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The intestinal epithelium is a dynamic barrier that maintains the distinct environments of intestinal
tissue and lumen. Epithelial barrier function is defined principally by tight junctions, which, in turn,
depend on the regulated expression of claudin family proteins. Claudins are expressed differentially
during intestinal epithelial cell (IEC) differentiation. However, regulatory mechanisms governing
claudin expression during epithelial differentiation are incompletely understood. We investigated the
molecular mechanisms regulating claudin-7 during IEC differentiation. Claudin-7 expression is increased
as epithelial cells differentiate along the intestinal crypteluminal axis. By using model IECs we
observed increased claudin-7 mRNA and nascent heteronuclear RNA levels during differentiation. A
screen for potential regulators of the CLDN7 gene during IEC differentiation was performed using a
transcription factor/DNA binding array, CLDN7 luciferase reporters, and in silico promoter analysis. We
identified hepatocyte nuclear factor 4a as a regulatory factor that bound endogenous CLDN7 promoter
in differentiating IECs and stimulated CLDN7 promoter activity. These findings support a role of
hepatocyte nuclear factor 4a in controlling claudin-7 expression during IEC differentiation.
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The intestinal epithelium constitutes a barrier that interfaces
the distinct environment of the intestinal lumen and under-
lying tissue compartments. The intestinal epithelium is
dynamic and actively is turned over as enterocytes proliferate
in the crypt and migrate along the crypteluminal axis, ulti-
mately to be shed into the gut lumen. Epithelial barrier
properties are achieved by intercellular junctions that include
tight junctions (TJs), adherens junctions, and desmosomes.1

In addition to controlling epithelial polarity, proliferation,
and differentiation, TJ proteins play an important role in the
regulation of paracellular permeability.2e4 Although all
intestinal epithelial cells have TJs, the protein composition of
these junctions changes during differentiation in the
crypteluminal axis.

TJs comprise several transmembrane and associated scaf-
fold proteins. The transmembrane proteins of the claudin
family seal the intercellular space between epithelial or
endothelial cells. Claudin proteins have four transmembrane
domains, one intracellular loop, two extracellular loops, and
stigative Pathology.

.

both the N- and C-terminal domains are intracellular.5

Currently, 27 mammalian claudin genes have been
described6 and specific subsets of claudins determine the
barrier properties of epithelia and endothelia in a tissue-
specific manner.7 The expression of select claudins including
claudin-2, -4, -7, -10, and -15 changes as intestinal epithelial
cells (IECs) differentiate in the intestine and migrate along the
crypteluminal axis.8e10 Mice lacking claudin-7 show
abnormal intestinal development, with altered cryptevillus
architecture and increased epithelial cell loss resulting in
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Table 1 Primers Used in PCR or qPCR Reactions to Detect Claudin-7 mRNA and hnRNA

Primer name Sequence Notes

Forward 3 50-TGCAGGCCACTCGAGCCCTA-30 Claudin-7 mRNA, forward on exon
Forward hn2 50-GAACACGGCGCCGGACAGAA-30 Claudin-7 hnRNA, forward on exoneintron boundary
Reverse 3 50-GGCCTTTGTCCGGCACCCTG-30 Reverse primer for both forward above
b-actin forward 50-AGTCCATCACGATGCCAGT-30

b-actin reverse 50-TGACCCAGATCATGTTTGAGA-30

HNF4a Regulates CLDN7 in maturing IECs
mucosal erosion and ulceration.11 These architectural changes
suggest that claudin-7 plays an important role in controlling
intestinal epithelial organization and differentiation. In the
colon, claudin-7 expression increases as the epithelial cells
differentiate toward the luminal surface, resulting in a gradient
with the highest expression at the luminal surface.8 In addition
to TJ localization, many claudin proteins such as claudin-7
also are distributed in the lateral membrane of IECs.8

We report a mechanism by which claudin-7 protein is
regulated in differentiating IECs. A transcription factor (TF)/
DNA binding array was used in combination with in silico
analysis to screen for TFs that potentially control claudin-7
levels in differentiating intestinal epithelium. This screen
identified hepatocyte nuclear factor 4a (HNF4a), PU.1, and
Oct 2.1 as candidate TFs that bind CLDN7 promoter. Chro-
matin immunoprecipitation (ChIP) and promoter reporter as-
says showed that HNF-4a controls CLDN7 transcription in
differentiating IECs. Thus, our study identified a novel direct
regulation of the CLDN7 gene by HNF-4a during IEC
differentiation.
Materials and Methods

Cell Culture and IEC Differentiation Assay

Caco-2 or HT29/B6 cells were grown in high-glucose (4.5 g/L)
Dulbecco’s modified Eagle’s medium (Corning, Tewksbury,
MA) supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, 100 mg/mL streptomycin, 15 mmol/L HEPES, pH
7.4, 2 mmol/L L-glutamine, and 1% nonessential amino acids.
Cells were seeded at high density (approximately 200,000/cm2)
Table 2 Primers for the Detection of CLDN7 Genomic DNA from ChIP

Primer name Sequence

CLDN7HNF4 forward 2 50-AGTGAGACCCGGCCTCT
CLDN7HNF4 reverse 2 50-GACCTCAGGTGATCCCA
CLDN7HNF4 forward 3 50-ATCGACCAGGGTAGGAG
CLDN7HNF4 reverse 3 50-AAGCCCCTTCCTTTCTT
CLDN7-H1-H2 forward 1 50-CAGGAAGCTCCAAAGCA
CLDN7-H1-H2 reverse 1 50-TCTGTCACGCCTCACTG
CLDN7-H2 forward 50-AGCCAGAACAATGATGA
CLDN7-H2 reverse 50-TCACTGCTCCCAGCCAT
PU1 CLDN7 3 reverse 50-CCTTCCTCCTTCATCTT
PU1 CLDN7 3 forward 50-CTCTGCACTCCAGCCTG
POU2F2 CLDN7 1 forward 50-GTTAGGAGCCTTGATGC
POU2F2 CLDN7 1 reverse 50-CTTAGCGTGGCTCCCCA
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on cell cultureetreated plates and harvested for Western blot or
quantitative real-time PCR (qPCR) analysis after 1 to 12 days.
Expended culture media was changed to fresh culture media
daily. For luciferase reporter assays the cells were seeded at
high density in 48-well, cell cultureetreated plates, transfected
the following day by luciferase reporter constructs, and har-
vested 1 to 5 days later. For the TF/DNA binding assay and
ChIP analysis, Caco-2 cells were seeded at high density in 75
cm2 culture flasks and harvested after 2 or 12 days.

Immunoblotting

Cells were harvested in ice-cold radioimmunoprecipitation
assay [0.5% Triton X-100 (Fisher Scientific, Rockford, IL),
0.5% NP-40, 0.5% deoxycholic acid, 0.1% SDS, 150
mmol/L NaCl, 1 mmol/L EGTA (pH 8.0), 1 mmol/L
EDTA, 0.2 mmol/L sodium orthovanadate, and 20 mmol/L
Tris (pH 7.4)] buffer, and centrifuged at 10,000 � g for 20
minutes at 4�C to sediment cell debris. Supernatant protein
concentration was determined using the bicinchoninic acid
assay (Pierce/Thermo Fisher Scientific, Rockford, IL) and
subjected to Western blot analysis. Primary antibodies (and
dilutions) were claudin-7 (1:2000) and claudin-2 (1:250)
polyclonal rabbit antibodies (Invitrogen, Life Technologies,
Grand Island, NY), caudal type homeo box transcription
factor 2 (Cdx2) (1:1000), p21 (1:1000), and HNF-4a
(1:1000) monoclonal rabbit antibodies (CellSignaling,
Danvers, MA), and mouse monoclonal glyceraldehyde-3-
phosphate dehydrogenase (1:2000; Santa Cruz Biotech-
nology, Dallas, TX), mouse monoclonal a-tubulin (1:4000;
Sigma, St. Louis, MO), or calnexin (1:5000; Sigma) as
loading control.
Notes

AAG-30 ChIP, first HNF-4a site
ACC-30

ACA-30 ChIP, second HNF-4a site
CCC-30

GGA-30 CTL1, negative control
TTC-30

CACGTGGCTGTAA-30 CTL2, negative control
GAACTGTTTGTTA-30

TGGTCATCTC-30 ChIP, PU.1 site
GGTAAC-30

CGGAG-30 ChIP, Oct2 site
AC-30
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Table 3 Primers Used to Create CLDN7/Luciferase Reporters

Primer name Sequence Notes

Cloning primers for the initial CLDN7 construct
CLDN7 forward 2 50-ATGGTACCAAGGAAAGTCAGTTGCGGTAG-30 Cloning primer
CLDN7 reverse 50-GTCACATGTTCCGCCCTCAGAAAACAG-30 Cloning primer
CLDN7 mut forward 50-GTGTTTTCTGAGGGCGGAAATGGAAGCTTAATGTTTTTGGCATCTTCCATTC-30 Quickchange primer
CLDN7 mut reverse 50-GAATGGAAGATGCCAAAAACATTAAGCTTCCATTTCCGCCCTCAGAAAACAC-30 Quickchange primer

Cloning primers for deletion mutant CLDN7 luciferase constructs in the NcoI-SmaI region of the promoter
Luc2 ApaI reverse V 50-GGCGCTGGGCCCTTCTTAAT-30 Cloning primer at

the ApaI site in
the luc2 gene

Cl7 trunc forward 1 50-ATATGGTACCTAGCCCTCACCCTGCTC-30 Cloning primer 200
after the NcoI site

Cl7 trunc forward 2 50-ATATGGTACCTGTAGCAGAGCCAGAGAAC-30 Cloning primer 400
after the NcoI site

Cl7 trunc forward 3b 50-ATATGGTACCAGGCGCACCTGTTGGGAA-30 Cloning primer 625
after the NcoI site

Cl7 trunc forward 4 50-ATATGGTACCTGGGCAAGGAGGGGTGG-30 Cloning primer 801
after the NcoI site

Artificial KpnI (ATATGGTA) site is marked in bold at 50 end.
mut, mutation.

Farkas et al
Immunofluorescence Labeling and Confocal
Microscopy

Cryostat sections of colon tissue mounted on glass micro-
scope slides were fixed in methanol. Blocking of nonspe-
cific binding was achieved by a 30-minute incubation in
phosphate-buffered saline with 2% bovine serum albumin.
Primary antibody incubation using rabbit polyclonal
claudin-7, claudin-2, claudin-4, claudin-15 (1:200, 1:50,
1:200, 1:50, respectively; Invitrogen, Life Technologies)
HNF-4a (1:100; CellSignaling) was performed in blocking
solution overnight at 4�C. Secondary antibodies (Alexa
Fluor-488eand Alexa Fluor-546econjugated; Jackson
ImmunoResearch Laboratories, West Grove, PA) were
diluted 1:500 in blocking solution and incubated for 1 hour
at room temperature, protected from light. Nuclei were
stained with ToPro-3 iodide (Molecular Probes, Life Tech-
nologies), and coverslips were mounted in p-phenylene. Im-
ages were taken on an LSM 510 confocal microscope (Carl
Zeiss Microscopy, Thornwood, NY), with software supplied
by the vendor.

PCR and Real-Time PCR

PCR was performed using Apex Taq RED (Genesee, San
Diego, CA) on a C1000 thermal cycler (Bio-Rad, Hercules,
CA), 25 mL reactions were run using the following param-
eters: 3 minutes of initial denaturation at 95�C, followed by
30 cycles of 95�C denaturation, 60�C annealing, and 72�C
extension for 30 seconds each.

Real-time PCR was performed on a MyIQ real-time PCR
detection system (Bio-Rad), using Maxima SYBR Green
(Fisher Scientific, Pittsburgh, PA) according to the kit protocol.
Briefly, 10 minutes of 90�C initial denaturation followed by 40
cycles of 15 seconds of 95�C denaturation, 30 seconds of 62�C
2208
annealing, and 30 seconds of 72�C extension with the detection
of the SYBR green signal set to each extension step.
For first-strand synthesis, RNA was purified using TRI

Reagent (Life Technologies) according to the manufacturer’s
protocol. First-strand synthesis was performed on a C1000
thermal cycler (Bio-Rad) with RevertAid (Fisher Scientific)
according to the manufacturer’s protocol, using 5 mg total RNA
and oligo dT primers. The primer pairs that were used are listed
in Tables 1 and 2.

TF/DNA Binding Array

TF DNA binding activity was assayed in nuclear lysates from
2- and 12-day-old confluent monolayers of Caco-2 cells using
a Combo Protein/DNA Array (MA1215; Panomics/Affyme-
trix, Santa Clara, CA) according to the manufacturer’s in-
structions. Briefly, the nuclear lysates were incubated with a
mixture of 345 biotinylated oligonucleotide probes repre-
senting unique TF binding (TFB) motifs. The protein/DNA
complexes were bound to a spin column and unbound oligo-
nucleotides were removed by elution with a wash buffer. The
bound oligonucleotides subsequently were eluted from the
column, denatured, and hybridized to a nylon membrane
printed with oligonucleotides complementary to the probes.
The membranes carrying the biotinylated probes were incu-
bated with streptavidinehorseradish peroxidase and visual-
ized by chemiluminescence on X-ray film. The films were
scanned and subsequently processed using ImageJ version
1.46d (NIH, Bethesda, MD; http://imagej.nih.gov/ij),12 with
the Protein Array Analyser plugin (available at image.bio.
methods.free.fr/ImageJ/?Protein-Array-Analyzer-for-ImageJ.
html, last accessed April 8, 2015).13 Signal intensity values
from the array analysis were recorded in Supplemental Table
S1, and fold changes of TF DNA binding activity are shown
in Supplemental Table S2.
ajp.amjpathol.org - The American Journal of Pathology
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Table 4 Primers for Megaprimer Mutagenesis of the CLDN7 Promoter

Primer name Sequence Use

CLDN7 SphI 50-ATGCGCATGCTTTGAGCCCAGG-30 With CLDN7 Mut1, produces Mut 1 Mega
CLDN7 Mut1 50-CACCTCGACCTCCCAAAGTGGTCGGATTACAGGCGTGAG-30 With CLDN7 SphI produces Mut 1 Mega
CLDN7 EcorI 50-CCTCAGCCTCCCAAGTAGCT-30 With Mut 1 Mega
CLDN7 forward 1 50-CTCGGCCGGCTTTAGGTCCCAGTGGTTTC-30 With CLDN7 Mut2, produces Mut2 Mega
CLDN7 Mut2 50-TCCCCGCCGGGTTCTGTCCAAAGTGGTCTCTCCTCGGCCCTGCTT-30 With CLDN7 F1, produces Mut 2 Mega
CLDN7 reverse 1 50-GTCCCCGAAGGCCAGGCGGT-30

HNF4a Regulates CLDN7 in maturing IECs
Promoter-Luciferase Reporter Constructs

A3072-bp fragment upstream of the humanCLDN7 translation
start site (�3072 to �1 bp, where 0 is the A in the start ATG)
was cloned into a pGL4.10 luciferase reporter vector [expresses
firefly (Photinus pyralis) luciferase; Promega, Madison,
WI] at the KpnI and NcoI sites. Introducing the NcoI
recognition sequence during cloning resulted in an extra
cytidine before the start ATG, which was removed via site-
directed mutagenesis using the Quickchange Site Directed
Mutagenesis kit following the manufacturer’s instructions
(Agilent Technologies, Santa Clara, CA). This construct
expresses luciferase driven by the wild-type CLDN7 pro-
moter and was designated pGL4C7. The cloned fragment
includes the transcription start site (at�1150 bp) and the 50

untranslated region of CLDN7 because regulatory elements
often reside in this region.14,15 Initially, two promoter truncation
constructs were generated spanning �1409 to �1 bp
(pGL4C7D1) and �494 to �1 bp (pGL4C7D2) by restriction
endonuclease digestion using NcoI þ KpnI and SmaI þ KpnI,
respectively.

To map the promoter activity between pGL4C7D1 and
pGL4C7D2, we generated four 200-bp to 800-bp deletion
promoter constructs of pGL4C7D1 (pGL4C7D1.1-4) by a
PCR-based method. To create the pGL4C7D1.1-4 con-
structs, primers were generated every 200 bp downstream
from the NcoI site, with an additional KpnI site added
artificially to the 50 end. The opposite primer was the same
for each PCR reaction at the ApaI site in the beginning of
the luc2 gene. The resulting PCR products were ligated into
the pGL4.10 vector at the KpnI and ApaI restriction sites.
Restriction endonucleases were purchased from New
England Biolabs (Ipswich, MA). Primer pairs used for
cloning are listed in Table 3.

Mutagenesis of HNF-4a Binding Motifs

Mutations of the individual HNF-4a sites in the pGL4C7
construct were generated using “megaprimer” mutagenesis.16

The primer pairs that were used are listed in Table 4. All
PCR reactions were performed using Pfu Ultra (Agilent
Technologies) according to the manufacturer’s instructions.
Ten microliters of Qiaquick (Qiagen, Valencia, CA) gel
extraction purified megaprimer was used in the second PCR
with a standard concentration of reverse primer. The resulting
mutations containing PCR products then were digested by
The American Journal of Pathology - ajp.amjpathol.org
SphI/EcorI or AvrII/PpmuI, resulting in 246-bp or 871-bp
fragments, respectively. Digested fragments were gel-purified
and ligated into the appropriate gel-purified, wild-type,
claudin-7 promoter. pGL4C7 Mut1 and pGL4C7 Mut2 con-
structs were generated containing mutated HNF-4a binding
sites at �2519 bp or �856 bp upstream from the start ATG,
respectively. The pGL4C7 Mut1þ2 promoter construct was
generated using standard cloning techniques from the pGL4C7
Mut1 and pGL4C7 Mut2 promoter constructs.

Luciferase Assays

Cells were transfected with 0.2 mg/well pGL4C7 vector [or
equimolar amounts of pGL4C7D1.1-4 or pGL4.10 (empty
vector) based on their respective size in base pairs] and 0.04
mg/well pRL-TK (expressing Renilla luciferase; Promega) as a
control for transfection efficiency. Samples were generated in
triplicate in 48-well tissue culture plates, each well was
transfected at the same time because older cultures are resistant
to transfection. Luciferase activity was measured and reporter
activity was determined using the Dual Luciferase Reporter
Assay System (Promega) according to the manufacturer’s
protocol.

In Silico Promoter Analysis

Putative TF binding motifs were identified on the 3072-bp
CLDN7 promoter sequence, which also was used to create
luciferase reporters. The in silico analysis was performed
using the PROMO web service (http://alggen.lsi.upc.es/cgi-
bin/promo_v3/promo/promoinit.cgi?dirDBZTF_8.3, last
accessed April 8, 2015) with default settings for Homo sa-
piens chromosome 17, RCh38.p2 Primary Assembly,
Sequence ID: ref NC_000017.11, range: 7265114 to 7262044
(Supplemental Table S3). We mapped putative TFB motifs on
the pGL4C7D constructs for further analysis (Supplemental
Table S4). PROMO uses the TRANSFAC 8.3 database to
construct specific binding site weight matrices for TFB site
prediction.17,18

ChIP

ChIP was performed using the EZ-ChIP or Magna-ChIP kits
(EMD Millipore, Billerica, MA) according to the manufac-
turer’s recommendations. Confluent monolayers of Caco-2
cells were fixed with fresh 0.5% formaldehyde, quenched with
2209
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Figure 1 Increased claudin-7 expression during intestinal epithelial cell (IEC) differentiation.A: IECs proliferate in the base of colonic crypts andmigrate toward the
lumen while undergoing differentiation. Protein expression changes of claudin-2, -15, -4, and -7 are shown in mouse colonic mucosal cryosections by immunofluo-
rescence labeling and laser confocal microscopy showing crypteluminal gradients. B: Immunofluorescence labeling of claudin-7 in differentiating Caco-2 cells shows
increased expression over time in culture. Claudin-7 (red) colocalizes with zonula occludens protein 1 (green) at the tight junction in differentiated IECs. Reconstituted
z-sections are shown under the individual micrographs with the blue line showing the optical section where the micrographs were taken. C: Transepithelial electric
resistance (TER) of differentiating Caco-2monolayers increases over time in culture. The TER in cells treated with small interfering RNA against claudin-7 (siCLDN7 versus
nonsilencing RNA) decreases the resistance significantly. D: Claudin-7 increases in Caco-2 model epithelial cells during differentiation. The expression of differentiation
markers p21 and Cdx2 also increases in the same samples. In contrast, levels of the crypt baseespecific claudin-2 protein decrease during model IEC differentiation.
Representative immunoblots are shown from one of three independent experiments. The bar graph shows densitometry (means � SEM) of claudin-7 immunoblots
normalized tob-actin from four independent experiments. E: Claudin-7 protein levels inHT29B6 cells 2 and5days after seeding. Thebar graph shows themeans� SEMof
four independent claudin-7 immunoblots normalized to calnexin. Means � SEM of three experiments are shown (C). *P< 0.05. Scale bars: 25 mm (A); 10 mm (B).

Farkas et al
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Figure 2 CLDN7 RNA synthesis increases during differentiation. A:
CLDN7 mRNA and heteronuclear RNA (hnRNA) levels were detected in Caco-
2 intestinal epithelial cells (IECs) during differentiation. CLDN7 mRNA and
hnRNA increases 10- and 20-fold, respectively, after 3 days in culture
compared with day 1. The increase is 20- and 40-fold, respectively, after 6
days. qPCR reactions were performed in triplicate, results are represented as
the average of the triplicates. B: Schematic representation of the CLDN7
gene (marked gDNA for genomic DNA), nascent hnRNA, and mRNA struc-
ture. Forward (Fw) and reverse (Rv) primer locations for PCR detection are
indicated on the diagrams. UTR, untranslated region.

HNF4a Regulates CLDN7 in maturing IECs
glycine, and collected in ice-cold, phosphate-buffered saline
containing protease inhibitors. The cells then were lysed in
ChIP lysis buffer and the chromatin was shearedwith a Branson
450 Sonifier (Branson Ultrasonics, Danbury, CT) on ice. The
sonicator power was set to 3, and 30% duty cycle. Sonication
was performed four times for 30 minutes with 1-minute breaks
to prevent heat accumulation. This resulted in uniform chro-
matin shearing to approximately 200 to 500 bp. One million
cells equivalent chromatin was used per immunoprecipitation,
using 10mg antieHNF-4a, PU.1 (Cell Signaling, Boston,MA),
or Oct2.1 (Santa Cruz Biotechnology) antibodies, or nonspe-
cific anti-rabbit IgG. After reversing the cross-links and diges-
tion with proteinase K, DNA was isolated using spin columns.
qPCR primers were designed to amplify DNA sequences
spanning the putative TFB sites and also sequences distant from
binding sites as negative control.

Transepithelial Electric Resistance Measurement

Transepithelial electrical resistance (TER) was measured across
cells grown on 0.33 cm2 polycarbonate filters with 0.4-mm
pores using an epithelial voltmeter (EVOM; Precision World
Instruments, Sarasota, FL). TER values were normalized for the
area of the filter and reduced by the contribution of the filter and
bathing solution. Numeric values from three individual filters
were pooled and expressed as means � SEM. TER was in the
300 to 400 Ucm2 range at the end of the experiment.

Exogenous HNF-4a Expression

Confluent monolayers of Caco-2 cells in 6-well cell culture
plates were transfected overnight with 1 mg HNF-4a plasmid
The American Journal of Pathology - ajp.amjpathol.org
(#665; Emory DNA Custom Cloning Core Facility, Atlanta,
GA) or empty vector (pCDNA3.1; Invitrogen, Life Tech-
nologies) using 8 mL Lipofectamine 2000 reagent in 2 mL
Optimem I (both from Invitrogen, Life Technologies).
Transfection media then was switched to culture media and
cells were cultured as described.

Statistical Analysis

For statistical analysis, replicate data were expressed as
averages � SEM. Significance was determined using Stu-
dent’s t-test.

Results

Claudin-7 Protein Expression Increases during IEC
Differentiation

Cell differentiation along the crypteluminal axis (Figure 1A)
is important for maintaining intestinal epithelial homeostasis
and barrier function.19 Immunofluorescence labeling and laser
confocal microscopy was performed to evaluate claudin pro-
tein expression in the crypteluminal axis of mouse colonic
epithelial cells. Claudins showed differential expression in the
crypteluminal axis with claudin-2 and claudin-15 in crypt
epithelial cells, whereas claudin-4 was expressed exclusively
in the surface intestinal epithelium (Figure 1A). Of note,
claudin-7 displayed a gradient with increased claudin-7
labeling in surface IECs compared with cells in the base of
crypts.

To establish an in vitro system that is suitable to study
mechanisms of claudin protein change during intestinal
epithelial differentiation, we used the Caco-2 model IEC line,
which has been reported previously to differentiate in culture
analogous to native IECs.20e22 IECs were cultured at high cell
density for 1 to 9 days and analyzed for claudin-7 expression
and barrier function. By immunofluorescence staining,
claudin-7 expression increased in culture as the cell height
increased (Figure 1B). Moreover, claudin-7 was localized in
the lateral plasma membrane and co-localized with the TJ
protein zonula occludens protein 1 in the apical-most region of
the lateral membrane. The development of barrier functionwas
evaluated by measuring TER. After seeding at high density,
epithelial monolayers of Caco-2 cells underwent differentia-
tion and achieved a TER of 300 to 400 U*cm2 in 7 days. In
addition, down-regulation of claudin-7 by siRNA (siCLDN7)
in Caco-2 monolayers that already reached higher than 100
U*cm2 resulted in decreased TER compared with non-
silencing siRNA (Figure 1C). Analogous to the in vivo
crypteluminal claudin-7 gradient, immunoblots showed
increasing claudin-7 protein as IECs differentiated in culture,
with a peak after 5 days of differentiation (Figure 1D). Simi-
larly, two markers of IEC differentiation, Cdx2 and the cyclin-
dependent kinase inhibitor p21WAF1/Cip1, showed increased
protein expression in differentiating IECs.23,24 In addition, in
intestinal crypt epithelial cells, claudin-2 protein was detected
2211
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Figure 3 Screening for transcription factor
binding (TFB) activity during intestinal epithelial
cell (IEC) differentiation. A: Changes in junction
protein composition as the cells undergo differ-
entiation. B: Left: TF DNA binding activity was
assayed in nuclear lysates from 2- and 12-day-old
confluent IEC monolayers using a TF/DNA binding
array. The array assaying nuclear lysate from
nondifferentiated (day 2) IECs is shown in green
and the array with differentiated lysate (day 12) is
overlaid in red to show differential binding activity
of distinct TFs. Right: Two separate probes con-
taining hepatocyte nuclear factor 4a (HNF-4a)
binding motifs show increased TFB in differenti-
ated IECs. C: In silico analysis was used to identify
potential TFB sites on the CLDN7 promoter. D: The
array and in silico data were cross-referenced to
identify potential regulators of CLDN7 during IEC
differentiation.

Farkas et al
in cells after plating and was lost in confluent differentiated
IECs. To test whether the observed claudin-7 increase is spe-
cific to Caco-2 cells, we cultured HT29/B6 cells and found
increased claudin-7 protein levels after 5 days in culture
compared with 2 days (Figure 1E).

Because claudin-7 protein is increased during IEC dif-
ferentiation, we next determined if increased protein was
reflective of increased claudin-7 mRNA. Indeed, claudin-7
mRNA was increased 10-fold over the first 3 days and
increased 20-fold by 6 days in culture (Figure 2A). Because
increased mRNA levels during differentiation may reflect
multiple processes, we next analyzed heteronuclear RNA
(hnRNA) levels (Figure 2A). Analogous to mRNA, claudin-
7 hnRNA was increased in differentiating IECs. The levels
of unspliced hnRNA, also called “pre-mRNA,” reflect the
transcriptional activity of the gene. A comparison of mRNA
and hnRNA structure of claudin-7 is shown in Figure 2B.
These results suggest that transcriptional activation plays an
2212
important role in the increased expression of claudin-7 in
differentiated IECs.

Transcription Factor Activation in Differentiating IECs

Our results suggest that transcriptional control plays a role
in the increased claudin-7 protein during colonic epithelial
differentiation. To identify TFs that control gene expression
during IEC differentiation and potential regulators of
claudin-7 mRNA expression, we first compared the DNA
binding activity of nuclear lysates from undifferentiated
(2 days in culture) and differentiated (12 days in culture)
Caco-2 cells (Figure 3A) using a TF/DNA array. The array
consists of 345 unique consensus TFB sequences. Each
sequence is recognized by a specific TF or by a family of
closely related TFs. Our analysis found 93 sequences with
�1.5-fold increased and 12 with �1.5 decreased binding
(Figure 3B and Supplemental Table S2).
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Table 5 Candidate TFs That Bind to the CLDN7 Promoter

TF name Fold # TFBs Accession number(s)

PU.1 3.9 1 T02068
ATF 3.1 2 T00051
HNF-4a 3.2 2 T03828
HNF-1C 3.5 3 T01951
Sp1 2.4 4 T00759
GATA-1 2.6 5 T00306
ETF 2.9 10 T00270
HOXD9/10 2.1 10 T01424, T01425
NF-kB/B1 2.3 10 T00590, T00593
c-Myb 7.3 11 T00137
HNF-3a �1.7 11 T02512
Elk-1 3.1 14 T00250
NF-1 2.3 28 T00539
AP-2aA 8.0 34 T00035
Pax-5 3.2 51 T00070

The DNA binding activity of nuclear lysates from differentiated and un-
differentiated Caco-2 cells were compared using a TF/DNA array. Tran-
scription factors (TFs) that showed differential DNA binding activity were
cross-referenced with potential TF binding (TFB) sites on the CLDN7 pro-
moter. Fold-change is the signal ratio of differentiated/nondifferentiated
Caco-2 nuclear lysate on the TF/DNA binding array. Number of hits
and TRANSFAC accession numbers (http://www.gene-regulation.com/pub/
databases.html; last accessed April 4, 2015; registration required) are based
on the in silico promoter analysis.

Figure 4 Deletion analysis of CLDN7 promoter activity. A: Represen-
tation of the pGL4C7 CLDN7/luciferase (luc) reporter. The sequence includes
the transcription start site and the 50 untranslated region (UTR) of CLDN7.
B: CLDN7 promoter activity increases during intestinal epithelial cell (IEC)
differentiation. C: Right: Truncated CLDN7 promoter luciferase reporter
constructs were used to determine the minimal promoter region required
for CLDN7 promoter activity during IEC differentiation. Left: Representa-
tion of the truncated CLDN7 luciferase reporters. Representative graphs of
three independent experiments are shown for B and C.

HNF4a Regulates CLDN7 in maturing IECs
Candidate TFs then were cross-referenced with in silico
binding motifs on the CLDN7 promoter obtained with the
PROMO web service.17,18 The in silico investigation yielded
86 potential TFBs (Figure 3C and Supplemental Table S3). A
list of 15 TFs that potentially can regulate CLDN7 mRNA
transcription during IEC differentiation was assembled and is
shown in Table 5.

One prominent candidate TF that was confirmed by in
silico analysis resulted from HNF-4a binding motifs in the
array [labeled HNF-4a 2/1 and LF-A1 (2)] (Figure 3B).
HNF-4a is a known regulator of epithelial differentiation in
diverse tissues and recently was implicated in inflammatory
bowel diseases.25 Thus, we focused further on the role of
HNF-4a in controlling CLDN7 expression during IEC
differentiation.

Increased CLDN7 Promoter Activity in Differentiating
IECs

To analyze the mechanism by which claudin-7 expression is
regulated during IEC differentiation, we generated CLDN7
promoter-luciferase reporter constructs. A 3072-bp sequence
(�3072 to �1 bp, the A of the start ATG is the anchor point
for numbering) of the human CLDN7 promoter was cloned
into a pGL4.10 luciferase reporter vector (Figure 4A). The
cloned sequence includes the transcription start site
(at �1150 bp) and the 50 untranslated region of CLDN7. By
using this reporter construct we confirmed that the promoter
activity increased in differentiated IECs at 4 and 5 days of
culture compared with IECs at days 1 and 2 after plating
The American Journal of Pathology - ajp.amjpathol.org
(Figure 4B). To identify the minimal promoter region that is
responsible for claudin-7 transcriptional control during IEC
differentiation, a series of promoter deletion constructs were
prepared and expressed in differentiating IECs. The initial
promoter mapping was performed by generating two pro-
moter constructs spanning�1409 to�1 bp (D1) and�494 to
�1 bp (D2). D1 had a minimal effect on promoter activity
whereas D2 decreased CLDN7 promoter activity by 10-fold
(Figure 4C). To map the promoter region between D1 and
D2, we generated four constructs (D1.1 to D1.4) by deleting
from the 50 end of D1, 200 bp at a time. All four deletion
constructs showed a similar decrease in CLDN7 promoter
activity (Figure 4C) and were unresponsive to differentiation,
suggesting that this region is a key regulatory sequence of
CLDN7 during intestinal epithelial differentiation. Thus,
the sequence D1 was considered as the minimal CLDN7
promoter sequence.

Therefore, we concentrated on TFs identified by our screen
(Figure 3 and Table 5) that had one or two putative binding
motifs in the vicinity of the D1 deletion of the CLDN7 pro-
moter. Thus, we narrowed the list of in silico TFBs to HNF-
4a, PU.1, and Oct-2 (POU2F2) (Figure 5A). Importantly,
HNF-4a and PU.1 also are among the TFs that showed
increased TF binding in vitro during IEC differentiation
(Table 5).

HNF-4a Associates with the CLDN7 Promoter

To investigate whether specific TFs interact with the CLDN7
promoter, ChIP was performed using specific TF antibodies in
2213
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Figure 5 ChIP analysis of CLDN7 promoter
binding. A: Representation of the CLDN7 promoter.
Predicted transcription factor binding (TFB) sites
are marked with the symbol of the TF above the
promoter, their respective distance from the start
ATG is indicated below their symbol. PCR products
detecting specific TF/DNA interactions in chro-
matin immunoprecipitation (ChIP) samples are
indicated under the promoter and numbered 1 to 3
and C1 to C2. B: ChIP was performed using HNF-
4a, PU.1, and Oct2.1 antibodies, and PCR was
performed using primers flanking the predicted
binding sites of Oct2.1, HNF-4a, and PU.1. A
representative gel image of two independent ex-
periments is shown. C: ChIP was performed using
an antibody to HNF-4a and immunoprecipitated
DNA was analyzed by real-time PCR. Data are
expressed relative to DNA isolated from the same
amount of input chromatin. Note the enrichment
of HNF-4a at primer sets spanning the predicted
binding motifs of HNF-4a compared with parallel
samples precipitated using a nonspecific IgG.
Three independent experiments were performed in
triplicate. Data shown are the average � SD from a
representative experiment. D: HNF-4a is enriched
at the CLDN7 promoter in differentiated compared
with nondifferentiated Caco-2 cells. Data shown
are the means � SD of one experiment assayed in
triplicate. E: HNF-4a shows a gradient similar to
claudin-7, with the highest expression in differ-
entiated cells in differentiating intestinal epithe-
lial cells (IECs). Western blots of Caco-2 cell lysates
are shown. Analogous to model IECs, gradients
were observed in the expression of claudin-7 and
HNF-4a in cryosections of human colonic mucosa
by immunofluorescence labeling and laser confocal
microscopy. Claudin-7 and HNF-4a are shown in
green in F and H, and G and I, respectively. Notice
the higher expression of both proteins on the
surface (F and G) compared with the crypt base (H
and I). Scale bar Z 50 mm (FeI). F-actin was
labeled with Alexa phalloidin in the HNF-4a im-
ages. IP, immunoprecipitation; UTR, untranslated
region.

Farkas et al
differentiated IECs. DNA co-precipitating with TFs was
detected by PCR. The HNF-4a antibody co-precipitated
CLDN7-specific DNA whereas specific PU.1 and Oct-2 anti-
bodies showed no enrichment of CLDN7 DNA compared with
a control IgG precipitation (Figure 5B). Real-time PCR per-
formed on HNF-4a ChIP samples further showed HNF-4a
association with the two predicted binding sites at �2519
and �856 bp upstream from start ATG (Figure 5C). We next
assessed if HNF-4a association with the CLDN7 promoter
2214
changed during IEC differentiation. Indeed, HNF-4a occu-
pancy at the CLDN7 promoter was higher in differentiated
Caco-2 cells (12 days after plating) compared with non-
differentiated cells (2 days after plating) (Figure 5D). The
higher promoter occupancy of HNF-4a correlated with a time-
dependent increase of HNF-4a protein abundance during IEC
differentiation (Figure 5E). Furthermore, laser confocal micro-
graphs of human colon cryosections showed a crypteluminal
gradient of HNF-4a similar to that of claudin-7 (Figure 5E).
ajp.amjpathol.org - The American Journal of Pathology
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HNF4a Regulates CLDN7 in maturing IECs
These observations suggest that HNF-4a associates with the
CLDN7 promoter and does so in a differentiation-dependent
manner.

Role of HNF-4a in CLDN7 Promoter Regulation

To confirm HNF-4a functional association with the CLDN7
promoter, the HNF-4a binding sites starting at �2519 bp
(Mut1) and �856 bp (Mut2) in the CLDN7 promoter were
The American Journal of Pathology - ajp.amjpathol.org
mutated in the luciferase reporter constructs (Figure 6A).
The mutated reporters then were expressed in Caco-2 model
IECs. Mutation of either HNF-4a binding site alone had
little effect on CLDN7 promoter activity. However, when
both HNF-4a binding sites were mutated simultaneously
(Mut1þ2), the CLDN7 promoter activity decreased to less
than 50% of the wild-type construct (Figure 6B).

To specifically study the effect of HNF-4a on the mutated
CLDN7 promoter, HNF-4a was introduced exogenously
along with the mutant and wild-type reporter constructs. The
exogenous HNF-4a stimulated the CLDN7 promoter activ-
ity by approximately fourfold (Figure 6B). Transactivation
of the CLND7 promoter by HNF-4a was reduced by 50%
by mutating the second HNF-4a binding site. Finally,
although mutation of both HNF-4a sites resulted in a 50%
decrease in baseline promoter activity as noted earlier, this
reduced basal activity was stimulated again on the addition
of exogenous HNF-4a. Silencing HNF-4a in Caco-2 cells
resulted in a 20% decrease of CLDN7 promoter activity
(Figure 6C).

To test whether these results are cell lineespecific or
universal we expressed the CLDN7-luciferase reporter
constructs in HT29/B6 cells. The mutated reporters showed
similar CLDN7 transactivation by HNF-4a compared with
the effects described in Caco-2 cells earlier (Figure 6D).

Furthermore, immunoblotting of Caco-2 cell lysates
showed an increased claudin-7 protein level in response to
exogenous HNF-4a, whereas silencing HNF-4a resulted in
reduced claudin-7 protein level (Figure 6E).

These findings show that the mutation of the two HNF-4a
binding sites in the CLDN7 promoter decrease promoter
Figure 6 CLDN7 regulation by HNF-4a, mutation analysis. A: HNF-4a
binding motifs at�2524 bp (Mut1) or�861 bp (Mut2) from the start codon
were mutated on the CLDN7 luciferase reporter. The mutations were intro-
duced by PCR primers containing mismatches as indicated by bold letters. B:
Luciferase assays were performed in Caco-2 model intestinal epithelial cells
(IECs) to test the effect of mutated HNF-4a binding sequences on CLDN7
promoter activity (white bars). Mutation of one or the other HNF-4a binding
sites does not change CLDN7 promoter activity. Simultaneous mutation of
both HNF-4a binding motifs (Mut1þ2) diminishes CLDN7 promoter activity.
At the same time, HNF-4a is expressed exogenously in Caco-2 model IECs
(black bars). Luciferase assay shows up-regulated CLDN7 promoter activity in
response to increased HNF-4a expression compared with control vectore
treated cells. This increase was reduced in the single mutant construct Mut2,
whereas the double mutant abolished the exogenous HNF-4aeinduced
CLDN7 promoter activity. The data shown are average � SEM of six inde-
pendent experiments. C: Small interfering RNA (siRNA) knockdown of HNF-
4a in Caco-2 cells results in a 20%, statistically significant, decrease in
CLDN7 promoter activity. Data shown are the average � SEM of three inde-
pendent experiments. D: Luciferase assays performed in HT29/B6 model IECs
yielded results similar to those in Caco-2 cells. Data are presented as the
average� SEM of four experiments for overexpression and three experiments
for knockdown of HNF-4a. E: Exogenous HNF-4a increases claudin-7 protein
levels by twofold in nondifferentiated Caco-2 IECs compared to empty vector
(EV) treated cells. Representative blots and densitometry analysis
(means � SEM) of five blots for overexpression and three blots for knockdown
are shown. *P < 0.05, **P < 0.01. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; n.s., nonspecific control RNA; UTR, untranslated region.
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activity and these binding sites and claudin-7 protein
expression are in fact responsive to HNF-4a.
Discussion

The intestinal mucosa is lined by a single layer of columnar
epithelial cells that proliferate in the crypt base and undergo
differentiation while migrating in the crypteluminal axis to
finally be shed at the luminal surface. Differentiating epithelial
cells alter expression of numerous proteins involved in the
control of epithelial polarity, adhesion, and tissue function.

The claudin family of tetraspan proteins plays a pivotal
role in controlling paracellular permeability in epithelia and
endothelia. In fact, the claudin composition of the TJ is
responsible for the charge and size selectivity of the para-
cellular pathway.26 The classic example is claudin-2, which
forms Naþ-selective pores between epithelial cells, whereas
others, such as claudin-17, form Cl� selective pores (for
review see the article by Hou et al27). The role of claudin-7
in controlling paracellular permeability in epithelial cells is
less well understood.28,29 In kidney collecting duct cells,
claudin-7 is one of the main barrier-forming claudins,
whereas chloride permeability is provided by claudin-4 and
claudin-8.30 In the gastrointestinal tract, claudin-7 is highly
expressed in IECs of the small intestine and colon.8

Recently, it was shown that mice lacking claudin-7
showed compromised intestinal epithelial barrier and
mucosal inflammation.11 This underscores a critical role for
claudin-7 in regulating colon homeostasis.

In the colon, epithelial cells switch expression of claudin
proteins from sodium permeable at the crypt base to imper-
meable claudin proteins associated with a tight barrier at the
luminal surface. Analogous to previous reports,8,31 we
observed increased expression of claudin-7 in differentiating
IECs. Since the discovery of claudins 15 years ago, our
knowledge of claudin function has progressed steadily.
However, regulatory mechanisms governing differential clau-
din expression during IEC maturation remain incompletely
understood. Our objectives in this study were to identify
molecular mechanisms regulating claudin-7 expression during
IEC differentiation. To this end we used the model IEC cell
line Caco-2 because these cells differentiate and polarize in
culture, similar to enterocytes in vivo, and for this reason was
used in previous studies of gene and protein expression of
IECs in vitro.20e22 Because we observed that increased
claudin-7 protein levels are mirrored by CLDN7 mRNA and
hnRNA synthesis during IEC differentiation, we focused on
the study of CLDN7 gene regulation.

To date, considerable effort has been made to understand
the transcriptional regulation of distinct claudins, with most
of the work focused on claudin-2 because it increases during
mucosal inflammation. In silico promoter analysis combined
with ChIP and mutational analysis of TFBs was used to map
the TFs HNF-1, Cdx1, and Cdx2 to the CLDN2 promoter,32

and to determine that the Cdx2 binding motifs in the
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CLDN2 promoter region are required for IL-6einduced
claudin-2 promoter activity and protein expression.33

CLDN7 was reported to be repressed in intestinal crypt
epithelial cells by Sox-9, which in turn is induced by Tcf-4.
However, a direct interaction between Sox-9 and the
CLDN7 promoter was not tested.31 Darido et al31 suggested
that CLDN7 could be repressed by zinc finger protein
SNAI1 and -2 (SNAIL), but direct interaction between
SNAIL and CLDN7 also was not evaluated. Interestingly,
SNAI1P, a protein coded by a retrogene, was found to
interact directly with and repress the CLDN7 promoter via
histone deacetylase 1.34 Furthermore, exogenous expression
of SNAIL in mouse mammary epithelial cells turned off the
transcription of Cldn7.35 However, mechanisms positively
regulating claudin-7 expression during differentiation of sur-
face IECs has not been defined.
In our current study we chose an unbiased screening

approach: candidate TFs that potentially could regulate
claudin-7 expression were identified by in silico promoter
analysis. The pool of candidate TFs was narrowed by
identifying TFs that showed changes in their ability to bind
their specific TFB motifs. TFB was assayed by a TF/DNA
binding array, containing 345 unique TFB sequences, using
nuclear lysates of differentiated and undifferentiated Caco-2
model IECs. After ChIP validation of candidate TFs that
potentially bind the endogenous CLDN7 promoter, we
narrowed our study to HNF-4a. Mutating either of the two
HNF-4a binding motifs on CLDN7-luciferase promoter
reporter constructs showed that these sequences act in cis to
regulate CLDN7, and that the ability of HNF-4a to trans-
activate the promoter is dependent on these sites.
HNF-4a is a member of the steroid-receptor family, and

is expressed in liver, kidney, intestine, and pancreas.36

Steroid-receptor proteins generally enter the nucleus only
when bound to their corresponding ligands; HNF-4a,
however, localizes exclusively to the nucleus because it is
bound constitutively to its recently identified ligand, linoleic
acid.37,38 HNF-4a was reported to play a key role in the
differentiation of hepatic as well as intestinal epithelial
cells.39e44 Interestingly, in a large-scale ChIP study in mice,
HNF-4a was observed to bind the promoters of several
junctional proteins including Cldn1,40 whereas in another
screen, HNF-4a was reported to potentially regulate human
CLDN2, 4, 15, and 19.45 More recently, HNF-4a was found
to play a role in IEC differentiation.43,44 Furthermore, there is
evidence that HNF-4a is important in controlling intestinal
epithelial homeostasis. A single-nucleotide polymorphism in
the HNF-4A regulatory region was linked to susceptibility to
ulcerative colitis, and was associated with epithelial barrier
compromise.25 Moreover, the protein level of HNF-4a was
decreased significantly in intestinal tissues from Crohn’s dis-
ease and ulcerative colitis patients, and HNF-4a was found to
be protective in inflammatory bowel disease.46 Previous studies
have reported that intestinal epithelialespecific knockout of
HNF-4a in mice results in spontaneous chronic intestinal
mucosal inflammation and decreased claudin-15 expression,
ajp.amjpathol.org - The American Journal of Pathology
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HNF4a Regulates CLDN7 in maturing IECs
with an accompanying increase in claudin-4 and claudin-8
protein levels.47 Exogenous expression of HNF-4a in mouse
F9 murine embryonal carcinoma cells induced claudin-6 and
claudin-7 protein expression,41 supporting a role of this TF in
differentially controlling key claudin proteins in epithelial cells.

Our study further advances this field because we identi-
fied a direct interaction of endogenous HNF-4a with the
CLDN7 promoter, which in turn up-regulates claudin-7
protein during IEC differentiation. Furthermore, transient
expression of exogenous HNF-4a increased claudin-7 pro-
tein levels in IECs. Conversely, knockdown of HNF-4a
decreased claudin-7 protein levels in IECs.

These observations provide new insight into the regula-
tion of claudin-7 protein during IEC differentiation in the
crypteluminal axis of the intestine.
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