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Abstract

Structural remodeling is central to the initiation and progression of many chronic lung diseases,
representing an important unmet need. We examine the evidence supporting bromodomain-
containing protein 4 (BRDA4) as a validated biological target for treatment of airway remodeling. In
epithelial cells and fibroblasts, BRD4 serves as a scaffold for chromatin remodeling complexes in
active super-enhancers. In response to inflammatory stimuli, BRD4 is repositioned to innate and
mesenchymal genes activating their production. Proof-of-concept studies show promising benefit
of selective BRD4 inhibitors in disrupting epithelial mesenchymal transition and myofibroblast
transition in diverse models of lung injury. Recent identification of biomarkers of BRD4 provides
a basis for further drug development for application in viral-induced airway inflammation, COPD
and interstitial lung diseases.
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Introduction

Chronic environmental injury—repair triggers pathological organ fibrosis, accounting for
substantial morbidity and end-organ dysfunction. In the pulmonary system, the two most
common obstructive airway diseases: asthma and chronic obstructive pulmonary disease
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(COPD), are characterized by periodic acute exacerbations (AEs). AEs are clinical episodes
of acute inflammation provoked by infections, allergens or environmental exposures that
result in impairment of air exchange and account for substantial morbidity and healthcare
costs. For example in allergic asthma, AEs account for 15 million outpatient visits, 2 million
emergency room visits and 500 000 hospitalizations annually in the USA alone [1].
Conventional treatments for AEs involve antibiotics and increased anti-inflammatory
corticosteroids and/or bronchodilators; there are no FDA-approved therapeutics for reducing
the frequency of AEs.

In addition to acute inflammation precipitating medical interventions, AEs produce
epithelial injury and repair processes. Epithelial barrier injuries from environmental
pollutants, allergens and viruses activate a coordinated, multicellular reparative response
termed ‘airway remodeling’. Airway remodeling involves cell state changes of structural
components of the airway including epithelial mesenchymal transition (EMT), mucous
metaplasia, enhanced collage deposition in the /amina reticularis and transdifferentiation of
stromal myofibroblasts. This remodeling process is the result of myofibroblast growth factor
secretion, including transforming growth factor (TGF)B, epidermal growth factor (EGF),
connective tissue growth factor (CTGF) and fibrogenic cytokines [e.g., interleukin (IL)-6,
thymic stromal lymphopoietin (TSLP), IL-33, IL-25, among others], initiating the injury—
repair processes. Unabated, pathogenic remodeling and fibrosis ensues. Functionally, airway
remodeling enhances mucin secretion, producing small-airway obstruction, airway
hyperreactivity to nonspecific triggers and reduced lung compliance [2]. The common
therapeutics used in chronic lung diseases do not affect structural remodeling of the airway.

Improved treatments for airway remodeling represent an important unmet need in the
management of chronic lung diseases. In this concise review, using work from the academic
arena demonstrating the mechanisms of epithelial injury response in cellular and /in vivo
models of asthma, we will examine the case for the epigenetic reader bromodomain-
containing protein 4 (BRD4) as a validated biological target for drug development for the
treatment of airway inflammation and relevant lung diseases. We focus on biological target
validation informed by the paradigm AstraZeneca’s 5Rs model (the right target, patient,
tissue, safety and commercial potential) which has been extensively applied to the drug
development pipeline [3]. The intended goal of this framework is to reduce the substantial
fraction of failures of lead candidates in human efficacy trials [3]. A robust understanding of
a biological target in a pathway (i.e., target validation) is crucial for selection of druggable
therapeutic targets. We will review the deep mechanistic understanding of BRD4 as a drug
target for airway inflammation and structural remodeling (cell state change and
myofibroblast transdifferentiation) in preclinical models of AEs relevant to allergic asthma
and COPD.

The right target: BRD4 plays a central part in lower airway epithelial-driven inflammation

Epithelial cells are the primary target of respiratory infections and environmental exposures
[4]. Innate signaling of the epithelium plays a central part in triggering AEs by producing
mucin, stimulating leukocytic infiltration and EMT, which further promotes fibrosis and
remodeling through epithelial production of extracellular matrix (ECM) and TGFf [5]. The
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epithelial innate response shapes the evolution of downstream T helper lymphocyte (Th)2-
and Th17-type adaptive immunity characteristic of asthma. In AA, aeroallergens induce a
robust small airway epithelial TGFp response, important in activation of I1L-13-producing
innate lymphoid type 2 cells and atopy [6].

Upper airway epithelial injury produces distinct immunological signals from those produced
by lower airway epithelium. Compared to proximal (tracheal) epithelial cells, we
demonstrated that virus infection triggered bronchiolar-derived epithelial cells to produce
>106 proteins; these included a core of nuclear factor (NF)-xB-dependent Th2-polarizing
chemokines, including CC-motif chemokine ligand (CCL)-20, TSLP and CCL3-like 1 [7].
To provide greater insight into the functional role of the small airway epithelial cells in the
viral-induced inflammation, we examined the response of a conditional knockout of the NF-
kB transcriptional subunit RelA selectively in small-airway bronchiolar cells. Interestingly,
these animals are protected from Toll-like receptor (TLR)3-induced neutrophilia [8] and
respiratory syncytial virus (RSV)-induced inflammation [9], indicating that the bronchiolar
epithelium is a major sentinel cell responsible for viral-induced inflammation.

Mechanistic studies have shown that virus infection results in signaling via NF-xB and
interferon regulatory factor (IRF)3 transcription actors. When activated, these factors form a
complex with positive transcriptional elongation factor (PTEFb), a complex composed of
cyclin-dependent kinase (CDK)9-BRD4. Activated NF-xBsPTEFb complex recruits to
immediate early cytokine genes maintained in an open chromatin conformation with inactive
and/or hypophosphorylated RNA polymerase Il (RNA Pol 1) bound to its promoter. The
presence of BRD4 facilitates phosphorylation of RNA Pol Il [10], regulating its enzymatic
processivity and RNA splicing functions, resulting in the rapid expression of inflammatory
genes [11,12]. Consequently, inhibition of BRD4 prevents acute viral-induced cytokine
production, neutrophilia, leukocytic infiltration and clinical manifestations of disease [8,13—
15]. Collectively, these data indicate that BRD4 actions are essential for the production of
acute inflammation by the activated lower airway epithelial cell, satisfying the ‘right target’
in the ‘right tissue’ criteria of the 5R paradigm for treatment of acute airway inflammation.

The right target: BRD4 functions at the interface of epithelial-injury—cell-state transition

responses

Disruption of the epithelial barrier releases fibrogenic cytokines, including latent TGF,
sequestered within the ECM that coordinate expression of gene regulatory networks to
promote repair. Phenotypically, TGF orchestrates a dedifferentiation program known as
type Il EMT. Type Il EMT involves extensive cytosolic restructuring, resulting in the loss of
apical-basal polarity, dissolution of adherens junctions, enhanced motility and expression of
fibrotic genes (see [16] for an in-depth review). As a consequence of this process, epithelial
cells acquire stem-cell-like properties, permitting the transitioned mesenchymal cell to
repopulate regions of denuded epithelium, promoting tissue repair and ECM remodeling
[16]. The EMT program is a BRD4-dependent event that involves coordinating epigenetic
reprogramming of ~3000 genes mediated by a core group of mesenchymal transcription
factors, including Snail family transcriptional repressor (SNAI)1 and RelA [17-19] (Figure
1). This program inhibits expression of differentiated epithelial cadherin (CDHI) and
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upregulates core EMT transcription factors, mesenchymal intermediate filaments and ECM-
modifying genes. Transition to the mesenchymal state is the product of sequential cell-state
changes beginning from the differentiated epithelial state transitioning into the uncommitted
‘partial EMT’ (pEMT) state(s) [20]. Transition into pEMT is initiated by TGF binding to
the TGFp receptor type |1 (TGFBRII), signaling intracellularly via the Smad-dependent
canonical and Smad-independent noncanonical pathways [21]. These two arms function
coordinately to activate a cascade of transcription factors that result in ordered patterns of
gene expression and inhibition, resulting in a metastable pEMT state [22]. The transition to
stable EMT requires ongoing growth factor stimulation, activating autoregulatory loops of
master transcription factors and formation of acetylated histone-rich super-enhancers on
mesenchymal genes promoting chromatin remodeling [18,23].

SNAI1 and zinc finger E-box binding homeobox 1 (ZEB1) are cooperating master
transcriptional regulators of the mesenchymal transition [24]. In differentiated epithelial
cells, SNAI1 and ZEB1 expression is silenced by a double-negative feedback loop mediated
by the miR34 and miR200 microRNAs [25,26]. miR34 post- transcriptionally inhibits
SNAI1 expression, whereas miR200 blocks ZEB1 expression. Equilibrium of the double-
negative feedback loops is perturbed by TGFB-induced transcriptional upregulation of
SNAI1, which inhibits miR200 expression, releasing ZEB1. Using genome-wide RNA
sequencing of airway cells after RelA silencing, we discovered that RelA plays a direct part
in triggering this SNAI1—ZEBL1 negative feedback loop by directly activating SNA/Z
expression by binding to its proximal promoter. SNMA/Z upregulation is mediated through
coordinate transcription factors, initially by pSmad3 [22,27] but later requires RelA
activation for sustained expression. RelA activation of SN/A/Z is mediated by a RelA-
dependent coactivator recruitment of BRD4 [28]. BRD4 activates SNA/I by
phosphorylation of the carboxy terminal domain (CTD) of RNA polymerase 11, promoting
its transcriptional elongation.

BRD4 is a dynamically responsive chromatin-modifying and -organizing factor
—Through its acetyl lysine-binding bromodomains, BRD4 is essential for the maintenance
of higher order chromatin configuration [29]. In particular, BRD4 is enriched with enhancer
regions (super-enhancers) with other chromatin-modifying factors controlling the expression
of tissue-specific genes. These super-enhancers result in high-level, constitutive gene
expression and coordinate with expression of distant genes through looping interactions
controlling cell identity [30]. In response to inflammatory signaling through the conserved
pattern recognition receptors, BRD4 super-enhancers are repositioned to inflammatory and
fibrotic gene expression networks.

Activated NF-xB drives BRD4-dependent cell-state transition—Our recent
unbiased RNA sequencing studies discovered that NF-xB is upstream of the “core’
mesenchymal transcription factors SNAI1, ZEB1 and the Jun proto-oncogene (JUN),
qualifying its designation as a ‘master transcriptional regulator’ of EMT [18]. Master
regulators are engaged in the coordinate regulation of cliques of downstream transcription
factors by maintaining their own expression by the formation of super-enhancers [18,30].
Indeed, RelA expression itself is induced by virus and TGFP and requires activity of the
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RelABRD4 complex. Systems-level studies have shown the essential role of BRD4 in
mediating the coordinated gene expression changes underlying EMT [18]. Our earlier work
demonstrated the mechanism underlying this expression to be medicated through
transcriptional elongation following de-repression of their chromatin environment [28].

BRD4 is central for NF-xB-dependent EMT at the level of transcriptional
elongation—RelA association with BRD4 is required for the process of transcriptional
elongation, promoting the TGFp-induced mesenchymal transition program [28]. Here,
Ser276 phosphorylated RelA is acetylated by p300/CBP and bound by BRD4 through
bromodomain (BD) interactions [11,31]. Through site-specific DNA binding, RelA
repositions BRD4 to the promoters of mesenchymal genes, where its kinase activity for the
CTD of RNA Pol Il phosphorylates Ser 2 on heptad repeat motifs. Phospho Ser2 is a post-
translational modification licensing RNA Pol 11 to become processive, producing full length
mMRNA transcripts [32]. In addition, we recently found that the association of RelA also
induced the atypical HAT activity of BRD4, acetylating histone H3 on Lys122, a
modification that destabilizes nucleosomes, enhancing transcription through gene bodies
[15,33]. We have recently discovered that NF-xB triggers TGFp-induced EMT by recruiting
BRD4, inducing phosphorylation of RNA Pol Il and enhancing mesenchymal gene and
growth factor expression via the process of transcriptional elongation in vivoand in vitro
[34]. Collectively, these data provide detailed mechanistic understanding for how BRD4
actions mediate mesenchymal transition addressing the ‘right target” and ‘differentiated
efficacy’ criteria of the 5R paradigm for treatment of mucosal remodeling in chronic airway
diseases.

The right target: BRD4 plays a direct part in myofibroblast transdifferentiation

In addition to its role in modifying epithelial-driven mesenchymal transition, BRD4 is a key
factor in transition of quiescent fibroblasts into ECM-producing myofibroblasts.
Myofibroblasts are central effector cells responsible for excessive ECM deposition of
collagen (COL) I, COL Il and fibronectin (FN) in the /amina reticularis. Myofibroblast
transdifferentiation plays a crucial part in tissue response to injury in the skin, kidney, liver
and lung. Like EMT, myofibroblast transition is a TGFB-induced epigenomic
reprogramming event for which substantial evidence indicates that BRD4 plays a central
part [35]. The myofibroblast population is dynamic, increasing in patients with refractory
asthma [36] actively progressing COPD or recurrent asthma [37]. Myofibroblasts originate
from a variety of sources, including resident mesenchymal cells, epithelial and endothelial
cells (EMT/EndMT) undergoing mesenchymal transition, as well as circulating bone
marrow stem cells (fibrocytes) [38]. Through the epithelial mesenchymal trophic unit
(EMTU) [39] there is a close functional interrelationship between the epithelium and
myofibroblasts. BRD4 inhibitors reduce the subepithelial myofibroblast population in
response to allergen [5] and viral pattern-induced AEs [5]. These data indicate that BRD4
action in the quiescent fibroblast is required for production of ECM in the diseased airway
addressing the ‘right tissue’ of the 5R paradigm.

Advances in discovery of potent and selective BRD4 inhibitors—The
advancement of small-molecule inhibitors of BRD4 has been the subject of intense
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medicinal chemistry work, particularly in cancer drug discovery, and has been the topic of
many recent reviews [13,40-43]. BRD4 belongs to the bromodomain and extraterminal
(BET) family of proteins, which consists of four members (BRD2, BRD3, BRD4 and
BRDT), each with two distinct bromodomains: BD1 and BD2 [44]. BET family proteins,
especially BRD4, are emerging as promising therapeutic targets for a variety of human
diseases and conditions including cancer [45,46], inflammation [47], HIV infection [48,49],
heart failure [50] and central nervous system (CNS) disorders [51]. Several BET/BRD4
inhibitors have been advanced into human clinical trials (Table 1) with the chemical
structures of selected representative inhibitors shown in Figure 2, whereas most pan-BET
inhibitors are not very selective toward BRD4 or its bromodomains. Many of them are (+)-
JQ1 analogs with the diazepine or azepine core scaffolds.

The lack of highly selective inhibitors among BRD4 and close family members as well as
the challenges in selectively targeting either of the two bromodomains (BD1 and BD2) of
BRD4, because of >90% conserved identity for crucial residues around the acetylated lysine
(KAC) binding site, have stalled the collective understanding of this important system and
the progress toward clinical development. Our recent discovery and validation of highly
specific BRD4 inhibitors with nanomolar binding affinity and >30-fold specificity over the
closely related BRD2 isoform have advanced the field by providing useful pharmacological
probes such as ZL 0420, ZL.0454, ZL.0513, ZL0590 and ZL0591 (Figure 3) with three
diversified core scaffolds for the testing of the role of BRD4 in pathophysiological
conditions /n vivo with an efficacy even greater than that of RVX-208 - a Phase |11 clinical
trial drug candidate - and the widely used pharmacological tool inhibitor (+)-JQ1 in blocking
poly(l:C)-induced airway inflammation [8,14,52]. Our recent X-ray co-crystal structural
analysis of one BRD4 BD1 domain-selective inhibitor (ZL0590) in complex with human
BRD4 BD1 illustrates a first-in-class non-KAc binding site located at the helix aB and a.C
surface (unpublished data), whereas the classic KAc recognition site is at the end of four
helix bundles. The selective targeting of BRD4 bromodomains might facilitate further
elucidation of the complex biology underpinning bromodomain specificity among BRD4
protein partners and exploration of distinct new biological functions. Notably, we recently
discovered that ZL0580, a structurally close analog of ZL0590, can epigenetically suppress
HIV [53], whereas (+)-JQ1 was reported to activate latent HIV [48,54].

The right target: mechanisms of inhibition and BRD4 biomarkers

The 5R framework specifies that preclinical biomarkers are available for monitoring the
relationship between drug exposure and consequent downstream biological effects.
Understanding the mechanisms of inhibition has advanced the identification of biomarkers
of BRD4 inhibition. At the cellular level, BD-targeted inhibitors disrupt BRD4 activity in
multiple ways, including inhibition of the BRD4 protein—protein interaction complex,
disruption of BRD4-rich super-enhancers, inhibition of its atypical histone acetyl transferase
(HAT) activity and degradation of acetylated transcription factors. Chromatin
immunoprecipitation experiments have shown that RelA recruitment and Pol Il
phosphorylation are disrupted by BD-directed small-molecule inhibitors disrupting the
formation of a stable pre-initiation complex [9]. Similarly, BRD4 BD inhibitors displace
BRD4 from high-affinity chromatin binding sites.
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Unbiased protein—protein interaction studies have found that BRD4 forms complexes with
~1000 interacting proteins including the AP-2 adapter complex, DNA-dependent RNA
transcription, ATP chromatin remodeling factors, RNA spliceosome factors and others [34].
BRD4 inhibitors disrupt BRD4 binding with Pol Il and RelA [9,55]. In one study, BD
inhibitor-induced disruption of BRD4 binding to acetylated RelA resulted in the degradation
of nuclear RelA complex — a mechanism that further potentiates inhibition of the NF-xB
signaling pathway [56]. More-recent identification of the atypical HAT activity of BRD4 has
shown that BD binding inhibitors result in reduction of the unique HAT H3K122 acetylation
marks [5,57]. Consequently, BRD4 inhibition can be observed in tissues through disruption
of RNA Pol Il binding, displacement from super-enhancers and/or reduction in H3K122
acetylation.

The effects of highly selective BRD4 inhibitors have been observed in preclinical studies
where virus-induced inducible epithelial chemokine production, neutrophilia [8,14] and
allergen-induced remodeling [5] were reduced. A recent systems-level pharmacoproteomics
study of TLR3-NF-xB/RelA innate inflammation coupled remodeling [58] extends the
understanding of the effect of BRD4 inhibition on epithelial signals associated with
remodeling. We identified upregulation of orosomucoid (ORM2), pentraxin member
amyloid P (APCS), fibrinogen (FgA/B), fibronectin (FN1) and SPARC like 1 (SPARCL1)
proteins in the bronchoalveolar fluid (BALF). The abundance of all of these proteins was
increased in BALF undergoing remodeling and substantially reduced with selective BRD4
inhibitor treatment, making these proteins a biomarker panel indicative of BRD4 inhibitor
effect on airway remodeling.

The right patient

Preclinical advancement is dependent on identifying patients who have active airway
remodeling. To address this unmet need, we developed highly specific selected reaction
monitoring (SRM) assays for each of the BRD4-inhibition-sensitive BALF markers
identified in our mouse pharmacoproteomics study. SRMs are antibody-independent
quantitative proteomics assays. Using this method, we were able to observe increases in
these proteins in human BALF from patients with severe asthma, relative to controls [58].
Identification of biomarkers of predictive response to BRD4 inhibition will be invaluable in
advancing selective BRD4 inhibitors to treating airway remodeling.

Broader applications of BRD4 inhibitors in treatment of airway remodeling—
Although the focus of this review has been on the biological validation of BRD4 in AA-
induced remodeling, it is important to emphasize that BRD4 antagonists can have broad
application in disrupting inflammation remodeling in several lung diseases. This includes
virus-induced acute inflammation, such as RSV bronchiolitis. RSV remains a significant
human pathogen worldwide, responsible for >64 million cases of acute infections globally
[59]. BRD4 inhibitors substantially prevent disease manifestations in preclinical models
[8,9]. BRD4 has been validated as a promising therapeutic target in idiopathic pulmonary
fibrosis using a preclinical bleomycin model, with functional demonstration in explanted
myofibroblasts [60].
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Concluding remarks and future perspectives

In this review, we have examined the case for the epigenetic reader BRD4 as a validated
biological target in epithelial-driven myofibroblast remodeling and myofibroblast transition.
The mechanism for BRD4 as the nexus in inflammation-mediated remodeling is compelling.
Bromodomain-targeted small-molecule inhibitors disrupt BRD4 activity by disrupting
formation of a protein—protein interaction complex with other coactivators and chromatin
super-enhancers, as well as inhibiting its atypical HAT activity and degradation of BRD4-
associated acetylated transcription factors. As more-selective, -potent and tissue-targeted
BRD4 inhibitors are developed, this class of epigenomic inhibitors will find numerous
clinical applications in airway remodeling and relevant lung diseases.
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Highlights:
. BRD4 plays a central part in epithelial-driven innate inflammation
. BRD4 is a dynamically responsive chromatin-modifying and organizing

factor

. BRD4 is central for NF-xB-dependent EMT at the level of transcriptional

elongation
. BRD4 has a direct role in myofibroblast transdifferentiation
. BRD4 is a validated epigenetic therapeutic target for airway remodeling
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Figure 1.
Central role of bromodomain-containing protein 4 (BRD4) in activating remodeling through

the epithelial mesenchymal trophic unit (EMTU). Schematic view of a differentiated airway
epithelial cell in normal (left) and after mesenchymal (right) transition. At top left, BRD4
plays a part in maintaining normal airway phenotype by expression of epithelial cadherin
(ECDH1), maintained in an open 30 nm chromatin fiber formation. The mesenchymal
fibrotic program, Snail family transcriptional repressor 1 (SNAI1), vimentin (VIM) and
fibronectin (FN) genes are in inactive heterochromatin states. Right, in response to viral
infection or allergen exposure, injury—repair mechanisms trigger epigenetic reprogramming,
silencing ECDH1 and activating SNAIL, VM and FN genes. Similarly, BRD4 is involved in
maintenance of the normal fibroblast phenotype maintaining differentiated fibroblast
markers such as fibroblast-specific protein (FSP)/S100A4. In response to epithelial injury,
secretion of transforming growth factor (TGF)p and fibrogenic cytokines produces
myofibroblast transdifferentiation (bottom right) with activation of extracellular matrix
production including alpha smooth muscle actin (SMA). In these cell-type selective
manners, BRD4 controls the activation state of the EMTU.
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Figure 2.
Chemical structures of selected representative small-molecule bromodomain and extra-

terminal (BET) inhibitors in human clinical trials.
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Figure 3.
Chemical structures of bromodomain and extra-terminal (BET) inhibitors (+)-JQ1, RV X-208

and representative bromodomain-containing protein bromodomain-containing protein 4
(BRD4)-selective inhibitors with reported /n vivo efficacy in blocking poly(l:C)-induced
airway inflammation.
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Table 1.

Representative small-molecule bromodomain and extra-terminal (BET) inhibitors advanced into human

.. - a
clinical trials

Page 16

BET inhibitors | Pharmaceuticals Stage Indications

RVX-208 Resverlogix Phase I11 Stable coronary artery disease; type Il diabetes

I-BET762 GSK Phase Il Nut midline carcinoma; other cancer

MK8628 OncoEthix Phase I1 Acute leukemia; other hematological malignancies

CPI-0610 Constellation Phase 11 Multiple myeloma; acute myelogenous leukemia

BMS-986158 BMS Phase 11 Advanced tumors

INCB054329 Incyte Phase I1 Advanced malignancies

INCB057643 Incyte Phase I1 Solid tumors

ZENO003964 Zenith Epigenetics Phase I1 Metastatic castration-resistant prostate cancer

ODM-207 Orion Phase I/l | Solid tumors

RO6870810 Tensha Phase | Acute myelogenous leukemia; myelodysplastic syndrome; cancer

SF1126 SignalRX Phase | Advanced hepatocellular carcinoma

Abbv-075 AbbVie Phase | @S\I:anciz(;j r%atﬂgfgl;ebrf)?:}ocnawgcen non-small-cell lung cancer; acute myelogenous
Abbv-744 AbbVie Phase | Prostate cancer; acute myelogenous leukemia

BAY 1238097 Bayer Phase | Neoplasms

INCB059872 Incyte Phase | Relapsed Ewing sarcoma

CC90010 Celgene Phase | Lymphoma, non-Hodgkin; neoplasms

AZD5153 AstraZeneca Phase | Lymphoma; ovarian cancer and solid tumors

FT-1101 Forma Therapeutics | Phase | Acute myelogenous leukemia; myelodysplastic syndromes; non-Hodgkin lymphoma
GSK2820151 GSK Phase | Advanced/recurrent solid tumors

a . S
Information taken from www.clinicaltrial.gov
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