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Abstract. Familial hypomagnesemia with hypercalciuria and
nephrocalcinosis (FHHNC) is an autosomal recessive tubular
disorder that is frequently associated with progressive renal
failure. The primary defect is related to impaired tubular reab-
sorption of magnesium and calcium in the thick ascending limb
of Henle’s loop. Mutations in PCLN-1, which encodes the
renal tight junction protein paracellin-1 (claudin-16), were
identified as the underlying genetic defects. Comprehensive
clinical data and the results of PCLN-I mutation analysis of 25
FHHNC families with 33 affected individuals are presented.
Patients presented mainly with urinary tract infections, poly-
uria, and hematuria at a median age of 3.5 yr. At the time of
diagnosis, the GFR was already decreased to <60 ml/min per
1.73 m? for 11 patients. Twelve patients exhibited progression

to end-stage renal disease, at a median age of 14.5 yr. Treat-
ment with magnesium salts and thiazides seemed to have no
effect on the progression of the disease. Genotype analysis
revealed PCLN-1 mutations in all except three mutant alleles
(94%). Fifteen different mutations were observed, including
eight novel mutations. The accumulation of mutations affect-
ing the first extracellular loop was striking, with 48% of all
mutant alleles exhibiting a Leul51Phe exchange. Haplotype
analysis strongly suggested a founder effect among patients
with FHHNC who originated from Germany or eastern Euro-
pean countries. In 13 of 23 families, hypercalciuria and/or
nephrolithiasis were observed in otherwise unaffected family
members, indicating a possible role of heterozygous PCLN-1
mutations in yielding hypercalciuric stone-forming conditions.

Hereditary renal diseases associated with magnesium loss com-
prise a set of rare tubular disorders with different modes of
inheritance (reviewed in reference 1), including isolated renal
magnesium loss [Mendelian Inheritance in Man (MIM) 154020
and MIM 248250] (2), Gitelman syndrome (MIM 263800) (3),
and autosomal recessive familial hypomagnesemia with hypercal-
ciuria and nephrocalcinosis (FHHNC) (MIM 248250 and MIM
603959). FHHNC was first described by Michelis er al. (4) in
1972 (Michelis-Castrillo syndrome) (5). Since then, patients of at
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least 50 different FHHNC kindreds have been reported (reviewed
in references 6-9).

In contrast to primary hypomagnesemia and Gitelman syn-
drome, FHHNC is generally complicated by chronic renal failure
(CRF) in early childhood or adolescence. Recurrent urinary tract
infections (UTI) and polyuria/polydipsia are frequent initial symp-
toms. In addition to marked hypomagnesemia, all affected indi-
viduals exhibit hypercalciuria and nephrocalcinosis. Additional
symptoms at manifestation include nephrolithiasis, abdominal
pain, convulsions, muscular tetany, failure to thrive, incomplete
distal renal tubular acidosis (ARTA), and hypocitraturia (10-12).
Some authors reported elevated serum parathyroid hormone
(PTH) levels early in the course of the disease, independently of
GFR (12). Hyperuricemia was observed for the majority of pa-
tients (12—14). Ocular abnormalities and hearing impairment have
been reported as inconsistent extrarenal findings (6). In one report,
histories of hypercalciuria and kidney stones were frequently
noted for otherwise healthy family members (12).
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Clinical observations and clearance studies performed with
patients with FHHNC point to impaired reabsorption of mag-
nesium and calcium in the thick ascending limb of Henle’s
loop (TAL) as the primary tubular defect (14). The TAL plays
a predominant role in the renal reabsorption of divalent cations,
which mainly pass via paracellular flux in this nephron seg-
ment (15). Mutations in the PCLN-1 gene were recently iden-
tified as the underlying genetic defects in FHHNC (7). PCLN-1
encodes paracellin-1 (claudin-16), a newly identified, tight
junction protein of the claudin multigene family that is ex-
pressed in the TAL and the distal convoluted tubule. The
claudin family comprises a set of structurally related proteins
involved in the formation of tight junction strands in various
tissues (16). In addition to claudins, multiple proteins of dif-
ferent classes have been identified in tight junctions, and
protein assembly seems to be complex. The definite structure
of paracellin-1 is not yet well defined, because there are
uncertainties regarding the amino-terminal length of the pro-
tein. Mutation analysis among disease-affected individuals is a
possible way to gain further insight into this issue. Here we
present comprehensive genotypic data on 25 FHHNC families
with 33 affected individuals, and we provide detailed informa-
tion regarding phenotypic presentations and clinical courses for
this large, genetically characterized cohort.

Materials and Methods
Patients and Families

Twenty-five FHHNC families of different ethnic origins, with 33
affected individuals who were treated in 12 European pediatric de-
partments, were analyzed in this study (Table 1). Family pedigrees are
shown in Figure 1. Clinical aspects of families F1 (10) and F10 (9)
were reported previously, and genotypic data for families F1 to F8
were presented earlier by our group (8). For all patients, diagnosis was
based on the following required symptoms: hypomagnesemia, hyper-
calciuria, bilateral nephrocalcinosis, and the absence of hypokalemic
metabolic alkalosis.

Parental consanguinity was noted for four families. Eight families
were multiplex, with two affected siblings. In one of these families
(F14), there were uniovular twins. This study was approved by the
local ethics committee, and informed consent was obtained from the
patients and/or their parents.

Clinical and Laboratory Data

Serum levels of magnesium, calcium, potassium, creatinine, PTH,
and uric acid and acid-base status were analyzed using standard
techniques. Additional parameters evaluated included urinary excre-
tion of magnesium, calcium, and citrate and urinary acidification
capability. Hypomagnesemia was defined as repeated serum magne-
sium levels of <0.65 mM (17). Calcium excretion was expressed
either as milligrams per kilogram per 24 h or as the urinary calcium/
creatinine ratio. Urinary calcium excretion of >4 mg/kg per 24 h was
considered hypercalciuric for children >2 yr of age (18). The age-
dependent upper reference values for urinary calcium/creatinine ratios
for young children were based on the evaluations by Matos et al. (19).
The GFR was calculated for 30 patients from serum creatinine levels
and body heights, using the formula described by Schwartz et al. (20).
CRF was defined as GFR of <60 ml/min per 1.73 m?.

The onset and presence of polyuria/polydipsia, UTI, nephrolithia-
sis, and other symptoms of FHHNC were documented. In addition, the

Novel Paracellin-1 Mutations in FHHNC 1873

results of renal sonography, radiography, and/or computer tomogra-
phy were recorded.

Family histories were analyzed for 23 families, focusing on hyper-
calciuria, nephrocalcinosis, nephrolithiasis, and recurrent UTI. For
first-degree family members and FHHNC-unaffected siblings, urinary
calcium excretion was examined and renal ultrasonography was per-
formed. For adult individuals, hypercalciuria was defined as a urinary
calcium/creatinine ratio of >0.6 mmol/mmol.

Mutation Analysis

PCLN-1 mutation screening was performed by single-strand con-
formation polymorphism analysis (21). An overlapping set of primers
(7) based on the sequence of the human PCLN-1 gene was used to
amplify the coding sequence (exons 1 to 5) of genomic DNA by PCR.
Amplified products were separated on polyacrylamide gels by elec-
trophoresis (Multiphor II; Pharmacia Biotech, Uppsala, Sweden).
Subsequently, exons with conformational variants were directly se-
quenced using corresponding sequencing primers (ALFexpress DNA
sequencer; Pharmacia Biotech).

Haplotype Analysis

The microsatellite markers D3S1294, D3S1314, D3S1288,
D3S2747 (22), and 539-5 (7), linked to the PCLN-1 gene on chro-
mosome 3q27, were amplified by PCR using primer pairs as reported
(with Cy5-labeled forward primers). Fragments were separated on 6%
polyacrylamide gels run under denaturing conditions in an ALFex-
press DNA sequencer (Pharmacia Biotech), and data were analyzed
using Fragment Manager software version 1.2 (Pharmacia Biotech).
Alleles were numbered according to their order in gel electrophoresis,
and haplotypes were constructed from the genotypic data. The most
likely haplotypes were inferred by minimizing the number of cross-
over events in each family.

Statistical Analyses

Statistical analyses of the paracellin-1 structure and amino acid com-
position, sequence alignments, and similarity searches were conducted
using software provided by Infobiogen (www.infobiogen.fr) and the
National Center for Biotechnical Information (www.ncbi.nlm.nih.gov).

Results
Clinical Presentation

Table 1 summarizes the clinical and genotypic data. There
were 20 female patients and 13 male patients in the cohort.
Ages at the time of the initial manifestation ranged from 2 mo
to 18 yr, with a median age of 3.5 yr (n = 30). Recurrent UTI,
polyuria/polydipsia, hematuria, and abacterial leukocyturia
were the most frequent presenting symptoms (Table 2). Few
patients presented with nephrolithiasis, cerebral convulsions,
muscular tetany, or abdominal pain. In multiplex families,
diagnosis of the disease for one sibling generally prompted the
search for FHHNC in the other sibling. For one patient (patient
F21-1), nephrocalcinosis was detected incidentally by abdom-
inal sonography during evaluation of a gastrointestinal infec-
tion at the age of 3 mo; further clinical evaluation revealed
hypomagnesemia, hypercalciuria, and polyuria.

Ten patients were affected by different eye lesions (Table 1).
Hearing impairment was not noted for any of the patients in
this study cohort. Differential diagnoses included idiopathic
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Figure 1. Family pedigrees for families F1 to F25 and results of family studies. Family members affected by hypercalciuria (HC),
nephrolithiasis (NL), nephrocalcinosis (NC), and/or recurrent urinary tract infections (UTI) are indicated by arrows. Filled symbols, affected
individuals; half-filled symbols, heterozygous mutation carriers. Individuals for whom blood samples were not available are labeled nd (no

data). Two families were not examined (indicated by *).

hypercalciuria, medullary sponge kidneys, Dent’s disease, and
hyperprostaglandin E syndrome/antenatal Bartter syndrome.

Biochemical Data and Renal Function

The minimal serum magnesium value for each patient is pre-
sented in Table 1. The lowest serum magnesium level noted was
<0.65 mM for all patients. The median value of the lowest serum
magnesium levels was 0.40 mM (rn = 32). Serum calcium levels
were <1.8 mM at any time for 8 patients, 1.8 to 2.2 mM for 8
patients, and >2.2 mM for 14 patients. Two hypocalcemic pa-
tients exhibited signs of rickets in the neonatal period. The median
maximal urinary calcium excretion value was 10.0 mg/kg per 24 h
(n = 27). When measured for the first time, GFR was >80
ml/min per 1.73 m? for 7 patients, 60 to 80 ml/min per 1.73 m? for
13 patients, and <60 ml/min per 1.73 m? for 11 affected children
(Figure 2).

Renal Sonographic and Histologic Results

For all patients, advanced bilateral nephrocalcinosis with
characteristic medullary distribution was observed early in the
course of the disease, independently of GFR. Renal cysts were
observed for five patients. Renal histologic findings, which
were documented for 11 patients, demonstrated calcium de-
posits, glomerular sclerosis, immature glomeruli, tubular atro-
phy, and interstitial fibrosis to a variable extent.

Clinical Course

Clinical symptoms and laboratory data recorded during
the follow-up period are summarized in Table 3. The median
of follow-up was 7 yr, with a range of 0.5 to 25.5 yr. The
majority of patients developed polyuria, polydipsia, and
UTI. For most patients examined, we observed elevated
serum PTH levels, incomplete dRTA, hypocitraturia, and
hyperuricemia.

Figure 2 demonstrates that progression to CRF was variable.
Patient F8-1 exhibited the most rapid decline in renal function,
beginning with a GFR of 33 ml/min per 1.73 m? at the age of
3 yr and reaching end-stage renal disease (ESRD) at 5.5 yr of
age. In contrast, patients F1-2 and F2-1 attained ESRD late, at
34 and 37.5 yr of age, respectively. Several other patients also
exhibited protracted courses.

By the end of the follow-up period, 12 patients (36%) had
reached ESRD. The median age at the time of ESRD was 14.5
yr (range, 5.5 to 37.5 yr; one patient’s age missing). Four
patients were receiving dialysis treatment, and eight patients
had undergone transplantation. Eleven patients (33%) exhib-
ited GFR of <60 ml/min per 1.73 m?, whereas ten patients
(31%) still exhibited GFR of >60 ml/min per 1.73 m?. Treat-
ment with magnesium salts (to supplement renal loss) and
thiazides (to reduce urinary calcium excretion rates) for the
majority of patients apparently failed to prevent the progres-
sion of the disease.
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Mutation Analysis of PCLN-1

Mutation analysis of PCLN-1 by single-strand conformation
polymorphism analysis and direct sequencing revealed 15 dif-
ferent mutations among our cohort of 25 families (Table 1).
Both mutant PCLN-1 alleles were detected in all affected
individuals, with two exceptions; only a heterozygous splice
site mutation was observed for patient F19, although the com-
plete coding region and the adjacent intronic sequences were
analyzed, and no PCLN-I mutation was detected for patient

Table 2. Initial clinical presentation

J Am Soc Nephrol 12: 1872-1881, 2001

F24. Figure 3 depicts affected amino acid residues in the
paracellin-1 protein.

In addition to the mutations described previously, eight
novel PCLN-I mutations were identified, including five mis-
sense mutations, one frameshift mutation, and two splice site
mutations. All mutations cosegregated with the phenotype, and
none of the single-nucleotide exchanges was observed in at
least 100 control chromosomes.

Of the mutant alleles, 31 of 46 (67%) exhibited a missense

Table 3. Clinical and biochemical findings observed during

Symptoms at Manifestation

No. of Patients

the follow-up period®

. . . Symptoms No. of Patients
Urinary tract infection 13/30 (43%)
Polyuria/polydipsia 8/30 (27%) Hypomagnesemia 33/33 (100%)
Hematuria 6/30 (20%) Hypercalciuria 33/33 (100%)
Abacterial leukocyturia 5/30 (17%) Nephrocalcinosis 33/33 (100%)
Nephrolithiasis 4/30 (13%) Polyuria/polydipsia 28/31 (90%)
Failure to thrive 4/30 (13%) Increased serum iPTH levels 22/25 (88%)
Cerebral convulsions 4/30 (13%) Incomplete dRTA 17/20 (85%)
Abdominal pain 3/30 (10%) Hypocitraturia 12/15 (80%)
Vomiting/feeding problems 3/30 (10%) Urinary tract infection 22/32 (69%)
Rickets 2/30 (7%) Hyperuricemia 18/28 (64%)
Muscular tetany 2/30 (7%) Muscular tetany 10/30 (33%)
Enuresis 1/30 (3%) Nephrolithiasis 10/31 (32%)
Incidental detection 1730 (3%) Ocular pathologic conditions 8/31 (26%)
Examination because of affected sibling 4/30 (13%) Cerebral convulsions 5/30 (17%)

Hearing impairment 0/33 (0%)

140 4

120 1

#iPTH, intact parathyroid hormone; dRTA, distal renal tubular

acidosis.
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Figure 2. Changes in GFR for 30 patients affected by familial hypomagnesemia with hypercalciuria and nephrocalcinosis (FHHNC). The GFR
of FHHNC-affected patients during their clinical courses are presented. The GFR was calculated as described (20). At the onset of end-stage
renal disease, dialysis was initiated or renal transplantation was performed.
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Figure 3. Paracellin-1 protein model deduced from hydrophilicity plots. Amino acid residues affected by PCLN-1 mutations in the cohort of
families F1 to F25 are depicted in black (novel PCLN-I mutations are underlined). Two newly identified splice site mutations are not shown.
Charged wild-type amino acids in the extracellular loops are marked. On the basis of the results of mutation analysis and sequence comparisons,
the paracellin-1 protein seems to be shorter than reported previously (the 70 amino-terminal amino acids that are presumably lacking are

depicted in gray). Both translational start sites are shown.

mutation affecting the first extracellular loop of paracellin-1.
Amino acid sequence alignments with other members of the
claudin multigene family revealed the highest degree of ho-
mology in this part of the protein, and Leul45Pro, Arg149Leu,
Leul51Thr, and Leul51Phe mutations all affected highly con-
served amino acid residues in this loop. In total, 22 of 46
mutant alleles (48%) were affected by a Leul51Phe exchange.
Haplotype analysis with microsatellite markers flanking the
PCLN-1 gene [D3S1294, D3S1314, D3S1288, D3S2747 (22),
and 539-5 (7)] and analysis of an intronic polymorphism in the
PCLN-1 gene (intron 1/2, splice 325+61T—C) were subse-
quently performed. Results revealed a common extended hap-
lotype that was shared by 50% (nine of 18) of the Leul51Phe-
affected alleles but was not present in 72 unaffected control
alleles (Figure 4). The highly polymorphic marker D3S1314
was mapped to the genomic clone of EMBL/GenBank/DDBJ
accession no. AC009520, which also comprises the 5' end of
the human PCLN-1 gene, defining a physical distance between
D3S1314 and PCLN-1 of 13.7 kb. All Leul51Phe-affected
chromosomes exhibited the same allele (numbered as allele 6)
for marker D3S1314. In contrast, only 17% of control chro-
mosomes exhibited this allele. This finding strongly suggests a
founder effect for the Leul51Phe mutation.

In three families (F4, F8, and F12), a frameshift mutation
affecting amino acid residue Arg55 was identified, in addition
to a missense mutation further 3' downstream on the same
chromosome. The Arg55fs mutation was caused by deletion of
two guanine residues (G165/G166) and insertion of a single
cytosine residue (C165). This mutation affects the amino-

terminal part of the protein, leading to premature termination at
position 90. Unexpectedly, analysis of 72 control chromo-
somes revealed a frequency of the G165/G166 deletion-C165
insertion of 16.7% (12 of 72 chromosomes), indicating a com-
mon polymorphism rather than a pathogenic mutation.

Genotype-Phenotype Relationship and
Intrafamilial Variability

Phenotypic evaluation with respect to the results of the
mutation analysis revealed no obvious genotype-phenotype
relationship. However, with respect to the progression of renal
failure, we observed a rather close intrafamilial phenotypic
concordance, with a mild clinical course for the siblings of
family F5, an intermediate course for patients of families F1,
F9, and F21, and a more severe course for patients of families
F7 and F14 (uniovular twins) (Figure 2). In contrast, the
siblings of family F2 differed in disease severity, reaching
ESRD at the ages of 13.5 and 37 yr. Similarly, the younger
sibling of patient F8 began dialysis treatment at 5.5 yr of age,
whereas his sister, who was 8 yr of age at the end of the
follow-up period, maintained a stable GFR of 60 ml/min per
1.73 m%.

Family Histories

Histories of nephrolithiasis, nephrocalcinosis, and/or hyper-
calciuria were observed for 13 of 23 families (56%), with
nephrolithiasis being the most frequent finding. Detailed re-
sults are presented in Figure 1.
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Figure 4. Founder effect of Leul51Phe, demonstrated by extended haplotype analysis. The prevalence of an extended haplotype in
Leul51Phe-affected chromosomes, compared with unaffected control chromosomes, is presented. Alleles are numbered according to their order
after gel electrophoresis. The numbers of different alleles for each marker were as follows: D3S1294, n = 11; 539-5, n = 9; D3S1314, n =
12; D3S1288, n = 10; D3S2747, n = 8. The intronic polymorphism (PM) of the PCLN-1 gene (intron 1/2; splice 325+61T—C) was numbered
2, compared with number / for wild-type alleles. cen, centromere; tel, telomere.

Discussion
Phenotype Analysis

In cooperation with other European pediatric departments,
we assembled a study cohort consisting of 25 FHHNC fami-
lies, with 33 affected individuals, for the study of genotypes
and phenotypes in FHHNC. Phenotypic evaluation of affected
individuals revealed disease onset in early childhood, with
recurrent UTI, polyuria/polydipsia, hematuria, and abacterial
leukocyturia being the most frequently observed symptoms. In
general, the final diagnosis of FHHNC was made by recogni-
tion of the triad of severe hypomagnesemia, marked hypercal-
ciuria, and nephrocalcinosis. According to our data, 33% of the
patients presented with reduced GFR (<60 ml/min per 1.73
m?) at the time of diagnosis. At the end of the follow-up period,
36% of the patients exhibited ESRD and 33% exhibited GFR
of <60 ml/min per 1.73 m?.

Although much progress in understanding FHHNC has been
made with the identification of the genetic defect, there is still
uncertainty regarding the pathophysiologic basis of renal fail-
ure in this disorder. It seems that loss or impairment of para-
cellin-1 function results in decreased reabsorption of magne-
sium in the TAL, leading to profound hypermagnesiuria and
hypomagnesemia (7). Calcium and magnesium transport sys-
tems are frequently linked, as demonstrated by the paracellular
pathway for both divalent cations in the TAL (15). Conse-
quently, the defect in renal magnesium handling in FHHNC is

associated with high rates of calcium excretion. Hypercalciuria
seems to play an important role in FHHNC pathophysiologic
processes, contributing to the development of nephrocalcinosis
and renal stone formation. In early descriptions of the disease,
the degree of CRF was related to the progression of the
tubulointerstitial nephropathy associated with nephrocalcinosis
(14). However, different tubulopathies are accompanied by
medullary nephrocalcinosis, and not all of them are followed
by CRF (23). For example, in dRTA and hyperprostaglandin E
syndrome/antenatal Bartter syndrome, the GFR is generally not
impaired, despite severe nephrocalcinosis (23,24). Additional,
currently unidentified factors seem to be important for the
development of CRF in FHHNC.

With the interfamilial variability but frequent intrafamilial
concordance observed for our study cohort, additional factors
influencing the rate of progression of renal insufficiency might
be related to the genetic backgrounds of the affected patients.
Further factors include aspects of medical surveillance and
patient compliance with supportive treatment.

In general, therapeutic success is poor in FHHNC. Despite
continuous administration of magnesium supplements to most
patients, serum magnesium levels usually remain low, with
urinary magnesium excretion increasing proportionally be-
cause of the disease-specific alterations in the renal magnesium
threshold and transport maximum (14). To reduce the progres-
sion of nephrocalcinosis via the correction of hypercalciuria,
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Figure 5. Amino acid sequence alignment of human paracellin-1 (EMBL/GenBank/DDBJ accession no. AF152101) and bovine paracellin-1
(EMBL/GenBank/DDBJ accession no. AB030082). Identical amino acids are shadowed in gray. Human and bovine translational start
methionines, as reported in the GenBank submissions, are indicated by asterisks and thin black boxes. The proteins share a methionine in a
suitable Kozak consensus sequence (human Met71/bovine Met20, marked by a thick black box), followed by a sequence of high homology
(identity, 91%; similarity, 95%). hs, Homo sapiens; bt, Bos taurus. The one-letter amino acid code is used.

thiazides were administered to the majority of patients. How-
ever, no sustained reduction of hypercalciuria was achieved
with this treatment. On the basis of experience with nephro-
genic diabetes insipidus and Bartter-like syndromes, new ther-
apeutic approaches for FHHNC might include the administra-
tion of indomethacin, as suggested by Monnens et al. (25).
Supportive therapy is essential for the protection of kidney
function and should include provision of sufficient fluids and
effective treatment of stone formation and bacterial coloniza-
tion. Because the primary defect in FHHNC seems to be
restricted to the kidney, definite cures can be achieved with
renal transplantation.

Evaluation of family histories, determination of urinary cal-
cium excretion rates, and renal sonography revealed striking
incidences of hypercalciuria, nephrolithiasis, and UTI among
family members not affected by FHHNC (in 13 of 23 families).
A comparable observation was reported by Praga et al. (12) in
a study of five families. In nine families in the study presented
here, the mother or father (both of whom were obligate carriers
of heterozygous PCLN-1 mutations) was affected by nephro-
lithiasis, nephrocalcinosis, and/or hypercalciuria. It seems rea-
sonable to propose a relationship between isolated hypercalci-
uria and mutations in the PCLN-1 gene. With the exception of
the uncle of patient F5, further results of mutation analysis

support this hypothesis; heterozygous PCLN-I mutations were
also observed for the hypercalciuric brother of patient F18 and
the grandparents of patients F12, F22, and F25, who were
affected by nephrolithiasis. It might be expected that mutation
analysis of kindreds affected by familial hypercalciuria with
nephrocalcinosis and/or nephrolithiasis (with an apparently
dominant mode of inheritance) would demonstrate heterozy-
gous mutations in the PCLN-I gene in a number of families.

Genotype Analysis

Genotyping revealed PCLN-1 mutations in all mutant alleles of
our study cohort, except for three alleles. Fifteen different muta-
tions were found in PCLN-1, including eight novel mutations.
Therefore, 24 different PCLN-1 mutations have been identified to
date (7,8). In this study, the first extracellular loop of the paracel-
lin-1 protein was the region most often affected by single-nucle-
otide exchanges. This finding attracted attention in the first geno-
typic study of families F1 to F8 (8) and is now confirmed by the
supplementary data of the mutation analysis for families F9 to
F25. Overall, 67% of the mutant alleles demonstrated a missense
mutation in the sequence encoding this loop (Table 1 and Figure
3). Because amino acid sequence alignments of paracellin-1 with
other members of the claudin multigene family revealed a high
degree of homology in this region of the protein, a special impor-
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tance for paracellin-1 function must be proposed. Because of the
large number of neutral amino acids, the first extracellular loop is
predicted to bridge the intercellular space (26). Furthermore, the
negative net charge of the loop of —4 (Figure 3), which is unique
to paracellin-1 (in contrast to other claudins), is proposed to
contribute to the cation sensitivity of the paracellular pathway in
the TAL (7). The Hisl41Asp and Argl49Leu mutations both
result in a loss of positive charge. The Leul45Pro, Leul51Thr,
and Leul51Phe mutations do not alter the net charge, but all affect
highly conserved amino acid residues in the first extracellular
loop. Essential features of the tertiary protein structure seem to be
affected by these amino acid exchanges, resulting in alterations in
protein function and paracellular conductance.

Of the mutant alleles, 48% were affected by a Leul51Phe
substitution. The predominance of Leul51Phe-affected fami-
lies originating from Germany or eastern Europe (Czech Re-
public, Slovenia, Bosnia, Macedonia, or Poland) is striking; 14
of 18 such families bore this mutation on at least one allele,
whereas it was not observed among the families that originated
from France, Algeria, Tunisia, or Turkey. Moreover, the
Leul51Phe mutation was not observed in the study by Simon
et al. (7) of ten families that originated from Spain, England,
Italy, Egypt, Saudi Arabia, and Sri Lanka. These observations
raised the question of whether the Leul51Phe exchange in this
study is attributable to a common ancestor, in the sense of a
founder effect, rather than a mutational hot spot. Subsequently
performed analysis of an intragenic polymorphism and haplo-
type analysis of five flanking microsatellite markers strongly
indicate a founder effect, because these analyses demonstrated
a difference between Leul51Phe-affected and unaffected chro-
mosomes (Figure 4). Allele 6 of the microsatellite marker
D3S1314, which is 13.7 kb distant from PCLN-I and is highly
polymorphic (with 12 different alleles), cosegregated with the
Leul51Phe mutation in 100% of the cases, whereas only 17%
of the control chromosomes bore this allele. The extended
haplotype covering the PCLN-1 region for a genetic distance of
2.3 ¢cM was shared by 50% of the Leul51Phe-affected chro-
mosomes but was not observed in any of the unaffected chro-
mosomes. Recombination events in previous generations that
are not detectable in our study cohort could explain the lack of
complete concordance of the extended haplotype. Because all
Leul51Phe-affected patients originated from Germany or east-
ern Europe and the Leul51Phe exchange was not observed in
patients who originated from other countries, a founder effect
seems very likely. Only four of the 19 families originating
from Germany or eastern Europe were not affected by a
Leul51Phe exchange. This observation will simplify genetic
analysis among individuals with suspected FHHNC who orig-
inate from these countries.

With respect to the protein structure of paracellin-1, the
following aspect of PCLN-I mutation analysis seems to be
important: in three families, one mutant allele exhibited a
frameshift mutation affecting amino acid residue Arg55, in
addition to a missense mutation further 3' downstream. Al-
though two mutations per affected allele have also been de-
scribed for other hereditary diseases (27), it is not a common
finding. This Arg55fs mutation, which is caused by deletion of
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two guanine residues (G165/G166) and insertion of a single
cytosine residue (C165), affects the amino-terminal part of the
protein, producing a premature stop codon at position 90.
Therefore, all missense mutations further 3' downstream do not
seem to be responsible for causing disease. Kozak (28) de-
scribed specific nucleotide sequences surrounding the methi-
onine-encoding ATG start codon that promote the initiation of
translation. Interestingly, as Simon et al. (7) have discussed,
the PCLN-1 gene encodes a second methionine (Met71) in the
context of a more suitable Kozak consensus sequence, com-
pared with Metl (70 amino acids 3' downstream), that is in a
position analogous to the start site of other claudins (16,26). It
is not currently known whether this second methionine is the
original translational start site. To investigate this issue, we
analyzed the G165/G166 deletion-C165 insertion in 72 control
chromosomes and observed its appearance with a frequency of
16.7% (12 of 72 chromosomes). Moreover, it was observed in
a homozygous state in one control individual. This high prev-
alence in a healthy population supports the assumption that the
G165/G166 deletion-C165 insertion is located in the 5' un-
translated region of PCLN-1 mRNA. Further support for this
theory arises from sequence alignments of human paracellin-1
with bovine paracellin-1, which was recently identified
(29,30). Human and bovine paracellin-1 exhibit very little
homology in their amino-terminal amino acid sequences but
share a suitable methionine at human amino acid position
71/bovine amino acid position 20, which is followed by amino
acid sequences of high homology (91% identity and 95%
similarity) for the complete length of the proteins (Figure 5).
This finding strongly indicates that human paracellin-1 is con-
siderably shorter than previously reported and lacks a major
part of the amino terminus, similar to other members of the
claudin family. This finding supports the hypothesis that the
second methionine is the original translational start site. Alter-
natively, two different isoforms might exist in the kidney,
resulting from two different translational start sites. It might be
speculated that the shorter protein is able to prevent renal
disease in individuals who are affected by the G165/G166
deletion-C165 insertion. It is hoped that additional studies on
the translational regulation of paracellin-1 will resolve this
controversy.

In summary, although much has been learned with respect to
FHHNC pathophysiologic processes and the underlying ge-
netic defect, new questions regarding aspects of the gene and
protein structures have arisen. Additional basic studies on tight
junction assembly and the proteins involved might answer
some of these questions. With respect to the rapid deterioration
of renal function in a great number of affected children, our
understanding of the development of renal insufficiency in
FHHNC must be extended. Therapeutic strategies, especially
those targeting the prevention of ESRD, will hopefully im-
prove in the future.
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