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ABSTRACT 

Ets Homologous Factor Regulates Genes Involved in  

Airway Epithelial Development, Function and Response to Injury 

Sara Fossum 

 

 The airway epithelium forms an active barrier between the internal and external environments 

and has multiple roles critical to normal function of the lung. Its development and function are controlled 

by a network of transcription factors that regulate gene expression in response to varying stimuli.  

Dysfunction of this tissue plays an important role in pathogenesis of multiple pulmonary diseases, 

including cystic fibrosis (CF). Ets homologous factor (EHF) is a transcription factor that is expressed in the 

airway epithelium, and its levels are altered in inflammatory states. EHF maps adjacent to an intergenic 

region that has been implicated as a modifier of CF airway disease through a replicated genome-wide 

association study. The role of EHF in regulation of gene expression in the bronchial epithelium was 

investigated. Chromatin immunoprecipitation followed by sequencing (ChIP-seq) identified a binding 

signature for EHF in Calu-3 lung adenocarcinoma and primary human bronchial epithelial (HBE) cells.  

EHF binding sites were enriched at promoters and for corresponding histone modifications. In Calu-3 

cells, regions of EHF occupancy overlap those of activator protein-1 (AP-1) genome-wide, and these sites 

are found near loci important for epithelial differentiation and wound repair.  

 EHF modulation followed by RNA-sequencing (RNA-seq) in Calu-3 cells and A549 lung 

carcinoma cells altered expression of genes involved in epithelial differentiation, barrier function and 

response to wounding. RNA-seq after EHF depletion in primary HBE cells identified putative direct targets 

that are enriched for genes involved in degradation of response to wounding, the immune response, and 

gene regulation. EHF expression is increased by the Th2 interleukin IL-13. EHF increases levels of the 

SAM pointed domain-containing ETS transcription factor (SPDEF), a target of IL-13-induced signaling 

that contributes to goblet cell hyperplasia in the airway epithelium. Furthermore, EHF represses the cystic 

fibrosis transmembrane conductance regulator (CFTR) locus. Changes in gene expression correspond to 



3 

 

alterations in cell phenotype; EHF depletion slows wound repair and alters secretion of a neutrophil 

chemokine. In summary, these results support a strong role for EHF in regulating epithelial function in CF 

and other airway diseases. 
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1. INTRODUCTION 

 

1A The lung epithelium in health and disease  

 

1A.1 Lung epithelial biology 

 The lungs are responsible for respiration, the exchange of oxygen (O2) and carbon dioxide (CO2). 

O2 diffuses from the air to the pulmonary capillary blood, and CO2 moves in the opposite direction.  In 

eukaryotic cells, O2 is consumed during oxidative phosphorylation, and CO2 is generated as a waste 

product of the citric acid cycle. Both of these processes are necessary to generate adenosine 

triphosphate (ATP), a major energy source for cells (1). Thus, respiration is necessary for the body to 

generate energy. 

  The lungs have evolved into a progressively bifurcating structure that expands the surface over 

which O2 and CO2 gases can be exchanged; at each generation, the diameter of the airway decreases 

while the total surface area increases (1). The airway begins with one trachea, which branches into the 

left and right mainstem bronchi. Then come multiple generations of bronchi, which contain cartilage, 

followed by cartilage-free bronchioles.  The trachea, bronchi, and bronchioles are all conducting airways; 

they do not participate in gas exchange.  Following the terminal bronchioles, alveoli begin to bud off, and 

eventually the airway is completely lined with alveoli (1). The alveolus is the site of gas exchange. 

 The airways are lined with a layer of epithelial cells. Although it is continuous from the trachea 

through the alveoli, the types of differentiated cell types that make up this layer change.  The major cell 

types found in the conducting airways include ciliated, mucous, basal, Clara and pulmonary 

neuroendocrine cells (PNECs) (2,3). There are also submucosal glands, which have highest density in 

the upper airways (4). Ciliated columnar cells are the most common cell type in the airways, and function 

to transport mucus out of the lung. Goblet cells release acid mucins from granules. Basal cells are 

involved in columnar cell attachment to the basement membrane, and are thought to be the primary stem 

cell of the lung. Clara cells secrete bronchiolar surfactant and anti-proteases. The trachea and large 
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bronchi are lined with pseudostratified cells, which become cuboidal in the smaller airways. Furthermore, 

as the larger airways branch to smaller ones, goblet and basal cells become less frequent, and secretory 

Clara cells become more common (5). The alveoli are lined with 2 types of differentiated epithelial cells; 

type I alveolar pneumocytes are the major route of gas diffusion, and type II pneumocytes secrete 

pulmonary surfactant, which eases expansion of the lungs during inspiration (1). The lung epithelium 

forms an active barrier between the external and internal environments, and serves many critical roles in 

airway function (Figure 1A.1). 
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Figure 1A.1 Function of the airway epithelium. The epithelial cells perform several important roles in 
the lung. A) They form an active barrier between the internal and external environments through 
junctional complexes with neighboring cells, including i) tight junctions ii) adherens junctions, and iii) 
desmosomes.  B) The airway epithelium contributes to the air-surface liquid (ASL) and drives the 
mucociliary escalator to remove foreign debris and pathogens from the lung. C) The epithelial cells 
respond to pathogens and cytokines, including interleukins released by T cells, leading to intracellular 
signaling and transcription factor regulation of expression of inflammatory genes. Bronchial epithelial cells 
secrete chemokines that recruit neutrophils to the lung tissue, including IL-8, CXCL1, and CXCL6. D) 
Following damage, the lung epithelium initiates multiple pathways to repair the wound.   
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1A.1.1 Epithelial barrier function 

 The airway epithelium provides a physical barrier between the outside environment and other 

tissues within the lung (Figure 1A.1 A). The structural integrity of this tissue is maintained by intercellular 

tight junctions, and by additional mechanisms that adhere the epithelial cells to each other and to the 

underlying basement membrane. Epithelial cells form junctional complexes with neighboring cells 

composed of the apical tight junctions (TJs) and the underlying adherens junctions (AJs) (6). TJs, which 

are the main determinants of paracellular permeability, contain a multitude of proteins, including the 

transmembrane claudins and occludin. The AJs are formed by the transmembrane proteins E-cadherin 

and nectin family members. The cytosolic zonula occludens (ZO) link the transmembrane junction 

proteins to the cytoskeleton (6). The most basal adhesions are the desmosomes, which consist of non-

classical cadherins and connect to the filamentous cytoskeleton (7). The heterodimeric integrin proteins 

interact with extracellular matrix (ECM). A subset of these proteins serves to adhere to the ECM, while 

others bind ECM proteins for the purpose of cell signaling. The epithelial cells also adhere to the 

basement membrane, which forms a barrier between this cell layer and the underlying mesenchyme and 

serves to anchor the epithelium (2). Epithelial barrier function can be studied in vitro by polarizing 

epithelial cells on semi-permeable membranes (5).  Permeability can then be determined by measuring 

transepithelial resistance (TER).  Airway epithelial barrier function is altered in airway diseases including 

CF and asthma (6,8), and is regulated by cytokines (9,10). 

 

1A.1.2 Air-surface liquid and the mucociliary escalator 

 Because of its constant exposure to foreign pathogens and particles, the lung has developed a 

mechanism to clear external debris, termed the mucociliary escalator (Figure 1A.1 B).  The airway 

epithelium contributes to the production and homeostasis of airway surface liquid (ASL), which consists of 

a mucus gel overlaying a watery periciliary layer (11). The mucins forming the gel, including MUC5AC 

and MUC5B, are secreted in the large airways by surface goblet cells and submucosal glands, and more 

distally by other secretory cells (4,12).  The mucus-secreting capacity is highest in the glands, followed by 
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goblet then Clara cells (4). The pericilliary layer contains tethered mucins that form a densely packed 

glycocalyx, which serves as a selective barrier. MUC1 localizes to microvilli, while MUC4 and MUC20 are 

found at the cilia shaft; MUC16 is tethered to the apical membrane of goblet cells (12). The volume of this 

fluid is determined by the NaCl concentration in the airway lumen, which is in turn partially controlled by 

sodium absorption through the epithelial sodium channel (ENaC) and chloride secretion via the cystic 

fibrosis transmembrane conductance regulator (CFTR) and calcium-activated chloride channels (13). The 

thickness of the periciliary layer is critical for proper propulsion of the overlaying mucus layer by the cilia. 

The mucus layer forms a barrier for foreign pathogens and particles; debris becomes trapped in the gel, 

which is then propelled from the distal to the proximal airways, where it is swallowed or coughed out of 

the airway (13). The ASL also contains anti-microbial substances, secreted by secretory epithelial cells, 

that kill and inhibit growth of bacteria during the time period that it takes the mucociliary escalator to clear 

them (14). 

 The ASL is greatly altered in airway diseases including CF asthma, and chronic obstructive 

pulmonary disease (COPD). Dysfunction in CF is characterized by an abnormal mucus layer and reduced 

periciliary layer, impeding ciliary clearance of pathogens (14,15). There is increased secretion of 

MUC5AC and MUC5B in the CF airway, particularly during disease exacerbations, and MUC5AC and the 

tethered MUC2 are upregulated by infectious agents in the lung (16). In asthma, increased mucin 

secretion by the epithelia leads to alteration in the consistency of the mucus gel layer and mucus plugging 

of the airways. In COPD, many factors contribute to increased mucin production and decreased ASL 

hydration, leading to airway obstruction (13).  

 

1A.1.3 The immune response and inflammation 

 The pulmonary epithelium is partially responsible for detecting pathogens in air inhaled into the 

lungs and for initiating an appropriate inflammatory response (Figure 1A.1 C).  Pattern-recognition 

receptors (PRRs) detect highly conserved portions of pathogens called pathogen-associated molecular 

patterns (PAMPs), and then initiate a signaling cascade that leads to expression of inflammatory genes 
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(17). Examples of PRRs are the Toll-like receptors (TLRs). Surface TLRs mainly recognize components 

of microbial membranes, while TLRs expressed on intracellular vesicles identify microbial nucleic acids 

(17).  This TLR response is part of the innate immune system.  

 To initiate infection, inhaled respiratory bacteria and viruses bind to specific receptors on the 

surface of airway epithelial cells, allowing them to colonize the epithelial surface (bacteria) or enter the 

cells and replicate intracellularly (bacteria and viruses). This stimulates the innate immune system and 

the interferon (IFN) response (7). The airway epithelium is also a link between innate and adaptive 

immunity. In response to bacteria, viruses, and inflammatory mediators, the airway epithelial cells release 

multiple inflammatory cytokines and chemokines, which contribute to both branches of the immune 

system (7). The role of the airway epithelium in immunity is complex; three specific responses will be 

discussed in subsequent sections. 

 

1A.1.3.i Type 2 immune response 

 The type 2 immune response evolved to protect against parasites, but also contributes to allergic 

inflammatory diseases. In the airway, this response has mainly been studied in the context of asthma.  

Following lung damage or exposure to allergens or pathogens, the lung epithelium releases cytokines 

including interleukin 25 (IL-25), IL-33 and thymic stromal lymphopoietin (TLSP) (18). These mediators 

activate a subset of innate lymphoid cells, ILC2s. ILC2 cells release IL-13, recruiting a subset of dendritic 

cells (DCs) (19). The DCs activate T cells, generating type 2 T helper (Th2) cells. The Th2 and ILC2 cells 

release classic type 2 cytokines, including IL-4 and IL-13 (18) (Figure 1A.1.3.i). 
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Figure 1A.1.3.i The type 2 immune response in the airway epithelium. The airway epithelium 
responds to pathogens and allergens by releasing cytokines that stimulate innate lymphoid cells (ILC2s), 
which in turn release IL-13 and recruit a subset of dendritic cells (DCs). These DCs cause activation of 
type 2 helper (Th2) cells and release of more type 2 immune mediators. 
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 IL-4 and IL-13 feed back to affect lung epithelial function.  When airway epithelial cells are 

exposed to either cytokine, intercellular permeability is increased with a corresponding reduction in 

expression of the tight junction proteins zonula occludens 1 (ZO-1) and occludin (9). Treatment of lung 

epithelial cells with IL-4 and IL-13 also slows wound closure (9). IL-13 is thought to be especially critical in 

the pathogenesis of asthma. In mice, IL-13 action on epithelial cells is necessary and sufficient to induce 

airway hyperreactivity and mucus overproduction (20). In human bronchial epithelial cells, IL-13 treatment 

induces gel-forming and tethered mucin gene expression and differentiation to goblet cells (21).  At a 

molecular level, IL-13 signaling is mediated through STAT6, and acts upon the SAM pointed domain-

containing ETS transcription factor (SPDEF) to cause changes in gene expression (22). 

 IL-13 has been associated with multiple airway diseases in humans.  Following allergen 

challenge, the IL-13 concentration in the bronchoalveolar lavage fluid (BALF) is significantly higher in 

asthmatic patients than in healthy controls (23). This implies a role for IL-13 in the allergic response in 

asthma, consistent with findings in mice and in vitro studies. IL-13 in sputum samples is increased in 

patients with COPD as compared with healthy controls (24). In patients with CF, IL-13 concentration in 

airway BALF is higher than in healthy controls, and is highest in CF patients with pulmonary exacerbation 

and Pseudomonas aeruginosa infection. In these patients, there is a correlation between IL-13 

concentration and structural changes in the airway and lung disease severity (24-26). This suggests that 

IL-13 may be involved in the pathogenesis of CF airway disease. 

 

1A.1.3.ii Th17 response 

 IL-17-secreting T helper (Th17) cells are generated by exposure to IL-23 in the absence of IL-4 

and IFN-γ. In the lung, chronic IL-17a overexpression results in leukocyte infiltration and changes to the 

tissue including altered ECM and increased mucus production (27). IL-17a acts on the bronchial 

epithelium to increase release of multiple cytokines, including the neutrophil chemoattractants IL-8 and 

chemokine (C-X-C motif) ligands 1 and 6 (CXCL1 and CXCL6) (28,29), which has implicated IL-17a as a 
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mediator of neutrophil recruitment. Indeed, loss of IL-17 in the mouse leads to impaired neutrophil 

recruitment to the alveolar space (30). 

 IL-17a has been associated with CF lung disease in humans. IL-17a-secreting T cells are found 

in the airway submucosa of patients with CF, both those that are newly diagnosed and those with later-

stage disease. Furthermore, IL-17a concentration is higher in the BALF of patients with CF compared 

with healthy controls, and higher in CF patients with pulmonary exacerbation than without. IL-17a 

concentration is correlated with increased airway neutrophil recruitment (26,31). These findings suggest it 

could be an early mediator of CF pathogenesis through recruitment of neutrophils to the lung. 

 

1A.1.3.iii Lipopolysaccharide (LPS)-induced immune response 

 Lipopolysaccharide (LPS) is a major component of the outer membrane of Gram-negative 

bacteria. There are multiple common airway pathogens that express LPS, including P. aeruginosa, 

Haemophilus influenza, and Klebsiella pneumonia (32). Thus, the airway epithelial cells have evolved an 

immune response to LPS exposure. The major receptor for LPS is TLR4 in complex with myeloid 

differentiation protein-2 (MD-2), which is expressed in the intracellular compartment of airway epithelial 

cells. When this complex interacts with internalized LPS, it initiates a signaling pathway involving the 

intermediates myeloid differentiation primary response 88 (MyD88), interleukin 1 receptor associated 

kinase (IRAK), and TNF receptor associated factor 6 (TRAF6), culminating in activation of the 

transcription factor nuclear factor Kappa B (NF-κB) and increased expression of pro-inflammatory genes, 

including IL8 (33-35).  

 Impaired TLR4 signaling results in a decreased ability to clear bacteria and diminished survival in 

response to increased bacterial load (32), illustrating how important the response to LPS is to proper 

immune function in the lung. Children with CF have repeated respiratory infections with H. influenza, and 

P. aeruginosa is the predominant infection found in CF patients (36). Thus the response to LPS is likely 

critical in this population. 
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1A.1.4 Wound repair 

 Following damage due to infection, inflammation, trauma, or other stressors, the lung epithelium 

initiates multiple pathways to repair the wound (Figure 1A.1 D).  Nearby epithelial cells migrate to spread 

over the denuded area, then proliferate and differentiate to restore functioning tissue (37,38). The 

underlying ECM is remodeled, and integrins on the epithelial cells interact with it to regulate cell migration 

(39,40). Matrix metallopeptidases (MMPs) are upregulated by the migrating epithelial cells and participate 

in ECM remodeling and migration (41,42). Wound closure is altered in response to signaling molecules 

including epidermal growth factor (EGF); the coagulation cascade proteins tissue factor, fibrinogen, and 

FXIII subunit A (FXIIIA); and the cytokines IL-1β, IL-4, IL-13, and IFN-γ (9,38,43).  

 Following injury, the lung epithelial cells can activate pathways leading to normal repair and 

regeneration, or they may activate aberrant pathways leading to remodeling and altered differentiation of 

the epithelium. The pathways responsible for normal and abnormal wound repair are thought to overlap 

with those involved in lung development and epithelial to mesenchymal transition (EMT) (44). In EMT, 

epithelial cells lose contact with adjacent cells and become more motile (45). EMT is a cancer-associated 

process that contributes to tumor metastasis and drug resistance (46). Similar pathways may be involved 

in fibrosis, which is the result of aberrant wound repair (47). Altered wound repair is a hallmark of multiple 

airway diseases, including COPD, chronic asthma, and CF (44,48,49). 

 

1A.2 Diseases of the airway epithelium 

 Dysfunction of the airway epithelium is central to the pathogenesis of multiple airway diseases. 

Abnormal epithelial function plays a role in cystic fibrosis, asthma, and COPD. 
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1A.2.1 Cystic fibrosis 

 

1A.2.1.i Epidemiology 

 CF is an autosomal recessive disease caused by mutations in the CFTR gene (50,51). It is the 

second most common lethal inherited disorder in the United States (52). There are nearly 29,000 people 

living with CF in the US (53). An estimated 1 in 29 Americans are carriers of the mutations; they have one 

mutated allele but do not have clinical symptoms of CF (54). This disease significantly decreases life 

expectancy; the median predicted age of survival was 39.3 years in 2014 (53). The most common cause 

of mortality in these patients is respiratory failure, which causes about 70% of deaths (53). The decreased 

life expectancy combined with the frequency of the mutation amongst the US population and lack of a 

cure for the most common mutation make CF a critical disease to understand.  

 

1A.2.1.ii Molecular defect 

 CFTR is a chloride channel that is regulated in a cAMP-dependent manner (55-57). It also 

conducts bicarbonate and decreases sodium transport through the epithelial sodium channel (ENaC) 

(36,57). CFTR mutations fall into 6 different classes based on the effect they have on the protein or 

transcript: no functional protein (Class I), CFTR trafficking defect (II), defective channel regulation (III), 

decreased conductance through the channel (IV), reduced synthesis of the CFTR transcript (V), and 

reduced stability of the transcript (VI) (36). The more severe class I, II, and III mutations generally lack 

residual functioning CFTR at the cell surface, whereas the others have some remaining CFTR and a 

milder phenotype (36). The most common mutation, F508del, is a class II defect in trafficking; however, a 

small proportion is properly localized to the membrane, where it shows a defect in channel activity. 

Eighty-six percent of CF patients carry at least one copy of F508del, and 46.4% are homozygous for the 

allele (36).  
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1A.2.1.iii Lung disease in CF 

 Although CF affects epithelial function in many different organ systems, the major cause of 

mortality is lung dysfunction (52). This impaired function of the airway is complex; altered ion transport 

across the epithelia leads to a decreased ability to clear microorganisms through the mucociliary 

escalator, chronic infection, and inflammation. Although there is no increase in the number of submucosal 

glands and goblet cells, both are hypertrophied in CF lungs (4,58). Due to altered ion transport, their 

secretions are abnormally viscous and tether to the epithelium (15). The ASL is decreased in depth, and 

mucociliary transport is severely delayed (59). Furthermore, altered acidity of the secretions impairs killing 

of microbes (60). Bacteria colonize the abnormal secretions, leading to inflammation and structural 

damage (4). 

 Airway inflammation, resulting from chronic infection and an innate immune defect from CFTR 

loss, contributes significantly to CF pulmonary disease pathogenesis (61).  Lung pathology in these 

patients is characterized by early neutrophil-dominated inflammation (62,63). Neutrophils release 

proteases, which damage the lung epithelium (64,65). Immune cells and pathogens such as P. 

aeruginosa cause an increase in the release of inflammatory mediators, which activates the transcription 

factor NF-κB. This leads to the production of more cytokines and an amplified cycle of inflammation 

(25,26,31,66,67). Inflammation and chronic infection lead to destruction of lung tissue. This damage 

causes remodeling and fibrosis, which are correlated with pulmonary dysfunction (68-70). Progressive 

bronchiectasis, mucus plugging and air trapping are prominent structural features of the disease (4). 

 

1A.2.2 Asthma 

  Asthma is a chronic respiratory illness that affects approximately 300 million people worldwide 

(71). Unlike CF, the molecular defects causing it pathogenesis are not well understood. It is a 

heterogeneous disease characterized by recurrent episodes of reversible airway obstruction and 

hyperreactivity (AHR) (72). Inflammation is also a prominent feature of the disease; there is increased 

infiltration of eosinophils, lymphocytes, and macrophages in both the epithelium and lamina propria in the 
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lung of asthmatic patients as compared with healthy controls (73). Asthma is mediated by Th2 cytokines, 

including IL-4, IL-5, IL-9 and IL-13 (20). 

 The airway epithelium is central to asthma pathogenesis. It responds to the inflammatory milieu, 

particularly IL-13, resulting in AHR, mucus production, and goblet cell hyperplasia (20,74). Hypersecretion 

of mucus is highly involved in airway obstruction, which can lead to asphyxiation in severe episodes (74). 

There is likely also a defect in airway epithelial barrier function, including decreased expression of 

junctional proteins and increased intercellular permeability (6). 

 

1A.2.3 Chronic obstructive pulmonary disease (COPD) 

 COPD is a chronic airway disease that is a major cause of morbidity and mortality worldwide, 

affecting about 64 million people (71,75). The pathogenesis of COPD is not well understood, but it is 

characterized by impaired airflow that is usually progressive and associated with an increased chronic 

inflammatory response to inhaled noxious particles, most notably cigarette smoke. The airflow limitation is 

due to a combination of obstructive bronchiolitis and destruction of the lung parenchyma (75).  

 There are increased numbers of goblet cells and inflammatory leukocytes in the epithelium of 

peripheral airways of patients with COPD as compared with healthy controls (76). Goblet cell hyperplasia 

leads to mucus hypersecretion, which in turn causes a decline in lung function. The combination of 

increased mucus secretion and epithelial thickening leads to airflow obstruction (77). Impaired mucus 

clearance is also thought to play a role in disease pathogenesis by leading to increased infection rate, 

which is correlated to disease severity (13).  

 

1B Gene regulation in the lung epithelium 

1B.1 Gene regulation in eukaryotes 

 Transcription is the process by which genomic DNA is copied into RNA. Regulation of gene 

transcription is tightly regulated in eukaryotes.  This process begins at the transcription start site (TSS), 
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which is generally located at the 5’ end of genes. Proteins comprising the general transcription 

machinery, including TATA-binding protein (TBP), mediator, TFIIA, TFIIB, TFIID, TFIIE, and TFIIH, bind to 

the TSS. They stabilize the unwinding of the DNA strands and recruit RNA polymerase II (Pol II) (78). Pol 

II is phosphorylated and then moves to the pause site. Finally, more transcription factors (TFs), co-

factors, and elongation factors are recruited to the site of Pol II pausing, causing the release of Pol II and 

transcription of the gene (or of enhancer RNAs at cis-regulatory elements). Recruitment of TFs and other 

proteins at every step is often downstream of cell-signaling events. (79). 

 The accessibility of DNA for transcription is regulated by chromatin structure. Nucleosomes, the 

basic units of chromatin, are comprised of an octamer core containing 2 of each canonical histone 

protein: H2A, H2B, H3 and H4. Approximately 147 bp of DNA is wrapped around the histone octamer 

(80). Chromatin dynamics are partially controlled by post-translational modifications of histones; these 

reversible modifications are added and removed by enzymes known as writers and erasers, respectively 

(81). TSSs are occupied by nucleosomes when in an inactive state.  To alter the chromatin to a more 

active conformation, specific TFs and nucleosome remodelers move the nucleosomes to the side. This 

makes the TSS accessible for binding of the transcription machinery (81). 

 The development of methods utilizing next generation sequencing, including chromatin 

immunoprecipitation-sequencing, DNase-sequencing, and RNA-sequencing, has allowed scientists to 

begin to determine the functions of non-coding regions of the genome.  The Encyclopedia of DNA 

Elements (ENCODE) project has mined these data and integrated it across sources to map functional 

elements throughout the human genome (82,83). From these genome-wide studies, chromatin patterns 

specific to regulatory elements have emerged.  Promoters, TSSs, and distal regulatory elements tend to 

be found in regions of DNA that are accessible to DNase digestion, termed DNase hypersensitive sites 

(DHS) (84). These regions represent open chromatin, which is depleted of nucleosomes.  Regulatory 

elements, which are partially defined by histone modifications and TF binding, tend to be cell-type specific 

(85-87). Promoters and activating distal cis-regulatory elements, called enhancers, have specific 

characteristics distinguishing them from other genomic elements. 
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1B.1.1 Promoters 

 Promoters are sequences of DNA that determine where gene transcription begins, the direction of 

transcription and which strand of genomic DNA is copied into RNA.  Promoters are located at the 5’ end 

of genes immediately surrounding the TSS.  The core promoter consists of the DNA sequence about 35 

bp upstream of the gene and is the location of recruitment of the basal machinery for Pol II transcription. 

There are two major classes: broad, CpG-rich, TATA-less and narrow, TATA-box-containing promoters 

(83). The TATA sequence is recognized by TBP and is necessary for transcription initiation in the TATA-

box-containing subtype (88).  Histone modifications are found in a broad distribution around TSSs, 

especially in the CpG-rich promoters. The distribution is bimodal, consistent with a nucleosome-depleted 

central region of TF binding that is associated with active regulatory elements (83,89). Active promoters 

tend to be enriched for the histone 3, lysine 4 trimethylation (H3K4me3) and histone 3, lysine 27 

acetylation (H3K27ac) modifications (83,90). Poised, GpC-rich promoters typically have the H3K4me3 

and histone 3, lysine 27 trimethylation (H3K27me3) marks, while those that are inactive only have 

H3K27me3 (80). In contrast to histone modifications, transcription factors bind to a narrow region around 

the TSS (83). 

  Promoters are generally evolutionarily conserved. Some genes utilize multiple promoters, which 

correspond to transcripts with different 5’ UTRs or first exons, differentially spliced transcripts, or the 

production of distinct proteins form the same locus (91). Promoters can be bi-directional, initiating 

transcription of two genes in opposite directions (92).  

 

1B.1.2 Enhancers 

 Enhancers differ from promoters in their characteristic histone modifications and cell-type 

specificity. They are cis-acting regulatory elements, generally located distally from the TSS of genes. 

They are active irrespective of sequence orientation (93,94). Enhancers are nucleosome-depleted when 

active. Unlike promoters, poised and active enhancers tend to show enrichment of histone 3, lysine 4 

monomethylation (H3K4me1), not H3K4me3 (90). H3K27ac distinguishes active from inactive and poised 
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enhancers (95). The chromatin state at enhancers is more variable between cell types than at promoters 

and correlates with cell-type-specific gene expression (93).   

 Because they are often located distally from TSSs, enhancers frequently work via chromatin 

looping, in which the enhancer communicates with the promoter through a direct interaction, forming a 

large loop of spacer DNA between the two genetic elements (96,97). In order for this conformation to 

form, stable protein-DNA complexes are produced at both sites (98). DNA-binding proteins, including 

CTCF and cohesin, stabilize the looped structure (99,100). The looping conformation is specifically seen 

in cell types expressing the gene controlled by the promoter and enhancer (97), and disruption of the 

long-distance interaction decreases expression of the regulated gene (99,101). These findings suggest 

that chromatin looping is important for cell-type-specific regulation of gene expression. Many genes are 

regulated by multiple enhancers, which work together to regulate expression of the loci (102). Like at 

promoters, TF binding is important for enhancer function (102,103). 

 

1B.1.3 Transcription factors 

 Transcription factors are proteins that recognize and bind to short degenerate DNA motifs (102).  

They occupy genomic sites including promoters, enhancers, and other regulatory elements to control 

gene expression. Once bound, TFs serve multiple functions, including recruitment of other transcription 

factors and transcriptional co-regulators, recruitment of the Pol II machinery, stabilization of enhancer-

promoter interactions, and remodeling of chromatin (79,104-106). Unlike most TFs, which can only 

access open chromatin, pioneer TFs are able to bind DNA that is wound around the nucleosome. They 

then prime the site for more rapid activation or remodel the chromatin, opening it for other factors to bind 

(106). TFs tend to bind genomic regions that have clusters of binding sites; the combined activity of all 

TFs binding at the region defines the activity of the promoter or regulatory element. The resulting 

transcriptional output can be a function of concentration of one TF, or TFs can interact through 

cooperative binding for a synergistic effect (102). Many factors influence whether a TF binds to its motif, 

including presence of cofactors and accessibility of the chromatin (85,107,108). The development of 
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genome-wide methods has allowed for a greater understanding of the characteristics of TF binding to 

DNA.  

 

1B.2 Genome-wide methods to study gene regulation 

 Methods have been developed to identify promoters, cis-regulatory elements, and open 

chromatin sites genome-wide.  They have allowed scientists to determine the patterns of TF binding and 

histone modifications that mark these regions (80). These data have been integrated with information 

about the transcriptome to determine how regulatory regions and the TFs that control them alter gene 

expression. Three important genome-wide methodologies are DNase I digestion followed by sequencing 

(DNase-seq), chromatin immunoprecipitation (ChIP) followed by sequencing (ChIP-seq), and RNA 

sequencing (RNA-seq). 

 

1B.2.1 DNase-seq 

 Mapping of DHS is useful for the identification of regulatory elements. DNase-seq was developed 

to map DHS across the genome in a non-biased manner (84). In this technique, nuclei are isolated from 

cells and exposed to a small quantity of DNase I, which preferentially digests nucleosome-depleted DNA 

(109). Digested DNA ends are ligated to linkers, purified and PCR amplified to generate sequencing 

libraries. The sequencing reads are mapped to the genome, and DHS are identified as regions with high 

densities of reads (84,87). 

 Mapping regions of open chromatin provides useful information about the location of important 

regulatory elements. These areas of the genome are enriched for histone modifications, TSSs, and TF 

binding sites (82,84). TF-bound sites are relatively protected from DNase I cleavage as compared to the 

surrounding DHS, a phenomenon which can be used to predict locations of TF binding within an open 

chromatin site (108). Comparing DHS across diverse cell types can identify cell type-specific or –selective 

DHS, which are often found near genes important for differentiated function of that tissue (87). 
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Furthermore, intergenic SNPs that associate with disease severity in genome-wide association studies 

are often found in regions of open chromatin, suggesting that they may be influencing regulatory 

elements controlling genes important for disease pathogenesis (83,87).  

 

1B.2.2 ChIP-seq 

 ChIP-seq was developed to probe for histone modifications and TF binding sites genome-wide 

(110,111). ChIP exploits antibodies specific to the protein or post-translational modification of interest, 

which are used to isolate the protein-DNA complexes. ChIP-seq combines ChIP with high-throughput 

DNA sequencing to look for protein-DNA interactions across the genome (110,111). The assay begins 

with crosslinking of the TF or histone to DNA using an agent such as formaldehyde or ethylene 

glycolbis[succinimidyl succinate] (EGS) (112). Alternatively, native ChIP can be performed without the 

use of a crosslinker (113). Then chromatin is isolated from cells and sheared to generate genome 

fragments between 200 and 400 bp in size. Chromatin containing the TF or histone modification of 

interest is enriched using immunoprecipitation with a specific antibody. Next, the crosslinks are reversed, 

the DNA is purified and libraries are prepared for high throughput sequencing (114,115). The short 

sequencing reads are aligned to the genome (116), and areas of enrichment of mapped reads are 

determined compared to input DNA, sheared chromatin that is not enriched for a DNA-binding protein. 

The significant areas of enrichment as determined by a combination of absolute signal threshold and 

minimum enrichment are considered to be significant binding sites for TFs or regions of histone 

modification (117).  

 Biological replicates of ChIP-seq experiments must be performed in order to determine whether 

experiments are reproducible and to quantify variation between samples. A study of Pol II ChIP 

determined that after two biological replicates of ChIP-seq, there is little gain in sensitivity (118). The 

ENCODE consortium has set 2 biological replicates as its standard for ChIP-seq experiments (119). In 

order to assess reproducibility between biological replicates and set thresholds for genuine ChIP signals, 

the irreproducible discovery rate (IDR) statistic has been developed (120). This method ranks the ChIP-
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seq peaks within each replicate based on significance, then compares these ranks between replicates; 

the most significant peaks, which likely represent real ChIP signals, will be more consistent between 

replicates while the least significant peaks, which correspond to background noise, will be less consistent.  

When the consistency between ranked pairs is plotted, there is a transition from signal to noise, which 

serves as an internal threshold for real peaks (120). The IDR method has been endorsed by ENCODE to 

assess the quality of datasets (119). 

 Several factors are important for obtaining high-quality ChIP-seq data.  The most critical is 

antibody quality.  In order for an experiment to be successful, an antibody should be both sensitive and 

specific in order to enrich chromatin for the protein of interest while minimizing background (115). It is 

also necessary to properly lyse the cells to isolate the chromatin, a process that we have optimized in 

primary epithelial cells (121). Finally, it is important to properly shear chromatin to obtain DNA fragments 

of about 200 to 400 bp to increase precision when characterizing binding sites (122). 

 High-confidence TF ChIP-seq binding sites identified by the IDR method are used for 

downstream analysis. A de novo motif analysis can be used to determine which degenerate motifs are 

enriched among binding sites (123). The motif analysis can confirm that the correct protein was 

immunoprecipitated and identify novel motifs recognized by the TF or secondary motifs of putative co-

regulators/co-factors of specific TF function (124). Data from ChIP-seq experiments using antibodies to 

different factors can be intersected to identify TFs that co-regulate gene expression through overlapping 

binding sites and determine whether binding sites are enriched for histone modifications (125,126).  

Genome-wide binding data can also be intersected with RNA-sequencing results to identify putative direct 

targets of TFs (127). 

 

1B.2.3 RNA-seq 

 RNA-seq was developed to characterize the transcriptome of an organism (128).  In this method, 

total RNA from cells or tissue is isolated and then enriched for poly-A containing mRNAs. cDNA is 

transcribed from the enriched mRNA, and then sequencing libraries are generated by end repair, tailing, 
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and ligation of Illumina adaptors, short nucleotide sequences that allow for PCR amplification of DNA and 

binding to a flow cell for deep sequencing. Libraries are sequenced and subject to downstream analysis 

(128).   

 Sequenced reads are aligned to the genome with software that maps across exon-exon junctions 

(116,129). The resulting fragments are assembled, annotated, and normalized to gene length and the 

number of million mapped reads. Finally, significantly differentially expressed transcripts between 

different samples are identified (129,130). RNA-seq can be applied to compare transcript expression in 

samples across stages of development, following treatment with pharmacologic agents, or after depletion 

or overexpression of a transcription factor or other regulator of transcription (131-133). Genome-wide 

expression data can be used to identify expression quantitative trait loci (eQTLs), genes that show 

changes in expression that correlate with alterations in genotypes, such as single nucleotide 

polymorphisms (SNPs) that associate with disease severity in genome-wide association studies (GWAS) 

(134). RNA-seq results can also be integrated with ChIP-seq and DNase-seq data to identify regulatory 

elements involved in gene expression and compare them across cellular environments (87,127,135). 

 

1B.3 Gene regulation in the lung epithelium 

 It is critical to understand how gene expression is regulated in the lung epithelium because an 

appropriate response to the external environment is necessary to maintain a healthy airway. Abnormal or 

exaggerated reactions to stimuli can lead to a wide range of diseases (44). Networks of transcription 

factors control gene expression, thereby regulating development, the inflammatory response, and 

regeneration. The application of molecular and genome-wide approaches to study the critical TFs for lung 

epithelial differentiation and function is beginning to elucidate the molecular basis of these pathways 

(133). 
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1B.3.1 Transcription factors in development  

 The role of TFs in lung function begins at the earliest stages of development. Lung specification 

begins at about 28 days gestation in humans. NKX2-1 expression, which is downstream of Wnt and BMP 

signaling, is the first marker of anterior foregut cells that will become respiratory epithelial progenitors 

(136). These cells form the trachea. After budding of the large airways, the buds expand and develop 

rapidly in a process called branching morphogenesis. During this phase, proximal endoderm progenitor 

cells express SRY-box 2 (SOX2), while distal progenitors express SOX9 and inhibitor of DNA binding 2 

(ID2). The former will give rise to ciliated and secretory cells, while the latter will become alveolar 

epithelial cells (136). Retinoic acid receptor signaling is also necessary for proper branching 

morphogenesis (137). As the last generations of the peripheral airway are formed, the pulmonary 

epithelium begins to differentiate. GATA binding protein 6 (GATA6) is involved in epithelial differentiation 

throughout development and works synergistically with NKX2-1 (138-140). HOP homeobox (HOPX) acts 

downstream of NKX2-1 to repress expression of pulmonary genes and is critical for alveolar development 

(141). Krüppel-like factor 5 (KLF5) is necessary for maturation of the respiratory epithelium, especially in 

the alveoli (142). 

 Forkhead box A1 and A2 (FOXA1 and FOXA2) are pioneer transcription factors that are 

important for branching morphogenesis early in development and epithelial differentiation at later stages. 

There is some redundancy in their roles. Combined depletion of both factors leads to loss of expression 

of alveolar epithelial type II, ciliated and secretory cell proteins (143,144). As pioneer factors, they are 

able to bind and open compacted chromatin in the absence of ATP-dependent chromatin remodeling 

complexes (145). FOXA1 and FOXA2 regulate CFTR in the intestinal epithelium through action at cis-

regulatory elements. They influence chromatin accessibility, alter histone modifications, recruit other 

transcription factors to these sites, and stabilize the chromatin looping at the locus (105,146). 

 Ets transcription factors also contribute to epithelial development.  ELF5 is expressed distally in 

the lung during branching morphogenesis, but its expression becomes limited to the proximal lung as 

development progresses. Aberrant expression of ELF5 disrupts branching morphogenesis and 
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suppresses proliferation and differentiation of epithelial cells (147). SPDEF interacts with NKX2-1 to 

activate gene transcription in proximal airways (22). It promotes airway goblet cell differentiation and 

mucus production and antagonizes the action of FOXA2 (22,148). There is still much to be learned about 

the TF network that controls lung development, but it is clear that multiple TFs work together to specify 

both lung organogenesis and differentiation of epithelial cells towards different fates. 

 

1B.3.2 Transcription factors in the immune response 

 Some of the transcription factors involved in lung development also participate in the immune 

response.  SPDEF in particular is a critical downstream mediator of Th2 cytokines. Its expression is 

induced by allergen exposure in an IL-13-dependent manner, leading to goblet cell hyperplasia and 

increased mucin production (22,149). SPDEF levels are also increased by rhinovirus infection (148). 

Furthermore, its expression augments the Th2 response while impairing the TLR response. It increases 

expression of the Th2 cytokines IL-33, IL-25 and IL-13 and eosinophil chemoattractants. The result is 

eosinophilic pulmonary inflammation, elaboration of Th2 cells, and increased AHR (150). Conversely, it 

binds to and inhibits the TLR signaling adapters Myd88 and toll like receptor adaptor molecule 1 

(TICAM1), dampens IL-8 secretion in response to LPS, and impairs the NF-κB-mediated changes in gene 

expression downstream of TLR activation (148). 

 NF-κB is considered a master regulator of both the innate and adaptive immune system.  It is 

activated downstream of multiple signaling pathways, including those initiated by tumor necrosis factor-α 

(TNF-α), IL-1 and LPS (151). In the airway epithelium, NF-κB activation leads to release of inflammatory 

mediators, including IL-6, IL-8, and granulocyte-macrophage colony-stimulating factor (GM-CSF), and 

lung inflammation (152,153). NF-κB contributes to airway lung disease; it shows increased activation by 

TNF-α in CF airway epithelial cells as compared to their wild type counterparts (154). 



40 

 

1B.4 Regulation of CFTR 

 Because multiple classes of CFTR mutations are characterized by decreased transcript (Class V 

and VI) or residual CFTR function (F508del, class III), increasing the amount of transcribed CFTR has 

therapeutic potential; it could decrease disease severity by elevating the amount of functional protein. The 

CFTR promoter drives basal transcription of the gene, but cannot account for the varied tissue-specific 

expression of the locus. Cis-regulatory elements that control gene expression have been identified 

upstream and downstream of CFTR, and also within its introns (146,155-159).  In cell types where CFTR 

is expressed, the locus forms a complex looped structure, where cell-type-specific cis-regulatory 

elements interact with each other and the promoter. In cells where it is not expressed, these 

conformations are not established, and only the CTCF/cohesion bound topologically associating domain 

(TAD) is present (155,158).  Regulatory elements evident in the airway epithelium include those found at  

-80.1 kilobases (kb), -44 kb and -35 kb upstream of the gene, and +48.9 kb downstream of the gene, in 

an intron of CTTBP2. The -80.1 and +48.9 kb sites are thought to mark the 5’ and 3’ boundaries of the 

TAD, respectively, and are present in multiple epithelial cell types (158). In contrast, the -35 kb site is a 

cell-type-selective regulatory element, present in the epithelium of the airway but not that of the intestine. 

It encompasses an enhancer for CFTR that binds interferon regulatory factor 1 (IRF1) and nuclear factor 

Y (NF-Y) (156).  

 

1B.5 Ets homologous factor (EHF) 

 Ets homologous factor (EHF) is another transcription factor expressed in the lung epithelium 

(160,161), although its role in controlling gene expression in this cell type has not been previously 

characterized. It is a member of the Ets family of transcription factors. 
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1B.5.1 Ets family of transcription factors 

 The Ets family of transcription factors is characterized by the presence of the ETS DNA-binding 

domain. This domain is a variant of the winged helix-turn-helix motif that recognizes the conserved core 

motif 5’-GGA(A/T)-3’. The major point of protein-DNA contact occurs between the GGA sequence in the 

major groove of the DNA and the third α-helix of the ETS domain (162,163). The ETS domain is also a 

site of protein-protein interactions (164), and proteins in this TF family frequently interact with co-

regulatory proteins (165).  Approximately 1/3 of Ets transcription factors have a second conserved 

domain, called the pointed (PNT) domain. This domain has diverse properties, including docking of 

kinases, interactions with co-factors, and self-association of proteins (163).  

 Ets family members are regulated by post-translational modifications. Some members are 

phosphorylated downstream of receptor tyrosine kinase (RTK)/RAS/mitogen-activated protein kinase 

(MAPK) signaling, leading to relief of repression through breaking up of transcriptional complexes, 

activation through recruitment of co-factors, or changes in protein conformation that alter transcriptional 

activity (166). Fox example, the Ets factor ELK1 is under control of signaling pathways leading to 

phosphorylation and sumoylation of the protein; phosphorylation increases activation of transcription, 

while sumoylation represses its transcriptional activity (167).   

 The Ets transcription factors are divided into four classes based on preference for DNA-binding 

sequence.  Class II Ets factors primarily recognize the sequence 5’-CCCGGAAGT-3’, with variation seen 

at the first nucleotide (163). Three transcription factors that show high homology with one another make 

up the epithelial-specific (ESE) subfamily of class II Ets factors: E74 like ETS transcription factor 3 

(ELF3), ELF5, and EHF. This subfamily is named for the initial observation that expression of these 

proteins is restricted to a subset of epithelial tissues in humans (168). 

  

1B.5.2 EHF 

 EHF (also called ESE-3) is an Ets transcription factor that contains a carboxy-terminal ETS DNA-

binding domain and a PNT domain near the amino terminus. The ETS domain is 84% and 65% identical 
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to the ELF3 and ELF5 domains, respectively. Its PTN domain has lesser homology with similar domains 

found in other Ets factors (168). It recognizes the consensus Ets GGAA core motif (168). There are three 

isoforms of EHF (Figure 1B.5.2). The j form has an alternative exon 1 that differentiates it from the b and 

a forms.  The a variant lacks exon 6 and is thereby the shortest form. All three isoforms have both the 

ETS and PTN domains (169).  

 

 

 

 

Figure 1B.5.2 Exon sequence of the EHF transcript variants. Each exon is represented by a colored 
box and numbered. The j form has an alternative exon 1(1a) that is marked in purple. The a form lacks 
exon 6 (yellow). Diagram modified from (169). 
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 EHF has high expression in differentiated epithelial tissue, especially in cells with secretory 

function in the prostate, pancreas, salivary gland, and trachea (160,170). It is expressed constitutively in 

the bronchial epithelium, and its levels are highest in the serous and mucus glands and secretory ducts of 

the airways (160,161). The b variant is the main isoform found in the airway epithelium (160). 

 EHF can activate or repress transcription at promoters depending on the cellular context 

(160,171,172). Its regulation of gene expression contributes to carcinogenesis. EHF maps to chr11p13, 

which is deleted in some breast, prostate, and lung carcinomas (170). As expected, EHF expression is 

lost in a subset of bladder, prostate, oral epithelium, and breast ductal cancers (160,172,173). It is 

thought to be a tumor suppressor in the prostate; depletion of EHF in prostate cancer cells increases their 

migration and survival, with elevated expression of markers of EMT (172,174). Overall, low EHF 

expression in prostate tumors is correlated with a worse prognosis for patients (174).  Reconstitution of 

EHF in these cancer cells decreases clonogenic survival and induces apoptosis by increasing expression 

of caspase-3 (173). Conversely, EHF overexpression in colon tumor cells is required for their survival; in 

these cells, it inhibits p53-mediate apoptosis (171).  

 Previous studies of EHF suggest a role for this protein in development. It binds to the promoters 

of genes involved in epithelial development in vitro and increases their activity (168). In the mouse 

corneal epithelium, EHF is significantly upregulated during development, and siRNA depletion of EHF 

leads to down-regulation of multiple genes involved in epithelial development and response to wounding 

(175). EHF ChIP-seq in the mouse cornea identified a genome-wide binding signature for the protein. 

About 1/3 of sites were located in promoters, suggesting EHF has a major role in gene regulation through 

binding to these regions. EHF bound to promoters of genes involved in epithelial differentiation, cell 

migration, and regulation of transcription (175).  

 Of interest to lung epithelial biology, EHF is regulated by cytokines in the bronchial epithelium. IL-

1β and TNF-α increase EHF expression in this cell type through NF-κB binding at the EHF promoter 

(176). Induction of EHF by these cytokines also occurs in bronchial smooth muscle cells (161). This 

suggests that EHF has a role in inflammation in the airway. 
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1B.6 Activator Protein-1 (AP-1) Complex 

 Ets factors work with other transcription factors to regulate gene expression. EHF represses 

transcription of loci that have adjacent Ets and activator protein-1 (AP-1) motifs in their promoter; the 

repression is lost with mutation of either motif (160). This suggests that EHF works with AP-1 to repress 

gene expression. There is evidence that other Ets proteins interact with AP-1. The ETS domain of 

multiple TFs binds to the basic domain of the AP-1 protein c-Jun, and the Ets TF ELF1 co-

immunoprecipitates with multiple Jun proteins (164). Adjacent Ets and AP-1 motifs are found near 

RAS/extracellular signal-regulated kinase (ERK) responsive genes genome-wide (177). Furthermore, the 

Ets factor ETV4 and the AP-1 protein JunD co-localize at binding sites throughout the genome (178).  

 AP-1 is a transcription factor complex made up of homo- and heterodimers of basic region-

leucine zipper (bZIP) proteins of the Jun, Fos, Maf and ATF families. The dimer recognizes the 12-O-

tetradecanoylphorbol-13-acetate (TPA) response element (5'-TGA[G/C]TCA-3') or cAMP response 

element (CRE, 5'-TGACGTCA-3') (179). Jun proteins can form homodimers or more stable heterodimers 

with members of the Fos family. They also form heterodimers with proteins in other AP-1 subfamilies 

(180).   

 In the lung there is high expression of Jun family members during development and into 

adulthood; the Fos protein expression is much lower (181). In response to mitogenic or toxic stimuli, 

expression of these proteins is rapidly induced. In the lung, AP-1 is activated in response to exposure to 

exogenous stimuli including cigarette smoke, airborne particulate matter, asbestos, and oxidants. 

Activation occurs downstream of MAPK signaling through phosphorylation by c-Jun NH2-terminal kinases 

(JNKs) and ERKs (181,182). ERK1 may be more active in CF cells than their wild type counterparts, 

leading to increased AP-1 activation and expression of inflammatory genes (183). This suggests a role for 

AP-1 in airway disease pathogenesis. 

 Once activated, AP-1 has many downstream effects in the lung.  It regulates expression of 

differentiation markers, specifically surfactant proteins and Clara cell secretory protein (CCSP). AP-1 also 
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controls levels of ECM proteins, MMPS, and growth factors in the context of injury and repair (181). 

Regulation of these genes makes AP-1 particularly interesting with respect to lung pathology. 

 

1B.7 The 11p13 region and CF lung disease 

 Over 2,000 mutations within CFTR have been described, many of which are known to cause 

disease (184). Specific mutations in CFTR do not correlate with lung disease progression (185). 

However, twin and sibling studies found that airway disease is under strong genetic control (186), 

implicating a role for loci other than CFTR in modulating phenotypic variation in CF patients. A GWAS 

was performed to identify gene modifiers of lung disease severity in a cohort of 2,535 homozygous 

F508del CF patients from North America. To quantify lung disease severity in subjects, a phenotype 

based on multiple measures of forced expiratory volume in 1 second (FEV1) over three years was used 

(187). FEV1 is the best predictor of mortality due to CF lung pathology (188). SNPs in non-coding regions 

of chr11p13 and chr20q13.2 reached genome-wide significance as associating with lung disease severity 

in the study (187). A meta-analysis of 4,139 F508del patients, which included the initial cohort plus 

additional patients from North American and Europe, confirmed the association at chr11p13, and also 

identified SNPs at 4 other loci that associate with the same phenotype (at chr3q29, chr5p15.3, chr6p21.3, 

and chrXq22-q23) (189). Multiple SNPs are in linkage disequilibrium with the one at chr11p13 that shows 

the most significant disease association, making it difficult to determine the causative SNP(s) (187). 

However, it does implicate the region in modifying lung disease severity in CF patients. Since the SNPs 

were found in an intergenic region, the critical variants probably impact cis-acting regulatory elements for 

nearby genes that are required for normal lung function. These sequences are often found in regions of 

open chromatin. Multiple DHS are present in primary airway epithelial cells in chr11p13, representing 

putative regulatory elements (Figure 1B.7) (87). EHF maps to the 5’ end of the critical intergenic region of 

chr11p13 (Figure 1B.7). This suggests that if the disease-causing SNP impacts expression of EHF, the 

TF could be a modifier of lung pathology. 
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Figure 1B.7 DNase hypersensitive sites and disease-associated SNPs at chr11p13. A UCSC 
genome browser representation of chr11p13 displaying the most significant disease-associated SNPs 
from the initial GWAS (rs12793173) and meta-analysis (rs10742326) and DHS from primary human 
tracheal epithelial (HTE) cells (87). The nearest genes to the significant SNPs are also shown. 
 
 
 

 

 

1C Hypothesis 

 Although regulation of gene expression in the lung epithelium is critical to its response to the 

environment, the TF regulatory network in this tissue is still only partially characterized.  EHF is a 

transcription factor expressed in the airway epithelium, with highest levels in mucus glands, and its 

expression is increased in response to inflammatory mediators. Furthermore, it maps adjacent to an 

intergenic region of the genome implicated in lung disease severity in CF patients. We hypothesize that 

EHF controls lung epithelial function as part of a transcription factor network that regulates genes 

involved in critical biological pathways, particularly those that impact the severity of airway pathology. 
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2. MATERIALS AND METHODS 

2.1 Utilization of cultured cells 

 

2.1.1 Cell culture 

 Calu-3 lung adenocarcinoma (190), A549 lung carcinoma (191), and HEK-293 embryonic kidney 

(HEK) (192) cell lines were obtained from ATCC® and grown by standard methods in Dulbecco’s Modified 

Eagle’s Medium, low glucose (DMEM) with 10% fetal bovine serum (FBS).  

 Primary human bronchial epithelial (HBE) cells were obtained and cultured as follows. Passage 1 

(P1) HBE cells were obtained from Dr. Scott Randell at the Tissue Procurement and Cell Culture Core, 

Marsico Lung Institute, University of North Carolina-Chapel Hill. The cells were harvested using protease 

XIV dissociation, and grown on collagen-coated plastic (193). HBE cells were passaged when 70-90% 

confluent. The cells were washed twice with phosphate buffered saline (PBS), and then 3.5 mL of 0.25% 

Trypsin-ethylenediamine tetraacetic acid (EDTA) (Lonza) was added to each 10 cm petri dish (2 mL for a 

25 cm2 flask). The dish was incubated at room temperature until the cell monolayer was detached (about 

5 minutes). The Trypsin-EDTA was then neutralized with the same volume of Trypsin Neutralizing 

Solution (TNS, Lonza). The cells were centrifuged at 200 × g for 5 minutes at 4°C, and the cell pellet was 

resuspended in bronchial epithelial growth medium (BEGM, Lonza). The cells were seeded at 1.5 × 104 

cells/cm2 in BEGM. P3 or P4 cells were used for all experiments. 

 For air-liquid interface (ALI) experiments, HBE cells were seeded onto transwell permeable 

support inserts (24 well, 0.4 µm pore size, Corning). BEGM was added to the apical (0.5 mL) and 

basolateral (1 mL) side of the insert.  Cells were grown for about 1 week until a confluent monolayer had 

formed, at which point ALI culture was initiated. ALI media (BEGM [with 2x supplements]: DMEM-high 

glucose 50:50, Pen/Strep [100 U/mL/100 µg/mL], 0.50 ng/mL EGF, and 1 mM CaCl2) was added to the 

basolateral side of the insert (0.65 mL), and media was removed from the apical side. Cells were 
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polarized at ALI for 2 weeks, with media changed every other day. Transepithelial resistance (TER) was 

monitored using an epithelial voltohmmeter (EVOM2, World Precision Instruments). 

 

2.1.2 Generation of EHF-overexpressing A549 clones 

 A549 cells were seeded into 6-well plates. Five µg of plasmid DNA (pcDNA 3.1(-) empty vector or 

pcDNA3.1(-)-EHF) was linearized in a 20 µL reaction with 1x NEBuffer 3.1 and 1 µL NruI (all reagents 

from NEB) at 37°C overnight. When A549 cells were 40% confluent, they were transfected using 

Lipofectin® transfection reagent (Life Technologies, LT). Briefly, 10 µL Lipofectin® was diluted into 100 

µL of Opti-MEM® reduced serum media (LT) and 5 µg of linearized plasmid DNA was diluted into a 

separate aliquot of 100 µL Opti-MEM®. The mixtures were incubated at room temperature for 30 minutes. 

Lipofectin®-Opti-MEM® and DNA-Opti-MEM® were combined and incubated for 15 minutes at room 

temperature. Media on the A549 cells was removed and replaced with 1.8 mL of Opti-MEM®, and then 

200 µL of Lipofectin®-DNA-Opti-MEM® mixture was added to each well. Cells were incubated in 

transfection mixture for 8 hours at 37°C, then media was removed and replaced with DMEM. Transfected 

cells were incubated for 72 hours at 37°C, then replaced with DMEM containing 800 µg/mL G418 

(Thermo Fisher) to select for cells containing the pcDNA3.1(-) vector, which encodes for neomycin 

resistance.  Media was replaced with fresh DMEM containing 800µg/mL G418 every 48-72 hours.  

Resistant clones were selected and moved to 24-well plates, then expanded into 6-well plates. EHF 

expression was determined by western blot. 

 

2.1.3 siRNA depletion of transcription factors 

 For EHF knockdown, 30nM Silencer® Select negative control siRNA #2 (NC) or EHF siRNA 

(s25399, both from Ambion) were transfected into cells using RNAiMAXTM transfection reagent (LT). Calu-

3 cells were transfected at 30-40% confluency, and incubated at 37°C for 48 hours (for RNA-seq and 

quantitative reverse transcription polymerase chain reaction [RT-qPCR]), 72 hours (for wound scratch 
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assay) or as otherwise described.  HBE cells were transfected at 70-80% confluency and incubated at 

37°C for 48 hours (for RNA-seq) or 72 hours (for RT-qPCR and wound scratch assay). HBE cultures from 

different donors were used for each transfection. For FOXA1 knockdown, HBE cells were treated with 

20nM of control siRNA-A (sc-37007) or HNF-3α siRNA (sc-37930, both from Santa Cruz [SC]) using 

RNAiMaxTM. Transfections were incubated for 48 hours at 37°C. 

 For RNAiMAXTM forward transfections in 24-well plates, 1µL RNAiMAXTM was added to a tube 

containing 50µL Opti-MEM®, and the siRNA was added to a second tube containing 50µL Opti-MEM®. 

The RNAiMAXTM-Opti-MEM® and siRNA-Opti-MEM® were combined and incubated at room temperature 

for 15 minutes.  The media on the well was removed and replaced with 0.5mL fresh DMEM.  The 

transfection mixtures were then added to the wells and incubated at 37°C. Transfections were scaled up 

for 6-well plates. 

 

2.1.4. Lipopolysaccharide (LPS) treatment 

 To test the optimal length of LPS treatment, 150,000 Calu-3 cells were seeded in a 24-well plate 

and grown for 72 hours in DMEM with 10% FBS. The media was then removed and replaced with serum-

free DMEM. Cells were serum starved for 24 hours, then treated with PBS (carrier) or 1 µg/mL 

Pseudomonas aeruginosa LPS (L9134, Sigma) for 4, 8, or 24 hours. One µg/mL LPS for 4 hours yielded 

the most consistent changes in gene expression and was used for subsequent studies. 

 Calu-3 cells were forward transfected with NC or EHF siRNA as above and grown in DMEM with 

10% FBS at 37°C.  Forty-eight hours after transfection, media was removed and replaced with serum-free 

DMEM. Cells were serum starved for 24 hours, and then treated with PBS (carrier) or 1 µg/mL P. 

aeruginosa LPS for 4 hours; RNA was then isolated for RT-qPCR.  
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2.1.5 IL-17a treatment 

 To determine the optimal concentration of IL-17a treatment, 150,000 Calu-3 cells were seeded in 

a 24-well plate and then grown for 72 hours in DMEM with 10% FBS. The media was removed and 

replaced with serum-free DMEM. Cells were serum starved for 24 hours, then treated with BSA (carrier) 

or 1 ng/mL, 10 ng/mL, or 100 ng/mL IL-17a (R&D Systems) for 24 hours. Treatment with 10 ng/mL of IL-

17a caused an increase in target genes and was used for subsequent studies. 

 Calu-3 cells were forward transfected with NC or EHF siRNA as above and grown in DMEM with 

10% FBS.  Forty-eight hours after transfection, media was removed and replaced with serum-free DMEM. 

Cells were serum starved for 24 hours and then treated with BSA or 10ng/mL of IL-17a for 24 hours; RNA 

was then isolated for RT-qPCR. 

 

2.1.6 IL-13 treatment 

 HBE cells were polarized on transwell inserts for 2 weeks in ALI media, and then BSA or 20 

ng/mL IL-13 (PeproTech) in ALI media was added to the basolateral side of the membrane for 48 hours. 

Cells were lysed in NET buffer for western blot. 

 

2.2 Manipulating nucleic acids 

 

2.2.1 Ethanol precipitation 

 To precipitate DNA or RNA, the volume of the sample was measured, and then 1/10 the volume 

of 3 M sodium acetate (pH 5.2) and 2-3 volumes of 100% ethanol were added.  The sample was 

incubated at -20°C for at least 1 hour, then centrifuged at 16,100 x g at 4°C for 30 minutes. The 

supernatant was removed and the pellet washed with 70% ethanol, centrifuged at 16,100 x g at 4°C for 5-

10 minutes, and air-dried. The pellet was resuspended in an appropriate amount of nuclease–free water. 
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2.2.2 Agarose gel electrophoresis 

 Agarose gels were made by dissolving 1-2% w/v electrophoresis grade agarose (LT) in 1x 

Tris/Acetic Acid/EDTA (TAE) buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA). Ethidium bromide (0.2 

µg/mL) was added to all gels- except chromatin gels- to visualize the DNA.  6x loading dye (40% sucrose 

in H2O, 0.25% Orange G [Sigma]) was diluted to 1x in DNA samples, and the samples were loaded on 

the gel with a 100 base pair (bp) or 1 kb ladder (NEB). Gels were run at 4.5 volts/cm for 5 minutes, then 

at 6-8 volts/cm until desired resolution was achieved. Chromatin gels were post-stained in ethidium 

bromide (0.2 µg/mL) for 30 minutes, and then destained in dH2O for 10 minutes. DNA was visualized 

using a UV transilluminator. 

 

2.3. Bacterial cloning of DNA constructs 

 

2.3.1 Polymerase chain reaction (PCR) 

 Phusion® High-Fidelity DNA Polymerase (NEB) was used to amplify DNA fragments for cloning 

into plasmid constructs.  The PCR reaction was set up in a total volume of 50 µL, with 5-10 ng of plasmid 

template DNA, 1x Phusion® HF Buffer (NEB), 200 µM dNTPs mix (NEB), 0.5 µM each of forward and 

reverse primer, 3% DMSO, and 1 unit/PCR reaction of Phusion DNA Polymerase. A list of plasmids used 

as template DNA is found in table 2.3.1.i, and a list of primers with annealing temperatures and restriction 

sites is found in Table 2.3.2.ii. Cycling conditions are as follows: 

30 seconds at 98°C 
35 cycles of: 
 10 seconds at 98°C 
 30 seconds at annealing temperature 
 60 seconds per kb amplified DNA at 72°C 
10 minutes at 72°C 
 

Reactions were separated on a 1% gel to determine that the correct-sized PCR product was generated.  
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Table 2.3.1.i Plasmid templates for Phusion® PCR 
 

cDNA gene name Plasmid Plasmid source 
EHF pCMV6-XL4-EHF (SC115508)  OriGene 
c-Jun pMIEG3-c-Jun (#40348) AddGene 

 
 

Table 2.3.1.ii Primers for Phusion® PCR 
 

Primer 
Name 

Primer Sequence Restriction 
sites 

Annealing 
temperature 

EHF F CACCTCGAGATGATTCTGGAAGGAGG XhoI - 
EHF R CACGGTACCTGTCCAAAGTATTGGCA KpnI - 
Flag-EHF F CGACTCGAGATGGACTACAAAGACGATGACGACAAG 

ATTCTGGAAGGAGG 
XhoI 40°C 

Flag-EHF R CGAGGTACCGTATTGGCAGCTTCAG KpnI 40°C 
LIC EHF F TACTTCCAATCCAATGCAATTCTGGAAGGAGG LIC* 40°C 
LIC EHF R TTATCCACTTCCAATGTTATTAGTATTGGCAGCTTCAG LIC* 40°C 
c-Jun LIC F TACTTCCAATCCAATGCAACTGCAAAGATGGAAAC LIC* 53°C 
c-Jun LIC R TTATCCACTTCCAATGTTATTAAAATGTTTGCAACTGCT LIC* 53°C 

*Ligation independent cloning (LIC) ends are described in section 2.14.1 

 

2.3.2 Plasmid construction 

 The Phusion® PCR product and the pcDNA3.1(-) vector were digested using the enzymes 

corresponding to the restriction sites on the PCR products. Digestions were performed in a total volume 

of 20 µL with 1x Buffer (NEB), 0.5 µL each enzyme, and 500 ng PCR product or vector at 37°C for 4 

hours. The digested PCR product was purified using the QIAquick® PCR Purification Kit (Qiagen) 

according to the manufacturer’s protocol.  Five volumes of Buffer PB were added to 1 volume PCR 

product. Samples were added to the PCR cleanup column and centrifuged at 16,100 x g, then washed 

with 750µL Qiagen Buffer PE. The column was emptied and centrifuged at 16,100 x g for 1 minute to dry. 

The DNA was eluted with 50 µL Qiagen Buffer EB. The vector was de-phosphorylated; 2 µL of 10x 

Antarctic Phosphatase Reaction Buffer and 1 µL Antarctic Phosphatase (both from NEB) were added to 

the entire 20µL digestion reaction. The reaction was incubated at 37°C for 1 hour, and then heat 
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inactivated for 5 minutes at 65°C. The ligation was performed in a 20 µL reaction with 20 ng vector, a 3:1 

molar ratio of insert (PCR product) to vector, 1x T4 DNA Ligase Buffer, and 1 µL NEB T4 Ligase (both 

from NEB). The ligation reaction was incubated overnight at 16°C. 

 

2.3.3 Bacterial transformation of plasmid constructs 

 Plasmids were transformed into NEB® 5-alpha (NEB) competent Escherichia coli cells. The 

entire 10-20 µL ligation sample was added to 25 µL cells in a chilled 14 mL polypropylene round-bottom 

tube and incubated on ice for 30 minutes. The cells were heat shocked at 42°C for 30 seconds and then 

incubated on ice for 2 minutes.  Pre-warmed lysogeny broth (LB) (10 g/L peptone, 5 g/L yeast extract, 10 

g/L NaCl) media was added to the cells to bring the volume up to 1 mL, and the transformed cells were 

incubated at 60-90 minutes with shaking at 250 rpm at 37°C. The entire reaction was spread on an LB 

agar plate with appropriate antibiotic (30 µg/mL kanamycin or 50 µg/mL ampicillin), and the plate was 

incubated overnight at 37°C. 

 

2.3.4 Plasmid preparations 

 Minipreps. One colony of transformed bacteria was selected from an LB agar plate and used to 

inoculate 5mL LB media with appropriate antibiotic (30 µg/mL kanamycin or 50 µg/mL ampicillin). The 

culture was incubated overnight at 37°C with shaking at 250 rpm.  The next day, bacteria were harvested 

by centrifugation of 1.5 mL of overnight culture at 16,100 x g for 1 minute at room temperature. The DNA 

was extracted from bacteria using the Fast Plasmid Miniprep kit (5 PRIME) according to the 

manufacturer’s protocol. The bacteria pellets were lysed by resuspension in 400 µL of 4°C Complete 

Lysis solution. Lysates were incubated at room temperature for 3 minutes, transferred to a spin column in 

a 2 mL microcentrifuge tube, and centrifuged at 16,100 x g for 1 minute at room temperature. Samples 

were washed with 400 µL of Wash buffer and centrifuged at 16,100 x g for 1 minute at room temperature. 

The flow-through was discarded and the column dried by centrifugation at 16,100 x g for 1 minute at room 



54 

 

temperature. The column was transferred to a new 1.5 mL microcentrifuge tube, and the DNA was eluted 

with 30 µL of elution buffer.  

 Midipreps and maxipreps. The glycerol stock of the plasmid was streaked onto an LB-agar plate 

supplemented with the appropriate antibiotic (30 µg/mL kanamycin or 50 µg/mL ampicillin). The plate was 

incubated overnight at 37°C. The next day, a 5 mL starter culture of LB containing the antibiotic was 

inoculated with a single colony from the streaked plate. The culture was incubated for 8 hours at 37°C 

with shaking at 250 rpm and diluted 1:500 into 50 mL (100 mL) of LB supplemented with antibiotic for a 

midiprep (or maxiprep). The culture was incubated overnight at 37°C with shaking at 250 rpm, and then 

the bacteria were harvested by centrifugation at 6000 x g for 15 minutes at 4°C. The DNA was isolated 

from lysed bacteria using the QIAGEN® Plasmid Midi (or Maxi) Kit.  The bacteria pellet was resuspended 

in 4 mL (10 mL) 4°C Buffer P1. Four mL (10 mL) Buffer P2 was added and incubated at room 

temperature for 5 minutes.  Four mL (10 mL) ice cold Buffer P3 was added and incubated on ice for 15 

minutes (20 minutes). To collect cellular debris, lysates were centrifuged at 20,000 x g for 30 minutes at 

4°C. Meanwhile, a QIAGEN-tip 100 (or 500) was equilibrated by applying 4 mL (10 mL) buffer QBT and 

allowing the column to empty by gravity flow. The supernatant from the centrifuged lysate was then added 

to the equilibrated column and allowed to enter the resin by gravity flow. The column was washed 2 times 

with 10 mL (30 mL) Buffer QC, and the DNA was eluted into a clean tube with 5 mL (15 mL) Buffer QF. 

DNA was precipitated by adding 3.5 mL (10.5 mL) room temperature isopropyl alcohol followed by 

centrifugation at 15,000 x g for 30 minutes at 4°C. The supernatant was removed and the DNA pellet was 

washed with 1.5 mL 70% ethanol and centrifuged at 16,100 x g for 45 minutes at 4°C. The pellet was air-

dried and resuspended in nuclease-free H2O. If the DNA was to be used for mammalian transfections, an 

additional ethanol precipitation step was performed. 

 Plasmids were sequenced using traditional methods on an ABI 3730 High-Throughput DNA 

Sequencer at the Northwestern University Feinberg School of Medicine Center for Genetic Medicine 

NUSeq Core Facility to confirm that the correct plasmid had been generated. 
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2.4. Protein analysis 

 

2.4.1 Cell lysis in NET buffer. 

 Cells were lysed in NET buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM EDTA) with 1x 

protease inhibitor cocktail (Sigma) and 1% v/v Triton X-100.  Cells were washed with PBS, and then NET 

buffer was added and incubated at room temperature for 5 minutes with rocking. Lysates were collected 

into 1.5 mL microcentrifuge tubes, incubated on ice for 15 minutes, and then centrifuged at 16,100 x g at 

4°C for 5 minutes. Supernatants were saved and stored at -20°C or -80°C. 

 

2.4.2 Western blot analysis 

 Lysates were separated on 10-12% SDS-polyacrylamide gels (37.5:1 acrylamide:bisacrylamide 

solution, 375 mM Tris-HCl pH 8.8, 0.1% SDS, 0.05% ammonium persulfate, 0.1% 

tetramethylethylenediamine [TEMED]) with a 3% stacking gel (37.5:1 acrylamide:bisacrylamide solution, 

125 mM Tris-HCl pH 6.8, 0.1% SDS, 0.05% ammonium persulfate, 0.1% TEMED). 5x SDS loading dye 

(1.5 M Tris-HCl pH 6.8, 5.0 mL glycerol, 1.0 g SDS, 1.2 mg bromophenol blue, dH2O to 10 mL) was 

combined with 2-mercaptoethanol (4:1 ratio), and then diluted 1:4 in protein lysate. Samples were boiled 

for 5 minutes at 95°C and loaded onto the gel, which was run at 65V until proteins entered the resolving 

gel and then 90V until desired separation was achieved.  The proteins were transferred onto Immobilon®-

P PVDF (Millipore) membranes at 300 mA for 1-1.5hr.  The membrane was blocked in 5% w/v milk in 

PBS with 0.1% Tween 20 (PBST) for at least 1 hour at room temperature, and then incubated in primary 

antibody overnight at 4°C. A list of antibodies and dilutions is found in table 2.4.2. Rat anti-ESE3, clone 

5A.5 was initially available commercially from Thermo Scientific. Some experiments were performed 

using rat hybridoma supernatant supplemented with 20% FBS (anti-ESE3, clone 5A.5), kindly provided by 

A. Tugores from the Complejo Hospitalario Universitario Insular Materno Infantil. Membranes were 

washed 3 times in PBST for 15 minutes, and then incubated in secondary antibody diluted 1:5000 in the 
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same diluent as the primary antibody.  The secondary antibodies used were polyclonal goat anti-mouse 

immunoglobulins/Horseradish peroxidase (HRP) (P0447, Dako), rabbit anti-goat immunoglobulins/HRP 

(P0449, Dako), Anti-Rabbit IgG (whole molecule)–Peroxidase antibody produced in goat (A0545, Sigma), 

and goat anti-rat IgG-HRP (sc-2006, SC). Membranes were washed 3 times in PBST, incubated in 

Pierce® enhanced chemiluminescence western blotting substrate (Thermo Fisher) for 1 minute and 

exposed to film. Films were scanned using the Perfection V800 Photo Scanner (Epson) with SilverFast8 

software (LaserSoft Imaging) and protein was quantified by gel densitometry using Adobe Photoshop.  

Table 2.4.2 Antibodies used for western blots. 
 

Antibody Dilution Diluent 
Mouse anti-β-tubulin, Sigma T4026 1:5000 1% Milk-PBST 
Mouse anti-Flag, Sigma F3165 1:3000 5% Milk-PBST 
Rabbit anti-GAPDH, Cell Signaling 1:5000 5% Milk-PBST 
Rabbit anti-c-Jun, Ab31419 1:1000 1% Milk-PBST 
Rabbit anti-JunD, sc-74 1:2000 1% Milk-PBST 
Rat anti-ESE3, clone 5A.5, Thermo Scientific 1:300 5% Milk-PBST 
Rat anti-ESE3 rat hybridoma supernatant with 
20% FBS, A. Tugores 1:300 PBST (primary) 

5% Milk-PBST (secondary) 
 

 

2.5 RNA isolation and cDNA preparation 

 

2.5.1 RNA isolation using TRIzol® 

 Total RNA was extracted from cells using TRIzol® reagent (Invitrogen) following the 

manufacturer’s protocol. Cells were lysed in 0.5mL TRIzol® for a 24-well plate or 1mL TRIzol® for a 6-

well plate, incubated for 5 minutes at room temperature with rocking, homogenized by repeat pipetting 

and transferred to a 1.5 mL microcentrifuge tube.  0.2 mL of chloroform per 1 mL of initial TRIzol® 

reagent used was added to the sample, which was shaken for 15 seconds and then incubated at room 

temperature for 2 minutes.  The sample was centrifuged at 12,000 x g at 4°C for 15 minutes to separate 
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the phases. The top, aqueous phase was collected into a clean 1.5 mL microcentrifuge tube. 0.5 mL 

100% isopropyl alcohol per 1 mL of TRIzol® and 10 µg glycogen (Thermo Scientific) (24-well plates only) 

were added and incubated for 10 minutes at room temperature to precipitate the RNA. The sample was 

centrifuged at 12,000 x g at 4°C for 10 minutes, and the pellet was washed in 1 mL 70% ethanol per 1 mL 

of TRIzol® and centrifuged at 7,600 x g at 4°C for 5 minutes. The pellet was air-dried, resuspended in 

nuclease-free H2O, and incubated at 55°C for 10-15 minutes. The RNA concentration was determined 

using a Nanodrop 1000 (Thermo Scientific). 

 

2.5.2 Reverse transcription 

 cDNA was synthesized from RNA using the TaqMan® Reverse Transcription kit (LT). One µg of 

RNA was added to a 50µL reaction with 5.5 mM MgCl2, 500 µM each dNTP, 1x RT buffer, 2.5 µM random 

hexamers, 0.4 units/µL RNase inhibitor, and 1 unit/µL MultiScribe reverse transcriptase. There was also a 

control reaction with no reverse transcriptase added (RT- reaction). Reverse transcription conditions were 

as follows: 10 minutes at 25°C, 1 hour at 48°C, then 5 minutes at 95°C. To remove RNA from the sample, 

9.8 µg/mL RNase (DNase-free, Roche) was added and incubated for 30 minutes at 37°C.  

 

2.6 Quantitative PCR (qPCR) 

 

2.6.1 SYBR® Green qPCR 

 qPCR reactions were assembled in 96-well plates with 1x Power SYBR® Green PCR Master Mix 

(LT), 0.25 µM each forward and reverse primer, 3-5 µL of DNA (cDNA generated by reverse transcription 

or purified ChIP DNA), and nuclease-free H2O to 20 µL.  Primers are listed in table 2.6.1. The reactions 

were run on the Applied Biosystems QuantStudio 6 Flex (LT) machine with the following settings: Fast 

96-well (0.1 mL block), Standard Curve, SYBR® Green Reagents, Standard run. The PCR conditions are 

as follows: 



58 

 

2 minutes at 50°C 
10 minutes at 95°C 
40 cycles of: 
 15 seconds at 95°C 
 60 seconds at 60°C 
 

 

Table 2.6.1 SYBR® qPCR Primers 
 

A) ChIP-qPCR Primers Sequences 
AGAP1_Intron F CTGTTTGCTGAGGGTGGACT 
AGAP1_Intron R GAGGGAATGACTGTGGCTCC 
CEPBG-intron1 F CCTCACCTACCACACACGTT 
CEPBG-intron1 R CTACAGGGTCCACGTTCAGC 
CXCL1_promoter F TTTTTGGCGTGGTAGTCACA 
CXCL1_promoter R ACCCCATGGTAACATTGCTC 
FOXA1_5’intergenic F CTGTGTTTAAGACGGGTCTGC  
FOXA1_5’intergenic R CGCACCCTACAGTCCTCACT  
HOPX_3’-intergenic F AGGGAGGCCAATGATGCAAG 
HOPX_3’-intergenic R GTCCCACCCCAGGTCCTAAT 
IL8_5’intergenic F TGAGGAAATCAGGCAAGAGG 
IL8_5’intergenic R CCCCCAAGAAAAGAAGGAAG  
ITGA2_Promoter F GAAGTGTCCTGCCTCCCAAA 
ITGA2_Promoter R AAGTCAGCCAGGTTTCAGGG 
JDP2_5'intergenic F CCAGCTTCCTTGTTGTTGGC 
JDP2_5'intergenic R CCACCCTAGCATGTTCCCAG 
OAS3_promoter F GGCTGGAAGCAAGGAGATGA 
OAS3_promoter R GACCTGACACCCACTTCCTG 
PLAU_promoter F GGTGTCACGCTTCATAACGGT 
PLAU_promoter R CCCTAGCAGCTCTCATGACTC 
PLCH1_5'Intergenic F AGTAACTCACTGACGCTGGC 
PLCH1_5'Intergenic R GCCTCTTCTCTCTGTGGCTG 
RARB_5’intergenic F TGTGCCAGTCTGTTTCCTGT 
RARB_5’intergenic R TGTTCAGGGAGCAAAAGGAC 
SPDEF_promoter F GGCTCCTGATTAACCCTTGC    
SPDEF_promoter R ACGAGTGAATGAGCGAGTGA  
TJP2_Intron F CCTGGTTTCTGCGTTACCCT 
TJP2_Intron R AGCATGTGCATCCTCACCAA 
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NC F TCCTTCCAGGTTTTGGCTCC 
NC R GCCCCAGATCAGGAGAGAGA 
B) RT-qPCR Primers Sequences 
β-2 Microglobulin F CTCTCTCTTTCTGGCCTGGAG 
β-2 Microglobulin R TCTGCTGGATGACGTGAGTA 
CEBPG F GCAACACCTACGGGTCGAATA 
CEBPG R CTTCACATGTACCTCCGCTG 
CXCL1 F CTTGCCTCAATCCTGCATC 
CXCL1 R CCTTCTGGTCAGTTGGATTTG 
CXCL6 F GGAAGCAAGTTTGTCTGGACC 
CXCL6 R AGAAAACTGCTCCGCTGAAG 
DDAH1 F TGCAACTTTAGATGGCGGAGA 
DDAH1 R GCCAAGATTTCAGCACCTCG 
FOXA1 F TCCAGGATGTTAGGAACTGTG 
FOXA1 R AGGCCTGAGTTCATGTTGCT 
FOXA2 F CAGTATGCTGGGAGCGGTGAAGA 
FOXA2 R AGTAGCCCTCGGGCTCTGCAT 
HOPX F TTTCCGAGGAGGAGACCCA 
HOPX R AAGCTGTCAATGCCTGCCA 
IL8 F AGCTGGCCGTGGCTCTCT 
IL8 R CTGACATCTAAGTTCTTTAGCACTCCTT 
ITGA2 F  TTGGAACGGGACTTTCGCAT 
ITGA2 R TCGGCTTTCTCATCAGGTTTCA 
JDP2 F TGGAGGTGAAACTGGGCAAG 
JDP2 R ACTTTGTTCTTCTCCCGGCG 
KLF5 F ACCTCCATCCTATGCTGCTAC 
KLF5 R TTTGTGCAACCAGGGTAATC 
RARB F ACACTGCGAGTCCGTCTTC 
RARB R GCTGGTGCTCTGTGTTTCAA 
SPDEF F TGCTCAAGGACATCGAGACG 
SPDEF R CACTTCTGCACATTGCTGGG 
TJP1 F AGAGACAAGATGTCCGCCAG 
TJP1 R CAAATCCAAATCCAGGAGCCC 
TJP2 F GTGTCCGGAGGCAGAGACAA 
TJP2 R TGCCATTGACCATGACCACTC 
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2.6.2 Quantitation of CFTR expression  

 Calu-3 cells were reverse transfected with 40 nM of siGenome Human EHF siRNA SMARTpool 

(M-012421-00) or Non-targeting siRNA Pool #2 (D-001206-14-05, both from Dharmacon) using 

RNAiMaxTM in a 96-well plate. siRNA and RNAiMaxTM were combined with 30 µL Opti-MEM®, incubated 

for 15 minutes at room temperature, and then added to the 96-well plate. 17,500 Calu-3 cells in 120 µL 

DMEM with 10% FBS were added to the well. Non-targeting controls were transfected in quadruplicate 

and EHF siRNA in duplicate in three replicate experiments. Seventy-two hours after transfection, the cells 

were lysed and cDNA was synthesized using the Cells-to-CT™ Kit (Ambion). CFTR and β-2-

microglobulin (B2M) levels were measured using a multiplexed TaqMan® assay (194). Reactions were 

performed in 96-well plates with 10 µL TaqMan® Fast Advanced master mix (LT), 0.9 µM each CFTR 

forward and reverse primer, 0.9 µM each B2M forward and reverse primer, 0.25 µM FAM-conjugated 

CFTR probe, 0.25 µM Joe-conjugated B2M probe, 4µL cDNA, and nuclease-free H2O to 20 µL.  Primers 

are listed in table 2.6.2. The reactions were run on the Applied Biosystems QuantStudio 6 Flex (LT) 

machine with the following settings: Fast 96-well (0.1mL block), Standard Curve, TaqMan® Reagents, 

Fast run. The PCR conditions are as follows: 

20 seconds at 95°C 
40 cycles of: 
 1 second at 95°C 
 20 seconds at 60°C 
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Table 2.6.2 TaqMan® qPCR Primers and Probes 
 

Primer/Probe Name Sequence 
A) CFTR  
Forward  AGCTGTCAAGCCGTGTTCTAGATA 
Reverse  ATGAGGAGTGCCACTTGCAAA 
Probe 56-FAM/CACACGAAATGTGCCAATGCAAGTCCCT/36-TAMSp 
B) B2M  
Forward  AAGTGGGATCGAGACATGTAAG 
Reverse GCAAGCAAGCAGAATTTGGA 
Probe 56-JOEN/TCATGGAGG/ZEN/TTTGAAGATGCCGCA/3IABkFQ 

 

 

2.7 RNA-sequencing 

 

2.7.1 Library preparation and sequencing 

 RNA was isolated from 6-well plates using TRIzol® and then ethanol precipitated. Total RNA purity 

and quality were assessed by Nanodrop and Bioanalyzer (Agilent). For EHF knockdown RNA-seq, 5 

samples each of control and EHF siRNA transfected cells were sequenced.  For the EHF overexpression 

experiment, 3-4 samples each of 3 pcDNA and 3 EHF-overexpression clones were sequenced. Libraries 

were generated from 2 µg of total RNA using the TruSeqTM sample preparation kit (Illumina) as per the 

manufacturer’s Low-Throughput protocol. Poly-A containing mRNAs were purified using poly-T-oligo-

attached magnetic beads in 2 rounds of purification. cDNA was synthesized from the mRNA, then the 

ends were repaired and 3’ adenylated. Adapters were ligated and cDNA was amplified using PCR to 

generate the final library. The libraries were sequenced on Illumina HiSeq2500 machines at the University 

of North Carolina High-Throughput Sequencing Facility using standard protocols for paired-end 2 x 100 

base reads, yielding 2.6–3.5 x107 reads per library   
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2.7.2 RNA-seq data analysis 

 For the EHF depletion in Calu-3 cells and EHF overexpression in A549 cells RNA-seq experiments, 

data in fastq format were mapped to the reference human genome (hg19) with ENSEMBL Release 74 of 

human genome annotation as transcriptome mapping using TopHat (v2.0.10) (116) with the following 

command:  

tophat -r 150 -p 12 --no-coverage-search -o <output-file> --library-type fr -unstranded --transcriptome-
index <R1-fastq.qz R2-fastq.qz> 
 

Quantification and differential expression of transcripts from the aligned reads were performed using 

Cufflinks (v2.1.1) (129) with a false discovery rate (FDR) ≤ 0.1 as differential expression threshold using 

the following command:  

./cuffdiff -o <output-file> -L <Sample1,Sample2> -p 12 -b hg19.fa -u -FDR 0.1 <Sample1-
1/acceptedhits.bam,…,Sample1-n/acceptedhits.bam> <Sample2-1/acceptedhits.bam,…,Sample2-
n/acceptedhits.bam> 
 

Samples were normalized and expressed as fragments per kilobase of transcript per million fragments 

mapped (FPKM). Genes with a fold change ≥ 1.5 were considered differentially expressed. Gene 

ontology (GO) processes enriched among differentially expressed genes were identified using Database 

for Annotation, Visualization and Integrated Discovery (DAVID) (195). 

 For the EHF depletion in HBE cells, data in fastq format were mapped to the reference human 

genome (hg19) and the UCSC hg19 human gene annotations with TopHat (v2.0.9) (116) using the 

following command:  

tophat -p 12 -G Homo_sapiens/UCSC/hg19/Annotation/Genes/genes.gtf -o <Sample_thout> <R1-
fastq.gz,R2-fastq.gz> 
 

Transcripts were assembled and merged using Cufflinks and Cuffmerge (129) with the following 

commands:  

cufflinks -p 8 -o <Sample_clout> Sample_thout/accepted_hits.bam 

cuffmerge –g Homo_sapiens/UCSC/hg19/Annotation/Genes/genes.gtf –s 
UCSC/hg19/Sequence/WholeGenomeFasta/genome.fa –p 12 assemblies.txt 
 

The assemblies.txt file contained a list of all files corresponding to Sample_clout/transcripts.gtf. 

Quantification and differential expression of transcripts from the aligned reads were performed using 
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Cufflinks (v2.1.1) (129) with the following command:  

cuffdiff -o diff_out -b /Homo_sapiens/UCSC/hg19/Sequence/WholeGenomeFasta/genome.fa -p 12 -L 
<Sample1,Sample2> -u merged_asm/merged.gtf <Sample2-1/acceptedhits.bam,…, 
Sample2-n/acceptedhits.bam> 
 

Samples were normalized and expressed as FPKM values.  Putative direct targets of EHF were identified 

using Binding and Expression Target Analysis (BETA) (127). This software assigns transcription factor 

binding peaks to genes using a model that decreases the regulatory potential of the TF binding site as the 

distance to the TSS increases, then sums the contribution of multiple sites near a gene (in this analysis, 

within 10 kb or a CTCF site, whichever is closer).  It also takes into account the significance of gene 

expression changes following modulation of the transcription factor (with an FDR <0.1). Enrichment 

analysis was performed with MetaCore from Thomson Reuters version 6.26 using the Enrichment 

Analysis workflow.   

 

2.8 Chromatin immunoprecipitation (ChIP) 

 

2.8.1 Chromatin preparation. 

 

2.8.1.i One-step lysis. 

  Cells were seeded on 10 cm plates and grown until 100% confluent.  Media was replaced with 10 

mL fresh media, and formaldehyde was added to a final concentration of 1% to crosslink cells for 10 

minutes at room temperature. The reaction was quenched with 0.125 M glycine for 5 minutes at room 

temperature.  Cells were washed 2 times with 5 mL ice-cold PBS, then scraped into 5 mL PBS in a 15 mL 

conical tube. The sample was centrifuged at 2,000 RPM at 4°C for 4 minutes in a bucket centrifuge, and 

the pellet was resuspended in 1 mL fresh lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.1, 

and 1x protease inhibitor cocktail [PIC, Roche]).  The lysate was divided into 2 500 µL aliquots and 

incubated on ice for at least 10 minutes. Chromatin was then sheared to the appropriate size using an 
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Ultrasonic Processor (Cole Parmer). 500 µL of chromatin in a microcentrifuge tube was placed in an ice 

water bath with the probe 2/3 into the solution and sonicated with an amplitude of 40% and pulses of 25 

seconds on and 59 seconds off. The total sonication time was determined for each cell type and is listed 

in table 2.8.1.i. 

 

Table 2.8.1.i Chromatin sonication conditions for one-step lysis 
 

Cell type Total sonication time 
A549 3 minutes 20 seconds 
Calu-3 4 minutes 10 seconds 
primary human bronchial epithelial cells 3 minutes 45 seconds 
primary human tracheal epithelial cells 4 minutes 10 seconds 

 

 

2.8.1.ii Two-step lysis 

  Cells were seeded on 10 cm plates and grown until 100% confluent. Media was replaced with 10 

mL fresh media, and formaldehyde was added to a final concentration of 1% to crosslink cells for 10 

minutes at room temperature. The reaction was quenched with 0.125 M glycine for 5 minutes at room 

temperature.  Cells were washed 2 times with 5 mL ice cold PBS and then incubated in 5 mL of 0.05% 

Trypsin-EDTA for 10 minutes at 37°C. The trypsin was quenched with 1 mL FBS warmed to 37°C for 5 

minutes at room temperature. Cells from 2 10cm plates were scraped into 1 15mL conical tube, and then 

the sample was centrifuged at 2,000 RPM at 4°C for 5 minutes in a bucket centrifuge. The supernatant 

was removed and replaced with 5 mL PBS with 1x PIC. The sample was centrifuged at 2,000 RPM at 4°C 

for 5 minutes in a bucket centrifuge, and then the pellet was resuspended in 2 mL ice cold Farnham lysis 

buffer (5 mM PIPES pH 8.0, 85 mM KCl, 0.5% NP-40, 1x PIC). Single cell suspension was achieved by 

passing the lysate through a 25-gauge needle 5 times, and then cells were sheared in a manual 

homogenizer with 10 strokes.  The lysate was incubated on ice for 10 minutes and then centrifuged at 
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2,000 RPM at 4°C for 5 minutes in a bucket centrifuge. The pellet was resuspended in 1 mL 4°C RIPA 

buffer (1x PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1x PIC), divided into 2 500µL aliquots 

and incubated on ice for at least 10 minutes. Chromatin was sonicated with an amplitude of 40%, and 

pulses of 25 seconds on and 59 seconds off. The total sonication time was determined for each cell type 

and is listed in 2.8.1.ii. 

 

Table 2.8.1.ii Chromatin sonication conditions for two-step lysis 
 

Cell type Total sonication time 
Calu-3 7 minutes 05 seconds 
Primary human bronchial epithelial cells 5 minutes 50 seconds 

 

 

2.8.1.iii Testing chromatin for proper sonication.  

 A 15 µL aliquot of sonicated chromatin was removed and combined with 15 µL H2O. 0.5 µg of 

RNase (DNase-free, Roche) was added to the sample and incubated for 1 hour at 37°C. Next, 20µg of 

Proteinase K (Sigma) was added and incubated for 1 hour at 65°C. The sample was separated on a 2% 

agarose gel and then post-stained with ethidium bromide. Chromatin sheared to 100-500 bp, with most 

material around 250 bp, was used for chromatin immunoprecipitation (ChIP). 

 

2.8.2 Chromatin immunoprecipitation. 

 

2.8.2.i Agarose bead method.  

 For FOXA1 ChIP, 1 mL of chromatin prepared using 1-step lysis was diluted in 8.5 mL chromatin 

dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8.1, 167 mM NaCl) 

and 400µL 25x PIC. Next, 160µL Protein A agarose beads with salmon sperm DNA (Millipore) were 
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added to the diluted sample, and the solution was mixed on a rotator at 4°C for 1 hour to pre-clear the 

chromatin. The sample was centrifuged at 1,000 RPM at 4°C for 4 minutes in a bucket centrifuge to pellet 

the beads. One hundred µL of supernatant was saved as input, and the remaining supernatant was 

divided into 2 15mL conical tubes.  Ten µg of normal rabbit IgG (Millipore) was added to one tube, and 

10µg Rabbit-anti-FOXA1 (Ab23738, Abcam) was added to the second. The samples were rotated 

overnight at 4°C. The next day, 60µL protein A agarose beads were added to each tube and rotated at 

4°C for 1 hour. Samples were centrifuged at 1,000 RPM at 4°C for 4 minutes in a bucket centrifuge to 

collect the beads, and the supernatant was discarded. The beads were re-suspended in 1 mL low salt 

wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1, 150 mM NaCl, 1x PIC) 

and transferred to a 1.5mL microcentrifuge tube. The samples were rotated at 4°C for 4 min, then 

centrifuged at 1,000 RPM for 1 minute in a benchtop centrifuge at 4°C. The resuspension, rotation and 

centrifugation steps were repeated for washes with high salt wash buffer (0.1% SDS, 1% Triton X-100, 2 

mM EDTA, 20 mM Tris-HCl pH 8.1, 500 mM NaCl, 1x PIC), lithium chloride immune complex wash buffer 

(250 mM LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8.1, 1x PIC), and two 

washes with TE (10 mM Tris-HCl pH 7.5, 1 mM EDTA). Following the final TE wash, the beads were 

resuspended in 250 µL fresh elution buffer (1% SDS, 0.1M NaHCO3), vortexed, and rotated at room 

temperature for 15 minutes.  Samples were centrifuged at 1,000 RPM for 1 minute in a benchtop 

centrifuge at room temperature, and the supernatant was transferred to a 1.5mL microcentrifuge tube. 

The elution step was repeated and the supernatants were combined. The input sample volume was 

brought up to 500µL with elution buffer. Twenty µL of 5 M NaCl was added to the input and IP samples, 

which were then incubated overnight at 65°C to reverse the crosslinks.  The next day, 0.5 µg of RNase 

(DNase-free, Roche) was added to the samples and incubated for 1 hour at 37°C. Next, 20 µg of 

Proteinase K (Sigma), 10µL of 0.5M EDTA, and 20µL of 1M Tris-HCl pH 6.5, were added and incubated 

for 1 hour at 65°C. The DNA was purified using phenol/chloroform extraction. An equal amount of 

UltraPureTM phenol:chloroform:isoamyl alcohol (25:24:1 v/v) (Invitrogen) was added to the DNA sample, 

and the phases were separated by centrifugation at 16,100 x g for 5 minutes in MaXtractTM High Density 
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tubes (Qiagen). The aqueous phase was removed and ethanol precipitated with 20 µg of tRNA from 

baker’s yeast (Sigma) as a carrier. Pellets were re-suspended in 100-200 µL of nuclease-free H2O.  

 

2.8.2.ii Dynabead method 

 For ChIP using magnetic beads, 200µL Dynabead Protein A or G slurry was added to 1 mL 

PBS/BSA (5 mg/mL BSA in PBS with 1x PIC) in a 1.5 mL microcentrifuge tube. The tube was placed on a 

magnetic rack to collect the beads. The beads were resuspended in 1 mL PBS/BSA, and then collected 

by placement on the magnet. This step was repeated 2 additional times to wash the beads, which were 

then resuspended in 1 mL PBS/BSA. An appropriate amount of antibody was added to each tube. For 

ChIP-seq, only one sample with the antibody against the protein of interest was generated. For ChIP-

qPCR there were 2 samples: one with the ChIP antibody and the second with an isotype-matched IgG. 

Antibodies and amounts used for ChIP, dynabead type, and corresponding IgG are listed in Table 2.8.2.  

Calu-3 EHF ChIP-seq was performed with rat anti-ESE3 (Thermo Scientific); the first replicate of the HBE 

EHF ChIP-seq was done with the commercial antibody and the second with purified anti-ESE3 from rat 

hybridoma (A. Tugores). The samples were rotated at 4°C for at least 2 hours. Following incubation, the 

beads were washed 3 times in 1mL PBS/BSA and then resuspended in 100 µL PBS/BSA. For ChIP-seq, 

1mL of chromatin generated using the two-step lysis method was added to 100µL of resuspended beads. 

For ChIP-qPCR, 500µL of chromatin generated using the two-step lysis method was added to each of 2 

1.5 mL microcentrifuge tubes, and then resuspended IgG-conjugated beads were added to one tube, and 

ChIP antibody-conjugated beads were added to the second. Twenty-five µL/mL of input was removed 

from chromatin before combining with beads. Samples were incubated on the rotator overnight at 4°C. 

The next day, the beads were collected on the magnetic rack, resuspended in LiCl IP wash buffer 

(100mM Tris pH 7.5, 500mM LiCl, 1% NP-40, 1% sodium deoxycholate) and incubated on the rotator for 

3 minutes at 4°C. The sample was placed on the magnetic rack to gather the beads. These steps were 

repeated 4 times for a total of 5 LiCl washes. After the final wash, the beads were resuspended in 1x TE 

(pH 7.5) and rotated at 4°C for 1 min. The beads were collected on the magnetic rack and resuspended in 
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200 µL IP elution buffer (1% SDS, 0.1 M NaHCO3). Beads were incubated in elution buffer for 1 hour in a 

65°C heat bath, with vortexing every 15 minutes. Samples were then centrifuged at 16,100 x g at room 

temperature for 3 minutes, and the supernatants were removed to a clean 1.5 mL microcentrifuge tube. 

Input samples were brought to 200 µL with IP elution buffer.  Samples were incubated overnight in a 65°C 

heat bath to reverse the crosslinks. The next day, DNA was purified with the QIAquick® PCR Purification 

Kit (Qiagen) according to the manufacturer’s protocol. The DNA was eluted with 30µL Qiagen Buffer EB 

warmed to 55°C for ChIP-seq and 2x50µL warmed buffer for ChIP-qPCR.  

 

 Table 2.8.2 Antibodies used for ChIP 
 

Antibody Corresponding 
IgG 

Dynabead 
Type 

Amount for 
ChIP 

Amount for 
ChIP-seq 

Rabbit anti-c-Jun, sc-1694 (SC) Normal rabbit IgG 
(Millipore) 

Protein A 20µg 20µg 

Rat anti-ESE3 (EHF), clone 5A.5 Rat IgG (SC) Protein G 5µg 20µg 
Rabbit anti-JunD, sc-74 (SC) Normal rabbit IgG 

(Millipore) 
Protein A 10µg 10µg 

Rabbit anti-H3K27ac Ab4729 
(Abcam) 

NA Protein A NA 5µg 

Rabbit anti-H3K4Me1, Ab8895 
(Abcam)  

NA Protein A NA 5µg 

Rabbit anti-H3K4me3, 07-0473 
(Millipore)  

NA Protein A NA 5µg 
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2.8.2.iii Quantitative PCR 

 qPCR was performed on ChIP samples using SYBR® Green and primers listed in table 2.6.1.  

Percent of input was calculated using the following formulas: 

 
Normalized input (nIn)= CtIn – log2(input dilution factor) 
 
% of Input= 100 x 2^(nIn-CtIP) 

 

Where CtIn is the Ct value obtained for the input for a given primer set, and CtIP is the Ct value for the IgG 

or ChIP sample for the same primer set. 

 

2.8.3 ChIP-sequencing (ChIP-seq) library preparation and sequencing 

 Sequencing libraries were generated from 5-10 ng of immunoprecipitated DNA.  DNA ends were 

blunted in a 50 µL reaction with 1x T4 DNA ligase buffer, 0.4 mM dNTP mix, 1.4 units T4 DNA 

polymerase, 0.5 units DNA Polymerase I Large (Klenow) Fragment, and 4.5 units T4 Polynucleotide 

Kinase (all from NEB).  The reaction was incubated at 20°C for 30 min. End-repaired DNA was purified 

using Agencourt® AMPure® XPbeads.  The end-repair reaction was combined in a 1:1:1 ratio with 

AMPure XP beads and clouding buffer (30% PEG, 1.25 M NaCl) and incubated for 15 minutes at room 

temperature. Beads were collected on a magnetic rack, washed 2 times with 80% ethanol, and air-dried. 

DNA was eluted in 11.5µL of elution buffer (Qiagen). Adenine bases were added to the end-repaired DNA 

in the following reaction: 1x NEBuffer 2, 0.67 mM dATP, 2.5 units Klenow Fragment (3’ à 5’ exo-) (all 

from NEB), and eluted DNA in a total volume of 15µL. The reaction was incubated for 30 minutes at 37°C. 

The sample was added to 1x DNA Quick Ligase Buffer (NEB), 2 µL of a 1:160 dilution (in NEBuffer 2) of 

Library Quantification DNA Standard-Illumina adaptor (1-6) (Kapa Biosystems), and 1.5 µL Quick Ligase 

(NEB) in a total volume of 37 µL and then incubated for 25 minutes at room temperature to add Illumina 

adapters. The DNA was purified using AMPure XP beads, eluted into 12 µL elution buffer, and then 

converted to double stranded DNA in a PCR reaction with 1 µM each TruSeq Primer 

(F:AATGATACGGCGACCACCGAGATCTACA, R:CAAGCAGAAGACGGCATACGAGAT) and 1x 
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NEBNext® High-Fidelity PCR master mix (NEB).  The DNA was amplified with 5 cycles of PCR: 

30 seconds at 98°C 
5 cycles of: 
 10 seconds at 98°C 
 30 seconds at 65°C 
 30 seconds at 72°C 
5 minutes at 72°C 
 

To size select DNA, the PCR reaction was separated on a 2% Electrophoresis grade agarose:SeaKem® 

LE agarose (Lonza) gel (3:1 ratio) and post-stained in 1x SYBR® Gold nucleic acid gel stain 

(ThermoFisher Scientific) in TAE. The gel was cut between 200 and 350bp, and the DNA was purified 

using the MinElute® Gel Extraction Kit (Qiagen). The cut gel was weighed and dissolved in 5 volumes 

buffer QG with rotation at room temperature. One gel volume of isopropanol was added, and the sample 

was loaded onto the spin column and centrifuged at 16,1000 x g for 1 minute. The column was washed 

with 500 µL buffer QG, then 750µL buffer PE; both washes were centrifuged at 16,1000 x g for 1 minute. 

The flow-through was discarded and the column centrifuged at 16,1000 x g for 1 minute to dry.  The DNA 

was eluted with 24 µL buffer EB into a clean 1.5 mL microcentrifuge tube, and then amplified with 6 

additional cycles of PCR. DNA concentration was quantified by Qubit® using the dsDNA HS assay kit 

(LT) and library quality was checked by Bioanalyzer. Sequencing was performed on an Illumina HiSeq 

2000 or HiSeq 4000. The numbers of reads generated for each experiment are listed in table 2.8.3.  
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Table 2.8.3 List of ChIP-seq samples and number of reads generated. 
 

Sample ID Cell type Immunoprecipitated Protein Number of reads 
AH20 Calu-3  Input 24,147,887 
AH21 Calu-3 EHF 14,000,252 
AH23 Calu-3 H3K27ac 25,999,778 
AH29 Calu-3 H3K4me1 15,953,914 
AH52 Calu-3  EHF 12,203,275 
AH71 HBE H3K4me1 18,441,084 
AH72 HBE H3K27ac 19,162,051 
AH74 HBE Input 18,517,840 
AH137 HBE EHF 16,013,245 
AH198 Calu-3  c-Jun 25,281,846 
AH201 Calu-3  JunD 15,566,239 
AH214 Calu-3  H3K4me3 35,103,559 
AH221 HBE H3K4me3 46,471,558 
AH249 HBE EHF 56,569,934 
AH281 Calu-3  c-Jun 53,091,280 
AH282 Calu-3  JunD 70,380,384 

  

 

2.8.4 ChIP-seq data analysis 

 Fastq files were aligned to the hg19 version of the genome using Bowtie (v 1.0.0) (116) with a 

seed length of 40, a maximum of 3 mismatches allowed in the seed, and only unique reads mapped with 

the following command:  

bowtie -q -l 40 -n 3 -m 1 hg19 --best --chunkmbs 200 <input fastq file> <Output file>. 

For EHF ChIP-seq in HBE cells, replicates were performed on cells from 2 donors. For EHF, c-Jun and 

JunD ChIP-seq, two biological replicates were performed on Calu-3 cells. Peaks were called using the 

HOMER-IDR method (IDR<0.05) (196). For histone modification ChIP-seq, one replicate was performed 

in Calu-3 and primary HBE cells. Histone tag directories were generated using HOMER (123) with the 

following command:  

makeTagDirectory <output directory name> <Bowtie output file>. 
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Downstream analysis was performed using HOMER and Cis-regulatory Element Annotation System 

(CEAS) (197). A de novo motif analysis was performed on the significant IDR peaks within 200 bp of the 

center of the peak with the command:  

findMotifsGenome.pl <peak file> hg19 <output> -size 200 

Calu-3 ChIP-seq peaks were annotated using the HOMER command:  

annotatePeaks.pl <peak file> hg19 > <output>. 

Histograms for histone modifications mapped from the center of EHF ChIP-seq peaks were generated 

using the HOMER command: 

annotatePeaks.pl <peak file> hg19 -size 4000 -hist 10 –d <input tag directory> <H3K4me1 tag 
directory> <H3K4me3 tag directory> <H3K27ac tag directory> > <output> 
 

Heatmaps for ChIP-seq tag counts mapped from the center of EHF ChIP-seq peaks were generated 

using the HOMER command:  

annotatePeaks.pl <peak file> hg19 -size 100 -hist 10 -ghist -d <Tag Directory 1>…<Tag Directory n> > 
<output> 

 
Samples were then grouped using hierarchical clustering with Cluster 3.0 software and the histogram was 

visualized with Java TreeView (198). 

  Annotation of genomic locations of ChIP-seq peaks and determination of enrichment at these 

sites was performed using CEAS with the following command:  

ceas -g hg19.refGene -b <peak file> 

 

2.9 DNase-seq 

 DNase-seq was performed on two biological replicates of Calu-3 cells and 3 donor cultures of 

HBE cells as described previously (87). Briefly, nuclei isolated from Calu-3 cells were digested with 

DNase I. Sequencing libraries were generated using the Crawford lab method, which involves ligating a 

biotinylated linker to the ends of DNase-digested DNA, enrichment on streptavidin beads, ligation to 

adapters, and PCR amplification (84). Sequencing reads were aligned to the genome using Bowtie (116), 

tag directories were generated and significant DHS were identified using HOMER (123). 
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2.10 Wound scratch assay 

 Calu-3 cells from 3 different passages, wild type HBE cells from 3 donor cultures, and CF mutant 

HBE cells from 3 donors were used in a wound scratch assay. The CF genotypes were ΔF508/ΔF508 (2 

donors) and ΔF508/3849+10kb C>T (1 donor). Cells were seeded into a 35mm dish, forward transfected 

with NC or EHF siRNA as above, and grown to a confluent layer. Seventy-two hours post-transfection, 

the confluent lawn was damaged with a comb; 3 linear scratches were made per dish. Images were taken 

at 3,6, 9, and 12 hours post-scratch for Calu-3 cells, and 0, 3, and 6 hours post-scratch for HBE cells.  

For each scratch, 3 2 mm boxes were analyzed (9 boxes/plate). The scratch area was measured using 

ImageJ software. For Calu-3 cells, the rate of wound closure was determined by the following formulas: 

 

Average distance across scratch (Avg Dist) = scratch area/scratch length 

Change in Avg Dist (ΔDist) = Avg DistN – Avg DistN-1 

Rate of wound closure = ΔDist/ΔTime 

 

Where N is the current time point, N-1 is the previous time point, and ΔTime is the time difference 

between N and N-1.  

 

For HBE cells, the percent of initial injury was determined by the following formula: 

 

Percent of initial injury = 100 x (Wound sizeTN/Wound sizeT0) 

 

Where TN is the current time point and T0 is the 0 hour time point.   
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2.11 Cell proliferation assay 

 To measure cell proliferation, the CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay 

(Promega), which uses the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3- carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, inner salt) substrate, was performed on 3 biological replicates of Calu-3 

cells. Cells were trypsinized and a standard curve was generated using a 5-fold serial dilution starting at 

75,000 cells/well with a 1:2 dilution at each step. The known dilutions were seeded in triplicate in a 96-

well plate and allowed to adhere to the plate for 1 hour at 37°C.  Phenazine methosulfate (PMS) was 

added to the MTS reagent at a ratio of 50 µL PMS per 1 mL MTS. The media on the cells was replaced 

with 100 µL fresh media and 20 µL of the MTS-PMS solution. The cells were incubated for 80 minutes at 

37°C, and then the absorbance was read at 490 nm using a VersaMax tunable microplate reader 

(Molecular Devices). To determine the effect of EHF depletion on cell proliferation, 8,000 Calu-3 cells per 

well were seeded in a 96-well plate. Twenty-four hours after seeding, cells were forward transfected with 

30 nM of NC or EHF siRNA as above. At this time, the MTS-PMS solution was added to 3 non-

transfected wells to determine the cell density (0 hour time point).  The cells were incubated for 80 

minutes at 37°C, then the absorbance was read at 490 nm. This was repeated for transfected cells 24, 48 

and 72 hours after transfection. There were 3 replicates per treatment at each time point. At 72 hours, 

one well per treatment was lysed and run on a western blot to confirm EHF knockdown.  

 

2.12 Enzyme-linked immunosorbent assay (ELISA) 

 Calu-3 cells seeded in a 24-well plate were forward transfected with NC or EHF siRNA as above. 

Forty-eight hours post-transfection, media was replaced with serum-free DMEM and conditioned for 24 

hours. Then, the media was removed and centrifuged at 1,500 x g for 10 minutes at 4°C to remove cell 

debris. The top portion of the supernatant was saved for analysis by enzyme-linked immunosorbent 

assay (ELISA). Transfected cells used to condition the media were lysed and run on a western blot to 

confirm EHF depletion. To determine the concentration of neutrophil chemokines secreted into the media 

following EHF knockdown, a quantikine colorimetric sandwich ELISA for IL-8 (D800C) and CXCL6 
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(DGC00, both from R&D) was performed according to the manufacturer’s protocol.  For the IL-8 ELISA, 

conditioned media (CM) was diluted 1:50 in 1x Diluent RD5P (R&D). For the CXCL6 ELISA, the CM was 

diluted 1:2 in RD5-24 (R&D).  Standard curves were set up using serial dilutions of 1:2 starting with 2000 

pg/mL. Each standard, blank, and CM sample was read in duplicate; 3 biological replicates were 

investigated. The standard, blank or CM sample was added to a microplate coated with the capture 

antibody and incubated at room temperature for 2 hours. The well was washed, and then a conjugated 

antibody specific to the cytokine was added. The plate was incubated for 1-2 hours at room temperature, 

and then the wells were washed. The colorimetric substrate solution was added, incubated for 30 minutes 

protected from light, and then quenched with stop solution.  The plate was read at 450 and 540 nm in a 

VersaMax tunable microplate reader. The 540nm absorbance was subtracted from the 450 nm reading to 

correct for optical imperfections in the plate.  The duplicated normalized absorbances from each standard 

and sample were averaged, and the blank was subtracted. A standard curve was generated by Prism 

software (GraphPad) using a four parameter logistic (4-PL) curve fit. The standard curve was used to 

determine the concentration of the sample, which was then multiplied by the dilution factor.  

 

2.13 Co-immunoprecipitation 

 HEK cells grown on a 10 cm plate were transfected with either pcDNA 3.1(-) empty vector or 

pcDNA3.1(-)-Flag-EHF. Ten µg of DNA plasmid was diluted in 500 µL Opti-MEM®, and 10 µL of 

Lipofectin® transfection reagent (LT) was diluted in a separate aliquot of 500µL of Opti-MEM®. The 

mixtures were incubated at room temperature for 30 minutes, then combined and incubated for 15 

minutes at room temperature. Media was removed from the HEK cells and replaced with 4 mL Opti-

MEM®. One mL of the DNA-Lipofectin® complexes was added to the cells and incubated overnight at 

37°C. The next morning, the Opti-MEM® was removed and replaced with 10 mL DMEM with 10% fetal 

bovine serum and incubated at 37°C. Seventy-two hours after transfection, cells were lysed in 1 mL NET 

buffer. 20 µL of lysate was removed as input material.  
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 Two immunoprecipitations (IPs) were performed in parallel, one with negative control lysate and 

the second with Flag-EHF-expressing cell lysate. Eighty µL of Anti-FLAG M2 affinity gel was added to 

1mL Tris-buffered saline (TBS) (50 mM Tris-HCl pH 7.5, 150 mM NaCl) in a 1.5 mL microcentrifuge tube. 

The resin was centrifuged at 8,200 x g for 30s, and then washed 2 additional times in 1 mL TBS. During 

the final wash, the resuspended resin was evenly distributed to 2 1.5mL microcentrifuge tubes. To one 

tube, 1mL lysate from cells transfected with pcDNA 3.1(-) empty vector was added; to the second tube, 1 

mL lysate from pcDNA3.1(-)-Flag-EHF-transfected cells was added. The IPs were incubated at 4°C for 2 

hours on the rotator, and then the resin was collected by centrifugation at 8,200 x g for 30s and washed 3 

times in TBS. Protein was eluted from the resin by adding 100 µL of 150 ng/µL 3X FLAG peptide in TBS 

and incubating on the rotator at 4°C for 30 minutes. The resin was collected by centrifugation at 8,200 x g 

for 30 seconds; the supernatant was saved and probed by western blot. The transfection and IP were 

performed 3 times. 

 

2.14 Epitope-tagged protein expression and purification 

 Purified epitope tagged proteins were produced for bio-layer interferometry (Section 2.15).  

Bacterial constructs encoding N-terminal His6-EHF and Flag-c-Jun were generated. Expression of the 

constructs in E. coli, lysis of bacteria and purification of the proteins were optimized following the 

schematic shown in Figure 2.14.  
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Figure 2.14 Schematic of His6-EHF and Flag-c-Jun protein expression and purification. Bacterial 
expression plasmids for His6-EHF and Flag-c-Jun were generated and separately cloned into the 
appropriate strain of E. Coli. To determine optimal conditions for protein expression, multiple 
temperatures, incubation times, isopropyl β-D-1-thiogalactopyranoside (IPTG) concentrations for 
induction, and growth media were tested. The bacteria were then lysed, which yielded either soluble 
protein or inclusion bodies (insoluble aggregates). Lysis was optimized to generate the highest yield of 
soluble protein or isolate the inclusion bodies. Finally, the epitope-tagged proteins were purified.   
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2.14.1 Construction of expression plasmids 

 N-terminal His6-tagged EHF and N-terminal Flag-tagged c-Jun expression plasmids were 

generated using ligation independent cloning (LIC).  pET His6 TEV LIC cloning vector (1B) and pET Flag 

TEV LIC cloning vector (1L) were gifts from Scott Gradia (Addgene plasmids #29653 and #29662, 

respectively).  pMIEG3-c-Jun was a gift from Alexander Dent (Addgene plasmid #40348) (Table 2.3.1.i).  

EHF (NM_012153) Human cDNA Clone (SC115508) was obtained from OriGene (Table 2.3.1.i). 

Midipreps of all constructs were generated.  EHF and c-Jun were amplified using plasmid templates and 

primers listed in Table 2.3.1.ii, which were designed to amplify the open reading frames with specified LIC 

ends (F: TACTTCCAATCCAATGCA, R: TTATCCACTTCCAATGTTATTA). The plasmid vector (pET His6 

TEV LIC cloning vector [1B] or pET Flag TEV LIC cloning vector [1L]) was digested in a 20 µL reaction 

with 500 ng plasmid DNA, 1x NEBuffer SspI (NEB), and 2.5 units SspI (NEB) for 1 hour at 37°C. The 

reactions were separated on a 1% agarose gel, and the digested vector was gel purified with the 

QIAquick® Gel Extraction Kit (Qiagen) according to the manufacturer’s protocol.  Briefly, the DNA 

fragment was cut from the agarose gel with a clean scalpel and then weighed. Three volumes of Buffer 

QG were added to the gel, then incubated at 50°C until the slice had dissolved. The pH was adjusted with 

10 µL 3 M sodium acetate (pH 5.2). One gel volume of isopropanol was added to the sample, which was 

then applied to a spin column by centrifugation at 16,100 x g for 1 minute at room temperature. The DNA 

was then washed with 750 µL Buffer PE and centrifuged for 1 minute.  The flow through was discarded 

and the column dried by centrifugation for an additional minute.  The DNA was eluted into a clean 1.5 mL 

microcentrifuge tube with 50 µL Buffer EB. The PCR-amplified EHF and c-Jun were ligated into the 

digested, gel-purified pET His6 TEV LIC cloning vector (1B) and pET Flag TEV LIC cloning vector (1L), 

respectively. The LIC reaction for the vector was performed in 20 µL with 100 ng of digested vector, 2.5 

mM dGTP, 1x NEBuffer 2.1 (NEB), 5 mM dithiothreitol (DTT), and 1.2 units of T4 DNA polymerase (NEB). 

The LIC reaction for the PCR product was performed in a total volume of 20 µL with 100 ng of PCR 

product, 2.5 mM dCTP, 1x NEBuffer 2.1 (NEB), 5 mM DTT, and 1.2 units of T4 DNA polymerase (NEB). 

Both reactions were incubated at 22°C for 30 minutes, then 75°C for 20 min. For the final LIC step, 2 µL 
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vector LIC product was combined with 2 µL PCR LIC product and 6 µL H2O and incubated at room 

temperature for 10 minutes to anneal.  The LIC product was transformed into competent E. Coli, and the 

plasmids were prepared as described in section 2.3. 

 

2.14.2 Analytical expression of proteins in E. Coli 

 Plasmids were transformed into competent E. coli. Two strains were tested: BL21 (DE3) (NEB) 

and BL21-CodonPlus (DE3)-RP (#230255, Agilent). Twenty-five µL of the competent cells were added to 

a pre-chilled 14 mL polypropylene round-bottom tube. XL10-Gold β-mercaptoethanol was diluted 1:10 

with H2O, and then 0.5 µL of the dilution was added to the competent cells and incubated on ice for 10 

minutes.  Twenty-five ng of plasmid was added to the cells and incubated on ice for 30 minutes. The 

reactions were heat-shocked for 20 seconds at 42°C, and then incubated on ice for 2 minutes. Pre-

heated LB medium was added to the cells, which were then allowed to recover at 37°C for 1.5 hours with 

shaking at 250 rpm. Using a sterile spreader, 100 µL of the transformation was spread on an LB-agar 

plate containing 30 µg/mL kanamycin. The plate was incubated overnight at 37°C.  

 The optimal conditions for induction of protein expression were determined in small cultures. A 

single transformed colony was used to inoculate 1mL of LB or NZCYM (10 g/L tryptone, 5 g/L yeast 

extract, 5 g/L NaCl, 1 g/L Casamino acids and 1 g/L MgSO4) media supplemented with 30 µg/mL 

kanamycin, and the culture was incubated overnight at 37°C with shaking at 250 rpm. The next day, the 

starter culture was diluted 1:100 in multiple aliquots of 5 mL of LB or NZCYM media containing 30 µg/mL 

kanamycin. The cultures were incubated at 37°C with shaking at 250 rpm for about 2 hours, until the 

OD600 was ≥ 0.6. One mL of each culture was removed and centrifuged at 16,100 x g at room 

temperature for 1 minute (0 hour sample). The remainder of the culture was induced with isopropyl β-D-1-

thiogalactopyranoside (IPTG) at a concentration ranging from 10 µM to 1 mM to determine the optimal 

concentration. As a negative control, 1 culture per growth condition was not treated with IPTG (- IPTG 

sample). The cultures were incubated at 24°C or 37°C for 4 or 24 hours with shaking at 250 rpm to 
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determine optimal growth conditions. One mL of culture was then transferred to a 1.5 mL microcentrifuge 

tube and centrifuged at 16,100 x g at room temperature for 1 minute to collect the bacteria. 

 The samples were run on a silver stain analytical gel to determine protein expression under each 

condition. Bacterial pellets were resuspended in 5x SDS loading dye with 20% 2-mercaptoethanol, boiled 

at 95°C for 15 minutes, and then centrifuged at 16,100 x g at room temperature for 10 minutes. Five µL of 

supernatant was loaded onto a 12% SDS-polyacrylamide gel with a 3% stacker. Gels were run at 65 V 

until proteins entered the resolving gel, then at 90 V until adequate resolution was achieved.  The gel was 

washed in 50% v/v MeOH, 10% v/v acetic acid for 20 minutes, followed by a 10-minute wash in 20% v/v 

ethanol. It was then rinsed with dH2O for 1 hour, during which the dH2O was replaced every 10 minutes. 

Next, the gel was sensitized with 0.03% w/v sodium thiosulfate for 1 minute, and then washed twice with 

dH2O. The gel was incubated in 0.1% w/v silver nitrate for 20 minutes in the cold room, and then rinsed 3 

times with dH2O. Finally, it was developed in cold developer solution (0.04% v/v formaldehyde, 2% w/v 

sodium carbonate) for 10-20 minutes, until the protein was visible. The reaction was quenched with 5% 

v/v acetic acid, and the gel was scanned using the Perfection V800 Photo Scanner with SilverFast8 

software.  

 

2.14.3 Large-scale expression in E. Coli 

 

2.14.3.i His6-EHF 

 To optimize lysis of His6-EHF-expressing bacteria, a glycerol stock of BL21-CodonPlus (DE3)-RP 

cells transformed with pET-His6-TEV-EHF was used to inoculate 10 mL of LB media containing 30 µg/mL 

kanamycin and 50 µg/mL chloramphenicol. The starter culture was incubated overnight at 37°C with 

shaking at 250 rpm and then diluted 1:100 in LB media supplemented with 30 µg/mL kanamycin and 50 

µg/mL chloramphenicol. The culture was incubated for about 2 hours at 37°C with shaking at 250 rpm, 

until the OD600 was ≥ 0.6, induced with 100 µM of IPTG and then incubated for 24 hours at 37°C. 
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 For expression of His6-EHF at the Northwestern University Recombinant Protein Production 

Core, a glycerol stock of BL21-CodonPlus (DE3)-RP cells transformed with pET-His6-TEV-EHF was used 

to inoculate an LB starter culture supplemented with 34 µg/mL chloramphenicol and 35 µg/ml kanamycin.  

The starter culture was incubated overnight at 37°C with shaking at 200 rpm. The next day, the entire 

starter culture was diluted into 1 L Terrific Broth media (Fisher Scientific) supplemented with 35 µg/mL 

kanamycin and incubated in a BIOSTAT® Bplus Bioreactor (Sartorius Stedim) with the following 

fermentation conditions: 300 rpm stirring, 7.2 pH, 3 L/minute gas flow, 20% O2, 37°C. The cell culture was 

induced by 0.6 mM IPTG when the OD600 reached 0.8 and incubated overnight at 20°C. 

 

2.14.3.ii Flag-c-Jun 

 A glycerol stock of BL21-CodonPlus (DE3)-RP cells transformed with pET-Flag-TEV-c-Jun was 

used to inoculate 10 mL of LB media containing 30 µg/mL kanamycin and 50 µg/mL chloramphenicol. 

The starter culture was incubated overnight at 37°C with shaking at 250 rpm and then diluted 1:100 in LB 

media supplemented with 30 µg/mL kanamycin and 50 µg/mL chloramphenicol. The culture was 

incubated for about 2 hours at 37°C with shaking at 250 rpm, until the OD600 was ≥ 0.6, then induced with 

10 µM IPTG and incubated for 24 hours at 24°C.  

 

2.14.4 Lysis 

 

2.14.4.i Lysis of E. coli expressing His6-EHF 

 To optimize lysis of E. coli expressing His6-EHF, multiple methods were investigated.  Two base 

buffers, 50mM Tris-HCl and 50mM sodium phosphate, at 2 pHs, 7.5 and 8, were tested. The buffers were 

supplemented with additional agents, including 5% glycerol, 1% Triton-X, 25% sucrose, 1mM DTT, and 

0.5% NP-40. Three mechanisms to achieve lysis were tested: enzymatic (lysozyme) only, enzymatic with 

rapid freeze-thaw cycles, and enzymatic with sonication using the Ultrasonic Processor (Cole Parmer). 
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With all methods and buffers tested, the His6-EHF protein aggregated in inclusion bodies (IBs). 

Therefore, the IBs were extracted from cells as follows: bacteria were collected by centrifugation at 8,000 

x g for 15 minutes at 4°C, and the pellet was resuspended in a 1:10 ratio (w/v) of pellet to lysis buffer 

(50mM NaH2PO4, 300mM NaCl, 5mM imidazole, 8M urea, lysozyme and DNase I) by stirring for 1 hour at 

4°C. The lysate was clarified by sonication using the Ultrasonic Processor (Cole Parmer), with the 

amplitude set to 65% in pulses of 9 seconds on and 6 seconds off for a total of 4 minutes. The IBs were 

collected by centrifugation at 12,000 x g for 20 minutes at 4°C, and then resuspended in 1:10 ratio (w/v) 

of 1x PBS with 8 M urea, pH 7.5. 

 For lysis at the Northwestern University Recombinant Protein Production Core, the bacteria were 

harvested by centrifugation at 8,000 x g for 15 minutes at 4°C. The cells were resuspended in lysis buffer 

(1.5 mM magnesium acetate, 1 mM CaCl2, 250 mM NaCl, 100 mM ammonium sulfate, 40 mM Na2HPO4, 

3.25 mM citric acid, 5% Glycerol, 5 mM imidazole, 5 mM β-mercaptoethanol, 0.08% n-dodecyl-D-

maltoside, 1 mM PMSF, 20 µM leupeptin), homogenized in an EmulsiFlex-C5 High Pressure 

Homogenizer (Avestin) 2 times, and clarified in the centrifuge at 18,000 x g at 4°C for 40 min.  

 

2.14.4.ii Lysis of E. coli expressing Flag-c-Jun 

  Bacteria were harvested by centrifugation at 8,000 x g for 15 minutes at 4°C. Pellets were 

resuspended in 15 mL of lysis buffer (50 mM Tris-HCl pH 8, 500 mM NaCl, 1mM DTT, 1% Triton-X, 10 

mM Imidazole, 5% glycerol, 1 mg/mL lysozyme, 100 mM PMSF, DNase I) per gram of pellet and stirred at 

4°C for about 2 hours, until the pellet was resuspended. The sample was then sonicated using the 

Ultrasonic Processor (Cole Parmer), with the amplitude set to 65% in pulses of 9 seconds on and 6 

seconds off for a total of 15 minutes.  The sonicated lysate was centrifuged at 17,000 x g at 4°C for 30 

minutes to collect cell debris, and the supernatant was saved. 
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2.14.5 Protein purification 

 

2.14.5.i His6-EHF purification 

 Refolding and purification of His6-EHF from IBs was performed using the BioLogic DuoFlowTM 

system and Ni-charged Profinity™ IMAC Resin (both from Bio-Rad). For column equilibration, lysate 

loading, and wash steps, a flow rate of 1 mL/min and was used. The column was equilibrated with 5 

column volumes of binding buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 8 M Urea, pH 8.0). 

The lysate was loaded onto the resin with 3 column volumes of binding buffer. The column was washed 

with 10 volumes of wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, 8 M Urea, pH 8.0), 

then 10 volumes of urea binding buffer (20 mM NaH2PO4, 20 mM imidazole, 300 mM NaCl, 1 mM β-

mercaptoethanol, 8 M urea, pH 8.0). For refolding and elution, a flow rate of 0.5 mL/min was used.  The 

His6-EHF was refolded by applying a linear gradient from 100% urea binding buffer to 100% refolding 

buffer (20 mM NaH2PO4, 20 mM imidazole, 300 mM NaCl,1 mM β-mercaptoethanol, pH 8.0) for 60 

minutes.  The protein was eluted by employing a linear gradient from 100% refolding buffer to 100% 

phosphate elution buffer (20 mM NaH2PO4, 500 mM imidazole, 300 mM NaCl, 1 mM β-mercaptoethanol, 

pH 8.0) for 60 minutes.          

 Purification of His6-EHF at the Northwestern University Recombinant Protein Production Core 

was performed in three steps on the AKTAxpress (GE Healthcare Life Science) FPLC purification system. 

First, affinity purification was performed on a HisTrap FF 5 mL column (GE Healthcare Life Science) with 

a sample loading and elution flow rate of 3 mL/minute. The binding buffer was 10 mM Tris-HCl, 500 mM 

NaCl, 5 mM β-mercaptoethanol, pH 8.3. Before the elution, a wash step with 25 mM imidazole was 

applied to remove unspecific binding. The protein was eluted in 10 mM Tris-HCl, 500 mM NaCl, 500 mM 

Imidazole, pH 8.3. The second step was size exclusion purification, performed on a HiLoad 26/600 

Superdex 200 prep grade column (GE Healthcare Life Science) at a flow rate of 2 mL/minute. The protein 

was eluted in 10 mM Tris-HCl, 500 mM NaCl, 5 mM β-mercaptoethanol, pH 8.3. The third step was ion 
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exchange purification on a HiTrap Q HP column (GE Healthcare Life Science) with a sample loading and 

elution flow rate of 4 mL/minute. The binding buffer was 20 mM Tris-HCl, 50 mM NaCl, pH 8.3. The 

elution buffer was 20 mM Tris-HCl, 800 mM NaCl, pH 8.3. The fractions were separated by shallow 

gradient elution in 40 column volumes. The purified fractions were collected and concentrated in Vivaspin 

Protein Concentrator Spin Columns with a molecular weight cutoff of 10,000 Daltons (GE Healthcare Life 

Science). The protein was stored in His-purification Tris buffer (10 mM Tris-HCl pH 8.3, 500 mM NaCl). 

 

2.14.5.ii Flag-c-Jun purification 

  Flag-c-Jun was purified using Anti-FLAG M2 affinity gel (Sigma). Resin was resuspended, and 

then 120 µL was added to a clean 15 mL conical tube.  Four mL of 1x TBS was added to the resin. The 

mixture was centrifuged at 4,200 x g for 1 minute at 4°C, and the supernatant was removed. The resin 

was washed 2 additional times with 4 mL TBS. After the final wash, 160 µL of PIC and 4 mL of lysate 

containing Flag-c-Jun protein were added to the resin. The sample was rotated overnight at 4°C. The next 

day, the supernatant was removed and the resin was washed 3 times with 4 mL TBS.  During the third 

wash, the beads were transferred to a 1.5 mL microcentrifuge tube.  To elute the protein, 150 µL of 150 

ng/µL 3x FLAG peptide (Sigma) in TBS was added to the resin and incubated on the rotator overnight at 

4°C. The next day, the resin was pelleted by centrifugation at 5,000 x g for 1 min. The supernatant 

containing the purified protein was aliquoted and stored at -20°C.            

 Flag-c-Jun in TBS was dialyzed to replace the buffer with NETN buffer (20 mM Tris-HCl pH 8.0, 

100 mM NaCl, 1 mM EDTA, 0.5% NP-40). BioDesignDialysis TubingTM with a molecular weight cutoff of 

8,000 Daltons (BioDesign) was hydrated in dH2O, and then filled with 100 µL of Flag-c-Jun in TBS. The 

tubing was submerged in 20 mL of dialysis buffer (19.85 mM Tris pH 8.0, 99.75 mM NaCl, 1 mM EDTA, 

0.5% NP-40). The sample was dialyzed at 4°C for 4 hours; the buffer was changed 3 times.  
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2.15 Bio-layer interferometry 

 Purified His6-EHF and Flag-c-Jun were investigated for direct interaction using the BLItzTM Bio-

Layer Interferometer (199). This technology utilizes a nickel charged Tris-NTA (Ni-NTA) biosensor to 

capture His6-tagged proteins.  The sensor is then submerged in a solution of purified interacting protein. 

White light is sent down the biosensor, and any reflected light is collected.  Reflected wavelengths of light 

are affected by the thickness of the proteins bound to the biosensor.  Any shift in wavelengths captured 

by a spectrometer corresponds to changes in thickness of this biological layer. 

 To perform the assay, Dip and Read™ Ni-NTA (NTA) Biosensors (FortéBio) were hydrated in 200 

µL of His-purification Tris buffer overnight at room temperature in a 96-well plate.  The next day, the 

biosensor was mounted onto the BLItzTM system and hydrated in 250 µL of His-purification Tris buffer for 

5 minutes. An advanced kinetics experiment was run using the BLItz ProTM software for data collection 

and analysis; the settings used are found in table 2.15. For all steps in which the sensor was incubated in 

the tube position, 250µL of buffer was added to a black 0.5 mL microcentrifuge tube and placed in the 

tube holder. For steps in the drop position, 4 µL of sample was added to the drop holder, which was then 

slid into place. The initial baseline step was always performed in His-purification Tris buffer, the storage 

buffer for His6-EHF. For the loading step, the sensor was incubated in either His6-EHF protein in His-

purification Tris buffer (119 µg/mL) or His-purification Tris buffer only. For the second baseline and 

dissociation steps, the sensor was incubated in the Flag-c-Jun storage buffer (either TBS or NETN 

buffer). During the association step, the sensor was submerged in Flag-c-Jun protein stored in either TBS 

(15 µM) or NETN buffer (10µM). 
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Table 2.15 BLItzTM  Advanced Kinetics Settings 
 

Step number Step Type Duration (seconds) Position 
1 Initial baseline 30 Tube 
2 Loading 200 Drop 
3 Baseline 30 Tube 

4 Association 120 Drop 

5 Dissociation 120 Tube 
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3. RESULTS 

 

Most of the data presented here are part of 2 publications from our laboratory: 

 

Fossum, S.L., Mutolo, M.J., Tugores, A., Gosh, S., Randell, S., Jones, L. C., Leir, S.H., Harris, A. Ets 

homologous factor has critical roles in epithelial dysfunction in airway disease. In submission. 

 

Fossum, S.L., Mutolo, M.J., Yang, R., Dang, H., O'Neal, W.K., Knowles, M.R., Leir, S.H., Harris, A. 2014. 

Ets homologous factor regulates pathways controlling response to injury in airway epithelial cells. Nucleic 

Acids Res. 42, 13588-91358. 

 

Michael Mutolo performed the initial EHF ChIP-seq replicates (shown in Figure 3.1.3 and 3.3.1) and the 

EHF depletion experiments where CFTR mRNA and protein expression were measured (Figure 3.9). He 

also generated the A549 EHF-overexpressing clones (Figure 3.5.2) and produced FOXA1 ChIP-seq data 

in HBE cells that were used to inform the ChIP-qPCR experiments shown in Figure 3.7.2. Dr. Shih-Hsing 

Leir grew the primary human bronchial epithelial cells and made some of the HBE chromatin. Rui Yang 

established and optimized protocols required for ChIP-seq and the HOMER pipeline used to analyze the 

data in the Harris lab. He made the initial ChIP-seq libraries, and generated the Calu-3 and HBE DNase-

seq data shown in Figure 3.1.3 and Figure 3.6.2, respectively. Dr. Sujana Ghosh produced the H3K4me3 

ChIP-seq results presented in Figures 3.1.3, 3.3.2, and 3.6.2.  Dr. Sergii Pshenychnyi from the 

Northwestern Recombinant Protein Production Core purified His6-EHF protein from bacterial culture. Dr. 

Hong Dang from the University of North Carolina (UNC) did the CuffDiff analysis for the Calu3 EHF 

depletion and A549 overexpression experiments. Lisa Jones from UNC made the RNA-seq libraries. Dr. 

Antonio Tugores from Complejo Hospitalario Universitario Insular Materno Infantil provided the EHF 

antibody necessary to complete these studies. 
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3.1 EHF ChIP-seq in Calu-3 lung adenocarcinoma cells characterizes a genome-wide binding 

profile for the protein 

 

 The role of EHF in regulating gene expression in the bronchial epithelium has not been 

characterized previously.  As a transcription factor (TF), EHF alters gene expression by binding to the 

genome at regulatory regions. We therefore sought to identify its sites of occupancy in a non-biased, 

genome-wide manner using ChIP-seq.  Initially, Calu-3 lung adenocarcinoma cells were used as a model 

system for the airway epithelium (190). Calu-3 cells are highly differentiated and have attributes of normal 

human airway epithelial function. They form polarized monolayers in culture on transwell inserts with tight 

junctions that lead to high transepithelial resistance (TER), and they respond to cAMP agonists to drive 

chloride secretion across the epithelial layer (190). Calu-3 cells grown on plastic were utilized with the 

intent of learning about EHF function in these cells and determining whether the necessary reagents were 

suitable for use in the more valuable primary human bronchial epithelial (HBE) cells.  

 The antibody used in the ChIP experiments was first tested for specificity. EHF was depleted in 

Calu-3 cells using a specific siRNA, and the lysates were probed by western blot (Figure 3.1.1). The 

antibody detected protein at the predicted size for EHF that was not present in the siRNA-treated cell 

lysates.  Thus, the antibody was deemed adequately specific and used for ChIP.  
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Figure 3.1.1 Validation of EHF antibody for ChIP-seq. An antibody against EHF (Clone 5A.5, Thermo 
Scientific) was tested for specificity. Calu-3 cells were treated with either negative control (NC) or EHF 
targeted siRNA. Cell lysates were run on a western blot and probed for EHF with β-tubulin as a loading 
control. Protein was detected at the predicted size of EHF, 35 kDa, and it decreased in intensity in the 
knockdown sample. 
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 Two biological replicates of EHF ChIP-seq were performed in Calu-3 cells. The HOMER 

irreproducible discovery rate (IDR) pipeline (196) called reproducible peaks from the two samples, with 

ChIP input DNA used as a background control. A total of 1,643 peaks were identified using an IDR < 

0.05. There was a significant correlation of tag counts at the significant peaks between the 2 samples 

(Figure 3.1.2), which confirms that these sites showed similar enrichment of EHF binding in the replicates. 

These high-confidence EHF bindings sites were used for further analysis.  

 

 

 

 

 

Figure 3.1.2 Correlation of replicates of EHF ChIP-seq in Calu-3 cells. Two biological replicates of 
EHF ChIP-seq were generated in Calu-3 cells. The HOMER irreproducible discovery rate (IDR) pipeline 
identified reproducible peaks from both data sets. The normalized tag counts at every significant peak 
were counted for each biological replicate and plotted. The Pearson correlation coefficient (r) between the 
pairs was computed (r = 0.71, p < 0.0001).   
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 Peaks were annotated based on their genomic location using the Cis-regulatory Element 

Annotation System (CEAS) software (197) (Figure 3.1.3 A). Although the majority of EHF peaks were 

found at either intergenic or intronic sites, as predicted for cell-type specific regulatory elements (87,200), 

EHF binding was enriched at promoters (defined as −1 kb relative to the transcription start site) and 5’ 

untranslated regions (UTRs) (Figure 3.1.3 B). The EHF ChIP-seq output was intersected with open 

chromatin data for the Calu-3 cells, which were generated by DNase I digestion followed by deep 

sequencing (DNase-seq). EHF occupancy sites showed increased DNase hypersensitivity, suggesting 

that this factor binds to open chromatin (Figure 3.1.3 C). As a background control, tag counts for Calu-3 

DNase-seq were plotted within 2 kb of genomic regions with the epithelial-specific Ets motif recognized by 

EHF, but with no EHF binding site (Figure 3.1.3 D). These regions did not show the same increase in 

DNase hypersensitivity, suggesting this characteristic is specific to regions where EHF binds.   

 Regulatory sites are marked by specific histone modifications. Histone 3, lysine 4 trimethylation 

(H3K4me3) is enriched at active and poised promoters, whereas enhancers are marked by histone 3, 

lysine 4 monomethylation (H3K4me1) (90). Active enhancers and promoters are also characterized by 

histone 3, lysine 27 acetylation (H3K27ac) (83,95). To determine whether the EHF ChIP-seq peaks were 

enriched for these histone modifications, as predicted based on their genomic locations, one biological 

replicate of ChIP-seq for H3K4me1, H3K4me3 and H3K27ac in Calu-3 cells was performed. The 

generated normalized tag counts were plotted from the center of EHF peaks. The results showed a 

bimodal distribution of enrichment for the H3K4me3 and H3K27ac modifications surrounding the center of 

EHF ChIP-seq peaks (Figure 3.1.3 E), which was not seen in the input control. This corresponds to EHF 

occupancy at the promoter. The H3K4me1 modification was not enriched.  As a control, tag counts for 

histone modifications were plotted within 2 kb of genomic regions that lacked EHF occupancy but 

contained the epithelial-specific Ets motif (Figure 3.1.3 F). There was no enrichment of any histone 

modification, suggesting EHF specifically binds to regions marked with H3K4me3 and H3K27ac. 
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Figure 3.1.3 Characteristics of EHF binding sites in Calu-3 cells. A) Percentage of EHF binding sites 
found at promoters (1,000 base pairs [bp] upstream of the transcription start site [TSS]), downstream of 
genes (1000 bp), 5’ untranslated regions (UTRs), 3’ UTRs, exons, introns, and intergenic sites. B) 
Percentage of EHF ChIP-seq peaks found at specific sites as compared with genomic background. 
Bidirectional promoters are within 2500 bp of the TSS. P values, derived using CEAS (one-sided binomial 
test), are written above bars. C) Normalized tag counts from Calu-3 DNase-seq as measured from the 
center of EHF peaks. D) As C, but measured from the center of epithelial-specific Ets motif-containing 
genomic regions with no EHF binding peaks. E) Normalized tag counts from H3K4me1, H3K4me3, and 
H3K27ac ChIP-seq in Calu-3 cells, as measured from the center of all EHF binding sites. Normalized tag 
counts from input sample are included as a control. F) As E but measured from the center of epithelial-
specific Ets motif-containing genomic regions with no EHF binding peaks. 
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 To validate the ChIP-seq findings, ChIP followed by quantitative PCR (ChIP-qPCR) was 

performed on two Calu-3 chromatin samples (Figure 3.1.4). The sites tested included 2 promoter (for 

integrin, α2 [ITGA2] and 2’-5’-oligoadenylate synthetase 3 [OAS3]), 2 intronic (in tight junction protein 2 

[TJP2] and ArfGAP with GTPase domain, ankyrin repeat and PH domain 1 [AGAP1]), and 2 intergenic 

sites (near Jun dimerization protein 2 [JDP2] and phospholipase C, eta 1 [PLCH1]). These locations were 

chosen due to their close proximity to genes with a significant change in expression following EHF 

depletion (ITGA2, OAS3, JDP2, TJP2) and because they all contain an Ets motif. For comparison, one 

negative control (NC) region near EHF that lacked a TF ChIP-seq peak, a predicted EHF binding motif 

and histone modification enrichment was selected. Peaks identified in ChIP-seq were enriched over an 

IgG control in both replicates, at all six sites tested, while no difference was seen in the negative control 

(Figure 3.1.4). 
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Figure 3.1.4 Validation of EHF ChIP-seq peaks in Calu-3 cells. EHF ChIP followed by quantitative 
PCR (ChIP-qPCR) was performed in Calu-3 cells. EHF binding was validated at 2 promoter sites, near 
integrin, α2 (ITGA2) and 2’-5’-oligoadenylate synthetase 3 (OAS3); 2 intronic locations, in tight junction 
protein 2 (TJP2) and ArfGAP with GTPase domain, ankyrin repeat and PH domain 1 (AGAP1); and 2 
intergenic sites, near Jun dimerization protein 2 (JDP2) and phospholipase C, eta 1 (PLCH1). A negative 
control (NC) site lacked EHF occupancy. Peaks are labeled by their genomic location. Average of both 
replicates with standard deviation (SD) (n = 2).  
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3.2 Annotation of EHF binding sites in Calu-3 cells 

 The nearest gene annotation method was used to predict which genes were likely regulated by 

occupancy of EHF at cis-regulatory elements. This method has inherent limitations, since many 

regulatory elements lie very far from the genes they control and can be located within introns of genes 

they do not regulate. A gene ontology (GO) process enrichment analysis was performed on these loci 

using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (195) to identify 

processes that were enriched among them (Table 3.2). Genes located nearest to EHF binding sites were 

involved in cell signaling, cell adhesion, and cell motion. The cell motion process included multiple 

integrins (ITGA2, ITGA6), CD44, erb-b2 receptor tyrosine kinase 2 (ERBB2), and mitogen-activated 

kinase 8 (MAPK8).  

 

 

Table 3.2 EHF binds near genes involved in cell signaling, adhesion, and motion in Calu-3 cells. A 
gene ontology (GO) analysis by DAVID was performed on the nearest genes to each EHF peak. 
 

GO Term P Value 

enzyme linked receptor protein signaling pathway 9.23E-07 

regulation of cell adhesion 4.62E-06 
cell projection 4.89E-06 
cell motion 9.01E-06 
basolateral plasma membrane 9.66E-06 
phosphate metabolic process 1.10E-05 
regulation of cell motion 1.15E-05 
cell leading edge 2.04E-05 
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3.3 EHF binding sites are over-represented at active promoters in HBE cells 

 Because TF binding to regulatory elements is often cell-type specific (85), it is critical to study this 

process in cells that best model the in vivo cell type. HBE cells were isolated from lung tissue specimens 

using protease digestion, then grown on collagen-coated plastic (193). Growth of undifferentiated cells on 

plastic enables collection of sufficient material for ChIP-seq, although they do not recapitulate the in vivo 

tissue as closely as differentiated primary cultures grown on transwell inserts. We performed 2 replicates 

of EHF ChIP-seq in HBE cells derived from different donors. The HOMER IDR pipeline (196) was used to 

call a total of 11,326 peaks with an IDR < 0.05. Sonicated input DNA was used as background. The 

normalized tag counts at each called peak were significantly correlated between the two biological 

replicates (r = 0.29, p < 0.0001).  

 CEAS software (197) was used to annotate peaks based on genomic location (Figure 3.3.1 A).  

As seen in the Calu-3 cells, EHF sites were over-represented at promoters and 5’ UTRs of genes (Figure 

3.3.1 B), although to a greater extent. EHF also occupied intergenic and intronic regions, which may 

represent cis-regulatory elements. To determine whether EHF peaks are marked by histone modifications 

corresponding to their genomic location, ChIP-seq was performed for H3K4me1, H3K4me3 and H3K27ac 

in HBE cells.  EHF sites were enriched for all modifications with a bimodal distribution around the center 

of the peak, a pattern suggestive of a nucleosome-depleted center region where TFs bind (Figure 3.3.2 

A). Consistent with binding of EHF at promoters, H3K4me3 was the most enriched mark.  The distribution 

of histone modifications differed based on genomic annotation (Figure 3.3.2 B-D). The promoter sites 

were enriched for H3K4me3 but depleted for H3K4me1 sites (Figure 3.3.2 B), with the opposite pattern 

seen in intergenic peaks (Figure 3.3.2 C). The intronic binding regions had higher normalized tag counts 

for H3K4me3 than the intergenic sites (Figure 3.3.2 D). There was no enrichment of histone modification 

tag counts at genomic regions with the epithelial-specific Ets motif but no EHF occupancy, suggesting 

that EHF specifically binds to sites containing these modifications (Figure 3.3.2 E). As an additional 

control, the histone modifications were plotted from the center of HBE DHS where EHF does not bind 

(Figure 3.3.2 F). The pattern of H3K4me3 and H3K27ac enrichment at these sites was similar to that 
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seen in the EHF binding sites, which suggests that the modifications are likely present due to EHF 

binding to open chromatin. 

 

 

 

 

 

 

Figure 3.3.1 EHF binding sites are over-represented at promoters of genes in HBE cells. A) 
Percentage of EHF binding sites found at promoters, downstream of genes, 5’ UTRs, 3’ UTRs, exons, 
introns, and intergenic sites. B) Percentage of EHF ChIP-seq peaks found at specific sites as compared 
with genomic background. P values, derived using CEAS (one-sided binomial test), are written above 
bars.  
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Figure 3.3.2 Peaks of EHF occupancy are enriched for active histone modifications. A) Normalized 
tag counts for H3K4me1, H3K4me3, and H3K27ac ChIP-seq in HBE cells, plotted from the center of all 
EHF binding sites. Normalized tag counts from an input sample are included as a control. B) As A, but for 
promoters occupied by EHF. C) As A, but for EHF-bound intergenic sites (outside of the promoter and 
gene body). D) As A, but for EHF sites in introns. E) As A, but plotted from the center of epithelial-specific 
Ets motif-containing genomic regions with no EHF occupancy. F) As A, but plotted from the center of HBE 
DHS where EHF does not bind. All panels use the legend found in the upper right. 
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 Histone ChIP-seq tag counts were mapped at individual EHF sites, which were then grouped by 

hierarchical clustering (198). A pattern emerged for subsets of EHF occupancy peaks as defined by their 

histone modifications (Figure 3.3.3). Binding sites were marked by either H3K4me1 or H3K4me3, with 

little overlap of these modifications.  All EHF occupancy sites containing H3K4me3 also had H3K27ac. 

However, the H3K4me1-marked regions were further subdivided into those with high or low mapped 

H3K27ac tag counts.  There was a minority of EHF peaks that lacked all histone modifications studied.    
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Figure 3.3.3 EHF occupancy sites in HBE cells show distinct patterns of histone modifications. 
Histogram of H3K4me1 (left), H3K4me3 (center) and H3K27ac (right) tag counts in HBE cells mapped 
from the center of significant HBE EHF binding sites ± 500 bp. The rows represent individual EHF peaks, 
which were grouped by hierarchical clustering. The x-axis is measured in bp. 
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 The EHF ChIP-seq IDR peaks from Calu-3 and HBE cells were intersected to determine the 

overlap.  A total of 1,117 sites were common to both data sets. This represents 68% of the total peaks 

revealed by the Calu-3 ChIP-seq, which identified fewer binding sites than the HBE experiment. The 

promoter sites were also overlapped. Of the 304 total promoter peaks identified in the Calu-3 cells, 256 

(84%) were found in the HBE cells.   

 

3.4 EHF and activator protein 1 (AP-1) bind at overlapping sites genome-wide  

 De novo motif analysis was performed on the significant EHF ChIP-seq peaks in Calu-3 (Figure 

3.4.1 A) and HBE (Figure 3.4.1 B) cells. In both cell types, the most enriched motif was an Ets motif 

similar to the consensus binding sites for the epithelial-specific Ets transcription factor subfamily members 

(EHF, ELF3 and ELF5). This motif was found in 76.32% (p = 1e-1248) and 84.25% (p = 1e-5785) of EHF 

binding sites within 200 bp of the center of the peak in Calu-3 and HBE cells, respectively, and confirms 

that the antibody specifically immunoprecipitated an Ets protein. This analysis also identified secondary 

enriched motifs, which can identify co-regulators of EHF gene regulation. In both cell types, the activator 

protein 1 (AP-1) motif was the second most enriched, found in 22.76% (p=1e-159) and 20.94% (p=1e-

944) percent of sites in Calu-3 and HBE cells, respectively. This is consistent with previous results 

showing that EHF binds near AP-1 motifs in repressive contexts (160). In Calu-3 cells, the distribution of 

the Ets motif and AP-1 motif differ slightly. The Ets motif is most over-represented at the center of EHF 

peaks, with the AP-1 motif showing a plateau of enrichment within 100 bp of the center of the peak 

(Figure 3.4.1 C). In HBE cells, the binding motifs for Forkhead domain and Krüppel-like factor (KLF) 

transcription factor families were also among the most enriched secondary motifs, found in 15%, and 

13.54% of peaks, respectively (Figure 3.4.1 B). 
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Figure 3.4.1 EHF binding sites are enriched for the epithelial-specific Ets, Activator Protein 1 (AP-
1), and other binding motifs. A) A de novo motif analysis within 200bp of the center of EHF ChIP-seq 
binding sites in Calu-3 cells identified the epithelial-specific Ets motif as the most enriched. The AP-1 
motif is also enriched. Motif logos constructed in the analysis are shown with P values derived by 
HOMER. B) As A but for EHF ChIP-seq binding sites in HBE cells. The Forkhead and Krüppel-like factor 
motifs were also enriched. C) Incidence of the epithelial specific Ets and AP-1 motifs plotted from the 
center of Calu-3 EHF ChIP-seq peaks in bp. 
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 Since EHF occupies the relatively common Ets motif, and it can increase or decrease gene 

expression, its interactions with other TFs are likely critical to specify binding location and mechanisms of 

action.  The AP-1 binding matrix is the most enriched secondary motif in EHF occupancy sites, making it 

a candidate co-regulator of EHF function. AP-1 is a transcription factor complex composed of homo- and 

hetero-dimers of Jun, Fos, and other families of proteins (179). To confirm that EHF and AP-1 co-localize 

in the genome, ChIP-seq for c-Jun and JunD, members of the AP-1 protein complex expressed in the 

lung epithelium (195), was performed in Calu-3 lung adenocarcinoma cells. ENCODE consortium-

validated antibodies were used to perform 2 biological replicates for each protein, and the HOMER IDR 

method was used to call significant peaks of transcription factor binding. A total of 11,517 and 7,524 sites 

were identified for c-Jun and JunD, respectively. There was a significant correlation between tag counts in 

the two samples at the significant peaks for c-Jun (r = 0.76, p < 0.0001) and JunD (r = 0.69, p < 0.0001) 

replicate experiments. These data sets were intersected with that of the EHF ChIP-seq in Calu-3 cells  

(Figure 3.4.2 A). Twenty-five percent of the EHF peaks overlapped at least one c-Jun or JunD peak, with 

59% of these containing both c-Jun and JunD sites, 32% having only c-Jun and 9% containing only JunD. 

EHF, c-Jun and JunD tag counts were mapped with respect to the center of each EHF site, and these 

were grouped using hierarchical clustering (198). A heatmap was generated from the results (Figure 3.4.2 

B). The pattern of c-Jun and JunD occupancy with respect to EHF was very similar. A subset of EHF sites 

had Jun binding at the center of the peak, while others showed displacement in either the 5’ or 3’ 

direction. As expected from the overlap, some EHF peaks did not have Jun occupancy. As a control, 

EHF, c-Jun and JunD tag counts were plotted from the center of Calu-3 DHS that lacked significant EHF 

binding sites (Figure 3.4.2 C). A fraction of these sites show EHF enrichment below the threshold 

required to call a significant binding region. A subset of these DHS have co-occupancy of c-Jun and 

JunD, as expected from the overlap with EHF that showed the majority of their binding sites do not 

overlap EHF. However, the total proportion of these DHS that contain c-Jun and JunD is lower than that 

of the EHF sites, suggesting the overlap is significant. Furthermore,  
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Figure 3.4.2 EHF and AP-1 bind at overlapping sites genome-wide. A) Overlap of EHF, c-Jun and 
JunD ChIP-seq binding sites in Calu-3 lung adenocarcinoma cells. B) Histogram of EHF (left), c-Jun 
(center) and JunD (right) tag counts mapped from the center of significant EHF binding sites ± 500 bp. 
Hierarchical clustering was performed on the EHF peaks, each of which is represented by a row. The x-
axis is measured in bp. C) As B, but plotted from the center of Calu-3 DHS that do not contain an EHF 
binding site.  
 

!"#
$%&'(
&'()

*
+
,
-

./ $%&'( &'()

01

* *%2**

32**

%2**
32**

4/

* 32**

%2**

!"#

01

* *%2**

32**

%2**
32**

* 32**

%2**
$%&'( &'()!"#

5/



105 

 

 CEAS was used to determine genomic locations of EHF/AP-1 co-occupancy sites (Figure 3.4.3 

A). All sites were over-represented at promoters and 5’ UTRs, but EHF sites that coincide with only a 

JunD binding peak were more enriched at these genomic locations than those intersecting with a c-Jun 

peak. Tag counts for the histone modifications H3K4me1, H3K4me3, and H3K27ac from Calu-3 cells 

were plotted from the center of the EHF/c-Jun/JunD (Figure 3.4.3 B), EHF-c-Jun (Figure 3.4.3 C), and 

EHF/JunD (Figure 3.4.3 D) overlapping sites. The EHF sites coinciding with AP-1 binding are very 

enriched for H3K27ac, higher than at all EHF binding sites, suggesting they are found in active elements. 

The EHF/JunD sites show higher H3K4me3 normalized tag counts than EHF/c-Jun sites, corresponding 

to higher over-representation at the promoter. The nearest gene annotation method was used to 

determine potential genes regulated through TF binding to EHF/AP-1 sites, and these were subjected to a 

GO process enrichment analysis using MetaCore from Thomson Reuters version 6.26 (Figure 3.4.3 E).  

The overlapping sites are found near loci involved in differentiation, development and wound repair, 

processes that correspond to known functions of AP-1 in the lung (181).  These data suggest that EHF 

may work with AP-1 to regulate these phenotypes important for airway pathology.   
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Figure 3.4.3 Sites of EHF and AP-1 binding are enriched for active histone marks and found near 
genes involved in cell differentiation and wound repair. A) Percentage of EHF/AP-1 co-occupancy 
sites found at promoters, 5’ UTRs, introns, and intergenic sites as compared with genomic background. 
Enrichment of overlapping sites is seen at the promoter and 5’ UTR. B-D) Normalized tag counts for 
H3K4me1, H3K4me3, and H3K27ac ChIP-seq in Calu-3 cells, mapped from the center of B) EHF/c-
Jun/JunD, C) EHF/c-Jun, and D) EHF/JunD overlapping peaks. Normalized tag counts from input sample 
are included as a control. E) A gene ontology enrichment analysis was performed on the nearest gene to 
each co-occupancy site. Significance of enrichment is displayed as the –log (P Value). 
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 The co-occupancy of EHF and AP-1 across the genome suggests that the two proteins may 

directly interact. The ETS domain of multiple TFs has been shown to bind to Jun family members through 

co-immunoprecipitation experiments (co-IPs) (164). To determine whether EHF directly interacts with c-

Jun or JunD, a co-IP was performed in human embryonic kidney 293 (HEK) cells. Flag-EHF was 

expressed in the cells, which were then lysed in NET buffer. EHF was immunoprecipitated using Anti-

FLAG M2 affinity gel, and enriched protein complexes were probed on a western blot for presence of 

EHF, c-Jun and JunD (Figure 3.4.4).  In the input, (non-immunoprecipitated lysate), Flag-EHF, c-Jun and 

JunD were present. In the IP, Flag-EHF was detected, suggesting that the resin efficiently pulled down 

the protein. However, in the IP samples, neither c-Jun nor JunD was detected. This suggests that EHF 

does not interact with these proteins in this in vitro system. However, if the interaction between EHF and 

c-Jun or JunD is weak or transient, it may not be easily isolated in a co-IP experiment. Thus, a different 

method that can detect the kinetics of interactions was used. 

 

 

 

 

Figure 3.4.4 Co-immunoprecipitation (Co-IP) does not support a direct interaction between EHF 
and Jun proteins. Input was removed from lysates of HEK cells that were transfected with an empty 
vector (HEK input) or vector expressing N-terminal Flag-tagged EHF (Flag-EHF input). The remaining 
lysate was immunoprecipitated using Anti-FLAG M2 affinity gel, and enriched protein was eluted from the 
resin (HEK IP or Flag-EHF IP). All samples were probed for presence of c-Jun (top), JunD (middle) or 
Flag (bottom) by western blot.  The Flag-EHF was specifically pulled down, but c-Jun and JunD were not 
co-immunoprecipitated. Shown is one representative experiment (n=3). 
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 As a second measure of the interaction between EHF and c-Jun, BLItzTM bio-layer interferometry 

was utilized (199).  This assay requires purified proteins, one of which must have a His epitope tag for 

binding to the biosensors on the platform.  EHF was cloned into a bacterial expression vector with an N-

terminal His6 epitope tag. Its expression in E. Coli and lysis of the bacteria were optimized and monitored 

using silver stain gels.  The growth condition parameters tested and their respective effects on His6-EHF 

protein levels are summarized in Table 3.4.1. Two E. coli strains, growth temperatures, lengths of 

incubation and types of growth media, and 4 concentrations of IPTG were tested. Induction of His6-EHF 

with 100 µM IPTG for 24 hours at 37°C in LB medium led to highest expression of His6-EHF (Figure 3.4.5 

A-C). The lysis buffers and supplements tested to solubilize His6-EHF in bacterial lysate are listed in 

Table 3.4.2. With all lysis methods tested, the expressed protein aggregated in insoluble inclusion bodies 

(IBs) (Figure 3.4.6). Therefore, the IBs were collected in a urea buffer and then refolded and purified on a 

Ni-charged resin (Figure 3.4.7 A-B). A small amount of refolded protein was obtained, but not a sufficient 

quantity for use in the bio-layer interferometry.  The Northwestern Recombinant Protein Production Core 

expressed and purified sufficient His6-EHF for use in the assay; the correct protein was detected by 

western blot (Figure 3.4.7 C).  
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Table 3.4.1 Growth conditions tested to optimize His6-EHF expression in E. Coli. Listed are the 
category of the condition (growth strain, temperature, time, concentration of IPTG for induction, and 
growth media), the different conditions tested, and the effect on His6-EHF expression. 
 

Category Condition Result 
Growth strain 
  

BL21 (DE3) No expression 
BL21-CodonPlus 
(DE3)-RP 

Expression of His6-EHF 

Growth temperature 
  

37°C Expression of His6-EHF 
24°C No expression of His6-EHF 

Growth time 4 hours Expression of His6-EHF 
24 hours Expression of His6-EHF (similar to 4 hours) 

Concentration of 
IPTG 
  
  
  

10µM Low expression- does not improve solubility 
100µM Highest expression 
500µM Moderate expression 
1mM Moderate expression 

Growth media 
  

NZCYM Medium expression of His6-EHF 
LB Highest expression of His6-EHF 
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Figure 3.4.5 Optimization of His6-EHF expression in E. Coli. BL21-CodonPlus (DE3)-RP bacteria 
were transformed with pET-His6-TEV-EHF and then induced with IPTG under different conditions to 
optimize His6-EHF expression. Bacterial pellets were collected and probed for protein levels by silver 
stain gel. A) Four concentrations of IPTG were tested for induction of protein expression for 0, 4, or 24 
hours at 37°C. B) Cells were induced with 100 µM IPTG and incubated for 0, 4, or 24 hours at 24°C (top) 
or 37°C (bottom). The cells incubated at 25°C were lysed, and the soluble and insoluble inclusion body 
(IB) fractions were also probed for protein expression. C) Bacteria were grown in LB or NZCYM media 
and induced with 100 µM IPTG for 0 or 4 hours at 37°C. The bacteria were lysed, and the soluble and IB 
fractions were also probed for protein expression.  
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Table 3.4.2 Lysis conditions tested to solubilize His6-EHF. Listed are the base buffers, additives, and 
pHs tested to solubilize His6-EHF.  
 

Category Condition 

Base buffer 
  

50 mM sodium phosphate 

50 mM Tris-HCl 

Additive 
  
  
  
  

5% Glycerol 

1% Triton-X 

0.5% NP-40 

25% sucrose 

1 mM DTT 

pH 
  

8 

7.5 

 

 

 

 

 

  

Figure 3.4.6 Lysis of bacteria expressing His6-EHF yields protein aggregation in insoluble 
inclusion bodies. pET-His6-TEV-EHF transformed BL21-CodonPlus (DE3)-RP E. Coli were induced with 
100 µM IPTG for 0 or 24 hours at 37°C. After 24 hours, bacteria were lysed in 50 mM sodium phosphate 
buffer supplemented with 300 mM NaCl, lysozyme and DNase I using an enzymatic or freeze-thaw 
mechanism. Both the soluble and insoluble (IB) fractions were probed for protein by silver stain. 
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Figure 3.4.7 Purification of His6-EHF. A) pET-His6-TEV-EHF transformed BL21-CodonPlus (DE3)-RP 
E. Coli were induced with 100 µM IPTG for 24 hours at 37°C (+IPTG). A non-induced culture (- IPTG) 
was included as a control.  The IBs were isolated from the soluble protein (E. Coli protein) using a urea-
based buffer. The bacterial pellets, soluble E. coli protein, and purified IBs were probed for protein 
expression by silver stain. B) The isolated IBs were refolded and further purified on a Ni-charged column. 
The first eluted fraction was saved as a negative control (NC fraction). The purified IBs, NC fraction, and 
eluted fractions containing His6-EHF were probed for the presence of EHF by western blot. C) Detection 
of purified His6-EHF generated by the Northwestern University Recombinant Protein Production Core by 
western blot. This purified protein was used for the bio-layer interferometry assay. 
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 An N-terminal Flag tagged c-Jun construct was generated and transformed into BL21-CodonPlus 

(DE3)-RP E. Coli.  Induction of Flag-c-Jun with 2 concentrations of IPTG (10 µM or 1mM), incubation 

times (4 or 24 hours) and temperatures (24 or 37°C) was investigated. Treatment with 10 µM of IPTG for 

24 hours at 24°C yielded soluble protein (Figure 3.4.8 A-B), which was purified with Anti-FLAG M2 affinity 

gel and tested for purity by silver stain and presence of the correct protein by western blot (Figure 3.4.8 

C). 

 

 

 

 

Figure 3.4.8 Expression and purification of Flag-c-Jun. BL21-CodonPlus (DE3)-RP bacteria were 
transformed with pET-Flag-TEV-c-Jun. A) Bacteria were induced with 10 µM IPTG for 0, 4, or 24 hours at 
24°C or 37°C to optimize expression of Flag-c-Jun. Un-induced cultures (- IPTG) were included as a 
control. Bacterial pellets were probed for presence of protein by silver stain gel. B) Cells were induced 
with 10 µM or 1mM IPTG and incubated for 24 hours at 24°C. Bacteria were lysed, and the soluble and IB 
fractions were probed for protein expression by silver stain gel.  Un-induced (- IPTG) and 0 hour samples 
were include as controls. C) c-Jun was purified using Anti-FLAG M2 affinity gel. The input lysate and 
purified sample were probed for the presence of protein by silver stain (top). Purified Flag-c-Jun used for 
bio-layer interferometry was detected by western blot (bottom). 
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 For the bio-layer interferometry, His6-EHF was immobilized on a Ni-NTA biosensor (Figure 3.4.9 

A). The sensor was then incubated in TBS buffer containing Flag-c-Jun and binding was measured for 

120 seconds (Figure 3.4.9 B). There was no binding of Flag-c-Jun to the His6-EHF coated sensor above 

that seen in the negative control, Flag-c-Jun binding to an uncoated sensor. In a previous study, the ETS 

domain of multiple Ets transcription factors was co-immunoprecipitated with c-Jun in NETN buffer (164). 

To test whether EHF and c-Jun interact in this buffer, the purified Flag-c-Jun was dialyzed with NETN 

buffer. Then, the bio-layer interferometry was repeated with His6-EHF bound to the Ni-NTA biosensor 

and dipped into Flag-c-Jun in NETN.  Again, no binding of Flag-c-Jun to His6-EHF was seen (Figure 3.4.9 

C). These data do not support a direct interaction between EHF and c-Jun.   
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Figure 3.4.9 Bio-layer interferometry does not support a direct interaction between EHF and c-Jun. 
A) BLItzTM tracing of His6-EHF binding to the Ni-NTA sensor. The tracing shows 30 seconds (s) of initial 
baseline in buffer followed by 200 s of incubation with His6-EHF (green) or buffer only (purple) to coat the 
sensor. B-C) BLItzTM tracing of incubation of sensor in Flag-c-Jun in buffer. Tracings show 90 s of 
baseline in buffer, 120 s of incubation in Flag-c-Jun, then 120 s of dissociation in buffer. B) Tracing of 
Flag-c-Jun in TBS binding to His6-EHF-coated (yellow) or -uncoated (purple) sensor. There was some 
non-specific binding of Flag-c-Jun to the uncoated sensor, but no binding of Flag-c-Jun to the His6-EHF-
coated sensor. C) Tracing of Flag-c-Jun in NETN buffer binding to His6-EHF-coated (green) or -uncoated 
(purple) sensor. There was no binding of Flag-c-Jun to the His6-EHF-coated or –uncoated sensor. For all 
tracings, binding was measured in nanomoles (nm). 
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3.5 Modulation of EHF in airway epithelial cell lines alters genes involved in epithelial 

differentiation, barrier function and response to wounding. 

 

3.5.1 EHF depletion in Calu-3 cells alters genes important for epithelial differentiation, cell-cell 

adhesion, and response to wounding  

 To identify target genes regulated by EHF, either directly or indirectly, a specific siRNA was used 

to deplete EHF in Calu-3 cells (Figure 3.5.1.i A). Total RNA was isolated from five NC siRNA and five 

EHF siRNA-treated samples. RNA quality was confirmed by Nanodrop measurement of OD 260/280 and 

260/230 ratios. RNA-seq was performed on libraries generated from the 10 samples, and the resulting 

sequence reads were mapped to the genome using TopHat. CuffLinks (129) was used to generate gene 

expression values in the format of fragments per kilobase per million mapped fragments (FPKM), which 

was then compiled into an expression value matrix. Principle component analysis on the FPKM values 

showed that the five samples within each treatment group clustered together, and the different treatment 

groups segregated along PC #2 (Figure 3.5.1.i B). CuffDiff (129) was used to determine differentially 

regulated genes following EHF depletion. A total of 256 genes showed ≥ 1.5-fold difference in expression 

following EHF knockdown (Figure 3.5.1.i C). One hundred and twenty one and 135 genes showed 

decreased or increased levels, respectively, suggesting that EHF can positively or negatively regulate 

transcription. The average distance between EHF-bound sites and EHF-activated or -repressed genes 

(2930 kb and 2524 kb, respectively) was not significantly different (P = 0.435).  
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Figure 3.5.1.i EHF depletion followed by RNA-seq alters gene expression in Calu-3 cells. A) siRNA 
depletion of EHF in Calu-3 cells measured by western blot compared to β-tubulin. B) Whole transcriptome 
expression values in FPKM at gene level were used to compare similarity among the samples through 
dimension reduction analysis of principle component analysis (PCA). The top 3 Principle Components 
(PCs) that explain the largest variability of the data were plotted on a 3D plot, with NC samples in blue 
and EHF siRNA-treated samples in red). Samples from different treatment groups are segregated along 
PC #2, which explains 14.5% of all variability in the data. C) Relative expression of 256 genes that 
showed ≥ 1.5-fold change in expression following siRNA depletion of EHF. Each row represents a 
different gene. The scale is log2 fold change relative to the average gene expression value. 
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 A GO process enrichment analysis was performed on the differentially expressed genes (DEGs) 

following EHF depletion using DAVID (Table 3.5.1). The DEGs were enriched for GO pathways crucial for 

lung development and repair. Genes involved in epithelial cell differentiation and development included 

frizzled class receptor 1 (FZD1), components of the cornified envelope including small proline-rich 

proteins SPRR1A and SPRR1B, and keratins 4, 5 and 14 (KRT4, KRT5, KRT14). Genes involved in 

locomotory behavior and response to wounding were also enriched, with DEGs including S100 calcium 

binding proteins A8 and A9 (S100A8, S100A9), chemokine (C-X-C motif) ligands 1 and 6 (CXCL1, 

CXCL6), chemokine (C-C Motif) ligand 5 (CCL5), and plasminogen activator, urokinase (PLAU). 

 

 

Table 3.5.1 EHF depletion in Calu-3 cells alters genes important for epithelial differentiation, cell-
cell adhesion, and response to wounding. GO analysis by DAVID of differentially expressed genes 
(DEGs) with ≥ 1.5-fold change in expression following EHF knockdown. 
 

GO Term P Value 
epithelial cell differentiation 6.85E-05 
regulation of epidermis development 1.61E-04 
extracellular region 6.17E-04 
epithelium development 7.13E-04 
ectoderm development 0.001089007 
epidermis development 0.002608863 
locomotory behavior 0.002899408 
response to wounding 0.003509121 
regulation of response to external stimulus 0.004469944 

 
 

 

 

 

 

 



119 

 

 Gene expression changes following EHF reduction were validated using siRNA depletion 

followed by quantitative reverse transcription polymerase chain reaction (RT-qPCR). DEGs involved in 

cell–cell junctions, immune function and cell motility were tested. Expression changes seen in the RNA-

seq data were replicated in the qPCR validation (Figure 3.5.1.ii A). JDP2, CXCL1, interleukin-8 (IL-8), and 

dimethylarginine dimethylaminohydrolase 1 (DDAH1) increased in expression in EHF-depleted cells, 

while TJP2 and ITGA2 decreased and tight junction protein 1 (TJP1) showed no change. These 

alterations corresponded to the RNA-seq results, with the exception of the lack of increase in TJP1. The 

RT-qPCR and RNA-seq signals are significantly correlated (r = 0.81, P = 0.027). ITGA2 showed 

decreased expression following EHF KD, and contains an EHF binding site at its promoter. To confirm 

that transcriptional changes identified in the RNA-seq data were also seen at the protein level, whole cell 

lysates from negative control and EHF siRNA-treated samples were analyzed by western blot to look for 

changes in integrin, α2 protein levels. A specific antibody showed that integrin, α2 protein decreased in 

the EHF-depleted cells as compared with the NC cells, consistent with the mRNA data (Figure 3.5.1.ii B). 

This was repeated for three different transfections and quantified relative to β-tubulin using gel 

densitometry, showing a significant decrease (p<0.05). Since EHF binds to its promoter, this suggests 

ITGA2 is a direct target of EHF activation. 
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Figure 3.5.1.ii Validation of RNA-seq results in Calu-3 cells confirms that EHF regulates targets 
involved in cell-cell adhesion, cell motility, and inflammation. A) EHF siRNA depletion followed by 
RT-qPCR confirmed changes in gene expression identified by RNA-seq (n=2). Dimethylarginine 
dimethylaminohydrolase 1 (DDAH1), interleukin-8 (IL-8), CXCL1, and JDP2 indreased, while TJP2 and 
ITGA2 decreased; these alterations were consistent with RNA-seq results. Tight junction protein 1 (TJP1) 
did not change. B) Integrin, α2 protein was measured by western blot (top) and quantified by gel 
densitometry (bottom). Integrin, α2 protein significantly decreased following EHF depletion (n=3), 
corresponding to the observed decrease in RNA abundance for this gene. *p<0.05 by an unpaired two-
tailed Student’s t test. 
 

 

 

!"#$%
"&#$%

'()*+,-(./ 0
1)23

45
/6-
74
8

9:
;/6
-7
48

DDAH1 IL8

CXCL1
JD

P2
TJP

1
TJP

2

ITGA2
0.0

0.5

1.0

1.5

2.0

2.5

G
en

e 
ex

pr
es

si
on

/
-2

-m
ic

ro
gl

ob
ul

in
 

N
or

m
al

iz
ed

 to
 N

C

NC siRNA
EHF siRNA

NC si
RNA

EHF si
RNA

0.0

0.5

1.0

1.5

R
el

at
iv

e 
IT

G
A

2 
Pr

ot
ei

n/
-T

ub
ul

in
N

or
m

al
iz

ed
 to

 N
C

*

8< =<



121 

 

3.5.2 Overexpression of EHF in A549 cells changes expression of genes involved in cell adhesion, 

cell proliferation, and response to wounding  

 A549 cell clones that stably overexpress EHF from a transfected plasmid (pcDNA 3.1(-)) were 

generated. This alveolar-like lung carcinoma cell line (191) was chosen due to its low levels of 

endogenous EHF, in contrast to the high levels seen in Calu-3 cells. RNA-seq was performed on 3 A549 

clones carrying the empty vector and 3 overexpressing EHF. Western blots showed increased EHF 

protein in the latter clones as compared with the former (Figure 3.5.2 A). Total RNA from 3–4 replicates of 

each clone was isolated, tested for quality, and sequenced. At the transcript level, there was an 8.6-fold 

increase in EHF in the over-expressing clones. A total of 1,153 genes showed a significant change in 

expression of ≥ 1.5-fold in the EHF-overexpressing clones as compared to the empty vector clones 

(Figure 3.5.2 B), with 761 increasing and 392 decreasing. These data confirm that EHF can positively or 

negatively regulate gene expression, but suggest a slightly larger role for EHF in activating gene 

transcription. 
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Figure 3.5.2 Overexpression of EHF followed by RNA-seq identifies differentially expressed genes 
in A549 cells. A). Western blot probed with an antibody to EHF shows low levels of EHF in A549 cell 
clones containing the pcDNA 3.1(-) vector alone (pcDNA clones) and higher levels in clones expressing 
pcDNA 3.1(-)-EHF (EHF clones). β-tubulin provided the loading control. B) Relative expression of 1,153 
genes that showed ≥ 1.5-fold change in expression in EHF overexpressing clones versus control clones. 
Each row represents a different gene. The scale is log2 fold change relative to the average gene 
expression value. 
 
 

 

!"#

$%&'(
%)*+,-

!"#
%)*+,-

./0&1
/20&1 3456

$%&'(7
%)*+,-7

!"#
%)*+,-

89:
892;
29/.
2
329/.
3892;
389:

(9

<9



123 

 

 A GO process enrichment analysis was performed on the DEGs using DAVID (Table 3.5.2). 

These genes were enriched for processes including the extracellular matrix, plasma membrane structure 

and function, cell proliferation and response to wounding. Genes encoding proteins important for the 

extracellular region include multiple collagens (COL4A3, COL5A1, COL5A2, COL7A1 and COL12A1) and 

mucins (MUC1, MUC3A, MUC5AC and MUC13). Transcripts related to the plasma membrane include 

matrix metallopeptidase 14 (MMP14), CD44 and multiple solute carrier family members relevant to lung 

epithelial function (SLC6A14, SLC7A2, SLC7A7, SLC12A2, SLC16A7 and SLC23A2). SLC6A14 is a 

gene modifier of lung disease severity and age of first Pseudomonas aeruginosa infection in CF patients 

(201). DEGs involved in response to wounding include interleukins (IL1A, IL6, IL11 and IL15) and the 

PLAU receptor (PLAUR).  

 

 

Table 3.5.2 Overexpression of EHF in A549 cells changes expression of genes involved in cell 
adhesion, cell proliferation, and response to wounding. A GO analysis was performed on the DEGs 
with ≥ 1.5-fold change in expression in EHF overexpressing clones using DAVID. 
  

GO Term P Value 
extracellular region part 2.37E-13 
extracellular region 6.97E-11 
plasma membrane part 4.74E-10 
extracellular space 2.01E-09 
plasma membrane 1.65E-08 
intrinsic to plasma membrane 2.60E-08 
integral to plasma membrane 2.66E-08 
regulation of cell proliferation 1.38E-07 
response to hormone stimulus 1.58E-07 
response to wounding 1.97E-07 
calcium ion binding 7.31E-07 
cell proliferation 1.68E-06 
urogenital system development 2.18E-06 
response to endogenous stimulus 2.60E-06 
response to peptide hormone stimulus 3.81E-06 



124 

 

 Fifty-eight genes were positively regulated in both Calu-3 and A549 cells (expression decreased 

in EHF depleted Calu-3 cells and increased in EHF-overexpressing A549 clones). A DAVID gene 

ontology enrichment analysis showed that these 58 genes were associated with processes of epithelial 

differentiation, anchoring junction and regulation of cell proliferation. Twenty-eight genes were negatively 

regulated in both cell types, many of which encode cell surface proteins. 

 

3.6 EHF depletion in HBE cells identifies targets involved in transcriptional regulation, the immune 

response, and response to wounding 

 To detect genes that are directly and indirectly regulated by EHF, RNA-seq was performed on 

EHF-depleted HBE cells.  A targeted siRNA was used to knock down EHF (Figure 3.6.1 A), then RNA 

was extracted from NC and EHF siRNA treated cells and sequenced. Cufflinks (129) calculated the 

expression of all genes in FPKM for each sample. A multi-dimensional scaling (MDS) analysis was 

performed to determine the similarity between samples within the same treatment group and between 

groups (Figure 3.6.1 B). Within each treatment group, 4 out of 5 samples clustered together and away 

from the other treatment group. The groups differed along M1 and M2. Cufflinks was used to identify a 

total of 1,145 genes that were differentially regulated following EHF depletion (FDR <0.05), with 625 

increasing and 520 decreasing in expression (Figure 3.6.1 C).   
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Figure 3.6.1 EHF depletion followed by RNA-seq identifies differentially expressed genes in HBE 
cells. A) siRNA depletion of EHF in primary HBE cells was measured by western blot with β-tubulin as a 
loading control.  B) Multi-dimensional scaling (MDS) plot of individual samples based on FPKM values. 
Whole transcriptome expression values in FPKM at gene level were used to compare similarity among 
the samples through dimension reduction analysis. C) Relative expression of 1,145 genes that show a 
significant change in expression following EHF depletion in HBE cells (FDR < 0.05). Each row signifies a 
different gene. The scale is log2 fold change relative to the average gene expression value. 
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 EHF binding sites are enriched at the promoters of genes, which implies that EHF exerts many of 

its effects through occupation of these regions. The loci that have EHF bound to their promoters and are 

differentially expressed following EHF depletion are the most likely to be direct targets of the protein. To 

identify these putative direct targets, the EHF ChIP-seq and RNA-seq following depletion data in HBE 

cells were intersected. In total, there were 71 EHF-activated and 78 EHF-repressed genes with promoter 

binding sites in HBE cells; EHF also occupied 2,290 promoters of genes that were not differentially 

expressed following EHF depletion in HBE cells. The median distances from EHF binding sites to 

activated and repressed TSSs were not different (84 and 82 bp, respectively). The activated targets 

included the transcription factor SPDEF, which is involved in airway goblet cell development, S100A9, 

and the integrin ITGB6. The repressed genes include the transcription factors KLF5, Activating 

Transcription Factor 3 (ATF3), and DNA Damage Inducible Transcript 3 (DDIT3), and JDP2.  

 To determine a potential mechanism for the difference in EHF function at these sites, DNase-seq 

and histone modification tag counts in HBE cells were mapped to the promoter-bound EHF sites. The 

EHF binding sites were all hypersensitive to DNase I digestion, although the distribution of DNase-seq tag 

counts differed between the EHF activated/non-targeted genes and the repressed loci (Figure 3.6.2 A). 

The former 2 showed a narrow, bimodal peak of hypersensitivity, consistent with transcription factor 

binding to the center. At the binding sites near EHF-repressed genes, the DNase-seq tag counts were 

skewed downstream of the center of the site, and a bimodal pattern was not seen.  This suggests that 

EHF may bind to the 5’ end of the DHS. The EHF peaks were enriched for H3K4me3 and H3K27ac, 

regardless of whether they were near activated, repressed, or non-targeted genes (Figure 3.6.2 B).  

 Another mechanism that could explain differences in EHF function is interaction with other 

transcription factors.  To identify motifs of potential co-factors, a de novo motif analysis was performed on 

the EHF binding sites near activated, repressed, and non-targeted genes (Figure 3.6.2 C).  As expected, 

the epithelial specific Ets motif recognized by EHF was the most enriched motif at all sites. However, the 

secondary motifs differed between sites.  At the sites near activated and non-targeted genes, motifs 
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similar to those recognized by KLF4 and Specificity Protein 1 (SP1) were the second most enriched. In 

the EHF peaks near repressed genes, the motif recognized by ATF4 was over-represented.  
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Figure 3.6.2 Promoters bound by EHF near EHF-activated and -repressed genes show different 
characteristics. A) Normalized tag counts from HBE DNase-seq plotted from the center of EHF binding 
sites found at the promoters of EHF- i) activated ii) repressed and iii) non-targeted genes. B) Normalized 
tag counts for H3K4me1, H3K4me3, and H3K27ac ChIP-seq in HBE cells, plotted from the center of 
EHF- i) activated ii) repressed and iii) non-targeted genes. Normalized tag counts from an input sample 
are included as a control. C) A de novo motif analysis within 200bp of the center of EHF ChIP-seq binding 
sites in HBE cells at the promoters of EHF- i) activated ii) repressed and iii) non-targeted genes. Motif 
logos constructed in the analysis are shown with P values derived by HOMER. 
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 Although DEGs with EHF bound to the promoter represent the highest-confidence list of putative 

direct targets, considering only these loci would overlook those targets regulated through EHF binding to 

nearby cis-regulatory elements. To identify these targets of EHF in HBE cells, the binding sites identified 

in EHF ChIP-seq and DEGs from RNA-seq were intersected using Binding and Expression Target 

Analysis (BETA) (127), which assigns binding sites to genes based on a combination of distance to TSS 

and differential gene expression following TF modulation. EHF sites within 10kb of the TSS and DEGs 

identified with an FDR ≤ 0.1 were considered for this analysis. EHF was found to have significant 

activating and repressive function (Figure 3.6.3), consistent with gene expression changes in the positive 

and negative direction following EHF depletion. This analysis identified 190 putative direct targets that are 

repressed by EHF, and 188 that are activated. The BETA motif analysis found that the HOXB5 motif is 

differentially enriched in sites near EHF-repressed DEGs as compared with those that are activated 

(p=3.68e-5). The HNF1 homeobox A (HNF1A) and FOXA1 motifs were enriched in EHF sites near 

repressed genes as compared with non-regulated genes (p= 7.21e-7 and 4.63e-06, respectively by a T 

test). The nuclear factor I C (NFIC) and FOXK1 motifs were over-represented in EHF sites near activated 

DEGs are compared with those that were not differentially expressed (p= 1.43e-5 and 3.35e-5, 

respectively). The EHF-repressed genes included the following that encode transcription factors: 

CCAAT/enhancer binding protein (C/EBP) gamma and delta (CEBPG and CEBPD), and KLF5. Genes 

activated by EHF include those involved in the immune response, including SPDEF, transforming growth 

factor beta 1 (TGFB1), and S100A9.  
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Figure 3.6.3 EHF has significant activating and repressive function. Activating and repressive 
function prediction of EHF in primary HBE cells as determine by BETA software. The red, purple, and 
dashed lines indicate the down-regulated, up-regulated, and non-differentially expressed genes, 
respectively. P values of activated and repressed genes versus non-regulated genes were determined by 
a Kolmogorov-Smirnov test. 
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 An enrichment analysis was performed on up-regulated and down-regulated putative direct 

targets using MetaCore (Figure 3.6.4).  EHF-activated genes were involved in GO processes including 

response to stress, positive regulation of NF-κB transcription factor activity, and response to wounding 

and diseases including viral and bacterial infections. EHF activates expression of MMP2, PLAU, 

transforming growth factor beta 1 (TGFB1) and TIMP metallopeptidase inhibitor 2 (TIMP2), which 

contribute to response to wounding. The infection processes include the loci tripartite motif-containing 

protein 5 (TRIM5), TGFB1, and major histocompatibility complex, class II, DM alpha (HLA-DMA). .  EHF-

repressed genes were enriched in gene ontologies involving regulation of metabolic and cellular 

processes.  These gene ontologies include multiple transcription factors (ATF4, KLF5, KLF4, CEBPG, 

CEBPD),  and histone deacetylase 1 (HDAC1)..  
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Figure 3.6.4 Predicted direct targets of EHF in HBE cells are involved in transcription regulation, 
the immune response, and response to wounding. A MetaCore enrichment analysis was performed 
on putative direct targets of EHF. The analysis included EHF-activated (black) and –repressed (grey) 
genes, and was divided into gene ontology processes (top) and diseases (bottom). Significance of 
enrichment is displayed as the –log (P Value). The legend for all panels is at the bottom left.   
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3.7 EHF and FOXA1 may co-regulate other transcription factors involved in lung organogenesis 

and epithelial differentiation 

 Lung organogenesis and epithelial differentiation are complex processes coordinated by a 

network of transcription factors. Multiple TFs within this network were identified as putative EHF targets in 

our HBE genome-wide data. These include genes with nearby peaks of EHF occupancy (Figure 3.7.1) 

and/or DEGs after EHF depletion, among which are GATA6, HOPX, KLF5, SPDEF, retinoic acid receptor 

beta (RARB), FOXA1 and FOXA2. Furthermore, EHF activated transcription of SPDEF and FOXA1 in 

Calu-3 and A549 cells. To validate direct or indirect targets, EHF was depleted in primary HBE cell 

cultures derived from 4 donors.  Expression of key TFs was determined using RT-qPCR (Figure 3.7.2 A).  

CEBPG, HOPX, KLF5, and RARB significantly increased in expression following EHF depletion, while 

FOXA2 showed a non-significant increase. Levels of FOXA1 and SPDEF decreased significantly. GATA6 

showed no change. Nearby sites of occupancy identified by ChIP-seq suggests that most of these genes 

are direct targets (Figure 3.7.1). To confirm this prediction, ≥ 4 biological (donor) replicates of EHF ChIP-

qPCR were performed in primary HBE cultures (Figure 3.7.2 B).  EHF binding was validated at intron 1 of 

CEBPG, intergenic sites 5’ of FOXA1, HOPX, and RARB, and the promoter of SPDEF.  

 The sites of EHF occupancy near CEBPG, HOPX, RARB, and SPDEF also contain sequences 

with the Forkhead domain motif. Since EHF represses all but one of these genes (SPDEF), and the 

FOXA1 motif is enriched amongst EHF binding sites near repressed genes genome-wide, we next asked 

whether FOXA1 co-regulates gene expression with EHF at these loci. FOXA1 was depleted in HBE 

primary cultures from 3 donors using a specific siRNA and a non-targeting control, and gene expression 

was measured by RT-qPCR (Figure 3.7.2 C). EHF, FOXA2, HOPX and KLF5 significantly increased in 

expression, while SPDEF decreased and RARB did not change. With the exception of RARB and EHF, 

all alterations paralleled those seen following EHF depletion. Furthermore, the EHF sites near HOPX and 

SPDEF were bound by FOXA1 as shown by 4 biological replicates of ChIP-qPCR in primary HBE cells 

from 2 donors (Figure 3.7.2 D). The FOXA1 enrichment near RARB was lower than the other sites, which 

may explain why FOXA1 knockdown does not alter RARB expression. 
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Figure 3.7.1 EHF ChIP-seq peaks in HBE cells are found near transcription factors involved in lung 
development. A-E) UCSC genome browser tracks displaying the significant EHF peaks identified by IDR 
in HBE cells (top, black), the EHF ChIP-seq tag counts (middle, green), and the gene (bottom, blue) for A) 
CEPBG, B) FOXA1, C) HOPX, D) RARB, and E) SPDEF. 
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Figure 3.7.2 EHF and FOXA1 regulate other transcription factors involved in lung organogenesis 
and epithelial differentiation. A) EHF depletion by siRNA followed by RT-qPCR identified changes in 
transcription factor gene expression. All genes except FOXA1 and GATA6 showed changes consistent 
with RNA-seq. Shown is average of all experiments, with error bars representing standard error of the 
mean (SEM) (n=4). B) EHF ChIP-qPCR confirmed binding at select sites identified in ChIP-seq, including 
intron 1 of CEBPG, intergenic sites 5’ of FOXA1, HOPX, and RARB, and the promoter of SPDEF. Shown 
is average of all experiments with SEM (n=4-5).  C) FOXA1 siRNA depletion followed by RT-qPCR 
showed alterations in expression of transcription factors regulated by EHF, and EHF itself.  All genes 
changed in the same direction as in EHF knockdown, except RARB and EHF. Average of all experiments 
with SEM (n=3). D) FOXA1 ChIP-qPCR confirmed binding to a subset of EHF sites. Average of all 
experiments with SEM (n=4). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by an unpaired two-tailed 
Student’s t test. 
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3.8 Treatment of primary HBE cells with IL-13 increases EHF expression 

 EHF represses many transcription factors involved in airway development, while activating 

SPDEF. SPDEF contributes to goblet cell differentiation and mucus production in the airway, and is 

induced by IL-13 (22,149). MUC5AC, a target of SPDEF, was increased in EHF-overexpressing A549 

cells; Calu-3 and HBE cells grown on plastic do not express this gene.  These data suggest that EHF may 

participate in an IL-13-mediated cell differentiation pathway by activating SPDEF and repressing other 

transcription factors. To determine whether IL-13 increases EHF expression, primary HBE cells were 

polarized at air liquid interface (ALI) for 2 weeks, and then treated with IL-13 for 48 hours.  Cell lysates 

were prepared and EHF protein expression was measured by western blot and quantified by gel 

densitometry (Figure 3.8). EHF expression was increased in IL-13 treated HBE cells as compared to 

controls. There was significant variation in the induction of EHF by IL-13 between replicates, likely due to 

inherent differences between the donor cells. 
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Figure 3.8 Treatment of polarized HBE cells with IL-13 increases EHF expression. EHF protein 
expression in BSA (carrier) or IL-13-treated polarized HBE cells as measured by western blot (top) and 
quantified using gel densitometry (bottom, average with SEM) (n=3).  
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3.9 EHF directly regulates CFTR expression 

 Our genome-wide EHF ChIP-seq dataset in HBE cells suggests that EHF may directly regulate 

CFTR.  Peaks of EHF occupancy are seen at previously-characterized regulatory elements for CFTR, in 

DNase I hypersensitive sites -35 kb from the transcription start site (156), within intron 23 (legacy 

nomenclature) (155,202), and at 48.9kb 3’ to the locus, in an intron for CTTBP2 (158) (Figure 3.7 A). 

CFTR protein expression in HBE cells grown on plastic is below the level detectable by western blot, so 

the effect of EHF on its expression was investigated in Calu-3 cells. EHF was depleted by siRNA in Calu-

3 cells, and CFTR mRNA and protein expression was measured by RT-qPCR and western blot, 

respectively (Figure 3.7 B-C). EHF depletion significantly increased CFTR mRNA expression, which 

corresponded to an increase in protein levels, identifying EHF as a repressor of CFTR. 
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Figure 3.9 EHF represses CFTR expression. A) EHF ChIP-seq peaks at the CFTR locus. Legacy 
nomenclature for CFTR DHS is displayed. The HBE DHS track was downloaded from GEO (GSE74709) 
(158). B) EHF depletion in Calu-3 cells significantly increased CFTR mRNA expression, as measured by 
RT-qPCR. Shown is average of all experiments with SEM (n=3). C) CFTR protein expression significantly 
increased in EHF-depleted Calu-3 cells as measured by western blot (left) and quantified by gel 
densitometry (right, average with SEM) (n=4). ****p<0.0001 by an unpaired two-tailed Student’s t test. 
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3.10 EHF depletion slows wound closure in lung epithelial cells 

 Our genome-wide data suggest that EHF regulates genes important for cell motility, which is 

essential for wound repair, including CD44, ITGA2, MMP14, VIM, S100A8, and S100A9 (39,203-206). In 

HBE cells, genes activated by EHF are enriched in the gene ontology “response to wounding”. Following 

epithelial injury, nearby epithelial cells migrate to repopulate the damaged area (37). This mechanism 

may be impaired in airway epithelial cells that carry a CFTR mutation, suggesting that it could play a role 

in CF lung pathology (48,49).  

 Wound closure can be measured in vitro using a scratch assay (203). To determine the effect of 

EHF depletion on wound repair in airway epithelial cells, this test was performed on 3 biological replicates 

of Calu-3 cells, 3 donor cultures of WT HBE cells, and 2 donor cultures of CF HBE cells. Cells were 

transfected with NC or EHF siRNA (Calu-3 cells when at 30-40% confluence, HBE cells at 70-80%) and 

grown to confluence. Seventy-two hours after transfection, the cell monolayer was scratched in a uniform 

manner using a comb. Scratches were then imaged at 3, 6, 9 and 12 hours after transfection in the Calu-

3 cells (Figure 3.10.1 A), and at 0, 3, and 6 hours in the HBE cells (Figure 3.10.2 A).  The Calu-3 cells 

had cellular debris at the scratch at 0 hours, impeding measurement of the scratch area.  The HBE cells 

lacked this obstruction, and closed more rapidly than the Calu-3 cells, necessitating earlier 

measurements. The wound area was measured at each time point using ImageJ software. In Calu-3 cells 

at 3 hours, the average area was 0.60 mm2  for NC cells and 0.53 mm2 for EHF siRNA-treated cells; this 

difference was not significant (p = 0.25). The rate of wound closure in mm/hour was determined; the EHF 

siRNA-treated cells migrated at 67% the rate of NC treated cells from 3-6 hours (p < 0.01) and at 71% 

from 6-9 hours (p < 0.001) (Figure 3.10.1 B). This difference was no longer apparent at the 9-12 hour 

interval. The cells were grown for 27 hours post-scratch to ensure wound closure and then lysed to 

measure EHF depletion. Western blots of cell lysates probed for EHF with β-tubulin as a loading control 

showed that EHF depletion was maintained throughout the wound repair assay; EHF protein levels were 

15% of those in negative control treated cells at 27 hours post-scratch (Figure 3.10.1 C). 
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Figure 3.10.1 Depletion of EHF slows wound closure in Calu-3 cells. A) Images of NC and EHF 
siRNA treated cells at 3, 6, 9 and 12 hours after wounding. The outline of the wound is traced with a gray 
line. B) Depletion of EHF significantly reduced the rate of wound closure at 6 and 9 hours after wounding 
(n = 3). This difference was no longer evident 12 hours after wounding. **p<0.01, ***p<0.001 by an 
unpaired two-tailed Student’s t test. C) siRNA knockdown of EHF was measured by western blot in 
lysates taken 27 hours after wounding (top) and the signal was quantified using gel densitometry 
(bottom). EHF depletion was maintained throughout the experiment. 
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 In HBE cells, wound closure was measured as percentage of initial injury size. The initial wound 

size in the WT cells was 0.284 mm2 for NC and 0.279 mm2 for EHF cells; the difference was not 

significant (p = 0.79). The difference between the starting areas for NC CF cells (0.295 mm2) and EHF 

siRNA treated CF cells (0.280 mm2) was also not significant (p = 0.59). In the WT HBE cells at the 3 hour 

time point, the scratches in the EHF depleted cells remained significantly larger than those in the NC cells 

(p < 0.01) (Figure 3.10.2 B). There was a similar trend at 6 hours. In the CF cells, EHF knockdown 

significantly delayed the reduction in wound size at both 3 and 6 hours (Figure 3.10.2 C). This 

corresponds to a slowing of wound closure in the EHF-depleted cells compared to NC in both the WT and 

CF cells. Twenty-four hours after the scratch, cells were lysed to confirm EHF knockdown. EHF 

expression relative to β-tubulin was measured by western blot and quantitated using gel densitometry 

(Figure 3.10.2 D-E). Depletion of EHF was maintained through the scratch assay. 
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Figure 3.10.2 EHF depletion slows wound closure in wild type (WT) and cystic fibrosis (CF) 
primary HBE cells.  A) Images of NC and EHF siRNA-treated (KD) WT and CF HBE cells at 0, 3, and 6 
hours after initial wounding. Outlines of wounds are traced with a white line. B-C) Percent of initial wound 
size was measured at all time points in B) WT (n=3) and C) CF (n=3) cells. In both cell types, wound area 
remained larger in the EHF-depleted cells compared to the controls. **p<0.01, ***p<0.001, ****p<0.0001 
by an unpaired two-tailed Student’s t test. D-E) siRNA depletion of EHF was measured by western blot in 
lysates taken 24 hours after wounding, and the signal was quantified using gel densitometry. EHF 
depletion was maintained throughout the experiment in D) WT and E) CF cells. All graphs show the 
average with SEM.   
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3.11 Depletion of EHF does not alter cell proliferation in Calu-3 cells 

 Scratch assays measure wound closure, a process that involves epithelial cell migration and cell 

proliferation.  Cell proliferation was identified as an enriched GO term among DEGs following EHF 

overexpression in A549 cells, suggesting EHF may regulate this process.  To test whether differences in 

cell proliferation contribute to slowing of wound closure, the effect of EHF depletion on proliferation was 

measured in a growth assay. The assay utilizes MTS (3-[4,5-dimethylthiazol-2-yl]-5-[3- 

carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-tetrazolium, inner salt) to quantify live cells. Cells 

metabolize MTS to a formazan product, the absorbance of which can be measured in a microplate 

reader. The absorbance is proportional to the number of live cells, from which cell proliferation can be 

calculated. Cells were seeded in a 96-well plate, then transfected with NC or EHF siRNAs.  Live cell 

numbers were measured at 0, 24, 48 and 72 hours post-transfection (Figure 3.11). There was no 

significant difference in live cell density between NC and EHF siRNA-treated cells at 24 (p = 0.27), 48 (p 

= 0.49), or 72 hours (p = 0.87) in 3 biological replicates, suggesting no variance in cell proliferation. 
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Figure 3.11 Loss of EHF expression does not alter cell proliferation. Calu-3 cells were treated with 
NC or EHF siRNA. Cell density was measured using an MTS assay from 0 to 72 hours post-transfection. 
There was no difference in cell density at 24 (p=0.27), 48 (p=0.49), or 72 hours (p=0.87) (n=3).  
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3.12 EHF regulates expression of a neutrophil chemokines 

 

3.12.1 EHF binds to sites at chr4q13 near genes encoding neutrophil chemokines in HBE cells 

 Targets of EHF are enriched for genes involved in infection in HBE cells and for the GO process 

“response to wounding”, which encompasses multiple loci involved in inflammation, in Calu-3, HBE and 

A549 cells. In HBE cells, 2 EHF binding sites were observed at the chr4q13.3 region encompassing the 

genes for the neutrophil chemokines CXCL1, CXCL6, and IL8, one 5’ to IL8 and the other 3’ to CXCL1 

(Figure 3.12.1). EHF depletion followed by RNA-seq and RT-qPCR in Calu-3 cells identified increases in 

CXCL1 and IL8 expression, suggesting EHF regulates both transcripts in this cell type. Airway epithelial 

cells release these pro-inflammatory mediators, which are important for neutrophil survival and 

chemotaxis (28,207-209). Neutrophils mediate the acute inflammatory response and are found early 

in the lungs of cystic fibrosis patients (62,63), which makes these chemokines important for lung 

pathology. The sites identified by EHF ChIP-seq were confirmed by ChIP-qPCR in HBE cell chromatin 

from 4 donors (Figure 3.12.1).  
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Figure 3.12.1 EHF binds to sites at chr4q13.3 near genes encoding neutrophil chemokines. EHF 
ChIP-seq in HBE cells identified binding sites on chr4q13.3, one 5’ of IL8 and the other 3’ to CXCL1.  
EHF ChIP-qPCR in HBE cells confirmed binding to these sites. Shown is the average of all ChIP-qPCR 
experiments with SEM (n=4) (top) and a UCSC Genome Browser representation of the locus showing the 
significant EHF ChIP-seq peaks in HBE cells (bottom). 
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3.12.2 Calu-3 cells are responsive to interleukin-17 (IL-17a) and lipopolysaccharide (LPS) 

 The bronchial epithelium releases CXCL1, CXCL6, and IL8 in response to immune stimuli 

including IL-17a (28,31) and lipopolysaccharide (LPS) (34,35). Th17 cells release IL-17a, which induces 

neutrophil infiltration in the lung (30). LPS is a component of the outer membrane of Gram-negative 

bacteria, including P. aeruginosa (32). The role of EHF in regulating these immune mediators was studied 

in Calu-3 cells, which express CXCL1, CXCL6 and IL8.  

 Initially, we sought to investigate whether Calu-3 cells grown on plastic were responsive to IL-17a 

and determine the optimal dose for treatment.  Cells were serum starved for 24 hours, then incubated 

with BSA (carrier), or 1 ng/mL, 10 ng/mL, or 100 ng/mL IL-17a for 24 hours. RNA was isolated from 

treated cells, and expression of CXCL1, CXCL6 and IL8 was measured using RT-qPCR (Figure 3.12.2 

A). The levels of CXCL1 and CXCL6 increased in a dose-dependent manner in response to IL-17a. At 

10ng/mL of IL-17a, CXCL1 and CXCL6 were induced 2.5-fold, while IL8 increased 1.5-fold. At 100ng/mL 

IL-17a, IL8 expression was not elevated to the same extent, so 10ng/mL was selected for further 

experiments. The dose-dependent changes in gene expression also confirmed that the Calu-3 cells were 

responsive to IL-17a.  

 The response of Calu-3 cells to LPS and ideal incubation time for treatment was also determined.  

Calu-3 cells were serum starved for 24 hours, and then treated with PBS (carrier) or 1µg/mL P. 

aeruginosa LPS for 4, 8, or 24 hours. Expression of CXCL1, IL8 and EHF was measured by RT-qPCR 

(Figure 3.12.2 B). Treatment for 4 hours increased expression of CXCL1 and IL8 1.5-fold, whereas longer 

incubation times did not induce the same increase; therefore LPS treatment for 4 hours was used for 

subsequent experiments. These changes in mRNA expression suggest that the Calu-3 cells are 

responsive to LPS from P. aeruginosa.  
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Figure 3.12.2 Calu-3 cells are responsive to interleukin-17 (IL-17a) and lipopolysaccharide (LPS). 
A) Serum-starved Calu-3 cells were treated with BSA (carrier), or 1 ng/mL, 10 ng/mL, or 100 ng/mL IL-
17a for 24 hours. Gene expression was measured using RT-qPCR. Shown is average of technical 
replicates from one experiment with SD. B) Serum-starved Calu-3 cells were treated with PBS (carrier) or 
1µg/mL P. aeruginosa LPS for 4, 8, or 24 hours and gene expression was measured by RT-qPCR. 
Average with SEM is shown (n=3). 
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3.12.3 EHF depletion alters expression of neutrophil chemokines at basal levels and in response 

to inflammatory mediators 

 To confirm whether EHF regulates secretion of CXCL1, CXCL6, and IL8, both at a basal level 

and in an inflammatory milieu, EHF was depleted in Calu-3 cells using a specific siRNA, with a non-

targeting siRNA as control. Cells were then subject to treatment with carrier, IL-17a or LPS from P. 

aeruginosa and RNA was extracted. Chemokine expression was quantified using RT-qPCR (Figure 

3.12.3 A-B). CXCL6 expression was reduced upon EHF depletion in normal conditions and following LPS 

and IL-17a treatment. EHF knockdown led to an increase in IL8 expression, both at basal levels and 

following LPS treatment. CXCL1 was not significantly regulated by EHF in either condition.  This may be 

due to the time point at which the RNA was isolated in this experiment, which was longer after the 

transfection than in the studies that identified CXCL1 as being repressed by EHF. 

 To determine if the changes in CXCL6 and IL8 transcript abundance altered cytokine secretion, 

colorimetric sandwich ELISAs were utilized to quantify their release into conditioned media.  EHF-

depleted or NC cells were allowed to condition serum-free media for 24 hours. EHF depletion decreased 

CXCL6 secretion (Figure 3.12.3 C), but did not significantly alter IL8 secretion (Figure 3.12.3 D). 
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Figure 3.12.3 EHF depletion alters expression of neutrophil chemokines at basal levels and in 
response to inflammatory mediators. A-B) Calu-3 cells were subject to EHF siRNA depletion, then 
treated with A) carrier (BSA) or IL-17a or B) carrier (PBS) or LPS. Gene expression was measured by RT-
qPCR. β-actin (ACTB) was included as a negative control. **p<0.01 by a 2-way ANOVA plus multiple 
comparisons test (n=3).  C-D) Secretion of CXCL6 (C) and IL-8 (D) into media conditioned by NC- and 
EHF-depleted Calu-3 cells, quantified by colorimetric sandwich ELISA (n=3). *P<0.05 by a paired two-
tailed Student’s t test. 
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4. DISCUSSION 

 

 Understanding regulation of gene expression in lung epithelial cells is critical to determining how 

they develop, differentiate and respond to the environment. Because of the location of this tissue at the 

interface between the external and internal atmospheres, its response to a wide variety of signals and 

stressors is especially important to function of the airway, and abnormal reactions are often central to 

lung disease. Transcription factors (TFs) are responsible for integrating signals and coordinating cellular 

processes for normal airway function. Several transcription factors are known to have an important role in 

lung epithelial development and function, including FOXA1/A2 (143), SOX family members (210) and 

NKX2-1 (210), among others. Here, we characterize the role of EHF in coordinating gene expression 

profiles in lung epithelial cells.  

 

4.1 EHF binding sites are over-represented at promoters and enriched for characteristic chromatin 

modifications 

 TFs function by binding to DNA at regulatory elements to influence expression of genes through 

multiple mechanisms. Genome-wide binding profiles generated by ChIP-seq are critical to characterizing 

the role of a factor in a specific tissue; however, no such study had been performed for EHF in the airway 

epithelium. We completed EHF ChIP-seq in Calu-3 lung adenocarcinoma cells and primary human 

bronchial epithelial (HBE) cells to identify its binding sites across the genome. EHF occupancy is over-

represented at the promoters of genes, defined as 1,000 bp upstream of the transcription start site (TSS), 

bidirectional promoters (2,500 bp upstream of the TSS), and 5’ UTRs in both cell types. The percentage 

of EHF binding peaks found at these genomic sites is slightly increased in the HBE cells as compared 

with the Calu-3 cells, but the overall pattern is similar.  This suggests that it exerts a major effect on gene 

regulation through binding at promoters, and this influence may be greater in the HBE cells. There are 

also EHF binding sites found at putative cis-regulatory elements in introns and intergenic regions. 
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  The intersection of EHF binding data with DNase-seq and ChIP-seq for histone modifications 

gives an overall indication of the function of EHF with respect to gene regulation. In Calu-3 cells, EHF 

binding sites show increased DNase hypersensitivity, which is not seen in genomic sites that contain the 

Ets motif but where EHF does not bind. This suggests that EHF is specifically bound at open chromatin 

sites, consistent with binding to regulatory elements. A previous study found that chromatin accessibility 

best predicts cell-type-specific binding of transcription factors (85), and it is likely a factor that limits the 

ability of EHF to occupy sites containing its motif.  

 Another important characteristic of EHF binding sites is the presence of active histone 

modifications, which reflects EHF occupancy at regions of open chromatin. In both Calu-3 cells and HBE 

cells, EHF sites are enriched for the H3K4me3 histone modification, which is found at poised and active 

promoters (90). In HBE cells, the EHF occupancy regions containing H3K4me3 also have H3K27ac, 

which marks active regulatory elements (83). Promoter-binding EHF sites are especially enriched for 

H3K4me3 and H3K27ac as compared with intronic or intergenic sites. These patterns suggest that EHF 

binds to active promoters, which is consistent with a role for increasing expression of genes. There is less 

enrichment of H3K4me1 at EHF sites, which marks distal enhancers (90), even though there are more 

sites marked by this modification. Intergenic EHF binding sites are enriched for H3K4me1 and depleted 

for H3K4me3. The H3K4me1 sites are sub-divided into those with high or low H3K27ac, which suggests 

that only a subset is active. The regions with less H3K27ac may represent poised enhancers (95). 

Determining the differences between these poised and active regions may shed light on the mechanism 

of EHF activity at cis-regulatory elements. 

 Of interest, H3K27ac enrichment is much higher at EHF sites in Calu-3 cells than in primary HBE 

cells. EHF has a known role in carcinogenesis (171-174), which is associated with alterations of the 

chromatin landscape (211). The Calu-3 cell line is derived from a lung adenocarcinoma, so the 

differences in H3K27ac may be reflective of a different epigenetic profile in this cell type as compared 

with normal lung epithelial cells.  
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 Multiple studies have found that transcription factor binding at regulatory elements is cell-type 

specific (85-87). We have generated two high-confidence ChIP-seq data sets in Calu-3 cells and primary 

HBE cells. Although Calu-3 cells are derived from a lung adenocarcinoma, they show similarities to 

serous gland epithelial cells (190). The primary HBE cells are comprised of a mixture of epithelial cell 

types (212). There is a significant difference in the quantity of peaks identified in the two cell types, 

suggesting that the immunoprecipitation was more successful in the HBE cells. Only 68% of the peaks in 

the smaller Calu-3 set are present in the HBE cells. However, when the subsets of binding sites found at 

promoters are intersected, 84% of the Calu-3 sites are found in the HBE cells. This supports a previous 

study that found promoters are more similar across cell types than enhancers (93). Even in cell cultures 

as similar as Calu-3 cells and primary HBE, there are significant differences in TF binding, which stresses 

how critical the appropriate selection of cell culture models is to obtain results that are applicable to the 

tissue or disease of interest. 

 

4.2 Co-regulators of EHF may control activating versus repressive transcriptional activity of the 

factor 

 EHF bound to the promoters of loci for which expression was increased and decreased following 

its depletion in HBE cells. A role for EHF in both activating and repressing gene expression was also 

confirmed by the BETA output, which showed significant activity in both directions through binding at 

promoters and nearby cis-acting enhancers. This is consistent with previous studies at specific promoters 

that show that EHF has both active and repressive action, depending on the cellular context 

(160,171,172,174). The mechanism whereby EHF coordinates its transcriptional targets to achieve this is 

of interest; our data show that EHF occupies the promoter of some DEGs identified after EHF modulation, 

but many lack a promoter binding site. The DEGs with EHF binding sites at the promoter are the most 

likely to be direct targets. Therefore, the characteristics of these sites were investigated with the aim of 

identifying potential mechanisms of EHF-mediated activation and repression.  The distance between the 

EHF site and the TSS was not significantly different at repressed or activated promoters, which suggests 
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that the location of its occupancy within the promoter does not determine its transcriptional activity. The 

histone modification distribution at EHF-bound promoters near activated, repressed, and non-targeted 

genes was also similar, which suggests that they do not contribute to activating versus repressive action.  

However, the chromatin structure may still be involved, as the pattern of DNase-seq tag counts at 

promoters near repressed genes differed from the bimodal distribution around the center of EHF sites 

near activated and non-targeted genes. The peak of DNase hypersensitivity at the former regions skewed 

3’ of the center of the EHF peak, suggesting that EHF is bound at the 5’ end of these regions, and other 

TFs bound further downstream could be contributing to the local chromatin landscape.   

 The most striking contrast between the EHF binding sites near activated- and repressed DEGs 

was the difference in enriched TF binding motifs. Although the epithelial-specific Ets motif was the most 

over-represented in both classes of peaks, the most significant secondary motif differed between the two. 

The motif for ATF4 was significantly enriched at EHF sites found near promoters of genes showing 

increased expression following EHF depletion, but not those that decreased. Because it is only present in 

promoters of EHF-repressed genes, it is a prime candidate for a co-regulator that impacts the 

transcriptional mechanism of EHF. ATF4 is a transcriptional enhancer induced by endoplasmic reticulum 

(ER) stress; it increases expression of DDIT3, leading to apoptosis. The expression of ATF4 is also 

induced by LPS in the lung (213), and it increases the levels of genes elevated in patients with COPD 

(214). EHF depletion elevates expression of DDIT3; this suggests that EHF may bind to ATF4-induced 

promoters and inhibit its ability to activate transcription. By decreasing another factor’s ability to enhance 

transcription, EHF would appear to repress gene expression.  The mechanism of this repression is of 

interest. Because the histone modifications are similar at EHF sites near activated and repressed genes, 

this makes EHF recruitment of histone deacetylases or methyltransferases unlikely. Co-occupancy of a 

promoter by EHF and ATF4 could lead to recruitment of co-repressors. These proteins may be involved in 

chromatin remodeling, have DNA methylase activity or directly interfere with co-activators of transcription 

(215). The state of DNA methylation and binding of co-activators such as p300 can be determined in NC 

and EHF depleted cells to identify a mechanism by which EHF inhibits ATF4-mediated induction of 
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transcription. Furthermore, occupancy of ATF4 at these sites can be compared in control and EHF 

knockdown cells to determine whether binding of EHF directly affects recruitment of ATF4 to these 

regions. 

 In EHF-activated promoters, the motif recognized by KLF4 and SP1 was significantly enriched 

and found in 19.72% of sites; in EHF sites at repressed promoters, it was only found in 12.82% of sites 

and less significantly over-represented. SP1 and Ets transcription factors, including EHF, cooperatively 

increase gene expression through binding to proximal promoters (216-218), suggesting a synergistic role 

for these two families of transcription factors through recruitment of the coactivators CREB binding protein 

(CBP) and p300 (216). KLF4 has a described role in the lung epithelium; its expression is induced 

following exposure to Streptococcus pneumonia, and it inhibits downstream expression of IL8 through 

binding to the promoter (219). SP1 and KLF4 belong to the same superfamily of transcription factors 

characterized by a C-terminal zinc-finger DNA binding, however SP1 binds more strongly to GC-boxes 

than CACCC-boxes, with KLF4 showing the reverse preference (220). The two TFs have opposite effects 

on regulating expression of SLC4A7 (221), which implicates them in antagonistic activity. The motif in the 

EHF peaks found near activated promoters was most similar to that recognized by KLF4; in the sites near 

non-targeted loci, the motif coincided more closely with that of SP1. This may suggest that differential 

occupancy of KLF4 and SP1 (or other factors in the transcription factor superfamily with similar binding 

preferences) may influence whether EHF is able to activate gene expression at a promoter. ChIP-seq for 

SP1 and KLF4, both of which are expressed in HBE cells, could confirm whether preferential binding of 

KLF4 to EHF occupancy sites increases transcriptional activation.  

 The presence of EHF ChIP-seq peaks in intronic and intergenic regions suggests that some 

DEGs may be controlled through distal EHF-regulated cis-elements. It is also likely that many genes are 

indirect targets, since EHF regulates other transcription factors. Together, these data suggest that EHF 

binds to active promoters and cis-regulatory elements in open chromatin sites to orchestrate its 

transcriptional program.  
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4.3 AP-1 is a potential co-regulator of EHF function 

 

4.3.1 AP-1 and EHF co-occupy many sites genome-wide 

 

 EHF binds to the relatively common Ets motif, and it can increase or decrease gene expression. 

Therefore its interactions with other TFs are likely critical to specify binding location and mechanism of 

action. The possibility of ATF4 and SP1/KLF4 influencing EHF mechanism of action specifically at 

promoters was discussed in the previous section. A motif analysis was performed on all significant EHF 

binding sites in both Calu-3 and primary HBE cells showed that the most enriched secondary motif is for 

activator protein 1 (AP-1).  The AP-1 transcription factor complex, which is made up of hetero- and homo-

dimers of Jun, Fos and other family members, regulates genes involved in differentiation, cell injury, 

inflammation and apoptosis in the lung (181,182). EHF represses genes that contain both EHF and AP-1 

motifs at the promoter (160), which suggests that the two co-regulate gene expression.  

 To confirm that EHF and AP-1 co-localize genome-wide, as is suggested by the presence of the 

AP-1 motif in EHF binding sites, ChIP-seq for AP-1 members was performed in Calu-3 cells. In the lung, 

there is high expression of Jun family members (181), so c-Jun and JunD were investigated.  These data 

were intersected with the Calu-3 EHF ChIP-seq, yielding significant overlap between binding sites for 

EHF and both AP-1 proteins. The majority of co-occupied sites were bound by all 3 proteins (EHF, c-Jun 

and JunD). Furthermore, when c-Jun and JunD ChIP-seq tag counts (representing relative proportions of 

binding at base pair resolution) were mapped relative to the center of EHF peaks, there was a similar 

binding pattern for both proteins, which suggests that EHF co-localizes with a hetero-dimer of c-Jun and 

JunD. To confirm the co-occupancy of EHF, c-Jun and JunD, ChIP-reChIP (222) should be performed at 

specific sites of interest.   

  The EHF/AP-1 overlapping binding sites were more enriched for the H3K27ac histone 

modification than total EHF binding sites in Calu-3 cells, implying that these regions represent more 

active regulatory elements. They were found near genes involved in multiple pathways important for lung 
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epithelial function in disease, including differentiation and wound repair. These pathways are consistent 

with known roles for AP-1 in the lung, where the complex is activated in response to toxic stimuli to 

control expression of differentiation markers, extracellular matrix (ECM) proteins and growth factors (181).  

Of interest to wound repair, there were EHF/AP-1-bound sites at the ITGA2 promoter and a putative 

enhancer 5’ of the gene encoding syndecan 1 (SDC1). Syndecan 1 alters conformation of the α2β1 

integrin in injured airway epithelial cells, thereby coordinating cell migration and spreading during wound 

repair (41). Through co-regulating multiple genes involved in the re-epithelialization process, EHF and 

AP-1 could control the ability of the lung to repair damaged areas. Further investigation of these loci 

through double knockdown of EHF and AP-1 proteins could elucidate potential targets to modulate 

inflammation and wound repair in the airway. 

 

4.3.2 In vitro studies do not support a direct interaction between EHF and Jun proteins 

 The significant overlap of EHF binding sites with those of c-Jun and JunD indicates that the 

transcription factors may interact to regulate gene expression. The ETS domain of multiple transcription 

factors was shown to directly interact with Jun proteins (164); the same domain in EHF may interact with 

c-Jun or JunD. Two in vitro methods were used to probe for direct interactions. In a Co-IP experiment, 

Flag-EHF was immunoprecipitated, and the enriched complexes were probed for c-Jun or JunD. Although 

the IP successfully pulled down Flag-EHF, no associated c-Jun or JunD was detected. Bio-layer 

interferometry was also utilized; it has the added ability to measure the kinetics of an interaction, and thus 

could detect transient or weak binding (199).  Like in the Co-IP, although His6-EHF was successfully 

immobilized on the biosensor, no interaction was detected when the coated sensor was incubated in a 

solution containing Flag-c-Jun.    

 Several possible conclusions can be drawn from these results. The first is that EHF and the Jun 

proteins do not directly interact, and their co-occupancy of sites is a result of indirect cooperation. This 

may involve mechanisms including joint recruitment of a transcriptional complex, chromatin remodeling by 

one factor to allow binding of the second, or induction of local DNA bending to promote TF recruitment 
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(102). Alternatively, EHF may interact with one or both proteins, but this interaction was not detectable in 

the methods used.  The interaction may be weak or transient, requiring cross-linking to be detectable by 

co-IP (223). Alternatively, it may require another co-factor or a post-translational modification downstream 

of a signaling pathway. Both AP-1 and Ets TFs are known to be downstream of MAPK signaling, for 

example, and for some Ets factors, phosphorylation is required for protein-protein interaction (166,182). 

Co-IPs can be performed using a cross-linking agent, in an airway epithelial cell type that expresses 

putative co-factors, or following treatment known to activate pathways leading to post-translational 

modifications of one or both TFs.  

 The proteins purified for the bio-layer interferometry could be misfolded, even though the 

denatured proteins are recognized by a specific antibody via western blot. The epitopes, although located 

on the N terminus distal to the putative interacting domain, may be impeding the interaction.  Since the 

DNA-binding Ets and basic domains are the predicted interacting regions for EHF and c-Jun/JunD, 

respectively, an electrophoretic mobility shift assay (EMSA) can be used to confirm that the protein is in 

the correct conformation for binding to DNA (224).  

 A different method could be used to probe for protein-protein interactions; affinity purification of 

EHF coupled with mass spectrometry (MS) can determine interacting partners of EHF in a non-biased 

fashion (225). In this method, endogenous or Flag-tagged EHF is immunoprecipitated, and the 

components of the targeted complex identified by MS. This would allow for confirmation of an interaction 

(or lack thereof) between EHF and Jun proteins, but could also identify other proteins that interact with 

EHF.  

 

4.4 EHF regulates processes including epithelial repair and inflammation in the lung epithelium 

 EHF modulation in several airway epithelial cell types showed that differentially expressed genes 

(DEGs) are enriched for common processes. Depletion of EHF in Calu-3 cells alters loci important for 

epithelial and ectoderm development and response to wounding, and its overexpression in A549 cells 

differentially regulates genes involved in response to wounding and proliferation. In primary HBE cells, 
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EHF-activated genes contribute to the immune response and response to wounding. Our data correlate 

well with the reported effects of EHF knockdown in corneal epithelium in the mouse; in this tissue, EHF-

regulated genes are enriched for processes including response to wounding, epithelial and ectoderm 

development, and proliferation (226). Although the specialized biological properties of the airway and 

corneal epithelium are different, they share common features of all epithelial layers in the body. 

 

4.4.1 EHF regulates genes involved in epithelial wound closure 

 The airway epithelium is constantly under stress from infection, inflammation, trauma, and 

noxious particles, and by necessity has developed a complex response to damage. Cells adjacent to the 

wound spread over the denuded area, then proliferate and differentiate to reconstitute a functioning 

epithelial layer (37,38). EHF regulates genes involved in wound closure in Calu-3, A549 and HBE cells. It 

is also implicated in wound repair in the mouse corneal epithelium (226) and epithelial cell migration in 

prostate cells during carcinogenesis (172,174). This is likely a common role for EHF across epithelial cells 

types.  

 There are multiple processes involved in epithelial migration; cell-cell adhesions must be modified 

(227) and the ECM remodeled through degradation and secretion of proteins. Epithelial adhesion to the 

ECM is tightly regulated, a balance between adhering enough to gain traction, but not so much as to 

impede movement (41,42). EHF regulates multiple genes involved in these processes across the airway 

epithelial cells studied. In HBE and Calu-3 cells, EHF depletion decreases S100A8 and S100A9, which 

encode proteins that are pro-migratory for epithelial cells (228,229). Expression of the tight junction 

protein TJP2 is increased along with EHF in Calu-3 cells. EHF also regulates genes involved in ECM 

remodeling; it activates expression of the pro-migratory matrix metallopeptidases MMP2 in HBE cells and 

MMP14 in A549 cells (42). Expression of type I and type IV collagens (COL1A1, COL4A3, COL4A4, 

COL4A5, COL4A6), which are migratory substrates for the airway epithelium, are differentially regulated 

by EHF in A549 cells; the integrins that bind them are activated by EHF (ITGA2 in Calu-3, ITGA6 in A549) 
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(39,40). Although the gene targets differ between the cell types, the general pathway is common and 

indicates a pro-migratory role for EHF.   

 One common target of EHF across all cell types studied is Plasminogen Activator, Urokinase 

(PLAU, uPA) and its receptor (PLAUR, uPAR). PLAU expression decreases with EHF in Calu-3 cells and 

HBE cells, and PLAUR increases with EHF in A549 cells, implicating them as loci activated by the factor. 

Blocking the interaction between uPA and its receptor attenuates wound repair in primary human 

bronchial epithelial cells (230). Furthermore, uPA induces migration and expression of markers of EMT in 

primary small airway epithelial cells (231). This receptor-ligand interaction has been implicated in human 

pulmonary diseases; PLAU expression may be increased in tracheal epithelial cultures with F508del 

mutated CFTR as compared to wild type cells (232). uPA levels are elevated in response to exposure to 

cigarette smoke and in patients with COPD (231); uPAR is increased in subjects with asthma (230).  

 To determine whether alterations in gene expression correlated with changes in wound repair in 

vitro, we performed a scratch assay on Calu-3 and wild type HBE cells. Wound closure is impaired upon 

EHF depletion, consistent with down-regulation of genes that promote cell motility. Of interest to CF lung 

biology, cells that have mutant CFTR may show slowed wound repair (48,49), which is problematic in a 

disease characterized by inflammation and resulting damage to the lung epithelium. Depletion of EHF 

slowed scratch closure in CF HBE cells. By further impairing a phenotype that is already compromised in 

CFTR mutant epithelial cells, EHF could modify lung disease severity in CF patients.   

  

4.4.2 EHF controls expression of loci important for inflammation and immunity 

 Airway inflammation works in tandem with re-epithelialization in wound repair, and is also critical 

to the general health of the lung. It is a necessary response to trauma and pathogens, but when 

exaggerated or impaired can contribute to pulmonary pathology. Our genome-wide studies strongly 

implicate EHF in regulating inflammatory genes in airway epithelial cells. Its targets are enriched for 

processes including infection and response to wounding, which encompasses genes involved in cell 

migration, as discussed in the previous section, and those that encode immune mediators.  
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 Inflammation is an integral part of the response to injury and determines, in part, whether 

damaged epithelium undergoes proper repair or remodeling (38). Secondary inflammation may worsen 

acute epithelial injury, chronic inflammation contributes to structural changes in the airway, and repeated 

cycles of damage, inflammation, and repair can lead to remodeling and dysfunction of the lung tissue 

(44). In the cell types studied, EHF regulated inflammatory loci involved in wound repair, remodeling, and 

fibrosis. Interleukin 1 beta (IL1B), which augments airway epithelial repair in multiple models, decreases 

in expression following EHF depletion in HBE cells (38). Two genes with altered expression in EHF-

depleted Calu-3 cells, CXCL1 and CXCL6, have potential pro-fibrotic roles; CXCL1 is over-expressed in 

fibrotic versus non-fibrotic lungs (233) and CXCL6 contributes to inflammation and fibrosis in the 

bleomycin mouse lung fibrosis model (234). IL6 and IL11 show increased expression with elevated EHF 

in A549 cells; overexpression of these cytokines in the mouse lung leads to structural changes and 

altered responsiveness to methacholine in the airway (235). Overall, EHF activates most of these genes, 

suggesting that it enhances the remodeling response.  

 Of the genes tested to validate the Calu-3 RNA-seq results, DDAH1 shows the greatest change 

in expression following EHF depletion. DDAH1 metabolizes asymmetric dimethylarginine (ADMA), a 

competitive inhibitor of nitric oxide synthase (NOS). ADMA potentiates lung inflammation in a mouse 

model of allergic asthma (236). Furthermore, DDAH1 overexpression attenuates airway inflammation in a 

different mouse model of asthma by decreasing IgE expression and eosinophil migration in the lung. It 

also decreases levels of genes encoding cytokines, chemokines and matrix metallopeptidases (237). 

Since EHF represses DDAH1 in our studies, this suggests a role for the transcription factor in potentiating 

allergic lung inflammation.  

 Il-17a and LPS induce bronchial epithelial cells to release neutrophil chemokines including 

CXCL1, CXCL6 and IL8 (28,31,34,35).  These cytokines promote migration and survival of neutrophils. 

This is critical for CF lung disease, as a neutrophil-dominant inflammation is present early in the illness, 

and their release of proteases contributes to lung damage (62-65,238).  These loci map to chr4q13.3, a 

region that encompasses 2 EHF binding sites in the primary HBE cells. Furthermore, EHF depletion in 
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lung adenocarcinoma cells increases IL8 expression and decreases CXCL6, both at basal levels and in 

response to immune mediators.  This correlates with changes in secretion of CXCL6, but not IL8.  By 

increasing CXCL6 secretion, EHF could increase neutrophil recruitment and survival, thereby 

exacerbating inflammation in the CF lung. Gram-negative bacteria stimulate the innate immune system 

through LPS binding to TLRs (33-35), and IL-17a is secreted by Th17 cells in a branch of the adaptive 

immune system (27). The ability of EHF to control expression of chemokines downstream of both 

signaling pathways suggests a role for it in modulating innate and adaptive immunity.   

 EHF regulates many loci involved in the immune response, activating some and repressing 

others. The net effect of EHF on the immune system is likely complex. However, in general EHF activates 

expression of pro-inflammatory mediators while repressing those that dampen inflammation. Combined 

with the observation that EHF expression increases in response to inflammatory mediators in the lung 

epithelium (176), we predict a pro-inflammatory role for EHF in this tissue type.   

 

4.5 EHF participates in a network of transcription factors responsible for epithelial development 

and differentiation 

 It is critical to understand how gene expression is regulated in the lung epithelium, because an 

appropriate response to the environment is necessary to maintain a healthy airway, and abnormal or 

exaggerated reactions can lead to disease.  Many TFs have been investigated in the pulmonary 

epithelium, particularly through loss of function studies in rodents. Here, we have shown a role for EHF in 

the transcription factor network controlling pulmonary gene expression (Figure 4.4).  
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Figure 4.5 EHF is part of a transcription factor network that regulates airway epithelial 
differentiation. A) EHF and FOXA1 directly (putative direct targets, solid red line) and indirectly (dashed 
red line) repress TFs that activate differentiation of type I (left) and type II (right) pneumocytes. B) EHF 
regulates transcription factors necessary for Clara cell maturation. C) EHF and FOXA2 activate (solid 
green line) SPDEF expression, which increases goblet cell differentiation. 
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4.5.1 EHF represses expression of transcription factors involved in epithelial differentiation 

 EHF-regulated genes are enriched for gene ontology processes including epithelial differentiation 

and development in Calu-3 cells. In the HBE cells, EHF represses multiple transcription factors involved 

in lung epithelial development, including HOPX, KLF5, RARB, and FOXA2.  In rodents, Hopx acts 

downstream of Nkx2-1 to repress GATA6/Nkx2-1-induced expression of type II pneumocyte genes (141). 

Although it is initially expressed in a bipotent alveolar progenitor, Hopx is eventually limited to type I 

pneumocytes, the alveolar cells involved in gas exchange (239). Loss of Hopx in the developing lung 

leads to impaired type II pneumocyte differentiation, abnormal alveolar development and the presence of 

increased surfactants (141). In the mouse, loss of Klf5 or FoxA2 in the developing lung epithelium results 

in a lack of differentiated alveolar epithelial cells (142,144,240). RARβ is also expressed in type II 

pneumocytes, and its loss impairs alveolarization (241). By repressing HOPX, KLF5, RARB, and FOXA2 

in the human airway, EHF may limit differentiation down the alveolar epithelial cell lineage. EHF 

repression of RARB, HOPX, and KLF5 likely occurs through binding to the promoter or a nearby cis-

regulatory element; they are putative direct targets. Inhibition of FOXA2 expression is likely indirect, as 

there is no nearby EHF binding site, but may involve FOXA1.   

 EHF regulation of FOXA1 and FOXA2 may impact differentiation of conducting airway epithelial 

cells. In mice where both proteins are deleted, Foxj1, a differentiation marker of ciliated bronchial 

epithelia, and Clara cell secretory protein (CCSP) are absent (143). FOXJ1 is not expressed in the HBE 

cells grown on plastic, but CCSP expression decreases following EHF depletion. This indicates that EHF 

may increase differentiation towards the Clara cell lineage despite a decrease in FOXA2 expression. EHF 

may also contribute to branching morphogenesis, the process by which the lung buds divide and expand 

into the respiratory tree.  Retinoic acid receptor signaling through RARβ and the combined deletion of 

FoxA1 and FoxA2 inhibit branching morphogenesis (137,143). The effect of EHF depletion on branching 

morphogenesis cannot be predicted from changes in gene expression, as it represses both RARB and 

FOXA2, while activating FOXA1.   
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 A potential role for EHF in lung organogenesis and differentiation of specific epithelial cell types 

can only be hypothesized from our siRNA depletion studies.  This developmental process is extremely 

complex, so to confirm the effect of the TF on development, an animal model with knockout of EHF 

specifically in the embryonic airway epithelium should be developed. This would allow for observations of 

the net effect of EHF deletion on maturation of the lung.   

 

4.5.2 EHF and FOXA1 have overlapping roles in regulation of other transcription factors in the 

lung epithelium 

 FOXA1 is a pioneer transcription factor; it binds to and opens compacted chromatin for other 

proteins to bind (145). Loss of FoxA1 expression in mice leads to delayed maturation of the epithelium 

and alveolarization, however, these perturbations are compensated after birth (242). The compensation 

may be due to redundancy in roles between FoxA1 and FoxA2 (143). FOXA1 expression is increased in 

the airway epithelium of smokers with airway obstruction (as seen in COPD) compared with those with no 

impairment (243). In HBE cells, EHF binding peaks are enriched for the Forkhead factor motif that is 

bound by both FOXA1 and FOXA2. The motif is enriched in sites found near EHF-repressed genes 

compared with those near non-regulated genes, specifically in peaks within 10kb of the TSS but not those 

found at promoters.  These data suggest that FOXA1 may work with EHF to mediate expression by action 

at cis-regulatory elements. This is confirmed by FOXA1 depletion in primary HBE cells, which causes 

alterations in expression of FOXA2, HOPX, KLF5 and SPDEF that parallel those seen in EHF-depleted 

cells, suggesting that EHF and FOXA1 may cooperate in the complex transcription factor network that 

regulates airway epithelial differentiation. EHF and FOXA1 also regulate each other, implying that they 

perhaps participate together in a feedback loop. 

 Furthermore, FOXA1 was bound to the EHF sites near HOPX and SPDEF. FOXA1 may be 

binding to and remodeling closed chromatin to open it for EHF binding.  To confirm that EHF and FOXA1 

are bound to these sites at the same time, ChIP-reChIP can be used. The effect of FOXA1 depletion on 
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EHF binding to DNA should also be investigated to determine whether binding of FOXA1 is necessary for 

EHF to occupy these regions.  

 

 

4.5.3 EHF activates a transcriptional program responsible for goblet cell hyperplasia 

 Although it repressed many transcription factors involved in lung development, EHF activated 

expression of SPDEF in all airway epithelial cell types studied, indicating an important role for EHF in 

controlling its transcription. SPDEF is primarily responsible for inducing goblet cell differentiation and 

mucus production in the airway (149). It is a mediator of the Th2 response, and its expression is induced 

by allergen and IL-13 exposure. In the conducting airways, an increase in SPDEF expression leads to 

goblet cell hyperplasia, increased mucus secretion, airway hyperresponsiveness, and eosinophilic 

inflammation (22,148-150). It inhibits TLR signaling, driving the inflammatory response towards a Th2 

signature (150). SPDEF also represses transcription of FOXA2, which in turn inhibits SPDEF expression, 

goblet cell hyperplasia, mucin production, and eosinophilic inflammation in the airway 

(22,144,149,244,245). FOXA2 expression is reduced in patients with asthma, implicating perturbations in 

the balance between FOXA2 and SPDEF in human disease (244). By activating expression of SPDEF, 

and repressing FOXA2, EHF adds another layer of regulation to these opposing transcription factors.  

These data implicate EHF in activating goblet cell differentiation, which is consistent with previous studies 

in which immunohistochemical analysis showed the most intense staining for EHF in mucus gland 

epithelial cells, with a smaller fraction of other bronchial cells being positive for the factor (160,161).  

Further support for this model comes from the effect of IL-13 to increase EHF expression in polarized 

HBE cells.  
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4.6 EHF as a modifier of lung disease 

 These data show that EHF is a critical regulator of multiple lung epithelial functions that are 

integral to airway diseases, including cystic fibrosis. EHF maps adjacent (5’) to an intergenic region of 

chr11p13 that contains SNPs that associate with lung disease severity in CF patients (187,189). Since 

the SNPs were found in an intergenic region, the critical variants probably impact cis-acting 

regulatory elements for nearby genes that are required for normal lung function. The disease-

causing SNP(s) has (have) not been identified due to strong linkage disequilibrium between the most 

significant SNP identified by the GWAS and multiple variants in the region. Furthermore, to date no 

correlation has been established between the disease-associated SNPs and EHF activity. A method 

to investigate a potential link involves obtaining airway epithelial samples from patients with either the risk 

or the non-risk haplotype, and then determining relative expression of nearby genes, including EHF.  The 

changes in expression could be subtle, so a large sample number may be required.  Another option is to 

utilize clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 technology (246,247) to 

alter the endogenous genetic landscape in cell lines or primary cells treated with Rho kinase inhibitors to 

extend survival in culture (248,249). As an initial screen, whole regulatory elements can be removed to 

identify those that impact EHF expression. Then, single nucleotide changes can be introduced to 

determine the effect of SNPs on gene transcription. Through a multi-faceted approach, the function of the 

11p13 region may be elucidated; however, regardless of whether its role is characterized, EHF is a 

strong candidate for being a modifier of lung disease severity due to its impact on CFTR expression, 

inflammation, and wound repair.   

 

4.6.1 EHF regulation of CFTR 

 EHF binding sites were identified at DHS across the CFTR locus, including at a site -35 kb 5’ to 

the gene, which encompasses an airway-selective CFTR enhancer that binds IRF1 and NF-Y (156). EHF 

represses CFTR mRNA and protein expression in Calu-3 cells. Besides a direct mechanism, EHF may 
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indirectly regulate CFTR through FOXA1 and FOXA2, which have a combined contribution to activating 

transcription of CFTR in the intestinal epithelium (105). They regulate CFTR through action at multiple 

sites, including an enhancer in intron 11 of the gene (146). A DHS may be evident at this site in HBE cells 

(155), suggesting FOXA1 and FOXA2 may have a similar role in this cell type. By repressing FOXA2 

expression, EHF may indirectly decrease expression of CFTR. Some disease-causing CFTR mutations 

result in a small fraction of the protein being properly localized and functional (36).  In patients with these 

genotypes, repression of the locus could have deleterious effects on ion transport in the lung, and an 

increase in EHF could further exacerbate CF lung disease. 

 

4.6.2 Altered EHF expression modulates epithelial phenotypes that are abnormal in CF lung 

disease  

 In many of our studies, the effect of decreased EHF expression on epithelial function is opposite 

to the defects seen in the cystic fibrosis lung (Figure 4.5.2). EHF depletion represses secretion of the 

neutrophil cytokine CXCL6, whereas neutrophilic inflammation is an early finding in CF lung disease that 

contributes to tissue destruction (62-65).  Loss of EHF also depresses SPDEF expression; abnormal 

submucosal glands play a pivotal role in CF lung disease (4). SPDEF-mediated changes in the airway 

epithelium are induced by exposure to IL-13, which is increased in the CF lung (22,24-26,149). IL-13 

treatment of polarized HBE cells also increases EHF expression.  EHF represses CFTR expression, 

possibly through direct binding to the CFTR locus or through regulation of an intermediate transcription 

factor. Together, these data suggest that an increase in EHF expression will exacerbate CF pulmonary 

pathology through increased neutrophil recruitment, goblet cell hyperplasia, and decreased CFTR 

expression. If the 11p13 region is modifying lung disease through EHF, we predict that causative SNPs 

increase its transcription. 

 Unlike the other phenotypes studied, the effect of decreased EHF on wound repair seemingly 

parallels that seen in CF epithelial cells.  Cells with mutated CFTR and depleted EHF may have delayed 

wound closure in vitro (48,49,250), which implicates loss of EHF in diminishing a process already 
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impaired in CF. However, wound repair and remodeling in the CF lung is more complex than the in vitro 

scratch assay.  Both the inherent CFTR defect and external stress from repeated cycles of inflammation 

and infection are thought to contribute to remodeling and tissue dysfunction. Thickening of the reticular 

basement membrane (RBM) due to wound repair processes of the overlying epithelium is present early in 

the disease, although its impact on pulmonary function is unclear (68,70,251). Proteases released 

primarily from neutrophils overwhelm anti-protease activity, damaging the epithelial layer and inducing 

goblet cell metaplasia (64). These proteases also degrade the ECM, leading to release of growth factors 

important for epithelial repair and likely RBM fibrosis (65). The complexities of tissue remodeling make it 

difficult to accurately predict how changes in an in vitro assay translate to alterations in wound repair and 

remodeling in vivo. Perhaps an increase in EHF activates wound repair pathways that lead to increased 

fibrosis or abnormal reconstitution of the epithelial layer, or as suggested by the scratch assay, an 

increase in EHF is protective by offsetting the inherent defect in wound repair caused by loss of CFTR 

function.     

 EHF clearly impacts lung epithelial function, regulating pathways that are particularly important for 

pathogenesis of airway disease. However, because of the complexities of these pathways, the impact of 

increased or decreased EHF expression on net pulmonary function is not certain.  An animal model with 

EHF deleted in the lung epithelia would greatly improve our understanding of the net effect of EHF loss 

on airway function.  
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Figure 4.6.2 Model of the effect of EHF depletion on airway epithelial function. When EHF is 
depleted from airway epithelial cells, transcription is altered, causing delayed wound repair and 
decreased inflammation.   
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4.7 Conclusions    

 Overall, this study makes a strong case for EHF as a potential modifier of lung pathology in cystic 

fibrosis and other diseases in which the immune system and epithelial repair mechanisms play a critical 

role, including COPD and asthma.  It activates a transcriptional program that increases goblet cell 

differentiation, inflammation, and wound repair. Alterations in EHF levels likely lead to multiple 

downstream effects on epithelial processes, thereby altering lung function. In the future, EHF should be 

studied as a potential target to alleviate airway dysfunction in the context of existing disease. 
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