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Abstract

Tight junction proteins are critical in maintaining homeostatic intestinal permeability. Multiple 

intestinal inflammatory diseases are correlated with reduced expression of tight junction proteins. 

We have recently reported that oral treatment of mice with Hyaluronan 35 kDa (HA35) increases 

colonic expression of tight junction protein zonula occludens-1 (ZO-1). Here, we investigate 

whether HA35 treatment enhances ZO-1 expression by direct interaction with intestinal epithelium 

in vitro and have identified the HA receptor responsible for HA35-mediated ZO-1 induction in 

colonic epithelium in vitro and in vivo. Our results reveal that HA35 treatment increases ZO-1 

expression in mouse intestinal epithelial organoids, while large HA 2000 kDa is not internalized 

into the cells. Our immunofluorescence data indicate that layilin, but neither toll-like receptor-4 

(TLR-4) nor CD44, mediate the HA35-induced ZO-1 expression in colonic epithelium in vitro and 

in vivo. Additionally, using layilin null mice we have determined that layilin mediates HA35 

induction of ZO-1 in healthy mice and during dextran sulfate sodium (DSS)-induced colitis. 

Furthermore, we find that while ZO-1 expression levels are reduced, layilin expression levels are 

equivalent in inflammatory bowel disease (IBD) patients and non-IBD controls. Together, our data 

suggest that layilin is an important HA receptor, that mediates the effect of oral HA35 treatment 

on intestinal epithelium. HA35 holds promise as a simple dietary supplement to strengthen gut 

barrier defense.
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1. Introduction

The most apical junctional complex that forms the primary cellular barrier at mucosal 

surfaces is known as the tight junction. The tight junction is composed of transmembrane 

proteins including occluden, claudins and junctional adhesion molecules (JAMs) and 

scaffolding proteins zonula occludens [1]. The tight junction complex is critical for the 

regulation of gut permeability, which is essential for water and nutrition absorption and 

supports the epithelial integrity preventing the entrance of toxins and pathogens into the 

lamina propria. Disruptions of the tight junction complex are correlated with the down-

regulation of tight junction proteins and have been observed in many intestinal diseases such 

as inflammatory bowel disease (IBD), celiac disease and necrotizing colitis [2]. The 

mechanisms that regulate tight junction protein expression are not clear. Several studies, 

including our recently published study, explored the role of hyaluronan (HA) and its effects 

on the expression of one of the tight junction proteins, zonula occludens-1 (ZO-1) in vitro 
and in vivo [3–5]. Understanding the role of HA in mediating ZO-1 expression may help to 

elucidate the mechanism of tight junction protein regulation.

HA is a linear glycosaminoglycan polymer, which consists of repeating disaccharides of β-

glucuronic acid and N-acetylglucosamine. HA, which is synthesized by HA synthases as a 

high molecular weight polymer up to 10,000 kDa, is a major component in extracellular 

matrix in many tissues [6]. During inflammation, specific enzymes and non-specific 

pathways including reactive oxygen species (ROS)-mediated mechanisms, degrade large HA 

polymers into smaller fragments [7,8]. Size-specific functions of HA have been investigated 

and generally large sizes of HA inhibit inflammation, angiogenesis and cell proliferation, 

while small sizes of HA have opposite effects [6].

HA-mediated effects are transmitted through HA binding to its receptors. The best 

characterized of these receptors is CD44, a major cell membrane receptor expressed in many 

cell types including epithelial, mesenchymal, and endothelial cells [9]. CD44 glycosylation, 

density and arrangement on cell surface, as well as the conformational state of HA are 

suggested to contribute to the affinity and avidity of HA binding to CD44 [10]. Toll-like 

receptors (TLRs), especially TLR-2 and TLR-4, are thought to facilitate many of the HA-

mediated effects, however, direct binding between HA and TLRs has not been shown [11]. 

In addition to CD44 and TLRs, the receptor for HA mediated motility receptor RHAMM, 

(also known as HMMR), HA receptor for endocytosis (HARE), lymphatic vessel endothelial 

HA receptor 1 (LYVE1), and layilin are additional receptors known to bind HA [6].

Layilin is an integral membrane protein and an under-investigated HA binding receptor 

expressed by many cell types and in many organs. HA binding to layilin was first discovered 

by Bono, et al.[12], and Forteza, et al.[13] have shown that the effects of small sizes of HA 

are mediated through layilin in lung epithelial cells via the activation of RhoA/ Rho-

associated protein kinase (ROCK) pathway. Layilin does not contain a link domain (also 

known as HA binding domain), which is present in many other HA receptors including 

CD44, HARE, and LYVE-1 [14]. However, in place of a link domain, layilin contains a C-

type lectin domain that forms a similar set of hydrophobic core residues that are required for 

binding of HA [15]. Furthermore, layilin, which is expressed on the cell surface of migratory 

Kim et al. Page 2

Matrix Biol. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells, interacts with the cytoskeletal proteins talin, merlin and radixin [16]. The inhibition of 

layilin expression using RNA interference (RNAi) has a direct effect on cell invasion, as 

demonstrated using A549 cells in vitro and through the reduction of lymph metastasis of 

A549 cells in vivo [17].

Previous reports have demonstrated CD44 and TLR-4 play roles in mediating the exogenous 

HA effects in the intestine. Riehl, et al.[18] have shown that CD44 and TLR-4 mediate the 

large HA-induced normal intestinal and colonic growth. Our group has also shown that both 

CD44 and TLR-4 in vivo mediate the expression of the antimicrobial peptide murine beta 

defensin-3 (mBD-3, the mouse orthologue of human beta defensin-2) in vivo that is induced 

by HA isolated from human milk (milk HA) [19]. Interestingly, we have found that HA 35 

kDa (HA35)-mediated defensin induction requires TLR-4 but not CD44 [20]. Additionally, 

we have recently reported that oral administration of HA35 increases expression of the tight 

junction protein zonula occluden-1 (ZO-1) in the distal colon of wild type mice under 

normal and challenge conditions [5]. ZO-1 is a scaffold tight junction protein that binds to 

transmembrane tight junction proteins and forms the complete tight junction complex [21]. 

In addition to forming tight junction complexes, other roles for ZO-1 also have been 

discovered. For example, ZO-1 directly binds to F-actin to establish the linkage between the 

tight junction and actin cytoskeleton [22]. Furthermore, nuclear localization of ZO-1 was 

observed primarily in subconfluent epithelial cells, whereas in confluent cells ZO-1 

predominates at cell margins where cell-to-cell contacts occur [23].

Based on our earlier work, we hypothesize that HA receptors expressed by the intestinal 

epithelium mediate HA35 induced expression of ZO-1 in colonic epithelium. In this study, 

we sought to identify the HA receptor involved in HA35 mediated ZO-1 induction. We 

demonstrate that HA35 treatment increases ZO-1 expression directly in mouse intestinal 

epithelial cells in vitro. We find that HA35-mediated ZO-1 induction is TLR-4 independent 

in vivo and that CD44 is not detectable in mouse colonic epithelium of the distal colon. 

Importantly, we show that the induction of ZO-1 following HA35 treatment is layilin 

dependent in vitro and in vivo, using healthy mice and the DSS-induced colitis mouse 

model. Additionally, the inhibition of ROCK signaling, a known downstream mediator of 

layilin effects, reduces HA35 induction of ZO-1 and HA uptake in vitro. Moreover, we 

observe that ZO-1 expression levels are lower in the colonic epithelium of IBD patients as 

compared to non-IBD patients, while layilin expression levels remain the same. These data 

suggest the potential efficacy of HA35 as an oral supplement for IBD patients to strengthen 

their epithelial barrier function.

2. Results

2.1 HA35 treatment increases ZO-1 expression in mouse intestinal epithelial cells in vitro

We previously showed that HA35 treatment increases ZO-1 expression in vivo and that 

ZO-1 induction is highly dependent on HA size. Our earlier study indicated that HA35 is the 

most potent inducer of ZO-1, while treatment with other small sizes of HA (HA 4.7 kDa, 16 

kDa, and 74 kDa) increase ZO-1 expression but to a lesser extent in the distal colon of 

mice[5]. Importantly, large size HA 2000 kDa (HA2000) did not induce ZO-1 expression in 
vivo.
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In the present work, we investigated whether the ZO-1 increase observed post HA35 

treatment is the result of the direct effect of HA35 on intestinal epithelial cells. To achieve 

this, we used an in vitro culture model of isolated intestinal epithelium established by 

Miyoshi, et al [24]. Isolated crypts from the mouse distal colon were cultured as primary 

mouse colonic epithelial organoids, and passaged as described in the methods section. For 

experiments, replicate samples of mouse colonic epithelial organoids were cultured in media 

containing no HA, HA35, or HA2000 for 30h and then fixed. The concentration of HA was 

selected based on our previous work and 30h was the time point when organoids showed the 

highest levels of intracellular HA35 based on our time point experiment (data not shown) 

[20]. Fluorescence histochemistry was performed to detect HA and ZO-1 expression in 

organoids. The results in Fig. 1A showed that HA35 was internalized by mouse intestinal 

epithelial cells and HA35 treated organoids had higher ZO-1 levels than those treated with 

water (Fig. 1B). Importantly, HA35 treated organoids had clustered ZO-1 proteins present at 

the cell junctional area (Fig. 1A). Strikingly, HA2000 was not internalized by mouse colonic 

epithelial cells and did not induce ZO-1 expression (Fig. 1). To further examine the 

internalization of HA35, we immunostained HA treated mouse intestinal epithelial 

oragnoids to detect a membrane protein, E-cadherin. The results showed that HA35 was 

clearly internalized while HA2000 was not (Fig. 1A). To confirm the histological findings, 

we performed Western blot analysis for ZO-1 in lysates of mouse intestinal epithelial 

organoids treated with no HA, HA35, or HA2000 for 30h. GAPDH was used to normalize 

ZO-1 expression levels. The ZO-1 protein expression was significantly increased in HA35-

treated organoids as compared to the no HA control group (Fig. 1C).

Additionally, since Forteza. et al demonstrated that 40 kDa HA treatment decreases the 

expression of E-cadherin, an adherens junction protein in lung epithelial cells, we tested 

whether HA35 treatment modulates the expression of E-cadherin in intestinal epithelial 

cells. Western blot analysis showed E-cadherin expression does not change post HA35 

treatment in mouse intestinal epithelial organoids (Fig. 1D). Together these data suggest that 

HA35 treatment specifically induces ZO-1 expression in mouse intestinal epithelial cells 

whereas HA2000 does not. Additionally, while HA35 is taken up into colonic epithelium, 

HA2000 is not.

2.2. HA35 induced ZO-1 induction appears to be independent of TLR-4 and CD44

HA can mediate its effects through multiple receptors, including toll like receptors (TLRs) 

and CD44 [18,20,25,26]. TLR-4 has been identified as a critical receptor for HA35 mediated 

mBD-3 induction in the mouse colon and therefore, we tested if TLR-4 was involved in 

HA35 mediated ZO-1 induction in mouse colonic epithelium [20]. Wild type and TLR-4 

knockout mice were gavaged with 300µg of HA35 once daily for 5 days prior to being 

sacrificed. Immunofluorescent staining for ZO-1 in colon sections of the water and HA35 

treated mice revealed that HA35 induces ZO-1 expression in intestinal epithelium of both 

wild type and TLR-4 knockout mice (Fig. 2A and 2B), indicating that HA-35 induction of 

ZO-1 in the distal colon was TLR-4 independent.

Next, since CD44 is the best characterized and frequently highly expressed HA receptor, we 

wanted to determine whether CD44 is being expressed in mouse intestinal epithelium. We 
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previously reported that CD44 is an important receptor mediating epithelial responses to HA 

present in human milk [19]. To evaluate CD44 expression in colonic epithelium, we 

performed immunostaining of the proximal, transverse, and distal colon tissues from mice. 

We found that CD44 was expressed only in the epithelium within the crypt area of the 

proximal colon but was not detectable in distal colon (Fig.2C). As expected, in the distal 

colon we observed CD44 positive cells in the subepithelial lamina propria area, which were 

the most likely leukocytes and fibroblasts (Fig. 2C). We were somewhat surprised at this 

result, since CD44 is known to be expressed in most cell types including lung epithelial 

cells, so confirmation of the histological finding was obtained using immunoblotting of 

protein lysates prepared from mouse colonic epithelial organoids. Whole colon lysates were 

used as a positive control for CD44 detection since, as noted, CD44 is expressed by 

fibroblasts and endothelial cells [27]. Villin-1, which is an epithelial specific marker, and 

GAPDH were used as a loading controls. Western blot results (Fig. 2D) indicated that CD44 

was present in whole colon lysate control but was not in the primary mouse epithelial 

organoids. Collectively, our data suggest that neither TLR-4 nor CD44 are involved in the 

induction of ZO-1 post HA35 treatment in mouse distal colons.

2.3. HA35 treatment increases epithelial ZO-1 expression via layilin in vitro

Next, we investigated which of the other known HA receptors, besides TLR-4 and CD44, 

may mediate HA35-induced ZO-1 expression. As reported on the publicly available 

database, the Human Protein Atlas (http://www.proteinatlas.org/) [28], one of the most 

highly expressed HA receptors in human colonic epithelium is layilin. Furthermore, the 

activation of RhoA, a known downstream signaling pathway of layilin was reported to 

increase the expression of ZO-1 in human dental pulp cells[29]. Additionally, specific sized 

HA had been shown to bind to layilin and signal through the RhoA/ROCK pathway in lung 

epithelial cells [13]. Together, these studies suggested that HA35-mediated induction of 

ZO-1 may be facilitated through layilin.

To determine the role of layilin in HA35-induced ZO-1 expression in mouse colonic 

epithelium, we used primary epithelial organoids from wild type and layilin (Layn) 

knockout mice. Layilin knockout mice were generated from the breeding of heterozygous 

mice and the complete knockout of the layilin gene was confirmed in both colon tissues and 

intestinal organoids by qRT-PCR (Supplemental figure 1). Furthermore, to examine the 

possibility that Layn−/−mouse colonic epithelial organoids express higher levels of CD44 to 

compensate in HA uptake, we performed Western blot analysis for CD44 in Layn−/− mouse 

colonic epithelial organoids lysates. We found that Layn−/− mouse colonic epithelial 

organoids do not express CD44 (Supplemental figure 2).To test whether layilin is involved in 

ZO-1 induction post HA35 treatment, cultured wild type or Layn−/− mouse colonic epithelial 

organoids were treated with medium containing HA35 or no HA for 30 hours and fixed. 

Organoids sections were fluorescently stained for ZO-1 and HA using specific antibody and 

HA-binding protein probes. The quantification of internalized HA detected in wild type and 

Layn−/− organoids indicated that there was less intracellular HA in Layn−/−organoids as 

compared to wild type organoids (Fig. 3C). The analysis of ZO-1 protein expression levels 

revealed that the overall ZO-1 levels were significantly increased post HA35 treatment in 

wild type organoids but not in Layn−/− organoids (Fig. 3B) Even when we evaluated 
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individual epithelial cells from wild type and Layn−/− organoids that contained a comparable 

amount of HA, it was clear that ZO-1 expression was not induced in Layn−/− organoids, and 

additionally ZO-1 was not aligned at the cell junctional area, in contrast to what we observed 

in HA35 treated wild type epithelium (Fig. 3A). These results indicated that layilin 

participates in internalization of HA35 and mediates the induction of ZO-1 in mouse colonic 

epithelial cells.

2.4. Layilin mediates HA35-induced ZO-1 expression in healthy and DSS treated mice

Our previous study showed that HA35 treatment increases ZO-1 expression in both healthy 

and DSS-treated wild type mice [5]. To investigate whether layilin is involved in the 

induction of ZO-1 post HA35 treatment in vivo, wild type and Layn −/− mice were gavaged 

with water or HA35 once daily for 5 days. We collected the distal colon from these mice and 

performed immunostaining for ZO-1. Analysis of ZO-1 expression levels revealed that 

HA35 treatment significantly increased ZO-1 expression in wild type mice but not in Layn 
−/− mice (Fig. 4A and 4B).

We previously observed that ZO-1 expression was increased post HA35 treatment not only 

in the distal colon of healthy mice but also in both transverse and distal colons of the DSS-

induced colitis mouse model [5]. We next wanted to investigate layilin involvement in the 

induction of ZO-1 post HA35 treatment in DSS-treated mice. The treatment with DSS in this 

model damages the epithelium and initiates bacterial invasion and intestinal inflammation. 

We gavaged wild type and Layn−/− mice with water or HA35 once daily for 5 days and then 

2.5% DSS was administered in drinking water for 3 days. HA35 and water gavage treatment 

were continued once per day during DSS treatment. Transverse and distal colons were 

collected from treated mice, fixed and stained for ZO-1. Fluorescent microscopy analysis of 

ZO-1 staining revealed a significant difference in ZO-1 in transverse and distal colons in 

wild type, but not in Layn−/− mice at the early stage of DSS-induced colitis (Fig. 4C and 

4D). These results demonstrate that the ZO-1-induction post HA35 treatment, in both 

healthy and mice challenged with DSS, requires layilin.

2.5. ROCK signaling mediates HA35-mediated ZO-1 induction in vitro

Layilin downstream signaling pathways have not been extensively studied. The only known 

downstream signaling mechanism of layilin is the RhoA/ROCK pathway [13]. Previous 

reports showed that HA signals through layilin via RhoA/ROCK in lung epithelial cells and 

RhoA/ROCK activation increases the ZO-1 expression in human dental pulp cells [13,29]. 

To test whether ROCK mediates the induction of ZO-1 upon HA35-layilin interaction, we 

used a highly specific ROCK inhibitor Y-27632 [13], previously shown to stimulate the 

growth of mouse intestinal epithelial organoids [24]. We used the same effective 

concentration of Y-27632 (10µM) known to have effects on our mouse intestinal epithelial 

organoids. Cultured wild type mouse colonic epithelial organoids were treated with medium 

containing HA35 or no HA for 30 hours with or without Y-27632 and fixed. Organoid 

sections were immunofluorescently stained to detect ZO-1 and HA. Quantification of ZO-1 

protein expression levels indicated that inhibiting ROCK signaling diminishes the induction 

of ZO-1 post HA35 treatment (Fig. 5A and 5B). Unexpectedly, analysis of organoid-

internalized HA revealed that the internalized amount of HA was also significantly reduced 
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in the presence of ROCK inhibitor. These results indicate that ROCK signaling mediates the 

induction of ZO-1 and is involved in the internalization of HA35 in mouse colonic epithelial 

cells.

2.6. ZO-1 expression levels are decreased in epithelium of IBD patients but layilin 
expression is equivalent

Previous studies have shown that ZO-1 protein levels to be lower in IBD patients as 

compared to non-IBD patients and the ZO-1 decreases with progressing inflammation 

[30,31]. This latter finding is consistent with the DSS mouse model [32]. In the present 

study, we investigated whether layilin levels are affected similarly to ZO-1 expression in the 

epithelium of IBD patients as compared to non-IBD patients. To measure these proteins, we 

isolated epithelial cells from newly resected human colon tissues using 

Ethylenediaminetetraacetic acid (EDTA) [33]. Because antibodies that specifically detect 

human layilin are available, additionally, we confirmed the results with immunostaining of 

human colonic tissue sections. As seen in Fig. 5A and 5B, Western blot and 

immunofluorescence analyses confirmed that ZO-1 protein levels are downregulated in 

colonic epithelium of both UC and CD patients as compared to non-IBD patients. The ‘Non-

IBD patients’ included those with diverticulitis, adenocarcinoma, constipation, and fistula. 

Next, we assessed the layilin protein expression levels in epithelial cells among the same 

patient groups. Western blot analysis showed layilin to be statistically equivalent in the 

identical colonic epithelium patient samples used for ZO-1 analysis (Fig. 6C). This result 

suggested that the decreased ZO-1 protein levels observed in colonic epithelium of IBD 

patients were not due to deficiency in layilin expression.

3. Discussion

Our previous study has demonstrated that HA35 treatment enhances the epithelial barrier 

function, in part via promoting expression of the tight junction protein ZO-1 in both healthy 

and Citrobacter rodentium infected mice[5]. Furthermore, we have shown that HA35 

treatment diminishes intestinal permeability at the early stages of DSS-induced colitis in 

mice. In the present study, we have investigated whether HA35 treatment increases ZO-1 

expression in colonic epithelium in vivo through the direct interaction with intestinal 

epithelial cells and we have identified the HA receptor that mediates HA35 mediated ZO-1 

induction. Here we report that HA35 treatment directly enhances the expression of ZO-1 in 

mouse intestinal epithelial cells and using layilin knockout mice showed that layilin is the 

primary receptor for the HA induced effects in vitro and in vivo. Additionally, our data 

underscore that ZO-1 protein levels are lower in colonic epithelium of IBD patients than in 

non-IBD patients, yet layilin expression levels are similar between the two groups.

HA is a linear polymer, consisting of repeating disaccharides of N-acetyl glucosamine and 

glucuronic acid and is an important, normally very large, extracellular matrix component in 

the body that can be degraded under physiological conditions into various sized fragments 

[6]. To date, the mechanism of HA size specific effects remains unclear. Reports have 

suggested that a single binding site in traditional HA receptors recognizes 6–10 sugar 

residues of HA, independent of the length of HA [34]. However, studies including those 
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from our group have indicated that the effects of HA can be very size dependent [5,7,20]. In 

our previous reports, we found that while HA35 induced the expression of ZO-1, and 

mBD-3 in mouse colonic epithelium, the large HA2000 did not[5,20]. Similarly HA35, but 

not larger or smaller HA, can modulate the activation of Kuppfer cells, the resident hepatic 

macrophages [35]. Forteza, et al.[13] also reported size-dependent effects of HA on lung 

epithelial cells.

We and others have previously hypothesized that part of the size specificity of HA the 

effects is due to physical exclusion of large HA from cell surfaces. Both the mucus layer 

covering the top of the intestinal epithelium in vivo and the cell glycocalyx in vitro may act 

as barriers limiting the access of large molecular weight HA to its receptors, whereas smaller 

fragments may penetrate more easily and prevent large HA from mediating its effects[5,36]. 

Our current study suggests that even though large HA2000 gets access to the surface of 

mouse intestinal epithelial cells, it is not internalized, while HA35 is taken up readily (Fig. 

1A).

Most of the previous studies investigating the HA receptors involved in the recognition of 

exogenous HA have identified CD44 or TLRs as mediators of HA effects [18–20,25]. 

Specifically, in terms of the effect of HA on colonic epithelium, our group has shown HA35 

treatment induces expression of human beta defensin-2 expression in human colonic 

epithelial cells in vitro and murine beta defensin-3 in vivo via TLR-4 [20]. Similarly, the 

Riehl, et al [18] has reported that intraperitoneal injection of HA 750 kDa stimulates stem 

cell growth in mouse colon through CD44 and TLR-4. In the present study, the observed 

HA35-dependent ZO-1 induction in mouse colonic epithelium was found to be mediated by 

an under-investigated HA receptor, layilin. Layilin is known to be localized in membrane 

ruffles of migratory cells and polarized cells [13,37]. Importantly migration and polarization 

are physiology features of intestinal epithelium as they move from the crypt base to the 

luminal surface.

Previous studies investigating layilin in epithelial cells by Forteza et al. have shown that low 

molecular weight (≤ 35 kDa) HA binding to layilin in lung epithelial cells decreases the 

expression of E-cadherin, which results in the increased tissue permeability [13]. 

Interestingly, this effect is not observed in our study, where we observe that HA treatment 

increases the expression of tight junction protein ZO-1, and leads to a subsequent decrease 

in the intestinal permeability [5]. Furthermore, we have found that E-cadherin expression 

levels do not change in mouse intestinal organoids post HA35 treatment. These findings 

point at a possible significant difference in HA response between the lung and the colonic 

epithelial cells. Although additional studies are required, one possibility is the presence of 

CD44 receptor in lung epithelial cells but not in colonic epithelial cells.

While downstream signaling pathways of layilin in general have not been widely studied, 

Forteza et al. has shown that HA binding to layilin activates RhoA/ROCK signaling and the 

inhibition of RhoA/ROCK signaling diminishes the HA mediated effects in lung epithelial 

cells [13]. Futhermore, Xu et al. has shown that the activation of RhoA/ROCK mediates the 

increase in the expression of ZO-1 in human dental pulp cells [29]. In the present study we 

show that the inhibition of ROCK signaling diminishes the HA35-meditaed ZO-1 induction 
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(Fig. 5). Noticeably, HA35 uptake was also reduced with ROCK inhibitor treatment in 

mouse intestinal organoids. Cellular uptake of HA is frequently achieved by endocytosis, 

and the best understood mechanisms involve CD44 [38]. ROCK signaling is known to 

regulate actin cytoskeletal dynamics, which is involved in the process of endocytosis 

[39,40]. Furthermore, a study has shown that the inhibition of ROCK inhibits endocytosis in 

Drosophila epithelial cells derived from embryos [41]. Our data is consistent with a layilin 

mediated mechanism of endocytosis of selectively small molecular weight HA.

Until fairly recently, there has not been an in vitro system that represents normal colonic 

epithelial cells. However, both the Clevers and Stappenbeck laboratories have recently 

established methods for culture of primary colonic epithelial organoids from the isolated 

fresh human and mouse crypts derived from intestinal tissues [24,42]. We have successfully 

adapted the method to culture mouse colonic epithelial organoids which facilitated 

investigations of the effects of HA35 directly on intestinal epithelial cells [24]. In the future, 

once we have devised a consistent method for polarizing human intestinal organoids, we will 

test the effect of HA35 treatment on organoids derived from patients without IBD as well as 

from those with Crohn’s disease and ulcerative colitis.

Our study demonstrates a novel mechanism of HA35 control of tight junction protein ZO-1 

expression in vitro and in vivo by showing the role of the receptor layilin. Furthermore, in 

the face of downregulated ZO-1 expression in human colonic epithelium of IBD patients, 

layilin levels are not changed. Therefore our data supports the concept that oral HA35 

treatment may be a safe and effective prophylactic treatment for IBD patients to promote 

intestinal barrier function.

4. Methods

4.1. Animals

All experiments were conducted according to protocols approved by Lerner Research 

Institute's Institutional Animal Care and Use Committee (IACUC). Wild type C57/Bl6 mice 

and B6.B10ScN-Tlr4lps-del/JthJ mice (6 to 8 weeks old) were used in the experiments and all 

were purchased from Jackson Laboratory (Bar Harbor, ME). Heterozygous Layn+/− mice 

(B6N.129S5-Layntm1Lex/Mmcd) were purchased from the Mutant Mouse Resource & 

Research Centers (MMRCC) and homozygous Layn−/−mice were generated by breeding 

heterozygous mice. No obvious abnormalities were observed in Layn−/−mice. Mouse tissue 

was used to obtain genomic DNA using the protocol from Jackson Laboratory Briefly, tissue 

samples were incubated in 50µl of 25mM NAOH/0.2mM EDTA for 1 hr at 98°C. 50µl of 

40mM Tris HCl (pH 5.5) was added to each sample and then the samples were centrifuged 

at 9400 g for 3 minutes. 90µl aliquots were used for PCR. The Epicentre Technologies PCR 

Kit (Madison, WI) was used and the samples processed in a Thermo Scientific HyBaid PCR 

Express machine (Wilmington, DE) with the following run parameters: 95°C for 30 sec, 

53°C for 30 sec, and 72°C for 30 sec, 30 cycles. The amplified PCR products generated by 

each primer set are as follows: 271 bp Layn wild-type allele (for: 5’ tttggctaagcagaggagc 3’ 

and rev: 5’ cagactgccaagagaaagc 3’) and 572 bp Layn−/−allele (for: 5’ taggcaaactcagaatctccc 

3’ and rev: 5’ ccctaggaatgctcgtcaaga 3’).
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4.2. HA preparation

Highly purified, certified endotoxin free, HA fragments were purchased from Lifecore 

Biomedical, LLC and were used for all experiments. For in vivo studies, HA35 was 

dissolved at 2 mg/ml in the drinking water provided in our animal housing facility and 

dissolved with shaking at 4 °C overnight before being aliquoted and frozen in −80 °C until 

use. For in vitro studies, HA was dissolved in sterile Milli Q purified water (HA35 at 5 

mg/ml and HA2000 was dissolved at 2.5 mg/ml, to prevent gel formation).

4.3. DSS-induced epithelial damage model

Dextran sulfate sodium (DSS) induced epithelial damage was achieved as previously 

described [5]. Briefly, treated mice were provided with water containing 2.5% dextran 

sodium sulfate (#160110, MP Biomedicals, Solon, OH), and controls given water alone. 

Mice were weighed and monitored daily for signs of colitis. Mice were sacrificed according 

to IACUC approved methods on day 3. Colons were removed then fixed overnight in ten 

times the tissue volume of molecular biology grade Histochoice (AMRESCO, Solon, OH) 

prior to paraffin embedding and tissue sectioning.

4.4. Isolation of mouse intestinal crypts

The protocol for isolation of mouse intestinal crypts was slightly modified from that 

reported by the Stappenbeck laboratory [24]. Briefly, mouse distal colons were isolated and 

rinsed with ice-cold Hank’s buffered saline solution (HBSS). The tissue was minced with 

fine scissors in 1ml of collagenase solution [(2mg/ml collagenase type I and gentamicin 

50µg/ml in washing medium (DMEMF/12 containing 10% FBS, 1%Pen/Strep and 1% L-

glut)] and resuspended, using a 1ml pipette, every 10 minutes. Once ~80% of epithelial units 

appeared digested from the larger tissue fragments, the digest was put into a 100µm cell 

strainer (Corning, Corning, NY) to separate the lager pieces form the dissociated epithelium. 

The strainer was rinsed with 9 ml of washing medium and the filtered cell solution was 

transferred to 15ml test tubes and cells collected (centrifuged at 100g for 5 min). The cell 

pellet was resuspended in 0.5ml of washing medium and the number of live crypts was 

counted using a hemocytometer. Crypt samples were centrifuged at 200 g for 5 min and 

resuspended in matrigel (354277, Corning) at a density of 6000 intact epithelial units/15 µl 

of matrigel, and then plated into 2 cm2 wells. The cells were cultured in 50% L-WRN cells 

conditioned media. This conditioned media were generated from L-WRN cells and used as 

described by Miyoshi, et al[24]. The cultures were incubated at 37°C in 5% CO2 in air 

atmosphere in a humidified incubator for up to 6 days.

4.5. Culture of mouse intestinal organoids

For epithelial expansion, sub-culture of organoids, and preparation for experiments the 

protocol reported by Miyoshi, et al[24] was adapted and slightly modified. Once epithelial 

spheroid cultures were observed in the primary culture, they were treated with dissociation 

buffer (50µl DTT (1mM) and 50µl EDTA (0.5M) in 50ml PBS) to remove matrigel (0.5ml of 

dissociation buffer per one well of 24 well plates). Up to 4 wells of dissociated organoids 

were collected into one 15 ml test tube, and pelleted by centrifugation (200 g for 5 minutes 

at room temperature). Organoids were resuspended in 1ml of PBS-EDTA (0.5mM EDTA), 
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centrifuged again and then pellets were resuspended in 0.3ml of Trypsin-EDTA (0.25% 

trypsin in PBS-EDTA). Samples were incubated at 37°C for 2 min, after which 0.4ml of 

washing medium (DMEMF/12 containing 10% FBS, 1%Pen/Strep and 1% L-glut) was 

added and the sample vigorously mixed by pipetting 40 times. 5ml of washing medium was 

mixed with each sample and then centrifuged for 5 min at 200 g. The pellet was resuspended 

in 1ml and an aliquot was removed for viable cell counting on a hemocytometer. Again the 

cells were collected (centrifuged for 5 min at 200 g), kept on ice and resuspended in matrigel 

(354277, Corning, NY). 10,000 cells/15 µl of matrigel were plated into wells of a 24-wells 

plate (2 cm2 wells). Organoids were cultured in 50% L-WRN cell conditioned media. The 

cultures were incubated at 37°C in 5% CO2 in air atmosphere in a humidified incubator. For 

experiments, the medium was changed every other day and on day 6 after plating, HA was 

added at 350µg/ml for 30 h. For the RhoA/ROCK inhibition experiments, Y-27632 (R&D 

systems, Minneapolis, MN) was reconstituted in DMSO and stored at −20 °C as 10mM 

stock aliquots. Mouse intestinal organoids were incubated with Y-27632 (10µM) or an equal 

volume of vehicle control for 1 hr prior to HA addition.

4.6. Isolation of human epithelial cells

Human epithelial cells were obtained from tissue samples derived from surgically resected 

colons of patients with Crohn’s Disease (CD) ulcerative colitis (UC) or non-IBD conditions 

(control). Tissue was provided by the Department of Surgical Pathology at the Cleveland 

Clinic under an IRB approved protocol. The method to isolate human epithelial cells was 

previously described [33]. Briefly, the mucosal layer was dissected, and washed and surface 

debris removed by blotting the tissue with paper towels multiple times. The mucosal layer 

was then cut into strips (3~5cm) and placed into HBSS. Strips were incubated in 0.15% 

DTT solution (Sigma D0632) dissolved in HBSS for 30 min, at RT with gentle stirring. 

Strips were rinsed once in HBSS and then washed three times in 100ml of HBSS containing 

1mM EDTA solution for 1 h each time to remove epithelial cells. Epithelial cells used in 

experiments were collected from the second EDTA wash by centrifugation at 1500 g for 5 

min, and washed once in 10ml of PBS. Cell pellets were snap frozen and kept in −80°C until 

protein analysis was performed.

4.7. Immunofluorescence staining

Human and mouse colon samples were cut at 1–2cm length and fixed in Histochoice 

(AMRESCO, Solon, OH) at least 18h prior to paraffin embedding and tissue sectioning. 

Mouse organoids were fixed in Histochoice overnight and embedded in 1% low melting 

temperature agarose prior to paraffin embedding and tissue sectioning. Cut tissue sections 

(5µ) were deparaffinized by sequential immersion in the following solutions: Clear- Rite 3 (2 

× 3min), Flex 100 (2min, 1min), Flex 95 (2min, 1min) (Richard-Allan Scientific, 

Kalamazoo, MI), followed by a tap water rinse of more than 1 min. Sections were then 

incubated in a blocking solution of HBSS containing 2% Fetal Bovine Serum (HBSS+ 2% 

FBS) for 30 minutes at room temperature. Primary detection reagents were diluted in HBSS

+ 2% FBS, applied to the sections and incubated at 4°C for overnight (~18h) in a humidified 

chamber. For ZO-1 detection, affinity purified rabbit polyclonal antibody against ZO-1 

(ThermoFisher Scientific, Waltham, MA) was used at a 1:50 dilution for tissue sections and 

1:100 dilution for organoids sections. For HA detection, HABP biotinylated HA binding 
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protein (Calbiochem, Billerica, MA) was used at 1:100 dilution. For E-cadherin detection, 

rabbit monoclonal antibody against E-cadherin (1:100) (Cell signaling, Danvers, MA) For 

CD44 detection, rat monoclonal antibody against murine CD44 (1:100) (Abcam, 

Cambridge, UK) was used. After primary antibody exposure, sections were washed with 

HBSS three times for 5 minutes each and then incubated with secondary detection reagents 

diluted in HBSS+ 2% FBS: for ZO-1, goat anti-rabbit Alexa 568 secondary (ThermoFisher 

Scientific, Waltham, MA) (1:1000 dilution in HBSS+ 2% FBS); for HA detection Alexa-488 

Streptavidin (1:1000); for CD44 detection, Alexa 488 goat anti-rat secondary (1:1000) for 1 

hr at room temperature. Slides were again washed in HBSS three times for 5 min each. After 

washing, nucleus staining and mounting were done using Vectashield with DAPI (Vector 

laboratories, Burlingame, CA). Single plane CD44 and ZO-1 stained sample images were 

obtained using a Leica DM5500B upright microscope equipped with a Leica DFC425C 

camera and LAS software (Leica Microsystems, GmbH, Wetzlar, Germany) and a Retiga 

SRV Cooled CCD camera and QCapture Plus software (QImaging, Surrey, BC Canada). 

Confocal images of ZO-1 stained cells were obtained using a Leica TCS-SP5II upright 

confocal/multi-photon microscope (Leica Microsystems, GmbH, Wetzlar, Germany). The 

quantification of image fluorescence was conducted using Image-Pro Plus computer 

software (Media Cybernetics, Rockville, MD).

4.8. Western blotting

Epithelial cell samples were lysed in 1X RIPA buffer (Cell Signaling Technology, Danvers, 

MA) containing 1X Halt Phosphatase inhibitor cocktail (ThermoFisher Scientific, Waltham, 

MA) and 1X Protease inhibitor cocktail (P8340, Sigma-Aldrich, St. Louis, MO). A Pellet 

Pestle cordless motor (Fisherbrand, Pittsburgh, PA) was used to homogenize the cell pellets 

on ice. Samples were centrifuged for 10 min at 20000 g and the supernatants were collected. 

Mouse intestinal epithelial organoids were collected from 3 wells per sample. After 

removing media, 500ml of dissociation buffer was added into each well and organoids from 

3 wells were collected into 15ml conical tubes. Samples were then centrifuged at 200 g for 5 

min. Pellets were washed with 10ml of PBS and lysed in 1X RIPA buffer containing 1X Halt 

Phosphatase inhibitor cocktail and 1X Protease inhibitor cocktail. Protein concentrations 

were measured with Pierce BCA Protein assay (ThermoFisher Scientific, Waltham, MA). 

Samples containing equal amount of protein were mixed with 5µl of lithium dodecyl sulfate 

(LDS) sample buffer (4X) and 2µl of Sample reducing agent (10X) (both from 

ThermoFisher Scientific). Mixed samples were boiled at 95°C for 10 min. Proteins were 

separated using SDS-PAGE with 4~12% NuPAGE Bis-Tris Protein Gels (ThermoFisher 

Scientific) run at a constant voltage of 200 V for 40 min. Separated proteins were transferred 

at 4°C to 0.45µm PVDF membranes (Millipore, Billerica, MA) in a solution of 1X Tris/

Glycine buffer (Biorad, Hercules, CA) containing 20% methanol at 30 V for ~18h. PVDF 

membranes were blocked in PBST (PBS with 0.1% tween) containing 5% milk for one hour 

and then incubated with following primary antibodies at 4°C overnight on a shaker: a rabbit 

polyclonal antibody against ZO-1 (Thermo Fisher Scientific, Waltham, MA) at 1:1000; a 

rabbit monoclonal antibody against E-cadherin (Cell signaling, Danvers, MA) at 1:1000; a 

rabbit polyclonal antibody against Villin-1 (Cell signaling, Danvers, MA) at 1:2000; a 

mouse monoclonal antibody against human Layilin (Santa Cruz Biotechnology, C-7, Dallas, 

TX) at 1:500; and a rabbit polyclonal antibody against CD44 (ab157107, abcam, Cambridge, 
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UK) at 1:1000. Afterwards, membranes were washed with PBST three times, for 10 min 

each, and then incubated with HRP-conjugated donkey polyclonal anti-rabbit IgG (GE 

Healthcare, Little Chalfont, UK) at 1:20,000 dilution or anti-mouse IgG at 1:20,000 (Sigma-

Aldrich, St. Louis, MO) in PBST containing 5% milk for 1hr at room temperature. 

Membranes were then washed with PBST three times for 10 min each, and protein bands 

were visualized using Amersham ECL Prime Western Blotting Detection Reagent (GE 

Healthcare, Little Chalfont, UK).

4.9. Quantitative real time-PCR

RNA was isolated from 1cm samples of mouse colon tissue or from 3 wells of organoids 

using Qiagen RNeasy Mini Kit following the manufacturer’s instructions. The RNA 

concentration was measured using a Nanodrop ND-1000 spectrophotometer (Thermo 

Scientific) and 1µg of RNA was used to make cDNA using Ambion M-MLV transcriptase 

(Thermo Scientific) with Oligo dT and dNTP and followed the manufacturer’s instructions. 

Quantitative real-time PCR analysis was performed using the CFX96 Real-Time PCR 

System (Bio-Rad, Hercules, CA) and cDNA product with the TaqMan Gene Expression 

Master mix (Applied Biosystems) per the manufacturer’s instructions. TaqMan Probes for 

mouse genes were as follows: Layn (Mm01176974_m1); 18S (Hs99999901_s1).

4.10. Statistical analysis

The statistical difference between groups was evaluated by the unpaired one-tailed Student's 

t test. All error bars drawn indicate the standard error of mean (SEM). All graphs and 

statistical analysis was performed with GraphPad Prism version 5.0a (GraphPad Software, 

Inc., La Jolla, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation

HA35 Hyaluronan 35 kDa

ZO-1 Zonula occludens-1

TLR Toll-like receptor

DSS Dextran sulfate sodium

Kim et al. Page 13

Matrix Biol. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



IBD Inflammatory bowel disease

JAM Junctional adhesion molecule

ROS Reactive oxygen species

RHAMM receptor for HA mediated motility

HARE HA receptor for endocytosis

LYVE1 lymphatic vessel endothelial HA receptor 1

ROCK Rho-associated protein kinase

RNAi RNA interference

mBD-3 murine beta defensin-3

Milk HA Hyaluronan purified from human milk
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Highlights

1. Hyaluronan 35 kDa (HA35) treatment increases ZO-1 expression in mouse 

intestinal epithelial organoids in vitro.

2. HA35-mediated ZO-1 induction is TLR-4 and CD44 independent.

3. Layilin mediates the induction of ZO-1 expression post HA35 treatment in 
vitro and in vivo.

4. ZO-1 expression is reduced but layilin expression is similar in the intestinal 

epithelium of IBD patients as compared to non-IBD controls.
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Figure 1. 
HA35, but not HA2000 treatment increases ZO-1 expression and HA35 but not HA2000 is 

internalized in mouse intestinal organoids in vitro. A. Sections of mouse intestinal organoids 

treated with no HA, HA35 (350µg/ml) or HA2000 (350µg/ml) for 30h were fixed and 

stained for ZO-1 or E-cadherin (red), HA (green), and nuclei (blue). Z-stack images were 

obtained using confocal microscopy. B. Quantification of stained images from 8 organoids 

per condition. ZO-1 staining intensity was measured as described in “Methods” and 

normalized to the number of epithelial cells by counting the number of nuclei. The unpaired 
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t-test was used to test the statistical significance of differences between no HA and the 

HA35-treated groups (*, p<0.05.) Error bars = S.E.M.
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Figure 2. 
HA35-mediated ZO-1 induction is TLR-4 independent and murine distal colon epithelium 

does not express detectable levels of CD44. A. Distal colons from wild type or tlr4−/− mice 

gavaged with HA35 (300µg per mouse daily) or water for 5 days were immunostained for 

ZO-1 (red) (n=5/group). Images were taken using fluorescence microscopy of a single plane. 

B. The quantification of ZO-1 intensity was performed on 2 stained sections per mouse, 5 

mice per group and normalized to the number of epithelial cells. The statistical significance 

was tested with the unpaired t-test. (**, p<0.01, ***, p<0.0001). Error bars=S.E.M. C. 
Sections of proximal and distal colons from wild type mice were stained for CD44 (green) 
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and nuclei (blue). Nonspecific (NS) indicates the secondary antibody staining control. D. 
Western blot analysis of CD44 protein in mouse colon tissue lysates from wild type mice 

and mouse colonic epithelial organoids cultured in 50% L-WRN conditioned media. 

Villin-1, an epithelial cell marker, and GAPDH were used as loading controls.
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Figure 3. 
Layilin mediates HA35-induced ZO-1 increase in vitro. A. Sections of no HA and HA35 

treated (350µg/ml for 30h) wild type and Layn−/− mouse intestinal organoids were stained 

for ZO-1 (red), HA (green) and nuclei (blue). Z-stacks images were obtained using confocal 

microscopy. B. ZO-1 intensity was quantified using 9 organoids per condition and 

normalized to the number of epithelial cells. The statistical analysis was done using the one-

tailed unpaired t-test. (**, p<0.01). C. Intracellular HA intensity was measured using 9 

organoids per condition and normalized to the number of epithelial cells. The one-tailed 

unpaired test was used to test the statistical significance. (*, p<0.05.) Error bars = S.E.M.
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Figure 4. 
Layilin mediates HA35 induced ZO-1 induction in healthy and DSS-treated mice. A. 
Sections of distal colon from wild type and Layn−/− mice gavaged once daily with water or 

HA35 (300µg per mouse) for five days were immunostained for ZO-1 (red). Single plane 

images were taken with a confocal microscope. B. ZO-1 staining intensity was quantified 

using 2 stained sections per mouse and 6 mice per group. Quantified ZO-1 intensity was 

normalized to the number of epithelial cells. C. Groups of wild type and Layn−/− mice were 

orally gavaged with water or HA35 (300µg per mouse, once daily) for 5 days before, as well 

as 3 days during 2.5% DSS treatment. After euthanasia, colons were collected for fixation 
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and histologic examination. Transverse and distal colons were immunostained for ZO-1 

(red). Images were taken using confocal microscopy of a single plane. D. The intensity of 

ZO-1 staining was quantified using 2 stained sections per mouse, with 7 mice per group. 

ZO-1 intensity was normalized to the number of epithelial cells and the statistical 

significance of difference between water-treated groups and HA35-treated groups was tested 

using unpaired t-test. (*, p<0.05, **, p<0.01) Error bars = S.E.M.
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Figure 5. 
The inhibition of ROCK kinase decreases HA35-induced ZO-1 levels and affects HA 

internalization in mouse intestinal organoids. A. Sections of mouse intestinal organoids 

treated with no HA or HA35 (350µg/ml, for 30h) in the presence or absence of ROCK 

inhibitor (Y-27632,10µM) were fixed and stained for ZO-1 (red), HA (green), and nuclei 

(blue). Confocal microscopy was performed to visualize and obtain Z-stack images. B. 
Quantification of fluorescence from images for multiple organoids (n=13) per condition. 

ZO-1 intensity was measured as described in “Methods” section and are normalized to the 

number of epithelial nuclei by manually counting each image. One-tailed unpaired t-test was 
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used for statistical analysis between no HA and the HA35-treated groups (*, p<0.05). C. The 

intensity of intracellular HA was measured using 16 organoids per condition and normalized 

to the number of epithelial nuclei. The one-tailed unpaired test was used to test the statistical 

significance (*, p<0.05). Error bars = S.E.M.
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Figure 6. 
ZO-1 expression is decreased, yet layilin expression is similar, in the intestinal epithelium of 

IBD patients as compared to non-IBD controls. A. Western blot analysis of ZO-1 protein in 

epithelial cell lysates from non-IBD, ulcerative colitis (UC), and Crohn’s disease (CD) 

patients. The same amount of proteins was loaded per lane and the levels of ZO-1 were 

normalized to the levels of villin-1 (an epithelial cell marker). Representative blots show two 

different patient samples per group (1 and 2). The relative expression level of ZO-1 in 

epithelium of non-IBD, UC, and CD patients was calculated using the densitometric 

quantification (n=11 (non-IBD), n=8 (UC), n=7 (CD)). Unpaired t-test was used to test the 

statistical significance between groups. (*, p<0.05, ***, p<0.0001) Error bars = S.E.M. B. 
Sections of colon from non-IBD, UC, and CD patients were immunostained for ZO-1 (red) 

and nuclei were stained blue (DAPI). Images were obtained using confocal microscopy of a 

single plane C. Western blot analysis of layilin protein in epithelial cell lysates from non-

IBD, UC, and CD patients was performed by loading the same amount of protein. The 

densitometric quantification of layilin and vilin-1 protein bands was used to calculate the 

relative expression level of layilin.
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