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Background: The gel-forming mucin genes at chr11p15.5 encode major components of the epithelial mucus layer.
Results: CTCF occupancy correlates with mucin gene expression and active loci form three-dimensional looped structures.
Conclusion: CTCF has a pivotal role in coordinating gene expression and response to lipopolysaccharide.
Significance: The study provides novel therapeutic prospects for epithelial diseases associated with mucin hypersecretion.

Four of the genes that encode gel-forming mucins, which are
major components of the mucus layer protecting many epithe-
lial surfaces, are clustered at chromosome 11p15.5 and show
both cell- and tissue-specific expression patterns. We aimed to
determine whether the individual genes were coordinately reg-
ulated by mechanisms involving higher order chromatin struc-
ture. CCCTC-binding factor (CTCF) sites were predicted in
silico andCTCF occupancy then evaluated by chromatin immu-
noprecipitation. CTCF was found at many sites across the gene
cluster, and its binding was correlated with mucin gene expres-
sion. Next, siRNA-mediated depletion of CTCF was shown to
increase MUC2 expression in A549 lung carcinoma cells and
both MUC6 and MUC5AC expression in LS180 colon carci-
noma cells. These changes correlatedwith loss of CTCF binding
at multiple sites, although others retained occupancy. In cells
actively expressing the mucins, the gene cluster was shown by
chromosome conformation capture to form looped three-di-
mensional structures with direct interactions between the
MUC2 promoter region, regions 30 kb 5� to it, close to the
MUC6 promoter and others near the 3� end ofMUC5AC, >170
kb away. Finally, to demonstrate the importance of CTCF bind-
ing to mucin gene expression, Calu-3 lung carcinoma cells were
exposed to lipopolysaccharide (LPS). LPS increased the expres-
sion ofMUC2 andMUC5AC and reducedMUC5B. CTCF occu-
pancy was concurrently depleted at specific binding sites close
to these genes. These data suggest that CTCF binding and cell
type-specific long-range interactions across the 11p15.5 gene
cluster are critical mechanisms for coordinating gel-forming
mucin gene expression.

Recent advances in the methodology for analysis of tran-
scriptional regulatory mechanisms genome-wide are revealing
many novel functions for non-coding sequences (1). These ele-
ments are generally cis-acting but may be located at a consid-

erable distance (�100 kb) from the genes they control. The new
insights into the control of expression of individual genes are
extensive; however, the opportunity to reveal regulatory mech-
anisms for gene clusters and gene networks across the genome
is particularly exciting. Many functionally linked gene clusters
such as the homeobox, �-globin, and gel-forming mucin loci
are thought to have evolved by duplication of an ancestral gene
followed by evolution of genes with both common and diver-
gent properties (2, 3). Themechanisms that subsequently coor-
dinate the whole gene cluster in addition to the individual loci
within it are of considerable interest. We sought to determine
the regulatory mechanisms controlling gene expression within
the gel-forming mucin gene cluster located at chromosome
11p15.5 because synchronized expression of these genes is
likely critical for normal function of epithelia lining many
organs. Mucins are high molecular weight glycoproteins that
contain tandem repeat regions enriched for serine, threonine,
and proline, which are modified byO-glycosylation. These gly-
coproteinsmay bemembrane-bound or secreted (gel-forming),
and together, both types of mucin generate the characteristic
mucus layer that protects epithelial surfaces in the intestine,
pancreas, kidney, lungs, and many other organs (4, 5). Mucins
also have additional critical functions in vivo and theirmisregu-
lation is a characteristic feature of many disorders, including
chronic obstructive pulmonary disease, cystic fibrosis, asthma,
gastrointestinal inflammatory diseases, and lung, colon, and
pancreatic carcinomas (6–10). The four gel-forming mucin
genes at chromosome 11p15.5 include in order (telomeric to
centromeric) MUC6, MUC2, MUC5AC, and MUC5B and
encompass a �400-kb region (11). The expression of the four
mucin genes is cell type- and tissue-specific:MUC6 is one of the
two major gastric mucins (12) and is restricted to neck mucus
cells (13). MUC2 is highly expressed in goblet cells within the
intestinal epitheliumand at lower levels in the epithelium lining
conducting airways (8, 14); MUC5AC is expressed in surface
goblet cells in the airway and the stomach (8, 15, 16) where its
pattern of expression does not overlap with MUC6; and
MUC5B expression is largely localized to submucosal gland
cells within the respiratory tract (8, 16, 17),
Extensive analysis of the transcriptional regulation of indi-

vidual genes encoding the gel-formingmucins has already been
pursued and demonstrated that many of the gene promoters
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are activated by similar mechanisms. These include inflamma-
tory mediators such as cytokines (interleukin 1� (IL-1�), IL-4,
IL-6, IL-9, IL-12, IL-13 and tumor necrosis factor � (TNF�));
growth factors (epidermal growth factor (EGF), transforming
growth factor � (TGF-�)) and bacterial LPS (reviewed in Ref.
10). Moreover, the four gene promoters contain functional bind-
ing sites formanygeneral transcription factors, includingSp1,Sp3,
CREB,AP-1,NF-�B, andc-Myc (reviewed inRefs. 10, 18) aswould
be expected from their mechanisms of activation. Recruitment of
diverse transcription factors to these mucin genes results in their
epigeneticmodification bymechanisms, includingDNAmethyla-
tion, histone methylation, and histone acetylation/deacetylation
(19, 20). Despite this wealth of information on the regulation of
expression ofMUC6,MUC2,MUC5AC, andMUC5B, themech-
anisms that coordinate the expression of the whole gene cluster
have not yet been examined. However, these more global regula-
torymechanismsarecritically important inensuring theappropri-
ate composition of the mucus gel in specific epithelial environ-
ments and that a well orchestrated response is generated to
epithelial insults. Because individual mucus glycoproteins have
quite different biochemical and biophysical properties, it is clear
that misexpression will have functional consequences.
We tested the hypothesis that the 11p15.5 mucin gene clus-

ter is coordinately regulated by modifications in higher order
chromatin structure that enhance or restrict access to individ-
ual gene promoters within the cluster. Moreover, that the
three-dimensional organization of this genomic region modu-
lates the interaction of cis-acting enhancers or repressors with
the individual gene promoters. Long range interactions are
known to regulate other multigene clusters, including the
T-helper type 2 cytokine, �-globin, major histocompatibility
class II (MHC-II), and�-globin loci in a cell- and tissue-specific
manner (21–26). At these and many other loci, CCCTC-bind-
ing factor (CTCF)3 interaction with insulator elements is
important to prevent enhancers activating inappropriate pro-
moters; it also isolates distinct chromatin domains by associat-
ing with boundary elements and prevents the spread of hetero-
chromatin (27). CTCF is an 82-kDa protein that binds to
variations of the consensus CCCTCmotif using its 11 zinc fin-
ger domains (28–30). It contributes to the three-dimensional
organization of chromosomes throughout the genome (31–33).
CTCF sites are enriched in intergenic and intronic regions in
comparison with proximal-promoter regions (33, 34), and
although 40–60% of these sites are ubiquitous, the remainder
are important in cell- and tissue-specific regulation (32, 35).
Our data demonstrate that CTCF binding across the gel-

forming mucin gene cluster shows cell type specificity. More-
over, that depletion of CTCF by siRNA-mediated knockdown
results in loss of occupancy only at certain sites, and these
changes can alter the expression of individual mucin genes.
Using quantitative chromosome conformation capture (q3C),
we show long range interactions between theMUC2 promoter
and sites in MUC6 and the adjacent adaptor-related protein
complex 2� 2 subunit (AP2A2) gene. Finally, we determine that
LPS-induced up-regulation of MUC2 and MUC5AC and

repression ofMUC5B transcription in Calu-3 cells is accompa-
nied by depletion of CTCF binding at specific sites. These data
demonstrate the biological importance of the coordinate regu-
latory mechanisms across the gene cluster.

EXPERIMENTAL PROCEDURES

Cell Culture—LS180, LS174T (36), HT-29 (37) (colon carci-
noma), A549 (38), Calu-3 (39) (lung carcinoma), BxPC-3 (40),
(pancreatic adenocarcinoma),HEK293 (41) (human embryonic
kidney) were grown in Dulbecco’s modified Eagle’s medium
(DMEM), and Capan-1 (39) (pancreatic adenocarcinoma) was
grown in Iscove’s modified Dulbecco’s medium; both media
were supplementedwith 10% fetal bovine serum (FBS). Primary
human fibroblasts were cultured in Minimal essential medium
(MEM) with 15% FBS.
Quantitative RT-PCR (qRT-PCR)—RNA was isolated from

2–3 days postconfluent cells using TRIzol� (Invitrogen), and a
TaqMan� reverse transcription kit (Applied Biosystems) was
used to make cDNA. Expression of the four mucin genes was
measured using primers shown in supplemental Table 1. 18 S
rRNA was used as an internal control.
Absolute Quantification of Expression—qRT-PCR was used

to obtain expression values for the fourmucin genes in all of the
cells. Each mucin gene was set to 1.0 in LS180 cells, and the
other cells were calculated relative to LS180. For absolute quan-
tification, cloned cDNAs of the four mucin genes were used as
follows MUC6 (42), MUC2 (43), MUC5AC (44), and MUC5B
(45). Specific picomolar amounts (determined based on plas-
mid size) of each cloned plasmid were used in qRT-PCR to
generate a standard curve for each mucin. Using the quantita-
tive RT-PCRdata fromLS180 cDNA, the pmol amounts of each
mucin were calculated for this line. These absolute numbers
were then multiplied by the relative expression data for each
cell line to give absolute values for each mucin gene.
ChIP—ChIP was done as described previously (46). 10 �g of

CTCF antibody (Millipore 07-729) and rabbit IgG (Millipore
12-370) were used for each immunoprecipitation. Enrichment
is shown relative to IgG and the primers used in SYBR� Green
assays are listed in supplemental Table 1.
siRNA-mediated Depletion of CTCF—StealthTM CTCF

siRNA (47) and non-targeting siRNA medium GC negative
control duplex were used (Invitrogen). Knockdown experi-
ments in A549 and LS180 were performed using Lipo-
fectamineTM RNAiMAX (Invitrogen). For A549, the cells were
transfected with 30 pmol of CTCF or negative control siRNAs,
48 h after plating. For LS180, cells were reverse transfectedwith
50 pmol of CTCF and negative control siRNA. Cells were har-
vested 72 h after transfection to assayCTCFdepletion byWest-
ern blot, changes in mRNA expression, and for ChIP.
Western Blots—A549 and LS180 were lysed with NET Buffer

(10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA) with 1%
(v/v) protease inhibitor mixture (Sigma) and 1% (w/v) Triton
X-100. The antibodies used were CTCF (Millipore 07-729) and
�-tubulin (Sigma-Aldrich, T 4026), and protein was detected
using ECL. Films were scanned, and proteins were quantified
using NIH ImageJ software (http://rsb.info.nih.gov/ij/).
q3C—q3C was performed as described previously (48, 49).

The restriction enzyme used for digestion was BglII. Baits and
3 The abbreviations used are: CTCF, CCCTC-binding factor; q3C, quantitative

chromosome conformation capture; qRT-PCR, quantitative RT-PCR.
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interacting region primers used are listed in supplemental
Table 1.
Lipopolysaccharide Treatment—Calu-3 cells were serum-

starved from24 h and treated eitherwith PBS orwith 200 ng/ml
Pseudomonas aeruginosa LPS in PBS from Sigma (L9134).

RESULTS

Differential Mucin Gene Expression Patterns in Colon, Lung,
and Pancreatic Adenocarcinoma Cell Lines—The chr.11p15.5
gel-forming mucins have distinct expression patterns that vary
by cell and tissue type. In normal cells, only one gel-forming
mucin is usually expressed (13); however, in cancer cell lines,
multiple mucin genes may be expressed, thus providing a more
informative model in which to examine coordinate gene regu-
lation across the cluster. Although mucin gene expression data
exist for many cell types, these are rarely quantitative. Hence,
we first generated robust qRT-PCR assays for each of the four
gel-forming mucin genes. To facilitate comparison of individ-
ual mucin genes within a cell type, we measured mucin gene
expression using absolute quantification (Fig. 1). For each cell
type, the individual expression values, normalized to 18 S
rRNA, were set relative to LS180, a colon adenocarcinoma cell
line that expresses all four genes. Next, picomolar amounts of
the cDNA for each gel-forming mucin gene in LS180 were cal-
culated. These absolute amountsweremultiplied by the relative
expression values of each mucin in the other cell lines. For
example, if cell lineA expressed 2-foldmoreMUC6 thanLS180,
using the picomolar amount forMUC6 in LS180 (�0.1), line A
would show an expression value of�0.2. The relative and abso-
lute expression data sets, both show tissue- and cell type-spe-

cific differences in mucin gene expression. To illustrate, the
lung carcinoma cell lines A549 and Calu-3 both express
MUC5AC, but only A549 expresses MUC5B. Moreover,
although LS180 and LS174T are derived from the same colon
carcinoma cell line, LS174T expresses 10-fold more MUC2
(Fig. 1). These distinct gel-formingmucin gene expression pro-
files and the expression of several mucins by a single cancer cell
suggest that there may be a mechanism to facilitate expression
of certain genes and the repression of others.
The Mucin Gene Cluster Is Demarcated by Multiple CTCF

Binding Sites—Themucin gene cluster at chromosome 11p15.5
encompasses �400 kb and contains four genes in the order
MUC6, MUC2, MUC5AC, and MUC5B (Fig. 2A), with MUC6
telomeric and MUC5B centromeric. MUC6 is transcribed on
the reverse strand, and MUC2, MUC5AC, and MUC5B are
transcribed on the forward strand. There is a known gap in the
HG19 assembly of the human genome sequencewithin the tan-
dem repeat region of the MUC5AC gene (marked with dashed
line onFig. 2A). However, this does not impact interpretation of
our data because the cDNA ofMUC5AC has been cloned (44),
enabling accurate expression studies and primer sets used in
q3C lie outside this region.
CTCF is known to regulate many multigene clusters to facil-

itate appropriate expression of each gene through modifying
higher order chromatin structure and/or by binding to enhanc-
er-blocking insulator elements. Thus, we used chromatin
immunoprecipitation (ChIP) with an antibody specific for
CTCF to examine its occupancy at predicted binding sites
across the cluster in relevant cell types. Thirteen CTCF binding
sites of 26 seen in ENCODE data (1) (derived from 47 cell lines)
were analyzed by qRT-PCR (Fig. 2B, sites I–XIII). The choice of
sites for analysis was made based on their location (all are
intronic or intergenic), and CTCF occupancy was shown in
relevant cell types. Among these sites several, for example sites
IV and IX, show ubiquitous occupancy of CTCF in all cell types,
although the levels of enrichment are variable. At other sites
such as VII, XI, and XII, CTCF occupancy differs greatly
between cell types, ranging from very low enrichment to the
highest level of occupancy of all sites in a cell line (compare site
XI in Calu-3 and A549). Interestingly, sites V, VI, and VIII,
which are predicted to bind CTCF based on ENCODE data,
show no enrichment despite adjacent sites showing high occu-
pancy (e.g. site IV). The CTCF binding profile shows some cor-
relation with mucin gene expression patterns, irrespective of
the tissue origin of the cell line. For example, in Calu-3 (airway)
andHT-29 (colon) cell lines, which express onlyMUC5AC (Fig.
1), the overall CTCF binding profile is very similar with the
exception of site XI, at the 5� end ofMUC5B. In contrast, if both
MUC5AC andMUC5B are expressed, as in A549 (airway) and
Capan-1 (pancreatic) lines, CTCFoccupancy at sites near the 5�
end (XI) and 3� (XII) toMUC5B decreases (Fig. 2B). LS180 and
LS174T, which are derivatives of the same colon carcinoma cell
line, express all four gel-forming mucins. However, MUC2
expression levels are higher in LS174T (Fig. 1), and this appar-
ently correlates with reducedCTCF occupancy at sites between
MUC6 andMUC2 (sites III, IV) in comparisonwith LS180. The
pancreatic cells express either very high levels of MUC2
(BxPC-3) orMUC6 (Capan-1) but not both. In these lines, there

FIGURE 1. Absolute quantification of mucin gene expression in airway,
intestinal, and pancreatic cell lines. Gene expression for the four gel-form-
ing mucin genes was calculated using standard curves generated on cloned
cDNAs for each gene. Absolute expression, in picomolar amounts, was calcu-
lated in LS180 cDNA.
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is overlap between sites of CTCF occupancy even though the
gene expression profile is different. However, overall occu-
pancy of CTCF across the gene cluster is higher in BxPC-3,
which expresses very low levels of all the other genes, in con-
trast to Capan-1, which expresses several genes. Having estab-
lished the CTCF occupancy profile of each cell line in relation
to its expression of the gel-formingmucin genes, we next exam-
ined the effect of altering CTCF binding profiles on gene
expression patterns.
Changes in CTCF Occupancy Alter Gel-forming Mucin Gene

Expression—To determine whether CTCF occupancy at sites
within the chr11p15.5mucin gene cluster impacts gene expres-
sion,we used specific siRNAs to depleteCTCF.We first utilized
A549 lung carcinoma cells, which express MUC5AC and
MUC5B (Fig. 1). Efficient (�90%) knockdown of CTCF
resulted in an �3-fold increase inMUC2 expression (p � 0.05)

in comparison with cells treated with a non-targeting siRNA
control (Fig. 3A). Concurrent slight increases inMUC5AC and
decreases inMUC5B expression after CTCFdepletionwere not
statistically significant, and MUC6 levels did not change. To
determine whether these alterations in mucin gene expression
correlated with changes in CTCF occupancy at any sites, we
performed ChIP for CTCF in negative control siRNA and
CTCF siRNA-treated cells (Fig. 3B). Multiple CTCF-binding
sites across the gene cluster showed selective depletion of
CTCF occupancy after siRNA treatment. Of particular interest
was loss of enrichment at sites VI and VII within the MUC2
gene, consistent with a dramatic increase in its expression, and
at site IX, which is located withinMUC5AC and close to the 5�
end of MUC5B because both genes are highly expressed in
A549 cells. In contrast, CTCF knockdown had only a slight
impact on occupancy at site IV, which lies betweenMUC6 and

FIGURE 2. Differential occupancy of CTCF at predicted binding sites across the 11p15.5 mucin gene cluster. A, genomic organization of the gel-forming
mucin gene cluster. Shown is the UCSC Genome Browser HG19 view of the four mucin genes on chr11p15.5. The dashed line above MUC5AC indicates a gap in
the sequence. B, ChIP for CTCF in each cell line. Data are presented as fold enrichment over rabbit IgG isotype control. For each cell line, ChIP was performed
at least twice, and representative data (consistent profiles in all replicates) are shown.
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MUC2. This observation may underlie the apparent lack of
transcriptional response of theMUC6 gene to CTCF depletion.

Next, we evaluated the effect of CTCF knockdown in LS180
colon carcinoma cells, which have a different mucin gene
expression pattern from A549 and express all four gel-forming
mucin genes (Fig. 1). siRNA-mediatedCTCFdepletion resulted
in a significant increase in bothMUC6 (p� 0.01) andMUC5AC
(p � 0.001) expression relative to cells treated with a non-tar-
geting siRNA (Fig. 3C). To identify the changes in CTCF occu-
pancy after its depletion, we again performedChIP for CTCF in
negative control and CTCF siRNA-treated cells. Most sites
showed loss of CTCF enrichment though the relative levels of
depletion vary by site (Fig. 3D). None of the changes showed
close correlationwith expression ofMUC6 andMUC5AC (with
the exception of site VII), perhaps because both genes are
already expressed in this line. Because CTCF knockdown in
both A549 and LS180 cells increased mucin gene expression,
this factor may be establishing a repressive chromatin environ-
ment at the gene cluster.
Long Range Interactions at the Gel-forming Mucin Gene

Cluster—We next used q3C to test the hypothesis that some
aspects of coordinate regulation of the mucin genes at
chr11p15.5 are mediated by the long range interactions of cis-
acting elements across the cluster. We first measured interac-
tions between the MUC2 promoter and other regions in the
gene cluster. In skin fibroblasts, which do not express any gel
forming mucins, there are no interactions across the gene clus-
ter, except for the expected interaction of regions �10 kb away
from the MUC2 promoter bait (Fig. 4). In contrast, in LS174T
and LS180 cells, which express high levels of all four genes,
higher interactions were observed between the MUC2 pro-

moter and elements close to theMUC6 5� end (marked by black
arrows in Fig. 4 at chr11:1,031,000–1,038,000). In LS174T cells,
which express substantially higher levels of MUC2 (10-fold)
than LS180 cells, the interaction frequencies across the region
appeared greater. In addition, in LS180, a higher interaction
frequency was seen between the MUC2 promoter and the 3�
end of the AP2A2 gene (at chr 11:1,005,000, gray arrow). In
Capan-1 cells, which express abundant MUC6 but no MUC2,
the interaction frequency between theMUC2promoter and the
MUC6 5� end (chr11:1,038,000) was low, though slightly higher
with the 3� end of theAP2A2 gene (chr11:1,005,000). The inter-
actions between the MUC6 and MUC2 promoters in cell lines
that express both genes were confirmed with a 3C bait at the
MUC6 gene promoter (supplemental Fig. 2). Interactions
between theMUC2 promoter and the 3� end of the mucin gene
cluster were generally very low, with the exception of one
region close to the 3� end of the MUC5AC gene (chr11:
1,218,000, light gray arrow) in Capan-1 cells. Capan-1 express
much higher levels ofMUC5AC and particularlyMUC5B than
LS180 or LS174T, and this may be relevant to the three-dimen-
sional structure of the mucin gene cluster in these cells. Con-
sistent with this hypothesis, A549 airway epithelial cells, which
express high levels ofMUC5AC andMUC5B show interactions
between theMUC2 promoter and regions within theMUC5AC
andMUC5B genes (Fig. 4, chr11:1,218,000 and 1,242,000, light
gray arrows).
Lipopolysaccharide Exposure Decreases CTCF Occupancy

across the Cluster in Association with Activation of Mucin Gene
Expression—Among the many known in vivo activators of gel-
forming mucin gene expression are bacterial exoproducts such
as LPS, a component of the outer membrane of Gram-negative

FIGURE 3. siRNA-mediated depletion of CTCF augments specific mucin gene expression and causes differential loss of CTCF occupancy. A and
C, changes in mucin gene expression after CTCF knockdown (KD; A, A549; C, LS180) were determined by RT-qPCR in negative control siRNA and CTCF siRNA
treated cells. For each mucin gene data were normalized by setting negative (Neg) control siRNA expression to 1. B and D, selective loss of CTCF occupancy after
knockdown (B, A549; D, LS180). ChIP for CTCF was carried out on cells transfected with a non-targeting (control) siRNA or an siRNA targeting CTCF. Data are presented
as fold enrichment over rabbit IgG isotype control. ChIP was done at least twice, and representative data (consistent profiles in all replicates) are shown.
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bacteria. To elucidate the biological relevance of CTCF binding
at the gel-formingmucin cluster, we exposedCalu-3 cells to 200
ng/ml LPS from P. aeruginosa.This led to a significant increase
inMUC2 andMUC5AC expression as expected (50–52), a sig-
nificant (�25%) decrease in MUC5B expression (Fig. 5A), and
no change in MUC6 expression (data not shown). Next, we
measured CTCF occupancy by ChIP across the mucin gene
cluster in untreated and LPS-treated cells. The results showed
that LPS activation was accompanied by a partial loss of CTCF

binding at several sites across the cluster, including site IV,
which is located between MUC6 and MUC2 and sites XI and
XII, which are located at the 5� and 3� end ofMUC5B, respec-
tively (Fig. 5B). These data suggest that loss of CTCF binding at
the gel-forming mucin gene cluster is an integral part of the
activation of these genes in response to LPS treatment.

DISCUSSION

Coordinate regulation of multigene clusters such as the gel-
forming mucin gene complex on chromosome 11p15.5 often
involves organization of the chromatin into higher order struc-
tures, whichmay bemediated byCTCF.Here, we examined the
mechanistic role of CTCF in coordinating the complex pattern
of regulation of the gel-formingmucin genes andmediating the
long range interactions across the cluster. First, we profiled the
expression of the four genes, MUC6, MUC2, MUC5AC, and
MUC5B in colon, lung, and pancreatic cancer cells, for the first
time using absolute quantification of transcripts. Next, we
determined CTCF binding in these cell types by ChIP and
found that in cells where the mucin gene cluster was active,
CTCF bound at multiple sites. In contrast in fibroblasts, where
the mucin genes are not expressed, CTCF binding is only seen
at ubiquitous sites, and the cluster is marked by repressive
histone modifications such as H3K9Me3 and H3K27Me3
(ENCODE data in supplemental Fig. 1). Interestingly, the pre-
dicted CTCF sites in the genes adjacent to the mucins, AP2A2
5� andToll interacting protein (TOLLIP) 3�, show relatively low
occupancy in the cancer cell lines that we examined (Fig. 2B).

FIGURE 4. Long range interactions are evident across the 11p15.5 mucin
gene cluster. 3C (q3C) interactions are shown in A549, Capan-1, LS180, and
LS174T cell lines and fibroblasts. A fixed forward primer and a Taqman probe
were designed within a BglII fragment at the MUC2 promoter (bait, gray bar),
and multiple reverse primers were generated within distal BglII fragments
(black bars) across the 11p15.5 mucin gene cluster. The x axis represents the
genomic location on chromosome 11; the y axis represents the interaction
frequency relative to a control fragment adjacent to the bait. Experiments
were performed at least twice for each cell type, and data shown are from a
single representative 3C experiment. Error bars represent the S.E. of at least
two qPCR reactions for each fragment. Arrows denote BglII fragments inter-
acting with the bait as described in the text.
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Two CTCF binding sites (IV and IX) showed occupancy in all
mucin-expressing cell lines, irrespective of gene expression pat-
terns, and these likely correspond to ubiquitous sites observed
across the genome. However, several sites showed selective
CTCF occupancy that correlated, at least in part, with gene
expression profiles (Table 1). For example, Calu-3 and HT-29
express onlyMUC5AC at high levels (Fig. 1), and CTCF occu-
pancy in both cell types is similar (Fig. 2B) with the exception of
site XI. In comparison in A549 and Capan-1 cells, which both
expressMUC5B andMUC5AC, lower CTCF occupancy is seen
at sites XI and XII, which are located near the 5� (XI) and 3�
(XII) end of MUC5B (Fig. 2B). LS180 and LS174T express all
four mucin genes, although at different abundance, and our
absolute expression data showed that LS174T has 10-foldmore
MUC2 transcript compared with LS180 (Fig. 1). Concurrently,
CTCF occupancy shown by ChIP at sites III and IV, which are
located betweenMUC6 andMUC2, is decreased in LS174T in
comparison with LS180 (Fig. 2B).
siRNA-mediated depletion of CTCF in A549 cells increased

MUC2 expression �3-fold (Fig. 3A) and in LS180 increased
bothMUC6 andMUC5AC expression (Fig. 3C). ChIP forCTCF
subsequent to its knockdown showed loss of enrichment at
most sites in both cell lines, although the effect was generally
less at one ubiquitous CTCF site (IV) than at the cell-selective
CTCF binding sites (Fig. 3, B and D). These data show that
CTCF is a negative regulator of gel-formingmucin gene expres-
sion. It is likely based on data from other loci (29, 53, 54) that
CTCF suppresses gene expression by recruiting a repressive
complex such as the polycomb group repressor complex 2 or

SIN3A and associated histone deacetylases. Consistent with
these observations, previous reports showed an increase in
MUC2 expression following histone deacetylase 2 depletion
(19) and that expression of MUC2 was apparently dependent
on H3K9 and H3K27 acetylation in the 5�-flanking region (55).
However, our data showing that CTCF depletion increases
expression of MUC2, MUC5AC, and MUC6 in different cell
lines are in contrast with observations that only MUC2 and
MUC5B are subject to epigenetic regulation, with MUC5AC
being rarely influenced andMUC6 not at all (19).

To elucidate the biological relevance of CTCF binding at the
11p15.5 mucin gene cluster, LPS from P. aeruginosa was used
to modulate mucin gene expression. LPS treatment signifi-
cantly increasedMUC2 andMUC5AC expression (Fig. 5A), and
this correlated with and likely resulted from decreased CTCF
binding at several sites across the cluster (Fig. 5B). Moreover,
LPS treatment significantly reduced MUC5B expression
(�25%), suggesting a coordinated regulatory mechanism for
the gene cluster, whereby up-regulation of one or more gel-
forming mucins is accompanied by down-regulation of others.
The mechanism wherebyMUC5B expression is decreased may
involve the establishment of repressive histone modifications,
consistent with previous observations on the regulation of
MUC5B (19). These results are consistent with our data on
siRNA-mediated depletion of CTCF, which show that CTCF is
a repressor of mucin gene expression (Fig. 3). They also suggest
that one mechanism of LPS-induction of gel-forming mucin
gene expression is the inhibition of CTCF binding at certain
sites across the cluster. This inhibition may also involve direct
or indirect interactions with NF-�B at the mucin gene cluster.
The impact of LPS activation on individual mucin gene pro-
moters was studied previously (56, 57). P. aeruginosa LPS inter-
acts with Toll-like receptor 4, which activates the Src/Ras/
MAPK/pp90rsk pathway resulting in nuclear localization of
NF-�B and its binding to elements close to the MUC2 and
MUC5AC promoters (reviewed in Ref. 10). Our results suggest
that LPS may have a more global role across the gene cluster.
These data also suggest that CTCF may play an important role
in other inflammatory pathways that up-regulate mucin gene
expression but are activated by agents other than LPS.
We investigated long range interactions across the gel-form-

ing mucin gene cluster by q3C and found higher order struc-
tures across the region. Using the MUC2 promoter as the bait
region, we observed interactions with the 5� end ofMUC6 and
the 3� end of AP2A2 (Fig. 4). TheMUC2 promoter interaction
with the 5� end of MUC6 may depend on both genes being
expressed, as seen in LS180 and LS174T. If MUC2 is silent
(Capan-1 and A549), its promoter does not interact with the 5�
end ofMUC6 but still interacts with the 3� end of AP2A2 (Fig.
4). Another long range interaction that seems dependent on
gene activity is between theMUC2 promoter and regions close
to the 3� end ofMUC5AC and the 5� end ofMUC5B in Capan-1
and A549. These long range interactions may be critical for
facilitating expression of the gel-formingmucin genes, creating
chromatin loops to prevent inappropriate cross-regulation
between adjacent genes such as MUC6 and MUC2 and at the
same time providing feedback to communicate gene expression
patterns to other loci in the cluster. The characterization of an

TABLE 1
Absolute quantification of mucin gene expression and CTCF occu-
pancy across the 11p15.5 region
Absolute quantification of mucin gene expression and CTCF occupancy across the
11p15.5 region. Gene expression data from Fig. 1 for the four gel-forming mucin
genes are classified into none, very low, low,medium, high, and very high expression
for each mucin in each cell line. White, none; pale gray, very low; light gray, low;
medium gray, mid; dark gray, high; black, very high. CTCF ChIP data from Fig. 2B
are shown with low, medium, or high occupancy for each of the 13 sites in each cell
line. White, N/A, pale gray, low; medium gray, mid; dark gray, high.
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extra level of transcriptional regulation across the gel-forming
mucin gene cluster, in addition to the control of individual
genes by their respective promoters, may be relevant to human
disease.Many diseases of the airway epithelium such as chronic
obstructive pulmonary disease, asthma, and cystic fibrosis, gas-
trointestinal inflammatory diseases, and carcinomas are asso-
ciated with gel-forming mucin hypersecretion. The identifica-
tion of CTCF as a critical mediator in controlling gene
expression at this clustermay provide novel therapeutic oppor-
tunities because the protein is known to recruit repressive com-
plexes that are suitable for pharmacological manipulation.
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