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ABSTRACT

Higher order chromatin structures across the
genome are maintained in part by the architec-
tural proteins CCCTC binding factor (CTCF) and the
cohesin complex, which co-localize at many sites
across the genome. Here, we examine the role of
these proteins in mediating chromatin structure at
the cystic fibrosis transmembrane conductance reg-
ulator (CFTR) gene. CFTR encompasses nearly 200
kb flanked by CTCF-binding enhancer-blocking insu-
lator elements and is regulated by cell-type-specific
intronic enhancers, which loop to the promoter in
the active locus. SiRNA-mediated depletion of CTCF
or the cohesin component, RAD21, showed that
these two factors have distinct roles in regulating
the higher order organization of CFTR. CTCF medi-
ates the interactions between CTCF/cohesin bind-
ing sites, some of which have enhancer-blocking in-
sulator activity. Cohesin shares this tethering role,
but in addition stabilizes interactions between the
promoter and cis-acting intronic elements including
enhancers, which are also dependent on the fork-
head box A1/A2 (FOXA1/A2) transcription factors
(TFs). Disruption of the three-dimensional structure
of the CFTR gene by depletion of CTCF or RAD21
increases gene expression, which is accompanied
by alterations in histone modifications and TF occu-
pancy across the locus, and causes internalization
of the gene from the nuclear periphery.

INTRODUCTION

The generation of higher order chromatin structures, which
establish domains of transcription and bring cell-specific
enhancers into close association with their target promot-
ers, is critical for gene expression. These mechanisms are
particularly important for clusters of linked loci that are
coordinately regulated such as the homeobox or globin
genes and also for large genes with multiple intragenic cis-
regulatory elements, for example the cystic fibrosis trans-
membrane conductance regulator (CFTR) gene. Previous
results showed that intronic enhancers within CFTR coor-
dinate epithelial-specific looping of the active locus (1,2).
Specifically, an intestinal-selective enhancer element located
in the middle of the locus was shown to interact directly
with the gene promoter by quantitative chromosome con-
formation capture (q3C), despite its genomic location 100
kb away. Direct interactions were also evident between the
CFTR promoter and enhancer-blocking insulator elements
5′ (2) and 3′ to the locus (1,3), around 200 kb from the
promoter. We also suggested a role for cohesin in stabiliz-
ing the looped structure of the CFTR locus, since the co-
hesin component RAD21 was enriched at the insulator el-
ements 5′ and 3′ to the gene (1). These data were consis-
tent with previous observations that CCCTC binding fac-
tor (CTCF) bound to enhancer-blocking insulator elements
flanking the CFTR gene (3,4), since CTCF and cohesin
are known to interact at insulator elements (5–7). Most re-
cently, we identified a transcriptional network involving the
pioneer factors forkhead box A1/A2 (FOXA1/A2), hepa-
tocyte nuclear factor 1 (HNF1) and caudal-type homeobox
2 (CDX2) that mediate the function of several intestinal-
selective enhancers, which are involved in the looping of ac-
tive CFTR (8).

The role of CTCF in the function of insulators and chro-
matin barriers is well-established (9–11). Genome-wide,
CTCF binds to 45,000–65,000 sites, of which 46% are inter-
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genic, 34% are intragenic (within introns or exons) and 20%
are promoter proximal (12,13). While 40–60% of CTCF-
occupied sites are ubiquitous, the others are important for
cell and tissue-specific regulation (14). Moreover, recent
data generated by 3C-carbon copy (5C, (15)) suggest that
enhancer-blocking or chromatin barrier activity may not be
the main functions of CTCF, since 79% of long-range inter-
actions circumvent one or more CTCF binding sites (16).
The identification of many different roles for CTCF in reg-
ulating genome organization led to its classification as an
architectural protein (17).

Here, we use siRNA-mediated depletion of CTCF, co-
hesin components and FOXA1/A2, followed by q3C to
show that though each of these proteins contributes to
maintenance of the three-dimensional (3D) looped struc-
ture of this genomic region, the underlying mechanisms are
different. Moreover, rather than repressing its transcription,
we observe that disruption of this looped structure increases
CFTR expression through changes in chromatin structure,
accessibility, transcription factor (TF) occupancy and nu-
clear localization of the locus.

MATERIALS AND METHODS

Cell culture

The following human cell lines were grown by standard
methods: Caco2 colon carcinoma, Calu-3 lung carcinoma,
16HBE14o- immortalized bronchial epithelial cells.

Transient siRNA knockdown experiments

StealthTM CTCF or RAD21 (5) and non-targeting
medium GC negative control siRNA were transfected with
Lipofectamine R© 2000 or RNAiMAXTM (Life Technolo-
gies (LT)) and 20 nM hFOXA1 (Santa Cruz Biotechnology
(SCB) sc-37930), hFOXA2 (SCB sc-35569) or 40 nm
control (SCB sc-37007) siRNA as described (8). Cells were
harvested after 72 h.

Western blot analysis

Standard protocols were used and protein levels assayed
with antibodies against CFTR (570, a generous gift from
T Jensen and JR Riordan, (18)), CTCF (Millipore 07–729),
RAD21 (Millipore 05–908) and �-tubulin (Sigma–Aldrich
T4026). Protein quantification was performed using ImageJ
software (NIH) (http://rsb.info.nih.gov/ij/).

RT-qPCR (Reverse transcription-quantitative PCR)

Total RNA was extracted using TRIzol (LT). CFTR mRNA
was assayed as described previously using a TaqMan
primer/probe set spanning CFTR exons 5 and 6, and nor-
malized to endogenous 18S rRNA (19).

Chromatin immunoprecipitation (ChIP)

ChIP was performed using standard methods as previ-
ously described (1,8). Antibodies were against FOXA1 (Ab-
cam ab5089), CDX2 (Bethyl Laboratories A300–691A),
FOXA2 (SCB sc-6554x), histone H3 (ab1791), H3K9Me3

(ab8898), H3K9Ac (Millipore 07–352), H3K27ac (ab4729),
CTCF (Millipore 07–729), RAD21 (ab992), SMC1 (Bethyl
Laboratories A300–055A), normal goat IgG (SCB sc-2028),
or normal rabbit IgG (Millipore 12–370). qPCR was per-
formed using SYBR R© Green reagents with primers listed
in Supplementary Table S1.

Quantitative chromosome conformation capture (q3C)

q3C was performed as described previously (3,20) using
primers listed in Supplementary Table S1.

Fluorescence in situ hybridization (FISH)

The FISH protocol was described previously (21) and
used a bacterial artificial chromosome (BAC) spanning the
CFTR locus (22). Probes were biotin-labeled by nick trans-
lation and signals were detected using an anti-biotin an-
tibody conjugated to fluorescein (Jackson Laboratories).
DAPI was used as the nuclear stain.

Nuclear Positioning Analysis

Nuclear positioning analysis used a set of scripts writ-
ten in MATLAB (Neems et al. unpublished). Briefly, bi-
nary masks of nuclear volume were created using a semi-
automated method based on Otsu’s method of image seg-
mentation. Next, FISH signal masks were created using
manual segmentation methods and their intensity-weighted
centroids used for the analysis. FISH signals were consid-
ered to be diffraction-limited spots and thus only single
points (centroids) were considered in calculations. For the
analysis in three dimensions, the shortest distance from the
FISH signal to the nuclear periphery was calculated by de-
termining all the pairwise distances and finding the mini-
mum distance within the nuclear mask. This value was re-
ported as the minimum distance to the nuclear periphery in
micrometers.

RESULTS

Architectural protein occupancy across the CFTR locus

To determine the contribution of CTCF and cohesin to the
3D structure of the CFTR locus we first identified sites oc-
cupied by these factors. Inspection of ENCODE data (23)
from multiple cell types revealed binding sites for CTCF
and RAD21 (SCC1) and these were confirmed by ChIP in
Caco2 intestinal carcinoma cells, which express abundant
CFTR. CTCF/RAD21 binding was seen at −80.1 kb (I)
5′ to the translational start site (TSS) of the CFTR locus,
within an intron of ASZ1 (corresponding to the -79.5 kb
DNase I hypersensitive site (DHS) reported earlier (24))
and also at sites in the CTTNBP2 gene, +48.9 kb (IV) and
+83.7 kb (V) from translational stop site of CFTR (Fig-
ure 1A and Table 1). The ENCODE data also confirmed
CTCF occupancy at enhancer-blocking insulator elements
−20.9 kb (II) 5′ to the TSS that we described previously
(3,4). CTCF does not bind to an element at +15.6 kb that
we showed to be a CTCF independent enhancer-blocking
insulator (4). Modest enrichment of CTCF and RAD21 at
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Figure 1. CTCF and cohesin binding are interdependent at the CFTR locus. (A) UCSC Genome Browser graphic of the CFTR locus showing
CTCF/cohesin binding sites (ENCODE data) marked by vertical black bars. (B) and (C) ChIP for CTCF, RAD21 and SMC1 in Caco2 cells trans-
fected with negative control (NC) siRNA (gray) or siRNA targeting CTCF (B) or RAD21 (C) (black) for knockdown (KD). Data from one representative
experiment are shown as percent recovery over input, n ≥ 2. qPCR was performed in duplicate at each site and error bars are ± SEM. Arrows denote sites
of particular interest discussed in the text. Inset panels show relative siRNA-mediated depletion of CTCF or RAD21.

the CFTR promoter is likely a result of indirect interac-
tions with distal CTCF binding sites, since no CTCF bind-
ing motifs are predicted in silico or observed in genome-
wide CTCF ChIP-seq data (23) within the promoter region.
Moreover, we saw no evidence for CTCF occupancy at the
site shown in intron 2 in ENCODE data. RAD21 occu-
pancy was also seen in Caco2 cells at the majority of the
CTCF sites (I, II, IV and V). CTCF and RAD21 occupancy
at each of these sites was next confirmed by ChIP in air-
way cell lines (Calu-3 and 16HBE14o-), which are known to
exhibit different mechanisms of CFTR regulation than are
seen in intestinal cells (Supplementary Figure S1, (1,25,26)).
The CTCF/RAD21 binding sites at −80.1 kb (I), +48.9
kb (IV) and +83.7 kb (V) are ubiquitously occupied, while
those at −20.9 kb (II) and +6.8 kb (III) show variable occu-
pancy in the different cell lines. The most marked difference
between the airway cells and Caco2 is the prominence of
CTCF/RAD21 occupancy at site I and relatively low levels
at site IV in the airway.

CTCF and cohesin may have different roles at individual ele-
ments across the CFTR locus
CTCF and RAD21 co-occupancy was observed at all the
sites assayed by ChIP across the locus. However, to deter-
mine whether the two proteins were functionally interde-
pendent at each site we used an siRNA approach in Caco2
cells. CTCF or RAD21 were depleted and occupancy of

Table 1. Genomic locations of CTCF and cohesin sites on ENCODE

CTCF/Cohesin Sites Location chr 7 (hg19)

−80.1 kb (I) 117039873 - 117040255
−20.9 kb (II) 117099046 - 117099445
Intron 1 117121084 - 117121463
Intron 2 117145360 - 117145679
+6.8 kb (III) 117313933 - 117314336
+48.9kb (IV) 117355840 - 117356209
+83.7 kb (V) 117390670 - 117391129

both factors and SMC1, another cohesin component, was
measured at each site by ChIP (Figure 1B and C). Knock-
down of CTCF caused about a 60% loss of CTCF occu-
pancy at sites I, II, IV and V (marked by arrows) and a
40% reduction at a site in intron 1 (Figure 1B). Depletion
of CTCF greatly reduced occupancy of the cohesin com-
ponents at sites I and IV and caused moderate decreases at
sites II and V. RAD21 depletion followed by ChIP showed
loss of the cohesin components, RAD21 and SMC1, at sites
I, IV, and V flanking the gene (Figure 1C). However, the de-
crease in RAD21 only reduced CTCF occupancy by 60%
at sites IV and 30% at site V and had no impact on site I.
Additionally, whereas CTCF loss depleted CTCF and the
cohesin components at site II, RAD21 knockdown had no
effect at that site (Figure 1B and C). Together these data sug-
gest different roles of recruitment for CTCF and the cohesin
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complex at sites of co-occupancy 5′ and 3′ to the CFTR gene
and that these factors are not always functionally interde-
pendent.

CTCF and cohesin mediate distinct conformational interac-
tions

CTCF and cohesin have important roles in the establish-
ment and maintenance of long-range chromatin interac-
tions, which are required for normal gene expression. To
determine if CTCF and RAD21 are critical for chromatin
looping across the CFTR locus, q3C was performed af-
ter siRNA-mediated depletion of CTCF or RAD21 in
Caco2 cells. No marked changes in interactions between
the CFTR promoter (bait marked as a dotted line) and the
cis-regulatory elements within and flanking the gene were
seen after CTCF knockdown (Figure 2A). Minor reduc-
tions were evident in promoter interactions with the −20.9
kb (II), +6.8 kb/+15.6 kb (III) enhancer-blocking insula-
tors closest to the locus (marked by arrows). However, with
a 3C bait at the −20.9 kb insulator (dotted line, Figure 2B),
depletion of CTCF was seen to decrease interactions with
a site 3′+20 kb (marked by arrow) and significantly with
the +48.9 kb (IV) site (Figure 2B, marked ∧). In contrast,
RAD21 depletion caused a partial loss of interactions be-
tween the CFTR promoter and all of the cis-acting elements
across the locus (Figure 2C). These included both insula-
tor elements flanking the locus (II and III) and intronic en-
hancers, such as the one at DHS11. A similar decrease in
interactions across CFTR was evident using the 3C bait at
−20.9 kb, including between this insulator element and the
promoter, and also the enhancer at DHS11 (Figure 2D, sig-
nificant sites marked ∧). However, the reduction in RAD21
did not alter the interactions between the −20.9 kb bait and
elements 3′ to CFTR, particularly the +48.9 kb site (IV)
which is impacted by CTCF knockdown (Figure 2D). In
combination, these q3C data after CTCF or RAD21 deple-
tion suggest that CTCF has a dominant role in the chro-
matin looping that draws together insulator elements 5′ and
3′ to the CFTR locus and brings them close to the pro-
moter. In contrast, though the cohesin complex, evaluated
by RAD21, also contributes to the maintenance of CTCF-
mediated interactions across the locus, it appears to have
an additional role in stabilizing the association between in-
tronic enhancers and the gene promoter.

The FOXA1/A2 pioneer transcription factors influence the
conformation of CFTR

The distinct role of cohesin in mediating the interaction
of cis-acting enhancers with the CFTR promoter led us to
investigate the contribution of tissue-specific TFs, which
bind cis-elements in introns 10 and 11, to chromatin loop-
ing. We showed previously that FOXA1/A2 interact in vivo
with multiple CFTR intronic regulatory elements including
DHS10a,b and DHS11 in intestinal cell lines (8). Deple-
tion of FOXA1 and FOXA2 using specific siRNAs reduced
FOXA1/A2 protein levels by 80–90% and led to a ∼40%
reduction in CFTR mRNA expression in Caco2 cells (27).
SiRNA-mediated depletion of FOXA1/A2 was shown by
ChIP to reduce FOXA2 enrichment at several sites across

the CFTR locus in Caco2 cells (Figure 2E). The −20.9 kb
insulator element and DHS in introns 1, 10 (DHS10a,b
(19,28)), and 11 (marked by arrows) showed ∼30–70% re-
duction in FOXA2 occupancy. Next, we examined the effect
of FOXA1/A2 depletion on long-range interactions across
the CFTR locus in the same cells. A significant decrease in
interaction frequency was observed between the CFTR pro-
moter bait and an upstream enhancer at -35 kb and the mid-
dle of the locus (introns 10–11) (Figure 2F, significant sites
marked with ∧). Moreover, a decrease in interactions be-
tween the promoter and the 3′ insulators (III) was also de-
tected. These data show that FOXA1/A2 are required for
the establishment and/or maintenance of long-range inter-
actions across the CFTR locus, particularly for the recruit-
ment of intronic enhancers to the promoter. This is con-
sistent with data shown in Figure 2A–D, which suggest a
CTCF-independent role for cohesin in stabilizing interac-
tions of cis-acting intronic enhancers in CFTR with the gene
promoter.

Depletion of both CTCF and cohesin diminishes interactions
across the CFTR locus

To further delineate the function of CTCF and cohesin at
the CFTR locus, both CTCF and RAD21 were targeted for
simultaneous knockdown. Depletion of CTCF and RAD21
led to a loss of interactions across the locus between all the
cis-regulatory elements and the two baits at the CFTR pro-
moter and −20.9 kb as measured by q3C (Figure 3A and
B). A significant decrease in associations was observed be-
tween the promoter and CTCF/cohesin binding sites I, II,
IV and V (Figure 3A, marked by ∧). Moreover, a signifi-
cant loss of interactions was also detected between the pro-
moter and cis-regulatory elements within introns 10, 11 and
19, some of which are intestinal-selective enhancers (8). The
most dramatic change in interactions with the −20.9 kb bait
was at the +48.9 kb (IV) site, where a 50% loss in looping
was detected (Figure 3B, marked by ∧).

Disruption of the looped architecture of the active CFTR lo-
cus enhances expression

To determine the effect of disruption of looping across the
CFTR locus on gene expression, CFTR mRNA levels were
measured after siRNA-mediated depletion of CTCF (Fig-
ure 4A and B) or RAD21 (Figure 4D and E) in Caco2 cells.
A greater than 80% reduction of both architectural proteins
significantly increased CFTR mRNA levels 1.4 - (CTCF,
Figure 4C) and 1.6- (RAD21, Figure 4F) fold in compar-
ison to a non-targeting control siRNA, when measured by
reverse transcription and qPCR (RT-qPCR). Depletion of
both CTCF and RAD21 together (Figure 4G) led to 2.8-
fold increase in CFTR expression (Figure 4H), showing an
additive effect, which is consistent with data showing dis-
tinct roles of CTCF and cohesin at the CFTR locus (Figure
2). To ensure the increase in CFTR expression was gene-
specific and not simply an artifact of generalized disrup-
tion of chromatin architecture, we analyzed the expression
of several other genes that are regulated by CTCF and co-
hesin. Depletion of RAD21 in HeLa cells repressed the so-
lute carrier family 35, member C2 (SLC35C2) gene (5) and
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Figure 2. Depletion of CTCF or RAD21 alters long-range interactions across the CFTR locus. (A)–(D) q3C interactions in cells treated with NC siRNA
(gray) or siRNA targeting CTCF (A) and (B) (black), or RAD21 (C) and (D) (black). The 3C bait (dotted line) is in a HindIII fragment at the CFTR
promoter (A) and (C) or at the −20.9 kb insulator element (B) and (D). (E) ChIP for FOXA2 on cells transfected with NC (gray) or FOXA1/2 siRNA
(black). Data are shown as percent recovery over input. (F) q3C interactions in NC (gray) or FOXA1/2 siRNA treated cells (black). The 3C bait (dotted
line) is in a HindIII fragment at the CFTR promoter. Multiple sites were tested for interactions within distal HindIII fragments across the CFTR locus.
x-axis = position relative to translational start site of CFTR, y-axis = interaction frequency relative to that between two fragments in the ubiquitously
expressed ERCC3 gene. Data shown are from one representative q3C experiment, n = 3. Error bars represent the ± SEM of duplicate qPCRs for each
fragment. ∧ indicate sites that are statistically different after knockdown as determined by an unpaired, two-tailed Student’s t-test, n = 3, P-values listed
in Supplementary Table S2. Other sites of interest marked with arrows. Inset panels show relative siRNA-mediated depletion of CTCF or RAD21.

we observed the same effect in Caco2 cells after RAD21
knockdown (Supplementary Figure S2). In previous work,
we also identified CTCF as a regulator of the gel-forming
mucin genes on 11p15.5 (29) and after siRNA-mediated
depletion of CTCF we observed a decrease in MUC2 and
an increase in MUC6 mRNA (Supplementary Figure S2).
These data confirm that the increased expression of CFTR
that is seen after CTCF and RAD21 knockdown is likely
a gene-specific effect. Next, we sought to determine if the
observed increase in CFTR mRNA levels also occurred at
the protein level. Western blots for CFTR after depletion
of CTCF, RAD21, or both factors led to a marked increase
in CFTR protein expression (Figure 4I–K). This was con-
firmed by quantification of the scanned western blots, show-
ing a significant, ∼ 3-fold increase in CFTR protein levels
after combined CTCF and RAD21 depletion, a 2-fold in-
crease after RAD21 reduction alone, and a 1.5-fold increase
after CTCF depletion alone (Figure 4L).

We also extended our investigation of the role of ar-
chitectural proteins in regulating CFTR expression to air-
way cell lines, which use a different set of cis-regulatory
elements from the intestinal elements to drive promoter
activity (1,8,26). Specifically, though the same enhancer-
blocking insulator elements flanking the gene are impor-
tant, the cis-elements in the middle of the locus (introns
10 and 11) are not evident in airway cells and a pair of el-
ements associated with DHS at -35 kb and -44 kb to the
gene promoter seem critical. The DHS at -35 kb contains
a strong airway-selective enhancer (25,26). q3C in two air-
way cell lines that express high levels of CFTR (Calu-3
and 16HBE14o-) confirmed distinct cell-type-specific inter-
actions (Supplementary Figure S3A). No interactions are
seen between a bait at the promoter and DHS 11, though
strong, cell-type dependent interactions are seen with the
−20.9 kb DHS (II) (16HBE14o-), DHS -35 kb (Calu-3 and
16HBE14o-) and -44 kb (Calu-3 only). CTCF depletion in
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line) is either at the CFTR promoter (A) or the −20.9 kb site (B). ∧ indicate
sites that are statistically different after knockdown as determined by an
unpaired, two-tailed Student’s t-test, P-values listed in Supplementary Ta-
ble S2. Other sites of interest are marked with arrows. Experimental details
are in Figure 2 legend.

16HBE14o- cells decreased interactions between the CFTR
promoter (dotted line) and the −20.9 kb (II) site and caused
a minor reduction in interactions with the +6.8 kb/+15.6 kb
(III) and +48.9 kb (IV) CTCF/cohesin binding sites (Sup-
plementary Figure S3B). A significant increase in interac-
tions with the -35 kb enhancer (marked ∧) and a slight in-
crease with the -44 kb element was also seen. Consistent
with this alteration in the profile of interactions of 5′ el-
ements with the promoter (−20.9 kb (II), -35 kb and -44
kb), siRNA-mediated depletion of CTCF in 16HBE14o-
cells caused a significant increase in CFTR expression (Sup-
plementary Figure S3C and D), similar to the change in
Caco2 cells. In contrast, RAD21 depletion had little effect
on CFTR mRNA levels in 16HBE14o- cells (Supplemen-
tary Figure S3E and F). This result likely reflects the dif-
ferent CFTR regulatory mechanisms in the intestinal and
airway cells.

Fine-tuning of CFTR expression in the looped conformation

Since looping of the CFTR locus is associated with active
gene expression, perturbation of the 3D structure by deple-
tion of the architectural proteins was predicted to repress,
not increase, CFTR expression. To investigate the mecha-
nism underlying the increase in CFTR expression after de-
pletion of CTCF and RAD21, we evaluated changes in the
chromatin landscape of the locus. ChIP for three histone
modifications, H3K9me3, H3K9ac and H3K27ac, was per-
formed after depletion of CTCF in Caco2 cells (Figure 5A–
C). H3K9me3 is found at repressed or inactive regions of
chromatin including at promoters, silenced enhancers, and
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Figure 4. siRNA-mediated depletion of architectural proteins augments
CFTR expression. (A), (D) and (G) Western blots show siRNA-mediated
depletion of CTCF (A), RAD21 (D), or both (G) in Caco2 cells with �-
tubulin as the loading control. (B) and (E) ImageJ quantification of west-
ern blots shown in (A) and (D), respectively. (C), (F) and (H) RT-qPCR for
CFTR expression in Caco2 cells after knockdown of CTCF (C), RAD21
(F) or both (H) (black) compared to NC siRNA treated cells (gray). (I)–
(K) Western blots show CFTR levels after loss of CTCF (I), RAD21 (J) or
both factors (K) in Caco2 cells with �-tubulin as the loading control. (L)
ImageJ quantification of the CFTR western blots, n ≥ 3. *P < 0.05; **P
< 0.01 as determined by an unpaired, two-tailed Student’s t-test. CT/RA
KD is short for CTCF and RAD21 knockdown.

in the gene body (30). H3K9ac is generally associated with
active or transcribed regions of the genome, specifically at
promoters, transcription start sites and regulatory elements
(31,32) and H3K27ac is a mark of active enhancers (30).
Enrichment of each histone mark was calculated as recov-
ery over percent input and normalized to total histone H3
at each site. Loss of CTCF decreased enrichment of the
H3K9me3 mark at −20.9 kb (site II), the promoter (-0.5
kb), and within the gene body at a site in intron 14a that is
not associated with any known cis-regulatory element (Fig-
ure 5A, marked by arrows). Correspondingly, H3K9ac in-
creased at the −20.9 kb site, though the modification re-
mained unchanged at all other regions tested (Figure 5B).
The greatest changes in histone marks after CTCF deple-
tion were in H3K27ac enrichment, which increased signif-
icantly at the known, active enhancers in introns 1 and 11
and a cis-element in intron 10 (Figure 5C, marked by arrows
and ∧).

We next investigated if the changes in histone modifica-
tions across the locus altered TF occupancy. We focused our
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Figure 5. Depletion of architectural proteins alters histone modifications and transcription factor occupancy. (A)–(C) ChIP for H3K9me3 (A), H3K9ac
(B) and H3K27ac (C) in Caco2 cells transfected with NC siRNA (gray) or a siRNA targeting CTCF (black). Data are shown as percent recovery over
input and each histone modification is normalized to recovery over input of unmodified histone H3 at each site, n = 3. ∧ indicate sites that are statistically
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are marked with arrows. (D)–(F) ChIP for FOXA1 (D), FOXA2 (E) and CDX2 (F) in Caco2 cells transfected with NC siRNA (gray) or siRNAs targeting
CTCF and RAD21 (black). Data are shown as percent recovery over input, n = 3. *P < 0.05; **P < 0.01 as determined by an unpaired, two-tailed Student’s
t-test.

analyses on TFs previously shown to bind to cis-regulatory
elements in the CFTR locus and regulate its expression
(8,27). ChIP for three TFs, FOXA1, FOXA2 and CDX2
was performed after depletion of both CTCF and RAD21,
since this had the greatest impact on CFTR expression (Fig-
ure 4G and H). FOXA1 occupancy, after CTCF/RAD21
reduction, significantly increased at the 5′ airway-selective
enhancer element at -35 kb and two CTCF/cohesin bind-
ing sites (II, IV) (Figure 5D, marked by *). Interestingly,
this was specific to FOXA1 as no changes in FOXA2 bind-
ing were observed (Figure 5E) despite the two factors hav-
ing similar binding motifs and some overlapping functions
(33). Moreover, CTCF/RAD21 depletion led to a signifi-
cant increase in CDX2 binding at a cis-regulatory element
in intron 10, the strong, intestinal-selective enhancer in in-
tron 11, and the insulator at +15.6 kb (Figure 5F, marked
by */**).

Contribution of architectural proteins to nuclear positioning
of the CFTR locus

The increase in CFTR mRNA and CFTR protein, coupled
with the changes in chromatin structure and TF occupancy
upon CTCF/RAD21 depletion, led us to evaluate the po-
sitioning of the CFTR alleles within the nucleus. A previ-
ous study demonstrated that the perinuclear positioning of
the inactive CFTR locus was dependent on type A lamins,
CTCF and a histone deacetylase (HDAC) (34). FISH fol-

lowed by 2D analysis revealed that treatment of cells with
a CTCF siRNA significantly decreased the percentage of
alleles at the nuclear periphery in two cell types (34). To
determine the effect of CTCF and RAD21 depletion on
nuclear positioning of the CFTR alleles we performed 3D
FISH with cells grown on glass coverslips. Caco2 cells,
which are highly aneuploid, generally have three copies of
chromosome 7 per cell, as evidenced by the three distinct
FISH signals in each nucleus in negative control, CTCF, or
RAD21 siRNA-treated cells (Figure 6A–C). Quantification
of CFTR nuclear positioning after CTCF or RAD21 deple-
tion showed a significant increase in the average minimum
distance to the nuclear periphery relative to non-targeting
siRNA treated cells (Figure 6D). Hence, depletion of both
architectural proteins is associated with internalization of
the CFTR locus within the nucleus.

DISCUSSION

The looped structure of the active CFTR locus (1,2) led
us to investigate how this 3D structure is established and
maintained, and examine whether it is critical for cell-type-
specific control of gene expression. We first focused on
the architectural proteins, CTCF and the cohesin complex,
which were shown previously to bind at sites near CFTR
(1,3,4). Our aim was to determine their role, independently
or in combination, at enhancer-blocking insulators flanking
the locus and within neighboring genes. ChIP after knock-
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down of either factor showed differential loss of CTCF,
RAD21 and SMC1 at each site. CTCF and RAD21 bind-
ing are co-dependent at site IV in the last intron of the CT-
TNBP2 gene, which is located on the 3′ side of CFTR, while
CTCF has a dominant role in interactions at site I, within
an intron of the ASZ1 gene, which flanks CFTR on the 5′
side and site II −20.9 kb upstream of the CFTR TSS (Figure
1B and C). Though RAD21 has a modest impact on occu-
pancy at site V, CTCF appears to be more important in me-
diating CTCF and RAD21 binding at this site (Figure 1B
and C). However, despite the interdependent recruitment of
both CTCF and cohesin, q3C data show distinct roles for
the proteins in 3D organization of the locus (Figure 2A–D).

Depletion of CTCF has a marked effect on interactions
between the CFTR promoter and insulator elements flank-
ing the gene, the insulator 5′ to the gene and both insula-
tors and other CTCF/RAD21 sites 3′ to the locus. These
data implicate a higher order looped structure between el-
ements 5′ and 3′ to the CFTR gene, which may create a
chromatin domain to isolate the locus for appropriate reg-
ulation. This is particularly relevant as the flanking genes,
ASZ1 (5′) and CTTNBP2 (3′), are expressed in different cell
types from CFTR. ASZ1 is primarily expressed in ovaries
and testes (35), while CTTNBP2 is expressed at high levels
in the brain and kidney, and at lower levels in other tissues
(36). This model is consistent with our previous data, which
show that two of the CTCF/cohesin binding sites flanking
CFTR (−20.9 kb and +6.8 kb) have enhancer-blocking in-
sulator activity (3,4).

Depletion of the cohesin component, RAD21, leads
to lower interaction frequencies across the entire locus
between the promoter, intronic enhancers and flanking
CTCF/cohesin binding sites. With a bait at site II (−20.9
kb) a reciprocal decrease in interaction is seen with the
promoter, though only cis-elements within CFTR exhibit
a reduced interaction and CTCF/cohesin sites 5′ and 3′
to the locus remain unchanged (with the exception of site
V). These data suggest that cohesin has a critical role in
stabilizing and maintaining interactions between the gene
promoter and intronic enhancers which drive expression of
CFTR, consistent with the role of cohesin in chromatin or-

ganization (reviewed in (37,38)). For example, at the IFNG
(interferon-� ) and �-globin loci, cohesin along with CTCF
plays a role in maintaining cell-type selective interactions
between CTCF and cohesin binding sites (39,40). Addi-
tional work on the �-globin locus showed that cohesin also
mediated associations between different genes and their en-
hancers (41). These data are consistent with our results.
However, though our q3C data show that CTCF and co-
hesin contribute to higher order organization of the CFTR
locus, they are clearly not the only components of the com-
plex involved in looping CFTR since >80% depletion of
CTCF or RAD21 did not have proportional effects on the
structure. The likelihood that other factors are involved led
us to investigate whether tissue-specific TFs binding to cis-
regulatory elements also have a mechanistic role. The pi-
oneer TFs FOXA1/A2 bind to several cis-elements across
CFTR and play a dominant role in driving enhancer func-
tion in intestinal cells (8). We show that siRNA-mediated
depletion of FOXA1/A2 decreases looping interactions
between the CFTR promoter and cis-elements in introns
10 and 11, including a strong cell-type selective enhancer
((8,27), Figure 2E and F). Hence, our data suggest two lev-
els of chromatin organization: the first in which TFs bind-
ing to intronic cis-regulatory elements initiate looping to the
promoter to drive CFTR expression and the second where
the cohesin complex acts to stabilize the 3D organization.
Other work published while our manuscript was in revision
also suggests that CTCF and cohesin have different roles in
chromatin interactions genome-wide (42) and that cohesin
has a CTCF-independent role in enhancer-promoter loop-
ing (43).

Targeted depletion of both CTCF and cohesin together
results in a dramatic loss of interactions across the CFTR
locus as measured by q3C (Figure 3). A significant loss
of associations is observed between the promoter and
CTCF/cohesin binding sites I, II, IV, V (Figure 3A) and
between the −20.9 kb bait and the other CTCF/cohesin
binding site at +48.9 kb (Figure 3B). These data provide fur-
ther evidence that a higher order looped structure is formed
between CTCF/cohesin binding sites. With the bait at the
CFTR promoter, a loss of interactions is also observed with
cis-regulatory elements within introns of the gene, which
have been shown to activate CFTR expression (Figure 3A,
(1,8,27)).

The observation that despite the disruption of the higher
order chromatin structure of the locus, resulting from deple-
tion of architectural proteins, CFTR expression increases,
was initially unexpected. There are several reports of de-
creases in gene expression after loss of chromatin loop-
ing between CTCF/cohesin binding sites or gene promot-
ers and enhancers, where looping facilitates gene expression
(40–41,44–45). However, genome-wide analyses showed
that genes may be either up- or down-regulated after loss
of CTCF/RAD21 (5), (46). Increased gene expression was
also observed at the HOXA gene cluster through loss of bar-
rier activity (47), consistent with our q3C data showing de-
creased interactions between CTCF/cohesin binding sites,
some of which have enhancer-blocking insulator activity.
Moreover, both CTCF and cohesin have many diverse func-
tions and have been implicated in gene repression as well as
activation (reviewed in (48,49)).
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A well-established role for CTCF is positioning nucleo-
somes and creating distinct chromatin domains (14,50). To
investigate whether the increase in CFTR expression after
CTCF knockdown occurred through changes in the chro-
matin landscape, we evaluated three histone modifications:
H3K9me3 (inactive), H3K9ac (active) and H3K27ac (ac-
tive). Depletion of CTCF causes a decrease in H3K9me3
and a concurrent increase in H3K9ac and H3K27ac at spe-
cific sites across the locus, which may explain the increase
in CFTR after CTCF knockdown. Moreover, the increase
in H3K27ac occurs specifically at the intestinal-selective en-
hancers in introns 1, 10 and 11, which drive CFTR expres-
sion in Caco2 cells. These changes in histone modifications
could arise from alterations in the chromatin structure that
increase accessibility to cis-regulatory elements, either due
to loss of insulator or barrier activity after CTCF depletion.

In addition to the alterations in chromatin structure
across the locus, we observe changes in TF occupancy af-
ter CTCF and RAD21 depletion (Figure 5D–F). The in-
crease in FOXA1 binding at the -35 kb enhancer and the
CTCF/cohesin binding sites at −20.9 kb (II) and +48.9 kb
(IV) (Figure 5D) suggests that the altered chromatin land-
scape is facilitating TF binding to other sites. These data
also indicate that loss of CTCF and cohesin modifies the
function of the sites as it allows other factors to associate
with these regions. In silico analysis reveals that the −20.9
kb (II) site has a FOXA binding motif, which may have been
previously inaccessible due to the presence of CTCF and co-
hesin components at that region (Figure 1B and C). Inter-
estingly, the same effect is not observed with another FOXA
family member, FOXA2 (Figure 5E), which binds together
with FOXA1 at several sites in CFTR (27). These data may
illustrate the emerging importance of distinct functions per-
formed by FOXA1 and FOXA2 genome-wide. CDX2 oc-
cupancy at the locus is also significantly augmented at sites
in introns 10 and 11 (Figure 5F). CDX2 was shown pre-
viously to bind to these and other sites across the locus
and its reduction leads to a decrease in CFTR mRNA lev-
els (8). These data further demonstrate that the 3D looped
structure established and maintained by CTCF and cohesin
may fine-tune CFTR expression by restricting TF binding to
levels sufficient to drive CFTR expression, but not achieve
maximal expression.

Finally, we investigated the role of CTCF and cohesin
in the nuclear positioning of CFTR alleles. 3D FISH af-
ter CTCF or RAD21 depletion showed an increase in the
average minimum distance to the nuclear periphery rela-
tive to negative control siRNA treated cells (Figure 6A–D).
Loss of either CTCF or RAD21 alters the positioning of
the CFTR alleles in Caco2 cells such that they move fur-
ther into the interior of the nucleus. This is critical as teth-
ering of genes to the nuclear periphery has been associated
with silencing of genes, while movement to the interior of
the nucleus is generally indicative of gene activation (51–54).
These data may also partly explain the increase observed in
CFTR mRNA and protein levels after CTCF and RAD21
depletion (Figure 4).

Several other mechanisms can be envisaged to account
for the increase in CFTR expression after the depletion of
CTCF and cohesin. One possibility involves the proposed
role of CTCF and cohesin in stalling RNA polymerase II

(55). The constraining higher order structure mediated by
CTCF and cohesin at CFTR could stall RNA pol II, thus
decreasing transcription rates, and this would be reversed
after loss of CTCF or cohesin. An additional explanation
could arise from data showing that CTCF physically in-
teracts with the transcriptional repressor SIN3A and that
these proteins may be in a complex at some sites in the
CFTR locus (56). Loss of CTCF could then be accompa-
nied by depletion of SIN3A, thus relieving the transcrip-
tional repression. It is possible that several of these mecha-
nisms and others contribute to the role of CTCF and the co-
hesin complex at the CFTR locus. However, our data clearly
show that these architectural proteins are responsible for
fine-tuning CFTR expression through the maintenance and
organization of its 3D structure. Moreover, they are also
involved in regulating the chromatin landscape, TF occu-
pancy and the positioning of the CFTR alleles in the nuclear
space.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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