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ABSTRACT

Higher order chromatin structure establishes do-
mains that organize the genome and coordinate gene
expression. However, the molecular mechanisms
controlling transcription of individual loci within a
topological domain (TAD) are not fully understood.
The cystic fibrosis transmembrane conductance reg-
ulator (CFTR) gene provides a paradigm for investi-
gating these mechanisms. CFTR occupies a TAD bor-
dered by CTCF/cohesin binding sites within which
are cell-type-selective cis-regulatory elements for the
locus. We showed previously that intronic and ex-
tragenic enhancers, when occupied by specific tran-
scription factors, are recruited to the CFTR promoter
by a looping mechanism to drive gene expression.
Here we use a combination of CRISPR/Cas9 edit-
ing of cis-regulatory elements and siRNA-mediated
depletion of architectural proteins to determine the
relative contribution of structural elements and en-
hancers to the higher order structure and expression
of the CFTR locus. We found the boundaries of the
CFTR TAD are conserved among diverse cell types
and are dependent on CTCF and cohesin complex.
Removal of an upstream CTCF-binding insulator al-
ters the interaction profile, but has little effect on
CFTRexpression. Within the TAD, intronic enhancers
recruit cell-type selective transcription factors and
deletion of a pivotal enhancer element dramatically

decreases CFTR expression, but has minor effect on
its 3D structure.

INTRODUCTION

The role of the architectural proteins CCCTC-binding fac-
tor (CTCF) and cohesin complex in organizing the higher
order structure of the genome and facilitating coordinated
gene expression is now well-established (1-6). Moreover,
genome-wide studies using a variety of novel approaches
showed the integrated functions of cell-selective transcrip-
tion factors within the topological domains established by
the architectural proteins. Though the global view of chro-
matin organization and its inter-relationship with gene ex-
pression is now becoming clearer, the details, which can be
provided by in-depth investigation of gene clusters or sin-
gle gene loci, require further analysis. Much has been learnt
from analysis of cis-regulatory elements and cell-specific 3D
structures within the globin and homeobox (HOX) gene
clusters (7-15). In contrast there are few single gene loci
that are as well studied as these gene clusters, however one
exception is the cystic fibrosis transmembrane conductance
regulator (CFTR) gene (reviewed in (16,17)). CFTR is a
large (~190 kb) gene lying within a single transcriptional
unit flanked by CTCF- and cohesin complex-binding ele-
ments. The gene is expressed primarily in specialized ep-
ithelial cells, though the relative abundance of the tran-
script shows substantial variation in different tissues. Muta-
tions in CFTR cause the devastating inherited disorder cys-
tic fibrosis (CF). The CFTR locus adopts a looped struc-
ture which is limited by architectural proteins, but within
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which intronic and extragenic cis-regulatory clements are
brought into close association with the gene promoter by
additional chromatin tethers (18-21). The CFTR promoter
appears to lack tissue-specific regulatory elements and cell-
type control is provided by the recruitment of different
sets of cis-elements in airway and intestinal epithelial cells.
To date the best-characterized CFTR cis-elements are en-
hancers, which bind diverse transcription factors in the in-
dividual differentiated cell types. In intestinal epithelial cells
enhancers in introns 1 and 11 of the gene are critical in
driving gene expression. A transcriptional network includ-
ing forkhead box A1/A2 (FOXA1/A2), hepatocyte nuclear
factor 1 (HNF1) and caudal-type homeobox 2 (CDX2) is
recruited to these elements (22,23). In contrast, in some air-
way epithelial cells open chromatin regions at —44 kb and
—35 kb 5 to the CFTR translational start site encompass
elements that respond to antioxidants and interferon regu-
latory factors, respectively (24-26). Another cell type that
expresses abundant CFTR mRNA is the male genital duct
epithelium, where primary cells show a combination of the
cis-regulatory elements of both airway and intestinal epithe-
lium.

Here we take a global view of the CFTR locus and the
role of individual classes of cis-regulatory elements in coor-
dinating its higher order chromatin structure and gene ex-
pression. To achieve this we used CRISPR /Cas9-mediated
deletion of a CTCF-binding insulator element 5’ to the lo-
cus and a pivotal intronic enhancer, followed by an unbiased
chromosome conformation capture technique, 4C-seq. Our
data reveal a mechanism coordinating regulatory elements
across the locus, which senses structural perturbations and
apparently responds to maintain normal gene expression
levels. However, the impact of loss of a key intronic en-
hancer on CFTR transcription cannot be rescued by struc-
tural changes in the locus.

MATERIALS AND METHODS
Cell culture

Caco2 (27) and Calu3 (28) 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 (29). Human bronchial epithelial (HBE)
cells were donated by Dr Scott Randell (UNC) and cul-
tured in Bronchial Epithelial Cell Growth Medium, Lonza.
Adult human epididymis cells (caput) were described previ-
ously (30). Skin fibroblasts (GM08333) from Coriell Insti-
tute were grown in Ham’s F-10 media supplement with 15%
FBS.

Transient siRNA depletion experiments

40 nM Stealth™ CTCF and RAD21 siRNAs (Life Tech-
nologies, LT) (6) along with non-targeting medium GC
negative control siRNAs were forward transfected with
RNAIMAX™ (LT) into Caco2 cells, 48 h after plating.
Cells were harvested 72 h after transfection at which time
they were 48 h post-confluent.
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Reverse transcription quantitative PCR (RT-qPCR)

Total RNA was extracted with TRIzol and cDNA prepared
with the TagMan reverse transcription kit (LT). CFTR
mRNA levels were assayed using a primer/probe set span-
ning exons 5 and 6 (29). The data were normalized to 18s
rRNA as an endogenous control. To verify that the deletion
of the intron 11 enhancer had not caused aberrant splic-
ing of the CFTR transcript RT-PCR was performed with
primers BIR and B1L (31) and products visualized on a 1%
agarose gel.

Chromatin immunoprecipitation (ChIP)

ChIP was performed as previously described (18,22). Anti-
bodies were specific for FOXA2 (Santa-Cruz Biotechnol-
ogy sc-6554x) and goat IgG (sc-2028), CTCF (Millipore
07-729), RNAP II (5¢c-9001x) and rabbit IgG (Milliporel2—
370). Primer sequences used for gPCR can be found in Sup-
plementary Table S1.

DNase-seq

DNase-seq libraries were prepared from Caco2, Calu3,
adult human epididymis and HBE cells as previously de-
scribed (32,33). The first 20 bases of sequencing reads were
used for mapping to the hgl9 genome using Bowtie (34),
allowing a maximum of 2 mismatches. The aligned reads
were then processed with Homer software (35) to generate
tag density files and peak files. DNAse-seq data are available
at GEO (GSE74709).

4C-seq

4C-seq libraries were generated from cultured cells as de-
scribed previously (36). Nlalll and Dpnll or Csp6l were
used as the primary or secondary restriction enzymes, re-
spectively. Enzyme pairs and primer sequences used to gen-
erate 4C-seq libraries for each viewpoint are shown in Sup-
plementary Table S2. Some of the primers contain a 2 nu-
cleotide barcode at the 3’ end of PS5 linker to enable mul-
tiplexing of libraries generated from same viewpoint in the
same Hi-Seq flow cell. Samples were sequenced on Illumina
Hi-Seq machines using standard protocols. The sequencing
data were processed using the 4Cseqpipe protocol (37). All
4C-seq images were generated using default parameters of
the pipeline.

Fluorescence in situ hybridization (FISH) and data analysis

FISH experiments were performed as described previously
(21). Bacterial artificial chromosomes (BACs) (LT) were
used as probes for the —80.1 kb (CTD-2100H12) and +48.9
kb (CTD-3014G19) sites, and a downstream control re-
gion (CTD-2329K1). All images were acquired on a Nikon
A1R+ line scanning confocal microscope equipped with
photo-multiplier tubes. Imaging was done with a Plan Apo
VC 60x Oil, 1.4 NA, objective as a multi-dimensional z-
stack with a consistent step size of 0.25 wm using the Nikon
Elements software. Nuclei, as defined by DAPI staining,
were segmented using the method of Otsu (38) which re-
duces a grey level image to a binary image based on the as-
sumption that the histogram of grey levels present in the
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image will be bi-modal and describes two classes of pixels;
foreground and background. This method was performed
on the bi-modal histogram generated by the collection of
intensity values from every z-plane in the complete image
stack. Nuclei that were close together and thus not well re-
solved by this method were further split by visual inspec-
tion and manual segmentation. Individual FISH signals
were identified through manual intensity based segmenta-
tion with a focus on minimizing the total number of pixels
in each signal. The FISH signal/genomic location was then
calculated as the intensity weighted centroid of the thresh-
olded signal. Given that Caco2 have three copies of Chr7, k-
means clustering was performed for three clusters with the
centroids of all the FISH signals within a single nucleus.
The resultant clusters describe loci on the same chromo-
some and were used to measure the Euclidian distance in
three dimensions between loci of interest.

CRISPR guide design, CRISPR/Cas9 transfection and
screening

Two pairs of gRNAs flanking the —20.9 kb CTCEF site
and the intron 11 enhancer core were identified using the
CRISPR Design Program (http://crispr.mit.edu) (Supple-
mentary Table S3). gBlocks from Integrated DNA Tech-
nologies (Iowa), were amplified with the gRNA primers
and Phusion polymerase and cloned into pSCB (Agilent).
Caco? cells were seeded onto 6-well plates and transfected
after 48 h with 0.11 pmol each of pMJ290 (wild-type Cas9
plasmid tagged with GFP) (Addgene, plasmid #42234), 5
gRNA, and the 3’ gRNA using Lipofectamine 2000 (LT).
48 h after transfection, cells were trypsinized and single cell
suspensions were generated for fluorescence-activated cell
sorting of GFP positive cells. Single cells were plated into
individual wells of a 96-well plate and clones expanded for
screening. Effective deletion of each cis-regulatory element
was confirmed by PCR of genomic DNA using primers
flanking the gRNA PAM sites and sequencing.

RESULTS

The 3D structure of the CFTR locus shows a cell-type-specific
conformation

In order to characterize the 3D structure of the active CFTR
locus in epithelial cells from different tissues involved in
CF pathology, we used 4C-seq (Figures 1 and 2). Epithelial
cell lines from intestine (Caco2 adenocarcinoma) and lung
(Calu3 adenocarcinoma), primary human bronchial epithe-
lial cells (HBE) and primary human epididymis (caput) ep-
ithelial cells were investigated. Skin fibroblasts, which do
not express CFTR provided a negative control representing
the inactive gene. 4C-seq libraries were generated at least
twice for each cell line and from two independent donor
cultures for primary cells. CFTR expression levels in each
cell type were established previously (18,24) and verified in
primary cells by RT-qPCR (not shown). Open chromatin
for each cell type was mapped by DNase-seq and is shown
above each panel in Figures 1 and 2. To identify poten-
tially novel cis-regulatory elements we first interrogated in-
teractions genome-wide with an NIalll restriction fragment

viewpoint at the CFTR promoter (Figure 1, dotted red ver-
tical line). Each panel in Figure 1 shows a different cell type
and black lines mark the main trend of relative interactions
across the locus, while domainograms (39) underneath show
interaction frequency with multiple scales. Relative inter-
actions are always strongest close to the viewpoint due to
the physical proximity of the restriction fragments (20,37).
Specific long-range interactions are indicated by peaks of
the main trend, together with a local increase in intensity
of the domainogram. In Caco2 cells, consistent with previ-
ous 3C results (18,20,21), strong interactions are evident be-
tween the CFTR promoter and —80.1 kb, —20.9 kb, introns
10/11, and several elements at the 3’ end of the gene (indi-
cated by black arrows). In addition to these sites, the 4C-
seq data reveal novel regions interacting with the promoter
including within introns 2, 4, the 3’ end of the gene, and
+48.9 kb downstream of the last exon (marked by gray ar-
rows). In contrast, in Calu3 cells, no interactions were seen
between the CFTR promoter and any intronic elements,
though those with the —80.1 kb and +48.9 kb sites, and
the 3’ end of the gene, are evident. In addition, a strong
interaction is seen between the promoter and an element
at —35 kb 5’ to the gene (black arrow) in Calu3 cells. This
element encompasses an airway-selective enhancer for the
CFTR promoter that responds to interferon regulatory fac-
tors (IRF1/2) (25). In HBE cells, the promoter interacts
with the same region of intron 2 that is seen to interact in
Caco2 cells and also with multiple sites between intron 4
and the middle of intron 10. Elements immediately 3’ to
the gene and the +48.9 kb element are also brought into
close association with the promoter in HBE cells, though
the intron 11 intestinal enhancer is not. Specific interac-
tions upstream of the promoter are less evident in these
cells. The CFTR 4C profile in primary epididymis cells is
similar to that of HBE cells within the locus and 3’ to it.
However, unique to the epididymis are the extensive strong
interactions of upstream sequences with the promoter, par-
ticularly elements at —80.1, —44, —35 and —20.9 kb to the
gene. Weak interactions are also detected far upstream of
the —80.1 kb CTCF binding site, within the Wingless-Type
MMTYV Integration Site Family Member 2 (WNT2) locus,
which are not seen in other cell types. The high interaction
frequency seen at —44 and —35 kb corresponds to two DHS
that we observed previously using DNase-chip in fetal pri-
mary epididymis cells (18) and DNase-seq analysis of adult
epididymis caput cells (indicated by arrows). However, these
elements may not be occupied by the same factors in epi-
didymis and airway cells. Though the DHS associated with
the strong intestinal enhancer in intron 11 is also evident
in fetal and adult epididymis, only weak interactions were
seen between the CFTR promoter and this site in the epi-
didymis 4C-seq profile. In comparison to the epithelial cells
with active CFTR loci, the locus is inactive in skin fibrob-
lasts, consistent with the absence of significant interactions
across the region, though the topological domain encom-
passing the gene is evident.

Next, 4C-seq was done in the same cell types using a
viewpoint at the —20.9 kb enhancer blocking insulator site,
which binds CTCF (4,40) (Figure 2, red dotted line). All the
cells showed some level of association between this view-
point and elements at the 3’ end of the gene and the +48.9
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Figure 1. Cell-type-specific chromatin structure at the CFTR locus: 4C-seq profiles with a CFTR promoter viewpoint. A schematic at the top shows the
genomic location of CFTR and adjacent genes on chromosome 7 and below are known cis-regulatory elements for the CFTR locus. The nomenclature
represents distance in kb (—) 5 to the translational start site and (+) 3’ to the last coding base. Open chromatin mapped by DNase-seq and 4C-seq data
are shown for Caco2, Calu3, HBE, epididymis and skin fibroblast cells. Representative data from one of the replicates are shown here. DNase-seq data are
presented as histograms from screen shots of data sets uploaded to the UCSC genome browser. 4C-seq data are presented in alignment with the DNase-seq
data and have two subpanels. The upper panel indicates the main trend of contact profile using a 5-kb window size. Relative interactions are normalized to
the strongest point (which is set to 1) within each panel. The lower panel is a domainogram (39), which 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
gradually decreasing frequencies. Arrows denote important data features described in the results.
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Figure 2. Cell-type-specific chromatin structure at the CFTR locus: 4C-seq profiles with a —20.9 kb CTCF-binding insulator viewpoint. Cell types, DNase-
seq data and 4C-seq data presentation as described in Figure 1.



kb CTCEF binding sites. These interactions were strongest in
Caco2 and HBE, though also present in Calu3 and weakly
in primary epididymis cells, suggesting a higher order chro-
matin structure that was independent of cell type. Also of
note is that interactions decreased dramatically upstream of
—80.1 kb and downstream of +48.9 kb (shown by the do-
mainogram) in all cell types, with both promoter and —20.9
kb viewpoint. This is indicative of a potential topological
domain or sub-domain at the CFTR locus. In cell types with
promoter: enhancer interactions at —35 and —44 kb (Calu3
and epididymis), a low level of interaction is also seen up-
stream of the —80.1 kb site. Caco2 cells show unique in-
teracting regions with the —20.9 kb viewpoint in intron 1,
intron 4 and intron 10 which may reflect cis-regulatory el-
ements specific to intestinal cells. In all cases, there was a
strong correlation between 4C interactions and regions of
open chromatin shown by DNase-seq. Some interactions
are seen between the —20.9 kb bait and the WNT2 gene
in Calu3 airway cells and primary human epididymis cells.
This peak of interaction corresponds to a cell type selec-
tive CTCF binding site (ENCODE data), though it is much
weaker than interactions with other CTCEF sites across the
locus and in CTTNBP2 on the 3’ side.

The CFTR locus is demarcated by a topological domain in
which cell-type-specific chromosome looping occurs

Topological domains (TADs) are usually conserved across
cell types and their borders are enriched for CTCF sites
(41). To further characterize role of CTCF in the chromatin
structure at the CFTR locus, we designed additional 4C-seq
viewpoints at the —80.1 and +48.9 kb CTCF binding sites
flanking the locus (21). 4C-seq data from each viewpoint in
Caco? cells are shown in Figure 3. A lack of interactions
with all viewpoints beyond the —80.1 and +48.9 kb sites,
suggested that these two CTCEF sites define the boundary of
a TAD or sub-TAD at the CFTR locus. To verify this inter-
pretation, we used published human fibroblast Hi-C data
(http://www.3dgenome.org) to define the TADs surround-
ing CFTR and observed an identical domain to that illus-
trated by our 4C-seq data (Supplementary Figure S1). The
4C data also showed that the two boundary CTCF bind-
ing sites at —80.1 and +48.9 kb, interact strongly with each
other, but show relatively weaker associations with the gene
body in the middle of the TAD. In contrast, the —20.9 kb
CTCF binding site viewpoint interacts strongly with both
the boundary CTCF sites and with intronic elements, which
also associate with the promoter. These data reveal two lev-
els of chromosome looping involving CTCF at the CFTR
locus: the first maintains the overall 3D structure of the
topological domain, while the second facilitates recruitment
of cis-regulatory elements to the gene promoter. To verify
the interaction between the boundary CTCF sites, we per-
formed FISH using BAC probes (CTD-2100H12 covers the
—80.1 kb site and CTD-3014G19 encompasses the +48.9
element). A BAC (CTD-2329K 1) mapping downstream of
the +48.9 kb element, at an equal genomic distance as the
—80.1 to +48.9 kb interval, was chosen as a control probe
(Supplementary Figure S2A). Quantification of the FISH
signals (Supplementary Figure S2B) in 94 nuclei shows that
the —80.1 and +48.9 kb sites are significantly closer together
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than are the +48.9 kb site and the control probe (Supple-
mentary Figure S2C).

CTCF/cohesin complex are required for maintaining the 3D
chromatin structure and proper regulation of the CFTR locus

We previously showed that CTCF and cohesin complex had
distinct roles in modulating the higher order structure of
the CFTR gene (21). While both were involved in maintain-
ing the 3D structure of the locus, cohesin had an additional
role in stabilizing the interactions between the gene pro-
moter and specific cis-regulatory elements. Moreover, loss
of both CTCF and Rad21 (a subunit of the cohesin com-
plex) increased CFTR expression levels (21). Having estab-
lished by 4C-seq that the interaction of CTCF binding sites
governed the structural organization of the active CFTR lo-
cus, we next investigated the direct contribution of these
architectural proteins. CTCF and Rad21 were simultane-
ously depleted in Caco? cells by siRNA (Figure 4 inset) and
the impact on the CFTR locus interaction profile was mea-
sured by 4C-seq (Figure 4). Using viewpoints at either the
promoter or —20.9 kb in comparison to negative control
siRNA, the CTCF/Rad21 siRNAs caused a dramatic and
global decrease of interactions across the whole topologi-
cal domain. The interactions between the promoter view-
point and CTCEF sites at —80.1, —20.9 and 48.9 kb were
either greatly reduced or lost completely, as were associ-
ations with intronic regions 3’ to the middle of the locus.
Intronic regions 5 to and including intron 11 still showed
some interactions with the promoter but at a greatly re-
duced frequency. The downstream boundary of the topo-
logical domain was barely evident using either the promoter
or the —20.9 kb viewpoint, though overall the loss of as-
sociations with the latter was greater. The interaction pro-
file upstream of the —20.9 kb viewpoint was less affected
by CTCF /cohesin depletion, implicating other factors in
maintenance of these structures. We showed previously that
CTCF/RAD21 depletion in Caco?2 cells does not alter ex-
pression of the genes immediately adjacent to CFTR on the
5" and 3’ side (21).

Loss of a CTCF-binding insulator element at —20.9 kb en-
hances CTCF recruitment at adjacent sites, maintaining lo-
cus architecture and CFTR expression

To determine the contribution of a single CTCF binding
site to the higher order structure and expression of CFTR,
the —20.9 kb insulator (40) was removed from the endoge-
nous locus in Caco?2 cells. CRISPR/Cas9 technology (42)
with two flanking guides was used to remove an ~1.2 kb
fragment encompassing the —20.9 kb element from all three
CFTR alleles in these cells (Caco2 is trisomic for chromo-
some 7) (Supplementary Figure S3A, B). Two independent
deletion clones were evaluated together with non-targeted
WT clones arising from the same experiment to exclude ar-
tifacts of clonal variation. First, we examined CTCF oc-
cupancy at known binding sites across the locus by ChIP.
CTCEF sites were described previously (21) and additional
sites within the locus were also assayed (Figure 5A). Loss
of the —20.9 kb element caused a statistically significant in-
crease in CTCF occupancy at the —80.1 kb site, when com-
pared to wild-type, and also increases at sites in intron 1
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Figure 3. Chromatin structure at the CFTR locus in Caco?2 cells analyzed from multiple viewpoints. 4C-seq data and DNase-seq data presentation in
Caco?2 cells as described in Figure 1. Viewpoints are CTCF-binding sites at —80.1, —20.9 and +48.9 kb and at the promoter.

and 3’ to the locus at +48.9 kb. These data suggested that
loss of a critical CTCF site caused a re-distribution of the
architectural proteins to maintain the 3D structure of the
active locus. Consistent with the CTCF ChIP data are 4C-
seq results (Figure 5B) showing changes in looping inter-
actions across the locus after removal of the —20.9 kb site.
Though the overall TAD remained intact, as would be pre-
dicted since this element is not at the TAD boundary, inter-
actions between CTCF binding sites at —80.1 and +48.9 kb
and with the gene promoter were altered. With the +48.9
kb viewpoint, a reduction in interactions with —20.9 kb re-
gion was accompanied by increased interactions with —80.1
kb and 3’ end of CFTR in deletion clones (indicated by ar-
rows). With the —80.1 kb viewpoint, interactions were in-
creased across the locus and with the +6.8 kb CTCF site,
in the del-20.9 clones (indicated by arrows). The promoter
viewpoint showed that deletion of —20.9 kb increased inter-
actions with the —80.1 kb site and —35 kb sites but reduced
interactions with specific, but not all enhancer elements in
the 5 half of the locus (indicated by arrows). Next we per-
formed RT-qPCR to measure CFTR expression levels in the

—20.9 kb deletion clones in comparison to WT clones and
showed that the minor increase (1.25-fold) was not signifi-
cant (Figure 5C). This suggests that the —20.9 kb site pri-
marily plays a structural role at the locus and in its absence
other CTCEF sites can at least partially compensate for its
function.

To confirm that the alteration in CTCF occupancy after
removal of the —20.9 kb element was specific to the CFTR
locus we examined CTCF binding at the gel-forming mucin
gene cluster on chromosome 11. We previously reported the
role of CTCF in the organization of this multi-gene cluster
(43). No difference in CTCF occupancy was observed by
ChIP at two critical CTCF binding sites in the region (sites
IV and IX) in WT and —20.9 kb deletion clones (Supple-
mentary Figure S5).

Deletion of a strong enhancer in intron 11 has little impact on
the 3D architecture, but represses CFTR gene expression

Previously we characterized a strong intestinal selective en-
hancer in intron 11 of CFTR (DHSI11) (18,22). To deter-
mine how cis-regulatory elements such as this enhancer con-
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Figure 4. Depletion of CTCF and cohesin complex has a dramatic impact on chromatin structure at the CFTR locus. 4C interaction profiles of the CFTR
locus in Caco? cells after CTCF/Rad21 knockdown (KD). Top right inset. Efficacy of CTCF/Rad21 KD: western blots of cell lysates from Caco?2 cells
co-transfected with CTCF, RAD21-specific or negative control (NC) siRNAs, probed with antibodies to CTCF, RAD21 and B-tubulin. 4C-seq viewpoints
are at the CFTR promoter and —20.9 kb in negative control or CTCF/Rad21 double knockdown (KD) Caco2 cells. CTCF ChIP-seq data combined from

multiple cell types are from ENCODE (62).

tribute to higher order chromatin structure and gene ex-
pression we again used CRISPR/Cas9 technology to re-
move it from Caco? cells. Approximately 1.2 kb encompass-
ing the binding sites for critical transcription factors driv-
ing the intron 11 enhancer (FOXA1/2, HNF1 and CDX2
(18,22,23)) were removed as shown in Supplementary Fig-
ure S3C. Deletion of DHSI11 (delll) from all three CFTR
alleles in targeted Caco?2 cell clones was verified by PCR of
genomic DNA (Supplementary Figure S3C and D). Three
wild-type (non-targeted) and three delll clones were used
for further analysis. CFTR expression in these clones was
measured by RT-qPCR and deletion of the enhancer re-
duced transcript levels by more than 80% (Figure 6A). To
verify that the deletion of DHS11 did not interfere with the
normal splicing of CFTR mRNA, we performed RT-PCR
with primers spanning from exon 6 through exon 13 of the
transcript (44). The results show no differences in splicing
between WT and delll clones (Supplementary Figure S4).
4C-seq was next performed on both WT and delll clones

and though no substantial changes in the 3D structure of
the locus were evident with a promoter viewpoint, interac-
tions with —20.9 kb became weaker in some intronic regions
marked by arrows (Figure 6B). Delll clones also showed
minor changes in the interaction profile between both view-
points and the intron 4 to intron 10 regions. Since chromatin
structure of the locus did not show major changes after loss
of DHS11, we examined whether delll altered recruitment
of critical transcription factors to other elements in the lo-
cus. FOXAZ2, a pioneer transcription factor (45), regulates
CFTR (22,23) by recruitment to several intronic sites. We re-
cently confirmed by ChIP-seq in Caco?2 cells that FOXA2 is
enriched at the CFTR promoter and at regulatory elements
within introns 1, 10 and 11 of the locus among other sites
(46). ChIP for FOXA2 in WT and delll clones, followed
gPCR for key binding sites across the locus showed a sig-
nificant loss of FOXAZ2 binding at a site in intron 10 (Fig-
ure 6C), though no significant change in occupancy at the
promoter or an enhancer in intron 1. To investigate further
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the mechanism of delll induced loss of CFTR expression,
we measured enrichment of RNA polymerase II (RNAP 1)
across the locus by ChIP (Figure 6D). In addition to occu-
pancy at the CFTR promoter in WT Caco?2 cells, RNAP 11
is enriched at the active cis-regulatory elements in intron 1,
10 and 11. A regulatory site in intron 19 that is not utilized
in Caco2 cells is also bound by RNAP II, illustrating the
active transcriptional state of the locus. The delll clones
show a significant reduction in RNAP II occupancy at the
promoter, intron 1, 10 and 11, suggesting a global loss of the

polymerase across the CFTR locus. These data suggest that
the intron 11 enhancer participates in recruitment of RNAP
II to the CFTR promoter as well as to intronic regions.

DISCUSSION

Our high-resolution analysis of CFTR 3D chromatin ar-
chitecture reveals novel features of the behavior of a sin-
gle locus in different cell lineages. We detect a conserved
topological domain or sub-domain spanning ~320 kb with
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boundaries at —80.1 kb and +48.9 kb flanking the CFTR
gene, irrespective of its expression levels. Consistent with
the original description of the domain structure of the mam-
malian genome by Hi-C and 5C techniques (41,47), we show
that the boundaries of the TAD at the CFTR locus are cell
type independent and enriched for CTCF and cohesin com-
plex (21). Our data also suggest that there are two discrete
but interrelated types of chromatin looping at the locus:
the first establishes and maintains the TAD, while the sec-
ond brings enhancers and other cis-regulatory elements into
close association with the gene promoter and the CTCF
structural network. The latter loops are likely formed hier-
archically within the topological domain and are cell-type
dependent. Consistent with this model is the general lack of
intra-domain interactions within the CFTR TAD in the fi-
broblast cells, which do not express the gene and the unique
loop footprints seen in intestinal, airway and epididymis ep-
ithelial cells, all of which express abundant CFTR. Further
evidence is provided by the observation that disruption of
the looping interactions by depletion of CTCF Rad21 alters
CFTR expression.

CTCF and cohesin complex occupy many of the same
sites genome-wide and both mediate long-range interac-
tions (3,4,6,48-52). Our data provide direct evidence for
the maintenance of higher order chromatin structures be-
ing dependent on CTCF and cohesin complex, and are in
agreement with observations at the B-globin locus (14), at
a complex gene cluster (Hox) through development (53)
and genome-wide (5,14,54). The high-resolution studies on
a single locus (CFTR) that are described here contribute
a more detailed level of understanding of the underlying
mechanisms. We show that depletion of CTCF/Rad21 not
only destroys the TAD structure, but also disrupts the intra-
domain enhancer-promoter interactions. Looking in more
detail at the two levels of chromatin looping, for example
in Caco?2 cells, the CTCF /cohesin sites at either end of the
TAD ((21), site I, —80.9 kb and site 1V, +48.9 kb), seem to
isolate the CFTR locus from regulatory signals from out-
side the domain. Moreover, CTCF/RAD21 depletion has
little or no impact on interactions between elements within
the TAD and adjacent regions outside it. This suggests that
either minimal occupancy of these proteins is required to
maintain the boundaries, other proteins may compensate
for their loss or that the TAD has inherent structural fea-
tures based on DNA sequence alone. It is of interest that
structural disruption of TADs directly impacts promoter
enhancer interactions and is associated with disease pheno-
types (59).

In contrast, though the CTCF/cohesin site at —20.9 kb
has enhancer blocking insulator activity (40) and interacts
with the CTCEF sites at the TAD boundaries (—80.1 kb and
+48.9 kb), it also has a pivotal role in looping within the
TAD, which recruits cis-regulatory elements to the gene
promoter. siRNA-mediated depletion of CTCF/Rad21 at
this site may be largely responsible for the global loss of in-
teractions of intronic sites with the gene promoter. This sug-
gestion is supported by the observation that deletion of the
—20.9 kb element decreases interactions between the CFTR
promoter and specific intronic regions of the gene. It is of in-
terest that despite this loss of intragenic looping CFTR gene
expression is not significantly affected by the deletion. There

are many potential explanations for this observation. These
include an inbuilt redundancy of CTCF /cohesin binding
sites, so that increased CTCF occupancy and interactions
with other nearby sites (for example immediately adjacent
to —20.9 kb, or within intron 1 of CFTR) could compen-
sate for the loss of the —20.9 kb site. Alternatively, re-
moval of the —20.9 kb site facilitates interaction between
the CFTR promoter and 5 enhancers at —35 and —44 kb
that are not normally active in Caco? cells (25,26). The 4C -
seq data would support this suggestion (Figure 5), however
the critical factors that drive these 5’ enhancers in airway
cells may not be present in intestinal cells. It is also pos-
sible that removal of the —20.9 kb CTCEF site destabilizes
the CFTR locus so facilitating interactions outside the do-
main, though these appear generally to be weak. Alterna-
tively, recruitment of critical transcription factors to the in-
tronic enhancers may transmit signals to the gene promoter
by looping-independent mechanisms.

The high-resolution structure/function data on CFTR
presented here greatly advance our understanding of the
cell-type specific regulatory mechanisms for this complex
gene. Previously, a strong intestinal enhancer element was
identified in intron 11 of CFTR gene in Caco? cells, which
was shown to interact with the gene promoter by 3C assays
(18,22). The unbiased 4C-seq data presented here not only
confirmed the 3C data, but also identified multiple addi-
tional interacting regions that could contribute to the gene
regulation. Some of these regions may contain novel en-
hancers, as suggested by histone modifications (56), while
others may be bystanders in the looping mechanism. Con-
sistent with this suggestion are the results of deleting the
intron 11 enhancer in Caco2 cells. Removal of this site re-
presses CFTR expression by more than 80%, but does not
abolish global interactions between the 5 half of the locus
and the gene promoter, implicating additional sites in driv-
ing the looping. The deletion also results in increased in-
teractions with other sites within and outside the gene. Our
observation that removal of the intron 11 enhancer reduces
RNAP II occupancy at the gene promoter by only ~50%
likewise predicts the interaction of multiple intronic en-
hancers with the CFTR promoter. Indeed, we reported the
involvement of several critical intronic enhancers in Caco2
cells in previous work (18). It is also of note that RNAP II
occupancy is reduced to the same extent (~50%) at several
other sites across the locus suggesting that deletion of the
intron 11 enhancer does not impact CFTR transcript elon-
gation.

In Calu3 airway cells, intronic interactions are much less
evident than in Caco2 cells, but a relatively strong inter-
action is seen with the —35 kb region. This is of interest
since we previously identified an airway-selective CFTR en-
hancer at —35 kb that responds to interferon regulatory fac-
tors (24,295). Its recruitment to the CFTR promoter by loop-
ing events in airway cells might be predicted. Primary hu-
man epididymis (caput) cells, from more than one biological
replica, show a distinct 4C-seq profile with very strong inter-
actions between the gene promoter and upstream elements.
Epididymis cells express very high levels of the CFTR tran-
script (18,30,57) and these data suggest that CFTR expres-
sion may be driven by additional 5 cis-regulatory elements
in these cells.



Finally, we integrated the cell type dependent chromatin
structures we observed at the CFTR locus with our open
chromatin data, ChIP-seq data for both transcription fac-
tors (TFs) and histone modifications (56). In Caco?2 cells,
interacting regions identified by 4C show a high degree of
overlap with open chromatin regions revealed by DNase-
seq data (Figures 1 and 2). Similarly, these regions coincide
with peaks of occupancy by TFs, which participate in the
network activating CFTR expression in intestinal epithelial
cells. Important TFs include FOXA2, CDX2, HNF1 and
HNF4a (22,23,46,58), (Yang et al. submitted). These ob-
servations suggest a strong relationship between the regula-
tory network and 3D chromatin structure. This suggestion
is supported by our previous results showing that depletion
of FOXA2 concurrently represses CFTR expression and in-
teractions between the gene promoter and intronic regula-
tory elements (23). It also coincides with data from pluripo-
tent stem cells, showing that loss of important transcription
factors disrupted pluripotency-specific long range interac-
tions (59-61). The correlation between cell-specific genomic
interactions and open chromatin is also seen in Calu3 (56)
and human primary epididymis cells (Figure 1). In conclu-
sion, the CFTR gene provides a paradigm for understand-
ing detailed regulatory mechanisms at a single locus, and
can inform studies on other loci. These mechanisms involve
the interplay of architectural proteins, transcription factors
binding to cis-regulatory elements and chromatin modifi-
cations, to establish and facilitate dynamic responses of the
3D chromatin structure.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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