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A B S T R A C T

Familial hypomagnesemia with hypercalciuria and nephrocalcinosis is an autosomal-recessive renal tubular
disorder characterized by excessive urinary losses of magnesium and calcium, bilateral nephrocalcinosis and
progressive chronic renal failure in childhood or adolescence. The disease is caused by mutations in the tight-
junction proteins claudin-16 and claudin-19 that are encoded by the CLDN16 and CLDN19 genes, respectively.
Patients with CLDN19 mutations also are affected with severe ocular abnormalities. The aim of our study was to
identify and characterize the molecular defects causing this disease in a Georgian girl and two Spanish siblings.
Clinical and biochemical parameters were studied. The CLDN16 and CLDN19 genes were analyzed by DNA
sequencing. The functional consequences of the identified mutations on pre-mRNA splicing were investigated
using a minigene assay. Sequence analysis revealed that the patient from Georgia was homozygous for a novel
mutation, c.602G > A; p.(G201E), in exon 4 of the CLDN16 gene. The two Spanish siblings were homozygous
for a new CLDN19 mutation, c.388G > T; p.(G130C), located in exon 2, and both parents were heterozygous
carriers of the mutation. Bioinformatics analysis predicted that the amino acid substitutions generated by these
mutations were pathogenic. Functional studies showed that mutation c.388G > T also results in partial skipping
of CLDN19 exon 2, which would imply significant alterations in the claudin-19 protein structure. Conversely,
CLDN16 mutation c.602G > A had no effect on pre-mRNA splicing. Our study expands the genotypic classifi-
cation of this rare disease and provides the first report of a CLDN19 mutation affecting splicing.

1. Introduction

Familial hypomagnesemia with hypercalciuria and nephrocalcinosis
(FHHNC) is a rare autosomal recessive tubulopathy characterized by
excessive excretion of renal magnesium and calcium, bilateral severe
nephrocalcinosis, progression to chronic renal failure during childhood
or adolescence, and, in a subset of patients, ocular abnormalities
(Michelis et al., 1972; Praga et al., 1995; Claverie-Martin, 2015). More
recently, it has been reported that FHHNC patients have defects in

enamel formation (Bardet et al., 2016; Yamaguti et al., 2017). Patients
typically present with polyuria, polydipsia, recurrent urinary tract in-
fections (UTI), failure to thrive, and muscular tetany. Frequent la-
boratory findings include hypomagnesemia, hypercalciuria, high serum
levels of intact parathyroid hormone (PTH), hypocitraturia, and de-
creased glomerular filtration rate (GFR) (Godron et al., 2012; Konrad
et al., 2008; Weber et al., 2001). In some patients with advanced
chronic kidney disease (CKD), hypomagnesemia may be overlooked
(Claverie-Martin, 2015). Thus, the presence of hypomagnesemia is not
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always required for the diagnosis. Additionally, detection of more se-
vere hyperparathyroidism than expected for CKD stage is characteristic
of the disease. Due to the autosomal-recessive mode of inheritance, a
substantial fraction of affected patients originate from populations with
high frequency of consanguineous parents. The only current treatment
for renal dysfunction in FHHNC patients is transplantation in end-stage
renal disease (ESRD) (Praga et al., 1995). Supportive therapy with
supplementation of magnesium and the use of thiazide diuretics simply
delay the onset of ESRD (Weber et al., 2001).

FHHNC disease is caused by loss-of-function mutations in CLDN16
(FHHNC type 1, MIM #248250) or CLDN19 (FHHNC type 2, MIM
#248190) (Simon et al., 1999; Konrad et al., 2006). These genes are
expressed in the kidney and encode tight-junction proteins claudin-16
and claudin-19, respectively, which are responsible for the cation se-
lectivity of the tight junctions (TJ), and thus are involved in the reg-
ulation of paracellular reabsorption of magnesium and calcium along
the thick ascending limb (TAL) of Henle's loop (Simon et al., 1999;
Blanchard et al., 2001; Konrad et al., 2006; Hou et al., 2008). Claudin-
19 is also highly expressed in retina, consequently patients with mu-
tations in CLDN19 additionally present severe ocular defects such as
myopia, nystagmus and macular colobamata (Konrad et al., 2006;
Claverie-Martín et al., 2013; Godron et al., 2012). Claudin-16 and
claudin-19 contain four transmembrane domains (TMD 1–4), two ex-
tracellular loops (ECL 1–2), a cytoplasmic loop (CL), and cytoplasmic
amino- and carboxy termini (Claverie-Martin, 2015).

Until now, a total 68 different CLDN16 mutations and 19 CLDN19
mutations have been reported according to the Human Gene Mutation
Database (HGMD, Stenson et al., 2017). A genotype-phenotype corre-
lation related to the progression of renal failure in FHHNC patients with
CLDN16 mutations has been proposed (Konrad et al., 2008). Never-
theless, the pathophysiology of this disease remains unclear. Hy-
percalciuria and nephrocalcinosis may contribute to the frequent pro-
gression to end stage kidney disease, but an abnormal developmental
tubular defect has been suggested (Godron et al., 2012). In the present
study, we report two Spanish siblings and a Georgian girl with FHHNC
caused by novel homozygous mutations in CLDN19 and CLDN16, re-
spectively. We also describe the functional consequences of these novel
mutations on pre-mRNA splicing.

2. Patients and methods

2.1. Clinical tests

Serum and urine levels of calcium, magnesium and creatinine were
analyzed using standard laboratory methods in the central laboratories
of the respective hospitals. Hypomagnesemia was defined when serum
magnesium levels were maintained below 1.6mg/dl. Renal magnesium
loss was considered excessive when fractional excretion of magnesium
(FE Mg) % value was>4%. Urinary calcium levels above 4mg/kg/day
were considered as hypercalciuria. GFR was estimated from serum
creatinine using the Schwartz formula (Schwartz et al., 2009); GFR
levels below 90ml/min/1,73m2 were considered as CKD. Bilateral
nephrocalcinosis was detected by ultrasound or radiography. Ophthal-
mologic exploration was performed in the Ophthalmology Services of
the respective hospitals.

2.2. Case description

Two patients from Spain and one from Georgia were clinically di-
agnosed with FHHNC at the Paediatric Nephrology Services of Cruces
University Hospital (Baracaldo) and M. Iashvili Children's Central
Hospital (Tbilisi), respectively.

Patient 1 (index case) was a 4-year-old boy from a consanguineous
Spanish family (great-grandparents were cousins). He was referred for
renal studies after a fortuitous finding of hypertension and severe hy-
percalciuria (14.47mg/kg/day, normal range< 4mg/kg/day). He was

born at term without complications and had no history of UTI. His
parents reported polydipsia and polyuria. Abdominal ultrasound re-
vealed medullary nephrocalcinosis. He had suffered an atypical febrile
seizure at 15months of age. His physical and psychomotor develop-
ments were normal. At the age of 3 years he was diagnosed with myopia
magna. Later studies showed hypomagnesemia (1.31mg/dl, normal
range 1.6–2.6 mg/dl) with elevated fractional excretion rate of mag-
nesium (FE Mg, 10.6%; normal range< 4%), hypercalciuria (9.9 mg/
kg/day), hypocitraturia (103mg/day, normal range 300–600mg/day),
and elevated levels of PTH in serum (106 pg/ml; normal range
10–65 pg/ml). Renal ultrasound revealed bilateral nephrocalcinosis.
The clinical data, together with the laboratory findings and the imaging
studies were consistent with FHHNC (type 2). The patient is now
13 years old and is followed-up at the outpatient clinic with regular
analytical controls and kidney ultrasound scans. His renal function is
progressively deteriorating (current GFR: 42mls/min/1,73 m2). He
occasionally presents paraesthesia, unrelated to physical exercise.

His 15-year-old brother, Patient 2, was followed since he was
8 years old after being diagnosed of FHHNC by family screening due his
sibling diagnosis. He was born at term without complications. Parents
reported polydipsia and polyuria since childhood. No other neonatal
history was relevant. He was diagnosed of myopia magna and macular
colobomata as well. He suffered abdominal pain occasionally.
Preliminary laboratory test showed a serum magnesium concentration
of 1.47mg/dl and high fractional excretion of magnesium (21%).
Urinary analysis also revealed hypercalciuria (6 mg/kg/day), hypoci-
traturia (189mg/day; normal range 300–600mg/day) and a low esti-
mated GFR of 60mls/min/1.73 m2. At that time, abdominal X-rays
demonstrated bilateral nephrocalcinosis. These clinical findings were
consistent with FHHNC (type 2). Currently, he shows progressive renal
failure (GFR: 46mls/min/1.73 m2), moderate hypercalciuria between
4.3 and 6mg/kg/day, whereas serum magnesium persists between 1.16
and 1.47mg/dl. Both brothers are being managed with thiazide
diuretics and vitamin D, and oral magnesium and citrate supple-
mentation.

Patient 3 was a two months old girl from Georgia who was admitted
to the hospital with hypovolemic shock and seizures. She was born at
term. History was remarkable for periodic vomiting, polyuria, and
failure to thrive. No UTI were reported. Initial tests revealed profound
hypomagnesemia (serum magnesium: 1mg/dl) and bilateral medullary
nephrocalcinosis. Further laboratory tests confirmed hypercalciura
(10mg/kg/day), hypermagnesuria (FE Mg 13.89%) and hypocitraturia
(7.66 mg/day). Family history was positive for nephrolithiasis (parents
and male grandparents). No eyes anomalies were reported. On the basis
of this laboratory and imaging studies the diagnosis of FHHNC was
established. Genetic analysis confirmed FHHNC type 1. The patient is
now 2.8 years old and is on magnesium supplementation. Her estimated
GFR is low (62.9mls/min/1.73m2).

2.3. Ethical compliance

Informed written consent for the genetic analysis was obtained from
the patients' parents. The Ethics Committee of Nuestra Señora de
Candelaria University Hospital (Santa Cruz de Tenerife, Spain) ap-
proved this study.

2.4. Mutation analysis

Blood and urine samples were collected for biochemical and genetic
analysis. Genomic DNA of patients and relatives was extracted from
peripheral blood samples using the GenElute Blood Genomic DNA kit
(Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer's in-
structions. The DNA sample of the patient from Georgia was spotted
onto a Whatman FTA classic card (GE Healthcare Life Sciences,
Buckinghamshire, UK) and stored at room temperature for preserva-
tion. Small punched disks were removed from the sample card and
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washed with the FTA Purification Reagent (GE Healthcare Life
Sciences) according to the manufacturer's protocol. Genomic DNA was
then amplified using the illustra Ready-To-Go GenomiPhi V3 DNA
Amplification kit (GE Healthcare Life Sciences). The coding exons and
the flanking intronic sequences of CLDN16 and CLDN19 were amplified
by polymerase chain reaction (PCR) using intronic primers previously
described (Claverie-Martín et al., 2013; Simon et al., 1999). PCR pro-
ducts were purified with the QIAquick PCR purification kit (Qiagen,
Hilden, Germany) and sequenced with the BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA). Se-
quence reactions were purified with Performa® DTR Gel Filtration
Cartridges (EdgeBio BioSystems, Gaithersburg, Maryland, USA), and
analyzed on a 3500 Series Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA). Mutations were identified by comparison to the re-
spective reference sequences (GeneBank accession numbers
NG_008993.1 and NG_008149.1, for CLDN19 and CLDN16, respec-
tively), and confirmed by sequencing additional independent amplifi-
cation products.

2.5. Bioinformatics analysis of mutations

The potential effect of amino acid substitutions on the structure and
function of claudin-16 and claudin-19 proteins was evaluated using the
bioinformatics tools SIFT (http://sift.bii.a-star.edu.sg/www/SIFT_seq_
submit2.html) (Sim et al., 2012), PolyPhen-2 (http://genetics.bwh.
harvard.edu/pph2/) (Adzhubei et al., 2010), Align GVGD (http://
agvgd.iarc.fr/) (Tavtigian et al., 2006) and MutPred2 (http://
mutpred.mutdb.org/) (Pejaver et al., 2017). NNSplice version 0.9 of
the Splice Site Prediction by Neural Network was used to evaluate the
effect of mutations on splice sites (http://www.fruitfly.org/seq_tools/
splice.html) (Reese et al., 1997). Human Splicing Finder v3.1 (HSF) was
used to predict the effect of mutations on exonic splicing enhancers
(http://www.umd.be/HSF3/) (Desmet et al., 2009). Default settings
were used for all programs.

2.6. Minigene construction and splicing assays

To evaluate the effect of mutations on CLDN16 and CLDN19 pre-
mRNA splicing we used a minigene system and reverse transcription-
PCR (RT-PCR) analysis. For the construction of the CLDN19 minigenes,
a fragment of 676 containing exons 2 and 3 and the flanking intronic
sequences was PCR amplified from genomic DNA of a control and pa-
tient 1 using specific primers and a high fidelity DNA polymerase
(KAPA HiFi PCR kit, KAPA Biosystems Inc., MA, USA). The forward (
5′-TTGTCTCGAGTGAAGGGGACTCTCAC-3′) and reverse (5′-TTCCTCT
AGAAAGCTTCTTGGACAGC-3′) primers contained restriction sites for
XhoI, and XbaI, respectively, at their 5′ ends (underlined). After re-
striction digestion, the PCR products were cloned into the XhoI/XbaI-
digested pET01 expression vector (MoBITec, Göttingen, Germany). The
insert had the following structure: 3′ end of intron 1 (203 bp) – exon 2
(165 bp) – intron 2 (107 bp) – exon 3 (85 bp) – 5′ end of intron 2
(116 bp). Mutation c.389G > A, identified by Naeem et al. (2011), was
introduced in the wild-type (WT) minigene by site-directed mutagenesis
using primers 5′-CAGTCAAAGTGCAGAGGTCTAAAGACAAAGCA
GAG-3′, and 5′-CTCTGCTTTGTCTTTAGACCTCTGCACTTTGACTG-3′
(the altered nucleotides are underlined) and the Quik-Change II Site-
Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA)
following the manufacturer's instructions. Control and mutant CLDN16
minigenes were constructed by inserting into the digested pET01 vector
a fragment of 689 bp that corresponds to CLDN16 exon 4 (192 bp) and
the flanking 5′ and 3′ intronic sequences (261 bp and 236 bp, respec-
tively) with the WT or mutant sequences. These fragments were am-
plified by PCR using genomic DNA from a healthy control or patient 3,
forward primer 5′-ATTCTCGAGGATTTACACAGATAAGCAC-3′, and re-
verse primer 5′-ACGTCTAGAATTTGAATATTGGACATGC-3′, containing
restriction sites for XhoI, and XbaI, respectively, at their 5′ ends

(underlined). The fidelity of the inserts was confirmed by DNA se-
quencing.

Minigenes were transfected into COS7 cells using JetPRIME®
(Polyplus Tranfection, Illkirch, France), according to the manufacturer's
instructions. RNA was extracted after incubation for 48 h and purified
using the High Pure RNA Isolation Kit (Roche, Basel, Switzerland). RT-
PCR was carried out as previously described (Suarez-Artiles et al.,
2018). Products were separated by electrophoresis in 1.5% agarose
gels. As molecular weight marker we used the PCR 100 bp Low Ladder
(Sigma-Aldrich). DNA bands were visualized in a Gel Doc EZ Imager
(Bio-Rad) after staining with GelRed (Biotoium, Inc., Fremont, CA,
USA), and were recovered from the agarose gels using the GenElute™
Gel Extraction Kit (Sigma-Aldrich) and analyzed by DNA sequencing.

2.7. Protein structure prediction

The three-dimensional structure of human WT and mutant claudin-
19 proteins was predicted with the Iterative Threading ASSEmbly
Refinement (I-TASSER) server version 5.1 (https://zhanglab.ccmb.med.
umich.edu/I-TASSER/) (Roy et al., 2010; Yang et al., 2015) using the
amino acid sequences of the proteins. The NCBI accession number of
the amino acid sequences for claudin-19 was NP_683763.

3. Results

DNA sequencing of the five coding exons and intron-exon bound-
aries of CLDN19 amplified from genomic DNA of patients 1 and 2 re-
vealed a novel homozygous mutation in exon 2, which consisted in the
substitution of a G for a T in codon 130 predicting a change of glycine
for cysteine [c.388G > T; p.(G130C); chr1:43204092C > A; Ensembl
transcript ID: ENST00000296387.5, Fig. 1A]. The mutation was con-
firmed by bidirectional sequencing of an independent PCR product. As
expected, both parents were heterozygous carriers of the mutation
(Fig. 1A and B). This new CLDN19 variant was not annotated in data-
bases such as the Exome Aggregation Consortium (ExAC), 1000 Gen-
omes Project (TGP), HGMD and ClinVar. The glycine residue of the
claudin-19 protein affected by this mutation is evolutionary highly
conserved among vertebrate species (Fig. 1C). Bioinformatics analysis
of the amino acid change (glycine to cysteine) resulting from this mu-
tation showed that it affects protein function (Table 1).

Since mutation c.388G > T is located in the last nucleotide of
CLDN19 exon 2, we assumed that it could also alter the donor splice site
of intron 2. Therefore, we analyzed it with NNsplice, a bioinformatics
tool that predicts and evaluates splice sites in genes. The results showed
that the G to T change lowered the NNsplice score of the donor splice
site of intron 2 from 0.99 in the WT to 0.78 in the mutant. To func-
tionally confirm whether this variant disrupted splicing, we constructed
minigenes with an insert corresponding to CLDN19 exons 2 and 3 and
the flanking intronic sequences, and containing the mutation or the WT
sequence (Fig. 2B). After transfection and incubation, the RNA was
purified and the effect on splicing determined by RT-PCR analysis and
sequencing. The results with the WT CLDN19 minigene revealed the
expected canonical transcript of 487 nt [5′ pET01 exon
(178 nt)+ CLDN19 exons 2 (165 nt) and 3 (85 nt)+ 3′ pET01 exon
(59 nt)] (Fig. 2A). However, the minigene with mutation c.388G > T
produced two transcripts, one corresponding to the canonical transcript
and another of 322 nt containing only exon 3 joined to the two pET01
exons [5′ pET01 exon (178 nt)+CLDN19 exon 3 (85 nt)+ 3′ pET01
exon (59 nt)] (Fig. 2). Therefore, mutation c.388G > T induced skip-
ping of exon 2. This exon contains 165 nucleotides and encodes 55
amino acids of the WT claudin-19 protein, which is composed of 224
amino acids (Konrad et al., 2006). Consequently, the shorter CLDN19
transcript generated by mutation c.388G > T would encode a claudin-
19 protein lacking a small portion of ECL1, the entire TMD2, the cy-
toplasmic loop between TMD2 and TMD3, and approximately half of
TMD3. Fig. 2C shows the three-dimensional structure predictions of this
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altered claudin-19 protein together with the WT generated with the I-
TASSER server. For comparison, we also examined the effect on splicing
of CLDN19 mutation c.389G > A, previously described as missense
mutation p.(G130D) in a Pakistani patient with FHHNC. This mutation
affects the same codon as c.388G > T but is located in the first nu-
cleotide of CLDN19 exon 3 (Fig. 2) (Naeem et al., 2011). Analysis with
NNsplice suggested that c.389G > A essentially did not alter the score
of the acceptor splice site of intron 3 (from 0.98 in the WT to 0.94 in the
mutant). In agreement with this, the results of our minigene analysis
showed that mutation c.389G > A did not affect pre-mRNA splicing
(Fig. 2).

Mutation analysis of patient 3 identified a homozygous mutation in
exon 4 of CLDN16, consisting in a G to A substitution in codon 201 that
predicts the change of glycine for glutamic acid [c.602G > A; p.
(G201E); chr3:190126112G > A; Ensembl transcript ID:
ENST00000264734.2, Fig. 1A]. The mutation was confirmed by se-
quencing of an independent PCR product, but unfortunately we were
not able to extend the genetic testing to the patient's parents. This
variant had not been reported in the literature and was not registered in
the ExAC, TGP, HGMD and ClinVar databases. The affected amino acid

residue, Glycine 201, is highly conserved among vertebrate species
(Fig. 1C). Analysis with bioinformatics tools PolyPhen, Align GVGD and
MutPred of the amino acid change predicted for this mutation sug-
gested that it is pathogenic, although according to SIFT it is tolerated
(Table 1). Mutation c.602G > A is located nine nucleotides down-
stream from the acceptor splice site of intron 3 but it does not affect its
NNsplice score (from 0.99 in WT to 0.98 in mutant). As the mutation is
nearby the 5′ end of exon 4, we analyzed it with the in silico tool HSF to
determine if it potentially affected an exonic splicing enhancer (ESE).
The results suggested that c.602G > A alters an ESE site with potential
change of pre-mRNA splicing. To confirm whether this mutation dis-
rupted splicing experimentally, we constructed minigenes containing
CLDN16 exon 4 and its flanking intronic sequences with both the WT
sequence and mutant sequence. The RT-PCR analysis revealed that both
WT and mutant CLDN16 minigenes produced the same two bands, a
major one of approximately 450 bp that contained CLDN16 exon 4 plus
the two exons from pET01, and a minor one that was missing exon 4
(Fig. 3). The mutation seemed to decrease slightly the level of the minor
band. Therefore, we concluded that mutation c.602G > A does not
induce skipping of exon 4 in the minigene system.

Fig. 1. Novel mutations identified in FHHNC patients, family pedigrees and multiple sequence alignments. (A) DNA sequence analysis of CLDN19 in patients 1 and 2
(Family I) revealed homozygous mutation c. 388G > T. Both parents were heterozygous carriers. Mutation analysis of CLDN16 identified homozygous substitution
c.602G > A in patient 3 (Family II). Arrows indicate the affected nucleotides. (B) Pedigree of FHHNC families 1 and 2. Circles and squares represent female and male
individuals, respectively; black circles and squares represent homozygous patients; black circles and squares within open frames denote heterozygous parents; grey
symbols represent family members who were not available for genetic analysis. Index patients are designated with an asterisk. Families I and II have mutation in
CLDN19 and CLDN16, respectively. (C) Multiple alignment analysis showed conservation of glycine 130 and glycine 201 (in yellow) among claudin-19 and claudin-
16 proteins, respectively. These amino acid residues are both located in transmembrane domain 3 (TMD3, black bar) of the respective claudin protein. Grey and black
letters represent conserved and non-conserved residues, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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The new variants, CLDN16 c.602G > A and CLDN19 c.388G > T,
have been deposited in the ClinVar database (https://www.ncbi.nlm.
nih.gov/clinvar/submitters/505967/), and are now listed with ID
numbers 560390 and 560599, respectively.

4. Discussion

Claudins are important structural and functional components of the
TJ that form paracellular diffusion barriers and pores and regulate
epithelial permeability of small molecules and water (Tsukita and
Furuse, 2000; Günzel and Yu, 2013). Claudin-16 and claudin-19 are
expressed in the TAL and form an essential complex that is involved in
the regulation of paracellular reabsorption of magnesium and calcium
in the kidney (Simon et al., 1999; Hou et al., 2008, 2009). Claudin-19 is
also expressed in retinal epithelium and peripheral neurons (Konrad
et al., 2006; Miyamoto et al., 2005). Mutations in the gene that encodes
claudin-16, CLDN16, cause FHHNC, while mutations in the gene en-
coding claudin-19, CLDN19, caused the same phenotype together with
severe ocular defect (Simon et al., 1999; Konrad et al., 2006). The
function of claudin-19 in the peripheral nervous system remains elu-
sive. Cldn19 knockout mice exhibit behavioral abnormalities resem-
bling a peripheral neuropathy and lack TJ structures in Schwann cells
(Miyamoto et al., 2005). Claudin-16 and claudin-19 are also expressed
in the TJ of ameloblast, and loss-of-function mutations in the encoding
genes are associated with amelogenesis imperfecta (Bardet et al., 2016;
Yamaguti et al., 2017).

In general, mutations in CLDN16 are responsible for most FHHNC
cases reported so far. These are mainly missense mutations, and a few
nonsense mutations, splice site mutations, deletions and insertions
(Simon et al., 1999; Weber et al., 2000, 2001; Müller et al., 2003;
Hampson et al., 2008; Godron et al., 2012; Hanssen et al., 2014;
Claverie-Martín et al., 2015). The most common CLDN16 mutation is
c.453G > T, p.(L151F), which appears in approximately half of the
patients from Germany and Eastern Europe (Weber et al., 2001). An-
other recurrent CLDN16 mutation detected in patients from North
Africa is p.(A139V) (Godron et al., 2012). In Spain and the south of
France, most patients present CLDN19 homozygous mutation p.(G20D)
that is also due to a founder effect (Konrad et al., 2006; Godron et al.,

2012; Claverie-Martín et al., 2013; Martin-Nuñez et al., 2015). Ac-
cording to the HGMD, no splice site mutations have been identified in
CLDN19. Although two mutations located in the last nucleotide of exon
1 that reduce the strength of the donor splice site and could affect
CLDN19 splicing have been reported (Claverie-Martín et al., 2013).

Here, we investigated the genotypes of two patients from a con-
sanguineous Spanish family and one patient from Georgia diagnosed
with FHHNC. These patients exhibited the usual clinical and bio-
chemical characteristics of FHHNC, including polydipsia/polyuria, hy-
pomagnesemia, hypermagnesuria, hypercalciuria, hypocitraturia, bi-
lateral nephrocalcinosis and decreased GFR. The Spanish siblings, who
also had severe ocular defects, were homozygous for a novel CLDN19
mutation, c.388G > T. This mutation predicts the deleterious sub-
stitution of glycine for cysteine in residue 130 of claudin-19, p.(G130C),
affecting TMD3 of the claudin-19 protein. On the other hand,
c.388G > T is located in the last nucleotide of exon 2, and bioinfor-
matics analysis indicated that it reduces the strength of the donor splice
site of intron 2. This suggested that the mutation could also affect the
pre-mRNA splicing process in CLDN19. To confirm this, we performed a
functional analysis using a minigene system. The ideal RNA source for
functional assays would be RNA from patients' kidneys but in this case
it was not available. An alternative approach is to use splicing reporter
minigenes since several studies have shown a high degree of con-
currence between the results obtained with them and those obtained
with patients' RNA (Tournier et al., 2008; Steffensen et al., 2014; van
der Klift et al., 2015). The results of our functional assay showed that
the novel mutation, c.388G > T, altered in part the splicing of the
CLDN19 pre-mRNA by inducing the skipping of exon 2. The mechanism
of the exon skipping seems to be the alteration of the donor splice site as
it has been reported for other exonic mutations (Gonzalez-Paredes
et al., 2016; de Calais et al., 2017; Suarez-Artiles et al., 2018). The
altered transcripts would encode a claudin-19 protein with important 3-
dimensional structure modifications as predicted by the I-TASSER
server. On the other hand, the transcript with the normal size contains
the mutation c.388G > T, and would encode the protein with the
corresponding amino acid change, p.(G130C). Therefore, we suggest
that CLDN19 mutation c.388G > T results in a splicing defect and in-
volves two pathogenic mechanisms; one related to the amino acid
substitution of a conserved glycine residue for cysteine in TMD3, and
another associated to the skipping of exon 2. A similar CLDN19 muta-
tion affecting the same codon but a different nucleotide, c.389G > A,
p.(G130D) has been reported by Naeem et al. (2011) in a Pakistani
patient with FHHNC type 2. This mutation also disturbs TMD3 of
claudin-19. Based on informatics analysis, they predicted that
c.389G > A causes loss of claudin-19 protein function by affecting the
heteromeric interaction with claudin-16. Interestingly, this mutation is
located in the first nucleotide of exon 3 so we reasoned that it might
also affect the acceptor splice site. However, our bioinformatics and
functional analysis indicated that mutation c.389G > A does not alter
the splicing of the pre-mRNA.

The FHHNC patient from Georgia was homozygous for a novel
mutation, c.602G > A; p.(G201E), in CLDN16. At the protein level,
this mutation affects a conserved glycine residue at position 201 located
in TMD3 of claudin-16. Although this mutation alters an exonic splicing
enhancer, our minigene analysis indicated that it does not affect pre-
mRNA splicing of CLDN16. Three pathogenic mutations affecting the
TMD3 of claudin-16, p.(G191R), p.(G198A) and p.(G198D), have been
previously reported (Simon et al., 1999; Weber et al., 2001). Hou and
colleagues have shown that claudin-16 and claudin-19 associate
through heteromeric interactions providing the cation selectivity to the
TJ in a synergistic manner (Hou et al., 2008). They also indicated that
claudin-16 mutant p.(G191R) disrupts this interaction abolishing the
synergistic effect. The pathogenic character of the amino acid change
predicted for mutation c.602G > A, would have to be confirmed by
functional analyses. But, taking into account the severity of the disease
and the bioinformatics predictions, we suggest that the substitution of

Table 1
Bioinformatics predictions of the amino acid changes caused by mutations.

Mutation SIFT (score)a PolyPhen-2
(score)b

Align GVGD
(class)c

MutPred2
(score)d

p.G201E Tolerated
(0.14)

Probably
damaging
(1.000)

Interferes with
function
(C65)

Deleterious
(0.651)

p.G130C Affects
function (0.00)

Possibly
damaging
(0.732)

Interferes with
function
(C65)

Deleterious
(0.676)

p.G130D Affects
function (0.00)

Possibly
damaging
(0.921)

Interferes with
function
(C65)

Deleterious
(0.881)

a The SIFT probability score ranges from 0 to 1.0. Amino acid substitutions
with scores< 0.05 are predicted to be deleterious (scores closer to 0 are more
confidently predicted to be deleterious). Variants with scores in the range 0.05
to 1.00 are predicted to be tolerated (scores very close to 1.0 are more con-
fidently predicted to be tolerated).

b The PolyPhen-2 score ranges from 0.0 to 1.0. Values closer to 1.0 are more
confidently predicted to be deleterious. Variants with scores in the range 0.0 to
0.15 are predicted to be benign, while variants with scores in the range 0.15 to
1.0 are possibly damaging. Variants with scores in the range 0.85 to 1.0 are
more confidently predicted to be damaging.

c Align-GVGD classifies variants in seven risk grades (C0, C15, C25, C35,
C45, C55, C65) with C65 most likely to interfere with function and C0 least
likely.

d The general score of MutPred2 ranges from 0.0 and 1.0, with a higher score
indicating a greater propensity to be pathogenic.
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glycine for cysteine also results in loss of claudin-16 function, and that
the pathogenic mechanism for development of FHHNC in our patient is
similar to that of p.(G191R).

5. Conclusions

In summary, the present study reports the clinical data of three
patients diagnosed with FHHNC. The clinical diagnosis was confirmed
by genetic analysis. Two novel mutations were identified, one in the
CLDN16 gene, c.602G > A; p.(G201E), and another in the CLDN19
gene, c.388G > T; p.(G130C). Bioinformatics analysis suggested that
the amino acid substitutions predicted for these mutations are patho-
genic. In addition, functional analysis indicated that mutation
c.388G > T also induces the skipping of exon 2 in CLDN19 pre-mRNA

splicing. Therefore, we showed for the first time that an exonic CLDN19
mutation could alter the splicing of pre-mRNA, producing drastic al-
terations in the claudin-19 protein structure and loss of function. We
propose that both the amino acid change and the altered splicing are
involved in the pathogenesis of this mutation. Consequently, our find-
ings provide useful information for a precise diagnosis and family
counseling.
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Fig. 2. Functional characterization of CLDN19 exonic mutations c.388G > T and c.389G > A using a splicing minigene assay. (A) Representative agarose gel
showing the results of the RT-PCR analysis of spliced transcripts expressed from CLDN19 minigenes containing WT and mutant exons. Mutation c.388G > T
generated an mRNA product of the same size as the WT together with a smaller product, while mutation c.389G > A produced only the WT product. DNA
sequencing results of the different RT-PCR products are shown on the right panel. The electropherogram on the bottom reveals that the altered mRNA product
produced by mutant c.388G > T is missing exon 2. The electropherogram in the middle shows the normal joining of exons 2 and 3 in the transcript generated by
mutant c.389G > A. The arrow indicates mutation c.389G > A. The electropherogram on the top shows the expected correct joining of 5′ exon from vector pET01
with CLDN19 exon 2 from mutant c.389G > A. MWM, molecular weight marker. (B) Schematic representation of CLDN19 minigene and of pre-mRNA splicing in
both WT and mutants minigenes. Black and white boxes represent CLDN19 exons and pET01 exons, respectively. The position of both mutations is indicated together
with the restriction sites used for the construction of the minigenes. Arrows above and below the white boxes represent primers used in the RT-PCR assays. Dotted
lines indicate the splice sites used in each case. The pET01 vector contains the long terminal repeat promoter (LTR) of Rous sarcoma virus and a polyadenylation site
(Poly A). (C) I-TASSER 3-dimensional models for WT claudin-19 and the mutant protein generated by CLDN19 transcript missing exon 2. The mutant protein lacks the
whole TMD2, the cytoplasmic loop (CL) and approximately half of TMD3.
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