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Calcitriol Controls the Epithelial Calcium Channel in Kidney
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Abstract.The recently cloned epithelial €4 channel (ECaC), the repleted animals, suggesting that 1,25(5DH)exerts its
which is expressed primarily in 1,25-dihydroxyvitamin, D stimulatory effect on C& reabsorption via increased ECaC
(1,25(0OH)D,)-responsive Ca' -transporting epithelia, is pes expression. In agreement with this observation, the elucidated
tulated to constitute the rate-limiting step in active’Caeab human ECaC promoter contains several consensus vitamin
sorption. In the present study, the effect of 1,25(c4)was D-responsive elements. ECaC was restricted to the apical
investigated on ECaC mRNA and protein levels in kidneys ofiembrane of the distal part of the distal convoluted and the
rats that were raised on a vitamin D—depleting diet. This diebnnecting tubule. This conclusion was based on only minor
decreased the serum 1,25(QH) concentration significantly, overlap with the localization of the thiazide-sensitive NacCl
which was accompanied by a marked drop in serurd*Caco-transporter and complete co-localization with the
level. Both 1,25(0H)D; and C&" levels were normalized 1,25(0OH)D,-dependent C& binding protein, calbindin-
within 48 h after 1,25(0OHD; administration. In D,gk. In conclusion, ECaC, present in the distal part of the
1,25(OH)}D,-deficient rats, ECaC mRNA and protein levels ohephron, is an important target for 1,25(QB)-mediated

the kidney cortex were significantly decreased compared wi@te?* reabsorption.

Vitamin D is one of the most important regulators of°Ca and exhibits the distinctive properties for being the gatekeeper
homeostasis of the body and is required for proper develag-active C&" reabsorption in the distal part of the nephron
ment and maintenance of bone mineralization. This is reflect(|8).

by severe disorders resulting from mutations in the genesin the present study, we postulated that 1,25(§0H)acts on
coding for Ju-hydroxylase, a renal enzyme that controls thghe distal part of the renal tubule by increasing the expression
synthesis of the biologic active form of vitamin D, calcitriol, ofof ECaC, which will result in increased &areabsorption. In
1,25-dihydroxyvitamin 3 (1,25(OH)D,), and for the vitamin general, the genomic mechanism of 1,25(¢Ib) action in

D receptor (1,2). 1,25(0HP; is of primary importance be yojves direct interaction of the vitamin D receptor with regu-
cause it enhances the active*Cabsorption in small intestine latory domains on the promoter region of the gene known as
and stimulates C'Qé reabsorption in kidney (3-5). The distal itamin D-responsive elements (VDRE). The VDRE has been
nephron determines the final excretion of’Canto the urine reported to consist of two imperfect repeats separated by three

and_ ISa tar+get for regL_JIatl_on of the extracellular’-tgoncgn nucleotide pairs (9). On the basis of promoter sequence anal-
tration. C& " reabsorption in these latter segments is active a%a
i

I sioned th ¢ st ¢ is in vitamin D-responsive genes such as calbindigkD
gi(\a/r;ereang er(;\;lscl:oén +e a?foss trheee-z eigaﬁ)r%fr‘:‘%f::esséng :ol 6_) calbindin-Ry (11), osteocalcin (12), and the 24-hydrox
y b » &Y ylase gene (13,14), several VDRE were identified.

diffusion of C&* bound to calbindin-Byy, and active extru To orovide evidence for this hvoothesis. we raised vitamin
sion of C&* across the opposite basolateral membrane by tBe provi Vi IS yp IS, We ral vitami

Na*-C&* exchanger and the plasma®CaATPase (4,6). A —defic?ent rats to study th?, effect of 1,25(QB) on the
major breakthrough was the recent discovery of thé tCaEXpression of ECaC. In addition, the human ECaC promoter

influx protein, named epithelial Ga channel (ECaC) (7). Was elucidated and analyzed for VDRE. Using ECaC-specific

ECaC is present primarily in 1,25(0k)4-responsive epithelia ribonuclease protection and immunoﬂuorgscenge assays, we
could demonstrate that decreases in circulating levels of
1,25(0OH)}D; resulted in a marked decline in ECaC mRNA and
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Materials and Methods previously (5). The protein expression levels were quantified by
Vitamin D—Deficient Rats computer-assisted densitometry with the use of a flatbed scanner as

Male Wistar rats were raised for 7 to 8 wk on a vitamig-D described above.

deficient diet as described previously (15). Briefly, rats were fed with

a normal vitamin D—containing standard diet during the first 2 wkmmunohistochemistry

after birth. Subsequently, the rats (pups and mothers) were placed irKidney tissue was cut into pieces, placed in 1% (wt/vol) periodate-
the dark on a nonrachitogenic vitamin D—deficient diet lacking matysine-paraformaldehyde fixative f®2 h at room temperature, and
ganese and zinc but having normal levels of calcium (1.1% wt/wt) airtubated overnight at 4°C in phosphate-buffered saline containing
phosphorus (0.8% wt/wt). The animals had free access to deioniZés$o (wt/vol) sucrose as described previously (20). Subsequently,
water. After 2 wk, the rats were weaned and the mothers wekiginey samples were frozen in liquid nitrogen andum frozen
removed. After the rats were fed with this diet for the following 3 wksections were cut for different staining procedures. The kidney sec-
they then were maintained on an essentially calcium-free diet fortidns were stained with guinea pig anti-ECaC antiserum (1:200) as
wk. This later step was included to deplete the endogenous vitagin flescribed previously. Sections that were double stained for ECaC and
stores. After the 2-wk challenge, the vitamin D—deficient rats wethiazide-sensitive NaCl co-transporter (NCCT) were incubated simul-
fed with the nonrachitogenic calcium-containing diet for 2 wk; at 1faneously for 16 h at 4°C with antiserum against ECaC and NCCT
wk of age, blood samples were obtained to determine serufii Cg1:3200) (20). Double staining of ECaC with calbindingR was
levels. Subsequently, one group of vitamin D—deficient rats receivpdrformed simultaneously with anti-ECaC antiserum (1:200) and rab-
two intraperitoneal injections of 160 ng 1,25(QB), at 48 and 24 h bit antiserum against calbindinsB (1:200) as described previously.
before analysis (referred to as vitamin D-repleted animals) anfis visualize ECaC, calbindin-R, and NCCT, we stained sections
another group received an injection of an equal volume of solvewith goat anti-guinea pig-Alexa 594-conjugated anti-lgG (1:300),
(ethanol; referred to as vitamin D—deficient animals). They wergoat anti-rabbit-Alexa 488-conjugated anti IgG (1:300), or goat anti-
killed for analysis of serum Cd and vitamin D, levels as well as mouse Alexa 488-conjugated anti-lgG (1:300), respectively (Molec-

ECaC mRNA and protein expression. ular Probes, Eugene, OR). All negative controls, including sections
incubated with preimmune serum, antiserum preabsorbed for 1 h with 10
Serum Parameters ng/ml ECaC—glutathione-Bansferase fusion protein, or conjugated an-

Total C&* concentrations in serum were measured with the use §todies alone, were devoid of any staining. Photographs were taken with
a colorimetric assay kit as described previously (16). The concentPaZeiss Axioskop microscope (Thornwood, NY) equipped for epi-
tion of 1,25(OH£D3 in serum was assessed with the use of a radiguorescence illumination with the use of Kodak EPH P1600X film.
receptor assay after extraction of the samples followed by paper

chromatography, as described previously (17). 5' Rapid Amplification of cDNA Ends and Isolation of
' ' ECaC Genomic Fragments
Ribonuclease Protection Assay The 5' terminus of human ECaC (hECaC) cDNA was identified

Riboprobes for rat ECaC (nucleotides 2130 to 2330) (7), calbindindth the use of the 5' rapid amplification of cDNA ends (RACE)
D,gk (nucleotides 1420 to 1570) (18), apdactin (nucleotides 2220 technique on adapter-ligated human cDNA (Clontech, Palo Alto, CA)
to 2420) (19) were prepared by transcription of subcloned cDNds described by Mdillegt al. (21). An EcaC-specific antisense primer
fragments into pGEM-Teasy (Promega, Madison, WI) with the use (8'-GGCAAGCAGTGCGCGCACCAGGTTCA-3') at nucleotide po-
either SP6 or T7 RNA polymerases andPP]JUTP (3000 Ci/mmol; sition 506 to 480 on cDNA and an adapter-1 sense primer (5'-
Amersham, Buckinghamshire, UK) as described previously. The GCATCCTAATACGACTCACTATAGGGC-3) were used for 5'
bonuclease protection assay (RPA Il kit; Ambion, Austin, TX) waRACE. Subsequently, a 5' radiolabeled hECaC-specific genomic
performed with the use of total RNA (5 to 20g), isolated from DNA probe, containing the 5'UTR and exon 1, was used to screen a
kidney cortex with Trizol reagent (Life Technologies BRL, Bredagenomic library (Stratagene, La Jolla, CA) to obtain the promoter
The Netherlands). This RNA was hybridized with labeled riboprobegion of hECaC. After several rounds of screening, one specific
(10° cpm) for 16 h at 42°C and treated with RNase A(R5/100 clone that contained a part of the 5' ECaC gene including the promoter
U/ml) mix for 1 h at 37°C. The protected fragments were precipitatetegion could be identified. Dye termination sequencing was per-
heat denatured, and separated on 6% (wt/vol) denaturing polyacfgkmed with the use of the BigDye Termination kit (Perkin Elmer,
amide gels. The gels were exposed to a film (Kodak, Rochester, NF¥)ster City, CA) following the manufacturer’s protocol, and separa-
for quantification of radioactive signals under conditions in whickion was carried out at the Research Sequence Facility, University
linearity was achieved. The mRNA expression levels were quantifiddiedical Center Nijmegen.
by computer-assisted densitometry with the use of a flatbed scanner in
combination with Molecular Analist software (Imaging Densitometepesu"S

GS-690; Biorad, Richmond, CA). Effect of Vitamin D—Deficient Diet on Ga
| blott Homeostasis and 1,25(0OkD; Levels
mmunobioting When 2-wk-old Wistar rats were fed a nonrachitogenic

Kidney cortex tissue was removed, immediately frozen in liqm?itamin D—deficient diet containing adequateZCa(l 1% wit/
nitrogen, and homogenized in phosphate-buffered saline. All sampvtl%s'), no significant decrease in serumaoncentration was

(20 wg of protein) were separated on 12% (wt/vol) sodium dodecy . . .
sulfate—polyacrylamide gel electrophoresis gels and blotted to po%pserved compared with rats that were fed a normal vitamin

vinyldifluoride membranes (Immobilon-P; Millipore Corporation,D—containing St{?lndard diet (15). However, When subsgqugntly
Bedford, MA). Blots were incubated for 16 h with calbindingy @ C& "-free period of 2 wk was included in the vitamin
antibody (1:10000), and immunoreactive protein was detected wlith-deficient regimen as described in the Materials and Meth-
the use of the enhanced chemiluminescence method as describds section, these animals developed severe hypocalcemia with
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plasma C&" levels of 1.8+ 0.1 mM (P < 0.05,n = 4) Thus, the increased expression in the renal cortex observed in
compared with 2.6- 0.2 mM (n= 4) for rats that were fed the the RNase protection assays is not associated with a major
standard diet. Repleting these deficient rats by two injectionsdistribution of ECaC within the distal tubule segments. The
of 160 ng 1,25(OH)D; (intraperitoneally) at 48 and 24 hECaC antibody used in this study has been characterized ex-
before serum was analyzed completely normalized theansively but is, unfortunately, not working on immunoblots
plasma C&" concentration (2.5 0.2 mM; n = 4). Measure (20). To semiquantify ECaC protein expression, we counted
ments of 1,25(0OH)D; levels in these blood samples confirmedmmunopositive tubules in 10 random microscopic fields for
the 1,25(OH)D,-deficient status of these animals (14922 each animal. Figure 2D depicts the average values obtained
pM; P < 0.05,n = 4) and confirmed the 1,25(Ok); levels from four vitamin D—deficient rats and demonstrates that
in the repleted animals (486 60 pM; n = 4). ECaC expression is virtually abolished. This is in contrast to
the vitamin D—repleted rats in which immunopositive tubules
Effect of 1,25(OH)D; on ECaC Expression in Kidney were observed easily for each animal and in number identical
To investigate the effect of 1,25(0OD); on ECaC expres to those in normal-fed rats (Figure 2, E and F).
sion in the kidney, we performed RNase protection assays.
Total RNA from kidney cortex was isolated from vitaminEffect of 1,25(OH)D5 on Calbindin-D,g,« Expression
D-deficient and —repleted rats and control rats fed a normial Kidney
standard diet and hybridized with an ECaC-specific radioactiveThe expression level of the vitamin D—dependent calcium
labeled RNA probe (Figure 1). These data show that 48 h loihding protein, calbindin-B,, was determined at the mRNA
treatment of vitamin D-deficient rats with 1,25(0lB), re- and protein levels. RNase protection assays clearly demon-
sulted in a marked increase in ECaC mRNA abundance £183strated an upregulation of calbindin;f2 mMRNA in vitamin
9%), comparable with the expression level observed in contidtrepleted (286+ 21%; P < 0.005,n = 4) compared with
rats. To confirm the correct size of the protected ECaC fragitamin D—deficient animals (Figure 3A). The immunoblot
ment, we used g of rabbit ECaC cRNA transcribed fromshown in Figure 3B clearly demonstrates an increase in calbi-
pSPORT-ECaC (Promega, Madison, WI) (7). As a contrahdin-D,g, after repletion of 1,25(0OHP; (312 + 47%; P <
B-actin—specific hybridizations were performed with an equ@l005,n = 4). Immunohistochemistry confirmed this upregu-
qguantity of total RNA (Figure 1). Scanning of th@-actin lation of calbindin-Dgy protein by 1,25(OH)D, treatment of
corresponding bands revealed little or no variation in the detite deficient rats (Figure 3, C and D). The observed protein
sities, thus excluding the possibility that the difference iaxpression levels for calbindin-g) in the repleted rats were
ECaC expression between vitamin D—deficient and —repletadt significantly different from control rats that were fed a
rats was due to unequal loading. In the next experiment, thermal standard diet (data not shown).
abundance of ECaC protein was examined. Figure 2 shows
representative immunofluorescence labeling of distal tubulesistribution of ECaC in Rat Kidney Cortex
sections of kidney cortex from control rats and vitamin D—de- Co-localization studies of ECaC, calbindingR, and the
ficient and —repleted rats. Reduction of the 1,25(@@H)levels thiazide-sensitive NCCT were performed to investigate the
had a major effect on ECaC protein expression as indicateddigtribution of these proteins in rat kidney. Figure 4A shows
the virtually complete absence of staining in the kidney cortedistal tubule segments expressing ECaC in a control rat. As
whereas normalization of the 1,25(0B); levels in the re shown before, ECaC was located predominantly to the apical
pleted animals restored ECaC expression to levels comparabkembrane. Co-localization studies revealed that ECaC and
to those observed in control rats (Figure 2, A through C). ECatlbindin-D,g« were bracketed exclusively to the same tubule
is localized predominantly to the apical membrane of distaegments (Figure 4B). Within the ECaC-immunopositive tu-
tubule segments in vitamin D—repleted and control animalsules, some negative cells (indicated by white arrowheads)

i i i & . Control
control animals deficient animals repleted animals pya

ECaC —» | wawe " s s | & . «_QQ-."'

ﬁ-acﬁn—b???* - &> & & - & =

Figure 1. Effect of 1,25-dihydroxyvitamin B (1,25(0H)D,) on the epithelial C&" channel (ECaC) mRNA expression level in vitamin
D—deficient and —repleted rats and control rats. Ribonuclease protection assays were performed to semiquantify the 8t andNA
levels. Each lane was loaded with equal amounts of total RNA from a different rat4). As a control, ECaC cRNA was transcribed from
pSPORT containing the full-length rabbit ECaC sequence (7).
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Figure 2. Immunofluorescence localization of ECaC, indicated by asterisks in control rats (A), vitamin D—deficient rats (B), and vitamin
D-repleted rats (C). Semiquantitative results were obtained by counting randomly 10 microscopic fields for EcaC-immunopositive distal tubt
segments in control rats (D), vitamin D—deficient rats (E), and vitamin D—repleted rats (Fy B&rum.

were observed, which were identified as intercalated cellt position —25, the sequence ATAAA was located. Al-
Figure 4, C and D, shows double labeling of rat kidney cortehough TATA and CCAAT boxes were positioned farther
for the presence of ECaC and NCCT. Some distal tubulgstream, their distance to the transcription site is consid-
segments (indicated by an asterisk) stained intensively fered too far to have a promoter function. The hECaC pro-
NCCT but were negative for ECaC. Importantly, a transitiomoter contains a number of potentiais-acting elements
(arrowheads) was found from NCCT immunopositive to negecognized by well-characterized transcription factors that
ative within one tubule, whereas the whole segment stained foay play a role in the regulation of the ECaC gene (Figure
ECaC. Because the NCCT-positive segments were identifigjl Importantly, several putative VDRE were identified in
previously as the first part of DCT (DCT1) (22), this findingthe ECaC promoter region (indicated by black boxes). In
suggests that ECaC and, therefore, calbindjgzare present addition, many other regulatory sites were identified, in-
exclusively in the more distal part of DCT (DCT2) and theluding sites for activator protein 1, 2, and 3 (AP-1, AP-2,
CNT (Figure 4E). There was no indication that ECaC expreand AP-3), a stimulatory protein (SP-1) box, and axdBF
sion in the deficient rats was decreased selectively in DCT2mcognition domain. Evaluation of the physiologic meaning
CNT. of these sites in the gene awaits further studies.

Identification of the Human ECaC Promoter

To identify the transcription initiation site, we performeddiscussion
5'-RACE experiments on hECaC cDNA. Figure 5 shows this ECaC constitutes the rate-limiting step in the process of
transcription site, designateti1, at 90 bp upstream from active C&" reabsorption by facilitating apical €4influx into
the translation initiation ATG codon. Subsequently, a hweells of the mammalian distal renal tubule. Investigating this
man genomic library was screened with the use of a 62" influx pathway was hampered severely because the mo
genomic hECaC probe containing the 5'UTR, exon 1, amecular identity of this C&" influx protein was elusive until
the 5' part of the adjacent intron, resulting in the isolation afow. The recent elucidation of ECaC and its predominant
a single clone containing a part of the 5' ECaC gene inclulibcalization in vitamin D-responsive epithelia offers for the
ing the transcription initiation site and 2.4-kb upstrearfirst time the possibility to study the vitamin D dependency of
information (Figure 5) (GenBank AJ278604). Neither &€& influx into renal distal tubule cells. The conclusion from
classical TATA box nor a CCAAT box was identified closehe present study is that 1,25(0OB); upregulates the expres
to the 5' region of the transcription initiation site. Howeversion of ECaC in the distal part of DCT and in CNT, an effect
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Figure 3.Effect of 1,25(OH)D; on the calbindin-Dg, expression in - 0 | Calbindin-D,g

vitamin D—deficient and —repleted rats. Comparison of vitamin D—d: Il NCCT
ficient and —repleted rats for calbindinsB mMRNA (A) and protein

abundance (B). Immunofluorescence localization of calbindjg:D
in vitamin D—deficient (C) and —repleted (D) rats. Bar40 um.

Figure 4 . Immunolocalization of ECaC along the distal nephron.
Double immunofluorescence staining of rat kidney cortex sections
showing staining for ECaC (A, C), calbindinsR (B), and the
L . . ) thiazide-sensitive NaCl co-transporter (NCCT) (D). The asterisks
that is ||!<er to have a major impact on active Ca indicate distal convoluted tubule 1 (DCT1) cells that stained inten-
reabsorption. sively for NCCT but negative for ECaC. The arrowheads depict a
The vitamin D—deficient status of the rats used in our studpansition between DCT2 and CNT in which DCT2 is positive for
was illustrated by severe hypocalcemia. Administration ofCCT, whereas the whole segment is stained for ECaC. (E) Sche-
1,25(0OH)D; completely normalized this situation within 48 hmatic distribution of the ion transporters in the distal part of the rat
and was accompanied by a modest upregulation of ECa€phron. TAL, thick ascending limb of Henle's loop; CCD, cortical
mRNA and a marked increase in ECaC protein expressidi®llecting duct. Bars= 25 um in A through D.
These observations suggest that in addition to an increase in
mRNA abundance, translational regulation of ECaC may take
place, which results in increased channel activity at the apiagitimal ECaC functioning is underlined by the conspicuous
cell surface. In theory, the enhanced ECaC mRNA expression-localization of ECaC and calbindins in €atransporting
could be due to increased transcriptional activity and/or mRN#ssues (21).
stabilization. The steroid character of 1,25(QBY) and the Importantly, the hECaC promoter contains several putative
presence of VDRE in the ECaC promoter, however, are in linDRE within an area ranging between 20 and 2000 bases
with a regulation at the transcriptional level, but extensivepstream, which might be involved in the observed
promoter analysis is necessary to demonstrate the functioh@5(OH)Ds-dependent ECaC mRNA expression. The core
role of these elements. binding motif sequences of the VDRE known to date are rather
In addition, 1,25(OH)D5; enhances the renal expression aflivergent, but the hexameric sequence RRKNBA=(A or G,
calbindin-D,g as demonstrated in previous studies (revieweédl = G or T, S =C or G) seems to be a distinct consensus
in reference 23) and by our group in primary cultures of CN$equence (25). In human and rat osteocalcin promoters, an
cells (5). Because the activity of ECaC is tightly controlled b}AP-1 consensus sequence closely juxtaposed to the VDRE has
the cytosolic C&" concentration, it is essential that the numbdseen identified. It has been demonstrated that AP-1 sites syn-
of ECaC channels at the plasma membrane be matched byehgistically enhance the activation by 1,25(QB}) (13). In the
cytosolic C&" buffering capacity of these cells (24). TheECaC promoter, putative VDRE are surrounded by an AP-1
present observation that both ECaC and calbindjp:Dare site. However, further promoter analysis will be required to
synchronically upregulated demonstrates that this requiremétentify the key regulatory sites involved in vitamin D—medi-
is fulfilled. The necessity of sufficient Ga buffering for ated transcription. The proximal promoter region does not
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2367 TTCTTGTCCTTCTCTAAAGGTTATTTTGTCCATCCCTCAATCTTGGGAGCAGATCTCTCTTTCTTACAACAAAAGAAGGGGGCAGTCCCCAC
2269 TCCTCAAGACCCCAGAGGGAGAGTCCCAGCGTATCCTCACGCTGGTCTCTCACACCTTTACAGCCAAAAGATTCCCAAGAAGCAACAAGGTC
2171 TGGAGAGTGGTTTGGAGCTGAGATCCCAAGTTCATGGCCAGTTACAGTCTCGCCACTAGCCATGGGACTTGGGGCCAGCACACCCAAGAATT
-2073 CTCACAGACGGAATGTTCTCATTTACCTGATAGGTCTATTGAGTGAATGCAATTCAATAATATTGATGTACCTCTTTGAAAACA
-1975 ATGAGAACAGAATTGAAC;ATGAGAACACTTGGACACAGGAAGGGGAACATCACACACCAGGACCTGTCGTGGGGTTGGGGGAGGGGGGAGG
-1877 TTMTATACCTAATGTAAATGACAGTTAATGGGTGCAGCACACCAACATGGCACATGTATACATATGTAACAAACCTGCATA
41779 TTGTGCACATGTACCCTAGAACTTAAAGTATAATAATAAAAAAAATGAGAACATAAATACAAGCTATCATATACAGTAGTCACCTTTTATCC
-1681 TCAGGGGATACATTCCAAGACGCCCCAGTGGATGCCAGGAACCTTAGATAGCACCAAACCCTGTATATACTATCTTTTTTCCTACACGTACA
-1093 TACATACATACATACATACATACATACATACATACATACATACATATGATGAAGTTTAATTTATACATTAGGCACAGTGAAGAGTTTAGGCC
1583 GGGCATAGTGACTCACGCCTGTAATCCCAGCACTTCAGGAGGCCGAGGCAAGCAGATCACCTGAGGTCAGGAGTTCGAGACTAGCCTGGCCA
-1485 ACATGGTAAAACCCTGTCTCTACTAAAAATACAAAAATTAGCCAGGCGTGGTGGTGGGCACCTGTAATCCCAGCTACTAGGGAGGCTGCGGE
-1387 AGGAGAATAACTTGAACCTGGAAGGTGGATGTTGCAGTGAGCCAAGATCACACCATTGCTCTCCAGCCTGGGCAACGAAAGTGAAACTCTGT
21289 CTCAAAAAAAAAAAAAAAAGAGTTTAACAACAATAAAATGAAAATTATAATAATATAAAGTTATGTGAATGTTCTCTTTCTCTCTGTCTCTC
1191 AAAATATGTTATAGTACTGTACTCACCTATTTTCCAACTGTGGCTGACCTTAGGTAACTGAACCATCAGAGAGTGAAACTGTGGATARGGGA

AP-3
-1093 AACTACTTAATATATAAAATATAATATAAAATATATAAAATAGTGCAACATTACTTATTCCTCCTGGTGTTTCATTCCTGGAAAGAGTCCCA

995 AACATGGAATCACGATTTATTTGTCGTCTACCTTTGCTCAGTTTCTGCTGTTCAACCTCCATAATAACTCGAGGCCCCTGGGGGCTCCTCTG
NFxB
897 ACCTGCGTCCCCAGGTACCAGAGCCTGCTCGGCGACGCTCCAGGAAGCTGGCCGGTCACGGTCATGAGGACTTCTCACAGAGAGGGATTGGC

799 CTINNET GHEJERIAG AAACCCTCCTTTGAGGTACAGGGT TGAGGACAGAGATGACCACAAGACACAT AAA TEIERYAEC ¢ TEINEINEC A
701 GCCCGGGGRGTCTCTTGARCCCTCTTGTGGAAGGAGGATCGGCAGTGATTGAGTACTTGTGACACATGCTTTACAGATGCTCCCGTGAGACGS
603 GCATAGCCGTTACCCCAATTTCACAGGTTAGGAACTGAGGCTCAGAAAGCTCACCTAACTG 1NETEIeT A (YRS GA T T TGAACCAGGE
505 TCTGCCTGACTCTTGARCTGGAAGTCTTTATTTCCTCCTCTCCCTCATGCAACTAACTGTGCACCTTGTTTGTGGACCCACCTTCCATCCCT

AP-1
407 TTTCTTTTTCCAAATTCCTCTGCCCCACCTCTTAGCTTCTCGEGTCTCAGCCATCCCAGCCCACAGTTAGGAACETTCLT JoccaTeeTeeT
AP-
2309 TTTCTTCCCCAGGGTGGTTCTGTGGCTGTGGGGCTCAGCTCTGCAAAGAGCTCCTCCCCCTCCAGGAAAAGCACTTCTICCCCAGGCAGGGLG

AP-2 SP-1
=211 EFCAGTCCCCTCAGCGCACCTGCATGCACACACACCACCTCACAACCACACACTGCATGCACACACATACACCACAGCCACACACTGTGCAT

413 ACACGCACACCCCACAACCCACATACTGCATGCACACACACACACCTACAAGCTGCATGCTGCATACACEYERIMATAC AAACTCA

e e
-15 GAGTCCCAGCCCCAA?TAGACCCCATCTCTTGCTCAGTTGCTGTCATCCTAGACCTGTTTCTTTCGCCACATTTCTATAATCTGCCAGTGTC
+ —
83 TGCAAGGAGAAGACATGGGGGGTTTITCTACCTAAGGCAGAAGGGCCCGGGAGCCAACTCCAGAAACTTCTGCCCTCCTTTCTGGTCAGAGAA
M GGF LPKAEGPSGSOQLOQOKTLULPSFLVRE

181 CAAGACTGGGACCAGCACCTGGACAAGCTTCATATGCTGCAGCAGAAGAGGTAGGCTTCCTAGAACGATCCGTGGCCCTACCGCCGTGATCC
O DWDOQOQHLDI KULHMLG® GO Q intronl
279 TCAGACCCTCTGACCCACCTGGGCCTGCTTTCCGAATACAGCACCCTAGAAGTGTATTGTCAGTGCCAGTCACTCAGACATACCCTTTCCTT

377 CCAGCCCACCTAATTACAGAATCCCAGCTGGCCCCTTTTAGTGGCGGTGGAGGATGTGGCTTTGGGCCACACAGGAAAATCTTGAGGGTAGA

Figure 5.Nucleotide sequence of the 5' region of the human ECaC gene. Nucledtidenotes the transcription start site and is marked with

a dashed arrow. The amino acid sequence that corresponds to exon 1 starting with the translation initiation codon at position 98 is in cap
letters and indicated below the coding strand. The TATA and CCAAT boxes are underlined, whereas other putative transcription factor bindi
motifs (AP-1, AP-2, AP-3, SP-1, and MB) are boxed. Regions containing potential vitamin D-responsive elements are indicated by black
boxes.

contain typical TATA or CCAAT boxes; however, a similaris a combination of the DCT, CNT, and initial collecting
site is present at 20 (ATAAA). Although these elements havetubule. However, the exact contribution of the individual seg-
been demonstrated to play an important role in the transcriptiorents to active G transport was still unresolved (4,6,8,22).
machinery, many genes have been described without thésenunolocalization studies in rabbit kidney cortex demon-
sequences (26). Alternatively, SP-1 regions (GGGCGGlrated that the expression of ECaC is restricted to the con-
present at positior-209 may drive transcription as indicatechecting tubule that is the predominant“Caransporting seg
for other genes. For the chicken VDR promoter, which comrent in this species (4,6,8). In other species, including rat,
tains no TATA box but possesses GC boxes or SP-1 sitesCa&* reabsorption seems to be located primarily in DCT
series of deletion promoter constructs established that the pr¢&22). However, the present localization study demonstrates
imal GC boxes are the major drivers of gene transcription (27hat like in rabbit, there is very little overlap in the localization
Micropuncture studies of superficial nephron segments of NCCT and ECacC in rat kidney. The expression of NCCT is
the rat have demonstrated that the distal part of the nephrotingited to DCT cells. In human, rat, and mouse, expression of
responsible for reabsorption of 15% of filtered “Ca The this co-transporter extends from the proximal end of the DCT
portion of the distal tubule normally assessed by micropuncturgo a transitional segment, referred to as DCT2, that shares
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properties of both DCT and CNT (22). Conversely, ECaC and
calbindin-D,g are restricted to DCT2 and CNT. Thus, thia
zide-sensitive NaCl cotransport and 1,25(GBYregulated 2-
Ca™ reabsorption are spatially dissociated in that NCCT is
restricted to DCT1 and ECaC is restricted to CNT, whereas
DCT2 is a transitional segment that expresses both transpqrt
systems. This functional separation has important implications
for understanding the hypocalciuria observed in patients witQ
Gitelman’s syndrome and during administration of thiazide
diuretics (28,29). So far, the effects of thiazides orfCa
reabsorption were explained by a hyperpolarization that ins
creased the driving force for transcellular “Catransport
(4,29). Because the localization of NCCT and ECaC are dis-
sociated, other mechanisms must be at work.

The regulation of ECaC by 1,25(0OD0)5; may shed new light 6.
on C&" metabolism under pathophysiologic circumstances.
The treatment with vitamin D that has been proved to be
beneficial in various clinical situationgg., the prevention of /-
rickets during infancy) now can be explained at the molecular
level. Primary or secondary involvement of ECaC can be
expected in several pathologic situations. Among these, cor%-
ditions associated with hypercalciuria certainly are of interest’
because of the dominant localization of ECaC in the kidney.
Closely correlated with hypercalciuria is nephrolithiasis,q
which, because of its high prevalence, has a considerable
socioeconomic impact. Intensive investigations, therefore,
have been performed in the past to clarify the underlyinm.

J Am Soc Nephrol 12: 1342-1349, 2001

la-hydroxylase gene in patients with pseudovitamin D-defi-
ciency ricketsN Engl J Med338: 653-661, 1998

Hughes MR, Malloy PJ, Kieback DG, Kesterson RA, Pike JW,
Feldman D, O’Malley BW: Point mutations in the human vita-
min D receptor gene associated with hypocalcemic rickets.
ence242: 1702-1705, 1988

Brown AJ, Dusso A, Slatopolsky E: Vitamin Am J Physiol
277: 157-175, 1999

Friedman PA, Gesek FA: Cellular calcium transport in renal
epithelia: Measurement, mechanisms, and regulatiRinysiol
Rev75: 429-471, 1995

Van Baal J, Yu A, Hartog A, Fransen JAM, Willems PHGM,
Bindels RIM: Localization and regulation by vitamin D of cal-
cium transport proteins in rabbit cortical collecting systéim J
Physiol 271: F985-F993, 1993

Hoenderop JGJ, Willems PHGM, Bindels RIM: Toward a com-
prehensive molecular model of active calcium reabsorpfom.J
Physiol 278: F352—-F360, 2000

Hoenderop JGJ, van der Kemp AWCM, Hartog A, van de Graaf
SFJ, Van Os CH, Willems PHGM, Bindels RIM: Molecular
identification of the apical G& channel in 1,25-dihydroxyvita
min D-responsive epithelid. Biol Chem274: 8375-8378, 1999
Hoenderop JGJ, Miiller D, Suzuki M, van Os CH, Bindels RIM:
The epithelial calcium channel: Gatekeeper of active calcium
reabsorptionCurr Opin Nephrol Hyperten8: 335-340, 2000
Christakos S, Raval-Pandya M, Wernyl RP, Yang W: Genomic
mechanisms involved in the pleiotropic actions of 1,25-dihy-
droxyvitamin D,. Biochem J316: 361-371, 1996

Gill R, Christakos S: Identification of sequence elements in

mechanisms (30,31). Recent studies suggest that the pathogen-mouse calbindin-B;, gene that confer 1,25-dihydroxyvitamin
esis is heterogeneous, because different molecular pathways D;- and butyrate-inducible responsésoc Natl Acad Sci USA

have been causally related to this disease (32). Interest of
research centers around defective regulation of‘Cho- 11.
meostasis and the related vitamin D metabolism. Potential

candidate genes have been screened for their involvement but

several genes (e.g.adhydroxylase) have been excluded (33)?2'
Alternatively, dysregulation of 1,25(OKD)s-sensitive C&"
reabsorption through ECaC that controls partly thé ‘Ciux
into the blood compartment could be one factor in the pathgg
genesis of Ca'-related kidney stone disease. '
After the recent molecular identification and subsequent
electrophysiologic characterization of ECaC, the present study
demonstrates unequivocally that the expression of ECaC 1
DCT2 and CNT is controlled by the calciotropic hormone
1,25(OH)}D,. Future studies may substantiate the role of
1,25(OH)}Ds-responsive ECaC expression in the pathogenesis
of C&" homeostasis—related disorders. 15.
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