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Abstract

Identification of a monogenic etiology is possible in a proportion of patients with childhood-onset nephrolithiasis or nephro-
calcinosis. Bartter syndrome (BS), a hereditary tubulopathy characterized by polyuria, hypokalemic alkalosis and growth
retardation that rarely presents with isolated nephrocalcinosis. Patients with defect in renal outer medullary potassium chan-
nel, encoded by the KCNJI gene causing BS type 2, typically present during the neonatal period. We describe a 14-year-
old girl with mild late-onset BS type 2 with reported pathogenic compound heterozygous variations in exon 2 of KCNJ1
(c.146G > A and c.657C > G). This patient presented with isolated medullary nephrocalcinosis due to hypercalciuria; absence
of hypokalemia and metabolic alkalosis was unique. This case highlights the importance of screening the KCNJI gene in
patients with hypercalciuria and nephrocalcinosis, even in older children.
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Introduction

Children with isolated nephrocalcinosis often present a diag-
nostic dilemma. Identification of a monogenic etiology is
possible in 16.7-29.4% of childhood-onset nephrolithiasis
or nephrocalcinosis by high throughput sequencing [1-3].
Whole exome sequencing in 65 patients with early-onset
nephrocalcinosis or nephrolithiasis identified causative
mutations in genes associated with hyperoxaluria (AGXT
and GRHPR), familial hypomagnesemia, hypercalciuria
and nephrocalcinosis (CLDNI16 and CLDN19), Bartter
syndrome (BS) type 1 (SLCI2A1I), infantile hypercalcemia
(SLC34A1), distal renal tubular acidosis (ATP6VIBI) and
cystinuria (SLC3A1) [2]. While, BS was detected in 3 (4.6%)
patients with nephrocalcinosis in the above cohort [2], only
one patient was detected among 106 and 143 children with
nephrocalcinosis and nephrolithiasis, respectively, in other
studies [1, 3]. BS is an inherited salt-losing tubulopathy
affecting the thick ascending limb (TAL) and distal convo-
luted tubule, and characterized by hypokalemic metabolic
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alkalosis [4]. Five subtypes are distinguished: type 1 (defect
in SCLI2A1), type 2 (KCNJ1), type 3 (CLCNKB), type 4a
(BSND), type 4b (combined CLCNKA and CLCNKB) and
type S (MAGE-D2) [5, 6]. While all subtypes manifest
hypercalciuria and nephrocalcinosis, the age of onset and
associated metabolic abnormalities differ. Patients with
BS type 1 and 2, resulting from loss of function of the
sodium—potassium—chloride cotransporter (NKCC2) and
renal outer medullary potassium channel (ROMK), respec-
tively present during early infancy with polyhydramnios,
prematurity, polyuria, episodic dehydration and failure to
thrive [7]. Later age of onset and heterogenous presenta-
tion with isolated nephrocalcinosis is rare in patients with
BS type 1 or 2. Patients with BS type 4 and 5 may have an
early onset of illness [6]. Clinical heterogeneity is known
in BS type 3 that presents antenatally, or during childhood
with hypercalciuria and polyuria, or have Gitelman-like
presentation with incidentally detected hypokalemia and
hypomagnesemia [8]. We describe a patient with late-onset
BS type 2 that was diagnosed following evaluation for
nephrocalcinosis.
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Case report

This 14-year-old developmentally normal girl, born of non-
consanguineous marriage with birth weight of 2.75 kg, was
incidentally found to have bilateral medullary nephrocalci-
nosis on ultrasonography done for abdominal pain (Fig. 1).
Family history was non-contributory; there were no siblings.
While there was history of maternal polyhydramnios, ultra-
sound reports for confirmation were not available. There
was history of polydipsia and polyuria since 7-8 years of
age; urine output was approximately 2.6-3.0 L/m?/day.
There was no history of failure to thrive, salt craving, epi-
sodic weakness, seizures, tetany, and visual or hearing
deficits. Examination, at 14 years, showed weight of 50 kg
(0.5 standard deviation score, SDS), height 161 cm (1.08
SDS) and blood pressure 120/86 mmHg. Ambulatory blood
pressure monitoring showed normal mean blood pressure
(106/67 mmHg) with systolic and diastolic loads of 1.9%
and 15.1%, respectively. Venous blood pH (7.35-7.43),
pCO, (43.7-48 mmHg) and bicarbonate levels calculated
by Henderson—Hasselbalch equation (23.7-26 mEq/1)
were normal while the patient was not receiving any ther-
apy. Blood levels of sodium (140-143 mEq/1), potassium
(3.8-4.5 mEq/1), chloride (100-102 mEq/1), urea (18 mg/
dl), creatinine (0.6-0.7 mg/dl; estimated GFR 93—-110 ml/
min/1.73 m?), uric acid (6.3 mg/dl), calcium 8.9-9.2 mg/
dl, phosphorus 4.2-4.7 mg/dl and alkaline phosphatase
159-197 U/l were within normal limits.

Blood level of 25-hydroxyvitamin D was normal
(70.3 nmol/l) and parathyroid hormone (PTH) was elevated
(104-224 pg/ml). Serum magnesium ranged between 1.4 and
2.3 mg/dl (normal 1.7-2.2 mg/dl) and its fractional excre-
tion, assessed on one occasion, was 5.7% (normal <4%).

Fig. 1 Ultrasonographic appearance of the right kidney showing
increased echogenicity of renal medulla suggestive of dense medul-
lary nephrocalcinosis

Early morning fasting urine pH was 5.3, indicating normal
distal acidification. Urinalysis confirmed hypercalciuria (cal-
cium 6.9 mg/kg/day; normal <4 mg/kg/day) and proteinu-
ria (369 mg/day). Urinary f2-microglobin excretion was
130 ng/ml (normal < 300 ng/ml); glucosuria and aminoaci-
duria were absent. Evaluation of eyes and ears were normal.

At another center, the patient was treated with potassium
citrate supplements and hydrochorthiazide (1 mg/kg/day)
that resulted in hypokalemia (potassium 2.8-3.1 mEq/l)
and alkalosis (bicarbonate 26.9-27.8 mEq/1). Following
this therapy, creatinine transiently rose to 0.8 mg/dl (eGFR
83 ml/min/1.73 m?), possibly due to dehydration, and
declined to 0.6-0.7 mg/dl (eGFR 95-110 ml/min/1.73 m?)
within the next 3—5 months. A clinical diagnosis of famil-
ial hypomagnesemia with hypercalciuria was made, based
on presence of nephrocalcinosis, high PTH, normal distal
acidification and p2-microglobulin excretion, and absence
of metabolic acidosis or alkalosis.

Targeted exome sequencing for a panel of genes asso-
ciated with nephrocalcinosis [2, 9] showed two missense
variants on exon 2 of KCNJI (c.146G > A and c.657C > G).
The former variant led to change from cysteine to tyrosine at
position 49, and the latter from serine to arginine at position
219. The variants were confirmed by Sanger sequencing in
the parents who were heterozygous carriers (Fig. 2). These
variants are not reported in the 1000 genome database;
minor allele frequency was 0.005% and 0.0008%, respec-
tively in ExXAC database. In silico pathogenicity of both
variants was damaging by Mutation Taster 2 and probably
damaging by Polyphen-2. Combined annotation dependent
depletion (CADD) score was 26.7 and 25.1, respectively
(https://cadd.gs.washington.edu/snv) and the reference
codons were conserved across species. Both variants caused
in vitro functional alteration of ROMK [10] and were clas-
sified as pathogenic by the American College of Medical
Genetics (ACMG) 2015 criteria [11]. The diagnosis of BS
type 2 was made. No variant was detected in other genes
associated with Bartter or Gitelman syndromes, CLDN16
and CLDN19.

Discussion

This 14-year-old girl had a mild and late presentation with
isolated nephrocalcinosis without hypokalemia and meta-
bolic alkalosis; compound heterozygous pathogenic variants
were present in exon 2 of KCNJI. Uptake of sodium chlo-
ride in the thick ascending limb is mediated by the NKCC2
transporter that transports one Na*, one K* and two C1~ ions
from the lumen into the cell. The basolateral Na-K-ATPase
actively exports three Na* ions out of the cells and imports
two K* ions. The ATP-sensitive inwardly rectifying potas-
sium channel (ROMK) encoded by KCNJ1 recycles KT into
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(a) Father

chrl1:2.128710050C>T
c.146G>A

p-Cys49Tyr

(Normal)

chr11:2.128709539G>C
¢.657C>G
p-Ser219Arg

(b) Mother

chr11:g.128710050C>T
c.146G>A
p-Cys49Tyr

chrl1:g.128709539G>C
c.657C>G

p-Ser219Arg

(Normal)

Fig.2 Exon 2 of KCNJI. Sanger sequence chromatogram and alignment to the reference sequence confirming compound heterozygous varia-
tions: a ¢.657C > G; p.S219R in father of the index patient; b ¢.146G > A; p.C49T in the mother

the tubular lumen. While ROMK malfunction indirectly dis-
rupts NKCC2 function, and results in hypokalemia, volume
depletion and metabolic alkalosis, these features were absent
in the present patient.

Although neonates with ROMK defects might transiently
not show hypokalemia [12], the absence of hypokalemia in
this patient was unusual. Recycling of potassium by ROMK
causes lumen-positive transepithelial potential, which is
the main driving force for paracellular uptake of cations,
including calcium and magnesium. Thus, hypercalciuria
with nephrocalcinosis, and hypermagnesuria are features of
BS type 2. While the former were present, serum levels of
magnesium were normal in this patient. High PTH levels,
have been shown in a large cohort of patients with BS type
2, and attributed to persistent hypercalciuria [13].

Variants in KCNJI are chiefly missense or nonsense
affecting exon 2 (transcript ID ENST00000392665.6), as
was also seen in the present patient [12, 14—17]. The variant
¢.146G > A has been reported in the compound heterozy-
gous state in a patient with antenatal Bartter syndrome [10].
The ¢.657C > G variant has been reported both in the com-
pound heterozygous [18] and familial homozygous states
in patients with Bartter syndrome [19]. ROMK is gated by
intracellular pH with half maximal activation at pH of 6.8
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[10]. The gating is driven by protonation of lysine within a
triad of arginine-lysine-arginine residues in the transmem-
brane region [10]. Structural disturbance of the triad alters
electrostatic interactions, shifting pKa of the lysine residue
to an alkaline pH. Heterologous expression experiments
showed shifts in pH gating in vitro due to ¢.146G> A and
c.657C>G to 7.5 and 7.9, respectively [10], inactivating
ROMK under physiological conditions. Therefore, both the
variants are classified as pathogenic [11].

Antenatal BS, types 1 and 2, typically present early but
milder phenotype and later onset has been described in BS
type 1 [20-22]. Presentation of BS type 2 beyond child-
hood is exceptional. In several series of BS type 2, compris-
ing 6-20 patients, prematurity (100%) and polyhydramnios
(66-95%) were common manifestations [12, 15-17, 19]
and patients were chiefly diagnosed early during infancy
(95-100%) [17, 19] or between 1 and 5 years of age (5%)
[17].

Table 1 shows features of four reports of late-onset BS
type 2. Similar to the present patient, polyhydramnios was
present in another patient [23] and most had polyuria during
childhood [23-25] without growth failure [23, 24, 26]. While
hyperkalemia may occur in the neonatal period in 25-60%
patients [15, 19], hypokalemia and metabolic alkalosis are
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seen between 1-week to 5-years of age [27]. The severity of

% % § hypokalemia and metabolic alkalosis is modest compared to
g S o 8, 9 8¢ those with defects in CLCKNB [16, 19]; in one series only
§ i% § ;;‘; = = § 2 of 12 patients required potassium supplementation [12].
g 2 ﬂé 2 < §D ,:E Serum potassium over prolonged follow-up ranged between
2 2. 2B g 32 3-3.5 mEq/L [15] and 2.3-3.8 mEq/L [27] in six and ten
51 o % sl o) 5
5 Ex E® & 2. patients, respectively.
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While most patients with late onset BS type 2 had hypoka-
lemia and alkalosis (Table 1), these features were not present
in our case and was intermittently absent in the case reported
by Li et al. [23]. In addition, the case reported by Li et al.
also had hyperparathyroidism, similar to our patient. The
absence of severe hypokalemia might be because ROMK
is also expressed in the collecting duct, where potassium
is preserved despite presence of hyperaldosteronism. Pres-
ence of variations in the compound heterozygous state might
preserve partial channel function accounting for later onset
with milder phenotype; similar cases with other compound
heterozygous KCNJI variants have been reported [23-25].

The present patient requires long term follow-up to deter-
mine whether electrolyte abnormalities will manifest during

urine chloride, hyperparathyroidism, p.T234I; p.T71M

hyperreninemia
chloride; high 1,25(OH), vitamin D

Nephrocalcinosis, hypercalciuria
urine chloride; high parathyroid hor-

mone, elevated fractional excretion

and chloride 2.5%; high transtubular
of magnesium

nephrocalcinosis, hypercalciuria;
fractional excretion of sodium 2.3%
potassium gradient

mild hypercalcemia, high urine
Nephrocalcinosis, hypercalciuria; high Compound heterozygous;

Nephrocalcinosis, hypercalciuria; high Compound heterozygous;

Other metabolic abnormalities
Blood creatinine 1.13 mg/dl,

5-10% centile Nephrocalcinosis, hypercalciuria;

k=] = = = =

E g g g g adulthood [23, 24, 26]. Despite milder electrolyte abnor-

) Z Z Z Zz malities, nephrocalcinosis and hypercalciuria is a constant

g - feature in all cases with BS type 2 [16, 19], including all

E o = patients with late-onset BS type 2, as was also observed in
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§5 | ~ e q the present patient. Our finding highlights the need for inclu-
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