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ABSTRACT

The CFTR gene lies within an invariant topologically
associated domain (TAD) demarcated by CTCF and
cohesin, but shows cell-type specific control mech-
anisms utilizing different cis-regulatory elements
(CRE) within the TAD. Within the respiratory epithe-
lium, more than one cell type expresses CFTR and
the molecular mechanisms controlling its transcrip-
tion are likely divergent between them. Here, we de-
termine how two extragenic CREs that are prominent
in epithelial cells in the lung, regulate expression of
the gene. We showed earlier that these CREs, located
at −44 and −35 kb upstream of the promoter, have
strong cell-type-selective enhancer function. They
are also responsive to inflammatory mediators and
to oxidative stress, consistent with a key role in CF
lung disease. Here, we use CRISPR/Cas9 technology
to remove these CREs from the endogenous locus in
human bronchial epithelial cells. Loss of either site
extinguished CFTR expression and abolished long-
range interactions between these sites and the gene
promoter, suggesting non-redundant enhancers. The
deletions also greatly reduced promoter interactions
with the 5′ TAD boundary. We show substantial re-
cruitment of RNAPII to the −35 kb element and iden-
tify CEBP� as a key activator of airway expression of
CFTR, likely through occupancy at this CRE and the
gene promoter.

INTRODUCTION

Enhancer elements, which are marked by specific modified
histone proteins and recruit activating transcription factors
(TFs), have pivotal roles in the regulation of gene expres-
sion. Protocols that examine the 3D organization of active
chromatin (1–3) greatly increased our understanding of how

enhancers, sometimes located several megabases away from
the transcription start site (TSS) of their target gene, can
regulate gene transcription in a temporal and cell-type spe-
cific manner by looping (4). These methods also showed
that the genome is organized into compartmentalized topo-
logically associated domains (TADs) which are maintained
in part by architectural proteins, e.g. CCCTC binding factor
(CTCF) and the cohesin complex (SMC1, SMC3, RAD21).
Enhancers rarely loop across TAD boundaries.

While the major advances in functional genomics have
come largely from genome-wide studies, there is still a crit-
ical need for detailed analysis of individual loci to generate
and test new models and to provide additional precision.
One of the most intensively studied loci is the cystic fibro-
sis conductance regulator (CFTR) gene, mutations in which
cause the life-shortening inherited disorder cystic fibrosis
(CF). Insights from the analysis of CFTR have repeatedly
proven relevant to many individual loci across the genome
(5–7). The CFTR locus is organized within a TAD flanked
by CTCF and cohesin occupancy at −80.1 kb upstream and
+48.9 kb downstream, of the gene. Within this TAD specific
cis-regulatory elements (CREs) play critical roles in the reg-
ulation of CFTR expression, either by acting as enhancers
or as structural features that facilitate the recruitment of ac-
tive elements to the gene promoter (6). We identified and
characterized multiple CREs (8–10) in different cell types
showing that many of them are cell-type specific, acting as
enhancers only in one cell type (6,8–12). Examples include
(i) an intestinal enhancer element associated with a DNase
I hypersensitive site (DHS) in intron 11# of the gene (DHS
11) in Caco2 cells, removal of which reduced CFTR expres-
sion by ∼80% (10) and (ii) an enhancer blocking insulator
element associated with a DHS at −20.9 kb upstream of the
promoter, that recruits CTCF (13) and loss of which alters
chromatin architecture at the locus though has little impact
on CFTR expression. There are now many such examples
in other loci, where distal enhancers dictate cell-type spe-
cific regulation of gene expression by altering chromatin ar-
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chitecture upon recruitment of specific activating TFs (re-
viewed in (14)).

Though lung disease underlies most CF morbidity, the
majority of cells in the post-natal airway epithelium have
low levels of CFTR expression, with rare cells showing more
abundant transcripts (15–19). This suggests distinct mech-
anisms of CFTR regulation in different cell types within the
adult lung. Here we investigate the CREs associated with
two DHS that are prominent at −44 and −35 kb upstream
of the CFTR gene promoter in several human lung cell lines
and in primary human bronchial (HBE) (10,20) and tra-
cheal epithelial (HTE) cells (21). Though these two sites
were evaluated previously using protocols available at the
time, and were shown to be functionally associated (9,11),
we did not evaluate their contribution in the genomic con-
text. We showed that the site at −44 kb contained an an-
tioxidant response element (ARE) that plays a key role in
CFTR function in airway cell lines. Sulforaphane (SFN)
(a natural antioxidant) caused nuclear translocation of nu-
clear factor, erythroid 2-like 2 (Nrf2), a TF that controls
genes with AREs in their promoters, many of which are in-
volved in response to injury. Under normoxic conditions,
the −44-kb ARE is occupied by the repressor BTB and
CNC homology 1, basic leucine zipper TF (BACH1) and v-
Maf avian musculoaponeurotic fibrosarcoma oncogene ho-
molog K (MAFK) heterodimers. However, following two
hours of SFN treatment, Nrf2 displaces these repressive fac-
tors and activates CFTR expression (11). In contrast, the
−35 kb element, which cooperates with the −44 kb site in in
vitro enhancer assays, appears to be regulated at least in part
by immune mediators interferon regulatory factors (IRF1
and IRF2) (9). Additionally, nuclear factor Y (NF-Y) re-
cruitment at the −35 kb site regulates histone modifications
at this element.

Here, we build upon our earlier work and apply proto-
cols that enable functional assessment of the role of the
−44 and −35 kb DHS in the genomic context in the hu-
man bronchial epithelial cell line 16HBE14o- (22). We show
by CRISPR/Cas9-mediated deletions that CFTR transcrip-
tion in this cell line, which exhibits high CFTR mRNA
abundance (8), requires the recruitment of both of these
sites. Moreover, these sites are engaged in a higher order
chromatin architecture that links the 5′ TAD boundary at
−80 kb, the −20.9 kb CTCF-binding insulator element, and
the gene promoter and is essential for recruitment of RNA
Polymerase II to the locus.

MATERIALS AND METHODS

Cell culture

Caco2 (23) and Calu3 (24) cell lines were obtained from
ATCC and grown in DMEM (Dulbecco’s modified Eagle’s
medium) with 10% FBS (fetal bovine serum). For all ex-
periments with Caco2 cells they were harvested 48 h post-
confluence, a time at which CFTR expression is close to
maximum levels (25). The transformed human bronchial
epithelial cell line 16HBE14o- (22) was grown in DMEM
with 10% serum. All cells were grown on plastic at liquid
interface.

CRISPR guide design, CRISPR/Cas9 transfection and
screening

Two pairs of gRNAs flanking the −35, −44 and −20.9 kb
sites were identified using the CRISPR Design Program
(http://crispr.mit.edu). gBlocks from Integrated DNA Tech-
nologies (Iowa), were cloned into pSCB (Agilent) and se-
quenced. 16HBE14o- cells were transfected with pMJ290
(wild-type Cas9 plasmid tagged with GFP) (Addgene,
#42234) and the cloned gRNAs using Lipofectamine 2000
(Life Technologies (LT), Carlsbad, CA, USA). Forty eight
hours later, GFP positive cells single cells were isolated by
fluorescence-activated cell sorting and seeded into 96-well
plate for clonal expansion. Clones with homozygous dele-
tions of each cis-regulatory element were confirmed by PCR
of genomic DNA using primers flanking the gRNA PAM
sites (specific reduction in size of product) and one flank-
ing primer together with one located within the deletion (no
product) and by Sanger sequencing. Primers are shown in
Supplementary Table S1.

#This manuscript uses legacy nomenclature for the
CFTR gene to be consistent with our earlier work.

Reverse transcription quantitative PCR (RT-qPCR)

Total RNA from confluent cultures was extracted with
TRIzol (LT) and cDNA prepared with the TaqMan re-
verse transcription kit (Invitrogen). CFTR mRNA lev-
els were assayed using a well-characterized Taqman as-
say (25) (Supplementary Table S2) and normalized to
beta 2 microglobulin (�2M) as a housekeeping-gene
control.

Enhancer RNA (eRNA) detection

Total RNA was extracted from confluent cultures with
TRIzol and was DNase I treated and phenol-chloroform
extracted. The treated RNA was reverse transcribed and
cDNA amplified by qPCR analysis with SYBR Green
reagents (Invitrogen) with primers listed in Supplementary
Table S2.

Chromatin immunoprecipitation-quantitative PCR (ChIP-
qPCR) and ChIP-seq

ChIP was performed by standard protocols for ChIP-qPCR
and ChIP (12,26). Antibodies were specific for RNAPII
(Abcam ab76123 for ChIP-qPCR or Cell Signaling Tech-
nology 14958S for ChIP-seq), CEBP� (Santa Cruz sc-
7962), H3K27Ac (Millipore 07-360), CTCF (Millipore 07-
729) or rabbit IgG (Millipore 12-370). All ChIP-seq ex-
periments were performed twice and irreproducible dis-
covery rate (IDR) data are shown. Raw reads were pro-
cessed using the AQUAS Transcription Factor and Hi-
stone ChIP-Seq processing pipeline (https://github.com/
ENCODE-DCC/chip-seq-pipeline2) using the ENCODE
(phase-3) guidelines on the hg19 reference genome. This in-
cludes mapping using BWA and peak calling with MACS2.
Primer sequences used for qPCR are shown in Supplemen-
tary Table S2.

http://crispr.mit.edu
https://github.com/ENCODE-DCC/chip-seq-pipeline2
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Luciferase assays

The pGL3B 245 (CFTR basal promoter) luciferase re-
porter vector (8) containing the −35 kb 350 bp core en-
hancer (9) was used to generate the CEBP� mutant us-
ing the QuikChange Lightning Multi Site-Directed Muta-
genesis Kit (Agilent Technologies, Santa Clara, CA, USA).
The mutagenesis primer is shown in Supplementary Table
S3. pGL3B luciferase constructs were transiently cotrans-
fected with a modified pRL Renilla luciferase control vector
(Promega, Madison, WI, USA) into 16HBE14o- cells with
Lipofectin (LT). Firefly and Renilla (normalizer) luciferase
activities were measured 48 h after transfection.

Omni assay for transposase accessible chromatin and deep
sequencing

Omni-ATAC-seq was performed on 50,000 Calu3,
16HBE14o- and Caco2 as described previously (27) with
minor modifications. ATAC-seq libraries were purified
with Agencourt AMPure XP magnetic beads (Beck-
man Coulter) with a sample to bead ratio of 1:1.2, and
eluted in Buffer EB (Qiagen). Data were processed by the
ENCODE-DCC/atac-seq-pipeline.

4C-seq

4C-seq libraries were generated from cultured cells as de-
scribed previously (10). All 4C experiments were done a
minimum of twice on the same clonal cell line (technical
replicate) and each deletion event was evaluated in at least
two independent clonal lines (biological replicate). NlaIII
and DpnII or Csp6I were used as the primary or secondary
restriction enzymes, respectively. Enzyme pairs and primer
sequences used to generate 4C-seq libraries for each view-
point are shown in Supplementary Table S4. Some of the
primers contain a two nucleotide barcode at the 3′ end of
P5 linker to enable multiplexing of libraries generated from
same viewpoint on the same Hi-Seq 2500 flow cell for se-
quencing. The sequencing data were processed using the
4C-seq pipe protocol (28). All 4C-seq images were gener-
ated using default parameters of the pipeline.

Statistics

Error bars in all graphs denote standard error of the mean
(SEM). Statistical analysis used the Student’s unpaired t-
tests in Prism software (GraphPad).

RESULTS

ATAC-seq confirms airway-selective regions of open chro-
matin at the CFTR locus

In earlier work we identified sites of open chromatin in
airway epithelial cell lines and human tracheal epithelial
(HTE) cells (8) by DNase chip and more recently in several
cell lines and primary human bronchial epithelial (HBE)
cells (10) by DNAse-seq. Open chromatin in airway cell
lines was mapped here by assay for transposase accessi-
ble chromatin (Omni ATAC seq). Figure 1 shows regions
of open chromatin across the CFTR locus by ATAC-seq

in the airway cell lines Calu3 and 16HBE14o- and Caco2
colon carcinoma cells, and by DNAse-seq in HBE cells from
(10). Clearly evident in all cell types are the peaks of open
chromatin at −80.1 and +48.9 kb, which correspond to the
TAD boundaries we identified previously (10), and at the
CFTR promoter which is active in all these cell-types. Also
evident in all the airway cells but not in Caco2 cells are
peaks of open chromatin at −44 and −35 kb, consistent
with our earlier observations with other protocols (Figure
1A). Since these two sites were shown to act as enhancers
of the CFTR promoter in transient luciferase assays (9,11)
we next examined the occupancy of active histone modifi-
cations (H3K27Ac) by ChIP-seq in Calu3 and 16HBE14o-
cells (Figure 1A, purple and gray tracks). Both the −44
and −35 kb sites are associated with peaks of H3K27Ac
(Figure 1B), suggesting they are active enhancers in CFTR-
expressing airway epithelial cells. Another open chromatin
site close to the −35 kb site (at −31.1 kb) was marked by
H3K27Ac in 16HBE14o- but not in Calu3 cells.

Upstream open chromatin loops to the CFTR promoter in air-
way epithelial cells

The CFTR gene lies within a TAD marked by invariant
CTCF sites at −80.1 and +48.9 kb and our previous analy-
sis of chromatin architecture by 4C-seq analysis (10) also
revealed several cell-type selective interactions within the
TAD in intestinal, airway and epididymis epithelial cells.
Here, we focus on a more detailed functional genomics anal-
ysis of airway epithelial cells in order to define key airway
CREs, their recruitment to the CFTR promoter and their
activating TFs. Multiple viewpoints across the CFTR lo-
cus were used for 4C-seq in 16HBE14o- and Calu3 airway
epithelial cells (Figure 2) and the profiles compared with
Caco2. The most notable features of the intra-TAD inter-
actions in the airway cells are strong interactions 5′ to the
gene promoter. Using a viewpoint at the CFTR promoter,
more extensive interactions are seen upstream of the −20.9
kb CTCF-binding insulator element in 16HBE14o- cells
than are evident in Caco2 cells. This is consistent with ear-
lier observations on Calu3 cells. These 5′ interactions are
seen more clearly with a viewpoint at the −80.1 kb 5′ TAD
boundary which shows strong interactions with the −44,
−35 and −20.9 kb sites in addition to the CFTR promoter.
The absence of these interactions in Caco2 cells suggests
that CFTR regulation in these airway cells may be depen-
dent on recruitment of a unique set of TFs driving the loop-
ing interactions with upstream cis-regulatory elements.

The −35 and −44 kb enhancers make a major contribution
to CFTR expression in airway epithelial cells

Next we examined the genomic contribution of CREs
within the −35 and −44 kb DHS to CFTR expression in
airway epithelial cells (Figure 3A). These sites, which inter-
act with the TAD boundary and the gene promoter, were
also shown previously to act as cooperating enhancers of
the CFTR promoter in the airway but not in the intestinal
epithelial cells in transient luciferase assays (8,11).

CRISPR/Cas9 technology was used to delete these ele-
ments in 16HBE14o- airway cells (Figure 3B, Supplemen-
tary Figure S1). This line has the advantage over Calu3
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Figure 1. Identification of airway epithelial cell selective open chromatin across the CFTR locus. (A) Open chromatin mapping by Omni- ATAC-seq on
Caco2 (bright blue), Calu3 (teal), 16HBE14o- (Dark blue), DNase-seq on HBE cells (light blue) and H3K27Ac occupancy by ChIP-seq on Calu3 cells
(purple) and 16HBE14o- cells (gray). The location of ASZ1, CFTR and CTTNBP2 are shown at the top of the figure. Major DHS identified at the CFTR
locus in all cells that express the gene and other cell-selective DHS of interest are marked below the gene track in black. This manuscript uses legacy
nomenclature for the CFTR gene to be consistent with our earlier work. The −35 and −44 kb region is marked by a bar below the tracks. (B) Enlarged
image of the −35 and −44 kb DHS regions.

cells in that it is relatively amenable to single cell cloning
after CRISPR/Cas9 modification. Guide RNAs targeting
PAM sites that flank each CRE on the 5′ and 3′ sides
were used to remove ∼1.5 kb encompassing the core of
the −44 and −35 kb enhancers, as evidenced by the lim-
its of the H3K27Ac peaks (Figure 1) and TF occupancy
(29). The CRISPR/Cas9-mediated deletions were subjected
to Sanger sequencing of the genomic DNA and were con-
firmed to be homozygous.

First, CFTR expression was assayed by RT-qPCR in
16HBE14o- clones lacking either the −35 or −44 kb CREs
and was found to be almost abolished (Figure 3C). This sug-

gests that these elements are essential in driving CFTR tran-
scription in these cells.

Deletion of the −35 and −44 kb sites alters in intra-TAD
chromatin interactions

Next, to examine the impact of deletion of the −35 and
−44 kb CREs on locus architecture, we performed 4C-seq
analysis. Viewpoints at the CFTR promoter and −80.1 kb
5′ TAD boundary (Figure 4), and at the −20.9 kb insula-
tor and +48.9 kb 3′ TAD boundary (Supplementary Fig-
ure S2), were used. Two clones that were homozygous for
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Figure 2. Airway epithelial cell chromatin architecture at the CFTR locus: 4C-seq data are shown for Caco2, 16HBE14o- and Calu3 cell lines. At the top
the genomic location of CFTR and adjacent genes on chromosome 7 are shown together with known CFTR cis-regulatory elements. Below, 4C-seq data
are shown for each cell line using viewpoints at the CFTR promoter (upper) and the −80.1 kb 5′ TAD boundary (lower). The 4C-seq data show the main
trend of contact profile using a 5-kb window size as a black line above the domainogram. Relative interactions are normalized to the strongest point (which
is set to 1) within each panel. The domainogram uses color-coded intensity values to show relative interactions with window sizes varying from 2 to 50 kb.
Here, red denotes the strongest interactions and dark blue, through turquoise, to gray represent decreasing frequencies.

each deletion were examined and the data for one of them
is shown. In all cases, the two clones showed an equivalent
profile.

In both the � −35 kb and �-44 kb deletion clones, in-
teractions of the promoter viewpoint with the −20.9 and
the −80.1 kb sites are substantially reduced compared to
WT cells (Figure 4 upper panels, black arrows). Similarly,
with the −80.1 kb viewpoint, a clear loss of interactions

is evident with all sites between this TAD boundary and
the gene promoter, including the remaining −44 or −35
kb and −20.9 kb CREs (Figure 4, lower panels, black bar
and arrows). In addition, interactions between −80.1 and
+48.9 kb TAD boundaries are greatly reduced. In contrast,
in both � −35 kb and �-44 kb deletion clones some novel
interactions are seen between the −80.1 kb viewpoint and
sequences 5′ to the −44 kb site (Figure 4, gray arrows).
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Figure 3. Deletion of the −35 or −44 kb CRE abolishes CFTR gene expression in airway cells. (A) Genomic location of the deleted CREs relative to
the CFTR locus. (B) Location of gRNAs (blue) used for CRISPR/Cas9 mediated deletion of the −44 and −35 kb CREs in the 16HBE14o- cell line. (C)
RT-qPCR analysis of CFTR gene expression in two � −35 kb clones (left) and two �-44 kb clones (right), compared to non-targeted WT clones from the
same experiment. Results are the average of three independent experiments. Error bars represent S.E.M.

Interactions between the −20.9 kb viewpoint are some-
what reduced in the � −35 kb and �-44 kb deletion clones,
though an increase is seen with 3′ part of the locus, specifi-
cally the +6.8 and +15.6 kb sites (Supplementary Figure S2,
upper panels see black arrows). Both these sites were shown
previously to function as enhancer-blocking insulators, the
former being associated with CTCF occupancy (13) while
the latter functions independently of CTCF (30). Interac-
tions with +48.9 kb viewpoint (Supplementary Figure S2,
lower panels) were not substantially altered by deletion of
the −35 kb CREs suggesting these sites do not depend upon
the 3′ TAD boundary for their functions. In contrast loss of
the −44 kb site somewhat enhanced interactions between
the −20.9 and +48.9 kb elements.

A bifunctional role for the −20.9 kb CRE in airway epithelial
cells

In classical plasmid-based enhancer-blocking insulator as-
says (31), the −20.9 kb element impairs the interaction of
the chicken �-globin enhancer with the human � -globin
promoter driving a neor gene, when placed between these
elements (30). Our observations here showing a reduction
in recruitment of the −20.9 kb element to the promoter and
the −80.1 kb 5′ TAD boundary in the � −35 kb and �-44
kb deletion clones encouraged us to re-evaluate the role of
the −20.9 kb site in the genomic locus in airway epithelial
cells. Of note, despite the activity of the strong 5′ enhancer
elements, CFTR expression is low in most airway epithelial
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Figure 4. Deletion of the −35 or −44 kb CRE from the CFTR locus has a major impact on locus architecture. (A) 4C-seq interaction profiles of the same
WT, � −35 kb (Clone #6) and �-44 kb (clone #4) 16HBE14o- clones shown in Figure 3, using viewpoints at the CFTR promoter and the −80.1 kb 5′
TAD boundary. The interpretation of the 4C-seq data is as described in the legend to Figure 2. Features of interest are shown by black or gray arrows or
bars.

cell in comparison to other epithelia. To determine whether
the −20.9 kb element functions primarily as an enhancer-
blocking insulator, fine-tuning the activation of the CFTR
promoter by its strong 5′ enhancers to maintain low expres-
sion levels, we used CRISPR/Cas9 to delete the site from
16HBE14o- cells (Supplementary Figure S3). If the loss of
this site is accompanied by increased CFTR expression and
interactions between the promoter and upstream enhancers,
this would reinforce its primary insulator role. The results in
Supplementary Figure S4A show that −20.9 kb del was ac-

companied by a significant increase in CFTR expression.
However, though this deletion was associated with alter-
ations in locus architecture (Supplementary Figure S4B),
there was no substantial increase in the interactions between
the 5′ enhancers and the promoter. Instead, the loss of in-
teractions between −20.9 and the 5′ TAD boundary was ac-
companied by a substantial increase in interactions of the
5′ TAD boundary with the CTCF- recruiting insulator ele-
ment at +6.8 kb (13), though changes in promoter interac-
tions were more diffuse. This suggests that the −20.9 kb ele-
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Figure 5. The −35 kb enhancer region binds RNAPII. (A) ChIP
for RNAPII in non-targeted (NT) WT (black) and � −35 kb (grey)
16HBE14o- clones. RNAPII occupancy shown by qPCR using primers
for CREs across the CFTR locus (−44, −35 kb, promoter regions (−4,
−3.4 and −2 kb), intron 1 DHS, intron 10ab DHS, intron 23 DHS (12)).
Negative and positive controls were an inactive region of chr11p13 (49),
and the M6PR gene promoter, respectively. Results are n = 3 compar-
ing a NT WT and � −35 kb clone #6. Error bars represent S.E.M. (B)
RNAPII occupancy by ChIP-seq in 16HBE14o- (Olive green) and Caco2
(Brown) cell lines with Omni ATAC-seq and H3K27Ac ChIP-seq panels
for 16HBE14o- as marked. The −44, −35 kb regions and the promoter
region are highlighted in cyan and purple respectively (color scheme and
UCSC browser configuration as in Figure 1).

ment has a dominant role in maintaining locus architecture
and possibly a lesser role in inhibiting enhancer-promoter
interactions.

The −35 kb CRE recruits RNA polymerase II in airway ep-
ithelial cells

Since removal of either the −44 or −35 kb enhancers abol-
ished CFTR transcription, we next tested the hypothesis
that these deletions altered RNA polymerase II (RNAPII)
occupancy at the CFTR promoter. Using an antibody spe-
cific for RNAPII that recognizes both the promoter bound
and elongating forms, we performed ChIP-qPCR with
primers across the CFTR locus (Figure 5A). The mannose-
6-phosphate receptor (M6PR) gene promoter provided a
positive control, based on ENCODE ChIP-seq data for
RNAPII subunit A (POLR2A) (29) and our RNA-seq data
from 16HBE14o- cells (32). RNAPII occupancy was com-
pared in a WT 16HBE14o- clone and a � −35 clone. In the
WT clone (Figure 5A, black bars) primer sets at −3.4 and
−2 kb upstream of the CFTR basal promoter (33) showed
high RNAPII occupancy while intronic sites within the gene
(DHS in introns 1, 10 and 23) showed lower levels. Of partic-
ular note was substantial RNAPII occupancy at the −35 kb

region, suggesting that this enhancer element could be tran-
scribed. In contrast RNAPII binding was reduced in the
� −35 clone, with the greatest occupancy changes at pro-
moter proximal sites. These data suggest the −35 kb CRE
has an important role in CFTR transcription initiation in
the 16HBE14o- cell line.

To extend these observations we used ChIP-seq to
identify genome-wide occupancy of RNAPII in both
16HBE14o- cells and the intestinal adenocarcinoma cell
line Caco2 for comparison, since the latter lacks open chro-
matin and active histone marks at the −44 and −35 kb sites
(10) (Figure 5B). The results confirmed RNAPII occupancy
at the CFTR promoter and at the −35 and −44 kb sites in
16HBE14o- cells, confirming our ChIP qPCR data. In con-
trast, RNAPII occupancy was not seen upstream of the pro-
moter in Caco2 cells. These results suggest that RNAPII has
an important role in the promoter recruitment and utiliza-
tion of the −35 and −44 kb sites in the airway cells. Though
no additional novel sites of RNAPII binding were seen 5′ to
the CFTR promoter in 16HBE14o- cells, a very strong peak
of RNAPII was evident at an H3K4me1 enriched-site at in-
trons 4-6 (34) (Figure 5B), which may relate to the SV40 in-
tegration site mapped close by (35) (Supplementary Figure
S5).

Next we explored the possibility that the substantial re-
cruitment of RNAPII to the −35 and the −44 kb CRE
was associated with production of enhancer RNAs (eR-
NAs) (36). RT-qPCR was performed on total RNA from
WT 16HBE14o- cells, following DNase I-treatment and re-
verse transcription using random hexamers. An eRNA 5′ to
the lysine methyl transferase 2E (KMT2E) gene was used as
a positive control for this assay due to its abundance in lung
tissues (37) and parallel high levels of RNAPII occupancy
(29). Although both the −44 and −35 kb regions produced
low levels of non-coding (nc) RNAs, these were of low abun-
dance compared to the KMT2E ncRNA (Supplementary
Figure S6A). The asymmetric distribution of the eRNAs
relative to the epigenetic features of the −44 and −35 kb
CREs, as shown by H3K27Ac ChIP-seq in 16HBE14o-
bronchial epithelial cells, is shown in Supplementary Figure
S6B. In silico prediction algorithms found little or no coding
potential associated with these low abundance eRNAs, so
any functional significance remains to be determined (38).

Identification of activating transcription factors at the −35
kb CRE

The −35 kb CRE recruits both activating and repressive
TFs in airway cells, though mechanistic understanding of
the element is incomplete. The immune response compo-
nents IRF1 (activator), IRF2 (repressor) and NF-YB were
shown to modulate CFTR expression (9). Also ETS ho-
mologous factor (EHF) and Krüppel-like factor 5 (KLF5),
which both repress CFTR expression, bind to the −35 kb
site (39). As deletion of the −35 kb CRE nearly extin-
guished CFTR expression, we hypothesized that this CRE
likely recruits additional critical activating factors, inde-
pendently of immune challenge. Inspection of ENCODE
consortium data (29), identified a peak of occupancy of
CCAAT/enhancer-binding protein beta (CEBP�) in three
non-airway cell lines at core of the −35 kb CRE (9). CEBP�
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Figure 6. CEBP� is recruited to the −35 kb enhancer. (A) UCSC genome
browser graphic of the CFTR TAD region showing data from Calu3 cells:
top, open chromatin by Omni-ATAC, middle, H3K27Ac by ChIP-seq,
lower track, CEBP� occupancy by ChIP-seq (light red). (B) Enlarged im-
age of A) showing the −35 kb region. (C) Luciferase activity of CRE
−35 kb in luciferase reporter gene assays in 16HBE14o-. Cells were trans-
fected with pGL3B luciferase reporter constructs driven by CFTR basal
promoter (pGL3B 245) alone or with the −35 kb −350 bp WT or mCEBP�
fragments at the enhancer site. pRL Renilla was the transfection control.
The data are normalized to the CFTR basal promoter vector. Error bars
represent S.E.M. (n = 3).

is a leucine zipper domain (bZIP) containing TF that is
involved in immune and inflammatory processes and in-
teracts with the p300 coactivator. To determine if CEBP�
is recruited to the −35 kb CRE in airway cells we per-
formed ChIP-seq with an antibody specific for this factor
in Calu3 cells. Prominent peaks of CEBP� occupancy were
seen at the −35 kb site, which corresponded to a trough
in H3K27Ac enrichment in Calu3 cells and at the pro-
moter (Figure 6A, B). To determine whether recruitment of
CEBP� at the −35 kb CRE was required for its enhancer
activity, we used a luciferase reporter gene assay. A 350
bp sequence encompassing the −35 kb element core was
shown previously to increase CFTR promoter activity in
16HBE14o- cells by ∼40-fold (9). Mutation of the single
in silico predicted CEBP� binding site within the 350 bp
enhancer fragment abolished luciferase expression (Figure
6C). This suggests that CEBP� has a pivotal role in the en-
hancer activity of this site in airway epithelial cells.

DISCUSSION

The CFTR locus has consistently provided a paradigm for
the regulatory mechanisms utilized by large, multi-exon
genes with complex patterns of tissue-specific regulation.
These data make a valuable contribution to understanding
the precise details of transcriptional control mechanisms,
particularly at a time when most models of genome archi-
tecture are built upon genome wide datasets. The regula-
tory mechanisms for the CFTR gene depend upon the re-
cruitment to the promoter of multiple CREs, which appear
to show some cell-type selectivity (6,8,10). CREs within in-
trons of the locus, which are particularly evident in intesti-
nal epithelial cells have been studied most extensively to
date (10,12). Here, we investigate two sites located more
than 30 kb 5′ of the translational start site which are promi-
nent in CFTR-expressing airway cells lines and in primary
bronchial and tracheal epithelial cells. We focus on three as-
pects of these CREs that are of particular mechanistic im-
portance: first, their role in coordinating gene expression by
altering higher order chromatin structure at the CFTR lo-
cus, second their involvement in the recruitment of RNAPII
and activating transcription factors to the locus, and third
the fact that these CREs appear to be non-redundant.

Firstly, our 4C-seq data show that the −44 and −35 kb
enhancers are in close association not only with the active
CFTR promoter, but also the −80 kb TAD boundary in
airway cells. The observations of promoter interactions are
consistent with models whereby distal enhancers, by defini-
tion marked by the H3K27Ac and H3K4Me1 active histone
marks, can promote transcription by looping onto the tar-
get gene promoter aided by the TF recruitment (reviewed
in (40)). However, the enhancer association with the −80
kb TAD boundary warrants further discussion. Of inter-
est is how the 5′ distal enhancers are physically brought
close to the promoter and/or the TAD boundary, and a
role for CTCF would seem plausible. We previously char-
acterized an enhancer-blocking insulator at −20.9 kb 5′
to the promoter, which recruits both CTCF and cohesin
(30). Using a 4C-seq viewpoint at this site we see that dele-
tion of the −44 or −35 kb CREs not only diminishes in-
teractions of −20.9 kb with the −80.1 kb TAD bound-
ary, but also increases interactions with a 3′ CTCF-binding
insulator at +6.8 kb (13) and with the 3′ TAD bound-
ary at +48.9 kb (Supplementary Figure S2, black arrows).
These results suggest that CTCF/cohesin occupancy at the
−20.9 CRE may contribute to the looping of the 5′ en-
hancers to the CFTR promoter. Consistent with this model
are CTCF ChIP-qPCR data demonstrating a significant
loss of CTCF binding at the −20.9 kb element in a −35
kb 16HBE14o- deletion clone when compared to a non-
targeted WT clone (Supplementary Figure S4C). However,
deletion of the −20.9 kb element alone has a similar effect
on locus architecture to removal of the −35 kb enhancer,
with increased interactions between the 5′ TAD boundary
and the +6.8 kb insulator (Supplementary Figure S4B).
These results suggest that CTCF occupancy at the insula-
tor elements may be the driving force in maintaining the re-
quired 3D conformation of the active locus. Hence, though
removal of the −20.9 kb insulator element is associated with
increased CFTR expression, this may not solely be due to
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removal of the barrier between −35 kb and the promoter.
Instead it may be the result of a combination of insulator
removal and the consequence of the alteration in chromatin
conformation across the locus. This interpretation is consis-
tent with our previous data in intestinal cells, where intronic
rather than 5′ enhancers activate the promoter and deletion
of the −20.9 kb site also alters chromatin structure at the
locus. However, in intestinal cells a slight increase in CFTR
expression upon deletion of the −20.9 kb site did not reach
statistical significance (10), but siRNA-mediated depletion
of CTCF caused a significant increase in expression of the
gene (26). Presumably this is due to increased accessibility
to activating transcription factors upon relaxing of the lo-
cus 3D structure.

Secondly, considering the recruitment of RNAPII to
the 5′ CREs: using ChIP-seq and ChIP-qPCR we found
RNAPII occupancy at both sites, with very high enrich-
ment at the −35 kb enhancer. Moreover, the RNAPII peaks
showed a bimodal distribution as is seen at promoters
genome-wide, where one peak likely initiates at the active
TSS and the second represents paused polymerases (41).
Without additional experiments it is not possible to deter-
mine whether enhancer bound RNAPII initiates looping
to the promoter or if RNAPII is recruited to the 5′ en-
hancers and the promoter independent of looping interac-
tions. Long-range Lim Domain Binding 1 (LDB1) - me-
diated enhancer looping at the �-globin locus in erythroid
cells was shown to be independent of RNAPII pre-initiation
complex (PIC) formation, mediator or cohesin (42). Hence,
PIC formation is not a pre-requisite for looping and specific
TFs may orchestrate looping in the absence of RNAPII. Ei-
ther way, it is likely that the mechanism of promoter looping
of the −44 and −35 kb enhancers is in part dependent on
RNAPII which connects these CREs to CTCF foci to facil-
itate coordinated, cell-type-selective transcription (43). Re-
cent data also suggest that the Mediator complex may act as
a functional (non-architectural) bridge between promoters
and their enhancers (44).

Our earlier work on the −44 and −35 kb CREs identified
a very limited repertoire of transcription factors involved
in oxidative stress (−44 kb) and in the immune response
(−35 kb) that were recruited to the sites (9,11). Here, we ex-
tended our findings by mining ChIP-seq data from the EN-
CODE consortium (29). Unfortunately, these data include
very few cell lines that express CFTR, however we observed
CEBP� occupancy at the −35 kb site and RELA Proto-
Oncogene, NF-�B Subunit (RELA), Activating transcrip-
tion factor 2 (ATF2) and p300 at the −44 kb site. Here, we
show direct binding of CEBP� at the −35 kb site in Calu3
cells and demonstrate that disruption of the CEBP� bind-
ing site abolishes enhancer activity of the −35 kb core in
luciferase reporter gene assays. Of note we also see robust
occupancy of CEBP� at the CFTR promoter. Earlier work
by others documented the role of CEBP family members
(CEBP�) in promoter-driven CFTR transcription through
an inverted CCAAT element (45). More recently promoter
bound, phosphorylated CEBP� was also reported (46).
Hence, it is probable that CEBP� and RNAPII may be re-
cruited to the upstream enhancers and the gene promoter
both independently and coordinately.

Thirdly, deletion of the −44 and −35 kb enhancers in-
dividually by CRISPR/Cas9 in 16HBE14o- cells abrogates
CFTR transcription suggesting that these elements are not
redundant, but rather have cooperative activity that is es-
sential for gene expression (11). These results are of par-
ticular interest in the context of enhancers for many devel-
opmental genes and gene clusters showing substantial re-
dundancy (reviewed in (47)). For example, studies in which
genome editing was used to create single and combinato-
rial enhancer deletions at seven loci required for mouse limb
development (48) clearly showed that loss of single limb
enhancers had no impact on limb morphology, while dele-
tion of pairs of enhancers for the same gene generated clear
phenotypes. Moreover, when gene expression levels were re-
duced at single target genes, subsequent loss of individual
enhancers did impair limb development. Our observations
on CFTR suggest that for a locus that is not apparently in-
volved in a complex network of development events there
may be no redundancy in cell-type specific enhancers. How-
ever, our previous work (10) supported by more recent ob-
servations presented here, demonstrate that substantial re-
dundancy exists at sites of architectural protein occupancy
at the CFTR locus. Thus loss of a key CTCF binding site
either within the locus (10) or at the TAD boundary is com-
pensated for by recruitment of adjacent structural elements
to maintain normal gene expression levels.
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