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Inherited Hypercalciuric Syndromes: Dent’s Disease (CLC-5) and
Familial Hypomagnesemia With Hypercalciuria (Paracellin-1)

By Stephen J. Knohl and Steven J. Scheinman

ent’s disease and familial hypomagnesemia with hypercalciuria and nephrocalcinosis (FHHNC) are inherited
iseases in which hypercalciuria, nephrocalcinosis, and renal failure are prominent features. Dent’s disease
esembles a Fanconi syndrome, with impaired reabsorption in the proximal tubule; FHHNC, with urinary loss of
agnesium and calcium, is associated with impaired cation transport in the thick ascending limb of Henle’s loop.
ene mapping in families and positional cloning led in both cases to identification of the responsible gene. Dent’s
isease is associated with mutations that disrupt function of a voltage-gated chloride channel, CLC-5, expressed

n subapical endosomes of the proximal tubule and in other nephron segments. Impaired function of this channel
isturbs reabsorption of filtered proteins, as well as other transport functions of the proximal tubule, and leads,
pparently indirectly, to hypercalciuria and renal failure. FHHNC results from mutations in paracellin-1, a tight-

unction protein that appears to be important in conducting or regulating paracellular cation transport. Impaired
unction of paracellin-1 leads specifically to urinary losses of magnesium and calcium, but because transcellular
ransport is intact these patients do not have hypokalemia or salt wasting. Identification of both genes represent
riumphs of a genetic approach to solving problems of pathophysiology.

2004 Elsevier Inc. All rights reserved.
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DVANCES IN MOLECULAR genetics hav
made it possible to unravel the physiology

yndromes that had seemed unsolvable puz
wo diseases of renal transport, both with hyp
alciuria, represent striking successes of this
roach. Physiologic observations in patients w
ent’s disease (X-linked nephrolithiasis) and
ilial hypomagnesemia with hypercalciuria a
ephrocalcinosis (FHHNC) pointed to a prim
efect in the proximal tubule in the former and

he thick ascending limb of Henle’s loop in t
atter, but it was only with cloning of the respo
ible genes and identification of the gene prod
hat the physiology of these disorders has begu
e understood. Table 1 summarizes the clin
ifferences between these 2 syndromes.

DENT’S DISEASE

The hallmarks of this disease are hypercalci
nd low-molecular weight proteinuria. The fu
xpressed syndrome includes proximal tubula
bsorptive failure resembling a Fanconi syndro
ephrolithiasis, nephrocalcinosis, deterioration
enal function, and rickets. Different clinical ch
cteristics predominated in initial descriptions

he disease from different geographic ar
rompting a variety of descriptive names such
-linked nephrolithiasis, but this is now reco
ized as a single disease with a single name, D
isease, in honor of Charles Dent who in 1
escribed 2 unrelated male children with hyper
iuria, rickets, and proximal tubular dysfunctio
ecause this is an X-linked recessive trait,

aughters of an affected male are heterozygous

eminars in Nephrology, Vol 24, No 1 (January), 2004: pp 55-60
carriers) for the condition, 50% of sons from
emale carrier will be affected, and male-to-m
ransmission is impossible.1,2

Mutations in theCLCN5 gene on the X chromo
ome are associated consistently with this dise3

LCN5 was identified through gene mapping a
ositional cloning in affected families.3,4 It en-
odes a voltage-gated chloride channel, CLC
hat had not been known previously. CLC-5 i
ember of a channel family that also includ
LC-0, the major chloride channel in human m
le that is mutated in congenital myotonia; CL
b, the basolateral chloride channel in the re
edullary thick ascending limb that is mutated

arge subset of patients with Bartter’s syndro
nd CLC-7, expressed at the ruffled surface
steoclasts that facilitates acidification of the m
ralization front of bone and that is mutated
ongenital malignant osteopetrosis.5 CLC-5 is ex-
ressed predominantly in kidney, although

evels of expression can be found in other tiss
ncluding intestine. Along the nephron, CLC-5
xpressed in the subapical endosomes of the p
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KNOHL AND SCHEINMAN56
mal tubule, and in endosomes in the cells of the
edullary thick ascending limb of Henle’s loop. It

lso is expressed in apical and subapical regions of
-intercalated cells of the collecting duct.6,7 Al-

hough its function in these distal segments re-
ains poorly understood, the role of CLC-5 in

roximal tubules has come into clearer focus.
In the proximal tubule, CLC-5 colocalizes with

he proton-adenosine triphosphatase in subapical
ndosomes that are a critical part of the reabsorp-
ive apparatus for proteins.6,7 Filtered proteins (in-
luding those of low-molecular weight as well as
lbumin) adsorb to the receptor megalin on the
pical surface of the proximal tubular epithelial
ells. When endosomes bud off this surface, the
rst step in degrading the adsorbed proteins re-
uires acidification of the endosomal lumen, and
his is achieved through the activity of the vacuolar
roton adenosine triphosphatase. It has been
nown for a decade that acidification of the endo-
omes requires dissipation of the charge by a pro-
ein kinase A–regulated chloride conductance,8

nd this appears to be the function of CLC-5,
lthough regulation by protein kinase A has not

Table 1. Clinical Differences B

Dent’s

nheritance pattern X-linked recessive
utated gene (protein) CLCN5 (CLC-5)
ge at presentation Infancy or childhoo
ajor clinical features LMW proteinuria an

solute wasting
Polyuria
Microscopic hemat
Hypercalciuria
Nephrocalcinosis
Nephrolithiasis
Renal failure
Rickets/osteomalac

nset of renal failure Adolescence; end-
by 4th decade

aboratory abnormalities
Serum

Calcium Normal
Magnesium Normal
Uric acid Normal
Intact PTH Normal or low
1,25(OH)2D Normal or high

Hypercalciuria Present
Hypermagnesuria Absent
Low-molecular weight proteinuria Always present
Nephrocalcinosis Present
een documented. m
Impaired function of megalin-dependent protein
ptake would lead to urinary loss of proteins.
bout 50% to 70% of the urinary protein in pa-

ients with Dent’s disease is comprised of low-
olecular weight proteins, and the remainder is

lbumin.9 This pattern is present from infancy (A.
orden, personal communication), indicating that

he albuminuria is not a nonspecific consequence
f glomerular sclerosis because renal insufficiency
oes not begin in the first decade of life. Thus,
orden et al9 used measurements of urinary excre-

ion of proteins in patients with Dent’s disease
ithout renal insufficiency to derive an in vivo

stimate of glomerular sieving coefficients. Pa-
ients with Dent’s disease excrete 0.5 to 2.0 g of
rotein per day, and are not clinically nephrotic.
he most useful screening tests for Dent’s disease
re measurement of �2-microglobulin levels,
hich are widely available in clinical laboratories,

nd of retinal-binding globulin, which is available
ess often but is more sensitive and specific.10

Further evidence for proximal tubular dysfunc-
ion in Dent’s disease is the wasting of glucose,
mino acids, and phosphate, which have in com-

n Dent’s Disease and FHHNC

FHHNC

Autosomal recessive
PCLN1 (paracellin-1)
Infancy

r proximal Hypomagnesemia

Polyuria
Infantile siezures
Hypercalciuria
Nephrocalcinosis
Nephrolithiasis
Renal failure
Ocular abnormalities

enal disease Early childhood; end-stage renal disease
often by late adolescence

Normal
Low
High
High
High
Present
Present
—
Present
etwee

Disease

d
d othe

uria

ia
stage r
on that they are reabsorbed through the activities
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INHERITED HYPERCALCIURIC SYNDROMES 57
f sodium-dependent transporters. Physiologic
egulation of the activities of these transporters
nvolves recycling between endosomes and the
pical cell surface,11,12 and it has been shown that
hen acidification of subapical endosomes is in-
ibited, membrane trafficking is impaired.13 In 2
ouse models in which CLCN5 expression is pre-

ented by targeted disruption of the gene, proximal
ubular endocytosis is disturbed,12,14 and in one of
hese knockouts trafficking of the sodium-depen-
ent phosphate cotransporter NaPi2 is altered.12

lycosuria, aminoaciduria, and phosphaturia are
ariable among patients with Dent’s disease, and
an be intermittent. It is plausible to speculate that
hese defects may vary with fluctuations in the
tate of endosomal congestion, perhaps with vari-
tions in the load of proteins presented for reab-
orption.

As further evidence of abnormal endosomal
unction, Piwon et al12 have shown that their
LC-5 knockout mice have reduced expression of
egalin in proximal tubular cells, and very low

evels of megalin in the urine. Urinary megalin
xcretion also is decreased in patients with Dent’s
isease.15

Hypercalciuria is a hallmark of Dent’s disease,
nd is the major risk factor for stone formation and
ephrocalcinosis because these patients excrete
ormal quantities of oxalate, citrate, uric acid, and
ther stone risk determinants.10,16 The degree of
ypercalciuria in adolescents and adults resembles
hat in patients with idiopathic hypercalciuria, ap-
roximating 4 to 6 mg/kg body weight. In patients
ith Dent’s disease at these ages, hypercalciuria is
iet-dependent and often can normalize with di-
tary calcium restriction (which is not recom-
ended because it could exacerbate bone deminer-

lization). Infants and young children, however,
xhibit heavier degrees of hypercalciuria in the
ange of 10 to 12 mg/kg, and the hypercalciuria
ay persist on fasting.10

In 2 mouse models of CLCN5 inactivation, hy-
ercalciuria is diet-dependent,17,18 as in the pa-
ients. However, in one mouse model in which
LCN5 expression is eliminated completely

hrough targeted disruption of the gene, a small
egree of hypercalciuria persists on a very low
alcium intake. This latter model resembles the
ersistent hypercalciuria seen in young children. It
s not clear whether this persistent hypercalciuria

esults from a renal leak or a primary tendency to t
mpaired bone mineralization. In patients with
ent’s disease, hypercalciuria10 responds to a thi-

zide diuretic, as in idiopathic hypercalciuria.19

his is consistent with the fact that the CLC-5
hloride channel is not expressed in the thiazide-
ensitive cortical distal tubule.6,7

Serum calcium levels are normal, and in some
atients tend toward the upper limit of the normal
ange.10,16,20,21 In patients with normal creatinine
learances, measurements of intact parathyroid
ormone tend to be low, and levels of 1,25 dihy-
roxyvitamin D often are increased.1 This is more
onsistent with a pattern of absorptive hypercalci-
ria rather than a primary renal calcium leak. It is
ot yet known whether the relatively high levels of
,25-dihydroxyvitamin D result from hypophos-
hatemia or represent a dysregulation of activity of
he 1�-hydroxylase as a consequence of CLC-5
nactivation.

Parathyroid hormone is among the filtered low-
olecular weight proteins that are found in great

xcess in the urine of knockout mice12 and humans
ith Dent’s disease.9 Jentsch and colleagues have

peculated that the inhibition of phosphate trans-
ort and the stimulation of 1-hydroxylation of vi-
amin D are consequences of activation of parathy-
oid hormone receptors on the apical surface of
ells of the late proximal tubule.12

Renal failure occurs in about two thirds of pa-
ients with Dent’s disease. Renal function may
egin to decline in the teenage years and reach end
tage by the fourth decade of life, but it is not clear
hy some patients are spared renal failure even

nto old age. Prominent histologic features include
ubular atrophy and interstitial fibrosis, and there
re varying degrees of glomerular sclerosis. Base-
ent membranes appear normal on electron mi-

roscopy and immune deposits have not been iden-
ified on immunofluorescence.16,20,21 The etiology
f the dysfunction is unclear. Sayer et al22 showed,
n cultured collecting duct cells in which CLC-5
xpression is prevented, that exposure to calcium
xalate crystals results in cellular engorgement
ith crystals. However, in anecdotal series, the

everity of nephrocalcinosis does not appear to
orrelate with the degree of renal failure.1,16 Nor-
en et al9 have documented increased urinary ex-
retion of bioactive peptides including hormones
nd cytokines including parathyroid hormone, in-
ulin-like growth factor 1, and monocyte chemoat-

ractant protein 1, and proposed that high lumenal
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KNOHL AND SCHEINMAN58
evels of cytokines may promote tubulointerstitial
brosis. In a preliminary report, Cebotaru et al23

ecently described that renal failure can be seen if
LC-5 knockout mice are followed-up to a suffi-
ient age, with histologic evidence of interstitial
nflammation and fibrosis, and tubular atrophy. In
his report, the knockout mice also had increased
issue levels of messenger RNA encoding trans-
orming growth factor �1, a profibrogenic cyto-
ine.
About one fourth of patients with Dent’s disease

ave rickets, which often presents in infancy. As
ith renal failure, this feature does not correlate
ith the nature of the mutation, and can vary even
ithin families in which multiple affected males

ll share the same mutation.1 It is not clear that the
ccurrence of rickets can be explained by the de-
ree of hypophosphatemia, which usually is mild.
he role, if any, of CLC-5 in bone, and of any
ossible modifying genes, is not known.

FAMILIAL HYPOMAGNESEMIA WITH
HYPERCALCIURIA AND NEPHROCALCINOSIS

FHHNC was first described in 1972, and iden-
ified as the Michelis-Castillo syndrome.24 FHHNC
s a rare entity transmitted in an autosomal-reces-
ive fashion presenting at birth. Prominent features
nclude renal wasting of magnesium and calcium
ssociated with development of nephrocalcinosis
y early childhood. As would be expected in pa-
ients with a renal calcium leak (and in contrast to
ent’s disease), serum levels of parathyroid hor-
one are high in patients with FHHNC.24-26 Hy-

omagnesemia can be severe, with neonatal sei-
ures. Polyuria or urinary infections often are
resenting complaints. Renal function declines
rogressively and many patients reach end-stage
y the teenage or young adult years. Most patients
ave hyperuricemia.24 In addition to these renal
roblems, a range of ocular abnormalities are seen
n some patients.24-26

In elegant work from Lifton’s laboratory, the
isease gene was mapped in 12 families to a region
n the long arm of chromosome 3 (3q27) (as is
ften helpful in mapping autosomal-recessive dis-
ases, most of these families exhibited consanguin-
ty). Through positional cloning, a gene (PCLN1)
as identified that encoded a protein with homol-
gy to the claudin family of tight-junction proteins;
he protein was named paracellin-1 (also known as

laudin 16). Claudins are membrane proteins with a
transmembrane domains and 2 extracellular
oops that are presumed to play an important role
n the integrity of the tight junction. Paracellin-1 is
xpressed in the tight junctions of the thick ascend-
ng limb of Henle’s loop in humans27; in the rat its
xpression has been detected in the thick ascending
imb as well as the distal convoluted tubule and
ollecting duct.28 Functional studies have not been
erformed, but it is speculated that paracellin
ight be a paracellular ion channel, or might be

nvolved in regulating paracellular cation conduc-
ance. In either case, paracellin-1 would represent
he first protein shown to participate in renal para-
ellular transport.

Mutations in PCLN1 segregated with disease
n these families and were not polymorphisms27;
his has now been confirmed by others.24,29 Con-
istent with the recessive nature of inheritance of
his disease, most of the reported patients have
een homozygous for a mutation or compound
eterozygotes with 2 different mutations in
CLN1.24,27,29 Heterozygotes have been reported
ith mild, asymptomatic hypomagnesemia,29

ypercalciuria, or even clinically overt disease.24

Most of the reported mutations in patients with
HHNC are missense mutations that predict sub-
titution of a single amino acid, and these occur
ithin the transmembrane domains and the 2 ex-

racellular domains of the protein. Thus, it is plau-
ible that these mutations would interfere with the
unction of the paracellular barrier and lead to
bnormalities of transport in the thick ascending
imb, a major site for reabsorption of calcium and
agnesium. Unlike the distal convoluted tubule
here the bulk of calcium and magnesium reab-

orption occurs across the epithelial cell, cation
ransport in the thick limb is largely paracellular,
riven by the lumen-positive electrical potential.
Maintenance of the positive charge in the lumen

epends on proper functioning of the transcellular
ransport pathway in the cells of the thick ascend-
ng limb, including the bumetanide-sensitive Na-
-2Cl cotransporter, the apical potassium channel

ROMK), and the basolateral chloride channel
LC-Kb with its associated protein barttin. Defec-

ive function of genes encoding these transport
roteins result in Bartter’s syndrome, in which
ypercalciuria is a universal but secondary conse-
uence and hypomagnesemia, when it occurs, usu-

30,31
lly is mild.
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INHERITED HYPERCALCIURIC SYNDROMES 59
It is instructive to contrast the findings in pa-
ients with FHHNC, in whom transcellular trans-
ort is normal but paracellin is mutated, with those
n patients with Bartter’s syndrome, whose inher-
ted defect impairs transcellular transport. Hy-
okalemic metabolic alkalosis, the hallmark of
artter’s and Gitelman’s syndromes, is absent in
atients with FHHNC. Both syndromes can present
n infancy, but whereas children with Bartter’s
yndrome often have salt wasting and volume de-
letion, children with FHHNC suffer with symp-
omatic hypomagnesemia but do not have clini-
ally significant salt wasting.29 Serum levels of
enin and aldosterone, which are high in Bartter’s
yndrome,32 are normal in FHHNC.29 Blanchard et
l29 studied the responses to furosemide in 2 unre-
ated patients with FHHNC who were homozygous
or mutations in PCLN1. Administration of furo-
emide produces no natriuresis in patients with
artter’s syndrome, in which transcellular trans-
ort in the thick ascending limb of Henle already is
mpaired. In contrast, furosemide produces a natri-
resis in patients with FHHNC that is comparable
ith the response in control subjects, but unlike the

ontrol subjects, furosemide did not increase ex-
retion of calcium or magnesium in patients with
HHNC.
In preliminary studies described so far only in an

bstract, mice with targeted disruption of the
CLN1 gene exhibit most of the features of the
uman FHHNC syndrome. These knockout mice
ave hypomagnesemia with inappropriate urinary
agnesium wasting, hypercalciuria, nephrocalci-

osis, renal insufficiency, a urinary concentrating
efect, and normal salt conservation.33

Inadequate urinary acidification was one of the
eatures identified by Michelis,34 but this was prob-
bly not a direct effect of the genetic defect but
ather the consequence of medullary interstitial
amage.34

Other findings in FHHNC remain, for the mo-
ent, unexplained. Hyperuricemia is present in the
ajority of patients with this syndrome,24-26 but

he mechanism is not known. No paracellular se-
retory process for uric acid has been described or
ven proposed. Abnormalities of the eye occur in a
ignificant minority of patients. These include nys-
agmus, severe myopia, macular colobomata, and
apetoretinal degeneration.36 It is not known
hether PCLN1 is expressed in the eye, and what
ts function there might be.
CONCLUSION

Dent’s disease and FHHNC are both syndromes
f hypercalciuria, nephrocalcinosis, and renal fail-
re, for which the pathophysiologic bases certainly
ould not be so well understood without the suc-

ess of the genetic studies described earlier. In both
ases, identification of families made possible link-
ge analysis and then positional cloning, which led
o the discovery in both diseases of a novel gene.
he discoveries of CLC-5 and paracellin-1 have
ade possible in short order a more complete

nderstanding of disease mechanisms and of nor-
al renal tubular physiology, and also have al-

owed investigators to frame the right questions for
urther research. There are other inherited diseases
ssociated with nephrolithiasis for which the mo-
ecular basis is known, particularly primary hyper-
xaluria and cystinuria.36 Exciting progress re-
ently has been made in identifying genes for
everal other inherited syndromes of hypomag-
esemia.38-40 However, the path to understanding
omplex traits such as idiopathic hypercalciuria,
he most common risk factor for kidney stones,
ill be much more difficult because in idiopathic
ypercalciuria there are multiple mechanisms,
robably reflecting polymorphisms in multiple
enes. Nevertheless, there is every reason to expect
hat such obstacles will be overcome and that mo-
ecular genetics will continue to teach us about the
athophysiology of monogenic and polygenic dis-
ases.
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