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The active form of vitamin D, 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), mediates its immunomodulatory effects by binding to the vitamin D receptor (VDR). Here, we describe a new point mutation in the DNA-binding domain of the VDR and its consequences for 1,25(OH)2D3 signaling in T cells from heterozygous and homozygous carriers of the mutation. The mutation did not affect the overall structure or the ability of the VDR to bind 1,25(OH)2D3 and the retinoid X receptor. However, the subcellular localization of the VDR was strongly affected and the transcriptional activity was abolished by the mutation. In heterozygous carriers of the mutation, 1,25(OH)2D3-induced gene regulation was reduced by ~ 50% indicating that the expression level of wild-type VDR determines 1,25(OH)2D3 responsiveness in T cells. We show that vitamin D-mediated suppression of vitamin A-induced gene regulation depends on an intact ability of the VDR to bind DNA. Furthermore, we demonstrate that vitamin A inhibits 1,25(OH)2D3-induced translocation of the VDR to the nucleus and 1,25(OH)2D3-induced up-regulation of CYP24A1. Taken together, this study unravels novel aspects of vitamin D signaling and function of the VDR in human T cells.
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Introduction

Both vitamin D and vitamin A have fundamental effect on immune responses (1–4). The active forms of the vitamins, 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) and retinoic acid (RA), act by binding to the vitamin D receptor (VDR) and retinoic acid receptor (RAR), respectively. VDR and RAR belong to the nuclear receptor family class II. They consist of several functional domains, which include a ligand- and a DNA-binding domain (DBD), and they share wide sequence homology (5, 6). After binding of the active vitamins, both receptors bind the retinoic X receptor (RXR) to form VDR-RXR and RAR-RXR heterodimers, respectively. The heterodimers accumulate in the cell nucleus, where they regulate gene transcription by binding to specific DNA sequences called vitamin D response elements (VDRE) and RA response elements (RARE). Transcriptional regulation can be either negative or positive depending on the specific VDRE and RARE sequences and the recruitment of co-activators or co-repressors (7, 8). It has been suggested that 1,25(OH)2D3 and RA might antagonize the effects of each other by inducing a competition between VDR and RAR for binding to RXR (9, 10). Furthermore, it has been suggested that VDR-RXR dimers can bind RARE and thereby inhibit RA-induced gene regulation (11–13). Accordingly, it has been reported that 1,25(OH)2D3 inhibits RA-induced up-regulation of the gut-homing receptors integrin α4β7 and CC chemokine receptor (CCR) 9 in T cells (14). The mechanisms behind the interplay between vitamin D and A signaling in T cells are unknown and still need to be determined.

Hereditary vitamin D resistant rickets (HVDRR) is a very rare autosomal, recessive disease caused by mutations in the VDR (9, 15, 16). HVDRR is characterized by early-onset rickets, normal serum levels of 25(OH)D3 and increased levels of 1,25(OH)2D3 often associated with hypocalcemia, secondary hyperparathyroidism, elevated alkaline phosphatase and variable hypophosphatemia (9, 15, 16). Cells from HVDRR patients with mutations in the DBD of the VDR are unresponsive to 1,25(OH)2D3 and they therefore constitute a unique possibility to study the consequences of abolished 1,25(OH)2D3 signaling in T cell responses. In addition, studies of heterozygous carriers of a mutated VDR might further contribute to the knowledge of the immunomodulatory role of the VDR and vitamin D signaling in T cells.

In the present study, we describe a family with a new point mutation in the DBD of the VDR resulting in HVDRR. We characterize the mutation and how it affects the subcellular localization and function of the VDR in human T cells.



Material and Methods


Case Report and Test Subjects

The patient was born in 1992 in Iraq to consanguineous (first cousins) parents as their fifth child. Her four elder siblings and the parents were apparently healthy, whereas the patient developed rickets and alopecia within the first year after her birth. Two cousins of the patient had similar symptoms as the patient. Test results from her time in Iraq are not available, but according to her parents, the patient was successfully treated orally with 1-α-hydroxycholecalciferol (alfacalcidol), calcium and fish oil, although the alopecia persisted. The treatment was terminated when she was three years old. In 1998, the family moved to Denmark, and in 1999, the patient was referred to hospital due to muscle and bone pains, short stature and alopecia. At the physical examination, the patient appeared normal except for alopecia and short stature with a height and weight below the 3% percentile (Supplementary Figure 1). No swelling of the epiphysis or costochondral junctions or obvious bending of the bones of the arms and legs was seen. She had normal serum levels of calcium, phosphate, alkaline phosphatase and parathyroid hormone. However, at several measurements, the level of serum 1,25(OH)2D was highly elevated between 320 - 388 pM (normal range 51 – 177 pM). The levels of 24,25(OH)2D were low in the normal range between 0.51 – 0.81 nM (normal range 0.37 – 13.4 nM) and the levels of 25(OH)D normal between 39 – 60 nM (normal range 26 – 150 nM). Radiological bone examination of her left hand when she was 7 years and 3 months old showed a bone age of 5 years and 9 months. Based on her case history, the high levels of serum 1,25(OH)2D and the delayed bone age it was concluded that the patient suffered from HVDRR, and treatment with calcium in the form of a minimum of 500 ml milk equal to 600 mg calcium per day and calcitriol (rocaltrol) 0.5 µg twice daily was initiated. The following years, she was regularly seen in the outpatient clinic. She often complained of bone pains in the arms and legs but otherwise she was doing well, and she partially catched up for her low stature, body weight and delayed bone age (Supplementary Figure 1). The serum levels of 1,25(OH)2D were permanently elevated but she kept on having normal serum levels of calcium, phosphate, alkaline phosphatase and parathyroid hormone. At the time of inclusion in the study, the patient was 27 years old, her heterozygous siblings between 31 and 37 years old, her parents 63 and 65 years old, and the control group (5 women and 8 men) between 20 and 62 years old. The study was approved by The Committees of Biomedical Research Ethics for the Capital Region in Denmark (H-170409222). Written consent were obtained from all test subjects in accordance with the Declarations of Helsinki principles for research involving human subjects.



CD4+ T Cell Purification and Activation

Mononuclear cells from donor blood were isolated by Lymphoprep (Axis Shield from Oslo, Norway) density gradient centrifugation by using SepMate™ tubes (85450, Stemcell Technologies, Canada). Naïve CD4+ T cells were isolated from the mononuclear cell fraction by using EasySep Human Naïve CD4+ T cell Enrichment Kit (19155, Stemcell Technologies) according to the manufacturer’s directions. Purified naive CD4+ T cells were cultured at a concentration of 1 x 106 cells/ml in serum-free X-VIVO 15 medium (BE02-060F, Lonza, Verviers, Belgium) for 72 h in flat-bottomed 24-well tissue culture plates (142475, Nunc). For activation of naive CD4+ T cells, Dynabeads Human T-Activator CD3/CD28 beads (111.31D, Life Technologies, Norway, Oslo) were added to the cell cultures in a ratio of 2 beads per 5 cells. Furthermore, for some experiments, the culture medium was supplemented with 25(OH)D3, 1,25(OH)2D3 or RA.



Chemicals and Antibodies

25(OH)D3 (BML-DM-100-0001) and 1,25(OH)2D3 (BML-DM200-0050) were from Enzo Life Sciences, Inc., Ann Arbor, MI. Stock solutions of 2.5 mM 25(OH)D3 and 2.4 mM 1,25(OH)2D3 were prepared in anhydrous (>99.5%) ethanol. 1,25(OH)2D3 concentrations in cell culture supernatants were measured by using the 1,25-Dihydroxy Vitamin D EIA kit (AC-62F1, IDS, Tyne and Wear, UK) according to the instruction of the manufacturer. The RA 9-cis-retinoic acid (R4643) was from Sigma-Aldrich. Stock solutions of 3.325 mM RA were prepared in anhydrous (<99.5%) ethanol. Primary antibodies used in Western blotting analyses included anti-VDR (D-6, Santa Cruz Biotechnology) and anti-GAPDH from (Ab9485, Abcam, Cambridge, MA).



In Silico Analysis

In order to analyze possible effects of the R80W mutation on the native structure of the VDR, we performed in silico analysis. The crystal structure of VDR bound to a DNA VDRE sequence was obtained from the protein data bank PDB entry 1KB2 (https://www.rcsb.org/structure/1KB2) and analyzed using MODELLER (17).



Genetic Analysis

PCR amplification of the open reading frame of the VDR mRNA using primers; 5’-ATGGAGGCAATGGCGGC (forward) and 5’-TCATGGCTGAGGTCTCAAGG (reverse) was performed on random hexamer generated cDNA using SuperScript III (ThermoFisher Scientific) from 10 ng whole cell RNA isolated from T cells. Sequencing of the PCR products, using the same primers as above, revealed a single nucleotide substitution at position 238 (C238T) in the open reading frame of the VDR mRNA compared to the control and reference sequence (hg38). The mutation was confirmed on genomic DNA from T cells isolated from blood. 1 x 106 cells were lysed in 100 µl nuclease-free H2O for 10 min on ice, adjusted to proteinase K buffer (10 mM Tris-HCL and 0.5 mM EDTA, pH 8.0) and treated with 2 µl of 20 mg/ml Proteinase K solution (ThermoFisher Scientific) for 60 min at 55°C. Subsequently, genomic DNA was extracted using 1 vol of PCI, pH 8.0 followed by 1 vol of chloroform and ethanol precipitated in the presence of 300 mM KAc and 15 µg glycogen. Exon 3 containing the mutation was amplified by PCR and sequenced using primers; 5’-GGCAGGCGAAGCATGAAGC (forward) and 5’-TCACACTCCTTCATCATGCCG (reverse). All family members and controls were genotyped as described above.



RT-qPCR

mRNA levels for various targets were measured by RT-qPCR. Following cell isolation, cells were lysed in TRI reagent (T9424, Sigma Aldrich) and mixed with phase separation reagent 1-bromo-3-chloropropane (B9673, Sigma Aldrich). The RNA phase was isolated and mixed with isopropanol supplemented with glycogen for RNA precipitation (10814-010, Invitrogen). The RNA pellet was then washed in RNase free 75% ethanol 3 times. cDNA was synthesized from quantified RNA using High-Capacity RNA-to-cDNA™ Kit (4387406, Applied Biosystems) according to manufacturer’s instructions. For RT-qPCR, 12.5 ng cDNA was mixed with TaqMan® Universal Master Mix II with Uracil-N glycosylase and the target primers. We used the following primers from Applied Biosystems: VDR (Hs01045840_m1), CYP24A1 (Hs00167999_m1), CYP27B1 (Hs01096154_m1), GAPDH (Hs02786624_g1), CD38 (Hs1120071_m1), α4 (ITGA4, Hs00168433_m1) and β7 (ITGB7, Hs01565750_m1) and CCR9 (Hs01890924_s1). The plate-based detection instrument LightCycler ® 480 II from Roche was used for real-time PCR amplification.



RNA-Sequencing Analysis

RNA was isolated as described above. Total RNA sequencing libraries (Ribominus) was constructed and sequenced on an Illumina HiSeq2500. RNA-seq reads was pseudo-aligned to the human transcriptome (GRCh38, rel96) using kallisto (v0.46.2) (18). Estimated counts were length corrected, and regularized log2 values were calculated using the tximport (v1.14) and DESeq2 (v1.22) R packages, respectively, and mitochondrial genes were filtered out. Genes that were at least 1.5-fold different between CD4+ T cells activated in the presence or absence of 25(OH)2D3 were considered differentially regulated.



Western Blotting Analysis

For Western blotting analysis, cells were lysed in lysis buffer (50 mM Tris base, pH 7.5, 150 mM NaCl and 1 mM Mg2Cl) supplemented with 1% (vol/vol) Triton X-100, 1 x Protease/phosphatase inhibition cocktail (5872S, Cell Signaling Technologies) and separated by electrophoresis through NuPAGE™ 10% BisTris gels (NP0302BOX or NP0301BOX, Life Technologies). For specific detection of proteins in the cytosol and the nucleus, reagents from the NE-PER Nuclear and Cytoplasmic Extraction Reagent kit (78833, Thermo Fisher Scientific) were used according to the manufacturer’s instructions with few modifications as previously described (19, 20). Presence and absence of GAPDH was used as marker for the cytosolic and the nuclear fractions, respectively. Proteins were transferred to nitrocellulose membranes (LC2001, Life Technologies) and visualized with primary antibodies and HRP-conjugated rabbit anti-mouse Ig (P0260, DAKO) or HRP-conjugated swine anti-rabbit Ig (P0399, DAKO) with ECL luminescence reagent (RPN2232, Sigma Aldrich) on a ChemiDocTM MP Imaging System (Bio Rad) and subsequently analyzed using the software ImageLab.



ELISA

Cytokine concentrations were determined by ELISA using Ready-Set-Go kits (IL-13, 88-7439-22; IFN-γ, 88-7316-88) according to the manufacturer’s instruction as previously described (21).



Quantification and Statistical Analysis

Quantification of bands from Western blotting analysis was performed using the programs ImageLab (BioRad) and Fiji. Statistical analysis and graphical representation of all data was performed using Prism 7 (GraphPad Soft-ware) and Adobe Illustrator CS6 (Adobe Systems Incorporated). Mann Whitney U tests were used when comparing responses in control cells with responses in mutated cells. Paired Student’s t-tests were used when comparing responses in the same group of cells treated in two different ways. p < 0.05 was considered statistically significant. Data are represented as mean values with one standard deviation (SD) as indicated in each figure legend. The number of donors (n) in each experiment is indicated in the figure legends.




Results


The R80W Mutation Abolishes the Transcriptional Activity Without Affecting the Structure or Expression of VDRR80W

To identify the mutation in the VDR of the HVDRR patient, we sequenced the VDR gene and discovered a cytosine to thymine mutation at position 238 (C238T) (Figure 1A and Supplementary Figure 2A). This is a previously undescribed missense mutation located in exon 3 of the VDR gene that causes exchange of arginine (R) to tryptophan (W) at position 80 (R80W) in the second zinc-finger of the DBD (Figure 1A). R80 and the amino acids surrounding it are extremely conserved through evolution (Figure 1A) (16). We subsequently sequenced the family members and found that the parents and three of the siblings were heterozygous (VDRWT/R80W) carriers of the mutation and one sibling was homozygote for the wild-type VDR (VDRWT) (Figure 1B and Supplementary Figure 2A).




Figure 1 | The R80W mutation abolishes the transcriptional activity without affecting the structure or expression of VDRR80W (A) Localization of the C238T mutation to exon 3 in the VDR gene resulting in the R80W in the C-terminal part of the second zinc finger in the DBD of the VDR. The amino acids surrounding the R80 in the VDR from different species with the R80W at the bottom. (B) Family tree where circles represent females, squares represent males, homozygous VDRR80W marked as filled black, heterozygous VDRWT/R80W marked as filled black and white, and homozygous VDRWT marked as filled white. (C, D) In silico structure of the zinc fingers of the VDR interacting with DNA. (C) VDRWT with the R80 in red and with the hydrogen bonds between R80 and the DNA backbone indicated as blue lines. (D) The same region of VDRR80W with the W80 in blue. (E) VDR mRNA, (F) VDR protein and (G) CYP24A1 mRNA in VDRWT (black circles) and VDRR80W (white squares) CD4+ T cells activated in the presence of the indicated concentration of 25(OH)D3. (E–G) The expression levels are given as fold change normalized to the average expression level of VDRWT in control cells activated in the absence of 25(OH)D3. (E) Mean ± SD (VDRWT n = 6; VDRR80W n = 1). (F) Relative VDR protein expression as determined by the density of the VDR bands from Western blotting analysis of VDRWT and VDRR80W. The upper panel gives the density of VDRR80W (white squares) normalized to the average density of VDRWT (black circles) from control cells. The lower panel shows one representative Western blotting analysis out of five independent experiments of VDR and GAPDH (loading control) from three controls and the patient. Mean + SD (VDRWT n = 13; VDRR80W n = 1 repeated 5 times). (G) Mean ± SD (VDRWT n = 3; VDRR80W n = 1). n.s. means not significant.



In order to investigate possible structural implications of the VDRR80W mutation, we next performed in silico analysis. As previously shown (22), we found that R80 directly forms hydrogen bonds with the backbone of the DNA in DNA-VDRWT complexes (Figure 1C). However, these hydrogen bonds were no longer present in DNA-VDRR80W complexes (Figure 1D). The R80W mutation did not appear to disturb the native structure of the VDR as most W80 rotamers were allowed without affecting the local structure of the VDR (Supplementary Figure 2B). Thus, the in silico analysis indicated that the mutation did not affect the structural integrity or physicochemical properties of VDRR80W besides the interaction with DNA.

Normally, human T cells strongly up-regulate VDR expression following activation (20, 23). To determine whether the VDRR80W mutation affected VDR expression, we activated CD4+ T cells from the patient and controls in the presence of 0 – 900 nM 25(OH)D3 and measured VDR mRNA expression by RT-qPCR. We found equal amounts of VDR mRNA in T cells from the patient and controls indicating that the VDRR80W mutation did not affect VDR transcription (Figure 1E). The presence of 25(OH)D3 did not affect VDR transcription in neither the controls nor the patient. We next determined the expression of the VDRWT and VDRR80W at the protein level by Western blotting analyses of lysates obtained from activated CD4+ T cells from the patient and controls. Activated T cells from the patient clearly expressed the mutated VDRR80W, although we consistently found a slightly, but not significantly, reduced expression level of VDRR80W compared to VDRWT (Figure 1F).

The vitamin D 24-hydroxylase CYP24A1 is one of the most strongly vitamin D-induced genes in cells expressing the VDR (7). To study the transcriptional activity of the mutated VDRR80W, we measured CYP24A1 mRNA expression in activated CD4+ T cells from the patient and controls by RT-qPCR. As expected, CYP24A1 was strongly up-regulated in control cells activated in the presence of 25(OH)D3 (Figure 1G). In contrast, cells from the patient were unaffected by 25(OH)D3 and did not up-regulate CYP24A1 even at the highest concentration of 25(OH)D3 tested (Figure 1G).

To determine whether the impaired transcriptional activity of the VDRR80W affected a wider set of genes, we measured mRNA expression in CD4+ T cells from the patient and controls activated in the absence and presence of 25(OH)D3 by RNA-seq. We identified 732 and 773 genes up- and down-regulated at least 1.5 fold by vitamin D in T cells from the control subjects, respectively. We found that approximately 95% these genes was un-affected by vitamin D in the HVDRR patient (Figures 2A–D and Supplementary list of vitamin D-regulated genes). Thus, the mutated VDR had lost its transcriptional activity for the vast majority of genes supporting that the ability of VDRR80W to bind DNA was strongly affected.




Figure 2 | The R80W mutation abolishes normal 1,25(OH)2D3-mediated gene up- and down-regulation Regularized log2 normalized gene expression in (A) VDRWT and (B) VDRR80W CD4+ T cells activated in the presence or absence of 25(OH)D3. The red and blue lines indicate the 1.5-fold threshold for up- and down-regulated genes, respectively. Genes that are at least 1.5-fold up- or down-regulated by 25(OH)D3 are colored red or blue, respectively, and the number of genes up- or down-regulated by 25(OH)D3 is indicated in the respective corners. Heatmap of genes up- (C) and down-regulated (D) by 25(OH)D3 in VDRWT CD4+ T cells. Selected genes are indicated to the right of the heatmaps. (E) CYB27B1 mRNA and (F) 1,25(OH)2D3 production in VDRWT (black circles) and VDRR80W (white squares) CD4+ T cells activated in the presence of the indicated concentration of 25(OH)D3. (E) The expression levels are given as fold change normalized to the average expression level of VDRWT in control cells activated in the absence of 25(OH)D3. Mean ± SD (VDRWT n = 6; VDRR80W n = 1). (F) Mean ± SD (VDRWT n = 6; VDRR80W n = 1).



To rule out that the missing response to 25(OH)D3 was caused by a defect in expression of the 25(OH)D-1-α hydroxylase CYP27B1 in the cells of the patient, we concomitantly measured CYP27B1 mRNA expression in the activated T cells and production of 1,25(OH)2D3 in the cell culture supernatants. We found that T cells from the patient and controls expressed similar levels of CYP27B1, and that the expression was not affected by 25(OH)D3 (Figure 2E). In line with this, equal amounts of 1,25(OH)2D3 were produced by T cells from the patient and the controls (Figure 2F).



The R80W Mutation Does Not Affect Binding to 1,25(OH)2D3 and RXR but Significantly Affects the Subcellular Localization of VDRR80W

Previous studies have shown that binding of 1,25(OH)2D3 up-regulates the VDR by protecting it from proteasomal degradation in human T cells and keratinocytes (20, 24). To determine whether binding of 1,25(OH)2D3 was compromised in VDRR80W, we determined the efficiency of 1,25(OH)2D3 to up-regulate the VDR. We activated naïve CD4+ T cells from the patient and controls in the absence or presence of 10 nM 1,25(OH)2D3 and determined the amount of VDR by Western blotting analysis. As previously shown, 1,25(OH)2D3 stabilized the VDR leading to a 2-3 fold up-regulation of the VDR in control cells. We found a similar 1,25(OH)2D3-induced VDR stabilization and up-regulation in the cells of the patient indicating that binding of 1,25(OH)2D3 was intact in VDRR80W (Figure 3A).




Figure 3 | The R80W mutation does not affect binding to 1,25(OH)2D3 and RXR but significantly affects the subcellular localization of VDRR80W (A) Relative VDR protein expression as determined by the density of the VDR bands from Western blotting analysis of VDRWT and VDRR80W CD4+ T cells activated in the absence (-) or presence (+) of 1,25(OH)2D3 (10 nM). The upper panel gives the density of VDRWT (black circles) and VDRR80W (white squares) normalized to the average density of the VDRWT bands from control cells activated in the absence of 1,25(OH)2D3. The lower panel shows one representative Western blotting analysis out of five independent experiments of VDR and GAPDH (loading control) from control and patient cells. Mean ± SD (VDRWT n = 13; VDRR80W n = 1 repeated 5 times; *p < 0.05). (B–D) Subcellular localization of VDRWT and VDRR80W in CD4+ T cells activated in (B) the absence (-) or presence (+) of 1,25(OH)2D3 (10 nM) and in (C, D) the absence (-) or presence (+) of RA (1 µM) and 1,25(OH)2D3 (10 nM). The upper panels show the fraction of VDR located to the nucleus and the cytosol in grey and black columns, respectively, as determined by the density of the VDR bands from the Western blots. The lower panels show one representative Western blotting analysis of VDR and GAPDH (loading control) from the cytosolic (C) and nuclear (N) fraction of CD4+ T cells activated in the absence (-) or presence (+) of 1,25(OH)2D3 and RA as indicated. (B) Mean ± SD (VDRWT n = 14; VDRR80W n = 1 repeated 5 times; *p < 0.05). (C, D) Mean ± SD (VDRWT n = 8; VDRR80W n = 1 repeated 3 times; *p < 0.05). (E) Relative mRNA expression of CYP24A1 in VDRWT (black circles) and VDRR80W (white squares) CD4+ T cells activated in the absence (-) or presence (+) of RA (1 µM) and 1,25(OH)2D3 (10 nM). The expression levels are given as fold change normalized to the average expression level of CYP24A1 in control cells activated in the absence of RA and 1,25(OH)2D3. Mean ± SD (VDRWT n = 6; VDRR80W n = 1 repeated twice; *p < 0.05).



It was previously demonstrated that the VDR is distributed to both the cytosol and the nucleus in the absence of 1,25(OH)2D3, and that binding of 1,25(OH)2D3 shifts the localization of the VDR in favor of the nucleus (20, 25). To determine whether 1,25(OH)2D3 induced a shift in the subcellular localization of VDRR80W, we activated CD4+ T cells from the patient and controls in the absence or presence of 10 nM 1,25(OH)2D3 and determined the fraction of VDR located to the cytosol and the nucleus by Western blotting analysis. Whereas the majority of VDRWT localized to the nucleus in T cell activated in the absence of 1,25(OH)2D3, the vast majority of VDRR80W localized to the cytoplasm (Figure 3B). However, as for VDRWT, 1,25(OH)2D3 clearly induced significant nuclear translocation of VDRR80W confirming intact binding of 1,25(OH)2D3 to VDRR80W.

The subcellular localization of the VDR is a consequence of its binding to ligand, RXR and DNA (7, 9, 25). Our findings described above indicated that ligand binding was intact in VDRR80W. Therefore the disturbed subcellular localization of VDRR80W must be caused either by affected RXR binding, affected DNA binding or a combination of the two. Previous studies have suggested that RA can inhibit VDR-RXR heterodimer formation (9, 10). As VDR-RXR heterodimer formation is involved in the 1,25(OH)2D3-induced translocation of the VDR to the nucleus (7, 9, 25), and as binding of 1,25(OH)2D3 was unaffected in VDRR80W, we could directly determine if VDR-RXR heterodimer formation was intact in the cells of the patient by analyzing the effect of RA on 1,25(OH)2D3-induced translocation of the VDR to the nucleus. Consequently, we activated naïve CD4+ T cells from the patient and controls in the absence or presence of 1,25(OH)2D3 and RA and determined the fraction of VDR located in the cytosol and the nucleus by Western blotting analysis. In both patient and control cells, we found that RA alone did not affect VDR localization, that 1,25(OH)2D3 alone induced translocation of the VDR to the nucleus, and most interestingly that RA significantly inhibited the 1,25(OH)2D3-induced translocation of the VDR to the nucleus (Figures 3C, D). These data indicated that VDR-RXR heterodimer formation was intact in the cells of the patient and that the dramatically affected subcellular location of VDRR80W was caused by the affected ability of VDRR80W to bind DNA.

To study whether RA-mediated suppression of VDR translocation to the nucleus was associated with impaired vitamin D signaling, we activated CD4+ T cells from the patient and controls in the absence or presence of RA and 1,25(OH)2D3 and measured mRNA expression of CYP24A1 by RT-qPCR. RA alone did not affect the expression, whereas 1,25(OH)2D3 alone strongly up-regulated CYP24A1 expression in control cells (Figure 3E). Interestingly, RA significantly inhibited 1,25(OH)2D3-induced up-regulation of CYP24A1 by approximately 35% in control cells. As expected, neither 1,25(OH)2D3 nor RA affected CYP24A1 in T cells from the patient (Figure 3E).



Reduced Responsiveness to 1,25(OH)2D3 in T Cells From Heterozygous Family Members

To establish whether VDRWT and VDRR80W were co-expressed in T cells of the heterozygous family members, we activated their CD4+ T cells in the absence or presence of 10 nM 1,25(OH)2D3 and determined the fraction of VDR located to the cytosol and the nucleus by Western blotting analysis. We found that the VDR in the heterozygous family members was located in a pattern in between the controls and the patient with approximately 59% of the VDR in the cytosol and 41% in the nucleus in the absence of 1,25(OH)2D3 (Figure 4A). To determine the consequences of the VDRR80W mutation in T cell function, we activated CD4+ T cells from the patient, the heterozygous family members and controls in the presence of 0 – 10 nM 1,25(OH)2D3 and determined the expression of some of the genes and gene products classically known to be regulated by 1,25(OH)2D3. Whereas the patient was completely unresponsive to 1,25(OH)2D3, we found that the 1,25(OH)2D3 responsiveness was reduced by ~ 50% in T cells from the heterozygous family members (Figures 4B–F). This indicated that the VDRWT and the VDRR80W were expressed at similar levels in T cells of the heterozygous family members and that the expression level of VDRWT determined 1,25(OH)2D3 responsiveness.




Figure 4 | Reduced responsiveness to 1,25(OH)2D3 in T cells from heterozygous family members (A) Subcellular localization of the VDR in VDRWT/R80W heterozygous CD4+ T cells activated in the absence (-) or presence (+) of 1,25(OH)2D3 (10 nM). The upper panel shows the fraction of VDR located to the nucleus and the cytosol in grey and black columns, respectively, as determined by the density of the VDR bands from the Western blotting analysis. The lower panels show one representative Western blotting analysis out of four independent experiments of VDR and GAPDH (loading control) from the cytosolic (C) and nuclear (N) fraction. Mean ± SD (VDRWT/R80W n = 4; #p < 0.05). (B) CYP24A1 and (C) CD38 mRNA expression, (D) CD38 cell surface expression, (E) IFN-γ and (F) IL-13 production in VDRWT (black circles), VDRWT/R80W (gray triangles) and VDRR80W (white squares) CD4+ T cells activated in the presence of the indicated concentration of 1,25(OH)2D3. The expression levels are given as fold change normalized to the average expression level of the given molecule in cells activated in the absence of 1,25(OH)2D3 in each group. Mean ± SD (VDRWT n = 13; VDRWT/R80W n = 4; VDRR80W n = 1; *VDRWT p < 0.05 compared to VDRWT in the absence of 1,25(OH)2D3, #VDRWT/R80W p < 0.05 compared to VDRWT/R80W in the absence of 1,25(OH)2D3).





The R80W Mutation Abolishes 1,25(OH)2D3-Mediated Suppression of RA-Induced Gene Up-Regulation

RA enhances expression of integrin α4β7 and CCR9 on T cells upon activation and imprints them with gut tropism (1, 26–28). Interestingly, it has been reported that 1,25(OH)2D3 suppresses the RA-induced expression of α4β7 and CCR9 (14). To study the role of the VDR in 1,25(OH)2D3-mediated suppression of RA-induced expression of α4β7 and CCR9 in T cells, we activated CD4+ T cells from the patient and controls in the absence or presence of RA and 1,25(OH)2D3 and measured mRNA expression of integrin subunits α4 and β7 and CCR9 by RT-qPCR. RA up-regulated α4, β7 and CCR9 in control cells, whereas 1,25(OH)2D3 alone did not affect their expression (Figures 5A–C). However, 1,25(OH)2D3 significantly inhibited RA-induced up-regulation of α4, β7 and CCR9 in control cells but not in T cells from the patient. In the absence of 1,25(OH)2D3, the RA-induced up-regulation of α4, β7 and CCR9 was slightly enhanced in T cells of the patient compared to control cells (Figures 5A–C).




Figure 5 | The R80W mutation abolishes 1,25(OH)2D3-mediated suppression of RA-induced gene up-regulation Relative mRNA expression of (A) α4, (B) β7, (C) CCR9, (D) VDR and (E) LZTFL1 in VDRWT (black circles) and VDRR80W (white squares) CD4+ T cells activated in the absence (-) or presence (+) of RA (1 µM) and 1,25(OH)2D3 (10 nM). The expression levels are given as fold change normalized to the average expression level of the target gene in each group activated in the absence of RA and 1,25(OH)2D3. Mean ± SD (VDRWT n = 6; VDRR80W n = 1 repeated twice; *p < 0.05).



To determine whether VDR-mediated suppression of RA-induced genes affected other genes than the genes involved in gut tropism, we searched for additional genes not affected by vitamin D but up-regulated by vitamin A in T cells. It has been shown that RA up-regulates VDR gene expression (29, 30), whereas 1,25(OH)2D3 does not affect VDR gene expression in T cells (20). Likewise, the leucine zipper transcription factor-like 1 (LZTFL1) gene is unaffected by vitamin D but up-regulated by vitamin A in T cells (31). We found exactly the same pattern of gene regulation for VDR and LZTFL1 as for α4, β7 and CCR9. RA alone up-regulated VDR and LZTFL1 expression in both patient and control cells, 1,25(OH)2D3 alone did not affect VDR and LZTFL1 expression, and 1,25(OH)2D3 significantly inhibited RA-induced VDR and LZTFL1 up-regulation in control cells but not in cells from the patient (Figures 5D, E).




Discussion

In this study, we describe a new mutation in the VDR and the consequences of this mutation for vitamin D and A signaling in T cells from a family carrying the mutation. The R80W mutation is located to the C terminal part of the second zinc finger in the DBD of the VDR. When the VDR binds DNA, R80 forms hydrogen bonds to the backbone of DNA (22), and it would be predicted that the R80W mutation therefore most likely affected DNA binding. This was supported by our in silico analysis that demonstrated that the hydrogen bonds normally formed between R80 and the DNA backbone were not allowed in VDRR80W. Furthermore, the in silico analysis indicated that the R80W mutation only affected binding to DNA and that other areas of VDRR80W were unaffected. In accordance, we found that the transcriptional activity of VDRR80W was severely affected, whereas binding of 1,25(OH)2D3 and RXR was intact as measured by normal 1,25(OH)2D3-induced up-regulation and translocation to the nucleus of the VDRR80W (20, 24, 25).

A different mutation, which caused substitution of a glutamine (Q) for the R at position 80 in the VDR (R80Q), has previously been described in three apparently unrelated families originating in North Africa (32, 33). In agreement with our observations, the R80Q mutation did not affect binding of 1,25(OH)2D3 but affected nuclear localization and DNA binding of the 1,25(OH)2D3-VDR complex. In the present study, we found that the R80W mutation strongly affected the subcellular localization of the VDRR80W. These observations demonstrate that the DNA binding ability of the VDR influences the subcellular localization of the VDR in both the absence and presence of 1,25(OH)2D3 and they suggest that non-liganded VDR normally binds DNA.

Although the heterozygous family members did not have clinical signs of HVDRR, the responsiveness of their T cells to 1,25(OH)2D3 was reduced by approximately 50%. This indicated that VDRWT and VDRR80W were expressed to the same extent in T cells of the heterozygous family members. If 1,25(OH)2D3 was the limiting factor in 1,25(OH)2D3 responsiveness in T cells, it would be expected that doubling the concentration of 1,25(OH)2D3 should restore 1,25(OH)2D3 responsiveness in the heterozygous family members. However, even a 10-fold increase in 1,25(OH)2D3 did not fully restore the responsiveness, which strongly supported that the expression level of the VDRWT determines 1,25(OH)2D3 responsiveness in T cells as previously suggested for other types of cells (24). Although increased concentrations of 1,25(OH)2D3 did not fully restore 1,25(OH)2D3 responsiveness in the T cells of the heterozygous family members, it did increase the responsiveness. From these observations, it may be suggested that, although homozygous HVDRR patients with a mutations in the DBD of the VDR do not benefit from vitamin D supplementation, heterozygous carriers of these mutations might actually benefit from high-dose vitamin D supplementation.

Previous studies have reported that vitamin A antagonizes the calcium response to vitamin D in man and rat (34, 35). However, the mechanism behind this RA-mediated suppression of vitamin D signaling is unknown. Here we demonstrated that RA inhibits 1,25(OH)2D3-induced translocation of the VDR to the nucleus and 1,25(OH)2D3-induced up-regulation of CYP24A1. Together with the notion that the VDR expression level determines vitamin D responsiveness, it might be suggested that the suppression of VDR translocation to the nucleus mediated by RA results in the decreased 1,25(OH)2D3-induced transcriptional activity of the VDR. Other mechanisms, such as competition between RAR and VDR for binding to VDRE, cannot be excluded and require further experiments to be determined.

We found that 1,25(OH)2D3 inhibited RA-induced gene transcription in control cells but not in cells from the HVDRR patient. Furthermore, RA-induced gene transcription in the absence of 1,25(OH)2D3 was slightly increased in cells of the patient compared to control cells. From this, we suggest that the VDR can affect RA-induced gene regulation in both the absence and presence of 1,25(OH)2D3. Furthermore, this suppressive effect is most likely dependent on the ability of the VDR to bind DNA. This is in accordance with previous studies that have suggested that non-liganded VDR might bind DNA in association with the co-repressors (9, 36) and that VDR-RXR complexes can bind and block RARE (11, 12). Other mechanisms responsible for the suppressive effect of 1,25(OH)2D3 on RA-induced gene transcription may be suggested. Thus, one study found that vitamin D suppressed the transcriptional activity of the androgen receptor, and it was suggested that this might be caused by direct binding and inhibition of the androgen receptor by the liganded VDR (37).

Due to the lack of 1,25(OH)2D3-mediated inhibition of RA-induced gene transcription in the T cells of the patient in the present study, it might be suggested that the patient has a functional hypervitaminosis A. Accordingly, despite normal serum levels of calcium, phosphate, alkaline phosphatase and parathyroid hormone, the patient’s main complains were bone pains and hair loss, classical signs of hypervitaminosis A (38, 39). Further studies are required to test this hypothesis.

In conclusion, by characterization of a novel mutation in the DBD of the VDR, we show that the expression level of wild-type VDR determines 1,25(OH)2D3 responsiveness in T cells. We show that vitamin D-mediated suppression of vitamin A-induced gene regulation is dependent on R80 and thereby most probably the ability of VDR to bind DNA. Furthermore, we demonstrate that vitamin A inhibits 1,25(OH)2D3-induced translocation of the VDR to the nucleus and 1,25(OH)2D3-induced up-regulation of CYP24A1. Our study suggests that vitamin D deficiency might not only result in decreased vitamin D signaling but also in increased vitamin A signaling. Further studies are required to elucidate the mechanisms and physiological role of this intriguing interplay between vitamin D and A signaling.
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