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Abstract

Transient receptor potential cation channel, subfamily V, member 6 (TRPV®6) is an apical
membrane calcium (Ca) channel in the small intestine proposed to be essential for vitamin D
regulated intestinal Ca absorption. Recent studies have challenged the proposed role for TRPV6 in
Ca absorption. We directly tested intestinal TRPV6 function in Ca and bone metabolism in wild-
type (WT) and vitamin D receptor knockout (VDRKQ) mice. Transgenic mice (TG) were made
with intestinal epithelium-specific expression of a 3X flag-tagged human TRPV6 protein. TG and
VDRKO mice were crossed to make TG-VDRKO mice. Ca and bone metabolism was examined
in WT, TG, VDRKO, and TG-VDRKO mice. TG mice developed hypercalcemia and soft tissue
calcification on a chow diet. In TG mice fed a 0.25% Ca diet, Ca absorption was >3 fold higher
and femur bone mineral density (BMD) was 26% higher than WT. Renal CYP27B1 mRNA and
intestinal expression of the natural mouse TRPV6 gene were reduced to <10% of WT but small
intestine calbindin-Dgy expression was elevated >15X in TG mice. TG-VDRKO mice had high Ca
absorption that prevented the low serum Ca, high renal CYP27B1 mRNA, and low BMD and
abnormal bone microarchitecture seen in VDRKO mice. In addition, small intestinal calbindin
Dgk MRNA and protein levels were elevated in TG-VDRKO. Transgenic TRPV6 expression in
intestine is sufficient to increase Ca absorption and bone density, even in VDRKO mice. VDR
independent up-regulation of intestinal calbindin Dgy in TG-VDRKO suggests this protein may
buffer intracellular Ca during Ca absorption.
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Introduction

Calcium (Ca) is essential for the integrity of bone and it is necessary for physiological
functions such as muscle contraction, neurotransmission, and secretion (1). Whole body Ca
metabolism is controlled by a three tissue axis of intestine, kidney, and bone to maintain
extracellular Ca concentration within a narrow range. Vitamin D-regulated intestinal Ca
absorption is a key player in overall Ca homeostasis (2), and it occurs through both
saturable, transcellular and non-saturable, paracellular diffusion pathways (3). While several
models for transcellular intestinal Ca transport have been proposed, the most studied model
is the facilitated diffusion model where transport occurs in three steps: entry across the
apical brush border membrane through the Ca channel Transient Receptor Potential cation
channel, subfamily V, member 6 (TRPV®6); intracellular diffusion/transportation to the
basolateral side of the cell mediated by calbindin Dg, and extrusion across the basolateral
membrane by plasma membrane Ca ATPase 1b (PMCAL1Db) (3).

Several observations are consistent with the hypothesis that TRPV6 mediates apical
membrane entry of calcium into enterocytes: TRPV6 is abundantly expressed in duodenum,
its expression level is up-regulated by low dietary Ca intake and by 1,25-dihydroxyvitamin
D3 (1,25(0H),D) injection, and increased TRPV6 mRNA levels precede the elevation of Ca
absorption after 1,25(OH),D injections (4). In addition, TRPV6 mRNA levels are reduced
by 95% in vitamin D receptor (VDR) knockout mice and this is accompanied by a 70%
reduction in intestinal Ca absorption efficiency (5;6). However, several recent studies in
TRPV6 knockout mice have challenged the central role proposed for TRPV6 in intestinal Ca
absorption. For example, in contrast to VDR knockout mice who have severe hypocalcemia
and rickets caused by very low intestinal Ca absorption (2;5), TRPV6 knockout mice have
normal serum Ca level and they respond to dietary Ca restriction and 1,25(0OH),D injections
by increasing intestinal Ca absorption efficiency (7-9). However, while these studies
demonstrate that vitamin D mediated intestinal Ca absorption can occur in the absence of
TRPV6, a direct test of whether TRPV6 can mediate intestinal Ca absorption has not yet
been conducted. To examine the /in vivorole of TRPV6 in intestinal Ca transport, we created
transgenic mice expressing human TRPV®6 in intestinal epithelial cells. We then examined
the impact of transgenic TRPV6 expression on Ca and bone metabolism.

Materials and Methods

Animals

All animal experiments were approved by the Purdue Animal Care and Use Committee.
Mice were exposed to a 12-h light/12-h dark cycle, and food and water were given ad
libitum.

Generation of 3XFlag-hTRPV6 Expressing Transgenic Mice

Trangenic mice expressing human TRPV6 under control of the villin promoter/enhancer
were generated using the vector shown in Figure 2A. The transgene was constructed in the
pUC12.4-kb-villin plasmid (10). The human TRPV6 fragment (hnTRPV6) from the plasmid
pBS Il SK-hTRPV6 was subcloned into the pN3XFlag plasmid (11) to generate the
pN3XFlag-hTRPV6 vector that encodes hTRPV6 with three Flag sequences on the N-
terminal end of the protein. The 3XFlag-hTRPV6 fragment was subcloned into the Xho |
and Age | site of the pUC12.4-kb-villin plasmid to generate the pUC12.4k-villin-3XFlag-
hTRPV6 plasmid (Figure 2A). After digestion with Pme I, the 16-kb transgene was used to
create TRPV6 transgenic mice (TG) at the Purdue University Transgenic Mouse Core
Facility using standard pronuclei injection methods. Oocytes were from C57BL/6N mice
and they were implanted into recipient females on the C57BL/6J genetic background. The
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transgene was detected in tail genomic DNA by conventional PCR and the transgene copy
number was determined using real-time PCR. Transgenic mice were maintained by breeding
males to C57BL/6J females. Analysis of the transgene distribution was conducted after 2-3
crosses onto the C57BL/6J background. Characterization of the transgenic mouse was
conducted after 5-8 crosses onto the C57BL/6J background. Characterization of the a cross
between the transgenic mouse and the VDR knockout mouse (on the C57BL/6J background)
was conducted after more than 10 crosses to the C57BL/6J background.

Caco-2 cell culture and experiments

Cells were grown using medium and conditions that we have described previously (12). The
ability of this vector to drive expression of hnTRPVG6 labeled on the N-terminal end with 3
Flag sequences was tested by transient transfection of Caco-2 cells. Proliferating cultures of
Caco-2 cells were transiently transfected with the pN3XFlag-hTRPV6 expression vector
using conditions we have described previously (12). Two days after transfection cell surface
proteins were labeled by biotinylation and isolated using Avidin-bound agarose column
(Pierce Cell Surface Protein Isolation Kit, Pierce Biotechnology, Rockford, IL). Whole cell
extracts, flow-through from the columns, and material that bound to the columns were
subjected to SDS-PAGE and TRPV6 was detected by immunoblotting using the methods
described below.

Evaluation of the Phenotype of TRPV6 Transgenic and TRPV6 Transgenic-VDR Knockout

mice

Female TG and WT mice were fed either a standard commercial chow diet (0.72% Ca) or an
AIN93G based diet (13) containing 0.25% Ca and 200 U vitamin D (Research Diets, New
Brunswick, NJ) from weaning until 8 wks of age. VDR knockout mice (VDRKO) were
crossed to TRPV6 transgenic mice (TG) to make TG-VDRKO mice using traditional
breeding. All mice used were on the C57BL/6J genetic background. Age and gender
matched WT, VDRKO, TG, TG-VDRKO mice were obtained and fed AIN93G diets
containing 0.5% Ca diet and 1000 1U vitamin D3/kg diet (Research Diets) from weaning to
10 wks of age. At the end of the feeding periods, mice were fasted overnight (12 h). Ca
absorption was measured as appearance of °Ca in serum 10 minutes after oral gavage as
described previously (6). Blood samples were obtained at 10 min after oral gavage, and
serum (10 wl) was analyzed by liquid scintillation counting.

Serum was analyzed for Ca (QuantiChrom assay, BioAssay Systems, Hayward, CA) and
1,25(0OH),D levels (ImmunoDiagnostic Systems, Fountain Hills, AZ). A spot urine sample
was taken and analyzed for Ca and creatinine (QuantiChrom Ca and Creatinine Kits).
Mucosa scrapings from intestine segments, including duodenum, jejunum, ileum, proximal
colon, distal colon, and kidneys were harvested for analysis of gene expression. Femora
were harvested for the assessment of bone mineral density (BMD) by DEXA and for
microarchitecture using micro-Computed Tomography (itCT) and histomorphometry (2).

Conventional and Real-time PCR

The transgene was detected in tail genomic DNA by conventional PCR and the transgene
copy number was determined using real-time PCR using the primers P1 and P2 (primer

P1: 5 CTCGAGCTAGACCATGGACTACAAA ¥, primer

P2: Y TGGCAGCTAGAAGGAGAGGA3’; Tm, 55.8°C; PCR product, 248 bp, Figure 2A)
as described previously (14). Total RNA was isolated and reverse-transcribed into cDNA as
previously described (2). Transgene mMRNA was measured by conventional PCR or real-time
PCR using primers P2 and P3 (P3: * TGGCTGCCTCTTCCAGACAG?’; Tm, 55.8°C; PCR
product, 290 bp). Primers TRPV6 #1 and TRPV6 #2 (12) recognize regions common to the
human and mouse TRPV®6 transcript and were used to measure total TRPV6 mRNA level.
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Primers mTRPV6 #1 and mTRPV6 #2 (#1: ¥ AAGCTACCTCGTTGCCTGTG?,

#2: " AGTAGAGGCCATCTTGTTGC?; Tm, 57.0 °C; PCR product, 157 bp) were used to
measure mouse TRPV6 mRNA level. Primers mRPLPO #1 and mRPLPO #2

(#1: ¥ AGAAACTGCTGCCTCACATCC?, #2: “CAATGGTGCCTCTGGAGATT?; Tm,
59.0°C; PCR product, 229 bp) were used to measure the mRNA level for the housekeeping
gene, ribosomal protein, large, PO (RPLPO). Primers and conditions for analysis of CYP24,
CYP27B1, calbindin Dgy, TRPV5, VDR and calbindin Dogix mMRNA level have been
reported previously by our group (2;15).

Immunoblotting

In some studies cell and tissue extracts were subjected to differential centrifugation as
described by Kessler et al. (16). Mucosa scrapings or cell pellets were homogenized in ice-
cold lysis buffer (50 mmol/L mannitol, 2 mmol/L Tris, pH 7.2, 50 pg/ml benzamidine) with
complete proteinase inhibitor cocktail (Roche Applied Science, Indianapolis, IN), 1 mmol/L
PMSF and calcium added to 10 nmol/L. After clearing whole cells from the homogenate
(3000 x g, 10 min, 4°C) a primary pellet containing cell membranes was prepared (P1,
30,000 x g, 20 min, 4°C). This pellet was resuspended in lysis buffer and centrifuged again
to isolate a pellet containing brush border membranes (BBM)(P2, 43,000 x g, 30 min, 4°C).
The BBM pellet was resuspended in the lysis buffer and used for Western blot analysis. For
other analyses, mucosa scrapings were homogenized in ice-cold modified lysis buffer (300
mmol/L mannitol, 10 mmol/L Tris, pH 7.2, 50 pg/ml benzamidine) with complete
proteinase inhibitor cocktail (Roche Applied Science, Indianapolis, IN) and 1 mmol/L
PMSF to make whole cell extracts (WCE). The whole cell extract was centrifuged at 16,300
x g for 30 minutes at 4°C and the supernatants were used for immunoblotting.

For the TRPV6 western blot, 80 ug of BBM protein or 30 g of WCE protein were
separated on 7.5% Tris-glycine polyacrylamide gels and transferred to P\VVDF membranes
using standard Western blot procedures. Rabbit anti-TRPV6 primary antibody (1:2000
dilutions, Alomone Labs Ltd, Israel) and HRP conjugated goat anti rabbit secondary
antibody (1:5000 dilutions, Zymed, Carlshad, CA) were used. For calbindin Dgy, 60 j.g of
whole cell extracts from intestine segments and 50 ng calbindin Dgy standard (Sigma-
Aldrich, St. Louis, MO) were separated on 16.5% Tris-HCI polyacrylamide gels. Rabbit
anti-calbindin Dgy primary antibody (1:2000 dilutions, Swant, Switzerland) was used for
detection. Membranes were stripped and reprobed with pB-actin antibody as described
previously (12). Specific antibody binding to blots was determined by chemiluminescent
detection (SuperSignal West Pico Chemiluminescent substrate, Pierce, Rockford, IL).

Bone Analysis

Femora were harvested and fixed in 10% neutral buffered formalin for 7 days and stored in
75% ethanol at 4°C until the samples were processed. Fixed femora were scanned using a
P1XImus densitometer (Lunar; GE-Healthcare, Madison, WI) to determine bone mineral
content (BMC, in grams) and bone mineral density (BMD, in g/cm?2) as described previously
(2). For n.CT mouse femora were scanned using a nCT 40 desktop scanner (Scanco Medical
Ag, Bruttisellen, Switzerland) at a resolution of 6 um?3, 55 kVp energy, 145 pA intensity,
and a 300 ms integration time. Data are reported using nomenclature described previously
(17). Trabecular bone was assessed by scanning and reconstructing a 1.5 mm region (150
slices) 0.3 mm proximal to the apex of the distal condyle and reported as volume/total
volume (BV/TV, %), trabecular number (Th.N, 1/mm), trabecular spacing (Th.Sp, mm), and
trabecular thickness (Th.Th, mm). Cortical bone at the femoral midshaft was assessed by
evaluating a 0.25 mm region (40 slices) at 50% total femur length and are reported as
cortical area to total area (Ct.Ar/Tt.Ar, %) and cortical thickness (Cort. Th, mm). For
histology, calcified femora were processed by the Centre for Bone and Periodontal Research
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at McGill University (Montreal, Canada) as described previously (2). Sections were
examined for mineralization using the VVon Kossa staining procedure and counterstained
with toluidine blue.

Statistical Analysis

Results

All data are presented as the mean = SEM. Studies were analyzed by ANOVA followed by
Fisher's protected LSD. If predicted versus residual plots showed that the data were not
normally distributed, data were log transformed prior to analysis. P-Values less than 0.05
were considered statistically significant.

Assessment of intestinal TRPV6 expression in mice and transfected Caco-2 cells

We initially examined the expression of mouse TRPV6 protein in mouse intestine. TRPV6
is a 75 kd protein that can be glycosylated so it appears in the range of 75-100 kd on SDS
PAGE (18). TRPV6 protein in WT mice was observed in brush border membrane
preparations in all intestinal segments where mRNA is present. In the brush border
membrane of duodenum the protein is predominantly the high molecular weight,
glycosylated form (see Figure 1A). In addition, the size of the TRPV6 protein band was
higher in duodenum than the other small intestinal segments (Figure 1B) suggesting TRPV6
in jejunum and ileum is not glycosylated. Consistent with the 95% reduction in TRPV6
mRNA level we have previously reported in VDR KO mice (19), TRPV6 protein was not
detected in the intestinal scrapings of VDR KO mice (Figure 1B). We next examined
whether the 3X Flag-tagged hTRPV6 transgene we created would be expressed, localized,
and glycosylated appropriately by transiently expressing the protein in the human intestinal
cell line Caco-2. Figure 1C shows that two hTRPV6 bands were expressed in transfected
Caco-2 cells; the higher molecular weight protein is a cell surface protein that can be
biotinylated and isolated. This confirmed that our transgene was likely to be expressed at the
apical membrane surface when expressed in mice.

Characterization of TRPV6 Transgenic mice

Four transgenic founders were obtained. Of these, two did not transmit the transgene to their
offspring and only one of the others expressed both transgene mRNA and protein in the
intestine. The line expressing both transgene MRNA and protein was studied further.
Consistent with the reported expression of the villin promoter (10), transgene mRNA was
detectable at high levels throughout the intestine and at low levels in the kidney. All other
tissues were transgene negative (Figure 2B). Transgene mMRNA was highest in duodenum
and jejunum; colonic transgene mRNA levels were elevated but were 90% lower than levels
seen in the duodenum (Figure 2C). While renal transgene mRNA was elevated relative to
wild-type levels (by 300-fold, data not shown), the total TRPV®6 levels in the kidneys of
transgenic mice were still only 1% of the level found in their duodenum. Transgene
expression increased TRPV6 protein level throughout the intestine, with the highest
expression levels found in the small intestine (Figure 2D).

TG mice were initially fed a standard, high Ca chow diet. However, on this diet the growth
of TG mice was poor. Necropsy and histological analysis of TG mice fed the chow diet
revealed soft tissue calcification in kidney, heart, blood vessels, lung and stomach (see
Supplemental Figure 1). Serum and urine Ca levels were elevated in chow-fed 3 mo-old TG
and WT mice (serum: WT = 10.8+0.7 mg/dl, TG = 14.0+£1.4 mg/dl; urine: WT = 17.2+4.1
mg/dl, TG = 25.74£3.5 mg/dl, n=3/group). Subsequent studies were conducted in mice fed
semi-purified diets with reduced Ca content (0.25%). This diet normalized serum Ca (WT
0.25% Ca diet =9.11+1.31 mg/dl, TG 0.25% Ca = 10.83+0.42 mg/dl, Figure 3A) and body
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weight at 2 mo (WT = 16.1+0.5 g, TG 15.6+0.8 g). However, even on the low Ca diet,
transmission of the transgene to offspring was poor. No TG pups were generated when
female TG mice were paired with WT male mice. When male TG mice were bred with
female WT mice, transgene transmission rate was less than 25% (see Supplemental Table 1).

Ca Absorption and Bone Phenotype of Transgenic Mice

Ca absorption in 8-wk-old female fed the 0.25% Ca diet was 3-fold higher than WT mice
(Figure 3B). Consistent with other reports (20) (21) hyperabsorption of Ca accounts for the
elevated urinary Ca levels we observed in TG mice. In addition, the elevation of Ca
absorption caused by transgene TRPV6 expression in intestine, and perhaps even increased
renal transgene TRPV6 expression in kidney, account for elevated serum Ca levels in TG
mice (Figure 3A). Femur length was not different between TG and WT mice (data not
shown) but femur BMD in TG mice was higher than WT by 28% (Figure 3C). Femoral
architecture was analyzed using wCT scanning of trabecular (distal) and cortical (midshaft)
sites (Table 1). Like total BMD, cortical area fraction (Ct.Ar/Tt.Ar, +23%) and cortical
thickness (Ct.Th, +26%) were significantly increased in TG mice. At the distal femur,
trabecular BV/TV (+802%), trabecular number (Th.N, +78%), and trabecular thickness
(Th.Th, +66%) were all significantly higher, while trabecular spacing (Tb.Sp) was
significantly lower (-48%), in TG than WT. Consistent with the wCT data, Von Kossa
staining also showed more and larger trabeculae in distal femur (Figure 3D).

Renal and Intestinal Gene Expression in Transgenic Mice

Renal CYP27B1 mRNA was 98% lower and renal CYP24 mRNA was elevated 17-fold in
TG (Figure 4A) leading to low serum levels of 1,25(0OH), D (reduced by 56%). Increased
serum Ca and reduced serum PTH levels (46% lower) (Figure 5B) likely explain the
suppression of renal CYP27B1 and low serum 1,25(0OH), D levels. The reduction of
1,25(0OH), D in TG mice caused the loss of mMRNA levels for vitamin D regulated genes in
the intestine; i.e. reduced expression of CYP24 mRNA (data not shown) and the natural
mouse TRPV6 mRNA (11% of WT in duodenum, 3.6% in jejunum, 0.28% in proximal
colon and 6.5% in distal colon, Figure 4B). In contrast, calbindin Dgi gene expression was
strongly up-regulated in duodenum and jejunum of TG mice, but not in the colon (Figure
4C). Renal TRPV5 and calbindin Dgy expression were not changed. VDR mRNA level was
not altered in any intestinal segment or in kidney of TG mice.

Effects of TRPV6 Transgene Expression on Phenotype of VDR Knockout Mice

When fed the 0.5% Ca AIN93G diet, VDRKO mice are growth arrested (-14%) and have
hypocalcemia (-26%, Figure 5A), elevated serum 1,25(0OH), D (+28.6-fold, Figure 5B),
elevated serum PTH (+20.5-fold, Figure 5B), and reduced bone mass (e.g. midshaft cortical
bone thickness -58%, Table 2) relative to WT mice. In TG-VDRKO mice, body weight was
improved but not normalized (WT = 21.8+1.1 g, VDRKO = 18.8+0.9 g, TG = 20.5%0.7 g,
TG-VDRKO =19.2+1.1 g, n=6-10/group). In contrast, the negative effects of VDR deletion
on femora in VDRKO were reversed in TG-VDRKO and exceeded WT values (Table 2). At
the distal femur BV/TV (+3.7-fold), Th.N (+91%), and Th.Th (+22%) were elevated and
Th.Sp (-49%) decreased in TG-VDRKO mice compared to WT mice. At the midshaft
femur, Ct.Ar/Tt.Ar was normalized in TG-VDRKO and Ct.Th was increased in TG-
VDRKO to 19% higher than WT values.

The low serum Ca level seen in VDRKO mice was eliminated in TG-VDRKO but was
elevated relative to WT mice (+40%, Figure 5A) while the elevated serum 1,25(0OH), D and
PTH levels seen in VDRKO mice were reduced in TG-VDRKO to below values normally
seen in WT mice (Figure 5B). In VDRKO mice renal CYP27B1 expression is up-regulated
620-fold and renal CYP24 mRNA was completely suppressed (Figure 5C). Consistent with
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the increased serum Ca levels observed in TG-VDRKO mice, renal CYP27B1 mRNA was
normalized and CYP24 mRNA levels were reduced in TG-VDRKO mice. Urinary Ca level
was 109% higher in VDRKO (p=0.076), 8.9-fold higher in TG mice, and 22-fold higher in
TG-VDRKO compared to WT mice (Figure 5D).

Intestinal Ca absorption in mice fed the 0.5% Ca diet was 53% lower in VDRKO and
6.2+1.0 fold higher in TG mice compared to WT mice (Figure 6A). The high Ca absorption
level from TG mice was maintained in TG-VDRKO mice (5.3+0.74 fold above WT). The
phenotype of elevated intestinal Ca absorption from TG mice, coupled with elevated urinary
Ca from VDRKO mice (2) explains why urinary Ca was increased to 22-fold over WT
levels (and 2.5-fold higher than TG) in TG-VDRKO. Intestinal calbindin Dgy mMRNA levels
were significantly reduced in VDRKO (>50% lower in all segments, Figure 6B). Despite the
absence of intestinal VDR, the elevated calbindin Dggy mRNA in the TG intestine was also
present in TG-VDRKO mice, i.e. strongly up-regulated in duodenum and jejunum (17- and
21-fold respectively, compared to WT duodenum). Western blot analyses confirmed that
calbindin Dy protein levels were strongly elevated in the duodenum of both TG and TG-
VDRKO mice (Figure 6C).

Discussion

Dysregulation of intestinal Ca absorption occurs with aging (22;23) and following the
menopause (24-26) leading to low fractional Ca absorption that increases hip fracture risk in
women with low dietary Ca intake (27). In addition, intestinal Ca hyperabsorption can cause
hypercalciuria leading to the formation of kidney stones in rats (20) and humans (21).
Understanding the mechanisms controlling active intestinal Ca absorption will aid the search
for preventative or therapeutic approaches to these diseases.

Four models have been proposed to explain the mechanism for intestinal Ca absorption:
vesicular trafficking, transcaltachia, regulated paracellular transport, and the most studied of
these mechanisms, the facilitated diffusion model (see (3) for a detailed discussion of these
mechanisms). In the facilitated diffusion model, basal and vitamin D-dependent uptake of
Ca across the brush border membrane into the enterocyte is mediated by TRPV6 (28). Ca
uptake has been proposed as the rate limiting step for intestinal Ca absorption by some
(29;30) but not others (31;32). However, our current report is the first direct demonstration
that TRPV®6 is a functional apical membrane Ca transporter in the mammalian intestine and
that it can mediate intestinal Ca absorption. Prior to our studies others had reported
relationships that were consistent with a role for TRPV6 in intestinal Ca absorption but were
based on TRPV6 mRNA levels. For example, the TRPV6 gene is a direct vitamin D target
gene (12;33;34) so TRPV6 mRNA level is reduced by more than 90% in the duodenum of
VDRKO mice and this coincides with reduced intestinal Ca absorption. TRPV6 gene
expression is strongly up-regulated by 1,25(0OH), D in cultured intestinal cells (12;35) and
in the duodenum of mice (4;34) and humans (36); because of this there is a positive
correlation between TRPV6 mRNA levels and intestinal Ca absorption when dietary Ca is
varied (4).

Finally, induction of TRPVV6 mRNA precedes the increase in duodenal Ca absorption that
occurs following a single 1,25(0H), D injection (4). Based on these relationships and on the
proposed role for TRPV6 in the facilitated diffusion model, researchers hypothesized that
deletion of the TRPV6 gene would result in a phenotype similar to the VDR knockout
mouse, i.e. impaired Ca absorption (4;6), hypocalcemia, and osteomalacia (37;38).
However, three reports show that intestinal Ca absorption is still present and that it increases
in response to 1,25(0OH), D injection or dietary Ca restriction in TRPV6 knockout mice
(7-9). These data suggest that the presence of TRPV®6 is not an absolute requirement for
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vitamin D regulated intestinal Ca absorption. However, these studies did not directly test
TRPV6 function as an intestinal Ca transporter nor did they eliminate the possibility that
there are other apical membrane Ca transporters that can compensate for the loss of TRPV6
in the knockout mouse. Our approach directly demonstrates that TRPV6 can function as an
apical membrane Ca transporter by showing that intestinal Ca absorption is elevated more
than 300% in mice with intestine-specific transgenic expression of TRPV6. This is sufficient
to overcome the defect of abnormal Ca absorption in VDRKO mice and to completely
prevent the adverse phenotypes associated with the loss of VDR. We previously
demonstrated that the major phenotypes of VDRKO mice could be prevented by intestine-
specific transgenic expression of VDR (2); this is presumably because all vitamin D-
dependent intestinal events were restored. We extend that observation by showing that the
primary defect in VDRKO mouse leading to hypocalcemia and osteomalacia is the inability
to move Ca into the enterocyte. Our data show that once the apical barrier has been crossed
(i.e. TRPV6 permits apical membrane entry of Ca), all other components of the intestinal Ca
absorption system are sufficient to permit transcellular movement in VDRKO mice. Our
work does not explain how vitamin D regulated Ca absorption can occur in mice lacking
TRPV6. Future studies will be needed to identify the alternative Ca entry pathways that
function in TRPV6 KO mice.

Our results also address the role that calbindin Dg, may play during intestinal Ca absorption.
Calbindin Dgy was originally proposed to facilitate transcellular movement of Ca from the
apical Ca channel to the basolateral Ca pump during intestinal absorption (31). Its protein
levels positively correlate to Ca absorption over a wide range of biological conditions
including vitamin D deficiency or VDR deletion (31). Under these conditions calbindin Dgy
expression correlates with TRPV6 mRNA expression (5;6;39) and this is consistent with the
belief that both genes are directly regulated by 1,25(0OH), D through the VDR. Disruption of
Ca binding to calbindin Dgy with theophylline reduces intestinal Ca absorption in rats (40)
and this suggests that calbindin Dgy is necessary for transcellular Ca absorption. In contrast,
several studies have shown that calbindin Dgy is not essential for intestinal Ca absorption.
For example, after 1,25(0OH), D treatment intestinal calbindin protein levels rise but only
after increases in Ca absorption occur (4;41). In addition, intestinal Ca absorption can be
low even when calbindin protein levels are elevated (5;42). Studies in calbindin Dgy
knockout mice confirm that this protein is not essential for basal or vitamin D regulated
intestinal Ca absorption (8;43;44).

We expected that the suppression of 1,25(OH), D production caused by elevated Ca
absorption in TRPV6 transgenic mice would reduce expression of the calbindin Dgy gene —
much like it did for intestinal CYP24 and the natural mouse TRPV6 gene. Instead, we found
that calbindin Dgy was elevated in TRPV6 TG and TG-VDRKO mice. We believe that this
supports a buffer function for calbindin Dgy, i.e. induction is a response to increased
intracellular Ca during Ca absorption and that these changes are independent serum
1,25(0OH), D. Calbindin Dygy was previously shown to be a Ca buffer within mammalian
nervous tissue (45;46) and its expression can suppress apoptosis in lymphocytes and
osteoblasts (47;48). In addition, calbindin Dgy can buffer ionomycin-induced rises in
intracellular Ca in isolated pig enterocytes (49). However, further tests of the buffer
hypothesis are necessary to determine whether the large increase in calbindin Dgy in TRPV6
TG mice protects the enterocyte from negative consequences of excess intracellular Ca like
promoting apoptosis of differentiated cells or proliferation of cells in the intestinal crypt.
There is also another role for calbindin Dgy that may be relevant to our data. Previously
Lambers et al. (50) showed that in the rabbit connecting tubule/distal convoluted tubule,
calbindin Dygy directly associates with the renal apical membrane Ca channel TRPV5. This
association permits calbindin Dog to act as a dynamic, local Ca buffer that prevents Ca-
mediated inactivation of TRPV5. While a similar interaction has been proposed between
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TRPV6 and calbindin Dgy this local role has not yet been demonstrated. Future studies with
our model may permit demonstration of this interaction and testing of this role.

Our data from TG-VDRKO mice also show that intestinal calbindin Dgy and renal CYP24
mMRNA can be regulated by means other than 1,25(0OH), D. The CYP24 gene is the most
vitamin D-responsive target gene that has been identified and previous cell-based studies
show that expression of the gene does not occur in the absence of the hormone (12;51;52).
Since up-regulation of renal CYP24 mRNA due to TRPV6 transgene expression occurs even
in VDRKO mice (i.e. is vitamin D independent), we propose this is due to elevated serum or
urinary Ca levels and perhaps signaling through the Ca sensing receptor. Consistent with
this, Anderson et al. (53) reported that renal CYP24 mRNA was increased 5-fold in rats fed
a 1 % Ca diet compared to those fed a 0.4% Ca diet. Others have shown that extracellular Ca
regulates renal CYP27B1 mRNA (54), keratinocyte CYP1A1 mRNA (55), and hepatic 25
hydroxylase activity (56). Future studies are necessary to determine whether the same is true
for the CYP24 gene. Duodenal calbindin Dgy levels are increased by 1,25(0OH), D injections
(4;57) and others have identified putative VDREs in the calbindin Dgy, promoter (58;59).
However, we and others have found that calbindin Dgy is strongly up-regulated during
enterocyte differentiation by the transcription factors HNF-1 and Cdx-2 but that the VDRES
identified by others are not functional (60-62). We do not know what regulators account for
the increase of calbindin Dgy in TRVP6 TG mice but we propose that increased intracellular
Ca flux resulting from elevated TRPV6 expression increases calbindin Dgy gene expression,
increases mMRNA stability, or promotes development of more differentiated enterocytes
(which express high levels of calbindin Dgy). Related to this, we found more modest
increases in calbindin Dggy mMRNA in the colon even though TRPV6 protein levels were also
elevated in these tissues within TRPV6 TG mice. We hypothesize that the lower expression
of calbindin Dgy in the colon is due to the fact that less Ca is entering the colonocyte through
TRPV6. This could be due to the lower level of TRPV6 protein we observed in the colon of
transgenic mice or because Ca is not available for transport into the enterocytes due to
reduced intestinal solubility of Ca in the alkaline environment of the large bowel (63).

In summary, we have demonstrated that the apical membrane Ca transporter TRPV6 is
functional and can be used to increase transcellular intestinal Ca absorption. Our data show
that by overcoming the barrier of low apical membrane Ca uptake caused by VDR gene
deletion, TRPV6 can prevent the formation of hypocalcemia and osteomalicia seen in the
VDRKO mouse. This demonstrates that apical membrane Ca movement is the primary
defect in VDRKO mice. Finally, our data also suggest a role for calbindin Dgy as an
intracellular buffer to prevent adverse cellular effects caused by elevated transcellular Ca
flux.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this paper

BMD bone mineral density

Ca calcium

CYP24 25-hydroxyvitamin D, 24-hydroxylase

CYP27B1 la hydroxylase

SEM standard error of the mean

TG TRPVG transgenic

TRPV5 Transient receptor potential cation channel, subfamily V, member 5
TRPV6 Transient receptor potential cation channel, subfamily V, member 6
VDR+/- VDR heterozygous

VDRKO vitamin D receptor knockout

WT wild type

pCT microcomputed tomography

1,25(0OH),D 1,25-dihydroxyvitamin D3
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Figure 1. Expression of TRPV6 in mouseintestine and in transiently transfected Caco-2 cells
(A) Cell fractions from the duodenum of 8-week-old C57BL/6J mice were prepared and
analyzed for TRPV6 protein levels by Western blot analysis. S1, P1 = supernatant and pellet
from the initial centrifugation; S2, P2 = supernatant and pellet resulting from centrifugation
of a resuspended P1 pellet. P2 contains brush border membranes. WCE = whole cell extracts
(WCE). (B) Brush border membrane fractions from the duodenum (Dd), jejunum (Je), and
lleum (IL) of eight week old wild-type (WT) and VDR knockout (KO) mice were analyzed
by Western blot analysis for TRPV6 and f actin (loading control). (C) hTRPV6 protein
levels and membrane location in 50% confluent cultures of Caco-2 cells transiently
transfected with the pN3XFlag-hTRPV6. Two days after transfection cell surface proteins
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were labeled by biotinylation and biotin-labeled proteins were isolated using an Avidin-
bound agarose column. Whole cell extracts (WCE), flow-through from the column
(unbound), and material bound to the column (bound) from non-labeled cells (N) and biotin-
labeled cells (B) were examined for 3XFlag-tagged hTRPV6 by Western blot analysis.
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Figure 2. Generation of intestine-specific, flag-tagged human TRPV6 expressing transgenic mice
(A) Transgene construct. A 12.4 kb villin promoter/enhancer was used to drive expression of
a 3XFlag-tagged-human TRPV6 cDNA transgene in the intestine epithelial cells. Primers P1
and P2 were used for genotyping; primers P3 and P2 were used for assessing transgene
mRNA levels. (B) PCR analysis of transgene mRNA expression in mouse tissues (Dd,
duodenum; Je, jejunum; IL, ileum; CoP, proximal colon; CoD, distal colon). (C) Total
TRPV6 mRNA levels (mouse and transgenic) in the intestinal segments of wild type and
transgenic mice (TG) was determined by real-time PCR as described in methods. Bars
represent mean + SEM, n=4. (D) TRPV®6 and p-actin protein levels were determined by
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Western blot analysis of whole cell extracts from mucosal scrapings from different segments
of wild type (WT) and transgenic mice (TG).
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Figure 3. Calcium (Ca) absor ption, serum Ca, and skeletal phenotypesin wild type (WT) and
TRPV6 transgenic (TG) mice

8-wk-old WT and TG mice were fed a 0.25% Ca diet from weaning. (A) Serum Ca. (B)
Duodenal Ca absorption. (C) Femoral bone mineral density (BMD) was determined using
dual energy x-ray absorption (DEXA). In panels A-C, Bars represent mean + SEM, n=8-9
(Ca absorption) or n=4 (serum Ca, bone phenotypes), *p<0.05 compared to WT. (D)
Representative micrographs of calcified, plastic-embedded, von Kossa stained sections from
the distal femur. (magnification 4X).
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Figure4. Renal and intestinal gene expression in wild type (WT) and TRPV6 transgenic mice

(TG)

8-wk-old female WT and TG mice were fed a 0.25% Ca diet from weaning. (A) Renal
CYP24 and CYP27B1 mRNA. (B) Mouse TRPV6 mRNA expression in intestine segments.
(C) Calbindin Dgx mRNA expression in intestine segments. Bars represent mean + SEM,

n=4-5, *p<0.05 compared to WT.
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Figure5. Serum Ca, 1,25(0OH), D, and PTH, renal gene expression, and urine Ca in wild type
(WT), VDR knockout (VDRKO), TRPV6 transgenic (TG), and transgene-recovered (T G-

VDRKO) mice

Mice were fed diets with 0.5% Ca from weaning to 10-wks of age. (A) Serum Ca (n=4/
group) (B) Serum 1,25(0OH), D and PTH (n=5-12/group). (C) Renal CYP27B1 and CYP24

mRNA (n=4/group). (D) Urine Ca/creatinine ratio (n=4/group) Bars represent mean + SEM.
In panels A, B, D groups without a common letter superscript differ significantly, p<0.05. In

panel C, * different from all other bars for CYP27B1, p < 0.05; # different from all other

bars for CYP24, p < 0.05.
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Figure 6. Calcium (Ca) absor ption and intestinal calbindin Dgy expression in wild type (WT),
VDR knockout (VDRKO), TRPV6 transgenic (TG), and transgene-recovered (TG-VDRKO)
mice

Mice were fed diets with 0.5% Ca from weaning to 10-wks of age. (A) Duodenal Ca
absorption. (n=6-10/group). (B) Calbindin Dgx mMRNA expression in duodenum (Dd),
jejunum (Jj), ileum (IL) proximal colon (CoP) and distal colon (CoD) (n=4-7/group). In
panels A and B, bars represent mean + SEM. In panel A, groups without a common letter
superscript differ significantly, p<0.05. In panel B, * p < 0.05 vs WT within a tissue. (C)
Calbindin Dgy protein expression in duodenum (n=3 per group).

J Bone Miner Res. Author manuscript; available in PMC 2013 October 01.



1duasnue Joyiny vd-HIN

Cui etal. Page 22

Table 1

pCT analysis of distal femora from 8 wk old wild type (WT) and TRPV®6 transgenic (TG) mice fed a 0.25%
Ca diet from weaning.

WT (n=5) TG (n=3)

Trabecular bone (distal femur)

BV/TV (%) 2.7¢0.6 245415
Tb.N (1/mm) 3781016 £o4i001"
Tb.Th (mm) 0.026£0.001 ) 14316 002
Tb.Sp (mm) 0.266£0.012 4 137..0,005 "

Cortical bone

CLAMTLAT (%) 37.240.8 457404"

Ct. Th (mm) 0.143+0.002 4 164.0 005 "

Ct.Ar/Tt.Ar = cortical area fraction; Ct.Th = cortical thickness; BV/TV = ratio of trabecular bone volume to total volume in the distal femur; Tb.N
= trabecular number, Th.Th = trabecular thickness Th.Sp = trabecular spacing

*
p<0.05
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Table 2

pCT analysis of femora from 10 wk old wild type (WT), VDR knockout (VDRKO), TRPV6 transgenic (TG),
and transgene recovered VDR knockout (TG-VDRKO) mice fed a 0.5% Ca diet from weaning.

WT VDRKO TG TG-VDRKO

Femur length (mm) 15.05+0.08>  12.20+0.19%  15.04+0.04®  14.48+0.43"
Trabecular bone (distal femur)

BVITV (%) 9.1+1.4b 0.5+0.12 27.8+1.5° 33.93.7¢

Th.N (1/mm) 4.89+0.16°  1.9740.123*  8.45+0.30° 9.3521.09¢

Tb.Th (mm) 0.036+0.002°  0.026+0.0012  0.040+0.001%¢  0.044+0.001°

Th.Sp (mm) 0.201+0.007°  0.531+0.037¢  0.111+0.004%  0.103+0.014°
Cortical bone

CLAI/TLAr (%) 43.7+0.9° 28.9+1.6 52.9+1.8° 48.4+2.1°

Ct.Th (mm) 0.180+0.009°  0.076+0.005%  0.240£0.011°  0.214+0.012°

Values are means + SEM (n=4). Within a phenotype, values without a common letter superscript differ significantly, p<0.05 (Fisher's protected
LSD).

Ct.Ar/Tt.Ar = cortical area fraction; Ct.Th = cortical thickness; BV/TV = ratio of trabecular bone volume to total volume in the distal femur; Tb.N
= trabecular number, Th.Th = trabecular thickness Tb.Sp = trabecular spacing
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