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Familial hypomagnesaemia with hypercalciuria and
nephrocalcinosis maps to chromosome 3927 and is
associated with mutations in the PCLN-1 gene
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Familial hypomagnesaemia with hypercalciuria and nephrocalcinosis (FHHNC, MIM 248250) is a complex
renal tubular disorder characterised by hypomagnesaemia, hypercalciuria, advanced nephrocalcinosis,
hyposthenuria and progressive renal failure. The mode of inheritance is autosomal recessive. A primary
defect in the reabsorption of magnesium in the medullary thick ascending limb of the loop of Henle
(mTAL) has been proposed to be essential in FHHNC pathophysiology. To identify the underlying genetic
defect we performed linkage analysis in eight families, including three with consanguineous marriages. We
found linkage to microsatellite markers on chromosome 3g27 with a maximum two-point lod score (Z,,ax)
of 5.208 for D3S3530 without evidence for genetic heterogeneity. Haplotype analysis revealed crucial
recombination events reducing the critical interval to 6.6 cM. Recently, mutations in the gene PCLN-1,
mapping to 327 and coding for paracellin-1, were identified by Simon et al (1999) as the underlying
genetic defect in FHHNC. Paracellin-1 represents a renal tight junction protein predominantly expressed in
the TAL. Mutational analysis in our patient cohort revealed eight different mutations in the PCLN-1 gene,
within six novel mutations. In seven of 13 mutant alleles we detected a Leul51 substitution without
evidence for a founder effect. Leul51 is a residue of the first extracellular loop of paracellin-1, the part of
the protein expected to bridge the intercellular space and to be important for paracellular conductance.
This study confirms the implication of paracellin-1 defects in FHHNC and points to a predominant role of
this protein in the paracellular reabsorption of divalent cations in the TAL. European Journal of Human

Genetics (2000) 8, 414-422.
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Introduction
Familial hypomagnesaemia with hypercalciuria and nephro-
calcinosis (FHHNC, MIM 248250), first described by Michelis
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et al in 1972, is a rare inherited renal tubular disease
frequently complicated by progressive renal failure during
childhood or adolescence.”™ The mode of inheritance is
autosomal recessive. Besides marked hypomagnesaemia the
affected individuals present with polyuria, hyposthenuria,
hypercalciuria, advanced nephrocalcinosis, low citrate excre-
tion and impaired glomerular filtration rate (GFR). In addi-
tion, nephrolithiasis, recurrent urinary tract infections and
incomplete distal renal tubular acidosis (dRTA) have been



described.>” Some authors report elevated serum PTH levels
early during the course of disease, independent of reduced
GFR and therefore probably reflecting chronic calcium
depletion.® Ocular abnormalities, such as corneal calcifica-
tions, chorioretinitis, horizontal nystagmus and severe myo-
pia have been described as inconsistent findings in families
affected by FHHNC.®® In family members not affected by
FHHNC, history of hypercalciuria and kidney stones is
frequent.®

FHHNC has to be differentiated from other forms of
familial hypomagnesaemia. The autosomal dominant form
of isolated renal magnesium loss (MIM 154020) has recently
been mapped to chromosome11g23 in two large Dutch
families probably sharing a common ancestor.® The local-
isation of the genetic defect of the autosomal recessive form
(MIM 248250) is still unknown. In contrast to FHHNC
urinary calcium excretion is not elevated in these disorders.
Hypocalciuria is found in the autosomal dominant form,
normocalciuria in the recessive form.

Furthermore, hypomagnesaemia is a leading symptom in
Gitelman syndrome (MIM263800) (also described as the
hypocalciuric variant of Bartter syndrome) which is caused
by mutations in the thiazide-sensitive NaCl cotransporter
gene (SLC12A3).*° In contrast to FHHNC this tubulopathy is
associated with marked hypokalaemic metabolic alkalosis.
Nephrocalcinosis has never been observed in Gitelman
syndrome patients. In classic Bartter syndrome
(MIM 241200), caused by mutations in the chloride channel
gene CLCNKB, more than one third of the patients present
with hypomagnesaemia.** These patients also have pro-
nounced hypokalaemic alkalosis. Nephrocalcinosis is present
in less than 15% of the patients.

Not only renal magnesium reabsorption failure but also
impaired intestinal absorption may result in hypomagnesae-
mia, as seen, for example, in familial hypomagnesaemia with
secondary hypocalcaemia (HSH, MIM 602014). A gene locus
for HSH has been mapped to chromosome 9912-22.2 in three
large inbred Bedouin kindreds.*?

For a long time, the pathophysiology of FHHNC has been
unclear. There has been indirect evidence from clinical
observation and clearance studies that the primary defect is
related to impaired magnesium reabsorption in the medul-
lary thick ascending limb of the loop of Henle (mTAL).® This
segment plays a predominant role in renal magnesium
reabsorption with magnesium passing mainly by paracellular
flux, driven by the electrochemical gradient over the tubular
epithelium.*® The hypermagnesiuria in FHHNC is associated
with high renal calcium excretion rates. Hypercalciuria
together with incomplete tubular acidosis resulting from
hypomagnesaemia is accused to accelerate nephrocalcinosis
and to enhance nephrolithiasis. Reduced concentrating
abilities, recurring urinary tract infections and the develop-
ment of renal insufficiency are regarded as a consequence of
nephrocalcinosis.? After exclusion of promising candidate
genes known to be involved in tubular fluid and electrolyte
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transport we have performed a genome-wide linkage analysis
with a cohort of eight families to localise the gene responsible
for the disease and found linkage to chromosome 3qg27.
Recently, the gene PCLN-1 coding for paracellin-1, a new
member of the claudin family, has been cloned and mapped
to this chromosomal region.™ PCLN-1 consists of 5exons
and encodes a protein of 305amino acids length with four
transmembrane domains and intracellular NH, and COOH
termini as predicted by sequence and hydrophilicity analysis.
Further studies demonstrated colocalisation of paracellin-1
with the ubiquitous tight junction protein occludin.** Due to
these studies, paracellin-1 is regarded as a component of the
tight junction complex. Expression of paracellin-1 was
exclusively observed in the TAL and the distal convoluted
tubule (DCT). Subsequently, mutations in PCLN-1 were
identified in FHHNC. Ten different mutations in the PCLN-1
gene were described in a cohort of ten FHHNC families.*

We now report the identification of eight PCLN-1 muta-
tions in our cohort of eight FHHNC families. Six of these are
novel mutations of the PCLN-1 gene.

Patients and methods
Patients
The study cohort consisted of eight FHHNC families of
different ethnic origin with either two affected individuals
and/or parental consanguinity (except F6) including
13FHHNC patients (Figurel). The clinical course of two
affected sisters (8054 and 8055) of the index family F1 has
been reported previously.? In the remaining patients, diag-
nosis was based on the following mandatory clinical symp-
toms: hypomagnesaemia (<0.6 mmol/l), hypercalciuria,
bilateral nephrocalcinosis, polydipsia/polyuria, impaired glo-
merular filtration rate and the absence of hypokalaemic
metabolic alkalosis. Additional findings were as follows:
hypermagnesiuria was found in 11/11 patients analysed,
incomplete dRTA in 5/6, history of urinary tract infection in
7/12, hypocitraturia in 9/9 and elevated PTH levels in 7/9.
Three out of 12 patients had minor ocular abnormalities:
convergent strabismus in one patient (8003 in F3) and
astigmatism in two patients (8067 and 8068 in F7).

This study was approved by the local ethics committee and
informed consent was obtained from the patients and/or
their parents.

Analysis of candidate gene loci

Haplotype analysis was performed as described previously*®
using flanking microsatellite markers which were linked to
11g23,° 9q12-9g22.2,* KCNJ1,*® SLC12A1,*” CLCNKA/
CLCNKB,* and KCC1.*®

Genome-wide linkage analysis

Affected individuals and all available unaffected family
members were genotyped in a genome-wide linkage analysis.
A total of 180 microsatellites was typed until linkage was
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Figure1l Multipoint analysis. Multipoint lod scores are given for a 49 cM on 3g26-28. Maximum lod score of 7.368 was obtained at

the cluster D352398, D3S3530, D3S3549.

observed. Semi-automated genotyping was performed on
ABI377 DNA sequencers (ABI, Foster City, CA, USA) as
described.*® Data were analysed using the Genescan 2.1 and
Genotyper 2.0 software (Perkin Elmer, Norwalk, CT, USA).

Two-point Lod-score calculations were performed by the
LINKAGE program package®* using the LINKRUN computer
program (TF Wienker, personal communication, 1999) under
the hypothesis of an autosomal recessive mode of inher-
itance with 100% penetrance. Disease allele frequency was
set at 0.0001. For computation of multipoint lod scores, the
program Genehunter version 2.0 was used.?? Two-point and
multipoint analyses assumed equal allele frequencies. Haplo-
typing was performed also with Genehunter and by hand.
The genetic maps and marker data were obtained from the
1996 Généthon map.?®

Mutational analysis
After PCLN-1 had been identified as the gene responsible for
FHHNC we examined the PCLN-1 gene in our cohort by
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single strand conformation polymorphism analysis (SSCA).
Based on the sequence for the human PCLN-1 gene, an
overlapping set of primers** was used to amplify the coding
sequence (exon 1-5) from genomic DNA by PCR. Amplified
products were separated on polyacrylamide gels by electro-
phoresis (Pharmacia Biotech, Freiburg, Germany). Exons
with conformational variants were directly sequenced using
corresponding sequencing primers (ALF express sequencer,
Pharmacia Biotech, Freiburg, Germany).

Results

Exclusion of candidate genes and disease susceptibility
loci on 11q and 9q

The loci on chromosome 11q and 9q which encompass the
genes involved in isolated renal magnesium loss and HSH,
respectively, were excluded (data not shown) by testing
flanking microsatellite markers reported in the original
articles.®** We also excluded by haplotype analysis several
genes coding for proteins involved in tubular fluid and



electrolyte transport, especially in the mTAL: the furosemide-
sensitive NaK2Cl cotransporter (SLC12A1), the luminal
potassium channel ROMK (KCNJ1), the basolateral chloride
channels CLC-Ka and Kb (CLCNKA/B) and the basolateral
KCI cotransporter (KCC1).

Genome-wide linkage analysis

Subsequently, a total genome scan was performed. Initial
linkage was obtained for marker D35S3663 (3927) in all eight
families tested, with a lod score Z = 2.626 at a recombination

o

o
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fraction ® = 0.05. All families showed evidence for linkage to
this region. Characterisation of additional markers revealed a
maximum two-point lod score (Z,,.,) of 5.208 for D3S3530 at
a recombination fraction ® = 0.00, whereas multipoint anal-
ysis gave a Z,,,, of 7.368 around marker D352398 (Figure 1).
In order to determine the exact location of the disease
susceptibility locus haplotypes were constructed (Figure 2).
Heterozygosity values calculated from haplotype analysis
data of familiesF1-F8 are given in Tablel. Various phase-
known recombination events defined a 30cM interval

o
o
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Figure2 Pedigrees and most likely marker haplotypes on chromosome 3926-28 of FHHNC families investigated. Regions of

homozygosity are framed.
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Table 1 Heterozygosity values of relevant markers on
chromosome 3g26-28

Marker Heterozygosity
D3s3725 0.82
D3s3730 0.797
D351262 0.82
D353686 0.695
D351580 0.805
D352398 0.758
D3s3530 0.727
D3s3549 0.609
D351288 0.539
D3s3663 0.703
D3S1265 0.828

Values calculated from haplotype analysis data of eight FHHNC
families (F1-F8).

between D3S3730 and D3S1265 harbouring the gene. Ances-
tral recombination events in consanguineous families (F3,
F8) allowed further refinement of the critical region, restrict-
ing the interval to 6.6 cM (Figure 3).

Mutational analysis of PCLN-1

Mutational analysis of PCLN-1 by SSCA and direct sequenc-
ing revealed eight different mutations in our cohort of eight
families, among these six novel mutations (Table2). All
mutations cosegregate with the phenotype and none of these
were found in 100control chromosomes. Affected amino
acid residues in the paracellin-1 protein are depicted in
Figure 4.

In two consanguinous but unrelated families of different
ethnic origin (F4, F8) we identified a homozygous frameshift
mutation, Arg55fs, affecting the N-terminal part of para-
cellin-1. This early frameshift mutation results in truncation
of the protein prior to the first transmembrane domain as it
induces a nonsense amino acid sequence from amino acid
position55 to 89 followed by a TGA-stop codon at posi-
tion 90. In F8, a second homozygous mutation on the same
allele, His141Asp, was found in addition to the Arg55fs. Since
the His141Asp exchange is located further downstream to the
Arg55fs, we consider it to be nonfunctional, at least in this
special case.

In the index family F1 (referring to the clinical description
of the disease?) sequence analysis revealed a Leul51Phe
exchange combined with a heterozygous preterm stop codon
in exon 2 (Trp117X). This preterm stop results in deletion of
the terminal 188amino acids, truncating the protein
between the two extracellular loops.

Interestingly, the amino acid position Leul51 was fre-
quently mutated in our patients. Seven of 13 mutant alleles
(F1, F2, F5, F6, F7) displayed a point mutation at this residue.
A heterozygous Leul51Phe exchange is combined with a
heterozygous Leul51Trp exchange in F2, with a heterozygous
Leul45Pro exchange in F5 and with a heterozygous
Gly239Arg exchange in F6. In the affected patients of F7
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sequence analysis revealed a homozygous Leul51Phe sub-
stitution despite unrelated parents. Unknown consanguinity
in this family could largely be ruled out by haplotype
analysis.

The accumulation of Leul51Phe substitutions in our
cohort raises the question of a founder effect. However, a
common haplotype did not significantly emerge from haplo-
type analysis of the PCLN-1 flanking markers.

Beside these six novel molecular variants of the PCLN-1
gene we found a Gly198Asp (F3) and a Gly239Arg substitu-
tion in our cohort (F6) which have also been described by
Simon et al in two Spanish kindreds and two Italian kindreds,
respectively.*

Discussion

Until recently, little has been known about renal magnesium
transport systems (for review see Quamme).*® Only 5-15% of
the ultrafiltrated magnesium are reabsorbed in the proximal
tubule, while 50-60% are reabsorbed in the loop of Henle.
Another 10% (corresponding to 80% of total magnesium
delivered to this segment) are reabsorbed in the distal
tubule.

Electrophysiological studies indicate that the majority of
the magnesium absorption in the loop of Henle is para-
cellular, depending on electrochemical ion gradients and the
transmembrane voltage.>**® In addition, it has been shown
in rats that magnesium also enters the cortical TAL cells via
selective pathways, most likely through magnesium specific
channels.?® Magnesium transporters have only been reported
in bacteria and yeast.?”*° As the primary defect in FHHNC
has been related to a reabsorption defect of magnesium in the
TAL, investigation of the molecular aspects of FHHNC
seemed promising in order to gain more insight into renal
magnesium transport systems. In the present study we have
mapped a gene locus responsible for FHHNC to chromoso-
me 3g27. Refined mapping has restricted the interval to a
genetic distance of less than 6.6cM between the loci
D3S1580 and D3S3663. Genetic heterogeneity seems
unlikely since haplotypes of all families in our study were
compatible with linkage to this region. Using the same
approach with an independent cohort of 12 FHHNC families
Simon and colleagues were able to map the gene to a 1cM
interval on 3927 and subsequently identified mutations in
the PCLN-1 gene coding for paracellin-1 as the underlying
defect in FHHNC in 10 families.

We identified homozygous or compound heterozygous
mutations in all affected individuals of our FHHNC patient
cohort, supporting the hypothesis of FHHNC being a mon-
ogenetic disease. Interestingly, mutational analysis revealed a
striking predominance of mutations affecting the Leul51
residue (seven of 13 mutant alleles). Especially the accumula-
tion of Leul51Phe substitutions in our patient cohort (F1, F2,
F5, F6, F7) might give rise to the proposal of a founder effect
but haplotype studies did not point to a common ancestor in
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Figure 3 Key recombination events in FHHNC families investigated. Selected haplotypes from Figure 2 are given for chromosomes
with recombination events refining the localization of the FHHNC gene locus. Wild type haplotypes are in open boxes, mutant
haplotypes are hatched and homozygous segments in families of consanguineous marriages (F3, F4 and F8) are solid. Ancestral
recombination events between markers D3S1580 and D352398 in family F8 and between D3S1288 and D3S3663 in family F3 define
the proximal and distal borders of a 6.6 cM segment harbouring the gene locus. Marker coordinates are taken from the final
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these families. Therefore, these mutations appear to have
occurred independently. However, it has been demonstrated
that haplotype analysis cannot completely rule out a founder

effect: even in a homogenous population, significant dis-
equilibrium could not be demonstrated for loci located
900kb and 1600kb away from the disease gene.*® As our
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Table 2 Mutational analysis of PCLN-1 in eight FHHNC families (F1-F8)
Family Sex Ethnic origin Consanguinity Zygosity DNA change® Protein change
F1-1/2 f/f German no comp hetero 350G—>A-453G—>T Trp117X-Leul51Phe
F2-1/2 f/im German no comp hetero 452T->G-453G~>T Leul51Trp-Leul51Phe
F3 f Turkish yes homo 593G—~C Gly198Asp
F4 f Tunisian yes homo 165/166delGG—insC Arg55fs
F5-1/2 f/f German no comp hetero 434T->C-453G~>T Leul45Pro-Leul51Phe
F6 m Bosnian no comp hetero 453G—->T-715G—A Leul51Pro-Gly239Arg
F7-1/2 m/m Czech no homo 453G-T Leul51Phe
F8-1/2 f/m Tunisian yes homo-homo 165/166delGG—insC-421C—~G Arg55fs—His141Asp®

f: female; m: male; comp hetero: compound heterozygous; homo: homozygous; del: deletion; ins: insertion; fs: frameshift; trp: tryptophane;
leu: leucine; phe: phenylalanine; gly: glycine; asp: asparagine; arg: arginine; pro: proline; his: histidine. ®DNA nucleotid position count is based
on ATG (start-methionine) as first position of PCLN-1 cDNA (gbAF152101). nonfunctional due to homozygous Arg55fs.

®
o...°‘o 000C’

OQ
‘..... OO0
()

His141Asp

Leut145Pro
Leu151Phe
Leul51Trp

Gly239Arg

Figure4 Paracellin-1 protein model deduced from hydrophilicity plots.™* Amino acid residues affected by PCLN-1 mutations are
shaded (mutations previously described in**) and solid (mutations analysed in families F1-F8 of this study). The Gly198Asp and

Gly239Arg substitutions have also been described by Simon et al.**

cohort is still too small to support or completely rule out this
theory, further analysis of the PCLN-1 gene in a larger cohort
of FHHNC families will be necessary.

Assuming an independent occurrence of the recurring
amino acid substitutions the existence of mutational hot
spots in PCLN-1 seems possible. Leul51 is located in the first
extracellular loop of paracellin-1. This part of the protein is
thought to bridge the intercellular space and probably
participates in the paracellular conductance of divalent
cations, especially of magnesium ions. Due to the frequency
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of mutations affecting Leul51 we propose this amino acid
residue to be of high functional importance. Functional
expression studies of mutated paracellin-1 protein will help
to clarify the implication of the detected mutations in
paracellin-1 function.

Clinical implications

As far as we know to date, loss or impairment of paracellin-1
function results in defective reabsorption of magnesium ions
in the kidney leading to profound hypermagnesiuria and



hypomagnesaemia. The defect in renal magnesium handling
in FHHNC is associated with high excretion rates of calcium.
This might be explained by the fact that calcium and
magnesium transport systems in the kidney are frequently
linked, which has also been demonstrated for the paracellular
pathway of both divalent cations in the mTAL.*® However,
serum calcium levels in FHHNC patients remain within the
normal range. Hypocalcaemia seems to be prevented by
alternative pathways in calcium homeostasis: transcellular
tubular calcium reabsorption in the DCT, intestinal calcium
absorption and calcium release out of the bone substance,
mediated by different hormones such as
1,25-(OH),-cholecalciferol and parathyroid hormone.

Despite normocalcaemia, hypercalciuria seems to play an
important role in FHHNC pathophysiology. Interestingly,
Praga et al discovered a striking incidence of hypercalciuria in
healthy family members of FHHNC patients. Eleven of 26
(42%) examined individuals had hypercalciuria without
nephrocalcinosis or renal insufficiency, but two presented
with mild hypomagnesaemia and four with recurrent
nephrolithiasis. It was speculated that isolated hypercalciuria
might appear as a milder phenotype of the disease, consistent
with an autosomal dominant mode of inheritance with
variable phenotypic expression.® Accepting an autosomal
recessive mode of inheritance of FHHNC, as supported by the
results of linkage and mutational analysis, family members
with hypercalciuria and/or nephrolithiasis seem to be symp-
tomatic heterozygotes — a phenomenon not commonly seen
in autosomal recessive diseases.

In our cohort of eight FHHNC families nephrolithiasis/
hypercalciuria was observed in three parents (F1, F3, F5).
Since the mutant allele frequency can be expected to be low
in the common population, it would be interesting to test
families with isolated hypercalciuria/nephrolithiasis with
apparently autosomal dominant mode of transmission for
cosegregation with the PCLN-1 locus and mutations in the
PCLN-1 gene.

Furthermore, in two family members of FHHNC patients
described 1995 by Praga et al who were not affected by
FHHNC but presented with hypercalciuria and nephrolithia-
sis, intravenous urography revealed the characteristic radi-
ological picture of medullary sponge kidneys (MSK).® An
association of FHHNC and MSK has also been reported
previously in two brothers.® In a German FHHNC patient of
a non-informative family (therefore not included in this
study), renal sonography did not only show bilateral nephro-
calcinosis but also multiple small renal cysts and diagnosis of
MSK was proposed (personal communication, J Misselwitz,
1997). The mother of this patient suffers from nephrolithia-
sis. To date, a distinct familial transmission of MSK has not
been established. Since MSK patients frequently present with
hypercalciuria and nephrolithiasis,® closer investigation of
the coincidence of FHHNC and MSK would be promising.

In conclusion, our study supports the theory of FHHNC to
be a monogenetic disease, associated with mutations in the
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PCLN-1 gene. The responsible gene locus maps to chromoso-
me 3g27. As the primary defect in FHHNC is related to a
dysfunction of a renal tight junction protein, FHHNC can be
considered as a hereditary tight junction disease. Additional
studies of paracellin-1 function in the tight junction complex
might elucidate further aspects of FHHNC pathophysiology.
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