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Abstract Adenine phosphoribosyltransferase (APRT) defi-
ciency, cystinuria, Dent disease, familial hypomagnesemia
with hypercalciuria and nephrocalcinosis (FHHNC), and
primary hyperoxaluria (PH) are rare but important causes
of severe kidney stone disease and/or chronic kidney disease
in children. Recurrent kidney stone disease and nephrocal-
cinosis, particularly in pre-pubertal children, should alert the
physician to the possibility of an inborn error of metabolism
as the underlying cause. Unfortunately, the lack of recogni-
tion and knowledge of the five disorders has frequently
resulted in an unacceptable delay in diagnosis and treatment,
sometimes with grave consequences. A high index of sus-
picion coupled with early diagnosis may reduce or even
prevent the serious long-term complications of these dis-
eases. In this paper, we review the epidemiology, clinical
features, diagnosis, treatment, and outcome of patients with
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Introduction

Recent epidemiological studies have suggested an increased
frequency of kidney stone disease in all age groups during
the last decades [1, 2]. Although this increase is mostly
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driven by more frequent diagnosis of idiopathic calcium kidney
stone disease, inherited metabolic disorders such as adenine
phosphoribosyltransferase (APRT) deficiency, cystinuria, Dent
disease, familial hypomagnesemia with hypercalciuria and
nephrocalcinosis (FHHNC), and primary hyperoxaluria (PH),
should always be considered in the differential diagnosis of
pediatric stone disease. All of the above hereditary disorders
cause urinary hyperexcretion of insoluble mineral salts, which
can lead to recurrent kidney stones or nephrocalcinosis. All of
these disorders except cystinuria frequently cause chronic kid-
ney disease (CKD) and can progress to end-stage renal disease
(ESRD) [3]. Unfortunately, the lack of recognition and knowl-
edge of these diseases has frequently resulted in unacceptable
delay in diagnosis and treatment, sometimes with grave
consequences.

Patients with each of the five aforementioned disorders
often have their initial kidney stone episode in the first decade
of life. Recurrent stones, particularly in pre-pubertal children,
should alert the physician to the possibility of an inborn error
of metabolism as the underlying cause. Nephrocalcinosis,
with or without a history of stone disease, is a common feature
of Dent disease, FHHNC, and PH, but not APRT deficiency or
cystinuria. Children with APRT deficiency [4], FHHNC [5],
and PH [6] may develop crystalline nephropathy and CKD,
while patients with Dent disease and cystinuria usually do not
suffer renal impairment until adulthood [7]. All children with

reduced renal function and/or stone disease should undergo a
thorough metabolic evaluation, which includes screening for
APRT deficiency, cystinuria, Dent disease, FHHNC, and PH.

Kidney stones are common in the general population,
affecting approximately one in ten individuals in their life-
time. However, it is important to remember that stone dis-
ease is different in children compared to adults. In particular,
it has been suggested that a metabolic workup is not neces-
sary in all adults after a single stone event. In contrast, all
children that present with stones deserve a complete evalu-
ation, since these rare forms of stone disease are associated
with a distinct risk of renal failure. A key part of the
pediatric kidney stone workup is the stone analysis. Cystine
and 2,8-dihydroxyadenine (DHA) will be easily recognized
by infrared spectroscopy. Stone composition is not defini-
tive for PH (calcium oxalate) and Dent disease (calcium
oxalate or calcium phosphate), but still narrows the differ-
ential diagnosis. Urine chemistries are the next important
test. Twenty-four hour collections are most helpful, though
random urine specimens can be employed in younger chil-
dren. Interpretation of random values is difficult, especially
for children under 1 year of age, and often several collec-
tions will be needed to confirm a normal or abnormal result.
Hypomagnesemia and hypercalciuria in patients with kidney
stones or nephrocalcinosis is strongly suggestive of FHHNC.
In the absence of fat malabsorption and enteric hyperoxaluria,

Fig. 1 Urinary crystals. a Typical small- and medium-sized 2,8-dihy-
droxyadenine crystals. The medium-sized crystals are brown with dark
outline and central spicules. b The same field viewed with polarized
light microscopy. The small- and medium-sized crystals appear yellow
in color and produce a central Maltese cross pattern. ¢ Urinary cystine
crystals. The typical 6-sided crystal is diagnostic of cystinuria. A good
example can be seen on the left side of the Figure (arrow). d Urinary
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calcium oxalate crystals. The typical bipyramidal calcium oxalate
dihydrate crystals (arrows) and a large dumbbell calcium oxalate
monohydrate crystal (asterisk) are both seen. e Amorphous calcium
phosphate crystals. Although their appearance is not as distinctive,
amorphous calcium phosphate crystals should be suspected if the urine
is alkaline (pH>6.0)



Pediatr Nephrol (2013) 28:1923-1942

1925

Table 1 When to suspect rare causes of kidney stones

History » First stone as a child or preadolescent

* Family history of stones or nephrocalcinosis
or unexplained kidney failure

* Reddish-brown diaper stain®
» Growth retardation or rickets
Laboratory testing * Crystals of unusual type
o Cystine®
o 2,8-Dihydroxyadenine®
o Unidentified
* Mild to moderate proteinuria®
* Elevated serum creatinine and/or reduced GFR

* Hypomagnesemia and increased urinary
calcium excretion

* Increased urinary oxalate excretion®

+ Positive urinary sodium nitroprusside test’
Imaging * Nephrocalcinosis
* Radiolucent kidney stones
* Multiple stones, bilateral stones

#Suggestive of adenine phosphoribosyltransferase deficiency
® Diagnostic of cystinuria
¢ Low molecular weight proteinuria is suggestive of Dent disease

9Highly suggestive of familial hypomagnesemia with hypercalciuria
and nephrocalcinosis

¢May suggest primary hyperoxaluria
Suggestive of cystinuria in children 2 years and older
GFR, glomerular filtration rate

high urine oxalate levels (>0.7 mmol/1.73 m” per 24 h) are
highly suggestive of PH and should lead to further testing.
Cystinuria should be excluded with a qualitative (nitroprus-
side test) or quantitative urinary cystine study in a patient with
radiopaque stones in whom stone analysis has not been per-
formed, particularly if other urine chemistries are unremark-
able. Round, brown DHA crystals (Fig. la) detected by
microscopic examination of the urine are pathognomonic of
dihydroxyadeninuria and he typical hexagonal cystine crystals
(Fig. 1c) are diagnostic of cystinuria. Patients with PH often
have calcium oxalate crystals (Fig. 1d) in their urine, while
urinary calcium oxalate or calcium phosphate crystals
(Fig. le) may be detected in patients with Dent disease.
Finally, all boys with unexplained stones, nephrocalcinosis,
and/or proteinuria should have a quantitative test for low
molecular weight (LMW) proteinuria to exclude the possibil-
ity of Dent disease. A high index of suspicion coupled with
early diagnosis and treatment may reduce or even prevent the
serious long-term complications of these well-defined hered-
itary causes of severe stone disease and/or CKD.

In this paper, we review the epidemiology and genetics,
clinical features, diagnosis, treatment and outcome of APRT
deficiency, cystinuria, Dent disease, FHHNC and PH.

Emphasis will be placed on childhood manifestations and
features suggestive of these rare causes of kidney stone
disease, nephrocalcinosis and CKD (Table 1). Diagnostic
algorithms will be presented. Other rare hereditary causes of
kidney stones or nephrocalcinosis, including xanthinuria
and hypoxanthine-guanine phosphoribosyltransferase defi-
ciency (Lesch—Nyhan syndrome), will not be discussed in
this review.

Adenine phosphoribosyltransferase deficiency
and 2,8-dihydroxyadeninuria

Background

APRT deficiency (OMIM 102600) is a rare autosomal reces-
sive inborn error of adenine metabolism resulting in the gen-
eration of large amounts of the poorly soluble DHA, which
leads to stone formation in the urinary tract and crystalline
nephropathy [8, 9]. APRT deficiency was first described in
1968 by Kelley and coworkers [10] who reported partial defi-
ciency of the enzyme in four asymptomatic subjects. The
disorder has since been described in all ethnic groups, although
the majority of reported cases have come from Japan, France,
and Iceland [8].

APRT is a cytoplasmic enzyme that catalyzes the synthe-
sis of 5'-adenosine monophosphate from adenine and 5-
phosphoribosyl-1-pyrophosphate (PRPP) leading to effec-
tive recycling of adenine [11]. Because other metabolic
pathways for adenine are lacking in humans, the absence of
functional APRT Ileads to the conversion of the 8-hydroxy
intermediate metabolite to DHA by xanthine dehydrogenase
(XDH). A simplified overview of adenine metabolism is
depicted in Fig. 2.

The human APRT gene, located on chromosome 16q24,
is 2,466 base pairs long and contains five exons encoding a
180 amino acid protein [12]. More than 40 functionally
significant human APRT mutations that completely abolish
the function of the enzyme in vivo have been reported to
date [13]. Most of these mutations are single base changes
and small deletions. In the Japanese population a missense
mutation in exon 5, p.Thr136Met, is most common, affect-
ing approximately 70 % of patients [14]. The most common
mutations in other ethnic groups are a T insertion at the splice
donor site of intron 4 (IVS4 + 2insT) [9] and a missense
mutation in exon 3, p.Asp65Val, which interestingly accounts
for all cases of APRT deficiency in Iceland [8].

There is suggestive evidence that APRT deficiency may
be a seriously under recognized cause of kidney stones and
CKD that progresses to ESRD in a significant proportion of
untreated patients [15]. However, early recognition of the
disease and prompt institution of effective pharmacolog-
ic therapy prevents the development of kidney failure [8, 9].
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The estimated heterozygote frequency in different popu-
lations ranges from 0.4 to 1.2 % [16, 17], suggesting that the
prevalence of a homozygous state is at least 1:50,000—
100,000. If this holds true, there should be at least 70—
80,000 cases worldwide of which 40,000 would be expected
to be in Asia, 9,000 in Europe, 8,000 in the Americas,
including at least 3,000 cases in the U.S. alone. The disease
is currently unrecognized in the majority of these patients
who, therefore, are not receiving the benefits of medical
therapy. Lack of familiarity with dihydroxyadeninuria
among clinicians and pathologists is a major concern and
undoubtedly contributes to the low number of reported cases
worldwide. Other plausible explanations include inadequate
evaluation of patients with kidney stones and confusion of
DHA calculi with uric acid and/or xanthine stones.

Clinical features

Radiolucent kidney stones are by far the most common
clinical manifestation of APRT deficiency in the pediatric
population [8, 18]. An initial presentation of acute kidney
injury due to bilateral DHA calculi causing urinary tract
obstruction has also been well documented in children [4,
8, 19, 20]. Other common clinical features include recurrent
urinary tract infections, hematuria, and reddish-brown dia-
per stains [8, 9, 20]. However, some children remain asymp-
tomatic throughout childhood and, not uncommonly, the
disease is diagnosed by the detection of DHA crystals on
routine urine microscopy or through screening of siblings of
index cases [8, 18].

Although CKD with reduced glomerular filtration rate
(GFR) has been reported in a number of children with APRT

Adenine AMP

Adenosine — Inosine HPRT

|

Hypoxanthine —

IMP

XDH

2,8-Dihydroxyadenine
XDH

Xanthine
XDH

Uric acid

Fig. 2 Schematic overview of adenine metabolism. In adenine phos-
phoribosyltransferase deficiency, adenine cannot be converted to
adenosine monophosphate and is instead converted by xanthine dehy-
drogenase to 2,8-dihydroxyadenine. Abbreviations: APRT, adenine
phosphoribosyltransferase; AMP, adenosine monophosphate; HPRT,
hypoxanthine-guanine phosphoribosyltransferase; IMP, inosine mono-
phosphate; XDH, xanthine dehydrogenase
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deficiency [18], ESRD secondary to crystalline nephropathy
is a much more common presenting feature of APRT defi-
ciency in adults [8, 9], which in a number of cases has not
been recognized until after kidney transplantation has been
performed [15, 21, 22]. This point is well demonstrated in a
recent report from the Mayo Clinic of 3 adult patients with
ESRD due to dihydroxyadeninuria [15]. While all these
patients were found to have crystalline nephropathy, two
did not have a past history of kidney stones and the third
one had only experienced a single stone episode 36 years
prior to diagnosis. Early DHA crystalline nephropathy in a
child was reported by Greenwood and colleagues [4] who
performed a kidney biopsy in a 4-year-old girl with bilateral
stone disease and acute kidney injury.

Fifteen of 32 Icelandic patient with data in the APRT
Deficiency Registry of the Rare Kidney Stone Consor-
tium (RKSC) presented before the age of 18 years. The
major presenting features included kidney stones in two
patients, reddish-brown diaper stain in ten, renal colic
in six, and one was asymptomatic (unpublished
observation).

The kidney and urinary tract appear to be the only
organ system affected in APRT deficiency. However, we
have encountered occasional adults with this disorder
who have complained of eye discomfort, though it is
unclear if this is related to DHA crystal deposition in
ocular tissues.

Diagnosis

The diagnosis of APRT deficiency should be considered in
all children presenting with renal colic, radiolucent kidney
stones or acute kidney injury and in infants with a history of
reddish-brown diaper stain [8, 18]. It is particularly impor-
tant to consider APRT deficiency in children with radiolu-
cent stones because uric acid stones are uncommon in this
age group. A high urine pH in patients who present with
radiolucent stones provides an additional clue, as uric acid
stones develop in acidic urine. In addition, APRT deficiency
should always be included in the differential diagnosis of
childhood acute kidney injury, especially when associated
with radiolucent kidney stones. The diagnosis of kidney
stones requires imaging techniques that are capable of
detecting radiolucent stones, such as ultrasound or comput-
ed tomography. A diagnostic algorithm for APRT deficiency
is presented in Fig. 3.

The pathognomonic round and brown DHA crystals can
usually be detected by urine microscopy in nonoliguric
patients (Fig. 1a). The crystals may, however, be difficult
to identify in urine samples from patients with advanced
CKD, possibly due to reduced renal crystal clearance [8, 9].
Another clue for the identification of DHA crystals is a
central Maltese cross pattern that can be observed when
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Diagnosis of APRT Deficiency

Kidney Stones and Crystalluria

Chronic Kidney Disease

¢ Radiolucent stones'
¢ Reddish-brown diaper stain
 Stones and CKD?

* Acute on chronic kidney injury®
* Acute allograft nephropathy?®
¢ CKD and stones?

| |

|

Stone analysis*
2,8-DHA * DHA crystals

* Unrecognized crystals

Urine microscopy®

Kidney biopsy®
* Crystalline nephropathy unknown type
* DHA crystals identified
* Tubulointerstitial nephropathy

|

APRT activity in red blood cell lysates”

Abolished |

|

m APRT Deficiency? m

Fig. 3 Algorithm for diagnostic evaluation of adenine phosphoribo-
syltransferase (APRT) deficiency and 2,8-dihydroxyadeninuria.
12,8-dihydroxyadeninuria, hyperuricosuria and xanthinuria should
always be considered in the differential diagnosis of radiolucent
kidney stones in childhood. *Children with radiolucent kidney stones
and chronic kidney disease (CKD) should be evaluated for APRT defi-
ciency. >®Patients with APRT deficiency may present with acute kidney
injury, CKD or acute allograft nephropathy, even in the absence of
previous history of kidney stones. Kidney biopsy shows variable degree
of tubulointerstitial injury and features consistent with crystalline ne-
phropathy. *Ultraviolet spectrophotometry and/or X-ray crystallography
easily differentiates 2,8-dihydroxyadenine (DHA) from uric acid and

small- or medium-sized crystals are viewed by polarized
light microscopy (Fig. 1b). Furthermore, analysis of DHA
crystals and stone material using infrared and ultraviolet
spectrophotometry and/or X-ray crystallography easily dif-
ferentiates DHA from uric acid and xanthine. In contrast,
biochemical analysis of stones does not distinguish DHA
from uric acid and is no longer recommended.

Absence of APRT activity in red cell lysates is diagnostic of
APRT deficiency. Enzyme activity measurements are also
needed to determine the functional significance of novel
mutations. Identification of functionally significant mutations
in both copies of the APRT gene confirms the diagnosis. Renal
histological examination will reveal DHA crystalline ne-
phropathy in patients with APRT deficiency and CKD or
acute allograft dysfunction, even in the absence of a kidney
stone history [15]. Greenwood and coworkers [4] described
intratubular, intracellular and interstitial DHA crystal deposi-
tion and widespread tubular atrophy in a kidney biopsy spec-
imen from a 4-year-old female with bilateral stone disease and
acute kidney injury. It is important, however, not to confuse
the histopathologic manifestations of DHA nephropathy with
features of other types of crystalline nephropathy, particularly
oxalate- and uric acid-induced kidney damage [15]. Once
suspected, the diagnosis of APRT deficiency can readily be

xanthine. *The pathognomonic round, brown urinary DHA crystals
(Fig. 1) are seen in almost all patients with the disorder. The crystals
may, however, be hard to identify in patients with markedly decreased
renal function due to reduced crystal clearance. APRT activity in red
blood cell lysates ranges from 16 to 32 nmol/h/mg hemoglobin in healthy
subjects [118]; homozygotes and compound heterozygotes have no mea-
surable enzyme activity and in heterozygotes the activity is approximately
25 %. Recent blood transfusion may falsely elevate APRT activity.
8Genetic testing, which confirms the diagnosis when functionally signif-
icant mutations are found in both copies of the APRT gene, is not
clinically indicated in patients with abolished APRT activity

made using the strategies outlined above. The alertness of
practicing pediatricians is of paramount importance when
children present with clinical manifestations of the disorder,
to facilitate timely therapeutic intervention.

Treatment and outcome

Treatment with the XDH inhibitor allopurinol is effective
and generally well tolerated in patients with APRT deficien-
cy. Allopurinol 5-10 mg/kg/day, taken either as a single
dose or divided into two doses, prevents stone formation,
renal crystal deposition and the development of kidney
failure [8, 9]. Moreover, treatment with allopurinol can even
result in a resolution of kidney stones and improvement of
kidney function in patients with advanced renal insufficiency
[8, 9, 18]. The recently introduced XDH inhibitor febuxostat
provides an alternative treatment option for patients allergic to
or intolerant of allopurinol [23]. No data have been published
on the use of febuxostat in patients with dihydroxyadeninuria.
However, we have achieved a significant reduction in DHA
crystalluria in one of our adult patients using a daily febuxo-
stat dose of 80 mg (unpublished observation). Low purine diet
and ample fluid intake provide adjunctive benefits to pharma-
cologic therapy.
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Cystinuria
Background

Though it meets the definition of a rare disease, cystinuria
(OMIM 220100) is the most common cause of inherited kid-
ney stones addressed in this article. It is said to account for
about 1 % of all kidney stones and up to 25 % of pediatric
stones [24]. The worldwide prevalence of cystinuria is estimat-
ed at 1:7,000, ranging from 1:2,500 among a population of
Libyan Jews to 1:100,000 persons in Sweden. In the United
States, one estimate is that cystinuria occurs in approximately
1:15,000 adults. However, the true prevalence may be higher
as some affected individuals never make a stone or make them
infrequently and never have the diagnosis made.

Cystinuria is the result of a defect in proximal tubular
reabsorption of filtered cystine, a homodimer of the amino
acid cysteine [25]. Normally, 100 % of filtered cystine is
reabsorbed so that normal urine cystine excretion is 0—
100 umoles of cystine per gram of creatinine. The disorder is
the result of autosomal recessive inheritance of a genetic defect
in one of two genes whose protein products are required for
tubular cystine reabsorption [26]. The transport protein is
encoded by SLC749 and is called b*"AT (amino acid trans-
porter of positively charged or neutral amino acids). It forms a
heterodimer in the apical membrane of proximal tubular epi-
thelial cells with the protein product of SLC3A41, called rBAT
(related to b*"AT amino acid transporter). The rBAT protein is
required to correctly direct b*"AT to the apical membrane.
Mutation of both alleles of SLC341 (type A genotype) or
SLC7A49 (type B genotype) will lead to failure to reabsorb
cystine filtered at the glomerulus and excretion of abnormal
amounts of the relatively insoluble cystine. The result is for-
mation of recurrent renal stones. Defective cystine transport
physiology is also associated with concomitant loss of the
dibasic amino acids ornithine, arginine, and lysine, but their
loss is not clinically significant. People heterozygous for
SLC3A41 mutations will generally not have cystine in the urine,
while heterozygotes for abnormal SLC749 sequences will
have abnormal amounts that are very rarely sufficient to cause
stones, perhaps if other factors such as low urine volume or
low urine pH are also present. SLC749 mutations can therefore
be considered as incompletely dominant mutations. The same
cystine transporter is expressed in the small intestine, respon-
sible for absorption of cystine from the intestinal lumen, and is
defective in cystinuria. However, cystine can also be absorbed
as a component of oligopeptides and, therefore, the intestinal
defect does not lead to any known clinical consequence.

Clinical features

Recurrent urinary tract stone disease is the only clinical
manifestation of cystinuria in childhood. The hypotonia-
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cystinuria syndrome (OMIM 606407) arises when muta-
tions occur both in SLC34 7 and the contiguous gene PREPL
(prolyl endopeptidase-like protein). Besides cystinuria, af-
fected individuals have severe hypotonia at birth, delayed
growth and hyperphagia and excessive weight gain later in
childhood [27]. Cystinuria can also result in CKD due to
recurrent stones, obstructive uropathy and repeated urologic
interventions. Most patients with cystinuria present in child-
hood with stone formation. Average age of detection of a
first renal stone is about 12—13 years [28], with 50 % form-
ing a first stone in the first decade of life and another 25 %
in teenage years. Males and females have a similar age of
onset but more male patients than female patients present in
the first 3 years of life and males tend to have new stones
more frequently than females. On the other hand, some
patients surprisingly have their first stone between 40 and
80 years of age [29]. Type A and B genotypes apparently have
similar phenotypes with similar rates of stone recurrence.

A significant proportion of adults with cystinuria develop
CKD and the renal pathologic findings correlate with the
reduction in GFR. One study demonstrated that 52 adult
patients with cystinuria had a creatinine clearance of
63.2 ml/min compared with 3,215 patients without cystin-
uria whose creatinine clearance was 111.1 ml/min [30]. How-
ever, more open surgical stone removing procedures and
nephrectomy are variables correlated with an increased serum
creatinine, with 14.1 % of cystinuric patients compared to
2.9 % of calcium oxalate stone formers in one cohort having
undergone nephrectomy [31].

Diagnosis

Diagnosis of cystinuria is outlined in the diagnostic algo-
rithm shown in Fig. 4. Demonstration of hexagonal crys-
tals on urinalysis is pathognomonic of cystinuria (Fig. 1c).
Some clinical laboratories screen all 24 h urine collections
from new clients with the sensitive and specific nitroprus-
side test [32]. Demonstrating increased urine content of
lysine, ornithine and arginine is merely confirmatory and
not necessary if cystine stones or crystals are identified. At
present, genotyping patients with cystinuria is not required
for diagnostic purposes and yields no clinically useful
information.

Although data regarding the renal histopathology of cys-
tinuria are relatively sparse, affected patients may develop
crystalline nephropathy. One paper stands out in this regard,
presenting the results of renal papillary biopsy of seven
patients who underwent percutaneous nephrolithotomy
[33]. The ducts of Bellini and inner medullary collecting
ducts (IMCD) were frequently plugged with cystine crystals,
had injured or absent lining cells with nearby inflammation or
fibrosis of the interstitium. In addition, hydroxyapatite (calcium
phosphate) crystals were noted in the lumens of loops of Henle
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Diagnosis of Cystinuria

First stone any age
or
sibling with cystinuria

Stone analysis | | Urine microscopy

Cystine Hexagonal crystals

Yes Yes

No

Urine cystine screen

Quantitative urine

Na-CN-nitroprusside test
positive (purple color)

cystine analysis
>70 umol/mmol creatinine

(1500 umol/g creatinine)

l Yes

m Cystinuria m

Fig. 4 Algorithm for diagnostic evaluation of cystinuria. Demonstra-
tion of aminoaciduria with excessive levels of ornithine, arginine or
lysine is not required for diagnosis. All patients with stones prior to age
30 years should be screened. Sodium-cyanide-nitroprusside test can
yield false positive result in heterozygotes below the age of 2 years. A
positive sodium-cyanide-nitroprusside test should be confirmed with
24 h urine collection. Homozygotes have more than 170 pwmol cystine/
mmol creatinine (1,500 pmol cystine/g creatinine). Heterozygotes

and IMCD. Cortical glomerular obsolescence and interstitial
fibrosis were also present.

A newborn screening program in Montreal demonstrated
that heterozygous children have transiently increased levels
of urine cystine at 1-2 months after birth which is signifi-
cantly reduced by 4 years of age [34]. This maturational
effect was present in heterozygotes whether of type A or B
genotype, though it was more dramatic in the latter group.
One conclusion is that screening urine for cystine can be
delayed for 1-2 years in asymptomatic siblings of known
cystinuric patients.

Treatment and outcome

Treatment focuses on reducing the supersaturation of urinary
cystine to limit the potential of crystallization. The variables
that can be addressed include cystine concentration, cystine
amount and urine pH. Oral fluid intake of 1.5-4.5 I/day, as
tolerated, should be prescribed to decrease urine cystine con-
centration to less than 250 mg/l (about 1 mmol/l), aiming for
urine output of at least >750 m1/24 h in infants, >1,000 ml/
24 h in young children up to 5 years of age, >1,500 ml/
24 h up to 10 years of age, >2,000 ml/24 h in older
children and adolescents and >3,000 ml/24 h in older
adolescents and adults may be needed. Gastric tube place-
ment should be considered in younger children to facilitate
fluid intake.

(with SLC749 mutations) will have between 11 and 110 pmol cys-
tine/mmol creatinine (100—1,000 pmol cystine/g creatinine), while
other heterozygotes (with SLC341 mutations) have normal cystine
excretion (<11 pmol cystine/mmol creatinine). Adult homozygotes
excrete more than 1.3 mmol cystine per day (300 mg/day); heterozy-
gotes (with SLC749 mutations) will excrete more than 0.13 mmol/day
(30 mg/day) while other heterozygotes (with SLC341 mutations) have
normal cystine excretion

The amount of excreted cystine can be reduced by limiting
animal protein intake and salt ingestion [35]. Modest animal
protein restriction (1 g/kg/day) can lead to reduced ingestion
of methionine, a cystine precursor, and reduced cystine excre-
tion [36]. Similarly, reduction of sodium intake leads to re-
duced cystine excretion, though the mechanism of this effect
is not known. Neither of these dietary manipulations have,
however, been shown to actually reduce stone formation in
randomized controlled trials.

Cystine supersaturation is significantly reduced at higher
urine pH. The goal of therapy is to alkalinize the urine to pH
of 7.5 with potassium citrate. Sodium citrate should be
avoided because of the effect of increased urine sodium on
urine cystine excretion. Usual doses might be 0.5-1 mmol/
kg/day given 2 or 3 times a day in children, with urine pH
testing useful to document the effect. Round-the-clock alka-
linization is desirable for most significantly affected indi-
viduals and can be monitored by measuring urine pH once a
day at varying times. For teenagers or adults, this might
require 30 mmol or more 2 or 3 times a day. Alkalinization
may occasionally cause calcium phosphate stones to form,
particularly if urine calcium is elevated or urine volume is
not increased.

When fluid intake and alkalinization fail to halt stone
formation, the thiol drugs D-penicillamine and tiopronin
are both efficacious at breaking the disulfide bridge of
cystine and forming soluble drug-cysteine complexes [37].
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Both drugs reduce stone formation but have significant rates
of discontinuation due to a variety of side effects, including
rash, allergy, hematologic and liver function abnormalities and
rarely nephrotic syndrome due to membranous nephropathy.

Collection of urine for 24 h can be useful in monitoring
therapy. Measurement of urine pH, sodium and surrogates
of protein ingestion such as urea can help monitor adherence
to dietary therapy and judge the adequacy of citrate supple-
mentation. Measurement of cystine is useful but can be
artifactually lowered by precipitation of the amino acid after
voiding; alkalinization of the collected urine ensures that
cystine is in a soluble and measurable state [38]. Thiol
therapy may also interfere with cystine measurement and
can be overcome by use of a solid phase assay to directly
measure urinary cystine capacity or supersaturation [35, 39].
Such an assay may eventually prove to be useful in pre-
scribing thiol drugs and judging metabolic stone-forming
activity.

Cystinuria has a better prognosis today in the era of effec-
tive medical therapy and modern endourology. Although no
randomized controlled trials have been performed in cystin-
uria, some small, retrospective cohorts suggest that the out-
come of prophylactic regimens can reduce stone recurrence
[40]. Cystine stones are often less amenable to being fractured
by shockwave lithotripsy, but can be effectively turned to dust
by ureteroscopy and the holmium laser [41]. The result is the
virtual elimination of open surgery and nephrectomy.
The expectation then is that less significant reductions
in glomerular filtration rate should be seen in the com-
ing years, though the impact of recurrent stones, crys-
talline nephropathy, and nephronal obstruction may
persist.

Dent disease
Background

Dent disease (OMIM 300009) is a rare renal tubular disor-
der, with about 250 affected families having been reported
around the world to date. The term Dent disease was first
introduced in 1990 [42] and identifies a group of X-linked
renal disorders characterized by LMW proteinuria, and var-
iable presence of hypercalciuria, nephrocalcinosis and/or
nephrolithiasis. This triad of symptoms has been variably
named X-linked recessive nephrolithiasis with renal failure
(XRN; OMIM 310468), X-linked recessive hypophosphate-
mic rickets (XLRH; OMIM 300554) or idiopathic LMW
proteinuria of Japanese children (JILMWP; OMIM 308990)
[43, 44]. The disease usually presents in childhood or early
adult life with males much more severely affected than
females [42, 45]. Progression to CKD occurs between the
3rd and 5th decades of life in 30-80 % of affected males
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[42, 43]. It is hoped that early diagnosis can delay or prevent
CKD. However, effective treatments have not yet been
clearly established. LMW proteinuria is universal and
hypercalciuria is common among affected Dent disease
patients, but both conditions are rarely screened for. There-
fore, many cases go undetected until more significant se-
quelae, such as progressive renal failure, develop.

Most diagnosed cases of Dent disease have been caused
by mutations in the CLCN5 gene, located on the X chromo-
some (Xp11.22). This gene encodes a 746-amino-acid CIC-
5 chloride channel that belongs to a voltage-gated chloride
channel family [46—48]. In the human kidney, CIC-5 is
primarily expressed in proximal tubular cells, alpha- and
beta-intercalated cells of the cortical collecting duct, and in
the thick ascending limb (TAL) of Henle’s loop [49]. In
proximal tubular cells it is predominantly located in intra-
cellular subapical endosomes, which are involved in the
endocytic reabsorption of LMW proteins that have passed
the glomerular filter. Specifically, CIC-5 has been proposed
to function by providing a shunt conductance in early endo-
somes, thus permitting their efficient intraluminal acidifica-
tion by a V-type H'-ATPase [49, 50]. Recently, however,
two independent groups demonstrated that CIC-5 functions
as a 2CI'/H" antiporter when activated by positive voltages
[51, 52]. Interestingly, it appears that endosomal chloride
concentration is at least as important as pH for normal
endosomal function [53]. A small portion of CIC-5 channels
are also located on the cell surface, where they are thought
to mediate plasma membrane chloride currents [54], or as
recently demonstrated, join macromolecular complexes at
the plasma membrane believed to mediate LMW protein
and albumin endocytosis [55].

CIC-5 knock-out mice demonstrate severe impairment of
receptor-mediated endocytosis [56], including the endocytic
retrieval of the plasma membrane multiligand megalin and
cubilin receptors [57, 58]. Like humans, knock-out mouse
models have LMW proteinuria, but not all of them develop
hypercalciuria and nephrocalcinosis [48, 59]. Indeed, the
relationship between impaired endocytosis and renal cal-
cium handling remains unclear. It has been suggested
that the hypercalciuria seen in many affected patients
stems from secondary changes in the regulation of calciotropic
hormone caused by urinary loss of key hormone-binding
proteins [59, 60].

To date, more than 100 different nonsense or missense
mutations, insertions or deletions and splicing mutations in
the CLCNS5 gene have been reported [61, 62], meaning that
the spectrum of CLCN5 mutations is highly varied and de
novo mutations are frequent. Genotype-phenotype correla-
tions have yet to be established. CLCN5 mutations are scat-
tered throughout the gene’s coding sequence and generate
truncated or absent CIC-5 channels in approximately 70 % of
cases. In approximately 40 % of patients with classic symptoms
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of Dent disease, no CLCNS mutations were detected, suggest-
ing locus heterogeneity [63, 64]. Subsequently, Hoopes and
colleagues [64] demonstrated that OCRLI mutations, initially
associated with Lowe syndrome, account for 15 % of patients
with Dent disease, which is now termed Dent 2 disease (OMIM
300555). OCRLI encodes a phosphatidylinositol 4,5-biphos-
phate 5-phosphatase localized at the Golgi apparatus. The
mechanism by which loss of OCRLI1 protein function leads
to disease has not yet been elucidated. Very recently, however,
the OCRLI protein was localized to early endosomes and the
trans-Golgi network (TGN), and clathrin coated transport inter-
mediates [65, 66]. Depletion of OCRLI1 perturbs trafficking at
the TGN/endosome interface, suggesting a role in regulating
transport between these compartments. Renal tubulopathy in
Lowe syndrome is quite similar to that of Dent disease, and is
mainly characterized by altered protein reabsorption. It is inter-
esting to note, however, that OCRL mutations associated with
Dent 2 disease do not overlap those causing Lowe syndrome
[67, 68].

Clinical features

The presentation of patients with Dent disease appears quite
variable. Most patients are recognized due to the presence of
nephrocalcinosis or unexplained CKD. Hypophosphatemia
and bone disease can also be observed, but appear to be a less
prominent part of the phenotype than first believed. A univer-
sal feature is proteinuria, which can be detected in typical
urinary total protein screens, including dipstick (Fig. 5). A
large proportion of this is LMW proteins which must be
specifically screened for. More recently, patients have been
recognized with nephrotic-range proteinuria and glomerular
changes of focal segmental glomerulosclerosis (FSGS) on
renal biopsy [69, 70]. It is not clear what percentage of FSGS
patients might have unrecognized Dent disease, or what role
glomerular dysfunction might play in the loss of renal function
in the majority of Dent patients. Other presenting features in
children and adolescents often include nephrocalcinosis and
hypercalciuria, with or without kidney stones, although the
prevalence of stones versus nephrocalcinosis remains unclear.
Hematuria may also be seen, presumably due to the stones and
nephrocalcinosis. It must be stressed that LMW proteinuria is
the pathognomonic feature of Dent disease, and can occur in
isolation [69, 70]. The prevalence of other manifestations such
as nephrocalcinosis or stones among those with CLCN5 and/
or OCRLI mutations is currently unknown.

The initial patients described with Dent 2 disease caused by
OCRLI mutations exhibited none of the classic extrarenal man-
ifestations of Lowe syndrome such as mental retardation, bone
disease, growth retardation, congenital cataracts, or delayed
motor milestones [64]. This milder phenotype could not be
attributed to lesser protein expression or enzyme activity. Inter-
estingly, patients with classic Lowe syndrome have a renal

phenotype very similar to those with Dent disease, with some
subtle differences. Renal tubular acidosis is one of the cardinal
signs of Lowe syndrome, whereas in Dent disease it is rare.
Features of Fanconi syndrome are also observed more frequent-
ly in patients with Lowe syndrome than in patients with Dent
disease, whereas hypercalciuria, nephrocalcinosis and nephroli-
thiasis are common for Dent disease but rare in Lowe syndrome.
However, more recently it has been suggested that a continuum
exists since patients with OCRLI mutations may present with
clinical phenotypes ranging from a severe Lowe syndrome with
the typical ocular, neurological and renal features to Dent 2
disease with only renal impairment [71]. To date, around 25
patients with Dent 2 disease have been reported.

Many affected males (30-80 %) will develop ESRD be-
tween the ages of 3050 years, although some may be delayed
until later in life [42, 43]. Deterioration of renal function can
be observed even in the absence of nephrocalcinosis [69, 70].

Diagnosis

Diagnostic features of Dent disease include LMW proteinuria,
hypercalciuria, nephrolithiasis and/or nephrocalcinosis and re-
nal insufficiency. Since proteinuria is often screened for, espe-
cially in patients with CKD, it is stressed as an entry point in the
suggested diagnostic algorithm (Fig. 5). The important clue for
a diagnosis of Dent disease is markedly increased levels of
LMW proteins in the urine (5-10 times above normal or
greater), in the absence of other causes of proximal tubular
dysfunction. Commonly screened LMW proteins are retinol-
binding protein and «l microglobulin. 32-microglobulin is
also often measured to screen for LMW proteinuria but we do
not recommend it since it is not very stable in even minimally
acidic urine [72]. It has been reported that proximal tubular
uptake of 99Tc-DMSA is abnormally low in patients with
proximal tubular dysfunction, including those with CLCN5
mutations [73]. Therefore, abnormal 99Tc-DMSA in the setting
of normal GFR can be another clue to the diagnosis of Dent
disease [70]. Although genetically-confirmed Dent discase
cases have been reported with LMW proteinuria alone, one or
more of the following additional features is sufficient to make a
clinical diagnosis of Dent disease when LMW proteinuria is
present: stones or nephrocalcinosis, hypercalciuria, hypophos-
phatemia with or without rickets, or a family history of Dent
disease (Fig. 5). Genetic screening of the two implicated genes
(CLCN5 and OCRLI) can be confirmatory. Findings on renal
biopsy consistent with Dent disease include nephrocalcinosis,
interstitial fibrosis, and FSGS [69, 70]. Stones, when present,
are composed of calcium oxalate and/or calcium phosphate.

Treatment and outcome

There is no treatment that targets the specific defect causing
Dent disease. The primary goal of treatment, therefore, is
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Diagnosis of Dent Disease

Proteinuria?

v

Low molecular weight proteinuria

B2 microglobulin, oc1 microglobulin, or retinol
binding protein >5x the upper reference range®

—_—
No

Dent disease unlikely

v Yes

Dent disease possible

v

One or more of the following: *°

* Calcium stones or nephrocalcinosis
¢ Hypercalciuria®
* Hypophosphatemia with or without rickets
* Family history of stones, CKD, rickets, proteinuria
Yes y v No
| No other identifiable cause of proximal tubular dysfunction |
v v
| Dent disease likely | | Dent disease possible |
v v
| Genetic testing, CLCN5 and OCRL1 | ]
v v :
| CLCN5 mutation | | OCRL 1 mutation | No mitatlon
[ Female | | Male | | Male | |__Female | If meets clinical criteria
$ $ for Dent disease®
consider novel genetic cause
Dent 1 carrier with Dent 2 carrier with
clinical manifestations, clinical manifestations,
or Dent 1 homozygote” or Dent 2 homozygote”

Fig. 5 Algorithm for diagnostic evaluation of Dent disease. 'The
guideline does not address prenatal diagnosis. *Trace or greater by
dipstick; or >0.2 mg protein/mg creatinine; or >100 mg protein/day.
*Low molecular weight proteinuria may be reduced in advanced renal
insufficiency, or be present in renal failure from other causes, but
remains helpful when markedly increased. *In the presence of kidney
failure, defined as a measured or estimated glomerular filtration rate
(GFR) less than 15 ml/min/1.73 m?, calcium stones, nephrocalcinosis,
hypercalciuria, hypophosphatemia with or without rickets, and family
history of stones, chronic kidney disease (CKD), rickets or proteinuria
may be sufficient to consider Dent disease, even in the absence of
documented LMW proteinuria, and genetic testing could be consid-
ered. *Dent disease mutations have also been described in patients with
histologic features of focal segmental glomerulosclerosis. “Hypercal-
ciuria is defined as a 24 h urine calcium or random urine calcium-to-
creatinine (Ca/Cr) ratio of >95th percentile for age.

delaying the progression of CKD. Available interventions are
primarily aimed at decreasing hypercalciuria and preventing
kidney stones and nephrocalcinosis. No treatment has been
tested for that outcome in randomized controlled trials. Thia-
zide diuretics are often used to treat kidney stone disease as
they decrease urinary calcium excretion. However, thiazides
are often not well tolerated in children with Dent disease, who
frequently develop severe hypokalemia and/or volume deple-
tion. Angiotensin-converting enzyme (ACE) inhibitors and
angiotensin receptor blockers (ARB) have been used in chil-
dren with proteinuria to prevent or delay further loss of kidney
function, with unclear effect. Since some patients do have
FSGS on kidney biopsy, treatment with ACE inhibitor or
ARB might prove to be somewhat beneficial, at least in a
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Random urine calcium-to-creatinine (Ca/Cr) ratio by age (119)

Age (yr) Ca/Cr ratio
Upper limit of normal
(mmol/mmol) (mg/mg)

0-1 2.29 0.81
1-2 1.58 0.56
2-3 1.41 0.50
3-5 1.16 0.41
5-7 0.85 0.30
7-10 0.71 0.25
10-14 0.68 0.24
14-17 0.68 0.24

"Possibly homozygous for mutation or with inactivation of normal
X-chromosome. *Clinical criteria include low molecular weight
(LMW) proteinuria plus one of the findings listed in the figure

selected population with glomerular changes, as it is not
thought to significantly affect LMW proteinuria. A high cit-
rate diet has been shown to slow progression of CKD in CIC-5
KO mice [74] and it has been used by clinicians and patients,
but no human trials have proven its effectiveness.

Familial hypomagnesemia with hypercalciuria
and nephrocalcinosis
Background

Familial hypomagnesemia with hypercalciuria and nephrocal-
cinosis is a rare autosomal recessive disorder characterized by
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renal magnesium wasting, hypercalciuria, nephrocalcinosis
and kidney failure. The disease was first described in 1972
[75] and approximately 110 cases have since been reported in
the literature [5, 76—78]. Hypomagnesemia is invariably pres-
ent and is a characteristic feature of the disease which usually
presents in early childhood [76]. Progressive CKD commonly
occurs in children with most patients developing ESRD in
adolescence or early adult life. Clearance studies in patients
with FHHNC reported 25 years ago suggested impairment in
the reabsorption of magnesium and calcium in the TAL of the
loop of Henle as the primary tubular abnormality [79]. The
molecular defect has been characterized and was found to be
caused by mutations in two genes, CLDN16 located on the
long arm of chromosome 3 (3q27) [80] and CLDN19 on the
short arm of chromosome 1 (1p34.2) [80, 81]. The proteins
encoded by these two genes, claudin-16 (previously known as
paracellin 1) and claudin-19, belong to the claudin family of
integral membrane proteins that are important components of
tight junctions in many tissues [82]. Both proteins are
expressed in the TAL where they are involved in paracellular
reabsorption of calcium and magnesium, a process driven by
lumen-positive transepithelial potential [83, 84]. Claudin-16 is
exclusively expressed in the TAL [85], whereas claudin-19 is
also expressed in tight junctions of the retina [81]. Mutational
analysis has identified a locus of negatively charged amino
acids in the first extracellular loop of claudin-16 as critical for
its cation selectivity [86]. Moreover, in vitro studies have
shown that claudin-16 interacts with claudin-19 to form het-
eromultimers causing a dramatic upregulation of Py, and
down-regulation of P, and thereby generating a cation-
selective paracellular channel in the tight junctions of the
TAL that regulates magnesium and calcium permeability
[87]. The interaction between these two proteins is required
for their stable integration into tight junctions [88]. Confirma-
tion that FHHNC is caused by loss-of-function mutations in
CLDNI16 and CLDNI9 was provided by siRNA-mediated
knockdown of the two genes in mice, yielding a phenotype
characterized by severe renal wasting of magnesium and
calcium [88, 89].

In FHHNC, hypercalciuria leads to nephrocalcinosis and
stone formation. Renal failure is caused by a chronic tubu-
lointerstitial nephropathy, the pathogenesis of which
remains poorly understood. The deposition of calcium crys-
tals in the renal tissue seems unlikely to be the sole cause
since other disorders associated with nephrocalcinosis do
not generally result in progressive deterioration of renal
function [5]. Inactivating mutations of CLDN16 or CLDN19
result in urinary loss of calcium and magnesium. The renal
phenotype is identical, while severe ocular involvement
occurs in patients with the CLDN19 mutation [5, 78, 81].
The majority of reported FHHNC cases harbor mutations in
CLDNI16, which predominantly are missense mutations
found in the sequence encoding the first extracellular loop

of the protein. More than 40 mutations in CLDNI6 have
been reported, the most common of which is p.Leul51Phe,
detected in patients from Germany and Eastern Europe [76].
An analysis of microsatellite markers has provided support
for a common founder effect. Another missense mutation,
p-Alal39Val, has been observed in North African families,
also with an apparent common founder effect [78]. Less
than 10 mutations in CLDNI9 have been characterized.
The most commonly observed is a missense mutation,
p.Gly20Asp, located in the first transmembrane domain,
which has been detected in patients of Spanish, Hispanic
or French origin with haplotype analysis suggesting a com-
mon ancestor [77, 78, 81]. Functional characterization of
mutant claudin-16 by heterologous expression in MDCK
and LLC-PK1 cells showed significant residual function in
several missense mutants [86]. While loss-of-function muta-
tions, caused by a stop codon, frameshift, or splice-site
mutations, have been shown to interfere with intracellular
trafficking of claudin-16, mutants with residual claudin-16
function were correctly targeted to tight junctions [5, 90].
Substantial interfamilial variability and intrafamilial concor-
dance has been noted in FHHNC, suggesting a genotype-
phenotype correlation. In patients with a CLDN16 mutation,
age at onset and severity of the renal disease appears to be
predicted by the genotype [5]. In a recently published study
from France [78], progression of CKD was more frequently
observed in patients harboring CLDNI9 mutations, with
61 % of patients having developed ESRD at last follow-up
compared with 33 % of patients with CLDNI6 mutations.
The genetic heterogeneity in FHHNC is further highlighted
by the phenotypic difference caused by mutations in
CLDN19, which is characterized by severe ocular involve-
ment [78, 81]. Finally, the phenotype of children with com-
plete loss of claudin-16 function appears to be more severe,
with the disease presenting earlier and often progressing to
kidney failure at a significantly younger age than in those
with residual claudin-16 function [5, 91].

Clinical features

The reported median age at onset of symptoms ranges from
3.5 to 7 years [76, 78]. The most common presenting fea-
tures are recurrent urinary tract infection, polyuria and poly-
dipsia, hematuria and pyuria [76]. Additional manifestations
at onset include kidney stones, failure to thrive, seizures,
abdominal pain and muscular tetany due to symptomatic
hypocalcemia or hypomagnesemia. All affected patients
have hypomagnesemia, hypercalciuria and nephrocalcinosis
at the time of diagnosis. Other notable biochemical abnor-
malities observed during the course of the disease are hy-
pocalcemia, incomplete distal renal tubular acidosis,
hypocitraturia, increased parathyroid hormone levels inde-
pendent of GFR and hyperuricemia. Approximately 30 % of
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Diagnosis of Familial Hypomagnesemia with Hypercalciuria
and Nephrocalcinosis’

Nephrocalcinosis and/or history of kidney

stones? Chronic kidney disease3

!

!

Hypomagnesemia*

!

Hyperalciuria®

Hypocalcemia

Incomplete distal renal tubular acidosis
Hypermagnesuria®

Hypocitraturia?

Fig. 6 Algorithm for diagnostic evaluation of familial hypomagne-
semia with hypercalciuria and nephrocalcinosis (FHHNC). 'The
diagnosis of familial hypomagnesemia with hypercalciuria and
nephrocalcinosis is based on the triad of hypomagnesemia, hyper-
calciuria and nephrocalcinosis [5]. Tables of normal values should
be consulted in the interpretation of any random urine solute-to-
creatinine ratios. 2All patients have nephrocalcinosis early in the
course of the disease and 30 % of patients eventually develop
kidney stones. *Progressive chronic kidney disease is apparent
during childhood and adolescence, with half of patients reaching
end-stage renal disease at 20 years of age [5]. Renal histological
findings are not specific and include calcium deposits, glomerular
sclerosis, tubular atrophy and interstitial fibrosis consistent with a
tubulointerstitial nephropathy. “The serum magnesium concentration
at presentation has been shown to range from 0.23 to 0.61 mmol/
1 with a median concentration of 0.40 mmol/l [76]. *Normal limits
for urinary calcium excretion are presented above in the annotations
to Fig. 5. ®Hypermagnesuria is defined as the random urine
magnesium-to-creatinine (Mg/Cr) ratio of >95th percentile for age.

patients experience episodes of kidney stones [76, 78, 81].
CKD is frequently present in childhood with one-third of
patients reaching ESRD during adolescence [5, 78]. Signif-
icant proteinuria has not been reported in patients with
FHHNC. Ocular findings in patients with CLDN/9 muta-
tions include myopia, pigmentary retinitis, macular colo-
boma, strabismus, astigmatism and nystagmus [78].

Diagnosis

The diagnosis of FHHNC should be considered in all children
with nephrocalcinosis, history of kidney stones, and/or re-
duced kidney function. The diagnosis is based on the triad of
hypomagnesemia, hypercalciuria and nephrocalcinosis (Fig.
6). Hypocalcemia, incomplete distal renal tubular acidosis and
hypocitraturia are supportive features [5, 92]. Unfortunately, a
delay in the diagnosis is common, reflecting lack of awareness
among physicians [78]. Levels of serum magnesium and
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Random urine magnesium-to-creatinine (Mg/Cr) ratio by age (119)
Mg/Cr ratio

Age Om) Upper limit of normal
mmo/mmol mg/mg

0-1 22 0.48
1-2 1.7 0.37
2-3 1.6 0.34
3-5 1.3 0.29
5-7 1.0 0.21
7-10 0.9 0.18
10-14 0.7 0.15
14-17 0.6 0.13

7

Lower limits for the random citrate-to-creatinine ratio are presented below.

Random urine citrate-to-creatinine (Cit/Cr) ratio by age (120)

Age (yr) Cit/Cr ratio
Lower limit of normal

mmol/mmol mg/mg
0-5 0.25 042
>5 0.15 0.25
8Familial hypomagnesemia with hypercalciuria and nephrocalcinosis is
caused by mutations in the CLDN16 or CLDNI19 genes. Genetic testing
may be available at research institutions. Ocular abnormalities are indica-
tive of a CLDN19 defect

urinary calcium should be measured in all patients with neph-
rocalcinosis and/or CKD. The average serum magnesium
concentration was 0.4 and 0.5 mmol/l, respectively, in two
different reports [76, 78]. High fractional urinary excretion of
magnesium is found while serum magnesium is inappropri-
ately low [93]. Urinary calcium-to-creatinine ratio can be used
to estimate the urinary calcium excretion which is generally in
the range of 0.8-2.5 mmol/mmol (see annotations to Fig. 5)
[5, 78]. Renal histologic findings are not specific and include
calcium deposits, glomerulosclerosis, tubular atrophy and in-
terstitial fibrosis, consistent with a chronic tubulointerstitial
nephropathy. In the differential diagnosis, the presence of
CKD distinguishes FHHNC from other magnesium wasting
disorders. Excluding hypokalemic metabolic alkalosis is im-
portant in the diagnostic process to avoid confusion with
Bartter syndrome. The diagnosis of FHHNC can be confirmed
by demonstrating mutations in both copies of CLDNI6 or
CLDNI9.
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Treatment and outcome

No effective therapeutic interventions for FHHNC are avail-
able. Medical management has included administration of mag-
nesium supplements in high doses and thiazide diuretics to
reduce urinary calcium excretion and the progression of neph-
rocalcinosis. Unfortunately, thiazides neither yield a meaningful
reduction in urinary calcium excretion nor delay the progres-
sion of CKD [76, 78, 93]. Moreover, thiazides can aggravate
renal magnesium wasting, often leading to their discontinuation
[5, 92, 94]. The serum magnesium level tends to remain low
despite high-dose magnesium supplementation [78]. Indo-
methacin has been used for treatment of FHHNC as it decreases
sodium reabsorption in the proximal tubule and, thus, may theo-
retically increase the paracellular reabsorption of calcium. Limited
experience suggests that indomethacin does not affect the serum
magnesium concentration or urinary calcium excretion [78].

Therapies aimed at delaying the progression of CKD
should be provided as well as conventional management
strategies for kidney stones. Renal transplantation is the opti-
mal treatment for ESRD in most cases and corrects the defect
in renal handling of magnesium and calcium [76, 78, 93].

Primary hyperoxaluria
Background

The primary hyperoxalurias are inherited disorders of metab-
olism in which hepatic enzyme deficiencies result in overpro-
duction of oxalate. The excess oxalate cannot be degraded in
humans and is excreted largely by the kidneys, resulting in
high urinary concentrations. Calcium oxalate crystals form in
renal tubules acting as a nidus for crystal aggregation and
growth, thus initiating stone formation. Crystals attach to renal
tubular epithelial cells causing degenerative change and necro-
sis and they also can undergo transcytosis into the interstitium
of the kidney where they incite an inflammatory reaction with
resulting renal injury and scarring [95, 96]. Health consequen-
ces include frequent formation of calcium oxalate kidney
stones as well as renal injury that leads to kidney failure in a
significant proportion of affected patients [6].

Primary hyperoxaluria is worldwide in its distribution.
The incidence and prevalence are unknown, though surveys
of physicians in central Europe suggest an incidence of
1:120,000 live births and prevalence of 1-3 per million
population [97, 98]. The prevalence of PH appears to be
higher in certain regions including the Canary Islands, Tuni-
sia, and parts of the Middle East [99].

Three types of PH have been described to date, each
involving a different enzyme of the oxalate metabolic path-
ways. Type 1 PH (PH1, OMIM 259900), due to mutations in
AGXT is found in approximately 80 % of PH patients. When

the activity of alanine-glyoxylate aminotransferase (AGT) is
reduced or absent, glyoxylate accumulates and is shunted to
oxalate and glycolate. For effective disposition of glyoxy-
late, AGT must be present in the peroxisome of the hepato-
cyte. Mistargeting of AGT to mitochondria, as results from
certain mutations in AGX7, also results in hyperoxaluria
even though enzyme activity is measurable [100].

Type 2 PH (PH2, OMIM 260000) which accounts for
approximately 10 % of patients with known types of PH, is
caused by mutations in GRHPR, and results from deficiency
or absence of the enzyme glyoxylate reductase/hydroxy pyru-
vate reductase (GRHPR). Increased glycerate in the urine
along with hyperoxaluria is indicative of type 2 disease
[101]. A third type of PH (PH3, OMIM 613616) was recently
shown to be due to mutations of the HOGAI (formerly
DHDPSL) [102]. A founder mutation was detected among
Ashkenazi-Jewish patients [102], though PH type 3 has been
confirmed in other populations [103]. Based on what is known
of the gene product, PH type 3 is thought to be due to abnor-
malities of the enzyme 4-hydroxy-2-oxaloglutarate aldolase
that is found in hepatic mitochondria [102, 104]. Data from
the RKSC PH Registry suggests that PH3 accounts for approx-
imately 10 % of patients with PH of known type. In addition,
there are patients who have marked hyperoxaluria and clinical
manifestations indistinguishable from those of PH, but who
have no demonstrable abnormalities of the enzymes or the
genes implicated in types 1, 2, and 3 PH. It is expected that
additional PH types will be identified.

PH1 is an autosomal recessive disease. To date, more
than 140 mutations of 4GXT have been implicated
(www.hgmd.cf.ac.uk). Since patients with mistargeting of
enzyme to mitochondria have been shown to respond to
treatment with a pharmacologic dose of pyridoxine (vitamin
B6), identification of the genotype in individual patients has
important implications for clinical management. Urine oxa-
late excretion rates in patients homozygous for mutations
causing mistargeted AGT can correct into the normal range
during pyridoxine treatment, while those heterozygous for
these mutations demonstrate partial correction [105]. One of
the mutations responsible for mistargeting, p.Glyl170Arg, is
the most common mutation in North American and North-
ern European patients with PHI [106].

PH2 is autosomal recessive. Though in PH3 autosomal
recessive inheritance is suggested by family studies, there
also appear to be variable and intermittent elevations of
urine oxalate in some heterozygotes [103].

Clinical features
Most patients present with signs or symptoms related to kidney
stones. Among 300 patients in the RKSC PH Registry median

age at onset of symptoms was 5 years. Symptoms were present
in 65 % of patients with PH before 10 years of age and in 85 %
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before 20 years of age. A small minority of patients initially
present with failure to thrive, nausea, pallor or fatigue of ESRD
with no history of stones. Such patients may have diffuse calci-
fication of kidney tissue visible by ultrasound or other imaging
studies (nephrocalcinosis) without discrete stones. Extensive
calcium oxalate crystal deposition is observed on renal biopsy.
This mode of presentation is seen especially in infants. Irrevers-
ible kidney failure can be evident as early as 4 months of age.

Recurring stones throughout childhood, adolescence, and
adulthood are characteristic. Nephrocalcinosis may also be
observed. Growth and development are normal unless com-
promised by CKD or other unrelated medical problems. Over
time, however, progressive renal damage leads to reduced
kidney function. Effects on kidney function vary by type, with
PH1 the most severe. Data from the RKSC PH Registry in
patients with PH1 showed that median age at progression to
kidney failure was 33 years [107]. Recent analysis of a larger
RKSC cohort of 222 PH1 patients by the same method showed
arenal survival of 89 % at 10 years of age and 75 % at 20 years
of age (unpublished data). There was no change in the median
age at kidney failure in the larger cohort. Data from the
OxalEurope registry [108] show similar findings. Whether
these findings hold true in other populations remains to be
established. Observations in Israeli patients with PH type 1
suggest early onset of symptoms with progression to kidney
failure within the first decade of life as a prevalent phenotype
[109]. Patients with PH2 and PH3 appear to have better
kidney outcomes. In the RKSC PH Registry, preservation of
renal function has been found in 100 % of PH2 and PH3
patients at 20 years of age. However, renal outcome in PH2
and PH3 must be interpreted with caution due to the small
number of patients studied.

Diagnosis

The diagnosis of PH should be suspected in any child or
adolescent who presents with radiopaque stones consistent
with calcium oxalate, especially if stones are bilateral or
present before a child is of school age. An algorithm is
provided to assist in diagnostic assessment (Fig. 7). Stones
should be analyzed whenever possible. Those of PH patients
are typically calcium oxalate monohydrate (COM), though
they can be of mixed COM and calcium oxalate dihydrate
composition. Measurement of urine chemistries is essential to
the metabolic work-up. A timed 12 or 24 h urine collection is
the most informative. Oxalate excretion must be normalized to
body surface area for accurate interpretation in children. In
young children who have not yet become toilet trained or
those who are developmentally delayed a random urine sam-
ple will provide useful information. A full supersaturation
profile should be obtained to optimally guide treatment.

The diagnosis of PH can now be confirmed by DNA
testing in most patients. Yet due to lack of familiarity with
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this rare disease, diagnosis is often delayed for years after
onset of symptoms. In a survey of U.S. physicians, a signif-
icant delay in diagnosis was noted in 42 % of cases and
30 % were first tested for PH only after reaching ESRD
[110]. Delays in diagnosis delay effective therapy, place
renal function at risk, may result in systemic oxalosis, and
entail risk of allograft loss after kidney transplantation.

Treatment and outcome

Maintenance of sufficient oral or gastric tube fluid intake to
maintain high urine volume and use of orally administered
inhibitors of calcium oxalate crystal formation are key to
minimizing stone formation and preserving kidney function.
Both neutral phosphates [111] and citrate [112] reduce calci-
um oxalate crystal formation in PH. Since kidney outcome in
PH has been shown to correlate with the degree of hyper-
oxaluria [111], reduction in urine oxalate excretion is the most
effective treatment strategy. Restriction of dietary oxalate is of
limited benefit since the overwhelming majority of oxalate in
the urine of PH patients comes from hepatic production. The
role of enteric elimination of oxalate has received considerable
attention in recent years. There was optimism based on pre-
liminary studies [111] that treatment with oral Oxalobacter
formigenes might reduce oxalate absorption and/or promote
its secretion into the intestinal lumen. However, a recent
double blind, placebo-controlled clinical trial conducted in
the U.S. and Europe failed to show benefit [113].

Pyridoxine is the only pharmacologic agent that has been
shown to reduce oxalate excretion, and is effective in some,
but not all PHI1 patients [105, 114]. Every patient with PH
type 1 deserves a trial of pyridoxine therapy of at least
3 months duration. Effectiveness of 7-9 mg/kg/day of pyr-
idoxine given orally as a twice a day dose should be
assessed in patients with good renal function by measure-
ment of oxalate excretion in 2 or more timed urine collec-
tions before and repeated after 3 months of treatment. If
there is even partial improvement in urine oxalate, the
pyridoxine should be continued, though lower doses in the
range of 5-7 mg/kg/day are often sufficient for ongoing
treatment [105]. It is not unusual for pyridoxine-responsive
patients to have progressed to ESRD before the diagnosis of
PH has been considered. During ESRD, determination of
pyridoxine responsiveness on clinical grounds is compli-
cated by low GFR and tissue oxalate stores and is often
not possible. For that reason, empiric treatment with pyr-
idoxine should be considered. AGXT genotype can be
helpful in this situation [105, 114], though details are
beyond the scope of this review. Pyridoxine is not effective in
PH2. Early observations in PH3 also suggest lack of benefit,
though definitive information has not yet been published.

Once the GFR declines to less than 30-35 ml/min/1.73 mz,
the kidneys can no longer keep up with the large oxalate
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Fig. 7 Algorithm for diagnostic evaluation of primary hyperoxaluria.
!Chronic kidney disease is defined as a glomerular filtration rate of less
than 50 ml/min/1.73 m? or serum creatinine that is greater than or
equal to two times normal for age. “The guideline does not address
prenatal diagnosis [121, 122]. Urine oxalate-to-creatinine (Ox/Cr)
ratios in healthy children vary continuously by age. Tables of normal
values should be consulted in interpretation of any random urine Ox/Cr
ratio.

Random urine oxalate-to-creatinine (Ox/Cr) ratio by age (123-126)

Age Ox/Cr ratio
Upper limit of normal
(mmol/mmol) (mg/mg)
<6 months 0.37 0.29
6 months to 2 years 0.26 0.20
>2 years to 5 years 0.14 0.11
6 to 12 years 0.08 0.063

Little data is available to guide interpretation of random urine Ox/Cr
ratio in adolescents and adults. Upper limits of normal ratios declining
to 0.04 by age 18-20 years and then remaining stable through adult
age are suggested by available literature [125, 127]. In patients of all
ages, confirmation of hyperoxaluria by a 24 h urine collection with

production and plasma levels begin to increase rapidly. When
the threshold for supersaturation in plasma is exceeded, calci-
um oxalate crystals form in many organs. Systemic oxalosis
can result in refractory anemia, osteodystrophy, cardiac
arrhythmias, oxalate cardiomyopathy, painful ischemic ulcers,
and other manifestations eventually resulting in death. In
patients with stages IV or V. CKD minimizing systemic oxa-
losis is also critically important for a favorable outcome of

activity

normalization of the oxalate excretion rate to 1.73 m* body surface
area, is strongly recommended. From 2 years of age through adult-
hood, normal urine oxalate is constant at <0.45 mmol/1.73 m?/24 h
[125]. *Urine and plasma oxalate and urine glycolate measurements
for diagnostic testing should be obtained while the patient is not
receiving pyridoxine or vitamin supplements. “Increased urine gly-
colate in the presence of hyperoxaluria is suggestive, but not diag-
nostic of primary hyperoxaluria (PH) type 1. Increased urine L-
glycerate in a hyperoxaluric patient suggests PH type 2. ®Urine
Ox/Cr ratios are higher in very premature infants than in term
infants, especially when they are receiving parenteral nutrition con-
taining amino acids. The ratio falls when premature infants are
receiving only glucose and electrolyte solutions [128]. ’When
very high oxalate or low dietary calcium is suspected as the cause
of the hyperoxaluria, the diet should be corrected and the urine
oxalate remeasured for verification. ®In some cases with firm
clinical diagnosis, only one mutation is found even after analysis
for large rearrangements, suggesting that regulatory or deep
intronic mutations may be the second, undetected mutation. In
such cases, the finding of a single disease-associated mutation in
the context of a typical phenotype supports the clinical diagnosis
of PH

subsequent kidney transplantation [6, 98]. For most patients,
hemodialysis 6 or 7 days per week is required for oxalate
removal and still may not keep pace with oxalate production.
Peritoneal dialysis alone is insufficient though it may be
combined with daily hemodialysis for better oxalate removal
[115]. Patients who are fully pyridoxine responsive and have
no interruptions in pyridoxine administration may require less
intensive dialysis. Since systemic oxalate poses high risk for a
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transplanted kidney, the shortest time possible between start of
dialysis and kidney transplantation should be the goal.

With intensive dialysis, shortened times to kidney trans-
plantation, and careful post-transplant management, trans-
plantation outcomes in PH patients have improved over time
and are now similar to those for patients with other forms of
kidney disease [116, 117]. Most patients with PH type 1
should undergo combined kidney and liver transplantation
due to the risk to the transplanted kidney of continued high
oxalate production. Patients who are fully pyridoxine re-
sponsive, in whom urine oxalate can be normalized by
administration of pharmacologic doses of pyridoxine, may
be candidates for kidney transplantation alone. It is impor-
tant to recognize that marked hyperoxaluria due to gradual
mobilization of tissue oxalate stores poses a risk to all
PH patients undergoing kidney transplantation, including
those who undergo liver transplantation. Hyperoxaluria
often persists for years following successful transplantation
[116]. In order to protect the transplanted kidney from
oxalate-induced damage, consistent attention for mainte-
nance of high urine volume and use of crystal inhibitor med-
ications until urine oxalate returns to normal are important
factors.

Kidney transplantation only is the current recommenda-
tion for PH2 patients who progress to ESRD. Unlike AGT1
which is specific to the liver, the enzyme GRHPR is present
in multiple tissues and there have been no reports to date of
correction of the metabolic defect in type 2 disease by liver
transplantation. No patients with ESRD due to PH type 3
have yet been reported. Given uncertainties regarding the
metabolic pathway involved, liver transplantation cannot at
this time be recommended for patients with PH type 3.

Summary and future directions

Early diagnosis of APRT deficiency, cystinuria, Dent dis-
ease, FHHNC and PH is very important as adverse out-
comes can often be ameliorated or even prevented with
prompt diagnosis and treatment. However, lack of familiar-
ity with these diseases among clinicians and pathologists
remains a major problem and strategies to improve out-
comes are much needed. Ready availability of diagnostic
algorithms and their use in routine clinical care of children
with kidney stone disease may be of value.

To facilitate early recognition and treatment of rare
causes of kidney stones and CKD and to advance sci-
entific knowledge in this field, the authors of this paper
recently formed the RKSC (rarekidneystones.org and
rarediseases network.epi.usf.edu/RKSC/index.htm) with
support from the National Institute of Diabetes and
Digestive and Kidney Diseases and The Office of Rare
Diseases Research at the National Institutes of Health.

@ Springer

This approach is analogous to current strategies in other
rare diseases and has been supported by healthcare
authorities both in Europe and the US.

To increase awareness of the five disorders and further
enhance the educational mission of this project, collaboration
has been established with international patient support groups,
including the Oxalosis and Hyperoxaluria Foundation
(ohf.org), International Cystinuria Foundation (cystinuria.org),
Cystinuria Support Network (cystinuria.com), and Lowe Syn-
drome Association (http://www.lowesyndrome.org/). The
APRT Deficiency Patient Support Network (aprtd.org) was
recently founded. Partnership with advocacy groups will allow
rapid dissemination of relevant information and engage
patients, their families, and local physicians in learning more
about the diseases. Finally, we believe that exchange of infor-
mation between investigators, clinicians, and patients will
improve the lives of patients with rare causes of kidney stone
disease through better care and outcomes.
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