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Nucleo-cytoplasmic Cycling of the Vitamin D Receptor
in the Enterocyte-Like Cell Line, Caco-2
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Abstract We examined the effects of 1,25 dihydroxyvitamin D3 (1,25(OH)2D3) on the distribution and mobility of
the vitamin D receptor (VDR) in the enterocyte-like Caco-2 cell. Confocal microscopy showed that a green fluorescent
protein-vitamin D receptor (GFP-VDR) fusion protein is predominantly nuclear (58%) and it does not associate with the
apical or basolateral membrane of proliferating or polarized, differentiated cells. In contrast to the previously studied cell
types, neither endogenous VDR nor GFP-VDR levels accumulate in the nucleus following 1,25(OH)2D3 treatment (100
nM, 30 min). However, in nuclear photobleaching experiments nuclear GFP-VDR import was significantly increased by
1,25(OH)2D3 during both an early (0–5 min) and later (30–35 min) period (20% per 5 min). Compared to the natural
ligand, nuclear import of GFP-VDRwas 60% lower in cells treatedwith the 1,25(OH)2D3 analog, 1-alpha-fluoro-16-ene-
20-epi-23-ene-26,27-bishomo-25-hydroxyvitamin D3 (Ro-26-9228, 5 min, 100 nM). Downstream events like ligand-
induced association of VDRwith chromatin at 1 h and the accumulation of CYP24mRNAwere significantly lower in Ro-
26-9228 treated cells compared to 1,25(OH)2D3 (60 and 95% lower, respectively). Collectively our data are consistent
with a role for ligand-induced nuclear VDR import in receptor activation. In addition, ligand-dependent VDR nuclear
import appears to be balanced by export, thus accounting for the lack of nuclear VDR accumulation even when VDR
import is significantly elevated. J. Cell. Biochem. 100: 617–628, 2007. � 2006 Wiley-Liss, Inc.
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Intestinal calcium absorption is a critical step
in the maintenance of calcium homeostasis
[Fleet, 2006]. It occurs by both paracellular
and transcellular pathways [Bronner, 2003;
Hoenderop et al., 2005]. The transcellular
calciumabsorption pathway is an active process

that is regulated by theactive formof vitaminD,
1,25 dihydroxyvitamin D3 (1,25(OH)2D3). 1,25
(OH)2D3 increases efficiency of transcellular
Calciumabsorptionby increasing theabundance
of critical proteins: calbindin D9k (CaBPD9k),
the transient receptor vanelloid family member
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6 (TRPV6), and the plasma membrane calcium
ATPase 1b (PMCA1b) [Fleet et al., 2002; Song
et al., 2003b; Fleet, 2006].

The actions of 1,25(OH)2D3 are mediated by
the vitamin D receptor (VDR), a transcription
factor that belongs to nuclear hormone receptor
superfamily [Haussler et al., 1998]. The deletion
of VDR in the enterocyte results in a 70%
reduction in intestinal calcium absorption effi-
ciency that is coincident with a significant
reduction in CaBPD9k, TRPV6, and PMCA1b
gene expression [Van Cromphaut et al., 2001;
Song et al., 2003a]. Previous research shows that
binding of 1,25(OH)2D3 to VDR in the cytoplasm
of cells stimulates heterodimerization of VDR
with RXR and the redistribution of the VDR-
RXR-hormone complex to the nucleus [Barsony
et al., 1990; Michigami et al., 1999; Racz and
Barsony, 1999; Sunn et al., 2001]. The nuclear
import of the VDR-RXR-hormone complex is
active [Racz and Barsony, 1999; Miyauchi et al.,
2005], enhanced by 1,25(OH)2D3 treatment
[Michigami et al., 1999; Racz and Barsony,
1999; Sunn et al., 2001], dependent upon the
presence of intact nuclear localization sequences
(NLSs) in both VDR and RXR [Prufer et al.,
2000], and requires various importins [Miyauchi
et al., 2005; Yasmin et al., 2005]. Most of the
studies examining the mechanism of VDR
nuclear import have been conducted in COS-7
kidney cells (characterized by low expression of
endogenous VDR) and some characteristics of
VDR import have been confirmed in cells from
bone, skin, or kidney. In contrast the impact of
1,25(OH)2D3 treatment onVDR distribution has
not been examined in absorptive enterocytes, a
primary target cell of 1,25(OH)2D3 action.

In this article we have examined the nucleo-
cytoplasmic trafficking of VDR receptor in
proliferating and differentiated Caco-2 cells.
Caco-2 cells are an intestinal cell line that
spontaneously differentiates and recapitulates
many of the features of the absorptive epithelial
cell of the small intestine, including vitamin
D regulated intestinal calcium absorption
[Giuliano and Wood, 1991; Fleet et al., 2002].
We find that VDR nuclear import occurs under
basal conditions and that import is accelerated
by 1,25(OH)2D3. This process is not influenced
by the state of cellular differentiation. Our data
also suggest that 1,25(OH)2D3-induced nuclear
import is balanced by nuclear export in Caco-2
cells. In addition, our data are consistent with
an essential role for nuclear import of VDR

in the genomic responses of enterocytes to
1,25(OH)2D3.

EXPERIMENTAL PROCEDURES

Supplies

Unless otherwise noted, all chemicals
were obtained from Sigma (St. Louis, MO),
cell culture reagent were obtained from Cam-
brex (Rockland, ME), and cell culture plastic-
ware from Corning-Costar (Cambridge, MA).
1,25 (OH)2D3 was purchased from Biomol
International (Plymouth Meeting, PA). The
1,25 (OH)2D3 analog, 1a-fluoro-16-ene-20-epi-
23-ene-26,27-bishomo-25-hydroxyvitamin D3

(Ro-26-9228) was kindly provided by Dr. Milan
Uskokovic (Roche Bioscience) and its biological
actions were previously characterized by Ismail
et al. [2004]. 1,25(OH)2D3 and Ro-26-9228
were dissolved in ethanol and kept in light-
protected vials at �808C. The green fluorescent
protein-vitamin D receptor (GFP-VDR) con-
struct used was previously described by Prufer
et al. [2000].

Cell Culture

The parental Caco-2 line and the BBe clone of
Caco-2 cells were purchased from American
Type Cell Culture (HTB-37 and CRL-2102,
respectively; ATCC, Rockville, MD). Parental
Caco-2 cells were studied between passages 25
and50,whereasBBe cellswere studied between
passages 52 and 77. The cells were maintained
asdescribed elsewhere [Fleet et al., 2002]. In the
experiments reported in this article, we used
Caco-2 cells at three different stages of cell
differentiation: proliferating, 50% confluent
(2-day cells), 2-day post-confluent (6-day cells),
and differentiated Caco-2 cells (15-day cells).
The parental Caco-2 cell line was used in
experiments 1 and 5, while BBe clone was used
in experiments 2, 3, and 4 described below. Our
previous research demonstrates that both of
these Caco-2 lines have all the components
necessary for vitamin D regulated transcellular
calcium transport [Fleet et al., 2002]. In addi-
tion, our initial experiments showed that GFP-
VDR distribution and characteristics of VDR
trafficking are identical in parental Caco-2 and
BBe Caco-2. We chose to use the BBe clone of
Caco-2 cells for our imaging analysis reported
here because this clone is less morphologically
heterogeneous than parental Caco-2 cell line
[Peterson and Mooseker, 1992].

618 Klopot et al.



The rat osteosarcoma cell line, ROS 17/2.8
(A1G clone), was obtained from Dr. Hector
DeLuca (University of Wisconsin, Madison)
[Arbour et al., 1998]. ROS 17/2.8 (A1G)
cells are stably transfected with a 25-hydro-
xyvitamin D3 24-hydroxylase (CYP24)-Luc
reporter gene but are otherwise like the parent
ROS 17/2.8 line. Cells were maintained in 1:1
mixture of Ham’s Nutrient Mixture F12 (Ham’s
F12) and high-glucose Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with
100 U/L of penicillin, 100 mg/L of streptomycin,
1 mM sodium pyruvate, 100 mM non-essential
amino acids, 50 mg/L gentamycin, 2 mM
L-glutamine, 10 mM N-2-hydroxyethylpipera-
zine-N-2-ethanesulfonic acid (HEPES), and
10% fetal bovine serum (FBS). ROS 17/2.8
(A1G) cells were passaged by trypsinization
every 3–4 days when the cells were 80%
confluent. All experiments were performed in
subconfluent ROS 17/2.8 (A1G) cells between
passages 3 and 28.
Mouse prostate epithelial cells from VDR

knockout mice (MPEC VDR KO cells) were
obtained from Dr. Scott Cramer (Wake Forest
University Medical School) and maintained
as described elsewhere [Barclay and Cramer,
2005].

Experimental Design

Experiment 1. Analysis of changes in
endogenous VDR protein abundance
and distribution. Two experimentswere con-
ducted. First, 15-day cultures of parental Caco-
2 cells and proliferating ROS 17/2.8 cells were
treated with 100 nM 1,25(OH)2D3 for 1 h and
whole cell extracts were prepared as described
previously [Ismail et al., 2004]. Next, 15-day
cultures of Caco-2 cells treated for 2 h with
10 nM 1,25(OH)2D3 or vehicle (0.01% ethanol)
afterwardswhole cell and nuclear extractswere
prepared using the Active Motif Nuclear
Extract Kit (Active Motif, Carlsbad, CA). The
total protein concentration in the samples
was determined using BioRad protein assay
(Hercules, CA). The samples containing 20 mg of
total protein were analyzed for VDR and
general transcription factor IIB (TFIIB) protein
levels as described previously [Fleet et al.,
2002]. The VDR protein level was normalized
to TFIIB protein content in each sample to
correct for protein loading. Normalized VDR
protein levels were expressed relative to
vehicle-treated samples. Three independent

experiments were performed; each experiment
used three replicates per treatment.

Experiment 2. Baseline distribution of
GFP-VDR in Caco-2 and ROS 17/2.8 (A1G)
cells. Proliferating (2 day) Caco-2 cells, differ-
entiated (15 day) Caco-2 cells, and proliferat-
ing ROS 17/2.8 (A1G) cells were transiently
transfected with GFP-VDR expression vector
as described below. For each cell type, initial
confocal imageswere captured in the focal plane
of the cell where the circumference of the
nucleus was the greatest. Additionally, we
collected sequential optical sections of the cells
and reconstructed 3-D images in order to
examine the possibility that VDRmay accumu-
late at specific cellular regions, for example,
basolateral or brushbordermembraneofCaco-2
cells. At least 11 3-D reconstructions were
prepared for ROS17/2.8 (A1G) and proliferating
and differentiating Caco-2 cells.

Experiment 3. The effect of 1,25(OH)2D3

on steady state distribution of GFP-
VDR in Caco-2 and ROS 17/2.8 (A1G)
cells. Proliferating Caco-2 and ROS17/2.8
(A1G) cells were transiently transfected
with GFP-VDR. For each cell, we collected
series of two images: a baseline distribution
of GFP-VDR and the cellular distribution
of GFP-VDR 30 min after treatment with
either 100 nM 1,25(OH)2D3 or control solution
(0.01% ethanol). For each image in the
series we calculated the intensity of fluorescent
signal associated within the nuclear and cyto-
plasmic compartment. Six cells were examined
for each cell type and each treatment. Proce-
dures for the analysis of each image are
described in detail below in ‘Image collection
and data analysis’.

Experiment 4. The effect of 1,25(OH)2D3

on GFP-VDRmovement into the nucleus.
Time course of GFP-VDR import in Caco-2

cells following 1,25(OH)2D3 treatment. To study
the kinetics of GFP-VDR movement into the
nucleus of BBe, we collected a series of nine
images of vehicle (0.01% ethanol) or
1,25(OH)2D3 (100 nM) treated cells. After
collecting a baseline image, an 8 mm2 area
within nucleus was photobleached using 100%
laser power for 10 s and an image showing a
bleached nucleus was recorded. Immediately
after photobleaching the treatment solution
containing either 100 nM 1,25(OH)2D3 or
vehicle was added to the well and a series of
post-bleach images was recorded at 2.5, 5, 10,
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15, 20, 25, and 30 min using the same laser
intensity as for the post-photobleaching image.
Six cells were examined for each cell type and
each treatment. Procedures for the analysis of
each image are described in detail below in
‘Image collection and data analysis’.

Early and late fluxes of GFP-VDR into the
nucleus. To determinewhether the early flux of
GFP-VDR after 1,25(OH)2D3 treatment con-
tinues throughout the hormone treatment
period, we compared the effect of 1,25(OH)2D3

on nuclear import under two different protocols.
The first was identical to that described above
(photobleaching at t¼ 0, treatment with
1,25(OH)2D3, examination of import at t¼ 5
min). For the second protocol 1,25(OH)2D3

treatment was initiated at t¼ 0 min and photo-
bleaching of the cell nucleus was conducted 30
min afterwards. The post-bleach image was
collected after 5 min recovery time. Six cells
were examined for each cell type and each
treatment. Procedures for the analysis of each
image are described in detail below in ‘Image
collection and data analysis’.

Control experiments for photobleaching. To
evaluate potential confounding influences of the
photobleaching protocol used in this experiment
weconducted twocontrol experiments. In thefirst
experiment we used a propidium iodide (PI)
(Molecular Probes, Inc.) exclusion test to ensure
that our photobleaching conditions do not com-
promise theviability of the cells. In this test,Caco-
2 cellswere incubatedwith 2 mg/mlPI for 5min at
378C. Following the incubation period, the cells
were photobleached as described above. Images
were collected over a 30 min period to determine
whether the photobleaching technique induced
cell death and PI staining of the nuclei. As
expected, photobleaching did not increase cell
permeability toPI.Thesecondcontrol experiment
was conducted to ensure that any increase in
fluorescence signal observed during our experi-
ments is not due to de novo synthesis of proteins.
To examine this, we completely photobleached
the target cell and monitored the changes in
fluorescent signal intensity of this cellwithinnext
30 min. As expected no fluorescence signal was
observed after 30 min demonstrating that the
photobleachedfluorochromeisdestroyedandthat
the changes in fluorescent signal intensity we
see are not due to de novo protein synthesis of
GFP-VDR.

Experiment 5. Ability of VDR ligand
to stimulate nuclear import of GFP-

VDR correlates with its transcriptional
efficacy. The goal of our final experiment was
to compare the effects of 1,25(OH)2D3 and
its analog, Ro-26-9228 on three functional
parameters of VDR action: nuclear import,
association of VDR with chromatin, and gene
expression in 2-day post-confluent parental
Caco-2 cells. In the first part of this experiment,
we determined the effect of two VDR ligands on
GFP-VDR nuclear import using our established
protocol. Briefly, photobleaching of the cell
nucleus was followed by immediate addition
of treatment solution containing 100 nM
1,25(OH)2D3, 100 nM Ro-26-9228 or vehicle.
The post-bleach image was recorded 5min after
photobleaching. For each treatment group at
least six image series were quantified as
described in ‘Image collection and data analysis
Section’. In the second part of this experiment,
we examined the impact of 1,25(OH)2D3 treat-
ment on the association of VDRwith chromatin.
Caco-2 cells (2-day post-confluent) were treated
for 1hwith100nM1,25(OH)2D3,Ro-26-9228, or
vehicle. Chromatin fractions were isolated and
VDR association with chromatin was assessed
as described previously [Ismail et al., 2004]. In
the final experiment in this section we exam-
ined the transcriptional response of the CYP24
gene to 100 nM1,25(OH)2D3 and 100 nMRo-26-
9228. Two days after reaching confluency Caco-
2 cells were treated with 5% FBS containing
DMEM with 100 nM 1,25(OH)2D3, 100 nM
Ro-26-9228, or vehicle (0.01% ethanol). To
better evaluate the effect of two ligands on
induction of CYP24 gene expression we used
two complementary experimental designs. In
the first a 5 min-pulse with treatment solutions
was followed by 7 h 55 min incubation with
5% FBS media to allow accumulation of the
message (n¼ 3 per treatment). In the second
design, cells were continually treated with
vitamin D compounds for 8 h prior to harvest
(n¼ 3 per treatment). Cells were harvested
into 1 ml of Tri-Reagent and RNA was isolated
following the manufacturer’s instructions
(Molecular Research Center, Cincinnati, OH).
The real-time-polymerase chain reaction
(PCR) was conducted as described elsewhere
[Song et al., 2003b] using the primers:
CYP24 forward, CTCATGCTAAATACCCAGG-
TG, CYP24 reverse, TCGCTGGCAAAACGC-
GATGGG,GAPDH forward 50-TCACCATCTTC
CAGGAGCG-30, GAPDH reverse 50-CTGCTTC
ACCACCTTCTTGA-30 and common for both
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primer sets annealing temperature of 548C. The
GAPDH mRNA levels were used as an internal
control because expression of this gene does not
change in response to 1,25(OH)2D3 treatment.
Transfection of cells with GFP-VDR. We used
two protocols depending on whether we wanted
to image proliferating or post-confluent cul-
tures. In proliferating cells, 1 million cells in
suspension were transiently transfected imme-
diately following trypsinization using 6 mg of
GFP-VDR vector and a 1:2.6:2.6 ratio of DNA/
Lipofectamine/Plus Reagent. The cells were
then seeded at a density of approximately
30,000 cells per well in an 8-chambered glass
coverslip (NalgeNunc Intl., Rochester,NY). For
post-confluent non-proliferating Caco-2 cells an
alternate protocol was needed to overcome the
low transfection efficiency in non-proliferating
cells. For this study, cells were seeded at the
density of 21,333 cell per well of an 8-chamber
glass coverslip and each well was transfected
with 4 mg of GFP-VDR at either 2 or 9 days
post-confluence using 1:1:1 ratio of DNA/Lipo-
fectamine/Plus Reagent. With both protocols,
cells were used for experiments 2 days after
transfection.
Cell culture treatments. In order to avoid

the effect of estrogenic agonists present in
phenol red (PR) and serum on VDR distribution
in living cells [Barsony et al., 1990], the cells
transfected with GFP-VDR were routinely
switched from their usual medium (2-day
Caco-2: DMEMþ 20% FBS; post-confluent
Caco-2: DMEMþ 10% FBS; ROS 17/2.8 (A1G)
cells: Ham’s F12/DMEMþ 10% FBS) to PR-free
mediumplus 1% insulin–transferrin–selenium
(ITS, Invitrogen, Carlsbad, CA) at least 24 h
prior imaging session. The treatment solutions
containing 100 nM1,25(OH)2D3, 100 nMRo-26-
9228 or vehicle (ethanol at final concentration of
0.01%) were prepared in this medium and kept
at 378C water bath during imaging sessions.

Image Analysis

Criteriaof choosingcells for imaging. Prior
to each imaging sessionwe evaluated cell morphol-
ogy to ensure that cells were viable and healthy.
Only cells that had no obvious disruption in their
normal morphology were used for imaging. In
addition, we avoided using cells with a low
fluorescence signal as it would prevent us to use
theminourprotocolsdesignedtomonitoringimport
of GFP-VDR into the nucleus (where significant
signal is lost during initial photobleaching and

additional photobleaching occurs during the collec-
tion of the subsequent image collection). We also
excluded cells of extremely high intensity of the
signal since excessive expression of GFP-VDR
construct may not reflect physiologic conditions.

Image Collection and Data Analysis

All images in this studywere collected using a
BioRad MRC 1024 system and the Lasersharp
software package (BioRad Laboratories, Rich-
mond,CA).BioRadMRC1024 is equippedwitha
water-cooled, coherent Innova Enterprise
Model 622 Argon Ion UV/VIS laser, a Kryp-
ton–ArgonModel 5470K laser, aNikonDiaphot
300 inverted microscope (Nikon Corp., Tokyo,
Japan), a Plan APO 60X 1.4 DIC oil objective
and a heated stage. All images were collected
with the heated stage set at 378C. To detect
GFP-VDR fluorescence, the 488 nm line of a
krypton–argon laser was used for excitation of
the sample with a bandpass 522/35 emission
filter. In PI exclusion test we used the 488 nm
krypton–argon laser line with a 605/32 emis-
sions filter.

The creation of 3-D reconstructions from
confocal images was accomplished using the
MetaMorph software program (Molecular
Devices Corporation, Sunnyvale, CA). The
quantification of captured images was con-
ducted using Adobe Photoshop (Version 6.0,
Adobe System Inc., San Jose, CA).

Measurements of total, nuclear, and cytosolic
GFP-VDR contentweremade for each cell using
the histogram function to calculate the total
number of pixels and the mean signal intensity
per pixel. Intensity of fluorescent signal asso-
ciated with each cellular compartment was
calculated by multiplying the number of pixels
by the mean signal intensity per pixel. Fluor-
escent signal intensity was used to quantitate
data from all of our experiments. In experi-
ments 2 and 3 we directly used values of
fluorescent signal intensity to determine sub-
cellular distribution of GFP-VDR within the
nucleus and cytoplasm. In experiment 3, these
values were used to calculate the percentage
change in fluorescent signal intensity asso-
ciatedwith nucleus of cells frombaseline (image
1) due to treatment (image 2). In experiments 4
and 5, we normalized the total fluorescent
signal intensity of each cell to a relative value
of 5� 106 and nuclear fluorescent signal inten-
sity after photobleaching was assigned a value
equal to 0. The absolute change in nuclear
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fluorescent signal intensity over time was
calculated for each experimental condition.
In addition, we determined the efficiency of
photobleaching for each image series. For data
quantification we used only those image
series for which efficiency of photobleaching
was greater than 50%.

Analysis of GFP-VDR Functionality in MPEC
VDR KO Cells Using Reporter Gene Assay

MPEC VDR KO cells were transiently
cotransfected with 5 mg of rat �298 to þ74 bp
24-hydroxylase promoter luciferase gene con-
struct [Kerry et al., 1996], 50 ng of pRL-CMV
(Renilla expressing vector for assessing trans-
fection efficiency, Promega, Madison, WI) and
5 mg of a VDR expression vector (GFP-VDR or
pCR3-VDR) or pCR3.1-CAT (negative control)
using the Lipofectamine Plus procedure (1:4:10
DNA/Lipofectamine/Plus reagent, Invitrogen).
Eighteen hours after transfection MPEC VDR
KO cells were treatedwith 100 nM1,25(OH)2D3

or vehicle for 8 h. The cells were harvested and
luciferase activity assay was measured as per
the procedures in the Promega Dual Luciferase
Assay (Promega).

Statistical Analysis

Data are reported as the means� the stan-
dard error of themean. The treatment effects in
each experiment were compared by one-way
ANOVA using the SYSTAT statistical software
package (SYSTAT 7.0, Chicago, IL). Pairwise
comparisons were conducted when appropriate
using Fisher’s Protected LSD. Differences
between means were considered significant at
P< 0.05.

RESULTS

Analysis of Changes in Endogenous VDR Protein
Abundance in Response to 1,25(OH)2D3

Using standard immunoblotting techniques
VDR protein levels were elevated threefold by
1,25(OH)2D3 treatment in ROS cells following
1 h incubation with 100 nM 1,25(OH)2D3

(Fig. 1A). In contrast we did not observe an
increase in endogenousVDRprotein abundance
in parental Caco-2 cells. In addition, Figure 1B
shows that ligand does not significantly alter
the proportion of endogenous VDR in the
nuclear extracts (1.2� 0.2 after vitamin D
treatment vs. 1.0� 0.16 arbitrary units for
control, P¼ 0.4299, n¼ 9) or in the whole cell

extracts (P¼ 0.9768, n¼ 9) from Caco-2 cells,
even thoughwehave previously shown that this
dose can activate CYP24 and TRPV6 mRNA
accumulation in Caco-2 cells [Fleet et al., 2002].

The Baseline and 1,25(OH)2D3-Induced
Effects on the Distribution of GFP-VDR

in BBe and ROS17/2.8 (A1G) Cells

Using a transcriptionally functional GFP-
VDR construct (i.e., it restored vitamin D-
inducible CYP24 promoter activity in VDR null
cells, data not shown) we examined basal and
1,25(OH)2D3-induced effects on the subcellular
distribution of GFP-VDR in proliferating BBe
and ROS17/2.8 (A1G) cells. Figure 2 shows
that without hormone, GFP-VDR was evenly
distributedwithin the cytoplasm and nucleus of

Fig. 1. Theeffect of 1,25(OH)2D3onendogenousVDR inCaco-
2 andROS17/2.8 cells. (A) ROS17/2.8 andparental Caco-2 cells
were treated with either 100 nM 1,25(OH)2D3 (1,25 VD) or
vehicle (EtOH) for 1 h andVDRprotein levelswere determined in
whole cell extracts by Western blot analysis. (B) Caco-2 cells
were treated with either 10 nM 1,25(OH)2D3 (1,25 VD) or
vehicle (EtOH) for 2 h. Whole cell and nuclear extracts were
examined for VDR protein levels by Western blot analysis. The
figures are representative blots of individual samples from
experiments with n¼ 3 replicates; experiments were conducted
three times.

Fig. 2. The distribution of GFP-VDR in proliferating BBe cells
(A), differentiated BBe cells (B), and ROS 17/2.8 (AIG) cells (C).
Confocal images of GFP-VDR distribution in a single optical
section through the center of the cells in two axes: the XY plane
and the XZ plane (reconstructed from multiple images in the XY
plane).
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BBe and ROS 17/2.8 (A1G) cells. Consistent
with previous reports (Racz and Barsony, 1999)
the nucleoli were devoid of GFP-VDR signal. No
GFP-VDR signal was associated with either the
apical or basolateroal membranes.
Quantitative analysis revealed significant

differences in partitioning of GFP-VDR
between cytoplasm and nucleus between BBe
andROS17/2.8 (A1G) cells. In untreatedCaco-2
cells, the GFP-VDR is equally distributed in
the nuclear and cytoplasmic compartments
(Table I). In contrast, the majority of GFP-
VDR resides in the cytoplasm of ROS17/2.8
(A1G) cells and only a small portion is asso-
ciated with the nucleus (28.48� 1.71%). Prolif-
erating and differentiated Caco-2 cells had
similar amount of nuclear GFP-VDR indicating
that the process of differentiation to the absorp-
tive phenotype did not affect the subcellular
distribution of GFP-VDR.
In ROS 17/2.8 (A1G) cells treatment of cells

with 100 nM 1,25(OH)2D3 for 30 min increased
the percentage of nuclear GFP-VDR from 28 to
37%. Treatment with 100 nM 1,25(OH)2D3 did
not increase nuclear accumulation nor did it
reduce the cytoplasmic signal of GFP-VDR in
BBe cells (Fig. 3).

The Effect of 1,25(OH)2D3 on Nuclear
Import of GFP-VDR

By photobleaching the GFP signal in the
nucleus we were able to minimize the impact of
nuclear export in our analysis and directly
visualize nuclear import of GFP-VDR in BBe
cells. As shown in Figure 4, ligand-independent
nuclear accumulation of GFP-VDR occurred in
both proliferating and differentiated BBe cells.
Accumulation of GFP-VDR was significantly
accelerated by 1,25(OH)2D3 treatment; the
increase was significant within 2.5 min of
treatment and this difference was maintained
throughout the 30 min study period. At 5 min,

nuclear content of the vehicle-treated cells had
increased by 13% while the 1,25(OH)2D3 treat-
ment increased nuclear GFP-VDR levels by
30%. 1,25(OH)2D3-mediated accumulation of
GFP-VDR in the nucleus became saturated
after 25–30 min, a point where the distribution
of GFP-VDR between the nucleus and cyto-
plasm had reached pre-photobleaching levels.
This suggests either that GFP-VDR import
slowed over time or that equilibrium was
reached between nuclear import and export
during the 30 min study period.

Early and Late Fluxes of GFP-VDR Into Nucleus

To distinguish between the alternative
hypotheses explaining the saturation of nuclear
GFP-VDR accumulation following treatment
with 1,25(OH)2D3 (i.e., slowing over time vs.
balancing of import and export) we examined
movement of GFP-VDR into the nucleus of BBe
cells during the early and late phase of the
response to hormone. Consistent with our
initial observation, accumulation of GFP-VDR
in 1,25(OH)2D3-stimulated cells was twice as
high as control cells within 5 min of treatment
(Fig. 5A). Similarly, we found that GFP-VDR
accumulation in 1,25(OH)2D3-treated cells
was 158.7% higher than in vehicle-treated
cells when flux was examined 30 min after
treatment (Fig. 5B). These data demonstrate
that 1,25(OH)2D3-induced nuclear import of
GFP-VDR inBBecells is continuous throughout
the 30 min period we examined.

Ability of VDR Ligand to Stimulate Nuclear
Import of GFP-VDR Correlates With its

Transcriptional Efficacy

We have previously shown that the analog
Ro-26-9228 had reduced transcriptional
potency in Caco-2 cells as compared to the effect
of the analog in the hFOB osteoblast cell line
[Ismail et al., 2004]. This was partially
explained by reduced ability of analog-bound
VDR to interactwith essential protein partners,
for example, RXR and glucocorticoid receptor
interacting protein 1 (GRIP1). Others have
observed that ligand-dependent nuclear import
of VDR is dependent upon interactions between
VDR and importin a [Yasmin et al., 2005].
With this in mind, we compared the ability of
1,25(OH)2D3 and Ro-26-9228 to induce nuclear
GFP-VDR accumulation and subsequent
downstream events: association of VDR with

TABLE I. The Distribution of GFP-VDR in
BBe and ROS 17/2.8 (A1G) Cells

Cell type % Nuclear % Cytosolic

ROS 17/2.8 28.48�1.71 71.51� 1.71
BBe (2, days-culture) 53.93�2.22 46.06� 2.22
BBe (15, days-culture) 51.43�2.52 48.57� 2.52

Confocal images from transiently transfected cells were quanti-
fied and analyzed as described in the Materials and Methods
Section. The data represent mean�SEM of the fluorescent
signal intensity associated with nucleus and cytoplasm (n¼ 12
or more per cell type).
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chromatin, and CYP24 mRNA accumulation in
post-proliferating parental Caco-2 cells.

As Figure 6A shows, both 1,25(OH)2D3 and
Ro-26-9228 increasedGFP-VDRnuclear import
within 5 min of treatment. However, while the

natural ligand increased nuclear GFP-VDR by
99% compared to vehicle, the effect of the analog
was significantly blunted (40% increase).
The ligand-induced association of endogenous
VDR with chromatin was also 60% lower in

Fig. 3. Calcitriol causes significant changes in distribution of GFP-VDR in ROS 17/2.8 but not in BBe cells.
The images of proliferating BBe cells or ROS17/2.8 (A1G) cells were taken before (baseline) and 30min after
incubationwith 100 nM 1,25(OH)2D3. (A) Representative confocal images. (B) Image analysis of n¼6 cells
per cell type and treatment. The change in % signal intensity was calculated as described inMaterials and
Methods Section. Data represent mean� SE. Values with different superscripts are significantly different
from one another (P< 0.05, n¼6 cells per treatment).

Fig. 4. Calcitriol stimulates rapid translocation of GFP-VDR to
the nucleus of BBe cells.A: Representative time series for a single
differentiated BBe cell response to 100 nM 1,25(OH)2D3 (1,25
VD) or vehicle (EtOH), (B) summary of the response to
1,25(OH)2D3 in proliferating BBe cells, (C) summary of the
response to 1,25(OH)2D3 in differentiated BBe cells. Nuclear
photobleaching of GFP-VDR transfected cells was conducted at

t¼0, a baseline image was collected and immediately after-
wards cells were treated with either 100 nM 1,25(OH)2D3 (1,25
VD) or vehicle (EtOH). Images of cells were taken at 2.5, 5, and
every 5 min until 30 min. Points represent the mean� SEM of
n¼6 cells per treatment. * Values for a time point are
significantly different between vehicle and vitamin D treated
cells, P< 0.05.
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analog-treated compared to 1,25(OH)2D3-
treated cells: threefold increase for Ro-26-9228
versus eightfold increase for 1,25(OH)2D3

(Fig. 6B). Finally, CYP24 mRNA accumulation
was significantly lower for the analog-treated
cells in both the pulse and continuous treatment
protocols. For the pulse treatment protocol, the
accumulation of CYP24mRNA following analog
treatment was only 6% of that observed
with natural ligand (Fig. 6C). Interestingly,
continuous treatment minimized the discre-
pancy in CYP24 mRNA accumulation between
the natural ligand and the analog (analog
response¼ 58% of the natural ligand, data not
shown) demonstrating partial compensation for
the blunted analog response. Altogether, these
data show that the analog Ro-26-9228 had
reduced ability to stimulate GFP-VDR nuclear
import and that this was reflected in a suppres-
sion of downstream events, for example, DNA
binding and gene expression.

DISCUSSION

In this study we examined the distribution of
VDR in the enterocyte-like cell line Caco-2 and
we found several interesting features of VDR
distribution and mobility unique to this critical
vitamin D target cell.

First, our quantitative analysis showed that
approximately equal levels of GFP-VDR reside
in the cytoplasm and nucleus of Caco-2 cells in
the absence of 1,25(OH)2D3. In contrast, we

Fig. 5. Nuclear import ofGFP-VDRoccurs throughout a 30min
period of treatment with 1,25(OH)2D3 in BBe cells. Nuclear
accumulation of GFP-VDR was examined at an early (5 min, A)
and later (30 min, B) period after treatment of 6-day cultures of
BBe cells with 100 nM 1,25(OH)2D3 (1,25 VD) or vehicle
(EtOH). (A) Nuclear import at 5 min after treatment. The graphic
on the left represents the photobleaching (PB), treatment (Rx) and
image collection times (arrows). (B) Nuclear import at 30 min
after addition of 1,25(OH)2D3 or vehicle. In the late assessment
period protocol, cells were treated with 100 nM 1,25(OH)2D3 or
vehicle at t¼0. Thirty minutes later nuclei were photobleached
andan imagewas collected. A second imagewas collected5min
later. The confocal images were analyzed as described in
Materials and Methods Section. Data represent mean� SEM
(n¼6 per treatment). Values with an asterisk are significantly
different from one another (P<0.05).

Fig. 6. The ability of VDR ligands to stimulate VDR nuclear
import in parental Caco-2 cells is associated with their
transcriptional efficacy. (A) The effect of 5 min treatment with
100 nM 1,25(OH)2D3, 100 nM Ro269228, or vehicle (EtOH) on
GFP-VDRnuclear import. Bars representmean� SEM (n¼ 6). (B)
The effect of 1 h treatment with 100 nM 1,25(OH)2D3,
Ro269228, or vehicle (EtOH) on the association of endogenous
VDR with chromatin. The figure is representative data from a
single sample per treatment group. S, soluble; Ch, chromatin. (C)
The effect of a pulse treatment (5 min treatment, 7 h 55 min
vehicle) with either 100 nM1,25(OH)2D3, Ro269228, or vehicle
(EtOH) on CYP24 mRNA levels as determined by RT-PCR
analysis. CYP24mRNA levels are normalized to GAPDHmRNA
levels within the samples. Bars represent mean� SEM (n¼3 per
treatment); the experiment was repeated three times with similar
results. Values with different superscripts are significantly
different from one another (P< 0.05).
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found that the baseline GFP-VDR distribution
in ROS17/2.8 (A1G) cells was predominantly
cytoplasmic (>70%), a finding that confirms
what others have reported for VDR distribution
in ROS 17/2.8 cells [Racz and Barsony, 1999],
COS-1 (Sunn et al., 2001), and COS-7 [Racz and
Barsony, 1999] kidney cells, and microwave-
fixed fibroblasts [Barsony et al., 1990]. Next, we
observed that the signal produced by our GFP-
VDR construct was diffusely distributed within
the nucleus. This is similar to what Sunn et al.
[2001] previously reported for an enhanced
GFP-labeled version of the traditional VDR-A
isoform in COS-1 cells. Thus, although others
have reported that the traditional VDR can be
found in caveolin-rich membrane domains in
chick intestinal cells and in ROS 17/2.8 cells
[Huhtakangas et al., 2004], we did not observe
any accumulation of GFP-VDR near either the
apical or basolateral membrane in our 3-D
reconstructions. Our observation is consistent
withwhatBarsony et al. [1997] reported using a
BODIPY-labeled 1,25(OH)2D3 in human fibro-
blasts. This does not support a role for a
membrane-associated VDR as the mediator
responsible for the activation of various kinases
and signal transduction pathways by
1,25(OH)2D3 that have been observed in a
variety of cell types [Fleet, 2004], including
Caco-2 cells [Wali et al., 1992; Tien et al., 1993;
Bettoun et al., 2003]. However, our inability to
see membrane-associated GFP-VDR could
reflect several factors including low sensitivity
of the method to detect the 1–3% of VDR that is
proposed to be associatedwith themembrane or
an inability of the GFP-VDR to associate with
the membrane.

Another interesting finding from our experi-
ments is that neither endogenous VDR nor
GFP-VDR accumulate in the cell or in the
nucleus following 1,25(OH)2D3 treatment. This
is in contrast to previous reports that consis-
tently show a significant accumulation of VDR
resulting from 1,25(OH)2D3-induced protein
stabilization in other cell types [Mahonen and
Maenpaa, 1994; Masuyama and MacDonald,
1998; Jaaskelainen et al., 2000]. Our data in
Caco-2 cells are consistent with a report by
Wiese et al. [1992] who found that 1,25(OH)2D3

treatment hadmodest (twofold), delayed (>4 h),
and transient (normal VDR levels by 24 h) effect
onVDRprotein levels in the rat intestinal crypt-
like cell line IEC-6. Neither this study, nor our
data explain why 1,25(OH)2D3 stabilization of

VDR in the enterocyte is less dramatic than in
other cell types. However, even though we did
not observe accumulation of total or nuclear
VDR levels in Caco-2 cells after 1,25(OH)2D3

treatment, we did find that the distribution of
the receptor within the nucleus shifts towards a
greater association with the chromatin fraction
following 1 h of treatment. Thus, the lack of
nuclear VDR accumulation masks the activa-
tion of VDR as a transcription factor.

In contrast, using photobleaching to reduce
GFP-VDR signal in the nucleus allowed us to
document 1,25(OH)2D3-dependent nuclear
import of GFP-VDR in Caco-2 cells. This
increase was substantial and continuous in the
presence of hormone. The difference between
ligand-dependent and ligand-independent
import accounted for a 20% increase in nuclear
level of GFP-VDR per 5 min period; this was
true whether we examined vitamin D-induced
GFP-VDR movement immediately after or
30 min after hormone treatment. The mechan-
ism mediating the nuclear import of GFP-VDR
in Caco-2 cells is unclear. Ligand-independent
import has been shown to be dependent upon
importin 4 (Miyauchi et al., 2005) and also
requires nuclear localization signals within
its heterodimeric partner RXR [Prufer and
Barsony, 2002]. In contrast, ligand-induced
VDR movement occurs independent of the
RXR nuclear localization signal [Prufer and
Barsony, 2002] and a recent report by Yasmin
et al. [2005] suggests that 1,25(OH)2D3-induced
VDR-RXR nuclear import is due to recruitment
of importin a to the VDR.

Our data from photobleaching experiments
demonstrates that vitamin D-induced nuclear
import should be sufficient to cause nuclear
accumulation of GFP-VDR; the import rate we
documented was sufficient to transfer at least
36%of the cytoplasmic signal into thenucleus in
the 30 min period we studied. While we did not
directly evaluate nuclear GFP-VDR export, we
believe that the lack of GFP-VDR accumulation
in the presence of ligand in non-photobleached
cells, even in the face of significant nuclear
import, is consistent with the hypothesis that
VDR import and export are balanced in enter-
ocytes. Cell-specific differences in nuclear accu-
mulation of VDR following vitaminD treatment
may therefore be due to differences in the
efficiency of vitamin D-induced GFP-VDR
export. Unfortunately the mechanism mediat-
ing ligand-induced nuclear export of steroid
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hormone receptor superfamily members, espe-
cially VDR, is not clear [Pemberton and Pas-
chal, 2006]. For example, while chromosomal
region maintenance 1 protein (CRM-1) recep-
tor-mediated export is important for nuclear
export of the unligandedVDR, ligand-enhanced
export of VDR is CRM-1 independent [Prufer
and Barsony, 2002]. Alternately, 1,25(OH)2D3-
induced nuclear export may be mediated by
binding to calreticulin, a protein previously
identified as important for the export of multi-
ple members in nuclear hormone receptor
superfamily including VDR [Black et al.,
2001]. However, a recent study by Walther
et al. [2003] suggests that the previously
identified role for calreticulin in the nuclear
export of the glucocorticoid receptor is an
artifact of the heterokaryon method used to
identify calreticulin as a critical nuclear export
protein. Other mechanisms have also been
proposed to mediate nuclear export of steroid
hormone receptor family members. For exam-
ple, Saporita et al. [2003] identified amino acid
sequences in helixes 5–8 of the ligand binding
domain thatwere involved in the nuclear export
of the androgen receptor, the mineralcorticoid
receptor, and estrogen receptor a. Unfortu-
nately, the residues proposed to be critical for
nuclear export in those receptors are not well
conserved in the VDR (data not shown). Future
studies will be necessary to identify the critical
proteins mediating export of VDR and other
nuclear receptor members.
In our final study we examined the relation-

ship between 1,25(OH)2D3 or Ro-26-9228-
induced VDR import and downstream events
following in Caco-2 cells, that is, association of
VDR with chromatin, mRNA accumulation.
Previous studies showed that Ro-26-9228works
as a tissue selective 1,25(OH)2D3 analog char-
acterized by a tenfold lower ability to induce
gene transcription in intestinal epithelial cells
compared to osteoblasts [Ismail et al., 2004].
Thiswasdue inpart to reducedability of analog-
bound VDR to form essential protein–protein
interactions with its heterodimeric partner
RXR as well as the coactivator GRIP1. Here,
we add to this story by showing that the earliest
step of the vitamin D-signaling process, mea-
sured by nuclear import of GFP-VDR, was less
efficient in the presence of analog compared to
the natural ligand. Reduced nuclear import was
associated with a reduction in the next step
in the process of transcription: association of

VDR with chromatin. This was subsequently
reflected as reduced ligand-induced CYP24
mRNA accumulation. While the role of reduced
analog-induced binding of the coactivator
GRIP1 to VDR is certainly contributing to the
reduced transcription of the CYP24 gene, our
data are consistent with the observations of
Racz and Barsony [1999], who found that VDR
nuclear translocation is a critical component of
the receptor activation process and vitamin D-
mediated gene transcription. In addition, this
observation is consistent with the hypothesis
that conformational changes inVDR induced by
vitamin D analogs not only affect its interac-
tions with RXR and coactivators [Ismail et al.,
2004] but also with proteins critical for nuclear
VDR import, that is, importins.
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