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Different mutations in the human Crumbs homolog-1 (CRB1) gene cause a variety of retinal dystrophies, such as Leber congenital
amaurosis, early onset retinitis pigmentosa (e.g., RP12), RP with Coats-like exudative vasculopathy, and pigmented paravenous retino-
choroidal atrophy. Loss of Crb1 leads to displaced photoreceptors and focal degeneration of all neural layers attributable to loss of
adhesion between photoreceptors and Müller glia cells. To gain insight into genotype–phenotype relationship, we generated Crb1C249W

mice that harbor an amino acid substitution (Cys249Trp) in the extracellular sixth calcium-binding epidermal growth factor domain of
Crb1. Our analysis showed that Crb1C249W as wild-type protein trafficked to the subapical region adjacent to adherens junctions at the
outer limiting membrane (OLM). Hence, these data suggest correct trafficking of the corresponding mutant CRB1 in RP12 patients.
Crb1C249W mice showed loss of photoreceptors in the retina, relatively late compared with mice lacking Crb1. Scanning laser ophthalmos-
copy revealed autofluorescent dots that presumably represent layer abnormalities after OLM disturbance. Gene expression analyses
revealed lower levels of pituitary tumor transforming gene 1 (Pttg1) transcripts in Crb1C249W/� knock-in and Crb1�/� knock-out com-
pared with control retinas. Exposure to white light decreased levels of Pttg1 in Crb1 mutant retinas. We hypothesize deregulation of Pttg1
expression attributable to a C249W substitution in the extracellular domain of Crb1.
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Introduction
Inherited retinal degenerations often lead to partial or even com-
plete loss of vision. More than 114 retinal disease genes have been
identified and linked to eye diseases, such as Leber congenital
amaurosis (LCA), retinitis pigmentosa (RP), and other retinop-
athies (Retnet; www.sph.uth.tmc.edu/retnet/home.htm). Muta-
tions in Crumbs homolog 1 (CRB1) give rise to different pheno-
types, such as LCA or early onset RP, such as RP type 12 (RP12).

LCA results in severe loss of vision at birth as demonstrated by
loss of electrical activity measured by electroretinography (ERG).
RP primarily affects the rod photoreceptors and results in night
blindness with progressive loss of vision from the periphery to the
center of the retina.

Human CRB1 is a 1406 amino acids transmembrane protein
with 19 epidermal growth factor (EGF) domains, three laminin A
G-like domains, a single transmembrane domain, and a 37 amino
acids intracellular domain. Mouse Crb1 is one amino acid shorter
attributable to loss of codon 55 in the first EGF domain but has a
very similar structure as human CRB1 (den Hollander et al.,
2002).

Crb1�/� knock-out mice do not synthesize Crb1 protein and
develop focal retinal disorganization of the photoreceptor layer,
such as large half rosettes of photoreceptors (van de Pavert et al.,
2004). The phenotype is attributable to loss of maintenance of
adhesion between photoreceptors and Müller glia cells. The af-
fected regions undergo light-accelerated focal degeneration of all
retinal layers except the ganglion cell layer.

It has been hypothesized that mutations that lead to two CRB1
null alleles result in LCA, whereas more subtle mutations result in
milder phenotypes, such as RP (Cremers et al., 2002; den Hol-
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lander et al., 2004). However, genetic background can suppress
severe retinal CRB1 phenotypes (Mehalow et al., 2003), and the
hypothesis that different mutations in Crb1 on the same genetic
background lead to different phenotypes has not been verified.

Here, we generated Crb1C249W mutant mice as a mouse model
for RP12 patients that harbor C250W mutations and analyzed the
retinal phenotype. This point mutation causes a change from a
cysteine into a tryptophan in the extracellular sixth EGF domain.
The six cysteines in EGF domains are required for disulfide bridg-
ing, and substitution of these amino acids are likely to result in
structural changes in and loss of function of the EGF domain.
Whereas the intracellular domain of Crb1 is known to bind sev-
eral membrane-associated guanylate kinase (MAGUK) and mul-
tiple PDZ [postsynaptic density-95/Discs large/zona occludens-1
(ZO-1)] proteins, associations of proteins with the extracellular
domain are not known. Here, we suggest a function for the ex-
tracellular domain of Crb1 in regulating pituitary tumor trans-
forming gene 1 (Pttg1) transcript levels. In addition, we show that
mutant Crb1 C249W protein is produced and localized correctly to
the subapical region (SAR) adjacent to adherens junctions and
has retained residual Crb1 activity in maintaining adhesion be-
tween photoreceptors and Müller glia cells but lost the capacity to
regulate Pttg1. We show that different mutations in the Crb1 gene
on the same genetic background result in phenotypes of different
severity.

Materials and Methods
Generation of Crb1 C249W/� mice. A cDNA fragment containing exons 2
and 3 of Crb1 was used to isolate clone 44 from a �EMBL3 genomic
129/Ola DNA phage library. The 3�-arm vector containing a point mu-
tation (TGT to TGG) in codon 249 of exon 3 was generated by PCR.
Primers JW56 in intron 2 and JW57 in exon 3, primers JW58 and JW59 in
exon 3 (Table 1), and a combination of primers JW56 and JW59 were
used to generate a C249W mutation in mouse Crb1, a model for the
C250W mutation in human CRB1. The 3�-arm of the targeting vector
was generated by ligating a pGEM5 vector containing the 314 bp ApaI/
NcoI JW56/57 sequence with a 2 kb 3�-flanking exon 3 NcoI/SpeI frag-
ment from �EMBL3 clone 44. The 2.3 kb 3�-arm was subcloned as
(blunted-ApaI)/NotI fragment into (blunted-ClaI)/NotI sites of pBS–
loxP–hygro–loxP-(X/B) containing a hygromycin resistance gene driven
by the mouse phosphoglycerate kinase promoter. A 5.3 kb 5�-targeting
arm was subcloned as XhoI/(blunted-ApaI) fragment into the XhoI/
(blunted-XbaI) sites of pBS–loxP–hygro–loxP containing the 3�-
targeting arm. Correct targeting deleted 3.6 kb of intron 2, inserted the
floxed hygro cassette in intron 2, and replaced the wild-type exon 3 with
an exon 3 harboring the C249W mutation. Correct homologous recom-
bination in embryonic day 14 mouse embryonic stem (ES) cells was
verified by long-template PCR of a mutant-specific 2.7 kb fragment using
primer JW73 in the hygro cassette and JW70 in intron 3 abutting the

3�-flank of the targeting vector. The recombination efficiency for the first
step was 18%. The floxed hygro cassette was removed by electroporation
of Cre recombinase (pOG321) and puromycin resistance (pPGK–puro)
expression plasmids into independent Crb1flox– hygro–C249W/� ES cell
clones. Correct removal of the floxed hygro cassette was verified by PCR
of a 400 bp fragment using primer JW82 adjacent to the first loxP site and
JW76 in exon 3. The recombination efficiency for the second step was
64%. Three Crb1C249W/� ES clones with normal karyotype were aggre-
gated with C57BL/6 mouse morulas, of which two gave germ-line trans-
mission. The mutant Crb1C249W allele in heterozygote mice was analyzed
by long-template PCR. A mutant-specific 2.6 kb fragment containing
part of the hygro cassette, the complete 2.3 kb 3�-targeting arm, and a
region adjacent to the targeting arm was amplified using primer JW83
and JW70 in intron 3 abutting the 3�-flank of the targeting vector. JW83
is specific for the second lox P site but recognizes the single lox P site in
the mutant allele. A mutant-specific 0.7 kb fragment and a wild-type-
specific 4.2 kb fragment, containing a part of the 5�-flanking targeting
arm, the single lox P site, or 3.6 kb wild-type intron 2 sequence and a part
of the 3�-flanking arm, was amplified using primer JW253 in the 5�-arm
and JW12 in intron 3. Cre recombinase and puromycine resistance gene
markers were used to test for absence of pOG321 and pPGK–puro se-
quences. Unexpected, crossing of Crb1C249W/C249C heterozygote mice
from both clones yielded 68 offspring with 78% wild-type, 22% hetero-
zygote, and 0% of homozygote mice. Crossing of heterozygous mice
backcrossed eight times onto C57BL/6 did also not result in homozygous
Crb1C249W/C249W mice. Homozygous Crb�/� knock-out mice were via-
ble (van de Pavert et al., 2004), similar to homozygous CRB1C250W/C250W

patients (den Hollander et al., 2004); therefore, it was unlikely that the
Crb1C249W mutation caused lethality. We suggest that additional muta-
tions were introduced in the Crb1C249W ES cells during the two selection
rounds for recombination events or that homologous recombination
deleted an essential DNA region in intron 2. For the analysis of the
Crb1C249W allele, we used mutant Crb1C249W/� and control Crb1C249C/�

from a cross of Crb1�/� with Crb1C249W/C249C mice. Crb1�/� mice har-
bor a deletion of the promoter region and exon 1 (van de Pavert et al.,
2004) and do not express Crb1. Both mouse stocks (Crb1C249W/� and
control Crb1C249C/�) were maintained on 50% C57BL/6 and 50% 129/
Ola genetic background and kept on a 12 h dark/dimmed light (100 lux)
cycle.

For PCR genotype analysis, the Crb1� knock-out allele (with deleted
exon 1 but wild-type exon 3) was detected by PCR using forward primer
JW123 in the hygro cassette and reverse primer JW105 in intron 1. This
primer pair amplifies a 470 bp fragment from intron 1 in the Crb1� null
allele. Specific amplification of the mutant exon 3 allele was done by
using forward primer JW83 in the single loxP site in intron 2 with reverse
primer JW12 in intron 3. This primer pair amplifies a 450 bp fragment
from the Crb1C249W allele. For sequencing, both the wild-type and mu-
tant exon 3 alleles were amplified using forward primer JW74 in exon 3
with reverse primer JW12. These primer pairs amplify a 254 bp fragment.

Animals. All animals were treated according to guidelines established
at the institutions in which the experiments were performed and ap-
proved by the Animal Care and Use Committee. Before the start of the
light exposure, mice were maintained in a 12 h dark/dimmed light (100
lux) cycle. After a 12 h dark period, mice were immediately and for 72 h
continuously exposed to 3000 lux of diffuse white fluorescent light [TLD-
18W/33 tubes (Philips, Aachen, Germany); 350 –700 nm] without pupil-
lary dilation. Immediately after light exposure, the eyes were marked for
orientation and thereafter enucleated.

Morphological and immunohistochemical analysis. Eyes from the ani-
mals were enucleated, and, subsequently, retinas were snap-frozen or the
anterior segment was fixed for cryosectioning, paraffin sectioning, or 3
�m sectioning in Technovit 7100 (Kultzer, Wehrheim, Germany).

After 30 min fixation at room temperature (RT) with 4% paraformal-
dehyde in PBS, the mouse eyecups were cryoprotected with sucrose in
PBS. Cryosections (7 �m) were rehydrated in phosphate buffer (PB) and
blocked for 1 h using 10% goat or donkey serum, 0.4% Triton X-100, and
0.1% BSA in PB. Primary antibodies were diluted in 0.3% goat or donkey
serum, 0.4% Triton X-100, and 0.1% BSA in PB and incubated for 16 h at
room temperature. Synthesis of Crb1, protein associated with Lin

Table 1. Oligonucleotides used for the generation of Crb1C249W/� mice

JW12 5�-AGCAAAATCCAATTCACG-3�
JW56 5�-GATCGGGCCCATCGATCAATTAGAGTAGAGGAGGAG-3�
JW57 5�-GGAATCCAGGTGCCCAGTCACAGG-3�
JW58 5�-CCTGTGACTGGGCACCTGGATTCC-3�
JW59 5�-GACCTCCATGGAGACACGGCTG-3�
JW70 5�-GGAAATGACAGATGTTGCAGGGAC-3�
JW73 5�-AGCGGTCGACTAGAGCTTGCGG-3�
JW74 5�-CATAGGCGTGAACTGTGAGTTGG-3�
JW76 5�-CTCCATGGAGACACGGCTGAC-3�
JW82 5�-ATCCCCCGGGCTGCAGGAATTCCG-3�
JW83 5�-CGAAGTTATTAGGTCCCTCGAAGC-3�
JW105 5�-AAAACCTGGACCAGAAGCGC-3�
JW123 5�-GCTGTGTAGAAGTACTCGCCG-3�
JW253 5�-GCACCCTTTCTTCACACCCACTTG-3�
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seven-1 (Pals1), and Mpp4 (membrane protein, palmitoylated 4) poly-
clonal rabbit antibodies have been described previously (van de Pavert et
al., 2004; Kantardzhieva et al., 2005). Polyclonal anti-Crb2 was obtained
from Dr. Rashbass (University of Sheffield, Sheffield, UK), and anti-
Pals1-associated tight junction protein (Patj) was obtained from Dr. Le
Bivic (Institut de Biologie du Développement de Marseille, Marseille,
France). Anti-Mupp1 (multiple PDZ domain protein 1), �-catenin, cad-
herin, glutamine synthetase, and p120 – catenin were monoclonal mouse
antibodies and obtained from BD Biosciences (Erbodegem, Belgium).
Anti-ZO-1 was a polyclonal antibody obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA). Two different rabbit polyclonal anti-Pttg1 were
obtained from Zymed (via Sanbio, Uden, The Netherlands), and another
was kindly provided by Dr. Kakar (University of Louisville, Louisville,
KY). Monoclonal mouse anti-Pttg1 was obtained from Dr. McCabe
(University of Birmingham, Birmingham, UK). Goat or donkey second-
ary antibodies conjugated to Alexa488 or cyanine 3 (Cy3) (Jackson Im-
munoResearch, West Grove, PA) were diluted in PB with 0.1% goat or
donkey serum and incubated for 1 h at RT. For paraffin sectioning, the
eyes were dehydrated through an ethanol series and imbedded in paraf-
fin. Sections were made of 4 �m, deparaffinized in xylol, and rehydrated
through an ethanol series. Sections were boiled for 10 min in 0.01 M

EDTA buffer, pH 7.3, for 10 min and allowed to cool down to room
temperature, after which they were washed three times in PB. Blocking
was done for 1 h in 10% goat serum and 0.1% BSA in PB. Primary
antibodies were diluted in 0.3% goat serum and 0.1% BSA in PB and
incubated for 16 h at room temperature. Goat secondary antibodies were
diluted in PB with 0.1% goat or donkey serum and incubated for 1 h at
RT. Sections were imaged on a Zeiss (Oberkochen, Germany) 501 con-
focal laser scanning microscope. Confocal images were processed with
the Zeiss LSM image browser version 3.2, and figures were assembled in
Adobe Photoshop version 7.0 (Adobe Systems, San Jose, CA).

Microarray. Retinas from 12-month-old, 3-d-light-exposed (3000
lux), female Crb1C249W/� mice and Crb1C249C/� (control) mice were
homogenized, and total RNA was isolated by a single-step method, based
on guanidine thiocyanate extraction, following the instructions of the
manufacturer (Trizol; Invitrogen, Breda, The Netherlands). RNA integ-
rity was assessed by gel electrophoresis with the A260/A280 absorbance
ratios and the calculated RNA integrity number (Bioanalyzer; Agilent,
Amstelveen, The Netherlands). Amplified RNA (aRNA) incorporated
with Cy3 and Cy5 label (PerkinElmer, Groningen, The Netherlands) was
generated with the Agilent low-input linear fluorescence amplification
kit (Agilent). For the microarray, samples were used with comparable
amounts of incorporated label, as assessed with the NanoDrop (Wil-
mington, DE) spectrophotometer. Oligonucleotide arrays were obtained
from Agilent (22K catalog mouse array 60-mer; G4121). Five arrays were
hybridized, each with 1.5 �g of aRNA from an individual Crb1C249W/�

mutant retina together with 1.5 �g from an individual Crb1C249C/� con-
trol retina using the protocol of Agilent. A dye swap was performed with
five additional arrays to exclude differential dye effects. After washing
and scanning (Agilent), the 10 arrays were normalized with Feature Ex-
traction software (Agilent). Rosetta Resolver version 5 (Rosetta Biosoft-
ware, Seattle, WA) was used for the analysis of the microarray data and to
obtain the significant changed sequences.

Real-time quantitative PCR. Retinas were isolated for RNA isolation at
the end of light exposure (3 d, 3000 lux) or 3– 4 h after a dark period in
light/dark cycle (12 h at 100 lux, 12 h at 0 lux) exposed female mice. The
use of real-time quantitative PCR (qPCR) was described previously (Dijk
et al., 2004). Briefly, qPCR primer pairs (supplemental Table 1, available
at www.jneurosci.org as supplemental material) were designed using
PrimerExpress version 2.0 software (PE Applied Biosystems, War-
rington, UK). The length of the amplicons was kept as close as possible to
80 –110 bp, and the melting temperature of the primers was set at 59 –
60°C. Specificity of the primers was confirmed by BLAST searching.
Total RNA, 1 �g, was reverse transcribed into first-strand cDNA with 100
U/�l Superscript III Plus RNase H-Reverse Transcriptase (Invitrogen)
and 50 ng random hexamer primers, during 50 min at 50°C. To the
resulting cDNA sample, 15 �l of 10 mM Tris, 1 mM EDTA was added,
bringing the volume to a total of 35 �l. From all samples, a 1:20 dilution
was made and used for qPCR analysis. All samples were stored at �20°C

until analysis. To check the cDNA for any genomic contamination, a
conventional end-point PCR for �-actin was performed using intron-
spanning primers with annealing at 60°C, elongation at 74°C, denaturing
at 94°C, 90 s each step for 30 cycles, and Mg 2� concentration at 1.5 mM

and 0.75 U of TaqDNA Polymerase (Qiagen, Westburg, The
Netherlands).

Real-time qPCR was based on the real-time monitoring of SYBR
Green I dye fluorescence on a ABI Prism 7300 Sequence Detection Sys-
tem (Applied Biosystems, Nieuwekerk a/d IJssel, The Netherlands). The
number of PCR cycles needed to pass a set threshold of SYBR Green
fluorescence (cycle threshold) reflects, therefore, the template concentra-
tion in the original cDNA sample.

The PCR conditions were as following: 1� SYBR Green PCR buffer
(Applied Biosystems), 3 mM MgCl2, 200 �M dATP, dGTP, dCTP, 400 �M

dUTP, 0.5 U of AmpliTaq Gold, 0.2 U of AmpErase UNG (uracil-N-
glucosylase), 2 pmol of primers, and 2 �l of the 1:20 dilution of the cDNA
in a total volume of 20 �l. This amount of cDNA corresponds to �2– 4 ng
of total RNA. To determine the most stable reference genes, Genorm, a
collection of VBA macros for Microsoft (Seattle, WA) Excel, was used
(Vandesompele et al., 2002).

An initial step of 50°C for 2 min was used for AmpErase incubation
followed by 10 min at 95°C to inactivate AmpErase and to activate the
AmpliTaq. Cycling conditions were as follows: melting step at 95°C for
15 s and annealing/elongation at 60°C for 1 min, with 40 cycles. At the
end of the PCR run, a dissociation curve was determined by ramping the
temperature of the sample from 60 to 95°C while continuously collecting
fluorescence data. The curves of the melting profiles showed a single
product and did not reveal accumulation of primer dimers as was con-
firmed by electrophoresis (data not shown). Nontemplate controls were
included for each primer pair to check for any significant levels of
contaminants.

Western blotting. Samples were boiled in sample buffer with
�-mercaptoethanol, and the immunocomplexes were resolved by SDS-
PAGE. Subsequently, proteins were electrophoretically transferred onto
nitrocellulose membranes, which were then blocked, incubated with pri-
mary and secondary antibodies (conjugated to horseradish peroxidase)
in 0.3% milk powder/TBST (50 mM Tris, pH 7.5, 150 mM NaCl, and
0.05% Tween-20), and washed in TBST. The bands were visualized using
supersignal west pico chemiluminescent substrate (Pierce, via Perbio
Science Nederland, Etten-Leur, The Netherlands).

Electroretinography and scanning laser ophthalmoscopy. ERGs and
scanning laser ophthalmoscopies (SLOs) were obtained according to
previously reported procedures (Seeliger et al., 2001, 2005). Briefly, after
dark adaptation overnight, mice were anesthetized with ketamine (66.7
mg/kg) and xylazine (11.7 mg/kg), and the pupils were dilated. The ERG
equipment consisted of a Ganzfeld bowl, a direct current amplifier, and a
personal computer-based control and recording unit (Multiliner Vision;
Jaeger-Toennies, Hoechberg, Germany). Band-pass filter cutoff frequen-
cies were 0.1 and 3000 Hz. Single-flash recordings were obtained both
under dark-adapted (scotopic) and subsequently light-adapted (pho-
topic) conditions. Light adaptation was achieved with a background il-
lumination of 30 cd/m 2 starting 10 min before photopic recordings.
Single-flash stimulus intensities were increased from 10�4 to 25 cd*s/m 2,
divided into 10 steps of 0.5 and 1 log cd*s/m 2. Ten responses were aver-
aged with an interstimulus interval of either 5 or 17 s (for 1, 3, 10, and 25
cd*s/m 2).

Fundus imaging was performed with an HRA SLO (Heidelberg Instru-
ments, Heidelberg, Germany) that provides two argon wavelengths
(blue, 488 nm; and green, 514.5 nm) and an infrared diode laser (690 nm)
for fundus visualization. The confocal diaphragm of the SLO allows imaging
of different planes of the posterior pole, ranging from the surface of the retina
down to the retinal pigment epithelium and the choroid. Different planes
can be viewed by varying the focus by approximately �20 diopters.

Results
Generation of Crb1C249W/� mice
To generate a mouse model for RP12, we designed a targeting
construct that introduced a single base pair mutation in exon 3 of
Crb1 (Fig. 1A). Homologous recombination events were scored
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by analysis of sequencing electrophero-
grams and long-distance PCR (Fig. 1B,C).
The mutation substituted at position 249 a
codon (TGT) for cysteine (C) into a codon
(TGG) for tryptophan (W). Mouse Crb1
contains 17 intact and two degenerate pu-
tative EGF domains (den Hollander et al.,
2002). The amino acid substitution
C249W in the sixth EGF domain disrupts
the disulfide bridging between cysteines
249 and 258 (Fig. 1D). Heterozygous
Crb1C249W/C249C mice were crossed with
Crb1�/� knock-out mice. Crb1C249W/�

mutant mice were viable, healthy, and fer-
tile, with no apparent phenotype during 2
years after birth. Wild-type Crb1 and mu-
tant Crb1 C249W proteins of comparable
molecular weight were produced at similar
levels in Crb1C249C/� control and
Crb1C249W/� mutant mice, respectively
(Fig. 1E). The Crb1 C249W protein localized
at a subapical region adjacent to adherens
junctions at the outer limiting membrane
(OLM) of the retina, similar to the wild-
type protein (Figs. 1F, 2). These results
suggest that mouse Crb1 C249W in
Crb1C249W/� mutant mice and human
CRB1 C250W in RP12 patients are correctly
trafficked to and positioned in the plasma
membrane.

Retinal folds and loss of photoreceptors
in Crb1C249W/� mice
To check for retinal degeneration and
changes in the Crb1 protein complex, ret-
inal sections were examined by histochem-
istry and immunohistochemistry. Previ-
ously, in Crb1�/� mice, we observed focal
retinal disorganization and degeneration
within 3– 6 months of age attributable to
loss of the capacity to maintain adhesion
between photoreceptors and Müller glia
cells (van de Pavert et al., 2004). In
Crb1C249W/� mice, no retinal abnormali-
ties were observed until 8 months of age.
The Crb1C249W allele in Crb1C249W/� mice
delayed the onset of retinal phenotype as
observed in Crb1�/� mice. These results
suggest that the mutant Crb1 C249W pro-
tein, which causes RP12 in humans, is in-
volved in maintaining adhesion between
photoreceptors and Müller glia cells. A
mild focal phenotype, consisting of photo-
receptor layer folds without signs of retinal
degeneration, became detectable at 8 –12
months of age (Fig. 2A,B; Table 2). Dark-
stained condensed nuclei were detected in
the apical part of the inner nuclear layer
(INL) at areas in which the outer nuclear
layer (ONL) was folded. These structures
might represent nuclei of stretched Müller
glial cells (MGCs) (Figs. 2B, 3, arrows).
Although observed in all Crb1�/� retinas,

Figure 1. Generation of Crb1C249W/� mice. A, Strategy for homologous recombination in mouse embryonic stem cells. A
wild-type Crb1 exon 3 is replaced by a mutant exon 3 harboring a TGT to TGG point mutation in codon 249. Arrows indicate the
primer number and location. A, ApaI; E2, exon 2; E3, exon 3; Pv, PvuII; S, SpeI; X, XhoI. B, Top, Electropherogram and reverse
sequence (CCA) of the mutant mouse allele specifically amplified with primers JW83 (loxP) and JW12 (intron 3). Bottom, Electro-
pherogram and sequence of the wild-type (ACA) and mutant (CCA) mouse alleles (NCA) amplified with primers JW74 (exon 3) and
JW12 (intron 3). C, Long-distance PCR analysis on Crb1flox– hygro–C249W/� ES cell DNA, control Crb1C249C/�, and mutant
Crb1C249W/� mouse tail DNA with the used primer pairs stated below the figures. D, The substituted cysteine in the sixth EGF
domain in RP12 patients and Crb1C249W mutant mice is indicated by the arrow. Disulphide bridges between the cysteines are
shown as brackets. E, Western blot of retinal lysates of wild-type Crb1, control Crb1C249C/�, mutant Crb1C249W/�, and Crb1�/�

mice incubated with anti-Crb1 (AK2). The asterisk indicates a cross-hybridizing band. F, High-magnification confocal image of the
OLM of three-month-old Crb1C249W/�retina, showing Crb1 C249W at the SAR (green) and p120 – catenin at the adherens junction
region (red). AJ, Adherens junction.
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in only 1 retina of 28 tested was an ingres-
sion of photoreceptor nuclei into the outer
plexiform layer observed (Fig. 2C). No
condensed and dark-stained INL nuclei
were observed immediately below this in-
gression. In 2 of 17 Crb1C249C/� control
retinas, retinal folds encompassing all lay-
ers of the retina were observed at the ner-
vus opticus. The folds around the nervous
opticus might be attributable to handling
of the eye during enucleation before fixa-
tion of the tissue and were excluded. At 18
and 24 months of age, areas of the ONL
were significantly thinner compared with
the control (Fig. 2D–F). Apoptosis was
undetectable by terminal deoxynucleoti-
dyl transferase-mediated dUTP nick end
labeling assay (data not shown), suggest-
ing a gradual decline in number of photo-
receptor cells.

Proteins associated with the Crb-
scaffold at the OLM, such as Crb1, Crb2,
Pals1 (Mpp5), Patj, or Mupp1, were not
mislocalized, not even in folds (Fig. 2G and
data not shown). Neither were proteins
that are associated with the adherens junc-
tion such as ZO-1, �-catenin, cadherin,
and p120 – catenin (Fig. 2G and data not
shown). CD44, a marker for the apical villi
in MGC, is also localized normally (Fig.
2H, I). The localization of MGC marker
glial fibrillary acidic protein (GFAP) is
normally restricted to the inner plexiform
layer and ganglion cell layers (Fig. 2H),
but, in affected areas in the Crb1C249W/�

retina, staining for GFAP extends at foci
into the ONL (Fig. 2H, I).

Mild light exposure increases the
incidence of Crb1C249W/� retinas with
ONL folds
Crb1�/� retinas developed significantly
more lesions after mild light exposure at 3
months of age (van de Pavert et al., 2004).
Crb1C249W/� animals of 3, 8, 12, and 14
months of age were exposed to mild light
conditions, i.e., 3000 lux for 72 h. At 3
months, folds of the photoreceptor layer
were not observed in mild-light-exposed
Crb1C249C/� control or Crb1C249W/� mu-
tant retinas. These experiments support
the notion that one mutant Crb1C249W al-
lele is sufficient to prevent retinal disorga-
nization at 3 months. Mild light exposure
to 8- and 12-month-old mice significantly
increased the incidence of retinas with one
to three folds in the ONL (Table 2; Fig. 3A,B). However, the total
number of folds per retina (one to three) did not increase. In
none of the Crb1C249C/� control retinas were folds observed.
Staining for GFAP extends at foci into the ONL (Fig. 3C,D).
These experiments suggest that the C249W substitution affects
the function of Crb1 in protection against light effects.

Electroretinography and scanning laser ophthalmoscopy
In all examined Crb1C249C/� control and Crb1C249W/� mutant
retinas of 3, 8, 12, 18, or 30 months-of-age with or without light
exposure, no differences in electroretinograms were observed
(data not shown). Aged mice showed large variations in ERG, and
therefore differences could not be detected between mutant
and control mice. Retinas of 30-month-old Crb1C249C/� control

Figure 2. Crb1C249W/� histology. A, Crb1C249C/� control retina at 8 months of age. B, A typical fold of the ONL of an 8-month-
old Crb1C249W/� mutant retina. The arrow indicates dark condensed nuclei in the INL. C, A rare ingression of photoreceptors into
the OPL layer detected in a Crb1C249W/� retina. D, Control retina at 24 months of age. E, In the Crb1C249W/� retina, the ONL is
significantly thinner at older age. F, The measured thickness of the ONL in 18-month-old (control, n � 5; Crb1C249W/�, n � 5) and
24-month-old (control, n � 4; Crb1C249W/�, n � 5) Crb1C249W/� retinas (red) versus control (blue). NO, Nervus opticus. Error bars
represent the SEM. Significant changes calculated by Student’s t test are depicted by asterisks ( p � 0.05). G, In and around folds,
the OLM appears normal, as visualized with the subapical region marker Crb2 and the adherence junction marker �-catenin in a
12-month-old Crb1C249W/� retina. H, In MGCs, CD44 is located in the apical villi and GFAP located in the OPL but not in the ONL of
a 19-month-old control retina. I, Although GFAP is located in the ONL, CD44 is located normally in the apical villi of the MGC.
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and Crb1C249W/� mutant mice were examined by scanning laser
ophthalmoscopy but, because of cataract, gave no interpretable
results. However, in retinas from 18-month-old animals,
autofluorescent dots (Fig. 4, arrows) were observed in five of the

six studied Crb1C249W/� mutant retinas,
whereas in all four Crb1C249C/� control an-
imals, these spots were absent. Further-
more, a leopard skin appearance was de-
tected in 514 nm fundus images of almost
all Crb1C249W/� retinas, which is typical for
crosses between unequally pigmented
mouse lines. Because this appearance was
found as well in Crb1C249C/� control reti-
nas (Fig. 4), the genetic background is not
a probable cause for the autofluorescence
changes observed. Histological analysis of
these eyes did not reveal any other reason
for the leopard skin appearance. However,
the autofluorescent dots are usually indic-
ative of folds, rosettes, or lipid deposits in
the retina (Seeliger et al., 2005).

Downstream signaling of Crb1
Expression profiling of mutant compared
with control retinas was performed by oli-
gonucleotide microarray analysis using
the 22K catalog array from Agilent. In this
comparison, retinas from five light-
exposed (72 h at 3000 lux) mutant
Crb1C249W/� and control Crb1C249C/� eyes
from 12-month-old mice were compared
on five arrays. Also, a dye swap of the
aRNA was included to eliminate dye bias.
In total, 10 arrays were analyzed. Scanned
images were analyzed with Feature Extrac-
tion version 7. This program calculated the
intensity of the signal in ratios of the Cy3
versus the Cy5 channel. Using Rosetta Bio-
software, a comparison and average for ra-
tios and errors of every spot was made for
all arrays. In Table 3, a list of genes is pre-
sented that were changed at least 1.5 times
with a p value of �0.001 (Student’s t test).

Confirmation of this set of genes by
qPCR resulted in the validation of three
genes, i.e., connective tissue growth factor
(Ctgf), endothelin 2 (Edn2), and Pttg1.
Levels of Pttg1, encoding a transcription
regulatory protein that can shuttle be-
tween cytoplasm and nucleus (Heaney et
al., 1999), were substantially lower (37-
fold; n � 5 mutant, n � 5 control retinas;
p � 1 � 10�6) in the Crb1C249W/� retina.
We hypothesized that the Crb1C249W to
Pttg1 gene signaling function would also
be lost in Crb1�/� knock-out mice. In
3-month-old Crb1�/� retinas exposed for
72 h to 3000 lux, we detected lower Pttg1
RNA levels (17-fold; n � 13 mutant, n �
13 wild-type retinas; p � 0.0005) (Fig. 5).
However, in normal housed dark/light-
cycled (12 h at 100 lux followed by 12 h at
0 lux) mice, levels of Pttg1 were not differ-
ent (n � 12 mutant and n � 14 wild-type

retinas; p 	 0.05) between the wild-type and Crb1�/� knock-out
retinas. There was also no difference between the levels of Pttg1 in
wild-type retina continuously exposed for 72 h to 3000 lux (n �

Table 2. Number of retinal folds

Crb1C249W/� mutant Crb1C249C/� control

Months of
age

Mice with
retinal folds

Mice without
retinal folds % folds

Mice with
retinal folds

Mice without
retinal folds

3 � L 0 5 0 0 3
8 2 4 33 0 3
8 � L 4 5 44* 0 3
12 0 6 0 0 4
12 � L 4 3 57* 0 5
18 0 5 0 0 5
24 0 5 0 0 4

The number of retinas in Crb1C249C/� control or Crb1C249W/� animals with one to three or without retinal folds. The retina of the right eye of each animal was
checked. Depicted in the first column are the ages of the animals in months, without or with mild light exposure (�L). In the light-exposed (3 d at 3000 lux)
versus normal dark/light-cycle-exposed 8- and 12-month-old retina, there was a statistically significant difference (*p � 0.02, one-sided � 2 test).

Figure 3. Mild light exposure affects the phenotype of the Crb1C249W/� retina. A, Light exposure did not have any effect on the
control retinas, but occasionally two folds appeared in the Crb1C249W/� retina (B). In 12-month-old animals exposed for 72 h with
3000 lux, the subapical region marker, and part of the Crb1 scaffold, Mupp1 is localized normally in control (C) as in a Crb1C249W/�

(D) retina. However, GFAP was more intense and located in the MGC fibers in the ONL in the Crb1C249W/�, indicating retinal stress
at foci. Scale bar, 50 �m.
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5) versus wild-type retinas exposed to
dark/light cycle (n � 14) ( p 	 0.05). To
test whether the decrease in retinal Pttg1
RNA is Crb1 mutant specific, we tested
Pttg1 RNA levels in other mutant retinas.
Mpp4�/� knock-out photoreceptors show
loss of Mpp4, retinal folds, and concomi-
tant mislocalization of Mpp4-interacting
proteins at the photoreceptor synapse
(Aartsen et al., 2006). Pttg1 levels were not
changed in 3-month-old Mpp4�/� knock-
out retinas exposed for 72 h to 3000 lux
(n � 5 mutant, n � 5 wild-type; relative
expression levels of 0.33 � 0.21 in wild-
type and 0.67 � 0.26 in Mpp4�/� knock-
out; p 	 0.05).

Whereas Pttg1 transcript levels were
relatively high in wild-type and low in
Crb1 light-exposed mutant retinas, Pttg1
protein could not be detected in wild-type
or mutant retinas. We used four different
antibodies against Pttg1 (two batches of
Zymed, one from Dr. Kakar and one from
Dr. McCabe), that cross-hybridized with
different retinal proteins. One of the anti-
bodies (from Dr. McCabe) showed a
mouse pituitary-gland-specific 26 kDa
band, but none of the antibodies showed retina-specific 28 kDa
Pttg1 bands on Western blots (data not shown), suggesting low
Pttg1 protein levels in retina. We used the same four antibodies in
immunohistochemistry to determine the protein localization of
Pttg1 in retina, but these experiments gave non-interpretable re-
sults (data not shown).

Discussion
Different mutations in the human CRB1 gene cause a variety of
retinal dystrophies, such as LCA, RP12, and other types of early
onset RP, e.g., RP with Coats-like exudative vasculopathy and
pigmented paravenous retinochoroidal atrophy. Previously, we
generated Crb1�/� mice as a putative mouse model for LCA (van
de Pavert et al., 2004). Here, we generated Crb1C249W/� mice as a
putative mouse model for RP12 and show deregulation of Pttg1
expression attributable to a C249W substitution in the extracel-
lular domain of Crb1.

Crb1C249W/� mice as a mouse model for RP12
In humans, a C250W amino acid substitution in the CRB1 pro-
tein results in the eye disease RP12. RP12 is characterized by early
onset RP with preserved para-arteriolar retinal pigment epithe-
lium. Significant loss of vision as measured by ERG is observed in
these patients within the first two decades of their life. However,
histological data describing early or late stages of retinal degen-
eration in RP12 patients are not available. We propose that amino
acid C249 in the extracellular domain of Crb1 is the equivalent of
C250 in CRB1, because both are involved in similar disulfide
bridging. Wild-type full-length mouse Crb1 is localized in Müller
glia cells at an SAR adjacent to adherens junctions at the outer
limiting membrane (van Rossum et al., 2006). The Crb1 C249W

protein trafficked as the wild-type protein to the SAR. This sug-
gests that, in RP12 patients, CRB1 C250W resides correctly at the
SAR and has partial activity. The introduction of a Crb1C249W

allele in Crb1�/� mice results in significant rescue of the retinal
phenotype in Crb1�/� mice. The Crb1C249W/� mice showed folds

of the photoreceptor layer, but, as was observed in other retinal
degeneration models (Akhmedov et al., 2000), these folds were
transient. Moreover, these transient folds did not coincide with
the onset of retinal degeneration but might indicate increased
plasticity of the mutant photoreceptor layer. Only at 18 months
of age and onward did the Crb1C249W/� retinas show significant
degeneration. Histological analysis of the mutant mice at 18 and
24 months of age showed significant loss of photoreceptors in
regions of the retina. This degeneration did not affect other neu-
ral layers in the retina, being different from Crb1�/� retinas that
showed degeneration at foci of all, except the ganglion, neural
layers.

Loss of retinal electrical activity could not be detected by ERG
at 18 or 30 months of age. The relatively late onset of retinal
degeneration may be attributable to the genetic background of
the mice or to redundancy of Crb proteins. Mehalow et al. (2003)
showed that the C57BL/6 genetic background could fully sup-
press the retinal phenotype observed in Crb1rd8/rd8 mice that har-
bor a frame shift in the Crb1 gene after codon 1160. The previ-
ously analyzed Crb1�/� mice were on the same genetic
background as the Crb1C249W/� mice, showing that different mu-
tations in the Crb1 gene result in different phenotypes.

Exposure to relatively low doses of white light accelerated sig-
nificantly the retinal disorganization and degeneration in
Crb1�/� mice (van de Pavert et al., 2004). Experiments on fruit
fly Crumbs showed that the extracellular domain played an im-
portant role in prevention against light damage (Johnson et al.,
2002). Here, we show that the amino acid substitution in
Crb1 C249W caused loss of protection against the effects of light
(increased incidence of retinal folds and upregulation of GFAP at
foci, and low levels of retinal Pttg1 transcripts).

Crb1rd8/rd8 mice showed reduced length of photoreceptor in-
ner segments (Mehalow et al., 2003), correlating well with the
previously observed reduction in length of the stalk membrane in
Crumbs mutant fruit fly photoreceptors (Pellikka et al., 2002).
However, similar to Crb1�/� mice (van de Pavert et al., 2004),

Figure 4. Scanning laser ophthalmoscopy. A, SLO imaging (green, 514 nm) revealed leopard-like patterns in 18-month-old
Crb1C249C/� control and Crb1C249W/� mutant retinas compared with a fundus of a 24-month-old wild-type mouse, presumably
attributable to the mixed genetic background of the mouse line with respect to pigmentation. B, Imaging with the blue laser (488
nm, barrier filter at 500 nm) revealed autofluorescent spots (arrow) specifically in 18-month-old Crb1C249W/� retinas but not in
younger retinas.

570 • J. Neurosci., January 17, 2007 • 27(3):564 –573 van de Pavert et al. • Crb1–C249W Disregulates Pttg1



Crb1C249W/� mice did not show reduced length of photoreceptor
inner segments in unaffected regions.

Protein markers for the SAR and adherens junction showed
no differences between mutant and control retinas, suggesting
that no major changes occurred in protein complexes at the
OLM. Mouse and human retina showed colocalization of Crb1,

Crb2, and Crb3 at a subapical region adjacent to adherens junc-
tions at the outer limiting membrane (van de Pavert et al., 2004).
Crb1 and Crb2 have similar extracellular domains that might
function as signal receptors and/or interaction domains with the
extracellular matrix. Crb1–Crb3 have highly conserved 37 amino
acid C termini that are likely to bind the same intracellular pro-
tein complex that might exert similar functions (Roh et al., 2002;
Meuleman et al., 2004). The unchanged endogenous levels of
Crb2 and Crb3 proteins were not able to prevent late onset of
retinal degeneration in Crb1C249W/� mice.

The extracellular domain of Crb1 positively regulates Pttg1
transcript levels
Pttg1 was downregulated 37-fold. Only two other genes were
statistically significantly downregulated or upregulated as as-
sessed by qPCR. Ctgf was downregulated 1.7-fold, and Edn2 was
upregulated 1.9-fold. Changes of Ctgf and Edn2 expression in
retinal degeneration has been observed previously (Tikellis et al.,
2004; Rattner and Nathans, 2005).

Pttg1 was originally found in pituitary tumors and is also
known as securin. Pttg1 is a mitotic checkpoint protein that in-
hibits sister chromatid separation during mitosis. Several other
functions have been attributed to this cytoplasmic and nuclear
protein, such as regulation of gene transcription, cell prolifera-
tion, and apoptosis (Pei and Melmed, 1997; Heaney et al., 1999;
Zhang et al., 1999; Yu et al., 2000; Bernal et al., 2002; Wang et al.,
2003; Boelaert et al., 2004; Hamid and Kakar, 2004; Hamid et al.,
2005; Gillingwater et al., 2006). Pttg1�/� mice developed aberra-
tions in cell cycle progression, hyperplasia in testis, and chromo-
somal breaks (Wang et al., 2001). In the nucleus, Pttg1 associates
with p53, modulating its levels and function (Zhou et al., 2003;
Hamid et al., 2005). We propose that a decrease of Pttg1 mRNA
levels suppresses the onset of cell death or apoptosis in
Crb1C249W/� and Crb1�/� retinas.

Downregulation of Pttg1 was identified in Crb1C249W/� and

Table 3. Differentially expressed genes in Crb1C249W/� retinas versus Crb1C249C/� control retinas

Accession # Symbol Gene name Microarray (fold change) qPCR (fold change) p value

AK047380 Fin15 Fibroblast growth factor inducible 15 �5.1 �1.0 *
NM_008613 Mns1 Meiosis-specific nuclear structural protein 1 �2.6 �1.5 *
NM_173384.1 Sox30 SRY-box containing gene 30 �2.5 �1.4 *
NM_007902 Edn2 Endothelin 2 �2.1 �1.9 0.04
NM_008200 H2-D4 Histocompatibility 2, D region locus 4 �1.8 �1.6 *
NM_007913 Egr1 Early growth response 1 �1.7 �1.3 *
NM_011795 C1qrf-pending C1q related factor �1.6 �1.5 *
AK011787 2610100L16Rik 2610100L16Rik �1.5 �1.1 *
BC029968 5430407P10Rik 5430407P10Rik �1.5 �1.2 *
NM_009872 Cdk5r2 Cyclin-dependent kinase 5, regulatory subunit 2 �1.5 �1.3 *
NM_007734 Col4a3 Procollagen-type IV alpha 3 �1.5 �1.1 *
NM_009252 Serpina3n Serine proteinase inhibitor, A, member 3N �1.5 �1.2 *
AK006434 1700027L20Rik 1700027L20Rik �1.5 �1.4 0.05
XM_140952 Crb2 Crumbs homologue 2 ND �1.0 *
NM_010217 Ctgf Connective tissue growth factor �1.5 �1.7 0.03
BC019757 Hist1h4i H4 histone family, member A �1.5
NG_001394.1 NG_001394.1 HMG-box-1, related sequence 18 pseudogene �1.6 �1.1 *
U76426 K-ras K-ras type B �1.6 �1.3 *
AK045478 C030033F14Rik Protocadherin 17 �1.6 �1.2 *
AK082887 C430003P19Rik C430003P19Rik �1.7 �1.2 *
NM_022410 Myh9 Myosin heavy chain IX �1.7 �1.7 *
NM_024228 1110015E22Rik 1110015E22Rik �2.9 �1.0 *
NM_021365 Xlr4 X-linked lymphocyte-regulated 4 �3.4 �1.1 *
AK008704 Pttg1 Pituitary tumor transforming gene 1 �6.2 �37.0 �1 � 10�6

� and � indicate lower and higher expression in the Crb1C249W/� retina, respectively. Microarray data; fold change at least 1.5-fold, p � 0.001; n � 5 Crb1C249W/� mutant retinas versus n � 5 Crb1C249C/� control retinas. Quantitative
reverse transcription-PCR data; p values calculated using the Student’s t test with one tail. Crb2 mRNA was analyzed with quantitative reverse transcription-PCR, for a possible rescuing effect for family member Crb1, but was not significantly
changed. *p 	 0.05.

Figure 5. The relative expression levels of Pttg1 in Crb1 mutant retinas. Wild-type (n � 13)
and Crb1�/� knock-out (n � 13) or Crb1C249C/� control (n � 5) and Crb1C249W/� mutant
(n � 5) mice were light exposed (72 h at 3000 lux) or exposed to cycled light (12 h at 0 lux, 12 h
at 100 lux; n � 14 wild-type and n � 12 Crb1�/� knock-out mice). Values are presented as
mean � SD. *p � 0.0005. Relative expression levels for Crb1 in animals exposed for 72 h to
3000 lux were 2.1 � 0.9 in wild-type (n � 13) and 0.06 � 0.06 in Crb1�/� knock-out (n �
13) retinas.
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verified in Crb1�/� retinas. These data suggest that the extracel-
lular domain of Crb1 influences Pttg1 transcript levels. Previ-
ously, the extracellular domain of fruit fly Crumbs was shown to
function in prevention against light damage. Our data identified
for the first time a putative function for the extracellular domain
of mammalian Crb1. These data suggest that the transmembrane
protein Crb1 functions in regulating Pttg1 transcription or RNA
decay. The intracellular domains of Crb proteins are bound by
Par6 (partitioning defective-6) and the MAGUK protein Pals1.
Retinal Pals1 binds in vivo Crb1, Crb2, Crb3, Mpp3, Mupp1, and
Veli3 (vertebrate lin-7 homolog 3) (Stohr et al., 2004; van de
Pavert et al., 2004; Kantardzhieva et al., 2006; van Rossum et al.,
2006). Other MAGUK proteins, such as calcium/calmodulin-
dependent serine kinase, are known to participate in signaling
from the plasma membrane to the nucleus (Hsueh et al., 2000).
We hypothesize that not Crb1 itself but one of the intracellular
interacting proteins (e.g., Pals1, Mpp3, and Veli3) might play a
role in signaling to the nucleus or Pttg1 RNA decay complex. The
Crb1 complex at the SAR is necessary for maintenance of adhe-
sion between Müller glia cells and photoreceptors (van de Pavert
et al., 2004). This adhesion is mediated by the cadherin/catenin
complex at the adherens junction at the OLM. �-Catenin is
known to signal between the plasma membrane, cytoplasm, and
nucleus and is therefore a candidate mediator in signaling from
Crb1 to Pttg1. The Pttg1 gene was shown to be regulated by the
�-catenin/ternary complex factor pathway (Zhou et al., 2005).
Lowered Pttg1 transcript levels in the two mutant Crb1 mouse
strains may be an indirect effect. It is, for example, possible that
inactivation of the extracellular sixth EGF domain of Crb1 causes
a cellular response that initiates a yet unidentified biochemical
cascade (e.g., the apoptosis, cell proliferation, or stress response
machinery) that regulates Pttg1 transcription or RNA decay. We
argue that this is less likely for the following reasons. (1) Control
and mutant mice were exposed to low doses of white light (3000
lux) for a continuous period of 72 h. The results of the microarray
did not, however, indicate significant upregulation or downregu-
lation (more than twofold) of a cascade of stress response, cell
proliferation, or apoptosis genes in Crb1C249W/� retinas. Even
focally increased and relocalized immunostaining for GFAP in
the mutant retina did not result in increased GFAP mRNA. (2)
Whole Crb1�/� and Crb1C249W/� retinas were isolated at a time
point that no or little obvious retinal degeneration could be de-
tected, minimizing the possibility of looking at secondary ef-
fects. (3) Both full ablation of Crb1 function and inactivation
of the sixth EGF domain of Crb1 lead to deregulation of the
Pttg1 transcript levels. (4) Lower levels of Pttg1 were not ob-
served in light-exposed retinas of another mouse model with
retinal folds (Mpp4�/�), indicating specificity for mutant
Crb1 retinas. These data pinpoint a function for the extracel-
lular domain of Crb1 in regulating Pttg1 transcript levels.

We detected significant downregulation of Pttg1 mRNA, but,
using four different antibodies against Pttg1, specific Pttg1 pro-
teins could not be detected in retinal lysates or in retina tissue
sections. In forthcoming experiments, we will identify the com-
ponents involved in the Crb1/Pttg1 signaling pathway and will
examine the relevance of Pttg1 downregulation in retinal
degeneration.
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