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Abstract

Objective—Claudin-1 expression is increased and dysregulated in colorectal cancer and causally

associates with the dedifferentiation of colonic epithelial cells, cancer progression and metastasis.

Here, we have sought to determine the role claudin-1 plays in the regulation of intestinal epithelial

homeostasis.

Design—We have used a novel Villin-claudin-1 transgenic (Cl-1Tg) mouse as model (with

intestinal claudin-1 overexpression). Effect of claudin-1 expression upon colonic epithelial

differentiation, lineage commitment, and Notch signaling were determined using

immunohistochemical, immunoblot and real time PCR analysis. The frequently used mouse model

of DSS-colitis was used to model inflammation, injury and repair.

Results—In Cl-1Tg mice, normal colonocyte differentiation program was disrupted and goblet

cell number and muc-2 expressions were significantly downregulated while Notch- and ERK1/2-

signaling were upregulated, compared to the wild type (WT)-littermates. Cl-1Tg mice were also

susceptible to colonic inflammation and demonstrated impaired recovery and hyperproliferation

following the DSS-colitis. Our data further show that claudin-1 regulates Notch-signaling through

the regulation of MMP-9 and p-ERK signaling to regulate proliferation and differentiation.

Conclusion—Claudin-1 helps regulate intestinal epithelial homeostasis through the regulation of

Notch-signaling. An upregulated claudin-1 expression induces MMP-9 and p-ERK signaling to

activate Notch-signaling, which in turn inhibits the goblet cell differentiation. Decreased goblet

cell number decreases muc-2 expression and thus enhances susceptibility to mucosal

inflammation. Claudin-1 expression also induces colonic epithelial proliferation in a Notch-
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dependent manner. Our findings may help understand the role of claudin-1 in the regulation of

IBD and CRC.
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INTRODUCTION

Inflammation of the underlying colonic mucosa is a key characteristic of inflammatory

bowel diseases (IBD) including Crohn’s disease (CD) and ulcerative colitis (UC). Although

the etiology of IBD remains unknown, malfunctioning of the colonic epithelial barrier has

emerged as a key characteristic of the IBD pathogenesis.[1] The general postulation is that

dysregulated mucosal barrier facilitates the access of the luminal antigens across the

epithelium and thus induces immune activation and thereby inflammation.[2]

The mucosal barrier consists primarily of two key constituents: extracellular mucus

consisting primarily of the glycoprotein mucin-2 (muc-2) secreted by the goblet cells, and

the single layer of epithelium.[3] Tight junctions, the most apical cell-cell adhesions, are the

primary regulators of the epithelial barrier function.[4] Indeed, modulation of the muc-2

expression, goblet cell number and tight junction (TJ) integral proteins are known

characteristics of IBD patients.[5] Furthermore, mice deficient in muc-2 protein demonstrate

an elevated production of pro-inflammatory cytokines and develop colitis spontaneously[6].

In the colon, Notch activation modulates muc-2 expression, expression of tight junction

proteins, and the balance between proliferation and differentiation in the enterocyte

progenitor pool.[7–10]

The claudin family of proteins is an integral component of the structure and function of TJs.

The 27 known claudin family members are expressed differentially among various tissues

and their expression can be altered under pathological conditions including inflammatory

disorders such as IBD and cancer.[4] Notably, expression of the claudin-1 protein is

increased in the areas of active inflammation.[11] Of interest, a correlation between

increased claudin-1 expression and neoplastic transformation was also noted in colitis-

associated cancer.[12] Also, loss of claudin-1 leads to severe dehydration and post-natal

death in mice.[13] We have reported a causal association of claudin-1 expression with

sporadic colon cancer growth and progression.[14] However, the role of claudin-1 in the

regulation of epithelial homeostasis, mucosal inflammation and IBD remains unknown.

In the current study, using Cl-1Tg mice as a model, we report a previously unknown role of

claudin-1 in the regulation of Notch-signaling and colonic epithelial homeostasis. We

demonstrate that colonic claudin-1 overexpression increases MMP-9 and p-ERK expression,

Notch-signaling and the overall colonocyte population while decreasing the goblet cell

number and muc-2 expression. We further demonstrate that Cl-1Tg mice are susceptible to

colitis induced using dextran sodium sulfate (DSS) and demonstrate sustained inflammation

and hyperplasia even when subjected to recovery following DSS-colitis.
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Materials and Methods

Generation and characterization of Claudin-1 Transgenic Mice

The human claudin-1 cDNA was cloned into the pBS plasmid vector under the control of the

intestine specific villin promoter, a generous gift from Dr. Sylvie Robine.[15] Two Villin-

claudin-1 positive founder lines were obtained on a C57BL/6 genetic background. Mice

were maintained following the Institutional Animal Care and Use Committee (IACUC)

guidelines of Vanderbilt University. Cl-1Tg mice were maintained in the C57BL/6

background, and offspring genotyped using DNA isolated from the tail genomic DNA.

Presence of the transgene was verified by PCR using two different PCR primer sets (Table

S1).

Induction of Colitis by Dextran Sodium Sulfate (DSS)

Eight- to ten-week-old mice were used for all studies unless noted otherwise. Mice received

standard chow diet during the experiment. Control mice received untreated water ad libitum

and the colitis group received indicated amounts of DSS dissolved in water as described in

details in the supplemental material.

Measurement of Colitis Severity and Histological Scoring

Colitis severity was estimated by measuring body weight loss, colon length, and colon

weight. Paraffin-embedded sections were stained for H&E or with antibodies to indicated

proteins (Table S2). Blinded to genotype and treatment, H&E stained sections were scored

for parameters quantifying colitis, which include inflammation and crypt damage.

Categories were given a score range from 0 to 4 as indicated.

Statistical Analysis

Graphpad Prism 5 was used for statistical analysis (San Diego, CA). Data were analyzed

using a student t-test or Newman-Keuls post test following one-way analysis of variance.

Data are expressed as means ± SEM. P values less than .05 were considered significant.

Results

Characterization of the Cl-1Tg mice

Claudin-1 expression is upregulated under multiple intestinal pathological conditions

including IBD and colorectal cancer.[11,12,14] We further confirmed increased claudin-1

expression in Crohn’s disease and Ulcerative colitis patient samples (S1). To further

investigate the role of claudin-1 in intestinal homeostasis, we developed Cl-1Tg mice using

a construct in which the human claudin-1 cDNA was placed under the control of the murine

intestine-specific villin promoter (Figure 1A). As predicted, robust claudin-1 overexpression

was observed in the colon, small intestine, and cecum of the transgenic mice (Figure 1B),

but not in other organs (S2-A). Immunohistochemical analysis using anti-claudin-1 antibody

further confirmed the increase in claudin-1 expression, and indicated that it was localized

largely to the membrane and throughout the entire crypt in Cl-1Tg mice (Figure 1C).
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The claudin family comprises 27 known members, which form homo and hetero-dimers.[16]

Genetic manipulation of specific claudin family members alters expression of other claudin

family members, possibly due to compensation. Therefore, we sought to determine whether

claudin-1 overexpression alters expression of other claudins and/or E-cadherin and β-

catenin. Both immunoblot and immunofluorescence analysis using colons from Cl-1Tg and

WT mice demonstrated decrease in claudin-7 expression while expression of

claudin-3,-4,15, Occludin, E-cadherin, and β-catenin remained largely unaltered (Figure 1E,

1F and S2-B).

Next, we examined the effects of claudin-1 overexpression upon TJ structure and function.

Electron microscopic examination revealed no significant morphological changes in the TJ

structure of the colonic epithelial cells between age- and sex-matched WT and Cl1-Tg mice.

Similarly, epithelial permeability as determined by rectal administration or Ussing chamber

analysis using FITC-dextran (4 kDa) was not altered between WT and Cl-1Tg mice.

However, trans-epithelial resistance (TER) increased in Cl-1Tg mice versus WT-littermates

(S3 and S6, p<0.05).

Claudin-1 overexpression altered epithelial cell differentiation

Although, Cl-1Tg mice did not differ from WT mice in their appearance and/or gross

physiology, histological evaluation suggested potential alteration in the goblet cell number

in the colon of Cl-1Tg mice versus WT mice (Figure 1D). To evaluate further, we performed

Periodic Acidic Schiff (PAS) staining for mucins produced by goblet cells in small intestine

(SI) and colon (Figure 2A,B). Indeed, a decrease in number of PAS-positive cells in the SI

and colon of the Cl-1Tg mice compared to WT mice was observed (S4-A, p<0.001). To

further confirm, Alcian blue staining was used to identify acidic proteins commonly found

in mucus-containing cells (S4-B). Among the mucins that constitute the colonic mucus

barrier, muc-2 is the most abundant[3,17] and is often used as a marker of goblet cell

homeostasis. Therefore, we further performed immunohistochemical analysis to examine

muc-2 expression in the colon of Cl-1Tg and WT mice. We documented a significant

decrease (p<0.0001) in muc-2 positive cells in the colon of Cl-1Tg mice compared to WT

mice (Figure 2B and S4-A).

The secretory goblet cells are one of the four cell types within the intestinal epithelium.[18]

To determine whether other cell types of the absorptive or secretory lineages were also

altered, we performed immunohistochemical analysis using Carbonic Anhydrase-I (marker

of colonocytes) and Chromagranin-A (marker of enteroendocrine cells). We detected an

increase in carbonic anhydrase staining in the colon of Cl-1Tg mice versus WT mice (Figure

2B). A slight increase in Chromagranin-A positive cells was also observed in the small

intestine and colon of the Cl-1Tg mice and WT mice (Figure 2-A,B). Staining for lysozyme

(marker for Paneth cells; small intestine) did not detect major changes in Cl-1Tg mice

compared to WT mice (Figure 2A). Overall, intestinal overexpression of claudin-1 appeared

to have altered the epithelial lineage commitment in the mouse colon and small intestinal

epithelium.

The molecular/signaling mechanism/s that regulate colonic epithelial cell differentiation are

also important in the regulation of colonic epithelial proliferation. Therefore, we determined
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the potential effect of the colonic claudin-1 overexpression on proliferation. We observed a

significant increase in proliferation in the colon of Cl-1Tg mice compared to the colon of

WT mice (Figure 2C, p<0.001). Further determination of the pathways involved in cell

proliferation/apoptosis demonstrated a marked increase in the phosphorylation of ERK-1/2

in the colon of Cl-1Tg versus WT mice (Figure 2D).

Cl-1Tg mice are susceptible to DSS-colitis and demonstrate impaired recovery

Loss of goblet cells characterizes IBD patient samples[19] and mice with genetic deletion of

muc-2 develop spontaneous colitis.[6] Claudin-1 expression is upregulated in areas of active

inflammation in IBD patients.[11] Therefore, in light of the dysregulated goblet cell

differentiation and decreased muc-2 expression in Cl-1Tg mice, we further determined

whether these mice are susceptible to mucosal inflammation/ regeneration/repair during

colitis, using a commonly used DSS-mouse model of colitis. WT and Cl-1Tg mice were

subjected to drinking water containing DSS (5% wt/vol) for a period of 7 days followed by

regular drinking water for 5 days to recover. Mice were weighed daily and monitored for

signs of distress (see Supplementary Methods). On day-4 of DSS-treatment, a significant

body weight loss was observed in the DSS-treated Cl-1Tg mice compared to WT mice

(p<0.001) and this continued until day-7 of DSS-administration (Figure 3A). Apart from

body weight, we observed a significant increase in the colon weight/length ratio (p<0.05) in

DSS-treated Cl-1Tg versus WT mice (Figure 3B). Histopathological analysis further

supported the severity of inflammation in DSS-treated Cl-1Tg versus WT mice (S5).

However these mice did not recover, lost more than 20% of body weight by day 9 and were

therefore sacrificed.

In further studies, we decreased the dosage of DSS to 3.5% wt/vol, while keeping the

duration of DSS-administration constant (7 days) followed by regular drinking water for 5

days to recover. The DSS-treated Cl-1Tg mice again showed a decrease in body weight as

early as day-4 (versus WT mice) and the trend continued until day-7 (Figure 3C). The H&E

staining showed epithelial damage and loss of the crypt structure in DSS-treated WT mice.

The epithelial damage was enhanced in Cl-1Tg mice and showed severe loss of crypt

structure. Most interestingly, during the recovery phase, the WT mice showed complete

recovery of the DSS-colitis dependent body weight loss while Cl-1Tg mice demonstrated

impaired recovery (Figure 3C). Furthermore, the recovering Cl-1Tg mice exhibited

hyperplastic elongated crypts compared to the extensive normal regenerative crypts in WT

mice (Figure 3D). Histopathological scoring for the inflammation, depth of inflammation,

and crypt damage confirmed the significantly higher degree of the depth of inflammation

and epithelial injury in DSS-treated Cl-1Tg mice versus WT mice (Figure 3E). Furthermore,

during recovery, Cl-1Tg mice continued to display high scores for both inflammation and

epithelial injury while the WT mice recovered almost completely.

The DSS-treated Cl-1Tg mice demonstrated persistently low muc-2 expression and an
elevated and sustained immune response

The epithelial and mucosal barrier serve as the prime protective layers from luminal antigens

[3]. Since, DSS-treated and recovering Cl-1Tg mice showed persistent inflammation, we

determined the changes in epithelial permeability and status of muc-2 expression in these
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mice. Ussing Chamber was utilized to determine the changes in TER and trans-mucosal

permeability (S6). For the integrity of mucus layer, IHC was performed using anti-muc-2

antibody and number of positively stained, intact cells/crypt was quantified (Figure 4A). The

TER decreased in both mice groups when subjected to DSS-colitis however decrease was

more pronounced in Cl-1Tg mice (p<0.0001). Further, an increasing trend in TER in the

recovering WT mice (versus DSS-colitis group) contrasted with the persistent decrease in

Cl-1Tg mice (S6). The permeability for FITC-Dextran increased in both mice groups in

response to DSS-treatment (versus respective controls). However, the trans-mucosal

permeability demonstrated a reversing trend towards the control levels in the recovering WT

mice compared to a persistently increased trans-mucosal permeability in the recovering

Cl-1Tg mice though differences were statistically insignificant (S6). We observed decreased

muc-2 expression in DSS-treated WT and Cl-1Tg mice compared to respective control mice.

While muc-2 expression levels recovered to control levels (p<0.05) in recovering WT mice,

it failed to recover to similar levels in the recovering Cl-1Tg mice (p<0.001). Furthermore,

in Cl-1Tg mice the goblet cells in absence of optimal muc-2 synthesis lost their

characteristic goblet like shape, a characteristic similar to that seen in muc2−/− mice earlier.

[6]

During colitis there is an infiltration of immune cells accompanied by changes in cytokine

gene expression that occurs in response to the ensuing damage.[20] One component of the

immune infiltrate is CD3+ T-lymphocytes that are critical effectors of the mucosal immune

activation. A significant increase in CD3+ cells was observed in DSS-treated Cl-1Tg

compared to WT mice (p<0.001). Again as in muc-2 expression, the increase in CD3+ cells

infiltration in recovering WT mice returned back to the levels in control (water) mice.

However, recovering Cl-1Tg mice retained a significantly higher level of CD3+ cells

(p<0.01; Figure 4B), suggesting sustained immune activation. To further define the changes

in immune activation, we compared mRNA expression levels of the key inflammatory

cytokines, TNFα, IFN-γ, IL-10 and chemokine KC/ CXCL1 using qRT-PCR. An increased

expression of the inflammatory cytokines was observed in DSS-treated WT and Cl-1Tg

mice. However, Cl-1Tg mice showed significantly increased and sustained cytokine

production including TNF-α and IFN-γ even 5-days post-DSS treatment (the recovery

phase) when the cytokine levels in DSS-treated WT mice had returned to control levels

(Figure 4C). To further confirm these findings, we examined cytokine protein levels using

total colon lysates from mice that underwent recovery following DSS-treatment (S7).

Outcome was consistent with the data from qRT-PCR analysis and demonstrated significant

increases in TNFα (p<0.05), IL-1β (p<0.01), IL-4 (p<0.05) and IP-10 (p<0.01). Thus, our

results suggested that sustained loss of muc-2 expression and increased cytokine expression

in the Cl-1Tg mice may underlie the sustained immune activation in these mice.

Proliferation and apoptosis were altered in Cl-1Tg mice following DSS treatment and
recovery

In addition to the sustained immune activation, we observed impaired epithelial recovery in

recovering Cl-1Tg mice while colonic crypts underwent hyperplasia. Under similar

conditions, WT mice showed normal regenerating crypts (Figure 3D). Further determination

of the proliferation and apoptosis showed sharply decreased cell proliferation while
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caspase-3 positive cells increased in DSS-treated WT mice which was well in accordance

with previous reports.[21] Interestingly, both the DSS-dependent decrease in proliferation

and the increase in apoptosis were higher in DSS treated Cl-1Tg mice compared to control

mice (Figure 5A,C&D, p<0.001). In contrast, during the recovery, we found no significant

difference in the apoptosis between the WT and Cl-1Tg mice. At the same time, Cl-1Tg

mice demonstrated increased p-ERK1/2 expression and hyperproliferation compared to WT

mice (Figure 5B&C, p<0.001). Combined, the dynamic balance between the proliferation

and apoptosis appeared to be dysregulated in Cl-1Tg mice, which combined with sustained

inflammation and altered differentiation results in impaired recovery and hyperplasia.

Notch-signaling is upregulated in Cl-1Tg mice

The Notch-signaling pathway is the critical regulator of the intestinal epithelial cell fate

determination.[22,23] Apart, Notch-signaling regulates Muc-2 expression [24],[18], and has

a critical role in the regulation of mucosal inflammation and proliferation.[25] Therefore, we

examined the status of Notch-signaling (using Hes-1 expression as marker) in DSS-treated

and recovering WT and Cl-1Tg mice (Figure 6A). Hes-1 expression was higher in the

control as well as DSS-treated Cl-1Tg mice (versus control or DSS-treated WT mice

respectively). Interestingly, similar to the muc-2 expression, Hes-1 expression also reverted

back to the control levels in the recovering WT mice. In contrast, Hes-1 expression

remained increased in the recovering Cl-1Tg mice compared to the control and/or DSS-

treated Cl-1Tg mice highlighting the inherent defect in the regulation of Notch-signaling in

these mice.

Therefore, we further determined the changes underlying Notch-activation in Cl-1Tg mice.

To activate Notch-signaling, a proteolytic cleavage releases the Notch intracellular domain

(NICD), which is then transported to the nucleus to induce transcription of a number of

genes including Hes-1.[8] Hes-1, inhibits expression of Math1 and thus muc-2, both of

which are markers of secretory cell lineage.[7] Using immunoblot and real time qPCR

analysis, increased NICD and Hes-1(p<0.01, 2.5-fold) and decreased Math-1 (p<0.001, 3-

fold) expressions were documented in the colon of Cl-1Tg versus WT mice (Figure 6B). We

also observed increase in NICD and Hes-1 and a decrease in Math-1 expression in

SW480claudin-1 cells (stably overexpressing claudin-1)(Figure 6C). Similar increase in Notch

signaling (NICD, Hes-1 and Math-1 expression) was observed in goblet cell-like Ls174T

cells in response to stable claudin-1 overexpression (Figure 7A). Claudin-1 overexpression

also inhibited the levels of PAS-immunostaining and differentiation-associated proteins

TFF3 and KLF4 in these cells, similar to Cl-1Tg mice (Figure 7B). Inhibition of Notch-

signaling using DAPT reverted the claudin-1-dependent effects upon differentiation and

inhibited proliferation in these cells (Figure 7C–E).

An association of claudin-1 with matrix-metalloproteases and potential role in MMP-9

activation is reported. [26] Therefore, we determined the expression of active-MMP-9 in

Cl-1Tg mice. Immunoblot analysis demonstrated increased expression of active MMP-9 in

Cl-1Tg mice (versus WT mice, Figure 8A). Increased expression of active-MMP-9 was also

observed in SW480claudin-1 and LS174Tclaudin-1 cells [14, and Figure 8B&C]. Similar to
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Cl-1Tg mice, we also observed increased p-ERK1/2 expression in claudin-1 overexpressing

cells (Figure 6C&8C).

We then examined functional importance of Notch, MMP-9 and p-ERK1/2 signaling in

claudin-1-dependent effects. Inhibition of MMP-9 activity, using MMP specific inhibitor

GM6001, inhibited NICD expression and induced differentiation in claudin-1

overexpressing Ls174T cells (Figure 8B&C,E,S8) without affecting the proliferation and p-

ERK1/2 expression (Figure 8C&D). Of note, goblet cell number increases in MMP-9

knockdown mice. [28] Inhibition of Wnt/β-catenin signaling (yet another important pathway

in intestinal differentiation/proliferation) using a specific inhibitor pyruvinium (100nM,

24hrs) did not affect the NICD or MMP-9 expression (data not shown).

We then determined the functional importance of ERK1/2 activation. Inhibition of p-

ERK1/2, using U0126, inhibited NICD expression while inducing apoptosis (cleaved

caspase-3 expression) and differentiation. However, inhibition of ERK activation did not

affect active-MMP-9 expression or proliferation (Figure 9A–C).

Discussion

Claudin-1 is a key constituent of the tight junction complex, however, recent studies,

including ours, have highlighted other potential functions of claudin-1.[29,30] Recent

studies have demonstrated marked increase in claudin-1 expression in colon cancer [14] as

well as the areas of active inflammation and its correlation with neoplastic transformation.

[11,12] However, no study till date has determined the potential causal role of claudin-1

expression in the regulation of mucosal inflammation. In this study, using a novel transgenic

mouse model with intestinal claudin-1 overexpression, we unravel a novel and previously

unknown role of claudin-1 in the regulation of Notch-signaling, epithelial differentiation and

mucosal inflammation.

Importantly, Notch-signaling is one of the master regulators of colonic epithelial

differentiation and cell lineage determination of secretory cell lineage, especially goblet

cells.[18,31] The principal secretory product of goblet cells is muc-2, a key constituent of

the mucus layer that protects the mucosal epithelial layer.[32,33] Notably, Notch activation

and muc-2/goblet cell depletion is a characteristic associated with mucosal inflammation and

colon cancer.[5–7,34–36] Thus, it becomes important to investigate how Notch-signaling is

regulated under physiological and pathological conditions. Our data suggest that claudin-1

expression may serve as one of the dynamic regulators of Notch-signaling. Our studies using

qPCR analysis showed that the expression of Notch receptors and ligands known to be

upregulated in colon cancer [37] is not altered in Cl-1Tg mice (data not shown). However,

inhibition of MMP-9 inhibited NICD expression and differentiation. Therefore, we postulate

that the increase in claudin-1 expression increases proteolytic cleavage of the Notch-receptor

to release NICD, which in turn translocates to the cell nucleus and regulate the transcription

of Notch-target genes to regulate the colonocyte differentiation and cell fate determination.

Importantly, claudin-1 associates with various metalloproteinases including MT1MMP and

MMP-2 and induces their activation.[14,38] While γ-secretase is the known regulator of

Notch-cleavage, its proteolytic action to cleave Notch is facilitated by matrix
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metalloproteinases (MMPs) including MMP-7 and MMP-9. In this regard, MMP-7 was

shown to be necessary for γ-secretase mediated Notch1-cleavage in pancreatic cells and its

downstream effects.[39] Furthermore, Notch-activity is modulated in the colon of mice

genetically manipulated for MMP-9 expression/activity.[28] Notably, the phenotype of

Cl-1Tg mice observed in our current study strongly resembles with the phenotype of

MMP-9−/− mice under normal physiological condition or when subjected to DSS colitis.

These findings support a role of claudin-1 in the regulation of Notch-signaling and colonic

homeostasis. Future studies where Cl-1Tg mice are interbred with mice manipulated to

inhibit Notch-signaling will further clarify such functional correlation and is part of our

ongoing investigation.

Despite the obvious defects in Notch-signaling and altered differentiation, we did not

observe any gross morphological/developmental defects in Cl-1Tg mice. However, when

subjected to DSS-colitis and recovery, not only were these mice susceptible but also

demonstrated sustained immune activation and inflammation even when the source

underlying this immune-activation/inflammation (DSS) was removed. Moreover, epithelial

regeneration and repair was compromised in Cl-1Tg mice when subjected to inflammatory

insult. Our data shows muc-2 expression remains significantly decreased in DSS-treated

Cl-1Tg mice. Furthermore, despite a baseline increase in TER, the DSS-dependent decrease

in TER or increase in trans-mucosal permeability were relatively pronounced in Cl-1Tg

mice. Also, during the recovery decreased muc-2 expression was accompanied with

persistent decrease in TER and increased trans-mucosal permeability in Cl-2Tg mice. Thus,

our data suggest that the impaired mucosal barrier function and epithelial differentiation

may underlie the impaired epithelial recovery in DSS-treated Cl-1Tg mice, which in turn

may underlie the sustained cytokine activation, immune activation and inflammation in

these mice. Data from muc-2 deficient and MMP-9−/− mice support such a postulation as

similar sustained immune-activation and hyperproliferation have been observed in these

mice.[6,28]

When stimulated with proinflammatory cytokines (including IFN-γ and TNF-α), the

intestinal epithelial cells may also secrete chemokines, directing migration and activation of

leukocytes. CXCL10(IP-10) chemokine, which was significantly induced in recovering

Cl-1Tg mice compared to the WT mice, chemoattracts activated T-cells as well as

monocytes.[40] In accordance, we observed increased and sustained CD3+ cell infiltration

in DSS-treated and recovering Cl-1Tg mice. Of interest, IP-10 is upregulated in pathogen-

induced acute inflammation,[41] and IFN-γ is the major inducer of IP-10.[42] Furthermore,

IL-1β has also been recently shown to induce IP-10, especially in combination with TNF-α

and IFN-γ.[41] Notably, in recovering Cl-1Tg mice there was sustained increase in TNF-α,

IL-1β and IFN-γ expression. Combined, we suggest increased cytokines and chemokines in

recovering Cl-1Tg mice help sustain the inflammation by T-cell recruitment.

Another possibility that may underlie sustained inflammation in Cl-1Tg mice is the potential

defect in antigen clearance. A relatively compromised mucus layer due to the decrease in

muc-2 expression could enable enhanced passage of luminal antigens in DSS-treated Cl-1Tg

mice versus WT mice. An impaired recovery in these mice could further help sustain access

of the luminal antigens into the mucosa. (S-4&6). Apart, we have observed marked changes
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in the expression of claudin-7 in the colon of Cl-1Tg mice. Of interest, genetic ablation of

claudin-7 results in epithelial cell sloughing, significantly higher levels of cytokines,

MMP-3 and MMP-7 and spontaneous colitis.[43] Also, claudin-1 is also a co-receptor for

Hepatitis-C-virus.[44] However, further studies are required to ascertain such possibilities.

Sustained immune activation, dependent injury and subsequent regenerative response

initiates a vicious cycle leading to chronic inflammation, which in presence of oncogenic

gene mutation promotes epithelial transformation and neoplastic growth. Our findings that

Notch and ERK 1/2 activation, and proliferation are significantly increased in the colon of

Cl-1Tg mice (versus WT littermates) and colonic crypts in Cl-1Tg mice demonstrate

hyperplasticity during the recovery from DSS-colitis suggest that inflammatory mechanisms

may help promote the role of claudin-1 as colon cancer promoter. Similar claudin-1

mediated regulation of ERK activation in human liver cells has been demonstrated

previously.[27] Co-operation between Notch and ERK1/2-signaling in the regulation of

proliferation and differentiation has been reported.[45] Ras-activated breast cancer cells

acquire tumorigenic properties when Notch signaling is activated.[46] Furthermore,

dysregulated epithelial differentiation and proliferation constitutes the core of cancer

progression and metastasis. Taken together, central outcome from our current study is that

claudin-1 regulates colonic epithelial cell differentiation in a Notch-dependent manner.

Dysregulation of claudin-1 expression modulates MMP-9 and p-ERK expression/activity to

induce Notch-signaling and dysregulate colonic epithelial homeostasis favoring

inflammatory conditions and hyperplasia. Our current findings are well in accordance with

our earlier findings where genetic manipulation of claudin-1 in colon cancer cells had

inverse effect upon epithelial differentiation.[14] Taken together, our data support a novel

role of claudin-1 in the regulation of Notch-signaling and colonic homeostasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance of the study

What is already known about this subject?

• Claudin-1, a tight junction protein, is a key regulator of epithelial barrier

function and genetic deletion of its expression in mice results in post-natal

death.

• In colon cancer samples and cells lines, claudin-1 expression is highly increased

and dysregulated.

• In colon derived cell lines, manipulation of claudin-1 expression affects

differentiation, cellular transformation and tumorigenic as well as metastatic

abilities.

• Claudin-1 expression is increased in colitis-associated cancer.

What are the new findings?

• Claudin-1 plays a key role in the regulation of colonic epithelial homeostasis.

Modulation of its intestinal expression alters the normal intestinal epithelial cell

differentiation in mice resulting in decreased goblet cells and muc-2 expression.

• Claudin-1 regulates Notch activation in mice and colon cancer cells through the

modulation of MMP-9 and p-ERK signaling.

• Increased intestinal claudin-1 expression in mice renders susceptibility to colitis

and causes impaired recovery following DSS-induced colitis. In accordance,

claudin-1 expression is increased in patients suffering from ulcerative colitis and

Crohn’s disease.

How might it impact on clinical practice in the foreseeable future?

• The results from this study will provide insight into the understanding the

contribution of claudin-1 to colonic epithelial homeostasis, differentiation, and

epithelial injury and repair. These cellular aspects are directly related to the

intestinal inflammation and neoplastic growth. Our current findings highlight

the importance of claudin-1 as a potential novel therapeutic target for

intervention in inflammatory bowel disease.
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Figure 1. Generation of Claudin-1 Transgenic mice
(A) Schematic of Villin-claudin-1 expression vector. (B) Immunoblot analysis using tissue

lysates from wild type (WT) and Cl-1Tg mice were utilized to determine the expression of

Claudin-1 expression. β-actin was used as loading control. MDCK cell lysate served as

positive control. (C) Immunostaining for claudin-1 in the small intestine and colon of WT

and Cl-1Tg mice. (D) Representative H&E staining for the colon of WT and Cl-1Tg mice.

(E) Immunoblot analysis; and (F) Immunostaining for tight junctions and adherens junctions

proteins in WT and Cl-1Tg mice.
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Figure 2. Claudin-1 overexpression alters intestinal epithelial cell lineage and increases
proliferation
(A) Immunostaining for PAS, Lysozyme, and Chromagranin-A in small intestine; (B)

Immunostaining for PAS, Muc-2, Carbonic Anhydrase-I, and Chromagranin-A in colon; (C)

Immunostaining of colon for BrdU incorporation and quantification; and (D) Immunoblot

and immunostaining to determine p-ERK expression in WT and Cl-1Tg colons. ***p<0.001
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Figure 3. Claudin-1 Tg mice are susceptible to DSS-colitis
WT and Cl-1Tg mice were given DSS (5% w/v) for 7-days and (A) percent change in body

weight and (B) Colon weight/length (g/cm) in control and DSS-treated animals were

monitored. Further, WT and Cl-1Tg mice were exposed to DSS (3.5% w/v) for 7-days and

then allowed to recover for 5-days. Following parameters were then determined: (C) Percent

change in body weight; (D) Representative H&E staining; and (E) Histopathologic scoring

of the inflammation, depth of inflammation, and crypt damage. Data are represented as the

percentage of mice per group with the indicated score. *p<0.05, ***p<0.001
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Figure 4. Cl-1Tg mice have sustained inflammation during recovery from DSS-colitis
WT and Cl-1Tg mice exposed to either water alone, DSS (7 days), or DSS and then

switched to regular water (5 days; recovery). These mice were then (A) Immunostained and

quantitated for muc-2 expression using anti-muc-2 antibody; and (B) Immunostained and

quantitated for T-cell infiltration using CD3, a T-cell marker, in the colon from control

(water), DSS (day-7) and recovery (day-12), WT and Cl-1Tg mice. a compared to WT-

control, b compared to Cl-1Tg-control, c compared to WT-DSS, d compared to WT-recovery
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(C) Quantitative RT-PCR analysis of TNFα, IFN-γ, K C a nd IL-10 expression. *p<0.05,

**p<0.01, and ***p<0.001.

Pope et al. Page 19

Gut. Author manuscript; available in PMC 2014 July 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. Proliferation and Apoptosis are altered in Cl-1Tg mice undergoing DSS treatment and
recovery
(A) Proliferation was determined using immunohistochemical analysis to determine BrdU

incorporation in the colon of WT and Cl-1Tg mice exposed to water, DSS and DSS-

recovery; (B) Immunoblot analysis to determine the expression of pERK1/2 and total

ERK1/2 in colon tissue samples. Quantification of (C) BrdU+ cells/crypt (50 crypts/mice,

n#3), and (D) Cleaved caspase-3 positive cells in control, DSS and recovery samples. a

compared to WT-control, b compared to Cl-1Tg control, c compared to WT-DSS, d

compared to WT recovery. *p<0.05, **p<0.01, and ***p<0.001.
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Figure 6. Increased Notch-signaling in Cl-1Tg mice and colon cancer cells during DSS injury
and recovery
(A) Immunostaining for Hes1 expression to determine Notch activity during DSS-treatment

and recovery. (B) Notch activity was assessed via immunoblotting for NICD expression and

real-time PCR for Hes1 and Math1 in WT and Cl-1Tg colon tissue. **p<0.01, ***p<0.001.

(C) Notch activity was assessed via immunoblotting for NICD and real-time PCR for Hes1

and Math1 expression in Claudin-1 overexpressing SW480 cells.
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Figure 7. Claudin-1 Overexpression alters Notch signaling, proliferation and differentiation in
colon cancer cells
(A) Notch activity was assessed via immunoblotting for NICD and real-time PCR for Hes1

and Math1 expression in goblet cell-like LS174T cells stably overexpressing

claudin-1(LS174TClaudin-1). (B) LS174TClaudin-1 and control cells were assessed for changes

in goblet cell differentiation by PAS immunostaining and qRT-PCR for TFF3 and KLF4.

*p<0.05, ***p<0.001.(C) LS174TClaudin-1 cells were treated with a γ-secretase inhibitor,

DAPT (100µM, 48h); (C) inhibition of NOTCH activity; (D) Cell proliferation-MTT assay;
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and differentiation was assessed via (E) PAS staining and qRT-PCR for differentiation

markers TFF3 and KLF4.
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Figure 8. Claudin-1 induced Notch signaling is mediated through the regulation of MMP-9
(A) Immunoblot and densitometric analysis for MMP-9 expression in the colon of WT and

Cl-1Tg mice. (B) LS174TClaudin-1 cells were treated with a MMP inhibitor, GM6001

treatment (40µM, 48h) and effects on MMP-9 and NICD expression were determined in: (B)

SW480 and SW480claudin-1 cells; (C) LS174T and LS174TClaudin-1 cells; (D) Cell

proliferation-MTT assay; (E) differentiation (PAS staining and qRT-PCR for differentiation

markers TFF3 and KLF4). *p<0.05, **p<0.01.
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Figure 9. ERK signaling regulates Notch activation, apoptosis and differentiation in Claudin-1
overexpressing cells
Ls174Tclaudin-1 cells were treated with U0126 (10µM for 24 hrs); (A) Immunoblot analysis

of MMP9, p-ERK, NICD and cleaved caspase-3; (B) cell proliferation-MTT assay; (C) PAS

staining and real-time PCR analysis of differentiation specific markers TFF3 and KLF4.

**p<0.01
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