
G
E

D
a
*
P

R

r
s
f
T
r
(
i
r
r
s
f
E
c
d
c
n
E
u
A

t

E
1
e
E
s
m
a

t

i
N
s

Biochemical and Biophysical Research Communications 275, 47–52 (2000)

doi:10.1006/bbrc.2000.3227, available online at http://www.idealibrary.com on
ene Structure and Chromosomal Mapping of Human
pithelial Calcium Channel

ominik Müller,* Joost G. J. Hoenderop,* Gerard F. M. Merkx,† Carel H. van Os,*
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The epithelial Ca21 channel, ECaC, represents the
ate-limiting step of vitamin D3-regulated Ca21 (re)ab-
orption in kidney and intestine, and provides, there-
ore, a new candidate gene for Ca21-related disorders.
o supply the basis for direct mutation analysis, we
eport here the structure of the human ECaC gene
ECAC12). It consists of 16 exons spanning 25 kb with
ntrons ranging from 98 to 8500 bp. The 5*-flanking
egion of ECAC1 contains four putative vitamin D3-
esponsive elements. At positions 292 and 213 tran-
cription initiation sites were identified, but the
ormer lacks the canonical TATA or CAAT boxes.
CAC1 was mapped to chromosome 7q35 by fluores-
ent in situ hybridization, reassigning a previous ra-
iation hybrid mapping to 7q31.1-2. The gene of a re-
ently identified rat intestine homologue of ECaC,
amed Ca21 transporter 1, was found juxtaposed to the
CaC gene, indicating that both genes are the prod-
cts of evolutionary local gene duplication. © 2000

cademic Press

Key Words: calcium absorption; calcium reabsorp-
ion; calcitriol; EcaC.

The recently identified epithelial Ca21 channel,
CaC, constitutes the apical Ca21 influx pathway in
,25-dihydroxyvitamin D3 (1,25(OH)2D3)-responsive
pithelia present in kidney and small intestine [1–6].
CaC exhibits distinctive properties including a con-
titutively activated Ca21 permeability at physiological
embrane potentials, a high selectivity for Ca21, an

nomalous mole-fraction behavior and hyperpolariza-

The sequence of the human ECaC gene has been deposited with
he EMBL/GenBank Data Libraries under Accession No. AJ401155.

1 To whom correspondence should be addressed at 162 Cell Phys-
ology, University Medical Center Nijmegen, P.O. Box 9101, 6500 HB
ijmegen, The Netherlands. Fax: 131-24-3540525. E-mail: reneb@

ci.kun.nl.
2 The HGMW-approved symbol of the human ECaC gene.
47
ion of channel activity [3]. To date, ECaC has been
loned from three different species including rabbit
Accession No. AJ133128), rat (Accession No.
B032019), and human (Accession No. AJ271207). The
btained sequences exhibit an overall homology on
mino acid level of about 85% [5]. Recently, the ECaC
amily has been extended by Peng et al. who identified

Ca21 transporter (CaT1) from rat small intestine,
hich is highly homologues to ECaC [7].
These channels represent the first members of a new

amily of Ca21-selective channels involved in active
a21 (re)absorption. This transcellular Ca21 pathway
onfers the only mechanism by which the organism can
nfluence the Ca21 uptake in kidney and intestine spe-
ifically. ECaC could, therefore, play a crucial role in
a21 homeostasis and is a serious candidate gene in
isorders associated with alterations of absorption or
xcretion of Ca21 [4]. Dysfunctioning of the channel,
ither as a result of mutations in the gene itself or its
egulatory pathways, could ultimately impair the Ca21

onserving capacity of the body contributing to Ca21-
ssociated kidney stone disease and age-related bone
isorders.
The aim of the present study was to elucidate the

ene structure and chromosomal localization of human
CaC to allow mutation analysis in patients suffering

rom Ca21 homeostasis-related disorders.

ATERIALS AND METHODS

Library screening and long range PCR. To determine the
enomic organization of ECaC, a PAC clone 209-H-9 was isolated
rom the RPCI-6 human PAC library by PCR-screening. The approx-
mate insert length of this clone was estimated by digestion with
ifferent restriction enzymes (BamHI, EcoRI, and HindIII). Clone
09-H-9 was then digested with BamHI and EcoRI and the frag-
ents were randomly subcloned into a pBluescript II KS (1/2)

ector (Stratagene). These subclones were sequenced by means of
tandard procedures using Sp6 and T3 promoter primers on a semi-
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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utomated sequencer (Perkin-Elmer). Based on the cDNA sequence
f human ECaC (Accession No. AJ271207), primers were designed to
mplify missing parts of the gene, using purified DNA from PAC
lone 209-H-9 as a template. For amplification, a LA-Taq was used
TaKaRA), according to the manufacturer’s instructions. The prod-
cts obtained were subjected to direct sequencing analysis (Perkin-
lmer).

59- and 39- RACE. 59-rapid amplification of cDNA ends (RACE)
rocedures were carried out according to the manufacturer’s protocol
Clontech). 59-RACE was performed by using an ECaC specific
rimer (59-CAGGAGCGGGATGAGCTGTGGAGGGCCA-39) that
as combined with the AP1 primer supplied by the manufacturer.

FIG. 1. The gene structure of human ECaC. Filled boxes represen
xons are numbered 1–16. The start codon (ATG) and stop codon (T
roximal promoter, exon 1 and the first intron is shown. The two d
orresponding amino acid sequence is depicted. The putative vitamin
s underlined. Additional sites (NFkB, AP-1, AP-2, and SP-1) are i
overing the ECaC gene are indicated at the top of the figure.
48
9-RACE experiments for ECaC and CaT1 were performed by using
primer located in an area of high homology (.95%) between ECaC

nd CaT1 (forward 59-CCATCATCGCCAACTGCTCATGCTCAA-39).
s a reverse primer, Clontech’s AP1 was used. PCR products were

solated from the agarose gel (Qiagen), cloned into a pGEM-T Easy
ector (Promega) and sequenced as described above. The sequences
btained were used to design specific primers for human CaT1 (for-
ard 59-ACAGGCAGCAAAGGACAAAGGGTGCTC-39 and reverse
9-TCTCGACCCTTATAGTCTAGA-39). By using long range PCR
see above) a genomic 701 bp fragment was amplified, isolated, and
equenced. There was no homology when compared with the ECaC
ene.

ding sequences and open boxes represent untranslated regions. The
) are indicated. As an insert the sequence of the transition of the

rent transcription initiation sites are marked by 11 and 119. The
responsive elements are boxed and marked “VDRE.” The TATA box
cated. The length of the subclones and individual PCR fragments
t co
AA

iffe
D
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Fluorescent in situ hybridization (FISH). A 5 kb genomic probe of
CaC was prepared by long range PCR and subsequently used for
ISH analysis. This probe spanned the transmembrane domains 4,
, and 6 as well as the pore forming region. The probe DNA was
iotine-14-dATP labeled and precipitated (Gibco). After denatur-
tion, slides with normal human metaphase lymphocytes (.20) were
ncubated. The probe was visualized by incubation of antibodies
onjugated with avidin fluorescein-isothiocyanate (Vector laborato-
ies) [8].

ESULTS AND DISCUSSION

Genomic structure of human ECaC. In this study,
e first characterized the genomic organization of the
uman epithelial calcium channel, ECaC. To this end,
human genomic PAC library was screened with an
CaC-specific probe of 721 bp and a single clone, num-
ered 209-H-9, was isolated. Digestion of this PAC
lone yielded an insert of approximately 100 kb. Char-
cterization of this clone revealed that the ECaC gene
onsists of 16 exons spanning about 25 kb with introns
anging from 98 to 8500 bp (Fig. 1 and Table 1). The 59-
nd 39-UTRs are located within the first and the last
xon (1 and 16), respectively. 39-RACE revealed an
ntranslated region of 472 bp including a terminal
oly-A signal (AATAA). No alternative polyadenylation
ignals were found after this site within the next 2.5
b. Two different transcription start points of ECaC
ere identified at 292 and 213 bp. As far as the longer

ranscript is considered, the proximal promoter of
CaC does not display classical CAAT or TATA boxes.
he shorter transcript, however, does have a canonical
ATA box at 227 bp. It has been shown that a short
9-UTR, if in combination with a strong KOZAK se-
uence (CATGG), is sufficient to avoid leaky ribosomal

Sequence of the Exon-Intron Ju

Exon number Exon length (bp) (59-i

1 219 cc
2 98 cc
3 123 tc
4 106 tg
5 42 ct
6 99 ca
7 176 cc
8 147 ct
9 214 gc

10 86 ca
11 77 cc
12 166 cc
13 57 tg
14 269 ac
15 107 tc
16 785 at

Note. Depicted are exon length, boundaries, and intron length (Cap
een deposited with the EMBL/GenBank data Libraries under Acce
49
canning [9]. The first ATG is indeed located within a
OZAK consensus sequence (ACATGGG) [10]. Besides
FkB, SP-1, AP-1, and AP-2 sites, we also found four

ites of imperfect hexameric repeats which were spaced
y three or four nucleotides. These sites were located
ithin a range of 2150 to 2600 bp from the ATG
nd could serve as vitamin D-responsive elements
VDRE’s) [11, 12].

The demonstration of VDRE’s substantiates the
anifest tissue distribution of ECaC in 1,25(OH)2D3-

esponsive epithelia and provides further evidence
hat ECaC could be a molecular target of 1,25(OH)2D3.
iseases like vitamin D resistant rickets with end-
rgan unresponsiveness to 1,25(OH)2D3 caused by mu-
ations in the gene of the vitamin D receptor demon-
trate how crucial this system is for the overall Ca21

omeostasis [13]. However, many disturbances in Ca21

etabolism remain still unexplained. Among those,
diopathic hypercalciuria (OMIM 143870) is one of the

ost important. Due to its high prevalence in the pop-
lation and its close relation to Ca21-related kidney
tone disease, it confers, beyond its medical aspects, a
ajor socio-economic problem. Although many efforts

ave been taken in the past, the molecular basis of this
isease still awaits its elucidation [14, 15]. Considering
he fact that hypercalciuria can be caused in principle
y increased intestinal Ca21 absorption as well as by
ncreased renal excretion, ECaC represents a timely
andidate gene for different subtypes of this disorder.

Chromosomal assignment of human ECaC. Subse-
uently, the chromosomal assignment of ECaC was
arried out by FISH analysis. Using a genomic 5 kb

ions of the Human ECaC Gene

Boundaries
on EXON....EXON intron-39) Intron length (bp)

ATAGA....AAGAGgtagg ;3500
GATTC....AAGAGgtggg 168
GAGCC....TGCAGgtaag 489
CAGGT....CACAGcact- ;2500
GCAGG....CTTTGctgag 306
gGGGAG....CCAGGgtcaa 164
GAAAC....CTGTGgtaag 456
ATGTT....GAGAGgtatg 2346
gGCTCG....ACAGGtgatt ;8500
tAGGAG....TAGAGgtgac 98
ATTCC....TTCATgtgag 260
CATCA....AGAAGgtcag 172
ATGAT....CTCCGgtaag 1893

gCGTTC....GGGAGgtgag 2885
GTCGT....CTGCGgtgag 681
GGTTG....CTCCTaatac

xon; small caps: intron). The sequence of the human ECaC gene has
n No. AJ401155.
nct

ntr

caa
cag
cag
ggc
aca
ca
cag
cag
ca
ca
cag
cag
cag
ga

cag
cag

s: E
ssio
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hromosome 7q35 and no signal was detectable on any
ther chromosome (Fig. 2). This localization contrasts
ith the previously reported mapping of ECaC on chro-
osome 7q31.1-2 [6]. In this latter study, radiation

ybrid mapping was used and the identified sequence
agged sites (STS) were assigned to this particular
hromosomal area using the Stanford G3 Radiation
ybrid Panel. This is a widely accepted procedure for

hromosomal mapping of human genes. However, we
ow screened three additional databases containing
he previously obtained STS (Fig. 3). According to this
ew analysis, ECaC was mapped to different chromo-
omal areas that span several bands from 7q21.1 (Gene-
ap99 G3 and NCBI integrated RH Map) to 7q22.1

Stanford G3 Map). None of the four available data-
ases did assign ECaC to the localization on 7q35 as
btained by FISH. Additionally, it was found that sub-
lones of the isolated human PAC clone 209-H-9 fully
atch with a previously published BAC clone that has

een mapped by FISH to chromosome 7q36 (Accession
o. AF107256), confirming that ECaC is located close

o the telomere. Taken together, these findings un-
quivocally demonstrate that the human ECaC gene
aps to chromosome 7q35 and that the set of STS as

btained from the radiation hybrid panel is, despite a
OD score of .10 [6], not suitable for this particular
rea.
The divergent data of the chromosomal assignment

f ECaC, demonstrate the necessity to confirm findings

some 7 obtained by radiation hybrid mapping using different maps.
FIG. 2. The chromosomal assignment of human ECaC was car-
ied out by FISH analysis. The specific signal detected on human
hromosome 7q35 is marked by an arrow. The centromere marker is
ndicated by an asterisk.
FIG. 3. Localization of three sequence-tagged sites (STS) on chromo
he localization of ECaC as revealed by FISH is depicted.
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nalysis. Even though this might become a minor issue
s the human genome project progresses, it is still of
ital importance if linkage studies are performed when
he area of interest is mapped by radiation hybrid
creening only. This is also true for other organisms for
hich a whole genome project is not yet settled.

ECaC gene duplication. During the 39-RACE ex-
eriments, we also obtained the C-terminal part of the
CaC homologue named CaT1. Based on this se-
uence, primers were designed and a corresponding
enomic fragment of CaT1 was amplified from the PAC
lone. This 701 bp fragment was juxtaposed to the
CaC gene, demonstrating that ECaC and CaT1 are

ranscripts of two neighboring genes rather than being
plice variants of the same gene. This data gives evi-
ence for evolutionary gene duplication that in general
rovides one of the major driving forces of evolution
16]. The acquisition of different functions for the cor-
esponding proteins prevents one of the copies from
eing silenced and remaining as a pseudogene and can
sually be illustrated by a different tissue distribution
17]. Conversely, human ECaC is expressed primarily
n kidney, pancreas, placenta and intestine, while rat
aT1 is mainly restricted to duodenum [6, 7]. Both

hannels are highly homologues in the areas presumed
o be essential for channel function such as transmem-
rane segment 5 and 6 including the pore forming
tretch, but the N- and C-terminus are divergent. How-
ver, the precise functional discrimination between
CaC and CaT1 awaits further detailed electrophysi-
logical characterization of both epithelial channels.
It is interesting to note that the nearest relatives of

he ECaC family, the vanilloid receptor (VRL, Acces-
ion No. AF029310) and the olfactory receptor (OSM-9,
ccession No. AF031408) arise from a cluster of genes

ocated on chromosome 17p13.3 [18, 19]. These pro-
eins share with ECaC and CaT1 the structure of six
ransmembrane domains (TM) with a short hydropho-
ic stretch between TM5 and TM6. However, even
hough OSM-9, VRL, CaT1, and ECaC display the
roperties of a cation channel, they exhibit different
unctions in the organism. Whereas ECaC and CaT1
acilitate transcellular Ca21 transport, VRL, and
SM-9 are involved in pain sensation and smelling,

espectively [20, 21].
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