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Purrosk. Leber congenital amaurosis (LCA) is genetically het-
erogeneous, with 15 genes identified thus far, accounting for
~70% of LCA patients. The aim of the present study was to
identify new genetic causes of LCA.

MerHODS. Homozygosity mapping in >150 LCA patients of
worldwide origin was performed with high-density SNP mi-
croarrays to identify new disease-causing genes.

Resurts. In three isolated LCA patients, the authors identified
large homozygous regions on chromosome 3 encompassing
the IQCB1 gene, which has been associated with Senior-Loken
syndrome (SLSN), characterized by nephronophthisis and ret-
inal degeneration. Mutation analysis of IQCB1 in these three
patients and a subsequent cohort of 222 additional LCA pa-
tients identified frameshift and nonsense mutations in 11 pa-
tients diagnosed with LCA. On re-inspection of the patient’s
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disease status, seven were found to have developed SLSN, but
four maintained the diagnosis of LCA as the kidney function
remained normal.

ConcLusions. Results show that the onset of renal failure in
patients with JQCBI mutations is highly variable, and that
mutations are also found in LCA patients without nephronoph-
thisis, rendering IQCB1 a new gene for LCA. However, these
patients are at high risk for developing renal failure, which in
early stages is often not recognized and can cause sudden
death from fluid and electrolyte imbalance. It is therefore
recommended that all LCA patients be screened for IQCB1
mutations, to follow them more closely for kidney disease.
(Invest Opbthalmol Vis Sci. 2011;52:834-839) DOI:10.1167/
iovs.10-5221

eber congenital amaurosis (LCA [MIM204000]; Mende-

lian Inheritance in Man, National Center for Biotechnol-
ogy, Bethesda, MD) is the most severe form of early-onset
retinal blindness and typically becomes evident in the first
year of life. The frequency is variably estimated as 1/30,000"
and 1/81,000.? Poor visual function is accompanied by nys-
tagmus (pendular or roving eye movements), photophobia,
sluggish or near-absent pupillary responses, hyperopia, ex-
tinguished or severely reduced rod and cone signals on the
electroretinogram (ERG), and a highly variable retinal appear-
ance. LCA is generally inherited in an autosomal recessive
manner and is genetically heterogeneous. Fifteen genes have
been associated with LCA, which explain approximately 70%
of the patients, whereas 30% of LCA patients are currently
“unsettled” and likely have mutations in yet to be discovered
genes (http://www.sph.uth.tmc.edu/RetNet/). The known
genes that are causative for LCA participate in a diverse group
of functional pathways, including photoreceptor development
(CRBI1 [MIM 604210], CRX [MIM 602225]), phototransduction
(GUCY2D [MIM 600179], AIPLI [MIM 604392)), retinoid me-
tabolism (RPEG5 [MIM 180069], LRAT [MIM 604863], RDH12
[MIM 608830]), ciliary transport (CEP290 [MIM 610142],
TULP1 [MIM 602280], RPGRIP1 [MIM 605446], LCA5 [MIM
611408]), guanine synthesis (U/MPDHI [MIM146690]), and
outer segment phagocytosis by the retinal pigment epithelium
(MERTK [MIM 604705]). Additionally, the functional pathways
in which RD3 [MIM180040] and SPATA7 [MIM 609868] par-
ticipate remain unknown.

One of these genes, CEP290 (also known as NPHPG), rep-
resents the most common cause of LCA identified until now,
accounting for 20% of LCA patients of northern European
descent,>* although lower frequencies (5%) have been re-
ported in other populations.>® In addition, CEP290 is also
associated with several severe multisystem diseases in which
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blindness due to retinal degeneration is only part of the phe-
notype, such as Joubert (JBTS), Meckel (MKS), Bardet-Biedl
(BBS), and Senior-Loken syndromes (SLSN).”~'? JBTS is charac-
terized by a mid-hindbrain malformation (called the molar
tooth sign on imaging studies), hypotonia, developmental de-
lay, and retinal dystrophy and may also be associated with
nephronophthisis, congenital hepatic fibrosis, and polydactyly.
MKS is an early embryonic multisystem disorder characterized
by malformations of the central nervous system (typically oc-
cipital meningoencephalocele), polydactyly, cystic kidney dys-
plasia, and ductal proliferation in the portal area of the liver.
BBS includes progressive retinal degeneration, obesity, poly-
dactyly, hypogenitalism, cognitive impairment, and kidney dys-
plasia. Finally, SLSN is an autosomal recessive disease with the
main features of nephronophthisis (NVPHP [MIM 256100]), a
cystic kidney disease, and retinal degeneration.

CEP290 has been shown to interact with several centro-
somal and microtubule-associated proteins,'"'>"'” including
RPGR (mutated in patients with X-linked retinitis pigmentosa),
RPGRIP1 (LCA), CC2D2A (JBTS and MKS), and IQCB1 (also
known as NPHP5) (SLSN). Knockdown studies of CEP290 and
IQCB1 in zebrafish reveal similar phenotypes that recapitulate
some of the characteristics of JBTS, and a synergistic effect on
the severity of the phenotype was observed after combined
knockdown of zebrafish CEP290 and IQCB1.'® CEP290 and
IQCB1 both localize to the connecting cilium of the photore-
ceptor, where they form part of a multiprotein complex that
regulates the transport of cargo molecules to the outer seg-
ment of the photoreceptor.'>1%18 All SLSN patients with mu-
tations in IQCB1 were shown to suffer from severe retinal
dystrophy, while the age of onset of the renal disease is vari-
able.'®

In our continuing efforts to identify new LCA genes, we
have genotyped >150 LCA patients by SNP arrays and identi-
fied three LCA patients with large homozygous regions encom-
passing the IQCB1 gene. This finding together with the re-
ported interaction between the IQCB1 and CEP290 proteins, '°
and the severe retinal dystrophy seen in SLSN patients with
IQCB1 mutations (not unlike LCA), prompted us to test the
hypothesis that mutations in /QCB1 cause nonsyndromic LCA.
In this study, we report mutation analysis of the IJQCBI gene in
225 LCA patients, which revealed mutations in 11 patients of
nine families. On reevaluation of the renal function seven
patients were subsequently diagnosed as SLSN, but four LCA
patients did not show signs of renal disease. Our results show
that /QCB1 mutations can cause LCA without nephronophthi-
sis, although we cannot exclude that some patients may de-
velop kidney disease later in life.

MATERIAL AND METHODS

Subjects and Clinical Evaluation

Two hundred twenty-five unrelated LCA patients of worldwide origin
were included in the study. The diagnosis of LCA was given to patients
with blindness or severe visual impairment before the age of six
months, onset of nystagmus within the first few weeks of life, and a
nondetectable ERG before the age of one year. Patients were examined
by acuity testing, slitlamp biomicroscopy, cycloplegic refraction (1%
cyclogel drops), funduscopy, and ERG testing. Acuity testing was done
with age-appropriate measures. After the diagnosis of LCA was en-
sured, DNA was collected after informed consents were signed. Ethical
approval was given to all participating institutions and conformed to
the tenets of the Declaration of Helsinki.

To exclude known mutations in the LCA genes, all patient samples
were analyzed with a genotyping microarray based on arrayed primer
extension (APEX) technology (Asper Ophthalmics, Tartu, Estonia).'?
DNA samples of 93 LCA patients were genotyped and analyzed for
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homozygous regions previously by den Hollander and co-workers.*°
Sixty additional DNA samples were analyzed in this study as described
previously by den Hollander using 250 K Nspl SNP microarrays (Af-
fymetrix, Santa Clara, CA).

Mutation Analysis

Primers for amplification of the coding exons and splice junctions of
IQCB1 were selected by ExonPrimer (http://ihg2.helmholtz-
muenchen.de/ihg/ExonPrimer.html) and Primer3 (http://biotools.
umassmed.edu/bioapps/primer3_www.cgi). PCR products were puri-
fied with 96-well filter plates (Multiscreen HTS-PCR; Millipore, Bed-
ford, MA) or by gel extraction (Qia-Quick Gel Extraction Kit; Qiagen,
Valencia, CA). Sequencing was performed with dye terminator chem-
istry (BigDye Terminator, ver. 3 on a 3100.3730 or 3730XL DNA
Analyzer; Applied Biosystems, Inc. [ABI], Foster City, CA).

RESULTS

Identification of IQCBI Mutations in LCA Patients

In a previous study®® as well as the present one we per-
formed genome-wide homozygosity mapping in a cohort of
>150 LCA patients using SNP microrarrays. In two isolated
LCA patients (42108 and 42109) without known consan-
guinity and one isolated LCA patient from a consanguineous
marriage (BE77905), we identified large homozygous re-
gions encompassing the IQCB1 gene. The region in patient
42108 spans 17 Mb (1435 SNPs) and is the largest homozy-
gous region identified in this patient’s genome. In patient
42109 the interval spans 6 Mb (521 SNPs), but several larger
homozygous regions were identified on other chromosomes
(the region encompassing the IQCBI gene ranks ninth). In
patient BE77905 the largest homozygous region encompass-
ing the IQCB1 gene spans 26 Mb (2337 SNPs).

Direct sequencing of all 13 coding exons of IQCB1 was
therefore performed in patients 42108, 42109, and BE77905. A
homozygous 2 bp deletion in exon 6 (c.424_425delTT) of
IQCB1 was identified in patient 42108, which introduces a
shift in the open reading frame (Table 1). A homozygous 2 bp
duplication in exon 11 (c.1074_1075dup) was identified in
patient BE77905, which also introduces a shift in the open
reading frame (Table 1). No mutation was detected in patient
42109. The two mutations identified in patients 42108 and
BE77905 were previously reported by Otto et al.'® in patients
with SLSN. Because of this finding, we carried out IQCBI
sequence analysis in 222 additional LCA patients, identifying
frameshift and nonsense mutations in nine additional patients
of seven families (Table 1).

Two of the mutations (p.R502X and p.Q512X) have not
been reported before, while all other mutations were previ-
ously identified in patients with SLSN.'®>! In a Puerto Rican
family, a homozygous nonsense mutation (p.R461X) segre-
gated in a pseudodominant fashion in two affected siblings
(MOGL3772 and MOGL3773) and their affected mother
(MOGL430). The father carries the mutation p.R461X heterozy-
gously.

Clinical Findings

Reevaluation of the renal function in all 11 patients led to the
diagnosis of SLSN in seven patients (Table 2). Thus, in four
patients, the diagnosis remains nonsyndromic LCA, despite
regular follow-up and inspection of the kidney status. The
seven patients with SLSN developed nephronophthisis be-
tween ages 3 and 50 years. The other patients retained normal
kidney function up to their current ages (age range 3-34
years).
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TABLE 1. IQCB1 Mutations Detected in This Study

I0VS, February 2011, Vol. 52, No. 2

Allele 1 Allele 2

Patient ID Country DNA Variant Protein Defect DNA Variant Protein Defect
42108 Germany c.424_425del p-F142PfsX5 C.424_425del p.F142PfsX5
12786 Germany c.424_425del p-F142PfsX5 c.1518_1519del p-H506NfsX13
BE77905 Morocco ¢.1074_1075dup p-A359EfsX3 ¢.1074_1075dup p-A359EfsX3
13079 The Netherlands c.424_425del p-F142PfsX5 ¢.1535_1536insATAGC p.Q512X
42125 Germany ¢.825_828del p-R275S8£sX6 ¢.1069C>T P-Q357X
42110 Germany ¢.825_828del p-R2755fsX6 c.1518_1519del p-H506NfsX13
MOGL3572 United States ¢.1465C>T p-R489X ¢.1518_1519del p-H506NfsX13
MOGL430 Puerto Rico c.1381C>T p-R461X c.1381C>T p-R461X
MOGL3773* Puerto Rico c.1381C>T p-R461X c.1381C>T p-R461X
MOGL3772* Puerto Rico c.1381C>T p-R461X c.1381C>T p-R461X
MOGL3309 Italy C.1504A>T p.R502X C.1504A>T p.R502X

* Daughters of MOGL430.

The ocular phenotypes of SLSN and LCA patients with
IQCB1 mutations are similar and seem to be indistinguishable
from each other in this study. The phenotype of LCA patients
with JQCB1 mutations resembles classical LCA with early onset
pendular nystagmus, poor fixation at birth, and a nondetect-
able rod and cone ERG early in the disease process. In addition,
all patients in this cohort were found to have high hyperopic
refractions (+3.00 to +7.50 D). The acuities at later ages were
variable and ranged from 20/70 at age 15 (12786) to light
perception at age 10 (MOGL3309).

Two retinal features of patients with JQCBI mutations are
not typical of the retinal phenotypes associated with the cur-
rently known 15 LCA genes. Usually the initial peripheral
retinal examination in a 1-to-2-year-old patient with LCA is
essentially normal, with relatively normal-appearing retinal pig-
ment epithelium (RPE), foveal appearance, optic disc, and mild
narrowing of the retinal arterioles. Pigmentary changes and
degeneration of the retina often occur much later. Interestingly
in one of the youngest patients (MOGL3309) retinal changes
were already prominent at age 18 months, as we noted a
striking “lobular” pattern of hypo- and hyperpigmentation out-
side the retinal arcades (Fig. 1A). This same pattern of abnor-
malities was seen in another LCA patient (42108) (Fig. 1B) with
IQCB1 mutations at age 34 years. Patient 42125 also has hy-
popigmentation outside the arcades, but this is not in the clear
“lobular” pattern as the previous two (Fig. 1C). Patient 12786
does not show the lobular changes but has a diffuse RPE
atrophy with intraretinal pigment epithelial changes (Fig. 1D).

One of the 12 patients (13079) in our cohort had cataract
and keratoconus. Other ocular findings that can be associated
with LCA (optic disc pallor, maculopathy, macular coloboma)
were not seen in these patients.

DISCUSSION

In this study, we describe IQCBI mutations in patients with
SLSN and in LCA patients without renal failure. This study also
confirms the power of genome-wide homozygosity mapping to
identify the genetic defect in non-consanguineous patients
with an autosomal recessive disease.”'~*°

The initial diagnosis of LCA in our cohort of patients was
made using strict criteria (poor fixation at birth or within 6
months of age, pendular nystagmus, amaurotic pupils, nonde-
tectable or severely diminished rod and cone ERG amplitudes
before age one year, and absence of systemic disease), but a
clinical reevaluation of the 11 patients with JQCBI mutations
showed manifestation of nephronopthisis in seven of them,
prompting a change in diagnosis to SLSN. However, four pa-
tients maintained normal kidney function up to their current
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ages (age range 3-34 years). Considering that the median age
for the manifestation of end-stage renal disease in infantile,
juvenile, and adolescent nephronopthisis is 1, 13, and 19 years
old, respectively,?®** we had expected that if a patient with
IQCB1 mutations is destined to develop kidney disease and
failure, our patients would develop renal failure early (before
the age of 19 years). However, Otto et al.>! extended the range
of ages at which end-stage renal disease commences to be-
tween age 8 and 47, which is consistent with our results
ranging from 3 to 50 years of age. Based on the wide age range
in the onset of end-stage renal disease, and the lower mean age
of the patients in this study without renal failure compared
with those with nephronophthisis (15 vs. 28 years), we cannot
exclude that some patients identified in our study will develop
renal disease at a later age. Consequently, it is of major impor-
tance to search for signs of nephronophthisis in patients with
IQCB1 mutations. Because of the mild symptoms in the early
stages, there is often a delay in the diagnosis of nephronoph-
thisis. This causes a risk for sudden death from fluid and
electrolyte imbalance.”” Nephronophthisis patients receiving
kidney transplants have excellent outcomes that are shown to
be better compared with the general pediatric transplant pop-
ulation.?” We therefore recommend that all LCA patients be
screened for JQCB1 mutations to follow them more closely for
kidney disease.

When we compared the IJQCBI mutations found in patients
with SLSN'®2! with those with LCA to determine possible
correlations between type or location of the mutations and the
resulting phenotypes in our patients, we did not find any
significant patterns. The mutations that were identified in the
four LCA patients without renal disease were previously found
in patients with SLSN.'®2"2 All IQCB1 mutations were dele-
terious mutations, presumably resulting in nonfunctional or
absent IQCB1 protein. The wide variability in onset, or even
absence, of kidney failure suggests the presence of unknown
genetic and/or environmental modifier effects and factors. In
line with this hypothesis, a genetic modifier in RPGRIP1L has
recently been described to affect the severity of retinal degen-
eration in ciliopathies.>®

The retinal dystrophy of our LCA patients who later devel-
oped SLSN and those LCA patients who did not is indistinguish-
able. Of interest is the fact that we found very similar retinal
phenotypes in three unrelated patients with /QCBI mutations
(Figs. 1A, 1B). We documented in these three patients a “lob-
ular” pattern of hypo- and hyperpigmentation around the vas-
cular arcades. We have not seen this pattern in LCA patients
with mutations in other LCA genes. We have seen hypopig-
mented and salt-and-pepper changes in other LCA genetic
subtypes but not like the ones we have observed in LCA
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FIGURE 1. Fundus pictures of pa-
tients with IJQCB1 variants. (A) Ret-
cam retinal photograph of the right
eye of MOGL3309 at age 18 months.
Note the relatively normal color of
the optic disc, the narrowing of the
retinal arterioles, and the relatively
normal-appearing fovea and macula.
Outside the arcades are hypopig-
mented areas surrounded by hyper-
pigmented lesions in a “lobular pat-
tern.” (B) Retinal photograph of the
left eye of patient 42108 at age 34
years old, showing a very similar
retinal pattern as MOGL3309, with
a relatively normal-appearing optic
disc and vessels and striking “lobu-
lar pattern” of hypo- and hyperpig-
mentary changes outside the vascu-
lar arcade. (C) Retinal photograph
of the left eye of patient 42125 at
age 28 years old, showing a slightly
hazy retina, with relatively normal
optic disc appearance, an abnormal
peripapillary white ring and narrow
retinal arterioles, and no pigmen-
tary changes or lobular retinal
changes. (D) The retinal photo-
graph of the right eye at age 15
years old of patient 12786 shows a
relatively small optic disc of good
color with a prominent white, peri-
papillary ring, narrow arterioles, a
normal appearing macula, and ab-
sence of intraretinal flecks or lobu-

lar changes seen in (A) and (B) but does clearly show hypopigmented lesions, especially around the vascular arcades. There is diffuse RPE
atrophy and beaten metal changes, more prominent nasally and superiorly, with a small number of intraretinal pigment changes. There is

retinal remodelling, with straightening of the retinal vessels.

patients with /QCBI mutations. Salt-and-pepper changes are
well known in patients with LRAT and with RPEGS5 mutations,
but these salt (hypopigmented)-and-pepper (pigmented) changes
are very fine and subtle.”*?' The hypopigmented changes alter-
nating with hyperpigmented changes observed in LCA patients
with IQCB 1 mutations are large and lobular (Figs. 1A, 1B, and 1D).
Further genotype-phenotype correlation studies must be per-
formed to confirm this disease pattern. Some ocular findings
are more often found with certain LCA genotypes and may be
characteristic for them.??73% In the cohort of 225 patients that
was analyzed in this study, JQCBI mutations were identified in
11 probands of nine families. When we exclude patients that
were diagnosed as SLSN after the molecular analysis, the fre-
quency of IQCB1 mutations in LCA patients is estimated to be
2%. The most frequent mutations identified in this study
(p.F142PfsX5, p.H506NfsX13, p.R27558fsX6) were found in pa-
tients of European ancestry, in concordance with previous
studies.'®?" This result could suggest a core of founder muta-
tions whose origin may be northern Europe (involving Ger-
many, The Netherlands, and Switzerland).

In conclusion, this study shows that the onset of renal
failure in patients with /QCBI mutations is highly variable, and
that mutations are also found in LCA patients without
nephronophthisis. The severity or absence of renal failure
might be caused by unknown modifier alleles and/or environ-
mental factors. Because of the importance of finding kidney
disease as early as possible, as early intervention improves
patient management and clinical outcome, we suggest that
LCA patients should be routinely tested for JQCB1 mutations.
Those LCA patients with /QCBI mutations should then be
routinely and regularly tested for kidney dysfunction with
simple clinical tests. Consequently, we also recommend that all
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known IQCBI mutations are added to the Asper Ophthalmic
LCA disease chip'® and advise ophthalmologists to incorporate
this directive into their clinical practices.
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