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Claudin-based barrier differentiation in the colonic epithelial crypt niche involves
Hopx/Klf4 and Tcf7l2/Hnf4-a cascades
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ABSTRACT
Colonic enterocytes form a rapidly renewing epithelium and barrier to luminal antigens. During
renewal, coordinated expression of the claudin family of genes is vital to maintain the epithelial barrier.
Disruption of this process contributes to barrier compromise and mucosal inflammatory diseases.
However, little is known about the regulation of this critical aspect of epithelial cell differentiation. In
order to identify claudin regulatory factors we utilized high-throughput gene microarrays and
correlation analyses. We identified complex expression gradients for the transcription factors Hopx,
Hnf4a, Klf4 and Tcf7l2, as well as 12 claudins, during differentiation. In vitro confirmatory methods
identified 2 pathways that stimulate claudin expression; Hopx/Klf4 activation of Cldn4, 7 and 15, and
Tcf7l2/Hnf4a up-regulation of Cldn23. Chromatin immunoprecipitation confirmed a Tcf7l2/Hnf4a/
Claudin23 cascade. Furthermore, Hnf4a conditional knockout mice fail to induce Cldn23 during
colonocyte differentiation. In conclusion, we report a comprehensive screen of colonic claudin gene
expression and discover spatiotemporal Hopx/Klf4 and Tcf7l2/Hnf4a signaling as stimulators of colonic
epithelial barrier differentiation.
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Introduction

One important aspect of colonic epithelial function
is to provide a selective barrier between the body
and the gut lumen. Colonic barrier function
requires that epithelial cells within the tissue main-
tain cell-to-cell contact structures called Tight Junc-
tions. Tight Junctions (TJs) are multi-protein
complexes containing 3 main transmembrane pro-
tein families: claudins, occludin, and Junctional
Adhesion Molecules (JAMs).1 Of the 3, claudins
(Cldn) constitute the paracellular seal by spanning
the extracellular space between cells.2,3 Importantly,
aberrant claudin gene expression is thought to con-
tribute to diseases such as colon cancer and inflam-
matory diseases.4-6 Therefore, there is a need to
further determine factors and mechanisms that reg-
ulate claudin gene expression in health and disease.

The claudin-based TJ seal is semi-permeable to the
passage of small molecules and ions, and the

physiological properties of the TJ are determined by dif-
ferential claudin gene expression.3,7 Indeed, claudin
expression varies among tissue types and plays crucial
roles in wide ranging biological processes: from ion
resorption in the kidney to glucose transport in the
intestine.8,9 There are 24 claudin gene family members
in mice, with varied expression patterns along the gas-
trointestinal tract.10 Differential claudin expression
within tissues is less well documented, but colonic tis-
sues have been reported to express at least claudins 1–4,
7, 8, 10 and 15 (reviewed in 11). These claudins are
under complex spatial regulation, with specific claudin
genes expressed within colonic crypt-base regions (clau-
dins 2 and 10) and others expressed in the lumen-facing
surface epithelial cell populations (claudins 3, 4, and 7).

The colonic epithelial lining is highly regenerative,
with resident stem cells replenishing the tissue over
several days.12,13 Epithelial cells are generated from a
proliferative stem cell compartment within the colonic
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crypt-base. Progenitor cells divide and migrate toward
the surface-cell region of the gut to be ultimately shed
into the lumen. Under physiological conditions, epi-
thelial tissue homeostasis is thought to involve con-
certed cellular signaling and transcription factor
cascades that control epithelial homeostasis; encom-
passing proliferation, differentiation and cell death.
Comparative gene expression studies have identified
signaling molecules including bone morphogenic pro-
tein antagonists, Notch, Wnt, Ephrin, and Myc signal-
ing pathways, as important regulators of intestinal
proliferation and differentiation.14-17 Studies that
describe the specific claudin regulation in the colon
are rare. In one study, claudin 7 was found to be sup-
pressed in colonic crypt-base regions by Tcf-4/Sox9
signaling.18 Furthermore, claudins 1 and 2 were shown
to be regulated by Cdx-2/GATA-4 in undifferentiated
intestinal cells.19,20 Claudins are a large gene family
whose contribution to barrier function is determined
by the complex interactions of multiple family mem-
bers. However, little is known concerning factors that
regulate spatiotemporal claudin differentiation within
the intestinal crypt.

In this study, we investigated claudin gene regula-
tion in the colon by combining high-throughput gene
microarrays, gene expression correlation analyses, and
combined in vitro and in vivo confirmatory methods.
We first hypothesized that the transcription factors
responsible for claudin regulation would correlate
with claudin gene expression along the crypt-base-to-
surface cell axis. Therefore, we performed comparative
gene expression studies from colonic IECs collected by
laser capture microdissection (LCM). Cells were col-
lected from 2 spatially distinct regions sequentially
(i.e., distal colon crypt-base and luminal surface cells)
and high-throughput analysis of gene microarray
experiments (using the Illumina platform) identified
transcriptome variation between cellular subpopula-
tions along the crypt-base-to-surface axis. Nine clau-
dins (Cldn2-5, 7, 9, 10, 12, and 23) and 3 transcription
factors (Hopx, Tcf7l2, and Hnf4a) were selected for
further analysis, and gradated expression of these
genes was subsequently validated by real-time PCR.
Claudin transcript abundance was then determined by
quantitative ddPCR, indicating 12 claudin genes are
abundantly expressed in colonic crypts. Ectopic
expression of the transcription factors Hopx, Hnf4a
and Tcf7l2 in vitro confirmed their role in claudin reg-
ulation. Under these conditions, Hopx was found to

stimulate Cldn4, 7, 15 and Klf4, while Tcf7l2 was
found to stimulate multiple claudins and Hnf4a
expression. Hnf4a stimulated the expression of a sin-
gular claudin, Cldn23. Binding of Tcf7l2 to the Hnf4a
gene promoter, as well as HNF4a binding to the
Cldn23 promoter, was then determined by Chromatin
Immunoprecipitation (ChIP). Moreover, in Hnf4a
conditional knockout mice, Cldn23 mRNA levels were
decreased significantly, as these mice failed to induce
Cldn23 in surface cell populations.

Results

Gene ontology analysis of differentially regulated
genes along the crypt-base–surface axis of the
mouse distal colon

Claudin gene expression is responsible for the vari-
ance of paracellular barrier properties among epithe-
lial and endothelial tissues. Interestingly, claudin
expression varies dramatically within tissues as well,
as exemplified by claudin expression within colonic
crypts. We sought to investigate factors that regulate
claudin gene expression occurring along the colonic
IEC crypt-base to surface axis (Fig. 1A). We therefore
isolated these IEC populations using laser capture
microdissection (LCM) from 2 spatially distinct
regions of the colon. Four male C57/BL6 (wild-type)
mice were sacrificed and dissected and the distal colon
was removed. Tissue segments were then processed
such that both crypt-base and surface cell population
are evident for each crypt (Fig. 1A). Individual crypts
were then sequentially microdissected using LCM,
first removing the crypt-base cells, and then harvest-
ing the surface cells. The resulting samples were proc-
essed for RNA isolation, cDNA generation, and
amplification (see Methods and Materials). Whole
genome expression was assessed for each sample using
the Illumina MouseWG-6_v1.1 platform and post-
processed using the default settings of Illumina
Genome Studio software. Microarray data expression
analysis (see Materials and Methods for the detailed
Microarray Analysis) showed 2,639 probe sets to be
statistically significantly differentially expressed
between these 2 crypt compartments with stringent
statistical significance criteria (False Discovery Rate
(FDR) equal to 0.2). Pathway enrichment was then
performed on the 2,639 differentially expressed probes
using GeneGO (2,450 unique genes), which showed
that 18 out of 20 most enriched pathways of statistical
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significance (FDR � 2.307e-5) were directly or indi-
rectly related to cell cycle and cell adhesion processes
(Table S2, top 10 are shown). Thus, we found that the
majority of the most significant pathways responsible
for differential gene expression of the crypt base vs.
the surface epithelial cells were associated with cell
adhesion and cell cycle. Figure 1 contains an

illustration and examples of workflow and data analy-
sis. As shown in Figure 1B, transcription factor/clau-
din correlation analysis was performed on
differentially expressed genes to identify potential pos-
itive regulators of claudin gene expression. For exam-
ple, Hnf4a signal levels within the array positively
correlate with claudin 7 (Pearson’s correlation

Figure 1. Transcriptome analysis of spatially distinct epithelial cell populations in mouse colon. (A) Schematic of the colonic epithelial
monolayer lining the gut. Two cell regions were compared, crypt-base cell populations containing the proliferative compartment and
differentiated surface cells. Cells were extracted sequentially using laser capture microscopy (LCM, n D 4/sample). RNA was then con-
verted to cDNA and amplified. Subsequent microarray analysis identified spatially distinct gene expression patterns between surface
and crypt-base cell populations. (B) Perform Pearson Product-Moment Correlation Coefficient (PPCC) to identify transcription factors
that correlate with claudin gene expression. (C) Schematic of colonic mucosa sectioning method for subsequent confirmation of graded
gene expression. (D) Transcription factors of interest were overexpressed in mouse intestinal cells, which were subsequently harvested
for gene expression analysis and chromatin immunoprecipitation (ChIP).
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coefficient r D 0.88, at p-value D 0.004). In Figure 1C,
differentially regulated claudin genes, as well as corre-
lated transcription factors, were confirmed by qPCR
using tissue collected by cryosectioning method as
illustrated (as described in 21). Like LCM, crypt cryo-
sectioning preserves the native cellular environment
until RNA collection and is a high yield method that
does not require RNA amplification.

Differentially expressed claudins correlate
with specific transcription factor expression

From the GeneGO analysis, the most significant cellu-
lar processes identified in the regulation of intestinal
epithelial cell (IEC) differentiation were Cell Cycle
and Cell Adhesion (Table S2). For the purposes of this
study, we focus on cell adhesion genes, particularly
the genes for claudin family proteins (Fig. 2A–C). A
total of 6 claudin probes (designed to hybridize Cldn2,
Cldn5, Cldn7, Cldn3, Cldn4 and Cldn23) were differ-
entially expressed along the crypt-base-to-surface axis,
4 claudin probes (designed to hybridize Cldn9,
Cldn10, Cldn12 and Cldn19) were detected but did not
change expression, and the remaining 17 claudin
probes on the array were detected in the crypt-base
compartment only (Cldn15) or they were not detected
at all based on the p-values of signal detection per
sample (see Table S3). Finally, the Tight Junction
genes encoding ZO-1 and ZO-2 (Tjp1 and Tjp2) and
occludin (Ocln) changed expression significantly, all
showing enrichment in the surface cell population
(Fig. 2A). The gene expression differences of the 6
claudin genes were able to distinguish the surface
from the crypt-base compartments according to addi-
tional clustering analyses (Fig. 2B)

In order to identify candidate transcription factors
(TFs) that regulate claudins during IEC differentiation
we screened our dataset for TFs, by combining 2
online databases (RIKEN database and Animal tran-
scription factor database). From the combined 2,301
transcription factors within these databases, 192 were
found to be differentially expressed (using a 2-sample,
2-tail, unequal variance t-test with FDR<0.2) between
the crypt-base and surface cell populations, 69 of these
exhibited a change more than 1.5-fold (fold change >
0.6 in the log2 scale, Table S3). We then focused on 2
highly up-regulated TFs in crypt-base populations
which correlated positively with crypt-base expressed
Cldns: Hopx and Tcf7l2 (Fig. 2D). Uhrf1 and Mcm 4,

5, and 6 also had high correlation coefficients and dif-
ferential expression, yet were not pursued further as
they do not act as transcription factors (PPCC vs.
Cldn2, Fig. 2D). We also investigated the TFs Hnf4a
and Klf4, as their expression was found to be
enhanced in differentiated surface epithelia (Fig. 2E).
Importantly, Hnf4a has been shown to play a role in
claudin expression.22,23 In summary, specific changes
in claudin gene expression correlate with changes in
the expression of the TFs: Hnf4a, Hopx, and Tcf7l2.

Real-time PCR validation of array findings
Based on the above analysis, we focused on 6 claudin
genes and 4 transcription factors of interest that were
found to be differentially expressed along the crypt-
base-to-surface cell axis. In order to validate these
observations, we confirmed the gene expression pat-
terns using real-time PCR (qPCR). We extracted spa-
tially distinct IEC cell populations using a serial
cryosectioning method, with sequential 10 mm sec-
tions pooled into crypt-base, middle, and surface epi-
thelial cell samples (Fig. 1C,21). As shown in
Figure 3A, real-time PCR analysis was used to confirm
a crypt-base enrichment for Cldn2, and 5, as well as
surface enrichment for Cldn3, 4, and 23. Cldn7 and
Cldn9 levels exhibit a trend toward enrichment in sur-
face or crypt cell populations respectively, yet these
trends failed to reach statistical significance. Similar to
our microarray findings, Cldn10 and 12 mRNA varied
little between the different subpopulations. mRNA
levels of the Tight-Junction genes encoding Ocln, and
Tjp1 did not change between the crypt-base and the
surface with a small but significant enrichment in
Tjp2 observed in the crypt-base region (Fig. 3B). We
next confirmed the differential expression of tran-
scription factors Hopx, Hnf4a, and Klf4 in the crypt-
base-surface axis were consistent with the microarray
results (Fig. 3C). As a control for sample reliability, we
monitored Klf4 and Klf5 expression, as these factors
are documented to exhibit an inverse expression
gradient along the crypt-surface axis.24,25 Importantly,
Tcf7l2 exhibited surface region enrichment; therefore
we are unable to confirm graded expression of this
gene product. In summary, the PCR results corrobo-
rated the array findings suggesting differential expres-
sion of claudin genes in the crypt-to-surface axis
correlated with changes in specific TFs.

The above findings (Fig. 3A–C) are reported as fold
change normalized to values in the crypt-base region.
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Epithelial barrier properties are dependent on the
complement and relative proportion of claudin
proteins in the tight junction.26,27 Furthermore, with
24 Claudin genes in the mouse genome, not all claudin
genes were screened on the array. Therefore, we
wished to determine the abundance of all Cldn
transcripts present along the crypt-base-surface

epithelial cell axis. We performed a comprehensive
real-time PCR screen of Cldn1-24 gene expression
along the colonic crypts-base to surface cell axis
(Fig. S1). All 24 claudins were examined by real time
PCR and 10 abundant claudins (normalized to phos-
phoglycerate kinase 1 (Pgk1), (selection threshold
0.035 Pgk1) were selected for further analysis by

Figure 2. Tight Junction related cell adhesion genes are heavily represented among the differentially expressed genes. (A) Tight junc-
tion genes identified as differentially expressed by microarray analysis. Genes colored in red indicate crypt-base enrichment, blue text
indicates surface cell enrichment. (B) Hierarchical clustering of the 6 differentially expressed claudins. (C) Claudin genes detected that
did not exhibit expression changes. (D) Transcription factors were identified for further analysis (red, Hopx and Tcf7l2) based on fold
change and positive Cldn2 Pearson Product-Moment Correlation Coefficient (PPCC). (E) Transcription factors significantly differentially
expressed, with red indicating higher crypt-base expression. (F) Hierarchical clustering of 4 differentially expressed transcription factors
in the crypt compared to the surface.
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quantitative ddPCR (Fig. 3D–G). Cldn1 was also
selected for further analysis due to its reported expres-
sion in intestinal epithelial cells.28 Cldn14 and 20 were
also detected in the crypt-base region, yet marginally
expressed in proportion to Pgk1 (Table S3). With

these analyses, we identified Cldn3 and 7 as the pre-
dominant claudins expressed in all zones along the
crypt-base-to-surface cell axis, with Cldn2 approach-
ing parity with Cldn3 in the crypt-base region
(Fig. 3D–F). Consistent with our previous results, the

Figure 3. Confirmation of microarray results by real-time PCR. (A) Relative mRNA expression of claudin genes along the crypt-surface
axis normalized to crypt values. (B) Relative mRNA expression of Tight Junction related genes. C. Relative mRNA expression of candidate
regulatory transcription factors (A, B and C. �p < 0.05, ��p < 0.01, one-way ANOVA, surface vs. crypt-base). (D) ddPCR showing copies
of claudin transcript in surface cell populations, (E) transitional middle cells, (F) and crypt-base cells (expression normalized per 100
PGK1 copies, �p < 0.05 surface vs. crypt-base. n D 3 replicates). (G) Sum total of claudin transcript copies listed in D-F for each compart-
ment (Cp < 0.1, n D 3).
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pore-forming Cldn2 was more abundant in the crypt-
base, yet copy numbers were lower than those of
Cldn7 (Fig. 3F). Conversely, Cldn4 was found at high
copy numbers in surface cell populations when com-
pared to crypt-base (Fig. 3D). Furthermore, quantita-
tive PCR allowed for sum copy number comparisons
for claudin family genes between zones along the
crypt-base-to–surface axis (Fig. 3G). Remarkably, total
copy number of claudin family genes was found to
fluctuate only slightly between compartments, with
approximately 475 claudin transcript copies (per 100
Pgk1 copies, C/¡ 9%) expressed in each zone. This
finding suggests that heterogeneous claudin gene fam-
ily expression has a tightly regulated copy number
along the crypt axis.

Hnf4a, Hopx, and Tcf7l2 regulate claudin expression
in vitro
Since transcription factors orchestrate many cellular
processes, we hypothesized that the TFs correlating
with claudin expression are potential claudin regula-
tors. In order to test this hypothesis, we overex-
pressed exogenous candidate TFs in model mouse
intestinal epithelial CMT cells. Select claudins (as
detected by qPCR/ddPCR in Fig. 3) were then moni-
tored for changes in expression by qPCR. CMT cells
were transiently transfected with myc-tagged Hnf4a,
Hopx, or Tcf7l2 and expression ensued for 24hrs.
Western blot analysis of CMT cell lysates confirmed
exogenous transcription factor expression (Fig. S2A/
B). Additionally, TF nuclear localization was moni-
tored by immunofluorescence (Fig. S2C). In parallel
with these experiments, mRNA was harvested, allow-
ing for the assessment of Cldn and TF gene expres-
sion in CMT cells. Throughout Figure 4, a 1.5
threshold for biologically significant changes was
applied, and illustrated by a dashed line.29 In myc-
Hnf4a overexpressing cells TF mRNA levels did not
appreciably vary, and we observed low or non-detect-
able endogenous Hnf4a and Hopx (#, Fig. 4A). Myc-
Hnf4a was only found to enhance Cldn23 gene
expression, as shown in Figure 4B. Additionally,
exogenous myc-Hopx expression was found to
enhance Klf4, as well as several claudins (Cldn4, 7, 9
and 15), above the 1.5-fold change threshold
(Fig. 4C,D). However, high variability between repli-
cates resulted in a failure to show statistical signifi-
cance (p < 0.05). In myc-Tcf7l2 expressing cells,
Hopx expression was also not detected (Ct > 33).

However, we observed a marked increase in Hnf4a
mRNA after Tcf7l2 transfection (Fig. 4E). Enhanced
Hnf4a was seen in all 3 replicate experiments, while
endogenous Hnf4a signal was only detected in 1 of 3
experiments. While fold differences in expression
could not be determined due to lack of endogenous
detection, these data show that ectopic Tcf7l2 expres-
sion is sufficient to induce Hnf4a mRNA expression
(Fig. 4E, G). In claudin gene expression studies, myc-
Tcf7l2 overexpression consistently and repeatedly
stimulated Cldn2, 3, 4, 12, 15 and 23 (Fig. 4F). In
nine replicate experiments, we failed to detect Cldn1,
5, 8, or 10 in CMT cells (Ct > 33, Fig. 4B, D, and F).

In summary, ectopic Hopx promotes Klf4 expres-
sion, while Tcf7l2 promotes Hnf4a. With respect to
claudin regulation, Hnf4a overexpression increased
the expression of only Cldn23. In contrast, CMT cells
stimulated by myc-Hopx or myc-Tcf7l2 expression
showed increased levels of several claudins. These
findings demonstrate differential regulation of claudin
genes by the TFs Hnf4a, Hopx, and Tcf7l2; Hnf4a
appears to be a specific activator of Cldn23, with Hopx
and Tcf7l2 having a more general claudin activating
role.

Chromatin immunoprecipitation demonstrates Tcf7l2
binding at the Hnf4a promoter and Hnf4a binding at
the Cldn23 promoter
Our above findings demonstrate Tcf7l2 regulation of
Hnf4a, as well as Hnf4a regulation of Cldn23. In order
to determine if these factors play a direct role in gene
regulation we analyzed Tcf7l2 and Hnf4a protein
binding within promoter regions by Chromatin
Immunoprecipitation (ChIP) (Fig. 5A/C). A detailed
in silico screen of the Hnf4a and Cldn23 promoters
revealed several Tcf7l2 and Hnf4a consensus binding
sites (Fig. 5B/D). As shown in Figure 5A, Tcf7l2 anti-
bodies co-precipitated with regions of the Hnf4a pro-
moter. Additionally, Hnf4a ChIP co-precipitated
Cldn23 promoter-specific DNA (Fig. 5C). This was
not the case for the non-specific rabbit IgG control
ChIP, and limited binding was observed for genomic
regions of the housekeeping gene Gapdh. These find-
ings indicate that the transcription factors Tcf7l2 and
Hnf4a directly bind to the Hnf4a and Cldn23 pro-
moters respectively. These data show direct regulation
of Hnf4a by Tcf7l2, and subsequent regulation of
Cldn23 by Hnf4a.
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Figure 4. The transcription factors Hnf4a, Hopx, and Tcf7l2 regulate claudin message levels in vitro. (A-B) Myc-Hnf4a expression increases selec-
tively Cldn23 relative to empty vector control (pCDNA). qPCR assessment of TF and claudinmRNA levels after Hnf4a expression inmouse intestinal
cells (CMTs). Baseline Hnf4amRNAwas not detected in 1 out of 3 assays (#). Hopx expression was not detected (n.d.). Dashed line; 1.5-fold thresh-
old (nD 3–4, �p< 0.05 by paired t-test, claudin 23 vs. pCDNA). (C-D) Myc-Hopx overexpression enhances Klf4 and Cldn4, 7 and 15. Dashed line;
1.5-fold threshold (nD 3). Baseline Hopxwas not detected in 2 of 3 experiments (#). (E-F) Tcf7l2 regulates Cldn2, 3, 4, 12, 15 and 23. qPCR assess-
ment of transcription factor and claudin gene expression in CMT cells following overexpression of myc-Tcf7l2. Baseline Hnf4a mRNA was not
detected in 2 out of 3 assays (#). Dashed line; 1.5-fold threshold. Relative claudinmRNA expression in CMT cells after overexpression of myc-Tcf7l2
(nD 3–6. �p< 0.05 by paired t-test vs. pCDNA control). (G)Hnf4a is upregulated inmyc-Tcf7l2 overexpressing cells (h2O, water only control).
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Hnf4a is required for differentiation dependent
enhancement of Cldn23 in surface IECs
Hnf4a deficient mice have been reported to have defects
in barrier function and claudin gene expression, however
IEC claudin differentiation along the colonic crypt-to-sur-
face epithelial cell axis was not assessed.23 We therefore
examined intestine specific Hnf4a conditional knockout
mice (Hnf4alphaDeltaIEpC) for Cldn23 expression along
the crypt-base–surface axis. As shown in Figure 6A,
immunohistochemical staining of Hnf4a protein shows a
gradient of nuclear staining intensity, with high levels in
surface epithelia. High levels of Hnf4a are seen in the sur-
face cell compartment relative to the crypt-base. Hnf4a
knockout animals do not express functional protein and
no signal could be detected by immunohistochemical
staining (right panel, Figure 6A). In order to determine
the role ofHnf4a in Cldn23 regulation, serial cryosections
were processed and analyzed for claudin gene expression.
In keepingwith our hypothesis, conditional Hnf4a knock-
out mice do not exhibit increased Cldn23 expression in
surface cell populations as compared to crypt epithelial
cells. This is in contrast to flox/flox littermate controls
(Fig. 6B). Indeed, when these values are normalized to the
housekeeping gene Pgk1, we observe that Hnf4a deficient
mice fail to induce expression of Cldn23 in surface IECs,
in addition to overall lowered Cldn23 expression
(Fig. 6C). Along with a loss of Cldn23 induction, we
observed aberrant Cldn3 and Klf4 expression in

conditional Hnf4a knockout mice (Fig. 6D, F). Con-
versely, Cldn4 levels were similar in the absence of Hnf4a,
indicating claudin gene specific regulation by Hnf4a
(Fig. 6E). Importantly, Tcf7l2 transcript levels and protein
localization were similar in Hnf4a knockout mice when
compared with control animals (Fig. S3).

Discussion

The complement of claudin protein expression plays
an important role in controlling epithelial barrier
properties and tissue homeostasis. Indeed, variations
in claudin gene expression determine the physiological
character of the paracellular TJ seal, and therefore the
barrier function of the tissue. We now report a com-
prehensive account of claudin gene expression in
mouse colonic mucosa during epithelial cell differenti-
ation as they emerge from the crypt stem cell niche.
Secondly, we describe 2 novel pathways that contrib-
ute to dynamic claudin expression throughout this
process; Hopx and Tcf7l2/Hnf4a.

In order to discover novel regulators of claudin
gene expression in colonic crypts, whole transcrip-
tome analysis was performed on cells harvested
from crypt-base and surface epithelial cell popula-
tions. This approach allowed us to identify the
expression patterns of a number of claudin genes,
as well as allowing for the identification of

Figure 5. Tcf7l2 and Hnf4a directly regulate Cldn23 expression. (A) Chromatin immunoprecipitation (ChIP) demonstrates Tcf7l2 associa-
tion with the Hnf4a promoter. (B) Hnf4a promoter map indicating primer sites and approximate positions of putative Tcf7l2 binding
sites (^). (C) Binding of Hnf4a to several sites in the Cldn23 promoter. (D) Cldn23 promoter map indicating primer sites and approximate
positions of putative Hnf4a binding sites (^).
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correspondingly expressed transcription factors.
Our study also generated a wealth of information
concerning the gene expression profiles in these
spatially distinct compartments of the colon. Gene
ontology analysis identified a number of pathways
that contain these differentially expressed genes,
the most significant of which are listed in Table S2.
The predominant pathways identified involve cell
cycle mediated processes, with the second most sig-
nificant being cell adhesion. Interestingly, all the
differentially expressed transcription factors that we
identify as claudin regulators also play a role in
regulating cell cycle. For example, Tcf7l2 is a Wnt
signaling pathway effector and regulates glucose
homeostasis in the gut.30 Tcf7l2¡/¡ mice die soon
after birth and lack a proliferative stem cell com-
partment in the gut.31 Several studies have identi-
fied Hnf4a as a regulator of intestinal viability and
function.32,33 For example, Hnf4a is protective in
experimental colitis models and regulates colonic
claudin 15-dependent ion transport.23 Additionally,
Hnf4a defective mice develop spontaneous adeno-
mas.34,35 Although Klf4¡/¡ mice exhibited normal
cell proliferation in the gut, there is evidence that
Klf4 is an inhibitor of b-catenin signaling.36,37

Hopx has been reported to play a role in colorectal
cancer, and its expression is sustained in colon can-
cers.38 Furthermore, Hopx is a stem cell marker
within the 4C cell region transient amplifying
zone.39 Together with our findings, these studies
demonstrate intriguing co-regulation of prolifer-
ative processes and claudin gene expression in the
colonic epithelium.

Defects in the claudin-based TJ barrier are believed
to contribute to the epithelial barrier compromise in
inflammatory bowel diseases by allowing mucosal
exposure to luminal antigens.40 Additionally, failure
to regulate claudin gene expression also contributes to
carcinogenesis, both directly and/or secondarily, by
altering the cellular microenvironment.41 Further roles
for claudins have also been described implicating
them in the pathogenesis of cancer, as dysregulation
of claudin expression has also been linked to epithelial
to mesenchymal transition (EMT). Interestingly, clau-
dins linked to dysregulated EMT include Claudin 4
and 7,42-44 which we find to be enriched in differenti-
ated IECs. These claudins are found at lower levels in
cancer cells, indicating either a direct role for these
claudins in regulating these processes or signify a state
of poor epithelial differentiation.42 Further studies will

Figure 6. Hnf4a is required for surface expression of Cldn23. (A) Immunohistochemical staining of colonic tissue from flox/flox and intes-
tinal specific Hnf4a knockout mice. Hnf4a protein is expressed in a gradient with higher expression in the surface cells. (B) qPCR of
Cldn23 expression in surface(s), mid (m), and crypt-base (c) cell populations (normalized to crypt-base, n D 2, �p < 0.05 by 2-way
ANOVA). (C) Analysis of Cldn23 expression relative to the housekeeping gene, Pgk1. (D-F) qPCR assessment of Cldn3, 4, and Klf4 in Hnf4a
knockout mice.
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be required to understand the role of claudin proteins
in health and disease.

Our study provides the first comprehensive
description of claudin gene expression along the
colonic crypt-base-to-surface axis in mice and serves
as a reference for further studies of genes involved in
the epithelial differentiation process. Surface epithelial
cell populations are enriched in cells expressing
Cldn3, 4, 7 and 23, while crypt-base cells express
Cldn2, 5, and 15 (Fig. 7A). Cldn 1, 10 and 12 appear to
be expressed ubiquitously along the crypts. Cldn14
and 20 were also crypt enriched, yet found to be mar-
ginally expressed relative to other claudins (Fig. S1). It
is interesting to note that the claudin genes identified
as differentially expressed fall into one of 2 functional
groups, “leaky” pore forming claudins in the crypt-
base (Cldn2, 5, 14, and 15) and “tight” sealing claudins
in the surface cell populations (Cldn3 and 7).11,45

Cldn23 was observed to be enriched in surface IECs
suggesting a role in barrier tightening.

In regard to relative transcript proportions, Cldn7
predominates throughout the entire colonic crypt, fol-
lowed by Cldn3, with Cldn2 reaching parity with
Cldn3 in the crypt-base region (Fig. 7B). Interestingly,
we found very little difference at the copy number
level, between regions of the colonic crypt. This

finding supports the hypothesis that heterogeneous
claudin gene family expression has a tightly regulated
copy number limit, with specific regulators within
each compartment determining which claudin tran-
scripts are expressed. Based on our studies, we pro-
pose that Hopx and Tcf7l2 are general activators of
claudin transcription due to the lack of specific spatio-
temporal claudin gene expression. This is demon-
strated by overexpression experiments in which the
crypt-base specific Cldn2 was stimulated in addition
to surface specific claudins such as Cldn3, 4 and 7
(Fig. 4G). Similarly, Hopx stimulated both the crypt
restricted Cldn15 as well as the surface enriched Cldn4
and 9. In contrast, in CMT cells, Hnf4a was found to
selectively upregulate Cldn23.

Our array data indicate that Tcf7l2 is enriched in
crypt-base populations, however, our qPCR findings
show the opposite trend, with higher amounts of
Tcf7l2 in surface populations (Fig. 2B/3A). This dis-
crepancy may be the result of differences in Tcf7l2 iso-
forms expressed in the 2 compartments. Indeed, Tcf7l2
is known to undergo extensive splicing.46 However,
our studies and others have shown Tcf7l2 protein
accumulating in surface epithelial cell populations.37

Further discrepancies arose between the array and
qPCR methodologies; the ZO and occludin TJ proteins

Figure 7. Summary of claudins detected and model of signaling pathway for Cldn23 expression. (A) Claudin expression gradients along
the crypt to surface axis. Surface enriched claudins in blue. Crypt enriched claudins in red (� identified by qPCR only). (B) Schematic dem-
onstrating the relative abundance of Cldn genes along the crypt-base to surface axis. (C) Schematic showing Hopx/Klf4 regulation of
Cldn4 and 7 as well as Tcf7l2 stimulation of Hnf4a which in turn activates Cldn23.
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could not be confirmed as expressed in a gradient.
These exceptions notwithstanding, we observed a high
degree of similarity between our array and qPCR
findings.

Tcf7l2 was found to activate the transcription of
Hnf4a in CMT cells (Fig. 4D/E). As discussed above,
endogenous Hnf4a in this cell line could not be
detected in the majority of samples tested, indicating
that this factor is at low endogenous levels. Impor-
tantly, Hnf4a overexpression in CMT cells was suffi-
cient to stimulate mRNA expression of Cldn23
(Fig. 4A). Claudin 23 is a poorly studied claudin but
has been found to be suppressed in gastric cancers as
well as colon cancer.47,48 We now report that Cldn23 is
abundant in its expression in colonic IEC surface epi-
thelial cell populations, and using ChIP, have identified
Hnf4a as a binding factor of the Cldn23 promoter. In
conclusion, our data support a claudin differentiation
program that includes Tcf7l2 stimulation of Hnf4a,
and the subsequent activity of both agents to stimulate
claudin gene expression, including Cldn23 (Fig. 7C).

Materials and methods

Mice

All experimental protocols used male, 10–12 week old,
C57BL/6 (WT) mice (The Jackson Laboratory, Bar
Harbor, Me) or intestinal epithelial cell specific condi-
tional Hnf4a KO mice (Hnf4alpha(DeltaIEpC), from
Dr F.J. Gonzalez ) as described35,49 and littermate flox/
flox (flanked loxP) controls. All procedures using ani-
mals were reviewed and approved by the Emory Uni-
versity Institutional Animal Care and Use Committee
and were performed according to National Institutes
of Health criteria.

Tissue collection by LCM, RNA extraction,
and amplification

Distal colon rolls were prepared, cryosectioned, and
fixed using the Arcturus Histogene kit for frozen sec-
tions (Applied Biosystems/Life Technologies, Grand
Island, NY). The Arcturus Laser Capture Microdissec-
tion (LCM) system (Applied Biosystems/Life Technol-
ogies) was used to isolate crypt-base and surface cell
populations. Sequential isolation of crypt-base and sur-
face cell populations occurred for each of the 4 mice.
RNA extraction was then performed according to the
manufacturer’s instruction using the Arcturus

PicoPure RNA extraction kit (Applied Biosystems/Life
Technologies), treated with DNase (Qiagen, Valencia,
CA), and amplified twice using a Nugen WT-Ovation
kit (San Carlos, CA). RNA integrity was confirmed by
Agilent 2100 Bioanayzer (Santa Clara, CA).

Cell/Tissue collection and RNA extraction
for real-time PCR validation

Confirmation of microarray candidates was per-
formed on RNA extracted from serial cryosections of
whole mount distal colonic tissue as previously
described.21 Briefly, distal colon samples were
obtained from a 2 cm segment spanning 2–4 cm from
the anus. RNA was extracted using Trizol reagent
according to manufacturer’s instruction (Life Tech-
nologies), subjected to secondary purification (Epoch
Life Sciences, Sugarland TX), DNAse treatment (Qia-
gen), and converted to cDNA (Thermo Fisher, Wal-
tham, MA). Semi-quantitative real time PCR was
performed with iQ Sybr Green (BioRad,) using a Bio-
Rad iCycler (BioRad). Quantitative PCR was per-
formed on a QX200 ddPCR system (BioRad). Primers
used are listed in Table S1. Primers were validated by
product sequencing and efficiency test
(EfficiencyD1.00§20%), unless validated elsewhere.
QPCR data processing utilized a delta delta Cq
method, with a 1.5 fold mean threshold for biological
significant change. This value exceeds threshold
assessment performed in Table S3, as described
previously.29

Microarray data analysis

Eight samples (4 replicates from the crypt-base and 4
replicates from the surface) from the Illumina
MouseWG-6_v 1.1 platform were processed using the
default Illumina Genome Studio software for normali-
zation and summarization. All probes with a detection
p-value < 0.05 in each of the 8 samples were consid-
ered detected. The expression values from all samples
were log2 transformed and then averaged for each
probe across each sample type, so that for each probe
there was an average crypt-base and an average crypt-
surface value. The fold change was then calculated by
subtracting the average value of the crypt-base repli-
cates minus the average value of the crypt-surface rep-
licates. A positive fold change indicated upregulation
within the crypt-base and conversely, a negative fold
change indicated down-regulation at the crypt-base
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compared to the surface. From the initial 46,643
probes, 35,371 had nearly constant expression values
(standard deviation � 0.2) across all 8 samples and
were excluded from the differential expression analy-
sis. The remaining 11,272 probes were used to
calculate the differentially expressed genes. The two-
sample, 2-tail, unequal variance t-test was used for the
statistical comparison and the standard p-value cutoff
gave 2,731 differentially expressed genes. The p-values
were further corrected for multiple comparisons with
the FDR (false discovery) method. The FDR cutoff
value of 0.2 resulted in 2,639 statistically significant
differentially expressed genes between the crypt-base
and the crypt-surface compartments. These genes
were used for downstream functional analyses. For
pathway analysis, the GeneGO software was utilized
(https://portal.genego.com/). For the hierarchical clus-
tering and the generation of the heatmaps, the R pack-
ages “dplyr” and “NMF” were downloaded from the
CRAN site (https://cran.r-project.org/web/packages/).
The Euclidean distance and the average agglomeration
method were used for clustering the genes and sam-
ples. For the transcription factor identification, data
from the RIKEN database (http://genome.gsc.riken.jp/
TFdb/) and the Animal Transcription Factor Database
(http://www.bioguo.org/AnimalTFDB/) were com-
bined. The Pearson’s correlation coefficient along with
the associated p-values were calculated using the R
function cor.test. Microarray data submission to
NCBI GEO (GEO number GSE84742) is in progress.

Chromatin immunoprecipitation

Chromatin Immunoprecipitation (ChIP) was per-
formed using the Magna-ChIP kit (EMD Millipore,
Billerica, MA, USA) according to the manufacturer’s
recommendations. Confluent monolayers of CMT
cells were fixed with fresh 1 % formaldehyde solution,
quenched with glycine and collected in ice cold PBS
containing protease inhibitors. The cells were then
lysed in ChIP lysis buffer and the chromatin was
sheared with a Branson 450 Sonifier (Branson Ultra-
sonics, Danbury CT, USA) on ice. The sonicator
power was set to 3 and 30 % duty cycle. Sonication
was performed 4 times for 30 seconds with a one min-
ute breaks to prevent heat accumulation. This resulted
in uniform chromatin shearing to approximately 200–
500 bp. Twenty-five mg chromatin was used per IP
using 300 ng TCF7l2 or 5 mg anti-HNF4a (Cell

Signaling, Boston, MA) in parallel to nonspecific anti
rabbit IgG. After reversing the crosslinking and diges-
tion with proteinase-K, DNA was isolated using spin
columns. qPCR primers were designed to amplify
DNA sequences spanning putative TF binding. Puta-
tive TF binding sites were identified using PROMO
(http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/
promoinit.cgi?dirDBDTF_8.3).

Tissue culture and constructs

CMT (CMT-93, ATCC, Mannassas VA) and SKCO15 50

cells were cultured in DMEM media with 10% FBS and
antibiotics (cells were periodically tested for mycoplasma
infection). Murine Hopx was cloned from C57/BL6 male
mouse colonic cDNA: (Forward: primer aagcttgccac-
catgtcggcgcagaccgcgagcg and Reverse primer:
ggatccgtccgtaacagatctgcattccg) and ligated into
pcDNA3.1. All constructs were sequenced to confirm
proper construction of the plasmids. Plasmids were gen-
erated by the Emory Cloning Core.

Antibodies and reagents

Western Blot and immunofluorescence (IF) analysis
antibodies include: as a protein loading control glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH1

(G8795), 1:5000), 9E10 anti-myc,1 1:5000, TCF43

(C48H11), 1:500, Hnf4a3 (C11F12), 1:500, and HRP/
fluorophore-linked secondary antibodies,4 1:10,000 (1

Sigma Aldrich, St. Louis, MO;2 Invitrogen, Carlsbad,
CA;3 Cell Signaling, Beverly, MA;4 Jackson ImmunoR-
esearch, Westgrove).

Immunofluorescence (IF) staining and microscopy

Cells were fixed in 3.7% paraformaldehyde or 100%
methanol for 20 minutes. Primary antibody reactions
were performed in HBSSC/C with 3% BSA for 1hr.
Secondary antibodies (Alexa Fluor 546-conjugated)
were incubated 3% BSA and for 45 min. Nuclei were
detected with TOPRO-3. Confocal microscopy was
performed using a Zeiss LSM 510 microscope (Zeiss,
Thornwood, NY).

Western blot analysis

Cells were lysed in lysis buffer (50 mM Tris (pH 6.8),
10% glycerol, 2% SDS) supplemented with phosphatase
inhibitor cocktail I and II, and protease inhibitor cock-
tail (Sigma Aldrich, St. Louis, MO), incubated at 60C
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for 30min, and subjected to SDS-PAGE. Primary anti-
bodies were incubated for 1hr at RT followed by a 3x
wash with TTBS. HRP-conjugated secondary antibodies
were incubated at RT for 45 minutes.

Statistics

Statistical analysis for qPCR/ddPCR and TEER data
were performed as indicated using GraphPad Prism
(GraphPad Software Inc., La Jolla CA). Analysis of
variance (ANOVA) includes Bonferroni post-test. Stu-
dent t-test or Wilcoxon-Mann-Whitney test as indi-
cated. Error is reported as standard error of the mean
(SEM).

Summary statement
Exposure to the intestinal milieu contributes to a
number of pathologies. The claudin gene family forms
a protective barrier through coordinated expression
via Hopx, Tcf7l2 and Hnf4a.
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