due to the stress-induced shuttling of class IIa HDACs between the nucleus and the cytoplasm58,59. 

When nuclear export of class IIa HDACs occurs, it releases MEF2 from repression, allowing 

MEF2 to bind HATs, thereby increasing histone acetylation and promoting cellular growth58,59.  

Class IIa HDACs play a particularly selective role in modulating MEF2 activity. They 

interact with MEF2 through an 18-amino-acid motif unique to these HDACs, forming repressive 

complexes on gene regulatory elements at MEF2 binding sites59. Studies have shown that in 

HDAC-knockout animals, MEF2 activity is significantly increased, indicating a direct link 

between class IIa HDACs and MEF2-mediated transcription in cardiac pathology60. During stress, 

however, class IIa HDACs relocate to the cytoplasm, releasing MEF2 and allowing it to recruit 

HATs. This recruitment leads to increased histone acetylation at specific hypertrophic gene loci, 

further driving the transcription of genes related to cellular growth and hypertrophy58,59. 
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Although the roles of HAT inhibitors in cardiac remodeling are not fully elucidated, certain 

HATs, like p300, have been shown to induce dilated cardiomyopathy in animal models61. HDAC 

inhibitors have been found to significantly suppress agonist-induced cardiac hypertrophy, despite 

increasing histone acetylation62,63. This paradoxical effect likely arises from HDAC inhibitors 

blocking the phosphorylation-dependent shuttling of class IIa HDACs, which normally suppress 

hypertrophy by blocking HAT binding to MEF2 and other transcription factors64. Additionally, 

these inhibitors may target class I HDACs, which are implicated in activating genes that promote 

cell growth, thereby reducing hypertrophic signaling and contributing to the antihypertrophic 

effect28,64. 

1.3 The BET family proteins: Key regulators of transcription and epigenetic control 

 

Epigenetic reader molecules are proteins that recognize various post-translational 

modifications on histone tails, including N-ε-acetylation of lysine side chains, which is often 

associated with transcriptional activation50,65. Many epigenetic reader molecules contain acetyl-

lysine recognition domains, or bromodomains, which are approximately 110 amino acids in length. 

In humans, these bromodomains are present a total of 61 times across 46 diverse proteins50,66,67.  

Bromodomain-containing proteins consists of four  helices (Z,A,B,C) connected by 

2 loops (ZA and BC) which forms a central hydrophobic cavity that recognizes acetyl lysine 

residues (Figure 1.3)68. Bromodomain-containing proteins have been implicated in various 

diseases like cancer, neurological diseases, inflammatory diseases, and cardiovascular diseases 

69,70.  
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Figure 1.3. Structure of Brd4 and its bromodomains. (A) Schematic domain architecture of Brd4, highlighting two 

bromodomains (BD1 and BD2) and other functional regions such as extra terminal domain (ET) followed by SEED 

which denotes a serine-, glutamate-, and aspartate-rich region. Brd4 also has a conserved C-terminal motif (CTM). 

The green 'h' marks indicate helicase-like regions, and the ET domain is known to mediate interactions with other 

transcription factors71. (B) crystal structure of Brd4’s bromodomains. Each bromodomain consists of four -helices 

(Z,A,B,C) and two interconnecting loops, ZA and BC. The ZA loop connects αZ and αA helices which contains 

three short helices (αZ’, αZ”, and αZ’”). The BC loop connects the B and C helices. These loops (ZA and BC) 

together form a deep cleft, constituting a recognition site for binding acetylated lysines on histone tails, which is 

essential for Brd4's role in chromatin targeting and transcription regulation71. Figure adapted from 71 

 

Bromodomain extra-terminal (BET) family proteins include Brd2, Brd3, Brd4 and BrdT, 

which share a similar architecture with highly conserved amino-terminal bromodomains and an 

extra-terminal domain 50,68. Brd4 is known to be involved in transcriptional regulation by forming 

a complex with the positive transcriptional elongation factor, P-TEFb 72,73. P-TEFb is a 

heterodimeric elongation factor which consists of the cyclin-dependent kinase Cdk9 and its cyclin 

partner CyclinT1. Its kinase activity is known to promote RNA polymerase II (Pol II) – mediated 

elongation 74. Brd4 and BrdT have a C-terminal domain not found in Brd2 or Brd3 that mediates 

interaction with P-TEFb 75. Whereas BrdT is testis-specific and relatively poorly characterized, 

Brd4 has been established as a major transcriptional co-activator in many physiological settings.   
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Studies have shown that the C-terminal domain of Brd4 interacts directly with Cyclin T1 and 

Cdk976,77. Meanwhile, the canonical function of bromodomains (BDs) is to bind acetylated 

histones, anchoring BET proteins to chromatin and facilitating their role in regulating gene 

transcription 72,75. BET family proteins also interacts with a multi-protein coactivator known as the 

Mediator complex which binds to transcription factors and further activates RNA Polymerase II 

78.  

1.3.1 Brd4-mediated regulation of general transcription  

(A) P-TEFb dependent pathways 

 

Brd4 is a pivotal regulator in both cardiac pathogenesis and general transcription. It plays 

a key role in transcription elongation by recruiting positive transcription elongation factor b (P-

TEFb) to the proximal promoter regions of genes, facilitating the transition from transcription 

initiation to productive elongation79. P-TEFb functions with three major interacting partners: Brd4, 

the super elongation complex (SEC), and the 7SK small nuclear ribonucleoprotein (7SK 

snRNP)79,80. The 7SK snRNP complex, which includes the 7SK RNA, sequesters P-TEFb in its 

inactive state, preventing premature transcription elongation. In this inactive complex, P-TEFb’s 

kinase activity is suppressed, allowing for tight regulation of its activation79,80. 

Upon stimulation by stress or extracellular signals, P-TEFb is released from 7SK snRNP 

and forms active complexes with Brd4 and the SEC. These complexes recruit P-TEFb to 

transcriptionally paused regions, where it phosphorylates key transcriptional regulators, including 

the C-terminal domain (CTD) of RNA polymerase II (Pol II), the negative elongation factor 

(NELF), and the DRB sensitivity-inducing factor (DSIF)72,74,81 (Figure 1.4A). Phosphorylation of 

NELF and DSIF promotes the dissociation of NELF from Pol II and converts DSIF from a 

repressor to an activator, enabling Pol II to escape promoter-proximal pausing and transition into 

productive elongation (Figure 1.4B)74. Formation of the P-TEFb-Brd4 complex further stabilizes 

P-TEFb in its active form and facilitates its release from the 7SK snRNP complex79,80.  
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Figure 1.4. Mechanism of P-TEFb Activation and Recruitment to Chromatin via Brd4. (A) In the inactive state, 

P-TEFb is sequestered by 7SK snRNP, while extracellular stress signals trigger its release and activation, allowing P-

TEFb to associate with Brd4 or SEC. (B) the role of P-TEFb in transcriptional regulation, specifically its Brd4-

mediated recruitment to chromatin. P-TEFb phosphorylates key targets, including Ser2 of the RNA Polymerase II C-

terminal domain (CTD), NELF, and DSIF (depicted by grey arrows), promoting transcriptional elongation at the 

transcription start site (TSS). Figure adapted from 82  

 

Brd4 binding to P-TEFb is known to compete with HIV-1 Tat regulatory protein, making 

the Brd4-P-TEFb interaction inhibitory to HIV-1 transcription83. Brd4-P-TEFb complex formation 

is also known to trigger the transcription of NF-κB-responsive inflammatory genes since Brd4 

interacts with the RelA subunit of NF-κB84. The bromodomains of Brd4 recognize and binds to 

acetylated lysine-310 on RelA85. This interaction activates the transcriptional activity of NF-κB, 
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thereby promoting an inflammatory response84. Thus, Brd4 plays a critical role in the regulation 

of NF-κB-dependent inflammatory gene expression85–87. 

Brd4’s transcription regulation extends to its interaction with histone modifiers through its 

ET domain, including JMJD6 (an arginine demethylase) and NSD3 (a lysine methyltransferase), 

both of which contribute to transcriptional pause release88,89. Additionally, ET domain interacts 

with chromatin remodelers such as SWI/SNF and CHD289. Brd4 also associates with various 

chromatin-modifying enzymes and transcription factors, including p53, YY1, AP2, c-Jun, c-

Myc/Max, C/EBPα, C/EBPβ, Acf1, and G9a90,91. 

(B) P-TEFb independent pathways 

 

Brd4 regulates transcription through both P-TEFb-dependent and P-TEFb-independent 

mechanisms. In addition to its well-known role in recruiting P-TEFb to facilitate transcription 

elongation, Brd4 independently regulates transcription by co-localizing with the Mediator 

complex along cis-regulatory genomic regions92–94.  

The Mediator complex itself is a large coactivator composed of 26 subunits in mammals, 

known to interact with transcription factors to mediate the recruitment and activation of RNA 

polymerase II (Pol II) (Figure 1.5) 96. Brd4 co-localizes with the Mediator complex at cis-

regulatory genomic regions to facilitate the assembly of the pre-initiation complex (PIC)95.  Studies 

have shown that BET bromodomain inhibition by JQ1 displaces Brd4 from chromatin, leading to 

reduced Mediator occupancy at cis-regulatory elements95. This indicates that Brd4 plays a crucial 

role in the recruitment and stabilization of Mediator at these sites97,98. 
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Figure 1.5. Brd4-mediated transcription mechanisms in three distinct stages.  

(1) Commitment to Transcription: In the initial stage, Brd4 cooperates with transcription factors to bind target gene 

loci. Brd4's tandem bromodomains recognize and interact with acetylated histones, specifically acetylated lysines 

(K5ac, K8ac, K12ac, K16ac) on histone H4 and acetylated lysine 14 (K14ac) on histone H399.  

(2)  Initiation and Post-Initiation: At this stage, Brd4 recruits the Mediator complex, which serves as a bridge 

between transcription factors and RNA polymerase II (Pol II). This recruitment facilitates phosphorylation of the Pol 

II carboxyl-terminal domain (CTD) at Ser5, an essential step for transitioning from transcription initiation to post-

initiation. Brd4 colocalizes with mediator complex, ensuring that the pre-initiation complex (PIC) is assembled, and 

transcription is properly activated99. 

(3) Elongation: Brd4 promotes the recruitment of P-TEFb (positive transcription elongation factor b) to pause Pol II 

transcription. This step leads to the phosphorylation of the Pol II CTD at Ser2, enabling transcription elongation to 

proceed. Additionally, Brd4's recruitment to acetylated nucleosomes downstream of the transcription start site 

involves crosstalk between acetylated lysine 9 (K9ac) and phosphorylated serine 10 (S10) on histone H3, and 

H4K16ac. These histone modifications allow Brd4 to regulate the elongation phase of transcription99. Figure adapted 

from 99. 

1.4. Targeting BET Proteins: Inhibitors and PROTACs  

1.4.1 Small molecule inhibitors 

 

The BET family has become a key target for small-molecule drug discovery, with several 

inhibitors advancing to clinical trials for various cancers100.These inhibitors work by blocking the 

BD-acetyl-lysine interaction thereby preventing chromatin recruitment. Small molecule BET 

inhibitors are widely used due to its high affinity for bromodomains in BET family proteins 66,101. 

In 2010, along with JQ1, another group had reported I-BET to be a promising small-molecule 
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inhibitor with similar chemical structure as JQ1 102,103. JQ1 and I-BET were the first pan-BET 

inhibitors, with affinities of 50-90 nM and 50.5-61.3 nM for Brd4 bromodomains 1 and 2, 

respectively 102,103. JQ1 reduced proliferation in NUT midline carcinoma models102 while I-BET 

blocked LPS-induced inflammation in macrophages103. BET inhibitors has also shown promising 

results for treating hematological cancers, solid tumors, rheumatoid arthritis, and heart failure104–

107.  

The BET family proteins play a central role in pathologic cardiac remodeling processes as 

well 108,109. BET protein expression levels accessed in neonatal rat ventricular cardiomyocytes 

(NRVMs) and adult mouse ventricular tissue revealed that Brd4 is the most highly expressed BET 

family proteins in heart 108. To further confirm the significance of Brd4 in transcriptional 

elongation in cardiac remodeling, small molecule BET inhibitor like JQ1 have been used 108,110,111. 

Phenylephrine-induced hypertrophy in NRVMs was attenuated by JQ1 and it also reduced 

hypertrophy induced via pressure overload mediated by transverse aortic constriction (TAC) in 

mice model 104,108,109,112. JQ1 was also found to repress gene expression associated with pathologic 

hypertrophy in both agonist-induced hypertrophic NRVMs and TAC-mediated mice model 108,109. 

In hypertrophic mouse model, Brd4 inhibition was able to partially reverse previously established 

signs of heart failure 104. Brd4 inhibition leads to loss of Brd4 occupancy from super enhancers 

and promoters of hypertrophic genes in cardiomyocytes 111,112.  

Overall, these observations indicate that inhibition of Brd4 and BET proteins can 

effectively suppress pathologic cardiac remodeling and potentially provide a therapeutic approach 

for heart failure and other related conditions. 

1.4.2. PROTACs 

 

PROTACs represent a strategy for targeted protein degradation and are composed of a 

hetero-bifunctional molecule that contains two key functional groups: one ligand binds to the target 

protein (e.g., Brd4), while the other binds to an E3 ubiquitin ligase, like cereblon, recruiting the 

ligase to the target protein and marking it for degradation) 97 (Figure 1.6). In cancer, cereblon-

based PROTACs have been found to efficiently target Brd4, showing potential advantages over 

small-molecule inhibitors. One such highly permeable BET protein degrader is dBET6; however, 

its effects remain to be explored in cardiovascular disease.  
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Figure 1.6. Induced degradation by BET PROTACS. This process highlights how PROTACs facilitate the targeted 

degradation of BET proteins via the ubiquitin-proteasome pathway. 

PROTAC is made up of a Protein of interest (POI) (green oval) ligand covalently linked to a suitable E3 ligand (natural 

degron or synthetic analogue, depicted as an orange circle). Bromodomain inhibitor (BDi) can be used as an E3 ligand 

that engages with the E3 ubiquitin ligase, whereas the POI targets the protein that is to be degraded66.  Following 

ubiquitin activation by E1 and transfer to E2 (not shown), a three-step ubiquitin-mediated proteolysis occurs:  

Step 1: Substrate-E3-E2-Ub complex formation: The PROTAC links the BET protein to the E3 ubiquitin ligase, 

forming a ternary complex. The E2 enzyme transfers ubiquitin (Ub) to the BET protein, marking the start of 

ubiquitination66,97.  

Step 2: Ubiquitin chain addition: The E3 ligase catalyzes the polyubiquitination of the BET protein by attaching 

multiple ubiquitin molecules to its lysine residues, forming a polyubiquitin chain66,97. 

Step 3: Proteasomal degradation: The polyubiquitinated BET protein is recognized and degraded by the 26S 

proteasome, while the PROTAC molecule is released and can be reused66. Figure adapted from 66  

Reprinted by permission from Springer Nature publishers, Cochran, A.G., Conery, A.R. & Sims, R.J. 

“Bromodomains: a new target class for drug development”, Nat Rev Drug Discov 18, 609–628 Copyright 2019.  

 

1.5. Differential activation of GPCR signaling pathways in cardiac hypertrophy 

 

GPCRs stimulate cardiac hypertrophy classically via Gq, but our prior lab studies have 

shown that 1-adrenergic receptors can stimulate hypertrophic response via cAMP/PKA pathway 

in a Gs-dependent manner 113. To confirm that GPCR activates cAMP signaling in a Gs-

dependent manner, distinct signaling pathway responses following the activation of 1-adrenergic 

receptors and endothelin receptors (ETR) were analyzed via RNA-seq analysis in rat neonatal 

cardiomyocytes following receptor stimulation 113. CREM (cAMP responsive element modulator) 

expression levels were strongly upregulated upon 1.5 hr. activation of 1-adrenergic receptors but 

not after ETR activation 113. Previous studies have shown activation of 1-adrenergic receptors 

coupled to Gs to activate adenylyl cyclase (AC) which causes cAMP accumulation, leading to 
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PKA activation 114–117. Our work has also confirmed the cAMP accumulation downstream of both 

1A- and 1B-AR receptors using BRET-based EPAC biosensors which were transfected in HEK 

293 cells 113. Further, FRET-based PKA biosensors with NES (nuclear export sequence) or NLS 

(nuclear localization sequence) were used in HEK 293 cells to observe differential activation of 

PKA upon stimulation by 1A- and 1B-AR receptors 113. It was confirmed that both 1-AR 

subtypes stimulate nuclear PKA activity in a Gs-dependent manner 113.  

Hypertrophy-associated gene expression and phenotypic changes in cardiomyocytes are 

critically regulated by P-TEFb, as validated in models of cardiac-specific Gαq overexpression in 

mice and ETR stimulation in NRVMs.118. Pathologic transcriptional events following hypertrophy 

is dependent on the recruitment of P-TEFb via Brd4 or via interactions with SEC 119. Our previous 

lab studies have also demonstrated the differential activation of P-TEFb via its interacting partners, 

SEC and Brd4 in cardiac hypertrophy upon activation of 1-AR and ETR 119(Figure 1.6). These 

findings were validated using high-content microscopy which showed an increase in 

cardiomyocyte area upon 24hr treatment with both PE (agonist for 1-AR) and ET-1 (agonist for 

ETR) 119. Furthermore, effects of hypertrophic inducers on gene expression were validated using 

RT-qPCR where it was found that mRNA levels of established hypertrophic gene markers i.e. 

Nppa, Nppb and Serpine1 were upregulated. However, it was found that SEC knockdown 

attenuated hypertrophy induced by both 1-AR and ETR agonists whereas BET inhibition with 

JQ1 decreased hypertrophy induced via 1-AR but had no effect on hypertrophy induced by ETR 

agonist 119. These results suggested that P-TEFb-SEC is generally required in hypertrophy and P-

TEFb-Brd4 complex mediates a receptor-specific response 119 (Figure 1.7). Further, 

cardiomyocyte mRNA expression patterns were assessed upon PE and ET-1 treatment and 

upregulated genes were further characterized using Ingenuity pathway analysis (IPA) 119. This 

suggested an increased activity of all hypertrophic transcription factors including NFB, Jun, Fos, 

GATA4 upon activation of either receptor 90,119. In addition to the previous results, JQ1 specifically 

attenuated PE-induced hypertrophic transcription factor activity. This suggested that 1-AR 

receptor signaling, but not ETR signaling, increased hypertrophic transcription factor activity in a 

Brd4-dependent manner 119.    
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Figure 1.7. Differential activation of P-TEFb complexes via 1-AR and ETR in cardiac hypertrophy. α1-

Adrenergic receptors activate the cAMP/PKA pathway, leading to B4-mediated recruitment of P-TEFb, while 

Endothelin-A receptors increase calcium levels, activating P-TEFb through the Super Elongation Complex. Both 

pathways result in phosphorylation of RNA polymerase II, promoting transcription of hypertrophic genes119. Figure 

adapted from 119. 

 

Our  previously published work confirmed 1-adrenergic receptors to activate cAMP/PKA 

pathway in a Gs-dependent manner 113. Therefore, to investigate if Gs/PKA pathway is critical 

to activate Brd4 function in cardiac hypertrophy, ChIP-qPCR was used to quantify Brd4 

localization in previously defined promoters and super enhancers 112,119. This analysis was 

performed in NRVMs treated with selective PKA inhibitor, KT5720 119. It was found that PKA 

inhibition prevented PE-induced increase in Brd4 occupancy 119. In conclusion, our lab discovered 

a novel mechanism of Gs-PKA dependent GPCR signaling pathway which is crucial for Brd4 

activation in cardiac hypertrophy (Figure 1.7) 113,119. 
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1.6. DREADDs: A chemogenetic platform to specifically activate G protein signaling pathways 

 

My project used genetically engineered G protein-coupled receptors (GPCRs), known as 

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs), to further probe the 

function of Brd4 downstream of specific GPCRs. DREADDs are modified to be activated by 

synthetic small molecules, that are physiologically inert (Figure 1.7A). These receptors are 

designed to respond exclusively to these synthetic ligands, rather than their natural endogenous 

ligands(Figure 1.8A).120. GPCRs are engineered such that they retain most of their native 

functions while changing only specific properties, such as agonist binding121,122. Thus, DREADDs 

enable the activation of specific GPCRs in a cell-specific or tissue-specific manner, making it 

possible to investigate various physiological and pathophysiological pathways associated with 

GPCRs123. 
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Figure 1.8. Structural and functional Basis of DREADD Activation by DCZ. 

(A) Ribbon diagram of the hM3Dq receptor highlighting the structural interactions with the ligands DCZ (magenta) 

and CNO (gray). The red spheres represent the two key point mutations (Y148C in TM3 and A238G in TM5), which 

enable specific ligand binding and prevent endogenous muscarinic receptor agonists from activating the engineered 

receptor. Figure adapted from 123,124. (B) Schematic representation of DCZ's ability to activate both Gq- and Gs-

coupled DREADDs. The red crosses mark the mutations (Y3.33C and A5.46G) that disrupt binding of endogenous 

agonists to the modified GPCRs, ensuring selective activation by DCZ. Figure adapted from 125.  

Reprinted by permission from Elsevier publishers, Wess, Jürgen et al.” Novel designer receptors to probe GPCR 

signaling and physiology”, Trends in Pharmacological Sciences, Volume 34, Issue 7, 385 – 392 Copyright 2013. 

Reprinted by permission from Springer Nature publishers, Zhang, S., Gumpper, R.H., Huang, XP. et al. “Molecular 

basis for selective activation of DREADD-based chemo genetics”. Nature 612, 354–362 Copyright (2022).  

 

The human M3 muscarinic receptor (hM3) based DREADD was one of the first to be 

established120. These muscarinic based DREADDs were developed by introducing two site-

specific point mutations Y3.33C and A5.46G. Due to these point mutations, acetylcholine, which 

is known to be an endogenous agonist of muscarinic receptors was unable to bind to the newly 

generated DREADD receptors. Instead, it can be activated by a synthetic ligand known as 

clozapine-N-oxide (CNO) which is known to be high in potency and efficacy120,123,126. CNO is 

known to have high affinity to DREADD receptors but some studies have reported CNO to back-

metabolize to clozapine in in vivo models127,128. Therefore, for my research work, I used 
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Deschloroclozapine (DCZ) as an agonist, which has been reported to have higher affinity and 

greater selectivity129–131.  
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Rationale and objectives of this thesis  

 

Brd4 has been implicated in cardiovascular diseases, with our previous work highlighting its 

recruitment to chromatin during pathological hypertrophy via distinct activation of Gαs and Gαq 

signaling pathways. GPCRs classically promote cardiac hypertrophy through Gαq signaling, our 

previous work uncovered that α1-adrenergic receptors can also initiate hypertrophic responses 

through a Gs-dependent cAMP/PKA pathway. This Gs-dependent pathway was found to be 

strongly linked to Brd4, suggesting a general role of this pathway in Brd4 activation. The goal of 

this thesis was to dissect distinct GPCR-dependent pathways involved in Brd4 activation since it 

remains unclear how Brd4-dependent transcriptional responses are regulated. This leads me to 

hypothesize that Gs and Gq signaling pathways differentially activate Brd4-mediated gene 

expression. To explore this, we activated specific G protein signaling pathways using Gs-

coupled and Gq-coupled DREADDs which were activated using DCZ in transfected HEK293 

cells. Our objective was to measure the Brd4-mediated gene expression downstream of Gs and 

Gq signaling pathways. To achieve this, we employed BET inhibitors, JQ1 and dBET6, in 

conjunction with DCZ to identify changes in gene expression that were induced by G protein 

signaling and dependent on Brd4 or other BET proteins.  
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MATERIALS AND METHODS  

2.1 Drugs  

2.1.1 Drug sources and stock concentrations 

 

BET inhibitors, JQ1 and dBET6 were used to inhibit Brd4. JQ1 (Abcam, ab141498-1MG) 

and dBET6 (Sigma-Aldrich, SML2683-1MG,) were dissolved in dimethyl sulfoxide (DMSO, 

Sigma, D2650). Deschloroclozapine (DCZ) was used to stimulate Gs-coupled and Gq-coupled 

DREADD receptors. DCZ (Hellobio, HB9126) was dissolved in sterile water. The drugs were 

stored in -20.  

2.1.2 Drug dilutions 

 

For DCZ, serial dilutions were performed to obtain a range of log dose concentrations. 

10mM stock of DCZ was diluted 1:10,000 in sterile water to bring the concentration to 1µM.  This 

dose was used to obtain 6 log dose concentrations. For JQ1, 1mg of JQ1 was diluted in 433.37µl 

DMSO to obtain a concentration of 5mM. This was further diluted to its final concentration as 

mentioned in Table 1. For dBET6, 1mg of dBET6 was diluted in 2.37ml DMSO to obtain a 

concentration of 500uM. This was further diluted to its final concentration as mentioned in Table 

1 below.  

 

Table 1: Drug concentration and dilution. 

 

Drug 

Conditions 

Stock 

Conc. 

Dilution Final conc. 

JQ1 5mM 2µl stock + 8µl media = 1mM 1:1000 = 1µM 

dBET6 500µM 2µl stock + 8µl media = 100µM 1:1000 = 100nM 

 

2.2 Plasmids  

 

 The plasmids, pcDNA5/FRT-HA-hM3D (Gq) and pcDNA5/FRT-HA-rM3D (Gs) were 

obtained from Addgene (plasmid # 45547 ; http://n2t.net/addgene:45547 ; RRID:Addgene_45547 

; plasmid # 45549 ; http://n2t.net/addgene:45549 ; RRID:Addgene_45549) 132. To check the purity 
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of these plasmids, 1% agarose gel electrophoresis was performed. To digest the plasmid, BamHI 

and Not1 restriction enzymes (New England Biolabs, cat#R3136, cat#R3189) were used. For 

restriction enzyme digestion, the reaction set-up consisted of 2µg of DNA, 4.2µl of 10X rCutSmart 

Buffer (New England Biolabs, cat#B6004) and 1µl of the restriction enzyme. The volume was 

adjusted to 50µl using nuclease-free water. It was incubated overnight at 37C. After adding 4µl 

of loading dye, the samples were loaded on a 1% agarose gel (refer to supplementary Figure S1). 

 

2.3 Cell culture and transfection 

 

HEK 293 parental (PL) cells were maintained in Dulbecco’s Modified Eagle’s medium 

(DMEM) high glucose + 5% (v/v) fetal bovine serum + 1% (v/v) penicillin/streptomycin. HEK 

293 PL cells were incubated at 37C.  

For BRET assays, the cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; 

Multicell 319-015-CL), supplemented with fetal bovine serum (FBS; Wisent 095-150) and 

penicillin-streptomycin (P/S; Wisent 450-201-EL). Cells were passaged in T75 flasks (Thermo 

Scientific 130190) and 6-well plates (Corning 3516). For cell detachment, 0.25% trypsin-EDTA 

(Wisent 325-043-CL) was used.  Cells were transfected with Lipofectamine 2000 (Invitrogen 

11668030) according to the manufacturer’s instructions 24h after plating. On day 1, 250,000 cells 

were seeded on 6 well plates. On day 2, transfections were performed in DMEM HG + 2.5% FBS 

(without P/S) media. A total of 1 g of the respective biosensor DNA and 0.5 g of the receptor 

DNA were used for transfection. For each well, 1 g of the respective biosensor DNA and 0.5 g 

of the receptor DNA was transfected. For each control, 0.5 g of pcDNA3.1(-) and 1 µg of EPAC 

biosensor 133 or PKC biosensor 134 was added to each well in a 6-well plate. For each DREADD 

receptor, 0.5µg of Gαs-DREADD/Gαq-DREADD and 0.5µg of their respective EPAC/PKC 

receptor was added to each well in a 6-well plate. After 4-5 hr. incubation, the media was replaced 

with DMEM HG media + 5% FBS + P/S. On day 3, cells were detached with 0.25% trypsin-EDTA 

(Wisent) and plated at a density of 30,000 cells/well in a poly-L-ornithine hydrobromide solution 

(Sigma-Aldrich, P3655-100MG)-coated 96-well white bottom plate (Thermo Scientific, 236105) 

for BRET. Cells were incubated for another 24h prior to biosensor experiments. On the day of the 

experiment i.e., day 4, cells were starved in Kreb’s buffer (146 mM NaCl, 42 mM MgCl2, 10 mM 

HEPES pH 7.4, 1g/L D-glucose) prior to imaging assays, and the same buffer was used to dilute 
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the drug stock solutions. DMEM media was aspirated, and 150 ml of Krebs buffer was added and 

then aspirated again. Following this, 80ul of Krebs buffer was added to each well and incubated 

in a parafilm wrapped 96-well plate.   

 For protein extraction, on day 1, 350,000 cells were seeded in each well of a 6-well plate. 

On day 2, each well was treated with 100nM dBET6 for a different time and cells were harvested 

for protein extraction.  

  For RNA analyses, 350,000 cells/well were seeded in a 6-well plate for each treatment. On 

day 2, cells were transfected using Lipofectamine 2000 according to the manufacturer’s 

instructions 24h after plating in 2.5% FBS DMEM HG media (without P/S). For each DREADD 

receptor, 0.5µg of Gαs-DREADD/Gαq-DREADD and 0.5µg of their respective EPAC133/PKC134 

receptor was added to each well in a 6-well plate. After 4-5 hr. incubation, the media was replaced 

with DMEM HG + 5% FBS + P/S. On day 3, drug treatments were performed. JQ1 (1uM) and 

dBET6 (100nM) were treated for 3hrs and DCZ (1uM) for 1hr. The cell lysates after drug treatment 

were obtained using the TRI reagent® RNA Isolation Reagent (Sigma, T9424). 

 

2.4 BRET measurements  

 

A TriStar 2 Multimode Plate Reader (Berthold Technologies) was used for a 5-minute basal 

reading. The temperature within the plate reader was maintained at 28°C and the set for BRET-2 

with a 380-650 nm spectral range using the ‘ICE’ software package (Berthold Technologies). After 

one-hour incubation of the 96-well plate, 10µl of Coelenterazine 400A (Cedarlane) was added 

(final dilution of 1:500) to each well. After adding this substrate, we wait for 5 mins and then 

record the BRET readings. These readings were taken by placing the plate in TriStar 2 Multimode 

Plate Reader and using the ‘ICE’ software package (Berthold Technologies), a temperature of 

28°C was maintained and the filters were adjusted to 410-515 nm spectral range. After the basal 

reading, the vehicle was added to the first well, while DCZ was added at six different 

concentrations (as mentioned in section 1.2), spanning 6-log dose responses. The drugs were added 

at a 1:10 dilution (i.e., 10µl added to 90µl) to each well. The measurements were taken at three 

time points: 10 mins, 20 mins and 30 mins.  
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2.5 BRET analysis 

 

BRET ratios were calculated at 515/410 nm emission which was calculated by dividing the 

acceptor fluorescence by the donor luminescence (acceptor/donor). Further, BRET was 

calculated i.e., (Stimulated agonist BRET ratio – basal agonist BRET ratio) – (Stimulated vehicle 

BRET ratio – Vehicle BRET ratio). In this case, DCZ was the drug which stimulated the Gs-

coupled and Gq-coupled DREADD receptors. The following equations used for both Gs and 

Gq-DREADD receptors, for which EPAC and PKC biosensors were used, respectively: 

 

BRETGs = [(Gs-DREADD-EPAC/DCZ)–(Gs-DREADD-EPAC)] – [(pcDNA- EPAC/DCZ) – 

(pcDNA-EPAC)]. 

 

BRETGq = [(Gq-DREADD-PKC/DCZ)–(Gq-DREADD-PKC)] – [(pcDNA-PKC/DCZ)–

(pcDNA-PKC)].  

 

An average of three technical replicates were considered for all these calculations. Graphs were 

made using GraphPad Prism 10.0 for each time point, where y-axis represented BRET and x-

axis represented the log dose concentrations of DCZ.  

 

2.6 Protein extraction and Western blot 

 

Cells in each well were washed using cold PBS twice and then were lysed using RIPA 

buffer (1% NP-40, 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.1% 

SDS, 0.5% sodium deoxycholate). Approximately, 200-400µl cold RIPA was added to each well. 

The 6-well plates were kept on ice for 10 mins. Using a cell scraper, cells were scraped and then 

transferred to a labelled Eppendorf on ice. This cell suspension was mixed (approx. 20 times) using 

a syringe/pipette to form a homogenous mixture. Then cell lysates were incubated on ice for 15 

mins. Samples were then spun in a microcentrifuge (Eppendorf, Centrifuge 5425/5425R) at 14,000 

x g for 15 mins at 4C. The supernatant was transferred to a new Eppendorf and then protein was 

quantified by BCA (Bicinchoninic acid) assay. For BCA, a fluorescence-based PierceTM BCA kit 

(Thermo Scientific, 23225) was used as per manufacturer instructions.  
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Western blot was done to optimize the RNA seq conditions for dBET6 inhibitor in HEK293 

cells. Protein samples were denatured at 95C for 2 to 5 mins in 4X Laemmli buffer supplemented 

with 5% β-mercaptoethanol. For SDS-page, protein lysates were loaded on 8% Tris-glycine gel 

and were run on Bio-Rad Protean ® electrophoresis unit (Bio-Rad, 525BR). The electrophoresis 

apparatus was set up at 120V for 15 mins and then at 170 V for 45 mins in running buffer (3.02g 

Tris, 18.8g glycine, 10ml of 10% SDS dissolved in 700 ml ddH2O). The protein was transferred 

onto a nitrocellulose membrane (Bio-Rad, 1620115), in cold transfer buffer (3.63 g Tris, 15 g 

Glycine, 0.5g SDS dissolved in 800 mL ddH2O, 200ml 100% MeOH) at 200mA for an hour using 

a stirring bar in Bio-Rad Protean® Transfer Tank. Blocking of the membrane was performed with 

5% skim milk (20ml/membrane) diluted in TBST (8.78g NaCl, 10mL 1M Tris pH 8.0, 0.5 mL 

Tween-20 dissolved in 1L ddH2O) for an hour. Following this, western blots were probed with 

primary antibody i.e., Brd4 antibody (Invitrogen, PA585662; 1:2000) in 5% skim milk overnight 

at 4C. The next day, membranes are washed thrice for 5 mins each with 10ml TBST per 

membrane shaking at room temperature. The nitrocellulose membranes were then probed with 

secondary HRP-mouse antibody at 1/5000 (vwr, CA95017-332L) in blocking solution (5% skim 

milk in TBST) shaking at room temperature for an hour. For control, -tubulin (Invitrogen, 32-

2600) or GAPDH (Invitrogen, AM-4300) were used at a concentration of 1:500. The blots were 

treated with GE ECL Select (GE, RPN2235) and were developed using GE Amersham Imager 

600. Western blot images were quantified using ImageJ.  

 

2.7 RT-qPCR 

 

  After the drug treatment, the cells were detached from the 6-well plate using the TRI 

reagent. Using a cell scraper, the cells were removed from the wells and transferred to an 

Eppendorf. Bromo-chloro-propane (BCP) is added to these cell suspensions after which there were 

vortexed and incubated for 15 mins at room temperature, following which they were centrifuged 

at 12,000 rpm for 15 mins at 4C. BCP causes phase separation, and the aqueous supernatant 

containing the RNA was transferred to a new Eppendorf tube. To this, an equal ratio of isopropanol 

was added to the supernatant. Further, the samples were centrifuged at 12,000 rpm for 8 mins. The 

pellet was washed with 70% ethanol and resuspended in RNAase free H2O. The RNA isolated was 
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quantified using Nanodrop spectrophotometer (Thermo Fisher). RNA samples were quantified 

using Nanodrop. cDNA synthesis was primed with random hexamers (IDT, 51-01-18-01) using 

M-MLV reverse transcriptase. For qPCR, cDNA was diluted to a concentration of 5 µg/µl and 

stored at -20C. A 1:10 dilution of the cDNA was prepared. In a 96-well plate, 90ul H2O, 10 µl of 

diluted cDNA, and BrightGreen 2X qPCR Mastermix were added using a micropipette. The plate 

was then spun using a plate microcentrifuge to collect all the reagents at the bottom of each well. 

qPCR was performed using a ViiA 7 Real-Time PCR System (Thermo Scientific). The PCR results 

were analyzed via the 2-ddCt method. An average of three readings were taken and were normalized 

to GAPDH (housekeeping) and DMSO. Then we exponentiated the normalized values by the 

power of 2 to calculate the fold change. The primer sequences for c-myc were designed using 

NCBI primer BLAST. The following were the sequences for c-myc:  

Forward primer (5’ GCCGCATCCACGAAACTTT 3’)  

Reverse primer (5’ TCCTTGCTCGGGTGTTGTAAG 3’) 

 

2.8 RNA isolation for RNA sequencing 

 

 For RNA seq analysis, the RNEasy Mini kit (Qiagen, 74104) and Qiashredder 

Homogenization kit (Qiagen, 79645) were used as per manufacturer instructions. RNA seq 

samples were quantified using a Nanodrop spectrophotometer. The collected cDNA was placed 

in a 0.5 mL microtube. From the total cDNA, 100 µL at a concentration of 100 ng/µL was 

transferred to 1.5 ml Eppendorf tube. A total of 24 samples (12 X 2) were sent for RNA 

sequencing. PolyA enriched RNA library preparation, Illumina library QC and Illumina NovaSeq 

PE100 -25M reads were performed by Genome Québec.  

2.9 RNA seq analysis  

 

 FASTQ files were obtained which were subjected to adaptor trimming and FASTP 

(v0.23.4) was used to filter the low quality and duplicate files135. Following this the sequences 

were aligned to Homo sapiens genome (GRCh38, NCBI # GCF_000001405.26) using STAR 

alignment (v2.7.11b)136. Using FeatureCounts (v2.0.1) individual matrices were obtained. All the 

bash commands were written in Python and were summarized into a text file for further analysis 

on R (v.4.3.2).137,138 The FeatureCounts files obtained were normalized to the control group (i.e., 
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DMSO+Gs for Gs-DREADD and DMSO+Gq for Gq-DREADD group of treatments). 

Differential expression analysis was performed. DESeq2 (v1.42.1) package was installed. 

According to the treatments, two DESEQDataSet (dds) objects were created.139 The gene sets 

were then segregated into significant upregulated and downregulated genes. Using Venn 

diagrams the treatments were compared.  Volcano plots for each treatment were generated using 

ggpolot2. GO (gene ontology) enrichment analysis was performed using the EnrichGO function 

using the clusterProfiler package (v4.10.1)140. GO terms were categorized into biological 

processes (bp), molecular functions (mf), and cellular compartments(cc) which were plotted using 

dot plots. Dot plots described the KEGG pathways wherein the genes were involved141,142. The 

upregulation of genes between different treatments was compared, and the corresponding KEGG 

pathways were identified to reveal functional insights. For the significant genes, Bulk 

Transcription Factor Interference was calculated using the decoupleR (v 2.10.0) package, 

enabling a detailed analysis of transcription factor activities across the treatments 143. The results 

include an in-depth description of these analyses, covering a wide spectrum of treatment 

conditions and their impact on gene expression. A thorough examination of the experimental 

procedures and the subsequent data analysis is presented in the next section. 
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RESULTS 

3.1 Optimization of BET inhibitor treatment conditions 

 

BET inhibitors were optimized for use in HEK293 cells by treating for 1 hr., 2 hr., and 3 hr. time 

points. For dBET6, we evaluated the effective dose based on a previous study 144. The study 

concluded that a 100nM dose of dBET6 is effective based on its ability to disrupt expression of 

genes such as c-myc 144. We further evaluated dBET6 (100nM) at three different timepoints using 

western blot analysis of Brd4 levels (Figure S2) and quantified using ImageJ, as depicted in 

Figure 3.1A. The effect of dBET6 was found to be time dependent as the effect was found to be 

the least at 1 hr. time point. dBET6 treatment at 3 hrs. was found to be the most effective time 

point.  

Based on our understanding of P-TEFb regulation, we optimized JQ1 treatment with a focus on c-

myc levels. Previous studies have shown that BET inhibitors like JQ1 reduce c-myc expression 

and Myc-dependent gene expression105,144,145. However, we observed an unexpected increase in c-

myc levels (Figure 3.1B), suggesting a potential disruption in the P-TEFb balance within cells. 

JQ1 treatment displaces P-TEFb from the 7SK snRNP complex and Brd4 from chromatin, leading 

to an accumulation of free P-TEFb, which acts as a transcriptional activator to promote elongation 

of target genes, including c-myc. Studies have also shown that JQ1 increases the association of P-

TEFb with Brd4146–149. Based on this, we used c-myc as a parameter to optimize JQ1 efficacy. 

While a 1-hour treatment showed no significant effect, we observed that JQ1’s effectiveness is 

time-dependent, with 2- and 3-hour treatments significantly upregulating c-myc levels. Notably, 

JQ1 was most effective at the 3-hour mark. Additionally, we performed a combined treatment of 

JQ1 with DCZ to assess whether DCZ interferes with the effects of JQ1 (Figure S4). Together, 

these findings indicate that both BET inhibitors, JQ1 and dBET6, were maximally effective at 3 

hours. 
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Figure 3.1.   
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3.1. Western blot and RT-qPCR analysis to confirm effects of BET inhibitors (A) shows the protein expression 

of Brd4 upon the treatment with dBET6 using anti-Brd4 which was quantified using ImageJ (bars = Mean +/- SEM 

of n=2; biological replicates). -tubulin were used to normalize the protein expression. This was done at three different 

time points: 1hr, 2hr and 3hr. One-way ANOVA was performed followed by Dunnet’s post hoc test *p < 0.1 (B) RT-

qPCR was done to measure c-myc levels upon treatment with JQ1. It was done at three different time points: 1hr., 2 

hr. and 3 hr. One-way ANOVA was performed followed by Dunnet’s post hoc test ***p < 0.001, **p < 0.01, *p < 

0.1. (biological replicates n=3) 

3.2. Activation of Gs-coupled and Gq-coupled DREADD receptors using DCZ. 

 

To optimize DCZ concentrations at different time points and to ensure if the system works 

well in activating Gs- and Gq-DREADDs, BRET analysis was done using (BRET)-based 

EPAC and PKC biosensors 134,150. A series of log dose concentrations of DCZ (from 10-6 to 10-11) 

was accessed. BRET analysis is shown in Figure 3.2. ΔBRET is measured against the DCZ 

concentration plotted in the log scale. Data observed in Figure 3.2 represents Gq-DREADD co-

expressed with a PKC biosensor. The data were collected at different time points: 10 mins, 20 

mins, and 30 mins. At 10 mins, DCZ starts showing its effect from 10-8 M, with a strong response 

at 10-7 M and 10-6 M. The Gq-PKC group showed a significant increase in ΔBRET compared to 

the control group, especially at higher DCZ concentrations (Figure 3.2A). At 20 mins, the trend 

observed at 10 min continues, with further increases in ΔBRET in the Gq-PKC group as DCZ 

concentrations increase, but the magnitude of response is slightly reduced compared to the 10 min 

point (Figure 3.2B). At 30 mins, the Gq-PKC response begins to plateau, and the ΔBRET values 

are consistent but do not increase much beyond the earlier time points (Figure 3.2C).  

Similarly, data was collected for the Gs-DREADD using an EPAC biosensor. The data 

again represents different time points: 10 mins, 20 mins, and 30 mins. DCZ again shows an uptick 

at 10 mins suggesting an effective response, with Gs-EPAC activation becoming prominent at 

concentrations of 10-7 M and 10-6 M. The effect was found to be more significant compared to the 

control group at this time point (Figure 3.2D). Similar to Gq-PKC, at 20 mins, Gs-EPAC shows 

continued activation at higher concentrations, but the ΔBRET increase is reduced compared to 10 

mins (Figure 3.2E). Again, the response plateaus at 30 mins, with a consistent ΔBRET that 

remains higher than control but without a significant increase beyond 10 mins (Figure 3.2F). 

Therefore, DCZ at 1 µM (10-6 M) was found to be the most effective concentration at activating 

both Gαs and Gαq-DREADDs, with the peak effect observed at the 10-minute time point. 
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Together, The BRET-based analysis with PKC and EPAC biosensors successfully demonstrated 

that the system works well with DCZ activating the DREADDs. The data show consistency in the 

effective responses as can be seen from the analysis. The results confirm that 10 mins treatment 

with 1 µM DCZ is optimal for G protein activation in this system. 

 

Figure 3.2.  
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3.2. BRET analysis of Gq-DREADD and Gs-DREADD activated using DCZ. (A-C) represents the ΔBRET of 

Gq-DREADD and (B-F) Gs-DREADD activated by DCZ from 10-6 to 10-11 log dose concentrations at 10-, 20- 

and 30-min time points (biological replicates n=3).  

 

Next, to optimize the DCZ receptor activation for RNA sequencing, we wanted to try 

longer time points with the same dose. Thus, we examined receptor activation at 1 hour time point 

with DCZ (1µM) for both the receptors (Figure 3.3A & B). The BRET data indicates that DCZ 

still activates the receptor under these conditions. For Gαs-EPAC, receptor activation is transient, 

peaking at 30 minutes and returning to a lower activation level after 1 hour. The 1-hour time point 

was selected to capture active signaling, thereby optimizing conditions to identify differentially 

expressed genes (Figure 3.3A). However, for Gq-PKC, receptor activation is sustained even after 

1 hour, suggesting a prolonged response (Figure 3.3B). Thus, the BRET analysis suggests that 

DCZ activates the receptor, especially in the sustained PKC activation pathway, leading us to use 

this time point for our RNA-seq experiments. 

. 

E 

F 
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Figure 3.3.   

    

3.3. BRET analysis of DCZ activation at longer time points. (A) represents the ΔBRET of Gq-DREADD and 

(B) Gs-DREADD activated by DCZ at 10-6 (1µM) at 30-min and 1 hour time points (biological replicates n=3). 

 

3.3 Transcriptomic Profiling of Gαq and Gs modulation in response to JQ1 and dBET6 

Treatments via RNA Sequencing 

 

To investigate the differential gene expression associated with Gαq and Gαs DREADD receptors, 

we tested several RNA-seq conditions. The control condition used Gαq/Gαs-DREADD with 

DMSO. To analyze gene expression changes upon receptor activation, we treated Gαq/Gαs-

DREADD with the agonist DCZ. Additionally, BET inhibitors dBET6 and JQ1 were tested with 

and without receptor activation to examine the impact of these inhibitors in modulating gene 

expression in the presence of receptor signaling. Table 2 depicts the specific conditions for each 

receptor.  

 

Table 2: 

 

DREADDs Treatment conditions 

 

 

Gq 

DMSO + Gq-DREADD 

DCZ + Gq-DREADD 

JQ1 + Gq-DREADD 

dBET6 + Gq-DREADD 

JQ1(3hr) + DCZ(1hr) + Gq-DREADD 

dBET6 (3hr) + DCZ (1hr) + Gq-DREADD 

A B 
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Gs 

DMSO + Gq-DREADD 

DCZ + Gq-DREADD 

JQ1 + Gq-DREADD 

dBET6 + Gq-DREADD 

JQ1(3hr) + DCZ(1hr) + Gq-DREADD 

dBET6 (3hr) + DCZ (1hr) + Gq-DREADD 

 

Table 2: Treatment conditions for Gq and Gs-coupled DREADD receptors for RNA seq. The treatment 

conditions include DMSO as a control. 1 µM DCZ was the agonist treated for an hour, used to activate the receptor. 

BET inhibitors, JQ1 and dBET6 were treated for 3 hrs.  A total of 24 samples were sent for sequencing (n=2).     

 

First, we looked at the clustering of various treatment conditions and their replicates based on their 

transcriptomic profiles using PCA plots. Figure 3.4A&B represents Gs and Gq activation 

conditions. They indicate strong consistency in the data, confirming that the experimental 

replicates produce similar gene expression profiles. In both figures, we considered the Gs/Gq 

+ DMSO to be the control condition. In both cases, there is a clear separation between the profiles 

of dBET6 treatments and JQ1 treatments which indicates that these two inhibitors induce distinct 

transcriptomic changes, affecting different molecular pathways or having unique impacts on gene 

expression. Both BET inhibitors, JQ1 and dBET6, show a clear and substantial separation from 

the untreated condition (DMSO) in the PCA plots (Figure 3.4 A&B), indicating that they induce 

much more pronounced transcriptomic changes. In contrast, the DCZ treatment group is clustered 

closer to the untreated control (DMSO), suggesting that DCZ causes relatively smaller changes in 

gene expression. This distinct clustering of JQ1 and dBET6 away from both DCZ and untreated 

samples highlights the strong impact of BET inhibitors on gene expression, suggesting they alter 

cellular transcriptional programs more significantly than DCZ.  

The Gαq + JQ1/dBET6 + DCZ treatment points are positioned at a considerable distance from 

their respective non-DCZ treatments, suggesting a substantial change in transcriptomic response 

upon receptor activation by DCZ (Figure 3.4A). In contrast, the Gαs activation shows a tighter 

clustering between inhibitor + receptor activation and inhibitor-only conditions, indicating a less 

robust transcriptomic shift with Gαs activation (Figure 3.4B). Further analysis of the activated 

genes in these conditions will provide clearer insights into the specific pathways modulated by 
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Gαs. For Gαq, the separation between inhibitor-only and inhibitor+receptor treatments strongly 

suggest an altered transcriptomic response compared to Gαq activation alone. 

 

Figure 3.4.  

 

 

3.4. PCA plot for transcriptomic profiling of all the treatments. The PCA plots illustrate the clustering of various 

treatment conditions for (A) Gαq and (B) Gαs receptors based on their transcriptomic profiles, with each point 

representing a replicate. The x-axis (PC1) and y-axis (PC2) capture the majority of variance in the data, with 63% and 

71% variance for Gαq and Gαs, respectively. Each treatment condition is color-coded, with DMSO as the control 

(blue), JQ1 alone (magenta), DCZ alone (olive), and BET inhibitors dBET6 or JQ1 combined with DCZ (cyan and 

B 

A 
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green, respectively). The control group serves as a baseline for comparison. Overall, the PCA plots confirm the 

consistency of replicates and highlight differential transcriptomic responses to treatments across conditions. 

 

3.4. Transcriptomic analysis of the effect of BET inhibitors on Gs and Gq-mediated gene 

expression  

 

First, we begin with the analysis of Gq activation. We used volcano plots to show effects 

on gene expression. Differentially expressed genes were obtained using the adjusted p values of 

the DEseq2 results. The adjusted p value cutoff was set to 0.1 and we filtered the genes based on 

the absolute log2 fold change of more than 0.58 (corresponding to a fold-change cutoff of 1.5-

fold). The upregulated and downregulated genes can be seen within the volcano plots generated 

for the treatments.  

The plot represents the treatment of Gq+DCZ normalized to Gq+DMSO (Figure 3.5A). 

Log fold change is plotted against log adjusted p-values. As observed from the plot, the values of 

the genes shown in red are the significant genes passing the cutoff criteria. These genes can also 

be seen in the right quadrant of the plot signifying a positive log fold change or genes which were 

found to be upregulated. The total number of genes activated were 55 in the case of Gq. 

Significant genes, marked in red, include several highly upregulated ones like DUSP1, ATF3, 

IER2, and JUNB, suggesting a strong transcriptional response. Other activated genes, such as 

CXCL1 and EGR4, appear to be less prominent.  Similarly, Figure 3.5B shows the genes 

upregulated by activation of Gs. However, only four genes were activated by Gs. These 

upregulated genes are known to be involved in pathological processes. In the subsequent sections, 

we will explore the potential significance of these upregulated genes in the context of Gαs 

activation. 
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Figure 3.5.  

 

 

3.5. Volcano plots depict receptor activation. (A) This volcano plot shows gene expression changes after Gαq + 

DCZ treatment. The x-axis represents log2fold change, and the y-axis indicates -log10 adjusted p-value. (B) This plot 

shows gene expression changes after Gαs + DCZ treatment. Four genes are significantly upregulated: PCK1, DUSP1, 

NR4A2, and FOS, with PCK1 showing the most notable increase. Genes upregulated were significant by p adj. < 0.1 

and logfc > 1. 

 

We tested both the BET inhibitors, JQ1 and dBET6 for their effects on gene expression 

either on their own or in combination with DREADD activation. The volcano plots show that 

without receptor activation (Gq+JQ1), gene expression changes are widespread, with 859 genes 

significantly up- or downregulated (Figure 3.6A). This is consistent with the involvement of BET 

proteins in transcription of many genes, as has been shown previously 90,151. With receptor 

activation (Gq+DCZ+JQ1), in Figure 3.6B, it was observed to have a lot of background of 964 

A B 
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upregulated genes but after normalization with Gq+JQ1, the response was more targeted with 38 

genes (Figure 3.6C).  

In case of dBET6, without receptor activation (Gq + dBET6), the inhibitor itself causes 

widespread expression changes, with 503 significant genes (Figure 3.6D). The receptor activation 

normalized to DMSO causes a widespread expression of a total of 645 genes. However, when we 

normalize receptor activation (Gαq + DCZ + dBET6) to Gq+dBET6, a lot of background noise 

was eliminated and a total of 49 genes were expressed (Figure 3.6F). 

 

Figure 3.6.  
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3.6. Volcano plots depict upregulated genes with and without the activation of indicated G protein. (A) depicts 

the gene expression changes after Gαq + DCZ treatment. The x-axis represents log2fold change, and the y-axis 

indicates -log10 adjusted p-value. Some of the significantly upregulated genes were: ID4, NR4A2, and SERTAD1. 

On the other hand, FJX1, INHBB and E2F2 were the ones significantly downregulated. (B) shows gene expression 

changes after Gαs+ DCZ+ JQ1 treatment. Most of the genes significantly upregulated were somewhat similar to what 

was observed in the Gαq + DCZ treatment with some exceptions. (C) shows gene expression changes after Gαs + 

DCZ+ JQ1 treatment which is normalized to Gαq + DCZ treatment. The key genes upregulated by Gαs+ DCZ+ JQ1 

were: NR4A1, NFKB1. (D) depicts the volcano plot of Gq+dBET6 normalized to DMSO. (E) volcano plot shows 

the gene expression of Gq+DCZ+dBET6 normalized to DMSO. (F) this shows the volcano plot for the genes 

expressed by Gq+DCZ+dBET6 normalized to Gq+dBET6. Genes upregulated were significant by p adj. < 0.1 and 

logfc > 1. 

To evaluate the number of genes affected by DCZ in the presence of BET inhibitors, we 

compared the Gq+DCZ+JQ1 treatment to Gq+JQ1. A volcano plot was generated for Gq 

+DCZ+JQ1, normalized against the Gq+JQ1 treatment, to highlight differential gene expression 

patterns between these two conditions. In Figure 3.6C, we observed, similar number of genes 

affected as we observed in case of Gq+DCZ (Figure 3.5A). Similarly, in case of dBET6, the 

Gq+DCZ+dBET6 treatment (Figure 3.6E) was normalized to Gq+dBET6 treatment (Figure 

3.6D) to produce a more specific gene expression in presence of receptor (Figure 3.6F).   

 

 

 

F 
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3.5.  Evaluating the effect of BET inhibitors on Gq receptor activation  

 

The upregulated genes shown in Gq activation and inhibited by JQ1 treatment, were 

further compared to the Gq+DCZ condition to assess the inhibitory effect of JQ1 (Figure 3.6A). 

To better compare the two conditions, Venn diagrams were generated to identify similar and 

differentially upregulated genes between treatments.  

 

Figure 3.7. 

 

              

                                         

3.7. Venn Diagrams Comparing Two Treatments Highlighting Common and Distinct Gene Expression 

Patterns. (A) depicts a comparison between two treatments: Gq+DCZ and Gq+DCZ+JQ1. The red section 

represents 19 genes that are inhibited by the JQ1 treatment, while the green section shows three genes specifically 

upregulated by the Gαq + DCZ + JQ1 treatment. (B) Venn diagram compares gene expression between Gαq + DCZ 

and Gαq + DCZ + dBET6 treatments. It shows that 17 genes were inhibited by dBET6, while 11 genes are unique to 

Gαq + DCZ + dBET6 treatment. 38 genes were commonly upregulated in both treatments. Genes upregulated were 

significant by p adj. < 0.1 and logfc > 0.58. 

 

The comparison between the two treatments of Gq+DCZ+JQ1 (normalized to Gq+JQ1) in 

green vs Gq+DCZ (normalized to Gq+DMSO) in red is represented in Figure 3.7A.  We 

observed that there were 39 genes that were upregulated in case of Gq+DCZ+JQ1 among which 

36 genes were the same as for Gq + DCZ. Thus, among the 55 upregulated genes in Gq+DCZ, 

36 were upregulated in the presence of inhibitor JQ1 and 19 genes were found to be inhibited by 

JQ1. Similarly, we also plotted Venn diagram for the treatment of dBET6 upon Gq activation 

(Figure 3.7B). Here, we can see that there are 49 genes upregulated in the case of 

Gq+DCZ+dBET6 (normalized to Gq+dBET6). It was found that 17 genes were inhibited in the 
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presence of dBET6 (Figure 3.6B). Together, this suggests that BET inhibitor inhibits a fraction of 

genes activated by Gq, but that most of genes activated by DCZ in cells expressing the Gq-

DREADD were not affected by BET inhibition. 

3.6. Pathway Enrichment Analysis of genes modulated by BET inhibitors upon Gαq 

activation. 

 

We conducted an in-depth analysis of the upregulated genes and visualized the gene counts 

for each KEGG pathway using dot plots to emphasize significant pathways. In these plots, each 

dot represents a KEGG pathway; the dot size reflects the number of genes associated with the 

pathway, and the color intensity indicates the significance level (e.g., p-value) of pathway 

enrichment. Figure 3.8 illustrates the KEGG pathways associated with the Gαq+DCZ and its 

effect with BET inhibitor treatment. Figure 3.8A shows pathways related to genes upregulated 

from the Gαq+DCZ condition (Figure 3.5A). Figure 3.8 (B & C) represents the genes inhibited in 

the presence of JQ1 and dBET6 respectively. 

 

Figure 3.8. 
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3.8.  KEGG pathway enrichment analysis highlighting key signaling pathways in the presence of inhibitors 

upon receptor activation. (A) represents the dot plot for the genes upregulated by Gq+ DCZ (Figure 3.6). The x-

axis represents the gene ratio, while the y-axis lists enriched pathways. Dot size reflects the number of genes involved 

(count), and color indicates significance (adjusted p-value), with darker red showing higher significance. (B) 

represents a dot plot of the Gq+DCZ+JQ1. The IL-17, NFkB and NOD-like inflammatory pathways seems to have 

slightly reduced in magnitude. (C) represents a dot plot of Gq+DCZ+dBET6. Genes upregulated were significant by 

p adj. < 0.1 and logfc > 0.58.   

B 

C 



57 

 

 

In Figure 3.8A, several pathways, including IL-17 signaling, TNF signaling, and NF-kB 

inflammatory pathways, were significantly enriched. Interestingly, Figure 3.8B shows a similar 

pattern even though it represents the KEGG pathways after the dBET6 treatment. This suggests 

that the inflammatory pathways were not suppressed in the presence of an inhibitor. JQ1 also seems 

to show a similar pattern where all the inflammatory pathways were enriched (Figure 3.8C). 

Together, these findings suggest that the activation of genes associated with inflammatory 

pathways by Gαq signaling is not inhibited by BET inhibitors. 

3.7. Evaluating the effect of BET inhibitors on Gαs activation 

 

In case of Gs activation as observed in the initial volcano plot (Figure 3.5B), only four 

genes were found to be significantly upregulated. We compared Gs+DCZ to Gs+DCZ+dBET6 

to know the effect of the inhibitor on the Gs-mediated effects. Gs+DCZ+dBET6 and 

Gs+DCZ+JQ1 was further normalized to treatments Gs+dBET6 and Gs+JQ1 respectively. 

When we compared Gs+DCZ+dBET6 (normalized to Gs+dBET6) to Gs+DCZ 

(normalized to Gs+DMSO), it was found that three of the four genes upregulated by DCZ were 

not upregulated in the presence dBET6, whereas one of them still was (Figure 3.9A). When we 

compared the treatments for JQ1, i.e., Gs+DCZ+JQ1 (normalized to Gs+JQ1) to Gs+DCZ 

(normalized to Gs+DMSO) it was found that all of the genes induced by DCZ alone were still 

induced in the presence of JQ1, and in fact, an additional eight genes were induced as well (Figure 

3.9B).  

 

Figure 3.9.  
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3.9. Analyzing the effect of BET inhibitor on Gαs Activation. (A) represents the Venn diagram depicting a 

comparison between Gs+DCZ and Gs+DCZ+dBET6 treatments where three genes were inhibited by dBET6. (B) 

represents a comparison between the treatment groups Gs+DCZ and Gs+DCZ+JQ1 where none of the genes were 

inhibited by JQ1. (C) represents the four genes upregulated by Gs with their logfc. (D) depicts the one gene 

insensitive to the dBET6 treatment (E) represents some of the genes upregulated by Gq+DCZ+dBET6 treatment. 

The yellow highlighted genes are the genes inhibited by dBET6 in case of Gs. Genes upregulated were significant 

by p adj. < 0.1 and logfc > 0.58. 

 

Since a total of four genes were upregulated upon Gs activation (Figure 3.9C), the one gene 

insensitive to dBET6 treatment was found to be DUSP1 (Figure 3.9D). The three genes which 

were inhibited by dBET6 were PCK1, NR4A2, and FOS. Interestingly, these genes were also 

among those upregulated by Gq activation but remained unaffected by dBET6 (highlighted in 

yellow, Figure 3.9E).  

ensembl_symbol log2FoldChange 

DUSP1 1.05 

PCK1 2.60 

NR4A2 1.72 

FOS 2.15 

ensembl_symbol log2FoldChange 

DUSP1 0.91 

ensembl_symbol 

log2FoldChange 

(w.r.t 

Gaq+dBET6) 

log2FoldChange  

 (w.r.t DMSO) 

NR4A1 3.71 3.14 

PCK1 1.17 1.60 

FOSB 7.73 8.58 

NFKBIZ 2.12 1.34 

NR4A2 2.82 1.18 

TENT5B 1.13 0.33 

RCAN1 0.82 0.65 

BTG2 1.34 -0.03 

IER2 3.00 1.99 

CXCL8 2.50 2.97 

FOS 5.33 7.44 

JUNB 2.57 2.04 

D C 

E 
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Our data reveal distinct patterns in gene expression upon DREADD activation with DCZ. 

Although receptor activation surprisingly regulated only a small number of genes for both Gs 

and Gq, it provided valuable insights into gene expression in the presence of BET inhibitors. 

Specifically, genes activated by Gq were largely insensitive to BET inhibitors, particularly 

dBET6. KEGG pathway analysis of Gq-activated genes suggests that BET inhibitors did not 

suppress inflammatory pathways, contrary to findings in other studies. 

On the other hand, Gs-mediated receptor’s gene expression changes were limited, indicating that 

Gq is likely a more important driver of gene expression in these conditions. However, we 

identified three genes activated by Gs that were inhibited by BET inhibitors, a pattern not 

observed for Gq, suggesting that Gs receptor-expressed genes may rely more on Brd4 than 

those expressed by Gq. These results point to a differential gene expression profile between Gs 

and Gq receptors, suggesting that further investigation is needed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 

 

DISCUSSION 

4.1 Establishment of a DREADD-based system to monitor gene expression responses to Gq 

and Gs signaling 

 

This study investigated how G protein-coupled receptor (GPCR) signaling pathways 

specifically those mediated by Gαs and Gαq proteins differentially affect gene expression, with a 

focus on Brd4-dependent transcriptional regulation. GPCR pathways are essential for cellular 

signal transduction, regulating gene expression by initiating diverse signaling cascades that 

ultimately modulate transcription factors and chromatin modifiers such as Brd4. However, it is 

still unclear how specific activation of these pathways via Gαs or Gαq following GPCR activation 

differentially influences Brd4-mediated gene transcription, an area that has significant implications 

for understanding a broader role for Brd4 in gene regulation. 

To address this knowledge gap, I used Designer Receptors Exclusively Activated by 

Designer Drugs (DREADDs), which are engineered receptors that can be activated by synthetic 

ligands that do not interact with endogenous receptors. This system allows for highly selective and 

temporally controlled activation of specific G protein-mediated pathways121,124. It is thus ideal for 

studying the distinct effects of Gαs and Gαq activation on Brd4-dependent gene expression. 

DREADDs have been used extensively to modulate neural circuits and control behaviors120,122, but 

their application to study transcriptional responses has been limited148. By applying DREADD 

technology to transcriptional regulation in combination with BET inhibitors, we can systematically 

compare the transcriptional outcomes of activating Gαs versus Gαq pathways in a Brd4-dependent 

context. 

4.1.1 Observations and challenges 

 

We initially used the synthetic ligand DCZ due to its high selectivity and potency for the 

DREADDs we used4,5. However, when analyzing gene expression through RNA sequencing, we 

observed that relatively few genes were activated following DREADD stimulation. We had 

anticipated that many more genes would be affected by Gq or Gs activation, although the 

reasons for the gene selectivity are currently unclear. It is possible that this could be due to the 

length of time for DCZ treatment. GPCR signaling often induces rapid but transient effects in 

pathways mediated by Gαs and Gαq. For instance, in our bioluminescence resonance energy 

transfer (BRET) experiments, we saw that Gαs signaling reached its peak activation within 
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approximately 10 minutes, after which the signal diminished by the 1-hour mark. This decrease in 

effectiveness suggests that longer times might have been necessary beyond the 1h stimulation 

followed by RNA sequencing. We might have missed the peak transcriptional response. 

The limited gene activation could be due to several factors. GPCRs are known to undergo 

desensitization, internalization, and feedback inhibition over time153, which can decrease the 

receptor's signaling activity and thereby dampen downstream gene activation. Desensitization 

occurs when prolonged receptor activation leads to phosphorylation of the receptor, reducing its 

ability to productively couple with G proteins154, while internalization removes the receptor from 

the cell surface155, further reducing its activity.  

 4.1.2 Optimizing the DREADD system 

 

To address this, we could conduct additional experiments using different DCZ treatment 

times to better capture the early, peak, and late-transcriptional responses. Shorter treatment 

windows (e.g., 5–30 minutes) would allow us to isolate the initial gene expression events that 

occur at different times of Gαs or Gαq activation, potentially revealing a broader spectrum of genes 

influenced by Brd4 in response to each pathway. 

By performing RNA sequencing at multiple time points, we should be able capture distinct 

phases of transcriptional activity and gain a more comprehensive understanding of the early and 

later transcriptional networks regulated by Gαs and Gαq signaling through Brd4. This approach 

could uncover pathway-specific gene regulatory networks and provide new insights into how 

distinct GPCR pathways engage Brd4 to drive different transcriptional outcomes. 

In summary, this study applies DREADD technology to dissect the transcriptional 

consequences of Gαs and Gαq signaling on Brd4-mediated gene expression, an approach that 

could reveal pathway-specific gene networks. Optimizing treatment timing and exploring 

pathway-specific roles of Brd4 which will help shed light on the nuances of GPCR-regulated 

transcription, potentially aid in the development of targeted therapies for diseases associated with 

Brd4 and GPCR signaling. 

This study provides valuable insights into the differential gene expression profiles resulting 

from Gαs and Gαq receptor activation, highlighting the complex interplay between BET inhibition, 

transcriptional regulation, and pathway-specific engagement with transcriptional complexes such 

as Brd4 and the super elongation complex (SEC). 
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4.2 Differential gene expression upon Gs and Gq receptors activation.  

 

Our findings indicate that Gαq signaling led to the activation of 55 genes, while Gαs 

signaling activated only four. This difference in gene activation suggests that these pathways 

engage in different transcriptional mechanisms or regulatory networks. Whereas DREADD 

activation was associated with differential expression of relatively small numbers of genes in our 

system, treatment with we observed that BET inhibitors such as dBET6 and JQ1, introduced 

substantial background noise in gene expression by inducing a broad spectrum of genes unrelated 

to receptor activation. This unintended effect presented a challenge for isolating receptor-specific 

gene activation, prompting us to normalize our data to exclude genes solely induced by BET 

inhibitors and instead focus on those specifically activated by the receptors and simultaneously 

suppressed by BET inhibitors. However, this normalization was challenging for Gαs, given the 

limited number of genes activated, which limited statistical power. 

4.2.1 BET inhibition and Brd4 dependency in Gαq- and Gαs-mediated gene activation 

 

Using Venn diagrams, we quantified BET-inhibited genes activated by both G proteins, 

revealing patterns that suggest pathway-specific dependencies on Brd4. For Gαq+DCZ treatment 

(normalized to DMSO) compared to Gαq+DCZ+dBET6/JQ1 (normalized to Gαq+dBET6/JQ1), 

we observed consistent gene upregulation across treatments, indicating that Gαq-induced gene 

activation is largely Brd4-independent. This suggests that Gαq signaling may predominantly 

involve the SEC component of P-TEFb rather than the P-TEFb-Brd4 complex. This finding is 

similar to our previous work on differential activation of P-TEFb complexes in cardiac 

hypertrophy119.  

Additionally, a small number of genes activated by Gαs showed sensitivity to BET 

inhibition by dBET6, indicating a reliance on Brd4. Interestingly, these Gαs-induced genes were 

unresponsive to dBET6 when activated through Gαq, highlighting a key distinction in the 

dependence on Brd4 between the two signaling pathways. 

4.2.2 Distinct mechanisms of dBET6 and JQ1 in gene regulation 

 

Our data further suggests distinct mechanisms of action between dBET6 and JQ1. Notably, 

JQ1 did not inhibit Gαs-activated genes as dBET6 did. Instead, JQ1 appeared to activate additional 

genes, the reason for which is still not clear. This differential activity may indicate that dBET6 and 
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JQ1 interact with BRD4 or associated complexes in unique ways, where dBET6 inhibits Brd4 

more specifically in a way that impacts Gαs-upregulated genes. Conversely, JQ1 may exert 

broader effects on transcriptional regulation, possibly by engaging transcription elongation factors 

that bypass Brd4’s role, thus activating alternative gene sets. This observation underlines the 

complexity of BET inhibitors and their pathway-specific interactions. 

4.2.3 Comparison to prior lab findings in cardiac hypertrophy models   

 

These findings support our previous research, which demonstrated that Gαq-driven 

transcription in cardiac hypertrophy is more dependent on the P-TEFb-SEC complex, while Gαs-

driven transcription requires the P-TEFb-Brd4 complex119. In our cardiac hypertrophy models, 

hypertrophic stimulation via α1-adrenergic receptors (α1-AR) activated both Gαs and Gαq 

signaling whereas endothelin receptor (ETR) activated Gαq signaling119. SEC knockdown 

attenuated hypertrophy driven by both α1-AR and ETR agonists, while BET inhibition using JQ1 

reduced hypertrophy only in α1-AR-stimulated cells, not in those stimulated by ETR agonists. 

These data highlight that Gαs-driven hypertrophy is Brd4-dependent, whereas Gαq-driven 

hypertrophy bypasses Brd4, instead utilizing SEC119. 

Further, protein kinase A (PKA) inhibition reduced the expression of hypertrophic marker 

genes, suggesting that Gαs activates Brd4 through a cAMP/PKA-dependent mechanism119. This 

finding implies that PKA may phosphorylate Brd4 directly or indirectly through its cofactors, 

contributing to Brd4 activation and gene transcription in a pathway-specific manner. Our future 

research aims to clarify these mechanisms by performing Brd4 chromatin immunoprecipitation 

(ChIP) in response to DREADD activation in HEK 293 cells. If Brd4 chromatin occupancy is 

found to be PKA-sensitive in this system, it would imply that Gs and PKA signaling may be 

generally important for Brd4 to act at its transcriptional targets. Such a finding could be tested in 

other physiological contexts in which Brd4 function has been characterized. It could have 

important implications for the development of BET inhibitors as therapies. 

4.3. Effects of BET Inhibitors on Inflammatory Pathways 

 

In our study, we investigated the impact of two different BET inhibitors, JQ1 and dBET6, 

on inflammatory pathway regulation and transcriptional mechanisms in HEK cells156. BET 

proteins, especially Brd4, are key players in transcriptional regulation due to their interactions with 
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acetylated lysines on chromatin, which enables them to recruit transcriptional machinery to gene 

regulatory regions, including those associated with inflammation156. Both JQ1 and dBET6 target 

BET proteins, but through different mechanisms, leading to distinct effects on gene expression and 

inflammatory signaling. 

4.3.1 Mechanisms of JQ1 and dBET6 in transcriptional regulation 

 

JQ1 is a well-characterized bromodomain inhibitor that competes with acetylated lysines, 

blocking BET proteins from binding to chromatin157. This inhibition is particularly impactful at 

super-enhancers—large regulatory regions enriched with transcriptional machinery that control 

the expression of genes essential for maintaining cell identity and those involved in disease 

processes, such as inflammatory cytokines156. By inhibiting bromodomain-mediated interactions, 

JQ1 disrupts mediator-Brd4 complexes that play a crucial role at super-enhancer sites, which in 

turn affects transcriptional elongation factors like P-TEFb111,158. As a result, JQ1 broadly 

suppresses transcription driven by super-enhancers, leading to an attenuation of gene expression 

related to inflammation and other disease pathways. 

In contrast, dBET6 operates through a different mechanism known as targeted protein 

degradation. Rather than simply blocking bromodomains, dBET6 causes the ubiquitination and 

proteasomal degradation of Brd4144. This approach eliminates Brd4 from chromatin, preventing 

its recruitment of essential transcriptional regulators like SPT5, NELF, and MED1144. By removing 

Brd4, dBET6 disrupts the chromatin-associated complexes more comprehensively, leading to 

reduced phosphorylation of RNA polymerase II at Ser2, a modification critical for transcriptional 

elongation144. This mechanism implies that dBET6 could have broader effects on transcription 

compared to JQ1, as it not only inhibits Brd4 binding but also dismantles Brd4-dependent 

chromatin complexes. 

 

4.3.2 Divergent effects of JQ1 and dBET6 on inflammatory pathways and c-myc Activation 

 

BET inhibitors have been widely researched for their potential to suppress inflammation 

in diseases characterized by excessive cytokine production, such as rheumatoid arthritis, cancer, 

and cardiovascular disease. BET inhibition, especially through compounds like JQ1, is often 

thought to dampen inflammatory gene expression by preventing transcriptional activation at 
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inflammation-associated super-enhancers4. However, our findings challenge this assumption. In 

our HEK cell model, we observed that JQ1 did not significantly suppress inflammatory pathways 

as anticipated. Instead, JQ1 treatment led to an increase in c-Myc expression, which may contribute 

to the observed rise in inflammatory activity. 

Elevated c-Myc levels have been shown to activate pro-inflammatory genes, contributing 

to the expression of cytokines like IL-1, TNF, and pathways involving NF-κB146–149. This 

upregulation could mean that, rather than uniformly suppressing inflammation, JQ1 can, under 

certain conditions, actually promote inflammatory gene expression by enhancing c-Myc activity. 

The effect of c-Myc activation observed with JQ1 but not with dBET6 (Figure S3) suggests that 

mechanism of bromodomain inhibition by JQ1 may drive inflammation via a P-TEFb-independent 

manner, possibly due to its selective disruption of BET protein-chromatin interactions rather than 

the broader impact of Brd4 degradation seen with dBET6. 

4.3.3 Implications for BET Protein Function in Inflammatory Pathway Regulation 

 

Our findings suggest that BET inhibition does not yield uniform anti-inflammatory effects 

across all contexts. The differences between JQ1 and dBET6 indicate that BET proteins might 

regulate inflammatory pathways through both P-TEFb-dependent and independent mechanisms. 

Bromodomain inhibition by JQ1 affects P-TEFb recruitment and transcriptional elongation 

differently in comparison to dBET6, which degrades Brd4 and more comprehensively removes its 

transcriptional functions. While dBET6-induced degradation of Brd4 disrupts transcriptional 

factors (like c-myc) more effectively, the bromodomain-inhibition by JQ1 may cause the 

stimulation of certain transcription factors like c-Myc. However, in our results, both lead to an 

increase in inflammatory pathways.  

The inflammatory effects seen in HEK cells with BET inhibition may differ from those in 

disease-relevant contexts. It is possible that BET inhibition elevates pro-inflammatory genes under 

specific conditions in HEK cells while exerting an anti-inflammatory effect in disease states. For 

instance, the role of Brd4 in inflammation may vary depending on cellular environment, stress 

signals, or disease stage, highlighting a case-specific regulatory function for BET proteins. This 

could imply that, while BET inhibition has anti-inflammatory potential in certain settings, it might 

activate pro-inflammatory pathways in others, depending on the broader signaling context. 

 



66 

 

4.4. Conclusion and Implications of Brd4  

 

In summary, our data suggests a differential activation of G proteins involved in Brd4 

activation. We validated our previous findings on the Gs-dependent activation of Brd4. 

Additionally, we concluded that genes stimulated by Gαq remain unaffected by BET inhibitors, 

suggesting that the downstream effects of Gαq signaling are largely independent of Brd4. 

Furthermore, we observed that these inhibitors did not suppress inflammatory processes. 

Interestingly, JQ1 treatment was associated with increased c-Myc levels; however, the underlying 

mechanism remains unclear. Further studies in cardiomyocyte models will be essential to 

understanding the regulation of G protein signaling pathways and inflammatory pathways in 

cardiac hypertrophy. By elucidating these mechanisms, we aim to uncover new therapeutic 

strategies targeting Brd4 to modulate inflammation and transcriptional responses in cardiovascular 

disease. 
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FUTURE DIRECTIONS 

 

To further elucidate receptor-specific transcriptional mechanisms, we propose several 

experimental strategies. In HEK 293 cells, chromatin immunoprecipitation followed by 

quantitative PCR (ChIP-qPCR) will be employed to analyze Brd4’s occupancy at selected target 

genes identified from RNA sequencing data, such as PCK1, NR4A2, and FOS. These experiments 

could provide insight into Brd4 recruitment to target genes specifically activated by Gαs or Gαq 

signaling. To refine our approach, we can incorporate SEC inhibitors alongside ChIP-qPCR, 

enabling us to dissect the contributions of Brd4 and the super elongation complex (SEC) to 

transcriptional regulation mediated by Gαs and Gαq. This could illuminate how distinct GPCR 

pathways modulate P-TEFb complexes and their associated transcriptional networks. 

In the context of cardiovascular diseases, these inflammatory responses are particularly 

relevant to conditions such as heart failure, where cytokine production and inflammatory signaling 

increase during cardiac remodeling and hypertrophy. Chronic inflammation contributes to 

pathological remodeling in heart failure, underscoring the importance of understanding how Brd4 

and BET inhibitors affect inflammatory pathways in cardiac contexts. Expanding our studies to 

cardiomyocytes could provide deeper insights into Brd4’s role in cardiomyocyte inflammation and 

hypertrophy. We propose the use of rat neonatal cardiomyocytes or human induced pluripotent 

stem cell (iPSC)-derived cardiomyocytes as disease models. These cell types could allow us to 

examine how Brd4 and SEC contribute to GPCR-mediated inflammatory and hypertrophic 

responses, which are central to cardiac pathology. 

Additionally, investigating the influence of BET inhibitors such as JQ1 and dBET6 on 

GPCR pathways in cardiomyocytes could clarify how Brd4-dependent transcription is regulated 

during cardiac hypertrophy. GPCR signaling pathways are critical for cardiomyocyte function and 

are implicated in hypertrophic gene expression. These studies can include ChIP-qPCR experiments 

to measure the recruitment of Brd4 to specific inflammatory and hypertrophic target genes, aiding 

in our understanding of how Brd4 coordinates tissue-specific inflammatory and hypertrophic 

responses. BET inhibitors' potential to modulate these responses in heart disease will also be 

assessed. 

To enhance the precision of our studies, we can integrate nascent transcript analysis methods in 

combination with Designer Receptors Exclusively Activated by Designer Drugs (DREADDs). 
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This approach would allow us to directly assess transcriptional responses and transcription factor 

recruitment with greater accuracy than traditional RNA-seq or ChIP-seq techniques. By leveraging 

DREADDs, we could observe pathway-specific activation and its immediate effects on 

transcription, providing a dynamic view of GPCR-mediated transcriptional regulation. 

In the long term, our research aims to delineate the distinct roles of Brd4 and SEC in Gαs 

and Gαq signaling. These efforts could uncover novel regulatory mechanisms and identify 

potential therapeutic targets within these pathways. Such insights may significantly impact the 

development of strategies targeting cardiovascular diseases and other conditions where GPCR 

signaling and Brd4 play critical roles. 
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