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Abstract

Intestinal absorption of dietary calcium is regulated by 1,25-dihydroxycholecalciferol (1,250@Hh humans and in experimental
animals but interspecies differences in responsiveness to 1,280Qldje found, possibly due to differences in the promoters of genes
for intestinal calcium transport proteins or of the Vitamin D receptor (VDR). The epithelial calcium transporter, known as ECAC2 or
CAT1, the product of th@RPV6 gene expressed in proximal intestinal enterocytes, is the first step in calcium absorption and studies in
mice have shown that its expression is Vitamin D-dependent. In contrast in man, we showed that duodenal TRPV6 mRNA expression
was independent of blood 1,25(0O#)z, although in Caco-2 cells, 1,25(0#D3-dependent changes have been demonstrated. We sought
to explain these findings. A consensus Vitamin D response element in the mouse gene is absent in the human gene. We re-analysed ou
duodenal expression data according to a CDX2-site polymorphism in the VDR promoter. Mean TRPV6 expression was the same, but there
was evidence of different responsiveness to 1,25¢0hl)In theGG genotype group, but not th, duodenal TRPV6 expressionincreased
with 1,25(OH}D3. We postulate that lower levels of expression of VDR in@@ group produce greater sensitivity to 1,25(QBj.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction certain polymorphisms in the Vitamin D receptor may all
produce some effect. The proportion of the variation in
The ability to absorb calcium varies greatly in healthy fractional calcium absorption that is dependent on blood
people: individual fractional calcium absorption values levels of 1,25(OH)D3 is surprisingly small, less than
between 10 and 50% are found, and such differences per-25%, as shown by correlation coefficients of less than 0.5.
sist over time[1,2]. Subjects with low fractional calcium  [5-9].
absorption who also had low calcium intake have a sig- What other factors could determine the fraction of dietary
nificantly higher incidence of osteoporotic fracturgs. calcium absorbed? In previous wdfl0,11], we showed that
Surprisingly, the reasons for the variation in the ability the expression in the intestine of specific calcium transport
to absorb calcium remain largely unexplained, and hence molecules (calbindin-D9k, PMCA1b and TRPV6) differs
dietary calcium requirements and the need for supplemen-greatly in individuals. Understanding the regulation of ex-
tation are not individualised. In multiple regression studies, pression of these genes will predict the ability to absorb cal-
groups have shown that the variability in fractional calcium cium, enabling more targeted nutritional advice to be given
absorption is related in part to factors such as intesti- regarding calcium intake and supplements.
nal transit, dietary fat and fibre, urinary excretion and to  The key transporter appears to be the first step in tran-
Vitamin D metaboliteg4,5]. However, only a minor pro-  scellular calcium transport, the recently described epithe-
portion of the variability is explainable by these factors. lial apical membrane calcium channel previously known as
Additionally, the effects of ageing, intestinal resistance to ECAC2 or CAT1, the product of theRPV6 gene. TRPV6 is
Vitamin D, smoking, dietary calcium, birth weight and one of two closely related molecules first described in 1999
[12,13] Studies have looked at the molecular properties of
R these channels and have confirmed that they are functional,
* Presented at the 12th Workshop on Vitamin D (Maastricht, The Nether- selective calcium entry channels. TRPV6 is expressed in hu-
Iaf‘?érfgsl‘?oﬂg%gzggfgbr. Tely 44-20-8383-2361: man prox_imal intes_tine; we _showed there_is a_wide 10-fold
fax: +44-20-8749-3436. variation in transcript levels in duodenal biopsies from nor-
E-mail address: julian.walters@imperial.ac.uk (J.R.F. Walters). mal individuals[11].
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In this published data we found no correlation between fication using primers described befd&9]. The genotype
human TRPV6 and plasma 1,25(QB}; despite strong (GG, AG or AA) was determined by sequencing. DNA was
associations with the expression of this RNA with those used from 82 patients in West London with known bone
for calbindin-D9k and PMCAL, the calcium transporters in mineral density and from 32 patients where intestinal gene
the cytoplasm and basolateral membrane. In mice, how-expression had previously been studji@,11]
ever, there is good evidence for regulation of TRPV6 by
1,25(0OHYD3. Knockouts of the genes for either the Vi-
tamin D receptor or the 1,25(0Op)3 synthetic enzyme 2. Results
la-hydroxylase, dramatically reduced both calcium absorp-
tion and TRPV6 expressidii4—16] Changes in dietary cal-  2.1. TRPV6 promoters
cium levels in the mouse also resultin changes in TRPV6 ex-
pression, partly through PTH regulation af-hydroxylase. To look for differences in 1,25(OHID3 responsiveness of
The human Caco-2 colonic cell-lines have provided evidence TRPV6 expression between man and mouse we compared
that there may be 1,25(Obi)z-responsiveness of human the sequence of the respective gene promoters. The human
TRPV6[17,18] TRPV6 gene sequence obtained from our sequencing of a

We have looked for possible explanations for these di- genomic clone was confirmed by sequence in the Human
vergent findings. One reason for interspecies differences inGenome Project (AC104597). We looked for consensus tran-
the responsiveness of the intestinal calcium transport pro-scription factor response elements, including VDRE, in 940
teins to 1,25(0OH)D3 may be due to differences in Vitamin  bases of 5flanking region using the Matinspector program
D response elements (VDRE) in their promoters. Another (Geomatrix). This was compared with the moispv6 pro-
factor which could influence these results is differences in moter from AF336378. A consensus VDRE at abeuts0
the expression of components of the Vitamin D endocrine from the translation initiation site in the mouse gene (AG-
system, including the Vitamin D receptor (VDR). TW®R GTGA agt AGGAGA) is deleted in the human gene. No
gene has several polymorphic areas. A single nucleotideother VDRE is apparent but it is possible to identify poten-
polymorphism (SNP) has been identified in the 1e promoter tial VDRE sequences in the human gene which fit the con-
of the VDR gene in a consensus response element for thesensus less well. Although several SNPs are apparent in the
caudal-related homeobox transcription factor CDX2, highly human gene, it is not polymorphic in this region.
expressed in intesting9]. This CDX2-site SNP has been
shown to affect transcription of theDR gene and to be 22 cDX2-site VDR polymorphism
associated with differences in bone mineral density and

fracture risk[20,21] We hypothesised that this SNP could The genotypes determined in our British population were

result in differences in intestinal VDR expression which 45 follows:GG = 49, AG = 27 andAA = 6. The observed
could then affect the expression of Vitamin D-dependent giefic frequency wass = 76%, A = 24%, with a lower

genes, includingdRPVS, involved in calcium absorption. proportion of A alleles than in the Japanese population
(G = 57%, A = 43%) [20], but similar to other European
1.1. Methods studies[21]. No significant difference could be detected

between the different genotype groups in the proportion
Human TRPV6 gene sequence was obtained by from a of patients with normal BMD, osteopenia or osteoporo-
human BAC gridded genomic library. The VDR SNP at the sis. However these analyses are under-powered to detect
CDX2-site in the promoter was determined by PCR ampli- changes in BMD similar to those described by others.
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Fig. 1. Relationship between duodenal TRPV6 mRNA and plasma 1,250Hjccording to theVDR CDX2-site genotype. Numbers of individuals:
GG = 10; AG = 7. Different relationships are foun@&G: y = 0.14x; r2 = 0.33; F = 4.00; P = 0.08. AG: y = —0.05x + 5.41; 2 = 0.08; F = 0.41;
P =0.55.
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2.3. Duodenal gene expression and CDX2-site genotype [4] M.J. Barger-Lux, R.P. Heaney, S.J. Lanspa, J.C. Healy, H.F. DeLuca,
An investigation of sources of variation in calcium absorption

. . . ~ efficiency, J. Clin. Endocrinol. Metab. 80 (1995) 406-411.
Further analysis was made of mRNA expression in duo [5] R.L. Wolf, J.A. Cauley, C.E. Baker, et al., Factors associated with

denum inGG and AG groups. There were no significant calcium absorption efficiency in pre- and perimenopausal women,

differences in mean values of TRPV6, calbindin-D9k or Am. J. Clin. Nutr. 72 (2000) 466-471.

PMCAL. However, evidence was found for different respon- [6] J.C. Gallagher, B.L. Riggs, J. Eisman, A. Hamstra, S.B. Amaud,

siveness to 1 25(O|2|D3 in these two groupsFig. 1 shows H.F. DelLuca, Intestinal calcium absorption and serum Vitamin D
. " . metabolites in normal subjects and osteoporotic patients, J. Clin.

the relationship between duodenal TRPV6 expression and |, cst 64 (1979) 729-736.

1,25(OH}D3. In the GG group, a positive association is  [7] HA. Morris, A.G. Need, M. Horowitz, P.D. O’Loughlin,

found between 1,25(O|2|D3 and TRPV6, which approaches B.E.C. Nordin, Calcium absorption in normal and osteoporotic

inifi _ _ _ _ ostmenopausal women, Calcif. Tissue Int. 49 (1991) 240-243.
s!gnlflca}nce( — 9‘57’ P =008, n . 10). No asso [8] IF-’LK. Kinygmu, J.C. Gallagher, J.M. Prahl, H(.F. D)eLuca, K.M.
ciation is present in theAG_group—that is th‘?y show no Petranick, S.J. Lanspa, Association between intestinal Vitamin D
1,25(0OH}Ds-dependence in TRPV6 expression. The rela- receptor, calcium absorption, and serum 1,25-dihydroxyvitamin D in
tionship of calbindin-D9k expression and 1,25(QB3} was normal young and elderly women, J. Bone Miner. Res. 12 (1997)
also stronger in th&G than in theAG group. 922-928.

[9] S. Pattanaungkul, B.L. Riggs, A.L. Yergey, N.E. Vieira, W.M.
O’Fallon, S. Khosla, Relationship of intestinal calcium absorption
to 1,25-dihydroxyvitamin D [1,25(OHP] levels in young versus
3. Discussion elderly women: evidence for age-related intestinal resistance to
1,25(0OH}D actions, J. Clin. Endocrinol. Metab. 85 (2000) 4023—

- . 4027.
Despite not being able to demonstrate a conserved VDRE[10] JRF. Walters, A. Howard, L.J. Lowery, E.B. Mawer, S. Legon,

in 940bp of the 5flanking regio.n of the humaFfRP\/E} Expression of genes involved in calcium absorption in human
gene, these results suggest that in a subgroup of individuals,  duodenum, Eur. J. Clin. Invest. 29 (1999) 214-219.
1,25(0OH)»D3s-dependent duodenal TRPV6 expression may [11] N.F. Barley, A. Howard, D. O'Callaghan, S. Legon, J.R.F. Walters,

be found. This would then support the findings in model Epitheli_al calcium _transporter expre_ssion in human duodenum, Am.
J. Physiol. Gastrointest. Liver Physiol. 280 (2001) G285-G290.
human cell-culture systems. [12] J.G.J. Hoenderop, AW.C.M. Van Der Kemp, A. Hartog, et
A possible mechanism that explains these findings is as al., Molecular identification of the apical €a channel in
follows. Individuals with theGG genotype, if theA allele is 1,25-dihydroxyvitamin Ds-responsive epithelia, J. Biol. Chem. 274

dominant, can be predicted to have lower VDR expression ___(1999) 8375-8378.

. . . [13] J.B. Peng, X.Z. Chen, U.V. Berger, et al., Molecular cloning and
in intestinal cells. The\ allele of VDR promoter has higher characterization of a channel-like transporter mediating intestinal

affinity for CDX2 and produces greater reporter expression  caicium absorption, J. Biol. Chem. 274 (1999) 22739-22746.
in model system§0]. Greater levels of expression of VDR  [14] S.J. van Cromphaut, M. Dewerchin, J.G.J. Hoenderop, et al,
occur in those withA allele and hence, a larger number Duodenal calcium absorption in Vitamin D receptor-knockout mice:

of Occupied receptors will be found at any 1’25(@&) zgggti?nf;;\zrzd Egl;;ular aspects, Proc. Natl. Acad. Sci. U.S.A. 98
concentration. Expression may then be less dependent orjy5) m. van Abel, J.G.J. Hoenderop, AW.C.M. van der Kemp, J.P.T.M.

levels of 1,25(OH)D3. Data from Caco-2 cells supports this, van Leeuwen, R.J.M. Bindels, Regulation of the epitheliaP'Ca

with clones with higher levels of VDR expression being less channels in small intestine as studied by quantitative mRNA

responsive to 1125(O|2|D3 [18]. Measurement of duodenal detection, Am. J. Physiol. Gastrointest. Liver Physiol. 285 (2003)
. - . G78-G85.

levels _Of VDR In g_roups with the different genotypes would [16] Y. Song, S. Kato, J.C. Fleet, Vitamin D receptor (VDR) knockout

test this hypothesis. mice reveal VDR-independent regulation of intestinal calcium

We conclude that the 1,25(0O%D)3-dependence of the hu- absorption and ECaC2 and calbindigg@nRNA, J. Nutr. 133 (2003)
manTRPV6 gene may only be apparent in subgroups of the 374-380.

population when other variable factors in the Vitamin D en- 171 R-J Wood, L. ‘Tchack, 'S. Taparia, 1,25-Dihydroxyvitamig D
increases the expression of the CaT1 epithelial calcium channel in

docrine system are taken into account. These other factors  ine caco-2 human intestinal cell line, BMC Physiol. 1 (2001) 11.
may play important roles in the individual variability of cal- [18] J.C. Fleet, F. Eksir, K.W. Hance, R.J. Wood, Vitamin D-inducible
cium absorption, the response to low calcium diets, the risk calcium transport and gene expression in three Caco-2 cell lines,

; ; Am. J. Physiol. Gastrointest. Liver Physiol. 283 (2001) G618-G625.
of bone disease and the need for dietary supplements. [19] J.R.F. Walters, A. Howard, H.E.E. Rumble, S.R. Prathalingam, C.J.

Shaw-Smith, S. Legon, Differences in expression of homeobox
transcription factors in proximal and distal human small intestine,
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