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Abstract

Biallelic loss of function mutations in the CLDN16 gene cause familial hypomagnesemia with hypercalciuria and nephro-
calcinosis (FHHNC), and chronic kidney disease. Here we report two cases of FHHNC with diverse clinical presentations
and hypercalcemia in one as a novel finding. Pt#1 initially presented with urinary tract infection and failure to thrive at 5.5
months of age to another center. Bilateral nephrocalcinosis, hypercalcemia (Ca: 12.2 mg/dl), elevated parathyroid hormone
(PTH) level, and hypercalciuria were detected. Persistently elevated PTH with high/normal Ca levels led to subtotal-parath-
yroidectomy at the age of 2.5. However, PTH levels remained elevated with progressive deterioration in renal function. At
9-year-old, she was referred to us for evaluation of hyperparathyroidism and, hypomagnesemia together with hypercalciuria,
elevated PTH with normal Ca levels, and medullary nephrocalcinosis were detected. Compound heterozygosity of CLDN16
variants (c.715G>A, p.G239R; and novel ¢.360C>A, p.C120%) confirmed the diagnosis. Pt#2 was a 10-month-old boy, admit-
ted with irritability and urinary crystals. Hypocalcemia, hypophosphatemia, elevated PTH and ALP, low 25(OH)D levels,
and radiographic findings of rickets were detected. However, additional findings of hypercalciuria and bilateral nephrocalci-
nosis were inconsistent with the nutritional rickets. Low/normal serum Mg levels suggested the diagnosis of FHHNC which
was confirmed genetically as a homozygous missense (¢.602G > A; p.G201E) variant in CLDN16. Yet, hypocalcemia and
hypomagnesemia persisted in spite of treatment. In conclusion, FHHNC may present with diverse clinical features with mild
hypomagnesemia leading to secondary hyperparathyroidism with changing Ca levels from low to high. Early and accurate
clinical and molecular genetic diagnosis is important for proper management.
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Introduction
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this work. Familial hypomagnesemia with hypercalciuria and nephro-

calcinosis (FHHNC) is a rare autosomal recessive disorder
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characterized by renal calcium and magnesium loss, medul-
lary nephrocalcinosis, and progressive chronic kidney dis-
ease (CKD) [1]. Patients with FHHNC usually present with
recurrent urinary tract infections (UTI), polyuria, polydipsia,
and failure to thrive. Hypomagnesemia, hypercalciuria, ele-
vated PTH levels, and hypocitraturia are the most common
biochemical findings.

Significant decrease in glomerular filtration rate (GFR)
may be observed in FHHNC at the time of diagnosis and
about one-third of these progress to CKD during adoles-
cence. Supportive treatment with magnesium and thiazide
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diuretics plausibly delays the progression of end-stage CKD
[2]. Current treatment for end-stage renal dysfunction in this
disease is renal transplantation [1]. Increased parathyroid
hormone (PTH) concentrations, regardless of GFR, have
been described in most cases [3]. Inherited defects of dental
enamel formation such as amelogenesis imperfecta are also
observed [4, 5].

FHHNC is caused by biallelic loss of function mutations
in CLDN16 (FHHNC-1, MIM #248250) or CLDN19 genes
(FHHNC-2, MIM #248190) [6, 7]. CLDN16 gene (formerly
PCLN1; MIM *¥603959) encodes the Claudin 16 tight-junc-
tion protein localized in the thick ascending limb of Henle’s
loop (TALH) and, is responsible for paracellular calcium and
magnesium transport. Absence of severe ocular involvement
differentiates patients with CLDN16 gene mutations from
CLDN19 gene mutations [8].

Up to date, 69 different mutations (54 missense/nonsense,
5 splicing, 4 small deletion, 2 small insertion, 2 small indel,
1 gross deletion, 1 complex re-arrangement) have been
reported in the CLDN16 gene [9]. It has been shown that
CLDN16 gene mutations can cause complete or partial loss
of protein function. In mutations causing complete loss of
protein function, the symptoms begin earlier and progress
more rapidly [10, 11]. Nevertheless, a genotype—phenotype
correlation was not observed in all cases [12].

Herein, we report two different cases with FHHNC-1 with
diverse clinical characteristics at diagnosis and with a novel
nonsense variant in CLDN16 gene.

Patients and Methods
Patient 1 (Pt #1)

A 9.5-year-old girl was referred to our pediatric endocri-
nology unit for evaluation of hyperparathyroidism. She was
born at term with a birth weight of 3150 g (0.2 SDS) and
was the second child of non-consanguineous parents. His-
tory revealed that she was evaluated for failure to thrive and
recurrent UTT in another center at the age of 5.5 months.
Bilateral nephrocalcinosis, hypercalcemia, and hypercal-
ciuria were found on evaluation. It was learned that vita-
min D prophylaxis had been stopped due to hypercalcemia
at the age of 4 months. At initial examination, PTH level
was 55 pg/mL (N: 15-65) while serum Ca level of 12.2 mg/
dL (N: 8.7-11.0), serum phosphate level of 4.5 mg/dL (N:
5.0-7.8), and urinary Ca/Creatinine (Cr) ratio of 1.14 mg/
mg (N: <0.8). Fluid replacement for dehydration and potas-
sium citrate had been commenced. PTH levels had been
increased to 213 pg/mL and 220 pg/mL while serum Ca
level was 10.8 mg/dL in the following days. During follow-
up, parathyroid scintigraphy was performed due to persis-
tently elevated PTH concentrations [PTH: 104-577 pg/mL]
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with high-normal levels of serum Ca (11.2 to 10.5 mg/dL)
and hypercalciuria. There was diffuse hyperplasia with more
prominent uptake at lower parathyroid glands. Multiple
endocrine neoplasia type 2a (MEN2A) had been suspected
on the basis of hyperparathyroidism and elevated calcitonin
levels [125 and 169 pg/mL (N: 0-10)], however, genetic
analysis for ret protooncogene was found to be normal. Cal-
citonin levels were reduced but remained mildly elevated on
follow-up (19-27 pg/ml). Subtotal parathyroidectomy and
thyroid biopsy had been performed at the age of 2.5 years
which demonstrated parathyroid hyperplasia and normal thy-
roid histology. However, hypercalciuria and hypocitraturia
were persistent after parathyroidectomy hence, hydrochloro-
thiazide was added to the treatment. PTH elevation with pro-
gressive deterioration in renal function was observed during
follow-up. She has also received cinacalcet for about a year,
between the 8 and 9 years of age, for elevated PTH levels.

Patient 2 (Pt #2)

A 10-month-old boy was referred for the investigation of
hypocalcemia. He was born at term with a birth weight of
3850 g (1.6 SDS). Parents were first cousins once removed.
He had received routine Vitamin D prophylaxis of 400 TU/
day up to 1 month of age. Urinary white crystals were first
recognized at 3 months of age.

Molecular Analyses

Genomic DNA was isolated from peripheral blood using a
QIAamp DNA Mini Kit (Qiagen, Hilden, Germany), accord-
ing to the manufacturers’ protocols. For clinical exome
sequencing (CES) analysis, all coding regions of 4490
genes related to rare inherited diseases were sequenced on
the Illumina NovaSeq Platform using the SOPHiA Clinical
Exome Solution kit (Sophia Genetics SA, Switzerland). Data
were analyzed by using Sophia DDM® platform (Sophia
Genetics SA, Switzerland). To determine pathogenic vari-
ants, we filtered in: (1) All nonsynonymous, missense,
nonsense, frameshift, splice-site, no-stop, no-start, indels,
and in frame variants; (2) synonymous or intronic variants
affecting the consensus splice sites; (3) variants with minor
allele frequency (MAF) < 1.0% in population studies (1000
Genomes, Exome Aggregation Consortium database, Exome
Sequencing Project, Genome Aggregation Database); (4)
variants with variant frequency (VF) is between 20 and
100%. Candidate variants were evaluated via Human Gene
Mutation Database (HGMD®) and ClinVar databases. To
evaluate the pathogenicity of novel variants, in silico pre-
diction tools (DANN, DEOGEN2, EIGEN, MVP, Mutatio-
nAssessor, PrimateAl, REVEL, SIFT, PROVEAN, LRT,
GERP, FATHMM-MKL, and MutationTaster), segregation
analysis, allele frequencies in population studies (1000G,
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gnomAD, ExAC), and ACMG criteria were used [13]. For
segregation analysis, targeted candidate regions were ampli-
fied using custom design primers in patient 1’s parents. The
polymerase chain reaction (PCR) products were sequenced
via ABI PRISM® 3130xI genetic analyzer (Applied Biosys-
tems, Foster City, CA, USA). Patient 2’s parents’ segrega-
tion analysis was performed via next-generation sequencing
with Miseq Platform.

Results

When Pt #1 was referred to our unit at the age of 9.5 years,
her weight and height were at — 0.5 and + 0.65 SDS, respec-
tively. Physical examination was unremarkable except for
discoloration of teeth with pitting and enamel hypoplasia.
Laboratory investigations revealed normal total and ion-
ized calcium, phosphorus, ALP and 25-hydroxy-vitamin D
[25(OH)D], and elevated PTH concentrations. Additionally,
serum magnesium (Mg) level was 1.4 mg/dL (N: 1.5-2.6).
She had inappropriately elevated fractional excretion of Mg
(FEMg) at 14% (N: 0.5-4%) despite having hypomagne-
semia. Hypercalciuria, hypocitraturia, proteinuria, and
increased serum creatinine with low GFR (52.87 mL/
min/1.73m?) were other findings. Bilateral grade 3 medul-
lary nephrocalcinosis was also detected. From the review
of the patient’s records retrospectively, we found out that
she took single day of oral magnesium supplementation
at 6 months of age due to low/normal Mg level (1.3 mg/
dL) and normalized (Mg: 1.6 mg/dL) in the next day. Other
than this, no other laboratory evaluation for Mg had been
performed until she presented to our clinic. Anthropomet-
ric and biochemical characteristics at diagnosis and during
follow-up, are provided in Table 1. The ocular examination
of the patient was normal. Nephrocalcinosis, hypercalciu-
ria, hypomagnesemia, and CKD led to the clinical diag-
nosis of FHHNC-1. Molecular genetic analyses confirmed
FHHNC-1 as a previously reported heterozygous missense
variant (NM_006580: c.715G>A, p.Gly239Arg, p.G239R)
and a novel heterozygous nonsense variant (NM_006580:
¢.360C>A, p.Cys120%*) in the CLDN16 gene. Parental seg-
regation analysis confirmed the compound heterozygosity of
these variants. The novel nonsense (c.360C>A, p.Cys120%)
variant was classified as pathogenic according to the Ameri-
can College of Medical Genetics and Genomics (ACMG)
criteria (PVS1, PM2, PP3).

IGV (Integrative Genomics View) visualiza-
tion of the CLDN16 gene variants in patient 1 and chroma-
togram of parental segregation analyses are illustrated in
Supplementary Fig. 1.

On the first evaluation of Pt #2 at the age of 10 months;
his weight and height were at — 0.7 and — 1.0 SDS, respec-
tively. Caput quadratum, large anterior fontanelle, and wide

wrists were remarkable findings on physical examination.
Hypocalcemia (Ca: 7.8 mg/dL, N: 8.7-11.0) and hypophos-
phatemia (P: 3.3 mg/dL, N: 5.0-7.8), with elevated PTH
(PTH: 499 pg/mL) and ALP (593 U/L, N: 123-377) were
detected on laboratory. Cupping and mild fraying of the met-
aphysis on the hand X-ray supported the diagnosis of rickets
(Fig. 1). Initial findings of the patient were consistent with
nutritional rickets, based on biochemical and radiological
findings together with low 25(OH)D level (5 ng/mL). How-
ever, urine analysis and renal ultrasonography which were
performed for the irritability and urinary crystals, revealed
pyuria, hypercalciuria, and bilateral medullary nephroc-
alcinosis. Yet, hypercalciuria and nephrocalcinosis were
inconsistent with the clinical picture of nutritional rickets.
When the serum Mg concentration was evaluated, it was
found to be at low/normal ranges (1.3 mg/dL, N: 1.2-2.6)
and a diagnosis of FHHNC was considered. FHHNC was
further supported by normal tubular function tests other than
hypocitraturia, microalbuminuria, and molecular genetic
analyses of CLDN16 gene which revealed a known homozy-
gous missense variant, ¢.602G>A; p.Gly201Glu (p.G201E).
Parents were heterozygous for this variant (Supplementary
Fig. 2). Ocular examination was normal. Thus, the patient
was considered to have vitamin D deficiency rickets on the
background of FHHNC.

Sodium citrate and hydrochlorothiazide for nephrocalci-
nosis and hypercalciuria, oral calcium carbonate and vitamin
D supplements for rickets, and antibiotic for UTI were com-
menced. While serum phosphorus, ALP, and PTH concen-
trations improved in the follow-up, serum Ca concentrations
were low or at the lower limit of normal. Magnesium supple-
mentation was initiated when Mg levels reduced to 0.8 mg/
dL at the age of 15 months. At the 5th month of Mg treat-
ment, the patient presented with an afebrile convulsion due
to hypocalcemia (7.0 mg/dL) with inappropriately normal
PTH levels (59 pg/mL) and hypomagnesemia (0.8 mg/dL).
Calcitriol treatment (0.25 mcg/day) was added to Mg sup-
plementation which corrected hypocalcemia (9.5-10.1 mg/
dL). However, Mg levels remained to be low (in the ranges
of 1.0 to 1.2 mg/dL) despite high doses of oral Mg replace-
ment (50-100 mg/kg/day). PTH levels normalized initially
after treatment of nutritional rickets, nonetheless, increased
and remained to be elevated with low normal serum Ca
concentrations after the age of 2 #12 years despite calcitriol
treatment (Fig. 2). The patient was lost to follow-up after
the age of 3 and then returned at the age of 8.5 years. The
patient discontinued his medications during this period, yet,
biochemical evaluation showed higher Ca level with high
PTH and similar Mg levels as he had been on treatment.
Anthropometric and biochemical characteristics, and treat-
ments used at diagnosis and during follow-up, are provided
in Table 1 and Fig. 2.

@ Springer



M. Eltan et al.

T 0<:sIedk ¢ < iz (< :s1eak ¢—( :(SwySwr) oner 1)/0en1) AuLIn-

SO[EWIAY J0J (O] € < PUB SA[BW J0J SO¢ < :(P/ WIEL [/SUI) UOTRIOXS AJeNIO -{T-

[27°0> :SI8dK £ <:87'(0> 118K /—G ‘6€"() > 1STBAA G—¢ €G> 1STBAK ¢—] £9°()> :Sypuowt Z[—/ 8°0> :sypuowt 9—() :(Swi/Swr) onel 1DH/e) duLI)-
IUOTJAIOXD 2)NJOS ATRULIN JO SOFURI QOUAIYY

90°T-05°0 *sTeA $1 <:88°0~T€°0 :SIedK $1-0T *65°0~CT'0 518K OT—L *65'0—€0"0 T8 [~ ‘0G"0~€0"0 :STK $—( :("[p/Swur) durunear)-
9781 MNPV “€°T=C'[ “URIP[IYD ‘9°T—T'| :SIUBJUI/UIOQMAN :("Tp/Su) WnIsouSeN-

SLT6S STek GT—CT ‘8TH—T6 T8 €101 ‘TYE—L6 18K 01T *LLE-ETT :sT8K [0 (/) I'TV-

SP—€T :STek 07— ‘8'S—9°€ :STeK 719 1G'9-9' :S1edK G~ 18'/—("G SYIUOW T[—9 ‘48— ’G ‘sypuow ¢—() :("Tp/Swr) snioydsoyd-

T'01-8'8 818K 07—€[ ‘€016 S18A T1-9 ‘8"01—F'6 :S1BK G—] (' [ [—L'8 :SYIUOW 79 *¢"[[—L'§ :SyIuow G—() :("Tp/Sw) wniofe)-
:SaZuRT UIIIYII dYIAds ATV .

SIA JO UOTIRIOXD [RUOTIORI) ST ]
QUIUNEAId 4) ‘WnIsuSew §py ‘Wwnioed ») ‘@l uonen[y JenIowosd y./o ‘g urwea AxoIpAyIp ¢z 1 q(HO)SZ [ ‘a urweya Axo1pAy sz @(HO)sz ouowoy proikyyered gy 74 ‘osereydsoyd aureye 47y ‘91098 UONRIAD pIepuels §gs

mwﬂuﬁmﬁ_ ur m\—quEﬂLmQ PaINSEIW JO S[AJ] [BULIOU JO-INO MOUS SanfeA pjog
/oW = | [0 X [p/Su :winisauSeA JoJ {[/[oww = ¢7¢ () X [p/Suw :snioydsoyd Joj {[/[ow = Gz’ X [p/SW :wnio[e)) Joj SI0JOBJ UOISIOAUOD JTUN [§

(stsA[eIp 10) G > :G a8®1S ‘67—CT 7 9IS {66—0€ ¢ 9IS 16809 1T 33IS ‘0611
23e1S-(SISATRIp 10) GT >:G 93e1S ‘67—GI ¥ 23®IS ‘6S—0€ € A3TBIS (68—09 7 B®IS {06 <1 23vIS :[SIewnudd ur passaidxa st Sty J1 (IDSAYIRY) X €14°0] uonenba zjremyoS apIspag, peseq-auruneaI) YIm paje[noed sem YO

SL €01 €01 x4 6€ - - - 34 Pl - #(QUEL /Uy TW) YD
- - (4] - - +0°0 - - - - - +(Bwy/3wr) 1n/aen1) SuLIn
- - - - {248 - - - - - - «(Aep/ g, 1/3ur) surm Y-

UOTAIOXD AJBNIO AIBULIn)

6LT - 9% (454 S9¢€ - - - - - - (0¢ >)(Aep/Sur) urunqe SuLM Y-¢

0z - 901 LT L'8T - - - - - - (>) (u/;w/Sur) urroxd dum Y-
uonaIdx? urayord Areurin

8T°0 ¥S°0 16'0 - 6€°0 0 LT0 ST0 i) - 48! «(Bw/3ur) 1y/e0 sutiny

8 - s'9 4 14 - - - - - - (t>) (Kep/83y/3w) v dutm Y-
UoMaIdXad B AJeurin)

- - - - 4! - - - - - - (%7=50) SNEA

- - - - ST - - - - - - (Kep/3x/8w) SN dutn y-g
uonaIdX? I Areurin
- (44 0t 8 vy - - - - 0 - (T'6-6°¢) (1p/3) urunqry
- - €€ - - - - - - - pLT (#$1-$2) (Tw/3d) A(HO)ST'T
6L°91 44 S ¥T 68'€T (74 - 9 ST - - (001-02) (Tw/3u) A(HO)ST
161 168 667 PILT 8°0TT €97 (341 LOE LLS 60T 99 (59-¢1) (Twy3d) HLd
Lo 0 8C°0 86'C 81 6I'T LS80 80 80 0 6£°0 +("Tp/Suw) durunear)
14 %4 9LT €6S 96¢ e LyE - - 0ce ¥8¢ 0Ly (/D) ATV
I'T Lo €1 4 v - - - - €1 - (Tp/8w) wnisousepy
0¢ 8¢ €€ 0¢ 49 8¢ 'S 149 s Ly Sy «("Tp/Sur) snioydsoyq
68 TL 8L 96 ¥'6 ¥'6 €6 g8 [0 601 (441 «("Tp/3w) wniope)
- - 8TO—/SYLY - - - - - 69'1/0°€LT (S@s/w) w3ray 1o8e L,
LT0—/SLTT €0 —/T8 0T —/S0L 8€°0/CS1T §9°0/6€1 - - - €60 —/0°L8 6£°0 —/0'S9 - (sds/wo) WS
900 —/9'ST ETO/L'TT L0—/L'8 680 —/9°S¢ §'0—-/T8C - - - LOT —/€TT 960 —/S°9 - (SAS/3Y) WS1oMm
JISIA IS ddns @ 31a 103 JISIA JS@] UOISSIWPE Jy apizeny) a10Jog aaneradoisoq aaneradoarg uonen[ead jo sporad oyroadg

sIedk G'Q syjuowt ()£ 1 syjuow O] s1eak 01 Sk G'q  sIeAA ()L sIedk Gy sIedk ()'¢ s1eak ¢ syjuow ()'9 syjuow GG

zuaned [ Judneq By

dn-mofjoj Surmp pue sisouSerp Je sjuoned ay) JO sONSLIAIOBIBYD [BIIWAYD0Iq pue dnowodoIyiuy | d|qel

pringer

Qs



Familial Hypomagnesemia with Hypercalciuria and Nephrocalcinosis Due to CLDN16 Gene...

Fig. 1 Hand radiograph of Pt #2 showing cupping and fraying of the metaphysis (A) and nephrocalcinosis on ultrasound at initial presentation
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Discussion hypercalcemia such as polyuria, polydipsia, and failure to

thrive, however, they classically do not have hypercalcemia
Since the first description of the FHHNC more than 150  but have hypomagnesemia, hypercalciuria, and nephrocal-
cases have been reported yet a Comprehensive definition cinosis. Here we discussed two cases with FHHNC with
of the clinical spectrum of this disorder is still required. ~ novel presenting characteristics, one with hypercalcemia
Patients with FHHNC present with classical symptoms of ~ mimicking primary hyperparathyroidism and the other

with hypocalcemia and rickets, both caused by CLDNI16
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mutations. Although hypomagnesaemia is the main fea-
ture of FHHNGC, it is absent in 34% of the patients at initial
examination [3]. Additionally, hypomagnesemia is usually
mild and symptoms related to the acute hypomagnesemia
such as convulsions and tetany are usually absent in patients
with CLDN16 mutations which leads to delay in diagno-
sis as in our 1% case. On the other hand, in our 2nd case,
hypomagnesemia worsened after the initiation of thiazide
treatment causing a seizure. It must be kept in mind that
thiazide diuretics increase urinary Mg excretion and may
aggravate hypomagnesemia [14]. Nonetheless, Mg levels
may show variation in FHHNC, being normal during early
life with developing hypomagnesemia as the patient gets
older as in our patients. This pattern in Mg concentrations
has also been described in CLDN16 knockout mice [15].

At TALH where CLDN16 and CLDN19 are expressed,
25% of filtered Ca and 75% of filtered Mg are reabsorbed
[16]. In patients with FHHNC, biallelic mutations of
CLDNI6 cause a selective defect in paracellular Mg and Ca
reabsorption. Paracellular transport of Ca and Mg absorp-
tion via claudins are controlled by plasma Ca and Mg
through the activation of CaSR in basolateral membrane of
TALH cells [16]. Hence, CaSR is not activated only by Ca
but Mg and other divalent and trivalent cations [17, 18].
So far, increases in plasma Ca and/or Mg concentrations
diminish their own reabsorption by repressing CLDN16 and
CLDNI19 activity through the activation of CaSR. In addi-
tion to kidneys, CaSR also expressed in chief cells of para-
thyroid gland, calcitonin secreting C cells of thyroid gland,
intestine, and bone [19, 20]. PTH secretion is regulated not
only by plasma Ca but also plasma Mg through the activa-
tion of CaSR. Thus, similar to the regulation of serum Ca on
PTH secretion; mild hypomagnesemia lead to inactivation
of CaSR and increase in PTH secretion as in hypocalcemia.
So far, the patients with CLDN16 mutations have elevated
serum PTH levels, independent from glomerular filtration
rate, before the onset of CKD as in our cases [11]. In con-
trast, hypermagnesemia activates CaSR and inhibit PTH
secretion [19]. Additionally, very low Mg concentrations
impair PTH secretion due to its role in the adenyl cyclase
activity which is important for the synthesis of PTH [20,
21]. Therefore, hypocalcemia with inappropriately low PTH
levels can be detected in severe hypomagnesemia which was
seen in our Pt #2, not at the presentation but after worsening
of hypomagnesemia on thiazide treatment.

Pt #2 presented with features of vitamin D deficiency
rickets. Although a concomitant rickets is reported in 7-8%
of the cases with FHHNC [2, 3], a detailed explanation about
the etiology or type of the rickets was not available in clini-
cal description of these cases. It is conceivable that increased
PTH secretion secondary to mild hypomagnesemia induces
phosphaturia and accelerated vitamin D metabolism which
in-turn cause both rickets and apparent vitamin D deficiency.
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Moreover, PTH elevation promote bone resorption, increase
renal tubular Ca reabsorption, and stimulate 1,25(0OH),D;
synthesis in the proximal tubule which increase absorption
of dietary Ca in the small intestine while enhancing renal
tubular Ca reabsorption and bone resorption [19]. Hence,
PTH is functioning to increase serum Ca, while elevated
serum Ca, in turn, inhibits PTH secretion by activating CaSR
which keeps serum Ca level within the normal ranges. How-
ever, this mechanism may work differently in the presence of
other factors modulating CaSR function as in hypomagne-
semia; in which hyperparathyroidism and its phosphatu-
ric effect persists in spite of normocalcemia and leads to
hypophosphatemia and rickets.

On the other hand, hypercalcemia was the first presenta-
tion of our Pt #1 and misled to the diagnosis of primary
hyperparathyroidism initially. We postulate that PTH eleva-
tion secondary to mild hypomagnesemia initiated the cal-
cium retaining machinery and led to hypercalcemia, while
mildly elevated Ca levels could not overcome stimulatory
effect of hypomagnesemia on PTH secretion. It is well
known that Ca is a more potent regulator on PTH secre-
tion than Mg in physiological concentrations [22, 23]. How-
ever, in vitro model shows high Mg concentrations could
inhibit PTH secretion in low Ca media from rat parathy-
roid gland [24]. Thus, under circumstances in which serum
Mg deviates from normal, Mg may exert more significant
effect on PTH secretion [22]. Experimental models testing
reciprocal changes of Ca and Mg on CaSR and PTH secre-
tion are required for further characterization of this issue.
Additionally, 1.25(OH)D level was high in Pt #1 which is
also reported in CLDN16 knockdown mice. Serum Ca levels
were mildly elevated in these mice model of the disease sim-
ilar to our observation [15, 25]. Although elevated 1.25(OH)
D level in this disease was attributed to be compensatory to
renal Ca loss [15, 25, 26], we think that elevated PTH levels
secondary to hypomagnesemia is a more likely mechanism.
Moreover, similar to Pt #1, a more recent case presenting
with nephrocalcinosis and amylogenesis imperfecta was
initially thought to have primary hyperparathyroidism [27].
Elevated PTH levels with high normal Ca level (10.3 mg/
dl) and hyperplastic parathyroid glands had been detected
on parathyroid scintigraphy as in our Pt #1 [27]. Detec-
tion of hypomagnesemia led to the diagnosis of FHHNC in
that case. It is yet unknown, why some of the patients with
CLDN16 mutations have hyperparathyroidism with hypoc-
alcemia while some have hypercalcemia mimicking primary
hyperparathyroidism. It is possible that vitamin D status and/
or Ca intake of the patients or related genetic variations and/
or degree of functional loss of CLDN16 determine the phe-
notype. It was shown that dietary calcium restriction causes
decrease in bone mineral density in CLDN16 knockdown
mice [25]. In Pt #2, dietary deficiencies seemed to cause
rickets, since our patient was not on vitamin D prophylaxis.
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/N Ca®?

A Chief Cell of
parathyroid gland

Fig.3 Schematic representation of Ca*? and Mg*? regulation through
CaSR: A Chief cell of parathyroid gland: High plasma Ca*? and
Mg*? levels inhibit PTH secretion by activating CaSR and low lev-
els stimulate PTH secretion. Mild hypomagnesemia with mild hyper-
calcemia still might have stimulatory on PTH secretion, while severe
hypomagnesemia disrupts PTH response to hypocalcemia. B TALH
cells of kidneys: Paracellular transport of Ca*™? and Mg*? controlled
by the activation of CaSR in basolateral membrane. Plasma Ca*? and/
or Mg*? concentrations control their own reabsorption by regulating
CLDNI16/19 activity and the electrolyte transport handled by NKCC2

Another unexpected finding in Pt #1 is elevated calcitonin
levels, misleading the diagnosis of MEN2A. The regulation
of calcitonin is also through the CaSR. In physiologic condi-
tions, increased ionized calcium levels stimulate calcitonin
secretion and inhibit PTH secretion [20, 28]. Thus, elevated
calcitonin levels would not be an unexpected finding in
hypercalcemia, if CaSR signaling had not been disrupted
by hypomagnesemia. However, it was demonstrated that Mg
had little or no effect on calcitonin secretion [29]. So far,
elevated calcitonin level in our patient was an indirect meas-
ure of hypercalcemia through CaSR. Postulated mechanisms
and interaction of Ca and Mg with CaSR are given in Fig. 3.

Therapeutic success is poor in FHHNC and progres-
sive CKD is inevitable. Serum Mg levels usually remain
low, despite continuous administration and high doses of
Mg supplementations as in Pt #2. The reason of persistent
hypomagnesemia is related to the increased urinary Mg
excretion proportionally to the serum Mg due to the disease-
specific alterations in the renal Mg threshold [30]. Addi-
tionally, thiazide, which also increase urinary Mg excre-
tion, have been administered to the majority of patients for

B Renal tubular cell of
thick ascending limb of
Henle’s loop

\ )

o
<
=
v

Nat+K*Cl-

C Parafollicular cell
(C-Cell) of thyroid
gland

and ROMK (Reduction in the lumen-positive electrical potential
increases urinary excretion of Ca*? and Mg*?). C C-Cells of thyroid
gland: In contrast to PTH release, calcitonin secretion stimulated by
elevated Ca*? with subsequent activation of that voltage-dependent
L-type Ca*? channels. Mg*? has little or no effect on calcitonin secre-
tion. Solid arrow: stimulation; dashed line with blunt end: Inhibition.
CaSR calcium-sensing receptor, TALH the thick ascending limb of
Henle’s loop, CLDN16 claudin-16, CLDN19 claudin-19, NKCC2 the
apical Nat*—K*—2CI~, ROMK cotransporter the renal outer medullary
potassium K* channel

hypercalciuria and nephrocalcinosis may led to the worsen-
ing of hypomagnesemia as in Pt #2. However, no sustained
reduction of hypercalciuria has been achieved with thiazide
treatment as seen in Pt #2 [2, 14]. Furthermore, even after
a long untreated period, Pt #2 did not show worsening of
biochemical parameters. Hypocitraturia was also found in
both of our patients and the majority of the patients as well.
Hypocitraturia is an important risk factor for urolithiasis
and nephrocalcinosis, since citrate inhibits crystallization
of calcium oxalate and calcium phosphate salts in urine [31].
Therefore, citrate supplementation (given as Shohl’s solution
in our cases) help to reduce progression of nephrocalcinosis
and CKD. Proteinuria is not a constant finding in FHHNC
and can be tubular and glomerular in origin [32, 33]. Addi-
tionally, vitamin D deficiency per se could induce proteinu-
ria, yet, Pt #2 continued to have proteinuria after vitamin D
replacement. Hypercalciuria and even nephrolithiasis has
been described in heterozygous family members of index
cases with FHHNC [34, 35]. The clinical, laboratory, and
radiological examinations of the genetically heterozygous
parents of both patients were normal in our study.
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Fig.4 Previously reported CLDNI6 gene mutations and a novel
mutation detected in our study. The boxes indicate the exons of
CLDN16 gene. Upper and lower panels show mutations causing com-
plete and partial functional loss of CLDN16, respectively. The muta-

In addition to medullary nephrocalcinosis and associated
inflammation, abnormalities during kidney development
caused by claudin mutations are responsible mechanisms
for progressive renal failure [1]. While the nonsense, trun-
cating, splice-site, and missense mutations with resulting
in a complete loss of function (CLOF), missense mutations
displaying substantial residual function>40% as compared
with wild-type claudin-16 function (PLOF). It has been
shown that patients with PLOF on at least one allele have a
slower progression to CKD (mean GFR decrease in CLOF
and PLOF; 7.3 (5.0-9.6) and 2.9 (1.6-4.9) mL/min/1.73 m?%
year, respectively) [11]. Heterozygous missense p.G239R
mutation in Pt #1 was previously described as resulting
CLOF [11]. The heterozygous novel p.C120* mutation in
the other allele is a nonsense variant and it was predicted to
be causing CLOF. The decrease in GFR in Pt #1, 9.6 mL/
min/1.73m?/year during follow-up was also supporting
finding for CLOF. It was also reported that the symptoms
started at an earlier age in patients with CLOF mutations
compared to PLOF (mean age at onset 2.2 years (95% CI 1.1
to 3.3 years) and 5.6 years (95% CI 3.6 to 7.0 years, respec-
tively) [11]. Early onset of symptoms in Pt #2 may also be
explained with having the homozygous CLOF mutations
(p-G201E), yet, the GFR reduction was inconsistent with
CLOF (3.5 mL/min/1.73m%/year). Although, the nature of
the p.G201E mutation was not characterized with functional
analyses as CLOF or PLOF, the early onset of symptoms in
our patient, and in previously described case with severe
hypovolemic shock and seizures at 2 months of age suggest
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tions detected in Pt #1 and Pt #2 are shown as underlined and a novel
¢.360C>A (p.C120%*) variant is indicated with dashed arrow. &Mis-
sense mutations plausibly cause partial loss of function (No func-
tional analysis)

that this mutation leads to CLOF [36]. Previously reported
CLDN16 gene mutations and a novel mutation detected in
our study were demonstrated in Fig. 4.

In conclusion, we report two cases with FHHNC-1 with
distinct clinical features, progressively deteriorating renal
function and one with a novel nonsense mutation in the
CLDNI6 gene. Although hypomagnesemia is an impor-
tant diagnostic clue, it should be remembered that serum
Mg concentrations can be normal or mildly decreased in
FHHNC. However, after initiation of thiazides for hypercal-
ciuria, hypomagnesemia can be more pronounced. Addition-
ally, hypomagnesemia cause hyperparathyroidism through
the CaSR and hence lead to mild hypercalcemia. In contrast,
hypocalcemia can be a part of the clinic picture at the ini-
tial phase, depending on the Ca and vitamin D status of
the patient. Molecular analyses enable early and accurate
diagnosis of FHHNC whereby prevent unnecessary inter-
ventions and might help delay the progression to chronic
kidney disease.
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