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Abstract Megalin and cubilin are endocytic receptors highly expressed in the endocytic
apparatus of the renal proximal tubule. These receptors appear to be responsible for the
tubular clearance of most proteins filtered in the glomeruli. Cubilin is a peripheral mem-
brane protein, and therefore it does not have an endocytosis signaling sequence. It appears
that megalin is responsible for internalization of cubilin and its ligands in addition to inter-
nalizing its own ligands. The proteinuria observed in megalin-deficient mice, in dogs lacking
functional cubilin, and in patients with distinct mutations of the cubilin gene illustrates the
importance of the receptors.

Introduction

The cells of the renal proximal tubule have a high capacity for uptake of proteins filtered
in the glomeruli, reflected by an extensively developed endocytic apparatus and the normal
very low urinary excretion of plasma proteins. The cutoff molecular mass for glomerular
filtration of plasma proteins under physiological conditions is generally considered to be in
the range of 60 kDa, corresponding approximately to the molecular mass of serum albumin.
However, the diversity of proteins filtered is large and includes even larger proteins such
as transferrin (81 kDa). Thus, the ability to recognize a large number of different proteins
and at the same time provide for an efficient uptake must be a prerequisite for the molecular
apparatus handling the reabsorption of these proteins. Two multiligand endocytic receptors,
megalin and cubilin, appear to be largely responsible for the proximal tubular reabsorption
of protein (Christensen and Birn 2002). The two receptors are coexpressed along the endo-
cytic and recycling pathway in these cells and apparently collaborate in the uptake of ligands
(Christensen and Birn 2001; Verroust et al. 2002) (Table 1).
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Table 1 Ligands for megalin and cubilin
Megalin

Vitamin carrier proteins

Folate binding protein (Birn et al. 2005)

Retinol binding protein (Christensen et al. 1999)
Transcobalamin-vitamin By,

(Moestrup et al. 1996)

Vitamin D binding protein (Nykjaer et al. 1999)

Other carrier proteins

Albumin (Cui et al. 1996)

Heavy metallothionein (Klassen et al. 2004)
Hemoglobin (Gburek et al. 2002)
Myoglobin (Gburek et al. 2003)

Lactoferrin (Willnow et al. 1992)
Liver-type fatty acid binding protein
(Oyama et al. 2005)

Neutrophil gelatinase-associated protein
(Hvidberg et al. 2005)

Odorant binding protein (Leheste et al. 1999)
Sex hormone binding globulin

(Hammes et al. 2005)

Transthyretin (Sousa et al. 2000)

Lipoproteins

Apolipoprotein B (Stefansson et al. 1995a)
Apolipoprotein E (Willnow et al. 1992)
Apolipoprotein H (Moestrup et al. 1998b)
Apolipoprotein J/clusterin (Kounnas et al. 1995)
Apolipoprotein M (Faber et al. 2006)
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Cubilin

Intrinsic factor-vitamin By,
(Seetharam et al. 1997)
Vitamin D binding protein (Nykjaer et al. 2001)

Albumin (Birn et al. 2000a; Zhai et al. 2000)

Hemoglobin (Gburek et al. 2002)
Myoglobin (Gburek et al. 2003)
Transferrin (Kozyraki et al. 2001)

Apolipoprotein Al (Kozyraki et al. 1999)
High-density lipoprotein (Hammad et al. 1999)

Hormones, hormone precursors, and signaling proteins

Angiotensin II (Gonzalez-Villalobos et al. 2005)
Bone morphogenic protein 4

(Spoelgen et al. 2005)

Epidermal growth factor (Orlando et al. 1998)
Insulin (Orlando et al. 1998)

Leptin (Hama et al. 2004)

Parathyroid hormone (Hilpert et al. 1999)
Prolactin (Orlando et al. 1998)

Sonic hedgehog protein (McCarthy et al. 2002)
Thyroglobulin (Zheng et al. 1998)

Enzymes and enzyme inhibitors
aj-Microglobulin (Leheste et al. 1999)
a-Amylase (Birn et al. 2000b)
Lipoprotein lipase (Kounnas et al. 1993)
Lysozyme (Orlando et al. 1998)
Plasminogen (Kanalas and Makker 1991)
Plasminogen activator inhibitor type 1
(Stefansson et al. 1995b)

Plasminogen activator inhibitor type 1-urokinase

(Moestrup et al. 1993)

Plasminogen activator inhibitor type 1-tissue plas-

minogen activator
(Moestrup et al. 1993; Willnow et al. 1992)
Pro-urokinase (Stefansson et al. 1995b)
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Table 1 (continued)
Megalin Cubilin

Immune and stress response-related proteins

Advanced glycation end products

(Saito et al. 2003)

B2-Microglobulin (Orlando et al. 1998)

Immunoglobulin light chains (Birn et al. 2003) Immunoglobulin light chain (Batuman et al. 1998)

Pancreatitis-associated protein Clara cell secretory protein

(Leheste et al. 1999) (Burmeister et al. 2001)

Receptors and transmembrane proteins

Cubilin (Moestrup et al. 1998a) Megalin (Moestrup et al. 1998a)
Cation-independent mannose-6-phosphate Cation-independent mannose-6-phosphate
receptor (Yammani et al. 2002) receptor (Yammani et al. 2002)
Transcobalamin II-B, receptor AMN (Fyfe et al. 2004)

(Yammani et al. 2003)

Drugs and toxins

Aminoglycosides (Moestrup et al. 1995)
Polymyxin B (Moestrup et al. 1995)
Aprotinin (Moestrup et al. 1995)
Trichosanthin (Chan et al. 2000)

Others

Ca®t (Christensen et al. 1992)

Cytochrome ¢ (Orlando et al. 1998)

Receptor-associated protein (RAP) Receptor-associated protein (RAP)
(Christensen et al. 1992; Orlando et al. 1992; (Birn et al. 1997)

Willnow et al. 1992)

Seminal vesicle secretory protein II

(Ranganathan et al. 1999)

After binding of extracellular ligands at the apical membrane the receptors cluster into
clathrin-coated pits; ligands are internalized into coated vesicles and subsequently into early
and late endosomes. The interior of these vesicles is acidified because of proton pumps lo-
calized in the membrane causing dissociation of ligands from the receptors. The receptors
are recycled to the apical membrane via so-called dense apical tubules (Christensen 1982),
whereas the ligands are transferred to lysosomes for degradation of the protein. However,
transport of megalin ligands from the apical to the basal pole (transcytosis) has been reported
in other cell types like, for example, thyroglobulin in thyroid cells (Marino et al. 2000).

Evidence accumulated over the past decade suggests that the reabsorption of protein in
the renal proximal tubule not only reduces the overall protein content of the final urine, but
also provides uptake and thereby conservation of specific substances serving essential func-
tions within the kidney and other tissues. This includes the recovery of several vitamins and
ions filtered in complex with carrier proteins such as vitamin D binding protein (Nykjaer et
al. 1999, 2001), retinol binding protein (Christensen et al. 1999), transcobalamin (Moestrup
et al. 1996), and transferrin (Kozyraki et al. 2001), which not only minimizes urinary losses
of the corresponding vitamins and iron but also provides substrate for renal metabolism of
these substances, notably the renal activation of vitamin D.

Increased tubular reabsorption of specific proteins as seen in different diseases has been
implicated in the progression of chronic renal disease characterized by proteinuria. Tradi-
tionally, proteinuria has been divided into glomerular and tubular proteinuria. Defects giv-
ing rise to tubular proteinuria originate in the proximal tubule and result in the excretion of
proteins that normally are reabsorbed very efficiently by the proximal tubule by receptor-
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mediated endocytosis. Glomerular proteinuria diseases have their origin in defects of the
glomerular filtration barrier and thereby introduce proteins, which are either normally not
filtered or only filtered to a limited amount, into the glomerular ultrafiltrate. In other types of
overload proteinuria, the pathogenesis is found outside the kidney. Examples include myo-
globinuria, hemoglobinuria, and multiple myeloma. Although the capacity for reabsorption
in the proximal tubule is very high, a high load of protein may result in the excretion not
only of these proteins but also, because of competitive events for receptor binding, of car-
rier proteins and their substrates that are normally reabsorbed and processed in the proximal
tubule. The extensive reabsorption of such an overload of filtered protein not only leads to
tubular damage but may also subsequently induce tubular interstitial damage. Thus the focus
is attracted toward the mechanisms that mediate and regulate the proximal tubule uptake of
protein. This paper reviews the structure, expression, and functional properties of megalin
and cubilin, focusing on their involvement in normal proximal tubule protein reabsorption
as well as their implication in renal pathophysiology.

Molecular structure and ligands
Megalin

Megalin, also known as gp330, is a 600-kDa (nonglycosylated 517 kDa) endocytic receptor
and was originally identified as the target antigen of Heymann nephritis (Kerjaschki and
Farquhar 1982, 1983), which is an experimental model of membranous glomerulonephri-
tis. The multifunctional endocytic receptor belongs to the low-density lipoprotein (LDL)
receptor family (Raychowdhury et al. 1989), and determination of the primary structure re-
vealed a 4600-aa protein that has an amino acid similarity of 77% between rat and human.
The human megalin gene has been localized to chromosome 2q24—q31. Megalin (Fig. 1)
is characterized by a large extracellular domain including four clusters of cysteine-rich,
complement-type ligand binding motifs, a single transmembrane domain, and a short cy-
toplasmic tail (Hjdlm et al. 1996; Saito et al. 1994). The extracellular ligand binding regions
are flanked by growth factor repeats and cysteine-poor spacer regions containing YWTD
motifs, involved in pH-dependent dissociation of receptor and ligands in acidic endoso-
mal compartments (Davis et al. 1987). The carboxy terminal cytoplasmic tail contains two
NPXY motifs and a NQNY motif (NPXY-like motif). The two NPXY motifs mediate clus-
tering into coated pits and thereby initiate the endocytic process, and the NPXY-like motif
is involved in apical sorting of the receptor (Takeda et al. 2003).

The existence of these three motifs as well as other cytoplasmic motifs, such as sev-
eral phosphorylation sites and Src homology 3 (SH3) and Src homology 2 (SH2) binding
motifs, make the cytoplasmic tail of megalin differ from the other members of the LDL

Fig. 1 Schematic drawing of cubilin (left) and megalin (right) with interacting proteins. Megalin has four »
extracellular binding motifs (complement type motifs) providing the binding of a huge number of ligands. Its
cytoplasmic domain contains a number of protein interaction motifs as well as endocytosis motifs. Interaction
via these motifs with ARH and Dab2 has been revealed to be important for endocytosis of glomerular filtered
proteins. ARH and Dab2 further interact with AP-2 and clathrin, and assembly of these proteins is necessary
for initial steps in endocytosis. Cubilin interacts with megalin via its 113-residue a-helical amino terminus,
and this association supports internalization of cubilin, which lacks a transmembrane domain and an endo-
cytosis motif. Amnionless is another partner of cubilin capable of mediating endocytosis of cubilin via its
interaction with the EGF repeats in cubilin. The majority of cubilin is made up by CUB domains (acronym
for complement Clr/Cls, Uegf, and bone morphogenic protein-1), and these are involved in ligand binding



Rev Physiol Biochem Pharmacol (2006) 5

Megalin
NH»

Cubilin

NH> -
OO0 TRF PR R r s R R AR A AR O R RPN R AR RS gy §H RS0 Lumenal p}asma
........................ ST £a000000000e0000300nC0C0NCRCC000E 0000000 membrane

< CUB domain =—= Complement-type repeat
o EGF-type repeat == Spacer region containing YWTD
|:| Transmembrane domain U O~ NPXY and NPXY-like motifs

© ARH ‘ Dab2

& AP-2 os Clathrin heavy chain

Amnionless © Growth factor repeat



6 Rev Physiol Biochem Pharmacol (2006)

receptor family, and the conception of megalin merely being a constitutively expressed re-
cycling receptor is challenged. In line with the primary structure, several intracellular pro-
teins involved in sorting and signaling have been demonstrated to bind to the megalin tail as,
for example, JIP1 and -2, PDS-95, and MegBP, which further interact with transcriptional
factors (Gotthardt et al. 2000; Larsson et al. 2003; Petersen et al. 2003).

Furthermore, apart from clathrin and adaptin-2 (AP-2) two adaptor proteins, Dab2
(Oleinikov et al. 2000) and ARH (Nagai et al. 2003), have been implicated directly in
the endocytic process involving megalin. Through their PTB domains Dab2 binds to the
second NPXY motif and ARH binds to the first NPXY motif (Nagai et al. 2003; Oleinikov
et al. 2000). Dab2 gene-deleted mice as well as ARH-depleted mice (not published) have
a mild tubular proteinuria implicating, together with the evidence for binding to megalin,
their involvement in receptor-mediated endocytosis in the proximal tubule (Morris et al.
2002; Nagai et al. 2003, 2005). Binding of adaptor proteins such as Dab2 and ARH may be
involved in controlling endocytosis, as well as signaling, by assembly of multimeric protein
complexes through their interaction with other components of the cellular machinery,
for example, through their ability to bind AP-2 and clathrin. The importance for adaptor
proteins in the normal function of megalin is suggested by Muller et al. describing a patient
with unknown etiology but with similar symptoms as megalin knockout mice, namely,
holoprosencephalic syndrome (Willnow et al. 1996a) and renal tubular reabsorption defects
seen as vitamin D deficiency, but without direct implications of megalin gene defects
(Muller et al. 2001).

Besides having the potential of mediating signaling events through its intracellular do-
main, megalin is possibly also capable of signaling by extracellular signaling ligands as
sonic hedgehog has shown to be endocytosed by megalin, implicating megalin in the reg-
ulation of sonic hedgehog signaling (McCarthy et al. 2002). Loss of sonic hedgehog leads
to forebrain developmental abnormalities of varying degree (see McCarthy et al. 2002 for
references), which is analogous to the seriously compromised forebrain development in
megalin-knockout mice (Willnow et al. 1996a). Whether megalin-mediated endocytosis of
sonic hedgehog is important for regulation of the levels of the signaling molecule, directly
involved in hedgehog signaling, or necessary for long-range signaling of sonic hedgehog by
transcytosis is at present unknown.

Generally megalin is present in apical membranes and in the endocytic apparatus of
a number of tissues, therefore not being in contact with the circulation. Its role as a scav-
enger receptor has been emphasized by the broad spectrum of ligands it has been shown to
bind. The ligands are numerous and include vitamin-binding proteins, enzyme and enzyme
inhibitors, hormones, drugs and toxins, lipoproteins, calcium, albumin, hemoglobin, myo-
globin, and receptor-associated protein (RAP) (Christensen and Birn 2002). The importance
of the reabsorption mediated by megalin in the renal proximal tubule is observed in megalin-
deficient mice and best exemplified by the ligand vitamin D binding protein. The inability
of these mice to reabsorb and thereby metabolize filtered vitamin D results in vitamin D
deficiency and bone disease (Nykjaer et al. 1999).

Cubilin

Cubilin, is a 460-kDa (nonglycosylated 400 kDa) peripheral membrane protein identical to
the intrinsic factor-vitamin B, receptor known from the small intestine with little structural
homology to known endocytic receptors. Its complete cDNA has been determined in rat
(Moestrup et al. 1998a), human (Kozyraki et al. 1998), and canine (Xu et al. 1999). The hu-
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man gene is located to chromosome 10p12.33—p13. Cubilin has obtained its name because
of the majority of the protein being occupied by CUB domains, which are 120-amino acid
ligand binding modules originally identified in the complement C11/Cls, Uegf (epidermal
growth factor-related sea urchin protein), and bone morphogenic protein-1. These modules
are present in a diverse array of proteins, many of which are involved in developmental pro-
cesses (e.g., BMP-1, tolloid, and TSG6)(Bork and Beckmann 1993). This accumulation of
CUB domains suggests that cubilin may interact with a wide variety of ligands. The protein
(Fig. 1) consists of a 110-amino acid amino-terminal stretch (Moestrup et al. 1998a) and 27
CUB domains. CUB domains 5-8 and 13—14 have been shown to contain binding sites for
intrinsic factor-vitamin B, and the receptor-associated protein (RAP), respectively (Kris-
tiansen et al. 1999). The membrane association of cubilin depends on the 110 amino acids at
the amino-terminus stretch (Kristiansen et al. 1999) and may involve a putative amphipathic
helix as well as palmitoylation. Biochemical and immunomorphological data suggest that
the internalization of cubilin is, at least in part, carried out by megalin (Kozyraki et al. 2001;
Moestrup et al. 1998a), possibly by binding of megalin to cubilin within the amino-terminal
region including CUB domains 1 and 2 (Yammani et al. 2001).

Expression

The two receptors are heavily expressed and colocalize in the kidney proximal tubule brush
border and the luminal endocytic apparatus and to some extent in lysosomal structures
(Figs. 2, 3, and 4) (Bachinsky et al. 1993; Chatelet et al. 1986; Christensen et al. 1992,
1995; Kerjaschki and Farquhar 1982; Sahali et al. 1988, 1992; Seetharam et al. 1997). Me-
galin has also been identified in glomerular podocytes of Lewis rats (Kerjaschki and Far-
quhar 1983). The two receptors also colocalize in several extrarenal tissues, in particular
absorptive epithelia such as the visceral yolk sac (Sahali et al. 1988), the epithelium of the
small intestine (Birn et al. 1997; Levine et al. 1984), and the placenta (Hammad et al. 2000;
Lundgren et al. 1997; Zheng et al. 1994). In addition, megalin is expressed in the choroid
plexus, ependymal cells, epididymis, oviduct, thyroid cells, labyrinthic cells of the inner ear,
type II pneumocytes, the PTH-secreting cells of the parathyroid gland, the endometrium, the
ciliary epithelium of the eye, and embryonic tissues such as the trophoectodermic cells and
the neuroectoderm (Zheng et al. 1994) (reviewed in Christensen et al. 1998). The expression
of cubilin at present appears more restricted, although the receptor has been identified in
other tissues including thymus (Hammad et al. 2000).

The normal expression of megalin is dependent on receptor-associated protein (RAP)
(Birn et al. 2000b) serving as a chaperone protecting newly synthesized receptor from the
early binding of ligands and possibly also involved in folding of the receptor (Bu et al. 1995;
Bu and Rennke 1996; Willnow et al. 1995, 1996b; Willnow 1998). RAP binds megalin with
high affinity within the RER and functions as an intracellular ligand inhibiting the binding
of most other ligands to megalin. RAP also binds other members of the LDL receptor family
with a similar function. Because RAP specifically inhibits binding to megalin, it serves as an
important tool for the study of megalin function. RAP also binds to cubilin (Birn et al. 1997;
Kristiansen et al. 1999), although its role for the posttranslational processing of this receptor
is unknown. Normal expression of cubilin is dependent on amnionless (AMN), a 45-kDa
transmembrane protein identified as an important factor for the normal development of the
middle portion of the primitive streak in mice (Kalantry et al. 2001). AMN colocalizes with
cubilin in kidney proximal tubule (Fyfe et al. 2004), interacts with the EGF-type repeats of
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<« Fig. 2 Immunofluorescence for megalin and cubilin of paraffin section from mouse kidney from the renal
capsule (top) through the cortex and the outer stripe of the outer medulla. Only proximal tubules, including
proximal tubule cells constituting part of Bowman’s capsule of the glomeruli (G) are labeled. A, arteries;
1ISOM, inner stripe of outer medulla; bar, 100 pm

Megalin Cubilin

Fig. 3 Immunofluorescence for megalin and cubilin of paraffin section from mouse kidney cortex. Only prox-
imal tubules are labeled. Glomerular cells (G) and distal tubules (D) are unlabeled. A, Arterial branch; bar,
100 pm

Fig. 4 Immunogold double labeling for megalin and cubilin of mouse renal proximal tubule cell, megalin (10-
nm gold particles) and cubilin (5-nm gold particles). Labeling for both receptors is seen along the membrane
of apical invaginations (Inv), coated pits/vesicles (C) and endosomes (E). Bar, 0.5 pm
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cubilin, and is essential for normal translocation of the cubilin-AMN complex from the ER
to the plasma membrane and for subsequent endocytosis (Coudroy et al. 2005; Fyfe et al.
2004).

Interaction between megalin and cubilin

At the time when cubilin was described as an endocytic receptor lacking a cytoplasmic tail
and thereby internalization motifs, it was evident that it had to interact with other proteins to
fulfill its role. In 1998 Moestrup et al. showed that cubilin binds megalin with high affinity in
vitro (Moestrup et al. 1998a), and based on this observation and their colocalization (Figs. 2,
3, and 4) it was suggested that megalin mediates the endocytosis and intracellular trafficking
of cubilin (Moestrup et al. 1998a). Several other findings supported this concept. Among
others, in vitro uptake studies of the cubilin ligands transferrin and apolipoprotein A-I (apo
A-I)/high-density lipoprotein (HDL) showed that uptake was decreased by anti-megalin an-
tibodies (Kozyraki et al. 1999, 2001) as well as by megalin antisense oligonucleotides (Ham-
mad et al. 2000). Furthermore, in megalin-deficient mice endogenous transferrin accumu-
lates on the apical surface of the proximal tubule cells without being internalized (Kozyraki
et al. 2001). Later, the cubilin-AMN interaction, mentioned above, was discovered, and as
the cubilin-AMN complex is internalized in cells lacking megalin (Fyfe et al. 2004) cubilin
may have other interaction partners to mediate its internalization. Whether megalin is pref-
erentially used in epithelia expressing megalin or whether a potential preference pertains to
internalization of ligands common to megalin and cubilin, including vitamin D binding pro-
tein (DBP) (Nykjaer et al. 1999, 2001), albumin (Birn et al. 2000a; Cui et al. 1996; Zhai et
al. 2000), hemoglobin (Gburek et al. 2002), myoglobin (Gburek et al. 2003), Ig light chains
(Batuman et al. 1998; Birn et al. 2003), and RAP (Birn et al. 1997) is unknown.

Tubular proteinuria

In the following we discuss selected diseases in which changes in the expression/subcellular
distribution of the endocytic receptors has either been demonstrated or may be anticipated.

Dent’s disease

Dent’s disease is an X-linked disorder caused by mutations in the gene encoding the chloride
channel CLC-5 (Scheinman 1998). The channel is localized to the membrane of endosomes
in renal proximal tubules, in intercalated cells of collecting ducts, and in the thick ascending
limb (Devuyst et al. 1999; Giinther et al. 1998). In patients the disease presents as a Fanconi
syndrome including aminoaciduria, glucosuria, phosphaturia, kaliuresis, impaired urinary
acidification, hypercalciuria, nephrolithiasis, renal failure, and low-molecular-weight pro-
teinuria. The X-linked character of the heterogeneous group of mutations leading to Dent’s
disease causes a milder phenotype in heterozygous female patients (Wrong et al. 1994).
Their phenotype is based on random X inactivation whereby heterozygous females achieve
cells expressing either wild-type or mutant gene product and the differing expression is re-
flected in proximal tubular protein uptake (Piwon et al. 2000). Several mouse models for
Dent’s disease have been developed that show some of the same symptoms as Dent’s dis-
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ease patients (Luyckx et al. 1999; Piwon et al. 2000; Wang et al. 2000). The low-molecular-
weight proteinuria detected in these models was found to be caused by defects in early en-
dosomal function, whereby endocytosis of filtered proteins are impaired in proximal tubule
cells (Piwon et al. 2000; Wang et al. 2000).

The low-molecular-weight proteinuria as detected in Dent’s disease patients is most
likely a result of decreased expression of megalin as described in CIC-5-knockout mice
(Piwon et al. 2000) and the additional, even more pronounced decrease in expression of cu-
bilin (25% of wild type) demonstrated recently (Christensen et al. 2003). This reduction was
visualized as a virtually total disappearance of the two receptors from the microvilli (Fig. 5),
which suggests an intracellular trafficking defect of megalin and cubilin.

The underlying cause for altered receptor trafficking in CLC-5-knockout mice has been
suggested to be reduced acidification of apical endosomes in these cells because CIC-5 colo-
calizes with H*-ATPase and has been thought to act as an electrical shunt for H* secretion
into early endosomes (Marshansky et al. 2002; Piwon et al. 2000; Wang et al. 2000). Re-
cently, it has, however, been evidenced that CLC-5 is a chloride/proton antiporter and there-
fore per se is a direct player in endosomal acidification (Picollo and Pusch 2005; Scheel et al.
2005). Perturbed acidification results in lack of dissociation of receptor-ligand complexes,
but recently it has furthermore been shown that recruitment of Arf6 and the GTP/GDP ex-
change factor (ARNO) is dependent on endosome pH and that these proteins partially colo-
calize with V-ATPase in proximal tubule endosomes (Maranda et al. 2001; Marshansky et
al. 2002).

Arf small GTPases are regulators of membrane trafficking by coat recruitment (COPI,
AP1, Ap3, AP4), and all Arfs can activate phospholipase D (PLD) and phosphatidylinos-
itol 4-phosphate 5-kinase (PIP5K) to generate phosphatidic acid and phosphatidylinositol
4,5-bisphosphate (PIP,), respectively (Donaldson and Honda 2005). In fact, the influence
of Arf6 on PIP; levels has been shown to be important for AP2 and clathrin assembly in
synaptic membranes (Krauss et al. 2003). Therefore, it was suggested that pH-dependent re-
cruitment of Arf6 and ARNO is required for normal endocytosis through recruitment of coat
proteins in the proximal tubule. Thus lack of acidification might perturb both receptor-ligand
dissociation as well as recruitment of Arfs. Furthermore, CIC-5 associates with cofilin and
thereby alters the actin cytoskeleton, and albumin uptake is dependent on ubiquination of
CIC-5 by Nedd-4-2 in proximal tubule cells (Hryciw et al. 2003, 2004).

Thus whether the cause of altered megalin and cubilin trafficking, when CIC-5 is dis-
turbed, is mediated by a lack of gathering of coat proteins such as Arf6 and ARNO, the pos-
sible involvement of CIC-5 in endosome acidification per se, or the involvement of CIC-5
in protein-protein interactions required for receptor-mediated endocytosis is unknown. Thus
megalin/cubilin trafficking and endocytosis of albumin may require assembly of a multi-
meric complex containing several proteins besides the known adaptor proteins.

The reduction of the receptors in the brush border further results in significantly de-
creased urinary excretion of megalin and unchanged excretion of cubilin (Christensen et al.
2003). A similar pattern of decreased urinary excretion of megalin and unchanged excretion
of cubilin was found in Dent’s disease patients (Norden et al. 2002). Interestingly, patients
with Lowe syndrome exhibited a similar pattern of urinary excretion of the two receptors
(Norden et al. 2002). The oculocerebrorenal syndrome of Lowe is also an X-linked dis-
ease characterized by mental retardation, cataracts, and renal Fanconi syndrome (Lowe et
al. 1952). The affected gene, OCRLI, encodes a phosphatidylinositol 4,5 bisphosphate 5-
phosphatase localized to the trans-Golgi network (Dressman et al. 2000; Suchy et al. 1995)
and suggested to be involved in TGN sorting. Whether or not Lowe syndrome patients have
a defect in sorting of megalin and/or cubilin remains to be determined. However, recently
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Fig. 5 Immunoperoxidase labeling for megalin of cryosections from renal cortex of CLC-5 wild-type and
knockout mice. In the CLC-5-knockout mouse megalin has virtually totally disappeared from the microvilli

(arrows). Bar, 40 pm
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a direct link to Dent’s disease has become evident from a study demonstrating patients with
mutations in OCRLI who have the isolated renal phenotype of Dent’s disease (Hoopes et al.
2005).

Recently it has also become evident that besides megalin, cubilin, and CIC-5, other ion
transport proteins are implicated in albumin endocytosis occurring in the renal proximal
tubule (Marshansky et al. 2002). As mentioned above the v-H*-ATPase is involved in en-
dosome acidification (Marshansky et al. 2002) and NHE3, which is implicated in sodium
retention and endosome acidification in the proximal tubule, seems to play a role as well
(Gekle et al. 1999, 2002). Inhibition of NHE3 has been shown directly to decrease albumin
uptake in proximal tubule cells (Gekle et al. 2002), and this has been confirmed in vivo
by pharmacological inhibition of NHE3 resulting in decreased megalin-mediated endocyto-
sis of cytochrome ¢ as well as the detection of tubular proteinuria in NHE3-knockout mice
(Gekle et al. 2004). Furthermore, besides a role in Na* homeostasis and acidification, NHE3
may be able to interact directly with megalin (Biemesderfer et al. 1999).

Imerslund-Grisbeck syndrome

Selective intestinal malabsorption of cobalamin (vitamin Bjy) accompanied by tubular
proteinuria, known as Imerslund-Grisbeck syndrome (I-GS) or megaloblastic anemia 1
(MGA1), is a rare autosomal recessive disorder with 200 patients identified so far (Griasbeck
et al. 1960; Imerslund 1960). MGA1 occurs worldwide, but it has a higher prevalence in
several Middle Eastern countries and in Norway, and highest in Finland (Rosenblatt and
Fenton 1999).

One of cubilin’s ligands not shared with megalin is the intrinsic factor-vitamin-B{, com-
plex (IF-By;). Cubilin is thus responsible for uptake of IF-B, (Seetharam et al. 1997) in the
small intestine. Defects in cubilin-mediated IF-B, absorption were therefore likely to be
involved in I-GS, and accordingly linkage studies have shown I-GS to be caused by muta-
tion in a region designated MGA1 (megaloblastic anemia-1), located on 10p, where cubilin
has been mapped as well (Kozyraki et al. 1998).

The etiology in the families identified in different countries seems to be different. In the
Finnish families two distinct mutations of the cubilin gene have been identified (Aminoff et
al. 1999). The first mutation (FM1) consists of a point mutation in CUB domain 8 that binds
IF-B . The FM2 mutation, so far detected only in a single patient, is an intronic mutation
within CUB domain 6 that probably results in the synthesis of a truncated and/or rapidly
degraded protein. Diversity in mutations may explain why only some patients with selective
IF-B > malabsorption have proteinuria. Mutations in the cubilin gene affecting more binding
sites or resulting in the absence of functional receptors are more likely to give proteinuria
than mutations affecting only the IF-B1; binding site. The FM2 patient has pronounced pro-
teinuria of cubilin ligands (Nykjaer et al. 2001; Wahlstedt-Froberg et al. 2003); however,
patients with FM1 may also have proteinuria (Wahlstedt-Froberg et al. 2003).

The Norwegian I-GS patients (Tanner et al. 2004) do not have mutations in the cubilin
gene, but, as some patients from Turkey, they have mutations in the amnionless (AMN) gene
(Tanner et al. 2004).

Furthermore, inbred dogs with failure to insert cubilin in the apical membrane (Fyfe et
al. 1991) showed highly significant linkage to the same locus as the Norwegian patients (He
et al. 2003), and two distinct AMN mutations in two unrelated canine kindreds with I-GS
have now been identified (He et al. 2005). The dogs also have evidence of B, deficiency
and proteinuria of cubilin ligands (Birn et al. 2000a; Kozyraki et al. 2001; Nykjaer et al.
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2001). This proteinuria, however, is less pronounced than that seen in megalin gene-deleted
mice (Leheste et al. 1999) because the dogs express normal levels of megalin and therefore
reabsorb ligands to megalin normally and to some extent also ligands shared by the two
receptors (Nykjaer et al. 2001).

Fabry disease and cystinosis

We will just briefly mention two other diseases, because they involve the endo-
cytic/lysosomal compartments in the kidney and especially the proximal tubule.
Anderson-Fabry disease is an X-linked lysosomal storage disease caused by defi-
ciency of a-galactosidase A. So far, the only effective treatment is enzyme replacement
therapy with recombinant a-galactosidase A (for a comprehensive review see (Grabowski
and Hopkin 2003). Although enzyme replacement therapy appears to effectively reduce
glycolipid deposits in vascular endothelial cells, the effect on, for example, proximal
tubular cells (Branton et al. 2002) and distal tubule cells (Thurberg et al. 2002) appears
less pronounced, which makes sense, considering the accessibility of the enzyme to the
cells. Besides the vascular endothelial cells the glomerular podocyte appears to be the most
severely affected cell in the kidney, and many patients have a significant proteinuria. How
this disease affects the apical endocytic receptors in the proximal tubule is not known.

Cystinosis is the most common inherited form of the Fanconi syndrome. The causative
gene, CTNS, found by positional cloning (Town et al. 1998) encodes cystinosin, a lysosomal
membrane protein responsible for lysosomal transport of cystine into the cytoplasm (for
a review see Kalatzis and Antignac 2003). The patients show lysosomal accumulation of
cystine due to lack of transport out of the lysosomes (Kalatzis and Antignac 2003). Because
these patients develop a severe proteinuria, it would be interesting to study possible changes
in expression and subcellular localization of megalin and cubilin in the proximal tubule.

Nephrotoxicity induced by megalin-mediated aminoglycoside uptake

Aminoglycosides are of low molecular weight and assumed to be freely filtered in the re-
nal glomeruli. The majority is lost by urinary excretion; however; 10% of the dose enters
the renal cortex (Mingeot-Leclercq and Tulkens 1999). More specifically, they have been
shown to accumulate in the endocytic apparatus of the proximal tubule (Inui et al. 1988;
Silverblatt and Kuehn 1979; Vandewalle et al. 1981). Here aminoglycosides are accumu-
lated with a long half-life and influence the plasma membrane, mitochondria, and lyso-
somes eventually leading to renal damage (Mingeot-Leclercq and Tulkens 1999). In 1995 it
was shown that megalin interacts with aminoglycosides (Moestrup et al. 1995). The three
different aminoglycosides tested were able to inhibit megalin binding to PAI-1 complexes.
Similarly, gentamicin is able to inhibit albumin binding to megalin in the proximal tubule
as observed by microperfusion experiments (Cui et al. 1996). With gentamicin being intra-
venously administered other megalin ligands such as vitamin D binding protein and calcium
are increasingly secreted in the urine, and competition on Western blots between gentam-
icin and calcium has been observed (Nagai et al. 2001). Support of the role of megalin in
aminoglycoside-induced nephrotoxicity has been obtained by intraperitoneal administration
of gentamicin to megalin-knockout mice. These studies showed a marked decrease of gen-
tamicin accumulation in the kidney of the knockout mice (10% to 0.6% of the dose) (Schmitz
et al. 2002). As aminoglycosides apparently also bind to LRP1, another member of the LDL
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receptor family present in hepatocytes, it is quite striking that no accumulation is observed in
the liver, even under conditions where gentamicin plasma levels are kept high for extended
periods of time. It could be speculated that other factors such as megalin-mediated uptake
of cubilin are involved in the renal accumulation.

Glomerular proteinuria

We will not go into a detailed discussion of glomerular proteinuria and overload proteinuria.
It should, however, be emphasized that any increased exposure of the endocytic receptors
in the proximal tubule to protein will undoubtedly influence the uptake of proteins, vita-
mins, and other trace elements normally reabsorbed here. Because the tubular fluid after the
proximal tubule, at least in humans, is virtually devoid of filtered proteins, it should also be
emphasized that the remaining part of the nephron and the collecting duct under proteinuric
conditions may be exposed to high concentrations of plasma proteins. The uptake of these
proteins, probably by nonspecific/fluid-phase endocytosis, which can take place in both dis-
tal tubules and collecting ducts (Christensen et al. 1981; Madsen et al. 1982; Straus 1964),
but also simply their presence in the tubular fluid may interfere with important processes
taking place here and thereby add to the toxicity and subsequent events leading to intersti-
tial inflammation, fibrosis, and other functional disturbances, notably reduced activation of
vitamin D due to lack of reabsorption of DBP.

Summary and future directions

Megalin and cubilin are well-established scavenger receptors in the renal proximal tubule,
and it is now obvious that tubular proteinuria develops if either of the receptors is not traf-
ficked properly or absent. Thus other syndromes involving tubular proteinuria as part of
a Fanconi syndrome might have defective megalin and/or cubilin receptor function, me-
diated by yet unidentified cellular pathways. Future studies aimed at elucidating cellular
mechanisms involved in megalin and cubilin trafficking are therefore needed to approach
the origin of Fanconi syndromes as observed in a variety of renal diseases.

Besides this important role in clearance of the primary filtrate it seems evident that me-
galin and cubilin also serve as an important link in renal vitamin metabolism and preserva-
tion of certain vitamins. In addition, data implicating megalin in cellular signaling via intra-
cellular protein interactions are accumulating. These findings indicate that megalin interacts
in more refined processes than merely bulk uptake of molecules destined for degradation.
The goal is now to resolve the potential biochemical pathways induced by ligand binding
and the cellular response they regulate. Such future studies will reveal whether interference
with their receptor function leads to detrimental effects other than tubular proteinuria during
renal disease.

Acknowledgements. This work was supported by grants from the Danish Medical Research Council,
the Novo Nordic Foundation, the Danish Biotechnology Program, the Velux Foundation, the University
of Aarhus Research Foundation, and the European Commission (EU Framework Program 6, EureGene,
contract number 05085). We thank H. Sidelmann and 1. Blenker Kristoffersen for excellent technical
assistance.



16 Rev Physiol Biochem Pharmacol (2006)

References

Aminoff M, Carter JE, Chadwick RB, Johnson C, Grasbeck R, Abdelaal MA, Broch H, Jenner LB, Ver-
roust PJ, Moestrup SK, de la Chapelle A, Krahe R (1999) Mutations in CUBN, encoding the intrinsic
factor-vitamin B12 receptor, cubilin, cause hereditary megaloblastic anaemia 1. Nat Genet 21:309-313

Bachinsky DR, Zheng G, Niles JL, McLaughlin M, Abbate M, Andres G, Brown D, McCluskey RT (1993)
Detection of two forms of GP330. Their role in Heymann nephritis. Am J Pathol 143:598-611

Batuman V, Verroust PJ, Navar GL, Kaysen JH, Goda FO, Campbell WC, Simon E, Pontillon F, Lyles M,
Bruno J, Hammond TG (1998) Myeloma light chains are ligands for cubilin (gp280). Am J Physiol
Renal Physiol 275:F246-F254

Biemesderfer D, Nagy T, DeGray B, Aronson PS (1999) Specific association of megalin and the Na*/H*
exchanger isoform NHE3 in the proximal tubule. J Biol Chem 274:17518-17524

Birn H, Fyfe JC, Jacobsen C, Mounier F, Verroust PJ, Orskov H, Willnow TE, Moestrup SK, Christensen EI
(2000a) Cubilin is an albumin binding protein important for renal tubular albumin reabsorption. J Clin
Invest 105:1353-1361

Birn H, Leboulleux M, Moestrup SK, Ronco PM, Aucouturier P, Christensen EI (2003) Megalin, cubilin and
immunoglobulin light chains: receptor-mediated uptake of light chains in kidney proximal tubule. In:
Touchard G, Aucouturier P, Hermine O, Ronco PM (eds) Monoclonal Gammopathies and the Kidney.
Kluwer, The Netherlands, pp 3748

Birn H, Verroust PJ, Nexg E, Hager H, Jacobsen C, Christensen EI, Moestrup SK (1997) Characterization of
an epithelial approximately 460-kDa protein that facilitates endocytosis of intrinsic factor-vitamin B12
and binds receptor-associated protein. J Biol Chem 272:26497-26504

Birn H, Vorum H, Verroust PJ, Moestrup SK, Christensen EI (2000b) Receptor-associated protein is important
for normal processing of megalin in kidney proximal tubules. J Am Soc Nephrol 11:191-202

Birn H, Zhai X, Holm J, Hansen SI, Jacobsen C, Christensen EI, Moestrup SK (2005) Megalin binds and
mediates cellular internalization of folate binding protein. FEBS J 272:4423-4430

Bork P, Beckmann G (1993) The CUB domain. A widespread module in developmentally regulated proteins.
J Mol Biol 231:539-545

Branton M, Schiffmann R, Kopp JB (2002) Natural history and treatment of renal involvement in Fabry
disease. J] Am Soc Nephrol 13(Suppl 2):S139-S143

Bu G, Geuze HJ, Strous GJ, Schwartz AL (1995) 39 kDa receptor-associated protein is an ER resident protein
and molecular chaperone for LDL receptor-related protein. EMBO J 14:2269-2280

Bu G, Rennke S (1996) Receptor-associated protein is a folding chaperone for low density lipoprotein
receptor-related protein. J Biol Chem 271:22218-22224

Burmeister R, Boe IM, Nykjaer A, Jacobsen C, Moestrup SK, Verroust P, Christensen EI, Lund J, Willnow TE
(2001) A two-receptor pathway for catabolism of Clara cell secretory protein in the kidney. J Biol Chem
276:13295-13301

Chan WL, Shaw PC, Tam SC, Jacobsen C, Gliemann J, Nielsen MS (2000) Trichosanthin interacts with and
enters cells via LDL receptor family members. Biochem Biophys Res Commun 270(2):453—457

Chatelet F, Brianti E, Ronco P, Roland J, Verroust P (1986) Ultrastructural localization by monoclonal anti-
bodies of brush border antigens expressed by glomeruli. I. Renal distribution. Am J Pathol 122:500-511

Christensen EI (1982) Rapid membrane recycling in renal proximal tubule cells. Eur J Cell Biol 29:43-49

Christensen EI, Birn H (2002) Megalin and cubilin: multifunctional endocytic receptors. Nat Rev Mol Cell
Biol 3:256-266

Christensen EI, Birn H (2001) Megalin and cubilin: synergistic endocytic receptors in renal proximal tubule.
Am J Physiol Renal Physiol 280:F562-F573

Christensen EI, Birn H, Verroust P, Moestrup SK (1998) Membrane receptors for endocytosis in the renal
proximal tubule. Int Rev Cytol 180:237-284

Christensen EI, Carone FA, Rennke HG (1981) Effect of molecular charge on endocytic uptake of ferritin in
renal proximal tubule cells. Lab Invest 44:351-358

Christensen EI, Devuyst O, Dom G, Nielsen R, Van Der Smissen P, Verroust P, Leruth M, Guggino WB, Cour-
toy PJ (2003) Loss of chloride channel CIC-5 impairs endocytosis by defective trafficking of megalin
and cubilin in kidney proximal tubules. Proc Natl Acad Sci USA 100:8472-8477

Christensen EI, Gliemann J, Moestrup SK (1992) Renal tubule gp330 is a calcium binding receptor for endo-
cytic uptake of protein. J Histochem Cytochem 40:1481-1490

Christensen EI, Moskaug JO, Vorum H, Jacobsen C, Gundersen TE, Nykjaer A, Blomhoff R, Willnow TE,
Moestrup SK (1999) Evidence for an essential role of megalin in transepithelial transport of retinol.
J Am Soc Nephrol 10:685-695



Rev Physiol Biochem Pharmacol (2006) 17

Christensen EI, Nielsen S, Moestrup SK, Borre C, Maunsbach AB, de Heer E, Ronco P, Hammond TG, Ver-
roust P (1995) Segmental distribution of the endocytosis receptor gp330 in renal proximal tubules. Eur J
Cell Biol 66:349-364

Coudroy G, Gburek J, Kozyraki R, Madsen M, Trugnan G, Moestrup SK, Verroust PJ, Maurice M (2005)
Contribution of cubilin and amnionless to processing and membrane targeting of cubilin-amnionless
complex. J Am Soc Nephrol 16:2330-2337

Cui S, Verroust PJ, Moestrup SK, Christensen EI (1996) Megalin/gp330 mediates uptake of albumin in renal
proximal tubule. Am J Physiol 271:F900-F907

Davis CG, Goldstein JL, Sudhof TC, Anderson RG, Russell DW, Brown MS (1987) Acid-dependent lig-
and dissociation and recycling of LDL receptor mediated by growth factor homology region. Nature
326:760-765

Devuyst O, Christie PT, Courtoy PJ, Beauwens R, Thakker RV (1999) Intra-renal and subcellular distribution
of the human chloride channel, CLC-5, reveals a pathophysiological basis for Dent’s disease. Hum Mol
Genet 8:247-257

Donaldson JG, Honda A (2005) Localization and function of Arf family GTPases. Biochem Soc Trans
33:639-642

Dressman MA, Olivos-Glander IM, Nussbaum RL, Suchy SF (2000) Ocrl1, a PtdIns(4,5)P(2) 5-phosphatase,
is localized to the trans-Golgi network of fibroblasts and epithelial cells. J Histochem Cytochem 48:179—
190

Faber K, Hvidberg V, Moestrup SK, Dahlback B, Nielsen LB (2006) Megalin is a receptor for apolipopro-
tein M, and kidney-specific megalin-deficiency confers urinary excretion of apolipoprotein M. Mol En-
docrinol 20:212-218

Fyfe JC, Madsen M, Hojrup P, Christensen EI, Tanner SM, de la Chapelle A, He Q, Moestrup SK (2004) The
functional cobalamin (vitamin B12)-intrinsic factor receptor is a novel complex of cubilin and amnion-
less. Blood 103:1573-1579

Fyfe JC, Ramanujam KS, Ramaswamy K, Patterson DF, Seetharam B (1991) Defective brush-border expres-
sion of intrinsic factor-cobalamin receptor in canine inherited intestinal cobalamin malabsorption. J Biol
Chem 266:4489-4494

Gburek J, Birn H, Verroust PJ, Goj B, Jacobsen C, Moestrup SK, Willnow TE, Christensen EI (2003) Renal
uptake of myoglobin is mediated by the endocytic receptors megalin and cubilin. Am J Physiol Renal
Physiol 285:F451-F458

Gburek J, Verroust PJ, Willnow TE, Fyfe JC, Nowacki W, Jacobsen C, Moestrup SK, Christensen EI (2002)
Megalin and cubilin are endocytic receptors involved in renal clearance of hemoglobin. J Am Soc
Nephrol 13:423-430

Gekle M, Drumm K, Mildenberger S, Freudinger R, Gassner B, Silbernagl S (1999) Inhibition of Na*-H* ex-
change impairs receptor-mediated albumin endocytosis in renal proximal tubule-derived epithelial cells
from opossum. J Physiol 520:709-721

Gekle M, Serrano OK, Drumm K, Mildenberger S, Freudinger R, Gassner B, Jansen HW, Christensen EI
(2002) NHES3 serves as a molecular tool for cAMP-mediated regulation of receptor-mediated endocyto-
sis. Am J Physiol Renal Physiol 283:F549-F558

Gekle M, Volker K, Mildenberger S, Freudinger R, Shull GE, Wiemann M (2004) NHE3 Na*/H* exchanger
supports proximal tubular protein reabsorption in vivo. Am J Physiol Renal Physiol 287:F469-F473

Gonzalez-Villalobos R, Klassen RB, Allen PL, Navar LG, Hammond TG (2005) Megalin binds and internal-
izes angiotensin II. Am J Physiol Renal Physiol 288:F420-F427

Gotthardt M, Trommsdorff M, Nevitt MF, Shelton J, Richardson JA, Stockinger W, Nimpf J, Herz J (2000)
Interactions of the low density lipoprotein receptor gene family with cytosolic adaptor and scaffold
proteins suggest diverse biological functions in cellular communication and signal transduction. J Biol
Chem 275:25616-25624

Grabowski GA, Hopkin RJ (2003) Enzyme therapy for lysosomal storage disease: principles, practice, and
prospects. Annu Rev Genomics Hum Genet 4:403-436

Grisbeck R, Gordin R, Kantero I, Kuhlbéck B (1960) Selective vitamin B12 malabsorption and proteinuria
in young people. Acta Med Scand 167:289-296

Giinther W, Liichow A, Cluzeaud F, Vandewalle A, Jentsch TJ (1998) CIC-5, the chloride channel mutated in
Dent’s disease, colocalizes with the proton pump in endocytotically active kidney cells. Proc Natl Acad
Sci USA 95:8075-8080

Hama H, Saito A, Takeda T, Tanuma A, Xie Y, Sato K, Kazama JJ, Gejyo F (2004) Evidence indicating that
renal tubular metabolism of leptin is mediated by megalin but not by the leptin receptors. Endocrinology
145:3935-3940

Hammad SM, Barth JL, Knaak C, Argraves WS (2000) Megalin acts in concert with cubilin to mediate
endocytosis of high density lipoproteins. J Biol Chem 275:12003—-12008



18 Rev Physiol Biochem Pharmacol (2006)

Hammad SM, Stefansson S, Twal WO, Drake CJ, Fleming P, Remaley A, Brewer HBJ, Argraves WS (1999)
Cubilin, the endocytic receptor for intrinsic factor-vitamin By, complex, mediates high-density lipopro-
tein holoparticle endocytosis. Proc Natl Acad Sci USA 96:10158-10163

Hammes A, Andreassen TK, Spoelgen R, Raila J, Hubner N, Schulz H, Metzger J, Schweigert FJ,
Luppa PB, Nykjaer A, Willnow TE (2005) Role of endocytosis in cullular uprake of sex steroids. Cell
122:751-762

He Q, Fyfe JC, Schiiffer AA, Kilkenney A, Werner P, Kirkness EF, Henthorn PS (2003) Canine Imerslund-
Grisbeck syndrome maps to a region orthologous to HSA14q. Mamm Genome 14:765-777

He Q, Madsen M, Kilkenney A, Gregory B, Christensen EI, Vorum H, Hojrup P, Schaffer AA, Kirkness EF,
Tanner SM, de la Chapelle A, Giger U, Moestrup SK, Fyfe JC (2005) Amnionless function is required
for cubilin brush-border expression and intrinsic factor-cobalamin (vitamin B12) absorption in vivo.
Blood 106:1447-1453

Hilpert J, Nykjaer A, Jacobsen C, Wallukat G, Nielsen R, Moestrup SK, Haller H, Luft FC, Christensen EI,
Willnow TE (1999) Megalin antagonizes activation of the parathyroid hormone receptor. J Biol Chem
274:5620-5625

Hjidlm G, Murray E, Crumley G, Harazim W, Lundgren S, Onyango I, Ek B, Larsson M, Juhlin C, Hellman P,
Davis H, Akerstrom G, Rask L, Morse B (1996) Cloning and sequencing of human gp330, a Ca*-
binding receptor with potential intracellular signaling properties. Eur J Biochem 239:132-137

Hoopes RR, Jr., Shrimpton AE, Knohl SJ, Hueber P, Hoppe B, Matyus J, Simckes A, Tasic V, Toenshoff B,
Suchy SF, Nussbaum RL, Scheinman SJ (2005) Dent disease with mutations in OCRL1. Am J Hum
Genet 76:260-267

Hryciw DH, Ekberg J, Lee A, Lensink IL, Kumar S, Guggino WB, Cook DI, Pollock CA, Poronnik P (2004)
Nedd4-2 functionally interacts with CIC-5: involvement in constitutive albumin endocytosis in proximal
tubule cells. J Biol Chem 279:54996-55007

Hryciw DH, Wang Y, Devuyst O, Pollock CA, Poronnik P, Guggino WB (2003) Cofilin interacts with CIC-5
and regulates albumin uptake in proximal tubule cell lines. J Biol Chem 278:40169-40176

Hvidberg V, Jacobsen C, Strong RK, Cowland JB, Moestrup SK, Borregaard N (2005) The endocytic recep-
tor megalin binds the iron transporting neutrophil-gelatinase-associated lipocalin with high affinity and
mediates its cellular uptake. FEBS Lett 579:773-777

Imerslund O (1960) Idiopathic chronic megaloblastic anemia in children. Acta Paediatr Scand
49(suppl.119):1-115

Inui K, Saito H, Iwata T, Hori R (1988) Aminoglycoside-induced alterations in apical membranes of kidney
epithelial cell line (LLC-PK1). Am J Physiol Cell Physiol 254:C251-C257

Kalantry S, Manning S, Haub O, Tomihara-Newberger C, Lee HG, Fangman J, Disteche CM, Manova K,
Lacy E (2001) The amnionless gene, essential for mouse gastrulation, encodes a visceral-endoderm-
specific protein with an extracellular cysteine-rich domain. Nat Genet 27:412-416

Kalatzis V, Antignac C (2003) New aspects of the pathogenesis of cystinosis. Pediatr Nephrol 18:207-215

Kanalas JJ, Makker SP (1991) Identification of the rat Heymann nephritis autoantigen (GP330) as a receptor
site for plasminogen. J Biol Chem 266:10825-10829

Kerjaschki D, Farquhar MG (1982) The pathogenic antigen of Heymann nephritis is a membrane glycoprotein
of the renal proximal tubule brush border. Proc Natl Acad Sci USA 79:5557-5561

Kerjaschki D, Farquhar MG (1983) Immunocytochemical localization of the Heymann nephritis antigen
(GP330) in glomerular epithelial cells of normal Lewis rats. J Exp Med 157:667-686

Klassen RB, Crenshaw K, Kozyraki R, Verroust PJ, Tio L, Atrian S, Allen PL, Hammond TG (2004) Me-
galin mediates renal uptake of heavy metal metallothionein complexes. Am J Physiol Renal Physiol
287:F393-F403

Kounnas MZ, Chappell DA, Strickland DK, Argraves WS (1993) Glycoprotein 330, a member of the low
density lipoprotein receptor family, binds lipoprotein lipase in vitro. J Biol Chem 268:14176-14181

Kounnas MZ, Loukinova EB, Stefansson S, Harmony JA, Brewer BH, Strickland DK, Argraves WS (1995)
Identification of glycoprotein 330 as an endocytic receptor for apolipoprotein J/clusterin. J Biol Chem
270:13070-13075

Kozyraki R, Fyfe J, Kristiansen M, Gerdes C, Jacobsen C, Cui S, Christensen EI, Aminoff M, de la
Chapelle A, Krahe R, Verroust PJ, Moestrup SK (1999) The intrinsic factor-vitamin B12 receptor,
cubilin, is a high-affinity apolipoprotein A-I receptor facilitating endocytosis of high-density lipoprotein.
Nat Med 5:656-661

Kozyraki R, Fyfe J, Verroust PJ, Jacobsen C, Dautry-Varsat A, Gburek J, Willnow TE, Christensen EI,
Moestrup SK (2001) Megalin-dependent cubilin-mediated endocytosis is a major pathway for the apical
uptake of transferrin in polarized epithelia. Proc Natl Acad Sci USA 98:12491-12496



Rev Physiol Biochem Pharmacol (2006) 19

Kozyraki R, Kristiansen M, Silahtaroglu A, Hansen C, Jacobsen C, Tommerup N, Verroust PJ, Moestrup SK
(1998) The human intrinsic factor-vitamin B12 receptor, cubilin: molecular characterization and chro-
mosomal mapping of the gene to 10p within the autosomal recessive megaloblastic anemia (MGA1)
region. Blood 91:3593-3600

Krauss M, Kinuta M, Wenk MR, De Camilli P, Takei K, Haucke V (2003) ARF6 stimulates clathrin/AP-2
recruitment to synaptic membranes by activating phosphatidylinositol phosphate kinase type Iy. J Cell
Biol 162:113-124

Kristiansen M, Kozyraki R, Jacobsen C, Nexg E, Verroust PJ, Moestrup SK (1999) Molecular dissection of
the intrinsic factor-vitamin B12 receptor, cubilin, discloses regions important for membrane association
and ligand binding. J Biol Chem 274:20540-20544

Larsson M, Hjalm G, Sakwe AM, Engstrom A, Hoglund AS, Larsson E, Robinson RC, Sundberg C,
Rask L (2003) Selective interaction of megalin with postsynaptic density-95 (PSD-95)-like membrane-
associated guanylate kinase (MAGUK) proteins. Biochem J 373:381-391

Leheste JR, Rolinski B, Vorum H, Hilpert J, Nykjaer A, Jacobsen C, Aucouturier P, Moskaug J, Otto A,
Christensen EI, Willnow TE (1999) Megalin knockout mice as an animal model of low molecular weight
proteinuria. Am J Pathol 155:1361-1370

Levine JS, Allen RH, Alpers DH, Seetharam B (1984) Immunocytochemical localization of the intrinsic
factor-cobalamin receptor in dog ileum: distribution of intracellular receptor during cell maturation.
J Cell Biol 98:1111-1118

Lowe CU, Terrey M, MacLachlan EA (1952) Organic aciduria, decreased renal ammonia production, hy-
drophthalmos, and mental retardation; a clinical entity. AMA Am J Dis Child 83:164—184

Lundgren S, Carling T, Hjdlm G, Juhlin C, Rastad J, Pihlgren U, Rask L, Akerstrom G, Hellman P (1997)
Tissue distribution of human gp330/megalin, a putative Ca>*-sensing protein. J Histochem Cytochem
45:383-392

Luyckx VA, Leclercq B, Dowland LK, Yu AS (1999) Diet-dependent hypercalciuria in transgenic mice with
reduced CLCS chloride channel expression. Proc Natl Acad Sci USA 96:12174-12179

Madsen KM, Harris RH, Tisher CC (1982) Uptake and intracellular distribution of ferritin in the rat distal
convoluted tubule. Kidney Int 21:354-361

Maranda B, Brown D, Bourgoin S, Casanova JE, Vinay P, Ausiello DA, Marshansky V (2001) Intra-
endosomal pH-sensitive recruitment of the Arf-nucleotide exchange factor ARNO and Arf6 from
cytoplasm to proximal tubule endosomes. J Biol Chem 276:18540-18550

Marino M, Zheng G, Chiovato L, Pinchera A, Brown D, Andrews D, McCluskey RT (2000) Role of me-
galin (gp330) in transcytosis of thyroglobulin by thyroid cells. A novel function in the control of thyroid
hormone release. J Biol Chem 275:7125-7137

Marshansky V, Ausiello DA, Brown D (2002) Physiological importance of endosomal acidification: potential
role in proximal tubulopathies. Curr Opin Nephrol Hypertens 11:527-537

McCarthy RA, Barth JL, Chintalapudi MR, Knaak C, Argraves WS (2002) Megalin functions as an endocytic
sonic hedgehog receptor. J Biol Chem 277:25660-25667

Mingeot-Leclercq MP, Tulkens PM (1999) Aminoglycosides: nephrotoxicity. Antimicrob Agents Chemother
43:1003-1012

Moestrup SK, Birn H, Fischer PB, Petersen CM, Verroust PJ, Sim RB, Christensen EI, Nexg E (1996)
Megalin-mediated endocytosis of transcobalamin-vitamin-B12 complexes suggests a role of the receptor
in vitamin-B12 homeostasis. Proc Natl Acad Sci USA 93:8612-8617

Moestrup SK, Cui S, Vorum H, Bregengard C, Bjgrn SE, Norris K, Gliemann J, Christensen EI (1995)
Evidence that epithelial glycoprotein 330/megalin mediates uptake of polybasic drugs. J Clin Invest
96:1404-1413

Moestrup SK, Kozyraki R, Kristiansen M, Kaysen JH, Rasmussen HH, Brault D, Pontillon F, Goda FO,
Christensen EI, Hammond TG, Verroust PJ (1998a) The intrinsic factor-vitamin B12 receptor and target
of teratogenic antibodies is a megalin-binding peripheral membrane protein with homology to develop-
mental proteins. J Biol Chem 273:5235-5242

Moestrup SK, Nielsen S, Andreasen P, Jgrgensen KE, Nykjaer A, Rgigaard H, Gliemann J, Christensen EI
(1993) Epithelial glycoprotein-330 mediates endocytosis of plasminogen activator-plasminogen activa-
tor inhibitor type-1 complexes. J Biol Chem 268:16564—16570

Moestrup SK, Schousboe I, Jacobsen C, Leheste JR, Christensen EI, Willnow TE (1998b) $2-Glycoprotein-I
(apolipoprotein H) and p2-glycoprotein-I-phospholipid complex harbor a recognition site for the endo-
cytic receptor megalin. J Clin Invest 102:902-909

Morris SM, Tallquist MD, Rock CO, Cooper JA (2002) Dual roles for the Dab2 adaptor protein in embryonic
development and kidney transport. EMBO J 21:1555-1564



20 Rev Physiol Biochem Pharmacol (2006)

Muller D, Ankermann T, Stephani U, Kirschstein M, Szelestei T, Luft FC, Willnow TE (2001) Holoprosen-
cephaly and low molecular weight proteinuria: the human homologue of murine megalin deficiency. Am
J Kidney Dis 37:624-628

Nagai J, Christensen EI, Morris SM, Willnow TE, Cooper JA, Nielsen R (2005) Mutually dependent local-
ization of megalin and Dab2 in the renal proximal tubule. Am J Physiol Renal Physiol 289:F569-F576

Nagai J, Tanaka H, Nakanishi N, Murakami T, Takano M (2001) Role of megalin in renal handling of amino-
glycosides. Am J Physiol Renal Physiol 281:F337-F344

Nagai M, Meerloo T, Takeda T, Farquhar MG (2003) The adaptor protein ARH escorts megalin to and through
endosomes. Mol Biol Cell 14:4984-4996

Norden AG, Lapsley M, Igarashi T, Kelleher CL, Lee PJ, Matsuyama T, Scheinman SJ, Shiraga H, Sundin DP,
Thakker RV, Unwin RJ, Verroust P, Moestrup SK (2002) Urinary megalin deficiency implicates abnor-
mal tubular endocytic function in Fanconi syndrome. J Am Soc Nephrol 13:125-133

Nykjaer A, Dragun D, Walther D, Vorum H, Jacobsen C, Herz J, Melsen F, Christensen EI, Willnow TE
(1999) An endocytic pathway essential for renal uptake and activation of the steroid 25-(OH) vitamin
D3. Cell 96:507-515

Nykjaer A, Fyfe JC, Kozyraki R, Leheste JR, Jacobsen C, Nielsen MS, Verroust PJ, Aminoff M, de la
Chapelle A, Moestrup SK, Ray R, Gliemann J, Willnow TE, Christensen EI (2001) Cubilin dysfunc-
tion causes abnormal metabolism of the steroid hormone 25(OH) vitamin D3. Proc Natl Acad Sci USA
98:13895-13900

Oleinikov AV, Zhao J, Makker SP (2000) Cytosolic adaptor protein Dab2 is an intracellular ligand of endo-
cytic receptor gp600/megalin. Biochem J 347:613-621

Orlando RA, Kerjaschki D, Kurihara H, Biemesderfer D, Farquhar MG (1992) gp330 associates with a 44-
kDa protein in the rat kidney to form the Heymann nephritis antigenic complex. Proc Natl Acad Sci
USA 89:6698-6702

Orlando RA, Rader K, Authier F, Yamazaki H, Posner BI, Bergeron JJ, Farquhar MG (1998) Megalin is an
endocytic receptor for insulin. J Am Soc Nephrol 9:1759-1766

Oyama Y, Takeda T, Hama H, Tanuma A, lino N, Sato K, Kaseda R, Ma M, Yamamoto T, Fujii H, Kazama JJ,
Odani S, Terada Y, Mizuta K, Gejyo F, Saito A (2005) Evidence for megalin-mediated proximal tubular
uptake of L-FABP, a carrier of potentially nephrotoxic molecules. Lab Invest 85:522-531

Petersen HH, Hilpert J, Militz D, Zandler V, Jacobsen C, Roebroek AJ, Willnow TE (2003) Functional inter-
action of megalin with the megalin binding protein (MegBP), a novel tetratrico peptide repeat-containing
adaptor molecule. J Cell Sci 116:453-461

Picollo A, Pusch M (2005) Chloride/proton antiporter activity of mammalian CLC proteins CIC-4 and CIC-5.
Nature 436:420-423

Piwon N, Gunther W, Schwake M, Bosl MR, Jentsch TJ (2000) CIC-5 CI™-channel disruption impairs endo-
cytosis in a mouse model for Dent’s disease. Nature 408:369-373

Ranganathan S, Knaak C, Morales CR, Argraves WS (1999) Identification of low density lipoprotein receptor-
related protein-2/megalin as an endocytic receptor for seminal vesicle secretory protein II. J Biol Chem
274:5557-5563

Raychowdhury R, Niles JL, McCluskey RT, Smith JA (1989) Autoimmune target in Heymann nephritis is
a glycoprotein with homology to the LDL receptor. Science 244:1163-1165

Rosenblatt DS, Fenton WA (1999) Inborn errors of cobalamin metabolism. In: Banerjee R (ed) Chemistry
and Biochemistry of Vitamin B12. Wiley and Sons, New York, pp 367-384

Sahali D, Mulliez N, Chatelet F, Dupuis R, Ronco P, Verroust P (1988) Characterization of a 280-kD protein
restricted to the coated pits of the renal brush border and the epithelial cells of the yolk sac. Teratogenic
effect of the specific monoclonal antibodies. J Exp Med 167:213-218

Sahali D, Mulliez N, Chatelet F, Laurent Winter C, Citadelle D, Roux C, Ronco P, Verroust P (1992) Coex-
pression in humans by kidney and fetal envelopes of a 280 kDa-coated pit-restricted protein. Similarity
with the murine target of teratogenic antibodies. Am J Pathol 140:33-44

Saito A, Nagai R, Tanuma A, Hama H, Cho K, Takeda T, Yoshida Y, Toda T, Shimizu F, Horiuchi S, Gejyo F
(2003) Role of megalin in endocytosis of advanced glycation end products: implications for a novel
protein binding to both megalin and advanced glycation end products. ] Am Soc Nephrol 14:1123-1131

Saito A, Pietromonaco S, Loo AK, Farquhar MG (1994) Complete cloning and sequencing of rat
gp330/“megalin,” a distinctive member of the low density lipoprotein receptor gene family. Proc Natl
Acad Sci USA 91:9725-9729

Scheel O, Zdebik AA, Lourdel S, Jentsch TJ (2005) Voltage-dependent electrogenic chloride/proton exchange
by endosomal CLC proteins. Nature 436:424—427

Scheinman SJ (1998) X-linked hypercalciuric nephrolithiasis: clinical syndromes and chloride channel mu-
tations. Kidney Int 53:3-17



Rev Physiol Biochem Pharmacol (2006) 21

Schmitz C, Hilpert J, Jacobsen C, Boensch C, Christensen EI, Luft FC, Willnow TE (2002) Megalin defi-
ciency offers protection from renal aminoglycoside accumulation. J Biol Chem 277:618-622

Seetharam B, Christensen EI, Moestrup SK, Hammond TG, Verroust PJ (1997) Identification of rat yolk
sac target protein of teratogenic antibodies, gp280, as intrinsic factor-cobalamin receptor. J Clin Invest
99:2317-2322

Silverblatt FJ, Kuehn C (1979) Autoradiography of gentamicin uptake by the rat proximal tubule cell. Kidney
Int 15:335-345

Sousa MM, Norden AG, Jacobsen C, Willnow TE, Christensen EI, Thakker RV, Verroust PJ, Moestrup SK,
Saraiva MJ (2000) Evidence for the role of megalin in renal uptake of transthyretin. J Biol Chem
275:38176-38181

Spoelgen R, Hammes A, Anzenberger U, Zechner D, Andersen OM, Jerchow B, Willnow TE (2005)
LRP2/megalin is required for patterning of the ventral telencephalon. Development 132:405-414

Stefansson S, Chappell DA, Argraves KM, Strickland DK, Argraves WS (1995a) Glycoprotein 330/low den-
sity lipoprotein receptor-related protein-2 mediates endocytosis of low density lipoproteins via interac-
tion with apolipoprotein B100. J Biol Chem 270:19417-19421

Stefansson S, Kounnas MZ, Henkin J, Mallampalli RK, Chappell DA, Strickland DK, Argraves WS (1995b)
2p330 on type II pneumocytes mediates endocytosis leading to degradation of pro-urokinase, plasmino-
gen activator inhibitor-1 and urokinase-plasminogen activator inhibitor-1 complex. J Cell Sci 108:2361—
2368

Straus W (1964) Occurrence of phagosomes and phago-lysosomes in different segments of the nephron in
relation to the reabsorption, transport, digestion and extrusion of intravenously injected horseradish per-
oxidase. J Cell Biol 21:295-308

Suchy SF, Olivos-Glander IM, Nussabaum RL (1995) Lowe syndrome, a deficiency of phosphatidylinositol
4,5-bisphosphate 5-phosphatase in the Golgi apparatus. Hum Mol Genet 4:2245-2250

Takeda T, Yamazaki H, Farquhar MG (2003) Identification of an apical sorting determinant in the cytoplasmic
tail of megalin. Am J Physiol Cell Physiol 284:C1105-C1113

Tanner SM, Li Z, Bisson R, Acar C, Oner C, Oner R, Cetin M, Abdelaal MA, Ismail EA, Lissens W, Krahe R,
Broch H, Grasbeck R, de la Chapelle A (2004) Genetically heterogeneous selective intestinal malabsorp-
tion of vitamin B12: founder effects, consanguinity, and high clinical awareness explain aggregations in
Scandinavia and the Middle East. Hum Mutat 23:327-333

Thurberg BL, Rennke H, Colvin RB, Dikman S, Gordon RE, Collins AB, Desnick RJ, O’Callaghan M (2002)
Globotriaosylceramide accumulation in the Fabry kidney is cleared from multiple cell types after enzyme
replacement therapy. Kidney Int 62:1933-1946

Town M, Jean G, Cherqui S, Attard M, Forestier L, Whitmore SA, Callen DF, Gribouval O, Broyer M,
Bates GP, van’t Hoff W, Antignac C (1998) A novel gene encoding an integral membrane protein is
mutated in nephropathic cystinosis. Nat Genet 18:319-324

Vandewalle A, Farman N, Morin JP, Fillastre JP, Hatt PY, Bonvalet JP (1981) Gentamicin incorporation along
the nephron: autoradiographic study on isolated tubules. Kidney Int 19:529-539

Verroust PJ, Birn H, Nielsen R, Kozyraki R, Christensen EI (2002) The tandem endocytic receptors megalin
and cubilin are important proteins in renal pathology. Kidney Int 62:745-756

Wahlstedt-Froberg V, Pettersson T, Aminoff M, Dugue B, Grasbeck R (2003) Proteinuria in cubilin-deficient
patients with selective vitamin B12 malabsorption. Pediatr Nephrol 18:417-421

Wang SS, Devuyst O, Courtoy PJ, Wang XT, Wang H, Wang Y, Thakker RV, Guggino S, Guggino WB (2000)
Mice lacking renal chloride channel, CLC-5, are a model for Dent’s disease, a nephrolithiasis disorder
associated with defective receptor-mediated endocytosis. Hum Mol Genet 9:2937-2945

Willnow TE (1998) Receptor-associated protein (RAP): a specialized chaperone for endocytic receptors. Biol
Chem 379:1025-1031

Willnow TE, Armstrong SA, Hammer RE, Herz J (1995) Functional expression of low density lipoprotein
receptor- related protein is controlled by receptor-associated protein in vivo. Proc Natl Acad Sci USA
92:4537-4541

Willnow TE, Goldstein JL, Orth K, Brown MS, Herz J (1992) Low density lipoprotein receptor-related protein
and gp330 bind similar ligands, including plasminogen activator-inhibitor complexes and lactoferrin, an
inhibitor of chylomicron remnant clearance. J Biol Chem 267:26172-26180

Willnow TE, Hilpert J, Armstrong SA, Rohlmann A, Hammer RE, Burns DK, Herz J (1996a) Defective
forebrain development in mice lacking gp330/megalin. Proc Natl Acad Sci USA 93:8460-8464

Willnow TE, Rohlmann A, Horton J, Otani H, Braun JR, Hammer RE, Herz J (1996b) RAP, a specialized
chaperone, prevents ligand-induced ER retention and degradation of LDL receptor-related endocytic
receptors. EMBO J 15:2632-2639



22 Rev Physiol Biochem Pharmacol (2006)

Wrong OM, Norden AG, Feest TG (1994) Dent’s disease; a familial proximal renal tubular syndrome with
low-molecular-weight proteinuria, hypercalciuria, nephrocalcinosis, metabolic bone disease, progressive
renal failure and a marked male predominance. QJM 87:473—493

Xu D, Kozyraki R, Newman TC, Fyfe JC (1999) Genetic evidence of an accessory activity required specifi-
cally for cubilin brush-border expression and intrinsic factor-cobalamin absorption. Blood 94:3604-3606

Yammani RR, Seetharam S, Dahms NM, Seetharam B (2003) Transcobalamin II receptor interacts with me-
galin in the renal apical brush border membrane. ] Membr Biol 193:57-66

Yammani RR, Seetharam S, Seetharam B (2001) Cubilin and megalin expression and their interaction in the
rat intestine: effect of thyroidectomy. Am J Physiol Endocrinol Metab 281:E900-E907

Yammani RR, Sharma M, Seetharam S, Moulder JE, Dahms NM, Seetharam B (2002) Loss of albumin and
megalin binding to renal cubilin in rats results in albuminuria after total body irradiation. Am J Physiol
Regul Integr Comp Physiol 283:R339-R346

Zhai XY, Nielsen R, Birn H, Drumm K, Mildenberger S, Freudinger R, Moestrup SK, Verroust PJ, Chris-
tensen EI, Gekle M (2000) Cubilin- and megalin-mediated uptake of albumin in cultured proximal tubule
cells of opossum kidney. Kidney Int 58:1523-1533

Zheng G, Bachinsky DR, Stamenkovic I, Strickland DK, Brown D, Andres G, McCluskey RT (1994) Or-
gan distribution in rats of two members of the low-density lipoprotein receptor gene family, gp330 and
LRP/a2MR, and the receptor-associated protein (RAP). J Histochem Cytochem 42:531-542

Zheng G, Marino, Zhao J, McCluskey RT (1998) Megalin (gp330): a putative endocytic receptor for thy-
roglobulin (Tg). Endocrinology 139:1462-1465



Rev Physiol Biochem Pharmacol
DOI 10.1007/112_2006_0605

G. Zifarelli - M. Pusch

CLC chloride channels and transporters:
a biophysical and physiological perspective

Published online: 5 December 2006
© Springer-Verlag 2007

Abstract Chloride-transporting proteins play fundamental roles in many tissues in the
plasma membrane as well as in intracellular membranes. They have received increasing
attention in the last years because crucial, and often unexpected and novel, physiological
functions have been disclosed with gene-targeting approaches, X-ray crystallography, and
biophysical analysis. CLC proteins form a gene family that comprises nine members in
mammals, at least four of which are involved in human genetic diseases. The X-ray struc-
ture of the bacterial CLC homolog, CIC-ecl, revealed a complex fold and confirmed the an-
ticipated homodimeric double-barreled architecture of CLC-proteins with two separate C1~
ion transport pathways, one in each subunit. Four of the mammalian CLC proteins, CIC-1,
CIC-2, CIC-Ka, and CIC-Kb, are chloride ion channels that fulfill their functional roles
stabilization of the membrane potential, transepithelial salt transport, and ion homeostasis—
in the plasma membrane. The other five CLC proteins are predominantly expressed in in-
tracellular organelles like endosomes and lysosomes, where they are probably important for
a proper luminal acidification, in concert with the V-type H*-ATPase. Surprisingly, C1C-4,
CIC-5, and probably also CIC-3, are not CI~ ion channels but exhibit significant CI"/H* an-
tiporter activity, as does the bacterial homolog CIC-ec1 and the plant homolog AtCLCa. The
physiological significance of the CI/H* antiport activity remains to be established.

Overview and scope

The lipid bilayer that surrounds all living cells and the organelles inside eukaryotic cells
presents, by virtue of its fatty nature, an insurmountable electrostatic barrier for the diffu-
sive passage of small inorganic ions like Na*, K*, Ca**, CI~ and also small organic ions
like amino acids or HCO3™. To overcome this barrier and to allow the exchange of these
substrates across the lipid bilayer in a controlled manner, nature has invented an incredible
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variety of different ion-transporting proteins, most of which allow the specific passage of
only a very limited subset of ions. Transport proteins can be grossly subdivided into passive
transporters and active transporters. Conceptually, passive transporters can be regarded as
enzymes that lower the activation energy for passive diffusion across the lipid bilayer. The
most important example of passive transporters are ion channels, which provide a selective
pore that allows a high-throughput transport, close to the diffusion limit in some cases, while
maintaining exquisite selectivity. Active transporters couple the energy of the translocation
of one substrate, or other energy sources such as ATP hydrolysis, to the transport of another
substrate, often in a strictly stoichiometric manner. One prominent example of this class of
proteins are the familiar P-type ion pumps and ion cotransporters. Active transport is gen-
erally associated with the picture of an alternating access model of transport in which the
transporter exposes its ion binding sites alternatively to one or the other side of the mem-
brane (see Tanford 1983). According to this mechanism, one or a few substrate molecules
are translocated for each transport cycle, leading to the slow transport rates seen for active
transporters, compared to those of ion channels (Hille 2001). As a consequence, in general,
the architecture of active transporter proteins (see, €.g., Abramson et al. 2003; Toyoshima et
al. 2000) is quite different from that of ion channels (see, e.g., Doyle et al. 1998; Miyazawa
et al. 2003).

The present review focuses on anion-selective channels and, in particular, on CI~ chan-
nels from the CLC family (Jentsch et al. 2002). However, as described below, the same basic
architecture in the CLC family of proteins (Jentsch et al. 2005¢) can be used to produce ei-
ther active transporters (Accardi and Miller 2004; De Angeli et al. 2006; Picollo and Pusch
2005; Scheel et al. 2005) or passive chloride channels (Bauer et al. 1991). Since a full ap-
preciation of the physiological role of CLC proteins requires a molecular comprehension of
their mechanism of transport, we will have to consider passive channel-mediated diffusion
as well as the active antiport of protons and C1~ ions.

It is important to note that the CLC family represents only one of several classes of
proteins carrying out CI~ transport. A detailed treatment of such a vast and variegated ar-
ray is beyond the scope of this review, but we nevertheless provide a brief overview of the
physiological roles of CI~ channels not belonging to the CLC branch.

The transport of CI” (or any other ion) across the plasma membrane has two distinct
consequences: transport of the substrate and transport of electrical charge. The transport of
charge is fundamental for the regulation of excitability in nerve and muscle, whereas the
transport of substrate is of paramount importance for epithelial physiology. In neurons and
muscle cells the membrane potential, Vi, is one of the most critical physiological variables.
The activation of closed CI~ channels, or the inactivation of active CI~ channels, changes
Vm according to the equilibrium potential for CI7, Ec. In most cases, the intracellular C1~
concentration ([Cl™]iy) is low, such that E¢y is very negative and close to or even more nega-
tive than Ex. Low [CI ]y is achieved by secondary active KCI cotransport proteins (Hiibner
et al. 2001). Thus CI~ channel activity in nerve and muscle generally dampens excitability,
stabilizing a negative membrane potential. For the dampening and stabilization of the mem-
brane potential not only is the value of Ecj important, but also the chloride conductance, gc,
relative to other conductances, that is, a large gcj associated with a slightly depolarized Ec;
will nevertheless impede strong depolarization caused by a (relatively) small depolarizing
conductance. A typical example, the skeletal muscle C1~ conductance that is provided by the
CIC-1 CI” channel, is described in more detail below. In neurons, postsynaptic GABA and
glycine receptors are the most important anion channels in the plasma membrane (Jentsch
et al. 2002). The traditional view is that their activation suppresses excitation (i.e., action
potential firing) of the postsynaptic cell. It is clearly beyond the scope of this review to



Rev Physiol Biochem Pharmacol (2007) 25

describe these neuronal channels in detail. However, we would like to mention that acti-
vation of GABA and glycine receptors is not always inhibitory: In the developing nervous
system and in some specialized neuronal structures, [CI™]in is relatively high, leading to
a paradoxical excitatory effect of receptor activation (Marty and Llano 2005; Misgeld et
al. 1986). GABA and glycine receptors are poorly selective for Cl~, showing a significant
permeability even to cations (Wotring et al. 2003). Physiologically, the permeability to bi-
carbonate (HCO3™) seems to be of particular relevance as it significantly contributes to a rise
of [C17 )iy after GABA stimulation (see Marty and Llano 2005).

Apart from CLC proteins and GABA/glycine receptors, the only molecularly identified
CI” channel is the “cystic fibrosis transmembrane conductance regulator,” CFTR (Riordan
et al. 1989). CFTR is a widely expressed, but mostly epithelial, CI” channel. Mutations in
the gene coding for CFTR cause cystic fibrosis (Tsui 1991), one of the most common lethal
genetic diseases. Structurally, CFTR belongs to the very large class of ABC transporters, but
it seems to be the only channel member of this family of active transport proteins. Despite
extensive research in the 15 years since its cloning, the molecular mechanisms of channel
gating by protein kinase A and intracellular ATP and also its physiological role are still rela-
tively unclear. Excellent reviews about many aspects of CFTR have been published recently
(Guggino 2004; Hanrahan and Wioland 2004; Riordan 2005).

Several important anion conductances have been described in various mammalian cell
types whose molecular identity is still unknown or in dispute. The most typical examples
are the swelling-activated CI~ channel, also known as VRAC (volume-regulated anion chan-
nel) (Eggermont et al. 2001), and various types of calcium-activated CI~ channels. VRAC
is probably present in all animal cells and is activated by cell swelling, but the molecular
mechanism leading to its activation is unknown (Eggermont et al. 2001). This channel is
also permeable to small organic solutes and has been proposed to be important for a process
called regulatory volume decrease (RVD). Cellular volume regulation is essential for all cell
types to respond to osmotic challenges caused by changes of the extracellular medium as
well as to metabolically induced changes in intracellular osmolarity. The functional prop-
erties of VRAC have been extensively studied, and several proteins have been proposed as
molecular correlates of VRAC, but none of these is generally accepted (see Jentsch et al.
2002).

Ca?* activated CI™ channels, CaCCs, are also found in many different cell systems in-
cluding smooth muscle, epithelia, and olfactory receptors. Their activation, via an increase
of intracellular [Ca?*], generally leads to cell depolarization and thus, for example, smooth
muscle contraction or amplification of olfactory sensation (Hartzell et al. 2005). In epithelia,
CaCC activation is responsible for transient C1~ (and water) secretion, for example, in sali-
vary glands. Similar to VRAC, several proteins have been proposed as molecular correlates
of CaCCs, none of them being as yet fully accepted. Currently, the family of bestrophin pro-
teins is under intense study as CaCC candidates (Hartzell et al. 2005), even though a definite
proof of their identity is still missing (see, e.g., Rosenthal et al. 2006).

Another example of a C1~ conductance for which the molecular association with a mem-
brane protein is still lacking is the hyperpolarization- and cAMP-activated CI~ current mea-
sured in choroid plexus cells (Kibble et al. 1996). This current superficially resembles CIC-2
currents, but is found unaltered in CIC-2 knockout mice (Speake et al. 2002). Other exam-
ples include an ATP-activated C1~ current described in mouse parotid acinar cells (Arreola
and Melvin 2003), and a proton-activated C1~ channel (Nobles et al. 2004), both sharing
some characteristics with VRAC.

Epithelial ion transporters are designed to allow massive but specific translocation of
salts across the epithelial cell sheet. To allow for vectorial ion movement, transporters must



26 Rev Physiol Biochem Pharmacol (2007)

be expressed in a polarized manner. For example, the Na*t-K*-ATPase is usually expressed
on the basolateral membrane in epithelial cells. Thus it is important to understand the mech-
anisms underlying the correct targeting of chloride channels and transporters to the apical
versus basolateral membrane. Very little is known about the targeting of the molecularly
identified C1~ channels (CLC channels, GABA/glycine receptors, CFTR), even though sev-
eral putative partner proteins of CLC channels, possibly important for targeting, have been
identified in recent years (Dhani and Bear 2006) and are described in some detail below.

CI™ channels are not restricted to the plasma membrane but are also found in intracellular
organelles. Relatively little is known about the intracellular C1~ channels from in situ stud-
ies. This is largely explained by the inaccessibility of the small intracellular organelles to
standard patch clamp techniques. As discussed in detail in later sections of this review, five
of the nine mammalian CLC homologs reside in intracellular membranes, and their study
thus opens new and promising perspectives for the understanding of the role of intracellular
CI” channels and transporters.

The present review first describes the general mechanism underlying the function of
CLC proteins and then focuses on the biophysical properties and physiological and patho-
physiological roles of mammalian, and in particular human, CLC members. For the mech-
anistic aspects, two “model” CLCs have been most extensively studied. One is the Torpedo
channel CIC-0, which, compared to many, physiologically more relevant, channels, has fa-
vorable biophysical properties, for example, a relatively large single-channel conductance,
and whose mechanisms of gating are best understood. The other model CLC is, of course,
the bacterial C1C-ec1, for which we have detailed structural information and which can also
be studied functionally. For reasons of space we do not attempt to cover the research on CLC
proteins in other organisms like plants (Barbier-Brygoo et al. 2000; De Angeli et al. 2006),
Caenorhabditis elegans (Strange 2003), or other model organisms or pathogens (see, e.g.,
Salas-Casas et al. 2006).

Introduction: The CLC family of chloride-transporting proteins

The research in the CLC chloride channel field has always been accompanied, right from its
very beginning, by a great number of unexpected findings and surprises. Already the first
step in the field, the identification of the Torpedo channel by Miller and coworkers (White
and Miller 1979), was a sort of accident (or artifact) in the quest of the authors to investigate
acetylcholine-gated cation channels.

The basic properties of the Torpedo chloride channel were established by Miller and
coworkers in a series of experiments on reconstituted channels from the electroplax of Tor-
pedo californica (Miller and Richard 1990). This organ constitutes an internal battery that
the fish use as a source of electric current to stun their prey. The plasma membrane of the
electrocytes is extremely rich in a specific type of CI~ channel (later named CIC-0). Miller
and colleagues reconstituted the channel in lipid bilayers and analyzed both macroscopic
and single-channel currents (Miller and White 1980; White and Miller 1979). At the single-
channel level, an unusual gating behavior was observed, with bursts of channel activity
separated by periods in which the channel was closed (Fig. 1). Interestingly, the bursting
events had a characteristic pattern with three different, equally spaced levels of conductance
(0, 11, and 22 pS, respectively). This behavior was found in many different measuring condi-
tions (Hanke and Miller 1983; Miller 1982) and was immediately interpreted as suggesting
that the chloride channel was a functional dimer. In this view, the three substates during
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Fig. 1 Schematic (simulated) single-channel trace of the Torpedo channel CIC-0. Channel activity occurs in
bursts that are separated by long closed periods. Within each bursts two open conductance levels (O and 02)
are seen, where O2 has exactly twice the conductance of O/

the bursts would represent the independent opening and closing of two identical CI~ dif-
fusion pathways, called protochannels; the dimeric channel complex may exist with both
protochannels simultaneously open, with one open and one closed, or with both closed,
generating the three conductance substates.

At all voltages tested, the frequency of substates during a burst followed a binomial
distribution as predicted for two independently opening and closing protochannels. More-
over, the probability of a single protopore to be in its conducting state depended on voltage
according to a Boltzmann distribution, as expected for a two-state mechanism. This is in
agreement with the presence of two independently opening and closing C1~ pathways and in
contrast with the presence of a single channel with different subconductance levels (Miller
1982).

This model was strengthened by a study of DIDS (4,4 -diisothiocyanatostilbene-2,2’ -
disulfonate) inhibition of single-channel currents (Miller and White 1984). Addition of 10
uM DIDS to the cis side of the chamber eliminated first the 22-pS conductance level and,
subsequently, the 11-pS conductance level, that is, the bursting activity disappeared. The au-
thors interpreted the finding as being due to the binding (and inhibition) of DIDS first to one
and then the other protopore. This strongly supported a model with two separated diffusion
pathways (pores) each with a single open state rather than a single CI~ diffusion pathway
with multiple conductance states.

Incidentally, the fact that DIDS inhibited the oriented channels only if added to the cis
side of the preparation implied that the two protopores had the same orientation in the chan-
nel complex.

The fact that the channel activity presented periods of activity (bursts) and periods of
no activity (Fig. 1) indicated that the two protochannels were not completely independent
from each other. Therefore, it was suggested that there is an inactivating process that closes
both protochannels simultaneously and on a slower time scale (which was later defined as
a common gate or slow gate) compared to the closing events within a burst (which were
attributed to what was later named fast gate) (Miller and Richard 1990).

Another peculiar feature of CIC-0 emerged from the inspection of the beginnings and
the endings of the bursts. Burst activity tended to begin with both protopores open and ended
more often with only one protopore open (Richard and Miller 1990). This time asymmetry
implies that the transitions between the possible states of the protopores are not in thermo-
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dynamic equilibrium. The external source of free energy required to drive the irreversible
gating transitions was found to be the electrochemical gradient of CI” (Richard and Miller
1990). This finding anticipated one of the most bizarre characteristics of the CLC channel
family, a gating mechanism mediated by the permeant anion.

The existence of a common gate has another fundamental implication: The two pro-
tochannels must be intimately associated in a proteic complex—the double-barreled shotgun
model was born (Miller 1982). On the basis of stability reasons it was suggested that the two
protopores would be arranged symmetrically around an axis constituted from the interface
between the two subunits (Miller and White 1984).

These features, although solidly grounded on experiments that were elegant in their sim-
plicity, were very original, not to say unfamiliar, for the “channel community,” and there-
fore they stirred up considerable controversy. However, the progress made in the analysis of
channel function and structure achieved throughout the last twenty years has spectacularly
confirmed virtually all of them and provided deeper insights and new unexpected findings
that we will try to summarize.

Cloning of the CLC family members

A critical turning point for the research on chloride channels was the cloning of the chan-
nel from Torpedo marmorata, called CIC-0, with an elegant but extremely labor-intensive
expression cloning strategy (Jentsch et al. 1990). This exposed CIC-0 to the use of the pow-
erful tools of molecular biology and allowed, by homology, the identification of several
other CLC channels in organisms as diverse as animals, plants, yeast, archaebacteria, and
eubacteria (Jentsch et al. 1999; Maduke et al. 2000).

Mammals possess nine different CLC genes, which, on the basis of sequence homology,
can be grouped into three branches (Jentsch et al. 2002; Mindell and Maduke 2001). The
first branch comprises plasma membrane channels, CIC-1, CIC-2, CIC-Ka, and CIC-Kb,
whereas members of the two other branches (CIC-3, CIC-4, and CIC-5 in one branch and
CIC-6 and CIC-7 in the other) function primarily in intracellular membranes.

The sequence, and structure, of CLC proteins bears no resemblance to any other class
of membrane proteins. A very distinguishing element of all CLC channels and transporters,
with respect to other Cl™-transporting membrane proteins, is their anion selectivity. First,
members of the CLC family are practically completely impermeable to cations (except pro-
tons). Second, among the halides CI~, Br~, and I", the selectivity and conductivity sequence
for CLC proteins is generally CI">Br >I". According to Wright and Diamond (Wright
and Diamond 1977) this indicates a high-field-strength anion binding site in the transport
pathway. In contrast, most other CI” channels (except CFTR) show an I">CI~ preference,
suggestive of a larger pore in which ions are not completely dehydrated.

Crystal structure of the bacterial CIC-ec1

So far it has not been possible to obtain crystal structures from eukaryotic CLC members,
and, therefore, all the structural information (for the transmembrane region) available to
date has come from investigation of prokaryotic CLC counterparts, an approach that has
been successful for a number of cation channels (Doyle et al. 1998; Zhou et al. 2001).
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A projection structure of an Escherichia coli member of the CLC family, CIC-ecl, at
6.5-A resolution, supported the dimeric nature of the channel but could not provide any
molecular detail (Mindell et al. 2001). A much more thorough insight into the structure-
function of CLC proteins was provided by two high-resolution structures of ClC-ecl and
StCIC (from Salmonella typhimurium) obtained by Dutzler and coworkers (Dutzler et al.
2002, 2003).

The biology of prokaryotic CLC proteins is still largely unexplored. In particular, it was
found that ClC-ecl is actually a CI7/H* antiporter (Accardi and Miller 2004), a character-
istic that conflicts with its proposed role as a shunt conductance relevant for acid resistance
(Iyer et al. 2002). More importantly, this finding raises a number of issues regarding the
possible extrapolation of features from the prokaryotic to the eukaryotic members of CLC
family, some of which are discussed in later paragraphs. However, considering the sequence
conservation between prokaryotic CLCs and eukaryotic members of the family, especially in
the ion selectivity region (Maduke et al. 1999), there is confidence that the general structural
elements apply to the entire family.

CIC-ecl is a dimer composed of two identical subunits of triangular shape (Fig. 2a). The
contact surface area between subunits is extensive (~2,300 Az), as expected because CLC
channels are thought to exist and function only as dimers (Dutzler et al. 2002), even if it is
not known at which stage of the biosynthesis dimerization occurs.

Each subunit contains CI~ ions at its center, indicating a putative ion conduction path-
way, with a mutual distance between the two pores of ~39 A. The largest part of CIC-ecl
is embedded in the lipid bilayer, and only the N- and C-termini protrude into the cytoplasm
(Fig. 2).

Each subunit consists of 18 a-helices (labeled A—R) organized in two topologically re-
lated domains that span the membrane in opposite directions in an arrangement called “an-
tiparallel architecture” that has been found also in the structure of the aquaporins (Lee et al.
2005; Murata et al. 2000) and of a Na*/H* antiporter from E. coli (Hunte et al. 2005).

The two domains are only weakly correlated in their sequence but show a significant
similarity regarding the disposition of glycine residues (Dutzler et al. 2002). Some of the
helices are long and tilted by about 45° with respect to the membrane; others are short and
penetrate the membrane only halfway. The transmembrane structure is similar across the
whole CLC family. One fundamental difference lies in the presence of large C-terminal in-
tracellular domains in all eukaryotic and some prokaryotic CLC proteins that are absent in
CIC-ec1 and StCIC (Estévez and Jentsch 2002; Meyer and Dutzler 2006). Part of the isolated
C-terminus of CIC-0 has been recently crystallized (Meyer and Dutzler 2006). Its structure
is described below.

In agreement with the fact that C1C-ecl is not an ion channel allowing the passive diffu-
sive flow of ions but a stoichiometrically coupled ion transporter, C1C-ec1 lacks a real pore.
In the structures of CIC-ecl, the central C1™ ion is completely surrounded by protein and is
not “visible” from either side of the membrane. The putative transport pathway is 15 A long
and contains three ion-binding sites named Siy¢, Scen, and Sext, starting from the one closer
to the intracellular space. The Sex site was found to be occupied by the negatively charged
side chain of a critical glutamate residue (Glu-148) in the wild-type structure, but binds a C1~
ion if Glu-148 is mutated to alanine or glutamine; no water molecules have been detected in
the ion-binding region in the structures (Dutzler 2004; Dutzler et al. 2003) (Fig. 3).

Overall, the transport pathway across CIC-ecl appears like a very narrow passage con-
necting intracellular and extracellular vestibules (Dutzler et al. 2002, 2003). The vestibules
leading to the selectivity filter on both sides of the membrane contain basic (positively
charged) amino acids, such as Arg-147 and Arg-451. The distribution of charges on the
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Fig. 2a, b Overall structure of CIC-ec1 and CBS domains. In a, ClIC-ecl (PDB accession no. 1KPK) is shown
in a ribbon representation viewed from the extracellular side. The two subunits of the dimeric complex are
shown in green and orange, respectively. The two C1” ions in the transport pathway of each subunit are shown
in red (central chloride ion) and magenta (inner chloride ion). b Side view of CIC-ecl assembled with the
cytoplasmic C-terminal domains of CIC-0 from Torpedo marmorata (PDB accession no. 2D4Z). The relative
orientation has been arbitrarily fixed, because the exact spatial arrangement of the C-terminal domain with
respect to the membrane part is unknown

entire channel surface creates an electrostatic potential that probably funnels C1~ ions into
the pore entryways. The two pores of the dimer are separated by a large distance and by an
electronegative region on the extracellular surface (Dutzler et al. 2002). These findings are
consistent with the functional independence of the two pores in CIC-0 (Ludewig et al. 1996,
1997b; Middleton et al. 1996).
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Amino acids from four separate protein regions are brought together near the membrane
center to form the three ion-binding sites (Dutzler et al. 2002, 2003). These regions are
highly conserved in CLC proteins; they include GSGIP in helix D (106-110), G(K/R)EGP
in helix F (146-150), GXFXP in helix N (355-359), and Tyr-455 in helix R (Fig. 3a). These
sequences occur at the N-termini of a-helices, where polypeptide loops precede a-helices
D, F, and N. In agreement with this complex structural arrangement, several regions of CLC
proteins influence pore properties like ion selectivity, single-channel conductance, and gat-
ing (Estévez and Jentsch 2002; Ludewig et al. 1997a, 1996; Pusch et al. 1995a,. 1995b;
Wollnik et al. 1997).

Helices D, F, N, and R are oriented with their N-terminus pointing toward the central
binding site. Because of the helix dipole, this arrangement of helices is expected to create
a favorable environment for anion binding. This is, for example, the mechanism hypothe-
sized to be at work in KcsA to favor ion binding to the pore (Roux and MacKinnon 1999).
However, some authors have raised doubts against the generalization of such a mechanism
to CIC-ecl. On the basis of electrostatic calculations, Faraldo-Gomez and Roux (Faraldo-
Gomez and Roux 2004) proposed that in CIC-ecl the energetic cost for desolvation of the
anions on transfer into the protein is contributed only marginally by long-range interaction

c

Fig. 3a—c The CI” transport pathway and CI” binding sites. a The position of the two CI~ binding sites of
CIC-ecl (coloring of subunits and chloride ions as in Fig. 2) with the protein regions involved in coordina-
tion of the central CI” ion shown in blue. b Detail of the amino acids coordinating the central CI™ ion in the
wild-type CIC-ecl. ¢ The central CI” binding site in the structure of the mutant Glu-148-Gln (PDB accession
no. 10TU). The side chain of GIn-148 is displaced from the permeation pathway, and a third CI” ion (shown
in blue) is present at the position occupied by the side chain of Glu-148 in the wild-type structure
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with the helix macrodipole and comes mainly from favorable electrostatic interactions with
the backbone and side chains of residues that are not directly located in the permeation
pathway.

This view is shared also by Cohen and Schulten (Cohen and Schulten 2004), who sug-
gest, on the basis of molecular dynamics calculations, that the broken helix architecture
does not constitute a prominent characteristic of the energy profile controlling CI™ conduc-
tion and may possibly represent Nature’s design evolved to expose backbone amide groups
to the permeant anions.

In this respect, it is interesting to note that the bound CI~ ions do not make direct con-
tact with a full positive charge from lysine or arginine residues. It has been speculated that
a full positive charge would create a deep energy well and cause C1™ to bind too tightly,
compromising the efficiency of transport (Dutzler 2004).

The CI™ ion at the Scey, site is fully dehydrated and is coordinated by main chain amide
nitrogen atoms from amino acids Ile-356 and Phe-357 and by side chain oxygen atoms
from Ser-107 and Tyr-445 (Fig. 3b). On the basis of electrostatic calculations, however,
it was hypothesized that the single most important favorable ion-side chain interaction in
ClCec-1 originates not from Ser-107 or Tyr-445 but from Lys-131. The side chain of this
residue is located in the transmembrane helix E, completely buried within the protein, with
its positively charged amino group pointing toward the chloride-binding sites, at a distance
of 7-9 A (Faraldo-Gomez and Roux 2004) (Fig. 3b). Thus the stabilization seems to occur
by a purely electrostatic, relatively long-range, interaction. These predictions are consistent
with a recent mutagenesis study of this residue in CIC-0 (Zhang et al. 2006).

Apart from the central binding pocket in which CI™ is coordinated by polar residues
and the extracellular exit in which charged residues form a putative gate, the channel pore
is lined in its entirety by nonpolar, noncharged residues. The pore’s two conserved polar
residues, Ser-107 and Tyr-445, define S¢en and provide an abrupt and significant narrowing
of the pore. Their role is, however, not yet clear. For the C1C-0 channel, it was shown that the
tyrosine is not responsible for the selectivity and the single-channel conductance (Accardi
and Pusch 2003), whereas mutations of the serine residue slightly altered ion selectivity and
reduced the single-channel conductance (Chen et al. 2003; Ludewig et al. 1996). Also, sim-
ulation studies suggested that the interaction energy of Ser-107 and Tyr-445 with CI™ is not
significant compared to the energy due to the strong electrical polarization of the protein
(Cohen and Schulten 2004). It was therefore suggested that the most important role of these
residues is to keep an anion permanently in the pore to prevent the formation of a proton-
carrying continuous water file stretching across the channel or the passage of hydrophobic
anions (Cohen and Schulten 2004).

The second ion binding-site, Siy, is at a distance of 6.5 A from Scen, toward the intra-
cellular side. It is located at the interface where the aqueous vestibule from the intracellular
solution meets the selectivity filter. The ion at this position is coordinated on one side by
main chain amide nitrogen atoms from the end of helix D and on the side where it is ex-
posed to the vestibule is probably still hydrated.

In the first structure of ClC-ecl (Dutzler et al. 2002), Sext Was occupied by the side
chain of the glutamate at position 148, occluding the ion pathway (Fig. 3b). At that time, it
was believed that C1C-ecl was a chloride ion channel, even if no direct electrophysiological
data were available yet. It was therefore hypothesized that the crystal structure captured the
channel in a state in which CI~ was occluded, that is, did not have direct access to intracel-
lular or extracellular space, and that C1~ ions would activate conduction (gate the channel
open) entering the pore from the extracellular side and inducing a conformational change
that would displace the glutamate side chain.
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This prediction was largely confirmed by a second structure of CIC-ecl determined at
2.5-A resolution in combination with parallel electrophysiological measurements performed
on CIC-0 (Dutzler et al. 2003). When the corresponding Glu-148 of CIC-ecl was mutated in
CIC-0 into Ala (Glu-166-Ala), Gln (Glu-166-Gln), or Val (Glu-166-Val), it was found that
fast gating transitions were practically abolished (Dutzler et al. 2003). Interestingly, low-
ering extracellular pH produced a similar open phenotype for wild-type CIC-0 (Chen and
Chen 2001; Dutzler et al. 2003), suggesting that the protonation of the glutamate side chain
from the extracellular side opens the wild-type channel (Fig. 4). The crystal structures of
CIC-ecl in which Glu-148 was mutated to Ala and GIn presented an anion at Sex; instead
of the Glu side chain (Dutzler et al. 2003) (Fig. 3c). It was therefore suggested that when
Glu-148 is mutated, the pore is open because it contains an uninterrupted queue of anions
connecting the intracellular and the extracellular solutions.

In the structure of the Glu-148-Gln mutant of ClC-ecl, the side chain of GIn-148 is
directed toward the extracellular solution rather than into the pore (Fig. 3¢), and it was spec-
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ulated that this could be also the conformation assumed by the wild-type glutamate in the
open—presumably protonated—state (Dutzler et al. 2003). However, this point is still under
debate. For example, based on simulation studies, it was suggested that the side chain of
the glutamate could swing out of the permeation pathway by a different type of movement
(Bisset et al. 2005).

Sext 1s located between the N-termini of helices F and N, where amide nitrogen atoms
form a cage surrounding the ion, and is only 4 A apart from Sce,. All three sites can simul-
taneously be occupied by CI™ ions when the channel is open (Lobet and Dutzler 2006).

A very general point to be addressed is the extent to which the picture of the prokaryotic
CIC-ecl provides an accurate description of the eukaryotic counterparts. Sequence align-
ment exhibits a significant degree of conservation between bacterial and eukaryotic CLC
channels; the similarity is especially strong in the selectivity filter region. Mutational stud-
ies on eukaryotic channels correlate well with the locations of key residues in the bacterial
structures. Chen and Chen, using the cysteine accessibility method, were able to show that
in CIC-0 the residues on the intracellular part of the putative helix R are arranged in an -
helical structure and line the wall of the ion permeation pathway as indicated by the crystal
structure of the CIC-ecl (Chen et al. 2003). The results of Engh and Maduke, based on the
same approach, also suggest conservation of the overall architecture of the inner vestibule
between CIC-0 and CIC-ecl (Engh and Maduke 2005). Further support in this direction
came from a recent biochemical evaluation of the membrane domain boundaries of CIC-2
(Ramjeesingh et al. 2006).

Estévez et al. showed that residues influencing the affinity of C1C-0 and CIC-1 for the in-
tracellular inhibitors 9-anthracene carboxylic acid (9-AC) and p-chloro-phenoxy-acetic acid
(CPA), partially overlapped with the CI~ binding pocket identified in the StCIC structure (Es-
tévez et al. 2003). It seems, therefore, that the structure of CIC-ec1 indeed provides a good
model for the description of other members of the CLC family. However, a potentially rele-
vant difference between CIC-ecl and CLC channels is the presence in the channels of more
Arg and Lys residues near the pore (Corry et al. 2004). Moreover, the finding of Accardi
and Miller that CIC-ec1 is not a chloride channel but a CI/H* antiporter, with potentially
a completely different mechanism of action, suggests caution in the extrapolation of struc-
tural features from ClC-ecl to CLC channels (Accardi and Miller 2004). Subsequently, the
eukaryotic CIC-4 and CIC-5 and the plant AtCLCa were also shown to be anion/proton an-
tiporters and not chloride channels (De Angeli et al. 2006; Picollo and Pusch 2005; Scheel
et al. 2005). It is surprising that members of the same protein family, sharing a fair degree of
homology and high conservation in critical regions, behave in some cases as channels and in
others as transporters. At the moment there is no evidence regarding the molecular determi-
nants of such a difference, and therefore we also do not know whether C1C-ec1 represents
a better model for C1C-4 and CIC-5 compared to the CLC channels.

The identification of the major molecular determinant of the fast gate, Glu-148 (166 in
CIC-0), would explain two characteristics of the fast gate: (a) The fast gates of the two pores
are independent because each pore contains its own glutamate residue and the conforma-
tional change associated with the swing of the glutamate side chain is local and probably
does not influence the other pore; and (b) the fast gate is coupled to CI” permeation because
CI™ ions compete with the side chain of glutamate 166 for the occupancy of Sex and once
a CI” ion occupies this site there is no obstacle to the permeation process. This would also
explain the relatively minor voltage dependence of gating of the kidney CLC channels, CIC-
Ka and CIC-Kb, which carry a valine instead of a glutamate at the position equivalent to 166
of CIC-0 (Kieferle et al. 1994; Waldegger and Jentsch 2000).
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As detailed below, the fast gate can be opened by a mechanism that is favored at low in-
tracellular pH. Presumably, protonation of Glu-166 results in increased open probability due
to neutralization of its side chain. For this second mechanism to occur, protons must access
the Glu-166 side chain from the intracellular side (Fig. 4). Yin et al., on the basis of molec-
ular simulations, suggested three proton pathways (Yin et al. 2004). One of these pathways
involves glutamate residues at positions Glu-113, Glu-117, and Glu-203 that, interestingly,
in CIC-0 are substituted by Lys, Leu, and Val, respectively. The residue Glu-203 in CIC-ecl
was in fact suggested by Accardi et al. (Accardi et al. 2005) to be an internally accessible
acceptor for protons, as substitution of this residue with Gln completely abolished proton
flux, underlining its importance for the mechanism of transport. Interestingly, all members
of the CLC family known to be ion channels (CIC-0, CIC-1, CIC-2, CIC-Ka, CIC-Kb, and
respective species homologs) present a Val in place of the Glu at position 203, suggest-
ing a significant difference in the mechanism of transport between channel and antiporter
members of the CLC family.

However, despite all the pieces of information gathered so far, our picture of the mech-
anism of gating is still incomplete; for example, some studies point to structural rearrange-
ments of the pore associated with fast gate transitions, suggesting a larger conformational
change than the one that would be produced by a simple swing of the Glu-148 side chain
(Accardi and Pusch 2003; Traverso et al. 2003) (see “Use of CPA as a tool to explore the fast
gate of CIC-0"). Moreover, a gating mechanism based solely on the movement of the Glu
is unable to explain why the modulation of gating by Cl e is different from Cl7jp¢ (Chen
2003).

Use of CPA as a tool to explore the fast gate of CIC-0

Small ligand molecules have been very useful tools to explore gating mechanisms of voltage-
dependent cation channels (Hille 2001). A classic example is the identification of the ac-
tivation gate of K* channels by intracellularly applied tetracthylammonium (Armstrong
1966). In a similar manner, the small organic acid CPA and related compounds have been
used as tools that interfere with the fast gate of CIC-0 (Accardi and Pusch 2003; Pusch et
al. 2001; Traverso et al. 2003). CPA is the simplest derivative of 2-(p-chlorophenoxy)-3-
phenylpropionic acid (CPP), a substance that is known to inhibit the macroscopic skele-
tal muscle conductance (Conte-Camerino et al. 1988). Later studies on heterologously ex-
pressed muscle CIC-1 revealed that CPP and analogs block CIC-1 exclusively from the in-
tracellular side in a strongly voltage-dependent manner, leading to an apparent “shift” of
the voltage dependence of opening (Aromataris et al. 1999; Liantonio et al. 2003; Pusch
et al. 2000). The binding site of CPA and the unrelated 9-AC was mapped on CIC-1 with
considerable detail (Estévez et al. 2003). CPA and 9-AC bind to the channel in a partially
hydrophobic pocket adjacent to the central C1~ binding site (when mapped onto the C1C-ec1
structure), even though the precise orientation of the drug molecule is unknown (Estévez et
al. 2003). However, the small single-channel conductance (Pusch et al. 1994) and the rel-
atively complex gating of CIC-1 (Accardi and Pusch 2000) made it difficult to understand
the mechanism of CPP block in this channel. The prototype CIC-0 channel is more useful
in this respect. Employing the point mutant Cys-212-Ser simplifies the system even more
because this single amino acid substitution almost completely abolishes the common gat-
ing mechanism (Lin et al. 1999). CPA block of CIC-0 was extensively studied (Accardi and
Pusch 2003; Pusch et al. 2001). It was found that CPA binds to closed channels with an
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about 20-fold higher affinity than to open channels. In this way, CPA stabilizes the closed
state and leads to an apparent “shift” of the voltage dependence of opening. Open channel
block is of low affinity and associated with rapid binding/unbinding kinetics (apparent Kp
in the 20 mM range), whereas closed channel inhibition has much slower kinetics (Accardi
and Pusch 2003). As discussed above, fast gating of CIC-0 has been proposed to reflect only
the reorientation of the carboxylate side chain of the Glu-166 residue (Dutzler et al. 2003),
without any further conformational change of the protein. In this model, the relatively large
difference of the affinity and kinetics of open- and closed-channel binding of CPA is rather
unexpected, but might be explained by different electrostatic repulsion between CPA and
other anions in the pore. However, a recent crystallographic study by Lobet and Dutzler
(Lobet and Dutzler 2006) suggested that, in both open and closed states of the fast gate, all
three CI™ ion binding sites are equally maximally occupied by CI™ ions or by the carboxylate
side chain of Glu-166. Thus the model advanced by Dutzler and colleagues appears unable
to explain the characteristics of CPA block. Additional evidence in favor of a conformational
change that accompanies opening of the fast gate was obtained by Accardi and Pusch from
differential effects of pore mutants on closed- and open-channel block by CPA. For exam-
ple, the mutant Thr-481-Ser exclusively altered the closed-channel affinity, whereas other
mutations mostly altered the open-channel block (Accardi and Pusch 2003). Also, the data
of Traverso et al. (Traverso et al. 2003), again using CPA as a tool, suggested that a con-
formational change, in addition to the glutamate swing-out, accompanies opening of C1C-0
protopores.

Thus several pieces of evidence argue against the simple gating model for the fast gate
of CIC-0 in which the side chain of Glu-166 is the only moving part. Additional confor-
mational changes, in particular on the intracellular side, would be more compatible with
some of the data. However, a more precise definition of the mechanism of the fast gate will
probably need direct structural information for a eukaryotic CLC homolog.

CBS domains

All eukaryotic CLC proteins have a long carboxy-terminal cytoplasmic region whose length
ranges from 155 (CIC-Ks) to 398 amino acids (CIC-1) (Estévez et al. 2004). The C-terminal
domain is essential for the functioning of the eukaryotic CLC proteins, as deletions and
several point mutations in this region drastically affect transport activity and/or protein mat-
uration and trafficking (see below). Indeed, several disease-causing mutations are found
within the C-terminus (Estévez and Jentsch 2002; Jentsch et al. 2002; Pusch 2002), but,
despite some recent progress, its precise functional and physiological role is unknown. The
C-terminal region contains two so-called CBS domains (from cystathionine-B-synthase, the
first protein in which these domains were identified). These structural domains normally oc-
cur in pairs and are found in several unrelated proteins from all organisms (Bateman 1997;
Ponting 1997).

Recently, the crystal structure of the isolated cytoplasmic domain of C1C-0 from Torpedo
marmorata was solved by Dutzler and coworkers (Meyer and Dutzler 2006) (see Fig. 2b).
As previously described for a different protein (Sintchak et al. 1996; Zhang et al. 1999),
the two CBS domains have a triangular shape and are made of three p-strands and two o-
helices. Similar to other CBS-containing proteins, the two CBS domains (i.e., CBS1 and
CBS2) were found to interact at the level of the B-strands, forming a typical CBS1-CBS2
complex. A portion of 95 residues of the linker between CBS1 and CBS2 was found to be
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disordered in the crystal structure, but it is not clear yet whether this reflects a crystallo-
graphic artifact or the intrinsic flexibility of the region. However, the residual C-terminal
part of the linker, encompassing 25 residues, is well ordered. Interestingly, channel function
was not affected by the removal of residues that were part of the disordered linker region,
whereas no functional channels were obtained if the truncation was made in the structurally
well-defined part of the linker region preceding CBS2 (Estévez et al. 2004).

Unfortunately, the protein did not associate in dimers in the crystallization conditions
used by Meyer and Dutzler (Meyer and Dutzler 2006), and therefore critical information
about the subunits’ interaction had to be extrapolated from a modeling on the crystal struc-
ture of TM0935, a protein from Thermotoga maritima (Miller et al. 2004). However, even
after this procedure, the surface of the domain in contact with the transmembrane region
remained ambiguous, although CBS2 was suggested to be positioned closer to the pore than
CBS1 (Meyer and Dutzler 2006). Moreover, the C-terminal part of the cytoplasmic domain,
which is predicted to be relevant in the interaction between CBS1 and CBS2, was not in-
cluded in the construct used for the crystallization.

Several functions have been proposed for CBS domains. Alanine scanning mutagene-
sis of the yeast CI~ transporter ScCIC (geflp) suggested that CBS domains influenced the
subcellular localization of the channel (Schwappach et al. 1998).

On truncation of CIC-0, CIC-1, and CIC-5 after the first CBS domain, the proteins did
not give rise to current. However, their function could be restored by coexpression of the
missing C-terminal CBS domain, suggesting that CBS2 may function as an independent
structure (Maduke et al. 1998; Mo et al. 2004; Schmidt-Rose and Jentsch 1997). Estévez et
al. showed that CIC-1 truncated after the CBS1 domain was not able to reach the plasma
membrane by itself but that the expression could be restored to a normal level in the pres-
ence of the CBS2 domain in addition to a region of six amino acids at the N-terminal part of
CBS2 (Estévez et al. 2004). It was also shown that CBS domains from different CLC mem-
bers could be exchanged without abolishing channel function, demonstrating that the overall
architectural conservation of the domain may suffice, despite the low sequence conservation,
to preserve their role.

A first hint that the C-terminal region of the channel could be functionally linked to the
slow gate came from Jentsch and coworkers (Fong et al. 1998), who made use of mutations
in that region of the CIC-0 and of chimeric constructs and found that the C-terminal part
is essential for functional expression of the channel and is involved in the operation of the
slow gate. In particular, several point mutations in the CBS2 domain of CIC-0 and CIC-1
were found to influence the slow gate (Estévez et al. 2004).

Scott and Hawley found that a purified fragment comprising the last 260 C-terminal
residues of CIC-2 was able to bind ATP and that mutations located in this region that are
associated with genetic diseases lead to defects in ATP binding (Scott et al. 2004). It is in-
teresting to correlate these findings with a study of Niemeyer et al. (Niemeyer et al. 2004).
Analyzing the functional consequence of the mutation G715E in C1C-2 that was proposed to
induce idiopathic generalized epilepsy (Haug et al. 2003), Niemeyer et al. could not find any
gating alteration for the mutated channel but found that, in contrast to wild-type, it did not
respond to the substitution of ATP with AMP with accelerated opening and closing kinetics,
even though the effects were relatively minor. Recently, it was suggested that the isolated
carboxy terminus of CIC-5 folds in a predominantly a-helical structure and it is able to bind
ATP (Wellhauser et al. 2006). Interestingly, ATP modulates the activity of the common gate
of CIC-1 channels such that increasing ATP concentration shifts the midpoint of the open
probability distribution toward depolarized potentials and reduces the fraction of channels
that remain open at strong hyperpolarized potentials (Bennetts et al. 2005). Bennetts et al.
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suggested that the interaction with ATP is mediated by the CBS domains (Bennetts et al.
2005). Based on a homology model with the structure of a CBS dimer of IMPDH (inosine
monophosphate dehydrogenase) and in silico docking, they identified a putative ATP bind-
ing pocket in a cleft between the two CBS domains of CIC-1 and confirmed their results,
observing that mutations of residues that were predicted to interact with ATP reduced or
ablated the ability of ATP to modulate channel function (Bennetts et al. 2005). However,
no ATP binding could be detected in the CBS1-CBS2 complex of CIC-0, even at very high
ATP concentrations (Meyer and Dutzler 2006). Physiologically, an increased CIC-1 activity
due to ATP depletion during metabolic stress would stabilize the membrane potential and
reduce muscle excitability, thereby preserving the viability of muscle fibers. Such a mech-
anism, however, has not been described in vivo. In fact, it is questionable that an increased
chloride conductance, via a shift of the voltage dependence of the open probability, is able
to suppress muscle excitation after nerve stimulation.

The fact that mutations in the CBS domains, per se or by affecting the ability to bind
ATP, interfere with the operation of the common gate requires an interaction of the trans-
membrane part of the channel with the cytoplasmic terminus. An interesting possibility was
suggested by Estévez and coworkers (Estévez and Jentsch 2002; Estévez et al. 2004) to
explain this interaction: The last transmembrane helix R, whose N-terminal tyrosine coordi-
nates a CI” ion in the middle of the pore and whose C-terminus extends into the cytosol, is
directly connected to the CBS1-CBS2 complex. This helix may therefore be the structural
link between the inner pore and CBS domains.

Additionally, CBS domains may be relevant in the interaction with other proteins. It has
been found that deleting CBS1 and/or CBS2 impairs the interaction of CIC-5 with cofilin,
an actin-associated protein that is crucial in the regulation of albumin uptake by the proxi-
mal tubule (Hryciw et al. 2003). Moreover, a PY motif is found between CBS1 and CBS2
of CIC-5 that probably interacts with HECT-ubiquitin ligases to modulate the retention of
the channel in the plasma membrane (Schwake et al. 2001), and a splice variant of CIC-
3 displays a PDZ-binding motif at its extreme carboxy terminus that can interact with the
scaffolding proteins EBP50 (ERM-binding phosphoprotein 50), PDZK1, and GOPC (Golgi-
associated PDZ and coiled-coil motif-containing protein) (Gentzsch et al. 2003; Ogura et al.
2002).

Gating of muscle-type CIC channels

According to the classic view, in voltage-dependent cation channels permeability and gat-
ing are considered, to a first approximation, as independent processes implying the presence
of a permeable pore and of a separate structure that senses the transmembrane voltage and
opens and closes the pore. This picture is completely inadequate for CLC channels. A first
hint of the strong coupling of gating and permeation in CIC-0 came from the time asymme-
try of the single-channel bursts implying that the gating transitions were not in thermody-
namic equilibrium (Richard and Miller 1990) (see “Introduction”). Such a situation implies
the existence of an external energy input into the system that was identified as the chloride
electrochemical potential, anticipating one of the most eccentric features of CLC channels,
a gating process that is mediated by the permeant ion.

A thorough investigation of the properties of CIC-0 expressed in oocytes and CHO cells
allowed Pusch and coworkers to conclude that in CIC-0 permeation and gating are tightly
linked (Pusch et al. 1995a). They found that only permeant anions affect gating, that the ion
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selectivity of conduction is reflected in the ion selectivity of gating, and that an anomalous
mole fraction behavior in the conduction corresponds to a parallel behavior in the gating.
Incidentally, the presence of such an anomalous mole fraction behavior showed for the first
time that the channel pore contains more than one ion binding site, as was later confirmed
by structural data (Dutzler et al. 2003).

As mentioned above, the conducting state of the CIC-0 channel is controlled by two
different mechanisms defined as the slow gate and the fast gate.

The slow gate controls the opening (and closing) of both pores simultaneously (Miller
and White 1980; White and Miller 1979).

There are different factors affecting the operation of the slow gate, such as potential,
chloride concentration, pH, and temperature. Hyperpolarized potentials favor the opening
of the slow gate (Miller and Richard 1990). The steady-state activation of the slow gate can
be described by a Boltzmann function with a V', of approximately —-80 mV and an appar-
ent gating valence of ~2 (Pusch et al. 1997). Moreover, the slow gate apparently does not
deactivate completely at depolarized voltages, leading to an offset of the open probability
of the slow gate at positive voltages. Interestingly, this offset seems to correlate with the
expression level of CIC-0 in oocytes (Pusch et al. 1997).

Chen and Miller (Chen and Miller 1996), found in single-channel recordings, that in-
creasing [Cl Jexc shortened the mean closed time and increased the mean open time of the
slow gate. Also, [Cl7];; influences the operation of the slow gate. Decreasing intracellular
CI” shifted the popen of the slow gate to more negative potentials and reduced the maximal
activation at the most negative voltages (Pusch et al. 1999). Temperature is another variable
that markedly influences the operation of the slow gate (Pusch et al. 1997). In particular,
the kinetics of closing of the slow gate showed a Qo of ~40 at 20°C, suggesting that the
transition between the open and the closed state requires a complex rearrangement of the
protein. The effect of an increase of temperature is on one hand to inactivate the channels in
a more complete fashion at positive voltages and on the other hand to decrease the fraction
of channels that can be activated by the slow gate at negative voltages (Pusch et al. 1997).
However, the voltage of half-maximal activation is relatively independent of temperature.
This complex behavior cannot be correctly described by a simple two-state model (open-
closed states) but requires at least two open and two closed states for its description. The
effect of temperature was assessed also on the single-channel level, with the finding that
increasing the temperature increases the frequency of closure of the slow gate. As expected,
single-channel currents increase with temperature, but the dependence is shallow, consistent
with a diffusion-regulated process (Pusch et al. 1997).

In CIC-1, which normally lacks the typical slow gate activation at negative voltages
(Steinmeyer et al. 1991b), a hyperpolarization-activated component of the current becomes
apparent at low pHex¢ (5.5), which is reminiscent of the activation of the slow gate in CIC-0
(Rychkov et al. 1996).

The mechanism responsible for the slow gating has not yet been identified. The fact that
the slow gate acts on both pores simultaneously suggests, on the structural level, that it re-
lies on subunit interactions (Estévez and Jentsch 2002), in agreement with the finding that
concatemers comprising subunits of different CLC members led invariably to loss of slow
gating transitions (Lorenz et al. 1996; Weinreich and Jentsch 2001).

The interaction of the subunits in the dimeric architecture of CLC proteins can involve
the interface between the transmembrane segments or the cytosolic portions that are of sub-
stantial length in eukaryotic channels, or both.

Most CIC-1 mutations leading to dominant myotonia change the voltage dependence of
the channel and most likely involve the slow gate (Pusch et al. 1995b; Saviane et al. 1999).
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These mutations are scattered along the channel amino acid sequence (Pusch 2002) and
therefore prove that different regions of the channel probably interact to determine slow gate
transitions. However, several mutations cluster in helices at the dimer interface that probably
are important for subunit contacts: Mutations Val-286-Ala and Ile-290-Met change residues
in helix H, whereas mutations Phe-307-Ser, Ala-313-Thr, and Arg-317-Gln change residues
in helix I (Duffield et al. 2003; Pusch 2002). Moreover, several point mutations in C1C-0 that
are distant from the dimer interface have also been shown to eliminate slow gate transitions
(Lin et al. 1999; Ludewig et al. 1996; Traverso et al. 2006). As explained in the section on
the CBS domains, the C-terminus also appears to be a major determinant of the slow gate
(Estévez et al. 2004; Fong et al. 1998).

The fast protopore gate of CIC-0

The fast gate acts individually on the single pores of the dimer (Miller 1982). In single-
channel recordings of CIC-0 incorporated into planar lipid bilayers, it was found that the
fast gate operates in the milliseconds time range and the open probability of the single pro-
topore increases with voltage with an apparent gating charge of ~1 (Miller 1982) and fol-
lows a Boltzmann distribution as predicted for a two-state channel model (Hanke and Miller
1983).

[CI™]ext influences the open probability of the fast gate (Pusch et al. 1995a), with high
extracellular CI” favoring the opening of the channel, shifting the voltage dependence of the
open probability toward negative potentials (Fig. 4). Using single-channel recordings, Chen
and Miller (Chen and Miller 1996) showed that the open probability approaches a nonzero
asymptote at very negative potentials, an effect that can be described as incomplete closure
of the channel. The basis of this phenomenon is that the opening rate does not depend in
a monotonic manner on voltage. At depolarized potentials the opening rate increases expo-
nentially with voltage; at hyperpolarized voltages, however, the opening rate decreases at
intermediate potentials but increases again at highly hyperpolarized potentials. The result is
that the opening rate has a minimum at negative voltages. On increase in [Cl™ ]ex, the volt-
age activation curve shifts to the left along the voltage axis without significant change in the
apparent gating charge.

The closing rate of the fast gate depends on voltage, decreasing exponentially with de-
polarization. Importantly, the closing rate is only slightly affected by [Cl ]ex;. Therefore,
whereas the voltage dependence of the open probability is determined by both the opening
and the closing rate, the external C1~ dependence derives almost completely from an effect
on opening.

The operation of the fast gate depends also on [Cl ];y. In particular, the effect on the
opening rate is very small, whereas lowering [Cl™];,; substantially increases the closing rate
(Chen and Miller 1996) (Fig. 4). As a result, increasing [CI™ ]i, shifts the steady-state activa-
tion curve to the left, as with high [Cl™]ex¢. However, [CI™]in exerts a more prominent effect
on the degree of incomplete closure at hyperpolarized potentials, which was not observed
changing [Cl ]ex. In particular, as [Cl7 iy increases, the asymptote of the open probability
at negative voltages also increases (Chen and Miller 1996; Ludewig et al. 1997a).

These observations were rationalized by a model in which the fast gate of C1C-0 may
open through two different routes with opposite voltage dependence (Chen and Chen 2001;
Chen and Miller 1996). In one mode, opening is favored by membrane depolarization and
is sensitive to [Cl ]ex¢. A plausible mechanism for this gate would be that CI™ first binds to
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the channel and then travels through the pore to reach an inner binding site, spanning some
distance in the membrane electric field, as already suggested by Pusch (Pusch 1996; Pusch
et al. 1995a). The other mode does not depend on [Cl™]ex and is favored by hyperpolarized
potentials (Chen and Chen 2001). A more quantitative analysis of the [CI™];, dependence of
the fast gate was performed by Chen et al. (Chen et al. 2003). Their results confirmed that
[CI™ Jine almost exclusively affects the closing rate (increasing [Cl™ Jip; decreased the closing
rate). The effect of [Cl™];y on the closing rate was saturable, suggesting that it is mediated
by a ClI™-binding site. This was confirmed by experiments in which CI~ was substituted
with Br~ and SO42-, showing how the impermeant ion SO4>~ did not have any such effect,
whereas Br~, which binds to the pore more tightly than CI~, had a stronger effect (Chen et
al. 2003).

The fast gate is also affected by alterations of the intrinsic electrostatic potential of the
pore (Chen and Chen 2003; Zhang et al. 2006). In particular, mutating several residues
known to line the pore or located close to it affected the closing rate, with very little ef-
fect on the opening rate. Introducing positively charged residues (or removing negatively
charged residues) in the pore consistently increased the closing rate; vice versa, introducing
negatively charged residues decreased the closing rate. It seems therefore that increasing
[CI"]ine and introducing more negative charges in the pore lead to a similar effect (Chen and
Chen 2003; Chen et al. 2003). Chen and coworkers proposed two mechanisms to explain
these results, both based on the assumption that Glu-166 is the fast gate in C1C-0. The neg-
ative charge of the glutamate side chain could directly interact with charged residues in the
pore region. In this scenario, negative charges in the inner pore would repel the negative
charge on the glutamate so that the gate would be more difficult to close, that is, it would be
more difficult for the carboxylate side chain of Glu-166 to occupy the Sy position. How-
ever, as judged from the structure of ClC-ecl, some mutations tested in the study would be
more than 20 A away from Glu-166. More importantly, the behavior of the double mutant
E127K/KS519E is not in agreement with this model (Chen and Chen 2003). The alternative
possibility is that the effect of the electrostatic potential of the pore on gating is mediated by
the permeant anion. For example, a more positive charge at the amino acid positions 127,
515, and 519 that are located near Sj would decrease the ability of CI~ present at this site
to displace C1™ at Scen and at Sex¢. This, in turn, would decrease the ability of C1™ to compete
with Glu-166 for Sey, leading to faster closing of the protopore gate.

This hypothesis is especially appealing because it would explain the behavior of the
mutant Glu-127-Gln, for which the effect on the fast gate mirrors the effect on channel con-
ductance. However, not all the mutants affect both fast gate and conductance. Chen and
colleagues therefore suggested that the charge of residues in the pore and the charge carried
by the permeant ion both can contribute to the overall gating process and that the location
of the charge in the pore determines their relative contribution (Chen and Chen 2003; Chen
et al. 2003).

Very recently it has been found that the residue K149 in CIC-0 (corresponding to K131
in CIC-ecl), although not directly lining the pore, plays a very important role in the electro-
statics of the channel, as mutations of this residue reduce the opening rate of the fast gate
(Zhang et al. 2006). Interestingly, the mutation K131M in ClC-ec1 results in a perturbation
of CI"/H" antiporter function (Accardi et al. 2005).

The electrostatics of the pore is also a major determinant of the single-channel conduc-
tance of CIC-0 (Chen and Chen 2003). For example, it was found that mutations changing
the charge in the inner pore (e.g., Lys-519-Glu) reduce the conductance at “physiological”
CI” concentrations, but not at saturating [Cl™ Jip; (Chen and Chen 2003). In contrast, for the
mutation Ser-123-Thr, which changed the highly conserved serine in the selectivity filter, the
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decrease in conductance could not be rescued by manipulation of the internal CI~. Notably,
the mutant Tyr-512-Phe, located in the selectivity filter, produced an increase in conductance
of 30% compared to wild-type. This suggests that the regulation of channel conductance by
mutations in the selectivity filter and in the channel inner mouth is different. The hydroxyl
groups of Ser and Tyr are clearly shown in the CIC-ecl structure to coordinate a CI~ ion
at Scen and are conserved in the CLC family. The fact that mutations in the corresponding
residues in CIC-0 have such a different influence on conductance is still difficult to explain
and may suggest a complex effect of these mutations on channel conductance and some
difference between the transporter and the channel members of CLC proteins.

The modulation of the fast gate by external protons was first studied by Chen and Chen
(Chen and Chen 2001), who showed that reducing pHex; increases the open probability,
mostly at hyperpolarized potentials, almost exclusively increasing the opening rate (Fig. 4).
The macroscopic effect of a decrease in pHex; is therefore mostly an increase in the minimal
open probability (Pmin) at hyperpolarized potentials and not a shift of the popen(V) curve,
which is instead seen on changing [Cl Jex¢. Chen and Chen (Chen and Chen 2001) proposed
that the effect of pHex; on the fast gate is not mediated by a change in the affinity of the
CI™ binding site that regulates channel opening (Chen and Miller 1996; Pusch 1996) and
that therefore the mechanism of pHex¢ regulation must be intrinsically different from the
[CI Jexi-dependent channel opening. The regulation by external protons, CI™ independent
and mostly effective at hyperpolarized potentials, is similar to one of the mechanisms of
opening described by Chen (Chen et al. 2003), potentially indicating that the two processes
are linked (Chen and Chen 2001).

Moreover, the fact that the modulation by pHex, is stronger at negative voltages is rem-
iniscent of the action of [Cl Jiy; on the fast gate. Chen and Chen (Chen and Chen 2001)
indeed suggested that the action of external protons is more pronounced at higher [Cl™]iy,.

The CIC-0 mutant Glu-166-Asp has a drastically reduced open probability compared to
wild-type (Traverso et al. 2006) and is thus expected to display an even stronger response to
the external pH. Traverso et al. (Traverso et al. 2006) found instead that decreasing pHey, did
not increase outward currents. In particular, low pHey increased a persistent inward current
that was characterized by a smaller single-channel conductance. These results suggested
that Asp-166 can be protonated from the intracellular side in a voltage-dependent manner
or from the extracellular side in a voltage-independent manner, resulting in open states of
different conductance (Traverso et al. 2006). In CIC-1 it was found that decreasing pHext
affected the macroscopic current, mostly by increasing the steady-state component at the
expense of the deactivating portion. At variance with the behavior of external CI™ at low
pHint, it was found that at low pHey(, external Cl"was not able to influence channel gating
(Rychkov et al. 1996).

The influence of the internal pH on the fast gate transitions was investigated in the re-
constituted Torpedo channel (Hanke and Miller 1983) (Fig. 4). Low pHiy drives the pro-
tochannel open without changing its conductance. The effect was interpreted in terms of
a shift of the voltage dependence of the open probability toward negative potentials. Hanke
and Miller suggested that on opening of the channel a titratable group exposed to the intra-
cellular solution changes its pK from 6 to 9 and that this change in pK underlies the ability of
protons to drive the channel into its open state (Hanke and Miller 1983). In CIC-1, internal
pH had a very similar effect (Rychkov et al. 1996). Hanke and Miller also investigated the
pH dependence of the opening and closing rate constants. They found that at all pH values
tested, those rates vary exponentially with voltage and at all voltages both opening and clos-
ing rate constants vary with proton concentration. However, with an increase in the proton
concentration, the closing rate constant decreases whereas the opening rate increases. There-
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fore, the effect of pHjy; changes mainly translates into a shift of the popen along the voltage
axis. The pH dependence implies that a simple two-state model is insufficient to describe the
channel behavior and that a protonation reaction must be added to the scheme. Hanke and
Miller (Hanke and Miller 1983) suggested, however, that the protonation step does not con-
tribute to the voltage dependence of gating, which in their model is brought about only by
the transition between open and closed states. Such an interpretation was recently challenged
by Pusch and coworkers, who investigated the pH dependence of the Glu-166-Asp CIC-0
mutant (Traverso et al. 2006). This mutant strongly affects the operation of the fast gate, dra-
matically reducing the open probability of the channel. This drastic effect of the conservative
Glu— Asp mutation (Traverso et al. 2006) probably reflects the sensitivity of CIC-0 gating
on the protonation state and flexibility of this key acidic residue. Lowering pHip; increased
current of the Glu— Asp mutant, in agreement with the behavior of the wild-type channel
(Hanke and Miller 1983; Traverso et al. 2006). However, the pHjy; dependence of this mu-
tant is not consistent with a model in which the protonation step is voltage independent,
but could be better described by a model in which the protonation/deprotonation reactions
carry most of the voltage dependence. This suggestion also opens up new questions. It is
reasonably well established that Glu-166 is the proton acceptor responsible for the regula-
tion of the fast gate by pHex. On the other hand, we still do not know which residue(s) is
involved in the control of the fast gate by intracellular protons. An interesting hypothesis
is that opening of the fast gate requires the protonation of Glu-166. Protonation may occur,
in a relatively voltage-independent manner, from the extracellular solution or, in a voltage-
dependent manner, from the intracellular side. A protonation of Glu-166 (or Asp-166) from
the intracellular side was also proposed recently by Miller as the possible major source of
voltage dependence of the fast gate of C1C-0 (Miller 2006) (see Fig. 4).

Zinc and cadmium—inhibitors of CIC-0, CIC-1, and CIC-2

CIC-0, CIC-1, and CIC-2 are inhibited by Zn%* and Cd?* jons (Chen 1998; Clark et al. 1998;
Kiirz et al. 1997; Rychkov et al. 1997), confirming results obtained for the CI~ conductance
of frog skeletal muscle (Hutter and Warner 1967). A first mechanistic insight into the inter-
action between Zn* ions and CLC channels came, however, from an analysis of the Zn*t
block of CIC-0 (Chen 1998). For CIC-0 the inhibition is reversible with an ICso of 1-3 uM.
The effect of Zn>* did not seem to be mediated by an interaction with the fast gate, whose
voltage dependence of the open probability and of the kinetics remained unaltered in the
presence of Zn>*. The apparent on- and off-rates of Zn>* inhibition were slow and showed
pronounced temperature dependence, from which it was suggested that the inhibition was
unlikely to stem from a simple open channel block and probably involved a more compli-
cated process (Chen 1998). In particular, the temperature dependence of the effect directly
suggested a possible link of the inhibition with the operation of the slow gate (Chen 1998;
Pusch et al. 1997). It was found that indeed increasing Zn>* concentration facilitated the
slow gating process (Chen 1998). Specifically, the effect of Zn>* on slow gating equilibrium
appears to come mostly from an increase in the forward rate of inactivation. Interestingly,
the mutation Cys-212-Ser in CIC-0, which was shown to eliminate the slow gating process,
also drastically reduces the channel’s sensitivity to Zn>* (Lin et al. 1999), further supporting
the association between the slow gate and the mechanism of Zn>* inhibition.

As described below, the common gate of CIC-1 has quite different features from that in
CIC-0, such as, for example, an opposite voltage dependence, and vastly different kinetics
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and temperature sensitivity. The ICsy for Zn?* inhibition of CIC-1 has been found to be
0.35 mM (Rychkov et al. 1997). In contrast to CIC-0 and CIC-2 (Chen 1998; Clark et al.
1998), Zn** and Cd>* block appear to be irreversible for CIC-1 (Kiirz et al. 1997; Rychkov
et al. 1997). Interestingly, also in CIC-1 the mutation Cys-277-Ser, corresponding to the
mutation Cys-212-Ser of CIC-0, drastically reduces the closure of the slow gate (Accardi et
al. 2001) and virtually eliminates Zn>* block, suggesting a similarity in the mechanism of
Zn** block on the two channels (Duffield et al. 2005). At variance with CIC-0, however, in
CIC-1 the block by Zn?* is too slow to be a simple function of the open probability of either
the fast or the putative slow gate. Moreover, the temperature dependence of Zn>* inhibition
(Q10 ~13°) is much higher than the Qo of the putative slow gate, which is ~4° (Bennetts et
al. 2001). Both elements indicate that in CIC-1 the mechanism of Zn** inhibition, although
founded on the interaction with the slow gate as in CIC-0, may present significant differ-
ences, and Duffield et al. (Duffield et al. 2005) proposed that in CIC-1 Zn>* acts by binding
to a closed substate of the common gate that has very low probability in the wild-type chan-
nel and was therefore not previously identified.

Extracellular Cd** produces a concentration-dependent block of CIC-1 expressed in the
St-9 cell line, with an IC5p of 1 mM (Rychkov et al. 1997). It was suggested that C1C-1
has at least two binding sites for Cd** in which His residues may play a prominent role
(Rychkov et al. 1997).

Ziiiiga et al. found that Cd>* block of CIC-2 is mediated by an acceleration of the rate
of deactivation (Zuiiiga et al. 2004). Mutation of Cys-256 in CIC-2, corresponding to a cys-
teine residue known to affect the operation of the slow gate in CI1C-0 (Cys-212-Ser) (Lin
et al. 1999) and CIC-1 (Cys-277-Ser) (Accardi et al. 2001) and to drastically reduce Zn2t
block, also reduced the effect of Cd** compared to wild-type, indicating that Cd** would
exert its action through an interaction with the gating machinery of the channel (Zifiiga et
al. 2004). However, at variance with the action of Zn** on CIC-0 and CIC-1, Cd?* affected
both the fast and the slow gating process of CIC-2 (Yusef et al. 2006), indicating a strong
coupling between fast and slow gating, similar to what was proposed for CIC-1 (Accardi et
al. 2001). Moreover, the mutation His-811-Ala in CIC-2, corresponding to a mutation that
completely and selectively abolishes slow gating in CIC-0 (Estévez et al. 2004) and that is
located in the highly conserved CBS2 domain, affected both fast and slow gating of CIC-2.
Interestingly, combining this mutation with Glu-217-Val ablates all gating transitions (Yusef
et al. 20006).

CIC-1—the skeletal muscle chloride channel

CIC-1 was cloned from rat skeletal muscle by homology screening with a probe derived
form the Torpedo CIC-0, with which it shares 54% sequence identity (Steinmeyer et al.
1991b). It is predominantly expressed in skeletal muscle, where it accounts for the large C1~
conductance responsible for the resting membrane potential (Bretag 1987; Steinmeyer et al.
1991b). Low transcript levels could also be detected in kidney, heart, and smooth muscle
(Steinmeyer et al. 1991b).

Analysis of dominant-negative mutations suggested that CIC-1 has a multimeric archi-
tecture (Pusch et al. 1995b; Steinmeyer et al. 1994). This view was supported by Lorenz
et al. (Lorenz et al. 1996), who showed that CIC-1 and CIC-2, on coexpression in Xenopus
oocytes, form heterooligomers.
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Even though a quantitative single-channel analysis of CIC-1 is difficult because of its
small single-channel conductance (Pusch et al. 1994), an extension of the double-barreled
architecture from CIC-0 to CIC-1 was strongly supported by inspection of the single-channel
behavior displaying two equidistant conductance levels of 1.2 and 2.4 pS (Saviane et al.
1999). Incidentally, the small single-channel conductance explains why many previous at-
tempts to detect its activity in intact muscle preparations failed.

Despite the similarities with C1C-0, there are a number of functional characteristics that
differentiate C1C-1 from CIC-0. In contrast to CIC-0, gating and permeation apparently do
not seem to be so closely linked in CIC-1 (Rychkov et al. 1998) as anions like cyclamate and
methanesulfonate can have a substantial effect on gating without being permeant. However,
these results can probably be explained by an external anion binding site with relatively high
affinity for organic anions in CIC-1 but not in CIC-0 (Rychkov et al. 2001). Occupation of
this site by organic anions indirectly influences the occupation by chloride of deeper anion
binding sites. Gating of CIC-1 is similar to the fast gating of CIC-0 in that it also activates
with depolarization and can be described by a Boltzmann function with an apparent gating
charge of ~0.9 (Pusch et al. 1994; Rychkov et al. 1996; Steinmeyer et al. 1991b).

Even if under normal conditions CIC-1 lacks a slow hyperpolarization-activated gate,
such a gate becomes visible al low pHex; and positive holding potentials (Rychkov et al.
1996).

Under physiological pH conditions, CIC-1-mediated currents display a deactivation
comprising two exponential components (Rychkov et al. 1996). Accardi and Pusch (Accardi
and Pusch 2000) showed that these components have time constants that are quite similar
at negative voltages but grow apart as the voltage is increased. At a voltage of 200 mV they
differ almost by a factor of 100, mimicking the difference between fast and slow gates in
CIC-0. In particular, investigation of the dependence of the two components on [Cl™]¢x; and
pHine suggested that the faster gating components found for CIC-1 behaved very similarly
to the fast gate of CIC-O and the slower component of CIC-1 was similar to the slow
gate of CIC-0. It was therefore proposed that also for CIC-1 the two gating components
correlated with the operation of fast and slow gates. However, it was shown that the voltage
dependence of the slow gate in CIC-1 is reversed compared to CIC-0 (Accardi and Pusch
2000; Saviane et al. 1999).

The physiological role of CIC-1 is discussed below in the context of its involvement in
congenital myotonia.

Myotonia

Myotonia—or muscle stiffness—is a symptom that is associated with various genetic dis-
eases. In “chloride-channel” recessive (Becker) (Becker 1957) and dominant (Thomsen)
(Thomsen 1876) myotonia congenita, myotonia is practically the only symptom. Muscle
diseases caused by mutations in the SCN4A sodium channel have overlapping but not iden-
tical symptoms (Lehmann-Horn and Jurkat-Rott 1999).

Myotonia is caused by hyperexcitability of the muscle plasma membrane, such that nor-
mal nerve stimulation produces an exaggerated and possibly repetitive firing of muscle ac-
tion potentials (myotonic runs) (Adrian and Bryant 1974). About 80% of the resting con-
ductance of skeletal muscle consists of a chloride conductance, gcj, the majority of which is
carried by CIC-1 (Steinmeyer et al. 1991a, 1991b). A marked reduction of gc; thus decreases
the depolarizing and stabilizing conductance, causing hyperexcitability. In most neurons,
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equivalently stabilizing and repolarizing conductances are mostly carried by K* channels. It
is thought that in skeletal muscle a K* conductance is not adequate for such a role because
of an expected buildup of K* ions in the restricted space inside the t-tubules (Cannon 2000;
Pusch 2001). In fact, detubulation of rat skeletal muscle reduces gcy but not gk (Palade and
Barchi 1977), However, the two studies that specifically investigated the subcellular local-
ization of CIC-1 with immunofluorescence found the protein in the sarcolemma and not in
the t-tubules (Gurnett et al. 1995; Papponen et al. 2005).

In myotonic dystrophy (DM), for which myotonia is only one of many symptoms, it has
recently been shown that the RNA coding for the CIC-1 protein is strongly reduced by an
alteration of its correct splicing (Berg et al. 2004; Charlet et al. 2002; Mankodi et al. 2002).

Dominant and recessive myotonia congenita are instead caused by mutations in CLCN1,
the gene coding for CIC-1. A mouse model for recessive myotonia, the adr mouse (Mehrke
et al. 1988), helped to identify CIC-1 as the major skeletal muscle CI~ channel (Steinmeyer
etal. 1991a). In the adr mouse, no CIC-1 protein is made because both alleles are practically
destroyed by a homozygous transposon insertion. Similarly, most mutations that lead to re-
cessive myotonia in humans either completely abolish channel function (like, e.g., early stop
codons) or drastically reduce channel function (see Pusch 2002 for an overview of possible
effects of recessive mutations). There may be several reasons for the fact that heterozy-
gous carriers of such recessive mutations (50% gene dosage) are generally asymptomatic.
A 50% gene dosage could be functionally compensated at the RNA level (transcription,
splicing, processing, turnover) or at the protein level (translation, processing, sorting, tar-
geting, turnover). In fact, heterozygous adr mice show an almost unaltered muscle chloride
conductance (Chen et al. 1997). It remains, however, as an interesting problem if and how
much the CI~ conductance is reduced in human heterozygous carriers of recessive mutations.
Pharmacological experiments indicate that more than 50% of the CI~ conductance must be
inhibited in order to cause myotonia (Furman and Barchi 1978). This observation and the
fact that heterozygous carriers of recessive mutations are generally asymptomatic demon-
strate that in order for a CLCNI mutation to be inherited in a dominant manner it must pro-
duce a dominant-negative effect. That is, it must reduce gc; more than a heterozygous loss
of function, beyond the threshold that is necessary to precipitate myotonia. These considera-
tions are in agreement with the fact that far more recessive than dominant CLCNI mutations
have been described (Pusch 2002): Channel function is easily destroyed, for example, by
early stop codons, but a dominant-negative effect requires a specific association with a wild-
type subunit. The first dominant mutation, P480L, was identified in descendants of Thom-
sen, who himself suffered from the disease (Steinmeyer et al. 1994). When coexpressed with
wild-type subunits in Xenopus oocytes, the mutation exerted a strong dominant-negative ef-
fect, and this was the first indication that CLC channels are homomultimers (Steinmeyer et
al. 1994). The mechanism of action remained unclear, however, and the initial estimate of
the number of subunits (4) turned out to be wrong. Later, it was found that several dominant
mutations, including P480L, exert a dominant-negative effect by “shifting” the voltage de-
pendence of channel activation to more positive voltages, such that channels are less active
at the skeletal muscle resting membrane potential (Pusch et al. 1995b). In the context of
the double-barreled structure of CLC channels with two separate gates (fast, protopore gate
and slow, common gate) it was later found that most dominant mutations act primarily on
the common gate of CIC-1 (Aromataris et al. 2001; Saviane et al. 1999). It also must be
said, however, that the distinction between dominant and recessive forms of the disease is
not very clear-cut. The same mutation may appear as dominant in some pedigrees and as
recessive in others (Plassart-Schiess et al. 1998). Thus other factors, independent of CIC-1,
seem to contribute to the severity of myotonia.
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The shift of the voltage dependence is not the only dominant-negative mechanism. For
example, the C-terminal truncation R894X has a quite strong dominant-negative effect,
without an apparent change of the voltage dependence (Meyer-Kleine et al. 1995). This
mechanism remains to be identified. As we hope to have illustrated above, understanding the
pathophysiology of myotonia provides a valuable insight into the general function of CIC-1.

CIC-2—a complex chloride channel of epithelial and nonepithelial cells

CIC-2 has been cloned from rat heart and brain. The 907-amino acid protein shares 49%
identity with CIC-0 and 55% with CIC-1. It is broadly expressed in several tissues and in
cell lines of different origin such as epithelial, fibroblast, and neuronal (Thiemann et al.
1992).

On expression in Xenopus oocytes, CIC-2 gave rise to currents that were slowly acti-
vated and inwardly rectifying, unlike CIC-0 and CIC-1 (Griinder et al. 1992; Thiemann et al.
1992). Moreover, these currents were activated only at unphysiological, hyperpolarized po-
tentials. The instantaneous I-V curve observed after activation of the hyperpolarized current
revealed a linear current-voltage relationship. Similar to CIC-0, iodide is less permeant than
chloride. Extracellular 9-anthracene carboxylic acid (1 mM) and diphenylaminecarboxylate
(1 mM) inhibited the conductance by 50%, whereas 1 mM DIDS was almost ineffective
(Thiemann et al. 1992).

Single-channel analysis applied on concatemeric constructs of CIC-0 and CIC-2 demon-
strated a functional dimeric architecture of C1C-2 (Weinreich and Jentsch 2001) in analogy
with CIC-0 (Bauer et al. 1991; Ludewig et al. 1996; Middleton et al. 1996; Miller and White
1984) and CIC-1 (Saviane et al. 1999). Unfortunately, the single-channel conductance of
CIC-2 is only 2.6 pS, a factor that has so far hampered attempts at a thorough characteriza-
tion of the channel properties at the single-channel level.

Superfusion of oocytes expressing CIC-2 with hypotonic solution produced currents
with faster kinetics that were activated at less hyperpolarized potentials and therefore in
the physiological voltage range, suggesting that CIC-2 is involved in volume regulation
(Furukawa et al. 1998; Griinder et al. 1992; Jentsch et al. 2002). In particular, the overall
current amplitude significantly increased on superfusion with hypotonic solution (Griinder
et al. 1992). The activation was fully reversible and needed around 10 min to set in, sug-
gesting that the effect was probably due to slow intracellular changes rather than to a direct
effect on the channel. Hypertonicity did not have any effect on wild-type CIC-2. A chimeric
approach allowed the identification of the N-terminal domain as determinant for the volume
sensitivity of the channel (Griinder et al. 1992).

In particular, deletions in the first 31 amino acids led to constitutively open channels that
were also unresponsive to hyper- or hypotonicity (when analyzed with the two-electrode
voltage-clamp technique), whereas upstream from this essential domain, deletions produced
channels with an intermediate phenotype. The effect of these domains was independent from
their position, as the N-terminal region could be transplanted to the C-terminus, retaining its
effect (Griinder et al. 1992).

Extracellular pH significantly affects the operation of CIC-2, with moderate acidifica-
tion leading to channel activation already at ~—-30 mV and to increased steady-state currents
(Jordt and Jentsch 1997). It was suggested that the mechanism of action is a shift of the volt-
age dependence of the common gating mechanism, and Jordt and Jentsch proposed that, in
analogy with the effect of hyperpolarization and cell swelling, the response to extracellular
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pH depends on the N-terminal domain (Jordt and Jentsch 1997). However, the role of the
N-terminal domain of the channel is still not very clear. In fact, in contrast with the voltage-
independent phenotype of the N-terminal deletion described previously with two-electrode
voltage-clamp recordings (Griinder et al. 1992), in inside-out patches the same construct
gave rise to channels that conserved the characteristic activation at hyperpolarized poten-
tials of the wild-type, albeit with a faster kinetics (Pusch et al. 1999). Similarly, deletions of
amino acids 16-61 of rCIC-2 expressed in HEK cells, although producing faster opening and
closing kinetics compared to wild-type, did not produce significant changes in voltage and
pH dependence (Varela et al. 2002). However, it was observed that with nystatin-perforated
patches, which allow the selective exchange of cations between the cytoplasm and the pipette
solution, currents of the amino terminal-deleted mutant lost their voltage dependence (Varela
et al. 2002), suggesting that the differential effect of the deletion in different expression sys-
tems and measuring conditions may depend on factors such as osmotic state of the cells,
cytoskeleton structure integrity, or diffusible cytoplasmic components, as already discussed
by Pusch et al. (Pusch et al. 1999).

In a study of currents in mouse parotid acinar cells that were probably mediated by
CIC-2, Arreola et al. found a bimodal pHex effect with a conductance maximum around
pH 6.5 (Arreola et al. 2002). Interestingly, acidification to pH 5.5 applied during opening
by hyperpolarization led first to a transient activation followed by inhibition, suggesting the
existence of two different proton-binding sites. Occupation of one of these can exert a stim-
ulatory effect, but the site becomes accessible to extracellular protons only in the open state
of the channel (Arreola et al. 2002). Very similar results were found for guinea pig CIC-2
expressed in HEK cells (Niemeyer et al. 2003). In particular, because the transient activation
by external protons was ablated in the mutant Glu-217-Val, it was suggested that the residue
Glu-217 is the acceptor site for protons responsible for the stimulatory effect of low pH on
CIC-2 (Niemeyer et al. 2003).

Mutating Lys-566, located at the end of the transmembrane-spanning domain, to gluta-
mate was found to shift the voltage dependence of gating and to change the inward recti-
fication of the open channel /-V relationship of wild-type CIC-2 to outward rectifying, in
analogy with the effect of the corresponding mutant (Lys-519-Glu) on the fast gate of CIC-0
(Pusch et al.1999, 1995a). However, mutation of this lysine did not modify activation by
hyperpolarization, cell swelling, and acidification. In contrast, mutations in helix I and the
preceding loop abolished all three modes of activation by constitutively opening the channel
without changing its pore properties (Jordt and Jentsch 1997).

It has been clearly established that gating of CIC-2 depends on intracellular [CI"], whose
increase shifts the open probability of the channel toward positive potentials in a N-terminal-
deleted construct of rat CIC-2 expressed in oocytes (Pusch et al. 1999), the full-length rat
CIC-2 expressed in HEK cells (Niemeyer et al. 2003), and the human CIC-2 (Haug et al.
2003).

The role of extracellular chloride is still controversial, as Pusch et al. (Pusch et al.
1999) showed that, surprisingly, decreasing [Cl ]ex; increases the open probability of CIC-
2, whereas Niemeyer et al. (Niemeyer et al. 2003) were not able to observe any effect of
extracellular CI™ on gating.

Activation of macroscopic CIC-2 currents follows a double exponential time course,
with time constants differing roughly by one order of magnitude (de Santiago et al. 2005;
Pusch et al. 1999; Ziiiga et al. 2004). Both time constants are voltage dependent, becoming
faster on hyperpolarization (Zuifiiga et al. 2004). The opposite behavior was found for CIC-1,
in which both gates are opened by depolarization (Accardi and Pusch 2000), while the slow
gate of CIC-0 also opens in response to hyperpolarization (Pusch et al. 1997). Interestingly,
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the amplitudes of the two components in CIC-2 have an opposite voltage dependence (de
Santiago et al. 2005). The voltage dependence of macroscopic currents could be described
by a Boltzmann function with half-maximal activation and slope factor of, respectively,
—117 and 22 mV at 22°C (Ziiiga et al. 2004). Activation and deactivation time constants
were reduced on temperature increase without major changes in the steady-state activa-
tion curve. The Qo values calculated for both fast and slow time constants are between
4 and 5, suggesting a significant conformational change associated with those processes
(Zuiiga et al. 2004). This value is larger than the Q¢ factor related to the fast gate of C1C-0
but much smaller than that for the slow gate (Pusch et al. 1997). On the other hand, it is in
the same range of the Q¢ factor measured for the common gate of CIC-1 (Bennetts et al.
2001).

An attempt at quantitative dissection of the properties of the fast and slow gating pro-
cesses in CIC-2 was made by de Santiago et al. (de Santiago et al. 2005). These authors
found that the open probability of the protopore gate can be described by a Boltzmann dis-
tribution with half-maximal activation at .63 mV and an apparent gating charge of —1.22,
whereas the common gate remains about 55% open at positive voltages and is associated
with an apparent gating charge of —0.99 with half-maximal activation at —134 mV. The mu-
tation Cys-258-Ser affected the voltage dependence of both gates. This observation is in
contrast with the fact that the double mutant Glu-217-Ala/Cys-258-Ser produced currents
very similar to that of the single mutant Glu-217-Ala, probably dominated by the slow com-
ponent (Niemeyer et al. 2003), suggesting that the mutation Cys-258-Ser mostly affects the
operation of the fast gate.

Moreover, the mutation His-811-Ala in CIC-2, corresponding to a mutation that com-
pletely and selectively abolishes slow gating in CIC-0 (Estévez et al. 2004) and that is located
in the highly conserved CBS2 domain, affected both fast and slow gating of CIC-2. Interest-
ingly, combining this mutation with Glu-217-Val ablates all gating transitions (Yusef et al.
2006).

Collectively, these pieces of evidence point to a gating mechanism composed of a fast
and slow component that bear some resemblance to the protopore and common gate identi-
fied in C1C-0 and CIC-1 but that appear also to have very distinctive features whose nature
is only poorly understood. In particular, a very specific element of CIC-2 is the stronger cor-
relation of the two gating modes compared to the other channel members of the CLC family
(Zuiiga et al. 2004).

Mutation of the conserved Glu at position 217 into Val (Glu-148 in CIC-ecl) produces
a loss of sensitivity of the channel to CI7j,; and almost abolishes its voltage dependence and
the characteristic inward rectification of the current (de Santiago et al. 2005; Zdfiiga et al.
2004). It has been conjectured that in CIC-2 fast gating is due to the movement of the side
chain of Glu-217 in a mechanism similar to that proposed for the fast gate of CIC-0 and
CIC-1 (Niemeyer et al. 2003; Yusef et al. 2006; Zdiiiga et al. 2004). In this scenario, the
residual voltage dependence observed for CIC-2 at strongly hyperpolarized potentials could
be explained in terms of transitions of the common gate (de Santiago et al. 2005; Niemeyer
et al. 2003). The analogy between CIC-2 and other channel members of CIC family can
be extended also to the extracellular pH dependence as the transient activation of CIC-2
at acidic extracellular pH is reminiscent of the increase in the open probability of the fast
gate of CIC-0 at low external pH and is mediated by the corresponding glutamate residue
(Niemeyer et al. 2003).

Even more speculatively, slow gating transitions in CIC-2 have been proposed to arise
from conformational changes in the pore, which are known to accompany protopore gating
in CIC-0 (Accardi and Pusch 2003), possibly mediated through rearrangements of the he-
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lix R, which can be influenced by movements of the C-terminus of the protein (Yusef et al.
2006). However, in the absence of single-channel measurements, the separation between fast
and slow gating transitions is only tentative and requires a more solid experimental basis.

Physiological role of CIC-2

In contrast to the tissue distribution, the subcellular localization of CIC-2 channels is still
controversial. On one hand, antibodies against C1C-2 detected signals in apical membranes
of intestinal tissues in humans (Murray et al. 1996) and mice (Gyomorey et al. 2000) and
in rat lung epithelium (Blaisdell et al. 2000). On the other hand, with different antibodies,
a basolateral localization was suggested in rat small intestine and colon (Lipecka et al. 2002)
and guinea pig colonocytes (Cataldn et al. 2002).

As pointed out by Zdebik et al. (Zdebik et al. 2004), none of these studies included
controls with knockout tissues, raising the possibility that some of these results may reflect
unspecific binding. Such an approach was recently undertaken by Sepulveda and coworkers
(Pefia-Miinzenmayer et al. 2005) who, by an immunohistochemical approach using CIC-2-
null mice as a negative control, showed that C1C-2 has a basolateral localization in intestinal
epithelial cells of wild-type mice. Moreover, heterologous expression in epithelial cell lines
of a CIC-2 construct with a C-terminally fused GFP in combination with confocal fluores-
cence imaging confirmed a basolateral expression. The polarized expression seems to de-
pend on the AP-1AB clathrin adaptor protein, which is known to be an epithelium-specific
complex involved in basolateral sorting (F6lsch et al. 1999). In particular, a dileucine motif,
which is normally recognized by AP-1AB (Nakatsu and Ohno 2003), encoded in the CBS2
domain of CIC-2 was found to be critical for the basolateral localization as its disruption
produced apical localization (Pefia-Miinzenmayer et al. 2005). This motif is conserved in
CIC-2 from different organisms and in the other plasma membrane CLC members but not
in CIC-3, -4, -5, -6, and -7, all mainly expressed intracellularly.

A basolateral localization of CIC-2, implying that it does not contribute to chloride se-
cretion, is compatible with the observation that homozygous mice harboring the AF508
mutation in the CFTR gene, leading to cystic fibrosis through impaired CI~ secretion, sur-
vived better when CIC-2 was additionally disrupted (Zdebik et al. 2004). This issue is of
significant medical importance because the pathological changes in cystic fibrosis are pre-
dominantly due to defective C1~ conductance on the apical side of the cells, and therefore
pharmacological intervention on CI~ channels, in particular CIC-2, to be beneficial, will
have to take into account its subcellular localization. For example, since CIC-2 is expressed
basolaterally, maneuvers that decrease the channel conductance might have a positive effect
on the pathology (Zdebik et al. 2004). A possible physiological mechanism that potentially
modulates CI~ fluxes through the plasma membrane of epithelial cells depending on their
absorption-secretion activity is provided by the regulation of the open probability of CIC-2
operated by [Cl ™ ]ip (Cataldn et al. 2004).

Several recent papers reported on the interaction of CIC-2 with other cellular proteins.
Hinzpeter et al. (Hinzpeter et al. 2006) presented evidence that CIC-2 can interact with
Hsp70 and Hsp90 in HEK cells and with Hsp90 in mouse brain, producing a reduction of
channel expression at the plasma membrane. However the molecular basis for the interac-
tion remains to be determined. Bali et al. (Bali et al. 2001) suggested a role of vesicular
trafficking in the regulation of CIC-2 plasma membrane expression. It has been indicated
that such a role could be mediated by the dynein motor complex that coimmunoprecipi-
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tates with C1C-2 in rat hippocampal slices and controls retrograde trafficking of the channel
between plasma membrane and endosomes in COS-7 cells (Dhani et al. 2003).

The expression level of CIC-2 in rat renal proximal tubules is influenced by thyroid hor-
mones (Santos Ornellas et al. 2003) and estrogens (Nascimento et al. 2003), suggesting the
relevance of this channel for C1~ transport in the kidney, even though no renal phenotype was
reported in CIC-2 knockout mice (Bosl et al. 2001). It was found that the transcription fac-
tors SP1 and SP3 influence the expression level of C1C-2 in lung epithelial cells (Holmes et
al. 2003) binding to the CIC-2 promoter (Chu et al. 1999). In particular, for SP1, it has been
shown that such regulation is exerted by the glycosylated isoform (Vij and Zeitlin 2006).

In contrast with what could be expected from its ubiquitous expression, CIC-2-deficient
mice only manifest severe degeneration of the retina and the testes leading to male infertil-
ity (Bosl et al. 2001). Both effects have been attributed to a defective transport by epithelia
that would normally control the ionic environment of sensitive germ cells and photorecep-
tors (Bosl et al. 2001). Although the mouse system does not always represent an accurate
model for humans, these findings suggest close reconsideration of the proposed role of CIC-
2 in lung development (Blaisdell et al. 2000; Murray et al. 1995), nephrogenesis (Huber et
al. 1998), gastric acid secretion (Malinowska et al. 1995), and modulation of postsynaptic
response to GABA and glycine (Smith et al. 1995; Staley et al. 1996).

An interesting, although controversial, insight into the physiological role of CIC-2 in
humans is provided by the identification of three mutations in the CLCN2 gene causing id-
iopathic generalized epilepsy (Haug et al. 2003). One mutation produced a truncation of
the channel just after the beginning of helix F. Heterologous expression of this construct
alone or of a concatameric construct with wild-type CIC-2 in tsA201 cells led to a complete
loss of channel function. Coexpression experiments resulted in a significantly smaller C1~
current compared to wild-type. A second mutation, which has also been found in healthy
controls, produces a splice variant with a 33-amino acid deletion involving helix B and had
the same effect as the previous mutation. As channel constructs harboring the mutations and
tagged with yellow fluorescent protein were expressed at the plasma membrane, it has been
claimed that both M200fsX231 and A74-117 mutants of CIC-2 reach the membrane to ex-
ert dominant-negative effects that markedly inhibit the activity of wild-type CIC-2 (Haug et
al. 2003). It was conjectured that these mutations would decrease C1~ efflux from neurons,
resulting in C1~ accumulation with consequent impairment of the inhibitory GABA response
(Staley et al. 1996), which in turn may lead to hyperexcitability.

The third mutation results in the amino acid substitution Gly-715-Glu, located between
the two CBS domains, and gives rise to functional channels with altered voltage dependence
(channels opened at less negative potentials compared to wild-type). In contrast to the other
mutations, this effect represents a gain of function. It was speculated that the pathophysio-
logical effect of this mutation is to sustain a significant C1~ efflux during the repolarization
phase of the action potential that tends to depolarize neurons, generating hyperexcitability
(Haug et al. 2003). These experimental results were therefore interpreted as being compati-
ble with a role of CIC-2 in C1~ efflux as an essential element for normal neuronal excitation.

However, an analysis of the functional consequences of these mutations performed in
HEK cells gave drastically different results (Niemeyer et al. 2004). The GFP-labeled mu-
tations M200fsX231 and A74-117 were localized only intracellularly, and they did not
affect the maximal cellular conductance, severely questioning a dominant-negative effect
(Niemeyer et al. 2004). It is interesting to note that most truncating mutations of CIC-1 have
been found to be associated with recessive and not dominant myotonia. It was therefore pro-
posed that haploinsufficiency would be the mechanism leading to the epilepsy in patients
with these mutations (Niemeyer et al. 2004).
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On the other hand, the only functional consequence of the mutation Gly-715-Glu was to
affect the AMP sensitivity of the channel, pointing to a completely different pathophysiolog-
ical consequence from that previously proposed (Niemeyer et al. 2004). These conflicting
in vitro results, and the lack of signs of epilepsy in C1C-2 knockout mice, call for additional
human genetic evidence before CLCN2 can be firmly classified as an epilepsy susceptibility
gene.

Interestingly, CIC-2 has been shown to be inhibited by venom from the scorpion
L. quinquestriatus hebraeus, which appears to shift the voltage dependence of activation
toward hyperpolarizing potentials (Thompson et al. 2005). However, unspecific effects
cannot be fully excluded, requiring the purification of the putative peptide.

The renal and inner ear CIC-K channels

CIC-K channels were identified by homology cloning in rat and human kidney (Kieferle et
al. 1994; Uchida et al. 1993). In particular, the two channels from rat (rCIC-K1 and rC1C-K2)
are 80% identical, whereas the human channels (hCIC-Ka and hCIC-Kb) show 90% identity
with each other, indicating a comparatively recent evolutionary divergence (Kieferle et al.
1994). Besides the kidney, these channels are also expressed in the inner ear (Uchida et al.
1995; Vandewalle et al. 1997).

Expression of CIC-K1 in Xenopus oocytes gave rise to small, slightly outwardly rec-
tifying currents that showed some time-dependent gating at voltages more positive than
+40 mV or more negative than —100 mV, similar to chloride currents of the thin ascending
limb observed in in vitro perfusion experiments (Uchida et al. 1993; Waldegger and Jentsch
2000). It is interesting to correlate the lack of gating with the observation that CIC-K chan-
nels are the only CLC members that have a valine in place of the critical glutamate (Glu-
166 in CIC-0) that was shown to be a major determinant of the fast gate in CIC-0, CIC-1,
and CIC-2. In fact, in mutating this valine into glutamate, a significant gating was intro-
duced in the channel behavior (Waldegger and Jentsch 2000). The permeability sequence is
CI">Br >NO3 >I". The current amplitude increases on extracellular alkalinization to pH
8.0 and strongly decreases when the extracellular pH is reduced from pH 7.5 to 6.5 (Uchida
et al. 1995; Waldegger and Jentsch 2000). Moreover, CIC-K1 activity is modulated by extra-
cellular Ca* (Uchida et al. 1995) with an increase of [Ca®*]ey from 1 to 5 mM producing
a fourfold increase in channel currents (Waldegger and Jentsch 2000). Sensitivity to pH and
Ca”* also correlates with in vitro microperfusion experiments on the thin ascending limb
(Uchida et al. 1995).

The fact that the other CIC-K channels (i.e., rat CIC-K2, human CIC-Ka and CIC-Kb),
on expression in oocytes, did not give rise to current despite correct protein synthesis and
a very high sequence identity with CIC-K1 was puzzling and led to the hypothesis that
an auxiliary B-subunit would be necessary for their functional expression (Waldegger and
Jentsch 2000). This speculation was later confirmed by Estévez et al. (Estévez et al. 2001),
who showed that a gene mutated in a specific form of Bartter syndrome encodes a f-subunit
(called barttin) of CIC-K channels. Barttin consists of two putative transmembrane domains
and strictly colocalizes with both CIC-Ks in kidney and cochlea (Estévez et al. 2001). When
coexpressed with CIC-Ka and CIC-Kb in heterologous systems it induces detectable cur-
rents, and coexpression with CIC-K1 dramatically increases the currents that are elicited by
CIC-K1 expression alone (Estévez et al. 2001). Interestingly, heteromeric C1C-K1/barttin
channels appear to have a modified Ca?* sensitivity compared to CIC-K1 alone (Waldeg-
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ger et al. 2002), even though the relative influence of unspecific background currents was
clearly larger for the pure CIC-K1 currents, whereas series resistance problems may be large
for barttin-increased currents.

Immunoprecipitation and immunofluorescence experiments indicated that barttin is
physically associated with CIC-K proteins and increases their surface expression (Estévez et
al. 2001; Waldegger et al. 2002). C1C-Ks seem to be localized mainly in the Golgi apparatus
without barttin coexpression (Uchida and Sasaki 2005), but it is not clear whether barttin
binds and recruits CIC-Ks to the appropriate location in the plasma membrane or whether
barttin, on binding, masks Golgi-localizing signals of CIC-Ks, thus releasing it from the
Golgi apparatus (Hayama et al. 2003). Also, the stoichiometry of barttin-C1C-K complexes
and the respective interacting regions are unknown.

Barttin contains a putative PY motif that is a potential site for binding of WW domain-
containing ubiquitin ligases or may serve as a tyrosine-based endocytosis signal (Estévez et
al. 2001). When the tyrosine residue of the PY motif was mutated (Tyr-98-Ala), stimulation
of CIC-Ka and CIC-Kb currents by barttin was enhanced, but macroscopic currents did not
differ qualitatively from those of wild-type heteromers (Estévez et al. 2001). An interaction
with ubiquitin ligases was suggested on the basis of the reduction of CIC-K/barttin currents
on overexpression of the ubiquitin ligase Nedd4-2 (Embark et al. 2004). However, at vari-
ance with CIC-5 (Schwake et al. 2001) and ENaC (Abriel et al. 1999), also containing a PY
motif, the expression of an inactive form of Nedd4-2 did not increase C1C-K/barttin currents
(Embark et al. 2004).

The two CIC-K isoforms are differentially distributed in nephrons (Kieferle et al. 1994,
Vandewalle et al. 1997). CIC-Ka (in rat: CIC-K1) is exclusively expressed in a particular
nephron segment, the thin limb of Henle’s loop (Fig. 5), whereas CIC-Kb (in rat: C1C-K2)
has a broader expression in kidney but is especially abundant in the thick ascending limb,
a nephron segment specialized in NaCl reabsorption (Fig. 5) (Jentsch et al. 2005a). In par-
ticular, it was shown by immunohistochemistry that CIC-K1 and CIC-K2 are expressed ex-
clusively in basolateral membranes of renal (Vandewalle et al. 1997) and cochlear (Estévez
et al. 2001) epithelia, although another group proposed that CIC-K1 is present in both apical
and basolateral membranes of the thin limb of Henle’s loop (Uchida et al. 1995). It should be
noted that all localization studies have been performed in rodents. It is not clear whether the
same tissue distribution applies to humans, especially because the functional/physiological
equivalence of CIC-K1/CIC-Ka and CIC-K2/CIC-Kb, respectively, is based on relatively
vague arguments.

Impairment of CI™ transport as the underlying cause of renal salt-wasting diseases was
suggested already about thirty years ago (Gill and Bartter 1978). CIC-Kb mutations are
associated with Bartter syndrome type III (Simon et al. 1997), an autosomal recessive salt-
wasting disorder characterized by reduced sodium chloride reabsorption underlying the fun-
damental role of the channel in this physiological process. During reabsorption, Na*, K*,
and CI™ ions enter the tubule cells that line the nephrons through apical Na-K-2Cl cotrans-
porters. The subsequent extrusion of CI~ through the basolateral side prevents accumulation
of CI” that would oppose inward transport of Na*, which is of paramount importance for wa-
ter and salt homeostasis (Hunter 2001; Jeck et al. 2004a). The particularly high expression
of CIC-Kb in a compartment specialized in salt reabsorption (the thick ascending limb), its
basolateral localization, and its relevance for normal reabsorption activity support the role
of CIC-Kb as the basolateral C1~ pathway in this schematic model.

Mutations affecting only CIC-Ka have not been implicated in human diseases so far,
but simultaneous mutations in CIC-Ka and CIC-Kb lead to Bartter syndrome with deafness
(see below). Even if the physiological role of CIC-Ka in humans is not completely clear,
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Fig. 5 Schematic representation of the nephron

an interesting insight into its function is provided by disruption of the presumed mouse or-
tholog CIC-K1 that produces apparent nephrogenic diabetes insipidus, a defect of urinary
concentration (Matsumura et al. 1999).

Urinary concentration is determined by water reabsorption in the collecting duct (Fig. 5)
that is stimulated when the kidney medulla is hypertonic. In humans, the establishment of
such a situation requires the exquisite coordination of many ionic transport systems along
the different segments of the nephron (the so-called countercurrent system), as exemplified
by the fact that mutations in almost all of these produce a pathogenic phenotype (Sands
and Bichet 2006). The study of Matsumara et al. (Matsumura et al. 1999) suggested that
CIC-K1 has a critical role in the urine concentrating mechanism as already speculated by
Uchida et al. (Uchida et al. 1995). This is in functional agreement with the expression of
CIC-K1 in the thin ascending limb, whose CI~ permeability was found to be impaired in the
CIC-K1 knockout in in vitro microperfusion experiments (Matsumura et al. 1999). Interest-
ingly, such a role for CIC-K1 correlates with the finding that maximum urine concentrating
ability in mice and rats is observed 2—3 weeks after birth and parallels a gradual increase in
CIC-K1 expression within the ascending limb of Henle’s loop (Kobayashi et al. 2001; Liu
et al. 2001) (Fig. 5).

In the course of genetic analysis of patients suffering from salt-losing tubular disor-
ders, several mutations and molecular variants of CIC-Kb have been identified (Konrad et
al. 2000). One in particular leads to the amino acid substitution Thr-481-Ser, which is also
found at a frequency of 20%-40% in nonaffected individuals and produces a 20-fold in-
crease in current induced by heterologously expressed CLC-Kb, probably due to increased
open probability of the channel (Jeck et al. 2004a). This mutation has been associated with
high blood pressure (Jeck et al. 2004b), but recent publications contradict this hypothesis
(Kokubo et al. 2005; Speirs et al. 2005).

Human mutations in the B-subunit barttin lead to Bartter syndrome type IV characterized
by both severe renal salt loss and congenital deafness (Birkenhiger et al. 2001). According
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to the mechanism proposed to explain the physiopathology of the deafness, CIC-Ka and -Kb
represent essential basolateral exit pathways to keep internal C1~ concentration at a level that
is compatible with the efficient accumulation of K* into marginal cells of the cochlear stria
vascularis. K* is then secreted into the endolymph, where its high concentration (150 mM)
is required for the stimulation of sensory hair cells (Jentsch 2000). Mutations involving CIC-
Ka or CIC-Kb alone have not been implicated in deafness. This probably reflects the fact that
coexpression of CIC-Ka and -Kb in the cochlea preserves a sufficient level of CI™ extrusion
even in the case of mutations that impair one of them. This functional rescue cannot occur
in case of barttin mutations that indeed invariably cause the renal and inner ear phenotypes.
This scenario is confirmed by the finding that simultaneous C1C-Ka and -Kb mutations result
in a phenotype that mimics type IV Bartter syndrome (Schlingmann et al. 2004).

Considering the physiological relevance of CIC-K and their involvement in pathogenic
state in human and mouse, the identification of pharmacological tools to modify their proper-
ties can have important medical consequences and may represent a tool to better understand
their biophysical properties (Pusch et al. 20006).

In contrast to the behavior of other CIC channels (Conte-Camerino et al. 1988; Lianto-
nio et al. 2002; Pusch et al. 2000), CIC-K channels are inhibited by derivatives of CPP and
DIDS from the extracellular side (Liantonio et al. 2002; Picollo et al. 2004). In particular,
for C1C-Ka and CIC-K1, it was found that the block by 3-phenyl-CPP was quickly reversible
and competitive with extracellular CI, suggesting that the binding site for the compound is
exposed to the extracellular side and is located close to the ion-conducting pore (Liantonio
et al. 2004; Picollo et al. 2004).

Surprisingly, the apparent affinity of CIC-Kb for the compounds was found to be five- to
six fold lower than for CIC-Ka (Kp of ~80 and 90 uM for 3-phenyl-CPP and DIDS, respec-
tively) despite the very high sequence identity between them. An elegant approach allowed
Picollo et al. (Picollo et al. 2004) to identify a critical residue at position 68 as the major
molecular determinant for the differential behavior, as CIC-Ka has a neutral asparagine at
this position whereas CIC-Kb has a charged aspartate.

Very recently, Liantonio et al. (Liantonio et al. 2006) showed that niflumic acid (NFA)
and flufenamic acid (FFA), drugs belonging to a class of nonsteroid anti-inflammatory fe-
namates, modulate CIC-K channel activity in a singular manner. NFA applied extracellu-
larly at concentrations up to 1 mM increased CIC-Ka current amplitudes by a factor of
two in a voltage-independent manner, whereas higher concentrations blocked the current.
Such a biphasic behavior was tentatively explained by the presence of two different binding
sites. In contrast with this behavior, NFA produced only activation of CIC-Kb (Liantonio et
al. 2006). On the other hand, FFA blocked CIC-Ka but activated CIC-Kb (Liantonio et al.
20006).

Although the molecular basis for the effect of these molecules is still poorly understood,
they provide a promising starting point for identification of diuretics and for the treatment
of Bartter syndrome (Liantonio et al. 2006).

CIC-3—a transporter with special importance in the brain

CIC-3 was first cloned by Kawasaki et al. (Kawasaki et al. 1994). It has an ubiquitous ex-
pression pattern, but is predominantly found in brain, most notably in the olfactory bulb,
hippocampus, and cerebellum, and in kidney and colon (Kawasaki et al. 1994). Ogura et
al. (Ogura et al. 2002) described a splice variant of CIC-3, called CIC-3B, that has a dif-
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ferent and slightly longer C-terminal end and is expressed mostly in epithelial cells. The
CIC-3 protein is found predominantly in late endosomes, lysosomes, and synaptic vesicles
and is important for their acidification (Hara-Chikuma et al. 2005b; Stobrawa et al. 2001).
No human disease caused by mutations in CIC-3 has been reported so far, but its disrup-
tion in mice leads to a progressive degeneration of the hippocampus and a complete loss
of photoreceptors (Stobrawa et al. 2001). In addition to these findings, an independently
generated CIC-3 KO mouse (Yoshikawa et al. 2002) also showed markers of lysosomal
storage disease that partially overlapped with neuronal ceroid lipofuscinosis (NCL), but no
association of CIC-3 mutations with NCL could be detected in several dog lineages that
suffered from late-onset NCL (Wohlke et al. 2006). Importantly, there was no significant
difference in swelling-activated currents between wild-type and knockout mice (Stobrawa
et al. 2001; Wang et al. 2006), proving that CIC-3 does not underlie the swelling-activated
chloride current as previously suggested (Duan et al. 1997; see also discussion in Jentsch et
al. 2002).

The mechanism underlying the CIC-3 knockout phenotypes is still unknown, but, based
on an increased glutamate uptake in synaptic vesicles of knockout mice, it was speculated
that the neurodegeneration might be caused by a neurotoxic effect of glutamate due to the al-
tered intracellular vesicle pH (Stobrawa et al. 2001). However, a different mechanism based
on trafficking defects of other membrane proteins brought about by altered acidification of
intracellular compartments produced by dysfunction of CIC-3 could not be excluded. In this
respect, it is interesting to note that Salazar et al. (Salazar et al. 2004) revealed that a mouse
deficient in AP-3, an adaptor protein responsible for the correct sorting of membrane pro-
teins in synaptic vesicles, also manifested a marked decrease in the expression of CIC-3.
Moreover CIC-3 co-localized with a zinc transporter (ZnT3) and modulated Zn** level in
a specific subpopulation of synaptic vesicles (Salazar et al. 2004), a finding of possible phys-
iological relevance considering the inhibitory effect of Zn** on NMDA-mediated response
in the hippocampus (Vogt et al. 2000).

Robinson et al. (Robinson et al. 2004) suggested that calcium-calmodulin-protein kinase
IT (CaMKII) is able to activate CIC-3 in different cell types and proposed Ser-109 as the
phosphorylation site. In particular in transfected tsA cells and HT29 cells (human colonic
tumor cell line), CIC-3 was reported to have a substantial plasma membrane expression.
These studies, however, seem to need further confirmation, as no other group has reported
similar results yet.

Recently, an interesting involvement of CIC-3 activity in the oxidative function of neu-
trophils has been discovered (Moreland et al. 2006). Starting from the initial observation
that CIC-3 KO mice, but not wild-type mice, died frequently from sepsis following intravas-
cular catheter placement, Moreland et al. (Moreland et al. 2006) found that neutrophils from
knockout mice showed an impaired NADPH oxidase activity. CIC-3 was found in particu-
lar in secretory vesicles and secondary granule compartments. The precise role of CIC-3 in
neutrophil oxidative function remains, however, to be elucidated.

The biophysical properties of CIC-3 have been notoriously difficult to analyze, and dif-
ferent groups have reported conflicting results (see Jentsch et al. 2002). We consider the
studies of the Weinman group (Li et al. 2000, 2002) as the most reliable. Weinman and
colleagues expressed CIC-3 in mammalian cell lines and could detect relatively small mem-
brane currents in highly overexpressing cells, in which most of the expressed protein re-
mained intracellular (Li et al. 2002). Interestingly, these cells showed enlarged and acidic
intracellular structures (Li et al. 2002). Importantly, the biophysical properties of these cur-
rents were very similar to those of C1C-4 and CIC-5 (Li et al. 2000), CLC proteins that can
be reliably expressed in Xenopus oocytes (Friedrich et al. 1999; Steinmeyer et al. 1995) and
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are highly homologous to CIC-3. Based on the functional and structural similarity of C1C-3
with CIC-4 and CIC-5, it has been suggested that CIC-3, like these other two proteins, is
actually a C1~ / H* antiporter, and not a Cl~ channel. However, lacking direct experimental
evidence, this conclusion must still be considered as tentative.

CIC-4—a transporter whose physiological role is poorly understood

CIC-4 has been identified by van Slegtenhorst et al. (van Slegtenhorst et al. 1994); it shares
78% sequence identity with CIC-5 and shows very similar biophysical properties (Friedrich
et al. 1999). CIC-4 is mainly found in brain, liver, and kidney, where its subcellular lo-
calization closely resembles that of CIC-5, that is, it colocalizes mainly with endosomal
markers (Mohammad-Panah et al. 2003). It was suggested that CIC-4 facilitates endoso-
mal acidification and is important for endocytosis (Mohammad-Panah et al. 2003). Bio-
chemical and functional lines of evidence suggested that C1C-4 and CIC-5 can form het-
erodimers (Mohammad-Panah et al. 2003; Suzuki et al. 2006). However, unlike CIC-5,
CIC-4 is not crucial for renal endocytosis because CIC-4 knockout mice do not display
proteinuria (Jentsch et al. 2005b). CIC-4 was proposed to facilitate incorporation of copper
into ceruloplasmin by shunting currents of Cu>*-ATPases in the secretory pathway (Wang
and Weinman 2004). In rodent and human intestinal epithelia C1C-4 has been reported to
colocalize with CFTR in apical membrane and subapical vesicles, and it has been suggested
to mediate chloride current across the plasma membrane of Caco-2 cells (which represent
a model for human enterocytes). This would support a role of CIC-4 in intestinal chloride
secretion, suggesting that it might be capable of functionally complementing CFTR in vivo
(Wang and Weinman 2004). These results, however, are difficult to reconcile with the C17/H*
antiporter function of C1C-4 (Picollo and Pusch 2005; Scheel et al. 2005) and its biophysical
properties (Friedrich et al. 1999) and need further experimental verification.

CIC-5—a transporter involved in endocytosis

CIC-5 is the most extensively studied member of the CLC branch also comprising CIC-3
and CIC-4, being the only one for which an involvement in a genetic disease has been de-
scribed. In fact, the identification of CIC-5 is due to its link to Dent disease, an X-linked
hereditary disorder that is always associated with low-molecular-weight proteinuria and less
frequently with hypercalciuria, which in turn causes nephrocalcinosis, nephrolithiasis (kid-
ney stones), and eventual renal failure (Dent and Friedman 1964; Giinther et al. 1998; Wrong
et al. 1994). Fisher et al. (Fisher et al. 1994) identified a gene whose transcripts were heavily
expressed in kidney and which was partially deleted in individuals affected by Dent disease.
The predicted amino acid sequence of the gene product showed a high degree of homology
to previously isolated members of the CLC family.

Steinmeyer et al. (Steinmeyer et al. 1995) independently cloned full-length CIC-5 from
rat brain (rCIC-5) by homology to other CLC proteins. The open reading frame of 2,238 bp
predicts a protein of 746 amino acids with a molecular mass of 83 kDa. It is highly expressed
in kidney, but mRNA is also detectable in brain and liver and to a lesser extent in lung and
testis (Steinmeyer et al. 1995). A splice variant with an additional 70 amino acids at the in-
tracellular amino terminus has been detected at the mRNA level but not at the protein level,
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and no mutations have been identified so far in the exons encoding the 70 additional amino
acids (Ludwig et al. 2003).

CIC-5 is predominantly expressed in kidney but is also found in other tissues, such as in-
testinal epithelia. In these tissues it is present in vesicles of the endosomal pathway (Devuyst
et al. 1999; Giinther et al. 1998; Jentsch et al. 2005¢c; Vandewalle et al. 2001). In particular,
the expression of CIC-5 is very high in the proximal tubule (PT), which is responsible for
the endocytotic uptake of low-molecular-weight proteins (Jentsch et al. 2005a) (Fig. 5). In
the PT and in intercalated cells of the collecting duct (Giinther et al. 1998), in rat fetal lung
(Edmonds et al. 2002), and in human retinal pigment epithelium (Weng et al. 2002), CIC-5
colocalizes with a V-type H-ATPase in vesicles below the apical membrane. In particular,
transmission electron microscopy of PT cells shows the presence of CIC-5 in vesicles that
are concentrated below the microvilli of the brush border (Giinther et al. 1998). This spe-
cialized region contains an extensive endocytotic apparatus necessary for the pronounced
endocytotic activity of proximal tubule cells (Giinther et al. 1998).

Moreover, it was found that CIC-5 colocalizes with endosomal markers (Giinther et al.
1998) and endocytosed proteins early after uptake (Devuyst et al. 1999; Giinther et al. 1998;
Piwon et al. 2000), arguing for its presence in early endosomes (Jentsch et al. 2005a).

Expression of rat CIC-5 in Xenopus oocytes produced strongly outwardly rectifying
chloride currents for which it was not possible to detect any gating relaxations (Steinmeyer
et al. 1995). The rectification also prevented the determination of a true reversal potential
and consequently the assessment of relative permeability ratios. From the current magnitude,
however, the conductivity sequence was determined as NO3~>Cl">Br~>I">glutamate, in
agreement with the behavior of other CLC proteins (Steinmeyer et al. 1995). Several classic
CI™ channel inhibitors (DIDS, 9-AC, CPA) had no effect on rCIC-5. In Xenopus oocytes,
rCIC-5 elicited chloride currents only at potentials more positive than 20 mV, a value that
is not reached across the plasma membrane of most cells. It was therefore speculated that
rCIC-5 may be localized to intracellular compartments characterized by a different trans-
membrane voltage and that the currents observed in oocytes may result from “spillover
expression,” whereby vesicles normally targeted to an intracellular compartment reach the
plasma membrane because of overexpression (Steinmeyer et al. 1995). This was also con-
firmed by immunofluorescence performed on COS-7 cells transfected with CIC-5 (Giinther
et al. 1998). Whether this occurs in vivo is not yet clear (Jentsch 2005). However, Wang et
al. proposed from biotinylation studies that in proximal tubule cells, about 8% of the total
cellular pool of CIC-5 is located at the plasma membrane (Wang et al. 2005).

Recently, Suzuki et al. (Suzuki et al. 2006), using immunofluorescence and immunopre-
cipitation, reported that C1C-3, CIC-4, and CIC-5 show a high degree of colocalization in
intracellular organelles on expression in HEK cells and potentially form heteromultimers.

Dent disease can be caused by nonsense mutations, deletions, and also missense muta-
tions in the CLCNS gene (reviewed in Jentsch et al. 2005¢; Uchida and Sasaki 2005). The
missense mutations are interspersed along the whole secondary structure of the protein. Nev-
ertheless, on heterologous expression in oocytes, most of them produce a similar phenotype,
namely impaired trafficking to the plasma membrane. This seems to imply that several dis-
tinct protein regions are essential for correct targeting and/or protein stability. Interestingly,
the mutation Arg-516-Trp, located only 5 amino acids away from the mutant Leu-521-Arg
that abolishes channel expression at the plasma membrane, shows a normal level of expres-
sion but leads nonetheless to a drastic reduction of C1~ current, implying that this mutation
does not affect targeting but severely impairs transport activity (Ludwig et al. 2005). In con-
trast, truncation of CIC-5 at position 648, located just after the CBS1 domain, although not
functional, does not impair trafficking but instead produces a paradoxical increase in plasma
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membrane expression (Ludwig et al. 2005). It was hypothesized that the effect could be due
to the deletion of a PY motif located between the two CBS domains. In fact, Schwake et
al. (Schwake et al. 2001) showed that mutating the PY motif of CIC-5 almost doubled sur-
face expression and channel activity and suggested that the effect could be due to impaired
internalization of the protein. Such a motif had been also implicated in internalization and
ubiquitination of the amiloride-sensitive sodium channel (ENaC), and mutations in it lead
to Liddle syndrome, another human inherited kidney disorder associated with hypertension
(Hansson et al. 1995a, 1995b).

Low-molecular-weight proteinuria is a hallmark of Dent disease. Proteins of low molec-
ular weight are filtered at the glomerulus and are normally reabsorbed in the proximal tubule
(Fig. 5) by fluid-phase and receptor-mediated endocytosis (Mellman 1996). After being en-
docytosed, the proteins are subsequently degraded in lysosomal compartments (Maack and
Park 1990). Acidification of the endosomes is essential for the progression along the endo-
cytic apparatus to lysosomes (Mellman et al. 1986) (but see Giinther et al. 1998 and refer-
ences therein), and it is mediated by a V-type H*-ATPase (Gluck et al. 1996). Interestingly,
immunohistochemistry studies of biopsies of Dent disease patients revealed a consistent
inversion of H"-ATPase polarity in PT cells, showing a basolateral distribution contrasting
with its apical location in the normal kidney (Moulin et al. 2003). These modifications in po-
larity and/or expression of the H"-ATPase are compatible with an interaction between CIC-5
and the H"-ATPase that would be essential for the proper targeting or stability of the latter
and may explain the deficit in urinary acidification observed in some patients with Dent dis-
ease (Moulin et al. 2003). The colocalization of CIC-5 with the H*-ATPase suggested that
CIC-5 might be important for endocytosis, and it was speculated that its role was to provide
an electrical shunt for the efficient accumulation of protons by the H*-ATPase (Giinther et
al. 1998). Indirect support for a role of CLC-5 in the acidification of intracellular compart-
ments comes also from yeast: Disruption of either the yeast CLC (GEF1) (Greene et al.
1993), which resides in intracellular vesicles (Hechenberger et al. 1996; Schwappach et al.
1998), or of GEF2, a subunit of the vacuolar H"-ATPase, caused an increased sensitivity to
more alkaline pH (Gaxiola et al. 1998; Schwappach et al. 1998).

A knockout mouse approach provided a powerful insight into the physiological role
of CIC-5 (Piwon et al. 2000; Wang et al. 2000). In very elegant experiments, Piwon et al.
exploited the fact that CIC-5 is encoded on the X chromosome, which is subject to ran-
dom inactivation in females, leading to a mosaic expression of CIC-5 in heterozygous (+/-)
females. In this way, cell-autonomous phenotypes could be distinguished from non-cell-
autonomous effects. In particular, cells lacking CIC-5 endocytosed much less protein than
CIC-5-expressing cells, explaining the low-molecular-weight proteinurea. CIC-5 disruption
affected both receptor-mediated and fluid-phase endocytosis (Gtinther et al. 2003; Piwon et
al. 2000). In this respect, it is important to note that in the C1C-5 knockout mouse the amount
of megalin at the plasma membrane was also reduced (Christensen et al. 2003; Piwon et al.
2000), probably because of impaired endosome recycling (Piwon et al. 2000) (see below).
Moreover, the in vitro acidification of cortical renal endosomes prepared from CIC-5 knock-
out animals was reduced, supporting the proposed role of CIC-5 in endosomal acidification
(Giinther et al. 2003; Hara-Chikuma et al. 2005a; Piwon et al. 2000).

It is generally accepted that altered endosomal acidification impairs endocytosis (see
above), and this might be due to a pH-dependent association of endosomes with regulatory
proteins such as the GTPase Arf6 (Maranda et al. 2001). However, the details of the pro-
gressive acidification in the maturing endosomes are not yet very clear. For example, it has
been suggested that primary endocytic vesicles are not acidified (Fuchs et al. 1994), and
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pharmacological inhibition of endosomal acidification does not affect the primary endocytic
rate (Cupers et al. 1997; Tyteca et al. 2002).

In this scenario, the role of CIC-5 also does not appear to be completely clear. The fact
that Giinther et al. (Giinther et al. 2003) found a significant degree of acidification also in
endosomes of CIC-5 knockout mice that depended on the amount of CI” in the medium
(Giinther et al. 2003) could be explained by some contamination in the preparation but also
by the presence, in endosomes, of CI” conductances that are not mediated by CIC-5. This
is in agreement with the observation of Hara-Chikuma et al. on primary culture of proximal
tubule cells from wild-type and CIC-5 KO mice (Hara-Chikuma et al. 2005a). They found
that early endosomes lacking CIC-5 showed slightly impaired acidification and C1~ accu-
mulation compared to wild-type. Importantly, the acidification and CI” accumulation was
almost completely abolished by the nonspecific C1~ channel inhibitor NPPB in both wild-
type and KO endosomes (Hara-Chikuma et al. 2005a). Altogether these lines of evidence
raise the possibility that the central function of CIC-5 might not be the acidification of these
compartments.

Another important observation concerning the impaired endocytosis in Dent disease is
that in C1C-5 KO mice megalin and cubilin expression at the plasma membrane was reduced
and these proteins were redistributed in intracellular organelles (Christensen et al. 2003; Pi-
won et al. 2000). These proteins belong to the family of multiligand tandem receptors in-
volved in endocytosis, and their decrease at the plasma membrane is also compatible with
the proteinuria phenotype of patients with Dent disease (Devuyst et al. 2005). Moreover,
it is interesting to correlate this finding with the presumed preferential role of the subapi-
cal endosomes expressing CIC-5 in the recycling endosomal activity (Hara-Chikuma et al.
2005a).

Additional information about the role of CIC-5 in receptor-mediated endocytosis has
been provided from analysis of albumin reabsorption in the PT of opossum kidney (OK)
cells, which occurs through the megalin/cubulin receptor complex (Hryciw et al. 2005).
Poronnik and coworkers observed that the level of CIC-5 expression at the plasma mem-
brane of OK cells is influenced by the amount of albumin present extracellularly (Hryciw
et al. 2004). The authors speculated that the effect is mediated by ubiquitination of CIC-
5 operated by ubiquitin-protein ligase Nedd4-2 and that CIC-5 mediates the formation of
an endocytic complex at the plasma membrane that contains the albumin-binding receptor
megalin/cubilin (Hryciw et al. 2005). In the light of this model, the observed interaction
between the C-terminus of CIC-5 and the actin-depolymerizing protein cofilin (Hryciw et
al. 2003) was proposed to be required for the localized disruption of the actin cytoskeleton
(Hryciw et al. 2005) that allows the endosomes to pass into the cytoplasm (Qualmann et al.
2000). Recently, it was shown that CIC-5 coimmunoprecipitates with the Na*/H* exchanger
regulatory factor NHERF2, a PDZ scaffold protein that may be relevant for the assembly
of macromolecular complexes at the plasma membrane comprising the Na*/H* exchanger
(Hryciw et al. 2006). In particular, silencing NHERF produced a decrease of albumin uptake
that was paralleled by a decreased surface expression of CIC-5 (Hryciw et al. 2006).

Disruption of the clcn5 gene also produced defective internalization of the apical NaP;-
2 (sodium-phosphate cotransporter) and the apical Na*/H* exchanger NHE3 (involved in
reabsorption of Na*, HCO3~, and fluid) (Piwon et al. 2000). The effect is mediated by
parathyroid hormone (PTH) whose endocytosis is also defective in clen5 KO mice, lead-
ing to a progressive increase in luminal PTH levels that in turn stimulates endocytosis of
those transporters (Jentsch et al. 2005b; Piwon et al. 2000). The decreased plasma mem-
brane level of NaP;-2 possibly explains the hyperphosphaturia phenotype in Dent disease
patients.
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It has been more difficult to explain the pathophysiological progression of Dent disease
patients to nephrocalcinosis and kidney stones. In particular, the CIC-5 knockout mouse
strain established by Jentsch and coworkers (Piwon et al. 2000) did not show hypercalciuria,
while a strain obtained by Guggino and coworkers (Wang et al. 2000) showed hypercalci-
uria, which may then potentially lead to renal stones. This difference has been explained by
Giinther et al. (Giinther et al. 2003) with the fact that hormones involved in Ca** homeosta-
sis are subject in the PT to tight regulation that could be altered by slight genetic differences
and/or diet.

Recently, it has been found that the disruption of CIC-5 in a collecting duct cell model
brings about an increase in plasma membrane level of annexin A2 (Carr et al. 2006), which
has been characterized as a crystal-binding molecule in renal epithelial cells (Kumar et al.
2003). This, in turn, may produce agglomeration and retention of calcium crystals, which
potentially leads to nephrocalcinosis and renal stones. It has been hypothesized that abla-
tion of CIC-5 impaired endosomal acidification rerouting annexin to the recycling pathway,
resulting in an increase in plasma membrane expression (Carr et al. 2006). In this respect,
it is important to note that with a CIC-5 knockout mouse model that displays hypercalci-
uria Silva et al. (Silva et al. 2003) suggested that the hypercalciuria is of bone and renal
origin and is not caused by elevated intestinal calcium absorption. Interestingly, an inter-
action between CIC-5 and other proteins was also found by Mo and Wills (Mo and Wills
2004). These authors presented evidence that overexpression of CIC-5 in oocytes can alter
the normal translation or trafficking of ENaC, CFTR, and NaDC-1 (sodium dicarboxylate
cotransporter) to the plasma membrane by a mechanism that is independent from CIC-5-
mediated chloride conductance, because a CIC-5 fragment comprising only amino acids
347-647 was sufficient to produce the same results. The mechanism behind such an effect,
however, remains obscure.

Another interesting physiological role of CIC-5 has been recently suggested by van den
Hove et al. (van den Hove et al. 2006), who showed that C1C-5 is significantly expressed in
the thyroid (in particular in plasma membrane and late endosomes of thyrocytes) and that
CIC-5 knockout mice develop a goiter with accumulation of iodide and thyroglobulin that
seemed not to be caused by a defective endocytosis. It was therefore speculated that CIC-5 is
involved in the regulation of plasma membrane expression of pendrin, an I"/CI™ exchanger
responsible for iodide efflux or that CIC-5 can function as an additional iodide conductance
in thyrocytes.

All these observations have vastly improved our understanding of the physiological role
of CIC-5, but they still do not allow the unambiguous identification of the molecular mech-
anism that links CIC-5 dysfunction to the impaired endocytosis observed in Dent disease,
and this reflects also the complexity of the underlying cellular processes.

We can schematically summarize the state of our present knowledge about the function
of CIC-5 by formulating three possibilities.

It may be that CIC-5 is central for the acidification of endosomes. This could be rate
limiting for their capacity to progress either in the degradation pathway or in the control
of their redistribution to the recycling pathway, thereby determining the plasma membrane
expression of proteins responsible for receptor-mediated endocytosis. A third possibility is
that CIC-5 has only a marginal role in the acidification of endosomes but is an essential
factor in very early endocytic processes, like endocytic vesicle budding. None of these al-
ternatives necessarily excludes the others, and more experiments are needed to verify these
possibilities or to suggest new ones.

Another element in this scenario is provided by the finding that CIC-5 (and CIC-4) are
actually not chloride ion channels as it has been assumed (Jentsch et al. 2002) but rather
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Fig. 6a, b Proton transport activity of CIC-5. a Current response of a voltage-clamped CIC-5-expressing
oocyte stimulated by a train of pulses to 60 mV. After about 28 s the voltage clamp was switched off. b Si-
multaneously recorded pH close to the oocyte surface is plotted versus time. The inset in a shows a family of
currents traces elicited by voltage pulses from —140 to 80 mV in 20-mV increments, recorded from the same
oocyte. The marked outward rectification of CIC-5 is evident

transporters in which the inward movement of CI” is stochiometrically coupled to the out-
ward movement of H* (Picollo and Pusch 2005; Scheel et al. 2005) (see Figs. 4 and 6).
Such a transport mechanism seems, at first sight, to conflict with the accepted view of these
proteins as passive CI~ conductance allowing efficient acidification of vesicles by the pro-
ton pump because the CI7/H* antiporter activity of CIC-5 would actually lead to a partial
dissipation of the proton gradient and ultimately to a waste of energy (Pusch et al. 2006).

However, the physiological implications of the transport activity of CIC-5 have not been
explored yet and might be more complex than previously outlined.

The mechanism of transport couples the luminal pH to the CI™ gradient across the vesic-
ular membrane. However, the degree of coupling between the CI~ and H* fluxes mediated
by the CIC-5 depends on the stoichiometry of the transport, for which, at the moment, we
only have a rough guess (Picollo and Pusch 2005; Scheel et al. 2005).

Our understanding of the biophysical and physiological function of CIC-5 is at a very
early stage. The antiporter activity emerged recently, and a consistent corpus of new ex-
perimental evidence regarding the interaction of CIC-5 with other proteins suggests a more
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diversified and articulated function than just a passive CI~ efflux to allow acidification of
intracellular vesicles, but our knowledge is still too limited to formulate a more specific
description of what this function could actually be.

The intracellular CIC-6 and CIC-7 proteins

On the basis of sequence conservation CIC-6 and CIC-7 form a separate branch of the CLC
family with a sequence homology between them of 45%. Both have a very broad tissue
distribution (Brandt and Jentsch 1995). These two proteins have so far escaped any attempt
at biophysical characterization, as it has not been possible to express them in heterologous
systems yet.

CIC-7 has been found to be a late endosomal/lysosomal C1~ channel with a very broad
tissue distribution (Kasper et al. 2005; Kornak et al. 2001). In particular, it is highly ex-
pressed in osteoclasts, the cells involved in bone degradation.

Its physiological relevance is highlighted by the finding that the CLCN7 gene, encoding
the human CIC-7 protein, is mutated in the disease osteopetrosis and that knockout mice
for the corresponding gene develop severe osteopetrosis and retinal degeneration as also re-
ported for some patients affected by malignant infantile ostepetrosis (Kornak et al. 2001).
Also less severe dominant osteopetrosis can be caused by mutations in the CLCN7 gene
(Cleiren et al. 2001; Frattini et al. 2003; Sobacchi et al. 2001). In CIC-7 knockout mice,
skeletal abnormalities include loss of bone marrow cavities that are instead filled with bone
material and failure of teeth to erupt, but the mice also display neurodegeneration in the
CNS (Kasper et al. 2005; Kornak et al. 2001).

Bone degradation is carried out by a specialized osteoclast plasma membrane domain,
the ruffled border, through acidification of the resorption lacuna. In fact, the ruffled border
is formed by the exocytotic insertion of vesicles of late endosomal/lysosomal origin, con-
taining the H*-ATPase. CIC-7 colocalizes with the proton pump in this membrane and was
suggested to function as a shunt for the efficient acidification (Jentsch et al. 2005a). This
hypothesis is in agreement with the finding that CIC-7 knockout osteoclasts still attach to
ivory but fail to acidify the resorption lacuna and are unable to degrade the bone surrogate
(Kornak et al. 2001). Moreover, polymorphisms in the gene coding for CIC-7 have been
associated with alterations in bone mineral density and bone resorption markers in post-
menopausal women and have been found to modulate the phenotypes of patients affected by
autosomal dominant osteopetrosis type II (Kornak et al. 2006).

Very recently, Lange et al. (Lange et al. 2006) found that the CIC-7 protein is associ-
ated with the B-subunit Ostm1, which was known to produce osteopetrosis when mutated
but whose function was unclear. The interaction of CIC-7 with Ostm1 is important for the
stability of CIC-7, as CIC-7 protein levels are greatly reduced in mice lacking Ostm1. It was
speculated that the role of Ostml is to shield CIC-7 from lysosomal degradation, as CIC-7
is the only mammalian CLC protein lacking N-linked glycosylation sites.

Given the essential role of CIC-7 for proper bone resorption, the protein has been sug-
gested as a target for the treatment of osteoporosis that is characterized by excessive bone
resorption (or too little bone formation). The compound NS3736 belongs to the group of
acidic diphenylureas that has been shown to block C1~ conductance in human erythrocytes
(Bennekou et al. 2001). Schaller et al. (Schaller et al. 2004) found that this compound blocks
acidification in resorption compartments and inhibits osteoclastic resorption in vitro. The
ability of NS3736 to prevent bone loss in vivo was tested in aged ovariectomized rats taken
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as a model of osteoporosis, and it could be shown that daily treatment with 30 mg/kg pro-
tected bone strength dose-dependently, leaving bone formation unaffected. In a recent study
Karsdal et al. (Karsdal et al. 2005) found that the compounds NS5818 and NS3696, close
analogs of NS3637, have a very similar effect. Taken together these results suggest that
chloride channel inhibitors might be useful in the treatment of osteoporosis.

Outlook

In the past 16 years (since the cloning of CIC-0) our knowledge about CLC chloride chan-
nels and transporters has increased enormously. It is no overstatement that the discovery of
the CLC family has opened new horizons in fields as diverse as biophysics of membrane
transport, physiology, pharmacology, and molecular medicine. Nevertheless, there are still
many unsettled questions. Among the most pertinent questions are those related to a full
understanding of the physiological roles of the intracellular CLC proteins: Are they really
shunts? Are we still missing essential B-subunits? What are the functional properties of CIC-
6 and CIC-7? Also, we are still lacking really high-affinity blockers (or activators) for any
CLC protein, and there are no pharmacological tools available for CIC-3, CIC-4, and CIC-5.
From a biophysical point of view, it would be interesting to decipher the rules that render
a CLC protein a passive channel or, alternatively, an active transporter. It seems that CLCs
will keep scientists in different areas busy for quite some time.
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Abstract Ca®* and Mg?* are essential ions in a wide variety of cellular processes and form
a major constituent of bone. It is, therefore, essential that the balance of these ions is strictly
maintained. In the last decade, major breakthrough discoveries have vastly expanded our
knowledge of the mechanisms underlying epithelial Ca** and Mg2* transport. The genetic
defects underlying various disorders with altered Ca>* and/or Mg?* handling have been de-
termined. Recently, this yielded the molecular identification of TRPM6 as the gatekeeper of
epithelial Mg?* transport. Furthermore, expression cloning strategies have elucidated two
novel members of the transient receptor potential family, TRPVS and TRPV6, as pivotal
ion channels determining transcellular Ca®* transport. These two channels are regulated by
a variety of factors, some historically strongly linked to Ca>* homeostasis, others identified
in a more serendipitous manner. Herein we review the processes of epithelial Ca>* and Mg>*
transport, the molecular mechanisms involved, and the various forms of regulation.

Introduction

Serum Ca®* and Mg?* levels are maintained within narrow limits by the human body, de-
spite considerable variations in daily intake and excretion. The ion balance of these divalents
is mediated by the coordinated action of the intestine, kidney, and bone. When the body is
deprived of Ca’* or Mg?*, the (re)absorption activity in these organs increases accordingly,
whereas the reverse action occurs when the plasma levels of these ions threaten to surpass
acceptable upper limits. The bone acts as a dynamic storage compartment in this process and
contributes to maintain the balance by releasing these ions upon Ca®* or Mg?* deprivation.
Herein we will describe in detail the regulation of Ca?* and Mg?* transport in epithelia and
discuss potential avenues for future breakthroughs.
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Epithelial Ca2* transport

The maintenance of the body Ca>* balance is of vital importance for several crucial physio-
logical functions including neuronal excitability, muscle contraction, and skeletal integrity.
Skeleton growth demands a positive Ca>* balance, whereas a Ca* deficit is observed in ag-
ing and postmenopausal women, ultimately resulting in a loss of Ca?* from bone. The latter
is associated with a higher risk for bone fractures. The average daily Ca>* intake of an adult
is approximately 1 g, of which roughly 0.35 g is absorbed in the gastrointestinal tract (Greer
and Krebs 2006). Approximately 8 g Ca>* is filtered in the kidney on a daily basis, whereas
only a fraction is excreted into the urine to balance Ca* that is absorbed in the intestine.
Paracellular and transcellular transport mediates Ca>* (re)absorption. The paracellular com-
ponent of epithelial Ca>* transport is passive and directly connects the luminal compartment
with the blood compartment, whereas the transcellular component is active and involves the
passage of at least two membrane barriers. Importantly, the transcellular pathway is the main
target site for specific regulation of Ca®* (re)absorption by various calciotropic hormones.

Localization of transcellular Ca** transport

Ca®* (re)absorption occurs in several organs including kidney, intestine, and bone. Fish have
an additional organ for Ca®* uptake, the gills. Furthermore, in pregnancy and lactation, the
placenta and mammary glands, respectively, are important tissues in the balance between
Ca2* uptake and output.

Kidney

A large amount of Ca®* is filtered at the glomerulus. The proximal tubules (PT), including
the proximal convoluted (PCT) and proximal straight (PST) tubules, are responsible for the
absorption of the bulk of the Ca2* from the filtrate. Approximately 65% of the filtered Ca>*
is reabsorbed here, as was demonstrated using micropuncture experiments (Edwards et al.
1973; Friedman 1999; Sutton and Dirks 1975; Ullrich et al. 1963). This transport is passive
and follows the local Na* reabsorption. This site therefore does not provide an independent
regulation of Ca?* reabsorption (Suki 1979). In the subsequent segment of the nephron, i.e.,
the thin descending and ascending loop of Henle (ATL), virtually no Ca”* is reabsorbed
(Rocha et al. 1977). However, the thick ascending loop of Henle (TAL) is again permeable
for Ca®*, and this segment accounts for approximately 20% of the total Ca>* reabsorption
(Bailly et al. 1990; Bourdeau and Burg 1980; Bourdeau et al. 1987; Di Stefano et al. 1989,
1990; Friedman 1988; Friedman and Gesek 1995a; Imai 1978; Ng et al. 1982; Rocha et al.
1977; Suki 1979; Suki et al. 1980; Suki and Rouse 1981). Several studies suggest that Ca?*
mainly follows the paracellular pathway in this segment (Bourdeau and Burg 1979; Shareghi
and Agus 1982; Wittner et al. 1991, 1993). This was further corroborated when mutations in
paracellin-1 (also called claudin-16), localized in the tight junctions of TAL, were associated
with renal Ca>* and Mg?* wasting due to impaired paracellular divalent cation reabsorption
(Simon et al. 1999). The destination of the filtrated Ca2* remaining at the end of the TAL
is determined by the distal part of the nephron, consisting of the distal convoluted tubule
(DCT) and connecting tubule (CNT) (Costanzo and Windhager 1978; Costanzo et al. 2000).
The CNT is situated distal from the DCT, arising abruptly in rabbits and more gradually
in other species (Bulger et al. 1967; Crayen and Thoenes 1978; Kaissling 1982; Loffing et
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al. 2001). In the CNT and DCT, Ca®* reabsorption takes place against its electrochemical
gradient, indicating that the transport is active (Costanzo et al. 2000). Furthermore, the tight
junctions in DCT and CNT are relatively impermeable to Ca?*, in line with a predominant
role for an active transcellular Ca®* transport pathway. The relative contribution of the initial
(DCT1) and later (DCT2) part of DCT and CNT to the active Ca2* reabsorption is not clear.
Microperfusion studies by Costanzo and Windhager showed active Ca?* transport in both
DCT and CNT (Costanzo and Windhager 1978), whereas studies from Greger and cowork-
ers indicated a predominant role for CNT (Greger et al. 1978). Furthermore, the relative
contribution of each segment could be regulated; Imai et al. demonstrated that DCT and
CNT do not respond to the same extent to parathyroid hormone (PTH) administration (Imai
1981). The cortical collecting duct (CCD) accounts for maximally 3% of the filtered Ca2*
(Ullrich et al. 1963). As net transport occurs against the electrochemical gradient for Ca®*,
Ca”* reabsorption must be active here as well.

Intestine

Intestinal Ca®* absorption is crucial in the maintenance of the Ca>* balance, as it primarily
mediates the uptake of Ca2* from the diet. Only about 30% of dietary Ca* is absorbed and
the remaining 70% is excreted in the feces. Transcellular Ca>* absorption occurs mainly
in duodenum and in the initial part of jejunum and, to a much lesser extent, in ileum and
colon, whereas paracellular Ca>* absorption takes place throughout the entire small intes-
tine (Bronner et al. 1986). The relative contribution of paracellular versus transcellular Cat
absorption depends on the dietary Ca’* content (Bronner 2003; Bronner and Pansu 1999).
Chyme moves down the intestinal lumen in approximately 3 h, spending only a short time
in the duodenum, but over 2 h in the distal part of the small intestine. When dietary Ca>*
intake is low, transcellular Ca2* transport accounts for a substantial fraction of the absorbed
Ca?*, and vice versa when Ca?* intake is high. In addition, the contribution of transcellular
Ca”* transport is strongly upregulated by calciotropic hormones including vitamin D, as in
“Regulation of epithelial Ca>* transport”.

Bone

Bone serves as an important storage point for Ca*, as it contains 99% of the total body Ca”*.
There are two types of bone, cortical and trabecular, the former constituting approximately
80% of the total bone mass (Nussey and Whitehead 2001). In the long bones of the skeleton,
cortical or compact bone predominates. In the axial skeleton (skull, ribs, vertebrae) there is
only a relatively thin layer of circumferential cortical bone with a much greater mass of tra-
becular or spongy bone. Since the surfaces within bone exposed to the extracellular fluid are
higher in trabecular than compact bone it plays a more important role in Ca?* homeostasis.
Bone formation and resorption take place at these surfaces. Formation is carried out by ac-
tive osteoblasts that extrude collagen into the extracellular space and deposit Ca>* (Nussey
and Whitehead 2001; Rodan 1992). As the osteoblasts become surrounded by mineralized
bone these cells lose their activity and become interior osteocytes. However, they remain in
contact with the bone surfaces and are supposed to play a role in regulated Ca’* release in
a process termed osteocytic osteolysis (Nussey and Whitehead 2001). Bone resorption also
occurs on bone surfaces and is carried out by osteoclasts, which literally tunnel their way
into bone, forming resorption pits (Nussey and Whitehead 2001; Teitelbaum 2000). Bone
resorption and formation are linked and bone is continuously remodeled (Nussey and White-
head 2001; Rodan 1992; Rodan and Martin 2000). As the maximum bone density is reached
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at the age of approximately 30 years, the rate of bone formation exceeds bone resorption
until this age (Greer and Krebs 2006; Nussey and Whitehead 2001). Later in life, the re-
versal of this balance can lead to impaired bone thickness (osteoporosis), where the bone is
prone to fracture (Greer and Krebs 2006; Harada and Rodan 2003; Nussey and Whitehead
2001; Rodan and Martin 2000). Bone formation and its remodeling are controlled by several
calciotropic hormones that will be discussed later. However, it is still unclear in which way
bone resorption and formation contributes to blood Ca?* homeostasis since these processes
are relatively slow for the buffering of rapid responses in serum Ca?*. Furthermore, knowl-
edge about the molecular mechanism of bone formation and resorption is limited (Van der
Eerden et al. 2005). It is therefore essential to identify and further characterize the Ca>*
transport processes in bone.

Placenta

During pregnancy Ca®* absorption in the placenta is solely responsible for the Ca>* supply
to the developing fetus. Ca®* is transported across the placenta from the maternal to the
fetal circulation via an active transcellular pathway to meet the requirements of the rapidly
mineralizing skeleton and to maintain an extracellular level of Ca®* that is physiologically
appropriate for the development of fetal tissues (Belkacemi et al. 2002, 2003, 2004; Brunette
1988; Fukuoka and Satoh 1982; Lafond et al. 1991; Moreau et al. 2002a, b, 2003a, b; Pitkin
1985). Ca®* is transported by the syncytiotrophoblasts, cells that form the epithelial layer
separating the maternal and fetal circulation (Faulk and McIntyre 1983). It has been postu-
lated that the molecular mechanisms of placental Ca®* transport has considerable similarity
with active Ca2* transfer across the intestinal and renal epithelial cells, as the same Ca?*
transport proteins are expressed (Belkacemi et al. 2002, 2003, 2004, 2005).

Paracellular Ca* transport

Movement of Ca2* jons through the tight junctions is a passive process that largely depends
on the concentration and electrical gradient across the epithelium. The paracellular transport
route must be regulated for the epithelium to remain selectively permeable. Depending on
the functional requirements of an epithelium, there may be small or large amounts of so-
lutes flowing passively through this path. Tight epithelia of high resistance can generate and
maintain high transepithelial electrical potentials and ionic gradients to form luminal flu-
ids with compositions that deviate significantly from that of interstitial fluid (Schneeberger
and Lynch 2004). Furthermore, the paracellular pathway varies in its selectivity for ions and
noncharged solutes (Van Itallie et al. 2003).

Tight junctions consist of linear arrays of integral membrane proteins, which include oc-
cludin, claudins, and several immunoglobulin superfamily members, such as the junctional
adhesion molecule (Ebnet et al. 2003; Goodenough 1999; Martin-Padura et al. 1998). The
claudin family consists of at least 20 related integral membrane proteins with four trans-
membrane domains (TMs) and functions as major structural components of the tight junc-
tional complex, while occludin is an accessory protein involved in tight junction formation
of which two isoforms have been described (Furuse et al. 2001; Gonzalez-Mariscal et al.
2003; Hirase et al. 1997; McCarthy et al. 1996; Morita et al. 1999; Saitou et al. 1997, 1998;
Schneeberger and Lynch 2004; Tang and Goodenough 2003; Tsukita and Furuse 2000).

The molecular nature of the wide variety in electrical resistance and solute permeabil-
ity of tight junctions is not completely understood. The existence of only two isoforms of
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occludin and the limited number of charged amino acid residues in the two extracellular
domains of these proteins suggest that occludin is unlikely to contribute directly to the for-
mation of ion-selective pores in the tight junction (Schneeberger and Lynch 2004). Further-
more, disruption of both occludin alleles by homologous recombination resulted in embry-
onic stem cells that not only differentiated into polarized epithelial cells but also formed
an effective barrier to the diffusion of low-molecular-weight molecules (Saitou et al. 1998).
Therefore, it is more likely that claudins form the critical component that determines the ion
selectivity of tight junctions, particularly considering the large variation of charge in amino
acid residues of their extracellular loops.

Although the mechanisms that establish the Ca®* flux via the paracellular pathway are
largely unknown, the role of claudins in epithelial Ca®* transport is further supported by
the disease mutations documented in these proteins (Cole and Quamme 2000; Wilcox et al.
2001; Wong and Goodenough 1999). Mutations in claudin-16, which are associated with
a renal Ca®* and Mg?* wasting syndrome, implicate this particular claudin protein in para-
cellular reabsorption of Mg?* and Ca”*, but not monovalent ions (Simon et al. 1999). This
topic will be more elaborately discussed below (see “Hypomagnesemia with hypercalciuria
and nephrocalcinosis”). Mutations in claudin-14 cause nonsyndromic recessive deafness,
and this tight junction protein is essential to maintain the electrochemical gradient between
the endolymph and its surrounding tissues (Wilcox et al. 2001). However, it is currently not
clear whether this phenotype involves changes in paracellular Ca?* permeability. The role
of other claudin family members in determining the rate of Ca’* absorption in epithelia also
remains elusive. The rate of paracellular Ca®* transport is mainly determined by the electro-
chemical gradient across the epithelium (Fig. 1). Therefore, hormones and factors affecting
this gradient will indirectly influence the passive Ca>* fluxes through the tight junctions. In
addition, the tight junction permeability itself is dynamically regulated (Goodenough 1999;
Pappenheimer 1987) and subject to modulation by growth factors, cytokines, bacterial tox-
ins, hormones, and other factors (Benais-Pont et al. 2003; Garcia et al. 1998; Gopalakrishnan
et al. 2002; Wang et al. 2004b). In addition, paracellular transport can be mediated by pro-
tein kinases, as nicely illustrated by the threonine-serine kinase WNK4, which is present in
tight junctions (Kahle et al. 2004; Yamauchi et al. 2004). It was recently demonstrated that
WNK4 can bind and phosphorylate claudins-1 through -4 and that a human disease-causing
mutant of WNK4 hyperphosphorylates claudins and increases paracellular C1~ permeability
(Kahle et al. 2004; Wilson et al. 2001; Yamauchi et al. 2004). Similarly, it was postulated that
phosphorylation of specific claudins (i.e., claudin-16) might provide means to regulate the
paracellular Ca®* flux. However, because of the low Ca®* specificity of paracellular trans-
port compared to transcellular Ca?* movement, specific regulation of the Ca®* flux through
tight junctions is likely to play a minor role in the fine-tuning of the Ca>* balance.

Transcellular Ca2* transport

Transcellular Ca®* transport is the pivotal target for specific regulation of Ca2*
(re)absorption by various calciotropic hormones (Bawden 1989; Bouillon et al. 2003;
Bronner 2003; Bronner and Pansu 1999; Brunette 1988; Friedman and Gesek 1995a;
Hoenderop et al. 2005; Wasserman and Fullmer 1995). Transcellular CaZ+ (re)absorption
can be divided into three consecutive steps. First, Ca?* enters the cells from the luminal
compartment. Second, Ca?* bound to specialized Ca’*-binding proteins diffuses to the
basolateral side of the cell. Third, Ca2* is extruded into the interstitial fluid by two extrusion
mechanisms (Fig. 1). It is essential that the Ca>* influx and efflux mechanism(s) maintains
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a polar distribution to ensure net Ca®* transport from the apical or luminal side to the
basolateral or serosal compartment. In this respect, it is important to study the Ca>* influx
pathway in polarized cell models. Until now, two polarized confluent epithelial cell systems
representing duodenal and renal active Ca** (re)absorption have been studied. First, Caco-2
cells spontaneously differentiate under standard culture conditions into a tissue that exhibits
functional duodenal transport properties (Giuliano and Wood 1991). These cells form
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Fig. 1 Mechanisms of Ca** and Mg?* reabsorption in the kidney. In TAL, Ca?* and Mg?* are reabsorbed
via passive paracellular transport across the tight junctions. This transport is driven by the electrochemical
gradient across the epithelium and requires functional claudin-16. Further downstream, Mg?* and Ca®* re-
absorption are localized to distinct nephron segments. TRPM6 colocalizes with NCC in DCT1, where the
former mediates apical Mg?* influx. Mechanisms underlying the subsequent steps in transcellular Mg?* re-
absorption remain elusive. Mg?* buffering is postulated and energy-consuming basolateral Mg?* extrusion
is mediated by a putative Na*/Mg>* exchanger or ATP-dependent Mg>*-ATPase. The Na* gradient driving
the putative Na*/Mg?* exchanger is established by the activity of the Na*-K*-ATPase that is modulated by
the y-subunit in DCT. In DCT2, a three-step process facilitating active and transcellular Ca®* transport takes
place. The first step is the entry of Ca* at the luminal side of the cell through the (hetero)tetrameric the ep-
ithelial Ca?* channels TRPVS and TRPV6. Subsequently, calbindin buffers Ca>* and the Ca* diffuses to the
basolateral membrane. At the basolateral membrane, Ca?* is extruded via an ATP-dependent Ca2*-ATPase
(PMCA1b) and a Na*/Ca”* exchanger (NCX1)

a polarized epithelial layer and express several markers that are unique to differentiated
small intestinal epithelium (e.g., high sucrase-isomaltase mRNA and protein levels)
(Chantret et al. 1988). Furthermore, Caco-2 cells exhibit net apical-to-basolateral Cat
transport kinetics, and the rate of transport can be enhanced by pretreatment with vitamin D
(Fleet et al. 2002; Fleet and Wood 1999; Giuliano et al. 1991). Second, the use of primary
cultures and immortalized cell lines originating from the distal part of the nephron greatly
facilitated our understanding of regulated renal Ca®* influx in and transport through these
cells. Two groups, Bindels et al. (Bindels et al. 1991, 1993; Hoenderop et al. 1998, 1999a, b;
Raber et al. 1997; Van Baal et al. 1996a, b; 1999), and Gesek and Friedman (Bacskai and
Friedman 1990; Friedman 1988; Friedman et al. 1996; Friedman and Gesek 1993; Friedman
and Gesek 1994, 1995b; Gesek and Friedman 1992a, b; Magyar et al. 2002; White et al.
1998), have used immunodissected cell lines from rabbit and mouse kidney, respectively, to
investigate hormone-stimulated Ca?t transport. In addition, Bindels et al. demonstrated that
primary cultures of rabbit CNT and CCD cells exhibit many characteristics of the original
epithelium, including calciotropic hormone-stimulated Ca?* transport from the apical to the
basolateral compartments (Bindels et al. 1991).

Luminal Ca?* influx

In order to identify the apical Ca®* influx channel involved in transcellular Ca’*
(re)absorption, Hoenderop and coworkers performed functional expression cloning using
a complementary DNA (cDNA) library from rabbit primary CNT and CCD. Injection of
the total mRNA from this isolation in Xenopus laevis oocytes induced a Ca®* uptake 2-3
times above background. Subsequently, the entire cDNA library was screened for 43Ca?*
uptake and a single transcript was isolated encoding for a novel epithelial Ca2* channel,
named ECaCl and later renamed as the transient receptor potential channel TRPVS
(Hoenderop et al. 2001b; Montell et al. 2002). Similarly, Hediger and coworkers applied the
same approach to screen a cDNA library obtained from rat small intestine. They identified
CaZ+ transporter 1 (CaT1) that was later renamed into TRPV6 (Montell et al. 2002; Peng et
al. 1999).

In the literature TRPVS is also known as ECaC, ECaCl, and CaT2, whereas TRPV6
has been named previously CaT1, ECaC2, and CaT-Like. TRPV5 and TRPV6 display the
defining properties of the long-sought epithelial Ca?* channels, including hormonal regu-
lation, localization, and functional properties as will be discussed below (see “Localization
of TRPVS and TRPV6” through to “Regulation of epithelial Ca®* transport”). TRPVS5 and
TRPV6 are encoded by two distinct genes, rather than being splice variants (Hoenderop et
al. 2001b; Weber et al. 2001a). These genes are juxtaposed on chromosome 7q35, suggesting
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Fig. 2 Overview of TRPV5 and TRPVG6 regulatory proteins. a The epithelial Ca** channels contain a core p
domain consisting of six transmembrane segments, with an additional hydrophobic stretch between TMS5 and
TM6 forming the pore forming region. This core TM segment-containing region is flanked by large amino
and carboxyl-termini that face the intracellular compartment. The amino-terminus contains ankyrin repeats,
which play a role in channel oligomerization. Calmodulin associates with both the amino and carboxyl-
termini. Klotho affects TRPVS and TRPV6 from the extracellular medium, where it modifies the glycosy-
lated part of the channel. NHERF2 binds to the last three amino acids of the carboxyl-terminus, whereas
the remaining channel-associated proteins identified to date, including Rabl11a, 80K-H, BSPRY, NHERF4,
and the S100A10/annexin 2 complex, bind to more upstream regions. Calbindin-Dgk has been shown to
translocate to the apical plasma membrane to associate with TRPVS at a low intracellular Ca** concentra-
tion. This enables the local buffering of Ca®* near the channel, allowing significant Ca>* influx by preventing
rapid channel inactivation. b The gate and selectivity filter of TRPVS5 and TRPV6 are formed by four channel
subunits facing the center of the channel with the pore-forming region. This is a hydrophobic region that is
flanked by two transmembrane domains (TMS5 and TM6) and contains negatively charged amino acids (D542
in rabbit TRPVS) that determine pore size and Ca%* selectivity. CaBP2gk calbindin-Dogk, CaM calmodulin,
NHERF2 Na*/H* exchanger regulatory factor 2, NHERF4 Na*/H* exchanger regulatory factor 4, BSPRY
B-box and SPRY domain containing protein, ANK ankyrin repeat

a gene duplication event during evolution (Muller et al. 2000; Peng et al. 2000b). An iden-
tical situation was observed in mouse, where the two genes are close together on chromo-
some 6 (Hoenderop et al. 2003a; Weber et al. 2001a). The distinct genes comprise 15 exons
encoding proteins of approximately 730 amino acids. TRPVS and TRPV6 share a predicted
topology of six TMs with an additional hydrophobic region between TM5 and TM6, which
forms the channel pore (Fig. 2). TRPVS and TRPV6 have been cloned from a variety of
species, including rabbit, rat, mouse, human, and fish (Hoenderop et al. 1999c; Muller et
al. 2000; Pan et al. 2005; Peng et al. 1999, 2000a, b). In the latter species, the distinction
between TRPVS and TRPV6 is difficult (Pan et al. 2005; Shahsavarani et al. 2006). The
overall similarity of these sequences is approximately 75%. Remarkably, several domains in
TRPVS and TRPV6 are strongly conserved, including the pore region and binding sites in-
volving associated regulatory proteins (Fig. 2). TRPVS and TRPV6 belong to the superfam-
ily of TRP channels consisting of several groups, including the TRPC, TRPV, and TRPM
branches of the family (Clapham 2003). TRPVS and TRPV6 share the highest homology
with members of the TRP vanilloid family (TRPV). This group of cation channels further
includes TRPV 14, which respond to heat, osmolarity, odorants, and mechanical stimuli
(for additional information see http://clapham.tch.harvard.edu/trps/TRPVs_2005_web.pdf).
The homology of TRPV5 and TRPV6 with these members of the TRP channels is about
30% at the amino acid level.

Structural properties of TRPVS and TRPV6  Hoenderop and coworkers ad-
dressed the oligomerization of TRPVS and TRPV6 channels. Cross-linking studies,
co-immunoprecipitations, and molecular mass determination of TRPVS5 and TRPV6
complexes using sucrose gradient sedimentation showed that the epithelial Ca>* channels
form homo- and heterotetrameric channel complexes (Hoenderop et al. 2003b). The
four subunits surround a single pore. Hellwig et al. recently addressed the homo- and
heteromultimerization of TRPV channel by analysis of subcellular colocalization, fluo-
rescence resonance energy transfer, and co-immunoprecipitation. TRPV channel subunits
preferentially assemble into homomeric complexes, with the exception of TRPVS and
TRPV6, which also readily form heterotetramers (Hellwig et al. 2005).

The molecular determinants of TRPV6 oligomerization were addressed by Erler and
coworkers. They identified the ankyrin repeat at position 116—-191 of the amino-terminus as
a stringent requirement for physical assembly of TRPV6 subunits (Erler et al. 2004). It was
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proposed that this repeat initiates a molecular zippering process that proceeds past the last
ankyrin repeat and creates an intracellular anchor that is necessary for functional subunit
assembly. Structure prediction programs indicated the presence of 3 to 6 ankyrin repeats in
the amino-terminus (Erler et al. 2004; Hoenderop et al. 1999c).

Chang and coworkers confirmed the important role of the amino-terminus in channel as-
sembly in general, and in particular demonstrated that a region near the first ankyrin repeat
(position 64-77) is critical in the assembly process of TRPVS5 (Chang et al. 2004). However,
Chang et al. observed slightly increased binding efficiencies using truncated proteins includ-
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ing the first 162 amino acids, indicating that the ankyrin repeat identified for TRPV6 could
also be involved in TRPVS multimerization. Similarly, the pivotal role of ankyrin repeats in
the oligomerization was recently also demonstrated for another TRP channel i.e., TRPV4.
They showed that a splice variant of this cation channel that lack ankyrin repeats is impaired
in its ability to multimerize (Arniges et al. 2006).

Interestingly, a structural model of the outer pore of TRPVS and TRPV6 was provided
by Dodier et al. (2004) and Voets et al. (2004a), respectively. Mutation of a single aspar-
tate residue at position number 542 (D542), a residue crucial for the high-affinity Ca”*-
binding, altered the apparent pore diameter (Voets et al. 2004a), indicating that this residue
lines the narrowest part of the pore. Importantly, mutation of this aspartate residue in the
tetrameric channels results in loss of Ca’* selectivity and voltage-dependence (Hoenderop
et al. 2003b). Furthermore, using cysteine-scanning mutagenesis the main structural features
of TRPVS and TRPV6 were determined. Cysteines introduced in a region preceding D542
for TRPVS and D541 for TRPV6 displayed a cyclic pattern of reactivity to cysteine react-
ing agents indicative of a pore helix (Dodier et al. 2004; Voets et al. 2004a). The pattern
of covalent modification of cysteines supports a 3-D model similar to KesA K* channels
(Doyle et al. 1998). The external vestibule in TRPVS and TRPV6 may build up the three
structural domains consisting of a coiled structure that is connected to a 15-amino-acid pore
helix followed by the selectivity filter (with D542 and D541 forming the narrowest part) and
another coiled structure before the beginning of TM6. These are the first structural models
of a TRP channel pore.

Localization of TRPVS and TRPV6  Expression profiling of TRPV5 and TRPV6 using
Northern blotting, reverse transcriptase polymerase chain reaction (RT-PCR) and immuno-
histochemistry showed expression in a variety of tissues including kidney, small intestine,
placenta, and bone (Table 1). TRPVS5 likely contributes most significantly to transcellular
Ca®* transport in kidney, whereas TRPV6 is more ubiquitously expressed (Hoenderop et al.
2000; Nijenhuis et al. 2003b; Zhuang et al. 2002). In kidney TRPVS colocalizes with other
Ca2* transport proteins involved in intracellular binding (i.e., calbindins) or basolateral ex-
trusion (i.e., NCX1 and PMCA1b) of Ca2* (Hoenderop et al. 2000, 1999c). TRPVS was
localized to the apical domain of the late part of the DCT (DCT2) and CNT in the nephron,
matching the sites of active Ca>* transport (Hoenderop et al. 2000). Loffing et al. showed
that TRPVS localization was predominantly apical in DCT2, whereas a more cytosolic lo-
calization was observed at the end of the CNT (Loffing et al. 2001). This suggests that
channel shuttling to and from the apical plasma membrane plays a role in the regulation of
epithelial Ca®* transport. In mouse kidney, TRPV6 was detected by immunohistochemistry
at the apical domain of DCT2, CNT, and cortical and medullary collecting ducts (Nijenhuis
et al. 2003b). The significance of the contribution of TRPV6 to Ca’* reabsorption in the kid-
ney is currently unknown, although the renal phenotype of TRPVS knockout mice indicates
that TRPV6 cannot compensate for loss of TRPVS activity in the kidney (Hoenderop et al.
2003a).

Furthermore, several groups demonstrated the expression of TRPV6 in the proximal part
of duodenum in line with a prominent role for TRPV6 in intestinal Ca>* absorption (Huy-
bers et al. 2006; Van de Graaf et al. 2003; Walters et al. 2006; Zhuang et al. 2002). However,
Wissenbach et al. did not detect the expression of TRPV6 in duodenum and kidney (Wis-
senbach et al. 2001). TRPV5 and TRPV6 mRNA were both detected in syncytiotrophoblasts
(Moreau et al. 2002a). This suggests that TRPVS5 and/or TRPV6 mediate basal Ca* influx
in placenta as these cells mediate Ca* transfer to the fetus. In bone, TRPVS was detected
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Table 1 Localization of TRPV5 and TRPV6 in Ca’*-transporting tissues. TRPV5 forms the predominant
Ca”* influx pathway in kidney, whereas TRPV6 is essential for intestinal Ca>* absorption. The relative con-
tribution of TRPV5 and TRPVG to epithelial Ca’" transport in placenta, bone, and mammary gland remains
to be established (Hoenderop et al. 2000)

Tissue TRPVS TRPV6 Reference(s)

Kidney DCT2-CNT DCT2-CD Hoenderop et al. 2000;
Loffing et al. 2001;
Nijenhuis et al. 2003b

Intestine Duodenum Duodenum colon Muller et al. 2000;
‘Weber et al. 2001a;
Zhuang et al. 2002

Placenta Syncytiotrophoblast  Syncytiotrophoblast Moreau et al. 2002b;
Peng et al. 2001a
Bone Osteoclasts Osteoclasts and osteoblasts  Van der Eerden et al. 2005;

Nijenhuis et al. 2003b;
Weber et al. 2001a
Mammary gland ND Epithelial cells Zhuang et al. 2002

DCT?2, late distal convoluted tubule;
CNT, connecting tubule;

CD, collecting duct;

ND, not determined

in osteoclasts, in line with a role in Ca2* resorption in these cells (Van der Eerden et al.
2005). Also TRPV6 was detected in bone (Nijenhuis et al. 2003b; Weber et al. 2001a), al-
though little is known about the exact localization and role of this TRP channel here. Finally,
the expression of TRPVG is not restricted to Ca’*-transporting cells and is detected in sev-
eral exocrine tissues including pancreas, salivary gland, stomach, and prostate (Peng et al.
2000b; Wissenbach et al. 2001; Zhuang et al. 2002). The expression of TRPV6 in prostate is
elevated in prostate cancer and correlates with the tumor grade (Fixemer et al. 2003; Peng et
al. 2001b; Wissenbach et al. 2001). Although the functional consequence of TRPV6 expres-
sion in these tissues is unknown, it was postulated that TRPV6 mediates Ca?* influx under
certain conditions during exocytosis or cell proliferation.

Biophysical properties of TRPVS and TRPV6 TRPVS5 and TRPV6 display unique bio-
physical properties that distinguish them from other TRP channel members (Clapham 2003;
Vennekens et al. 2000; Yue et al. 2001). First, TRPV5 and TRPV6 show considerable con-
stitutive activity at low intracellular Ca>* concentrations and physiological membrane po-
tentials. Most other members of the TRP superfamily display smaller constitutive activity,
but are activated upon ligand binding, receptor-mediated phospholipase C (PLC) activa-
tion, or temperature shifts (Clapham 2003). Furthermore, TRPVS5 and TRPV6 are 100 times
more selective for CaZ* than for Na*, making them the most Ca%*-selective TRP channels
(Hoenderop et al. 2005; Nilius et al. 2000; Vassilev et al. 2001). At physiological Ca>* con-
centrations, the currents passing through TRPV5 and TRPV6 are mainly carried by Ca*
(Hoenderop et al. 2005). Single channel conductances of TRPV5 and TRPV6 are 4070 pS,
using Na™* as a charge carrier (Nilius et al. 2000; Vassilev et al. 2001). In addition, both in
the inside-out and in the whole-cell configuration, TRPV5 and TRPV6 show a character-
istic inward rectification (Hoenderop et al. 2005). So far, reliable single channel measure-
ments have not been performed in the presence of extracellular Ca**. Although many of
the properties are similar between TRPVS and TRPV6, there are a number of differences
between these channels. First, BaZ* permeates TRPVS better than TRPV6, e.g., the current
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ratio for Ba2* over Ca?* (Ip./Ic,) is approximately 0.9 for TRPV5 and only approximately
0.4 for TRPV6 (Nilius et al. 2002). Furthermore, the rate of channel inactivation is dif-
ferent between TRPVS and TRPV®, as is detailed below (Nilius et al. 2002). Remarkably,
the structural determinants for these two differences are situated in the intracellular linker
region between TM2 and TM3 (Nilius et al. 2002). Another distinction between TRPVS5
and TRPVG is the rate of recovery from Ca?*-dependent inactivation (see below), which is
roughly three times slower in TRPVS5 compared to TRPV6 (Hoenderop et al. 2005). Finally,
there are pharmacological differences between TRPV5 and TRPV6, as the latter requires
higher concentrations of ruthenium red or Cd”* to be blocked (~100- and ~4-fold increase
in ICs, respectively) (Hoenderop et al. 2003b; Nilius et al. 2001b).

TRPVS5 and TRPV6 are coexpressed in some tissues, which allows hetero-
oligomerization of these channels in vivo (Hoenderop et al. 2003b). As TRPVS and
TRPV6 exhibit different channel kinetics with respect to Ca>*-dependent inactivation, Ba>*
selectivity, and sensitivity to inhibition by ruthenium red and Cd**, heterotetramer compo-
sition might influence the functional properties of the formed Ca®* channel (Hoenderop et
al. 2003b). This was investigated using concatemeric constructs consisting of four TRPVS
and/or TRPV6 subunits configured in a head-to-tail fashion. A different ratio of TRPVS
and TRPV6 subunits in these concatemers showed that the phenotype resembles the mixed
properties of TRPVS and TRPV6 (Hoenderop et al. 2003b). A high number of TRPVS
subunits in such a concatemer displayed more TRPV5-like properties, indicating that the
stoichiometry of TRPV5/6 heterotetramers influences the channel properties. Consequently,
regulation of the relative expression levels of TRPVS and TRPV6 may be a mechanism to
fine-tune the Ca®* transport kinetics. For instance, immunohistochemical data in kidney
clearly demonstrated coexpression of TRPV5 and TRPV6 in DCT and CNT (Hoenderop
et al. 2003b). However, coexpression of TRPV5 and TRPV6 in these tissues has been to
date quantified only at the mRNA level, indicating that TRPV6 is 100-10,000 times more
expressed than TRPVS. Quantification at the protein level of both channels is certainly
important to address the stoichiometry in vivo.

Factors affecting channel gating

Intracellular Ca>*  Unlike other members of the TRP superfamily, there are no indi-
cations that TRPV5 and TRPV6 require a stimulus or ligand to be activated. However, the
constitutive activity of these epithelial channels is regulated by various means. First, TRPVS
and TRPV6 are subject to Ca®*-dependent feedback inhibition (Bodding et al. 2002; Nilius
et al. 2001a, 2002; Vennekens et al. 2000, 2001a). Both channels rapidly inactivate during
hyperpolarizing voltage steps. This inhibition is dependent on the extracellular Ca>* con-
centration and occurs also in cells buffered intracellularly with 10 mM BAPTA. Although
TRPV5 and TRPV6 are both rapidly inactivated upon an increase in the intracellular Ca’*
concentration, the initial inactivation is faster in TRPV6 than in TRPVS5 (Nilius et al. 2002).
As described above, the intracellular region between TM2 and TM3 was identified as a cru-
cial domain for the fast inactivation of TRPV6 (Nilius et al. 2002). Furthermore, two re-
gions in the carboxyl-terminus of TRPVS contributed to the Ca?*-dependent inactivation
(Nilius et al. 2003). Deletion of the last 30 amino acids of the carboxyl-terminus of TRPVS
(G701X) significantly decreased the Ca>* sensitivity. Detailed mutation analysis revealed
that a domain upstream in the carboxyl-terminus (between E649 and C653) forms a second
critical stretch for Ca2+—dependent inactivation of TRPV5 (Nilius et al. 2001a). Ca®* in-
flux is a prerequisite for Ca>*-dependent channel inhibition because the Ca?*-impermeable
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D542A mutant lacks a monovalent current decay in response to repetitive stimulation (Nil-
ius et al. 2001c). These data suggest that TRPVS5 and TRPV6 channels are downregulated by
Ca?* influx through the channel, which increases the Ca?* concentration in a microdomain
near the pore region. Considering the high affinity of Ca**-dependent TRPV5 and TRPV6
inhibition, the presence of intracellular Ca** buffer proteins such as calbindins plays an
important role to maintain channel activity (Lambers et al. 2006b). Measurements of the
endogenous TRPVS or TRPV6 activity in native primary cells that express all proteins in-
volved in transepithelial Ca®* transport would therefore provide another stimulus to our
knowledge on the Ca?*-dependent regulation of these channels. Due to the low endogenous
expression of the channels, such data remain unavailable to date.

Nilius et al. showed that recovery from inhibition occurred both upon washout of ex-
tracellular Ca2* (whole-cell configuration) or by removal of Ca®* from the inner side of
the channel (inside-out patches) (Nilius et al. 2001a). However, this process does not sim-
ply correlate with the removal of intracellular Ca®*, since full recovery occurs much later
than restoration of the basal Ca2* level in non Ca?*-buffered cells, or after removing Ca%t
from the inner side of excised membrane patches (Nilius et al. 2001a). Therefore, the re-
covery from the Ca>*-dependent inactivation seems to be mediated by a mechanism distinct
from Ca®*-dependent inactivation. It is currently unknown whether the recovery reflects re-
opening of channels present in the plasma membrane or insertion of new channels into the
plasma membrane.

Intracellular Mg?* and PIP,  An important feature of TRPVS and TRPV6 is the
voltage-dependent blockage by intracellular Mg?* (Hoenderop et al. 2005; Lee et al. 2005;
Voets et al. 2003). Both channels show nearly complete inward rectification, as no outward
currents are observed in the presence of intracellular Mg2+. However, the rectification is less
pronounced in the absence of intracellular Mg?*, although an intrinsic inward rectification
remains (Hoenderop et al. 2005; Voets et al. 2003). Furthermore, in the absence of intracel-
lular Mg?*, hyperpolarizing voltage steps activate inward currents without delay. However,
when 1 mM Mg?* is present intracellularly, a slowly rising phase (“gating”) is observed
(Hoenderop et al. 2005; Lee et al. 2005). This is due to “unblock” of the Mg?*-dependent
channel inhibition. The amount of Mg?*-dependent blockade relies on the voltage that was
present just preceding the hyperpolarization. At less negative potentials, partially blocked
channels open in a time-dependent manner due to unblock. However, the “unblock” was
less pronounced at highly negative potentials and after strong depolarization. These phe-
nomena can be explained as follows: at mild depolarizing potentials, Mg>* moves toward
the pore thereby plugging the permeation pathway for monovalent ions. Unblock occurs
at hyperpolarizing voltages. At very large depolarization Mg2* is pushed through the pore,
which results in a partial unblock of the channels. These three features (i.e., rectification,
gating, and voltage-dependence) only appear in the presence of intracellular Mg?*. In the
absence, gating and voltage-dependence disappear, whereas rectification is still present, but
diminished (Hoenderop et al. 2005; Lee et al. 2005; Voets et al. 2003). This fast voltage-
dependent block of TRPVS was confirmed by Lee et al. However, they also demonstrated
a slower Mg?*-dependent channel blockade (tens of seconds compared to milliseconds; Lee
et al. 2005). Interestingly, the aspartate at position 542 in the channel pore is responsi-
ble for both the fast and slow component of Mg>*-mediated channel blockade (Lee et al.
2005). Phosphatidylinositol bisphosphate (PIP;) reduces the sensitivity of TRPVS for this
slow Mg?*-induced inhibition (Lee et al. 2005). A role for PIP; in the regulation of TRPVS
was also described by Rohacs et al. Application of PIP, to inside out patches of TRPVS5
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expressing Xenopus oocytes resulted in a significant current increase (Rohacs et al. 2005).
They illustrated a role for arginine at position 599 of (rat) TRPVS5 that seems critical for
the direct interaction with PIP,. Mutation of other positively charged residues in this area
including K587Q and R600Q (most likely referring to K600Q and R587Q) resulted in only
modest amplitude decreases. Lee et al. indeed demonstrated that the rabbit TRPVS mutant
corresponding to R599Q (of rat TRPVS5) was more sensitive to inhibition by intracellular
Mg?*, in line with a reduced PIP, binding (Lee et al. 2005). The physiological role of the
regulation of TRPVS by intracellular Mg?* in a PIP;-modulated fashion needs to be further
addressed, but could be related to receptor-activated PLC signaling.

Intra- and extracellular protons Early studies in excitable tissues indicated that
acidic pH inhibits voltage-gated Na* channel activity (Woodhull 1973). Hess and collabora-
tors observed similar findings for L-type Ca* channels (Prod’hom et al. 1989). Changes in
pH have been found to regulate a number of TRP channels. Extracellular acidic pH increases
TRPV1 currents (Caterina and Julius 2001) and decreases the activity of TRPP2 (Gonzalez-
Perrett et al. 2002), a distant TRP family member of TRPVS5 and TRPV6. Acidification of
the apical medium inhibits transcellular Ca®* absorption across primary cultures of rabbit
CNT and CCD cells, providing a pH-dependent activity of the apical Ca®* influx pathway
(Bindels et al. 1994). Importantly, it was previously demonstrated that *Ca* uptake in
TRPV5-expressing Xenopus laevis oocytes is inhibited by acidification of the incubation
medium (Hoenderop et al. 1999c¢; Peng et al. 2000a). Indeed, extracellular acidification re-
duced currents through TRPVS carried by either monovalent or divalent cations (Peng et al.
2000a; Vennekens et al. 2001b). Recently, the mechanism of proton-dependent modulation
of TRPVS5 channel properties has been addressed by Huang and coworkers. First, Yeh et al.
demonstrated that mutation of the glutamate at position 522, preceding the pore region, to
glutamine (E522Q) decreases the inhibition of the channel by extracellular protons. There-
fore, this residue may act as the “pH sensor” of TRPVS (Yeh et al. 2003). In a follow-up
paper, the same group demonstrated that also intracellular protons inhibit TRPVS5 activity
(Yeh et al. 2005). Seventeen amino acids surrounding the putative intracellular entrance of
the pore were mutated into a nontitratable amino acid and only mutation of lysine-607 to
asparagine (K607N) decreased the sensitivity of the channel to inhibition by intracellular
acidification. Measurements of the relative permeability of inorganic monovalent cations to
Na* indicated that both intra- and extracellular acidification reduces the estimated TRPVS
pore diameter. This is possibly due to a rotation of the pore helix, as shown by measurements
of the accessibility of pore residues to a cysteine-reactive agent, which blocks the channel
upon covalent binding (Yeh et al. 2005). Extrapolating the pH-dependence of TRPVS to the
in vivo situation suggests that inhibition of TRPVS5 by protons may at least in part provide
the molecular basis of acidosis-induced calciuresis. At least two additional mechanisms con-
tribute to the calciuresis. The first is pH-dependent modulation of gene expression of Ca>*
transport proteins, as will be discussed in “Acidosis and alkalosis” (Nijenhuis et al. 2006).
Second, Lambers et al. demonstrated a pH-dependent translocation of TRPVS to the plasma
membrane. This mechanism stimulated TRPVS activity at higher pH due to an increase in
the number of TRPVS5 channels at the cell surface (Lambers et al. 2006¢; Nilius and Mahieu
2006).

TRPVS knockout mice  Hoenderop and coworkers generated TRPVS5 knockout
(TRPV57") mice that displayed a number of alterations that could be linked to modification
of the Ca2* balance (Hoenderop et al. 2003a). First, metabolic studies demonstrated that
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TRPV5~~ mice exhibit a robust calciuresis, since significantly more Ca** was excreted in
the urine compared to wild-type littermates. Second, serum analysis showed that TRPV5~/~
mice have normal serum Ca?* concentrations, but significantly elevated levels of active
vitamin D (1,25(OH);D3) compared to wild-type littermates. Third, Ca*t absorption in
small intestine was significant increased in TRPV5~~ mice indicating a compensatory role
of the small intestine. Fourth, TRPV5~~ mice show a severe bone phenotype.

One of the most appealing aspects of the phenotype of TRPV5~~ mice is their massive
renal Ca2* excretion (Hoenderop et al. 2003a). The urinary Ca** concentration of TRPV5~/~
mice reached values 4-10 times higher compared to wild-type mice. This hypercalciuria per-
sists during life as it was observed in mice ranging from 10 to 52 weeks (Van Abel et al.
2006). In vivo micropuncture studies were performed in these transgenic mice to pinpoint
the defective site of the Ca>* reabsorption along the nephron. Ca”* reabsorption in TRPV5~7~
mice was unaffected up to the last surface loop of the late proximal tubule (LPT). However,
mean Ca’* delivery to puncturing sites within DCT and CNT was significantly enhanced
in TRPV5”" mice (Hoenderop et al. 2003a). This defect in Ca®* reabsorption along the
DCT and CNT is consistent with the localization of TRPVS5 in mice (Loffing et al. 2001).
Interestingly, polyuria and polydipsia was consistently observed in TRPV5~~ mice com-
pared to wild-type littermates (Hoenderop et al. 2003a). Polyuria reduces the potential risk
of Ca®* precipitations and thereby facilitates the excretion of large quantities of Ca’*. The
hypercalciuria-induced polyuria has been observed in humans (Miller and Stapleton 1989)
and animal models (Frick and Bushinsky 2003; Puliyanda et al. 2003). Exactly how the in-
creased luminal Ca2* concentration induces polyuria is unknown. It is postulated that the
high Ca®* concentration activates the Ca>*-sensing receptor (CaSR) in the apical membrane
of the inner medullary collecting duct (IMCD), which could stimulate the retrieval of aqua-
porin 2 (AQP2) to reduce water reabsorption (Sands et al. 1997). Furthermore, TRPV5~/~
mice produced urine that was significantly more acidic compared to wild-type mice. Acidi-
fication of the urine could also contribute to the prevention of renal stone formation during
hypercalciuria, since Ca®* precipitates will not form at pH 5-6 (Baumann 1998).

A significant increase in the rate of Ca’* absorption in the small intestine was
observed in TRPV57~ mice compared to wild-type littermates, indicating an intestinal
compensation for renal Ca>* wasting (Hoenderop et al. 2003a; Renkema et al. 2005).
Duodenal Ca®* absorption gradually decreased upon aging to 52 weeks in wild-type and
TRPV5~~ mice, but remained elevated in the latter compared to age-matched wild-type
mice (Van Abel et al. 2006). Intestinal TRPV6 and calbindin-Dgg expression levels were
significantly upregulated in TRPV5~~ mice consistent with this increased Ca>* absorption
(Hoenderop et al. 2003a). To address the role of 1,25(OH),Dj3 in Ca®* hyperabsorption
double-knockout mice (TRPV57/1a-OHase™ mice) were generated that lack the TRPV5
and 25-hydroxyvitamin-D3-la-hydroxylase genes of which the latter is responsible for
the production of 1,25(OH),D3. Renkema et al. demonstrated that increased serum levels
of 1,25(0H),D;3 in TRPV5~" mice were essential for this compensatory Ca?* hyperab-
sorption. TRPV57/1a-OHase”~ mice have undetectable serum levels of 1,25(OH),Ds3
and display a significant hypocalcemia (Renkema et al. 2005). Intestinal TRPV6 and
calbindin-Dok expression levels were decreased compared with wild-type mice. The renal
Ca?* leak, as demonstrated in TRPV5™" mice, persisted in TRPV5~7/1a-OHase ™™ mice,
but a compensatory upregulation of intestinal Ca?* transporters was abolished (Renkema
et al. 2005). From these results, it was concluded that hypervitaminosis D is of crucial
importance in TRPV5~~ mice to maintain normocalcemia despite impaired renal Ca®*
reabsorption.
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The molecular mechanisms involved in bone resorption and formation are largely elu-
sive, although both processes likely require transcellular transport of Ca>*. Detailed analyses
of femurs demonstrated that trabecular thickness in the femoral head of TRPV5~~ mice was
drastically reduced compared with TRPV5** mice (Hoenderop et al. 2003a). Furthermore,
the cortical bone volume, cortical volume fraction, and cortical bone thickness were de-
creased in TRPV5~ versus wild-type mice. Van der Eerden et al. further investigated the
functional role of TRPVS5 in bone. TRPVS5 mRNA was expressed in human and murine bone
samples and in osteoclasts along with other genes involved in transcellular Ca®* transport,
including calbindin-Dog and calbindin-Dogk, Na*/Ca?* exchanger 1, and plasma membrane
Ca2*-ATPase 1b (Van der Eerden et al. 2005). TRPV5 shows predominant localization to the
ruffled border membrane of murine osteoclasts. However, TRPV5 was absent in osteoblasts
(Van der Eerden et al. 2005). Analyses of femoral bone sections and an in vitro bone marrow
culture system revealed increased osteoclast numbers and osteoclast area in TRPVS5~~ mice,
whereas a urinary bone resorption marker was reduced compared to TRPV5** mice. Us-
ing a functional resorption pit assay, it was, however, found that bone resorption was nearly
absent in osteoclast cultures from TRPV5~~ mice, supporting the impaired resorption ob-
served in vivo (Van der Eerden et al. 2005). Although this study clearly showed that TRPVS
is essential for osteoclastic bone resorption and demonstrates the significance of transcellu-
lar Ca?* transport in osteoclasts, it does not explain the bone phenotype of TRPV5~~ mice.
As osteoclastic function is impaired, one would expect increased bone thickness. However,
TRPV5~~ mice show reduced bone thickness suggesting functional Ca2* resorption from
bone. Furthermore, in TRPV5~7~/1a-OHase™~ mice, rickets was even more pronounced than
observed in single TRPV5 or la-OHase ™~ mice, suggesting that the high vitamin D levels
do not cause the reduced bone thickness in TRPV5~~ mice (Renkema et al. 2005). Perhaps
the answer lies in the role of bone formation by osteoblasts. This process remains largely elu-
sive, and the role of transcellular Ca2* transport and TRPV5 and/or TRPV6 therein should
be one of the first topics of future investigation.

In summary, targeted ablation of the TRPV5 gene seriously disturbs renal Ca>* han-
dling, causing increased 1,25(OH);D3 serum levels, CaZ+ hyperabsorption, and reduced
bone formation. These data from TRPVS5~~ mice convincingly demonstrate that TRPVS is
the gatekeeper in active Ca®* reabsorption. Similarly, TRPV6 provides a good candidate as
the apical Ca®* influx channel involved in intestinal Ca>* absorption. However, the creation
of TRPV6 knockout mice to obtain the most direct and ultimate proof for this hypothesis
has not been achieved to date.

Intracellular Ca®* transport

The process of transcellular Ca>* transport places a substantial and continuous challenge
on epithelial cells, as substantial amounts of Ca®* traffic through the cytosol, while the cy-
tosolic free Ca2* concentration ([Ca2*];) needs to be maintained at low levels. Results from
mathematical modeling (Bronner and Stein 1988) have indicated that diffusion of free Ca’*
at physiological cytosolic concentrations can only account for about 1/70th of the observed
rate of transcellular transport (Costanzo and Windhager 1978). To date, two models have
been proposed to explain this discrepancy.

Facilitated diffusion In the first model, termed the “facilitated diffusion model,” intracel-
lular Ca®*-binding proteins keep the free Ca®* concentration low, while the diffusible cel-
lular Ca* concentration is high enough to support massive transcellular Ca>* rates (Bron-
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ner et al. 1986; Bronner and Stein 1988; Feher 1983; Feher and Wasserman 1979; Feher
et al. 1992; Larsson and Nemere 2002). The abundance of these Ca’*-buffering proteins
is regulated by calciotropic hormones, i.e., vitamin D and PTH, to ensure sufficient Ca?*
(re)absorption capacity in conditions when this is required. Indeed, there are two major sub-
classes of vitamin D-dependent Ca2+-binding proteins, calbindin-Dgk and calbindin-Dogk .
Calbindin-D»gk is highly conserved during evolution and present in kidney, small intestine
(only birds), pancreas, placenta, bone, and brain. Calbindin-Dok is present in highest con-
centrations in small intestine as well as in kidney (only mouse). The expression level of
these calbindins in kidney and intestine is closely correlated with the efficiency of Ca2*
(re)absorption; calbindins, therefore, play a central role in the facilitated diffusion model.
Even though these buffering proteins diffuse more slowly than the Ca®* ion (inversely re-
lated to the square root of the molecular weight), the intracellular concentration of calbindins
(submillimolar range) is sufficient to raise the total diffusible Ca?* concentration to the level
needed to attain the experimental diffusion rates (Bronner and Stein 1988). Importantly,
due to the relatively slow binding kinetics of these Ca’*-binding proteins, Ca’* signaling
can occur independently of transcellular Ca>* movement mediated by calbindin-Dox and
calbindin-Dogk (Koster et al. 1995). In addition, the Ca2+-buffering activity of the calbindins
plays an important role to maintain TRPVS and TRPV6 channels in an open conformation.
These channels are rapidly inactivated upon a rise in the [Ca>*];, and therefore it is pivotal
to keep [Ca2*]; low. Recent data show that calbindin-D,gk can fulfill this role for TRPV5 by
direct interaction with the channel. Therefore, calbindin-Dgk provides epithelial cells with
both local and general Ca?* buffering to support high rates of transcellular Ca2* transport
(Lambers et al. 2006b).

Vesicular transport  Previous studies have also proposed a vesicular model in which the
Ca”*-transporting cells use lysosomes to sequester Ca>* and facilitate its movement to the
basolateral membrane (Larsson and Nemere 2002; Nemere et al. 1986). Formation of Ca%*-
enriched vesicles is initiated by influx of Ca?* through Ca?* channels in the apical or luminal
membrane. The rapid increase in [Ca?*] in close vicinity to the apical membrane disrupts the
actin filaments near the Ca®* channels and initiates the formation of endocytic vesicles. The
formed Ca”*-containing vesicles are transported by microtubules and fuse with lysosomes
(Larsson and Nemere 2002; Nemere and Norman 1990). While calbindins have been found
to associate with lysosomes, the role of these Ca®*-binding proteins in this latter model is at
present unclear.

Calbindin-D,gx knockout mice = Homozygous calbindin-Dogk knockout (calbindin-
Dagi ") mice were previously generated, which developed normally (Airaksinen et al.
1997a, b; Barski et al. 2003; Sooy et al. 1999, 2000). Calbindin-Dagg ™~ mice fed a regular
Ca”* diet displayed an approximately twofold increase in the urinary Ca®* excretion com-
pared to wild-type littermates (Sooy et al. 2000; Zheng et al. 2004). However, these mice
displayed no significant differences in serum Ca>* or PTH levels. This could indicate that
intestinal hyperabsorption compensates for the hypercalciuria induced by calbindin-Dogk
deficiency. Furthermore, only in mice is calbindin-Dgk expressed in renal epithelia. This
suggests that calbindin-Dog could mediate a significant amount of Ca>* buffering, not only
in intestine (as in all other species), but also in the mouse kidney where it colocalizes with
TRPVS (Hoenderop et al. 2002). In this respect, it is important to note that ablation of
the TRPVS5 gene results in a greater than sixfold increase in calciuria (Hoenderop et al.
2003a), whereas inactivation of the calbindin-D,gk results only in roughly twofold increase
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(Zheng et al. 2004), on a high Ca?* diet, indicating that the renal defect in Ca>* handling is
submaximal in calbindin-Dgk = mice. This suggests that TRPVS5 plays a more pivotal role
in Ca* reabsorption compared to calbindin-Dagk that could also be explained by a possible
redundancy for this calbindin. The relative contribution of TRPVS and calbindin-Dogk
was investigated using mice lacking both the TRPVS and calbindin-Dogk gene (Gkika et
al. 2006). This study suggests that TRPVS is the most crucial factor of the two proteins,
as removal of the calbindin-Dogk gene did not further deteriorate the Ca®* hyperexcretion
in TRPVS5-lacking mice. It is, however, also possible that calbindin-Dog now functions as
an alternative Ca>* buffer since this protein is also expressed in mice DCT. Mutant mice
that lack the calbindin-Dgg - gene have recently been generated (Kutuzova et al. 2006)
and they show normal serum Ca?* levels. However, no information about the intestinal
Ca* absorption or urine Ca?* excretion in these animals was provided. Further studies
using mice lacking both calbindins would provide further insight into the role of these
Ca-buffering proteins in epithelial Ca>* transport. Li et al. had previously demonstrated that
genetic inactivation of the vitamin D receptor (VDR) gene leads to a 90% reduction in renal
calbindin-Dog expression, but little change in calbindin-Dpgk (Li et al. 2001). To address
whether calbindin-Dgg compensates for the role of calbindin-Djgk in Ca%* homeostasis,
Zheng et al. generated VDR/calbindin-D,gx double knockout mice, which expressed no
calbindin-D,gk and only 10% of calbindin-Dox in kidney. VDR knockout mice suffer from
hypocalcemia, secondary hyperparathyroidism, rickets, and osteomalacia (Zheng et al.
2004). However, ablation of the calbindin-D»gk gene further deteriorates the phenotype, as
the double knockout mice were even more growth-retarded, significantly smaller in body
weight than VDR~ mice, and died prematurely at a few months of age. Compared with
VDR mice, the VDR /calbindin-D>gk /= mice had higher urinary Ca** excretion and
developed more severe secondary hyperparathyroidism and rachitic skeletal phenotype,
which were manifested by larger parathyroid glands, higher serum PTH levels, and much
lower bone mineral density (Zheng et al. 2004). Using histomorphometry and microcom-
puter tomography, a recent study from Margolis and coworkers showed that the femora
of calbindin-Dygg '~ mice have significantly increased cortical bone volume compared to
wild-type mice (Margolis et al. 2006). These results directly suggest that calbindin-Dygk
plays a distinct role in maintaining Ca>* homeostasis and skeletal mineralization.

Ca?* extrusion mechanisms

The energy-consuming step of transcellular Ca>* transport lies in the Ca?* efflux pathways.
This step transports intracellular Ca* to the serosal side across the basolateral membrane
against a considerable electrochemical gradient. Two Ca?* transporters have been implicated
in this extrusion process, a Na*/Ca>* exchange mechanism (NCX1) and a Ca?*-ATPase
(PMCA1D).

Na*/Ca?* exchanger  Counter transport of Na* for Ca?* across the plasma membrane
accounts for the maintenance of low [Ca%*]; in a wide variety of cells (Linck et al. 1998).
To date, three genes for NCX, designated NCX1, NCX2, and NCX3, have been identified
in mammals. Similarities between NCX1-3 include a homology of around 70% sequence
identity at the protein level, the presence of an amino-terminal signal sequence, two sets of
multiple transmembrane a-helices near the ends of the protein, and a large intracellular loop
(Blaustein and Lederer 1999; Schulze et al. 2002). A functional comparison of the three iso-



Rev Physiol Biochem Pharmacol (2007) 95

forms of NCX stably expressed in baby hamster kidney (BHK) cells failed to detect striking
differences (Linck et al. 1998).

The genes encoding NCX1, NCX2, and NCX3 have been mapped to mouse chromo-
somes 17, 7, and 12, respectively (Nicoll et al. 1996). At the posttranscriptional level, at
least 12 NCX1 and 3 NCX3 proteins are generated through alternative splicing (Kofuji et
al. 1994). These variants arise from a region of the large intracellular f loop, are encoded by
six small exons defined A to F, and are used in different combinations in a tissue-specific
manner (Lee et al. 1994; Nakasaki et al. 1993). All splice variants include either exon A or
B (Quednau et al. 1997). Excitable tissues, such as those of the brain and heart, are usually
characterized by the presence of exon A, whereas kidney, stomach, and skeletal muscle tis-
sues comprise NCX with exon B (Quednau et al. 1997). Reilly and Shugrue identified the
sequence of the rabbit kidney NCX1 (Reilly and Shugrue 1992) and in kidney the expres-
sion of this transporter is restricted to the distal part of the nephron where it is predominantly
localized along the basolateral membrane (Biner et al. 2002; Hoenderop et al. 2000; Loff-
ing et al. 2001). NCX1 is widely distributed in many different mammalian tissues, whereas
NCX2 and NCX3 are only expressed in brain and skeletal muscle (Li et al. 1994; Nicoll
et al. 1996). Bindels and coworkers suggested that in DCT and CNT NCX1 is the primary
extrusion mechanism, whereas only a minor amount of Ca* is extruded by the plasma mem-
brane Ca?* pump (Bindels et al. 1992; Van Baal et al. 1996b). NCX1 is also expressed in
the basolateral membrane of enterocytes (Hildmann et al. 1982; Kikuchi et al. 1988; Van
Abel et al. 2003). In fish enterocytes, NCX appears to be the main mechanism by which
Ca?* is extruded from the cells at the basolateral surface, whereas in mammals PMCA is
the predominant extrusion mechanism (Flik et al. 1990; Hildmann et al. 1982; Van Abel et
al. 2003). Together, these studies suggest that in kidney basolateral Ca>* efflux is mainly
mediated by NCX1, whereas Na*/Ca?* exchange seems less important in the small intes-
tine. Recently, it was demonstrated that NCX1 knockout mice do not have a spontaneously
beating heart and die in utero (Koushik et al. 2001; Reuter et al. 2002). Unfortunately, this
animal model is, therefore, not suitable to verify the importance of NCX1 in renal epithelial
Ca”* transport. In addition, K*-dependent Na*—Ca”* exchangers (NCKX) could play a role
in cellular Ca?* efflux (Blaustein and Lederer 1999; Philipson and Nicoll 2000). Northern
blot analysis demonstrated that some isoforms [i.e., NCKX4 (Li et al. 2002) and NCKX6
(Cai and Lytton 2004)] of this family are expressed in epithelia including small intestine and
kidney. Therefore, it remains to be established whether the NCKX transporters play a role in
epithelial Ca>* transport or NCX1 is indeed the pivotal extrusion mechanism in renal Ca?*
reabsorption.

The stoichiometry of NCX is generally accepted to be three Na* ions per one Ca”* ion
However, it has recently been demonstrated that ion flux ratio can vary from 1:1 to a max-
imum of 4:1, depending on the intracellular concentration of Na* and Ca®* ions (Fujioka
et al. 2000; Kang and Hilgemann 2004). This variation might be most relevant in excitable
cells. In resting excitable cells, when [Ca2*]; rises and the cells require the return of [Ca?*];
to resting levels (Carafoli 1985), NCX-mediated transport couples the extrusion of Ca>* to
the influx of Na* ions into the cells down the electrochemical Na* gradient. This mode of
operation, defined as forward mode (Blaustein and Santiago 1977), maintains the steep Ca>*
gradient across the cell membrane. However, when the transmembrane Na* electrochemical
gradient is reduced, i.e., upon membrane depolarization, NCX can operate in reverse mode
and mediates the extrusion of [Na*]; and the influx of Ca2* ions (Baker et al. 1969; DiPolo
1979). Although this latter feature is an important topic in the field of neuroscience and
cardiac function, the role of NCX in epithelial Ca®* transport is probably limited to Ca?*
efflux.
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Plasma membrane Ca*-ATPase PMCAs are high-affinity Ca®* efflux pumps present
in virtually all eukaryotic cells, wherein they are responsible for the maintenance and reset-
ting of the resting [Ca%*]; levels (Blaustein et al. 2002). Four PMCA isoforms (PMCA1-4;
human gene symbols ATP2B1-4) have been identified in mammalian tissues (Strehler and
Zacharias 2001). In addition, alternative splicing of the transcripts of these genes yields
a large variety of splice variants differing mainly in their carboxyl-terminal amino acid se-
quence (Stauffer et al. 1993; Strehler and Zacharias 2001). PMCA1 and PMCA4 are ex-
pressed in all tissues, suggesting that they are housekeeping genes, involved in the main-
tenance of cellular Ca** homeostasis (Greeb and Shull 1989; Stauffer et al. 1993). In con-
trast, the limited tissue distribution of PMCA2 and PMCA3 suggests that they have tissue-
specific functions. The relevance for PMCASs as a system for the extrusion of Ca>* in Ca?*-
transporting epithelial cells is variable between tissues. In the kidney, PMCA 1b, 2b, and
4b isoforms are present in all nephron segments (Caride et al. 1998; Magosci et al. 1992).
Compared to other nephron segments, DCT shows the strongest immunocytochemical re-
activity for PMCA protein expression and the highest Ca’*-ATPase activity (Borke et al.
1989; Borke et al. 1987; Doucet and Katz 1982; Magosci et al. 1992). PMCAL1b tran-
scripts were demonstrated in rabbit CNT and collecting duct (CD), whereas expression of
the PMCA?2 isoform was not detected (Hoenderop et al. 2000; Kip and Strehler 2003). In ad-
dition, Strehler and coworkers demonstrated in Madin-Darby canine kidney (MDCK) cells
that PMCAA4b plays a significant role in basolateral Ca®* extrusion (Kip and Strehler 2003,
2004). However, in renal epithelia, NCX mediates the majority (~70%) of the Ca?* efflux
in Ca?*-transporting cells in DCT and CNT, whereas PMCA mediates the extrusion of the
remaining 30% (Bindels et al. 1992). In addition, PMCA probably serves a general role in
the maintenance of cellular Ca>* homeostasis of all other nephron segments. Interestingly,
in the small intestine PMCA[1b is abundantly expressed, whereas NCX1 is expressed only
at low levels. This suggests that PMCA1b is the principal Ca%* extrusion mechanism in
intestinal Ca2* absorption (Van Abel et al. 2002; Wasserman and Fullmer 1995).

Recent studies of mice carrying PMCA1, PMCA2, or PMCA4 null mutations reveal
the in vivo functions of these isoforms. Mice that are deficient in PMCA3 have not been
generated yet. The PMCAI1 gene was disrupted by removal of sequences encoding the cat-
alytic phosphorylation site (Okunade et al. 2004). When heterozygous mutant mice were
bred, only wild-type and heterozygous mutants were observed at birth, whereas null mutants
showed early embryolethality. Heterozygous PMCA1 mutants exhibit no apparent disease
phenotype. These observations suggest that PMCA serves a critical housekeeping function.
Because PMCA1b is ubiquitous (Keeton et al. 1993; Stauffer et al. 1993), it is likely to be
the major housekeeping form of the enzyme. Furthermore, the role of PMCA2 was demon-
strated using two mouse strains [deafwaddler (Street et al. 1998) and wriggle mouse Sagami
(Takahashi and Kitamura 1999)], carrying PMCA?2 mutations, and in PMCA2 knockout
mice (Kozel et al. 1998), all displaying phenotypes with deafness and having problems keep-
ing their balance related to Ca®* handling in the inner ear. PMCA4 null mutants survive and
appear healthy (Okunade et al. 2004; Schuh et al. 2004). However, an in vitro apoptosis
phenotype was identified in smooth muscle of isolated portal veins from PMCA4 knockout
mice on a mixed 129Sv] and black Swiss background (Okunade et al. 2004), indicating that
loss of PMCA4 could lead to Ca®* overload and apoptotic cell death under some conditions,
in particularly when the loss of PMCA4 was combined with the loss of a single copy of the
PMCAT1 gene. This suggests that PMCAL is the major housekeeping isoform required for
maintenance of [Ca2*]; but that PMCA4 can contribute to this function in certain tissues.
Moreover, PMCAA4 plays an important role in testis, as male PMCA4 null mutant mice are
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infertile, because the sperm cells are unable to achieve hyperactivated motility (Okunade et
al. 2004; Schuh et al. 2004).

In conclusion, ATP driven Ca?* extrusion and Na*—Ca* exchange both play a role in
epithelial Ca* extrusion with PMCA1 and NCX1, respectively forming the molecular iden-
tity of this process.

Regulation of epithelial Ca®* transport
1,25-dihydroxyvitamin D3

The vitamin D3 endocrine system is critical for the proper development and maintenance of
the Ca®* balance (Jones et al. 1998). There are two sources of vitamin D3 in the body. It is ei-
ther ingested with the diet or synthesized in the skin from its precursor 7-dehydrocholesterol
in the presence of sunlight (Neer 1975). Vitamin Ds itself is physiologically inactive. It will
undergo a modification process, starting with 25-hydroxylation in the liver. Subsequently,
the active form of vitamin D, 1,25-dihydroxyvitamin D3 (1,25(0OH),D3), is synthesized in
the PT by the renal cytochrome P450 enzyme 25-hydroxyvitamin D3-1a-hydroxylase (1a-
OHase) (Fraser and Kodicek 1970; Jones et al. 1998).

The biological effects of 1,25(OH),D3 on target organs are mediated by both genomic
and rapid posttranscriptional mechanisms (Jones et al. 1998). 1,25(OH), D3 transcriptionally
controls the expression of a particular set of target genes (Table 2). The genomic mechanism
of action is similar to that of other steroid hormones and is mediated by stereospecific in-
teraction of 1,25(OH),D3 with a nuclear VDR. Upon binding of 1,25(OH),D3, the VDR
undergoes a conformational change and forms a complex with a retinoid X receptor (RXR).
This VDR-RXR complex binds to DNA elements in the promoter regions of target genes
described as vitamin D response elements (VDRESs). Binding to these VDRESs controls the
rate of gene transcription. Importantly, VDR is expressed in epithelia that play a role in
Ca”* (re)absorption. The intestine and kidney are the main target organs for the calciotropic
action of this hormone, although vitamin D affects many processes i.e., notably in the skin
and immune system, but also directly in bone and parathyroid gland (DeLuca 2004). The
rapid response of vitamin D presumably utilizes a VDR-independent signal transduction
pathway that is probably linked to putative plasma membrane receptors for 1,25(OH),Ds.
The physiological relevance of rapid actions of vitamin D is not well understood.

A number of human diseases are associated with the role of active vitamin D. These
disorders are often characterized by defective bone mineralization and clinical features of
rickets, poor growth as an infant, and hypocalcemia and can have at least two distinct ge-
netic causes (Jones et al. 1998; Van de Graaf et al. 2004). Vitamin D-dependent rickets
type I (VDDR 1) is due to an enzymatic defect in synthesis of the active form of vitamin D
(Kitanaka et al. 1998; Panda et al. 2001). It has also been referred to as “pseudovitamin D-
deficiency rickets” (Prader et al. 1961). VDDR I is an autosomal recessive disorder caused
by mutations in the gene encoding 25-hydroxyvitamin D3-1a-hydroxylase on chromosome
12q14 (Kitanaka et al. 1998). Patients with this disease show markedly decreased serum
1,25(OH),2 D3, hyperparathyroidism, and normal serum 25-hydroxyvitamin D3. A similar
disease is caused by end-organ unresponsiveness of active vitamin D due to recessive mu-
tations in the gene encoding the vitamin D receptor (Hughes et al. 1988; Pike et al. 1984).
Vitamin D-dependent rickets type II (VDDR II) is caused by a defect in the vitamin D
receptor gene. This defect leads to an increase in the circulating ligand, 1,25(OH),Ds3. Fur-
thermore, alopecia (hair loss) is often observed in these patients. Often mutations had been
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Table 2 Regulation of the epithelial Ca®>* channels
Regulatory factor TRPVS TRPV6 Affected process Reference(s)
Vitamin D + + Transcription Hoenderop et al. 2001a;

Hoenderop et al. 2005;
Van Cromphaut et al. 2001

PTH + = Transcription Van Abel et al. 2005
Estrogen + + Transcription Van Abel et al. 2002, 2003
Dietary Ca>* +2 +2 Transcription Hoenderop et al. 2002;
Van Abel et al. 2003
Tacrolimus - ND Transcription Nijenhuis et al. 2004
Acidosis - ND Transcription/ Nijenhuis et al. 2006;
channel activity/ Vennekens et al. 2001b;
trafficking Yeh et al. 2005
Klotho + + Trafficking Chang et al. 2005
S100A10/annexin 2 + + Trafficking Van de Graaf et al. 2003
Rablla + + Trafficking Van de Graaf et al. 2006a
FKBP52 - ND Not known Gkika et al. 2006
Calmodulin = + Channel activity Lambers et al. 2004;
Niemeyer et al. 2001
80K-H + ND Channel activity Gkika et al. 2004
[Ca?t]; - - Channel activity Hoenderop et al. 2001b
NHERF2/SGK1 + ND Not known Embark et al. 2004
NHERF4 = = Not known Van de Graaf et al. 2006¢
BSPRY + ND Not known Van de Graaf et al. 2006d

 In vitamin D-depleted mice

“+” and “-” indicate stimulation or inhibition, respectively, of the indicated process including transcrip-
tion, trafficking and channel activity of TRPV5/6. ND means not determined and “=" indicates no effect.
TRPVS, transient receptor potential cation channel subfamily V member 5; TRPV®6, transient receptor
potential cation channel subfamily V member 6; PTH, parathyroid hormone; FKBP52, FK binding pro-
tein 52; [Ca2+]i, intracellular Ca%* concentration; NHERF2, Nat/HT exchanger regulatory factor 2;
SGK1, serum and glucocorticoid-regulated kinase 1; NHERF4 Na™/H™, exchanger regulatory factor 4;
BSPRY, B-box and SPRY domain containing protein. See text for explanation

found in the highly conserved amino-terminal DNA-binding domain of the VDR, a loca-
tion that does not affect the ligand-binding properties of the receptor. This explains that the
receptor can sometimes still bind vitamin D, while the calciotropic genomic consequences
are absent (Malloy et al. 1997). Furthermore, vitamin D-dependent rickets type II can be
associated with a normal vitamin D receptor cDNA sequence. The VDR suppressive effect
in these patients was due to overexpression of a heterogeneous nuclear ribonucleoproteins
(hnRNPs) that specifically interacted with a DNA response element known to bind retinoid
X receptor-VDR heterodimers, interfering with the vitamin D receptor—DNA interaction
(Chen et al. 2003).

Targeted deletion of genes encoding la-OHase (Dardenne et al. 2001; Panda et al.
2001) and of the nuclear VDR (Li et al. 2001; Takeyama et al. 1997; Van Cromphaut et
al. 2001; Yoshizawa et al. 1997) have provided useful mice models of inherited human dis-
eases of VDDR I and VDDR II. St. Arnaud and coworkers generated 1a-OHase knockout
(1a-OHase ™) mice that represent a unique animal model for VDDR I since these mice dis-
play undetectable 1,25(OH), D3 concentrations, hypocalcemia, and secondary hyperparathy-
roidism. On a normal diet, la-OHase™~ mice have an average lifespan of approximately
12 weeks (Dardenne et al. 2001; Hoenderop et al. 2002). In addition, the la-OHase™ mice
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developed distinct histological evidence of rickets and osteomalacia (Dardenne et al. 2001;
Panda et al. 2001). Previous studies indicated that daily injections of 1,25(OH);D3 com-
pletely rescued these 1a-OHase ™~ mice (Dardenne et al. 2003b). Bone histology and histo-
morphometry confirmed that the rickets and osteomalacia were cured by this 1,25(OH), D3
supplementation. Blood analysis further revealed that the rescue treatment corrected the
hypocalcaemia and secondary hyperparathyroidism.

Interestingly, in this VDDR I mouse model, there was a positive correlative relation-
ship between the expression level of TRPVS, calbindin-Dogk, and NCX1 proteins in kid-
ney, TRPV®6, calbindin-Dog, and PMCA 1b in duodenum, and the serum Ca%* concentration
(Hoenderop et al. 2002; Van Abel et al. 2002, 2003). Normalization of the serum Ca%t
concentration by 1,25(OH),D3 supplementation was associated with a restoration of the
expression level of the Ca** transporters, confirming the essential role of these proteins
in active 1,25(0H),D3-mediated Ca%* (re)absorption. Analogous observations were made
from experiments performed with VDR knockout mice (Van Cromphaut et al. 2001; Weber
et al. 2001a). In these hypocalcemic mice, urinary Ca>* excretion is inappropriately high,
suggesting renal Ca®* wasting due to disturbed Ca”* reabsorption. Furthermore, it has been
demonstrated in this mouse model that duodenal TRPVS and TRPV6 levels are dramatically
downregulated (Van Cromphaut et al. 2001; Weber et al. 2001a). Calbindin-Dgk expression
was also downregulated, although to a lesser extent.

Finally, more recent evidence for a role of vitamin D in the positive regulation of the ep-
ithelial Ca®* channel comes from two distinct double knockout models. First, it was shown
that the increased vitamin D levels observed in TRPV5~~ mice are pivotal for the com-
pensatory intestinal hyperabsorption seen in these mice. This was demonstrated using mice
TRPV5//1a-OHase ™~ double knockout mice (Renkema et al. 2005). Second, 1a-OHase™~
and PTH double knockout mice were created to eliminate a possible role of PTH during
vitamin D administration. Administration of 1,25(OH),;D3 upregulated mRNA and protein
levels of the renal TRPVS5, calbindin-D;gk, calbindin-Dgg and NCX1, increased serum Cat
concentration and stimulated bone formation (Xue et al. 2006).

The correlation between vitamin D and the expression level of the Ca®* transport pro-
teins has also been addressed in several cell models. Wood and coworkers observed the
correlation between the 1,25(OH),D3-induced expression of TRPV6, calbindin-Dok, and
PMCAIDb and transcellular Ca?* transport in Caco?2 cells, a model duodenal cell line (Fleet
et al. 2002; Wood et al. 2001). Furthermore, in controlled tissue culture conditions using
primary cultures from the distal part of the nephron including DCT and CNT, a direct re-
lationship between 1,25(0OH);D3-induced expression of Ca®* transport proteins and tran-
scellular Ca%* transport was also shown (Bindels et al. 1991; Van Baal et al. 1996b). In
contrast, Barley et al. could not confirm the generally observed vitamin D-dependent sensi-
tivity of TRPV6 in duodenal biopsies from 20 normal volunteers. However, samples were
taken from individuals that formed a very variable population of men and women of age
25-71 years (Barley et al. 2001). It is hypothesized that both vitamin D levels and the ex-
pression of Ca”* transport proteins is age-dependent and possibly gender-sensitive, which
could explain the tenfold variation between the lowest and the highest level of TRPV6 ex-
pression. This variation made it hard to disclose a relationship between TRPV6 expression
and vitamin D metabolites in this study. TRPV5 and TRPV6 promoter analysis indicated that
there are functional VDREs located upstream of the start codon (Hoenderop et al. 2001a;
Meyer et al. 2006; Peng et al. 2000b; Weber et al. 2001a). Mutagenesis of the VDREs
within the —2.1-kb and —4.3-kb region and the VDRE at —1.2 kb abrogated all response to
1,25(0OH), D3 when examined within the TRPV6 promoter (Meyer et al. 2006). Taken to-
gether, vitamin D-deficient animal models and epithelial cell lines demonstrated a consistent
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1,25(0OH), D3-sensitivity of TRPVS5, TRPV6, and the calbindins and to a lesser extent the
basolateral extrusion systems NCX1 and PMCA1b.

Parathyroid hormone

The parathyroid glands play a key role in maintaining the extracellular Ca?* concentra-
tion ([Ca2+]e) through their secretion of PTH (Potts 2005). PTH controls the extracellu-
lar Ca®* balance by activation of the PTH receptor, regulating concerted Ca2* transport in
bone, intestine, and kidney. Parathyroid cells sense decreases in [Ca**]. by means of the
CaSR, to increase PTH secretion. Brown et al. identified CaSR by expression cloning in
Xenopus laevis oocytes using parathyroid cell cDNA (Brown et al. 1993). CaSR comprises
a large extracellular region, forming the Ca>* binding site, followed by a seven-membrane-
spanning domain typical for members of the G protein-coupled receptor superfamily. In
addition to parathyroid tissue, the receptor was also expressed in regions of the kidney in-
volved in regulated Ca®* and Mg?* reabsorption (Lee et al. 1996; Yang et al. 1997). PTH
itself acts primarily on kidney and bone, where it activates the PTH receptor (Juppner et
al. 1991; Mannstadt et al. 1999). This receptor can also bind the parathyroid-related protein
(PTHrP). PTHrP was isolated from a human lung cancer cell line (Moseley et al. 1987).
Although a separate gene encodes PTHIP, eight of the first 13 amino acids in the mature
peptide are identical to those of PTH. Distinct pathophysiological manifestations are asso-
ciated with changes in PTH levels in the blood. Garfield and Karaplis reviewed the var-
ious causes and clinical forms of hypoparathyroidism (Garfield and Karaplis 2001). Hy-
poparathyroidism is characterized by hypocalcemia and hyperphosphatemia, the first caus-
ing the most severe symptoms, including tetany (Potts 2005). In contrast, hyperparathy-
roidism is characterized by hypercalcemia and often severe bone loss (Potts 2005). Ca>*
handling by the kidney is also abnormal in individuals with hyperparathyroidism, who fail
to show a normal hypercalciuric response to hypercalcemia. There are multiple factors that
can lead to hyper- or hypoparathyroidism. Hypoparathyroidism manifests when insufficient
PTH is secreted from the parathyroid glands to maintain normal [Ca2*]. or less commonly
when PTH is unable to function optimally in target tissues, despite adequate circulating
levels. The latter is due to mutations in the PTH-receptor (Pearce et al. 1995, 1996; Pol-
lak et al. 1993). Low plasma PTH levels are caused by trauma to the parathyroids during
neck surgery or mutations of the PTH or CaSR (CASR) genes (Lovlie et al. 1996; Parkin-
son and Thakker 1992). Furthermore, the gene causing the X-linked recessive form of hy-
poparathyroidism remains to be identified, although Bowl et al. recently suggested a role
for the transcription factor SOX3 in the development of this disease (Bowl et al. 2005).
Hyperparathyroidism is observed in patients with chronic renal insufficiency. Furthermore,
excessive PTH secretion can be due to parathyroid tumor. In addition, PTHrP is responsible
for most cases of hypercalcemia of malignancy of other cells (Strewler 2000). Individuals
with mutations in CaSR have an altered relation between PTH secretion and serum Ca>*
concentration. Mutations in CaSR can result in reduced PTH secretion or in hypersecre-
tion of PTH, depending whether the mutations activate or inactivate the receptor, respec-
tively.

Recent investigations on PTH focus also on its role as a therapy in osteoporosis (Hods-
man et al. 2003; Potts 2005). Paradoxically, although hyperparathyroidism is associated with
severe bone loss, administration of PTH restores bone mass and strength and reduces frac-
ture incidence in the treatment of postmenopausal osteoporosis (Potts 2005). This discrep-
ancy might lie in delicate timing differences. Although PTH ultimately activates osteoclasts,
these cells express no PTH receptors. Instead, PTH is sensed by osteoblasts, which in turn
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increase osteoclast activity. It is hypothesized that transient elevations of PTH (due to in-
jection) favor the osteoblasts anabolic action on bone, whereas chronically high PTH levels
favor the catabolic osteoclast activity (Dobnig and Turner 1997).

In addition to the effects on bone, PTH stimulates the activity of 1a-OHase in proximal
tubules (Fraser and Kodicek 1973). Thereby, PTH increases the 1,25(OH),D3-dependent
(re)absorption of Ca”*. In addition, activation of the PTH/PTHrP receptor directly enhances
the Ca>* (re)absorption in kidney and intestine. Immunohistochemical analysis of rat duo-
denal sections showed localization of the PTH/PTHrP receptor in epithelial cells along the
villus (Gentili et al. 2003). Interestingly, the receptor is absent in goblets cells. The first
indication of a direct effect of PTH on the intestine was accomplished by a perfusion exper-
iment of isolated duodenal loops, showing increased Ca>* transport with addition of PTH
(Nemere and Norman 1986; Nemere and Szego 1981). These findings were confirmed by Pi-
cotto and coworkers who demonstrated that PTH directly stimulates enterocyte Ca>* influx
(Picotto et al. 1997). Several groups localized PTH/PTHrP receptor mRNA in rat kidney
to glomerular podocytes, PCT, PST, cortical segment of the TAL (cTAL), and DCT, but
the receptor was not detected in the thin limb of Henle’s loop or in CD (Lee et al. 1996;
Yang et al. 1997). PTH directly stimulates active Ca>* reabsorption in the distal part of the
nephron (Greger et al. 1978). In TAL, it was shown that PTH increases the transepithelial
driving force for Ca?* reabsorption, enhancing paracellular Ca>* transport (Wittner et al.
1993). Various mechanisms of PTH action have been proposed for the effect in DCT, in-
cluding membrane insertion of apical Ca®* channels (Bacskai and Friedman 1990), opening
of basolateral chloride channels resulting in cellular hyperpolarization (Friedman and Gesek
1994), and modulation of PMCA activity (Tsukamoto et al. 1992). Van Abel et al. recently
reported that PTH stimulates renal Ca®* reabsorption through the coordinated expression
of renal transcellular Ca* transport proteins. They showed that parathyroidectomy in rats
resulted in decreased serum PTH levels and hypocalcemia, which was accompanied by re-
duced levels of TRPVS, calbindin-Dogk, and NCX1 (Van Abel et al. 2005). Supplementation
with PTH restored serum Ca®* concentrations and abundance of the Ca®* transport proteins
(Table 2). Similarly, infusion of a calcimimetic compound (chemical that activates CaSR
at low serum CaZ* concentrations) decreased PTH levels, resulted in reduced expression of
TRPV5, calbindin, and NCX1, which is consistent with diminished Ca* reabsorption, and
in line with the observed hypocalcemia in these mice (Van Abel et al. 2005). Importantly,
serum 1,25(OH); D3 levels and renal VDR or CaSR mRNA abundance did not significantly
change during these treatments (Van Abel et al. 2005). Furthermore, PTH injection in mice
increased both TRPV5 and TRPV6 mRNA expression in kidney (Okano et al. 2004). This
demonstrates the important role for PTH in epithelial Ca®* transport.

Estrogen

Previous studies indicated that estrogen affects Ca>* handling by kidney, intestine, and bone.
Estrogen deficiency results in a negative Ca>* balance and has been strongly associated with
bone loss in postmenopausal women (Nordin et al. 1979, 1991; Prince et al. 1995; Young
et al. 1968; Young and Nordin 1967). In addition, estrogen plays an essential role in bone
handling in men (Carani et al. 1997; Lorentzon et al. 2006; Smith et al. 1994). Aromatase is
the key enzyme in the conversion of testosterone to estradiol. A malfunctioning aromatase
enzyme has been shown to impair the normal development of the (male) skeleton (Carani et
al. 1997). Furthermore, mutations in the estrogen receptor gave rise to a similar phenotype,
including low bone mineral density and long stature. The latter phenotype points to a role of
estrogen in the determination of bone size (Lorentzon et al. 2006).
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It has been generally described that the rise in serum and urine Ca®* upon estrogen
deficiency are secondary to an increase in bone resorption. However, there is increasing ev-
idence that, besides bone, the intestine and kidney are also sites for estrogen action on Ca?*
handling and regulation. Menopausal estrogen deficiency in humans is associated with re-
duced duodenal Ca* absorption (Heaney et al. 1989), whereas estrogen replacement therapy
helps prevent bone loss in postmenopausal women and corrects a decline in Ca®* absorp-
tion efficiency at the onset of menopause (Gennari et al. 1990). However, the mechanism
by which 17p-estradiol (17pE5) stimulates Ca>* absorption could be direct via estrogen re-
ceptors (ERa and ERB) or indirect via increasing 1,25(OH), D3 or the VDR. Several studies
were carried out to examine the mechanism of action of estrogen on intestinal Ca’* ab-
sorption. Ten Bolscher et al. treated ovariectomized rats with estradiol or 1,25(OH),D3 and
measured intestinal Ca* absorption in vivo using single pass perfusion of the duodenum.
A pharmacological dose of estradiol caused a significant increase in intestinal absorption of
Ca®* (Ten Bolscher et al. 1999). This estrogen-induced rise in intestinal Ca>* absorption was
completely blocked by an ER antagonist, whereas this antagonist did not block vitamin D-
enhanced intestinal Ca?* absorption (Ten Bolscher et al. 1999). This suggests a direct effect
of estrogen on duodenal Ca?* absorption. In contrast, Cotter et al. did not observe an increase
in CaZ* uptake in Caco2 cells upon estrogen treatment (Cotter and Cashman 2006). Further
evidence for a direct role of estrogen in kidney and intestine was recently provided by Van
Abel et al. and Van Cromphaut et al. Van Abel et al. demonstrated that estrogen regulates
the expression of TRPVS in kidney in a 1,25(OH), D3-independent manner (Table 2). Estro-
gen replacement in ovariectomized rats resulted in significant increased renal mRNA levels
of TRPVS, calbindin-Dogk, NCX1, and PMCA1b and increased the protein abundance of
TRPVS (Van Abel et al. 2002). Furthermore, 17BE; upregulated TRPV5 mRNA and pro-
tein expression in 1a-OHase ™ mice, demonstrating a vitamin D-independent regulation by
estrogen (Van Abel et al. 2002). Moreover, 17BE, treatment partially restored serum Ca2*
levels in these hypocalcemic mice, suggesting that 17E, is directly involved in renal Ca?*
reabsorption via the upregulation of TRPVS5 and possibly other Ca>* transport proteins. Van
Cromphaut et al. corroborated the direct role of estrogen on transepithelial Ca>* transport.
They showed that duodenal TRPV6 expression was reduced in ERa knockout mice and in-
duced by estrogen treatment, pregnancy, or lactation (Van Cromphaut et al. 2003). These
latter effects occurred both in VDR knockout and wild-type mice. Therefore, estrogens or
hormonal changes during pregnancy or lactation have distinct, vitamin D-independent ef-
fects at the genomic level on active duodenal Ca>* absorption mechanisms, mainly through
a major upregulation of the Ca?* influx channel TRPV6. The expression of TRPV6 was
not altered in ERP knockout mice, suggesting that the estrogen effects on duodenum are
mediated by ERa (Van Cromphaut et al. 2003).

Dietary Ca”* intake

Diets containing high amounts of Ca>* have been implicated in the reduction of risk in osteo-
porosis (Greer and Krebs 2006). Obesity (Dixon et al. 2005) and hypertension (Karppanen
et al. 2005) are some less well-known areas in which increasing dietary Ca’* has a posi-
tive outcome. Even in cases of kidney stone formation, restricted Ca’* intake is generally
not advised (Borghi et al. 2002; Martini and Wood 2000; Moe 2006; Straub and Hautmann
2005), illustrating the importance of adequate Ca>* intake. Recommended daily intake of
Ca®* is 1,000 mg/day for adults and 1,300 mg/day for adolescents, although both groups
often do not reach these values, which could have negative consequences on bone density
(Greer and Krebs 2006). The power of Ca** supplementation is best illustrated by the use
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of VDR and 1a-OHase knockout models. The bone phenotype of VDR-ablated mice can be
completely rescued by feeding the animals a high Ca®*, high phosphorus, high lactose diet
(Van Cromphaut et al. 2001). Similarly, healing of rickets was demonstrated in a patient with
vitamin D resistance by long-term nocturnal Ca®* infusions (Balsan et al. 1986). In addition,
the VDDR I phenotype of mice deficient for the 1a-OHase gene has been rescued by feeding
them with a high Ca>* diet. Dietary Ca’* normalized the hypocalcemia, secondary hyper-
parathyroidism, and biomechanical properties of the bone tissue (Dardenne et al. 2003a;
Hoenderop et al. 2002, 2004). Other studies indicated, however, that exogenous Ca?* may
not entirely compensate for 1,25(OH),D3 deficiency in mice and piglets (Goltzman et al.
2004; Schlumbohm and Harmeyer 2004).

To investigate the mechanism(s) underlying the effects of dietary Ca®*, the expression
level of several Ca?* transport proteins was studied in various mice models. Importantly, the
reduced expression level of renal TRPVS, calbindin-D,gk, and NCX1 in la-OHase ™™ mice
was restored by high dietary Ca®* intake and accompanied by normalization of the serum
Ca®* concentration (Hoenderop et al. 2002). Likewise, the expression of the intestinal Ca>*
transport proteins, TRPV6, calbindin-Dog, and PMCA 1b, was normalized by this rescuing
CaZ* diet (Van Abel et al. 2003). Comparable observations were made in VDR knockout
mice, where dietary Ca>* upregulated duodenal TRPVS5 and TRPV6 mRNA levels (Van
Cromphaut et al. 2001). These findings suggest that dietary Ca’>* can affect active Ca’*
(re)absorption via vitamin D-independent modulation of the expression of Ca* transport
proteins. However, the molecular mechanism of this vitamin D-independent Ca”*-sensitive
pathway remains to be further elucidated.

Diuretics

Thiazide diuretics are commonly used in the treatment of patients with hypertension. These
diuretics enhance renal Na* excretion through inhibition of the Na*/C1~ cotransporter (NCC)
present in the apical membrane of DCT cells (Gamba et al. 1993). Importantly, these diuret-
ics have, in contrast to loop diuretics, the unique characteristic of decreasing Na* reabsorp-
tion, while increasing Ca?* reabsorption resulting in hypocalciuria (Costanzo et al. 2000;
Lamberg and Kuhlback 1959; Seitz and Jaworski 1964). This hypocalciuric effect provides
therapeutic opportunities, for instance, in idiopathic hypercalciuria and nephrolithiasis. Fur-
thermore, long-term effects of thiazides include increased bone mineral density and de-
creased fracture risk (Ray et al. 1989). Mutations in the gene encoding NCC were shown to
cause Gitelman’s syndrome, a recessive disorder with a phenotype resembling chronic thi-
azide administration including hypocalciuria (Ellison 2000; Gitelman et al. 1966; Ray et al.
1989; Reilly and Ellison 2000; Simon et al. 1996). Gitelman’s syndrome is characterized by
hypernatriuria and hypocalciuria, paralleled by an increase in bone mineral density. These
symptoms are also present in NCC knockout mice, which therefore form a suitable mouse
model for Gitelman’s syndrome (Loffing et al. 2004; Schultheis et al. 1998).

However, the exact molecular mechanism responsible for thiazide-induced hypocalci-
uria has been debated strongly. The hypocalciuric effect was suggested to result from di-
rect stimulation TRPV5-mediated Ca®* entry in transcellular Ca®* transport in the DCT
(Friedman 1998; Reilly and Ellison 2000). Alternatively, hypocalciuria was proposed to re-
sult from enhancement of passive paracellular Ca>* reabsorption in the PT secondary to
extracellular volume (ECV) contraction (Biner et al. 2002; Friedman 1998; Friedman and
Bushinsky 1999; Loffing et al. 2001), distinct from any effect on transcellular Ca>* transport
(Wilson and Freis 1959). Recent evidence strongly supports the latter model. First, it was
reported that thiazide-induced hypocalciuria occurs in spite of reduced renal expression of
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Ca2* transport proteins in rat (Nijenhuis et al. 2003a). In addition, Nijenhuis et al. showed
that the thiazide-induced hypocalciuria was accompanied by a significant decrease in body
weight compared to controls, illustrating that extra cellular volume contraction occurred.
Furthermore, it was shown that ECV contraction mimics the hypocalciuria, and volume re-
pletion completely reverses thiazide-induced hypocalciuria in these rats (Nijenhuis et al.
2005). Recent micropuncture experiments demonstrated that reabsorption of Na* and, im-
portantly, Ca?* in the PT is increased during chronic hydrochlorothiazide (HCTZ) treatment,
whereas Ca?* reabsorption in DCT and CNT appeared unaffected (Nijenhuis et al. 2005).
Importantly, chronic HCTZ administration still induces hypocalciuria in TRPV5~~ mice, in
which active Ca?* reabsorption is abolished. HCTZ did not affect renal expression of the
proteins involved in active Ca®* transport, including TRPVS mRNA and protein expres-
sion in wild-type mice (Nijenhuis et al. 2005). Lee et al. confirmed that thiazide treatment
in mice does not affect renal TRPVS expression, except when thiazide treatment is com-
bined with salt repletion (Lee et al. 2004). However, salt repletion alone induced TRPVS
mRNA expression to a similar extent, suggesting that this effect is not thiazide-specific.
Loffing and coworkers recently demonstrated that renal TRPV5 expression is unaffected
in NCC knockout mice (Loffing et al. 2004). In accordance, micropuncture experiments in
these mice showed that active Ca2* reabsorption is unaltered in DCT and CNT, and indi-
cated increased fractional absorption of both Na* and Ca®* upstream of DCT (Loffing et
al. 2004). In conclusion, these studies demonstrated that chronic thiazide treatment induces
hypovolemia that subsequently stimulates proximal Na* and Ca®* reabsorption. The latter
explains the Ca?*-sparing during thiazide treatment and Gitelman’s syndrome.

Acidosis and alkalosis

Acid-base homeostasis is known to affect renal Ca?* handling (Canzanello et al. 1990; Sut-
ton et al. 1979). For instance chronic metabolic acidosis is associated with increased renal
Ca* excretion. Long-standing metabolic acidosis can lead to Ca®* loss from bone and ul-
timately results in metabolic bone disorders, including osteomalacia and osteoporosis (Le-
mann et al. 2003). In contrast, chronic metabolic alkalosis is known to decrease urine CaZ+
excretion (Bushinsky et al. 1989; Sutton et al. 1979). However, the molecular mechanisms
that explain the altered renal divalent excretion during these disturbances of acid-base bal-
ance remain unknown.

It has been shown by several groups that extracellular protons inhibit TRPVS chan-
nel activity (Peng et al. 2000a; Vennekens et al. 2001b; Yeh et al. 2005; Yeh et al. 2003).
Furthermore, earlier studies, including micropuncture experiments, suggested that systemic
acid-base disturbances specifically affect Ca2* reabsorption in DCT and CNT (Sutton et al.
1979; Wong et al. 1986). It has, therefore, been suggested that acidification of the DCT and
CNT luminal fluid during chronic metabolic acidosis and subsequent inhibition of TRPVS
explains the decreased Ca%t reabsorption in vivo (Vennekens et al. 2001b; Yeh et al. 2003).
Nijenhuis et al. recently addressed the mechanism(s) underlying acid—base balance on renal
Ca®* handling in more detail. Metabolic alkalosis was induced by oral NaHCO3 loading
and metabolic acidosis by NH4Cl loading, as well as by acetazolamide administration in
wild-type and TRPV5~~ mice (Nijenhuis et al. 2006). Acetazolamide specifically inhibits
proximal tubular bicarbonate reabsorption, resulting in a self-limiting metabolic acidosis
with, in contrast to NH4Cl loading, an alkaline urine pH (Dirks et al. 1966; Soleimani 2002;
Soleimani and Aronson 1989). This further enabled evaluation of the role of luminal pH
during acidosis.
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Chronic metabolic acidosis that was induced by NH4ClI loading enhanced Ca2* excre-
tion and decreased the expression of the epithelial Ca2* channel TRPV5 and calbindin-Dogg
in wild-type mice. Importantly, although 0.14 M NH4CI administration induced a similar
metabolic acidosis in TRPV5~~ mice compared with wild-type mice, it did not further in-
crease Ca>* excretion in these knockout mice. These results point to a primary renal Ca>*
leak, in contrast to increased Ca>* mobilization from bone as a previously suggested ex-
planation for the Ca®* wasting (Krieger et al. 2004; Lemann et al. 2003). Furthermore, this
indicates that, besides a direct effect on TRPVS activity, downregulation of Ca>* trans-
port proteins that are present in DCT and CNT could be an explanation for the observed
acidosis-induced hypercalciuria. Importantly, acetazolamide-induced acidosis also down-
regulated the expression of the Ca?* transport proteins.

Acetazolamide treatment induces metabolic acidosis by diminishing the proximal tubu-
lar bicarbonate-reabsorptive capacity (Dirks et al. 1966; Soleimani and Aronson 1989). This
results in an increased luminal pH at more distal nephron segments, including DCT and
CNT, which is reflected by urinary alkalinization in contrast to NH4Cl loading-induced urine
acidification. Despite the alkaline pH at the site of TRPVS expression, this treatment resulted
in a significant hypercalciuria. Therefore, luminal pH in DCT and CNT does not seem to be
a dominant factor in the long-term in vivo hypercalciuric effect of chronic metabolic acido-
sis. Instead, acidosis-induced hypercalciuria is in accordance with downregulation of Ca>*
transport proteins, including TRPVS. The mechanism underlying the Ca®*-sparing action
of chronic metabolic alkalosis is not simply the reverse of this effect. Chronic metabolic
alkalosis increased renal expression of the Ca2* transport proteins in wild-type mice. How-
ever, chronic NaHCOs3 administration induced metabolic alkalosis in wild-type as well as
TRPV5~~ mice (Nijenhuis et al. 2006). These findings suggest that upregulation of Ca’*
transport proteins in DCT and CNT is not the sole explanation for the alkalosis-induced
hypocalciuria. Li* clearance studies suggested that NaHCOj3-treated mice show increased
proximal tubular Na* reabsorption and therefore possibly display enhanced passive Ca’* re-
absorption compared with NaCl-treated controls. Therefore, the Ca’* sparing effect during
alkalosis could be explained by increased passive Ca>* reabsorption independent of DCT
and CNT.

Klotho: novel insight in hormonal regulation of Ca®* reabsorption

In 1997 Kuro-o et al. described a transgenic mouse with several age-related disorders caused
by the single insertion of a transgene. The affected gene was named klotho, for one of the
Fates, the Greek goddess who spins the thread of life (Kuro-o et al. 1997). Mice homozy-
gous for the affected klotho gene (effectively klotho knockout mice) show a phenotype re-
sembling those in patients with premature-aging syndromes: arteriosclerosis, osteoporosis,
age-related skin changes, and ectopic calcifications, together with short lifespan and infer-
tility (Kuro-o et al. 1997). Re-introduction of the klotho gene normalized the phenotype.
Furthermore, overexpression of klotho in mice resulted in a significant extension of lifespan
and a suppression of phenotypes associated with aging (Kurosu et al. 2005). In humans,
allelic variations are related to life expectancy and coronary artery disease (Arking et al.
2005; Arking et al. 2002, 2003). The klotho gene encodes a single-pass transmembrane pro-
tein of 1,014 amino acids with a putative signal sequence at the amino-terminus and a single
transmembrane helix near the carboxyl-terminus. Klotho is secreted and activated by cleav-
age of the amino-terminal extracellular domain, and this secreted form of klotho exhibits
pB-glucuronidase activity (Imura et al. 2004; Tohyama et al. 2004).
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Several observations connect klotho to a role in Ca?* metabolism. First, klotho-deficient
mice have a slight hypercalcemia that was associated with high levels of 1,25(OH),Ds,
caused by increased expression of renal la-hydroxylase (Yoshida et al. 2002). Further-
more, administration of 1,25(OH),D3 induces klotho expression in the kidney (Tsujikawa
et al. 2003). Second, klotho™~ mice show bone abnormalities including an approximately
20% lower bone mineral density than control mice (Kuro-o et al. 1997). In humans, allelic
variants of klotho are associated with osteoporosis, confirming this phenotype (Kawano
et al. 2002; Ogata et al. 2002). Third, klotho is strongly expressed in DCT of the kidney
and the parathyroid gland, further supporting a role in epithelial Ca’* handling (Chang et
al. 2005; Kuro-o et al. 1997). Fourth, Chang et al. recently demonstrated a novel mech-
anism employed by klotho to directly stimulate active Ca®* reabsorption. They demon-
strated that incubation of TRPVS5-expressing HEK293 cells with preconditioned culture
medium from klotho-expressing cells resulted in strongly increased TRPV5-mediated Ca’*
uptake (Chang et al. 2005). This effect was mimicked by B-glucuronidase indicating that
the enzymatic activity of klotho is responsible for the increased TRPVS activity. Mutation
of the conserved N-glycosylation site of TRPVS (N358Q) abolished both klotho- and B-
glucuronidase-mediated activation of TRPVS, indicating that klotho may work by affecting
the extracellular glycosylation status of the channel (Chang et al. 2005). Membrane protein
biotinylation indicated a significant increase in plasma membrane localization of TRPVS
after klotho or B-glucuronidase stimulation. Together, these indicate that klotho traps the
channels in the plasma membrane, thereby increasing TRPVS5-mediated Ca®* influx activ-
ity. Interestingly, disruption of the klotho gene in mice is also associated with hyperphos-
phatemia (Kuro-o et al. 1997). It has been reported that klotho increases the affinity of fi-
broblast growth factor 23 (FGF-23) binding to its receptor in the proximal tubule (Razzaque
et al. 2006). Knockout of the FGF-23 gene or overexpression of FGF-23 in mice resulted
in significant alteration of phosphate (P;) transport (Razzaque et al. 2006). In humans, fi-
broblast growth factor 23 mutations are responsible for hypophosphatemic rickets (Jonsson
et al. 2003). This suggests that klotho is also a novel phosphaturic factor, possibly forming
a hormonal link between Ca?* and P; homeostasis.

Concerted regulation of epithelial Ca>* transport proteins

An increasing number of studies combine the investigation of multiple Ca>* transport pro-
teins under various (patho)physiological and pharmacological circumstances. Remarkably,
virtually all of the results point to a concerted regulation of these Ca”* transport proteins
including TRPVS5, TRPV6, NCX1, PMCA, and the calbindins. The concomitant regula-
tion of the renal Ca®* transport proteins was observed in studies exploring the regulatory
role of 1,25(OH), D3, estrogens, PTH, and dietary CaZ+ (Hoenderop et al. 2002; Van Abel
et al. 2002, 2003, 2005). Furthermore, calbindin-Dygx and NCX1 showed downregulation
in kidneys of TRPV5~~ mice despite elevated levels of 1,25(0OH),D3 (Hoenderop et al.
2003a). This suggests that TRPVS is primarily involved in the regulation of the Ca®* trans-
port proteins expression in kidney independent of 1,25(OH);D3 (Van Abel et al. 2005).
Furthermore, chronic metabolic alkalosis enhances calbindin-D,gx abundance in wild-type
mice, but not in TRPV5~™ mice, in line with TRPVS5-dependent regulation of this Ca?*-
transporting protein (Nijenhuis et al. 2006). An interesting question is how the expression of
TRPV5 specifically coordinates the Ca* transport machinery. Because TRPVS5 is the gate-
keeper controlling apical Ca?* influx in the kidney, it was postulated that the magnitude of
Ca®* influx through TRPVS determines the expression of the other Ca”* transport proteins
(Lambers et al. 2006a; Van Abel et al. 2005). This hypothesis was recently investigated using
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primary cultures of rabbit CNT and CCD. Long-term exposure to PTH stimulated transep-
ithelial Ca®* transport in these epithelial cells and concomitantly elevated the expression
of TRPVS, calbindin-D;gk, and NCX1 (Van Abel et al. 2005). Inhibition of TRPV5 chan-
nel activity by ruthenium red eliminated this PTH-stimulated transepithelial Ca®* transport,
which was accompanied by a reduction in NCX1 and calbindin-D,gk expression (Van Abel
et al. 2005). These findings support the hypothesis that the magnitude of the Ca®* influx
through TRPVS modulates the expression of the other proteins that are required for transep-
ithelial Ca®* transport. An important question that remains to be answered is how the flux of
Ca”* through TRPV5 adjusts the expression of the other Ca>* transport proteins. It is pos-
sible that Ca®*-sensitive transcription factors/promoters play a role in this process (Ashby
and Tepikin 2002). A 40-bp Ca>*-responsive element has been identified in the promoter
sequence of calbindin-Dogk that partly underlies the Purkinje cell-specific expression of
calbindin-D,gk (Arnold and Heintz 1997). This element is also present in the calmodulin II
promoter. However, future studies are needed to test whether this element is active in the
kidney and/or additional intracellular signaling molecules are involved.

TRPV5/6 regulatory proteins

Recently, several proteins have been identified that associate with TRPVS, TRPV6, or
both. These include calmodulin (CaM), S100A10-annexin 2, Rabl1la, 80K-H, NHERF2,
NHERF4, FKBP52, and BSPRY (Van de Graaf et al. 2006b). The identification of
these TRPV5/TRPV6-binding proteins has significantly improved our knowledge of the
molecular pathways modulating epithelial Ca>* transport, as will be discussed below.

Calmodulin CaM is a ubiquitous protein encoded by three separate genes, all resulting in
the same protein (Means and Dedman 1980). CaM consists of four Ca>*-binding structures,
localized in the amino- and carboxyl-terminus. Ca?* binding to CaM is highly cooperative
with Ca®* binding first to the carboxyl-terminal EF-hands, which have the highest affinity
for Ca?*, followed by Ca2* binding to lower affinity sites located in the amino-terminus
(Wang 1985).

CaM is involved in a plethora of processes, many related to Ca>*-related signaling. The
protein is well-known to be involved in Ca>*-dependent feedback regulation of several ion
channels (Levitan 1999), including multiple TRP channels (Harteneck 2003). The first con-
nection between CaM and the canonical TRPs was established upon the expression cloning
of the second TRPC (TRP-Like) from Drosophila photoreceptors, for which CaM was used
as the probe (Phillips et al. 1992). Upon Ca* influx, CaM inactivates the TRPL-mediated
currents (Scott et al. 1997). Subsequently, it has been shown that many members of the
TRPC family bind to and/or are regulated by CaM (Abeele et al. 2003; Boulay 2002; Ordaz
et al. 2005; Scott et al. 1997; Shi et al. 2004; Singh et al. 2002; Tang et al. 2001; Trost et al.
2001; Yildirim et al. 2003; Zhang et al. 2001).

Importantly, CaM also binds to several TRPV channels, including TRPV6. Niemeyer
and coworkers initially demonstrated that TRPV6 interacts in a Ca’*-dependent manner
with CaM (Niemeyer et al. 2001). They showed that CaM binding to a 21-amino-acid se-
quence in the carboxyl-terminus of TRPV6 is competitively regulated by protein kinase C
(PKC) phosphorylation of a threonine residue. This phosphorylated residue is not conserved
and absent from mouse TRPV6. However, Hirnet et al. demonstrated that mouse TRPV6
protein is also capable of Ca**-dependent CaM binding, using a synthetic peptide encom-
passing the stretch of amino acid residues of the mouse protein corresponding to the CaM
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binding site within the human TRPV6 protein (Hirnet et al. 2003). The apparent dissociation
constant of CaM with the carboxyl-terminal peptide of mouse TRPV6 (43 nM) corresponds
to the value obtained for human TRPV6 (65 nM) (Hirnet et al. 2003). Furthermore, Lam-
bers et al. showed that CaM associates in a Ca>*-dependent manner with specific regions in
TRPVS and TRPVG.

Two separate approaches demonstrate a functional role for CaM in the regulation of
TRPV6 (Lambers et al. 2004; Niemeyer et al. 2001). First, removal of the CaM binding-site
in the carboxyl-terminus of TRPV6 resulted in a significant reduction of the slow compo-
nent of channel inactivation, revealing a role of CaM in TRPV6 regulation (Niemeyer et al.
2001). Second, HEK293 cells heterologously coexpressing Ca’*-insensitive CaM mutants
along with TRPVS or TRPV6 showed a significantly reduced Ca®* current through TRPV6.
Remarkably, no functional effect was demonstrated on TRPVS5 channel activity (Lambers et
al. 2004), even though TRPVS5 contains CaM-binding sites at similar locations. This func-
tional effect on TRPV6 was localized to the high Ca®*-affinity EF-hand structures of CaM.

These data demonstrated a regulatory role of CaM in TRPV6-mediated Ca®* influx. It
remains to be established whether CaM functions as a general Ca>* sensor in TRPVS5 and
TRPV6 channels or, alternatively, can explain the differences in Ca>*-dependent inactivation
between the epithelial Ca2* channels.

80K-H Gkika et al. identified 80K-H in a microarray screen designed to identify proteins
that respond similarly to vitamin D and/or altered dietary Ca?* intake as TRPV5 (Gkika et
al. 2004). 80K-H was originally cloned as a PKC substrate of 80 kDa (Sakai et al. 1989) and
was further shown to form a component of a cytosolic signal transduction complex (Goh
et al. 1996; Kanai et al. 1997), a receptor for advanced glycation end products (Li et al.
1996) and the B-subunit of endoplasmic reticulum glucosidase II (Trombetta et al. 1996,
2001). In addition, 80K-H has been implicated in the insulin-stimulated translocation of
the glucose transporter 4 (GLUT4)-containing vesicles to the plasma membrane cells. This
effect is mediated by the interaction of 80K-H with a complex of PKCt and Munc18c in
an insulin-dependent manner (Hodgkinson et al. 2005). Importantly, mutations in 80K-H
were suggested as the probable cause of polycystic liver disease (Drenth et al. 2003, 2004;
Peces et al. 2005), a dominantly inherited condition characterized by the presence of multi-
ple liver cysts of biliary epithelial origin. This is the reason that 80K-H is also referred to as
hepatocystin (Drenth et al. 2004).

80K-H contains two putative EF-hand structures, a highly negatively charged gluta-
mate stretch, and a putative ER-targeting signal (His—Asp—Glu—Leu). Using glutathione
S-transferase (GST) pull-down assays and coimmunoprecipitations, a physical interaction
between 80K-H and TRPVS was demonstrated (Gkika et al. 2004). Furthermore, both pro-
teins colocalized in a subset of tubular segments in the kidney indicating that regulation
of TRPVS5 by 80K-H could occur in vivo. Furthermore, similar transcriptional regulation
of both proteins by 1,25(0OH),;D3 and dietary Ca%* was shown (Gkika et al. 2004). Elec-
trophysiological studies using 80K-H mutants demonstrated that three domains of 80K-H
(the two EF-hand structures, the glutamate stretch, and the His—Asp—Glu-Leu sequence)
are critical determinants of TRPVS activity (Gkika et al. 2004). The Ca®* binding properties
of 80K-H are abolished upon inactivation of its two EF-hand structures. Importantly, this
modification of the EF-hand pair in 80K-H also reduces the TRPV5-mediated Ca®* current
and increased the TRPVS sensitivity to intracellular Ca*, accelerating the feedback inhibi-
tion of the channel (Gkika et al. 2004). Therefore, it is hypothesized that 8OK-H acts a Ca>*
sensor to regulate TRPVS activity at the plasma membrane.
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B-box and SPRY-domain containing protein  Recently, we identified BSPRY (B-box
and SPRY-domain containing protein) as a novel factor involved in the control of TRPVS
activity (Van de Graaf et al. 2006d). BSPRY contains a B-box and SPRY domain, whose ten-
tative functions are protein—protein interaction modules (Borden 1998; Ponting et al. 1997).
RT-PCR and Northern blot analysis showed expression of this novel protein in several tissues
including kidney, small intestine, prostate, lung, and uterus in mice. BSPRY was less abun-
dantly expressed in heart, whereas skeletal muscle and liver were negative (Van de Graaf
et al. 2006d). Rat BSPRY (also called zetin 1) has a shorter amino-terminus compared to
mouse and human BSPRY and is ubiquitously expressed in a variety of tissues, with highest
expression being found in testis. In adult brain, high levels of BSPRY mRNA were observed
in the hippocampus, cerebral cortex, and piriform cortex (Birkenfeld et al. 2003). Using an
antibody directed against a conserved peptide in the carboxyl-terminus of BSPRY, the pres-
ence of BSPRY was demonstrated along the apical domain of all TRPV5-immunopositive
tubules in mouse kidney (Van de Graaf et al. 2006d). These tubules were previously identi-
fied as the second part of DCT2 and CNT (Hoenderop et al. 2000). Furthermore, expression
of BSPRY in Madin-Darby canine kidney cells stably expressing TRPVS resulted in a sig-
nificant reduction of the Ca?* influx without affecting channel cell surface abundance (Van
de Graaf et al. 2006d).

As described in “1,25-dihydroxyvitamin D3” above, TRPVS expression is strongly reg-
ulated by 1,25(OH),D3. Therefore, the role of vitamin D on the abundance of BSPRY was
assessed in wild-type and la-OHase ™™ mice, which are unable to synthesize 1,25(0OH);Ds.
Quantitative real-time PCR and computerized analysis of the immunohistochemical BSPRY
staining in kidney showed significantly enhanced BSPRY mRNA expression in the lo-
OHase ™~ mice compared to wild-type mice, demonstrating the inverse regulation of BSPRY
expression by circulating vitamin D (Van de Graaf et al. 2006d). Together with the inhibitory
function of BSPRY on TRPVS activity and the striking colocalization of both proteins, this
suggests that BSPRY operates as a negative modulator for TRPVS, and that this mechanism
will be downregulated when vitamin D levels increase to stimulate active Ca”* transport
(Van de Graaf et al. 2006d). These data provide the first evidence of a functional role of
BSPRY. However, the mechanism of these functional effects remains unclear. So far, only
two other studies provided information about BSPRY. BSPRY was initially identified in
a yeast two-hybrid screen using zyxin as bait (Schenker and Trueb 2000). In epithelial cells
zyxin is involved in the formation of cell-cell contacts, which require actin cytoskeleton
rearrangements (Vasioukhin et al. 2000). This might hint at a role of the cytoskeleton in the
BSPRY-mediated regulation of TRPVS. Second, it was shown that BSPRY interacts with
14-3-3 proteins (Birkenfeld et al. 2003). It has been demonstrated that 14-3-3 proteins bind
to specific motifs containing a phosphorylated serine residue and have been implicated in
the binding to and activation of signaling proteins (Muslin et al. 1996; Yaffe et al. 1997).
Furthermore, a role of 14-3-3 proteins in K* channel trafficking was postulated (O’Kelly et
al. 2002). However, cell surface biotinylation did not provide evidence for TRPVS traffick-
ing as an explanation for the observed inhibitory function of BSPRY (Van de Graaf et al.
2006d). Therefore, it is currently hypothesized that BSPRY is involved in inhibitory signal-
ing cascades controlling the activity of the epithelial Ca?* channels at the cell surface.

S100A10 Van de Graaf et al. identified SI00A10 (also known as pl1 or annexin 2 light
chain) as an auxiliary protein for TRPVS5 and TRPV6 using a yeast two-hybrid system
(Van de Graaf et al. 2003). S1I00A10 is a member of the S100 superfamily that is present
in a large number of organisms including vertebrates, insects, nematodes, and plants. The
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two EF-hands of S1I00A10 carry deletions and substitutions that render it Ca* insensitive.
S100A10 is predominantly present as a heterotetrameric complex with annexin 2, which
has been implicated in several biological processes including endocytosis, exocytosis, and
membrane-cytoskeleton interactions (Gerke et al. 2005).

It was shown that S100A 10, annexin 2, and TRPVS5 or TRPV6 are coexpressed in Ca?*-
transporting cells of the kidney and small intestine (Van de Graaf et al. 2003). The asso-
ciation of SI00A10 with TRPV5 and TRPV6 was restricted to a short peptide sequence,
VATTYV, located in the carboxyl-termini of these channels (Van de Graaf et al. 2003). This
stretch is conserved among all identified species of TRPVS and TRPV6. Interestingly, the
TTV sequence in the SI00A10-binding site resembles an internal type I PDZ (postsynap-
tic density 95/disk-large/zonula occludens-1) consensus binding sequence, which is S/TXV
(Songyang et al. 1997). However, SI00A 10 does not contain PDZ domains, indicating that
the TRPV5-S100A 10 interaction is structurally distinct. The first threonine of the ST00A10
interaction motif is a crucial residue. Both the SI00A10 binding capacity and the activ-
ity of TRPVS and TRPV6 are largely abolished when this particular threonine is mutated,
demonstrating that this motif is essential for channel function (Van de Graaf et al. 2003).
Malfunctioning of these mutant channels is accompanied by a major disturbance in their
subcellular localization, indicating that the ST00A10-annexin 2 heterotetramer facilitates
the translocation of TRPVS and TRPV6 channels to the plasma membrane.

The importance of annexin 2 in this process was demonstrated by small interference
RNA. Downregulation of annexin 2 significantly inhibited the currents through TRPVS5 and
TRPV6 (Van de Graaf et al. 2003). The expression of SI00A10 was also downregulated by
this approach, indicating that annexin 2, in conjunction with SI00A 10, is crucial for TRPVS
activity. The association of annexin 2 with TRPV5 was only detectable in the presence
of S100A10, demonstrating that annexin 2 binds indirectly to the channel, with ST00A10
most likely operating as a molecular bridge between TRPVS and annexin 2 (Van de Graaf
et al. 2003). These findings provide the first functional evidence for a regulatory role of
S100A 10/annexin 2 controlling Ca>* channel trafficking and therefore the Ca?* balance. In-
terestingly, previous and later studies indicated that several ion channels and receptors asso-
ciate with ST00A10. It was reported that the background K* channel (TASK1) is associated
with S100A10 via its carboxyl-terminal sequence SSV (Girard et al. 2002). The S100A10
interaction blocks an ER-retention signal that promotes the translocation of TASKI1 to the
plasma membrane producing functional K* channels (Girard et al. 2002). This sequence re-
sembles the binding motif in TRPVS and TRPV6 identified in the present study, suggesting
a shared structural SI00A10 binding pocket. However, another study suggests that SI00A10
binding is located at a different binding site in TASK1 formed by a 40-amino-acid region
in the proximal carboxyl-terminus, and the authors proposed that SI00A 10 binding inhibits
TASK-1 targeting to the plasma membrane (Renigunta et al. 2006).

In addition to TRPVS5 and TASKI1, a number of other ion channels have recently
been shown to be regulated by S1I00A10 binding. All these proteins show a requirement
for SI00A10 binding for their trafficking toward the plasma membrane (Donier et al.
2005; Okuse et al. 2002; Svenningsson et al. 2006). Initially, Okuse et al. identified the
tetrodotoxin-insensitive voltage-gated Na* channel (Navl.8), as the first ion channel to
associate with SI00A10 (Okuse et al. 2002). Navl.8 was shown to bind S100A10 via
its amino-terminus (Poon et al. 2004). The binding of SIO0A10 is essential for plasma
membrane trafficking of this Na* channel (Okuse et al. 2002). Furthermore, Donier et
al. have recently demonstrated the association of S100A10 with an acid-sensing ion
channel (ASIC1) and confirmed this association in rat dorsal root ganglion neurons by
coimmunoprecipitation (Donier et al. 2005). Finally, Svenningsson recently reported the
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interaction of S100A10 with the serotonin 1B (5-HT1B) receptor. SI00A10 increases
cell surface abundance of 5-HT1B receptors (Svenningsson et al. 2006). The interaction
between S100A10 and the 5-HT1B receptor is associated with the pathophysiology of
depression, as was shown using S100A10 knockout mice or SI00A10 overexpressing
mouse models (Svenningsson et al. 2006). On the whole, the SI00A 10-annexin 2 complex
seems a significant component for the regulation of cell surface abundance of several ion
channels and receptors, including TRPVS and TRPV6.

Rablla Rablla was recently identified as a novel TRPV5- and TRPV6-associated pro-
tein (Van de Graaf et al. 2006a). The Rab family of small guanosine triphosphatases (GT-
Pases) has a well-recognized role in membrane trafficking (Zerial and McBride 2001). They
are localized to specific organelles within the cell and have been implicated in distinct trans-
port steps including vesicle budding, targeting, and tethering. Although the role of Rab GT-
Pases in protein trafficking has long been recognized, the underlying mechanism is far from
understood. Rab11a is a small GTPase involved in cargo trafficking via recycling endosomes
(Brown et al. 2000; Casanova et al. 1999; Wang et al. 2000). Van de Graaf et al. demonstrated
that Rab11a colocalizes with TRPVS and TRPV6 in Ca”*-transporting epithelial cells of the
kidney. Here, both TRPVS5 and Rabl11a are present in vesicular structures below the apical
plasma membrane (Van de Graaf et al. 2006a). Using a combination of GST pull-down and
coimmunoprecipitation assays, the direct and specific interaction between Rabl1a and the
epithelial Ca®* channels was shown (Van de Graaf et al. 2006a). Association of cargo with
Rab GTPases has recently received much attention with the identification of an association
between Rab3 and the polymeric IgA receptor (Smythe 2002; van [Jzendoorn et al. 2002)
and between Rablla and the thromboxane A2 receptor (TPP) (Hamelin et al. 2005). The
binding of TRPV5 and TRPV6 to Rablla provides the first evidence for an ion channel
directly associating with a Rab GTPase. Furthermore, it was demonstrated that TRPVS5 and
TRPV6 preferentially interact with Rab11a in its GDP-bound conformation (Van de Graaf et
al. 2006a). Interestingly, although the identified Rab11a-binding regions in TRPV5 and TPB
are not homologous, both proteins interact with the GDP-bound form of Rabl1, suggest-
ing a common binding mechanism. Expression of a mutant Rabl1a protein, locked in the
GDP-bound state, results in a marked decrease of TRPV5 and TRPV6 channels at the cell
surface, indicating a direct role of Rabl1a in the trafficking of TRPV5 and TRPV6 toward
the plasma membrane (Van de Graaf et al. 2006a). Similarly, it was demonstrated that direct
binding of Rabl1a is a determinant factor in controlling the recycling to the cell surface of
TPB (Hamelin et al. 2005). The association with Rabl1a is essential in directing the intra-
cellular trafficking of the receptor from the Rab5-positive intracellular compartment to the
perinuclear recycling endosome. It is possible that also TRPV5/6 channels, present on the
(apical) plasma membrane, are continuously exchanged with TRPVS and TRPV6 channels
from the intracellular (recycling) endosomes in a Rab11-dependent manner. The molecular
mechanisms determining the distribution of TRPVS between the plasma membrane and the
intracellular pool are currently unknown.

NHERF family members The Na™-H* exchanger regulatory factors 1 and 2 (NHERF1
and NHERF2) form a family of adaptor proteins characterized by the presence of two tan-
dem PDZ protein interaction domains and a carboxyl-terminal domain that binds the cy-
toskeleton proteins ezrin, radixin, moesin, and merlin (Weinman et al. 2006a). These pro-
teins were initially characterized as facilitating the formation of a multiprotein complex that
mediates protein kinase A (PKA) phosphorylation of the renal Na*-H* exchanger 3 (NHE3)
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and downregulation of its activity (Lamprecht et al. 1998; Weinman et al. 1995; Yun et al.
1997; Zizak et al. 1999). In general, these proteins are known to operate as adapter proteins
responsible for organizing a multiprotein complex involved in the regulation of receptors,
including the PTH receptor (Mahon et al. 2002) and ion channels, for instance the cystic
fibrosis transmembrane conductance regulator CFTR (Li et al. 2005; Liedtke et al. 2002;
Sun et al. 2000) and several TRP channels (Obukhov and Nowycky 2004; Odell et al. 2005;
Tang et al. 2000).

Interestingly, the first hint for a physiological role of role of NHERF in the regula-
tion of TRPV5 and/or TRPV6 came from studies using NHERF1 knockout (NHERF17/-)
mice. NHERF1~~mice display a threefold increase in urinary phosphate excretion compared
with wild-type animals. In addition, NHERF1~~ mice display increased urine Ca’* excre-
tion compared with wild-type controls, which persists during life (Shenolikar et al. 2002;
Weinman et al. 2006b). The molecular mechanism underlying the effect on Ca>* handling is
currently unknown, although a secondary effect resulting from hyperphosphaturia seems the
most straightforward explanation (Beck et al. 1998; Shenolikar et al. 2002). Subsequently,
Embark and coworkers demonstrated that TRPVS activity increases upon coexpression with
NHERF2 and SGK1 or SGK3 (serum and glucocorticoid inducible kinase 1 or 3) in Xenopus
laevis oocytes. Coexpression of TRPVS with NHERF2 or SGK1/3 alone did not stimulate
TRPV5-mediated currents, indicating that both NHERF2 and SGK1/3 are required (Embark
et al. 2004).

Deletion of the second, but not the first, PDZ domain in NHERF2 abrogates the stim-
ulating effect of SGK1/3/NHERF2 on TRPVS activity (Palmada et al. 2005). Furthermore,
TRPVS activity was not stimulated with a kinase-dead point mutant of SGK1 (K127N), sug-
gesting a phosphorylation-mediated effect (Embark et al. 2004). Using GST pull-down and
overlay assays, the specific interaction of NHERF2 with the last three amino acids (YHF)
of the carboxyl-terminus of TRPV5 was demonstrated (Van de Graaf et al. 2006¢c). Fur-
thermore, TRPV6 did not bind NHERF2 (Palmada et al. 2005). These findings suggest that
regulation of the epithelial Ca>* channels by NHERF2-SGK is limited to TRPVS and oper-
ates via direct interaction with the channel.

The coexpression of SGK1 with NHERF?2 also stimulated the activity of the renal outer
medullary K* channel (ROMKI1), a K* channel involved in renal K* handling. This results
from a stabilization of ROMKI1 in the plasma membrane (Yun et al. 2002). Therefore, it
is postulated that NHERF2/SGK stimulates the activity of TRPVS via a comparable mech-
anism. Furthermore, it was shown that TRPV5 and TRPV6 associate with another PDZ
domain-containing protein, NHERF4 (Van de Graaf et al. 2006c). Other names for this pro-
tein are intestine and kidney enriched PDZ protein (IKEPP), PDZK1, and Napi-Cap2 (Gisler
et al. 2001; Scott et al. 2002).

In contrast to NHERF]1 and 2, this PDZ protein possesses four PDZ domains. Yeast two-
hybrid, GST pull-down and coimmunoprecipitation assays identified NHERF4 is a novel
auxiliary protein for both TRPVS and TRPV6 (Van de Graaf et al. 2006c). NHERF4 uti-
lizes PDZ domain 1 and 4 to bind the carboxyl-terminus of TRPVS at a site distinct from
NHERF2. Furthermore, NHERF4 is coexpressed with TRPV6 in Caco-2 cells, an intestinal
epithelial cell line, whereas limited colocalization with TRPV5 was observed in the kidney
(Van de Graaf et al. 2006a). This suggests that NHERF2 predominantly regulates TRPVS,
whereas NHERF4 operates on TRPV6.

Calbindin-Dygg  As discussed above, in Ca>*-transporting, epithelial calbindins act as
cytosolic Ca”* buffers, facilitating the intracellular diffusion of Ca®*, while keeping the free
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Ca”* concentration at physiological levels. Calbindin-Dogk is highly expressed in Ca>*-
transporting epithelia where it colocalizes with TRPVS (Hoenderop et al. 2000; Hoenderop
et al. 1999c). Interestingly, several animal studies exploring the effect of various treatments
(including vitamin D, dietary Ca?* or PTH depletion or administration, chronic acidosis)
showed that the expression of TRPVS and calbindin-Dagk is concomitantly regulated (Hoen-
derop et al. 2002; Nijenhuis et al. 2006; Van Abel et al. 2005). In a recent study, Lambers
et al. demonstrated that calbindin-Dygk is a dynamic Ca2* buffer that is functionally and
physically tangled together with TRPVS (Lambers et al. 2006b). The dynamic nature of the
buffer was illustrated by evanescent wave microscopy, used to excite fluorophore-coupled
calbindin only in the vicinity of the plasma membrane. They showed that calbindin-Dygx
translocates toward the plasma membrane upon decreases in [Ca>*];. This effect was only
observed when TRPVS was present in these cells, and confirmed using endogenous expres-
sion of TRPVS and calbindin-Dogk. Importantly, calbindin-Dogk directly associated with
TRPV5 under conditions of low [CaZ*}; (Lambers et al. 2006b). The functional relevance
of this dynamic association between TRPVS and calbindin-D,gx was elucidated using three
approaches (Lambers et al. 2006b). First, coexpression of calbindin-Dygk with TRPVS in-
creased the TRPV5-mediated 4> Ca”* influx in HEK293 cells. This effect was due to the Ca®*
buffering capacity of calbindin-D2gk, as a mutant protein with affected EF-hands was not
able to increase TRPVS5 activity. Second, using a photolysable Ca?* chelator to experimen-
tally control [Ca2*];, it was demonstrated that coexpression of calbindin-Dogk with TRPVS5
does not alter the Ca®*-dependent channel inactivation characteristics, but likely operates as
a local Ca®* buffer to keep the [Ca2*]; at the vicinity of the channel pore low. Third, over-
expression of Ca?*-binding-deficient mutant calbindin resulted in a reduced Ca®* transport
in primary cultures of rabbit CNT and CCD, a model for transepithelial Ca®* transport. This
Ca2+-binding-deﬁcient calbindin mutant associated with TRPVS5, even at high [Ca%*);. To-
gether these findings constitute the first direct evidence that calbindin-Dogk operates as a dy-
namic channel-associated Ca®* buffer, essential for transepithelial Ca** transport (Lambers
et al. 2006b). At a low [Ca%*];, calbindin-Dygk translocates toward the plasma membrane
and associates with TRPV5. At the apical plasma membrane, it buffers Ca* that enters the
cell via TRPVS, thereby avoiding local accumulation of free Ca>* near the pore and subse-
quent inactivation of the channel. Upon Ca®*-binding, calbindin-Dag releases from TRPV5
and subsequently facilitates diffusion of Ca’* to the basolateral membrane. This illustrates
a mechanism of localized dynamic Ca>* buffering mediated by protein—protein interaction,
which could operate in various tissues where Ca>* transport or signaling is abundant (Lam-
bers et al. 2006b).

The binding site(s) of TRPV5/6 auxiliary proteins A remarkable feature of the identi-
fied auxiliary proteins is the promiscuous binding site in TRPV5/6. The binding of Rab11
was localized to a conserved stretch in the carboxyl- terminus of TRPVS5/6 in close prox-
imity of the last TM. Five amino acid residues (MLERK) within this area were identified
as a critical region for binding of Rab11 (Van de Graaf et al. 2006a). However, the inter-
action with 80K-H is localized to the same region, suggesting a possible common binding
site in TRPV5/6 (Gkika et al. 2004). Remarkably, Chang and coworkers have also identi-
fied this 5-amino-acid motif as one of the components that plays a role in assembly of the
tetrameric channel (Chang et al. 2004). Furthermore, this region was shown to be involved
in the binding of PIP, to TRPVS, as was demonstrated using point-mutants (Rohacs et al.
2005). Finally, the binding of NHERF4 was also impaired upon deletion of this region (Van
de Graaf et al. 2006¢), whereas SI00A10, NHERF2, and CaM associated with distinct re-
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gions of the carboxyl-terminus (Lambers et al. 2004; Niemeyer et al. 2001; Van de Graaf
et al. 2003, 2006¢). This suggests that the MLERK region is either a critical element for
the general folding of the carboxyl-terminus of TRPVS5/6 or that several of these associ-
ated proteins indeed recognize motifs within this region. The latter hypothesis could imply
that these proteins compete for binding at this region. The occupancy of this site would de-
pend on the relative concentrations and affinities of the proteins. Future examination of the
channel structure or studies that investigate binding competition among multiple channel
associated proteins are required to clarify this issue.

Epithelial Mg2* transport

Magnesium (Mg”*) is the second most abundant intracellular cation, the fourth most abun-
dant extracellular cation, and a cofactor in more than 300 enzymatic reactions varying from
energy metabolism to protein and nucleic acid synthesis (Elin 1994; Flatman 1984). Ap-
proximately 50% of the total body Mg>* is present intracellularly in soft tissue, and the
other half is present in bone. Less than 1% of the total body Mg>* is circulating in blood
(Elin 1994). In healthy individuals, plasma Mg?* levels are maintained in a narrow range
(0.7-1.1 mmol/l; Konrad et al. 2004) by the balance between intestinal absorption, renal ex-
cretion, and dynamic exchange with the stored Mg?* in bone. Several regulatory processes
control these Mg”* transport processes in kidney and intestine to account for variations in
dietary Mg?* content (Quamme and de Rouffignac 2000). In analogy with renal and intesti-
nal Ca®* transport, Mg?* is transported via a paracellular and a transcellular pathway. First,
the various tissues will be discussed where Mg?* is transported and the pathway(s) involved
in this process.

Localization of epithelial Mg?* transport
Gastrointestinal tract

Gastrointestinal Mg?* absorption in healthy adults is balanced by the renal excretion of
Mg?* into the urine. The fate of intestinal Mg?* in human volunteers was quantified by Fine
and coworkers (1991). They measured net Mg>* absorption after ingestion of a standard
meal supplemented with various amounts of Mg-acetate. The relationship between absorp-
tion and intake was curvilinear, which could be fitted perfectly to the sum of an unsaturable
linear component and a saturable component. Saturation kinetics of the transcellular trans-
port system are explained by the limited transport capacity of active transport. This suggests
that intestinal Mg?* absorption is mainly transcellular (forming the saturable component of
the sum) in conditions of low Mg?* intake and that the relative role of paracellular absorption
(forming the unsaturable ~7% of the intake) increases with increasing Mg?* intake.
However, the data provided limited information on the localization of the uptake process
within the gastrointestinal tract. In contrast to the kidney, functional data on the distribution
of Mg?* absorption in the stomach and gut is relatively scarce. In ruminating animals, most
of the required Mg?* is absorbed from the forestomachs by active, transcellular mechanisms
(Schweigel and Martens 2000; Schweigel et al. 2006). However, in other mammals, the lo-
calization of the Mg”* absorption in the gastrointestinal tract is less clear. The main reason
for this lack of data is the absence of a suitable isotope of Mg, as 22Mg?* has low specific
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activity and a short half-life (Avioli and Berman 1966; Dai et al. 2001). It was, however,
shown that colectomy in rats and humans results in decreased urinary Mg>* excretion, nor-
mal plasma Mg?* levels, and decreased bone Mg?* content, suggesting an important role
for this intestinal segment in Mg>* absorption (Croner et al. 2000; Fagan and Phelan 2001).
Kayne and Lee have reviewed the available literature and suggested a prominent role for the
distal segments of the small intestine, in particular the ileum and colon in Mg?* absorption
(Kayne and Lee 1993). However, they indicated that this information is mainly derived from
isolated segments and may not adequately reflect absorption. Schweigel and Martens studied
the sites of intestinal Mg+ absorption in various animals and concluded that in dogs, cats,
and pigs, Mg?* is predominantly absorbed from the ileum and colon, whereas in horses and
probably rabbits, Mg?* is mainly absorbed from the small intestine (Schweigel and Martens
2000).

Intestinal Ca>* absorption was not affected by increased Mg?* intake in humans (Fine et
al. 1991), suggesting that these cations utilize distinct, noncompeting uptake mechanisms.
Recently, Groenestege and coworkers confirmed this in animal studies. Ca>* absorption,
as measured by *Ca®* uptake in the blood, was unaffected by the Mg?* content of the
food (Groenestege et al. 2006). However, both in humans and mice, the renal handling of
Mg?* and Ca2* pointed to competitive reabsorption of the two divalent cations, suggest-
ing a common transport pathway (Fine et al. 1991; Groenestege et al. 2006). In addition,
the distribution of the Ca®* and Mg?* transport proteins further pinpoints the localization
of transepithelial absorption of divalents (Groenestege et al. 2006). Transepithelial absorp-
tion of Ca®* takes place predominantly in duodenum and colon as illustrated by the robust
expression of the epithelial Ca®* channel TRPVG6 in these particular intestinal segments.
However, the luminal Mg?* channel TRPM6 was mainly expressed in colon while being
virtually absent in duodenum (Groenestege et al. 2006). Therefore, active Mg?* and Ca”*
absorption occurs in the distal part of the intestine, whereas in duodenum only active Ca*
absorption takes place.

Kidney

Fine-tuning of the Mg?* balance mainly resides within the kidney (Dai et al. 2001; Quamme
1997). Approximately 80% of the total plasma Mg?* is filtered by the glomerulus. Along
the nephron 95% of this filtrate is being reabsorbed. Of the ultrafiltrable Mg>*, 5-15% is
reabsorbed by passive transport in the PT. Remarkably, Lelievre-Pegorier et al. reported that
the permeability for Mg>* of the PT dramatically changes during development. The imma-
ture kidney of the newborn can absorb up to 70% of the filtered Mg?* in this segment (de
Rouffignac and Quamme 1994; Lelievre-Pegorier et al. 1983). Later in development (early
childhood), PT reabsorbs only 5-15% of the filtered Mg2*, whereas the fractional reabsorp-
tion of Na* and Ca?* remains high (70%). The cTAL plays a major role in the determination
of Mg?* excretion, as it accounts for approximately 70% of Mg?* reabsorption (Mandon et
al. 1993; Shareghi and Agus 1982), whereas the medullary segment (mTAL) is Mg”* im-
permeable. Transport in the cTAL is passive and paracellular in nature, driven by the lumen-
positive transepithelial potential difference (Mandon et al. 1993). Processes that affect the
transepithelial voltage (i.e., rate of Na*-K*-CI~ cotransport) or alter the permeability of the
paracellular pathway will therefore alter Mg?* reabsorption in this segment. Finally, 10—
15% of the Mg?* that is filtered at the glomerulus will be delivered distally from TAL. The
remaining reabsorption takes place in DCT with no evidence for significant Mg?* transport
in CNT or CD. Mg?* reabsorption in DCT is mediated by the active transcellular pathway
and plays a pivotal role in determining the final urinary Mg>* excretion (Dai et al. 2001).
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Interestingly, Wilson et al. identified a mutation in mitochondrial DNA resulting in a cluster
of metabolic effects including hypomagnesemia due to renal Mg>* wasting. They suggested
that impaired mitochondrial function and consequent lower ATP production in DCT has sig-
nificant effects on the Mg?* transport capacities of this highly energy-consuming nephron
segment (Bastin et al. 1987; Wilson et al. 2004). Given an average Mg2+ intake, less than
5% of the filtered Mg?* appears in the urine.

Bone

Several studies demonstrated a positive correlation between dietary Mg?* intake and bone
density as indicated by increased bone loss in the situation of deficient Mg?* intake (New
et al. 2000; Tucker et al. 1999). In a rat model, this effect was already observed even in
situations of moderate Mg?* deficiency as demonstrated by Rude et al. Here, only a 50%
reduction of the advised dietary Mg>* intake resulted in bone Mg”* deficiency, although no
significant change in plasma Mg?* was observed (Rude et al. 2006). This suggests that bone
operates as a Mg>* storage in situations of low Mg?* supply. The increase in trabecular bone
mineral content and bone volume normally observed in rats between 3 and 6 months of age
was reduced in the group with dietary Mg?* restriction. Furthermore, osteoclast number was
also significantly increased with Mg+ depletion. Dietary Mg?* deficiency was accompanied
by low 1,25(OH); D3 and high PTH levels in plasma and elevated tumor necrosis factor o
(TNFa) and interleukin 1p (IL-1B) levels in osteoclasts and megakaryocytes, suggesting
that these may contribute to bone loss. (Rude et al. 2006; Vidal et al. 2006). However, PTH
levels in humans with hypomagnesemia and hypocalcemia have been either low or even
undetectable (Agus 1999; Chase and Slatopolsky 1974; Rude and Gruber 2004; Rude et al.
1978).

Similar results were obtained in dogs that were fed a Mg>*-free diet for 4-6 months
(Freitag et al. 1979). This effect might be due to impaired PTH production or secretion.
The short-term restoration of plasma PTH levels on Mg?* supplementation suggests that
the latter is mainly affected (Agus 1999). In addition, Mg?* depletion diminished the cyclic
AMP (cAMP) production during PTH administration in isolated bone in line with an organ
resistance to PTH (Chase and Slatopolsky 1974; Freitag et al. 1979; Rude et al. 1976). As
described, several studies illustrated the important role of Mg?* in bone formation and in-
tegrity. In contrast, in which manner bone affects the Mg+ balance is mechanistically not
clear. Mg?* exists abundantly in bone (0.5-1%, Rude et al. 2006), suggesting significant
Mg?* transport in this tissue. However, the Mg>* entry pathway in bone and the molecular
mechanism of release is poorly understood. With the current insight of the molecular identity
of the players involved in epithelial Mg?* transport, more information on these mechanisms
should become available.

(Patho)physiology of Mg?* influx in kidney and intestine

The genetic basis of a number of inherited renal Mg?* wasting disorders has been elucidated
in recent years. This yielded the identification of novel proteins involved in epithelial Mg?*
transport (Table 3). Furthermore, the various inherited diseases described to date often affect
distinct nephron segments and lead to variable phenotypic presentations. As a whole, this
novel information has significantly boosted our understanding of epithelial Mg+ handling.
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Hypomagnesemia with hypercalciuria and nephrocalcinosis

Hypomagnesemia with hypercalciuria and nephrocalcinosis (HHN, OMIM #248250) is
mainly characterized by hypomagnesemia with inappropriately high urinary Mg?* excre-
tion. It is an autosomal-recessive disorder that is further characterized by hypercalciuria
often leading to nephrocalcinosis (Manz et al. 1978; Milazzo et al. 1981; Nicholson et al.
1995; Praga et al. 1995; Richard and Freycon 1992; Torralbo et al. 1995). Furthermore,
several patients with this disorder displayed ocular disorders (Torralbo et al. 1995). Renal
transplantation corrected the abnormal Mg?* and Ca?* handling and normalizes plasma
Mg and Ca®* concentrations (Praga et al. 1995), further substantiating the role of the
kidney in the etiology of the disease. Using whole genome analysis in 12 kindreds with
recessive renal hypomagnesemia, Simon et al. demonstrated linkage to a segment at
chromosome 3q27 and subsequently identified the responsible gene, which was called
PCLN-1 or CLDN-16 (Simon et al. 1999). Subsequently, several other groups demonstrated
patients with mutations in this gene (Muller et al. 2003; Weber et al. 2000, 2001b). The
PCLN-1 gene encodes a protein of 305 amino acids with 4 TMs and intracellular amino-
and carboxy-termini named paracellin-1 (Simon et al. 1999).

Paracellin-1 shows sequence and structural similarity to members of the claudin family
and was therefore renamed claudin-16. Most claudins have an amino-terminus of only 6
to 7 amino acids (Morita et al. 1999). However, claudin-16 contains a cytoplasmic amino-
terminus of 73 amino acids. Northern blot analysis demonstrated that claudin-16 is exclu-

PT-ATL-ADL TAL DCT1 DCT2 CNT CCD-CD

Active Ca?*
reabsorption

. TRPM6
Active Mg® - .
reabsorption
% parvalbumine

o claudin16
Passive Ca®* and
Mg?* reabsorption p——
" ROMK1 " ROMK1

Fig. 3 Localization of transport proteins involved in active and passive Ca** and Mg?* reabsorption along the
nephron. TRPV5 transient receptor potential cation channel subfamily V member 5, TRPV6 transient receptor
potential cation channel subfamily V member 6, NCX1 Na*/Ca>* exchanger type 1, PMCAIb ATP-dependent
Ca®*-ATPase type 1b, TRPMG6 transient receptor potential cation channel subfamily M member 6, y-subunit
y-subunit of the Na*/K* ATPase, NKCC2 Na*-K*-2CI~ cotransporter type 2 ROMK1 renal outer medullary
K* channel
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sively expressed in kidney (Simon et al. 1999). Here, its expression was localized to TAL
and DCT (Figs. 1 and 3). Significant colocalization between claudin-16 and occludin was
demonstrated by confocal microscopy, indicating that this protein is a component of tight
junctions (Schneeberger and Lynch 2004; Simon et al. 1999). This was corroborated by
Muller et al. who identified a novel homozygous mutation in the CLDN-16 gene (T233R) in
two families (Muller et al. 2003). They showed that the mutation results in an activation of
a PDZ-domain binding motif in claudin-16, disabling the association of claudin-16 with the
tight junction protein ZO1. The mutant claudin-16 was no longer localized to tight junctions
in kidney epithelial cells, but instead accumulated in lysosomes. Furthermore, these patients
displayed serious childhood hypercalciuria, in contrast to more classic symptoms as hypo-
magnesemia with hypercalciuria (Muller et al. 2003). Thus, mutations at different sites in
the claudin gene may lead to particular clinical phenotypes with a distinct prognosis.

Konrad and coworkers recently described several families with a similar renal pheno-
type as patients with CLDN16 mutations but the affected individuals also showed severe
visual impairment (Konrad et al. 2006). The CLDNI6 gene in these patients was not mu-
tated pointing to a distinct affected gene. Genome-wide linkage and subsequent mutation
analyses pointed to disease causative mutations in CLDN19, the gene encoding claudin-19.
Claudin-19 is a tight junction protein (Lee et al. 2006b) expressed in the eye and in the
kidney where it prominently colocalizes with claudin-16 in TAL (Konrad et al. 2006). On
the whole, this shows that at least two distinct tight junction proteins of the claudin family
are involved in Mg>* homeostasis and explains HHN with ocular defects in several families
with unaffected CLDNI16.

Dominant isolated hypomagnesemia with hypocalciuria

Geven et al. described two unrelated families in which hypomagnesemia due to renal
Mg?* wasting was inherited as an autosomal dominant trait (Geven et al. 1987a) (OMIM
#154020). Mg?* infusions performed in two patients showed a reduced renal transport
maximum for Mg?* and Ca®*. Subsequently, Meij et al. performed a genome-wide linkage
study in these families (Meij et al. 1999). Linkage was demonstrated to locus 11q23.
Detailed haplotype analyses suggested the existence of a single, hypomagnesemia-causing
mutation in both families. In a follow-up study Meij et al. identified a putative dominant-
negative mutation in the FXYD2 gene encoding the Na*,K*-ATPase y-subunit (y-subunit
Na*,K*-ATPase) (Meij et al. 2000). It was shown that the mutant y-subunit accumulates
in the cytoplasm, whereas the wild-type protein localizes predominantly to the plasma
membrane (Meij et al. 2000).

The y-subunit of Na*,K*-ATPase was originally cloned by Kim et al. and encodes
a small (58 amino acids), type I membrane protein (Kim et al. 1997). The protein is lo-
calized in DCT, the main site of active renal Mg>* reabsorption. Two individuals with an
11923.3-qter deletion including FXYD2 had normal plasma Mg>* levels, showing that the
hypomagnesemia results from the presence of mutant y-subunit Na*,K*-ATPase, rather than
from haploinsufficiency, consistent with a dominant-negative inheritance pattern (Meij et al.
2000). This was corroborated in mice lacking the FXYD?2 gene, which show no disturbances
in the Mg2+ balance (Jones et al. 2005).

The Na*-K*-ATPase complex consists of three subunits. The catalytic a-subunit hy-
drolyzes ATP and transports the cations, whereas the - and y-subunits function in the
membrane insertion of the a-subunit and modulate its transport properties (Levenson 1994).
There is some controversy whether the presence of the mutant y-subunit results in the im-
paired trafficking of the entire Na*-K*-ATPase complex to the plasma membrane or the
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affected subunit (with normal membrane insertion of the a- and B-subunits) (Meij et al.
2000; Pu et al. 2002). Furthermore, the precise cellular mechanism of decreased Mg2+ re-
absorption and the hypocalciuria remains to be further refined. Kantorovich et al. described
a family with a similar phenotype as patients with mutated y-subunit Na*,K*-ATPase, but
without linkage to the 11923 locus. Genetic analysis suggested an autosomal dominant in-
heritance, although a X-linked dominant inheritance could not be excluded (Kantorovich
et al. 2002). This shows that dominant inheritance of hypomagnesemia can be caused by
a gene other than FXYD2 and points to the existence of another protein involved in Mg?*
homeostasis.

Autosomal-recessive hypomagnesemia with normocalciuria

Another variant of hypomagnesemia that is more consistent with isolated renal Mg?* loss
with autosomal-recessive inheritance was described (Geven et al. 1987b; Meij et al. 2002).
Unlike several other Mg?* wasting diseases, no abnormalities in plasma or urine Ca>* con-
centrations were observed in these patients. However, despite the hypomagnesemia, MgZ*
excretion in the urine was in the normal range, indicating a renal defect in these patients.
Meij et al. excluded linkage to the FXYD2 locus and mutations in any other previously re-
ported loci associated with hypomagnesemia, indicating a distinct disease (Meij et al. 2003).
Therefore, this suggests that a second so-far-unidentified genetic cause for hypomagnesemia
exists. Identification of the etiology of this disease should provide novel insight into renal
Mg?* handling and maintenance of the Mg2* balance.

Disorders associated with abnormal extracellular Mg>*/Ca?* sensing

Malfunctioning of CaSR is frequently associated with disturbed Mgt handling (OMIM
239200 and 146200). The CaSR is sensitive to both Ca>* and Mg?*, although the relative
affinity for Ca®* is higher (Brown 1991). In the parathyroid glands, CaSR senses the plasma
levels of these divalent ions to regulate the PTH production and secretion. Both activating
and inactivating mutations in the CaSR have been identified. Activating mutations are dom-
inant and lead to hypoparathyroidism (Pollak et al. 1994), which is mainly characterized
by hypocalcemia and hypercalciuria. However, hypomagnesemia is observed in up to about
50% of affected individuals (Okazaki et al. 1999; Pearce et al. 1996). This is explained by
a shift of the set point of the receptor, resulting in decreased PTH secretion by the parathy-
roid glands and inhibition of divalent cation reabsorption in the kidney (Brown and MacLeod
2001). On the other hand, patients with inactivating CaSR mutations display hypocalciuric
hypercalcemia (Pollak et al. 1993). Furthermore, affected individuals also show a tendency
toward hypermagnesemia (Marx et al. 1981). Inactivation of both alleles of the CaSR gene
requires parathyroidectomy early in life to prevent fatal consequences of the severe hyper-
parathyroidism (Pollak et al. 1993).

Gitelman’s syndrome

In Gitelman’s syndrome, hypomagnesemia is accompanied by hypocalciuria, hypokalemia,
and metabolic alkalosis (OMIM #263800). The low urinary Ca?* excretion is the biochemi-
cal parameter to distinguish between Gitelman’s and Bartter’s syndrome, genetically distinct
tubular transport disorders that share a hypokalemic metabolic alkalosis (Knoers et al. 2003).
Dissociation of renal Ca?* from Mg?* transport together with exaggerated natriuresis after
furosemide treatment in these patients indicated the presence of a defect in DCT rather than
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in TAL. Furthermore, hydrochlorothiazide administration had almost no effect in patients
with Gitelman’s syndrome compared to controls (Colussi et al. 1997).

The molecular explanation of Gitelman’s syndrome was provided by the demonstra-
tion of linkage of the disease to the Na*-Cl~ cotransporter (NCC) gene on 16q13 (Pollak
et al. 1996; Simon et al. 1996). This cotransporter is the target of thiazide diuretics, one
of the major classes of agents used in the treatment of hypertension (Gamba et al. 1993),
and expressed in the apical membrane of DCT (Bachmann et al. 1995; Loffing et al. 2001;
Plotkin et al. 1996). The correlation between Gitelman’s syndrome and NCC was confirmed
in a mouse model (Loffing et al. 2004; Morris et al. 2006; Schultheis et al. 1998) that shows
all the characteristics of the disease. More than 100 different, putative loss-of-function mu-
tations in the NCC encoding gene (SLCI2A3) have been identified in Gitelman’s patients
(Knoers et al. 2003). Functional expression studies and results of immunocytochemistry in
Xenopus laevis oocytes showed that most disease-causing NCC mutants are impaired in their
trafficking to the plasma membrane (de Jong et al. 2002).

The mechanisms of hypocalciuria and hypomagnesemia in Gitelman’s syndrome re-
main unclear. It has been suggested that inactivating mutations of NCC cause hypocalciuria
by the same mechanisms as postulated for chronic thiazide administration (Nijenhuis et
al. 2005). Hypomagnesemia has been suggested to be associated with hypokalemia, a hy-
pothesis disputed by studies in NCC knockout mice that develop severe hypocalciuria and
hypomagnesemia despite the absence of hypokalemia or alkalosis (Knoers et al. 2003), al-
though this might be dependent on the amount of potassium in the diet (Morris et al. 2006).
An alternative hypothesis to explain hypomagnesemia in Gitelman’s syndrome is based on
the observation in rats that blockage of NCC by chronic thiazide treatment results in an
increased rate of apoptosis in DCT cells (Loffing et al. 1996). Furthermore, remodeling of
DCT has been observed in mouse models of Gitelman’s syndrome, with a significant reduc-
tion in parvalbumin positive (DCT1) tubules (Loffing et al. 2004). It is, therefore, possible
that reduced number of DCT cells in Gitelman’s syndrome compromises Mg>* reabsorption
in this nephron segment resulting in hypomagnesemia. This is in line with recent data from
Nijenhuis et al. who showed a significant reduction of the expression of the epithelial Mg>*
channel TRPM6 during chronic thiazide treatment (Nijenhuis et al. 2005). However, this lat-
ter study does not discriminate whether the DCT cells are reduced in number or that the cells
display lower expression of proteins involved in transepithelial Mg>* transport. This latter
would be another explanation for the observed hypomagnesemia during thiazide treatment
or in Gitelman’s patients.

Hypomagnesemia with secondary hypocalcemia

Familial hypomagnesemia with secondary hypocalcemia (HSH) is an autosomal recessive
disease due to defective intestinal and renal Mg2+ (re)absorption (OMIM #602014). The
disease can be fatal or results in permanent neuronal damage if untreated. As the passive
component of intestinal Mg>* transport is not affected, the disease can be controlled with
high oral Mg?* supplements.

The mechanisms leading to hypocalcemia are not completely understood, but might be
related to Mg?*-dependent effects on PTH secretion or PTH resistance as described in “Dis-
orders associated with abnormal extracellular Mg?*/Ca®* sensing”. However, plasma Ca*
and PTH levels are usually restored by administration of high doses of Mg?*. In addition to
the observed decreased intestinal Mg>* absorption in HSH, there may be a renal leak, dete-
riorating the efficacy of oral Mg?* supplements to normalize plasma Mg?* or the symptoms
of the hypomagnesemia (Konrad et al. 2004; Matzkin et al. 1989). It was postulated that
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the renal defect was due to impaired Mg2* reabsorption in DCT (Cole and Quamme 2000).
HSH was initially postulated to be a X-linked recessive disorder based on its initial predom-
inant occurrence in males (Skyberg et al. 1967; Stromme et al. 1969; Vainsel et al. 1970),
and on the basis of a case of X-autosome translocation t(9;X) (Chery et al. 1994; Walder
et al. 1997). The proposed X-linked inheritance of this disorder was later questioned, as an
autosomal recessive inheritance was suggested (Garty et al. 1983; Hennekam and Doncker-
wolcke 1983; Pronicka and Gruszczynska 1991; Walder et al. 1997).

Finally, Walder et al. convincingly demonstrated that the disorder is, in fact, autoso-
mal recessive and is determined by a mutation in a gene located on 9q12-q22.2 (Walder et
al. 1997). The disease segregated with a single affected haplotype in three inbred Bedouin
kindreds from Israel, suggesting that hypomagnesemia is caused by a common ancestral
mutation. Walder et al. suggested that a likely candidate gene for HSH would be a receptor
or ion channel involved in the absorption of intestinal Mg?* (Walder et al. 1997). Indeed,
using positional cloning, Schlingmann et al. and Walder et al. identified HSH causing muta-
tions in a gene within this region encoding a novel member of the TRP superfamily of cation
channels, TRPM6 (Schlingmann et al. 2002; Walder et al. 2002).

Subsequently, many novel mutations in several families with HSH were elucidated, fur-
ther confirming the role of TRPMG6 in this disease (Schlingmann et al. 2005). TRPM6 (also
known as CHAK?) is a member of the transient receptor potential melastatin (TRPM) cation
channel family. Remarkably, TRPM6 comprises both an ion channel domain and a protein
kinase and will be described in detail in section “TRPM6”.

Molecular mechanism of epithelial Mg?* transport

Elucidation of the genetic basis of a number of diseases that involve disturbances of the
Mg?* balance has increased our understanding of epithelial Mg>* transport. Some of the
molecular players that are mutated in certain pathological states affect mainly paracellular
transport of Mg?*, whereas other diseases are caused by disturbances in transcellular trans-
port. In this section our current knowledge and some hypothesis are summarized about the
molecular mechanisms of these Mg?* transport pathways.

Paracellular Mg2* transport

Paracellular Mg?* reabsorption accounts for a significant fraction of the total Mg*
(re)absorption in intestine and kidney. In TAL paracellular Mg?* absorption is driven by the
lumen-positive transepithelial voltage (Mandon et al. 1993). This transepithelial potential
is mainly created by the luminal K* conductance of the ROMK channel and drives the
positively charged Mg+ and Ca’* ions from the lumen through the paracellular pathway
into the interstitium (Fig. 1).

The high paracellular Mg?* and Ca>* conductance contrasts with the low water perme-
ability of this segment (Kokko 1974). As described in “Hypomagnesemia with hypercalci-
uria and nephrocalcinosis”, the identification of genetic defects in claudin-16 revealed that
this protein governs the divalent ion conductance of the tight junction complex (Simon et al.
1999). Wild-type claudin-16 resides on the plasma membrane in HeLa, MDCK, and LLC-
PK1 cells. In these latter two cell types it is confined to tight junctions where it colocalizes
and associates with ZO-1 (Hou et al. 2005; Muller et al. 2003). Disease-causing mutations in
claudin-16 can lead to the intracellular retention of this protein or affect its capacity to facil-



Rev Physiol Biochem Pharmacol (2007) 123

itate paracellular Mg2* transport (Kausalya et al. 2006; Muller et al. 2006). Kausalya et al.
reported that several claudin-16 mutants are retained in the endoplasmic reticulum, where
they undergo proteasomal degradation or accumulate in the Golgi complex (Kausalya et
al. 2006). In addition, two mutants were delivered to lysosomes, one via clathrin-mediated
endocytosis following transport to the cell surface and the other without appearing on the
plasma membrane (Kausalya et al. 2006). This indicates that claudin-16 mutations have dis-
tinct cellular consequences. Cell surface localization of some of these mutants was rescued
by inhibiting endocytosis (Muller et al. 2006) or using compounds acting as pharmacological
chaperones (Kausalya et al. 2006). These compounds include glycerol, dimethylsulfoxide,
thapsigargin, curcumin, and 4-phenylbutyrate (4-PBA) and have been postulated to aid in
the correct folding of transmembrane proteins (Ulloa-Aguirre et al. 2004), including mutant
forms of the cystic fibrosis transmembrane regulator (CFTR) (Egan et al. 2002, 2004; Sato
et al. 1996), the V, vasopressin receptor (Robben et al. 2006; Tan et al. 2003), and aqua-
porin 2 (Tamarappoo et al. 1999). However, these chaperones did not restore paracellular
Mg?* permeability, suggesting that this claudin-16 mutant has additional defects on para-
cellular Mg?* transport capacities (Kausalya et al. 2006). Remarkably, in LLC-PK1 cells,
the G121R claudin-16 mutant was localized in tight junctions even without pharmacological
intervention, further supporting a transport defect of this mutant protein (Hou et al. 2005).

There are currently two models explaining the molecular mechanism by which claudin-
16 mediates paracellular Mg?* transport. Upon identification of mutations, it was initially
postulated that claudin-16 directly promotes paracellular Mg?* and Ca>* movement by cre-
ating a selective paracellular conductance for these divalent cations, allowing paracellular
fluxes of Mg?* and Ca®* down their electrochemical gradients (Simon et al. 1999; Wong
and Goodenough 1999). This hypothesis was supported by studies on two other claudins
(claudin-4 and 14), showing that these proteins also influence ion selectivity by forming
a charge-selective passage through the tight-junction barrier (Colegio et al. 2002; Van Itallie
et al. 2001).

A recent report by Hou et al., however, suggested that in LLC-PK1 epithelial cells
claudin-16 modulates the ion selectivity of the tight junction by significantly and selectively
increasing the permeability of Na* (with no effects on CI7) and generating a high perme-
ability ratio of Na* to CI~ (Hou et al. 2005). Remarkably, Mg>* flux across cell mono-
layers showed a far less-pronounced change (compared to monovalent cations) following
claudin-16 expression, suggesting that this protein does not form Mg?*-selective paracellu-
lar channels (Hou et al. 2005). Therefore, a second hypothesis was postulated to explain the
phenotype of patients with defects in the claudin-16 gene by causing a reduction in driving
force for transepithelial Mg?*/Ca** movement without directly affecting a divalent-selective
shunt (Hou et al. 2005).

Early microperfusion studies (Greger and Schlatter 1983) have indicated that the
transepithelial voltage is lumen positive (+3—10 mV) when TAL is perfused with isotonic
solutions. This is mainly due to apical ROMK 1-mediated membrane K* secretion. However,
in conditions where the lumen content in TAL is hypotonic compared to the interstitial fluid
(as is the physiological condition in the TAL) the transepithelial potential in TAL increases
to as much as +30 mV (lumen positive) (Greger 1981; Rocha and Kokko 1973). This
results from the back-flow of Na* from the interstitium to the lumen down its concentration
gradient via the paracellular pathway. Claudin-16 dysfunction in TAL, with a concomitant
loss of cation selectivity, could therefore contribute to a reduction of the lumen-positive
potential that constitutes the driving force for the reabsorption of Mg?* and Ca®* (Hou et al.
2005). Future studies that address the transmembrane potential in the TAL in the presence
and absence of functional claudin-16 are needed to distinguish between these two models.
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Physiological regulation of paracellular Mg?* transport

Paracellular Mg2+ movement is affected by two distinct mechanisms. First, all factors that
affect the transepithelial potential also control the amount of Mg”* transported via the para-
cellular pathway, for reasons described above. Second, the expression of claudins is subject
to regulation (reviewed in Balkovetz 2006). So far, little information is available on the
molecular regulation of claudin-16, which seems the most relevant claudin for epithelial
Mg?* transport. However, the role of other claudins in paracellular Mg** movement, i.e., in
the intestine, cannot be excluded. In vitro analysis of the human claudin-16 (using luciferase
reporter vectors) indicated promoter activity in renal cell lines only (Efrati et al. 2005). In-
terestingly, a high ambient Mg?* concentration ([Mg2*]) increased, whereas low [Mg%*]
reduced the promoter activity (Efrati et al. 2005). Furthermore, 1,25(OH),D3 decreased
claudin-16 promoter activity, and this action appeared to be mediated through the single
peroxisome-proliferator-responsive element (PPRE) within the promoter region (Efrati et
al. 2005). It is currently unclear to what extent these findings correlate with a physiological
regulation of claudin-16 expression and/or paracellular Mg>* transport by the circulating
Mg2+ and 1,25(0OH); D3 concentration.

Transcellular Mg?* transport

In analogy with active Ca%t (re)absorption (as described in “Transcellular CaZ+ transport”),
the process of transcellular Mg?* transport is envisaged by a series of sequential steps. This
transport starts with the entry into the epithelial cell through the luminal epithelial Mg>*
channel TRPMS6. This step is driven by a favorable transmembrane potential. Subsequently,
Mg diffuses through the cytosol to reach the basolateral plasma membrane. Here, Mg>* is
actively extruded into the interstitium that is in contact with the blood compartment. It was
postulated that luminal Mg?* entry forms the rate-limiting step (Dai et al. 2001; Groenestege
et al. 2006; Voets et al. 2004b) and therefore the major site of regulation (Fig. 1).

Mg?* influx

In contrast to the steep chemical gradient for Ca?*, mammalian cells lack a significant chem-
ical gradient driving Mg?* influx, since [Mg?*]; is typically in the submillimolar range
(Grubbs 2002; Romani and Maguire 2002; Wolf et al. 2003). Consequently, the negative
membrane potential primarily drives the movement of Mg?* into the cell. Until recently,
the molecular nature of the luminal Mg?* influx pathway remained elusive. Goytain and
Quamme attempted to elucidate the characteristics of the epithelial Mg?* transporter and
identified a number of proteins with similarity to bacterial Mg2* transporting proteins. More-
over, with the recent elucidation of TRPMG6, a novel TRP channel required for renal and
intestinal Mg?* absorption, and TRPM7, a ubiquitously expressed cellular Mg+ channel,
our understanding of Mg?* influx pathways has significantly advanced.

MagT1, SLC41A1, SLC41A2, and ACDP2 Two approaches have recently been applied
to identify proteins with Mg?*-transporting capacities. First, eukaryotic proteins were cloned
based on homology with the prokaryote CorA Mg?* transport protein family. A Mg?* trans-
port protein family, termed Mrs2, was isolated from yeast, mouse, and human mitochondria
(Bui et al. 1999; Zsurka et al. 2001). However, Mrs2 does not seem to operate as a cellular
Mg?* influx channel, but is merely involved in Mg?* transport in mitochondria (Kolisek et
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al. 2003). In addition, homology searches with prokaryotic Mg2* transport proteins yielded
the elucidation of members of the solute carrier 41 (SLC41) family as novel Mg?* trans-
porters (Goytain and Quamme 2005b; Goytain and Quamme 2005¢; Wabakken et al. 2003).
The second approach to find novel Mg?* transport proteins was performed by Goytain et al.
who screened for genes that are upregulated by low extracellular Mg* in a DCT-like cell
line and in mouse kidney. They identified SLC41A1 (Goytain and Quamme 2005b), a Mg>*
transporter called MagT (Goytain and Quamme 2005d), and the ancient conserved domain
protein 2 (ADCP2) (Goytain and Quamme 2005a). SLC41 proteins consist of 10 putative
TMs, and SLC41A1 has a predicted molecular mass of 56 kDa (Wabakken et al. 2003). Goy-
tain et al. showed that expression of members of the SLC41 family, including SLC41A1 and
SLC41A2, in Xenopus oocytes resulted in currents that are dependent on extracellular Mg>*
(Goytain and Quamme 2005b, c¢). Both SLC41A1 and SLC41A2 also transport a variety of
other divalent cations. Expression of SLC41A1 resulted in transport of a range of divalent
cations: Mg2+, Sr2t, Zn%*, Cu?*, Fe*, Co?*, Ba%*, and Cd**. The divalent cations Ca?*,
Mn?*, and Ni?* and the trivalent ion Gd** did not induce currents nor did they inhibit Mg?*
transport, whereas La®* abolished Mg?* uptake (Goytain and Quamme 2005b). In addition
to Mg?*, cells overexpressing SLC41A2 transported a range of other divalent cations: Ba*,
Ni2*, Co?*, Fe¥*, or Mn?*, but not Ca2*, Zn**, or Cu**. Mg?* transport was inhibited by
high concentrations of Ca** (Goytain and Quamme 2005c).

MagT comprises 335 amino acids with a relative molecular mass of approximately
38 kDa. Hydropathy profile analysis suggested that MagT1 is an integral membrane pro-
tein containing five hydrophobic transmembrane-spanning (TM) a-helical regions, the first
of which is likely cleaved to form the final product with four TM domains (Goytain and
Quamme 2005d). MagT proteins form a novel family without major similarity to other trans-
port proteins. This family consists of two members, MagT1 and MagT?2, of which MagT1
is selective for Mg2*, whereas MagT2 is also permeable for other divalent cations including
Fe?*, Cu?*, and Mn** (Goytain and Quamme 2005d).

The ancient conserved domain gene, ACDP2, is responsive to Mg?* and encodes a pro-
tein of 874 amino acids with a postulated 4 TM topology (Wang et al. 2004a). ACDP2 is
part of a family of four homologous ubiquitous proteins with homology to the microbial
CorC protein, which is involved in bacterial Co?* resistance (Gibson et al. 1991; Wang et
al. 2003). The cellular localization of the endogenous ACDP proteins is unclear, although
plasma membrane localization was suggested for ACDP1 in neurons (Wang et al. 2004a).
However, overexpressed ACDP1 in HeLa cells primarily localized to the nucleus (Wang
et al. 2003). When expressed in oocytes, ACDP2 mediated saturable Mg?* uptake with
a Michaelis constant of 0.56 mM (Goytain and Quamme 2005a). ACDP2 has a low sub-
strate selectivity as it transports a range of divalent cations: Mg>*, Co?*, Mn?*, Sr>*, Ba>*,
Cu?*, and Fe?*. The cations Ca2*, Cd?*, Zn?*, and Ni2* did not induce currents (Goytain
and Quamme 2005a).

Although a role for these novel proteins in maintaining the Mg+ balance was postu-
lated by Goytain et al., several lines of evidence remain untouched. The ubiquitous tissue
distribution does not support a specialized role in epithelial Mg2* transport. Likewise, the
localization of these transporters in kidney and intestine remains unknown, as well as the
cellular distribution of these proteins. Finally, the phenotype of patients with mutations in
TRPM6 showed that neither of these putative Mg>* transporters is able to compensate the
physiological role of TRPM6.
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TRPM6 The TRPM6 gene contains 39 exons encoding a protein of 2,022 amino acids
with a calculated molecular mass of 234 kDa. (Clapham 2003; Schlingmann et al. 2002;
Voets et al. 2004b; Walder et al. 2002). TRPM6 shares the highest (approximately 50%)
sequence homology with TRPM7, which was identified by Runnels et al. in a screen for
phospholipase C-associated proteins (Nadler et al. 2001; Runnels et al. 2001). TRPM6 and
TRPM?7 share the predicted topology of 6 TM domains with a putative pore region between
TMS5 and TM6. However, unlike other members of the TRP family, TRPM6 and TRPM7
contain long carboxyl-terminal domains with similarity to the atypical a-kinases (Runnels
et al. 2001; Schlingmann et al. 2002; Walder et al. 2002). The combination of channel
and enzyme domains in TRPM6 and TRPM?7, also known as chanzymes, is unique among
known proteins and raises intriguing questions concerning the physiological role(s) of these
chanzymes (Montell 2003). TRPMG6 has a restricted expression pattern and is predominantly
present in absorbing epithelia, whereas TRPM?7 is ubiquitously expressed and implicated in
cellular Mg?* homeostasis (Groenestege et al. 2006; Nadler et al. 2001; Schlingmann et al.
2002; Schmitz et al. 2003; Voets et al. 2004b; Walder et al. 2002). In kidney, immunohis-
tochemical studies using NCC as a marker of DCT showed that the localization of TRPM6
was restricted to this segment (Voets et al. 2004b; Fig. 3).

Importantly, this localization strongly supports a function in transcellular Mg2*
reabsorption, which is restricted to DCT. The localization in the apical domain of DCT
cells is further in line with TRPMG as the gatekeeper of Mg?* influx. In small intestine,
TRPM6-positive signal was detected in absorptive epithelial cells by in situ hybridization
and immunohistochemistry (Schlingmann et al. 2002; Voets et al. 2004b). In these cells,
TRPM6 was localized along the brush-border membrane (Voets et al. 2004b). Groenestege
et al. recently addressed the relative expression of TRPM6 and TRPM7 (Groenestege et al.
2006). They showed that TRPM6 is expressed predominantly in kidney, lung, and intestine,
whereas TRPM7 is distributed ubiquitously. Several other tissues including spleen, heart,
brain, and liver, were virtually negative for TRPM6. In intestine, highest TRPM6 mRNA
levels were measured in cecum and colon, in line with a predominant localization of the
active component of intestinal Mg>* absorption in these latter segments.

Voets and coworkers expressed full-length TRPM6 in HEK293 cells to functionally
characterize this novel ion channel. They showed that TRPM6-transfected HEK293 cells
perfused with an extracellular solution containing 1 mM Mg?* or Ca* exhibit characteris-
tic outwardly rectifying currents upon establishment of the whole-cell configuration (Voets
et al. 2004b). These results were similar to those obtained upon overexpression of TRPM7
(Nadler et al. 2001; Runnels et al. 2001, 2002). In contrast, other groups reported that
TRPM6 alone does not yield any additional currents compared to mock-transfected cells
(Chubanov et al. 2004; Schmitz et al. 2005). Chubanov and coworkers suggested that asso-
ciation with TRPM7 is a prerequisite for proper plasma membrane localization of TRPM6,
and therefore for functional activity (Chubanov et al. 2004). The S141L TRPM6 missense
mutation that causes HSH abrogated the oligomeric assembly of TRPM6 and therefore pro-
vides a molecular explanation for this disease. This further demonstrates a role for the
amino-terminus in the oligomerization of TRPM6. Furthermore, during the procedure to
isolate full-length TRPM6, the human TRPM6 gene was found to encode for multiple
mRNA isoforms (Chubanov et al. 2004). Therefore, it seems likely that subtle differences are
present between the various TRPM6 constructs used in the literature. This notion is further
supported by Li and coworkers who characterized homomeric and heteromeric TRPM6 and
TRPM7. This latter group used the TRPM6 construct employed in the study by Voets et al.
and confirmed that expression of TRPM6 alone yields functional channels in both HEK293
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and CHOKI cells, which exhibit lower endogenous TRPM7 expression than HEK203 cells
(Li et al. 2006).

At physiological membrane potentials, significant inward currents were observed in
TRPM6-expressing HEK293 and CHOKI1 cells with all tested divalent cations as the sole
charge carrier, including Ca®* and Mg?*. The linkage of mutations in TRPM6 with the HSH
phenotype indicated that this current is essential and perhaps sufficient for epithelial Mg>*
uptake. It is possible that the TRPM6-mediated Mg?* inward current is more pronounced in
native DCT and intestinal cells as a result of specific cofactors, such as intracellular Mg>*
buffers, that are missing in overexpression systems used to date. Voets et al. evaluated the
effect of [Mg?*]; on TRPMG activity, using flash photolysis of the photolabile Mg?* chelator
DM-nitrophen to rapidly alter the [Mg?*] in a spatially uniform manner (Voets et al. 2004b).
The TRPM6-mediated current was significantly inhibited by increased levels of [Mg>*] (Kp
~0.5 mM) indicating that the channel is tightly regulated by [Mg>*];. Similarly, TRPM?7
channel activity is strongly reduced by millimolar concentrations of Mg>*-ATP (Hermosura
et al. 2002; Nadler et al. 2001). Kozak and Cahalan demonstrated that TRPM?7 inhibition is
mediated by intracellular Mg?* rather than ATP (Kozak and Cahalan 2003).

Importantly, data obtained by Voets et al. indicated that the TRPM6 pore has a higher
affinity for Mg?* than for Ca?* (Voets et al. 2004b). This is physiologically important as mi-
cropuncture studies have shown that the luminal concentration of free Mg?* in DCT ranges
from 0.2 to 0.7 mM (Dai et al. 2001), whereas the luminal Ca2* concentration is in the mil-
limolar range. Therefore, luminal Mg?* influx should exhibit a higher affinity for Mg?* than
for Ca2* to ascertain specific divalent cation transport in DCT. TRPM6 uniquely fulfills this
role as all known Ca”*-permeable channels, including members of the TRP superfamily,
generally display a 10 to 1,000 times lower affinity for Mg?* than for Ca®* (Voets et al.
2004b).

TRPM7 TRPM?7 is the protein with the highest homology to TRPM6 and was cloned
independently by two groups (Nadler et al. 2001; Runnels et al. 2001). Similar to TRPM6,
TRPM7 forms a cation channel conducting both Mg?* and Ca* ions (Monteilh-Zoller et
al. 2003), exhibits constitutive activity, and is both an ion channel and a kinase (Nadler et
al. 2001). TRPM7 activity is regulated by the free [Mg?*]; (Matsushita et al. 2005; Schmitz
et al. 2003; Takezawa et al. 2004). However, the regulation by Mg”*-nucleotides including
ATP proposed by Nadler et al. has been challenged by Cahalan and colleagues, who sug-
gested that the inhibitory effect of Mg”*-nucleotides can be explained by free Mg”* alone
(Kozak and Cahalan 2003). A recent report by Demeuse et al. suggested that TRPMG is reg-
ulated by both free Mg?* and by Mg?*-nucleotides and this dual mode of regulation could be
modulated by its kinase domain (Demeuse et al. 2006). Furthermore, modulation of TRPM7
activity by various factors including PIP, (Runnels et al. 2002) and PKA (Takezawa et al.
2004) has been suggested.

Recent studies have been performed to address the similarities and differences in the
physiological function and electrophysiological properties of the structurally analogous
channels TRPM6 and TRPM?7. Particular emphasis has initially been placed on the function
of the atypical protein a-kinase domain located in the carboxyl-terminus. a-Kinases are
a recently discovered family of proteins that have low sequence homology to conventional
protein kinases (Drennan and Ryazanov 2004). Both the TRPM7 and TRPM6 o-kinase
domain display autophosphorylation activity when expressed in bacteria (Ryazanova et al.
2004). The TRPM7 a-kinase is specific for ATP and cannot use GTP as a substrate, requires
Mg?* or Mn?* for optimal activity, and has been shown to phosphorylate several substrates
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such as myelin basic protein and histone H3 on serine and threonine residues in vitro
(Ryazanova et al. 2004). Dorovkov and Ryazanov identified annexin 1 as a novel substrate
for the TRPM7 a-kinase. TRPM7 a-kinase phosphorylated annexin 1 at a conserved
serine residue (Ser5) located within the amino-terminal amphipathic a-helix of annexin 1
(Dorovkov and Ryazanov 2004). This region plays a crucial role in the interaction of
annexin 1 with other proteins, lipids, and phosphatidylinositides, suggesting that TRPM7
modulates the function of annexin 1. In addition, Clark et al. demonstrated that TRPM7
phosphorylates myosin IIA heavy chain. Association of TRPM7 with myosin IIA was
regulated by Ca®* entering the cell via TRPM7, and both activation of TRPM7 and
inhibition of myosin II resulted in actomyosin remodeling (Clark et al. 2006).

It is currently unclear to what extent the substrate-specificity of TRPM6 and TRPM7 are
conserved. Future studies should address the question whether the a-kinase domain, present
in TRPMB®, has specific cellular targets that might modulate ion channel activity or transep-
ithelial Mg?* transport and, therefore, the Mg?* balance. In a comprehensive study aiming
to compare the functional properties of TRPM6 and TRPM?7, Li and coworkers convincingly
demonstrated that TRPM6 alone forms functional channels with biophysical properties dis-
tinct from TRPM7 or TRPM6/TRPM7 hetero-oligomers (Li et al. 2006). Heterologous ex-
pression of TRPM6 produced functional channels with a divalent permeability profile, pH
sensitivity and unitary conductance that were distinct from those of TRPM7 channels or
from cells heterologously coexpressing TRPM6 and TRPM7 (called TRPM6/7 currents).
The relative permeability for Ni>* over Ca>* was significantly higher for TRPM7 than for
TRPM6 or TRPM6/7. The relative permeability for other cations, including Ba2*, Mg?*,
Ca%*t, Mn?*, Sr2*, and Cd?* of TRPM6 was similar to TRPM7. Furthermore, both TRPM6
and TRPM?7 currents were increased upon extracellular acidification. However, the relative
increase of currents at low pH compared to currents at pH 7.4 was much greater for TRPM7
than for TRPM6.

Li et al. also measured the single channel conductance of TRPM6, TRPM6/7, and
TRPMY7 in the outside-out configuration and demonstrated that these conditions yielded dis-
tinct unitary conductances (Li et al. 2006). TRPM7 showed a unitary conductance of approx-
imately 40 pS, whereas TRPM6 channels reveal higher current amplitudes at all measured
voltages, displaying a unitary conductance of approximately 84 pS. Coexpressing TRPM6
with TRPM7 in a 1:1 ratio yielded a single channel conductance of about 57 pS. When
TRPM6 and TRPM?7 are coexpressed oligomeric channels may be formed at random yield-
ing a mixture of single channel conductances. Indeed, in patches that contained two or more
channels, single channel events indicative of distinct amplitudes were observed. These am-
plitudes matched with the conductances of TRPM6 or TRPM7, but also a single novel con-
ductance with an intermediate value was obtained, suggesting that heteromeric TRPM6/7
channels have a preferred configuration with a distinct single channel conductance. Only
one type of channels was observed when TRPM6 or TRPM7 were expressed alone.

Finally, Li et al. also identified 2-aminoethoxydiphenyl borate (2-APB) as a novel phar-
macological tool to distinguish between TRPM6 and TRPM7 currents, as micromolar levels
of this compound maximally increased TRPM®6, but significantly inhibited TRPM?7 chan-
nel activities. In contrast, millimolar concentrations of 2-APB potentiated TRPM6/7 and
TRPM7 channel activities.

Not only the biophysical properties, but also the physiological roles of TRPM6 and
TRPM7 are distinct. TRPM6 and TRPM?7 have different expression patterns, with TRPM6
present mainly in absorbing epithelia, whereas TRPM?7 is ubiquitously expressed (Groen-
estege et al. 2006). TRPM7 has been implicated in several processes including anoxic neu-
ronal death (Aarts et al. 2003), regulation of actomyosin contractility and cell adhesion
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(Clark et al. 2006), influx of toxic divalent metals (Monteilh-Zoller et al. 2003), and main-
tenance of cellular Mg?>* homeostasis (Schmitz et al. 2003). However, the physiological
role of TRPM6 seems to be more specialized as the gatekeeper of epithelial Mg?* influx
(Schlingmann et al. 2002; Voets et al. 2004b; Walder et al. 2002). Furthermore, several
lines of evidence suggest that both channels are functionally nonredundant. Deletion of the
TRPM?7 gene in chicken DT40 B-lymphocytes is lethal (Nadler et al. 2001) and TRPM?7
downregulation using siRNA impairs viability of human neuroblastoma cells. The viabil-
ity of TRPM7-deficient DT40 cells cannot be complemented by heterologously expressed
TRPM6 (Schmitz et al. 2005). Similarly, mutations in TRPM6 result in HSH despite the
ubiquitous presence of TRPM7 (Schlingmann et al. 2002; Walder et al. 2002).

Intracellular Mg?* transport

The second step of transcellular Mg?* transport is the diffusion of cytosolic Mg+ from the
luminal entry site toward the basolateral membrane. Importantly, [Ca>*]; is typically in the
0.1 uM range, which the cell maintains for signaling purposes, while [Mg?*]; with estimated
values of 0.8 mM is substantially higher (Grubbs 2002; Romani and Maguire 2002; Wolf
et al. 2003). This has considerable consequences for buffering of [Mg?*]; with respect to
the process of epithelial Mg?* transport. Transcellular Ca®* transport requires a massive
Ca”* buffering capacity to maintain low [Ca®*]; during large luminal to basolateral trans-
port rates. Given the much higher [Mg?*];, this requirement seems less strict for Mg?*. Thus,
the question is whether the molecular mechanism of transcellular Mg2* transport indeed re-
quires intracellular Mg>* buffers? If so, which proteins could fulfill this buffering function?
Certainly, the physiological role of putative Mg>* buffers needs to be calculated using math-
ematical models for epithelial Mg>* transport and experimentally determined, i.e., using
animal models lacking certain Mg?* buffering proteins. However, the strong regulation of
TRPM6 by [Mg?*]; points to the importance of a significant local Mg?* buffering capacity
(Voets et al. 2004b). Therefore, we postulate that specific Mg?*-binding proteins play an
important role in the process of transcellular Mg?* transport in general and in particular in
the Mg2* influx step.

It is interesting to mention that parvalbumin and calbindins in addition to Ca* also bind
Mg?* (Eberhard and Erne 1994; Yang et al. 2002) with dissociation constants that are in the
same order of magnitude as the respective cellular concentrations for these two ions. Impor-
tantly, TRPM6 colocalizes with parvalbumin in DCT1 and with calbindin-Dygx in DCT2
(Voets et al. 2004b; Fig. 3). Therefore, these proteins are candidates to fulfill the role of
intracellular Mg?* buffers in Mg?* reabsorption in DCT; however, other buffers including
members of the S100 family (Gribenko and Makhatadze 1998) cannot be excluded. A role
of calbindins and parvalbumin in neuronal Ca®* signaling has been studied using mouse
knockout models, but possible effects on the Mg?* balance in these mice have not yet been
addressed (Caillard et al. 2000; Servais et al. 2005).

Mg?* extrusion mechanisms

To date, little experimental data are available on the extrusion of Mg?* across the basolat-
eral membrane. The chemical gradient for Mg?* across this plasma membrane is negligibly
small. However, the negative membrane potential dictates the participation of primary (ATP
consuming Mg”*-pump) or secondary (Mg”* efflux-coupled to Na* influx) active transport
processes governing the exit of Mg”*. At present, experimental data only support the in-
volvement of the latter transport mechanism. Schweigel et al. addressed the Mg>* efflux step
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of epithelial cells of the bovine forestomachs. This organ fulfills the Mg?* absorption in ru-
minate animals (cow, sheep, goat, etc.) similar to intestinal Mg?* absorption in monogastric
animals and humans (Schweigel and Martens 2000). Mg?* efflux of isolated rumen epithe-
lial cells required the presence of extracellular Na* (Schweigel et al. 2006). The activation of
the Mg?* efflux by extracellular Na* followed a simple Michaelis-Menten relationship with
a Ky, of 24 mM, in line with observations in other cell types (Gunther and Vormann 1985).
Previously, it was shown that inhibition of the Na*-K*-ATPase by ouabain reduces transcel-
lular Mg?* transport across isolated sheep rumen epithelia by 90% (Martens and Harmeyer
1978). Therefore, a Na*-linked mechanism was suggested utilizing the electrochemical gra-
dient of Na* (generated by Na*-K*-ATPase) to extrude Mg?* via a Na*/Mg?* exchanger.
Na*/Mg?* exchange has been proposed to regulate [Mg>*]; of a variety of other cells types
including human red blood cells (Feray and Garay 1986), suggesting that the Na*/Mg*
exchanger has a more ubiquitous expression. Schweigel et al. generated monoclonal an-
tibodies using material from red blood cells as an antigen. This yielded an antibody that
blocks Na*/Mg?* exchange in rumen epithelial cells. Importantly, this antibody recognized
a product that is upregulated by high extracellular Mg?* and detected a protein of approxi-
mately 70 kDa in lysates of bovine rumen epithelial cells and porcine red blood cells. This
size is distinct from the size of the Na/Ca®* exchanger, suggesting the presence of a specific
Mg?* efflux system. However, the molecular identity of this protein remains unknown.

Regulation of epithelial Mg?* transport

Initially, Mg?* transport was generally described as functionally characterized using electro-
physiological methods employing isolated tissues or immortalized nonpolarized cells (Dai et
al. 2001). Quamme and coworkers have performed several experiments using nonpolarized
immortalized cells with a partial DCT phenotype. Their investigations on the regulation of
Mg2+ influx have mainly relied on fluorescence measurements of [Mg2+]i (Dai et al. 2001).
To this end, cells were depleted for Mg?* by incubation in Mg?*-deficient medium for 16 h
and subsequent exposure of the cells to Mg2*-containing medium to measure the rate of
Mg?* influx. They suggested that Mg>* entry into cultured DCT-like cells is mediated by
a specific and regulated Mg?* channel (Dai et al. 2001). However, electrophysiological mea-
surements have not been performed, making it difficult to compare the Mg”* influx prop-
erties of these cells with measured TRPM6 currents. In addition, several studies addressed
the regulation of epithelial Mg?* (re)absorption using micropuncture and microperfusion
methods. Finally, the recent identification of TRPM6 allowed for studies performed at the
molecular level, yielding novel insight into the regulation of epithelial Mg?* transport. In
the following we will present an overview of the regulation of epithelial Mg?* transport and
its possible molecular rationalization obtained using these various methods.

Diet-dependent Mg?* (re)absorption

Mg?* (re)absorption in the intestine and kidney is load dependent. In intestine, dietary Mg>*
content has been shown to affect the relative contribution of transcellular and paracellular
Mg?* transport. The fraction of transcellular Mg?* absorption is saturable whereas paracel-
lular Mg?* absorption is not (Fine et al. 1991). In addition, Groenestege et al. have recently
addressed the effect of the dietary Mg>* content on the expression of Mg?* transporters in
intestine and kidney (Groenestege et al. 2006). Expression levels of TRPM6 mRNA in colon
were upregulated by the Mg>*-enriched diet, whereas Mg?* restriction did not significantly
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affect TRPM6 mRNA expression levels. This suggests that mice can increase their transcel-
lular Mg?* absorption capacity when fed a Mg?*-enriched diet (Groenestege et al. 2006). In
contrast, in the same study an increased TRPM6 expression level upon dietary Mg?* restric-
tion was demonstrated in the kidney. Therefore, it was suggested that an excess of Mg?*
absorption as a result of high dietary Mg?* intake together with TRPM6 upregulation in
colon can be corrected by the kidney. Indeed, although the kidney normally excretes only 2—
4% of the filtered Mg?*, it is capable of increasing fractional excretion to nearly 100% in the
face of increased plasma Mg?* levels (Sutton and Domrongkitchaiporn 1993). Furthermore,
the unaltered expression levels of TRPM6 mRNA in colon during Mg?* restriction indi-
cates that the Mg”* absorptive capacity is sufficient to obtain maximal transcellular Mg>*
transport.

The load dependence of Mg>* reabsorption in the kidney has been investigated by mi-
croperfusion (Massry et al. 1969; Quamme and Dirks 1980). Mg?* absorption in PT is not
saturable and increases linear with the luminal Mg2+ concentration or the delivered load, in
line with the paracellular Mg?* transport. In the loop of Henle, similar results were obtained.
Interestingly, even in conditions when Mg?* is absent from the luminal fluid, back-flow of
Mg?* from the blood side into the lumen was not detectable, indicating that paracellular
Mg?* transport in the TAL is strictly unidirectional (Quamme and Dirks 1980). Finally, the
load dependence of Mg?* absorption in DCT was measured. Although the absolute amount
of Mg?* that was absorbed in DCT increased with the enlarged load, the relative amount
strongly decreased. This suggests that the Mg?* absorptive capacity of DCT has a maxi-
mum. Interestingly, the fractional Mg?* reabsorption in DCT decreased with hypermagne-
semia. This is in line with the results of Groenestege et al. demonstrating an inverse relation
between plasma Mg?* levels and TRPM6 expression in DCT (Groenestege et al. 2006).
Furthermore, it was postulated that elevated extracellular Mg?* or Ca®* inhibits fractional
Mg?* reabsorption in DCT through activation of the CaSR (Bapty et al. 1998a; Bapty et al.
1998Db).

Hormonal control of epithelial Mg?* transport

Although the significance of a strict Mg?* balance is clearly reflected by the severity of
pathology associated with hypomagnesemia and hypermagnesemia, a specific “magne-
siotropic” hormone has not been identified (Kelepouris and Agus 1998). Several hormones,
including PTH, calcitonin, 1,25(OH),D3, insulin, glucagons, antidiuretic hormone, al-
dosterone, and sex steroids have been reported to influence the Mg”* balance (Bailly
et al. 1984; Dai et al. 1999, 2001; Elalouf et al. 1983, 1984; Harris et al. 1979). PTH
stimulated renal Mg>* reabsorption in parathyroidectomized animals (Bailly et al. 1985;
Harris et al. 1979). This stimulation was localized to TAL and DCT. In addition, Dai
and Quamme showed that PTH enhances Mg?* influx in immortalized DCT-like cells
(Dai et al. 1999). This effect was accompanied by increased cAMP values, suggesting
that PTH acts via PKA. Other cellular stimulations that are associated with increases in
cytosolic cAMP levels, including prostaglandin E,, vasopressin, glucagon, and insulin
treatment, also enhanced Mg2+ influx in these cells (Dai et al. 2001). It was further shown
that the signaling pathway underlying the effect of PTH on Mg?* influx in immortalized
DCT-like cells also involves PKC, as both inhibitors for PKA and PKC pathways blocked
the PTH-mediated increase in Mg2+ influx (Dai et al. 2001). In contrast, PTH had no effect
on TRPM6 and TRPM?7 expression level in kidney, as the expression of these channels
was not affected by parathyroidectomy alone or parathyroidectomy with subsequent
pharmacological PTH supplementation (Groenestege et al. 2006). Similarly, 1,25(OH), D3
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enhanced the influx of Mg2+ in a mouse DCT cell line (Ritchie et al. 2001), but this
calciotropic hormone did not upregulate renal TRPM6 expression levels (Groenestege et
al. 2006). The expression of TRPM6 was identical in wild-type mice, 25-hydroxyvitamin
Ds-la-hydroxylase knockout mice (showing no detectable 1,25(OH), D3 synthesis), and in
the same knockout mice supplemented with 1,25(OH);Ds3. In addition, Karbach showed
that cellular Mg?* transport in rat colon is not responsive to 1,25(0OH),;D3; (Karbach
1989a, b). In contrast to 1,25(OH),D3 and PTH, estrogen displayed significant effects on
the expression level of TRPMG6 in kidney. In ovariectomized rats, the renal TRPM6 mRNA
level was significantly reduced and subsequently normalized by 17-estradiol (178-E2)
supplementation (Groenestege et al. 2006). These findings indicate a role for estrogens in
Mg>* homeostasis via regulation of TRPM6. Postmenopausal estrogen loss is associated
with hypermagnesuria, which is corrected after estrogen substitution therapy (McNair et al.
1984). This finding could be explained by estrogen-mediated enhancement of renal TRPM6
expression resulting in increased Mg>* reabsorption. The stimulatory effect of 17B-E2
could be due to enhanced transcriptional activity or mRNA stabilization. Thus far, sequence
analysis indicated 178-E2-responsive elements in the putative promoter sequence of human
and mouse TRPM6.

Tacrolimus

Tacrolimus (also FK-506 or Fujimycin, tradename Prograf) was discovered as a novel
immunosuppressant in 1984 from the fermentation broth of the bacteria Streptomyces
tsukubaensis (Kino et al. 1987; Wallemacq and Reding 1993). Tacrolimus interacts with
the immunophilin FKBP-12 (FK506 binding protein) (Liu et al. 1991). This complex binds
and inhibits calcineurin, resulting in decreased T cell receptor signal transduction (Liu et al.
1991). Tacrolimus is mainly used as immunosuppressive drug to reduce the risk of organ
rejection after transplant. Hypomagnesemia is a significant side effect of tacrolimus, even
at relatively low doses (Lote et al. 2000; Nijenhuis et al. 2004). The effect of tacrolimus on
plasma [Mg?*] is mediated via decreased renal tubular Mg?* reabsorption (Lote et al. 2000;
Nijenhuis et al. 2004). The underlying principle for the inappropriate hypermagnesuria,
however, was unknown. Nijenhuis et al. have recently addressed the effect of tacrolimus
on renal TRPM6 expression in male Wistar rats. These rats received tacrolimus by oral
gavage for 7 days. Analysis of serum and urine samples showed a robust hypomagnesemia
in the tacrolimus treated group (Nijenhuis et al. 2004). In line with a defect in renal MgZ*
reabsorption, a significant increase in urinary Mg+ excretion was observed. Interestingly,
these effects were accompanied by a significant reduced TRPM6 expression in kidney.
The authors further addressed whether this downregulation reflects a general nephrotoxic
effect on DCT, or a more specific effect on TRPM6 expression (Nijenhuis et al. 2004).
The expression of several proteins with marked expression in DCT, including kallikrein
(Zolotnitskaya and Satlin 1999) and NCC, did not significantly differ between controls and
the tacrolimus-treated group. This indicates that no overt tacrolimus-mediated nephrotoxi-
city is present in DCT. Furthermore, no signs of a general deleterious effect of tacrolimus
were detected, glomerular filtration rate was unaffected and enzymuria was not increased
(Nijenhuis et al. 2004). Together, these factors suggest that tacrolimus has a direct effect on
the expression of TRPM6 via an unknown regulatory pathway.
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Thiazides

Thiazide diuretics are among the most commonly prescribed drugs, particularly in the treat-
ment of hypertension. These compounds inhibit NCC present in the apical membrane of
DCT to enhance renal Nat excretion (Gamba et al. 1993). Besides this diuretic effect, thi-
azides are known to cause hypocalciuria and hypomagnesemia. Several features of chronic
thiazide treatment are mimicked in NCC knockout mice, which form an animal model for
Gitelman’s syndrome (Loffing et al. 2004; Schultheis et al. 1998). Intriguingly, the molecu-
lar mechanisms responsible for hypomagnesemia during thiazide administration and Gitel-
man’s syndrome have remained elusive. Thiazides have opposing effects on the Mg** and
Ca?* balance. Therefore, direct inhibitory actions on active Mg>* absorption in DCT have
been proposed, as Ca>* and Mg>* are generally mutually reabsorbed in other segments of
the nephron.

Identification of TRPMG6 provides a powerful new tool to study the mechanism of active
Mg?* transport at the molecular level. A recent study by Voets et al., demonstrating com-
plete colocalization of NCC with TRPM6, provided the first indication of a role of TRPM6 in
thiazide-mediated hypomagnesemia (Voets et al. 2004b). Subsequently, Nijenhuis et al. ad-
dressed the mechanism of thiazide-induced hypomagnesemia. They showed that, although
a single dose of thiazides resulted in a clear natriuresis within 24 h after administration,
urinary Mg?* excretion remained unaltered, which contradicts the hypothesis that Mg?*
reabsorption is directly inhibited by thiazide-mediated reduction in Na*-Cl~ influx in DCT
(Nijenhuis et al. 2005). Furthermore, the renal expression level of TRPM6 in NCC knockout
mice, and in mice chronically receiving thiazides, was analyzed. Renal TRPM6 mRNA ex-
pression was significantly reduced in NCC knockout mice compared to control littermates.
Furthermore, immunohistochemical analysis revealed that TRPM6 protein abundance along
the apical membrane of the DCT is profoundly decreased in these mice. Similarly, renal
TRPM6 expression was diminished in thiazide-treated animals. NCC expression was en-
hanced in these animals, illustrating that TRPM6 downregulation is a specific nondeleteri-
ous effect (Nijenhuis et al. 2005). On the whole, this demonstrates that chronic application
of thiazide diuretics results in specific downregulation of renal TRPM®6, resulting in inap-
propriate high renal Mg?* excretion and hypomagnesemia.

Acid-base balance

Metabolic acidosis induces hypermagnesuria in several animal models (Nijenhuis et al.
2006; Shapiro et al. 1987; Wong et al. 1986) and in humans (Ariceta et al. 2004; Blum-
berg et al. 1998). Micropuncture experiments indicated that this effect was localized beyond
the late PT (Wong et al. 1986). Likewise, metabolic alkalosis has a renal Mg?* sparing effect
and results in hypermagnesemia.

The role of TRPM6 in the acid-base effects on Mg?* balance was recently addressed
(Nijenhuis et al. 2006). NH4Cl-induced chronic metabolic acidosis decreased renal TRPM6
abundance accompanied by increased Mg?* excretion and hypomagnesemia. Conversely,
chronic metabolic alkalosis increased TRPMG6 expression as well as renal Mg?* reabsorp-
tion, resulting in hypermagnesemia (Nijenhuis et al. 2006). These data indicate that regula-
tion of TRPMG explains the effects of acid—base status on renal Mg?* handling. However,
other studies support the existence of additional mechanisms to explain acid—base-mediated
effects on epithelial Mg>* transport.

First, an alkaline extracellular pH was shown to enhance Mg?* uptake in immortalized
mouse DCT cells, and conversely a low pH diminished this uptake. This effect was imme-
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diate and did not require preincubation of the cells with low or high pH (Dai et al. 1997).
Therefore, pH-mediated effects on TRPM6 expression seem unlikely at this timescale. Fur-
thermore, Li et al. recently indicated that TRPM6 currents are increased upon a shift of
the extracellular medium pH from 7.0 to lower values with a half-maximal activation at
pH 4.3 (Li et al. 2006). At present, it is unclear how these findings reconcile with the re-
duced epithelial Mg?* transport in acidosis. Furthermore, it is possible that the acidosis-
mediated downregulation of TRPM6 provides the determining factor for Mg>* transport,
as the proton-dependence of TRPM6 channel activity cannot explain the hypermagnesuria
during acidosis. Interestingly, inhibition of carbonic anhydrase by acetazolamide displayed
a Mg?*-sparing effect in mice (Nijenhuis et al. 2006) and humans (Sutton and Walker 1980)
via an unknown mechanism. Treatment with this drug resulted in acidosis. However, the
urine pH was alkaline, in contrast to situations with NH4Cl-induced acidosis. Importantly,
TRPM6 expression was significantly diminished during chronic acetazolamide treatment
(Nijenhuis et al. 2006). This suggests that chronic metabolic acidosis results in TRPM6
downregulation, irrespective of the luminal pH.

Downregulation of TRPM6 does not support, however, the stimulated active Mg>* reab-
sorption as a likely explanation for the decreased Mg>* excretion during acetazolamide ex-
posure. This treatment was associated with a larger urine volume and Na* excretion, which
has been shown to result in increased mRNA and protein abundance (Attmane-Elakeb et al.
1998) and activity (Kwon et al. 2003) of the Na*-K*-2CI~ cotransporter (NKCC?2) in the
TAL. Therefore, it was postulated that these additive effects of acetazolamide enhance pas-
sive Mg?* reabsorption in TAL, and that this dominates the effect of TRPM6 downregulation
in DCT (Nijenhuis et al. 2006).

Other factors affecting epithelial Mg>* transport

Although our understanding of epithelial Mg?* transport has greatly improved in recent
years, information concerning the molecular regulation of this process is still relatively
scarce. It is anticipated that the molecular mechanism of multiple factors related to changes
in the Mg2+ balance will be elucidated in the near future. For instance, it is currently unclear
why hypomagnesemia is observed so frequently in the clinical setting, as this occurs in up
to 12% of hospitalized patients, a number which rises to about 60% in the intensive care
setting (Aglio et al. 1991; Agus 1999). Furthermore, disturbances in the Mg?* balance are
associated with diabetes mellitus. Urinary Mg?* excretion in diabetic adolescents is signif-
icantly higher than in healthy persons, with higher excretion in boys than in girls (Driziene
et al. 2005). In addition, it has been suggested that Mg?* intake may be inversely related to
the risk of hypertension and type 2 diabetes mellitus and that decreased cellular and plasma
Mg?* concentration is related to impaired insulin efficacy (He et al. 2006; Huerta et al. 2005;
Kao et al. 1999; Paolisso and Barbagallo 1997).

Although several studies point to an association of diabetes with renal Mg>* wasting, the
etiology of the hypomagnesemia is largely unknown. In a recent study Lee et al. investigated
the effect of streptozotocin-induced diabetes on the expression of claudin-16 and TRPM6
(Lee et al. 2006a). They showed that diabetic rats have a significant increase in the fractional
excretion of Mg?* and Ca”*, but not of Na*. Remarkably, a significant increase in mRNA
levels of TRPM6 was observed. No change was found in claudin-16 mRNA or protein lev-
els. Furthermore, several transport proteins including TRPVS, TRPV®6, calbindin-D,gk, and
also NCC were upregulated. Insulin administration completely corrected the hyperglycemia-
associated hypercalciuria and hypermagnesuria, and normalized the augment of Ca®* trans-
porter and TRPM6 abundance (Lee et al. 2006a). These findings suggest that the increased
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TRPM6 expression might reflect an adaptation to the higher Mg2* load present in the lu-
men of DCT. Furthermore, this could indicate a compensatory mechanism for the diabetes-
induced Mg?* wasting, which was mainly localized to TAL (Garland 1992; Garland et al.
1991). The etiology of this transport defect in TAL is unknown and could be related to
several factors including the level of hyperglycemia (Djurhuus et al. 2000), insulin concen-
tration, or tubular alterations in osmolarity, pH, or membrane potential.

Mutual regulation of epithelial Ca2* and Mg?* transport

A coupling of the Ca?* and Mg?* balance is observed in certain pathological conditions and
animal models (Groenestege et al. 2006; Hebert et al. 1997; Simon et al. 1999). For several
situations, there is consensus in the field on the molecular mechanism that links transport
of these divalent ions, whereas in some conditions the reason for this coupling remains un-
known.

To explain the HHN phenotype, it was proposed that claudin-16 either controls the Ca>*
and Mg?* permeability of the paracellular pathway in TAL, or the driving force for the reab-
sorption of both ions. Therefore, mutations in claudin-16 affect both Ca>* and Mg?* reab-
sorption, although the effect is more prominent for Mg?*. In addition, mutations in the CaSR
are associated with disturbed Ca®* and Mg?* handling. Mutations in the CaSR resulted in
a lower set point for plasma Ca** and Mg2* to activate the receptor. Consequently, renal
Ca®* and Mg?* reabsorption and PTH secretion are suppressed, resulting in inappropriately
low plasma PTH levels, and increased Ca>* and Mg?* excretion.

However, in other conditions Ca** and Mg?* reabsorption are oppositely affected. Pa-
tients with mutations in TRPMS6, the y-subunit of the Na*- K*-ATPase, or NCC all exhibit
hypermagnesuria, while renal Ca>* excretion is reduced. The expression of these particular
Na*, Ca?* and Mg?* transporting proteins is restricted to DCT, suggesting a direct regula-
tory connection in this nephron segment.

The nature of this interaction between transcellular Ca** and Mg2* pathways in the distal
part of the nephron, however, is still unclear. There is limited overlap in expression between
the Ca?* transport proteins and TRPM®6, y-subunit of the Na*- K*-ATPase, or NCC (Fig. 3).
Furthermore, it is interesting that hypocalcemia in HSH patients can be corrected only by
supplementation of the diet with high amounts of Mg?*, probably linked to restoration of
PTH secretion and efficacy (Konrad and Weber 2003). Similarly, alterations of Ca’* and
Mg?* excretion in Gitelman’s syndrome have been attributed to distinct mechanisms. Re-
nal Mg?* loss in patients with chronic thiazide treatment, with Gitelman’s syndrome, and in
NCC knockout mice is most likely due to reduced TRPM6 expression, whereas the increased
Ca’* reabsorption is mediated by adaptive mechanisms in the PT to compensate for the hy-
povolemia resulting from reduced or abolished NCC function (Nijenhuis et al. 2005). Fur-
thermore, mutations in the y-subunit of Na*-K*-ATPase are the cause of dominant isolated
hypomagnesemia with hypocalciuria. It was proposed that the mutated y-subunit impairs
the activity of the Na*,K*-ATPase, resulting in reduced [K*];, increased [Na*]; or depolar-
ization of the plasma membrane (Meij et al. 2000). This might subsequently lead to reduced
Mg?* influx through the apical TRPM6 channel, resulting in Mg?* wasting. However, the
molecular mechanism of the decreased Mg>* reabsorption and the associated hypocalciuria
remains to be further substantiated in this disorder.

On the whole, many diseases show disturbances in both Ca®* and Mg?* balance. In some
cases, there is an explanation for the mutual disorder in divalent renal handling, but in the
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majority of the diseases, the origin of this coupling is still unclear. Particularly, the limited
segmental overlap between the Mg?* transport (DCT1-DCT2) and Ca”* transport (DCT2-
CNT) machinery suggests that additional mechanisms might be involved in the kidney.

Future perspective

In the last decade, significant advances were made in the field of epithelial Ca** and Mg?*
(re)absorption. The identification of the proteins mediating this transport, including proteins
involved in paracellular Ca2*/Mg?* transport (claudin-16), active Ca2* transport (TRPV5/6
and novel channel associated proteins), and active Mg”* transport (TRPM6) has provided
novel insight and means to study the molecular aspects of divalent ion transport. Several
questions on the molecular mechanisms of divalent ion transport remain unknown. One ex-
ample is the unknown etiology of hypomagnesemia in several diseases, suggesting that novel
molecular players involved in epithelial Mg?* transport remain to be elucidated. Although
the identification of TRPM6 provided a first view on the luminal Mg?* influx pathway,
molecular data explaining the diffusion and basolateral extrusion of Mg?* are still elusive
(Fig. 1). Furthermore, in view of life-threatening consequences of large deviations in the
plasma [Mg?*], it is surprising how little we know about the maintenance of the Mg”* bal-
ance. In conclusion, the timely area of epithelial Ca>* and Mg?* transport is very dynamic
and will likely remain so for the years to come. The large number of recent novel develop-
ments and the ones to be expected in the near future will further increase our understanding
of epithelial ion homeostasis and provide new insights in the diagnoses and management of
corresponding diseases.
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