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Abstract

We have used mouse embryonic fibroblasts (MEFs) derived from VDR(+/-) and VDR(-/-) mice to
determine whether the nuclear vitamin D receptor (VDR) is directly involved in the regulation of
NF-«B activation. We found that the basal IxBa protein level was markedly decreased in VDR(-/-)
MEFs compared to VDR(+/-) MEFs; however, degradation of IkBa and its phosphorylation were
not altered in VDR(-/-) cells, neither were the levels of IKKa and IKKP proteins. Consistently, p65
nuclear translocation was increased in unstimulated VDR(-/-) cells. The physical interaction between
VDR and p65 was absent in VDR(-/-) MEFs, which may free p65 and increase its activity.
Consequently, these alterations combined led to a marked increase in NF-xB transcriptional activity.
Consistently, induction of IL-6 by TNFa or IL-1p was much more robust in VDR(-/-) than in VDR
(+/-) cells, indicating that VDR(-/-) cells are more susceptible to inflammatory stimulation.
Therefore, fibroblasts lacking VDR appear to be more pro-inflammatory due to the intrinsic high
NF-«B activity. The reduction of IxBa in VDR(-/-) MEFs may be partially explained by the lack of
VDR-mediated stabilization of IxBa by 1,25(0OH),Ds3. These data suggest that VDR plays an
inhibitory role in the regulation of NF-«xB activation.
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Introduction

Nuclear factor-kB (NF-kB) is a family of transcription factors that play an essential role in
innate and adaptive immune responses [1]. The NF-kB transcription factors are homo- or
heterodimers formed by five proteins including NF-xB1 (p105/p50), NF-xB2 (p100/p52),
RelA (p65), RelB and c-Rel. Different NF-kB dimers bind to specific DNA sequence in gene
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promoters to regulate transcription of a wide range of genes, including those involved in
immune and inflammatory responses. NF-«B is active in the nucleus and its activity is inhibited
by the inhibitor of kB (I1xB), which binds to NF-«xB to block its nuclear translocation.
Phosphorylation of 1kB by IxB kinase (IKK) initiates the ubiquitylation and degradation of
IxB by proteasome, leading to nuclear translocation and activation of NF-xB [1,2]. The IKK
complex is activated by growth factors, pro-inflammatory cytokines and hormones through
TNF receptor and Toll-like receptor superfamily [1].

Previous works have suggested that 1,25(0OH),D3 directly modulates NF-xB activity. In
dendritic cells, 1,25(0OH),D3 inhibits IL-12 expression through targeting the NF-xB pathway
[3]; 1,25(OH),D3 directly suppresses RelB transcription [4]. In activated lymphocytes, 1,25
(OH),D3 suppresses the increase in NF-xB p50 and c-rel proteins [5]. 1,25(0OH),D3 has also
been shown to decrease the DNA binding capacity of NF-xB in human fibroblasts and
keratinocytes [6,7]. In pancreatic islet cells, a vitamin D analog is reported to significantly
down-regulate pro-inflammatory chemokine, which is associated with up-regulation of IxBo.
transcription and arrest of NF-xB p65 nuclear translocation [8]. However, it remains to be
determined whether VDR is directly involved in the regulation of the NF-xB pathway.

In the present study we investigated the effect of VDR ablation on NF-kB activation using
mouse embryonic fibroblasts (MEFs) derived from VDR-null mice. We found that cells lacking
the VDR exhibit increased NF-«B activity due to the reduction in lkBa levels and the lack of
VDR-p65 interaction. Our data suggest that VDR is directly involved in suppression of NF-
kB activation, which may partially explain the VDR-mediated anti-inflammatory mechanism
of vitamin D.

Materials and Methods

Embryonic fibroblast isolation and culture

Mouse embryonic fibroblasts (MEFs) were isolated from E13.5 embryos generated from VDR
(+/-) x VDR(+/-) mouse breeding [9]. The cells were cultured in DMEM containing 10% FBS.
Cells from each embryo were genotyped by PCR. VDR(+/-) and VDR(-/-) MEFs were used
in experiments after more than 15 passages when they had been immortalized as shown
previously [10].

Northern and Western Blot

Northern blot and Western blot analyses were performed as described previously [11].

Immunofluorescence analysis

MEFs were cultured in the presence or absence of Salmonella or TNFa for one hour. The
permeabilized cells were incubated with anti-p65 antibody, followed by incubation with
Alexafluor594 secondary antibodies, Alexafluor488 FITC-conjugated secondary antibodies or
DAPI. The cells were examined with a Leica DMIRE2 scanning laser confocal microscope.

Luciferase reporter assay

MEFs were transfected with pNF-kB-Luc, pRL-TK (control) and pcDNA3.1 or pcDNA-hVDR
using LipofectAMINE 2000 (Invitrogen). Luciferase activity was determined using Dual
Luciferase Assay Kit (Promega).
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NF-kB p65 DNA binding activity

IL-6 assay

Results

NF-«B activation was determined using TransAM NF-«xB p65 Transcription Factor Assay Kit
(Active Motif), which specifically measures the amount of NF-xB p65 bound to its consensus
binding site (5’GGGACTTTCC3’) with ELISA.

The level of IL-6 was determined using mouse 1L-6 Enzyme Immunometric Assay (EIA) kit
(Assay Designs).

To investigate the effect of VDR inactivation on NF-«kB activation, the protein level of the
major components of the NF-xB pathway in VDR(+/-) and VDR(-/-) MEFs was compared.
We found that VDR ablation led to a marked reduction of IxBa protein (by more than 50%)
in VDR(-/-) cells (Fig. 1A).However, 1kBa degradation induced by TNFa treatment or
Salmonella infection followed a similar time-course pattern in VDR(+/-) and VDR(-/-) MEFs,
so is the pattern of 1kBa phosphorylation following TNFa treatment. The same levels of
IKKa and IKKp were seen in VDR(+/-) and VDR(-/-) MEFs under unstimulated or TNFa-
treated condition. Therefore, despite the reduction, the pathway involved in IkBa degradation
appears unaltered in VDR(-/-) cells.

By confocal microscopy we found that, due to the reduced level of IxBa, more NF-xB p65 was
translocated into the nucleus in VDR(-/-) cells than in VDR(+/-) cells in unstimulated state
(Fig. 1B), and this immunostaining observation was confirmed by Western blot analysis of
p65 levels in the cytosolic and nuclear compartments of VDR(+/-) and VDR(-/-) MEFs.
Consistently, the basal p65 DNA binding activity and NF-xB transcriptional activity were
significantly increased in VDR(-/-) cells; when the cells were stimulated with TNFa or
Salmonella, the induction of both p65 DNA binding and NF-«B activity was much greater in
VDR(-/-) cells than in VDR(+/-) cells.

By co-immunoprecipitation assays we were able to pull down p65 protein in VDR(+/-) MEFs,
but not in VDR(-/-) cells, using anti-VDR antibody (Fig. 1C), confirming the existence of
VDR-p65 interaction in mouse fibroblasts. Interestingly, the basal NF-kB transcriptional
activity was markedly increased in VDR(-/-) cells, and transfection of hVDR significantly
reduced NF-«kB activity in both VDR(+/-) and VDR(-/-) cells (Fig. 1D), suggesting VDR-p65
interaction affects NF-kB transcriptional activity. Therefore, it appears that increased nuclear
accumulation of p65 and lack of VDR binding to p65 in the nucleus lead to higher NF-xB
activity in VDR(-/-) cells.

Since NF-«B is a key regulator involved in the synthesis of inflammatory cytokines, we
measured the production of IL-6, a well-known NF-«B target gene, as a read-out of the
downstream biological effect of NF-kB. In the basal state, IL-6 secretion by VDR(+/-) cells
was undetectable, but it was easily detected in VDR(-/-) cells; under the stimulation of
TNFa or Salmonella, the secretion of IL-6 was much more robust in VDR(-/-) cells than in
VDR(+/-) cells (Fig. 2A). Similarly, Northern blot analyses showed that IL-6 mMRNA
expression induced by TNFa or IL-13 was more robust in VDR(-/-) cells than in VDR(+/-)
cells (Fig. 2B and C ), confirming that VDR(-/-) cells are more susceptible to inflammatory
stimuli.

The increase in NF-kB activity in VDR(-/-) cells is attributed in part to the reduction in

IxBa. To explain the IxBa reduction in VDR(-/-) MEFs, we determined the effect of vitamin
D on IxBa. We found that 1,25(0OH),D3 was able to inhibit IkBa protein degradation induced
by TNFa or IL-1pB treatment in VDER(+/-) MEFs, but not in VDR(-/-) cells, and the inhibition
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was apparent at a dose as low as 10719 M of 1,25(0OH),Ds. Therefore, VDR is required for
vitamin D-mediated stabilization of lkxBa protein in MEFs.

Discussion

In the present study we set to address the role of VDR in NF-kB activation by examining the
effect of VDR inactivation on the NF-xB pathway. Our data suggest that VDR is directly
involved in the regulation of NF-xB activation. VDR(-/-) cells exhibit reduced IxBa levels,
leading to increased nuclear translocation of p65, which is consistent with a previous
observation that a vitamin D analog can block p65 nuclear translocation [8]; on the other the
hand, because of the lack of VDR, the physical interaction between VDR and p65 is absent in
VDR(-/-) cells, which may free p65 and increase its activity. Consequently, these changes
combined lead to a marked increase in NF-xB activity in VDR(-/-) cells. Therefore, VDR
appears to regulate the NF-kB activation pathway by targeting lxBa and p65, thus cells lacking
VDR appear to be more susceptible to inflammatory stimuli. It will be interesting to further
investigate the inflammatory status of VDR-null mice.

How VDR regulates IkxBa remains unclear. In VDR(-/-) cells, the levels of IKKa and IKKf(
and IkBo degradation appears normal, suggesting that the events involved in IxBa
phosphorylation and the following proteasome-mediated IxBa degradation are unaltered in the
absence of VDR. Since VDR is not involved in these events, the reduction of IkBa is unlikely
due to altered IKK protein levels or impaired proteasome-mediated degradation; however,
whether VDR inactivation alters IKK phosphorylation or IKK activity remains to be
determined. Since 1,25(0OH),D3 can prevent or at least reduce the degradation of kB protein,
and the inhibition of IkBa degradation is dependent on VDR, liganded VDR may help stabilize
IxBa. This may partially explain why VDR ablation leads to a decrease in IxBa levels, but
exactly how VDR affects IkBa stability needs to be further investigated.

The exact functional significance of VDR-p65 protein interaction remains to be determined.
We speculate that the elevated basal NF-«B activity in VDR(-/-) cells results not only from the
reduction in IkBa, which increases the nuclear accumulation of p65, but also from the
disruption of the VDR-p65 interaction, which releases the restraint on p65 and thus increases
its activity. In other words, under normal conditions VDR-p65 interaction helps suppress p65
activity. This speculation seems to be supported by the co-transfection experiment that shows
a reduction of NF-kB transcriptional activity in the presence of hVDR over-expression.

The direct involvement of VDR in the regulation of NF-xB activation suggests an intrinsic
inhibitory role of VDR in inflammation process, and this inhibitory action may likely be
enhanced in the presence of vitamin D ligands. Given the crucial role of NF-xB in inflammatory
response, and the therapeutic and pharmacologic potentials of vitamin D and vitamin D analogs
in treatment of autoimmune and inflammatory diseases, understanding the relationship and
interaction between vitamin D, VDR and NF-«xB pathway has broad implications.
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Figure 1. Comparison of NF-kB pathway between VDR(+/-) and VDR(-/-) MEFs

(A) Basal levels of 1kBa protein in VDR(+/-) and VDR(-/-) cells determined by Western
blotting. Also shown is the VDR levels determined using anti-VDR antibody. (B) Confocal
microscopy showing increased p65 nuclear translocation in VDR(-/-) cells. VDR(+/-) and VDR
(-/-) MEFs were stained with 4-diamidino-2-phenylindole (DAPI) to visualize the nucleus (a
and c) or with anti-p65 antibody (b and d). (C) Protein-protein interaction between VDR and
p65. VDR(+/-) and VDR(-/-) cell lysates were immunoprecipitated with anti-VDR antibody
(IP), and then the precipitated complex was probed with anti-p65 antibody by Western blotting
(WB). (D) Suppression of NF-«B transcriptional activity by h\VDR over-expression. VDR(+/-)
and VDR(-/-) MEFs were co-transfected with pNF-kB-Luc reporter, pRL-TK and pcDNA3.1
or pcDNA-hVDR, and luciferase activity was determined after 24 hours. *, P<0.05 vs. VDR
(+/-) cells; **P<0.05 vs. corresponding pcDNA control.
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Figure 2. IL-6 synthesis in MEFs

(A) IL-6 secretion. VDR(+/-) and VDR(-/-) MEFs were untreated (C) or treated with TNFa
(20 ng/ml) or Salmonella (WT-SL) for one hour, and incubated in media containing Gentamicin
for 4 or 24 hours. IL-6 secretion into the media was determined using a mouse IL-6 EIA Kit.
Note the basal IL-6 production in unstimulated VDR(+/-) cells was below the detectable limit.
*P<0.05, **P<0.001 vs. corresponding VDR(+/-) value. (B and C) IL-6 mRNA expression.
(B) VDR(+/-) and VDR(-/-) MEFs were untreated (C) or treated with 5 ng/ml (upper panel)
or 20 ng/ml (lower panel) TNFa (T) for 6 hours. (C) VDR(+/-) and VDR(-/-) MEFs were
untreated (C) or treated with 1 ng/ml IL-1p (T) for 6 hours. IL-6 mRNA levels were determined
by Northern blotting. 36B4 is the internal loading control.
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