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Abstract

Background—Robust methods to culture primary airway epithelial cells were developed several 

decades ago and these cells provide the model of choice to investigate many diseases of the human 

lung. However, the molecular signature of cells from different regions of the airway epithelium has 

not been well characterized.

Methods—We utilize DNase-seq and RNA-seq to examine the molecular signatures of primary 

cells derived from human tracheal and bronchial tissues, as well as healthy and diseased (cystic 

fibrosis (CF)) donor lung tissue.

Results—Our data reveal an airway cell signature that is divergent from other epithelial cell 

types and from common airway epithelial cell lines. The differences between tracheal and 

bronchial cells are clearly evident as are common regulatory features. Only minor variation is seen 

between bronchial cells from healthy or CF donors.

Conclusions—These data are a valuable resource for functional genomics analysis of airway 

epithelial tissues in human disease.
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1. Introduction

Major advances in understanding mechanisms of human lung disease have arisen through 

the development of methods to culture primary cells from the airway epithelium (1), (2). 

These cells may be differentiated on permeable supports to generate a polarized cell layer 

that at air-liquid interface are a robust model for investigating many aspects of airway 

epithelial function. Cells of nasal, tracheal and bronchial epithelial tissue are all amenable to 

these protocols, though the bronchial cells have been most extensively studied. Moreover, 

the latter are the desired endpoint of recent methods to differentiate human induced 

pluripotent stem cells (IPSCs) into airway epithelium (3, 4). Use of these primary cell 

cultures to study normal human airway epithelial biology (5) and dysfunction in diseases 

such as cystic fibrosis (CF), asthma (6) and chronic obstructive pulmonary disease (COPD) 

(7) among other disorders has provided important insights into disease mechanisms. The 

precise cellularity of each tracheal and bronchial culture will depend on many factors, 

including substantial donor-to-donor variation, both genetic and environmental, and specific 

culture protocols. Our goal was to compare the molecular signatures of primary human 

tracheal (HTE) and bronchial epithelial (HBE) cells to determine functional differences 

between them. We used genome-wide analysis of open chromatin, which is associated with 

active regulatory elements, combined with gene expression profiles of each cell type. The 

signature of HBE cells derived from healthy and CF donor lungs was also compared. The 

data revealed a clustering of open chromatin profiles in primary airway cells, which was 

distinct from that observed in lung epithelial cell lines and other epithelial cell types. 

Though there was substantial overlap between the tracheal and bronchial cells, distinct 

features of each cell population were evident and correlated well with divergent gene 

expression profiles. Also of note were the very limited differences between HBE and 

CFHBE primary cells, with only a few disease-related pathways identified.

2. Methods

2.1 HTE, HBE, CF HBE and NHBE cells

Human tracheae were collected post mortem from healthy donors and human tracheal 

epithelial (HTE) cells isolated and grown as described previously (1). Human bronchial 

epithelial (HBE) cells were obtained (at passage 1, P1) under protocol #03–1396 approved 

by the University of North Carolina at Chapel Hill Biomedical Institutional Review Board 

(2). Informed consent was obtained from authorized representatives of all organ donors. 

Normal human bronchial epithelial (NHBE) cells were purchased from Lonza. Primary 

HTE, HBE and NHBE cells were grown on collagen-coated plastic in bronchial epithelial 

growth medium (BEGM, Lonza) (2). Cells were grown on plastic rather than permeable 

supports to provide adequate cell numbers for the DNAse-seq protocol and to ensure 

efficient DNase I digestion. See Supplemental Methods for detailed culture protocols.

2.2 DNase-seq and RNA-seq

DNase-seq and RNA-seq libraries were prepared according to standard protocols. See 

Supplemental Methods for detailed analysis methods.
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3. Results and Discussion

3.1 DNase-seq in HTE, HBE and NHBE cells reveals substantial similarities between the 
open chromatin landscapes of the three cell types

Regulatory elements within the genome are usually associated with regions of open 

chromatin, which can be readily detected by enzymatic or chemical methods. In order to 

compare open chromatin profiles in human bronchial (HBE) and tracheal (HTE) cells, we 

performed DNase-seq on three cell types: primary HBE cells cultured from three different 

donors, primary HTE cells from two different donors, and NHBE cells (Lonza CC-2541, a 

mixture of HBE and HTE cells) from two donor codes. After mapping reads to the human 

genome, we used the differential peak calling function of the MACS2 peak caller to identify 

subclasses of DNase-I hypersensitive sites (DHS) as follows: “common” DHS are present in 

all three (HBE/HTE/NHBE) cell types, “shared” DHS are present in pairs of samples, and 

“cell type selective” DHS are present in only one of the three cell types. A total of 56,649 

peaks were seen in NHBE cells, 76,759 peaks were evident in HBE cells, and 104,384 peaks 

were called in HTE cells. Of these, 16,053 were common to all three of the cell types (Fig. 

1A). Only a small percentage of peaks were cell type selective. NHBE showed 453 (0.8%) 

cell type-selective DHS, HBE had 1,923 (2.5%) such sites, and HTE 5,495 (5.3%). Pairwise 

comparison of cell type-selective and shared DHS revealed that HBE and HTE were the 

most similar, with high reciprocal overlaps of 87% (HBE) and 64% (HTE). In contrast, 

NHBE DHS appeared to represent a subset of HTE DHS, with 85% of NHBE DHS found in 

HTE, but only 46% of HTE DHS present in NHBE. NHBE and HBE were the least similar, 

with less than 50% of DHS in either cell type present in the other (HBE: 31%, NHBE: 43%). 

Since NHBE cells are established as mixture of tracheal and bronchial epithelial cells these 

profiles suggest that in the lot numbers that we analyzed cells of tracheal origin were 

predominant. Though the HBE cultures may have a small (1–5cm of trachea) contribution of 

tracheal cells these are a minor component of the population. Comparison of normalized 

DNase-seq signal across replicates (Fig. 1B–C) confirmed the cell type-specificity of 

DNase-I sensitivity at HTE- and HBE-selective DHS. The “NHBE-selective” DHS, 

however, were detectable exclusively in one NHBE replicate, while the other NHBE sample 

appeared most similar to the HTE profile.

Next, we used gene annotations to classify DHS as either promoter-associated (within 2 kb 

upstream of an annotated transcription start site [TSS]), gene-body associated (between 

20kb upstream and 20kb downstream of an annotated gene), or intergenic (at least 20kb 

from the nearest annotated gene). Pairwise comparison of cell type-selective and shared 

DHS in promoter regions, gene bodies and intergenic regions were largely consistent with 

the patterns observed when comparing all DHS (data not shown). Notably, nearly 50% 

reciprocal overlap was seen between NHBE and HBE DHS at promoters, in contrast to 

many fewer common sites in the overall and intergenic (HBE: 22%, NHBE: 36%) 

comparisons. This suggests that where the same genes are active in the 2 cultures types, they 

may often recruit different cis-regulatory elements to drive their promoters. Alternatively, 

more of the intergenic sites are not directly associated with the transcriptional program of 

the cells. To further compare the distribution of overlap between cell types, we next 

visualized the proportion of cell type-selective, shared (between 2 cell types) and common 
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(seen in all 3 cell types) DHS by annotation in HBE (Fig. 2A), HTE (Fig. 2B) and NHBE 

(Fig. 2C) cells. In each cell type, the highest proportion of shared sites was found in the 

promoter-associated DHS (second column), supporting a hypothesis of a shared airway 

epithelial chromatin landscape at gene promoters. Promoters were also the location of the 

lowest proportion of cell type-selective DHS in both HBE and NHBE cells. In HTE cells, 

however, the highest fraction of HTE-selective sites was found at promoters. This difference 

likely reflects the lower proportion of promoter DHS shared between HTE and HBE relative 

to other annotation classes. Nonetheless, the most numerous class of promoter-associated 

HTE DHS overall remains those that are shared with HBE.

3.2 Human primary airway cells cluster independently of other epithelial cells and 
unrelated cell types by DHS utilization

Next, we compared the open chromatin landscape of the primary human airway cells to 

DHS profiles of 1) airway cell lines that are commonly used for functional assays of airway 

epithelium, and 2) other human epithelial and non-epithelial cell types. Normalized read 

coverage was measured at all DHS in multiple airway cells types: the primary airway cells, 

an immortalized human bronchial epithelial cell line (16HBE14o-), two lung 

adenocarcinoma lines of different cellular origin (Calu3, bronchial and A549, alveolar type 

II), and primary HBE cultures from two donors with cystic fibrosis (CF-HBE). A more 

extensive comparison was done with other non-airway epithelial cell types (Caco2, 

colorectal adenocarcinoma, HepG2, hepatocellular carcinoma and HeLa-S3, cervical 

carcinoma) and non-epithelial cells (GM12878, lymphoblastoid, Human Umbilical Vein 

Endothelial Cells (HUVEC), endothelial, K562, erythroleukemia and FibroP, fibroblasts 

from 3 individuals with Parkinson’s disease) (8). See Supplemental Methods for data 

accession numbers.

Visual clustering of all cell types by t-Distributed Stochastic Neighbor Embedding (tSNE), 

which enables the visualization of high-dimensionality data, is shown in Fig. 3. When all 

DHS are included (Fig. 3A), the human airway cultures cluster independently of the other 

cell types. An exception is one NHBE culture, which is located between biological replicas 

of HUVEC and FibroP samples, raising doubt about the cellularity of this commercial 

sample. Otherwise, the tSNE distribution of the airway cultures with respect to the other cell 

types was consistent with their cellular origin, with the human bronchial airway cell lines 

(16HBE14o- and Calu3) nearest and the more distantly related airway and other epithelial 

cell lines (A549, Caco2, HepG2 and HeLa-S3) slightly further away. When focusing on 

promoter-associated DHS (Fig. 3B), 16HBE14o- cells cluster together with the primary 

airway cultures, likely reflecting the normal bronchial epithelial origin of this cell line, 

which was immortalized with SV40 large T antigen. Inspection of the intergenic peaks (Fig. 

3D) reinforces our previous observations (9, 10) that the majority of cell-specific regulatory 

elements lie in these regions. This is evident in the greater divergence in the tSNE plots of 

primary airway cells and all the long-term cell lines. For example, HeLa-S3 and Caco-2 non-

airway epithelial cell lines are nearly as far from the primary airway cultures as the 

lymphoblastoid (GM12878) and erythroleukemia (K562) cell lines. It is also evident that 

clustering by gene-body associated (Fig. 3C) and intergenic (Fig. 3D) DHS is largely 

consistent with clustering by all DHS (Fig. 3A). Of note is the second NHBE culture 
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(NHBE-2, Lonza), which clusters much closer to the other primary airway cells when 

considering only promoter DHS (Fig. 3B) than when considering all DHS (Fig. 3A). This 

suggests NHBE-2 shares active promoters with the other primary airway cultures, but not 

cell-type specific elements that we (9, 10), and others (11),(12) have shown to predominate 

in other genic and intergenic regions. This raises some questions about the precise 

differentiated state of this culture.

3.3 Motif enrichment analysis reveals novel and known regulatory factors in primary 
airway epithelial cells

To reveal the transcriptional programs that could underlie the cell-specific signatures of open 

chromatin in HTE, HBE and NHBE cells we next measured transcription factor (TF) 

binding motif enrichment in our annotated DHS using Clover. The top 20 most significant 

cell-type specific overrepresented motifs in promoters and intergenic regions are 

summarized in Table 1 (full results in Supplementary table 1). Among promoter region DHS 

shared between the three cell types, nearly 300 TFs were over-represented, with more than 

200 over-represented in shared intergenic DHS (2–10 kb from the nearest gene or > 20 kb 

away). Perhaps more informative were the relatively small number of enriched motifs that 

were found in cell type-selective DHS. Though shorter, these lists included several factors 

known to play a role in airway development and function.

Over-represented motifs in primary airway cell promoter DHS—Notable in the 

list of HTE-selective peaks are the Kruppel-like factors KLF4 and KLF5, which are known 

to have a key role in early endoderm development (13). During ES cell differentiation in the 

mouse KLF4 expression inhibits endoderm differentiation while KLF5 inhibits mesodermal 

markers. Deregulation of KLF4 was also linked to repair processes in CF human airway 

epithelial cultures (14). Moreover, these factors have an extensive documented role in 

epithelial cancers (reviewed in (15)).

In NHBE selective peaks the IRF1 motif is significantly over-represented, which is of 

interest since this factor is a member of the interferon regulatory factor family, which has a 

key role in the immune response, immune cell development and regulation of cell growth 

and apoptosis (16), (17). Indeed, five of the six genes with NHBE-selective promoter DHS 

containing IRF1 motifs (MLLT1, Super Elongation complex subunit (MLLT11), H2.0-like 

homeobox (HLX), Zic Family Member 1 (ZIC1), Single-Minded Family BHLH 

Transcription Factor (SIM1) and Ubiquitin Specific Peptidase9, X-linked (USP9X) are 

annotated with gene ontology (GO) terms relating to development, cell growth and/or 

apoptosis. IRF1 is induced by interferon gamma (IFN-γ) and binds to the promoters of IFN-

γ responsive genes, activating gene expression. IRF2, which is also induced by IFN-γ is 

synthesized after IRF1 and acts as and IRF1 agonist. We recently showed this pair of factors 

to regulate an airway-selective enhancer in the cystic fibrosis transmembrane conductance 

regulator CFTR gene (18). Another potentially interesting enriched motif is SIX homeobox 

3 (SIX3) in HBE-selective promoters. SIX3 is well-studied in development, but its functions 

in normal epithelia have not been defined.
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Overrepresented motifs in primary airway cell intergenic DHS—As mentioned 

above, data from many groups including ours (9, 10), (19) showed that the majority of cell 

type-selective DHS are located in intergenic regions. Hence the overrepresented TF motifs 

identified in these peaks are potentially the most informative in discerning the transcriptional 

network in individual cell types. Particularly interesting is the observation of 

overrepresentation of the grainy-head like transcription factor 1 (GRHL1) motif in HTE-

selective peaks in intergenic (2–10kb and >20kb) sites. The 3 GRHL factors (GRHL1/2/3) 

all interact with the same motif (AACCGGTT) and are known to play a key role in 

epidermis development and differentiation (20),(21, 22),(23). All 3 factors are expressed in 

HTE and HBE cells though GRHL2 is best studied in the human airway epithelium, where it 

has a role in regulating cell adhesion, motility and differentiation (5). Also overrepresented 

in intergenic DHS (2–10kb) in HTE-selective sites are the motifs for several nuclear 

hormone receptors, the Androgen Receptor (AR), the Glucocorticoid Receptor, (GR, 

NR3C1) and Estrogen Receptor Beta (ER-β, ESR2). The AR observation is likely not an 

artifact of donor tissue gender as all HBE and HTE samples analyzed here were from males. 

In addition to these cell-type specific factors, many transcription factors with known roles in 

the airway appear in common DHS, including NF-κB (RELA) (24), Yin Yang 1 (YY1) (25), 

Homeobox A5 (HOXA5) (26) and several ETS transcription factors (ELF5, ETS1, ELF3) 

(27), (28), (29).

3.4 Gene expression is tightly correlated with nearby active regulatory elements identified 
by open chromatin

To determine if DHS presence and intensity were correlated with gene expression we 

compared RNA-seq data from HTE and HBE with our mapped DHS (Figure 4; GO term 

enrichment in Supplementary Table 2). We found that genes with no DHS nearby (no DHS 

between 20kb upstream and 20kb downstream) were rarely expressed in either HTE or HBE, 

while genes with nearby DHS were robustly detected (Fig. 4A). Next, we binned DHS by 

DNase-seq coverage into six bins (0–5; 0 = no reads; 5 = highest quintile). We found that the 

intensity of DHS hypersensitivity was positively correlated with the expression of nearby 

genes (Fig. 4B), although this trend did not extend to the most hypersensitive DHS (bin 5). 

Interestingly, we found that the lack of a promoter-associated DHS (within 2kb upstream of 

TSS) was less predictive of repressed gene expression (Fig. 4C) than the lack of a DHS 

anywhere near the locus, but the presence of a promoter-associated DHS was associated 

with higher average gene expression than a DHS in the general vicinity of a gene. The 

intensity of promoter-associated DHS was also correlated with gene expression, with the 

trend continuing to the most hypersensitive sites in this case (Fig. 4D).

3.5 CF-HBE and WT-HBE

To assess the impact of cystic fibrosis on the open chromatin landscape of human bronchial 

epithelial cells, we compared RNA-seq and DNase-seq data sets from WT-HBE and CF-

HBE cells from two different donors with CF. We found that both gene expression profiles 

and DHS were very similar between WT- and CF-HBEs, with only 116 differentially 

expressed genes detected (Supplementary Table 4) and >94% of all DHS shared between the 

two cell types (Fig. 5A). By DNase-seq, the CF-HBE open chromatin landscape appears to 

be a subset of the open chromatin observed in WT-HBE, with >99% of all DHS shared with 
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WT-HBE. This is also true for promoter, intergenic and gene body DHS. In contrast, 4–6.5% 

of WT-HBE DHS are specific to WT-HBE. While this is a substantially larger proportion of 

sites than those unique to CF-HBE, this still reflects the high degree of similarity between 

the two cell types when compared to the pairwise comparisons between HTE, HBE and 

NHBE.

Despite the small number of unique sites in CF- and WT-HBE, the normalized DNase-seq 

signal (Fig. 5B–C) shows that these DHS are highly specific across replicates. The CF-

selective sites are barely detectable in WT-HBE, while the WT-selective sites are 

significantly weaker in CF-HBE. To determine the functional relevance of these sites, we 

determined differential transcription factor (TF) binding motif over- and underrepresentation 

at CF-selective sites relative to WT-selective sites using Clover. The top 10 most significant 

over- and underrepresented motifs in CF-selective sites are summarized in Table 2 (full 

results in Supplementary Table 3). The most significantly enriched motifs at CF-selective 

sites are those associated with the AP-1 transcription factor (dimer composed of Jun, Fos or 

ATF). This factor is involved in regulation of inflammatory mediators, including IL-8, and 

has been reported to be dysregulated in CF airway epithelial cells (30). In contrast, the most 

significant underrepresented terms are ETS-family transcription factors, including E47-like 

factor 5 (ELF5) and Ets homologous factor (EHF), both of which were associated with CF 

lung disease severity in genome wide association studies (31). Moreover, we recently 

showed a pivotal role for EHF in epithelial dysfunction in lung disease (19, 32).

In conclusion, we show the molecular signature of primary human tracheal and bronchial 

epithelial cells and describe the common and distinct features of these cell types utilizing 

standard culture protocols. Further experiments to include cells from additional healthy and 

CF organ donors could be an advantage, though the bioinformatics tools used here tend to 

eliminate variation that is not significant. Our data suggest that the open chromatin 

landscape is surprisingly consistent between lung tissue donors, since the majority of DHS 

are shared between HBE cells from WT individuals and CF patients. Moreover, there is very 

little cis-regulatory element divergence in HBE cells derived from patients with CF, when 

compared to those derived from healthy lungs.

3.6 Translational relevance

Many approaches to develop new therapies for human lung disease rely on cell-based assays. 

For example, high throughput pharmacological screens, gene therapy protocols and most 

recently gene editing methods rely on preclinical studies in human airway epithelial cells. 

The challenges of culturing and expanding primary cells leads to the use of surrogate cell 

line models. Our data show the detailed molecular signatures of each cell type. They 

illustrate the importance of using primary cells as models for the human airway. Moreover, 

the data resource generated will be of considerable use to investigators of lung health and 

disease.

Supplementary Material

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

• Primary human bronchial and tracheal epithelial cells have unique molecular 

signatures that are distinct from commonly used airway cell lines.

• Genome-wide analysis of open chromatin state in conjunction with global 

transcriptomics revealed a high-resolution profile for each cell type.

• Only minor variation is seen between healthy and CF bronchial epithelial 

cells.
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Figure 1. Overlap between DHS in multiple human airway cell types
A. Intersection of all DHS between HTE, HBE and Lonza NHBE. B–C. Average profiles 

(B) and heatmaps (C) of normalized DNase-seq signal at common and cell-type selective 

DHS ±1 kb.
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Figure 2. Distribution of peak classes in annotated human airway DHS
Numbers of DHS by overlap with other cell types, sorted by annotations, in HBE (A), HTE 

(B) and Lonza NHBE (C).
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Figure 3. Clustering of human airway cultures by open chromatin
tSNE dimensionality reduction plot showing relationships between 14 human cell types 

determined by all HBE-HTE-NHBE DHS (A), promoter DHS only (B), gene body DHS 

only (C) or intergenic DHS only (D).
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Figure 4. Gene expression is tightly associated with open chromatin
All plots: Average gene expression (FPKM) in HTE and HBE cultures (x-axis) in the 

indicated groups. (A) Genes with and without DHS in the gene body or 20kb up/

downstream. (B) Genes with (1–5) and without (0) DHS in the gene body or 20kb up/

downstream, with DHS binned by quintile intensity (1–5). (C) Genes with and without DHS 

in the promoter (2 kb). (D) Genes with (1–5) and without (0) DHS in the promoter (2 kb), 

with DHS binned by quintile intensity (1–5).

Gillen et al. Page 14

J Cyst Fibros. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Overlap between DHS in CF and WT HBE
A. Intersection of all DHS between CF-HBE and WT-HBE, including CF HBE technical 

replicates. B. Average profiles of normalized DNase-seq signal at WT- and CF-selective 

DHS ±1 kb. C. Heatmaps of DNase-seq signal at WT- and CF-selective DHS ±1 kb.
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Table 1

Top 20 overrepresented motifs specific to cell-type selective promoter and intergenic DHS.

Motifs overrepresented in:

Shared promoter DHS HTE-selective promoter DHS 
only

HBE-selective promoter DHS 
only

NHBE-selective promoter DHS 
only

MA0741.1_KLF16 MA0599.1_KLF5 MA0501.1_MAF::NFE2 MA0521.1_Tcf12

MA0108.2_TBP MA0039.2_Klf4 MA0631.1_Six3 MA0499.1_Myod1

MA0517.1_STAT1::STAT2 MA0746.1_SP3 MA0067.1_Pax2 MA0037.2_GATA3

MA0095.2_YY1 MA0152.1_NFATC2 MA0056.1_MZF1 MA0140.2_GATA1::TAL1

MA0084.1_SRY MA0747.1_SP8 - MA0050.2_IRF1

MA0076.2_ELK4 MA0477.1_FOSL1 - MA0766.1_GATA5

MA0514.1_Sox3 MA0478.1_FOSL2 - -

MA0062.2_Gabpa MA0491.1_JUND - -

MA0601.1_Arid3b MA0655.1_JDP2 - -

MA0624.1_NFATC1 MA0099.2_FOS::JUN - -

MA0625.1_NFATC3 MA0104.3_Mycn - -

MA0470.1_E2F4 MA0058.3_MAX - -

MA0471.1_E2F6 MA0647.1_GRHL1 - -

MA0645.1_ETV6 MA0606.1_NFAT5 - -

MA0144.2_STAT3 MA0742.1_Klf12 - -

MA0136.2_ELF5 MA0825.1_MNT - -

MA0703.1_LMX1B MA0472.2_EGR2 - -

MA0851.1_Foxj3 - - -

MA0913.1_Hoxd9 - - -

MA0910.1_Hoxd8 - - -

Shared intergenic DHS HTE-selective intergenic DHS 
only

HBE-selective intergenic DHS 
only

NHBE-selective intergenic DHS 
only

MA0478.1_FOSL2 MA0528.1_ZNF263 MA0486.2_HSF1 MA0496.1_MAFK

MA0489.1_JUN(var.2) MA0746.1_SP3 MA0078.1_Sox17 MA0472.2_EGR2

MA0490.1_JUNB MA0155.1_INSM1 MA0770.1_HSF2 MA0820.1_FIGLA

MA0491.1_JUND MA0106.3_TP53 MA0744.1_SCRT2 MA0117.2_Mafb

MA0477.1_FOSL1 MA0067.1_Pax2 MA0869.1_Sox11 MA0525.2_TP63

MA0476.1_FOS MA0113.3_NR3C1 MA0083.3_SRF MA0091.1_TAL1::TCF3

MA0516.1_SP2 MA0493.1_Klf1 MA0795.1_SMAD3 MA0732.1_EGR3

MA0152.1_NFATC2 MA0098.3_ETS1 MA0025.1_NFIL3 -

MA0599.1_KLF5 MA0647.1_GRHL1 MA0093.2_USF1 -

MA0139.1_CTCF MA0611.1_Dux MA0526.1_USF2 -

MA0099.2_FOS::JUN MA0775.1_MEIS3 MA0730.1_RARA(var.2) -

MA0081.1_SPIB MA0007.3_Ar MA0639.1_DBP -

MA0079.3_SP1 MA0145.3_TFCP2 MA0043.2_HLF -

MA0056.1_MZF1 MA0474.2_ERG MA0843.1_TEF -

MA0606.1_NFAT5 MA0760.1_ERF - -
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Motifs overrepresented in:

Shared promoter DHS HTE-selective promoter DHS 
only

HBE-selective promoter DHS 
only

NHBE-selective promoter DHS 
only

MA0462.1_BATF::JUN MA0258.2_ESR2 - -

MA0500.1_Myog MA0475.2_FLI1 - -

MA0442.1_SOX10 MA0762.1_ETV2 - -

MA0624.1_NFATC1 - - -

MA0499.1_Myod1 - - -

MA0521.1_Tcf12 - - -
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Table 2

Top 10 over- and underrepresented motifs in CF-selective sites relative to WT-selective sites.

Relative to WT-selective sites:

Overrepresented in CF-selective sites Underrepresented in CF-selective sites

MA0099.2_FOS::JUN MA0473.2_ELF1

MA0476.1_FOS MA0028.2_ELK1

MA0489.1_JUN(var.2) MA0641.1_ELF4

MA0490.1_JUNB MA0131.2_HINFP

MA0477.1_FOSL1 MA0759.1_ELK3

MA0478.1_FOSL2 MA0506.1_NRF1

MA0491.1_JUND MA0763.1_ETV3

MA0462.1_BATF::JUN MA0765.1_ETV5

MA0655.1_JDP2 MA0761.1_ETV1

MA0442.1_SOX10 MA0764.1_ETV4
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