
1,25-Dihydroxyvitamin D Protects Intestinal Epithelial Barrier by 
Regulating the Myosin Light Chain Kinase Signaling Pathway

Jie Du, MS1, Yunzi Chen, PhD1,*, Yongyan Shi, MS2,3, Tianjing Liu, MS2,3, Yong Cao, MS4, 
Yue Tang, MS4, Xin Ge, MS1, Hongguang Nie, PhD1, Changqing Zheng, MD4, and Yan Chun 
Li, PhD1,2,*

1Institute of Metabolic Disease Research and Drug Development, China Medical University, 
Shenyang, Liaoning, 110122, China

2Department of Medicine, Division of Biological Sciences, The University of Chicago, Chicago, IL 
60637, USA

3Division of Neonatology, Shengjing Hospital, China Medical University, Shenyang, Liaoning, 
110004, China

4Division of Gastroenterology, Shengjing Hospital, China Medical University, Shenyang, Liaoning, 
110004, China

Abstract

Background—The myosin light chain kinase (MLCK) pathway controls intestinal epithelial 

barrier permeability by regulating the tight junction. 1,25-dihydroxyvitamin D (1,25(OH)2D3)-

vitamin D receptor (VDR) signaling protects the epithelial barrier, but the molecular mechanism is 

incompletely understood.

Methods—MLCK activation and barrier permeability were studied using monolayers of 

HCT116, Caco-2 and SW480 cells treated with TNF-α ±1,25(OH)2D3. The MLCK pathway was 

analyzed in normal and inflamed colonic biopsies from ulcerative colitis patients. Colonic mucosal 

barrier permeability and MLCK activation were also investigated using TNBS-induced colitis 

models in vitamin D analog paricalcitol-treated wild-type mice and mice carrying VDR deletion in 

colonic epithelial cells.

Results—TNF-α increased cell monolayer permeability and induced long isoform of MLCK 

expression and myosin II regulatory light chain (MLC) phosphorylation, and 1,25(OH)2D3 

blocked TNF-α-induced increases in monolayer permeability and MLCK-MLC pathway 

activation by a VDR-dependent fashion. 1,25(OH)2D3 directly suppressed long MLCK expression 

by attenuating NF-κB activation, and ChIP assays confirmed that 1,25(OH)2D3 disrupted p65 
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binding to three κB sites in long MLCK gene promoter. In human ulcerative colitis biopsies VDR 

reduction was associated with increases in long MLCK expression and MLC phosphorylation. In 

TNBS colitis models, paricalcitol ameliorated colitis, attenuated the increase in mucosal barrier 

permeability and inhibited long MLCK induction and MLC phosphorylation. In contrast, mice 

with colonic epithelial VDR deletion exhibited more robust increases in mucosal barrier 

permeability and MLCK activation compared with wild-type mice.

Conclusions—These data demonstrate that 1,25(OH)2D3-VDR signaling preserves the mucosal 

barrier integrity by abrogating MLCK-dependent tight junction dysregulation during colonic 

inflammation.
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Introduction

The intestinal epithelial barrier consists of a monolayer of epithelial cells and intercellular 

junctions between adjacent cells that seal the paracellular space and regulate permeability of 

the barrier 1. This barrier separates harmful luminal substances such as microorganisms, 

toxins and antigens from the body, and thus plays a critical role in mucosal homeostasis. 

Impaired barrier function can lead to gut hyperpermeability and trigger mucosal 

inflammation 2; 3. Increased gut permeability usually results from aberrant apoptosis of 

intestinal epithelial cells and/or dysregulation of tight junction on the barrier, and recent 

studies suggest that these are two temporally and morphologically distinct mechanisms in 

colitis development 4. Increases in tight junction permeability occur in early disease stage 

and promotes disease initiation, whereas epithelial cell apoptosis causes tight junction-

independent barrier loss and drives disease progression.

Myosin light chain kinase (MLCK) plays a central role in the regulation of tight junction 

permeability 5. MLCK has two splice variants derived from the same gene using different 

promoters. Short or smooth muscle MLCK is not expressed in intestinal epithelium, whereas 

long MLCK is highly expressed in intestinal epithelial cells and regulates tight junction 

permeability via inducing phosphorylation of myosin II regulatory light chain (MLC) 6; 7, 

which leads to remodeling of the tight junction structure 8. TNF-α, a pro-inflammatory 

cytokine central to the pathogenesis of inflammatory bowel diseases (IBD), particularly 

Crohn’s disease 9; 10, has been shown to promote tight junction dysregulation and induce 

epithelial barrier loss by up-regulating long MLCK expression and enzymatic activity 11; 12. 

This up-regulation is in part mediated by NF-κB 13; 14, and a few κB sites have been 

identified in the upstream promoter region that specifically drives long MLCK 

expression 15; 16.

1,25-dihydroxyvitamin D (1,25(OH)2D3) is a pleiotropic hormone with a broad range of 

physiological functions 17. The biological activity of 1,25(OH)2D3 is mediated by the 

vitamin D receptor (VDR), a nuclear hormone receptor 18 highly expressed in gut epithelial 

cells. Vitamin D-deficiency or - insufficiency (commonly defined as serum 25-
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hydroxyvitamin D < 30 ng/ml) is associated with increased risk of IBD 19, and a high 

prevalence of vitamin D deficiency or -insufficiency has been reported in patients with 

established as well as newly diagnosed IBD 20; 21; 22; 23. Conversely, high vitamin D intake 

lowers the risk of IBD 24. Thus, vitamin D is though to be an environmental risk factor for 

IBD 19. Recently we reported that the epithelial VDR signaling protects gut epithelial barrier 

by suppressing inflammation-induced epithelial cell apoptosis 25. Consistent with this 

notion, we found that epithelial VDR levels are >50% down-regulated in patients with 

IBD 25, partly due to TNF-α induction of miR-346, which targets VDR 26. Aside from 

inhibition of epithelial cell apoptosis, numerous studies have shown that 1,25(OH)2D3-VDR 

signaling also preserves epithelial barrier permeability by directly regulating tight 

junction 27; 28; 29. Apparently, vitamin D modulation of tight junction is an integral part of 

the mechanism whereby vitamin D protects the gut epithelial barrier; however, how vitamin 

D controls tight junction remains unclear. Therefore, in this study we aimed at elucidating 

the molecular mechanism whereby 1,25(OH)2D3 regulates tight junction. Our study 

demonstrates that 1,25(OH)2D3 suppresses the MLCK-MLC pathway via blocking NF-κB 

activation to maintain the mucosal barrier permeability.

Experimental procedures

Cell culture

HCT116, Caco-2 and SW480 cells were cultured in DMEM supplemented with 10% FBS at 

37°C and 5% CO2. The cells were pre-treated with 1,25(OH)2D3 (20 nM) or ethanol vehicle 

for 24 hours followed by TNF-α (100 ng/ml) or saline treatment for 12 hours. In separate 

experiments, the cells were pre-treated with BAY 11-7082 (20 ng/ml), a NF-κB inhibitor, 

for 24 hours followed by 12-hour TNF-α or saline treatment. Cells were transfected with 

human (h)VDR-specific siRNA to reduce VDR levels, or with a plasmid expressing HA-

IKKβ to increase IKKβ levels, both using Lipofectamine 2000 (Invitrogen).

Human biopsies

Colonic mucosal biopsies were obtained from patients with active ulcerative colitis at 

Shengjing Hospital of China Medical University. Biopsies were collected from the inflamed 

region and the adjacent normal tissue in each patient during endoscopic examination. Study 

subjects were recruited with written informed consent from the participants or their 

guardians. All human studies were approved by the Institutional Ethical Committee of 

Shengjing Hospital, China Medical University (Protocol # 2014PS145K). The collected 

biopsies were immediately processed for histology or for RNA and protein lysate 

preparations.

Animal treatment

C57BL/6 mice (6-8 week old) were treated with vitamin D analog paricalcitol (19-nor-1,25-

dihydroxyvitamin D2, i.p. at 300 ng/kg, dissolved in 70% propylene glycol) or vehicle daily 

for one week. Experimental colitis was then induced in these mice using 2,4,6-

trinitrobenzene sulfonic acid (TNBS) as previously reported 30; 25. Daily paricalcitol 

treatment continued after TNBS instillation. VDRΔCEC mice that carry VDR deletion in 

colonic epithelial cells were generated by crossing CDX2-Cre transgenic mice (Stock # 
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009350, Jackson Laboratory, Bar Harbor, Maine) and VDRflox/flox mice that contain LoxP 

sites flanking exon 4 of the Vdr gene 31. CDX2 promoter directs Cre recombinase 

expression in colonic epithelial cells and CDX2-Cre mice have been used to conditionally 

delete Apc gene from colonic epithelial cells 32. VDRΔCEC and VDRflox/flox mice were 

studied using TNBS-induced colitis model as reported before 25. Colons were collected 

immediately after sacrifice, and mucosa scraped to isolate total RNAs or proteins. All 

animal studies were approved by the Institutional Animal Care and Use Committee at the 

University of Chicago.

Permeability measurement

HCT116, Caco-2 and SW480 Cells were cultured in transwell inserts (0.4 µm pore size, 

Corning, Tewksbury, MA) until monolayers were formed. The cells were pre-treated with 

1,25(OH)2D3 or BAY 11-7082 for 24 hours, followed by 12-hour TNF-α treatment placed 

on the apical side (no treatment compound was placed in the basolateral chamber). 

Transepithelial electrical resistance (TER) was measured using an Ussing chamber system. 

In separate experiments, monolayer paracellular permeability was also measured using 

FITC-conjugated dextran (MW 4000 Da, 10 mg/mL; Sigma-Aldrich, St. Louis, MO) as 

described previously 33. In TNBS models, colonic mucosal permeability was assessed by 

measuring colonic TER in freshly harvested colons using Ussing chamber as described 25, as 

well as by measuring FITC-dextran leak into the circulation as previously reported 34; 35. 

For the latter measurement, mice fasted for 6 hours were orally gavaged 4000 Da FITC-

dextran at 200 mg/kg. After 2 hours, blood was collected from the tail, and serum FITC-

dextran content was determined using a M200 TECAN microplate reader at 530 nm 

wavelength.

Histology and immunostaining

Freshly dissected colon or colon biopsies were fixed overnight with 4% formaldehyde in 

PBS (pH 7.2) and embedded in paraffin wax. Mouse colons were embedded as “Swiss 

roll” 36. Colonic morphology was examined by H&E staining, and histological scores were 

graded according to a previously published system 37; 38. Cell monolayers cultured on 

coverslips were fixed for 15 min in 4% formaldehyde and then incubated with anti-ZO-1 or 

anti-occludin antibodies (Invitrogen, Grand Island, NY), followed by FITC-conjugated anti-

IgG antibodies (Santa Cruz Biotechnology, Dallas, Texas). Slides were examined under a 

Leica DFC425 fluorescence microscope.

Western blot

Western blot analyses were carried out as described previously 39. The following antibodies 

were used: anti-ZO-1, anti-occludin, anti-claudin-2 from Invitrogen; anti-MLC, anti-

phospho-MLC and anti-IKKβ from Cell Signaling Technology (Beverly, MA); anti-TNF-α 

and anti-short MLCK from Sigma-Aldrich; anti-long MLCK from Abcam (Cambridge, MA) 

and anti-VDR from Santa Cruz Biotechnology.

Du et al. Page 4

Inflamm Bowel Dis. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RT-PCR

Total RNAs were extracted using TRIzol reagent (Invitrogen). First-strand cDNA templates 

were synthesized using PrimeScript RT reagent kit (TaKaRa, Mountain View, CA). Real-

time PCR was carried out using SYBR Premix Ex kit (TaKaRa) in a Bio-RAD IQ5 real-time 

system. Relative amount of transcripts was calculated by the 2−ΔΔCt formula, using GAPDH 

as an internal control. PCR primers are provided in Table 1.

Chromatin immunoprecipitation (ChIP) assays

Cells were treated with 1,25(OH)2D3 followed by TNF-α treatment for 4 hours. ChIP assays 

were performed as described previously 40, using anti-p65 antibodies. The assays were 

quantified by real time PCR using primers (Table 1) flanking the κB sites in the promoter of 

the MLCK gene 15; 16.

Myeloid peroxidase (MPO) activity assays

Colonic tissues were homogenized in 50 mM potassium phosphate and 50 mM hexadecyl 

trimethyl ammonium bromide (HTAB), sonicated, snap frozen and thawed twice, followed 

by addition of 50 mM potassium phosphate containing 0.167 mg/ml O-dianisidine 

dihydrochloride and 0.0005% hydrogen peroxide. Absorbance was read at 460 nm using 

M200 TECAN microplate system.

Statistical analysis

Data values were presented as means ± SD. Statistical comparisons were carried out using 

unpaired two-tailed Student’s t-test or one-way analysis of variance (ANOVA) as 

appropriate, with P< 0.05 being considered statistically significant.

Results

1,25(OH)2D3 attenuates TNF-α-induced increases in monolayer permeability and blocks 
MLCK up-regulation

TNF-α plays a central role in the pathogenesis of IBD and has been shown to increase tight 

junction permeability. Therefore, we used TNF-α-treated epithelial cells as models to study 

effects of vitamin D on barrier permeability. As shown in Figure 1, consistent with previous 

findings 27; 28; 29, treatment with TNF-α markedly reduced the TER of monolayers formed 

by HCT116, Caco-2 or SW480 cells (Fig. 1A), as well as increased FITC-dextran 

paracellular passage through these monolayers (data not shown), but the TNFα-induced 

increase in monolayer permeability was largely corrected in the presence of 1,25(OH)2D3 

co-treatment (Fig. 1A). Immunostaining of Caco-2 monolayer with anti-ZO-1 or anti-

occludin antibodies confirmed that TNF-α disrupted the integrity of the tight junction, and 

the disruptive effect of TNF-α was attenuated by 1,25(OH)2D3 (Fig. 1B). As expected, 

TNF-α dramatically induced long MCLK (but not short MLCK) expression and MLC 

phosphorylation (but not MLC levels) in HCT116, Caco-2 and SW480 cells. These changes 

were accompanied by moderate claudin-2 induction and marked occludin inhibition. 

Claudin-2 is a tight junction protein that was found elevated in IBD patients 41; 42, and 

elevation of claudin-2 is associated with increased tight junction permeability 43. 
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Remarkably, 1,25(OH)2D3 completely blocked the effect of TNF-α on MLCK up-regulation 

and MLC phosphorylation, as well as on claudin-2 and occludin expression in all three cell 

lines (Fig. 1C). Similar results were seen in cells treated with IFN-γ, another pro-

inflammatory cytokine that can increase mucosal permeability 12 (Supplemental Figure 1A 

and B). Moreover, TNF-α and IFN-γ co-treatment caused more dramatic activation of the 

MLCK-MLC pathway and more dramatic loss of TER than IFN-γ alone, which can still be 

mostly reversed by 1,25(OH)2D3 (Supplemental Figure 1C and D). Therefore, 1,25(OH)2D3 

is able to attenuate the ability of TNF-α or IFN-γ to activate the MLCK-MLC pathway and 

increase epithelial tight junction permeability in vitro.

1,25(OH)2D3 inhibition of MLCK expression is VDR-dependent

To address whether the effect of 1,25(OH)2D3 on MLCK is dependent on VDR, we used 

hVDR-specific siRNA to knock down VDR in HCT116 cells (Fig. 2A). When VDR protein 

expression was reduced by >70% by siRNA, 1,25(OH)2D3 was unable to counteract the 

stimulatory effect of TNF-α on long MLCK expression and MLC phosphorylation (Fig. 

2A). Consequently, 1,25(OH)2D3 failed to maintain the TER of the monolayer formed by 

hVDR-siRNA-treated HCT116 cells in the presence of TNF-α (Fig. 2B). Therefore, VDR is 

required to mediate the activity of 1,25(OH)2D3 to protect the monolayer barrier.

1,25(OH)2D3 inhibits MLCK activation by counteracting TNF-α-induced NF-κB activation

Previous studies reported that TNF-α induces MLCK expression via activating NF-κB 

signaling pathway 15; 16. To confirm this finding, we treated HCT116, Caco-2 and SW480 

cells with TNF-α in the presence of NF-κB inhibitor BAY 11-7082. BAY 11-7082 

completely blocked the induction of long MLCK expression and MLC phosphorylation by 

TNF-α in these three cell lines (Fig. 3A, and Supplemental Figure 2A and 2B). BAY 

11-7082 also prevented TNF-α-induced claudin-2 up-regulation and occludin reduction in 

these cells. Consistently, NF-κB inhibition abrogated the increase in cell monolayer 

permeability caused by TNF-α treatment (Fig. 3B).

To directly confirm the involvement of NF-κB in MLCK pathway activation, we activated 

NF-κB by IKKβ transfection in HCT116 cells. IKKβ overexpression markedly induced the 

expression of long MLCK (but not short MLCK) and MLC phosphorylation, as well as 

claudin-2 up-regulation and occluding down-regulation in the absence of TNF-α, but all 

these changes were reversed when the cells were treated with 1,25(OH)2D3 (Fig. 3C). The 

inhibitory effect 1,25(OH)2D3 on long MLCK, however, was overcome when increasing 

amounts of IKKβ were expressed in the cells (Fig. 3D). These data provide compelling 

evidence that 1,25(OH)2D3 directly counteracts the NF-κB signaling pathway in the down-

regulation of long MLCK. Three putative κB sites were identified previously in the long 

MLCK promoter region (Fig. 3E) that were thought to mediate the stimulatory effect of 

TNF-α on long MLCK expression 15; 16. By ChIP assays we found that all three sites at 

−136 (κB-1), −1415 ((κB-2) and −1584 (κB-3) were bound by NF-κB p65 after TNF-α 

treatment, but these TNF-α induced p65 bindings to these sites were completely disrupted in 

the presence 1,25(OH)2D3 (Fig. 3F). This observation provides a molecular basis to explain 

the inhibition of long MLCK gene expression by 1,25(OH)2D3.
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VDR reduction in human patient biopsies is associated with activation of MLCK pathway

We previously reported that colonic VDR levels in patients with ulcerative colitis and 

Crohn’s disease were reduced by about 50% 25 as a result of TNF-α-induced VDR down-

regulation 26. Consistently, Figure 4 shows that in a new cohort of patients with ulcerative 

colitis, VDR protein levels in the majority of patients were markedly down-regulated in the 

inflamed lesions compared to the adjacent normal tissues from the same individuals (Fig. 

4A), and the mean reduction for VDR protein is 46% in this cohort (Fig. 4B). Importantly, 

the VDR down-regulation was associated with dramatic and significant increases in long 

MLCK expression (by 110%) and MLC phosphorylation (by 370%) in the inflamed lesions 

in these patients (Fig. 4A and B). As expected, MPO activity in the lesions was also 

dramatically elevated (Fig. 4C), and so were pro-inflammatory cytokines (such as TNF-α, 

IFN-γ, IL-1β and IL-6) assessed by qPCR (data not shown), consistent with our early 

findings 26. These data are consistent with the notion that 1,25(OH)2D3–VDR signaling 

suppresses the MLCK-MLC pathway activation in humans.

Paricalcitol blocks MLCK activation, preserves mucosal barrier permeability and 
ameliorates colitis in colitismodel

To address whether vitamin D hormone regulates MLCK activation and mucosal barrier 

permeability in vivo, we investigated the effect of paricalcitol, a low-calcemic VDR agonist, 

in a TNBS-induced experimental colitis model, which develops TH1 cell-mediated mucosal 

inflammation 44; 45. As shown in Figure 5, paricalcitol treatment markedly impeded body 

weight loss following TNBS installation (Fig. 5A), ameliorated mucosal ulceration (Fig. 

5B), reduced mucosal MPO activity (Fig. 5C) and attenuated mucosal production of pro-

inflammatory cytokines and chemokines (TNF-α, IL-1β, IL-6, IFN-γ, IL-17, IL-23 and 

MCP-1) (Fig. 5D) in the TNBS-treated mice. Importantly, mucosal permeability of TNBS-

treated mice increased one day after TNBS treatment when histological damage was not yet 

detectable in the colon, and paricalcitol treatment preserved colonic TER (Fig. 5E) and 

prevented FITC-dextran paracellular passage into the blood (Fig. 5F), indicating 

paricalcitol’s ability to protect against tight junction injury in vivo.

Consistently, Western blot analyses of mucosal lysates obtained from these mice showed 

that, one day after TNBS treatment, mucosal VDR levels were already down-regulated, 

whereas long MLCK (not short MLCK) expression and MLC phosphorylation were 

markedly induced in the mucosa. Paricalcitol treatment reversed the decline in mucosal 

VDR levels and abrogated MCLK induction and MLC phosphorylation (Fig. 5G and H). 

Paricalcitol also reversed claudin-2 up-regulation and occludin down-regulation in TNBS-

treated mice (Fig. 5G and H). Immunostaining showed that in TNBS-treated mice NF-κB 

p65 was translocated into the nuclei in colonic epithelial cells, and paricalcitol treatment 

blocked p65 nuclear translocation (Fig. 6), confirming that paricalcitol is able to inhibit NF-

κB activation in vivo, which is required for MLCK up-regulation. Together, these data 

demonstrate that paricalcitol therapy is able to preserve mucosal barrier permeability in the 

early stage of the TNBS-induced colitis model by targeting MLCK activation pathway.

Du et al. Page 7

Inflamm Bowel Dis. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Deletion of colonic epithelial VDR exacerbates MLCK activation and worsens mucosal 
leakin colitis model

To further evaluate the role of mucosal epithelial 1,25(OH)2D3-VDR signaling in the 

regulation of MLCK activation and tight junction in vivo, we specifically deleted VDR from 

colonic epithelial cells (Fig. 7C) by crossing CDX2-Cre and VDRflox/flox mice. The resultant 

VDRΔCEC mice, together with VDRflox/flox mice as controls, were subject to TNBS 

treatment. As shown in Figure 7, one day after TNBS instillation, mucosal paracellular 

barrier loss, as assayed by FITC-dextran leak, was much more robust in VDRΔCEC mice 

compared to VDRflox/flox mice (Fig. 7A). So was mucosal MPO activity (Fig. 7B). As 

expected, Western blot analyses confirmed that TNBS treatment reduced mucosal VDR and 

induced long MLCK expression and MLC phosphorylation in VDRflox/flox mice (Fig. 7C 

and D). In comparison, epithelial VDR deletion led to more robust induction of long MLCK 

(but not short MLCK) and MLC phosphorylation in VDRΔCEC mice (Fig. 7C and D). The 

increase of mucosal claudin-2 and decrease of mucosal occludin was also more robust in 

VDRΔIEC mice (Fig. 7C and D). Taken together, these genetic studies provide compelling 

evidence that epithelial VDR signaling regulates MLCK-dependent mucosal barrier 

permeability.

Discussion

In this study we used three human colon cancer cell lines that possess colonic epithelial cell 

properties to investigate the effect of 1,25(OH)2D3 on MLCK-dependent tight junction 

permeability. Although these three cell lines have many differences such as tumor origins 

and karyotypes, the result is very consistent. Our data show that TNF-α strongly induces 

long MLCK expression and MLC phosphorylation and, consequently, increases the 

paracellular permeability in the cell monolayers. These observations are in agreement with 

early reports by other investigators 11; 12; 14; 46. Importantly, we demonstrate that the effect 

of TNF-α on tight junction permeability and MLCK activation is markedly attenuated by 

1,25(OH)2D3 in a VDR-dependent fashion. 1,25(OH)2D3 treatment blocks long MLCK 

induction and MLC phosphorylation in all three cell lines. Moreover, we further show that 

robust MLCK activation and mucosal barrier loss are detectable in the early stage of TNBS-

induced colitis, and paricalcitol, a low-calcemic VDR agonist, is able to disrupt MLCK 

activation, preserve mucosal barrier function, reduce colonic inflammation and alleviate 

colitis in TNBS treated mice. These observations demonstrate an ability of the VDR 

signaling to protect the mucosal epithelial tight junction in vivo. Consistent with this 

conclusion, a recent study demonstrates that vitamin D can mitigate the deleterious effects 

of adherent-invasive E. coli on intestinal mucosa by maintaining intestinal epithelial barrier 

homeostasis and preserving tight junction architecture 47. The diversity of the three cell lines 

used in this study makes the data compelling; however, giving the limitation of colon cancer 

cell lines, more compelling data might be obtained by studying organoids. Moreover, 

vitamin D inhibition of the MLCK-MLC pathway should be confirmed by human clinical 

trials in the future. Given the pleiotropic activity of vitamin D, however, it is possible that 

the inhibitory effect of vitamin D on colonic inflammation is mediated not only by epithelial 

cells, but also by immune cells.
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We have reported that mucosal VDR levels are down-regulated by about 50% in disease 

biopsies from patients with IBD 25; 26, and this down-regulation largely results from TNF-α-

induced increase of miR-346, which targets VDR translation in epithelial cells 26 (Fig. 8). In 

the current study we confirm our previous observation regarding mucosal VDR status in a 

new cohort of ulcerative colitis patients. Remarkably, we found that the ~50% VDR 

reduction is associated with an increase in long MLCK protein and MLC phosphorylation in 

the lesions. This observation establishes a pathological relevance of vitamin D regulation of 

the MLCK-MLC pathway. Furthermore, consistent with this human observation, we 

demonstrate, using mice with a genetic deletion of VDR specifically from colonic epithelial 

cells, that absence of epithelial VDR indeed enhances mucosal MLCK-MLC pathway 

activation and worsens mucosal barrier loss in experimental colitis. Although the impact of 

VDR deficiency or deletion may not be limited only to the MLCK-MLC pathway in the 

epithelial cells, these human and mouse data together confirm from another perspective a 

critical role of epithelial VDR signaling in the regulation of MLCK-dependent tight junction 

permeability.

Down-regulation of long MLCK expression is the key for vitamin D protection against 

epithelial barrier loss. We show that the molecular basis for 1,25(OH)2D3 regulation of long 

MLCK expression is the blockade of NF-κB activation. There are two lines of crucial 

evidence to support this conclusion. One is 1,25(OH)2D3 suppression of IKKβ-induced long 

MLCK, and this suppression in turn can be overcome by increasing amount of IKKβ 

transfection. The other is the ChIP assays showing that 1,25(OH)2D3 disrupts TNF-α-

induced p65 binding to the long MLCK promoter at three κB sites (Figure 3). It is worth 

pointing out that the κB sites at −1415 and −1584 were shown to interact with NF-κB by 

EMSA in an early study, but this interaction could not be confirmed by ChIP assays under 

TNF-α and IFN-γ co-treatment 15, whereas the κB site at −136 (previously at −75) was not 

analyzed by ChIP assays 16. Therefore, the ChIP data are novel and crucial to understand the 

regulatory mechanism. In fact, this mechanism is not surprising, as NF-κB is already a well 

established target for 1,25(OH)2D3-VDR action in the regulation of a variety of 

genes 48; 49; 50. We have recently shown that liganded VDR inhibits NF-κB activation by 

physical association with IKKβ 51. Relevant to the current work, induction of PUMA, a pro-

apoptotic factor 52 driving inflammation-induced intestinal epithelial cell apoptosis, is also 

mediated by NF-κB 53, and we have reported that 1,25(OH)2D3-VDR signaling targets NF-

κB to block PUMA expression, whereby suppressing epithelial cell apoptosis 25. NF-κB as a 

key transcription factor to mediate inflammatory response is central to colonic 

inflammation. It appears that NF-κB has emerged as a major vitamin D target in the 

protection of mucosal epithelial barrier (Fig. 8).

Claudin-2 and occludin are proteins involved in the formation of tight junctions. It has been 

reported that claudin-2 is elevated in ulcerative colitis and Crohn’s disease 42 and induced 

by IL-13 in cell cultures 43. In the latter report, TNF-α was shown to induce claudin-2 

mRNA, but it was not able to induce claudin-2 protein 43. Here we report induction of 

claudin-2 protein by TNF-α in three human epithelial cell lines. Consistently, claudin-2 

protein levels were also increased in the colonic biopsies from the human IBD cohort (Fig. 

4). The discrepancy between our observations and the previous finding43 is unclear but 
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could be due to difference in cell lines used. Additionally, occludin was previously reported 

to be increased in mRNA levels in active ulcerative colitis patients 54, but here in this cohort 

of human biopsies we found little changes in occludin protein levels, whereas in the three 

cell lines under TNF-α treatment occludin protein was down-regulated. These discrepancies 

suggest that the occludin status in colonic inflammation requires further investigation.

Our previous studies have demonstrated that epithelial VDR signaling protects the mucosal 

epithelial barrier during colonic inflammation by blocking epithelial cell apoptosis 25. In this 

study we provide evidence from cells, human biopsies and animal models that 

1,25(OH)2D3-VDR signaling controls MLCK-dependent tight junction permeability by 

regulating the MLCK-MLC pathway (Fig. 8). It is thought that tight junction dysregulation 

occurs in the early stage of colitis development and is involved in disease initiation, whereas 

excess epithelial cell apoptosis causes tight junction-independent barrier loss and promote 

disease progression 4. The dual protective mechanisms of 1,25(OH)2D3-VDR signaling 

against tight junction loss and epithelial apoptosis explain at least in part the potent anti-

colitic activity of the epithelial VDR that we observed previously in various experimental 

colitis models 25.

Long MLCK as a central regulator to control tight junction permeability makes it an 

excellent drug target to prevent Crohn’s disease initiation, maintain remission and reduce 

disease activity 5. However, because of the high similarity between short and long MLCKs, 

which share the same catalytic domain, current MLCK pharmacological inhibitors cannot 

distinguish between these two MLCKs and are mostly toxic and not therapeutically useful, 

as inhibition of short MLCK that is expressed in the smooth muscle can cause adverse 

consequence. Therefore, isoform-specific drugs that only target long MLCK are highly 

desirable. In this study we show that active vitamin D and a low-calcemic vitamin D analog 

strongly down-regulate long MLCK expression but have no effect at all on short MLCK, 

which makes vitamin D therapy a very promising new method to target long MLCK. In fact, 

we have shown here that, paricalcitol, a FDA-approved drug, can indeed preserve mucosal 

barrier and ameliorate colitis in an experimental model. Therefore, developing new vitamin 

D analog drugs to target MLCK and block epithelial cell apoptosis for the management of 

IBD might be a useful strategy that warrants further exploration. In fact, in the clinical trials 

published in recent years, nutritional vitamin D supplementation has shown variable effects 

in IBD patients, ranging from clear clinical benefits to little beneficial effects on colonic 

inflammation 55; 56; 57, and active vitamin D metabolite appears to have better efficacy in 

reducing disease activity in patients with Cohn’s disease 56. Thus, active vitamin D analogs 

with low hypercalcemic side effects should be tested in more clinical studies in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank Dr. David Gardner (University of California at San Francesco) for providing the VDRflox/flox mice, and 
Dr. Jerrod Turner (University of Chicago) for critical reading of the manuscript.

Du et al. Page 10

Inflamm Bowel Dis. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Grant support: This work was supported in part by NIH grant R01CA180087, and a research fund from Liaoning 
Provincial Government, China.

Abbreviations

1,25(OH)2D3 1,25-dihydroxyvitamin D3

VDR vitamin D receptor

IBD inflammatory bowel diseases

MLC myosin II regulatory light chain

MCLK myosin light chain kinase

TNF-α tissue necrosis factor-α

IFN-γ interferon-γ
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Figure 1. 
1,25(OH)2D3 counteracts the effects of TNF-α on paracellular permeability and MLCK 

activation. (A) Transepithelial resistance (TER) of monolayers formed by HCT-116, Caco-2 

and SW480 cells under different treatment as indicated. The cells were grown on transwells 

and treated or untreated with TNF-α±1,25(OH)2D3 for 12 hours. (B) Caco-2 monolayer 

immunostained with antibodies against ZO-1 or occludin as indicated. Magnification, 200x. 

(C) Western blot analyses of HCT116, Caco-2 and SW480 cells under different treatments 

as indicated. The blots were analyzed with a number of antibodies against short MLCK, 

long MLCK, phospho-MLC, MLC, claudin-2, occludin and β-actin as shown. TER, 

transepithelial resistance; 1,25-VD, 1,25(OH)2D3; Ctrl, control. ** P<0.01, *** P<0.001 vs. 

the rest.
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Figure 2. 
1,25(OH)2D3 regulation of MLCK activation and paracellular permeability is dependent on 

VDR. (A) Western blot analyses of HCT116 cells transfected with scramble or hVDR-

specific siRNA followed by various treatments as indicated. The blots were incubated with a 

number of antibodies as shown. (B) Transepithelial resistance (TER) of HCT116 

monolayers transfected with scramble or hVDR-specific siRNA under different treatments 

as indicated. *P<0.05; ** P<0.01 vs. corresponding Ctrl or 1,25-VD; # P<0.05 vs. 

corresponding scramble.
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Figure 3. 
1,25(OH)2D3 blocks MLCK activation by targeting NF-κB activation. (A) Western blot 

analyses of HCT-116 cells treated or untreated with TNF-α ± BAY 11-7082 as indicated. 

(B) Transepithelial resistance (TER) of HCT116 cell monolayers under different treatments 

as indicated for 6 hours. *** P<0.001 vs. the rest. (C) HCT116 cells were transfected with 

empty vector or IKKβ-expressing plasmid, followed by 1,25(OH)2D3 or vehicle treatment as 

indicated. Cell lysates were analyzed by Western blotting. (D) HCT116 cells were 

transfected with increasing amount of IKKβ and then treated with 1,25(OH)2D3 as shown. 

Cell lysates were analyzed by Western blotting. (E) Schematic illustration of human MLCK 

gene promoter containing three putative κB sites (κB-1, κB-2 and κB-3) at −136, −1451 and 

−1584 as indicated. The PCR primer locations were also indicated. (F) ChIP assays using 

anti-p65 antibodies for HCT116 cells pre-treated with 1,25(OH)2D3 or vehicle followed by 

4-hour TNF-α or saline treatment as indicated. The results for κB-1, κB-2 and κB-3 sites are 

shown. Similar results were seen for 10-hour treatment. **P<0.01 vs. the rest.
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Figure 4. 
Reduction in VDR expression is associated with MLCK pathway activation in colonic 

biopsies from in ulcerative colitis patients. (A) Western blot analyses of inflamed lesion 

biopsies and adjacent normal tissues from seven ulcerative colitis patients using antibodies 

as indicated. (B) Relative protein levels in the lesions compared to the normal tissues, 

determined by densitometric quantitation of protein bands on the blots. (C) MPO activity in 

the normal and lesion biopsies. *P<0.05; ** P<0.01; ***P<0.001 vs. normal; n=7. N, 

normal adjacent tissue; D, diseased tissue.
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Figure 5. 
Paricalcitol preserves mucosal barrier permeability, attenuates MLCK activation and 

ameliorates colitis in TNBS colitis model. (A) Mouse body weight changes in four treatment 

groups following TNBS instillation. *P<0.05, **P<0.01 vs. Ctrl and Paricalcitol; #P<0.05 

vs. TNBS+Pari; n=5 in each group. (B) H&E staining of distal colon sections in four 

treatment groups of mice on day 3. (C) MPO activity in mucosal lysates from four groups of 

mice on day 3. **P<0.01 vs. the rest; n=5 in each group. (D) Real time RT-PCR quantitation 

of mucosal pro-inflammatory cytokines and chemokines in the four groups of mice on day 3. 

*P<0.05; ** P<0.01 vs. the rest; #P<0.05 vs. TNBS; n=5 in each genotype. (E) 

Transepithelial resistance (TER) of colon mucosa from control mice and mice treated with 

paricalcitol, TNBS and TNBS+Paricalcitol on day 1. (F) Quantitation of paracellular FITC-

dextran passage across mucosal barrier in mice from the four treatment groups. ** P<0.01 

vs. the rest. (G and H) Western blot analyses (G) and densitometric quantitation (H) of 

colonic mucosal lysates from the four treatment groups. *P<0.05, **P<0.01, ***P<0.001 vs. 

the rest for the same protein; #P<0.05 vs. TNBS; n=3.
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Figure 6. 
Immunostaining of colon sections from control mice and mice treated with paricalcitol, 

TNBS and TNBS+Paricalcitol with antibody against NF-κB p65. The nuclei were stained 

with DAPI. Arrows indicate nuclei. Note that p65 is translocated in TNBS-treated 

colonocytes, and the p65 nuclear translocation is markedly attenuated by paricalcitol in 

colonocytes treated with TNBS+pariocalcitol.
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Figure 7. 
Epithelial hVDR deletion exacerbates MLCK activation and increases mucosal permeability 

in TNBS colitis model. (A) Paracellular FITC-dextran absorption across the barrier in the 

four groups of mice. **P<0.01 vs. two Ctrls; #P<0.05 vs. WT+TNBS. (B) Mucosal MPO 

activity. **P<0.01 vs. two Ctrls; #P<0.05 vs. WT+TNBS. (C) Western blot analyses of 

mucosal lysates in the four groups of mice on day 2. (D) Densitometric quantitation of 

Western blot data. *P<0.05, ** P<0.01; *** P<0.001 vs. two Ctrls; #P<0.05 vs. WT+TNBS; 

n=5 in each group.
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Figure 8. 
1,25(OH)2D3-VDR signaling protects the mucosal barrier. In early stage of colitis 

development, 1,25(OH)2D3-VDR signaling preserves tight junction barrier by down-

regulating long MLCK (this study). With colitis progress, 1,25(OH)2D3-VDR inhibits 

MLCK-independent epithelial cell apoptosis by down-regulating PUMA (see ref. 25). The 

mechanism of both regulatory pathways is the blockade of NF-κB activation. Conversely, 

TNF-α, via induction of miR-346, down-regulates epithelial VDR to attenuate its protective 

effects (see ref. 26).
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Table 1

Nucleotide sequences of primers used in the study

Primer name Forward (5’-3’) Revere (5’-3’)

hαB ChIP-1 GCTGCCTCTGCTGCAGTTCA ACACACAGCTCCCCTCTCTG

hαB ChIP-2 CAAAGTGTCCCTCAAAGTGTC TCACCCAGCCTCAGGTATTT

hαB ChIP-3 CTGCTGACACTTCCTGTCCA AGAGGGTGGAAACCCTGAGT

mTNF-α TCAGCCTCTTCTCATTCCTG CAGGCTTGTCACTCGAATTT

mIL-1β CAGGATGAGGACATGAGCACC CTCTGCAGACTCAAACTCCAC

mIL-6 ATAGTCCTTCCTACCCCAATTTCC CTGACCACAGTGAGGAATGTCCAC

mIFN-γ CGGCACAGTCATTGAAAGCCTA GTTGCTGATGGCCTGATTGTC

mIL-17 TCCCTCTGTGATCTGGGAAG AGCATCTTCTCGACCCTGAA

mIL-23p19 AATAATGTGCCCCGTATCCA CATGGGGCTATCAGGGAGTA

mMCP-1 CAAGAAGGAATGGGTCCAGA TGAGGTGGTTGTGGAAAAGG

mGAPDH TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGA
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