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SUMMARY

The mechanisms how the mammalian airway detects invading viral pathogens to trigger protective 

innate neutrophilic inflammation are incompletely understood. We observe that innate activation 

of the NFκB/RelA transcription factor indirectly activates atypical BRD4 histone acetyltransferase 

(HAT) activity, RNA Polymerase II (Pol II) phosphorylation, and secretion of neutrophilic 

chemokines. To study this pathway in vivo, we develop a conditional knockout of RelA in the 

distal airway epithelial cell; these animals have reduced mucosal BRD4/Pol II activation and 

neutrophilic inflammation to viral patterns. To further understand the role of BRD4 in vivo, two 

potent, highly selective small-molecule BRD4 inhibitors were developed. These well-tolerated 

inhibitors disrupt BRD4 complex with Pol II and histones, completely blocking inducible 

epithelial chemokine production and neutrophilia. We conclude RelA-BRD4 signaling in distal 

tracheobronchiolar epithelial cells mediates acute inflammation in response to luminal viral 

patterns. These potent BRD4 antagonists are versatile pharmacological tools for investigating 

BRD4 functions in vivo.
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INTRODUCTION

Approximately 384 million people worldwide are affected by chronic obstructive pulmonary 

disease (COPD) a heterogeneous, environmentally caused lung disease where inflammation 

accelerates irreversible remodelling of the airways (Rabe et al., 2007). COPD is an age-

related disease that typically starting beings at middle-age, increasing in prevalence, severity 

and mortality thereafter (Centers for Disease and Prevention, 2008). Consequently, COPD is 

the fourth largest cause of death globally, and the third largest cause in the United States. 

The course of COPD is punctuated by intermittent, acute exacerbations of obstructive 

symptoms. Exacerbations reduce exercise capacity, quality of life and increase health care 

costs (Donaldson et al., 2005; Seemungal et al., 1998).

Respiratory RNA viral infections are responsible for over half of the acute decompensations 

in patients with COPD (Wedzicha, 2004). Viral pathogen-associated patterns (PAMPs), 

notably double-stranded (ds) RNA produced by active infection from these ubiquitous 

viruses, trigger leukocytic inflammation, mucous production, and airway hyper-reactivity. 

PAMPs are detected in the airway by membrane-associated Toll-like receptor (TLR)-3 and 

intracellular retinoic acid inducible gene (RIG)-I, two receptors that trigger transcription 

factors signalling the innate immune response (Alexopoulou et al., 2001; Bertolusso et al., 

2014). Of these, NFκB plays a major role in innate inflammation, controlling the expression 

of inflammatory chemokines as well as the mucosal IFNs (Brasier et al., 2011; Tian et al., 

2017). NFκB activation involves RelA release from cytoplasmic inhibitors coupled with a 

nuclear oxidative stress-induced serine phosphorylation, promoting RelA binding to 

bromodomain-containing protein 4 (BRD4) (Brasier et al., 2011; Tian et al., 2017). Through 

sequence-specific binding, NFκB recruits BRD4 to latent innate genes promoting their rapid 

expression by a process of transcriptional elongation (Nowak et al., 2008; Tian et al., 2013). 

In this manner, the NFκB-BRD4 complex binds and directly activates immediate-early 

inflammatory CXC chemokines, and indirectly activates mucosal type I and III interferons 

(IFNs) via the IFN regulatory factor (IRF)-RIG-I pattern recognition receptor “cross-talk 

pathway” (Fang et al., 2015). Upon secretion, these cytokines activate airway dendritic cells 

and innate lymphocytes to initiate the pulmonary adaptive immune response (Holt and 

Strickland, 2010).

An unresolved question is the identity of the major sentinel cell of the airway responsible for 

detecting viral PAMPs. Airway epithelial cells dynamically respond to viral patterns in a 

cell-type specific pattern by synthesizing and secreting over 400 proteins including CXC and 

CC-type chemokines, type I and III IFNs, and IFN stimulated genes (ISGs) (Zhao et al., 

2017). Similarly, resident alveolar macrophages synthesize cytokine mediators that play 

roles in initial anti-viral defense and inflammation (Kolli et al., 2014). Recent work has also 

implicated the role of group 2 innate lymphoid cells in the host response to viruses (Peebles 

et al., 2001). To provide greater insight into the role of the epithelial cell as a sentinel cell 

responding to viral PAMPs, we developed a conditional knockout (CKO) mouse selectively 

deleting RelA in tracheo-bronchiolar cells and challenged them with poly(I:C), a viral 

pattern that simulates acute RNA virus infections in COPD (Harris et al., 2013; Stowell et 

al., 2009). We observed that poly(I:C) induces mucosal BRD4 (HAT)-dependent histone 

acetyltransferase (HAT) activity on Histone H3K122 and BRD4-dependent phosphorylation 
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of Ser2 on the RNA Pol II carboxy terminal domain (CTD). Interestingly, both of these 

activities were blocked by RelA silencing in cellulo and in vivo. To selectively study the 

functional role of BRD4 in vivo, we utilized a structure-based design approach to develop 

two BRD4-selective inhibitors that bind to the BRD4 bromodomains (BDs) with nanomolar 

affinity. BRD4 inhibition also completely blocked poly(I:C)-induced inflammatory gene 

programs in cellulo and airway inflammation and neutrophil recruitment in vivo. Our studies 

indicate that the tracheo-bronchiolar epithelial cell is an innate sensor to viral patterns and 

validate BRD4 as a rational target to prevent virus-induced lung inflammation.

RESULTS

NFκB/RelA mediates TLR3 induced neutrophil chemokine expression in bronchiolar cells

To extend our earlier studies that NFκB-BRD4 signaling mediates the RIG-I-initiated anti-

viral innate response (Fang et al., 2015; Tian et al., 2017), we evaluated the role of NFκB/

RelA in TLR3-mediated activation of neutrophilic chemoattractant secretion. This model 

used telomerase-immortalized human small airway epithelial cells (hSAECs), differentiated 

epithelial cells that exhibit similar innate responses as primary SAECs whose stable 

phenotype enables genomic manipulation. hSAECs permit study of signalling pathways 

relevant to those in vivo (Tian et al., 2017; Zhao et al., 2017). To establish stable RelA-

deficient hSAECs, we used CRISPR/Cas9 genome editing to introduce a frameshift 

mutation in Exon 4 of RelA (Figure 1A), resulting in a complete absence of the 65 kDa 

RelA by Western immunoblot (Figure 1B). Wild type (RelA+/+) or RelA−/− hSAECs were 

stimulated with poly(I:C), and neutrophilic chemokine expression was quantified. In RelA
+/+ cells, poly(I:C) induced an 85-fold induction of CSF3/G-CSF mRNA after 6 h of 

stimulation; this induction was reduced to less than 12-fold in the RelA−/− hSAECs (Figure 

1C). Similarly, the 57-fold induction of CSF2/GM-CSF, the 16-fold induction of CXCL1/
Groα, the 10-fold induction of CXCL2/Groβ, the 50-fold induction of CXCL8/IL8, the 470-

fold induction of CCL2/MCP1 and the 4200-fold induction of CCL5/RANTES were all 

significantly reduced by RelA silencing (Figure 1C). These data indicated that the 

neutrophilic chemokine response in hSAECs was RelA-dependent.

RelA is required for poly(I:C)-induced RNA Pol II phosphorylation and BRD4 histone acetyl 
transferase activity

We earlier found that intracellular RSV replication promoted the formation of a ternary 

RelA·BRD4·CDK9 complex (Brasier et al., 2011; Tian et al., 2017). RelA+/+ or RelA−/− 

hSAECs were stimulated with extracellular poly(I:C) and analysed by immunofluorescence 

confocal microscopy (IFCM). Poly(I:C) stimulation induced RelA nuclear translocation in 

88 % of RelA+/+ cells and induced phospho-Ser 276 RelA. Both signals were abolished by 

RelA silencing, confirming knockdown and staining specificity (Figures 1D and 1E).

Our previous work showed that RIG-I was required for RSV induction of BRD4 HAT 

activity forming acetylated H3 on Lys (K) 122 (Tian et al., 2017), a post translational 

modification that destabilizes nucleosomes, promoting transcriptional elongation by 

enabling RNA Pol II to traverse nucleosome-rich coding sequences (Devaiah et al., 2016). 
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We found that poly(I:C) produced a 14.5-fold increase of nuclear H3K122 Ac that was also 

inhibited in the RelA-deficient hSAECs (Figures 1D and 1E).

Besides its HAT activity forming acetylated H3K122 (Devaiah et al., 2016), BRD4 is also an 

atypical kinase that phosphorylates Ser2 CTD RNA Pol II (Devaiah et al., 2012). We found 

that poly(I:C) treatment induced a 20-fold increase in phospho-Ser 2 CTD RNA Pol II 

formation in wild-type cells, an activation that was silenced in the RelA-depleted cells 

(Figure 1D and 1E). These data indicate that RelA is required for global activation of 

atypical BRD4 HAT activity and phosphorylation of Ser 2 in the RNA Pol II CTD by 

extracellular poly(I:C).

RelA is required for BRD4 HAT activity and RNA Pol II phosphorylation in response to 
TNFα

We next asked whether RelA mediated BRD4 HAT activity and phospho-Ser 2 CTD RNA 

Pol II formation were inducible in a stimulus-independent mechanism by other innate 

activators. We examined the effects of TNFα, a monokine that activates RelA via TNFRI 

(Tian et al., 2005), that produces nuclear translocation in 90% of cells (Supplemental Figure 

S1). TNFα stimulation induced a 4-fold increase in H3K122 Ac and a 15-fold increase in 

phospho-Ser2 CTD RNA Pol II formation that was also dependent on RelA (Supplemental 

Figure S1). Similarly, TNFα-induced expression of CSF3/G-CSF, CSF2/GM-CSF, CXCL1/
Groα, CXCL2/Groβ, CXCL8/IL8, and CCL2/MCP1 chemokines were blocked by RelA 

silencing (Supplemental Figure S1). Together these data indicate that RelA is required for 

global inducible regulation of atypical BRD4 HAT activity and RNA Pol II kinase activity in 

response to viral and cytokine innate activators.

BRD4 HAT activity is required for formation of phospho-Ser 2 CTD RNA Pol II formation 
and acetylation of H3K122 as well as transcriptional activation

BRD4 is an RNA Pol II serine kinase that functions in cooperation with CDK9 (Devaiah and 

Singer, 2012). To examine the individual contributions of endogenous BRD4 and CDK9 in 

poly(I:C)-induced acetylation of H3K122 and formation of phospho-Ser 2 CTD RNA Pol II, 

we depleted endogenous BRD4 or CDK9 separately using siRNA mediated transfection. We 

observed that BRD4 silencing blocked both poly(I:C)-induced induction of H3K122 Ac and 

phospho-Ser 2 CTD RNA Pol II formation by IFCM (Figure 2A). Conversely, CDK9 

silencing inhibited phospho-Ser2 CTD RNA Pol II activation to a similar extent as seen by 

BRD4 silencing, but did not affect induction of H3K122 Ac (Figure 2A). Both BRD4 and 

CDK9 silencing reduced the expression of RelA-dependent genes IL6, IL8, Groβ, and 

MCP1 (Figure 2B).

To directly examine the role of BRD4 kinase or HAT domains in regulating transcription, 

previously characterized Flag epitope-tagged BRD4 wild type (WT) or mutants were 

transfected into hSEACs. The BRD4ΔN mutation deletes both the NH2 terminal kinase 

domain and the acetyl-CoA binding domains, whereas the BRD4ΔHAT mutation destroys its 

HAT activity (Devaiah et al., 2016). Consistent with the earlier observations (Devaiah et al., 

2016), BRD4 WT overexpression itself significantly increased the formation of H3K122 Ac 

and phospho-Ser 2 CTD RNA Pol II in the Flag-expressing cells (Figures 2C,D). 
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Correspondingly, BRD4 WT overexpression also activated of RelA-dependent IL6, IL8, and 

Groβ gene expression (Figure 2E). By contrast, expression of either BRD4ΔN or 

BRD4ΔHAT interfered with H3K122 Ac in the Flag-expressing cells (Figure 2C). Similarly, 

inducible formation of phospho-Ser 2 RNA Pol II CTD was blocked as was induction of the 

RelA-dependent genes (Figures 2D,E). We conclude that both BRD4 kinase and HAT 

activities are required for formation of H3K122 Ac, phospho-Ser 2 CTD RNA Pol II and 

RelA-dependent transcriptional activation.

Conditional knockout (CKO) of RelA in Secretoglobin-expressing epithelial cells

Recognizing that unscheduled RelA activity affects normal lung branching (Benjamin et al., 

2010), we used generated an epithelial-specific conditional knockout by crossing our novel 

NH2 terminal RelAfl/fl mouse (Ijaz et al., 2016) with an epithelial-specific Secretoglobin 

Family 1A Member 1 (Scgb1a1) promoter-driven inducible Cre recombinase-estrogen 

receptor fusion protein (CreER™) transgenic mouse (Figure 3A). Scgb1a1-CreER™ 

expresses Cre selectively in the basal cells of the tracheal and bronchiolar epithelium 

(Rawlins et al., 2009). This inducible RelACKO enables us to disrupt NFκB signalling 

activated by either the canonical (IκBα) or the cross-talk (RelA-NFκB2) pathways (Liu et 

al., 2008).

Confirmation of RelACKO in the Scgb1a1-expressing bronchiolar epithelium

We evaluated the effectiveness of the bronchiolar epithelial RelACKO on acute poly(I:C)-

induced airway inflammation. Scgb1a1-CreER™ × RelAfl/fl mice were treated with oil 

(control) or tamoxifen (TMX) to excise RelA. To confirm selective recombination in the 

bronchiolar epithelium, we crossed the Scgb1a1-CreER™ × RelAfl/fl mice with the double-

fluorescent dimeric tomato (mT)/membrane EGFP (mG) mouse (Muzumdar et al., 2007). In 

mice harbouring the mT/mG alleles, the presence of active Cre leads to excision of the 

tandem dimer tomato reporter and expression of a membrane-localized EGFP. The Scgb1a1-

CreER™ × RelAfl/fl× mT/mG mice were then exposed to oil or TMX for 10 d; 2 weeks later 

the lungs were analysed by IFCM. In the oil-treated mice, uniform staining of the tomato 

reporter was observed throughout the bronchioles, identified as airspaces lined by single 

layered epithelial cells without surrounding tracheal cartilage (Figure 3B). By contrast, 

EGFP fluorescence was observed in the epithelial layer of the TMX-treated mice, 

confirming functional Cre expression (Figure 3B). RelA expression was significantly 

reduced in these cells after TMX treatment (Figures 3C and 3D).

Bronchiolar epithelial RelACKO blocks poly(I:C)-induced leukocytic inflammation

To determine the role of the epithlium as a sentinel cell detecting viral luminal PAMPs, we 

challenged oil- or TMX-treated Scgb1a1-CreER™ × RelAfl/fl with intranasal poly(I:C). 

Poly(I:C) increased the leukocyte number ~ 5-times greater than that of PBS challenge 

control in oil-treated mice, an induction that was effectively inhibited by TMX treatment 

(Figure 3E). Also, the percentage of BALF neutrophils increased from 1% to 56.3% in oil-

treated mice exposed to poly(I:C), and this induction was significantly reduced to 9.7% in 

TMX-treated mice (Figure 3E).
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Correspondingly, bronchiolar RelACKO had a dramatic effect on poly(I:C)-induced BALF 

chemokine expression. In comparison to PBS-treated mice, where IL6 protein abundance 

was below the lower limit of detection, poly(I:C) induced IL6 to 193 pg/ml, an increase 

largely reduced by TMX (Figure 3F). Similar poly(I:C)-induced expression patterns were 

seen for KC, IFNβ, CCL2/MCP1, G-CSF, MIP1α, MIP1β, and CCL5/RANTES. In the 

TMX-treated animals, poly(I:C)-induced values were all significantly reduced (p<0.01, 

Figure 3F). We confirmed that these reductions in chemokine expression were mediated by 

inhibition of mRNA expression (Supplementary Figure S2). In addition to the effects on 

neutrophilic chemokines, we recently described RelA to be a master regulator of mucosal 

IFN response through a cross-talk pathway (Fang et al., 2015; Tian et al., 2017). Here, IRF7 

is induced in a RelA-dependent manner; this newly formed IRF7 binds and activates the 

RIG-I promoter, sustaining IFNβ production. We confirmed that this pathway is also 

activated by poly(I:C) and is blocked by the RelACKO in bronchiolar epithelium 

(Supplemental Figure S3).

In the oil-treated animals, poly(I:C) stimulation produced a marked infiltration of 

neutrophils into the alveolar spaces and peribronchial regions (Figure 4A). By contrast, 

leukocytic inflammation was completely blocked in the TMX-treated RelACKO. We next 

determined whether poly(I:C) induced BRD4 HAT activity. In oil-treated mice challenged 

with PBS, only faint phospho-Ser 276 RelA signals were produced; poly(I:C) stimulation 

highly induced phospho-Ser 276 RelA in the bronchiolar epithelium of the oil-treated 

mice(Figure 4A, and quantitated in Figure 4B). By contrast, the phospho-Ser 276 RelA 

staining was absent in TMX-treated RelACKO, confirming staining specificity.

Examination of the staining for H3K122 Ac showed a similar pattern of induction as that 

observed for the phospho-Ser 276 RelA, with faint levels observed in the PBS-treated wild 

type airways, and robust 21-fold induction of staining in the bronchiolar epithelium in 

response to poly(I:C) (Figures 4A,B). Strikingly, poly(I:C)-induced activation of H3K122 

Ac was effectively blocked by TMX treatment of the RelACKO.

Collectively, all of these data provide compelling evidence that activation of bronchiolar 

RelA is required for BRD4 HAT activity and poly(I:C)-induced airway inflammation. We 

next sought to advance the use of small molecule probes of BRD4 activity using small 

molecule probes.

BRD4 expression is required for induction of the RelA-dependent gene network

First, to confirm that BRD4 expression mediates activation of poly(I:C)-induced gene 

regulatory networks, we observed the robust, 120-fold increase in IL6 mRNA by poly(I:C) 

was reduced to less than 35-fold in BRD4 siRNA-silenced cells (Supplemental Figure S4). 

Similarly, BRD4 siRNA silencing effectively blocked poly(I:C)-induced expression of 

CXCL2/Groβ, CXCL8/IL8, CCL2/MCP1, and CCL5/RANTES mRNAs (Supplemental 

Figure S4).
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BRD4 bromodomain (BD) interactions are required for induction of the RelA-dependent 
gene network

To determine whether disruption of BRD4-acetyl Lys interactions produced similar results 

as those produced by BRD4 depletion, we tested a panel of chemically unrelated BRD4 BD 

inhibitors on poly(I:C)-induced neutrophilic chemokine expression. The inhibitors tested 

included: the diazobenzene MS436 (Zhang et al., 2013); the amide JQ1 analog, CPI203 

(Filippakopoulos et al., 2010); the apabetalone RVX-208 (Picaud et al., 2013) and the 

dimethylsoxazole OXFBD2 (Hewings et al., 2011). All produced a profound inhibition of 

poly(I:C)-induced IL6, CXCL8/IL8, and CXCL2/Groβ mRNA expression (Supplemental 

Figure S4). These significant reductions in gene expression were confirmed by measurement 

of cytokine secretion in to the cell culture supernatant (Supplemental Figure S4). We 

conclude that BRD4 BD interactions are required for poly (I:C)-induced expression of RelA-

dependent gene networks and neutrophilic chemokine secretion, making this an attractive 

target for small molecule inhibition.

Development of selective BRD4 inhibitors targeting the BD domain

We therefore sought to designe and synthesize BRD4 inhibitors with improved selectivity 

and drug-like properties. The KAc binding pocket in the BRD4 BD is anchored by the 

conserved residue Asn140 and Tyr97 and surrounded by a hydrophobic tripeptide 

tryptophan-proline-phenylalanine (“WPF”) shelf and linking domain “ZA” loop. New BRD4 

inhibitors ZL0420 and ZL0454 (Figure 5A) were designed by taking advantage of a 

substituted amino phenol moiety as the polar head of our ligand, diazene as the linker and 

dihydroquinolin-2(1H)-one or N-cyclopentylbenzenesulfonamide as the binding tails to 

more efficiently fit into the BRD4 BD1 domain. As depicted in Figures 5B and 5C, docking 

studies demonstrated that these two inhibitors fit into the BRD4 BD1 in a similar binding 

mode. Both compounds interact with Asn140 directly through the hydroxyl group of their 

phenol ring and form hydrogen bonds with Tyr97 mediated by a water molecule. In addition, 

the phenyl ring of both molecules on their tails can form a T shape π-π interaction with 

Trp81, while the diazene linker interacts with Lys91 mediated by water molecules. These 

two inhibitors are sandwiched by the WPF shelf and residues from ZA loop (Figure 5D), 

thereby allowing strong interactions of the ligand producing high binding affinity to the 

BRD4 BD.

ZL lead compounds are potent and highly specific BRD4 inhibitors

Despite significant effort invested in the development of small molecule BRD4 inhibitors, 

none have been yet reported that are highly selective for BRD4 over other members of the 

BET family (Liu et al., 2017). To this end, by utilizing a structure-based drug design for the 

KAc binding pocket, ZL-0420 and ZL-0454, containing a dihydroquinolin-2(1H)-one or N-

cyclopentyl-benzenesulfonamide binding tail, were synthesized. Specificity for the BRD4 

BDs was determined by TR-FRET measurements vs the BDs from the closely related 

homolog, BRD2. Strikingly, ZL-0420 and -0454 display nanomolar binding affinities for 

BRD4, while exhibiting approximately 30~60-fold selectivity over BRD2 BDs (Figure 6A).
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ZL lead compounds block poly(I:C) induced chemokine expression and BRD4 HAT activity 
in vitro

We evaluated the effectiveness of the two ZL lead compounds for inhibiting poly(I:C)-

induced innate immune response genes. hSAECs were pretreated with a series of BRD4 

inhibitors from 0.01 nM to 100 µM (final concentration) for 24 h, stimulated with poly(I:C) 

(10 µg/ml, 4 h) and innate gene expression of IL6 and RSAD2/CIG5 determined by Q-RT-

PCR. These data showed that both ZL compounds have a submicromolar IC50 for inhibiting 

poly(I:C) induced expression of innate signalling and were more potent than either JQ1 

(Filippakopoulos et al., 2010) and RVX-208 (Picaud et al., 2013) reference compounds 

(Figures 6B and 6C). Also, both ZL0420 and ZL0454 effectively blocked poly(I:C)-induced 

activation of H3K122Ac and formation of phospho-Ser2 CTD RNA Pol II (Figure 6D, 

quantitated in Figure 6E). This selectivity profile indicates that our new inhibitors have a 

much higher BRD4 specificity than available reference molecules.

ZL lead compounds disrupt BRD4 binding to Pol II and histones

To determine the mechanism of inhibition, we measured the effect of ZL0454 on BRD4 

binding to Pol II and histones. Soluble nuclear proteins were prepared from hSAECs 

pretreated with ZL0454 for 24 h and subsequently stimulated with poly(I:C). The BRD4 

complex was captured by IP with anti-rabbit BRD4 Ab and the complex was analysed for 

the presence of BRD4, Pol II, H3, and H4 proteins quantified by stable isotope dilution 

(SID)-selected reaction monitoring (SRM)-MS, normalized by the input protein 

concentration (Tian et al., 2013; Zhao and Brasier, 2013). A schematic of the SRM assays is 

shown in Figure 6F. BRD4 abundance was measured using two independent proteotypic 

peptides, BRD4-638 and -717 (Supplemental Table 2). Compared to control IgG IPs, where 

the BRD4 abundance was completely undetectable, BRD4 was significantly enriched in the 

samples IPed with anti-BRD4 Ab (Figure 6F). We detected a strong increase of BRD4 

signals in the IPed samples of ZL0454 pretreated hSAECs, indicating an increase of soluble 

fraction of BRD4 in the nucleoplasm released from the insoluble chromatin (Figure 6G). 

More importantly, poly(I:C) stimulation increased the association of BRD4 with Pol II, H3, 

and H4 and the effect of poly (I:C) was completely blocked with ZL0454 pretreatment 

(Figure 6G). We therefore conclude that ZL BD inhibitors disrupt BRD4 binding to Pol II 

and histones, releasing it from chromatin into the soluble fraction of the nucleoplasm.

In vivo effect of ZL0420 and ZL0454 on poly(I:C) induced airway inflammation

We evaluated the effectiveness of the lead inhibitors (ZL-0420, -0454) in blocking acute 

poly(I:C)-induced airway inflammation in vivo. Histologically, we observed that poly(I:C) 

induced a profound neutrophilic inflammation around the small and medium sized airways 

24 h after poly(I:C) stimulation that was completely inhibited by ZL inhibitor administration 

(Figure 7A, upper panel). ZL inhibitors also effectively blocked poly(I:C)-induced activation 

of H3K122 Ac, a selective marker of the activated BRD4 HAT and formation of phospho-

Ser2 CTD RNA Pol II (Figure 7A, quantitated in Figure 7B). Furthermore, ZL inhibitors 

prevented poly(I:C)-induced mRNA expression of the NFκB/RelA-dependent genes IL6, 
KC, CXCL2/Groβ, CCL2/MCP1, and CCL5/RANTES as well as IFNβ in the mouse lung 

tissue (Figure 7C). Meanwhile, ZL inhibitors also induced HEXIM1 expression, indicating 
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that these compounds were interacted with BRD4 in the mouse lung tissue (Supplemental 

Figure S5) (Fiskus et al., 2014).

The number of leukocytes in BALF of poly(I:C)-treated mice increased about 6-times 

compared to that of PBS-treated mice, an induction completely inhibited by treatment with 

either ZL compound (Figure 7D, left panel). Also, we observed the percentage of BALF 

neutrophils that increased from 1% to 62.4% in PBS-treated mice exposed to poly(I:C), was 

reduced to 11.7% and 8.2%, respectively, in ZL0420 and ZL0454 treated mice (Figure 7D 

right panel). Meanwhile, we also observed that ZL inhibitors effectively suppress poly(I:C)-

induced inflammatory cytokine secretion in the BALF (Figure 7E). Collectively, these 

findings provide strong evidence that BRD4 is required for poly(I:C)-induced inflammation, 

and that the ZL inhibitors are efficacious in vivo.

DISCUSSION

Viral infections are responsible for unscheduled hospital visits, prolonged recovery time and 

accelerated loss of pulmonary function in patients with COPD (Donaldson et al., 2002; 

Seemungal et al., 1998). One mechanism is that viruses promote exacerbations by triggering 

host inflammatory responses resulting in cellular infiltration, mucous production, airway 

hyper-reactivity and remodelling (Wedzicha, 2004). Using poly(I:C) as a prototypical viral 

PAMP that mimics the inflammatory exacerbations of COPD (Harris et al., 2013), we 

examined the role of the Scgb1a1-expressing tracheo-bronchiolar epithelial cell as an innate 

sentinel cell, and specifically, the role of NFκB-BRD4 pathway in mediating airway 

inflammation. Our findings that selective depletion of RelA in tracheal and bronchiolar 

epithelial cells prevented BRD4 activation and poly(I:C) induced expression of 

inflammatory cytokines and IFNs, indicate that epithelial cells are a major sensor of luminal 

poly(I:C). Two highly selective BRD4 small molecular antagonists disrupt the BRD4 

complex and consequently block viral inflammatory gene programs in vitro and airway 

inflammation in vivo. Together, these data indicate that the bronchiolar epithelial NFκB-

BRD4 complex plays a primary role in acute neutrophilic response to viral molecular 

patterns.

The pulmonary mucosal innate defense is coordinated by a complex interaction between 

resident epithelial cells, alveolar macrophages, innate lymphoid cells and other innate 

leukocytes (Holt and Strickland, 2010). Epithelial cells are a dynamically responsive and 

structurally diverse population of cells that play essential roles in host defense by forming a 

semi-impermeable barrier, clearing inhaled microparticles by the ciliary escalator, secreting 

anti-viral mucins and expressing anti-viral cytokines (Lambrecht and Hammad, 2012). 

Despite this understanding, the relative contributions of epithelial vs other sentinel cells of 

the airways (macrophages, innate epithelial lymphocytes, NK cells and others) has not been 

definitely established. Here we demonstrate that a Scgb1a1/CC10- expressing lineage of 

epithelial cells represents the major sensor of viral patterns in the airway lumen. Scgb1a1 is 

selectively expressed in distal bronchial and bronchiolar epithelial Clara cells, a dynamic 

population of basal (nonciliated) epithelial cells that play important roles in xenobiotic 

metabolism and as stem cell precursors to repopulate the postnatal airway after 

injury(Rawlins et al., 2009).
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Our studies extend the function of the Scgb1a1-expressing Clara cell as an innate sensor and 

mediator of anti-viral response. It is interesting that diverse phenotypes of airway epithelial 

cells- express the TLR3 pattern recognition receptors on their luminal surface and respond to 

extracellular dsRNA in contrast to neutrophils which lack TLR3 expression(Hayashi et al., 

2003). Consequently neutrophil recruitment is an indirect process, primarily mediated by 

epithelial secretion of neutrophilic chemokines. Given this observation, why would depletion 

of NFκB/RelA selectively in these tracheobronchial cell population have such a dramatic 

effect on airway inflammation? Once explanation may be provided by our systems-level 

proteomics studies that have shown cell-type differences in innate cytokine production in 

response to RSV infection. Here, we observed that, although a significant amount of proteins 

were shared between tracheal and bronchiolar cells, the bronchiolar cells selectively secreted 

TSLP, CCL20 and IL6, proteins that promote Th2 and mucin expression important in the 

pathogenesis of RSV-induced lower respiratory tract infections (Zhao et al., 2017). These 

subtle differences in chemokine expression patterns by different epithelial cell types are 

therefore immunologically significant.

Our experimental approach using a TMX-inducible conditional RelACKO in the Scgb1a1 
expressing cell is distinct from several studies that have used the Scgb1a1 promoter to 

inhibit the canonical NFκB pathway in airway inflammation and fibrosis in dust mite 

allergen exposure (Tully et al., 2013). Expression of the non-degradable IκBα ”super-

repressor” selectively inhibits canonical pathway activation, but does not affect the cross-talk 

pathway (Brasier, 2006). It is important to recognize that NFκB activation by viral patterns 

involves both the canonical and cross-talk pathways (Liu et al., 2008); our RelACKO strategy 

interferes with both.

NFκB mediates rapid genomic responses by recruiting transcriptional elongation complexes 

to immediate early genes (Brasier et al., 2011). Viral PAMPs induce ROS production that 

interfaces with DNA damage response pathways to produce Ser phosphorylation of RelA, a 

post-translational modification coupled with lysine acetylation that promotes complex 

formation with BRD4 (Brasier et al., 2011; Zou et al., 2014). BRD4 is a acetylated lysine 

reader containing intrinsic kinase activity (Devaiah et al., 2012) that bridges RelA with 

CDK9 of the positive transcriptional elongation complex (Jang et al., 2005). 

Phosphorylation on Ser2 of RNA Pol II CTD is a key regulatory step in the activation of 

NFκB-dependent genes by transcriptional elongation. Our findings that global Ser2 CTD 

RNA Pol II activation requires both activated RelA as well as BRD4 suggests that the 

RelA·BRD4 complex may be a global genome regulatory complex. Our data demonstrating 

that BRD4 is required for serine phosphorylation of RNA Pol II is consistent with earlier 

findings showing BRD4 mediates innate signalling by cytokines (Huang et al., 2009) and 

RNA viruses (Tian et al., 2017).

In addition, BRD4 is an atypical HAT producing H3 K122 Ac, a modification that reduces 

histone side charge and enables RNA Pol II to transcribe through GC rich regions of innate 

immune response genes, an independent effect on transcriptional elongation (Devaiah et al., 

2016). Our data shows that BRD4 HAT activity is upregulated by activated RelA 

downstream of diverse innate stimuli. Our transient transfection studies, interpreted with the 

effects of our selective BRD4 BD inhibitors both suggest that the H3K122 acetyltransferase 
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requires BRD4 HAT activity. We note previous work that have shown H3K122 acetylation is 

independent of p300/CBP acetyltransferases (Devaiah et al., 2016). Because RelA lacks any 

known enzymatic activity, the RelA-dependent activation of BRD4 HAT must be indirect. 

Our previous experimental and computational work has identified 900 proteins that interact 

with RelA that modify its activity (Li et al., 2014; Zhang et al., 2017), the identification of 

those responsible for activating BRD4 HAT will require further work.

Because of its diverse roles in inflammation, cancer and fibrosis, development of BRD4 

inhibitors have been the subject of intense focus (Liu et al., 2017). In this study, we have 

applied structure-based drug design to advance the pharmacopeia of BRD4 inhibitors. Our 

small molecule inhibitors demonstrate enhanced potency and selectivity for both BDs of 

BRD4 but not for the closely related BRD2 isoform. More detailed structure-function 

relationship studies will be required to understand this BD preference. BRD4 forms protein-

protein interactions via the BDs (Huang et al., 2009) and its COOH extra-terminal domain 

(Jonkers and Lis, 2015). Our recent unbiased proteomics studies demonstrate that BRD4 is a 

hub signalling protein that complexes with the AP2 adapter, SWI/SNF, and DNA directed 

RNA Pol II complex (Zhang et al., 2017). Here we demonstrate the mechanism of inhibition 

of BD-directed inhibitors. Affinity purification-SID-SRM studies demonstrate that the 

BRD4 inhibitors not only disrupt BRD4 from its tight association with the chromatin, and 

histone H3/H4 interaction, but also disrupt BRD4 binding with RNA Pol II. Earlier work has 

shown that the BRD4 BD is required for interaction with acetylated RelA (Zou et al., 2014). 

Further studies are in progress to systematically identify what components of the BRD4 

interactome require binding to the BD.

The ZL compound forms extensive and strong interactions with the BRD4 BD1 including 

direct and multiple H2O-mediated indirect hydrogen bond networks, π- π interactions and 

hydrophobic contacts. By contrast, very limited interactions were observed BRD2 BD1. In 

molecular docking experiments, the ZL NH2 was rotated where it formed a single hydrogen 

bond with Pro98. No direct or indirect hydrogen bonds were seen. Hydrophobic contacts 

were observed with Asn156. In this conformation, the hydrophobic tail of ZL was away 

from the WPF shelf. Such differences in key interactions may explain the selectivity of ZL 

compound for BRD4 over other relevant proteins BRD2, BRD3, and BRDT.

Using these unique molecular probes, we are able to elucidate the biological roles of BRD4 

in vivo. The effect of our selective inhibitors to block H3K122 Ac and inflammation validate 

BRD4 as a target for treatment of acute lung inflammation mediated by viral PAMPs 

triggering the RIG-I and the TLR3 pathway. Recently, we have discovered the important role 

of the RelA-BRD4 pathway in controlling growth factor-induced mesenchymal transition, 

airway remodelling and airway fibrosis (Tian et al., 2017; Tian et al., 2016). Further work 

will be needed to determine whether BRD4 inhibitors are effective in reducing airway 

remodelling as a consequence of repetitive viral exposures.

EXPERIMENTAL PROCEDURES

A complete description of experimental procedures is found in the Supplemental Files
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Efficacy of BRD4 inhibitors in acute poly(I:C) induced airway inflammation

Animal experiments were performed according to the NIH Guide for Care and Use of 

Experimental Animals and approved by the University of Texas Medical Branch (UTMB) 

Animal Care and Use Committee (approval no. 1312058A). Male C57BL6/J mice (18 weeks 

old) were purchased from The Jackson Laboratory (Bar Harbor, ME) and housed under 

pathogen-free conditions with food and water ad libitum. C57BL/6 mice were pre-treated in 

the absence or presence of the indicated BRD4 inhibitor [50 mg/kg body weight, via the 

intraperitoneal (i. p.) route] one day prior to poly(I:C) stimulation. The next day, mice were 

given another dose of BRD4 inhibitor immediately followed by intranasal (i.n.) 

administration of phosphate-buffered saline (PBS, 50 µL) or poly(I:C) (100 µg dissolved in 

50 µL PBS). One day later, the mice were euthanized. For bronchoalveolar lavage (BAL), 

the trachea was cannulated and 1 ml of PBS was introduced by syringe. The BAL fluid was 

analysed for total and differential cell counts and quantified for secreted cytokines/

chemokines using multiplex immunoassays (BioPlex). Half of each lung was fixed with 10% 

(v/v) neutral buffered formalin for 3 d processed into paraffin blocks, and cut into 5-µm 

sections for H&E staining. The other half of each lung was immediately frozen in liquid N2 

and pulverized. One ml of Tri Reagent was added, followed by the extraction of total RNA 

as per the manufacturer’s directions. The total RNA was reverse transcribed and gene 

expression quantified using Q-RT-PCR (Tian et al., 2017).

Evaluation of airway inflammation

Lungs were perfused twice with 0.75 mL of sterile PBS (pH 7.4) to obtain the BALF. Total 

cell counts were determined by trypan blue staining 50 µL of BALF and counting viable 

cells using a hemocytometer. Differential cell counts were performed on cytocentrifuge 

preparations (Cytospin 3; Thermo Shandon, Pittsburgh, Pa) stained with Wright-Giemsa. A 

total of 300 cells were counted per sample using light microscopy. Formalin-fixed lungs 

were embedded in paraffin, sectioned at a 4 µm thickness, and stained with hematoxylin and 

eosin or Masson's trichrome. Microscopy was performed on a NIKON Eclipse Ti System 

(Tian et al., 2016).

Statistical analysis—One-way analysis of variance (ANOVA) was performed for time 

differences, followed by Tukey's post hoc test to determine significance. Mann-Whitney 

tests were used for nonparametric data. All data subjected to statistical analysis are the mean 

± S.D. A P value of <0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Innate stimuli activate NFκB/RelA, whose binding indirectly induces BRD4 

HAT and kinase activity.

• Activity of the RelA·BRD4 complex controls neutrophil chemokine 

production.

• RelA·BRD4 signaling in Scgb1a1-expressing basal cells of the distal 

epithelium is required for airway inflammation.

• Highly selective, small-molecule inhibitors of BRD4 reduce neutrophilic 

airway inflammation.
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In Brief

Tian et al. demonstrate that viral patterns activate RelA to complex with BRD4 and 

indirectly activate its enzymatic activity in distal trachea-bronchiolar cells to induce acute 

neutrophilic airway inflammation. Two highly selective, small-molecule inhibitors of the 

BRD4 BD were developed. These disrupt BRD4 complex formation, HAT activity and 

neutrophilia in vivo.
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Figure 1. RelA mediates poly(I:C) stimulation induced BRD4 activation
(A). RelA deletion was performed by targeting a 20 nt seed sequence in Exon 4 of the RelA 

gene, introducing a stop codon that induces nonsense-mediated RNA decay. The seed 

sequence is in blue; exons are indicated in orange. (B). Western blot of RelA expression in 

wild type (control) and CRISPR/Cas9 genome edited cells. NS, nonspecific band. (C). Wild 

type (control) and CRISPR/Cas9 genome edited hSAECs were challenged with poly(I:C) 

(10 µg/ml) for 0 and 6 h. Expression of CSF3/G-CSF, CSF2/GM-CSF, CXCL1/Groα, 
CXCL2/Groβ, CXCL8/IL8, CCL2/MCP1, and CCL5/RANTES was quantified by Q-RT-

PCR. Shown is the fold-change in mRNA abundance normalized to cyclophilin (PPIA). *: p 
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< 0.01 compared to control hSAECs. n=3. (D). Cells were stimulated with poly(I:C). After 

fixation, cells were stained with primary abs of RelA, phospho-Ser 276 RelA, H3K122ac, 

and phospho-Ser 2 CTD RNA Pol II. Secondary detection was Alexa 488-(green, for RelA 

and p276 RelA), 568-(red, for pPol II), and 647-(deep red, for H3K122ac) conjugated goat 

anti-rabbit IgG respectively. Nuclei were counterstained with DAPI (blue). Images were 

acquired by confocal microscopy at 63× magnification. (E). Quantifications of total 

fluorescence intensities is shown as fold changes compared to WT hSAECs. * p<0.01, n = 5. 

FI: relative total fluorescence intensity.
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Figure 2. BRD4 is required for acetylation of H3K122 and cooperates with CDK9 for inducible 
phosphorylation of the RNA Pol II CTD
(A). hSAECs were transfected with scrambled siRNA (control), BRD4-specific siRNA, or 

CDK9-specific siRNA (100 nM). 48 h later, cells were stimulated with extracellular 

poly(I:C) for 4 h. After fixation, cells were stained with anti-H3K122ac and anti-phospho-

Ser 2 CTD RNA Pol II Abs as indicated. Secondary detection was Alexa 568-(red, for 

H3K122ac) and 488-(green, for pPol II) conjugated goat anti-rabbit IgGs. Images were 

acquired by confocal microscopy at 63× magnification. (B). Expression of IL6, IL8, Groβ, 

and MCP1 genes from the same experiment were quantified by Q-RT-PCR. Shown is the 

fold-change in mRNA abundance normalized to cyclophilin (PPIA). *: p < 0.01 compared to 
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poly(I:C) only. Data are the means ± S.D. from n=3 experiments. (C). hSAECs were 

transfected with 4 µg pCMV2 empty vector (control), BRD4WT, BRD4 kinase mutant 

(BRD4ΔN) or BRD4 HAT mutant (BRD4ΔHAT) expression vectors. 24 h later, cells were 

fixed and stained with anti-H3K122 Ac rabbit Ab and anti-FLAG M2 mouse Ab. Secondary 

detection was Alexa 568-conjugated goat anti-rabbit IgG (red, for H3K122ac) and 488-

(green, for Flag) conjugated goat anti-mouse IgG respectively. Nuclei were counterstained 

and images acquired as in (A). (D). Transient transfectants were stained with anti-phospho-

Ser 2 CTD RNA Pol II rabbit Ab and anti-FLAG M2 mouse Ab. Secondary detection, 

nuclear counterstaining and image acquisition are as in (C). (E).Expression of IL6, IL8, and 

Groβ were quantified by Q-RT-PCR. *: p < 0.01 compared to BRD4WT transfectants. Data 

are the means ± S.D. from n=3 experiments.
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Figure 3. Conditional knockout of RelA in non-ciliated epithelial Clara cells
(A). Strategy for generating conditional knockout of RelA in non-ciliated epithelial Clara 

cells. RelA fl/fl conditional knockout (CKO) were crossed with an epithelial-specific 

Secretoglobin Family 1A Member 1 (Scgb1a1) promoter-driven inducible Cre recombinase-

estrogen receptor fusion protein [CreER(™)] transgenic mouse in the C57BL6/J 

background. Scgb1a1-CreER(™) × RelA fl/fl mice were injected (i.p.) with oil or 

Tamoxifen (TMX) 10 d for epithelial RelA knockout. (B).The Scgb1a1-CreER™ × RelAfl/fl 

mice crossed with the dimeric tomato (mT)/membrane EGFP (mG) mouse and exposed to 

vehicle oil or TMX for 10 d; 2 weeks later the lungs were analysed by IFCM. Note the 
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membrane localized EGFP (green signal) was observed in the TMX-treated mice. (C). 

Validation of epithelial RelA conditional knockout. Co-staining of RelA (in green color) and 

epithelium-specific marker Scgb1a (in red color) were performed using sections of paraffin-

embedded lung of mice were treated with oil (control) or TMX for 10 d. (D) Quantifications 

of total fluorescence intensities Scgb1a1 (CC10) and RelA staining. * p<0.01, n = 5. (E) 

Total cells and neutrophils count in the bronchoalveolar lavage fluid (BALF), expressed as 

total number of cells X 103/ml (left) and percentage of neutrophils (right). #, p<0.01 

compared with Oil-treated mice (n=5). (F). BALF cytokine secretion was measured using 

multiplex ELISA (n=5 mice per group). Protein concentration (in pg/ml) is shown. *, 

p<0.01, n=5.
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Figure 4. Bronchiolar RelA is required for poly(I:C) induced inflammation in vivo
Scgb1a1/CC10 -Cre X RelACKO mice were pretreated with oil (control) or TMX 21 d prior 

to experimentation. For poly(I:C) challenge, mice were administered either 50 µL of PBS or 

50 µL PBS + 100 µg poly(I:C) via the i.n. route. (A). Hematoxylin and Eosin (H&E) 

staining (upper panel), immunofluorescence staining of phospho-276 RelA, (middle panel, 

in red color) and immunofluorescence staining of H3K122 Ac (lower panel, in green color) 

were performed on paraffin-embedded lung sections. (B). Quantifications of total 

fluorescence intensities on immunofluorescence staining of phospho-276 RelA and H3K122 

Ac. * p<0.01, n = 5.
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Figure 5. Design and structures of novel BRD4 inhibitors ZL0420 and ZL0454
(A) Chemical structures of novel BRD4 inhibitors ZL0420 and ZL0454. (B). Binding mode 

of ZL0420 (yellow) with BRD4 BD1 in ribbon representation. The highlighted residues are 

Asn140 (N140), Tyr97 (Y97), Pro82 (P82), Trp81 (W81) and Lys91 (K91). (C). Binding 

mode of ZL0454 (magenta) with BRD4 BD1 in ribbon representation. (D). Superimposition 

of ZL0420 (green) and ZL0454 (yellow) docked into BRD4 BD1 in the form of surface 

representation. WPF (Trp81-Pro82-Phe83) shelf is highlighted in magenta and part of ZA 

loop is colored orange. Asn, Asparagine; Tyr, Tyrosine; Pro, Proline; Trp, Tryptophan; Lys, 

Lysine.
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Figure 6. ZL lead compounds are potent and highly specific BRD4 inhibitors
(A). Specificity of BRD4 inhibitors to BRD4 BDs was determined using TR-FRET assays. 

Data shown as the IC50 values of tested BRD4 inhibitors to the BRD2 and BRD4 BDs 

separately. (B). IC50 values of ZL lead compounds. hSAECs were pretreated with indicated 

series of BRD4 inhibitors from 0.01 nM to 100 µM final concentrations overnight prior to 

poly(I:C) stimulation (10 µg/ml for 4 h). The IC50 values of each inhibitor were estimated by 

poly(I:C) induced expression of innate immune genes IL6 and CIG5. (C). BRD4 inhibitors 

block IL6 expression. Shown as % inhibition of JQ1, MS436, RVX208, ZL0420, and 

ZL0454 inhibitors on poly(I:C)-induced IL6 expression. The results are from three 
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independent experiments (n=3). (D) hSAECs were preincubated with ZL0420, ZL0454, and 

JQ1 overnight respectively before poly(I:C) stimulation. After fixation, cells were stained 

with anti-H3K122ac and phospho-Ser 2 CTD RNA Pol II Abs. (E). Quantifications of total 

fluorescence intensities on images of immunostaining of H3K122ac and phospho-Ser 2 

CTDRNA Pol II in hSAECs. * p<0.01, n = 5. (F). Left, schematic diagram of the IP-SID-

SRM-MS assay. Stable isotope labelled internal control peptides are used to quantify target 

proteins in a triple quadrupole MS. Right, SID-SRM-MS assay for two BRD4 peptides 

(BRD4-638 peptide and 717 peptide). (G). IP-SID-SRM-MS for BRD4 associated Pol II, 

H3, and H4 proteins were normalized by the input protein concentration and presented as 

native/aqua values. *: p < 0.01 compared to poly(I:C) only and #: p < 0.01 compared to 

mock treatment, n=3.

Tian et al. Page 27

Cell Rep. Author manuscript; available in PMC 2018 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. BRD4 inhibitors block poly(I:C) induced inflammation and neutrophilia in vivo
C57BL6/J mice were pre-treated (IP) with ZL compounds before intranasal (IN) poly(I:C) 

exposure. (A). Hematoxylin and Eosin (H&E) staining (upper panel), immunofluorescence 

staining of H3K122ac (middle panel, in green color) and phospho-Ser 2 CTD RNA Pol II 

(lower panel, in red color) were performed on paraffin-embedded lung sections. (B). 

Quantifications of total fluorescence intensities of immunofluorescence staining of 

H3K122ac and phospho-Ser 2 CTD RNA Pol II. * p<0.01, n = 5. (C). Total lung RNA was 

isolated for measurement of mKC, mGroβ, mIL6, mIFNβ, mMCP1, and mRANTES mRNA 

abundance by Q-RT-PCR. m, mouse. *, p<0.01 compared to PBS only treated mice, n=5. 
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(D). Total cells and neutrophils in the BALF, expressed as total number of cells X 104/ml 

(left) and percentage of neutrophils (right). (E). BALF cytokine abundance was measured 

using multiplex ELISA. *, p<0.01, n=5.
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