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Abstract

Robust protocols to examine 3D chromatin structure have greatly advanced knowledge of gene 

regulatory mechanisms. Here we focus on the cystic fibrosis transmembrane conductance regulator 

(CFTR) gene, which provides a paradigm for validating models of gene regulation built upon 

genome-wide analysis. We examine the mechanisms by which multiple cis-regulatory elements 

(CREs) at the CFTR gene coordinate its expression in intestinal epithelial cells. Using CRISPR/

Cas9 to remove CREs, individually and in tandem, followed by assays of gene expression and 

higher-order chromatin structure (4C-seq), we reveal the cross-talk and dependency of two cell-

specific intronic enhancers. The results suggest a mechanism whereby the locus responds when 

CREs are lost, which may involve activating transcription factors such as FOXA2. Also, by 

removing the 5′ topologically- associating domain (TAD) boundary, we illustrate its impact on 

CFTR gene expression and architecture. These data suggest a multi-layered regulatory hierarchy 

that is highly sensitive to perturbations.
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1. Introduction

The direct interaction of cell-type specific enhancers with the gene promoter is known to be 

critical for expression of the cystic fibrosis transmembrane conductance regulator (CFTR) 

gene [1–3]. However, our understanding of the mechanisms underlying this interaction is 

incomplete: i) what drives the coordination of multiple cis-regulatory elements (CREs) in 

a cell, ii) what is the contribution of chromatin structural elements and of cell-selective 

transcription factors? To address these key questions we used a combination of CRISPR/

Cas9 manipulation of CREs, siRNA-mediated depletion of TFs and examination of higher 

order chromatin structure and gene expression. We focus specifically on intronic enhancers 

in CFTR that are utilized in intestinal epithelial cells, and on the transcription factors (TFs) 

that bind to them.

Mutations in CFTR cause cystic fibrosis (CF) and several related phenotypes [4]. Current 

attempts to repair the gene in individuals with CF who lack CFTR protein, and thus are 

not responsive to current pharmacological therapies [5], are focused on gene editing or gene 

replacement. For both approaches a detailed knowledge of CFTR regulation is pertinent. 

The CFTR locus is organized within a topologically associating domain (TAD) flanked by 

sites of CCCTC-binding factor (CTCF) and cohesin occupancy at −80.1 kb upstream and + 

48.9 kb downstream of the gene (the TAD boundaries) [1,2,6–8]. Within this TAD, specific 

CREs play critical roles in the regulation of CFTR expression. We previously identified 

and characterized multiple cell-type specific CREs at the locus, which are summarized 

in Suppl. Table 1 according to genomic location (hg19) and common name according 

to Legacy and Standard (Refseq) nomenclature. These CREs include both structural and 

enhancer elements in addition to some sites with as yet uncharacterized functions. Critical 

among the structural elements are two sites at −20.9 kb [9] and + 6.8 kb [10] which 

have classical enhancer-blocking insulator activity (insulators), that is the ability to prevent 

enhancer-promoter interactions in an in vitro assay [11], and that bind CTCF in a cell-type 

selective manner. An additional insulator element 3′ to the gene at +15.6 kb does not bind 

CTCF [12,13].

Here we focus on enhancers associated with DNase I hypersensitive sites (DHS) in intron 

1 (int1) and intron 11 (Legacy; int11) of CFTR, which were previously studied in detail 

individually [1,14–18]. We now address their coordinated mechanism of interaction in the 

same cell type. Int1 (at 185 + 10 kb, where 185 is the last base in CFTR exon 1) was 

shown to be an important CFTR enhancer in a transgenic mouse model, with the human 

CFTR gene on a yeast artificial chromosome (YAC). Deletion of int1 from the YAC reduced 

human CFTR expression by 60% [15]. Similarly, CRISPR/Cas9-mediated removal of the 

int11 enhancer from its endogenous location in Caco2 colon carcinoma cells reduced CFTR 
expression by ~80% [2]. Together with other CREs across the CFTR locus [19], both 

int1 and int11 sites recruit hepatocyte nuclear factor 1 (HNF1) [16], forkhead box A2 

(FOXA2) [2,17,18,20] and caudal-type homeobox 2 (CDX2) [17,18,21] transcription factors 

in intestinal epithelial cells. Depletion of FOXA2 and CDX2 reduces CFTR expression in 

Caco2 cells [17,18] and Cftr expression is diminished in the small intestine of Hnf1 −/− 

mice [19]. Of note, CDX2 is the most over-represented motif in open chromatin mapped 

by assay for transposase accessible chromatin (ATAC-seq) in human intestinal organoids 
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[22], a model for CFTR functional assays. Though most evident in cells of intestinal origin, 

int11 is also seen in a subset of human pancreatic adenocarcinoma cells and in human 

epididymis-derived epithelial cells [1,2].

Another common feature of the int1 and int11 CREs is their direct looping interaction 

with the CFTR promoter, as evidenced by several chromatin conformation capture protocols 

[1,2,6–8]. Due to the proximity of int1 to the promoter its interaction data are less robust 

than those of int11. The availability of detailed chromatin conformation capture data 

together with knowledge of key activating transcription factors for these sites enabled us to 

interrogate the mechanism underlying the cross-talk between int1, int11, structural features 

of the locus and the transcriptional network. To achieve this, we built upon data from Caco2 

cell clones generated previously, from which the int11 CRE was removed by CRISPR/Cas9 

non-homologous end joining (NHEJ) [2]. We generated clones in the same cell line from 

which the int1 element alone was removed, or both int1 and int11 sites were deleted within 

the same clone. Next we examined the impact of these deletions on higher order chromatin 

structure across the CFTR locus and on CFTR expression. The results suggest that the int1 

element, though a weak enhancer, has a greater structural role at the locus and may facilitate 

the recruitment of the stronger int11 enhancer to the gene promoter. Loss of both enhancers 

activates other CREs at the locus. Also, using siRNA-mediated depletion of specific TFs we 

detail a pivotal role for these factors in the active locus 3D structure. Our results will inform 

mechanisms of regulation of other large genes with complex cell-type specific expression 

patterns.

2. Materials and methods

2.1. Cell culture

The Caco2 cell line [23] was purchased from ATCC and grown in DMEM (Dulbecco’s 

Modified Eagle’s medium) with 10% FBS (fetal bovine serum). For all experiments with 

Caco2 cells they were harvested 48 h post-confluence, a time at which CFTR expression is 

close to maximum levels [19].

2.2. CRISPR guide design, CRISPR/Cas9 transfection and screening

One pair of gRNAs flanking the DHS in intron 1, intron 11 region [2], −80.1 kb, and 

+ 15.6 kb (Suppl. Table S3) were designed using the CRISPR Design Program (http://

crispr.mit.edu). gBlocks from Integrated DNA Technologies (Iowa), were cloned into pSCB 

(StrataClone 240207) and sequenced to verify the correct sequence. Caco2 (WT) or Caco2 

Δint1 cl1 (this work) or Caco2 Δint11 cl6 [2] cells were transfected with pMJ290 (wild-

type Cas9 plasmid tagged with GFP) (Addgene, #42234) and the cloned gRNAs (for the 

particular deletion) in pSCB; using Lipofectamine 2000 (Life Technologies (LT), Carlsbad, 

CA). 48 h 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 

deletions 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 

flanking primer together with one located within the deletion (no product) and by Sanger 

sequencing. Primers are shown in Suppl. Table S2.
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2.3. Reverse transcription quantitative PCR (RT-qPCR)

Total RNA from confluent cultures was extracted with TRIzol (LT) and cDNA prepared with 

the.

TaqMan reverse transcription kit (Invitrogen). CFTR mRNA levels were assayed in duplicate 

using a well characterized Taqman assay [19] (Suppl. Table S2) and normalized to beta 2 

microglobulin (β2M) as a housekeeping-gene control. All experiments were performed in 

triplicate.

2.4. siRNA-mediated depletion of transcription factors

For protein lysates and 4C-seq experiments upon knockdown, 3 × 106 Caco2 cells were 

seeded in 10 cm dishes. After 24 h, they were forward transfected with NC siRNA-A 

(Santa Cruz sc-37007) or FOXA1 (sc-37930) and FOXA2 (sc-35569), CDX2 (sc-43680), 

or GATA6 (sc-37907) siRNAs at 200 pmol/dish using Lipofectamine RNAiMAX reagent. 

96 h post-transfection, cells were harvested and pellets were prepared as per [24] for 

4C-seq library preparation and analysis as explained below. Cell lysates were also collected 

simultaneously for validation of TF depletion by western blots. (Suppl. Table S4).

2.5. Western blot

To validate the knockdown of CDX2, 96 h post-transfection, lysates were collected using 

NET buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 1 mM EDTA) supplemented 

with Triton-X 100 and protease inhibitors (Sigma). Protein concentration was determined by 

Bradford assay. SDS sample loading buffer with β-mercaptoethanol was added and samples 

were boiled at 95 °C for 5 min and then resolved by SDS-PAGE, transferred to Immobilon 

membrane and western blots probed with antibodies specific for FOXA1 (Abcam 23738)/A2 

(Millipore 07–633) CDX2 (Bethyl Laboratories #A300–692A or GATA6 (Cell signaling 

#D61E4) and β-tubulin (T4026, Sigma-Aldrich) with ECL detection.

2.6. Circular chromatin conformation capture and sequencing (4C-seq)

4C-seq libraries were generated from cultured cells as per [24] or [25]. 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 viewpoint are shown in Suppl. Table S2. The primers are marked with a unique 

barcode to enable multiplexing of libraries generated from same viewpoint on the same 

Hi-Seq 4000 or NextSeq 550 flow cell for sequencing. The sequencing data were processed 

using the 4Cseq pipe protocol [26] for the generation of domainograms and the data were 

quantified and mapped using the pipe4C processing pipeline [24]. For both pipelines, default 

parameters were used. Raw reads were aligned to the hg19 genome using Bowtie2 v4.8.3 

and sorted using SAMtools v1.3. Bigwig subtraction tracks were generated using deepTools 

bigwigCompare [27] with default settings.
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2.7. 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).

3. Results

The genomic region encompassing the CFTR locus and the location of key CREs in 

intestinal epithelial cells are shown in Fig. 1A and Suppl. Table 1, which defines CFTR 
CREs in multiple cell types according to their coordinates on hg19 and hg38, with Legacy or 

RefSeq nomenclature.

3.1. Cross talk between intronic cis-regulatory elements of CFTR

a) Generation of single and double CRE deletion clones in Caco2 cells—In 

order to investigate the dependency of different CREs in one cell type we focused on two 

intestinal enhancers of CFTR located in intron 1 (185 + 10 kb; called DHS1/int1 here) and 

intron 11 (RefSeq intron 12, 1811 + 0.8 kb; called DHS11/int11 here). As shown in Fig. 

1C, we first used CRISPR/Cas9 with guide RNAs (gRNAs) flanking each element to delete 

these two CREs independently in clonal cell lines. Caco2 cells were transfected with a pair 

of gRNAs to remove ~200 bp flanking the open chromatin peak at DHS1 (Fig. 1A,B Suppl. 

Table 1) to generate DHS1 deletion clones (del int1) (cl1, cl8). Homozygous deletions of 

DHS were validated by PCR followed by Sanger sequencing in 5 clones (Suppl. Fig. 1). 

Clones lacking ~1 kb flanking the open chromatin peak at the DHS11 element (del int11) 

were generated previously [2]. A second round of CRISPR/Cas9 editing was then performed 

on one del1 (cl1) and one del11 (cl6) clone to sequentially remove the DHS11 and DHS1 

elements, respectively, thus generating del int1/ int11 double deletion clones (Fig. 1C). One 

double deletion clone was generated from del int1 cl1 (D58) and two from del int11 cl6 (T5, 

T14) and these were also validated by PCR and sequencing (Suppl. Fig. 1A).

b) Loss of DHS1 and DHS11 CREs has additive effect in reducing CFTR 
expression—The impact of CRE deletion on CFTR expression was measured by RT-

qPCR in multiple clones and compared to both WT Caco2 cells and non-targeted WT 

clones generated in the same CRISPR/Cas9 NHEJ experiments (Fig. 1D). Deletion of the 

DHS1 or DHS11 CREs alone reduced CFTR expression to ~45% or 20% of WT levels, 

respectively. The DHS11 data confirm earlier results on the same clones [2]. In contrast, 

CFTR expression was almost undetectable in the del int1/int11 double deletion clones. The 

results are consistent with earlier luciferase reporter gene assays [1,14] showing that the 

DHS1 CRE had much lower enhancer activity than the DHS11 CRE and that these two 

elements acted cooperatively. Moreover our data suggest that these two CREs may contain 

enhancers with complementary functions. Of note neither the single nor double deletions 

altered splicing of adjacent exons of the CFTR transcript (Suppl. Fig. 1B).

3.2. The DHS1 and DHS11 CREs contribute together to higher order chromatin structure

We showed previously that intronic enhancers coordinate epithelial- specific looping of 

the active CFTR locus [1]. Also, that the contribution of individual CREs to higher 

order chromatin structure and gene expression was site specific [2]. So we next used a 
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quantitative, chromatin conformation capture protocol (q4C-seq) to examine the impact of 

the DHS1 and DHS11 CRE deletions on locus architecture (Fig. 2). All deletion clones 

were evaluated by replicated 4C-seq, but data from only one representative clone of each 

deletion are illustrated in the figures and supplementary figures. The interaction profile 

of each 4C-seq viewpoint in WT Caco2 cells is plotted from a wiggle file at the top of 

the figure and below it the subtraction of the WT wiggle file from the specific deletion 

clone wiggle file. Above each panel genomic locations and the map of open chromatin 

(ATAC-seq) peaks in Caco2 cells are shown. Loss of DHS1 (del int1) is associated with 

a gain of interactions (Fig. 2A, red bars and arrows) between the CFTR promoter and a) 

upstream sequences including the −80.1 kb 5’ TAD boundary and sequences close to the 

−20.9 kb site together with b) downstream sequences 5′ to and including the intron 23 

DHS, the +6.8 kb site and beyond the +48.9 kb TAD boundary. The −20.9 kb and + 6.8 kb 

sites are key sites of cell-type-selective CTCF recruitment at the CFTR locus, and function 

as enhancer-blocking insulator elements [9,10,12,13]. Elsewhere, there was a general slight 

reduction in interactions across the 5′ half of the locus, though not involving any specific 

well-characterized CREs except a site in intron 10 (DHS10c/int10c, blue arrow). The 

structural contribution of the DHS1 enhancer was further supported by using a viewpoint 

at intron 11 which showed a marked increase in interactions at the DHS4 (int4) site and a 

loss of interactions with regions between this site and DHS11 (int11), together with a gain 

of interactions 3′ to DHS11 in the del int1 clone (Suppl Fig. 2, grey arrow, blue bar, and 

grey bar respectively). In contrast, loss of DHS11 (del int11) was associated with few gains 

in interactions and again a slight reduction in interactions across the locus, particularly of 

elements close to DHS1 (int1) and in intron 10 adjacent to the deletion (Fig. 2A, red bar), 

consistent with our earlier observations [2]. In the double deletion clone (del int1/int11) the 

most notable feature was the substantial loss of interactions between the promoter and the 

5′ half of the locus (between DHS1 and DHS11) (Fig. 2A, red bars) suggesting that these 2 

DHS have dependent functions in maintaining locus architecture.

With a viewpoint 3′ to the coding region of CFTR (DHS + 15.6, an enhancer-blocking 

insulator element that does not recruit CTCF), a more substantial loss of interactions is seen 

across the locus upon deletion of DHS1 or DHS11, as noted by the red bars in Fig. 2B. 

This loss extends across most of the locus in the del int1 clone but is mainly in the 3′ 
half in the del int11 clone. In both clones, a loss of interactions is also seen beyond the 

−80.1 kb TAD boundary (Fig. 2B, red arrow). Unexpectedly the del int11 clone also shows 

a reduced interaction between the DHS15.6 viewpoint and regions immediately 5′ to the 

−20.9 kb site (Fig. 2B, red arrow). Deletion of both sites concurrently causes a dramatic loss 

of interactions of DHS + 15.6 with almost the whole locus and the 5’ TAD boundary (−80.1 

kb, red dotted line and red arrow respectively).

Next, we examined interactions across the TAD in the del int1, del int11 and double deletion 

clones using viewpoints at key CTCF-bound structural elements at the locus (−20.9 kb and 

+ 48.9 kb (Fig. 3), and − 80.1 kb (Suppl. Fig. 3). For the −20.9 kb viewpoint, del int1, del 

int11 and del1int/int11 clones all showed an enhancement of interactions with other sites 

of CTCF recruitment at +6.8 kb and 3′ to the +48.9 kb 3’ TAD boundary (marked by red 

bar and arrow in Fig. 3A). An increase in interactions was also seen between the viewpoint 

and the gene promoter and also the middle of the locus (red arrow and bar in Fig. 3A) 
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in the del int1 clone. In the del11 clone the −20.9 kb viewpoint also gained interactions 

with the promoter and an extended region across introns 1–3, together with a site in intron 

4 DHS4/int4 (Fig. 3A red bar and arrow, respectively). DHS4 was previously noted as an 

important site of interactions at the locus [2]. Of note it is also seen as a site of H3K4me3 

deposition during epithelial differentiation [28]. Only in the double deletion clone was a 

loss of interactions evident between the −20.9 viewpoint and the whole of the locus (dashed 

red line in Fig. 3A). A similar increase in interactions with CTCF sites (−20.9 kb and + 

6.8 kb) in the del int1, del int11 and del int1/11 clones was evident using the +48.9 kb 

TAD boundary as a viewpoint (red arrows in Fig. 3B), together with enhanced interactions 

with the 5’ TAD boundary (−80.1 kb). Again a loss of interactions was evident across 

the whole locus in the double deletion clone. Only minor alterations in interaction profiles 

were seen with the −80.1 kb 5’ TAD boundary viewpoint (Suppl. Fig. 3), but these were 

consistent with the other CTCF-bound viewpoints in that the del int1 and del int1/int11 

clone showed increased interactions with the −20.9 kb and +6.8 kb sites (Suppl. Fig. 3, red 

arrows). Overall, these data demonstrate a key role for structural elements at the CFTR locus 

in responding to the loss of specific enhancers by altering the higher order structure of the 

locus, possibly enabling the recruitment of other CREs. These structural elements include 

those binding CTCF but also others, such as the +15.6 kb element which recruits the cohesin 

complex but not CTCF [29]. However, our data on the del int1/int11 double deletion clones 

suggests that this response is not able to maintain gene expression when more then one 

CRE, (one with weak enhancer function together with a structural role and the other with 

strong enhancer function), are both absent.

3.3. The structural contribution of sites recruiting CTCF and cohesin complex to the 
locus

To investigate further the role of CTCF and cohesin recruitment at the CFTR locus in 

interpreting the impact of the DHS1 and DHS11 enhancer deletions, we generated clones 

lacking the −80.1 kb CTCF site at the TAD boundary or the +15.6 kb cohesin (RAD21) 

site, by CRISPR/Cas9 NHEJ. The precise deletions are shown in Suppl. Fig. 1C. Gene 

expression analysis by RT-qPCR showed that loss of the −80.1 kb site resulted in a 31% 

reduction in CFTR expression (Suppl. Fig. 1C left), while deletion of the +15.6 kb site 

was associated with a 68% reduction (Suppl. Fig. 1C right). Upon deletion of the −80.1 kb 

site, the promoter gains 5′ interactions towards and beyond the TAD boundary (Fig. 4A, 

grey arrows and bar), particularly showing increased interaction with an enhancer at −35 kb 

[3,30] which is not normally evident in intestinal cell lines. Concurrently a loss of promoter 

interactions within intron 3, also CREs at the center of the locus (blue bars) and 5′ to a 

DHS in intron 23 (blue arrow) are seen. Thus removal of the 5’ TAD boundary causes an 

extensive change in looping of CREs to the gene promoter. Upon deletion of the −80.1 

kb site, the −20.9 kb viewpoint also gains interactions with an extended 5′ region, (Fig. 

4B, grey bar) which may include alternative CTCF binding sites, though none are evident 

in ENCODE data from other cell types [31]. Enhanced interaction near DHS23/int23 and 

at the +6.8 kb CTCF-binding insulator are also evident (Fig. 4B, grey arrows). Losses of 

interaction with the − 20.9 kb viewpoint are evident in the 5′ part and the middle of the gene 

(blue bars) together with the regions adjacent the +15.6 kb cohesin binding site and the 3’ 
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TAD boundary at +48.9 kb (blue arrows). These altered interactions may reflect structural 

changes at the locus that partially compensate for loss of the −80.1 kb site.

In contrast, deletion of the +15.6 kb site of cohesin occupancy was associated with a loss 

of interactions between the TAD boundaries, as seen from the − 80.1 kb viewpoint, but 

also a reduction at multiple interacting sites across the locus including on the 5′ side of 

−20.9 (Fig. 4C, blue arrows). Together these data support a mechanism whereby multiple 

structural elements interact coordinately across the locus, so that loss of one of them can 

cause recruitment of other sites.

3.4. Activating transcription factors are required for normal CRE interactions and 
promoter recruitment

We previously identified several transcription factors (TF) with a pivotal role in activating 

CFTR expression in intestinal epithelial cells [17–19,22]. These include the pioneer factor 

Forkhead box A2 (FOXA2) and also caudal-type homeobox 2 (CDX2). In earlier work we 

showed by quantitative chromatin conformation capture (q3C, [32]) that siRNA-mediated 

depletion of FOXA1/FOXA2 substantially reduced the interaction frequency between the 

CFTR promoter, the middle of the locus (introns 10 and 11) and the 3′ insulator region 

(+6.8 kb to +15.6 kb) [18]. Here we followed up on these observations to investigate 

the role of TFs in the higher order chromatin structure across the whole TAD using 

4C-seq and multiple viewpoints. FOXA1/A2, CDX2 and GATA6 are all recruited to the 

DHS11 enhancer element among other CREs, as shown by ChIP-seq [20,21,33]. Following 

siRNA-mediated depletion of each factor and validation of effective depletion by RT-qPCR 

(Suppl. Fig. 4) and western blot, 4C-seq was performed to determine whether loss of the 

TF impacted higher order chromatin structure at the CFTR locus. In Fig. 5 the effect of 

depleting FOXA1/FOXA2 on interactions across the locus is shown from viewpoints at 

−80.1 kb and + 15.6 kb, and from DHS11 in Suppl. Fig. 5. The most notable feature 

of these domainograms and wiggle subtraction files is the loss of interaction of multiple 

sites with all 3 viewpoints (shown by dotted red lines under the subtraction tracks). The 

loss of interactions with the − 80.1 viewpoint is primarily between DHS4 (red arrowhead), 

DHS11 (int11) and DHS23 (blue arrowhead) (Fig. 5A), while the +15.6 kb viewpoints 

loses interactions from the promoter (red arrowhead) through to an element in intron 18 

(legacy, blue arrowhead) (Fig. 5B). For the DHS11 viewpoint the major loss of interactions 

is between this site and the adjacent regions of intron 10 (Suppl. Fig. 5, blue bar), which also 

contain FOXA2 binding sites, at DHS4 (Suppl. Fig. 5, red arrow) and at the 3′ end of the 

locus including the +48.9 kb TAD boundary (Suppl. Fig. 5, grey bar and arrow).

Depletion of CDX2 by siRNA also caused a reduction in CFTR expression (Suppl. Fig. 4), 

however, the impact on the higher order chromatin structure at the locus was less dramatic 

than seen upon FOXA1/A2 depletion. With a viewpoint at −80.1 kb, in addition to loss of 

interaction with sites proximal to the −20.9 kb site, (Fig. 6A, blue bar) and a number of 

other regions of the gene, not associated with know CREs, a marked gain in interactions was 

seen with the 6.8 kb downstream CTCF-binding insulator and the +15.6 kb insulator (Fig. 

6A, red bar and arrow, respectively). With a viewpoint at the promoter, loss of CDX2 was 

accompanied by a marked decrease in interactions with CDX2 binding sites at intron 10ab 
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and adjacent to +15.6 kb (Fig. 6B, red arrows), together with a minor gain in interactions 

in the 3′ part of the gene. These results suggest that loss of recruitment of specific (CDX2 

bound) CREs to the gene promoter when CDX2 is lost is accompanied by a strengthening of 

interactions between CTCF- bound structural elements. This mechanism may partially close 

the locus and reduce accessibility to other activating factors.

Finally, since a robust peak of GATA6 occupancy was evident at DHS11 in Caco2 cells 

(Fig. 1A), the impact of siRNA-mediated depletion of GATA6 on looping at the locus 

was examined. Though CFTR protein decreases substantially (Suppl. Fig. 4c), no specific 

changes in interactions were seen with viewpoints at the promoter or DHS11 (data not 

shown) suggesting additional (possibly indirect) mechanisms of action of this factor.

4. Discussion

The coordinated action of multiple cis-regulatory elements that act upon one gene promoter 

is rarely fully elucidated. Here we used the CFTR locus to address the mechanisms 

underlying this synchronization since its regulatory complexity is well studied (reviewed 

in [34,35] and the CREs controlling its expression appear to be housed within a single 

~316 kb TAD. Our goal was to focus on two elements that we showed previously to 

cooperate in luciferase reporter gene assays and determine a) how they cooperate when 

separated by ~100 kb of genomic DNA in the endogenous locus and b) to what extent 

their interaction depends upon i) the structure of the TAD itself and ii) the recruitment of 

activating transcription factors.

Our results suggest that for this locus, two intronic enhancers that are required for the high 

levels of CFTR expression seen in intestinal epithelial cells, both of which are associated 

with enrichment of active histones (H3K27Ac), appear to have different primary functions 

when working together in the genomic context. Of note both enhancers correspond to 

peaks of open chromatin in intestinal organoids [22] as well as shown here in Caco2 cells. 

We have not observed a cell line that exhibits an active DHS1 in the absence of open 

chromatin at DHS11 and predict that these 2 sites are active in the same cell. This prediction 

is supported by preliminary scATAC-seq data in a pancreatic adenocarcinoma cell line 

(unpublished). In earlier work in the 16HBE14o- airway epithelial cell line, which unlike 

the majority of secretory cells in the airway epithelium expresses high levels of CFTR, we 

showed that deletion of either the −44 kb or −35 kb upstream enhancer reduced CFTR 
expression to less than 5% of WT cells [3]. These data suggest that these two CREs work 

independently, consistent with their different roles in the immune response (−35 kb DHS, 

[30]) or oxidative stress (−44 kb DHS, [36]). In contrast, we show here that the DHS1 and 

DHS11 intronic enhancers apparently work together. Removal of both DHS1 and DHS11 in 

the same cell has a dramatic effect on CFTR expression and locus architecture. Not only is 

CFTR expression abolished, interactions between the promoter and sites within the gene are 

all substantially reduced. Concurrently, interactions between the TAD boundaries (−80.1 kb 

and + 48.9 kb) and sites across the gene are also diminished, consistent with the involvement 

of these structural elements in establishing and maintaining gene expression. A similar 

phenomenon is observed upon loss of the +15.6 kb insulator element, which apparently 

recruits cohesin but not CTCF [10,29]. However, the loss of DHS1 and DHS11 individually 
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has different effects, with the former primarily increasing interactions between the promoter 

and structural elements (−20.9 kb and + 6.8 kb) while the latter mainly causes a reduction 

of interaction between the promoter and other DHS in the middle of the locus. Viewpoints 

at the 3’ TAD boundary or the −20.9 kb structural elements suggest that the locus responds 

to perturbations caused by loss of either DHS1 or DHS11 by increasing interactions between 

these sites. In some cases the loss of DHS11 may also activate interactions with a site of 

open chromatin in a distal intron of the gene (DHS23). Together our results suggest that 

though DHS1 has weak enhancer activity in Caco2 cells and carries the H3K27Ac mark, its 

most important role may be in spooling the regulatory elements in the middle of the locus 

(~ 100 kb distal, DHS10a,b and DHS11), which recruit activating transcription factors, into 

close proximity with the gene promoter. The peak of open chromatin in intron 4 (DHS4) 

may also contribute to this spooling mechanism.

The role of the TAD boundaries in maintaining normal regulatory mechanisms for the CFTR 
locus was partially addressed by experiments in which the 5’ TAD boundary (−80.1 kb) was 

removed. The results showed that despite little impact on CF1TR expression, this deletion 

caused a marked loss of interactions between the promoter and multiple sites in the middle 

of the locus, particularly downstream of DHS11 and at DHS23. Concurrently, increased 

interactions were evident between the promoter, new sites 5′ to the deleted TAD boundary, 

(presumably alternative CTCF sites) and also at the −35 kb DHS that is not normally seen 

in Caco2 cells. Loss of the 5’ TAD boundary also reduced interactions between the −20.9 

kb insulator and the promoter, sites in introns 1–3 and the middle of the locus, but also 

increased interactions with the +6.8 kb 3′ insulator. We showed previously that removal 

of the −20.9 kb element had little impact on CFTR expression but resulted in a major 

reorganization of locus architecture associated with enhanced recruitment of CTCF to other 

structural elements including the TAD boundaries (−80.1 kb and + 48.9 kb), a CTCF site at 

the 5’ end of intron 1 and the +6.8 kb insulator [2]. Our current observations upon removal 

of the 5’ TAD boundary are thus consistent with this inherent response mechanism of the 

locus to structural perturbations.

Finally, addressing the importance of activating transcription factor recruitment to the higher 

order structure of the locus, we depleted FOXA1/A2, CDX2 and GATA6, all of which 

occupy one or more enhancer sites in the gene. In earlier work we showed that loss of the 

DHS11 enhancer had a broader effect on FOXA2 recruitment as this dropped significantly at 

the nearby DHS10a,b, though not at more distal FOXA2 binding sites [2]. Loss of FOXA2 

was also associated with a decrease in looping interactions between the CFTR promoter, 

the middle of the locus (particularly DHS10a,b) and the 3’ insulators [18]. Our 4C-seq data 

suggest that depletion of FOXA2 has a substantial effect on looping of CREs across the 

locus to the 5’ TAD boundary. A loss of interactions is noted at known CREs in intron 

4 (DHS4) in intron 11 (DHS11) and intron23 (DHS23) in addition to other sites of open 

chromatin in the 3′ half of the gene. In parallel, the DHS +15.6 kb insulator shows reduced 

interactions with the CFTR promoter and multiple other sites across the locus. This may 

be consistent with the pivotal role of FOXA2 as a pioneer factor acting to open chromatin 

at the CFTR locus [17,18]. Of note, Caco2 clones carrying a mutation in a single FOXA2 

binding site in the DHS11 enhancer core did not exhibit altered CFTR expression, consistent 

with a combined role for multiple FOXA2 recruitment sites (data not shown). In contrast, 
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depletion of CDX2, though also a critical factor in intestinal epithelial cell function, has 

a more limited effect with loss of interaction between the promoter and the known sites 

of CDX2 occupancy at DHS10a,b and DHS +15.6 kb. As for other perturbations of locus 

architecture, loss of CDX2 is accompanied by an increase in interactions of the +6.8 kb 

insulator with the 5’ TAD boundary. Loss of GATA6, though associated with an increase in 

CFTR expression may not have a key role in locus architecture, though it is accompanied by 

a general increase in promoter interactions.

Integrating the results presented here we can build a more advanced model for cell-specific 

expression of CFTR in intestinal epithelial cells and in other cells in the pancreas and 

epididymis that share the same intronic enhancers (eg in DHS1, DHS11 and DHS23; Fig. 

7). When considering the location of these 3 CREs across the gene it is notable that DHS11 

is almost equidistant between the promoter and the +6.8 kb 3′ insulator. In contrast DHS1 

is about 10 kb from the promoter and DHS23 about 8 kb from the 3′ insulator, so the 

precise genomic distance over which the CREs need to communicate may be relevant. The 

strongest enhancer for intestinal expression of CFTR appears to be the CRE at DHS11 and 

its activation is associated with looping to the gene promoter. However, the data we show 

here suggests that this site cooperates with the much weaker enhancer at DHS1, which 

has a more dominant structural role in maintaining higher order architecture of the active 

locus. The cross-talk between the CREs is shown to be more extensive when either DHS1 or 

both DHS1 and DHS11 are lost, and the CRE at DHS23 then shows enhanced interactions 

with the gene promoter. Two additional structural elements appear critical to the looping 

mechanism: a) the CTCF-binding insulator at −20.9 kb which has an overarching role in 

supporting the 3D looped structure through direct interactions with other CTCF binding 

sites in introns 1, 2, 10 (DHS10c) and + 6.8 kb; b) the cohesin-binding insulator at +15.6 

kb, which may have a key role in redistributing cohesin rings across the looped locus. 

Finally, considering the cell-specific transcription factors that are required for initiating and 

maintaining CFTR expression, these may be the primary drivers for establishing the CRE-

to-promoter loops. The concept of transcription factories, with high concentration of TFs 

in discrete nuclear compartments was first suggested many decades ago [37] and has been 

reinforced by more recent high-resolution analysis (reviewed in [38,39]. If FOXA2, CDX2 

and GATA6, among other activating TFs that are recruited to CFTR CREs, are physically 

concentrated in a discrete nuclear compartment this could draw the CREs into looped 

structures, which could then be stabilized by cohesin rings. Simultaneously CTCF could 

support the higher order structure of the active locus and tether it to the TAD boundaries. 

This refined model for CFTR expression in intestinal epithelial cells is consistent with loop 

extrusion models of chromosomal domain formation [40–43]. Of note in the context of gene 

editing approaches to correct or circumvent the disease-associated errors in the CFTR gene, 

it may be imperative to consider the complex higher order interactions of structural and 

enhancer elements at the locus that are required for normal gene expression.
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Fig. 1. 
Genomic location and epigenetic profile of key intestinal CREs at the CFTR locus and 

experimental plan for their removal. A. IGV browser view of data from Caco2 cells: DNase 

I hypersensitive sites (DHS) locations are listed in Suppl. Table 1; the TAD boundaries 

at −80.1 kb and + 48.9 kb are shown in red, the insulator elements at −20.9 kb and + 

6.8 kb are shown in blue, enhancers at DHS1 (int1) and DHS11 (int11) are highlighted 

by red arrows; open chromatin data generated by Omni-ATACseq are from GSE140456; 

ChIP-seq data are sourced as follows: for H3K27ac and RNAPolII, GSE132807; FOXA2, 

Yin et al. Page 15

Genomics. Author manuscript; available in PMC 2022 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GSE66218; HNF1, GSE67740; CDX2 and GATA6 GSE23436; CTCF, GSE30263. B. IGV 

browser view of CRISPR/Cas9 design for deletion of DHS1 and DHS11 CREs. Caco2 

DNase-seq data are from GSE29692, other tracks are as in panel A. C. Cartoon showing 

generation of the enhancer deletion clones. D. CFTR expression is reduced upon deletion 

of the DHS1 and DHS11 enhancers. RT-qPCR analysis showing CFTR expression relative 

to beta-2-microglobulin (β2M) in parental WT, clonal WT (n = 2), del int1 clones (n = 4), 

del int11 clones (n = 2) and del int1/int11 clones (n = 3). One-way ANOVA test, values are 

mean ± SEM (standard error of the mean), technical replicates >3, ****p < 0.0001, ***p < 

0.001, **p < 0.01.
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Fig. 2. 
Loss of the DHS1 and DHS11 enhancers alters higher-order chromatin structure at the 

CFTR locus. A, B. Chromatin structure across the CFTR locus assayed by 4C-seq using 

viewpoints at (A) the CFTR promoter or (B) the +15.6 kb insulator. A schematic at the 

top of each panel shows the CFTR locus on chromosome 7 and below are key CREs for 

the CFTR locus. Red arrows denote the orientation of key CTCF sites, Genome browser 

tracks of Caco2 ATAC-seq data are shown with 4C-seq quantification data (pipe4C) aligned 

below. For WT Caco2, the quantified track is in black. For the enhancer-deleted cell lines a 
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comparison of their interaction frequencies for each viewpoint (marked by red dashed line) 

with those seen in the unmodified (WT) cells is shown. These comparisons are generated by 

subtracting the read-density-normalized WT signal from the deletion clone, so signals above 

zero, colored grey, indicate a gain of interaction with viewpoint compared to WT, while 

signals below zero, colored blue, indicate a loss of interaction with viewpoint compared to 

WT. Subtraction signal is Log2 normalized. Red bars and arrows denote sites of specific 

interest referred to in the results section.
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Fig. 3. 
Loss of the DHS1 and DHS11 enhancers alters higher-order chromatin structure at the 

CFTR locus. Chromatin structure at the CFTR locus analyzed from viewpoints at (A) the 

−20.9 insulator and (B) the +48.9 kb 3’ TAD boundary. All features of the figures and 

analysis protocols are as described for Fig. 2.
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Fig. 4. 
Loss of the − 80.1 kb 5’ TAD boundary or + 15.6 kb 3′ insulator alters higher-order 

chromatin structure at the CFTR locus. Chromatin structure assayed by 4C-seq in (A, B) 

Del −80.1 kb and (C) Del +15.6 kb clones with viewpoints at the promoter (A), −20.9 kb 

insulator (B) and − 80.1 kb TAD boundary (C). The sites of the deletions are marked by the 

red Δ. All features of the figures and analysis protocols are as described for Fig. 2 except 

that blue arrows show features of interest referred to in the results.
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Fig. 5. 
Depletion of FOXA1/A2 by siRNA perturbs normal looping of CREs at the CFTR locus. A, 

B. Chromatin structure across the CFTR locus assayed by 4C-seq using viewpoints at (A) 

the −80.1 kb 5’ TAD boundary or (B) the +15.6 kb insulator. A schematic at the top of each 

panel shows the CFTR locus on chromosome 7 and below key CREs. The inset panel shows 

FOXA1 and FOXA2 levels by western blot in NC siRNA or FOXA1/A2 siRNA treated 

cells. Caco2 ATAC-seq data show bigwig tracks, to which the 4C-seq data are aligned. 

Below are tracks showing ChIP-seq data for FOXA2 occupancy in Caco2 cells and DNase-
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seq data for Caco2. For each panel two 4C-seq domainograms are shown with NC siRNA-

treated cells above and FOXA1/A2 siRNA-treated cells below. Above each domainogram 

is a dotplot of all the post-filtered interactions pairs with the main trend of contact profiles 

using a sliding 5-kb window shown as a black line. The range between 20th and 80th 

percentiles is marked in grey flanking the median line. In the colored domainograms, 

relative interactions are normalized to the strongest interaction within each panel, using 

colour-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 grey represent gradually decreasing frequencies. Below each pair of domainograms a 

histogram shows alterations in the quantitative interaction frequencies (see Fig. 2 legend) 

in FOXA1/A2 siRNA-treated cells, subtracting the interaction frequencies in control-siRNA 

treated cells. Sites with value above zero (grey) are sites of gained interaction with the 

viewpoint after siRNA treatment and values below zero (blue) denote lost interactions. Red 

and blue arrowheads and red dotted lines denote features of interest described in the results.
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Fig. 6. 
Depletion of CDX2 by siRNA had minor impact on normal looping of CREs at the CFTR 
locus. A, B. Chromatin structure across the CFTR locus assayed by 4C-seq using viewpoints 

at (A) the −80.1 kb 5’ TAD boundary or (B) the promoter. A schematic at the top of each 

panel shows the CFTR locus on chromosome 7 and below key CREs. The inset panel shows 

CDX2 levels by western blot in NC siRNA or CDX2 siRNA treated cells. Caco2 ATAC-seq 

data show bigwig tracks from the UCSC genome browser, to which the 4C-seq data are 

aligned. Below are tracks showing ChIP-seq data for CDX2 occupancy in Caco2 cells. For 
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each panel two 4C-seq domainograms are shown with NC siRNA-treated cells above and 

CDX2 siRNA-treated cells below. All other descriptions of the dotplots, domainograms and 

quantitative interaction tracks are as for the Fig. 5 legend.
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Fig. 7. 
Model to show changes in higher order chromatin structure of the CFTR locus following 

deletion of the intron 1 and 11 DHS in Caco2 cells. In unperturbed Caco2 cells, there 

are strong looping interactions between the CFTR promoter, TAD boundaries, intron 1 

and 11 DHS, and insulator elements at −20.9 kb and + 6.8 kb flanking the gene body. 

HNF1, CDX2, and FOXA2 TFs bind to the intronic CREs. Following deletion of both 

DHS, the close interactions between the intronic regions and 3′ elements are lost and 

CFTR expression is abolished. Dissociation of CREs from the gene promoter may prevent 

recruitment of the enhancer-associated TFs and RNAPII.
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