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 ABSTRACT 

Tissue regeneration capacity declines with aging in association with heightened oxidative 

stress.  Expression of the oxidant-generating enzyme, NADPH oxidase 4 (Nox4) is elevated in 

aged mice with diminished capacity for fibrosis resolution.  Bromodomain-containing protein 4 

(Brd4) is a member of the bromodomain and extraterminal (BET) family of proteins that function 

as epigenetic “readers” of acetylated lysine groups on histones.  In this study, we explored the 

role of Brd4 and its interaction with the p300 acetyltransferase in the regulation of Nox4, and the 

in-vivo efficacy of a BET inhibitor to reverse established age-associated lung fibrosis.  BET 

inhibition interferes with the association of Brd4, p300, and acetylated histone H4K16 with the 

Nox4 promoter in lung fibroblasts stimulated with the pro-fibrotic cytokine, transforming growth 

factor-1 (TGF-β1).  This Brd4-Nox4 epigenetic axis is constitutively upregulated in fibroblasts 

from human subjects with idiopathic pulmonary fibrosis.  A number of BET inhibitors, including I-

BET-762, JQ1, and OTX015, downregulate Nox4 gene expression and activity.  Aged mice with 

established and persistent lung fibrosis recover capacity for fibrosis resolution with OTX015 

treatment.  This study implicates epigenetic regulation of Nox4 by Brd4 and p300, and supports 

BET/Brd4 inhibition as an effective strategy for the treatment of age-related fibrotic lung disease. 

 

 

 

 

 

 

 

 

  



INTRODUCTION 

Idiopathic pulmonary fibrosis (IPF) is an age-related, progressive and usually fatal lung 

disease with limited treatment options (1).   IPF is characterized by the aberrant tissue remodeling 

associated with declining lung function and progressive respiratory failure (1).  Currently approved 

drug therapies merely slow the decline in lung function, without arresting/reversing disease 

progression or improving quality of life (2, 3).  The pathogenesis of IPF is incompletely understood, 

although our group and others have demonstrated that accumulation/persistence of activated 

fibroblasts/myofibroblasts is a hallmark of non-resolving fibrosis (4, 5).  

Based on the observation that contractile, activated myofibroblasts are key effector cells 

in fibrosis, they have been deemed to represent a potentially effective therapeutic target (6, 7).  

Myofibroblasts express -smooth muscle actin (-SMA) and myosin stress filaments, as well as 

the reactive oxygen-species (ROS)-generating enzyme, NADPH oxidase 4 (Nox4) (4, 5).  

Increased levels of the pro-fibrotic cytokine, transforming growth factor-1 (TGF-β1), have been 

implicated in persistent myofibroblast differentiation/activation that leads to this aberrant wound 

healing process (8). TGF-β1 differentiates lung fibroblasts into myofibroblasts (9), and markedly 

upregulates Nox4 expression (5).  Nox4 is constitutively upregulated in activated myofibroblasts 

and in lung tissues of human subjects with IPF (5).  Nox4 expression is also constitutively 

upregulated in senescent (myo)fibroblasts, in part, through epigenetic regulation involving histone 

acetylation (10).  However, epigenetic mechanisms that control Nox4 expression in IPF fibroblasts 

and in response to TGF-β1 remain unclear. 

Nox4 has been reported to be involved in many fibrotic diseases, including those of the 

heart (11), lung (5), liver (12), kidney (13) and skin (14); however, the development of Nox4 

specific inhibitors has been challenging (15).  Among the new category of epigenetic modifiers, 

the BET inhibitors have emerged as a transcriptional regulator, and are being developed as novel 

therapeutics for cancer (16).  However, the mechanisms of action of this class of epigenetic 



inhibitors on Nox4 expression and their efficacy in treatment of established lung fibrosis in animal 

models are yet to be defined.      

Epigenetic mechanisms, including histone acetylation, have been implicated in the 

pathogenesis of lung fibrosis (17-21).  Histone modifications control gene expression, for 

example, by acetylation of lysine on histones that most often confers an open chromatin 

conformation to facilitate active gene transcription (22).  Lysine acetylation is usually carried out 

by histone acetyltransferases (HAT) such as p300, which may serve as a transcriptional co-

activators (23).  Acetylated lysines are a binding site for bromodomain (Brd) proteins, which were 

originally identified as chromatin-associated proteins and functional components of HAT 

complexes (24).  The Brd protein family includes bromodomain and extraterminal (BET) proteins, 

and function as epigenetic “readers” via its binding to acetylated histone-lysine and recruitment 

of additional co-activators to regulate gene transcription (25).  Brd4, a member of the BET family, 

has been implicated in many fibrotic disorders, such as liver (26), lung (27), renal (28), pancreatic 

(29), and cardiac (30) fibrosis.  However, the epigenetic regulation of Nox4 expression by Brd4 

and other epigenetic modifiers in the fibrotic process has not been well defined.  In this study, we 

investigated the effects of a BET/Brd4 inhibition on p300 and H4K16ac in regulating Nox4 

expression in response to TGF-1 and in the constitutive activation of IPF fibroblasts; we also 

examined the efficacy of the BET inhibitor, OTX015, in the treatment of established and persistent 

lung fibrosis in aged mice.   



RESULTS 

Nox4 is downregulated in IPF myofibroblasts by Brd4 inhibition 

 First, we investigated whether Brd4 regulates Nox4 gene expression.  Primary IPF lung 

fibroblasts were transfected with Brd4 siRNA or non-targeting (NT) control siRNA, and 

gene/protein expression were analyzed after 48 h.  Decreased Nox4 expression, at both the 

protein and mRNA levels, were observed in Brd4 siRNA transfected cells (Figure 1A -1C).  We 

then tested the effects of pharmacological BET inhibitors to determine if they mediate similar 

effects.  Although these drugs are potent inhibitors of Brd4, they may also inhibit other BET 

proteins, such as Brd2 and Brd3.  We examined the effects of I-BET-762, JQ1, and OTX015; both 

I-BET-762 and OTX015 have undergone early stage clinical trials for cancer (31, 32).  Primary 

IPF fibroblasts from at least 3 different human subjects were examined with each inhibitor.  JQ1 

and OTX015 decreased Nox4 mRNA levels in all three IPF cell lines, while I-BET-762 was 

effective in two of the three samples tested (Figure 1D).  Similar decreases in Nox4 expression 

at the protein level were observed in these subjects (Figure S1, S2). These data indicate that 

genetic or pharmacological BET/Brd4 inhibition decreases Nox4 expression at both the mRNA 

and protein levels in primary IPF lung fibroblasts.  

 

Brd4 inhibition blocks TGF-β1 induced Nox4 expression  

TGF-β1 is a cardinal pro-fibrotic cytokine (8), and induces Nox4 expression in fibroblasts 

(5); we further examined the effects of BET inhibitors on TGF-β1-induced Nox4 expression.  

Normal human lung fibroblasts (IMR90) were transfected with Brd4 siRNA or NT siRNA control, 

followed by treatment with TGF- β1 (2 ng/ml) for 48 h.  Fibroblasts transfected with Brd4 siRNA 

failed to upregulate Nox4 expression (Figure 2A-C).  We then examined the effect of BET 

inhibitors on Nox4 expression in response to TGF-β1.  IMR90 fibroblasts were pre-treated with 

BET inhibitors for 2 h prior to TGF-β1 (2 ng/ml) treatment for 48 h; the upregulation of Nox4 mRNA 

was suppressed by all three Brd4 inhibitors, although OTX015 was the most potent with >95% 



inhibition at 0.5 µM (Figure 2D; corresponding changes at the protein levels were also observed, 

Figure S2B).  In subsequent experiments, we focused on the effects of OTX015 for both in-vitro 

and in-vivo studies.  The effects of OTX015 on Nox4 expression was confirmed at the protein 

level (Figure 2E, 2F) and at the level of enzymatic activity, as assessed by extracellular H2O2 

release (Figure 2G).  Although Nox4 has been reported to inhibit myofibroblast differentiation and 

pro-fibrotic responses, it is not known if putative anti-fibrotic effects of BET inhibition can be fully 

accounted for by Nox4 inhibition.  We tested the effect of OTX015 treatment on Nox4-silenced 

cells and observed a small, but appreciable, additive inhibitory effect on TGF-β1-induced 

expression of α-SMA, collagen (Supplementary data, Figure S3).  Together, our data indicate that 

Brd4 inhibition, either by siRNA-mediated gene silencing or by pharmacologic BET inhibitors, not 

only downregulates the constitutive but also TGF-β1-inducible Nox4 expression/activity in lung 

fibroblasts.  

 

BET inhibition blocks the enrichment of transcriptional components (H4K16ac, Brd4 and 

p300) associated with the Nox4 promoter 

 Previously, we demonstrated that Nox4 transcription is associated with an active histone 

mark, H4K16ac (10); while inactivated p300 has been reported to reduce Nox4 expression in 

cancer cells (33).  We examined if decreased Nox4 gene expression by the BET inhibitor, 

OTX015, is due to the depletion of these transcriptional components at the Nox4 promoter.  We 

used three sets of PCR primers to examine regions within the Nox4 promoter that associates with 

these components (Figure 3A).  We first examined the association of Brd4 with the Nox4 promoter 

region in OTX015 treated IPF fibroblasts.  Brd4 association was significantly inhibited at the Nox4 

promoter by OTX015, suggesting that this inhibitor is effective at preventing the association of 

Brd4 protein at this promoter (Figure 3B).  In addition to decreased association of Brd4 with the 

Nox4 promoter, OTX015 treatment reduced the association of H4K16ac (Figure 3C) and p300 

(Figure 3D) with the Nox4 promoter in IPF fibroblasts.  This indicates that, in parallel with the 



observed reduction in constitutive expression of Nox4 gene expression in IPF fibroblasts (Figure 

1D), OTX015 treatment depletes the recruitment of Brd4, H4K16ac and p300 at the Nox4 

promoter.  

 Next, we tested the effects of OTX015 on TGF-β1-induced responses of these 

transcriptional components at the Nox4 promoter in IMR90 fibroblasts (Figure 4 and S4).  TGF-

β1 induced an enrichment of Brd4 association with the Nox4 promoter, an effect that is blocked 

by OTX015 pre-treatment (Figure 4A).  Concurrently, the enhanced associations of H4K16ac and 

p300 at the Nox4 promoter region induced by TGF-β1 are also blocked by this BET inhibitor 

(Figure 4B, 4C).  Together with the finding that OTX015 is a potent inhibitor of Nox4 upregulation 

by TGF-β1 (Figure 2), these data indicate that BET inhibition not only blocks the association of 

Brd4 with the Nox4 promoter, but also its association with the open chromatin mark, H4K16ac, 

and the transcriptional cofactor/acetyltransferase p300, which together regulate both constitutive 

and inducible Nox4 gene expression.  

 

p300 regulates Nox4 gene expression in lung myofibroblasts 

 Based on our findings of p300 association with the Nox4 promoter under constitutive 

(Figure 3D) or TGF-β1-inducible (Figure 4C) conditions, we tested the requirement of p300 for 

Nox4 gene regulation under both settings.  In primary IPF fibroblasts, siRNA silencing of p300 

resulted in constitutive downregulation of Nox4 at mRNA levels (Figure 5A-C; and Figure S5A for 

Nox4 at protein levels).  Silencing of p300 in IMR90 fibroblasts significantly reduced TGF-β1 

induced Nox4 at the mRNA level (Figure 5D-F; Figure S5B for Nox4 protein).  These data indicate 

that p300 regulates both constitutive and inducible Nox4 gene expression in lung fibroblasts.   

 

BET inhibitor OTX015 interferes with p300 induction/recruitment by TGF-β1  

We then tested whether the BET inhibitor, OTX015, regulates the induction and/or 

recruitment of p300 by TGF-β1.  OTX015 inhibited TGF-β1 induced p300 expression, in parallel 



with Nox4 down-regulation in IMR90 fibroblasts (Figure 6A, B), and in non-IPF primary human 

lung fibroblasts (Figure S6).  OTX015 pre-treatment also inhibited TGF-β1-induced nuclear 

localization of p300, as evidenced by immunoflurorescence staining (Figure 6C).  Together, these 

data indicate that p300 mediates TGF-β1-induced Nox4 gene upregulation, and that Brd4 may 

function to recruit/stabilize p300 at the transcriptional complex.    

 

Pharmacologic BET inhibition with OTX015 reverses established lung fibrosis in aged mice  

We have established a model of persistent lung fibrosis in aged mice subjected to airway 

epithelial injury by administration of intra-tracheal bleomycin (34).  In 18-month old mice, we 

induced lung fibrosis with bleomycin through oropharyngeal installation (1.25 units/kg).  OTX015 

was administered twice daily by oral gavage at a dose of 25 mg/kg, which has previously been 

shown to be effective in a murine model of cancer (35). Dosing was initiated 21 days post-

bleomycin injury when lung fibrosis is well established and continued for the ensuing 3 weeks (at 

42 days) prior to sacrifice and analyses (Figure 7A).  In mice receiving OTX015 treatment, marked 

improvement in fibrosis resolution was observed by histopathology (Figure 7B).  Whole lung 

lysates showed decreased Nox4 protein levels by western blot analyses in the OTX015 treated 

group in comparison to induced expression in bleomycin-injured mice (Figure 7C, 7D); this effect 

was also observed in isolated primary lung fibroblasts from lung tissues (Figure 7E, 7F).  Lungs 

of mice were analyzed by micro-CT scans.  Using -550 hounsfield units (HU) as a discriminator 

of aerated vs. dense lung (36), mice receiving OTX015 treatment showed a marked increase in 

aerated lung (green) and a relative decrease in non-aerated lung (red) (Figure 7G).  Additionally, 

we utilized the 15th percentile of lung density as a sensitive cut-off to discriminate air content from 

lung parenchyma, as previously described (37); this analysis demonstrated that lung tissue 

density is markedly reduced in OTX015 treated mice in comparison to the bleomycin group 

(Figure 7H).  Accumulation of total lung collagen, measured by hydroxyproline levels, 

demonstrated that the OTX015 treated bleomycin group had lower steady-state levels of collagen 



in comparison to the bleomycin-only group (Figure 7I).  These studies indicate that OTX015, a 

drug that inhibits Brd4, H4K16ac, and p300 recruitment to the Nox4 promoter region and 

downregulates Nox4 in lung tissues and in isolated lung fibroblasts, is effective in mediating 

resolution of established/persistent lung fibrosis in aged mice.   



DISCUSSION 
 

 Epigenetic regulation of gene expression by dynamic changes in chromatin structure are 

essential for physiological adaptive responses, and contribute to pathological states.  Post-

translational acetylation of histone tails are recognized by epigenetic “readers”, in particular 

bromodomain proteins, that typically facilitate active transcription of target genes (38).  

Bromodomain proteins have emerged as attractive epigenetic targets for cancer and other 

diseases (39).  Epigenetic mechanisms contribute to the pathogenesis of IPF, including histone 

acetylation (7, 18, 19, 40).  In this study, we demonstrate that inhibition of the epigenetic reader, 

Brd4, promotes resolution of established and persistent lung fibrosis in aged mice.  This restored 

capacity for fibrosis resolution is associated with a marked reduction in the expression of Nox4, a 

ROS-generating enzyme implicated in age-associated pulmonary fibrosis (34).  Both constitutive 

and TGF-β1-inducible Nox4 expression are downregulated in lung fibroblasts with genetic or 

pharmacologic inhibition of Brd4.  Gene repression of Nox4 by Brd4 inhibition is coordinated by 

reduced associations of Brd4, H4K16ac and p300 at the Nox4 promoter (Figure 8).      

Targeting BET proteins are emerging as a potentially effective strategy for organ fibrosis 

in pre-clinical models (41).  We investigated a BET inhibitor that is already in cancer clinical trials, 

OTX015 (16), while other drugs in this class may mediate similar activities.  In an in-vitro study of 

human lung fibroblasts, the BET inhibitor JQ1 downregulated Nox4 through depleted association 

of its promoter with Brd3 and Brd4, but not Brd2 (42); in this study, JQ1 was proposed to counter-

regulate Nox4/SOD2 imbalance by decreasing Nox4 gene expression and increasing Nrf2 

activity.  Previous studies from our group showed that Nox4 silencing, itself, was sufficient to 

induce Nrf2 activation in human lung fibroblasts (43).  Brd4 inhibition with JQ1 was reported to 

protect against renal fibrosis by down-regulating Nox4 expression and interrupting upstream 

Smad3 and ERK1/2 signaling (28).  In human dermal fibroblasts, JQ1 was shown to inhibit the 

upregulation of Nox4 and differentiation of skin fibroblasts to myofibroblasts induced by TGF-β1 

by interruption of the interaction of Smad3 with Brd4 (44).  However, our studies implicate a more 



direct role for Brd4 in regulating the association of acetylated histone H4 and the transcriptional 

co-activator/acetyltransferase p300 with the Nox4 promoter to downregulate Nox4 gene 

expression in fibrotic lung fibroblasts.  We demonstrate that Brd4 inhibition partially blocks p300 

recruitment/stabilization, and its nuclear translocation/expression, in lung fibroblasts to 

downregulate Nox4 gene expression.  This is similar to findings in adipose tissue that showed 

Brd4 binding to p300 at active enhancers to regulate genes that confer cellular identity (45); 

additionally, in embryonic stem cells, Brd4 interacts with p300 to maintain the expression and 

chromatin patterns of pluripotency-associated genes (46).  Together, these studies suggest that 

Brd4 enhances p300-mediated histone acetylation.  Our studies reveal that active Nox4 

transcription-dependent gene expression is associated with enriched Brd4, p300 and acetylated 

H4K16 at the Nox4 promoter, while BET/Brd4 inhibition depletes p300 and acetylated H4K16 at 

this promoter site, resulting in Nox4 gene down-regulation.   

By virtue of its role as a protein that coordinates and integrates acetylated histones and 

transcription factor recruitment/binding (47), Brd4 is involved in many normal and disease cellular 

processes (39, 48).  While BET inhibitors have been investigated in fibrotic disease models with 

promising results (49), previous studies have not tested anti-fibrotic efficacy of these drugs in 

therapeutic approach with established fibrosis but rather in a preventative model.  Additionally, 

the influence of age and capacity for fibrosis resolution, which may be more relevant as a 

preclinical model, has not been addressed.  Previous studies of BET inhibition in lung fibrosis 

models were conducted with drug administration early stages of inflammation following injury and 

in young mice which have the capacity to resolve fibrosis spontaneously (27, 50).  For example, 

the inhibitor JQ1 was administrated on day 5 after bleomycin injury (27) or 1 day before bleomycin 

challenge (50); thus, it is not clear if the beneficial effects were related to anti-inflammatory (vs. 

anti-fibrotic) effects.  On the other hand, we examined the therapeutic effects of the inhibitor 

OTX015 in aged mice with established and persistent fibrosis, specifically at 3 weeks following 

bleomycin injury in aged mice that manifest non-resolving fibrosis in the absence of drug 



treatment (34, 51).  Importantly, our studies support a direct effect of BET/Brd4 inhibition on the 

fibrosis resolution process.  In OTX015 treated animals, Nox4 expression in the lungs was 

markedly decreased with appreciable restoration of lung structure.  Although Nox4 is a well-

recognized pro-fibrotic gene in lung fibrosis (5, 34), the observed restitution of resolution capacity 

may be attributable, not only to decreased Nox4 expression but, to a skewing of gene expression 

that favors tissue regeneration over fibrosis.  Other anti-fibrotic effects of BET inhibitors may 

include their anti-proliferative and anti-inflammatory effects, as well as potential Nox4-

independent effects on fibroblast activation (26, 27, 42).   

The rapid expansion of novel BET inhibitors offers opportunities for more targeted 

approaches and precision in heterogeneous diseases such as IPF.  While our studies showed 

that the pan BET inhibitors, OTX015, I-BET-762, and JQ1, consistently down-regulate Nox4 

expression, we also observed variable responses/sensitivities to individual drugs in primary cells 

derived from different IPF patients, supporting a need for more “personalized/precision” approach 

to drug selection (52).  Despite the promising results of BET inhibitors, off-target effects of these 

drugs are emerging.  For example, cardiomyopathy developed in animals receiving the I-BET-

151 inhibitor (53); additionally, acquired resistance to BET inhibitors has been reported (54).  More 

specific BET inhibitors are currently under development, in addition to combination therapies to 

combat resistance (55).  An understanding of the full spectrum of pro-fibrotic effects of BET 

proteins may allow for more precise and targeted approaches.  Despite these limitations, our 

studies support the future development of specific BET/Brd4 inhibitors for the treatment of fibrotic 

disorders such as IPF.  

 

 

 

 

 



MATERIALS AND METHODS 

Cell culture, reagents and treatments 
 

De-identified tissues from the University of Alabama at Birmingham (UAB) Airway Tissue 

Procurement Program were used for cultures of human primary lung fibroblasts from IPF and 

non-IPF subjects, and was approved by the UAB Institutional Review Board.  The diagnosis of 

IPF was made by a multidisciplinary approach according to the ATS/ERS guidelines (56).  All 

primary cell lines were used prior to passage 5.  Normal lung fibroblasts (IMR90) were from Coriell 

Institute for Medical Research (Camden, NJ), and were used at early passages.  All cells were 

collected for various assays at about 85% confluent.  TGF-β1 was from R&D systems 

(Minneapolis, MN). Inhibitors I-BET-762 was from Cayman Chemical (Ann Arbor, MI) and JQ1 

was a generous gift from Dr. James Bradner, Dana-Farber Cancer Institute, Inc (Boston, MA).  

The BET inhibitor, OTX015, was purchased from Chemietek (Indianapolis, IN).  For IPF 

fibroblasts, I-BET-762 was added at 0.5 μM, JQ1 at 1 μM, and OTX015 at 0.5 μM for 48 hours.  

At this dose of OTX015, no cellular toxicity was noted and no effect on growth of lung fibroblasts 

were observed (Figure. S7).  For normal lung fibroblasts (IMR90 or non-IPF fibroblasts), cells 

were kept in 1%FBS medium overnight, then pre-treated with vehicle control or the above 

inhibitors at the indicated concentrations for 2 hours before adding TGF-β1 at 2 ng/ml for 48 hours; 

cells were then collected for various assays. 

   

siRNA-mediated gene silencing 

siRNA were transfected with Opti-MEM (Thermo Fisher Scientific) using lipofectamine 

RNAi/MAX (Invitrogen). The sequences for Brd4, p300 siRNA and for Non-targeting (NT) are 

listed in Table 1.  IPF or normal lung fibroblasts were kept in full medium with 10% FBS for 48 h 

after transfection, then were subjected to various assays.  

 

Real-time PCR 



mRNA expression levels were determined by real-time PCR with SYBR-green mix from 

Life Technologies (Carlsbad, CA).  RNA was extracted with RNeasy Mini Kit (Qiagen, Valencia, 

CA), and transcribed into cDNA with a cDNA synthesis kit (Takara Bio, Mountain View, CA). Real-

time PCR was performed in triplicate and normalized to -actin using the ΔΔCt method (17).  The 

primer sequences are listed in Table 1.  

 

H2O2 production measurements  

The measurements of extracellular H2O2 production from the cultured cells was according 

to previously published protocols (57).    

 

Immunoblotting 

Western immunoblotting was performed as previously described (58).  Whole cell lysates 

were collected and quantified with a Micro BCA Protein Assay kit (Thermo Scientific).  Anti-Nox4 

(AF8158) was from R&D systems (Minneapolies, MN), and validation of the antibody was showed 

in Figure S1; anti-p300 (Cat.# 61903) was from Active Motif (Carlsbad, CA); anti-Brd4 (A301-

985A100) was from Bethyl Laboratories (Montgomery, TX) and anti--actin (#2128) was from Cell 

signaling (Beverly, MA).   

 

Immunofluorescence:  

Immunofluorescence staining was performed as descried previously (59).  Mouse anti-

p300 was purchased from Active Motif (cat# 61903, Carlsbad, CA).  Images were acquired with 

a Keyence microscope (Itasca, IL).    

 

Chromatin immunoprecipitation assays  



Chromatin immunoprecipitation (ChIP) assays were performed as per the manufacturer’s 

protocol  (ab500, Abcam, Cambridge, MA) with some modifications (10).  Antibodies against Brd4 

(A301-985A100) was from Bethyl Laboratories (Montgomery, TX), H4K16Ac (#61529) and p300 

(#61903) were from Active Motif.  ChIP-DNA was amplified by real-time PCR with primers listed 

in Table 1, using SYBR® Green PCR Master Mix (Life Technologies, Carlsbad, CA).  Results are 

normalized to input DNA.  

 

Bleomycin induced lung fibrosis in aged mice 

All animal studies were performed in accordance with UAB Institutional Animal Care and 

with Committee approved protocols.  18-month old healthy C57BL mice were used.  A single dose 

of normal saline or bleomycin sulfate at 1.5 U/kg body weight was oropharyngeal instilled.  

OTX015 were administrated by oral gavage twice daily at 25 mg/kg (35) starting week-3 (day 21) 

after bleomycin injury till week-6 (day 42).  All mice were sacrificed at the end of week-6 post 

bleomycin injury.  The mice lungs were prepared for whole lung tissues lysates, hydroxyproline 

analysis, histological studies for lung tissues with H&E stains, and for primary lung fibroblasts 

culture. The primary lung fibroblasts were collected at passage 1 for whole cell lysate for western 

blots.  Some of the mice, before sacrificed were subjected to lung micro-CT scan. Lysates from 

whole lung tissues, and from primary murine lung fibroblasts cultures were collected for western 

blots were carried out as described above.  

 

Mice lung micro-CT Imaging  

 The non-contrast micro-CT images of mice were acquired in supine position using in vivo 

small animal micro-CT (MiLabs, Utrecht, Netherlands).  During acquisition, the animals were 

under isoflurane anesthesia and prospectively gated for a single inspiratory phase of respiration. 

All images were acquired at ultra-focused magnification with the following parameters: tube 

voltage (55kV), tube current (0.19mA), scan angle (360o), and with 20ms exposure.  The 



respiration gating is set for a rising trigger with a 25ms delay, 100ms duration, 100ms inhabit, 

1080 threshold, and 80 hysteresis.  The trigger is set for when the signal first crosses over the 

hysteresis and intersects with the specified threshold.  All images were reconstructed using 

MiLabs Reconstruction Software (MiLabs, Utrecht, Netherlands) at 40 μ-voxel resolution at a 

single respiratory phase at 0.2 phase and 0.1 window.  Region growing algorithm was applied for 

segmentation of lung parenchyma from the micro-CT images.  In region growing segmentation, a 

seed point was selected within the lungs and lungs are grown from the seed point based on the 

density thresholds of (-1024HU, -100HU).  The lung mask was then applied to identify regions of 

aerated lung (areas <-550HU) (36).  Additionally, 15th percentile of lung density (60) was 

estimated to statistically evaluate the changes in lung density across saline, bleomycin, and 

bleomycin with OTX015 treated groups.  The closer the 15th percentile value of the lung mask to 

the density of air (-1024HU), the higher the percentage of aerated lung.  

 

Hydroxyproline analysis  

Mouse lung tissues were collected and hdroxyproline content were analyzed by a kit from 

QuickZyme BioSciences.  Briefly, the lung tissues were dried in an oven at 70C for 48h, and then 

hydrolyzed in 6 N HCL at 95 C for 20 h.  Then hydroxyproline content were measured following 

the manufacturer’s protocol using collagen as standards.   

 

Statistical analysis 

Data are presented as the mean ± standard deviation (SD). All data were statistically 

analyzed using GraphPad Prism 5.0 (La Jolla, CA).  One-way ANOVA was used to compare 

between multiple groups; comparison between two groups were with Student’s paired t test.  A p 

value of <0.05 was considered to be statistically significant. 

 

Study approval 



 De-identified human tissues were obtained from the UAB Airway Tissue Procurement 

Program for primary culture of lung fibroblasts, which was approved by the UAB Institutional 

Review Board.  The animal studies were approved by the UAB Institutional Animal Care 

Committee.  
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Table 1: siRNA and PCR primer sequences 
 

Name  Sequence 

Brd4 (human)  
(from Thermo Scientific, 
Silencer Pre-Designed 
siRNA, cat #AM16708)  

siRNA Sense: 5’-GCCAAGGAACCUCCUCCUAtt-3’ 
Anti-sense: 5’-UAGGAGGAGGUUCCUUGGCtt-3’ 
 

Non-targeting (NT) (for 
cells culture) 

siRNA Sense: 5’-UAAGGCUAUGAAGAGAUACUU-3’,  
Anti-sense: 5’-GUAUCUCUUCAUAGCCUUAUU-3’. 

P300, human siRNA Sense: 5’-GGACUACCCUAUCAAGUAAUU-3’  

Antisense: 5’-UUACUUGAUAGGGUAGUCCUU-3’  

Nox4 (human) 
(ENSG00000086991) 

RT-PCR F: 5’- AGATGTTGGGGCTAGGATTG-3’ 
R: 5’- TCTCCTGCTTGGAACCTTCT-3’ 

ChIP-PCR Set A (FaRa) 
F: 5’- CAGGCATGTTTCCTGGTCTATAA-3’ 
R: 5’- CTCTGATTGGATAGCTAGCCTTAG-3’ 
Set B (FbRb) 
F: 5'-ATCTCCTGACTCCGTGATCC-3' 
R: 5'-GCGTGTTAGCACTCTCTCACTTTA-3' 
Set C (FcRc) 
F: 5'-GAACAGCAGCAGCCACAAC-3' 
R: 5'-CTACCCAGAGCCGGTTTTC-3' 

β-actin RT-PCR F: 5’-TGCTATCCAGGCTGTGCTAT-3’ 
R: 5’- AGTCCATCACGATGCCAG T-3’ 
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Figure 1: Brd4 inhibition downregulates Nox4 expression in IPF lung fibroblasts. A-C, 
Primary IPF lung fibroblasts were transfected with Brd4 siRNA for 48 h.  (A) Cells were collected 

and subjected to western blots for Nox4, Brd4 and -actin.  (B) Densitometry of Brd4 and Nox4 

protein expression relative to β-actin, as in A; *p < 0.05, Brd4 siRNA compared to NT control.  (C) 

RNA from NT and Brd4 siRNA treated cells were analyzed for Nox4 mRNA by real-time PCR; *p 
< 0.05, compared to the NT control of the same cell line.  (D) BET inhibitors, BET-762 (0.5 μM), 
JQ1 (1 μM) and OTX-015 (0.5 μM) were added to primary IPF lung fibroblasts at 70% confluency 
for 48 h, RNA were collected and Nox4 mRNA expression analyzed by real-time PCR; shapes 
represented by triangles, squares, or circles indicate three different IPF individuals from whom 
primary cells were derived.  Expressed values represent mean ± SD; n = 3 experimental replicates 
of each cell line; *p < 0.05, treated group vs control (vehicle) group.   
  



 
 
Figure 2: Brd4 inhibition blocks TGF-β1 induced Nox4 gene upregulation in human lung 
fibroblasts. A-C: Normal human lung fibroblasts (IMR90) were transfected with siRNA Brd4 or 

NT, then treated with vehicle or TGF-β1 (2 ng/ml) for 48 h.  (A) The whole cell lysate were 

collected to examine Brd4 expression by western blots.  (B) Densitometry of Brd4 associated 

signals detected (ration to β-actin) in A.  * p < 0.05 siRNA Brd4 transfected cells compared to NT 

control of the same cell line.  (C) The cells were treated as in A, cells were analyzed for Nox4 
mRNA by real-time PCR as shown by mean ± SD, n = 3 in each group. *p < 0.05, each group 
compared to vehicle only; while # p<0.05 of TGF-β1 treated siRNA Brd4 vs NT cells.  (D) IMR90 
were incubated overnight with 1% fetal bovine serum at 70% confluency, and then treated with 
vehicle or various Brd4 inhibitors with the same concentration as in Figure 1 for 2 h prior to 

stimulation with TGF-β1 (2 ng/ml) for 48 h.  Cells were analyzed for Nox4 mRNA by real-time 

PCR; values represent mean ± SD, n = 3 in each group. *p < 0.05, each group compared to TGF-

β1 with vehicle only (Vehl/TGF-β1.  (E)  IMR90 fibroblasts were pre-treated with or without 

OTX015 for 2h, and then with or without TGF-β1 for 48h. Cells were collected and subjected to 

SDS-PAGE and western blot analysis for Nox4 and β-actin (loading control).  (F) The densitometry 

of Nox4 associated signals detected (ration to β-actin) in E.  *p < 0.05 OTX015 pretreated cells 

with TGF-β1 compared to TGF-1.  (G) IMR90 fibroblasts stimulated with/without TGF-1 (2 ng/ml 

x 24 h) in the presence/absence of OTX015 (0.5 M) were analyzed for extracellular H2O2 
production, as a marker of Nox4 activity; values represent mean ± SD; n = 6 in each group, *p  

< 0.05, compared to TGF-1/OTX015.  
 
 
 



 

 
 
Figure 3: BET inhibitor OTX015 blocks the Nox4 promoter association with Brd4, H4K16ac 
and p300 in IPF fibroblasts.  (A) Schematic of the relative locations of three PCR primer sets 
used to examine the association of transcriptional complex proteins with Nox4 
(ENSG00000086991) by chromatin immunoprecipitation (ChIP) assays. (B-D) Primary IPF lung 
fibroblasts were treated with vehicle or OTX015 (0.5 μM) for 48 h before the cells were subjected 
to ChIP assays. The Nox4 promoter region association with Brd4, H4K16Ac and p300 were 
analyzed by ChIP assays with primer sets indicated in A.  DNA was immunoprecipitated with 
specific antibodies to Brd4 (B), or H4K16Ac (C), or p300 (D).  The relative levels of the PCR 
product were represented by bars of Nox4 promoter region’s association with Brd4, H4K16ac or 
p300; while the negative control is pull-down with IgG.  qPCR data were analyzed by 2-∆∆Ct method, 
and were normalized to input DNA, expressed as fold changes relative to primer set FcRc or 
FaRa. The values are expressed as mean ± SD from average of three independent experiments 
of one representative cell line. *p < 0.05, OTX015 treated compared to control (vehicle only).    
 
 



 
 
Figure 4:  Association of Brd4, H4K16ac, and p300 with Nox4 promoter region by TGF-β1 

with or without BET inhibitor OTX015.  Normal lung fibroblasts (IMR90) were pretreated with 
vehicle or OTX015 (0.5 μM) 2 h prior to stimulation with TGF-β1 (2ng/ml) for 48 h. Then the cells 
were collected for ChIP assays. The association of Nox4 promoter region with Brd4, H4K16Ac 
and p300 were analyzed by ChIP assays with primer sets indicated in Figure 3A.  DNA was 
immunoprecipitated with specific antibodies to Brd4 (A), or H4K16ac (B), or p300 (C).  Bars 
represent the relative levels of the PCR product of Nox4 promoter region’s association with Brd4, 
H4K16ac or p300; while the negative control is pull-down with IgG.  qPCR data were analyzed by 
using the 2-∆∆Ct method, and results were normalized to input DNA, expressed as fold changes 
relative to primer set FcRc or FaRa. The values are expressed as mean ± SD from average of 
three independent experiments of one representative cell line. *p < 0.05, compared to control 
(vehicle only), #p < 0.05, compared to TGF-β1.    

 



 

Figure 5: p300 mediates Nox4 gene expression in lung fibroblasts. (A-C) Primary IPF 

fibroblasts were transfected with non-targeting (NT) siRNA or p300 siRNA.  (A) Representative 

western blots from two different IPF individuals derived fibroblasts transfected with siRNA NT or 

p300 demonstrated the levels of p300 and β-actin.  (B) The densitometry of p300 associated 

signals detected (ration to β-actin) in A.  * p < 0.05 compared to NT control of the same cell line.  

(C) The expression of Nox4 mRNA was analyzed by real-time quantitative PCR of the IPF cells 

transfected with siRNA NT or p300, expressed as mean ± SD, n = 3 experimental replicates of a 

representative cell line; *p < 0.05 compared to NT control.    (D-F) IMR90 cells were transfected 

with siRNA NT or p300, then the cells were treated with TGF-β1 (2 ng/ml) for 48 hr and analyzed 

for p300 expression by WB and Nox4 mRNA expression by real-time PCR. (D) Representative 

western blots of p300 and β-actin showing.  (E) Densitometric analysis of p300 associated signals 

detected (ration to β-actin) in D.  * p < 0.05 TGF-β1 treated cells with p300 siRNA vs NT siRNA.  

(F) The mRNA expression of Nox4 by real-time PCR.  *p < 0.05 compare to vehicle control; # p 

<0.05, the transfected cells with TGF-β1 treatment, siRNA p300 vs NT; bar represents as mean 

± SD, n = 3 experimental replicates.   

 



 

Figure 6:  BET inhibitor OTX015 blocks p300 mediated Nox4 upregulation by TGF-β1.    Lung 

fibroblasts IMR90 were treated either with vehicle control, OTX015 (0.5 μM) or pretreated with 

vehicle or OTX015 for 2h, before adding TGF-β1 (2 ng/ml) for 48h.  (A) Representative western 

blots showing p300, Nox4 and β-actin levels in the whole cell lysate from above treatment.  (B) 

Densitometric analysis of p300 (left) or Nox4 (right) associated signals detected (ration to β-actin) 

in A.  * p < 0.05 TGF-β1 treated without OTX015 vs with OTX015. The results are mean ± SD 

from three independent experiments.  (C) Representative pictures of immunofluorescence of 

IMR90 cells treated as in A, cells are stained with antibodies of p300 (red) and DAPI (blue), or 

merged for stains of both.  The images were taken at 20x with a Keyence microscope. 

 

 

 



  

 

 



Figure 7: Inhibitor OTX015 facilitates resolution of established lung fibrosis in aged mice.  
(A) The schedule of lung fibrosis induced by bleomycin injury in 18-month old mice.  OTX015 was 
given twice daily by oral from Day 21 to 42 after bleomycin injury.  All the mice were sacrificed at 
day 42 after bleomycin injury.  (B) Whole lung histology by immunohistochemistry with H&E 
staining of mice with saline, bleomycin injury (bleo) or bleomycin injury with OTX015 treatment 
(Bleo/OTX).  (C) Mice whole lung tissue lysates from groups of saline (n = 7), bleomycin (n = 7) 
and bleomycin with OTX015 treatment (n = 9) were subjected to SDS-PAGE and western blots 

analysis for Nox4 and β-actin.  (D) Densitometry of Nox4 to β-actin of the western blots in C, 

values are expressed as mean ± SD.  (E) Primary lung fibroblasts were cultured from mice lungs, 
whole cell lysate from mice groups of saline (n=3), bleomycin (n=3) and bleomycin with OTX015 
treatment (n = 4) were collected at passage 1, and subjected to SDS-PAGE and western blots 
analysis for Nox4 and β-actin.  (F) Densitometry of the western blots for Nox4 ratio to β-actin in 

the primary murine lung fibroblasts as shown in E, values are mean ± SD.  (G) Representative 
axial micro CT images of mice lungs 6-weeks after subjected to bleomycin injury with/without 
OTX015 treatment.  Red and green represent voxels of the lung field that are below -550 
Hounsfield units (green, representing aerated lung) and between -550 and -350 Hounsfield units 
(red, representing non-aerated lung).  (H) Quantitation of lung density in uninjured (saline) and 
injured (Bleo) mice treated with/without OTX015; Whisker plots represent mean ± SD; n = 4-6 per 
group (saline n=6, bleo=4, bleo/OTX015=4); *p < 0.05.  (I) Hydroxyproline content in lungs of mice 
from groups of saline (n = 5), bleomycin (n = 6), or bleomycin with OTX015 treatment (n = 8), the 
values are expressed as mean ± SD.  *p < 0.05 for comparisons of indicted groups as compared 
to the bleomycin group; “n” is the number of mice number in each group.   
  



 

 

Figure 8:  Schematic diagram of proposed mechanisms of the findings in this study.   BET 
inhibitor inhibits epigenetic reader proteins such as Brd4, thus blocks the association of Brd4, 
H4K16ac, and p300 with Nox4 promoter region, which would down-regulate the expression of 
Nox4 (and other genes), and ultimately restore lung capacity and improve lung fibrosis resolution.  
  




