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● Background: Dent disease is an X-linked tubulopathy frequently caused by mutations affecting the voltage-gated
chloride channel and chloride/proton antiporter ClC-5. A recent study showed that defects in OCRL1, encoding a
phosphatidylinositol 4,5-bisphosphate 5-phosphatase (Ocrl) and usually found mutated in patients with Lowe
syndrome, also can provoke a Dent-like phenotype (Dent 2 disease). Methods: We investigated 20 CLCN5-negative
males from 17 families with a phenotype resembling Dent disease for defects in OCRL1. Results: In our complete
series of 35 families with a phenotype of Dent disease, a mutation in the OCRL1 gene was detected in 6 kindreds. All
were novel frameshift (Q70RfsX88 and T121NfsX122, detected twice) or missense mutations (I257T and R476W).
None of our patients had cognitive or behavioral impairment or cataracts, 2 classic hallmarks of Lowe syndrome. All
patients had mild increases in lactate dehydrogenase and/or creatine kinase levels, which rarely is observed in
CLCN5-positive patients, but frequently found in patients with Lowe syndrome. To explain the phenotypic
heterogeneity caused by OCRL1 mutations, we performed extensive data-bank mining and extended reversetranscriptase polymerase chain reaction analysis, which provided no evidence for yet unknown (tissue-specific)
alternative OCRL1 transcripts. Conclusion: Mutations in the OCRL1 gene are found in approximately 23% of
kindreds with a Dent phenotype. Defective protein sorting/targeting of Ocrl might be the reason for mildly elevated
creatine kinase and lactate dehydrogenase serum concentrations in these patients and a clue to suspect Dent
disease unrelated to CLCN5 mutations. It remains to be elucidated why the various OCRL1 mutations found in
patients with Dent 2 disease do not cause cataracts. Am J Kidney Dis 48:942-954.
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D

ENT DISEASE (MIM 300009) is an Xlinked proximal tubulopathy1 first described in 1964.2 In the majority of cases, it is
caused by mutations affecting the voltage-gated
chloride channel and chloride/proton antiporter
ClC-5,3-5 expressed predominantly in the proximal tubule and ␣-intercalated cells of the distal
nephron.6,7 ClC-5 mainly locates in intracellular

subapical endosomes, where it contributes to
endosomal acidification and trafficking by epithelial cells.8,9
A recent study showed that defects in OCRL1,
encoding a phosphatidyl-inositol 4,5-biphosphate 5-phosphatase ([Ocrl] PtdIns[4,5]P2 5-phosphatase; EC 3.1.3.36) and usually found mutated
in patients with X-linked Lowe syndrome (MIM
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309000), also can lead to a Dent-like phenotype,10 for which the name Dent 2 disease (MIM
300555), as opposed to CLCN5-associated Dent
1 disease, was coined. The Ocrl protein preferentially converts PtdIns[4,5]P2, a second messenger that regulates cytoskeleton-plasma membrane adhesion,11 to PtdIns[4]P.12 Ocrl has been
localized to lysosomes and to the trans-Golgi
network (TGN) in fibroblasts and kidney proximal tubule cells.13-15 Because the TGN has the
function of directing proteins to apical or basolateral membranes in epithelial cells, localization of
Ocrl to the TGN suggests that it may have a role
in sorting and/or trafficking.
Characteristic abnormalities in patients with Dent
disease include low-molecular-weight proteinuria
(LMWP) and other features of Fanconi syndrome,
such as glycosuria, aminoaciduria, and phosphaturia, as well as hypercalciuria, nephrocalcinosis, and
renal failure in adulthood.1 Clinical hallmarks of
oculocerebrorenal syndrome of Lowe are a renal
Fanconi syndrome with slowly progressive renal
failure from early childhood, bilateral congenital
cataracts, and muscular hypotonia, with cognitive and behavioral impairment in the majority of
patients. Other features include postnatal growth
retardation independent of kidney function and
severe noninflammatory arthropathy, which is
found in 50% of adult patients with Lowe syndrome.16,17 In the present study, we investigated
20 male patients from 17 families with a Dent
phenotype, who had negative test results for a
CLCN5 mutation, for defects in the OCRL1 gene.
METHODS
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loured Progressive Matrices, Culture Fair Test, and Behaviour Assessment for Pre-School Children) and M1 (Wechsler
Individual Test of Intelligence for Macedonian Children).
School-aged patients who did not undergo formal mental
developmental testing were considered to have normal development if they attended a regular school with at least
average school achievement.

DNA Analysis
After informed consent was given, EDTA-blood samples
were obtained from patients and isolation of genomic DNA
was carried out by using the QIAmp DNA Blood Kit
(Qiagen, Hilden, Germany). The human CLCN5 gene19,20
was analyzed as described elsewhere.21 Amplification of all
23 exons and the alternatively spliced exon 18a (Fig 1) of the
human OCRL1 gene,22 as well as polymorphic loci
(dbSNP126) rs5932634 (A/T located at position ⫺852 upstream of exon 3) and rs5977112 (A/G located at position
⫺754 upstream of exon 18a), was carried out by using
polymerase chain reaction (PCR; oligonucleotide sequences
are provided, see Supplementary Data posted with the online
version of this article at www.ajkd.org), and automated
sequence analysis was performed as recently described.21
For mutational analysis, PCR-amplified DNA products were
subjected to direct automated sequencing (373A; Applied
Biosystems, Foster City, CA). Initially, both strands from the
patients’ amplicons were sequenced. All nucleotide variations observed were confirmed from independent PCR reactions and, when possible, also identified by means of restriction enzyme digestion with BsrI and BseYI according to the
manufacturer’s (New England Biolabs, Beverly, MA) recommendations, respectively. DNA samples from 80 healthy
unrelated white subjects (40 males and 40 females ⫽ 120 X
chromosomes) served as controls.
Because it is still unknown whether Met-1, Met-18, or
Met-20 is the initiation codon, controversial numbering
exists concerning amino acid residues and nucleotides affected by mutations. According to Hoopes et al,10 we also
choose Met-18 as amino acid number 1 (Swiss-Prot entry
Q01968), with its coding nucleotides located at position 217
to 219 in GenBank entry NM_000276.

Patients

Tissue Specimens and RNA Analysis

Thirty-five families were brought to the authors’ attention
by their treating physicians because of clinical features
suggesting the diagnosis of X-linked Dent disease. To qualify
for the initial CLCN5 gene analysis, at least 2 of the classic
hallmarks had to be present: LMWP, defined as excessive
urinary loss of ␣1-microglobulin, ␤2-microglobulin, retinolbinding protein, or lysozyme; hypercalciuria, defined as
greater than 4 mg/kg (0.1 mmol/kg) of calcium in a 24-hour
urine collection or greater than 0.24 g of calcium per gram of
creatinine (0.68 mmol/mmol) on a spot specimen; nephrocalcinosis/nephrolithiasis on ultrasound or computed tomography; and/or renal impairment, defined as creatinine clearance less than 89 mL/min/1.73 m2 (⬍1.48 mL/s/1.73 m2).18
In subjects positive for OCRL1 mutations, slit-lamp examination was performed. Mental developmental testing was
performed in patients G2 (Kaufmann-Assessment Battery
for Children, McCarthy Scales of Children’s Abilities, Co-

Normal human tissue samples (kidney, liver, prostate,
placenta, heart, skin, glial cells, hippocampus, adrenal gland,
adrenal cortex, and leukocytes) were obtained at surgery
from the University Hospital Bonn (Germany) after consent
was obtained in accordance with local institutional guidelines. Samples immediately were frozen and stored in liquid
nitrogen. Total RNA was extracted from 50 to 75 mg of
tissue or from approximately 2 ⫻ 106 cells by using the
Trizol reagent (Gibco-BRL, Paisley, Strathclyde, UK). After
treatment with RNase-free DNase I (conducted twice to
eliminate contaminating DNA traces), RNA was dissolved
in RNase-free water and quantified spectrophotometrically
at 260 nm. 5=-Rapid amplification of complementary DNA
(cDNA) ends (RACE-PCRs) of the CLCN5 cDNAs was
carried out with both human kidney and retina Marathon
cDNA Amplification Kit (BD Clontech, Palo Alto, CA)
according to the manufacturer’s instructions and OCRL1
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Fig 1. Schematic diagram of OCRL1 cDNA showing type and location of the various mutations found in the
genes of (top) patients with Lowe syndrome38-52 and patients with Dent 2 disease. (Bottom) First row, data from
Hoopes et al10; second row, this study. *OCRL1 mutations in patients with Dent 2 disease associated with mild
mental retardation. Exons are numbered 1 to 23, and alternative splicing of exon 18a leads to the inframe inclusion
of 8 additional amino acids. Except for exon 23, cDNA is drawn to scale and untranslated regions are shown in
grey.22 Regions of functional significance in the protein (exonuclease-endonuclease-phosphatase family domain
[exo/endo/phos], ASH [ASPM (abnormal spindle-like primary microcephaly), SPD-2 (spindle-defective protein 2),
Hydin] domain,53 and Rho GAP-like domain) are given above the cDNA.

gene-specific primers (oligonucleotide sequences are provided, see Supplementary Data posted with the online version of this article at www.ajkd.org). Reverse-transcription
was performed by using 2 g of total RNA at 42°C for 60
minutes with 100U of Superscript II reverse transcriptase
(Invitrogen, Paisley, UK). PCR was performed using 100 ng
of the resulting cDNA in a final volume of 50 L of PCR
buffer that contained 20 pmol of each primer.

Statistical Analysis
For statistical analysis of lactate dehydrogenase (LDH),
age-related reference data from the Department of Clinical
Biochemistry at Bonn University Medical Center were used:
LDH at 37°C: 1 to 2 years, 334 U/L; 3 to 11 years, 314 U/L;
12 to 19 years, 286 U/L, and older than 19 years, 247 U/L.
For the age group studied, a uniform creatine kinase (CK)
upper reference value of 229 U/L (according to local reference values) was used because CK concentrations change
minimally after the first year of life, and all patients were

male. CK and LDH values in individual patients were
transformed into a score with 0 indicating normal CK and
LDH levels, 1 indicating either LDH or CK level elevation,
and 2 indicating both CK and LDH level elevation. For this
analysis, only patients with both CK and LDH data available
were included.
Data are presented as relative frequencies and mean ⫾
SD, when applicable. Statistical analysis was performed
with nonparametric tests using JMP software version 5.1.2
(SAS Institute, Cary, NC).

RESULTS

In our series of 35 families with Dent disease,
a CLCN5 mutation was observed in 18 families.20,21,23,24 In the remaining 17 pedigrees with
20 symptomatic males, no CLCN5 mutation could
be detected and OCRL1 gene analysis was performed. As listed in Table 1, all patients pre-
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Table 1. Clinical Features of 20 Patients From 17 Families Negative for a CLCN5 Mutation
Family and Patient

Origin

Age (y)

Dent Features

CK (U/L; elevated ⫽ ⫹)

LDH (U/L; elevated ⫽ ⫹)

Mental Retardation

G1.1*
G1.2*
G2
G3
G4
G5
G6*
G7.1
G7.2
G8
G9
G10
D1*
F1.1*
F1.2*
M1
N1
S1
T1
T2

Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Denmark
Finland
Finland
Macedonia
Netherlands
Switzerland
Turkey
Turkey

13
10
5
8
4
11
5
24
20
10
2
8
51
13
8
10
16
10
13
5

1, 2
1, 2
1, 2
1, 2, 3
1, 3
1, 2
1, 2
1, 2
1, 2
1, 4
1, 2, 3
1, 2
1, 3
1, 2
1, 2, 3
1, 2
1, 2, 3, 4
1, 2, 3
1, 2, 5
1, 2

463 (ⴙ)
482 (ⴙ)
488 (ⴙ)
nt
nt
nt
77
nt
nt
88
110
367 (ⴙ)
42
365 (⫹)
570 (⫹)
145
168
nt
143
291 (ⴙ)

423 (ⴙ)
475 (ⴙ)
361 (ⴙ)
nt
nt
196
289
215
207
nt
357
402 (ⴙ)
348 (⫹)
317 (⫹)
335 (⫹)
658 (ⴙ)
399 (⫹)
nt
409 (⫹)
723 (ⴙ)

ⴚ
ⴚ
ⴚ
ⴚ
ⴚ
ⴚ
ⴚ
ⴚ
ⴚ
⫹
ⴚ
ⴚ
ⴚ
ⴚ
ⴚ
ⴚ
ⴚ
ⴚ
ⴚ
ⴚ

NOTE. Dent features are as follows: 1, LMWP; 2, hypercalciuria; 3, nephrocalcinosis/nephrolithiasis; 4, renal failure; 5,
rickets. Age-specific reference values for CK and LDH were taken from local reference data, outlined in Methods. Patients
positive for an OCRL1 mutation are shown in bold.
Abbreviation: nt, not tested.
*Patients previously reported as CLCN5 negative in Ludwig et al,20 2003.

sented with at least 2 hallmarks of Dent disease
(LMWP, as well as hypercalciuria or nephrocalcinosis/nephrolithiasis or renal failure). Direct
sequencing of the respective PCR products
showed novel OCRL1 mutations in 6 patients
from 5 of these families (Fig 2).
Patient T2, the only son of a third-degree
consanguineous marriage, carried a hemizygous
single-nucleotide deletion (A209del) in exon 5
that would lead to a Q70R substitution and a
frameshift with a premature stop codon at position 88 (Q70RfsX88). Both parents showed the
normal sequence, implying a de novo event in
the maternal germ line. In family G1, insertion of
a single A residue at position 361 in exon 6 was
detected in both patients (G1.1 and G1.2). This
mutation results in a T121N exchange, and the
resultant frameshift subsequently leads to a premature stop at codon 122 (T121NfsX122). By
using sequence analysis, the presence of this
mutation also was confirmed in the carrier mother.
This hemizygous deletion also was observed in
patient G10; however, unfortunately, a sample
from the mother was not available. Therefore,
the question of whether this mutation occurred

de novo could not be answered. Although there is
no obvious consanguinity between both families
involved, they come from the same region and a
common ancestor cannot entirely be excluded. In
both kindreds, familial history was negative and
also the investigation of 2 intronic OCRL1 polymorphisms provided no clue for or against a
recurrence in that all 3 patients shared haplotype
A-852 (5= of exon 3) G-754 (5= of exon 18a)
associated with the mutation.
OCRL1 analysis in patient G2 showed a de
novo T770C transition in exon 9, leading to an
I257T amino acid substitution. Because this mutation creates a new BsrI restriction site, its
presence could be confirmed easily by digestion
of the respective PCR product (Fig 2C). Patient
M1 was shown to harbor a mutation in exon 15.
Here, the single-nucleotide transition C1426T
results in an R476W substitution. In this family,
carrier status could be confirmed in only the
patient’s mother, whereas the maternal grandparents were found to be normal by means of sequence
analysis, thereby providing evidence for a further
de novo event. Restriction enzyme digest with
BseYI confirmed carrier status in the mother and
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Fig 2. (A) Pedigrees of families harboring an OCRL1 mutation. Phenotypic findings in males (squares) and
females (circles) are coded as follows: black shading of right upper quadrant indicates LMWP; right lower quadrant,
hypercalciuria; left lower quadrant, nephrocalcinosis/nephrolithiasis; and left upper quadrant, renal insufficiency.
Dot in circle marks carrier status without clinical symptoms. *De novo mutations. The dot in pedigree T2 indicates a
spontaneous abortion. Abbreviation: nt, not tested. (B) Sequence analysis in the respective families: OCRL1
mutations detected are indicated by arrows with the respective affected codon underlined; for patients G2 and M1,
the reverse sequencing reaction is shown. (C) For restriction analysis, the respective relevant samples were
separated on 4% agarose gels. In family G2, the mutation creates a new BsrI (ACTGGN^) site, thereby producing
3 fragments (72, 138, and 117 base pairs [bp]) instead of 2 (210 and 117 bp), obtained from the normal PCR product
(327 bp). In family M1, the PCR product (320 bp) is only cut by BseYI (C^CCAGC) into products of 228 and 92 bp if the
mutation is present. Individuals are numbered as in A. Abbreviations: MW, molecular weight marker (100-bp ladder);
nc, normal control; uc, uncut PCR product.
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absence of the mutation in the maternal grandmother (Fig 2C).
Mutations detected were absent in all control
samples (120 X chromosomes) and were not
found in the current single-nucleotide polymorphism database (dbSNP126).
As listed in detail in Table 2, all 6 patients
with OCRL1 mutations show the classic phenotype of Dent disease, with LMWP and hypercalciuria. Patients G1.1, G1.2, and G10 share
the T121NfsX122 mutation. All 3 patients have
mildly decreased glomerular filtration rates and
increased echogenicity of the renal parenchyma,
but without signs of medullary nephrocalcinosis.
These 3 patients also have microscopic hematuria. None of the 6 patients had been administered
vitamin D or calcium supplements. Additional
features observed were generalized hyperaminoaciduria (patient G2) and trace glucosuria (patient M1). There was no metabolic acidosis on
random capillary blood gas analysis, and alkaline phosphatase levels were normal in all patients, making significant renal phosphate wasting unlikely. Growth is stunted in 4 patients.
None of our patients showed other extrarenal
Lowe symptoms, such as cataracts or cognitive
and behavioral impairment. Mental developmental testing in patient M1 showed an IQ of 95.
Patient G2 underwent more detailed neuropsychological and psychiatric tests. He had normal
intelligence and verbal performance and showed
no behavioral abnormalities.
Mild increases in serum CK levels were found
in 5 of 6 OCRL1-positive patients compared with
4 of 16 CLCN5-positive patients (data not shown)
and 2 of 8 patients (Table 1) who were negative
for both OCRL1 and CLCN5 mutations (P ⫽
0.03, contingency analysis). Similar findings were
observed for LDH levels, which were mildly
increased in all OCRL1-positive patients compared with 2 of 19 CLCN5-positive patients (not
shown) and 5 of 10 patients negative for both
OCRL1 and CLCN5 mutations (P ⬍ 0.0001,
contingency analysis). Mean CK/LDH score in
CLCN5-positive patients was lowest (0.40 ⫾
0.74; median, 0). As shown in Fig 3, CLCN5/
OCRL1-negative patients had an intermediate
score of 1.0 ⫾ 0.82 (median, 1), and ORCLpositive patients scored highest with 1.80 ⫾ 0.45
(median, 2). These differences were statistically
significant (P ⫽ 0.0034, Kruskal-Wallis test).
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The data obtained raised the question of why
some OCRL1 mutations published recently10 and
all mutations observed here are associated solely
with the isolated renal phenotype of Dent disease. A recent study showed a probably ubiquitous Ocrl expression, with the alternative transcript, including exon 18a, predominantly present
in brain tissues.27 However, all mutations in
patients with Dent 2 syndrome would affect both
these messages (Fig 1). Because multiple poly(A)
sites reside in intron 6 and exon 7 of the OCRL1
gene, we speculated that: (1) 1 additional short
messenger RNA (exon 1 to 6 or 1 to 7) might be
realized, and (2) a second messenger RNA should
be the result of a further transcription initiation in
intron 7 or exon 8 (because exon 8 contains an
ATG that leaves the reading frame intact). This
would explain, at least in part, the phenotypic
heterogeneity. Therefore, extensive data-bank
mining and reverse transcriptase PCR analysis
was performed. However, we obtained no evidence for the existence of to date unknown
(tissue-specific) transcripts (data not shown).
DISCUSSION

In the present study, we identified 4 novel
OCRL1 mutations in 5 families from a group of
17 families with the classic phenotype of Dent
disease in which no CLCN5 mutation could be
found. In our total series of 35 families,20,21,23,24
the incidence of a CLCN5 mutation of 51% (ie,
18 of 35 families) was similar to findings of
Hoopes et al,28 who detected a CLCN5 defect in
19 of 32 families (59%). These investigators
reported OCRL1 defects in 5 of 13 CLCN5negative families,10 which is in line with the
present series, in which 29% (ie, 5 of 17 families) had an OCRL1 mutation. In 3 of the 5
pedigrees, mutations occurred de novo. However, in principle, the apparent de novo events
also might reflect a germline mosaicism in a
mosaic mother negative for the mutation in bloodcell DNA.
In the present study, as well as in the report by
Hoopes et al,10 the clinical presentation of
CLCN5-positive patients with Dent 1 disease and
the OCRL1-positive patients with Dent 2 disease
was virtually identical. Although numbers are
small, nephrocalcinosis has been reported in only
1 of 11 OCRL1-positive patients10,present series
compared with patients with CLCN5-positive
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Table 2. Characteristics of Dent-Like Patients With OCRL1 Mutations
Patient/Mutation
Clinical Parameters

G1.1/T121NfsX122

G1.2/T121NfsX122

Ethnicity
Age (y)
Height (cm) [percentile]
Weight (kg) [percentile]
Body mass index (kg/m2) [percentile]
Blood pressure (mm Hg)
Cataract
Abnormalities on physical examination
Neuropsychological performance

German
12 6/12
139.0 [p3]
37.1 [p25]
19.2 [p50-75]
107/70
No
No
Normal school
performance
Increased
echogenicity

German
9 11/12
138.0 [p50]
46.2 [p95]
24.3 [⬎p97]
103/64
No
No
Normal school
performance
Increased
echogenicity

1.1
69.5

1.0
75.5

0.5
104

0.9
77.3

0.6
120

0.5
120

7.39
25.4
10.4
4.55
334

7.41
23.9
10
4.65
222

7.40
23.6
11.6
4.96
311

7.42
24.4
10
4.21
222

7.44
25.5
10
4.74
144

7.46
20.4
10.6
5.48
383

22.3

19.7

22.0

11.1

23.3

16.9

62

58

71

61

49

53

34

35

56

23

35

27

423
463

475
482

361
488

402
367

658
145

723
291

Renal ultrasonography

No
300 mg/dL (3⫹)
2⫹

German
4 9/12
102.4 [p10]
16.8 [p25]
16.1 [p75]
119/51
No
No
IQ 87
Normal

No
No
300 mg/dL (3⫹)
300 mg/dL (3⫹)
2⫹
No
(Continued)

G10/T121NfsX122

German
8 2/12
126.5 [p25]
31.6 [p60]
19.9 [p95]
115/60
No
No
Normal school
performance
Increased
echogenicity

No
300 mg/dL (3⫹)
2⫹

M1/R476W

T2/Q70RfsX88

Macedonian
10 6/12
125.0 [⬍p3]
30.2 [p25]
19.3 [p85]
122/75
No
No
IQ 95

Turkish
5
93.5 [⬍⬍p3]
13.5 [⬍p3]
15.4 [p50]
110/70
No
No
Low normal (nt)

Normal

Normal

Trace
300 mg/dL (3⫹)
No

No
300 mg/dL (3⫹)
No

UTSCH ET AL

Serum (unit; reference value)
Creatinine (age dependent; mg/dL)
Schwartz glomerular filtration rate
(⬎89 mL/min/1.73 m2)
Acid-base status
pH (7.37-7.45)
Act. bicarbonate (21-26 Eq/L)
Calcium (8.4-10.4 mg/L)
Phosphate (2.94-5.73 mgl/L)
Alkaline phosphatase (age
dependent, 37°C)
Intact parathyroid hormone
(7-62 pg/mL)
Aspartate aminotransferase
(⬍60 U/L, 37°C)
Alanine aminotransferase
(⬍50 U/L, 37°C)
LDH (age dependent, U/L, 37°C)
CK (⬍229 U/L, 37°C)
Urinalysis (stix)
Glucosuria
Proteinuria
Hematuria

G2/I257T

NOTE. Height, weight, and body mass index percentiles were derived from Centers for Disease Control and Prevention (CDC), The National Center for Health Statistics,25
and age-specific reference values for alkaline phosphatase, CK, and LDH were taken from Nicholson and Pesce26 and as outlined in Methods, respectively. To convert
creatinine mg/dL to mol/L multiply by 88.4; standard bicarbonate in mEq/L to mmol/L, multiply by 1; calcium in mg/dL to mmol/L, multiply by 0.2495; inorganic phosphate in
mg/dL to mmol/L, multiply by 0.3229; calcium excretion in mg/kg/d to mmol/kg/d, multiply by 0.25; calcium-creatinine ratio in g/g to mmol/mmol, multiply by 2.83; glomerular
filtration rate in mL/min to mL/s, multiply by 0.01667.
Abbreviations: nt, not tested; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; su, spot urine.

No
10 mg/kg ⫻ d
No
11.1 mg/kg ⫻ d
nt
su: 0.27 g/g
creatinine
nt
su: 0.34 g/g
creatinine
nt
su: 0.37 g/g
creatinine

Generalized
10.0 mg/kg ⫻ d

1.3 g/m2/d
⫹ (SDS-PAGE)
1.4 g/m2/d
⫹ (SDS-PAGE)
su: 1.01 g/L
187
1.9 g/m2 ⫻ d
1,250
su: 1.68 g/L
290
su: 1.88 g/L
480

24-Hour collection/spot urine
Proteinuria (⬍0.1 g/m2 ⫻ d)
LMWP (␣1-microglobulin ⬍ 12 mg/L
or SDS page)
Hyperaminoaciduria
Calcium excretion (⬍4 mg/kg body
weight ⫻ d; ⬍0.24 g/g creatinine)

G10/T121NfsX122
G2/I257T
G1.2/T121NfsX122
G1.1/T121NfsX122
Clinical Parameters

Patient/Mutation

Table 2 (Cont’d). Characteristics of Dent-Like Patients With OCRL1 Mutations

M1/R476W

T2/Q70RfsX88
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Dent 1 disease, in whom nephrocalcinosis/
nephrolithiasis is observed in approximately
75%.24,28 Except for growth retardation, none of
our patients with OCRL1 mutations showed the
other extrarenal manifestations of Lowe syndrome. It has to be acknowledged that our patients were young and may develop musculoskeletal complications at a later age.17 Also, only 2 of
our patients underwent formal neuropsychological testing. School performance was normal in
patients G1.1 and G1.2, making a serious mental
handicap unlikely. However, Hoopes et al10 reported cognitive and behavioral impairment in 3
of their 5 patients. Because approximately 25%
of patients with Lowe syndrome have normal
intelligence,29 it is conceivable that cognitive
and behavioral impairment may be a distinctive
feature of Dent 2 disease, and neuropsychological testing should be considered in patients with
CLCN5-negative disease. However, to the best
of our knowledge, neuropsychological functioning has never been evaluated formally in patients
with CLCN5 mutations.
The striking overlap in clinical features suggests that ClC-5 and Ocrl, despite their own
individual functions, are implicated in the same
or an overlapping network of cellular function.
In the kidney, ClC-5 chloride channels are expressed predominantly in the proximal tubule
and ␣-intercalated cells of the distal nephron.6,7
Dysfunction of ClC-5 in endosomes of ClC-5
knockout mice led to defective membrane sorting and recycling between apical and endosomal
compartments in Dent disease.8 Norden et al30
reported diminished urinary excretion of megalin, a multiligand endocytotic receptor protein
involved in the endocytosis of low-molecular
proteins into proximal tubular cells in patients
with Dent disease and Lowe syndrome. Of note,
megalin deficiency was specific for the 2 conditions, whereas patients with autosomal dominant
idiopathic Fanconi syndrome had normal megalin excretion.30
The OCRL1 gene product, a PtdIns[4,5]P2
5-phosphatase, belongs to the type II family of
inositol polyphosphate 5-phosphatases, which hydrolyze the 5-phosphate of inositol 1,4,5-trisphospate, inositol 1,3,4,5 tetrakisphosphate, phosphatidylinositol 4,5-bisphosphate (PtdIns[4,5]P2),
and PtdIns(3,4,5)P3.12,13,31 Ocrl preferentially
converts (PtdIns[4,5]P2), a second messenger
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Fig 3. CK/LDH score associated with different gene
defects causing Dent phenotype. Diamond plot presents
mean and 95% confidence
interval (tip/bottom of diamond). The width of the diamond is proportional to the
patient number in the respective subgroup. Gray line indicates the group mean.

that regulates cytoskeleton-plasma membrane adhesion,11 to PtdIns[4]P12; hence, PtdIns[4,5]P2
accumulates in proximal renal tubule cells from
patients with Lowe syndrome.14 Ocrl was localized to lysosomes and the TGN in fibroblasts and
kidney proximal tubule cells13-15 and shown to
colocalize and interact with clathrin on endosomal membranes that contain transferrin and mannose-6-phosphat receptor, suggesting a role in
trafficking.32 This is supported by the finding
that patients with Lowe syndrome show twice
the activity of various lysosomal enzymes in
plasma compared with controls.33
Although CK and LDH are cytoplasmatic and
not lysosomal enzymes, it is interesting that their
serum levels were increased by a factor of 1.5 to
2 greater than the upper reference concentration
in almost all our ORCL1-positive patients with
Dent disease. Although myopathy is no feature
of classic Lowe syndrome, mild CK and LDH
level elevation frequently is seen in patients with
Lowe syndrome, and a myogenic origin has been
assumed.34 Two patients from the series of Hoopes
et al10 also had mildly elevated CK values, whereas
LDH had not been tested. Of note, approximately 50% of our patients who had negative test
results for both OCRL1 and CLCN5 defects also
had mild CK and/or LDH level increases, whereas
this was shown in only 4 CLCN5-positive patients from 2 of our families.24 Because the reference range for CK and LDH is age dependent and

age distribution was different among the 3 patient
groups (data not shown), we chose to analyze our
data nonparametrically with a scoring system. Our
data are preliminary because numbers are small
and the data set was complete for only OCRL1positive patients.
The origin of the CK and LDH level elevation
is not clear at the moment and may reflect
nonspecific damage in cell membranes in the
kidney because both CK and LDH were reported
to be involved in the metabolism of proximal
tubular cells.35 One also might speculate that the
observed increase in serum CK and LDH levels
in patients with Lowe syndrome34 and Dent 2
disease reflects a trafficking defect. Because a
subgroup of the CLCN5- and OCRL1-negative
patients also have LDH and/or CK level increases, protein trafficking/sorting also might be
disturbed. With these considerations in mind, the
question arises of whether PdtIns imbalance in
Ocrl deficiency also may impair sorting and/or
trafficking of ClC-5, thereby phenocopying a
genuine CLCN5 mutation.
A putative role in cognitive and behavioral
impairment in patients with Lowe syndrome also
was attributed to altered actin dynamics as a
consequence of defects in Rho GTPase-activating protein (GAP) activity.36 Hence, one also
would expect these features in all patients with
Dent 2 disease carrying mutations that affect this
domain (Fig 1). However, mild impairment was
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Fig 4. Conservation of residues located in the exonuclease-endonuclease-phosphatase domain of Ocrl and
related proteins. Missense mutations observed in patients with Dent 2 disease are given above with their respective
position in Ocrl according to the numbering outlined in Methods (start methionine at position 18). Amino acid
alignment is given with identical residues shown by dashes and conserved residues found to be mutated are shown
in bold. Sequences with their respective accession number were obtained from SwissProt and Genbank (*).

present in only 3 of 5 patients with Dent 2
disease reported by Hoopes et al10 and none of
our patients. The reason for the restriction of the
Lowe syndrome phenotype to lens, kidney, and
brain still remains to be elucidated. This may be
related to the expression profile of inositol polyphosphate 5-phosphatase (Inpp5B), which can compensate for PtdIns(4,5)P2 5-phosphatase deficiency in
mice.37 Of note, humans express less Inpp5 than
mice in many tissues, in particular, tissues typically affected in patients with Lowe syndrome.37
The OCRL1 gene occupies 52 kb on chromosome Xq25 and contains 24 exons with alternative splicing of its exon 18a.22 The relationship
between the various OCRL1 mutations and their
phenotypic consequences in patients with Dent 2
disease and Lowe syndrome currently remains
open. Of note, the clinical and biochemical phenotype of patients G1.1, G1.2, and G10, who
harbor the same mutation (T121NfsX122), is
almost identical.
As shown in Fig 1, none of the mutations
observed in patients with Dent 2 disease were
found in association with Lowe syndrome.38-52
There appear to be remarkable differences in the
distribution of the mutations between both phenotypes. In addition to gross gene deletions, the
Lowe phenotype was only reported in association with mutations in exons 8 to 23 of the
OCRL1 gene. Conversely, all frameshift mutations or splice defects leading to a premature stop
codon cluster in exons 5 to 7 in patients with
Dent 2 disease. Still, Dent 2 disease also was
observed with 4 missense mutations in exons 9 to

15; hence, in exons typically implicated in Lowe
syndrome. From data established by means of
Western blotting, all frameshift/splice mutations
were associated with the absence of Ocrl protein,
whereas the missense mutations R301C and
Y462C retained some residual enzyme activity.10
Unfortunately, we were unable to obtain fibroblasts from our patients to perform Western blotting. By analogy to findings from Hoopes et al,10
the 2 frameshift mutations identified here probably also constitute null mutations, and both
missense mutations (I257T and R476W) might
allow some PtdIns(4,5)P2 5-phosphatase activity. Conversely, all missense mutations observed
to date affect the highly conserved exonucleaseendonuclease-phosphatase domain of the protein. As shown in Fig 4, this domain, found in
human inositol 5=-phosphatases Ocrl and Inpp5B,
as well as synaptojanins, shows conservation of
all residues found mutated in patients with Dent
2 disease10, this study: residue R476 is strictly
conserved and only conservative substitutions
were found at positions 257 (I/T), 301 (R/Q), and
462 (Y/F), respectively. This apparent evolutionary conservation as far down as C elegans, S
pombe, and A thaliana suggests a critical role for
these amino acid residues for proper protein
function.
At present, the absence or presence of cognitive and behavioral impairment cannot be correlated with type of OCRL1 defect because this
feature was absent in all our patients and in 2
cases reported by Hoopes et al.10 This phenotypic variability is well known from Lowe syn-
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drome, in which mild to moderate impairment is
common, but approximately 25% of patients
have normal intelligence.29,44 Because both our
patients with missense mutations in the 5-phosphatase domain, as opposed to patients of Hoopes
et al,10 had no cognitive and behavioral impairment (Fig 1), one can speculate that the substitution of residues R301 and Y462 to cysteine in their
patients causes a more severe phenotype. Such an
additional cysteine-residue might predispose the
resultant protein to an altered folding, preserving
some residual enzyme activity,10 but interfering
with a yet unknown protein (inter)action.
Elevated PtdIns[4,5]P2 levels are associated
with several alterations in the actin cytoskeleton
in fibroblasts from patients with Lowe syndrome
that affect actin polymerization. In addition to
abnormal distribution of the actin-binding proteins gelsolin and actinin, a decrease in number
and length of actin stress fibers could be observed.54 Lens differentiation was shown to require actin remodeling,55 and perturbation of this
process may contribute to the formation of cataracts, uniformly present in patients with Lowe
syndrome. This led us to investigate whether the
presence of yet unknown (tissue-specific) OCRL1
messenger RNAs might contribute to the absence of ocular manifestations in OCRL1 mutations with a Dent phenotype. The presence of a
cDNA from mouse retina with a transcription
initiation 5= of exon 4 (UniProtKB/TrEMBL
entry Q8BXT3) supported this assumption. However, we were not able to detect a further OCRL1
variant aside from the 2 known transcripts. Another obvious possibility is that this subset of
patients with Dent 2 disease carries variations in
(an)other gene(s), which provides some degree
of cerebral and/or ocular protection.
In conclusion, we identified 5 additional families with Dent 2 disease harboring novel OCRL1
mutations. All 6 patients showed the classic
hallmarks of Dent disease, but did not express
such characteristic features of Lowe syndrome as
cataract, renal tubular acidosis, and cognitive
and behavioral impairment. Because others have
reported patients with mild retardation with Dent
2 disease,10 the mental developmental status in
patients with a Dent-like phenotype might well
be a clue to the diagnosis of Dent 2 disease.
Mildly elevated CK and LDH levels also appear
to be associated with Dent 2 disease, as opposed
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to CLCN5-positive Dent disease, and possibly
are related to a trafficking/sorting defect that also
might involve ClC-5 in these patients. This might
explain the phenotypic identity of Dent 1 and 2
disease. The reason for the mild phenotype of
Dent 2 disease compared with classic Lowe
syndrome remains to be elucidated.
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Sequences of primers used for amplification of the 24 OCRL1 exons:
1F
2F
3F
4F
5F
6F
7F
8F
9F
10F
11F
12F
13F
14F
15F
16F
17F
18F
18aF
19F
20F
21F
22F
23F

5=-GGAGCTGTTCCTCAAACGAC-3=
5=-GGGTGGAAGACCCCCTTC-3=
5=-CAGTGGCTGTTCTTTGATGC-3=
5=-AGGAGTAGTGACTGAGAGAAGCAG-3=
5=-TTGTGATCTGGACCTTCTTCTG-3=
5=-GCCCCTGCATATAAGGAATG-3=
5=-TTTTTCCCCGTTTGACTTTG-3=
5=-CATATTTGCCTTGTAGGAGAAT-3=
5=-CCTTTGTATGGAAGCGAAAAG-3=
5=-GACAGGAGGTAGCCAGAGAT
5=-CGTGGGACATTAGAAATGTGG-3=
5=-GGTGAGTTACTTTGGAAATGAGC-3=
5=-AGTGGTGAGTGAGCCCTTATC-3=
5=-TGGCTTATCAACCTGATTATCTC-3=
5=-CCCTGATCTAAACCAGTGTGG-3=
5=-TCCAAGGGAGATGAGCTAGAAG-3=
5=-CTATGGCATTTGCACACCTG-3=
5=-TTCCCACTGGAGGTTTTCC-3=
5=-GCTGTTTAAAGCATGTATATCTGG-3=
5=-GCATGACCAGAATTTGAAGG
5=-GCTGCTCTTCTGATCCTTGG-3=
5=-TCTGTGTGGCCTTTCTCCTG-3=
5=-TCCACCTGTTTTTCTCACTGC-3=
5=-GCCCTGAGGTTTTGCTTAGG-3=

1R
2R
3R
4R
5R
6R
7R
8R
9R
10R
11R
12R
13R
14R
15R
16R
17R
18R
18aR
19R
20R
21R
22R
23R

5=-CTCTCTGCTCGGCCTCTG-3=
5=-ACCTGGACCTGAACCTGTTG-3=
5=-TTCGATATAACCCTTCAGCATTC-3=
5=-CATGTTTTTGGGAAACAGTGC-3=
5=-TCAGAATTCCACTCCCGTTG-3=
5=-CATCACCATATTTGGCCTGAC-3=
5=-TTTTCACGTGGAAGCCTAGC-3=
5=-CAACAGGCCACTGTCTGTT-3=
5=-CACAAATTTGACCCGCAAG-3=
5=-TGGAATAACTCCCGGTGAG-3=
5=-GCTACCCCACCTTTGTTTCC-3=
5=-GCCACTACTCAAAGGCTACAGG-3=
5=-CAGTAAGACGTTTCCATCACTCC-3=
5=-AGCCCCTTACCAATATGGAG-3=
5=-GGAACATTTATGGCTTGCTG-3=
5=-CAACTGGAATGGAGGCAGTC-3=
5=-ATCACCAGCAGAGACAATGG-3=
5=-TGAAAATTAAATGTAAAAGAGGTT-3=
5=-GGCAGGACTTTAGGGGAGTC-3=
5=-CGTGAGGTGTTGTGATTTCC-3=
5=-GAGAAACAAGTGGATAGTCAGTGG-3=
5=-ATGCAGACCCATCCTACCAG-3=
5=-CCTGGGGACAAGGACTATTG-3=
5=-GCAATAGACCCTTCCTGTGG-3=

3R
18aR

5=-TTCGATATAACCCTTCAGCATTC-3=
5=-GGCAGGACTTTAGGGGAGTC-3=

Sequences of primers used for haplotype analysis:
3F2
18aF2

5=-GAGGACAGTTTCATGGAGGAG-3=
5=-GCTTTCAGAGCCTCAGTTTCTT-3=

Sequences of primers used for RT-PCR studies (exon borders indicated by -):
E1/2F
E3/4F
E11/12R
E9/10R

5=-GAGCCCAGCCGCTTGCC-ACTGT-3=
5=-GCCACTTCAGATGTGTTCAAG-AAG-3=
5=-CCCCACCTTTGTTTCC-CATTTTCC-3=
5=-CCAGTTCTTGGAAT-CCAATGCAG-3=

