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The localization of human vitamin D receptor (VDR)
in the absence of its ligand 1,25-dihydroxyvitamin Dy
was investigated using chimera proteins fused to green
fluorescent protein (GFP) at either the N or C terminus,
and the nuclear localization signal (NLS) was identified.
Plasmids carrying the fusion proteins were transiently
or stably introduced into COS7 cells, and the subcellular
distribution of the fusion proteins was examined. GFP-
tagged wild-type VDRs were located predominantly in
nuclei but with a significant cytoplasmic presence,
while GFP alone was equally distributed throughout the
cells. 1078 m 1,25-dihydroxyvitamin D; promoted the nu-
clear import of VDR in a few hours. To identify the NLS,
we constructed several mutated VDRs fused to GFP.
Mutant VDRs that did not bind to DNA were also local-
ized predominantly in nuclei, while the deletion of the
hinge region resulted in the loss of preference for nu-
cleus. A short segment of 20 amino acids in the hinge
region enabled cytoplasmic GFP-tagged alkaline phos-
phatase to translocate to nuclei. These results indicate
that 1) VDR is located predominantly in nuclei with a
significant presence in cytoplasm without the ligand
and 2) an NLS consisting of 20 amino acids in the hinge
region facilitates the transfer of VDR to the nucleus.

The vitamin D receptor (VDR)! is one of the ligand-depend-
ent transcription factors that make up the nuclear hormone
receptor superfamily (1-3). To modulate the transcription of
target genes in response to its cognate ligand 1,25-dihydroxyvi-
tamin D4 (1,25(0H),D3), VDR must be localized in nucleus and
then bind to an enhancer designated as the vitamin D-respon-
sive element (VDRE), forming a heterodimer with retinoid X
receptor (1-6). In contrast to the case for the glucocorticoid
receptor (GR), which translocates from the cytoplasm to the
nucleus when exposed to its ligand, VDR does not bind to heat
shock protein 90, and both immunocytochemical and biochem-
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ical fractionation studies suggested the nuclear localization of
VDR even in the absence of 1,25(0H),D5 (7-10).

Several reports, however, demonstrated that VDR was lo-
cated in cytoplasm in the absence of ligand and transported to
nucleus in response to 1,25(0H),D5 (11-13). Although the rea-
son for conflicting results as to the distribution of VDR is not
clear, the fixation and cell permeabilization procedures in im-
munostaining might influence the subcellular distribution of
the subject protein. Consistent with this explanation, Barsony
et al. (11), by the fixation of cells using a microwave, revealed
the cytoplasmic localization of VDR in contrast to the nuclear
localization detected by a conventional fixation method utiliz-
ing the same antibody against VDR.

To avoid the fixation and cell permeabilization steps re-
quired in the immunostaining procedure, in the present study
we have taken advantage of fusion with green fluorescent pro-
tein (GFP), which has been proven to be a useful tag for mon-
itoring the subcellular distribution and trafficking of various
proteins in living cells (14). In the other nuclear receptors, the
localization of GR and mineralocorticoid receptor was exam-
ined utilizing proteins fused with GFP (15-17), and nuclear
translocation was observed in response to the ligands. How-
ever, there have been no reports about the subcellular distri-
bution of VDR in living cells using GFP fusion protein to date.

Nuclear translocation of large size proteins involves active
transport across the nuclear pore complexes and requires en-
ergy and specific supportive proteins (18—22). The amino acid
sequences that confer the nuclear import ability are termed
nuclear localization signal (NLSs), and have been identified in
several nuclear proteins (20—24). Although NLSs do not show
highly conserved amino acid sequences, the basic residues are
believed to play important roles in nuclear trafficking. Simian
virus 40 (SV40) large T antigen contains the classical mono-
partite NLS, PKKKRKV, while nucleoplasmin has a bipartite
NLS, KRPAATKKAGQAKKKK. In the latter, two short clus-
ters of basic amino acids are separated by a gap of 10 amino
acids. The protein carrying the NLS(s) interacts with importin
a, which binds to importin B; importin « and B act as the carrier
proteins for the cargo (NLS protein), and translocate through
nuclear pore complexes before releasing the cargo in the nu-
cleus (25, 26). The interaction of importin « and the proteins
carrying the NLS has been recently investigated by x-ray
crystallography (27).

A previous study on progesterone receptor (PR) revealed an
NLS in the hinge region (or D domain), whose sequence resem-
bles the classical monopartite NLS of SV40 T antigen (28). The
sequence of this NLS in PR is conserved in the nuclear receptor
superfamily to some extent and appears to work as an NLS in
the other members including GR, androgen receptor, and thy-
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roid hormone receptor o as well. However, it is still unclear
whether the same region acts as NLS in all of the nuclear
receptors (29-32). In some studies on NLSs in nuclear recep-
tors, the DNA-binding domain is also reported to contain NLSs.
In the case of VDR, there is a report about an NLS between
amino acids 49 and 55 in the DNA-binding domain (33). In
another report, a peptide representing the amino acids 76-102
immediately C-terminal of the second zinc finger of VDR tar-
geted fluorescein isothiocyanate-conjugated IgG to the nuclei
(34). However, the nuclear accumulation was not complete, and
the authors admitted the possibility that other NLS(s) exist. In
addition, it is rather difficult to distinguish between the nu-
clear translocation and the nuclear retention, especially when
an NLS is located in the DNA-binding domain, because the
binding to DNA or nuclear matrix helps to maintain the protein
in the nucleus after the nuclear translocation.

In this study, we investigated the subcellular distribution of
VDR in living cells utilizing the protein fused with GFP in the
absence and presence of 1,25(0H),D5. Subsequently, the anal-
ysis of the subcellular distribution of the various GFP-tagged
deletion mutants of VDR indicated that the hinge region plays
an important role to the nuclear localization of VDR. Finally,
we obtained evidence that the sequence of amino acids in this
region enabled a cytoplasmic protein to translocate into the
nucleus.

MATERIALS AND METHODS

Plasmid Constructions of VDR-GFP Fusion Proteins—The expres-
sion vector of the human VDR ¢DNA, pSG5-hVDR was kindly provided
by Dr. M. R. Haussler (University of Arizona) (35). Although the amino
acid number is indicated according to the original paper concerning the
human VDR ¢DNA (GenBank™ accession number J03258), the expres-
sion vector pSG5-hVDR itself contains the VDR ¢DNA, which starts
from the second translation start point due to the existence of polymor-
phism, resulting in the 424 amino acids (hWDR amino acids 4—427).
GFP fusion vector pGreen Lantern was purchased from Life Technolo-
gies, Inc. To construct the fusion protein in which wild type VDR was
fused to the C terminus of GFP (designated as GFP-wtVDR), the ter-
mination codon of GFP ¢cDNA in pGreen Lantern was mutated to
generate a new HindIII site (designated as pGreen Lantern stop(—)),
and then the full-length human VDR ¢DNA obtained from pSG5-hVDR
was inserted into the HindlIII site to yield a fusion protein in frame,
resulting in pGreen Lantern-wtVDR. To construct another fusion pro-
tein in which wild type VDR was fused to N terminus of GFP (desig-
nated as wtVDR-GFP), we first removed the VDR stop codon from
pSG5-hVDR by BglIl digestion. There are two BgIII sites in pSG5-
hVDR; one of them is located immediately upstream of the VDR stop
codon, and the other is located in the 3'-untranslated region of the VDR.
We partially digested the plasmid with Bg/II to obtain the fragment
that was cut only at the recognition site immediately upstream the VDR
stop codon. Then the following oligomers were annealed, phosphoryl-
ated at the 5'-ends by kination, and inserted to the opened BglII site:
sense, 5'-GATCAGTGCGGCCGCA-3’; antisense, 5'-GATCTGCGGC-
CGCACT-3'. Since the annealed oligomer was designed to have a
unique Notl site, the plasmid was next opened by Notl digestion, and
c¢DNA encoding GFP that had been excised from pGreen Lantern by
Notl digestion was inserted to generate an in frame fusion protein,
resulting in pSG5-wtVDR-GFP. This construct consists of human VDR
(amino acids 4—427), 5-amino acid linker (AAAAT), GFP (amino acids
1-238), and the 3’-untranslated region of the VDR, and the fusion
protein terminates using the stop codon of GFP. In the process of
constructing the GFP-tagged truncated VDR mutants, we also modified
pGreen Lantern vector to possess a multiple cloning site at the position
of the original termination codon of GFP ¢cDNA and designated this
plasmid pGreen Lantern-MCS. The various truncated VDRs (A4-176,
A178-427, and A80-427; the numbers indicate deleted amino acids)
were obtained by digestion with appropriate restriction enzymes and
some modification and cloned into the cloning site of pGreen Lantern-
MCS. To generate the [A4-153,A174—-427] mutant tagged with GFP,
the annealed oligomers for bipartite NLS described below were inserted
into the HindIII site in pGreen Lantern stop(—). For the analysis with
less deletion, various deletion mutants of VDR (A4—-88, A78-233, A78—
114, A181-230, and A117-173; the numbers indicate deleted amino
acids) were also generated by digestion with appropriate restriction
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enzymes, fused to GFP at their C termini, and cloned into pSG5 vector
except for the A4—88 mutant, which was cloned into pSVL expression
vector (Amersham Pharmacia Biotech, Tokyo, Japan). To generate
C79S point mutant of VDR, polymerase chain reaction-based mutagen-
esis was performed, and the mutant VDRs were also fused to GFP and
cloned into pSG5 vector. All plasmids were examined for the introduced
mutation and desired fusion in frame using an ABI 377A model DNA
sequencer (Perkin-Elmer).

Plasmid Constructions of GFP-Alkaline Phosphatase (GFP-ALP) Fu-
ston Proteins Carrying Putative NLSs of VDR—To examine whether the
putative NLS of VDR enables the cytoplasmic proteins to translocate
from cytoplasm to nuclei, we constructed several plasmids of GFP-
tagged ALP carrying the putative NLS sequences of VDR. Here we
utilized human tissue-nonspecific ALP, whose nascent enzyme con-
sisted of 507 amino acids. Human tissue-nonspecific ALP has a signal
sequence at the N terminus as well as a hydrophobic domain at the C
terminus, the latter of which is involved in glycosylphosphatidylinositol
anchoring (36). We have previously reported that GFP-tagged ALP was
exclusively localized to cytoplasm and cell membrane (37).

To construct the plasmid encoding GFP fused to ALP, GFP ¢cDNA
was excised from pGreen Lantern stop(—) by Not¢I digestion and fused
to N terminus of mature ALP obtained from ALP expression vector
pSV2Aalp (a gift from Dr. P. S. Henthorn, University of Pennsylvania)
and cloned into pcDNA3.1 vector (Invitrogen, NV Leek, The Nether-
lands), which was named pcDNA-GFP-ALP (Fig. 6A). The mature ALP
described above is a fragment lacking the N-terminal 17 amino acids
corresponding to the secretion signal peptide of ALP. To insert the
putative NLSs of VDR into GFP-ALP fusion protein, the following
oligomers were annealed after the phosphorylation of 5'-ends with
polynucleotide kinase and ATP, and the generated fragments were
cloned into pcDNA-GFP-ALP between GFP and ALP to generate the in
frame fusion proteins: bipartite NLS-sense, 5'-AGCTTCGGCCTCCAG-
TTCGTGTGAATGATGGTGGAGGGAGCCATCCTTCCAGGCCCAAC-
TCCAGAA-3’; bipartite NLS-antisense, 5'-AGCTTTCTGGAGTTGGG-
CCTGGAAGGATGGCTCCCTCCACCATCATTCACACGAACTGGAG-
GCCGA-3'; RPPVR NLS-sense, 5'-AGCTTCGGCCTCCAGTTCGTTAA-
C-3’; RPPVR NLS-antisense, 5'-AGCTGTTAACGAACTGGAGGCCGA-
3'; RKREMILKRK-sense, 5'-AGCTTAGGAAGCGGGAGATGATCCTG-
AAGCGGAAAG-3’; RKREMILKRK-antisense, 5'-AGCTCTTTCCGCT-
TCAGGATCATCTCCCGCTTCCTA-3'. All of the hybrid constructs
were examined for the desired in frame fusion by sequencing as de-
scribed above.

Cell Culture and Transfection—Monkey kidney epithelial cell line
COS7 and CV-1 cells were cultured at 37 °C under a 5% CO, atmos-
phere in Dulbecco’s modified Eagle’s medium and Eagle’s minimum
essential medium, respectively (Nikken Bio-Medical Laboratory, Kyoto,
Japan), supplemented with penicillin (100 units/ml), streptomycin (100
ug/ml), and 10% fetal calf serum (Life Technologies, Inc.), which had
been stripped with dextran-coated charcoal to remove endogenous ste-
roids. Human osteoblastic cell line MG63 was maintained in Dulbecco’s
modified Eagle’s medium in the same condition.

Transient transfections to COS7 and MG63 were performed using
TransFast™ reagent (Promega, Madison, WI) according to the manu-
facturer’s instructions. CV-1 cells were transfected using Lipofect-
amine™ (Life Technologies, Inc.). For the microscopy, a total of 5 ug of
DNA was used to transfect cells in each 6-cm dish.

Generation of Stable Transfectants—To generate the stable transfec-
tants of wtVDR-GFP, the fragment containing the cDNA of the fusion
protein was excised by EcoRI digestion from pSG5-wtVDR-GFP and
cloned into another expression vector pcDNA3 (Invitrogen), which has
a neomycin resistance cassette, resulting in pcDNA-wtVDR-GFP. The
fusion plasmid was introduced into COS7 cells using TransFast™, and
the stably transfected cells were selected using G418 (Geneticin; Life
Technologies, Inc.). Several clonal cell lines were expanded from single
foci and were screened by GFP fluorescence and Western blotting for
expression of GFP-tagged VDR. COS7 cells are seldom used to make
stable transfectants because of the constitutive expression of SV40 T
antigen, which supports transfected plasmids in the episomal state.
However, we utilized this cell line because a previous study of the
intracellular trafficking of GFP-tagged GR had been performed using
COS1 cells (16), and there was a report where the authors succeeded in
generation of stable COS7 transfectants (38). The expression levels of
wtVDR-GFP in our stable transfectants appeared to be lower than
those of the transiently transfected cells, which were estimated by GFP
fluorescence and Western blotting (data not shown).

Detection of GFP by Fluorescence Microscopy—Microscopy was per-
formed to detect GFP fluorescence 24—48 h after transient transfection
on an BH-2 Olympus microscope with epifluorescence illumination
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DAPI

Fic. 1. Subcellular distribution of GFP-wtVDR in transient
transfections to COS7 cells in the presence or absence of ligand.
COS7 cells were transfected with GFP-wtVDR (A and B), wtVDR-GFP
(C and D), or GFP alone (E). In order to examine the effect of the ligand,
10 % m 1,25(0H),D; (B and D) or vehicle (A and C) was added to the
transfected cells 48 h after the transfection and cultured for an addi-
tional 3 h. GFP alone was distributed throughout the cells (£). On the
other hand, even in the absence of the ligand, both GFP-wtVDR and
wtVDR-GFP were predominantly localized to nuclei with significant
presence in the cytoplasm (A and C). In response to the administration
of 1,25(0H),D;, most VDRs were accumulated in the nuclei (B, D).
Staining with 4',6-diamidine-2’-phenylindole dihydrochloride (DAPI)
demonstrates the intact nuclei.

(Olympus, Tokyo, Japan). GFP fluorescence was observed in the living
cells with a fluorescein isothiocyanate filter. In some experiments, the
transfected cells were fixed in 4% paraformaldehyde solution (Muto
Pure Chemicals, Tokyo, Japan) and stained with 4',6-diamidine-2’-
phenylindole dihydrochloride (Roche Molecular Biochemicals, Mann-
heim, Germany) to confirm that the nuclei were intact.

Effect of 1,25(0H),D, on the Subcellular Distribution of VDR—To
examine the effect of the ligand on the subcellular distribution of VDR,
a 10~ ® M concentration of 1,25(0H),D, (Wako, Tokyo, Japan) or vehicle
was added to COS7 and MG63 cells that had been transiently trans-
fected with GFP-wtVDR or wtVDR-GFP at a point 48 h after the
transfection. Three hours later, the cells were subjected to microscopy.
In order to examine the time-dependent translocation of the fusion
protein, similar experiments were performed using COS7 cells stably
transfected with wtVDR-GFP, which were generated as described
above. The stable transfectants were incubated with 107® M of
1,25(0H),D, for 0, 1, 3, or 8 h, and the subcellular distribution of the
fusion protein was examined. More than 200 of the cells were subjected
to microscopy, and classified into four categories according to the pat-

Fic. 2. Time-dependent translocation of wtVDR-GFP induced
by 1,25(0H),D, in stably transfected COS7 cells. COS7 cells were
transfected with DNA encoding wtVDR-GFP, and stable transfectants
were selected as described under “Materials and Methods.” In the
presence of 10% charcoal-stripped fetal calf serum, the transfectants
were treated with 10~% M 1,25(0OH),D, for 0 h (A), 1 h (B),3h (C),or 8 h
(D). In the absence of 1,25(0H),D,, VDR was predominantly localized to
nuclei with significant presence in the cytoplasm (A). An hour after the
addition of 1,25(0OH),D, significant cytoplasmic VDR was still observed

(B). Treatment with 1,25(0H),D, for 3 h or longer resulted in more
accumulation of VDR in the nuclei (C and D).

tern of the subcellular distribution of the fusion proteins: N > C,
stronger intensity in nucleus than in cytoplasm; N, almost exclusive
presence in nucleus; N = C, homogeneous presence throughout the
cells; and N < C, stronger intensity in cytoplasm. In these experiments
and other experiments where the cells were needed to be classified
according to the subcellular distribution of GFP-tagged mutant VDRs
or GFP-ALP fusion proteins, the transfected cells were also counted by
an observer from the Department of Pathology, Osaka Medical Center
and Research Institute for Maternal and Child Health, who was blinded
to the identity of our experimental group to ensure the reproducibility
of the scoring system. There were not significant differences in the
results between the observers.

Analysis of Chimera Proteins by Western Blotting—Whole cell ex-
tracts were harvested in radioimmune precipitation buffer (1% Triton,
1% sodium deoxycholate, 0.1% SDS, 150 mm NaCl, 10 mm Tris-Cl (pH
7.4), 5 mm EDTA, protease inhibitor mixture (Complete; Roche Molec-
ular Biochemicals)) from the transiently transfected COS7 cells 48 h
after the transfection. In some experiments, cytoplasmic extracts were
harvested by Dounce homogenization of the cells in swelling buffer (0.1
M Tris-Cl (pH 7.5), 2 mm EDTA, 0.5 mMm EGTA, 0.15 mM spermine, 0.5
mM spermidine, 5 mM dithiothreitol) followed by centrifugation to ob-
tain the supernatant. The extracts containing 10 pg of each protein
were then subjected to 7.5% SDS-polyacrylamide gel electrophoresis.
After the separation by gel electrophoresis, the proteins were trans-
ferred to polyvinylidene difluoride membrane (Bio-Rad). After blocking
with Block Ace reagent (Dainippon Pharmaceuticals, Osaka, Japan),
the membranes were incubated with the indicated first antibodies, the
monoclonal anti-GFP antibody (Roche Molecular Biochemicals) or the
monoclonal anti-VDR antibody (9A7y; Affinity Bioreagents, Inc.,
Golden, CO). After incubation with the corresponding second antibod-
ies, the proteins were visualized using the enhanced chemilumines-
cence detection system (Amersham Pharmacia Biotech).

Transcription Activation Assay—The promoter region of the rat 24-
hydroxylase gene (—291/+9), which contains two VDREs (a gift from
Dr. Y. Ohyama, Hiroshima University, Japan) (39), was cloned into a
luciferase reporter vector pGV-B2 (Toyo Ink, Tokyo, Japan) and named
pGV-B2 24-hydroxylase. In the transient transfection experiments, the
expression vectors of GFP-tagged wild type or mutated VDRs were
introduced into CV-1 cells with pGV-B2 24-hydroxylase using Lipo-
fectamine™ (Life Technologies, Inc.). Twenty-four hours after the
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a. wt VDR - GFP
a.a. 4 24 81 182 427

b. [A 78-233] - GFP

c. [A181-230] - GFP

d. [A 78-114] - GFP

e. [A117-173] - GFP

f. [A4-88] - GFP

g. GFP-[A 4-176]

1

h. GFP-[A 178-427|
i. GFP-[A80-427] Wz

j- GFP-[A 4-153,
A 174-427 |

k. C79S- GFP
C79S
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FiG. 3. Subcellular distribution of various VDR deletion mutants tagged with GFP in the absence of ligand in transfected COS7
cells. A, the constructs used in the experiments. The numbers after A indicate the deleted amino acids. The wild-type VDR (wtVDR) contains amino
acids 4—427. Features depicted are as follows. DBD, the DNA-binding domain; Hinge, the hinge region; HBD, the hormone-binding domain. The
asterisk indicates the position of the substitution of Cys™ for Ser. The length of each domain in the diagram is arbitrary. B, the fluorescent images

of the COS7 cells transfected with each construct shown in A.

transfection, 107® M 1,25(0H),D, or vehicle was added, and the cells
were retrieved 48 h after the addition. The luciferase activities of the
cell lysates were measured with luciferase assay kit (Toyo Ink) accord-
ing to the manufacturer’s manual. Transactivation measured as the
luciferase activity was standardized by the galactosidase activities of
the same lysates determined by a B-galactosidase enzyme assay system
(Promega), and then the transactivation function of the GFP-tagged
wild type and mutated VDRs was evaluated as the -fold induction of
promoter activity by 1,25(0H),D,

Electrophoretic Mobility Shift Assay—The electrophoretic mobility
shift assay was basically performed as described previously (40). To
prepare the probe, the following oligomers, which represent the VDRE
of the human osteocalcin gene, were annealed to generate a double-
stranded oligonucleotide with overhangs at both ends and then labeled
with [a-*?P]dCTP (NEN Life Science Products) by a fill-in reaction
using Klenow fragment of Escherichia coli DNA polymerase I: sense,
5'-CTAGCTTGGTGACTCACCGGGTGAACGGGGGCATTG-3';  anti-
sense, 5'-CTAGCAATGCCCCCGTTCACCCGGTGAGTCACCAAG-3'.
Whole cell extracts were harvested from the COS7 cells transfected
with pSG5-VDR or pSG5-C79S VDR. The reaction mixture of the probe
and the whole cell extracts was electrophoresed on a 5% polyacrylamide
gel and visualized by BAS2000 (Fujix, Tokyo, Japan).

RESULTS

Nuclear Localization of GFP-tagged Wild-type VDR—In the
transient transfections to COS7 cells, GFP alone was distrib-
uted throughout the cells (Fig. 1E). In contrast, the fusion
proteins were predominantly located in nuclei with a signifi-
cant presence in cytoplasm even in the absence of ligand both
when wild type VDR was fused to the C terminus (GFP-
wtVDR) and to the N terminus of GFP (wtVDR-GFP) (Fig. 1, A
and C). In the transfectants with lower expression, where the
intensity of fluorescence was relatively weak, the cytoplasmic
presence of the fusion proteins was still observed. The fusion

proteins were not located in the nucleoli. When the transfected
cells were treated with 1078 M 1,25(0H),D,, more accumula-
tion of VDR in the nuclei was observed (Fig. 1, B and D). In the
transient transfections to CV-1 and MG63 cells as well, both
GFP-wtVDR and wtVDR-GFP were predominantly localized to
nuclei with some cytoplasmic presence in the absence of ligand
and greater accumulation in nuclei in response to 1078 m
1,25(0H),D4 (data not shown).

Time-dependent Translocation of wtVDR-GFP Induced by
1,25(0OH) D5 in Stable Transfectants—To examine the time-de-
pendent effect of ligand on VDR distribution, we generated
stable transfectants of COS7 cells with pcDNA-wtVDR-GFP.
Similar to the observation in the transient transfection exper-
iments, the fusion protein was predominantly localized to nu-
clei with some cytoplasmic presence even in the absence of
ligand (Fig. 24), and 96.4% of the cells were classified into
group N > C (predominantly nuclear with some cytoplasmic
presence), and 3.6% were N (exclusively nuclear). Western
blotting using anti-VDR antibody 9A7y and the cytoplasmic
fraction obtained from the stable transfectants also revealed
the cytoplasmic presence of the fusion protein (data not shown).
When the cells were treated with 108 m of 1,25(0H),D, for 1 h,
most of them still exhibited cytoplasmic VDR with predomi-
nant nuclear VDR (Fig. 2B); 85.3 and 14.7% of the cells were
classified into N > C and N, respectively. On the other hand,
when the cells were treated with 1,25(0H),D5 for 3 h, more
VDR came to accumulate to the nucleus (Fig. 2C), and 51.5% of
the cells exhibited exclusive nuclear localization. Eight hours
after the addition, this ligand-dependent nuclear accumulation
of VDR was still observed (Fig. 2D), and 56.0 and 44.0% of the
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FIG. 4. Western blot analysis of GFP-tagged wild-type and var-
ious mutant VDRs in transfected COS7 cells. 10 pg/lane of COS7
whole cell extracts, except for lanes 2 and 4 to which 30 ug of extracts
were applied, were separated by 7.5% SDS-polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride membrane. The
membranes were probed with monoclonal anti-GFP antibody (A) or
monoclonal anti-VDR antibody, 9A7y (B). Lane 1, GFP alone; lane 2,
GFP-wtVDR; lane 3, wtVDR-GFP; lane 4, [A4—88]-GFP; lane 5, [A78—
233]-GFP; lane 6, [A181-230]-GFP; lane 7, [A78-114]-GFP; lane 8,
[A117-173]-GFP. Molecular weight markers are shown on the left. Both
antibodies detected the fusion proteins at the expected sizes, except for
the A78-233 and A78-114 mutants lacking the antigenic site for 9A7y.

cells were classified into N > C and N, respectively.
Subcellular Distribution of Deleted Mutants of VDR Tagged
with GFP—In an attempt to identify the NLSs in VDR, we first
examined the subcellular distribution of various deletion mu-
tants of GFP-tagged VDR without its ligand in the transiently
transfected COS7 cells (Fig. 3). Fig. 3B shows the representa-
tive cells transfected with each plasmid. In each transfection,
although there was a variation of cells in the expression level of
the protein, the subcellular distribution did not appear to be
altered according to the expression level. As described above,
the wtVDR-GFP was predominantly localized in nuclei with
some cytoplasmic presence in the absence of ligand (Fig. 3a).
The A78-233 mutant, which lacked the whole hinge region and
a part of the hormone-binding domain, was distributed equally
both to nuclei and cytoplasm in all of the transfected cells (Fig.
3b). A181-230 and A78-114 mutants exhibited predominant
nuclear localization like wtVDR (Fig. 3, ¢ and d), while the
A117-173 mutant showed no nuclear accumulation (Fig. 3e),
suggesting the existence of NLS(s) between amino acids 117
and 173 in the hinge region. A4—88 mutant lacking DNA-
binding domain exhibited decreased nuclear localization but
showed some nuclear preference compared with the A78-233
mutant (Fig. 3, f and b, respectively). The A4-176 mutant,
which has only the hormone-binding domain, was distributed
throughout the cells (Fig. 3g), while A178-427 mutant, which
possesses both the DNA-binding domain and the hinge region,
was strictly localized to nuclei (Fig. 3h). The A80—-427 mutant
also exhibited predominant nuclear localization (Fig. 3i), which
was consistent with the incomplete loss of nuclear localization
of A4—88 mutant. The [A4-153,A174—427] mutant, which has
only the short segment (amino acids 154-173) of the hinge
region, exhibited predominant nuclear localization (Fig. 3j).
The appropriate full-length expression of the GFP-tagged
wild type and mutant VDRs was confirmed by Western blotting
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DBD  Hinge HBD

“RPPVR” NLS: 154RPPVRI38
“hipartite” NLS; 154 RPPYRVNDGGGSHPSRPNSR 173

B hVDR RPP VR
Sam68 KAPP AR PV
hnRNP-C PP PPIAR AA

C

human DPTYSDFCQF RPPVR VNDGGGSHPSRPNSR
maouse DPTYADFRDF RPPIR ADVSTGSYSPRPTLS

rat DPTYADFRDF RPPVR MDGSTGSYSPRPTLS
cow DPTYSDFCQF RPPVR VNDGGGSHPSRPNSR
chick DTTYSDFNKF RPPVR SKFSSSTATHSSSVV
quail DTTYSDFNKF RPPVR SKFSSRMATHSSSVV

xenopus DTTYSDFNKF RPPVR ENVDPFRRITRSSSV

Fic. 5. Functional domains of human VDR and the composi-
tion of the putative NLSs. A, the structural features of human VDR
and the amino acid sequences of the putative NLSs are represented
schematically. Features depicted are as follows. DBD, the DNA-binding
domain; Hinge, the hinge region; HBD, the hormone-binding domain.
RPPVR NLS consists of the five amino acids 154—158. Bipartite NLS
consists of the 20 amino acids 154—173. The length of each domain in
the diagram is arbitrary. B, PPXR motif in NLSs found in other pro-
teins. The conserved motifs are underlined. C, the conservation of the
RPPXR motif in VDR among the species. Conserved amino acids are
shown at the center.

using anti-GFP antibody (Fig. 4A) and anti-VDR antibody
(9A7v, Fig. 4B). Both when GFP (~27 kDa) was fused to the N
terminus and C terminus of wtVDR (~50 kDa), the appropriate
sized fusion protein (~77 kDa) was recognized by both anti-
GFP antibody and 9A7+y. Both antibodies also detected the
deletion mutants as the predicted sizes except for the A78-233
and A78-114 mutants, which lack the antigenic site for 9A7y
(amino acids 89-105).

Subcellular Distribution of C79S Mutant Lacking DNA
Binding—Since the A4—88 mutant lacking the complete DNA-
binding domain still retained the nuclear preference to some
extent, it was suggested that the functional domains for the
DNA binding and the nuclear localization might be distinct. We
therefore studied the subcellular distribution of C79S mutant
VDR, which has previously been proved to lack DNA binding
capability (41, 42).

In C79S mutant, cysteine in the second zinc finger of the
DNA-binding domain was changed to serine. Electrophoretic
mobility shift assay using the whole cell extract obtained from
the COS7 cells transfected with wtVDR revealed a retarded
band corresponding to the VDR-VDRE complex. On the other
hand, the extract from C79S transfectant failed to form the
VDR-VDRE complex, suggesting that C79S mutant VDR
lacked DNA binding capability (data not shown).

Despite this lack of DNA binding capability, the C79S mu-
tant VDR was predominantly localized to nuclei as well as the
wtVDR (Fig. 3k).

Transactivation Function of the GFP-tagged VDRs—Trans-
activation function of the GFP-tagged wild type and mutated
VDRs was evaluated as the -fold induction of promoter activity
by 1,25(0H),D; When the transactivation activity of the
wtVDR without GFP-tag (pSG5-hVDR) was taken as 100%,
that of wtVDR-GFP (pSG5-wtVDR-GFP) was 122.9%. The re-
sult suggests no major hindrance of the fusion protein by GFP

6002 ‘T Joquiadad uo “Jaiua) noAlnobnosuayoyiysog NsiinS exeso 1e B10°og- MMM Wwolj papeojumod


http://www.jbc.org/

ASBMB

The Journal of Biological Chemistry

33536

A

Nuclear Localization Signal of Vitamin D Receptor

a. pcDNA-GFP-ALP

Fic. 6. Subcellular distribution of
GFP-tagged ALP carrying the puta-
tive NLSs of VDR. A, the constructs of
GFP-tagged ALP with or without putative
NLSs of VDR. B, fluorescent images of the
COS7 cells transfected with each con-
struct shown in A. In the absence of NLS,
GFP-tagged ALP was exclusively local-
ized in cytoplasm (a). When RPPVR NLS
was inserted (pcDNA-GFP-RPPVR-ALP),
the fusion protein came to distribute both
in nuclei and cytoplasm (b). When the B
putative bipartite NLS was inserted
(pcDNA-GFP-bipartite NLS-ALP), the fu-
sion protein was predominantly localized
in nuclei in most of the cells (¢).

in terms of the function of transcription regulation. The GFP-
tagged deletion mutant VDRs and the C79S mutant exhibited
less than 5% of the transactivation activity.

Putative NLSs of VDR—The deletion analysis suggested that
the amino acids between 117 and 173 contain the NLS se-
quence. The sequences corresponding to the NLS identified in
previous studies in VDR (33, 34) and the sequence
102RKREMILKRK!!! resembling NLS found in PR %3RKF-
KKFNK®* (28, 43) was not present in this region, and they
could be deleted without the significant impairment of nuclear
localization in our deletion analysis. In the region between
amino acids 117 and 173, we assumed that the short sequence
between 154 and 158 (RPPVR) might be involved in the nuclear
localization, based on the resemblance to the PPXR motif,
which has been revealed to be a NLS in other proteins (Fig. 5,
A and B) (44, 45). The longer sequence between amino acids
154 and 173 that contains RPPVR might act as a bipartite type
NLS (Fig. 5A). The five amino acids RPPVR were highly con-
served in VDRs among the species (Fig. 5C).

Putative Bipartite PPXR-type NLS of VDR Enables ALP to
Translocate from Cytoplasm to Nuclei—To examine whether
the putative NLS(s) of VDR enables a cytoplasmic protein ALP
to translocate to nuclei, we constructed plasmids encoding
GFP-ALP fusion proteins to which the RPPVR NLS or the
putative “bipartite” NLS of VDR were inserted as described
under “Materials and Methods” and named pcDNA-GFP-
RPPVR-ALP and pcDNA-GFP-bipartite NLS-ALP, respec-
tively. Each plasmid was introduced into COS7 cells, and 48 h
later, the transfected cells were subjected to microscopy. More
than 800 cells were observed and classified into three catego-
ries according to the subcellular distribution of the fusion pro-
teins: N < C, N = C, and N>C.

In the absence of NLS sequence, GFP-tagged ALP exhibited
exclusive cytoplasmic localization in COS7 cells, reflecting the
nature of ALP as a cytoplasmic protein (Fig. 6a, Table I). In
contrast, GFP-ALP fusion protein carrying the putative “bipar-
tite” NLS of VDR showed predominant localization in nuclei in
54.5% of the transfectants (Fig. 6¢, Table I). When only the first
5 amino acids, RPPVR, were inserted to GFP-ALP, the fusion
protein came to equally distribute both in nucleus and cyto-
plasm in 36.2% of the transfected cells (Fig. 6b, Table I). The

b. pcDNA-GFP-RPPVR-ALP

¢. pcDNA-GFP-bipartite NLS-ALP

GFP ALP

154 158
ot ALP

154 173
RPPVRVNDGGGSHPSRPNSR

=1 _ALF

appropriate full-length expression of each protein was con-
firmed by Western blotting using anti-GFP antibody (data not
shown). The data suggest that the 5 amino acids RPPVR may
act as a weak NLS and that the longer sequence of amino acids
154-173 works as a stronger one.

DISCUSSION

The localization of VDR in the absence of its ligand is still to
be ascertained; nuclear localization was shown by immuno-
staining with conventional fixation, while cytoplasmic location
was detected with microwave fixation despite utilization of the
same antibody (11). Despite this controversy, many researchers
have suggested the exclusive nuclear localization of VDR even
in the absence of ligand. However, if this is the case, how is
1,25(0OH),D4 transported to the cytoplasm? To date no carrier
protein has been identified that binds to 1,25(0OH),D; in cyto-
plasm, in contrast to the cases of thyroid hormone and retinoic
acid, where specific binding proteins bring the ligands from the
cell surface to the cytoplasm (46, 47). In our present study
using GFP-tagged VDRs, VDR was located both in nucleus and
cytoplasm in living cells even in the absence of its ligand.
Treatment with 1,25(0H),D; induced the accumulation of
more VDR into nucleus, suggesting that VDR is at least one of
the carrier proteins that facilitate the nuclear transport of
1,25(0H),D4 from outside of the cells into nuclei, in parallel
with a previous report (12).

The authors who reported the cytoplasmic localization of
VDR in the absence of ligand also observed the rapid translo-
cation of VDR in response to the ligand in a few minutes (11,
13). In contrast, the translocation was not so rapid in our study
as reported before, and it appeared to take at least 3 h for VDR
to accumulate to the nucleus. In addition, the ligand-dependent
translocation of VDR was not complete; some VDRs were still
observed in cytoplasm even in the presence of ligand. This
cytoplasmic presence of VDR does not seem to be an artifact of
the overexpression of the VDR in a transient expression system
using heterologous promoter, because the cytosolic distribution
was also observed in the stable transfectants where the expres-
sion level of VDR analyzed by Western blotting was not so high
as the transient expression level (data not shown). In addition,
this cytoplasmic presence of VDR was also demonstrated in a
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TABLE I
Distribution of GFP-tagged ALP carrying the putative NLSs of VDR
Transfection of each plasmid to COS7 cells was performed six times,
and more than 800 cells in total transfected with each plasmid were
subjected to microscopy. The cells were classified into three categories
according to the pattern of distribution in GFP fluorescence, and the
percentage of each category was calculated.

Plasmids N>C N=C N<C

% % %
pcDNA-GFP-ALP 0 5.8 94.2
pcDNA-GFP-RPPVR-ALP 6.8 36.2 57.0
pcDNA-GFP-bipartite NLS-ALP 54.5 43.8 1.7

previous report where a fractionation study combined with
Western blotting was performed (33).

GFP is a useful tag with which to examine the subcellular
distribution and trafficking of various proteins, because it has
autofluorescence, enabling visualization of the fused proteins
in living cells (14). GFP itself is distributed equally both in
nucleus and cytoplasm, since it is small enough to pass through
the nuclear pore complexes by passive diffusion without the
requirement of NLS. However, when fused to other larger
proteins, the fused protein requires active transport system
and NLS. To identify the NLS of VDR, we have performed
deletion analysis using GFP-tagged mutant VDRs. The analy-
sis revealed that the amino acids 117-173 in the hinge region
may be involved in the nuclear localization. To analyze the
function of the putative NLSs in this region, we constructed
GFP-tagged mature ALP in which the N-terminal secretion
signal of ALP was deleted and observed its exclusive cytoplas-
mic localization. When the putative NLS of VDR was inserted,
the distribution of the GFP-tagged mature ALP was remark-
ably altered to nucleus from in the cytoplasm. These results
strongly suggest that amino acids 154—173 located in the hinge
region of human VDR confer the ability to localize in nucleus to
other proteins.

The NLS of VDR identified in the present study might be a
member of a rather small group of NLS sequences which have
a PPXR motif. The PPXR motif in NLSs was previously re-
ported in nuclear RNA-binding proteins (ribonucleoprotein),
such as Sam68 and heterogeneous nuclear ribonucleoprotein
C1 (44, 45). The putative NLS of VDR identified in the present
study contains the amino acid sequence RPPVR, which is ho-
mologous to the PPXR motif. This class of NLS looks rather
unique and has not been well characterized yet. In the nuclear
receptor superfamily, human VDR is the first member that has
been identified to possess this type of NLS. Interestingly, de-
spite the poor conservation in the amino acid sequence of the
entire hinge region, the RPPXR motif is completely conserved
among VDRs of all the reported species, suggesting the impor-
tance of this amino acid sequence.

The bipartite structure has not been reported in the NLS
with the motif PPXR. However, it is likely that human VDR
has the bipartite type of this motif, because the amino acid
sequence RPPVRVNDGGGSHPSRPNSR was more efficient
than RPPVR in transferring GFP-ALP to the nucleus. So far,
the protein that interacts with the PPXR motif has not been
identified, while both classical monopartite and bipartite NLSs
have been revealed to interact with a cargo protein, importin a.
Although a structural study has revealed the crucial role of
amino acids, lysine and arginine in the interaction of NLS-
bearing protein and importin, the precise role of the proline
residue, which is also found in many NLSs, has not been
elucidated (27, 48). The interaction of VDR with cargo proteins
including importin « is the next issue to be addressed.

Among the nuclear hormone receptors, NLS sequence that
resembles the classical NLS found in SV40 large T antigen has
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been identified in the hinge region of PR (28, 43). However, the
NLS-like motif corresponding to the NLS sequence of PR was
not thought to be responsible for the nuclear localization of
VDR in our deletion analysis. In other words, the amino acid
sequence, 1°2RKREMILKRK!!! in the human VDR, which is
similar to NLS of PR 83"RKFKKFNK®%%4, resides in a region
that can be deleted without significant impairment of the nu-
clear localization. Consistent with these results, the amino
acids, RKREMILKRK, did not alter the cytoplasmic localiza-
tion of GFP-tagged ALP (data not shown).

In some members of nuclear receptors, such as GR and PR,
more than one NLS was identified (28, 43). Our results also did
not exclude the possibilities of the existence of the NLS in VDR
other than RPPVR and also that of nuclear export signals (49).
More accurately, the data rather suggest that the DNA-binding
domain is also important for VDR to be located in nucleus,
because the deletion mutant having only the DNA-binding
domain exhibited predominant nuclear accumulation, and the
mutant that lacked the DNA-binding domain showed de-
creased nuclear preference compared with wild type VDR. Bar-
sony et al. (11) demonstrated that nuclear localization of VDR
mutated in the DNA-binding domain was not observed using
fibroblasts obtained from a patient with vitamin D dependence
type II. Hsieh et al. (33) reported an NLS in the DNA-binding
domain. These reports also suggest the importance of DNA-
binding domain for efficient nuclear accumulation of VDR.
However, we prefer to emphasize that the nuclear localization
and DNA binding are likely to be functionally distinct, since
C79S mutant lacking DNA binding still retained the nuclear
localization, and an NLS was identified in the hinge region of
VDR.

In conclusion, we obtained results that suggest that the
element, RPPVRVNDGGGSHPSRPNSR, works as an NLS in
the homologous protein human VDR and also in a heterologous
protein ALP when fused to the protein.
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