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ABSTRACT

�e early developing retinal neuroepithelium is composed of multipotent retinal 
progenitor cells that di�erentiate in a time speci�c manner, giving rise to six major 
types of neuronal and one type of glial cells. �ese cells migrate and organize themselves 
in three distinct nuclear layers divided by two plexiform layers. Apical and adherens 
junction protein complexes have a crucial role in this process by the establishment 
of polarity and adhesion. �ese complexes also maintain the progenitor pool and 
the correct proportion of the di�erent cell types, and promote proper migration 
toward their �nal localization. �e knowledge acquired from the di�erent mutant 
animals for these proteins, summarized in this review, corroborate their importance 
in retina development and maintenance of normal retinal structure and function. 
�ese animals became important not only to answer fundamental questions, but 
they also may have a potential high clinical value to study retinal degeneration and to 
test new therapies. More recently, several studies have tried to unravel the connection 
between the apical proteins, important cellular signaling pathways and their relation 
in retina development and disease. Still, the mechanisms by which these proteins 
function remain largely unknown. Here, we hypothesize some possible mechanisms 
how the apical Crumbs complex might control retinogenesis.

1. APICAL POLARITY COMPLEX PROTEINS AND DEVELOPMENT OF THE 
RETINAL NEUROEPITHELIUM

�e retinal neuroepithelium is made as an outgrowth from the neural tube. �e 
outgrowth or optic vesicle invaginates to form a double layered cup-like structure 
consisting of an outer single layered retinal pigment epithelium and an inner single 
layered pseudostrati�ed retinal neuroepithelium. �e progenitor cells of the retinal 
neuroepithelium proliferate and form a multilayered structure. Despite the wide 
range of nuclear positions and multilayered appearance, all progenitor cells remain 
attached to the basal and apical surface of the epithelium. During development of 
the retinal neuroepithelium, newborn progenitors remain anchored to the apical 
surface of the epithelium via adherens junctions (AJs). �e newborn progenitors 
elongate along the apical basal axis forming long apical and basal processes, and 
then interkinetic nuclear migration takes place within the cell (1). Neuroepithelial 
cells are connected by AJs at the outer limiting membrane, which separate the 
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apical plasma membrane from the basolateral domains. �ese belt-like structures 
are linked to the actin cytoskeleton and are composed of proteins such as cadherins 
and catenins (2). Apically to the AJs reside two apical complexes, the Crumbs (CRB) 
and partitioning defective (PAR) complexes, which act as cell polarity regulators. �e 
core CRB complex is formed by the members of the transmembrane CRB family, 
the associated cytoplasmic proteins Protein Associated with Lin Seven 1 (PALS1; 
also known as Membrane Protein Palmitoylated 5 or MPP5) and PALS1 associated 
tight junction protein (PATJ) or the Multi-PDZ Domain Protein 1 (MUPP1) (3). 
�e PAR complex is comprised of PAR3, PAR6, atypical protein C (aPKC) and cell 
division control 42 (CDC42) (4). Upon mutation or changes in levels of any of these 
components, the developing retinal epithelium loses polarity and adhesion, dividing 
cells detach from the apical lamina, and many of such detached progenitors exhibit 
ectopic mitoses. Consequently, the correct spatiotemporal aspects of retinogenesis are 
perturbed, leading to retinal degeneration resulting in mild or severe impairment of 
retinal function and vision. In this review, we focus on the functions of the Crumbs 
proteins and their binding partners, during development and maintenance of the 
retina. We summarize the current animal models for mutations and alterations in 
Crb, Par and adherens junction genes and describe the main features of the retinal 
phenotypes. �ese mutant animals are useful to gain mechanistic insight in the 
functions of Crumbs proteins and to develop treatments of retinitis pigmentosa (RP) 
and Leber congenital amaurosis (LCA).

2. APICAL POLARITY AND ADHERENS JUNCTION COMPLEX PROTEINS

2.1. Crumbs complex

In mammals the Crumbs family consists of four members, CRB1, CRB2, CRB3A 
and CRB3B. In zebra�sh, the family consists of Crb1, Crb2a (oko meduzy, Ome), 
Crb2b, Crb3a and Crb3b. In Drosophila there is only one Crumbs or Crb protein. 
�e prototype Crb proteins are transmembrane proteins with a large extracellular 
domain with epidermal growth factor (EGF) and laminin-globular domains, a single 
transmembrane domain, and an intracellular C-terminus of 37 amino acids with 
single FERM and PDZ protein-binding motifs (5). �e C-terminal PDZ motif is 
bound by the PDZ domain of PALS1, which binds with a N-terminal L27 domain 
to the L27 domain of PATJ and MUPP1 (6). �e PDZ motif of CRB can also 
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interact with PAR6 (7) that can bind itself to PALS1 (8). �e multi-adaptor protein 
PALS1 recruits MPP3 and MPP4 to the apical complex (9, 10). �e FERM motif 
binds to EPB4.1L5, the mammalian homologue of Drosophila Yurt and zebra�sh 
Mosaic Eyes (Moe) (11-13).

�e Crumbs complex resides at the subapical region adjacent to AJs (14, 15) 
(Fig. 1). In adult mouse retina, CRB2 is present in photoreceptors and Müller 
glia cells. While CRB2 protein is present in both cell types, CRB1 protein is only 
expressed in Müller glia cells (16) (Fig. 2).

2.2. PAR complex

In mammals, the PAR complex is composed of PAR3, PAR6, and aPKC (Fig. 1 and 
2), and is involved in the polarization of epithelial and neuronal cells, in myelination, 
in oriented cell migration and in asymmetric cell division (17-21). �e three proteins 

Figure 1. Organization of the subapical region in retinal progenitor cells.
Hypothetical composition of the Crumbs and PAR complexes in the mouse retinal progenitor cells. 

�e complexes are located in the subapical region located above the adherens junctions. CRB1 and 

CRB2 bind to PALS1, that is able to associate with PATJ and MUPP1 forming the core of the Crumbs 

complex. �e Crumbs proteins and PALS1 are also able to bind to PAR6, that binds to aPKC, PAR3 

and CDC42 originating the PAR complex.
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colocalize at the tight junctions or subapical regions and AJ complexes of epithelia 
(22-25). aPKC and the sca�old protein PAR6 interact through their N-terminal 
PB1 domains (26, 27). �e sca�old protein PAR6 works as an adaptor molecule that 
links RAC1/CDC42 GTPase activity to aPKC by speci�cally interacting with the 
active form of RAC1/CDC42 through its semi-CRIB motif and the adjacent PDZ 
domain (28, 29). aPKC activity is suppressed by its association with PAR6, but this 
suppression is partially relieved by CDC42 (30-32). PAR3 interacts with the kinase 
domain of aPKC through its central conserved region (22, 33). �e PAR3-PAR6 
interaction is between the PDZ domain of the PAR6 and one of the three PDZ 
domains of PAR3, and the PB1 domain dimerization mediates the PAR6-aPKC 
interaction (28, 29). PAR3 interacts with a large number of proteins aside from 
PAR6 and aPKC in a polarization complex. �ey include Tiam1 (24), KIF3A (34), 
Inscrutable (35), Nectins (36), 14-3-3 (37), junction adhesion molecules (JAM) 
(38), Ku70 (39), dynein (40) and ASPP2 (41).

Figure 2. Organization of the subapical region in the adult mouse retina.
Composition of the Crumbs and PAR complexes, in the adult mouse retina. �e complexes are located 

in the subapical region located above the adherens junctions at the outer limiting membrane, between 

Müller glia and photoreceptor cells. While CRB2 is located is both cell types, CRB1 is only expressed 

in Müller glia cells.  
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Using in vivo optical coherence tomography, it was shown that the retinas of 
LCA8 patients with CRB1 mutations, in contrast to LCA2 with RPE65 or LCA1 
with GUCY2D mutations, are remarkably thick in cross-section, about 1.5 times 
thicker than normal retina. LCA8 retinas lacked the distinct lamination of normal 
adult retina. �e abnormal retinal architecture suggested an immature lamination 
pattern of the human retina, suggesting that loss of CRB1 function might interrupt 
the naturally occurring process of apoptosis during retinal development (55, 56). 
Furthermore, the severity of the phenotype seems to be strongly dependent on the 
genetic background as di�erent mutations in CRB1 cause various retinal phenotypes. 
�e lack of a clear genotype�phenotype correlation for CRB1 mutations may suggest 
that other components of the Crumbs complex have a function in�uencing the 
severity of the retinal disease (15, 57). 

In recent years, several mutants and knockout mice have been described 
helping us in understanding the biological relevance of these apical proteins. Mice 
lacking the apical proteins CRB1, CRB2, MPP3, MPP4, PALS1, aPKC, CDC42 
and EPB4.1L5 have been described in the literature. Mouse models for the Crb3, 
Patj and Mupp1 genes have not yet been reported.

4. APICAL PROTEIN COMPLEXES, MOUSE MODELS AND RETINA

4.1. Mouse retinas lacking CRB1 

�ere are three Crb1 mutant mouse models. �e naturally occurring rd8 mouse has 
a 1 bp deletion in Crb1, predicted to encode a truncated protein containing the most 
N-terminal 15 epidermal growth factor (EGF)-like repeats plus 47 novel amino acids 
(57). In rd8 retinas, focal regions of disorganization consisting of photoreceptor 
loss and retinal folds can be visualized (57). Already in 2-week-old rd8 retinas, the 
outer limiting membrane is disrupted at foci. After 4 weeks, loss of AJs is found 
at foci throughout the retina, causing structural alterations in both photoreceptors 
and Müller glia cells (57). Rd8 mice have disorganized retina but there is su�cient 
photoreceptor integrity to produce largely normal retinal function (56).  

In Crb1 knockout (Crb1-/-) mice, the Crb1 gene was targeted by deleting the 
promoter region and the �rst exon encoding the N-terminus of CRB1. Loss of 
CRB1 expression led to photoreceptor displacement and was accompanied by the 
appearance of (half-)rosettes due to focal loss of adhesion between photoreceptors 
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and Müller glia cells (15, 58). In a�ected retinal areas, staining with markers for the 
subapical region and AJs indicated loss of integrity of the outer limiting membrane 
(15). In ageing Crb1-/- mice, giant half-rosettes appear and in some areas the complete 
outer nuclear layer, inner nuclear layer and retinal pigment epithelium were lost. 
However, these changes were limited to the inferior temporal quadrant (15). Adult 
Crb1-/- mice exposed to continuous white light (3000 lux) showed signi�cantly more 
foci of retinal disorganization (15). Loss of Crb1 in Müller glia cells resulted in an 
irregular number and size of their apical villi (58).

A targeted knockin mouse with a RP12 missense mutation (p.Cys249Trp) 
in the extracellular sixth calcium-binding EGF domain of Crb1 showed loss of 
photoreceptors in the retina relatively late compared to Crb1-/- (59). In addition, this 
missense mutation as well as the Crb1 null mutation was associated in light-exposed 
mice with a downregulation of transcription from the pituitary tumor transforming 
gene 1 (Pttg1), encoding a mitotic checkpoint protein that inhibits sister chromatid 
separation during mitosis. 

�e phenotype found in the Crb1 mutant mice resemble in part the phenotype 
observed in Drosophila mutants for Crb. In �ies, Crb is an important determinant 
of apicobasal polarity in epithelial cells, crucial for the assembly of the AJs (5, 60) 
and for proper morphogenesis of the photoreceptor cells. In Crumbs null �ies, the 
rhabdomeres, which are the equivalents to mammalian photoreceptor outer segments, 
were shortened and the AJs were fragmented (14, 61). Exposure of �ies lacking Crb 
to constant light resulted in photoreceptor degeneration, which was prevented by 
feeding the �ies cartenoid-de�cient medium (62). �e light-dependent degeneration 
was largely due to loss of localization of myosin V due to loss of Crb, accompanied 
by defective transport of rhodopsin to the rhabdomere, resulting in time-dependent 
accumulation of rhodopsin in the photoreceptor cell body, which is a trigger for 
photoreceptor degeneration (63). Whether the light-accelerated phenotype in Crb1 
mutant mice works via accumulation of rhodopsin and/or via a cascade including 
PTTG1 remains to be analyzed.

4.2. Mouse retinas lacking CRB2

Mice lacking CRB2 show embryonic developmental defects at late-gastrulation, 
resulting in impaired mesoderm and endoderm formation, and embryonic lethality 
by embryonic day 12.5 (64).
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Mice lacking CRB2 speci�cally in early retinal progenitors show abnormal 
lamination of the neuroepithelial layer from embryonic day 18.5 (65).�e number of 
late born progenitor cells as well as di�erentiated rod photoreceptors and Müller glia 
cells was increased, concomitant with programmed cell death of rod photoreceptors, 
what suggested a possible role of CRB2 in suppressing the proliferation of late born 
progenitors. Ectopic photoreceptor cell nuclei in the space between the retinal 
pigment epithelium and outer limiting membrane, as well as disruption of AJs 
between photoreceptors, Müller glia and progenitor cells were observed. Whereas 
retinal degeneration was limited to one single quadrant in retinas lacking CRB1 
(15), progressive disorganization was detected in all four quadrants of retinas lacking 
CRB2. Adult mutant retinas showed a progressive thinning of the photoreceptor 
layer and sites of cellular mislocalization throughout the retina. �ese animals 
showed impaired function of the retina from 1 month of age (65). �e di�erence 
in onset and severity of the phenotype in retinas lacking CRB2 or CRB1 may be 
explained in part by the expression of full length CRB1 in Müller glia cells whereas 
CRB2 is expressed in Müller glia and photoreceptor cells. �e precise functions of 
CRB1 and CRB2 in either cell type is yet unknown.

�e two zebra�sh Crb2 genes have been implicated in retinal disorganization 
and morphological abnormalities. Crb2a (oko meduzy, Ome) was described as a 
determinant of apico-basal polarity in the retina, and loss of Crb2a caused severe basal 
displacement of cell junctions in neuroepithelial cells (66, 67). Ome mutants displayed 
gross morphological abnormalities of the retina with inappropriate lamination and 
ectopic apical surfaces (68). Zebra�sh Crb2b was shown to be essential for the size 
determination of the apical membrane domain of cone photoreceptors. Mice lacking 
CRB2 showed shortened cone photoreceptor outer segments as well (65).

4.3. Mouse retinas lacking CRB1 and CRB2

Both CRB1 and CRB2 are expressed at the subapical region in mouse retinal 
progenitor cells (65). Crb1-Crb2 conditional knockout mice (Crb1Crb2 cKO) 
lacking CRB1 and CRB2 proteins in early retinal progenitors showed perturbations 
at the outer limiting membrane and cellular mislocalisations near the retinal pigment 
epithelium from embryonic day 13.5 (69). �e outer limiting membrane was almost 
completely lost at embryonic day 17.5. Crb1Crb2 cKO retinas developed only two 
nuclear layers divided by one plexiform layer. Moreover, a separate photoreceptor 
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layer did not form. All cell types, including rod and cone photoreceptors, were 
formed but a signi�cant number of nuclei of each cell type localized in the wrong 
nuclear layer. Crb1Crb2 cKO retinas display lamination defects at early embryonic 
stages leading to immature and thicker retinas up to 1 month of age, mainly due to an 
increase in proliferation of retinal progenitor cells rather than a decrease in cell death. 
�e number of late born amacrine, rod photoreceptors, Müller glia cells and bipolar 
cells were increased, however no di�erences were found in the number of early born 
amacrine cells, ganglion cells, cone photoreceptors or horizontal cells. �e retina 
overgrowth data are partially in consonance with the observation in the Crb2 cKO 
where the number of retinal progenitors, rod photoreceptors and Müller glia cells 
were increased. Nevertheless, in the Crb1Crb2 cKO the e�ect on proliferation and 
the increase in number of late born cells is largely enhanced. Crb1Crb2 cKO retinas 
undergo fast and progressive degeneration. Severe loss of retinal function is evident 
from 1 month of age with no activity detectable at 3 month of age. Crb1Crb2 cKO 
retinas exhibit the morphological and retinal activity characteristics of human LCA 
patients with mutations in the CRB1 gene. �e role of CRB1 in the human retina 
seems to be comparable to the combined roles of CRB1 and CRB2 in the mouse 
retina. No mutations in the CRB2 gene have been linked to retinopathies (70), and 
complete loss of CRB2 may be embryonic lethal as in mice. However, it cannot be 
excluded that some sequence variants may contribute to retinal disease.
 

4.4. Mouse retinas lacking MPP3

Membrane-Palmitoylated Proteins (MPPs) are Membrane Associated Guanylate 
Kinase (MAGUK) proteins and have several functions, including roles in cell signaling 
and sca�olding cell-cell adhesion proteins (71). In the retina, MPP3 is localized at 
the subapical region adjacent to AJs and at the outer plexiform layer where MPP3 
interacts with PALS1/MPP5 and DLG1, respectively (10). Furthermore, in vitro 
experiments showed that MPP3 can also interact with the AJs proteins Nectin-1 and 
-3 (72). 

Ultrastructural localization studies revealed that MPP3 is predominantly 
localized at the subapical region in apical villi of Müller glia cells. Retinas lacking 
MPP3 developed late onset of retinal degeneration, with at foci disruption of AJs 
between photoreceptors and Müller glia cells resulting in ectopic localization of 
photoreceptors. Retinal function was slightly decreased in the most severely a�ected 
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aged animals. Exposure to moderate levels of white light accelerated the retinal 
degeneration and caused loss of localization of the Crumbs complex and AJs proteins 
at foci of retinal degeneration. Loss of MPP3 resulted in signi�cant loss of MPP5/
PALS1 at the subapical region throughout the entire retina. Loss of MPP3 in Pals1 
knockdown retinas further decreased PALS1 levels and signi�cantly accelerated the 
onset of retinal degeneration from 1 month of age (73). 

4.5. Mouse retinas lacking MPP4

Loss of MPP4 function only sporadically caused photoreceptor displacement, 
without changing the Crumbs protein complex at the outer limiting membrane, 
AJs or the structure of the photoreceptor synapse. MPP4 is a critical recruitment 
factor to organize sca�olds at the photoreceptor synapse and is likely to be associated 
with synaptic plasticity and protein complex transport (74). At the photoreceptor 
synapse, MPP4 is important for correct localization of PSD95, VELI3, the calcium 
e�ux pump PMCA1 and the calcium-dependent chloride channel TMEM16B at 
the presynaptic photoreceptor membrane (74-77). In Mpp4 null retinas, PSD95 was 
absent from presynaptic membranes in both rods and cones but still present in cone 
basal contacts and dendritic contacts. Total retinal PSD95 but not VELI3 protein 
levels were signi�cantly reduced which suggests that MPP4 is involved in PSD95 
turnover (74). In mice lacking MPP4 synaptic ribbons were enlarged. Loss of MPP4 
disrupts a calcium extrusion mechanism at the presynaptic membranes, with ensuing 
adaptive responses by the photoreceptor to restore calcium homeostasis (75). 

MPP4-de�cient mice lines had relatively mild phenotypes with minor 
morphological abnormalities (74, 75) and only slightly impaired signal transmission 
from rods to second-order neurons (75).

4.6. Mouse retinas lacking MPP5 /PALS1
 
PALS1 is a core protein of the Crumbs complex, as it interacts with CRB1, PATJ and 
MUPP1. Knockdown studies performed in cultured retinas using short hairpin RNA 
(shRNA) against Pals1 demonstrated that loss of PALS1 results in mislocalization 
of Crumbs proteins, MUPP1 and VELI3 (16). Pals1 conditional knockdown 
mouse retinas with reduced levels of PALS1 in early retinal progenitor cells showed 
sporadically gaps at the outer limiting membrane and ectopic photoreceptor nuclei 
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in the subretinal space. Retinas at 12 month of age showed a thinner photoreceptor 
layer and a decrease in the retinal function. Pals1 conditional knockdown mouse 
retinas with reduced levels of PALS1 in early retinal progenitor cells and retinal 
pigment epithelium cells showed a progressive phenotype starting at postnatal day 
6 with disorganization at foci of the developing inner and outer nuclear layer and 
outer plexiform layer. �e histological analysis showed abnormal retinal pigment 
epithelium structure with basal infoldings, increased size and number of vacuoles 
and absence of, or shorter, microvilli. �ese retinas showed reduced levels of Crumbs 
complex proteins adjacent to AJs and persisting programmed cell death after retinal 
maturation. Retinal function was moderately attenuated from 3 months of age, 
and severely attenuated in aged mutant retinas, due to progressive degeneration of 
photoreceptors. �e phenotype suggests important functions of PALS1 in the retinal 
pigment epithelium in addition to a function at the subapical region in the neural 
retina (78).

Pals1 conditional knockout mouse retinas lacking PALS1 in early retinal 
progenitor cells and retinal pigment epithelium cells showed a clear and progressive 
phenotype starting at embryonic day 15.5 (79, 80). �e phenotype in these retinas 
started earlier than described for conditional knockdown retinas with lowered levels 
of PALS1 or retinas lacking CRB2, but later than retinas lacking CRB1 and CRB2. 
Lamination defects such as retinal folds became more evident at embryonic day 17.5. 
At these ages misplaced progenitors were found throughout the retina, indicating 
the disruption of retinal polarity. From postnatal day 14 onward PALS1 de�cient 
retinas became locally thinner and severely disorganized. At adult stages, retinas were 
devoid of the photoreceptors partially or completely, the degeneration also a�ected 
other retinal cells in the inner nuclear layer and ganglion cell layer. Retinal function 
measurements by electroretinography showed a reduction in the a- and b- waves at 2 
month of age suggesting severe defects in the retinal function of these animals.

�e mouse studies are in line with zebra�sh and fruit �y studies on the 
function of PALS1. In zebra�sh, the nagie oko mutant retinas lacking PALS1 results 
in abnormal nuclear layering, with the cells occupying highly abnormal positions, 
without a�ecting cell-speci�cation mechanisms (81). �ese e�ects were largely 
attributed to loss of PALS1 in retinal pigment epithelium cells (81, 82). Lack of the 
PALS1 ortholog, Stardust, in Drosophila lead to loss of Crumbs and PATJ from the 
stalk membrane and to shortened stalk membranes (83-86) 
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4.7. Mouse retinas lacking aPKC

�e aPKC protein is a member of the apical PAR complex (26), which functions 
in establishing cell polarity in epithelial cells and links to the Crumbs complex via 
CRB3 to PAR6A and PALS1 to PAR6B protein interactions (7, 37, 87).

Retinas lacking aPKC speci�cally in postmitotic photoreceptors showed 
abnormal retinal lamination throughout the retina. �e photoreceptors failed to 
develop proper morphology and proper neuronal connections (88). �e progenitor 
cells did not generate proper adhesion with photoreceptors and photoreceptor 
di�erentiation occurred at di�erent locations in the retina. 

�e zebra�sh heart and soul (has) mutant, which encodes aPKC, showed a 
scattered and patchy plexiform layers, a feature not observed in the mouse aPKC 
cKO retina (89, 90). �e loss of the plexiform layers in zebra�sh has mutant retina 
indicated that aPKC contributes to process formation of all types of the retinal cells 
(90). 

4.8. Mouse retinas lacking CDC42

�e CDC42 is a small molecular weight GTPase that is part of the larger Ras 
superfamily. In the active conformation, GTPases interact with numerous e�ector 
proteins such as p21 activated kinases (PAK) and PAR proteins. In the retina, 
the CDC42 is involved in growth cone regulation (91). In addition, CDC42 has 
been associated with photoreceptor degeneration and protection (92). Conditional 
ablation of CDC42 resulted in loss of AJs at the outer limiting membrane leading 
to abnormal lamination, from embryonic day 17.5 onwards. �e location of 
photoreceptor outer segments, bipolar cell bodies and ganglion cells showed an 
irregular pattern suggesting a severe disorganization of these retinal cells. CDC42 
null retinas undergo severe retinal degeneration, leading to a decrease of the retinal 
function from 2 months of age. �e vasculature in retinas of CDC42 mutant mice 
was also severely disturbed (93). Interestingly, the morphological phenotype observed 
in the CDC42-null retina resembles the one observed in the Crb1Crb2 cKO retinas.

4.9. Mouse retinas lacking ASPP2

ASPP2 belongs to the ASPP family of proteins. �is family is characterized by a 
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6.3. Hippo pathway

�e Hippo signaling pathway regulates cell proliferation and apoptosis to determine 
proper organ size in diverse animal species (reviewed in (4, 147)). �e core 
components of the Hippo pathway are a Ste20-like kinase (Hippo in Drosophila, 
MST1/STK4 and MST2/STK3 in mammals), a nuclear Dbf2-related (NDR) family 
kinase (Warts in Drosophila, large tumor suppressor kinases LATS1 and LATS2 in 
mammals), and a transcriptional coactivator (Yorkie in Drosophila, YAP and TAZ 
in mammals). In response to upstream signals, MST1/2 (Hippo) activates LATS1/2 
(Warts), which in turn negatively regulates YAP (Yorkie). YAP or Yorkie promote 
cellular proliferation and inhibit apoptosis by regulating transcription of speci�c 
target genes. In Drosophila, Yorkie targets include cyclin genes (148) and the Bantam 
microRNA (149), but mammalian YAP appears to regulate distinct target genes 
(150). Activity of the kinase cascade is regulated by the sca�old protein Salvador 
(SAV1/WW45, in mammals) (151), Mob proteins, and upstream activators, 
including the Fat protocadherin (152, 153), Merlin (neuro�bromatosis 2: NF2, in 
mammals) and Expanded. In mammalian cells, YAP is directly phosphorylated by 
LATS kinases, which are activated by MST1/2 kinases. In the absence of inhibitory 
phosphorylation, YAP enters the nucleus and interacts with nuclear transcription 
factors such as the TEA domain (TEAD1�4) proteins, to upregulate transcription of 
target genes that promote cell proliferation and/or survival (150, 154, 155) (Fig. 5).
Loss-of-function mouse models of several of the Hippo pathway components 
(namely NF2, WW45, MST1/2, LATS1/2, YAP and TAZ) all display embryonic or 
perinatal lethality phenotypes (either complete or partial), thereby highlighting the 
essential role of the pathway in early embryonic development in mammals as well as 
in organ size regulation and homeostasis (151, 156-162).

Sav1/WW45 (Salvador) knockout mice showed disruption of the retinal 
epithelium during neurogenesis (151), suggesting a role for the Hippo pathway in 
the developing mammalian retina. Knockdown of Yap in zebra�sh embryos was 
reported to reduce neuron production and decrease progenitor cell populations 
in the central nervous system, including the eye (163). Yap is expressed in mitotic 
mouse retinal progenitors and it is downregulated during neuronal di�erentiation. 
Overexpression of Yap prolonged proliferation in the postnatal mouse retina, 
whereas inhibition of Yap decreased proliferation and increased di�erentiation 
(155).  
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PATJ associates with KIBRA and TAZ through interactions between PATJ�s PDZ 
domains and KIBRA�s or TAZ�s PDZ-binding motifs (179). 

In Crb1Crb2 cKO mouse retinas, both YAP and phospho-YAP protein levels 
were reduced, at embryonic day 17.5, whereas total levels of YAP protein returned 
to normal at postnatal day 1, whereas its inactive form phospho-YAP was decreased. 

Figure 5. Crumbs proteins control Hippo pathway.
Simpli�ed and hypothetical scheme of the Hippo pathway regulation by the Crumbs proteins, in 

mammals. �e Crumbs complex is directly connected to the Hippo pathway through PATJ binding 

to KIBRA and AMOT, and through PALS1 binding to AMOT and YAP/TAZ. Loss of the Crumbs 

complex lead to disruption of the adherens junctions, and to decrease in YAP/TAZ and phospho-YAP/

TAZ associated with these complexes. Furthermore, decrease in CRB3 and PALS1 leads to a decrease 

in the activation of the pathway and YAP/TAZ nuclear accumulation.
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partially rescue Pals1 de�ciency (79). In Crb1Crb2 double knockout retinas the 
number of RPS6 positive cells as well as protein levels were unchanged, suggesting 
that mTOR signaling is not a�ected in the retina upon removal of CRB1 and CRB2 
(69) (Fig. 6). 

Figure 6. Crumbs proteins control mTOR pathway.
Simpli�ed and hypothetical scheme of the mTOR pathway regulation by the Crumbs proteins, in 

mammals. �e Crumbs complex is directly connected to the mTOR pathway through PATJ binding 

to TSC2. TSC2 form a heterodimer with TSC1 that transmits many of the upstream signals that act 

on mTORC1, repressing the activity of this complex. Depletion of PATJ leads to an increase in RPS6 

phosphorylation, and consequent activation of mTORC1 pathway. Lack of PALS1 results in a decrease 

the activity of mTORC1, this can be prevented by removal of TSC2. 
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7. DISCUSSION AND PERSPECTIVES

In recent years, many studies demonstrated the importance of the AJs and apical 
proteins. �ese studies showed that the role of apical proteins goes further than a 
rather simple role in maintenance of adhesion and establishment of polarity. �e 
apical proteins have now being identi�ed as part of essential cell signaling pathways. 
Most of the knowledge acquired resulted from the analysis of di�erent animal 
models. Mutations in some of these genes lead to human diseases, as is the case of 
CRB1, responsible for LCA and RP, two human retinal diseases. �us, these animals 
became important not only to answer fundamental questions, but they also may have 
a potential high clinical value to study retinal degeneration and to test new therapies. 

AIM AND OUTINE OF THIS THESIS

�e general aim of the research described in this thesis was the analysis of retinas of 
mice with mutations  for di�erent Crumbs complex members: Pals1 (chapter 2), 
Crb2 (chapter 3, 4  and 5) and Crb1Crb2 double mutant (chapter 6).

Apical polarity protein complexes as the Crumbs (CRB), the PAR and the 
adherens junctions are important for proper development and structural maintenance 
of the retinal neuroepithelium. Several animal models for di�erent members of these 
complexes were generated in the recent years. �e study of the mutant retinas allowed 
us to demonstrate the function of these proteins, however in most of the cases the 
mechanisms behind the phenotypes are still unclear. In chapter 1, we summarized 
the major features of the retinal phenotype from the di�erent mutant mice for 
each member of the apical protein complexes. �e hypothetical role of the Crumbs 
(CRB) proteins in the regulation of Notch1, Wingless, Hippo and mechanistic TOR 
signaling pathways is also described in chapter 1.

�e multi-adaptor protein PALS1 is part of the core of the Crumbs (CRB) 
complex, PALS1 binds directly to CRB1 and CRB2, as well as to the multiple PDZ 
proteins MUPP1 and PATJ. �e PALS1 gene has not yet been implicated in any 
human retinal disease however we cannot exclude that some transcript variants may 
play a role in CRB1 retinal diseases. A Pals1 conditional knockdown mouse was 
generated and the retinal phenotype of this animal is described in chapter 2.

�e Crb1 knockout mice showed a retinal phenotype limited to a single 
quadrant of the retina, what suggested some compensation mechanisms in the 
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other quadrants. We hypothesized that CRB2 is able to, in part, compensate loss of 
CRB1, thereby limiting the phenotype to only one retinal quadrant. To address this 
hypothesis we generated a Crb2 conditional knockout mouse, this animal was then 
crossed with a transgenic mouse line expressing Cre in early retinal progenitor cells 
in order to deplete CRB2 �rst from the retinal progenitor cells and later on from rod 
and cone photoreceptors and Müller glia cells. Retinas lacking CRB2 showed severe 
and progressive retinal degeneration in the entire retina, mimicking human retinitis 
pigmentosa due to mutation in the CRB1 gene (chapter 3). We also did an attempt 
to understand the molecular mechanism behind the morphological alteration in the 
Crb2 null retinas by microarray studies, the �ndings are described in the chapter 4.

�e work described in chapter 3 allowed us to understand the importance 
of CRB2 in the retina development, however the cell speci�c function of CRB2 
was still unknown, to solve this we removed Crb2 speci�cally from Müller glia or 
photoreceptor cells, using di�erent approaches: cell type speci�c Cre mouse lines and 
adeno associated virus (AAVs) expressing Cre or shRNAs against Crb2. �e results 
presented in chapter 5, showed that CRB2 has essential roles in the photoreceptor 
cells and redundant roles in the Müller glia cells.

With this work we demonstrated that, in mouse, CRB2 seems to be more 
important for retinal development and maintenance than CRB1, however the data 
suggested a possible overlap of function between these two proteins. To test this 
hypothesis we generated and analyzed Crb1Crb2 double knockout mice (chapter 6). 
�e results showed that loss of CRB1 and CRB2 in the developing retina resulted in 
absence of a separate photoreceptor layer, misplaced cell types throughout the retina 
and loss of retinal function mimicking the phenotype observed in human Leber 
congenital amaurosis patients. We also demonstrated that CRB1 and CRB2 control 
the retina size by preventing the overproliferation of late progenitor cells during 
retinal development through regulation of P120-catenin-Kaiso signaling pathways. 

Chapter 7 comprises the general discussion of this thesis and provides future 
perspectives. 

Chapter 8 is a compilation of the summary/samenvatting, acknowledgments, 
supplementary data and information about the author of the thesis.
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ABSTRACT

�e membrane-associated palmitoylated protein 5 (MPP5 or PALS1) is thought to 
organize intracellular PALS1-CRB-MUPP1 protein sca�olds in the retina that are 
involved in maintenance of photoreceptor�Müller glia cell adhesion. In humans, 
the Crumbs homolog 1 (CRB1) gene is mutated in progressive types of autosomal 
recessive retinitis pigmentosa and Leber congenital amaurosis. However, there is 
no clear genotype-phenotype correlation for CRB1 mutations, which suggests that 
other components of the CRB complex may in�uence the severity of retinal disease. 
�erefore, to understand the physiological role of the Crumbs complex proteins, 
especially PALS1, we generated and analyzed conditional knockdown mice for Pals1. 
Small irregularly shaped spots were detected throughout the PALS1 de�cient retina 
by confocal scanning laser ophthalmoscopy and spectral domain optical coherence 
tomography. �e electroretinography a- and b-wave was severely attenuated in 
the aged mutant retinas, suggesting progressive degeneration of photoreceptors. 
�e histological analysis showed abnormal retinal pigment epithelium structure, 
ectopic photoreceptor nuclei in the subretinal space, an irregular outer limiting 
membrane, half rosettes of photoreceptors in the outer plexiform layer, and a thinner 
photoreceptor synaptic layer suggesting improper photoreceptor cell layering during 
retinal development. �e PALS1 de�cient retinas showed reduced levels of Crumbs 
complex proteins adjacent to adherens junctions, upregulation of glial �brilliary 
acidic protein indicative of gliosis, and persisting programmed cell death after retinal 
maturation. �e phenotype suggests important functions of PALS1 in the retinal 
pigment epithelium in addition to the neural retina.
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INTRODUCTION 

Polarization of cells depends on the asymmetric distribution of multiprotein 
complexes, and these complexes provide the basis for formation of cell-type-speci�c 
junctions that are crucial for their function (1). Central components of many protein 
complexes are sca�olding proteins, and membrane associated guanylate kinases 
(MAGUKs) form a family of sca�olding proteins involved in cell polarity at tight 
junctions (2).

PALS1 (Protein associated with Lin Seven 1) belongs to the MAGUK family 
of proteins, which are sca�olding factors containing one PDZ, one SH3, and 
two L27 domains (3). �e PDZ domain of PALS1 links it to CRB1, 2, and 3, 
whereas the amino-terminal L27 domain links it to PALS1-associated tight junction 
protein (PATJ) or multi-PDZ domain protein 1 (MUPP1). CRB-PALS1-PATJ and 
-MUPP1 are the core proteins in the Crumbs complex, and the complex is conserved 
in mammalian cells and localizes at tight junctions or subapical regions (SARs) 
immediately adjacent to adherens junctions  in polarized epithelia (3-5). 

In humans, mutations have been identi�ed in the CRB1 gene in individuals 
with Leber congenital amaurosis (LCA), and retinitis pigmentosa (RP) type 12 
characterized by preservation of para-arteriolar retinal pigment epithelium (PPRPE), 
RP with Coats-like exudative vasculopathy, and early onset RP without PPRPE (6-
9). Various animal models have been used to study the function of Crumbs. In 
Drosophila, loss of Crumbs results in the reduction of the stalk membrane, and 
the photoreceptor cells undergo light-dependent degeneration (10). Loss of CRB1 
function in the mouse impairs the integrity of the outer limiting membrane (OLM), 
resulting in the delamination of parts of the photoreceptor layer and neuronal cell 
death (11, 12). However, the severity of the phenotype is strongly dependent on 
the genetic background as di�erent mutations in CRB1/Crb1 cause various retinal 
phenotypes in human and mice. �e lack of a clear genotype-phenotype correlation 
for CRB1/Crb1 mutations may suggest that other components of the Crumbs 
complex have a function in�uencing the severity of the retinal disease.  For instance, 
as orthologues to Pals1, Nagie oko zebra�sh lacking PALS1 display severe defects in 
the organization of the retinal cell layers (13, 14), and Drosophila �ies lacking the 
PALS1 orthologue Stardust develop an eye phenotype characterized by a shortened 
stalk membrane and altered rhabdomere morphogenesis (15-17). Previously, 
we demonstrated the function of PALS1 by in vitro study using Pals1 shRNA in 
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cultured retinas, which resulted in  the loss of localization of CRB1, CRB2, MUPP1, 
VELI3 and partially of CRB3 (18). Here, to address the involvement of PALS1 as a 
component of the Crumbs complex in retinal dystrophy, we generated conditional 
shPals1 knockdown mice and analyzed the consequence of lowered PALS1 levels in 
the retina.

RESULTS 

Generation of shPals1 conditional knockdown mice

�e e�ectiveness of the shPals1 sequences in cultured retinas and in utero brain 
ventricle electroporation has previously been shown (18, 28). �e conditional 
targeting construct (Fig. 1A) was electroporated into mouse E14 embryonic stem 
(ES) cells, and cells harboring the complete expression cassette were used for 
blastocyst injection and generation of shPals1�ox/+, referred to as shPals1 mice. Cre-
mediated recombination was veri�ed by PCR using retinal chromosomal DNA 
from wild-type, RxCre, shPals1, and shPals1-RxCre. PCR analysis con�rmed the 
recombined DNA product (lower band, 466 bp) in shPals1-RxCre (Fig. 1B), but 
also indicated the presence of cells that escaped from recombination (upper band, 
1979 bp). Next, we performed Western blot analysis to evaluate the reduction of 
PALS1 levels using total retina lysates (n = 6-8 eyes; Fig. 1C) at postnatal day 6 (P6). 
Upon quanti�cation of the blots, PALS1 levels were decreased to 52 – 3 % (n = 10, 
– standard deviation) in shPals1-RxCre retinas compared to RxCre control retinas.

Figure 1. Decreased levels of PALS1 in the retina after conditional gene silencing. 
(A) Schematic representation of shPals1-RxCre retinas after Cre-mediated recombination. After Cre 

recombination, the U6 promoter drives the expression of shRNA against the Pals1 gene as illustrated. 

�e small arrow indicates the insertion of the short hairpin Pals1 sequence behind the second loxP. PGK, 
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Reduced retinal PALS1 levels impairs vision in adult mice

To determine the phenotype we analyzed the retinas of 1-, 3-, 6- and 12- month-
old shPals1-RxCre mice by confocal scanning laser ophthalmoscopy (cSLO), optical 
coherence tomography (OCT) and electroretinography (ERG). In cSLO and OCT 
analysis, all control littermate animals showed normal retinal morphology and retinal 
vasculature (Fig. 2A). However, the shPals1-RxCre mice showed changes in fundus 
appearance as well as vascular alterations especially in aged shPals1-RxCre mice. In 1- 
and 3-months-old shPals1-RxCre mice, an almost normal fundus appearance by cSLO 
examination was observed, but sites of cellular mislocalization as well as roundish 
structures in the outer plexiform layer (OPL) were found with OCT imaging (Fig. 
2A) corresponding to the half rosettes observed in histological sections (Fig. 3A). In 
6-months-old shPals1-RxCre mice, spotty and patchy areas as well as vascular leakage 
were observed with cSLO imaging (Fig. 2A, arrows). In 12-month-old shPals1-RxCre 
mice, the spotty and patchy areas and vascular leakage were more obvious and spread 
to the entire retina in cSLO imaging (Fig. 2A, arrows). OCT imaging revealed further 
sites of cellular mislocalization, as well as roundish structures in the OPL, and a 
reduction of the retinal thickness of the outer retina (red lines), as well as cellular 
mislocalization. Examinations of the retinal function in shPals1-RxCre mice by ERG 
showed reduced scotopic and photopic responses, with a- and b-wave amplitudes 
(re�ecting activities of photoreceptors and ON-bipolar cells, respectively) lower than 
littermate controls (shPals1 and RxCre), indicating alterations of both rod and cone 
system components (Fig. 2B). Upon aging of shPals1-RxCre retinas, the ERG signals 
were severely attenuated, suggesting progressive degeneration of photoreceptors and 
reduced vision compared to controls (Fig. 2C). 

phosphoglycerate kinase promoter; PURO, puromycine gene; U6, U6 promoter. (B) Genotyping of the 

mice (RxCre, shPals1, and shPals1-RxCre) was done by long-distance-PCR on genomic DNA isolated 

from E15 or 3-months-old retinas. �e upper PCR bands (1979 bp) are from non-recombined and 

the lower bands (466 bp) are from recombined DNA products. 3M, 3 Months of age; E15, embryonic 

day 15. (C) PALS1 protein levels were decreased to 52 – 3% in P6 shPals1-RxCre retinas. Total retina 

cell lysates were used for SDS-PAGE and Western blot analysis. PALS1 antibody was used to detect 

PALS1 protein in the retinas and actin antibody was used for loading control. Expression levels were 

normalized to actin.
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Figure 2. Decreased levels of PALS1 in shPals1-RxCre retinas caused early onset of loss 
of vision. (A) cSLO and SD-OCT analysis from 1-, 3-, 6- and 12-month-old shPals1-RxCre and 

control mice (RxCre). Spotty and patchy areas as well as vascular abnormalities (arrows in angiography) 
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Reduced PALS1 levels cause retinal disorganization and degeneration

To investigate the retinal shPals1-RxCre phenotype, we collected eyes from P6 to 1 
year and analyzed the morphology of the retinas (Fig. 3A). In control retina at P10, 
the three nuclear layers, outer nuclear layer (ONL), inner nuclear layer (INL) and 
ganglion cell nuclear layer (GCL) are well laminated, but photoreceptor segments 
are still short and the OPL and inner plexiform layer (IPL) synapses are not yet fully 
maturated (29, 30). At P18, the retina is almost matured and the retina morphology 
is similar to adult retinas. However, the shPals1-RxCre retinas showed abnormal retina 
structure. At P6, the GCL and IPL are well laminated, but regions of the developing 
INL, ONL, and OPL are disorganized. From P10 to P30, the three layers were 
relatively well separated, but showed retinal folds and half rosettes of photoreceptors 
in the ONL and OPL, and ectopic photoreceptor nuclei in the subretinal space. In 
addition, the OLM showed gaps and irregularities. In aged shPals1-RxCre retinas, 
the ONL and OPL became progressively thinner and the retina showed gradual 
degeneration of the ONL as well as INL. Overall, the phenotype in shPals1-RxCre 
retinas started with sporadically detectable disorganizations at the peripheral part 
of the retina at the early postnatal days (P6 till P30) and progressed throughout the 
entire retina following retinal maturation. 

were found in shPals1-RxCre mouse retinas with cSLO fundus imaging. OCT analysis further revealed 

reduction of the retinal thickness in the outer retina as well as cellular mislocalization. Red lines indicate 

the thickness of the photoreceptor layer. Arrowheads indicate folded ONL regions and borders of 

photoreceptor degeneration. ICGA: indocyanine green angiography; FLA: �uorescence angiography. 

(B) Scotopic and photopic single-�ash ERG responses from representative animals for a given genotype 

at the age of 3 months. �e reduced scotopic ERG a-wave indicated photoreceptor degeneration (�lled 

arrows in the right column). (C) Single-�ash ERG age series in shPals1-RxCre mutant (red), RxCre 

(green, control) or shPals1 (black, control) mice. Scotopic (SC, top) and photopic (PH, bottom) b-wave 

amplitudes were plotted as a function of the logarithm of the �ash intensity. Data were obtained from 

1-, 3-, 6-, 12-month-old shPals1-RxCre, and 1-, 3-, 6-, 12-month-old RxCre, and 1- and 3-month-old 

control shPals1 animals. Boxes indicate the 25% and 75% quantile range, whiskers indicate the 5% 

and 95% quantiles, and solid lines connect the medians of the data. Note the decline of the b-wave 

amplitude in shPals1-RxCre mice with increasing age up to 12 months of age under both scotopic and 

photopic conditions, indicating degeneration of both rod and cone system components.
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Figure 3.  Decreased levels of PALS1 in shPals1-RxCre retinas caused retinal degeneration 
and abnormal RPE structure. (A) Technovit retinal sections of control RxCre mice at postnatal 

day 6 (P6), P10, P18, P30 and 12 months of age (12M), and shPals1-RxCre mice at P6, P10, P18, 

P30 and 3, 6 and 12 months of age (3M, 6M, 12M). �e phenotype in shPals1-RxCre retinas is 

detectable initially at the peripheral part of the retina at P6, and it spreads to the entire retina following 
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Tangential imaging of wild-type retina (P10) shows the localization of PALS1 
in the apical cell membrane of retinal pigment epithelium (RPE) cells and in the 
apical microvilli (Fig. 3Ba). To get more detail we examined the retina at electro 
microscopy (EM) level. Immuno-EM images of wild-type retinas (P10) display 
the localization of PALS1 at the tight junctions of RPE cells (Fig. 3Bb, arrows) 
without detectable staining at the basolateral membrane (Fig. 3Bb, arrowheads). 
PALS1 staining was also detected in RPE apical microvilli (Fig. 3Bc, arrows). In EM 
examination of shPals1-RxCre retinas at P10, basal infoldings (Fig. 3Cc, arrows) were 
disorganized and vacuoles (asterisk) were increased in number and size. �e apical 
microvilli of the mutant RPE were either absent or shorter (Fig. 3Cd, double-headed 
arrows) and did not interdigitate with the outer segments of photoreceptor cells (Fig. 
3Cb, double-headed arrows). 

From the EM results, we suggest that PALS1 is essential for the RPE structure, 
and especially their apical microvilli that have important roles in phagocytosis of shed 
photoreceptor outer segments and removal of waste products from photoreceptor 
cells (31, 32).

retinal maturation. Even though the retinal layers (ONL, INL, GCL) are separated, retinal folds and 

half rosettes of the ONL are detected, and photoreceptor nuclei protruded into the subretinal space 

and ingressed into the OPL from P10 onwards. In aged mutant retinas (3 - 12M), the ONL and 

OPL become thinner due to gradual retinal degeneration. �e ONL is also severely damaged and 

abnormal large vacuoles are detected in the RPE layer. GCL, ganglion cell layer; INL, inner nuclear 

layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium. Scale bar: 50 µm. (B) Representative 

PALS1 staining images from immuno-EM and IHC analysis are shown from wild-type at P10. a, 

IHC �at mount of RPE cells stained with anti-PALS1. At immuno-EM level, the RPE monolayer has 

apical microvilli towards the photoreceptor outer segments and the cells are interconnected by tight 

junctions (b, c). Arrowheads indicate the basolateral membrane. (b, c) Arrows indicate PALS1 at the 

tight junction (b) and in apical microvilli surrounding a photoreceptor outer segment (c). Scale bar: 20 

µm (a), 0.5 µm (b, c).  (C) EM analysis of RxCre and shPals1-RxCre mice at P10. RPE cells appeared 

to be disorganized with short microvilli (double-headed arrows in panel d), reduced/disorganized basal 

infoldings (arrow in c), and in addition, numerous vacuoles were present within the cells (c, asterisk). 

N, RPE cell nucleus; OS, photoreceptor outer segments; Mv, microvilli; BM, Bruch�s membrane; BI, 

basal infoldings. Size bar: 5 µm (a, c), 1 µm (b, d).
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Figure 4.  Decreased levels of PALS1 in shPals1-Chx10Cre retinas caused late onset of 
loss of vision.  (A) Genotyping of the mice (Chx10Cre, shPals1, and shPals1-Chx10Cre) was done 

on genomic DNA isolated from 3-months-old retinas. �e lower bands (466 bp) are from shPals1-

Chx10Cre recombined DNA products. (B) PALS1 protein levels were decreased to 66 – 4% in P6 

shPals1-Chx10Cre retinas. PALS1 antibody was used to detect PALS1 protein in the retinas and 

actin antibody was used for loading control. Expression levels were normalized to actin. (C) cSLO 

and OCT analysis of 12-months-old shPals1-Chx10Cre retinas. shPals1-Chx10Cre retinas showed 
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The retinal phenotype depends on dosage and location of the 
decrease of PALS1

In RxCre mice, Cre starts to be expressed as early as embryonic day 9 in the forebrain 
in the eye determining �eld (20). �e region expressing Cre encompasses the future 
neural retina and the RPE. In Chx10Cre mice, Cre starts to be expressed a little 
later at E10.5 in the neural retina but not in the RPE (21). To examine the function 
of PALS1 in the early neural retina, we examined shPals1-Chx10Cre mice. In 
shPals1-Chx10Cre retinas, conditional recombination occurred as in shPals1-RxCre 
retinas (Fig. 4A) and PALS1 levels were decreased to 66 – 4% in shPals1-Chx10Cre 
retinas compared to Chx10Cre control retinas (n = 6-8 eyes; n = 8 blots, – standard 
deviation; Fig. 4B). �e shPals1-Chx10Cre retinas showed a signi�cant milder 
phenotype than shPals1-RxCre retinas. Retinas of shPals1-Chx10Cre at 12 months 
of age showed normal vascular pattern in cSLO fundus imaging, but OCT imaging 
revealed lamination defects at the OPL (Fig. 4C). In ERG analysis, the mutant mice 
showed only slightly reduced scotopic and photopic responses compared to control 
littermates (Fig. 4D). 

almost normal fundus appearance and regular vascular pattern in cSLO fundus imaging but some 

mislocalized structures in the OPL are found with OCT imaging. Red lines indicate the thickness of 

the photoreceptor layer and arrowhead indicates folded ONL regions. (D) Electroretinographic data 

from 12-month-old shPals1-Chx10Cre mutant mice and control Chx10Cre mice showing scotopic 

(SC, left) and photopic (PH, right) b-wave amplitudes from controls (green) and shPals1-Chx10Cre 

mice (red) as a function of the logarithm of the �ash intensity. Boxes indicate the 25% and 75% 

quantile range, whiskers indicate the 5% and 95% quantiles, and solid lines connect the medians of the 

data. Insets: scotopic (left) and photopic (right) single-�ash ERGs with 1.5 log cd*s/m2 intensity of a 

Chx10Cre control mouse (green traces) and a shPals1-Chx10Cre mouse (red traces). �e 12-months-old 

shPals1-Chx10Cre mice showed only slightly reduced scotopic and photopic responses compared to the 

Chx10Cre littermate controls. (E) Morphological analysis of control Chx10Cre and shPals1-Chx10Cre 

retinas. At 3 months of age (3M), the shPals1-Chx10Cre retinas showed mild and sporadic phenotype. 

At 12 months of age (12M), the mutant retinas showed disturbed ONL and INL layers and also 

reduced width of the OPL. Scale bar: 50 µm. (F) EM analysis of shPals1-Chx10Cre at P10. �e RPE 

of shPals1-Chx10Cre showed normal cell structure as Chx10Cre controls. N, RPE cell nucleus. Mv, 

microvilli. BM, Bruch�s membrane. BI, basal infoldings. Scale bar: 5 µm.
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shPals1 gene silencing studies in cultured retinas showed that PALS1 is required for 
the localization of these proteins (12, 18). From these, we suggest that reduced levels 
of PALS1 in the retina result in disruptions at the OLM and apical protein complex.

Figure 5.  PALS1 localizes with CRB1 and MUPP1 to the subapical region adjacent to 
adherens junctions at the outer limiting membrane. Immunohistochemistry on 3-month-old 

retinas showing confocal images of staining for proteins associated with the Crumbs complex, PALS1, 

CRB1 and MUPP1, and for glial �brilliary acidic protein (GFAP), a Müller glial cell marker. Staining 

for the Crumbs complex shows fragmented staining (arrows) of PALS1, CRB1 and MUPP1 in the 

shPals1-RxCre retinas which indicate the dislocalization of the Crumbs complex proteins at the SAR 

adjacent to adherens junctions at the OLM. GFAP staining shows increased reactive gliosis in the 

mutant retinas. GCL, ganglion cell layer; OPL, outer plexiform layer; OLM, outer limiting membrane. 

Scale bar: 50 µm.
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�e mutant retina showed folds, some photoreceptor cells ectopically localized 
in the subretinal space or OPL, and some bipolar cells ectopically localized in the 
ONL suggesting incorrect patterning of retinal cells. We suggest that reduced levels 
of PALS1 do not a�ect retinal cell-speci�cation mechanisms, but a�ect correct 
patterning of newly born retinal cells, especially photoreceptors, and that may 
have negative consequences for establishing and maintenance of stable neuronal 
connections at the OPL. Lack of the PALS1 orthologue Stardust in the fruit �y 
Drosophila leads to loss of Crumbs and Patj from the stalk membrane, and to 
shortened stalk membranes, and increased sensitivity to light, although di�erent 
Stardust mutant alleles give di�erent phenotypes (15, 35, 36). 

Lack of Crumbs in Drosophila photoreceptors leads to loss of Stardust and 
Patj from the stalk membrane, and to shortened stalk membranes, and increased 
sensitivity to light (10).  Similarly, lack of CRB orthologue Crb2b in zebra�sh Danio 
rerio leads to reduced photoreceptor segments length (37). 

Figure 7.  Reduced levels of PALS1 do not a�ect the size of cone photoreceptor outer 
segments. (A) PNA staining (red) for cone outer segment on representative sections of RxCre control 

retina and two di�erent regions (less disorganized, left panel, and more disorganized, right panel) from 

the same shPals1-RxCre mutant retina at P18. �e subapical region adjacent to the OLM is stained by 

anti-PALS1 (green). Scale bar: 50 µm. (B) Histogram shows the length of cone outer segments in the 

mutant retinas and control retinas at P10, P18, and P30. �e PNA stained cone outer segments at 

less disturbed regions were measured to verify the involvement of PALS1 in the growth of cone outer 

segment during development, but there was no signi�cant di�erence in P10 and P18 except for in P30 

(B). Asterisk (*) indicates signi�cant di�erence compared to the control (Student�s t-test, P<0.0007). 

Error bars indicate + SEM.
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We therefore studied the length of cone outer segments in shPals1-RxCre 
retinas by measuring peanut agglutinin (PNA) stains of P10, P18 and P30 retinas, 
but detected no signi�cant e�ect on outer segment length upon decreased levels of 
PALS1except for foci of severely disorganized retina (Fig. 7A,B). 

Figure 8.  Retinas lacking PALS1 undergo persistent programmed cell death at maturation 
of the retina. (A) Immunohistochemistry for cleaved-Caspase-3 (c-CAS3) on representative sections 

of shPals1-RxCre and RxCre retinas at P6 and P18. Apoptotic cells were stained with c-CAS3 antibodies 

(red). Nuclear DNA was counterstained with TO-PRO-3 (blue). Scale bar: 50 µm. (B) Histogram 

depicting the number of c-CAS3-positive cells in shPals1-RxCre and control retinas at P6 and P18. 
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DISCUSSION 

In the current study, we have generated and analyzed shPals1-RxCre and shPals1-
Chx10Cre mice. �e phenotype in shPals1-RxCre is more severe than in shPals1-
Chx10Cre retinas, suggesting a role for PALS1 in the RPE and neural retina during 
retinal development.

We have crossed the shPals1 mice with two di�erent Cre lines, RxCre and 
Chx10Cre, both expressing Cre in retinal progenitor cells; but shPals1-RxCre and 
shPals1-Chx10Cre retinas show a di�erence in onset and severity of the retinal 
phenotype. We have also generated shPals1-NestinCre mice that gave as severe a 
retinal phenotype, in ERG, SLO, OCT, histology and IHC analysis, as shPals1-RxCre 
(data not shown). �e di�erence in severity of the phenotype might be explained by 
(i) Di�erence in cell type-speci�c expression of Cre (expression in neural retina, or 
neural retina and RPE), (ii) Di�erence in time of expression of Cre and subsequently 
of Pals1 shRNA (from E9 in RxCre, or from E10.5 in Chx10Cre), or (iii) Di�erence 
in mosaic expression of Cre and silencing of PALS1 expression. �e Chx10Cre mouse 
line used is known to express Cre in most but not all retinal progenitor cells, resulting 
in a mosaic retina of wild-type and mutant cells (21). 

�e RPE performs highly specialized, unique functions essential for homeostasis 
of the retina, and loss/malfunction of RPE causes 1oss of adhesion between the retina 
and RPE  (40), and photoreceptor degeneration and atrophy of the choriocapillaris 
(41). Using EM analysis, we detected disturbances in mutant RPE cells such as 
shortened microvilli, disorganized basal infoldings and increased number and size of 
vacuoles. �erefore, our data suggest that reduced levels of PALS1 in the RPE and 
neural retina cause the phenotype observed in shPals1-RxCre retinas. In zebra�sh, 
PALS1 is expressed in the early RPE, and nagie oko zebra�sh that completely lack 
PALS1 showed disturbances in RPE cells, and the phenotype could be rescued in 
part by expression of a nagie oko transgene in the RPE showing proper patterning of 
ganglion cells and cells of the INL (42-44). Transgenic mouse lines expressing Cre 
in the RPE are available, but are unfortunately not useful to address the hypothesis 
because they either express Cre recombinase in the RPE as well as in the neural 
retina, or in a small subset of RPE cells, or they express postnatally (33, 45-47).

In mouse neural retina, PALS1 localizes to the SAR adjacent to adherens 
junctions between photoreceptors and Müller glia cells and forming complexes with 
CRB1 and CRB2 in Müller glia cells, and with CRB2 in rod and cone photoreceptors 
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(18). �e phenotype observed  in Figure 3 (e.g., gaps in the OLM, retinal folds, 
half-rosettes, ectopic photoreceptors in the subretinal space and OPL, progressive 
photoreceptor death) is in part similar to the phenotype observed in Crb1 knockout 
mice. As shown in Figure 5, the Crumbs complex proteins were reduced or lost at the 
SAR. �erefore, PALS1 may be required for the recruitment of the Crumbs complex 
components, and reduced levels of PALS1 are likely to give a complex phenotype 
due to the reduced levels of PALS1-CRB1 and PALS1-CRB2 complexes in Müller 
glia cells and photoreceptors (18). 

During retinal development, newborn neurons, which make up six of the seven 
major classes of cells in the retina, must be produced in proper ratios, migrate to the 
proper layer, and form synaptic connections with each other (13, 29). Previous studies 
indicated that all retinal cell classes were present in nagie oko mutant retinas; the 
mutant showed however a severe disruption of retinal architecture, which indicated 
that zebra�sh PALS1 did not have a role in cell-class speci�cation (14). To verify 
the involvement of mouse PALS1 in cell speci�cation, we used speci�c markers for 
retinal cells as shown in Figure 6. However, unlike the nagie oko mutant, most cells in 
the mutant retinas were well separated and migrated properly, even though the retina 
layers are folded and some photoreceptor cells are dislocated into the subretinal 
space. �e data suggests that PALS1 levels are not critical for cell class speci�cation, 
but are critical for proper strati�cation of the retina. Similar PALS1/CRB complexes 
reside adjacent to adherens junctions in the developing cortex and developing and 
adult retina. Loss of PALS1 from the developing cortex and hippocampus resulted 
in premature withdrawal from the cell cycle, inducing excessive generation of early-
born postmitotic neurons followed by massive programmed cell death in the mouse 
cortex and hippocampus (28). Even heterozygote mice with reduced levels of PALS1 
in the cortex showed a signi�cant phenotype suggesting dosage sensitivity of PALS1. 
We analyzed the number of mitotic cells between E12 and E16 to examine the 
involvement of PALS1 in progenitor cell proliferation in the retina, but could not 
detect signi�cant di�erences (data not shown). In shPals1-RxCre retinas a reduction 
of up to 52% of PALS1 may not be su�cient to a�ect cell proliferation, but we cannot 
exclude the possibility that cell proliferation is inappropriately timed. �e time course 
of neurogenesis in the retina is longer than in the cortex and hippocampus (48), and 
levels of PALS1 might not be as critical in retinal progenitor cell proliferation as in 
cortical progenitor cell proliferation.
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MATERIALS AND METHODS 

Generation of conditional shPals1 knockdown mice

Animal care and experiments were performed in accordance with guidelines 
established at the institutions in which the experiments were performed and 
approved by the Animal Care and Use Committee. �e shPals1 oligonucleotides, 
TGTTCATTGAACATGGTGAATTCAAGAGATTCACCATGTTCAATGAACTTTTTTC and 
TCGAGAAAAAAGTTCATTGAACATGGTGAATCTCTTGAATTCACCATGTTCAATGAACA 
(18), were annealed and subcloned into the HpaI/XhoI site of pSico-pgk-puro 
(19) behind the second loxP site. A 2.9 kb PstI/KpnI fragment containing the 
U6 promoter, the two TATA-loxP sites, the intervening pgk-puro sequence, 
the shPals1 sequence, and the woodchuck hepatitis virus posttranscriptional 
regulatory element (WPRE) sequences was isolated from pSico-U6-loxP-pgk-
puro-loxP-shPals1 and electroporated into mouse E14 ES cells, and veri�ed by 
long-template PCR of a construct-speci�c 2.3 kb fragment using speci�c primers 
in the U6 promoter (5�-AGACAAATGGCAGTATTCATCCAC-3�) and WPRE 
(5�-CCACATAGCGTAAAAGGAGCAACATAG-3�) of the targeting vector. 
After verifying correctly targeted shPals1 ES clones, 10 di�erent Pals1 shRNA cell 
clones were selected and 3 clones were used for the blastocyst injection, of which 
2 gave germ line transmission (clones 7 and 13). In the studies described here, we 
used transgenic shPals1 mice derived from ES clone 13. Chimaeric conditional 
�oxed Pals1 shRNA mice were generated and heterozygous shPals1 (shPals1�ox/+, 
referred to as shPals1) and control mice were maintained as a cross of C57BL/6 
and 129/Ola (50%/50%). To obtain shPals1 conditional knockdown mice, RxCre 
(20) and Chx10Cre mice (21) , maintained as a cross of C57BL/6 and 129/Ola 
(50%/50%), were used for Cre-mediated recombination. RxCre mice were obtained 
on FVB background, and thereafter backcrossed onto C57BL/6 and 129/Ola 
(50%/50%), with less than 1% FVB background, and had no mutations in the 
phosphodiesterase 6b (pde6b) gene. Genotyping of the mice was done by PCR on 
genomic DNA. For the RxCre genotyping, 5�-GTTGGGAGAATGCTCCGTAA-3� 
and 5�-GTATCCCACAATTCCTTGCG-3� primers were used, for the 
Chx10Cre genotyping, 5�-GGGCACCTGGGACCAACTTCACGA-3� 
and 5�-CGGCGGCGGTCACGAACTCC-3�, and for the shPals1, 
5�-TGTAAAACGACGGCCAGTTGCAAGAACTCTTCCTCACG-3� and 5�- 
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CAGGAAACAGCTATGACCAGGCCTTCCATCTGTTGCT-3� were used. For 
all analyses, wild-type, shPals1, RxCre, Chx10Cre, shPals1�ox/+;RxCre/+ (referred 
to as shPals1-RxCre) or shPals1�ox/+;Chx10Cre (as shPals1-Chx10Cre) mouse 
littermates of either sex were used. Cre mediated recombination was veri�ed by 
PCR using the following primer pair: 5�-GGGACAGCAGAGATCCAGTT-3� 
and 5�-TTCTCGAGGTCGACGGTATC-3;. We have used shPals1 and RxCre 
as controls for shPals1-RxCre, and shPals1 and Chx10Cre as controls for shPals1-
Chx10Cre mutant mice.

Western blot analysis

Retinas were dissected and homogenized by sonication in ice-cold RIPA bu�er 
containing protease inhibitors. �e protein concentrations of cell extracts were 
measured by Bradford�s assay and retina lysate was loaded on a gradient SDS-
PAGE gel (NuPAGE gels, Invitrogen) and subsequently transferred onto PVDF 
membranes. �e membranes were then blocked, incubated with primary antibodies 
(anti-PALS1, 1/250, ProteinTech Group and anti-Actin, 1/500, Millipore Bioscience 
Research Reagents) and secondary antibodies (Streptavidin IRDye conjugated, 
Rockland Immunochemicals) in 0.3% BSA/TBS (50 mM Tris, pH 7.5, 150 mM 
NaCl ), and washed in TBST (TBS and 0.05% Tween 20). Bands were visualized 
using the Odyssey Infrared Imaging system (LI-Cor Biosciences, Nebraska USA) 
and quanti�ed by ImageJ (National Institutes of Health, USA).

Confocal scanning laser ophthalmoscopy (cSLO) and spectral domain 
optical coherence tomography (SD-OCT) 

cSLO imaging was performed with HRA 1 and HRA 2 (Heidelberg Engineering, 
Heidelberg, Germany) featuring up to two Argon wavelengths (488/514 nm) in the 
short wavelength range and two infrared diode lasers (HRA 1: 795/830 nm, HRA 
2: 785/815 nm) in the long wavelength range as previously described (22). For SD-
OCT imaging, Spectralis� HRA+OCT device (Heidelberg Engineering) was used as 
described (23). Imaging was performed using the proprietary software package Eye 
Explorer version 3.2.1.0 (Heidelberg Engineering). Resulting data were exported 
and processed in Corel DrawX3.
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Electroretinography

Ganzfeld electroretinograms (ERGs) were recorded according to the procedures 
described previously (24, 25). Brie�y, after overnight dark adaptation, mice were 
anesthetized with ketamine (66.7 mg/kg body weight) and xylazine (11.7 mg/kg 
body weight), and the pupils were dilated with tropicamide eye drops (Mydriaticum 
Stulln, Pharma Stulln, Stulln, Germany). Single-�ash responses were obtained under 
dark-adapted (scotopic) and light-adapted (photopic) conditions. Light adaptation 
was achieved with a background illumination of 30 cd/m2 starting 10 minutes before 
photopic recordings. Single white-�ash stimuli ranged from �4 to 1.5 log cd*s/m2 
under scotopic and from �2 to 1.5 log cd*s/m2 under photopic conditions, divided 
into ten and eight steps, respectively. Ten responses were averaged with interstimulus 
interval of �ve or 17 s (for 0 to 1.5 log cd*s/m2).

Electron microscopy (EM) analysis

For immuno-electron microscopy (immuno-EM) analysis, eyes were processed 
according to the procedures described previously (26). Brie�y, eyes were �xed for 1 h 
at room temperature in 0.1 M phosphate-bu�ered (pH 6.5) 4% formaldehyde. After 
�xation, the eyes were cryoprotected and embedded in Tissue Tek (Sakura Finetek 
Europe B.V., Zouterwoude, �e Netherlands). �ey were sectioned and incubated 
20�68 h with rabbit anti-PALS1 (1/200, Millipore Bioscience Research Reagents, 
Protein Tech). After rinsing, the sections were incubated with a PowerVisionPoly-
HRP-Goat Anti-rabbit IgG (ImmunoVision Technologies). To visualize the 
peroxidase, the sections were incubated in a Tris�HCl diaminobenzidine (DAB) 
solution containing 0.03% H2O2. �e DAB reaction product was then intensi�ed 
by a gold-substituted silver peroxidase method. Sections were rinsed in sodium 
cacodylate bu�er 0.1 M (pH 7.4) and post�xed for 20 min in 1% OsO4 supplemented 
with 1% potassium ferricyanide in sodium cacodylate bu�er 0.1 M (pH 7.4). After 
washing in the sodium cacodylate bu�er, the material was dehydrated and embedded 
in epoxy resin. Ultrathin sections were observed and photographed in FEI Technai 
12 electron microscope. Electron micrographs were acquired as TIFF �les with 
IMAGE II cameras. 

Transmission electron microscopy analysis were performed according to the 
procedures described previously (18) with modi�cation. Brie�y, the eyes were �xed 
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browser v3.2 image software. 

Quanti�cation and measurement

To quantify the apoptotic cells, retina sections (P6 and P18) were stained with cleaved 
Caspase-3 (c-CAS3) antibody and counterstained with TO-PRO-3 for nuclei. Total 
numbers of apoptotic cells were determined by manually counting c-CAS3 antibody 
positive cells in the unit area (100 µm2) on digital images generated by Zeiss LSM 
browser v3.2 image software.  For the measurement of cone outer segments, retina 
sections (P10, P18 and P30) were stained with �uorescein-labeled PNA lectin 
and the lengths of the stainings were measured by Zeiss LSM browser v3.2 image 
software. For ONL thickness, the thickness was measured at 0.5, 1, 1.5, 2 and 
2.5 mm distance from the optic nerve head using Zeiss LSM browser v3.2 image 
software. For statistic analysis, Student�s t-test was applied for calculating signi�cance 
and signi�cance levels were set at <0.05.
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ABSTRACT

In humans, the Crumbs homolog-1 (CRB1) gene is mutated in progressive types of 
autosomal recessive retinitis pigmentosa and Leber congenital amaurosis. However, 
there is no clear genotype�phenotype correlation for CRB1 mutations, which 
suggests that other components of the CRB complex may in�uence the severity 
of retinal disease. �erefore, to understand the physiological role of the Crumbs 
complex proteins, we generated and analyzed conditional knockout mice lacking 
CRB2 in the developing retina. Progressive disorganization was detected during 
late retinal development. Progressive thinning of the photoreceptor layer and sites 
of cellular mislocalization was detected throughout the CRB2-de�cient retina by 
confocal scanning laser ophthalmoscopy and spectral domain optical coherence 
tomography. Under scotopic conditions using electroretinography, the attenuation 
of the a-wave was relatively stronger than that of the b-wave, suggesting progressive 
degeneration of photoreceptors in adult animals. Histological analysis of newborn 
mice showed abnormal lamination of immature rod photoreceptors and disruption 
of adherens junctions between photoreceptors, Müller glia and progenitor cells. �e 
number of late-born progenitor cells, rod photoreceptors and Müller glia cells was 
increased, concomitant with programmed cell death of rod photoreceptors. �e data 
suggest an essential role for CRB2 in proper lamination of the photoreceptor layer 
and suppression of proliferation of late born retinal progenitor cells.



C
ha

pt
er

 3

Removal of CRB2 from progenitor cells 81

INTRODUCTION

�e establishment and maintenance of apical-basal polarization and adhesion 
is controlled by apical polarity protein complexes, which are crucial for proper 
lamination of mammalian photoreceptor cells (1-8). �e apical Crumbs complex 
resides in the adult retina at a subapical region adjacent to adherens junctions between 
photoreceptors and Müller glia cells (2,9). In amniotes, there are four Crumbs family 
members, CRB1, CRB2, CRB3A and CRB3B (10). In zebra�sh, the family consists 
of Crb1, Crb2a (Ome), Crb2b, Crb3a and Crb3b (11,12). �e prototypic CRB 
protein has a large extracellular domain with epidermal growth factor and laminin-
globular domains, a single transmembrane domain, and a short 37 amino acid 
intracellular C-terminus containing single-FERM and -PDZ protein-binding motifs 
(13). �e core proteins of the complex are either CRB-PALS1 (protein associated 
with Lin Seven 1)-PATJ (PALS1-associated tight junction protein) or CRB-PALS1-
MUPP1 (MUPP1-multi-PDZ domain protein 1) (2,14-18). �e C-terminal PDZ 
motif of CRB interacts with the PDZ domain of PALS1, which in turn binds via a 
N-terminal L27 domain to the L27 domain of PATJ and MUPP1 (18). �e PDZ 
motif of CRB can also interact with PAR6 (19), which can also bind to PALS1 
(20). �e multi-adaptor protein PALS1 recruits MPP3 and MPP4 in the apical 
complex (15,16). �e FERM motif binds to EPB4.1L5, the mammalian homologue 
of Drosophila Yurt and zebra�sh Mosaic Eyes (Moe) (21-23).  

In humans, mutations have been identi�ed in the CRB1 gene in individuals 
with Leber congenital amaurosis, retinitis pigmentosa type 12, retinitis pigmentosa 
with Coats-like exudative vasculopathy, and other early-onset retinitis pigmentosa 
(10,24,25). In the mouse retina, CRB1 maintains adherens junctions between 
photoreceptors and Müller glia cells and prevents retinal disorganization and 
dystrophy; moreover, loss of CRB1 results in a phenotype limited to one retinal 
quadrant (1,2). However, the severity of the phenotype is strongly dependent on 
the genetic background as di�erent mutations in CRB1/Crb1 cause various retinal 
phenotypes in human and mice. �e lack of a clear genotype�phenotype correlation 
suggests that other components of the Crumbs complex have a function in�uencing 
the severity of the retinal disease. In zebra�sh, the two Crb2 genes (Crb2a and Crb2b) 
has been implicated in retina developmental and morphological defects. Crb2a 
(Ome) is a determinant of apico-basal polarity in the retina, and loss of Crb2a causes 
severe basal displacement of cell junctions in neuroepithelial cells (11,12). Ome 
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mutants display gross morphological abnormalities of the retina with inappropriate 
lamination and ectopic apical surfaces (26). Moreover, zebra�sh Crb2b is essential 
for the size determination of the apical membrane domain within photoreceptors. 
Overexpression of mouse Crb2 in embryonic stem cells increased cell proliferation 
and reduced terminal neural di�erentiation (27).

Here, we study the e�ects of loss of CRB2 from the developing mouse retinal 
neuroepithelium. Our �ndings show that conditional deletion of Crb2 in the retina 
results in early retinal disorganization leading to severe and progressive retinal 
degeneration with concomitant visual loss that mimics retinitis pigmentosa due to 
mutations in the CRB1 gene, and suggest a role for CRB2 in suppressing proliferation 
of late retinal progenitors.

RESULTS

Lack of CRB2 impairs retinal function in adult mice

In mice, the degeneration due to loss of CRB1 is limited to one quadrant of the 
retina, suggesting compensatory mechanisms (2). To ablate CRB2 function in the 
mouse, loxP sites were inserted in the Crb2 gene between exons 9a and 10 and in 
exon 13 downstream of the stop codon (Fig. 1).

Figure 1. Schematic representation of the Crb2 targeting construct and genotyping 
strategy. (A) Crb2  wild-type (WT) gene composed of 13 exons. (B) Crb2  targeting construct, the 

loxP recombination sites are located between exons 9a and 10, and in exon 13, in the 3� untranslated 

region. �e targeting construct also contains a neomycin cassette �anked by frt recombination sites. (C) 

Crb2 targeting construct after frt recombination and deletion of the neomycin cassette. �e localization 
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Crb2 �oxed homozygous (Crb2F/F) mice showed no identi�able phenotype, had 
normal life span and were fully fertile. We crossed the Crb2 conditional knockout 
(cKO) with Chx10-Cre mice to obtain Crb2Chx10 cKO (Crb2F/F/Chx10Cre+/-) 
animals. Chx10-Cre drives Cre-mediated recombination in neuroepithelial 
progenitors of the retina (28), resulting in the loss of CRB2 expression at the apical 
surface from embryonic day (E) 12.5 (Supplementary Material, Fig. S1).

We performed functional and structural in vivo analyses of 1-18-month-
old Crb2Chx10 cKO and control mice, using electroretinography, spectral 
domain optical coherence tomography and scanning laser ophthalmoscopy. In 
electroretinography experiments under both scotopic and photopic conditions, there 
was no signi�cant di�erence between the control animals (Crb2F/+/Chx10Cre+/- and 
Crb2F/F) mice at any of the time points analysed (Fig. 2A-C). In contrast, already 
1-month-old Crb2Chx10 cKO mice showed considerable reduction in amplitudes 
of both scotopic and photopic electroretinography responses, indicating alterations 
of both rod and cone system components (Fig. 2A). At high stimulus intensities 
under scotopic conditions, the attenuation of the a-wave was relatively stronger than 
that of the b-wave (Fig. 2A), resulting in a high b/a ratio (Fig. 2B). As the initial 
portion of the a-wave re�ects the primary light response in photoreceptors, the 
remarkable attenuation of the a-wave observed in Crb2Chx10 cKO mice indicates 
a strong photoreceptor dysfunction. Furthermore, in Crb2Chx10 cKO mice, the 
signal amplitudes progressively decreased with age, until they became practically 
extinguished around 18 months of age (Fig. 2C). 

of the 3� end arm probe used to characterize the targeting construct, and of the pairs of primers, HA7/8 

and HA11/12, located around the loxP recombination sites and used for genotyping, are represented 

in the �gure. Two BglII restriction sites locate outside the targeted DNA; one extra BglII restriction site 

is present in the targeting construct near the 5� end loxP site. (D) Southern blotting analysis of Crb2F/+ 

embryonic stem-cell genomic DNA digested using BglII showed a 20.1 kb fragment corresponding to 

the WT allele and a 7.4 kb fragment corresponding to the Crb2 �oxed allele. (E) PCR genotyping of 

Crb2F/F (F/F), Crb2+/+ (+/+) and Crb2F/+ (F/+) mice. �e left lane contains 100 bp DNA size markers, 

and the pairs of subsequent lanes contain PCR products of Crb2F/F (lanes 1 and 2), Crb2+/+ (lanes 3 and 

4) and Crb2F/+ mouse DNA (lanes 5 and 6). Lanes 1, 3 and 5 contain the HA7/8 reaction product and 

the lanes 2, 4 and 6 contain the HA11/12 reaction product.
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Figure 2. Progressive loss of retinal function in Crb2Chx10 cKO animals in vivo. 
Electroretinographic time course of retinal function in Crb2F/F control (black), Crb2F/+/Chx10Cre+/- 

heterozygous (blue) and Crb2F/F/Chx10Cre+/- a�ected mice (red). (A) Scotopic (top) and photopic 

(bottom) single-�ash electroretinography responses from representative animals at the age of 1 month. 

�e a-wave and the b-wave are indicated by open arrows. (B) Left: Superposition of scotopic single-

�ash electroretinography responses (1.5 log cd s/m2) from (A). �e arrow points to the attenuated 

a-wave of the a�ected mouse. Right: Quantitative evaluation of scotopic single-�ash a-wave and b-wave 

amplitudes (1.5 log cd s/m2) as well as the corresponding b-wave/a-wave amplitude ratio (b/a ratio). 

Boxes indicate the 25 and 75% quantile range, whiskers indicate the 5 and 95% quantiles and the 
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In the in vivo imaging analysis using scanning laser ophthalmoscopy and 
spectral domain optical coherence tomography, control littermates did not 
show any abnormalities in fundus appearance, fundus auto�uorescence, retinal 
vasculature and retinal morphology at any time point. Also, no di�erences were 
observed between the Crb2F/+/Chx10Cre+/- and Crb2F/F mice (Fig. 3A-E). In contrast, 
1-month-old Crb2Chx10 cKO retinae revealed changes in fundus appearance as 
well as in retinal layer morphology, suggesting a progressive retinal degeneration 
(Figs. 3F-J and 4A-O). With native scanning laser ophthalmoscopy, many spots 
and patchy areas were visible, and fundus auto�uorescence revealed accumulation 
of auto�uorescent remains from lost photoreceptor cells. Commonly, degenerative 
processes are characterized by accumulation of auto�uorescent material, mainly 
break-down products of photoreceptor outer segments that contain the visual 
pigment chromophore 11-cis retinal, in the retina (29). �ese data were supported 
by spectral domain optical coherence tomography analysis. A signi�cant reduction 
of retinal thickness, as compared to control animals, was found in the outer retina 
of Crb2Chx10 cKOs. Furthermore, sites with cellular mislocalization were detected 
(Fig. 4D, I and insets E, J). In the Crb2Chx10 cKOs, a further progression of the 
retinal degeneration was observed (Fig. 4A, F, and K). Most severe degeneration was 
found, particularly in the central retina surrounding the optic disc and at sites of 
cellular mislocalization.

asterisks indicate the median of the data (box-and-whisker plot). In a�ected Crb2F/F/Chx10Cre+/- mice, 

the a-wave was relatively more attenuated than the b-wave, leading to a high b/a ratio and suggesting a 

predominant dysfunction of photoreceptors. (C) Time course of visual function based on single-�ash 

electroretinography data from 1-, 3-, 6-, 12- and 18-month-old animals. For each age group, scotopic 

(SC, left column) and photopic (PH, right column) b-wave amplitude data are shown as box-and-

whisker plot as above and were plotted as a function of the logarithm of the �ash intensity (VlogI 

function). In a�ected Crb2F/F/Chx10Cre+/- mice, the b-wave amplitude was already somewhat reduced 

at the age of 1 month under both scotopic and photopic conditions and declined rapidly with age. �e 

retinal functionality of heterozygous Crb2F/+/Chx10Cre+/- mice was not detectably decreased. Number 

of animals used: 1 month old (1 M): four/group; 3 months old (3 M): four of each control and �ve 

cKO; 6 months old (6 M): four Crb2F/F, three Crb2F/+/Chx10Cre+/- and seven cKO; 12 months old (12 

M): �ve/group; 18 months old (18 M): four Crb2F/F, three Crb2F/+/Chx10Cre+/- and four cKO. ERG, 

electroretinography.
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Figure 3.  Retinal morphology in 1-month-old control and Crb2Chx10 cKO mice in vivo. 
In vivo imaging of the retinal phenotype in representative control (Crb2F/F) and a�ected mice (Crb2F/F/

Chx10Cre+/-) at 1 month after birth (1 M). Control and a�ected mouse retinae were examined with SLO 

imaging (A and B versus F and G), FLA (C versus H) and SD-OCT (E and D versus J and I). (A and F) 

Native fundus images at 513 nm revealed a spotty fundus appearance in the a�ected eye in comparison 

with the control, which imposed as multiple hyper- and hypo�uorescences in the auto�uorescence 

image (B and G) at 488 nm. (C and H) FLA, however, did not show apparent abnormalities of the 

choroidal and retinal vasculature at that point. (D and I) Horizontal spectral domain optical coherence 

tomography scans across the optic disc nevertheless revealed multiple indentations of the outer retina 

of a�ected eyes, presumably due to the cellular mislocalizations, disturbing retinal layering. Enlarged 

details (E and J) illustrate that between these indentations, intact-looking outer limiting membrane and 

inner/outer segment layers were detectable. GC/IPL, ganglion cell/inner plexiform layer; INL, inner 

nuclear layer; I/OS, inner/outer segment; OLM, outer limiting membrane; ONL, outer nuclear layer; 

OPL, outer plexiform layer; RPE/CC, retinal pigment epithelium/choriocapillaris complex.
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Additionally, in the Crb2Chx10 cKO, the retinal vasculature was a�ected 
already at 3 months of age (Fig. 4C). With �uorescein angiography (FLA), sites of 
neovascularization were observed very similar to vascular abnormalities detected in 
Crb1-/- mice (3). At some of these sites (e.g. Fig 4H and M), choroidal structures 
were visible, suggesting disruption of the retinal pigment epithelium layer. �ese 
processes were clearly visualized by spectral domain optical coherence tomography 
imaging (Fig. 4E, J and O). Taken together, our results indicate that Crb2Chx10 
cKO animals have a strong retinal phenotype with severe functional consequences.

CRB2 is required in retinal development

�e in vivo studies suggested abnormalities during retinal development. CRB2 is 
localized at E11.5 in retinal progenitor cells (Supplementary Material, Fig. S1) and 
later on in photoreceptors and Müller glia cells (30). Morphological alterations 
in the Crb2Chx10 cKO were found from E18.5 (Figs 5B and 6D and F). In the 
Crb2Chx10 cKO, sporadic disruptions of the outer limiting membrane and 
mislocalized cell nuclei in the subretinal space were observed at the periphery of the 
retina (Figs 5B and 6D and F). �e Crb2Chx10 cKO lost CRB2 expression from 
the subapical region (Fig. 6B and Supplementary Material, Fig. S1) and displayed 
disrupted adherens junctions and subapical region (Fig. 6D, F, H, J, L and N).

At postnatal day (P) 3, the Crb2Chx10 cKO retinal progenitors and newly 
born photoreceptors had lost their normal orientation and instead formed rosettes 
and half-rosettes at the periphery of the retina (Fig. 5D). �ese rosettes consisted 
of immature retinal cells with adherens junctions and subapical regions positive for 
apical proteins such as MUPP1 and PATJ (Supplementary Material, Fig. S2D-F). 
Recoverin is a marker for immature as well as mature photoreceptors and some cone 
bipolar cells, and in regions where the adherens junctions were disrupted, recoverin-
positive cells were displaced from the apical surface and localised ectopically in the 
center of the neuroepithelial layer (Fig. 7B). Moreover, we observed an increase 
in the number of recoverin-positive cells in the Crb2Chx10 cKO compared with 
the control (24.0 – 0.6 versus 21.9 – 0.4 recoverin positive cells/100µm – SEM; 
Supplementary Material, Fig. S3). 

In addition, we observed, near to these rosettes, ectopic nuclei of cells in the 
subretinal space adjacent to the adherens junctions (Fig. 5D).
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Figure 4.  Progression of retinal changes in Crb2Chx10 cKO animals in vivo. Time course 

of retinal degeneration in representative a�ected mice (Crb2F/F/Chx10Cre+/-) up to 12 months after 

birth (12 M). Mouse retinae were examined with native scanning laser ophthalmoscopy imaging (A, 

F and K), fundus auto�uorescence (B, G and L), FLA (C, H and M) and spectral domain optical 

coherence tomography (D and E, J and I, and N and O). Initially smaller, later increasingly con�uent 

bright areas resembling retinal lesions became apparent in native imaging at 6 months (6 M) and older 

(F and K). Fundus auto�uorescence (B, G and L) changed with age mainly in the regard that in the 

developing lesions described before, no �uorescence was detected, i.e. these areas remained dark. In 

FLA (C, H and M), sites of neovascularization developed, which were also detectable in spectral domain 
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At P6, rosettes and half-rosette structures could also still be observed at the 
periphery of the retina. Interestingly, the rosettes contained cells positive as well 
as negative for the proliferation markers phospho-histone H3 (pH3), Ki67 and 
apical marker PATJ (that marks the apical membrane but also co-stains a subset of 
Ki67 positive cells at the periphery of the developing retina) (Fig. 8D). In addition, 
ectopic nuclei were detected in the subretinal space throughout the retina. �ese 
were both situated alone or in small clusters (Fig. 5F and 7D). Some of these nuclei 
were positive for recoverin but negative for rhodopsin (a marker for mature rod 
photoreceptors), and others were positive for both recoverin and rhodopsin (Fig. 
7D). Transmission electron microscopy showed local loss of adherens junctions near 
to these ectopic cells (Fig. 9B). 

At P10, the outer limiting membrane was disrupted throughout the mutant 
retina. �ese disruptions lead to an increased number of ectopic nuclei residing in 
the subretinal space immediately adjacent to the retinal pigment epithelium (Fig. 5H 
and 7F and H; Supplementary Material, Fig. S4B). Most of these cell bodies were 
positive for recoverin (Fig. 7F) and rhodopsin (Fig. 7H). �e ectopic photoreceptors 
in the subretinal space did not develop proper segments implying that these cells 
were immature non-polarized photoreceptors. Moreover, cone photoreceptors, 
stained for M-opsin (Fig. 7H and Supplementary Material, Fig. S5B-D) and cone 
arrestin (data not shown), were also a�ected and misplaced in the subretinal space. 
At the same stage, sporadic giant rosettes and half-rosettes in the outer nuclear layer 
were also observed, suggesting that there was a lack of adhesion between the cells 
(Supplementary Material, Fig. S4B). 

Transmission electron microscopy studies, performed on P10 retinas, showed 
disruption of the adherens junctions at the outer limiting membrane and at these 
sites mislocalized photoreceptor cell nuclei were detected in the subretinal space (Fig. 
9D). 

optical coherence tomography (D and E, J and I, and N and O). In addition, window e�ects led to an 

increased visibility of the lesion areas, particularly obvious in (M). A decrease in outer retinal thickness 

with disease progression was also apparent in spectral domain optical coherence tomography. GCL, 

ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; 

RPE/CC, retinal pigment epithelium/choriocapillaris complex.
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Figure 7.   Loss of CRB2 a�ects 
lamination of photoreceptor cells and 
photoreceptor outer segment length. 
Immunohistochemistry pictures from 

mouse retinae with ages comprehended 

between P3 and 3 months (3 M). Retina 

sections of the control (A, C, E, G, I and K) 

and of the Crb2Chx10 cKO (B, D, F, H, J 

and L) at the di�erent time points: (A and 

B) P3; (C and D) P6; (E, F, G and H) P10; 

(I, J, K and L) 3 months. Sections were 

stained with antibodies against: recoverin (A 

and B, E and F), recoverin and rhodopsin 

(C and D, I and J), rhodopsin and M-opsin 

(G and H), M-opsin and peanut agglutinin 

(K and L). At P3 and P6, the knockout 

retinae presented disorganization of the 

photoreceptor cells, stained with recoverin 

(B and D). Close to the periphery, we 

could detect photoreceptors, rosettes and 

half-rosettes in the neuroepithelial layer (B, 

arrows). Ectopic nuclei could be found in 

the subretinal space at P6. Some of these 

cells were recoverin-positive but rhodopsin-

negative, a mature rod photoreceptor 

marker (D, arrow). At P10, most of the 

nuclei localized in the subretinal space were 

positive for recoverin (F) and rhodopsin 

(H). However, some of these nuclei were 

M-opsin-positive, showing that also cone 

photoreceptors were misplaced (H, arrows). 
At 3 months of age, the photoreceptor layer of the Crb2Chx10 cKO retinae was reduced to few nuclei 

in a row when stained with recoverin (J). Rhodopsin is normally localized in the outer segments of 

the photoreceptors (I), but in the knockout retinae besides the reduced length of the segments, it is 

possible to detect some ectopic cytoplasmic localization of this protein (J). In the control, anti-M-opsin 
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�e retinal pigment epithelium was also a�ected; in some areas, the epithelium 
was disrupted and protruded into the retina.

Loss of CRB2 a�ects progenitor proliferation, rod photoreceptor 
apoptosis and cone photoreceptor outer segment size

To study whether CRB2 plays a role in determining the length of photoreceptor 
outer segments, we quanti�ed the length of cone photoreceptor outer segments, 
marked with peanut agglutinin (a marker for the outer segments and pedicles of 
cone photoreceptors). In Crb2Chx10 cKO retinae, we observed shorter cone outer 
segments at P15 (11.7–0.3 µm compared with the control 14.5–0.2µm –SEM) and 
P21 (5–0.2 µm compared with the control 23.2–0.3µm –SEM) (Fig. 7M), suggesting 
that CRB2 may play a role in determining the length of cone photoreceptor outer 
segments.

�e number of pH3- and Ki67-positive cells was signi�cantly increased at P3 in 
the Crb2Chx10 cKO retinae compared with the controls (Fig. 8A and B). However, 
no di�erence in the number of pH3-positive cells was detected at E14.5, E17.5 or P6 
implying that the presence of CRB2 is required to control proliferation of late born 
progenitor cells around the peak of birth of Müller glia cells, rods and bipolar cells.

Programmed cell death, detected by the number of cleaved Caspase-3 (cCasp3)-
positive cells, was signi�cantly higher in Crb2Chx10 cKO retinae at P3, P10, P15 
and P21 but not at P6 where a decrease in apoptosis is observed (Fig. 8E). �e 
decrease in apoptosis, at P6, may re�ect a shift in the apoptosis timing or an increase 
in cell survival at this time point.  Interestingly, increased apoptosis a�ected only cells 
in the photoreceptor layer and not in the inner nuclear layer or ganglion cell layer. 
In the mutant retina, the peak in the number of apoptotic cells occurred around 
P15, where a 10-fold increase of apoptotic cells was observed. At P10 and P15, the 
number of apoptotic rod photoreceptors was equally divided between ectopic and 
correctly localized cells.

DISCUSSION

Our key �ndings are that retinal CRB2 is required for: (i) correct expression and/or 
localization of apical complex and adherens junction proteins, (ii) proper lamination 
of photoreceptor cells, and (iii) suppression of birth of late-born progenitor cells. 
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Moreover, in addition to these late developmental defects, the adult Crb2Chx10 
cKO retina undergoes progressive rod photoreceptor degeneration with associated 
loss of retinal function that mimics retinitis pigmentosa due to mutations in the 
CRB1 gene.

We have shown that CRB2 colocalizes with other apical marker proteins in the 
retina. Depletion of CRB2 resulted in loss of other apical and some adherens junction 
protein markers suggesting that  reduction in CRB2 levels leads to destabilization 
of the whole CRB complex and its interacting complexes. Our observation is 
therefore consistent with the epithelial polarity and adhesion defects seen in both the 
Drosophila Crb mutant and the zebra�sh Crb2a (ome) mutant (9, 11, 21). However, 
in the Crb2Chx10 cKO retina, the phenotype did a�ect the late but not the early 
retinal neuroepithelium despite the fact that CRB2 has been lost throughout. Our 
results are also partially in consonance with the phenotype detected in mice with 
reduced retinal levels of PALS1, a CRB interacting protein, as both show retinal 
degeneration a�ecting lamination of the photoreceptor layer (4, 6). In the retinal 
neuroepithelium, absence of CRB2 results in inappropriate numbers of Müller glia 
cells and rod photoreceptor cells, with many of the latter appearing to remain with 
an immature expression pro�le for longer than in controls. Interestingly, these retinal 
cell types are the ones born last from a retinal precursor that experiences a changing 
micro-environment (31). We found that there was a signi�cant increase in pH3- and 
Ki67-positive cells at P3. �is would correlate approximately with the time when 
the cells may be undergoing their last symmetric post-mitotic cell division (32). �is 
suggests that CRB2 inhibits retinal progenitor proliferation in the late developing 
retina.

In the developing retina, we found that loss of CRB2 during retinal development 
results in ectopic Ki67/PATJ-positive cells and displaced recoverin-positive 
photoreceptor cells. Ectopic Crb2Chx10 cKO bipolar cell and Müller glia cell nuclei 
were also apparent in the outer nuclear layer at 3 months of age. �e lamination of 
earlier born progenitor, ganglion, horizontal, amacrine cells, and Müller glia cells 
was not a�ected. Furthermore, the lamination defects seem to a�ect mainly late-
born retinal progenitors, rod and, to some extent, cone photoreceptors and bipolar 
cells, suggesting a lack of adhesion between these cells. �is is consistent with data 
that shows a role for zebra�sh Crb2a in retinal cell patterning and lamination (26). 
Moreover, reduced levels of PALS1, in mouse retinae, a�ected the correct patterning 
of newly born retinal cells, especially photoreceptors (4, 6).
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Zebra�sh Crb2 interacts directly with the extracellular domain of Notch and 
inhibits its activity. Further data suggests that the zebra�sh CRB-Moe complex and 
Notch play key roles in a positive feedback loop to maintain apico-basal polarity and 
the apical-high-basal-low gradient of Notch activity in neuroepithelial cells (33). For 
mammals, this will be further explored in forthcoming experiments.

It has been suggested that Crumbs proteins play a role in determining the 
length of the photoreceptor cell segments. Our data shows that loss of CRB2 results 
in shorter cone photoreceptor outer segments, consistent with the roles of zebra�sh 
Crb2b in cone photoreceptors (11), of Drosophila Crb in determining the length of 
the stalk membrane, which is the functional equivalent of vertebrate inner segments 
(9), and of mouse CRB1 in determining the length of the apical villi of Müller glia 
cells (3).

�e retinae of Leber congenital amaurosis patients with CRB1 mutations are 
relatively thick and resemble the immature retina, suggesting a disturbance in normal 
development (34, 35). To date, no mutations in CRB2 or CRB3 have been associated 
with retinal degeneration. However, it cannot be excluded that some sequence 
variants may contribute to retinal disease (36). Our previous results showed that 
Crb1-/- mouse retinae develop localised lesions, particularly in the inferior temporal 
quadrant of the mouse eye, after retinal development (3). Crb2Chx10 cKO mice 
developed early disorganization and degeneration throughout the entire retina during 
late retinal development, suggesting that CRB2 is required for proper lamination of 
the entire photoreceptor layer. Mice lacking functional CRB1 do not become blind, 
and since there may be functional redundancy between CRB family members (1-3, 
8, 11, 35), Crb2 and Crb1Crb2 double conditional knockout mice may become 
valuable in functionally testing CRB1 gene therapy vectors in vivo.

MATERIALS AND METHODS

 Animals

All procedures concerning animals were performed with permission of the animal 
experimentation committee (DEC) of the Royal Netherlands Academy of Arts and 
Sciences (KNAW), permit number NIN06-46. All mice used were maintained on 
a 50% C57BL/6JOlaHsd and 50% 129/Ola genetic background. Animals were 
maintained on a 12 h day/night cycle and supplied with food and water ad libitum. 
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Generation of the Crb2 conditional knockout mouse 

Using recombineering in bacterial arti�cial chromosomes (BACs) and Cre/loxP 
technology (37), we generated a conditional gene targeting construct for Crb2. In 
short, a 3� loxP site was inserted in exon 13 downstream the stop codon in the 3� 
untranslated region of Crb2. A neomycin cassette �anked by frt recombination sites 
and a 5� loxP site was inserted in intron 9 downstream exon 9a. �e targeting vector was 
released from the BAC into a plasmid using homologous recombineering. �e Crb2 
gene is expressed from 2 di�erent promoters that are far apart (unpublished data); 
therefore, the Crb2 targeting vector has been designed to put loxP recombination 
sites around the last four coding exons (10-13) of the gene that encode the CRB2 
transmembrane domain and the 37 amino acids of the C-terminal intracellular 
domain. Cre-mediated recombination deleted coding exons 10-13 and resulted in a 
nonsense mutation with premature truncation of CRB2 protein at amino acid 871. 
�e Cre recombination therefore removed both the transmembrane domain and the 
highly conserved 37 amino acids intracellular domain that contains the functionally 
signi�cant FERM and PDZ protein-binding motifs. �e function of the loxP 
and frt recombination sites was tested by expression of the �oxed Crb2 targeting 
vector in bacterial cells expressing Cre or FLP recombinases. �e targeting vector 
was used to generate Crb2F/+ mouse 129 E14 embryonic stem cells by homologous 
recombination. �e Crb2F/+ cKO mice were generated by blastocyst injections of 
Crb2F/+ embryonic stem cells. Chimaeric mice gave germ line transmission, then 
the neomycin cassette was successfully removed by crossing the Crb2F/+ mice with a 
transgenic mouse that expressed FLP recombinase in the germ line (129S4/SvJaeSor-
t(ROSA)26Sortm1(FLP1)Dym/J mice; Jackson Laboratory). Two Crb2F/+ mouse 
lines were generated from two independent embryonic stem cell clones; these lines 
were designated P1E9 and P11D6. �e two lines gave identical phenotypes.

Genotyping was performed by Southern blotting, long-distance PCR and PCR. 
For Southern blotting, BglII digested genomic DNA was transferred to Hybond 
N+ membrane (GE Healthcare, Germany), UV-crosslinked and hybridized to 
radiolabeled probes. PCR genotyping of mice was performed using primers �anking 
the loxP sites. �e conditional knockout mice were crossed with Chx10-Cre (Jackson 
Laboratory) expressing Cre recombinase in the developing neuroepithelium of the 
retina (28).
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Chromosomal DNA isolation and genotyping

Ear biopsies were incubated in lysis bu�er (50 mM Tris pH 8.0, 100 mM NaCl, 
1% SDS) with Proteinase K (0.5 mg/ml) at 55�C for 16 h. �e isopropanol 
precipitated chromosomal DNA was washed with 80% ethanol and rehydrated in 
TE bu�er. �e localization of the primers used to genotype the targeting construct 
is represented in Figure 1. Two di�erent pair of primers were used to genotype 
the transgenic �oxed o�spring via PCR using genomic DNA extracted from 
biopsies: HA7 forward 5�-TGCATCTTCTGAGATCAGGTG-3�, HA8 reverse 
5�-ACCTGCCAGACTTCTCCTAC-3� (�frt)  [�frt: 303 base-pairs (bp)/wild-
type (WT): 106 bp], HA11 forward 5�-TGGAGATGGACAGTGTCCTC-3�, 
HA12 reverse 5�-GCTCTGGAAACAGTCTCCTTG-3� (LoxP) (Flox: 217 bp/
WT: 185 bp). To analyse the presence of the �p recombinase the follow primers 
were used, FLP (transgenic) forward 5�-CACTGATATTGTAAGTAGTTTGC-3�, 
reverse 5�-CTAGTGCGAAGTAGTGATCAGG-3� (product size 725 
bp), FLP (WT) forward 5�-GGAAAATGCCAATGCTCTGT-3�, reverse 
5�-ACGTTTCCGACTTGAGTTGC-3� (product size 835 bp). �e 
presence of the neomycin cassette was analysed using the following 
primers: forward 5�-CGGACAGGTCGGTCTTGACA-3� and reverse 
5�-TGAGCCTGGCGAACAGTTCG-3� (product size 380 bp). �e 
following primers were used to detect the transgenic Cre expression: Chx10-
Cre forward 5�-GGGCACCTGGGACCAACTTCACGA-3�, reverse 
5�-CGGCGGCGGTCACGAACTCC-3� (product size 750 bp).

In vivo analysis

Scanning laser ophthalmoscopy, spectral domain optical coherence tomography 
and electroretinography measurements were performed in animals groups of 1, 
3, 6, 12 and 18 month(s). �e groups were composed of 4 to 6 animals of each 
genotype: controls (Crb2F/F and Crb2F/+/Chx10Cre+/-) and Crb2Chx10 cKO (Crb2F/F/
Chx10Cre+/-). 

Electroretinographic analysis

Electroretinograms were performed according to previously described procedures 
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sections).

Quanti�cation of the cone photoreceptor outer segment length 

Retina sections (P15 and P21) were stained with rhodamine-conjugated peanut 
agglutinin to quantify the length of the cone photoreceptor outer segments. 
Representative sections from di�erent animals (three animals per group), were 
counterstained and mounted with Vectashield Hard-Set Mounting Medium with 
DAPI (H1500, Vector Laboratories). Digital images were generated by a Leica 
epi�uorescence microscope (DMRD), using LAS AF v2.4.1 software. ImageJ 
software v1.45 was used to quantify the length of the outer segments (n represents 
the number of individual outer segments measured).

Statistical analysis 

Normality of the distribution was tested by Kolmogorov-Smirnov test. Statistical 
analysis by Student�s t-test or by Mann-Whitney U test in case of a non-normal 
distribution. Values of *P<0.05, **P<0.01, ***P<0.001 were considered to be 
statistically signi�cant. Values are expressed as means – SEM. Calculation were made 
using the SPSS statistical package version 17.0.

SUPPLEMENTARY MATERIAL

Supplementary Material is available in chapter 8 (Supplementary Data).
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ABSTRACT

In humans, the Crumbs homologue-1 (CRB1) gene is mutated in progressive 
types of autosomal recessive retinitis pigmentosa and Leber congenital amaurosis. 
�e severity of the phenotype due to human CRB1 or mouse Crb1 mutations is 
dependent on the genetic background. Mice on C57BL/6J background with Crb1 
mutations show late onset of retinal spotting phenotype or no phenotype. Recently, 
we showed that conditional deletion of mouse Crb2 in the retina results in early 
retinal disorganization leading to severe and progressive retinal degeneration with 
concomitant visual loss that mimics retinitis pigmentosa due to mutations in the 
CRB1 gene. Recent studies in the fruit �y and zebra�sh suggest roles of the Crumbs 
(CRB) complex members in the regulation of cellular signalling pathways including 
the Notch1, mechanistic target of rapamycin complex 1 (mTORC1) and the Hippo 
pathway. Here, we show that mice backcrossed to C57BL/6J background with 
loss of CRB2 in the retina show a progressive disorganization and degeneration 
phenotype during late retinal development. We used microarray gene pro�ling to 
study the transcriptome of retinas lacking CRB2 during late retinal development. 
Unexpectedly, the retinas of newborn mice lacking CRB2 showed no changes in 
the transcriptome during retinal development. �ese �ndings suggest that loss of 
CRB2 in the developing retina results in retinal disorganization and subsequent 
degeneration without major changes in the transcriptome of the retina. �ese mice 
might be an interesting model to study the onset of retinal degeneration upon loss 
of CRB proteins.
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INTRODUCTION

Retinal cell generation and di�erentiation in the mouse occurs from embryonic 
day (E) 11 to postnatal day (P) 10. Six major neuronal and one glia cell type are 
generated from multipotential retinal progenitors in a characteristic sequence during 
development (1, 2). Cell adhesion and cell polarity protein complexes, such as the 
Crumbs (CRB) and adherens junctions complexes, play a critical role in maintenance 
of the proliferation of the progenitor cells (3). Changes in these complexes disturb 
the spatiotemporal aspects of retinogenesis, leading to retinal degeneration resulting 
in mild or severe impairment of retinal function and vision (4-8). Recent studies 
demonstrated that the CRB complex members are able to regulate several important 
signalling pathways including the Notch1 (9-11), mechanistic target of rapamycin 
complex 1 (mTORC1) (12, 13) and the Hippo pathway (3, 14-17).

�e apical CRB complex is located at the subapical region adjacent to adherens 
junctions between the retinal progenitor cells in the developing retina (4) and, after 
di�erentiation, at the subapical regions of Müller glia and photoreceptor cells (7, 
18). In mammals, the CRB family consists of CRB1, CRB2, CRB3A and CRB3B 
(19).

In humans, mutations in the CRB1 gene are responsible for retinal diseases 
such as Leber congenital amaurosis and retinitis pigmentosa (19-21). �e lack of a 
clear genotype�phenotype correlation suggests that other components of the CRB 
complex have a function in�uencing the severity of the retinal disease. We recently 
showed that conditional deletion of the Crb gene family member Crb2, speci�cally 
in early progenitors, results in disorganization during late retinal development 
leading to severe and progressive retinal degeneration with concomitant visual loss 
that mimics retinitis pigmentosa due to mutations in the CRB1 gene (4). Variation 
in the genetic background may in�uence the severity of the retinal phenotype, as 
described before for the Crb1 knockout (Crb1-/-) mice (7, 22).

Microarray analysis has been used to study changes in gene expression during 
retinal development (23-28). Many of the previous studies using this technique 
focused on a speci�c cell type, for example using isolated single cells (29) or cell 
populations (30), or retinas from cell type speci�c mutants (31-35). Backcrossing Crb1 
mutant retinas from mixed to C57BL/6J genetic background strongly suppressed the 
morphological phenotype (22). Here, we show that backcrossing Crb2 null retinas 
from mixed (50% OLA129 and 50% C57BL/6J) to 99.9% C57BL/6J background 
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did not suppress the severe morphological phenotype. To elucidate the molecular 
events that precede and lead to the morphological phenotype in the Crb2 retina-
speci�c conditional knockout mice on 99.9% C57BL/6J background, we applied 
microarray-based mRNA pro�ling in retinal tissue of postnatal stages P0, P3, P6, 
and P10. �e morphological phenotype did however not result in a signi�cantly 
altered transcriptome at any stage of retinal development analysed.

RESULTS

Gene expression pro�le

�e CRB2 protein is expressed during retinal development in radial glial progenitor 
cells, and after di�erentiation in cone and rod photoreceptors and Müller glia cells 
(4). Since these cells span the entire retina, we chose to use whole neural retinas 
(without the retinal pigment epithelium) in gene expression pro�le studies. To 
reduce variation and to standardize the genetic background of Crb2 cKO mice, the 
animals were backcrossed from mixed to 99.9% C57BL/6J background. Variation 
in the genetic background may in�uence the gene expression, as described before 
for the Crb1 knockout (Crb1-/-) mice (35, 41). Approximately 6 µg of total RNA 
was extracted from each retina. �e values of the A260/A280 ratio were in between 
1.8 to 2.0, which indicated the absence of contaminating proteins. �e A260/A230 
ratios were larger than 2.0, which indicated the absence of organic compounds that 
can interfere with the labelling reaction, such as guanidinium isothiocyanate, alcohol 
and phenol as well as cellular contaminants such as carbohydrates. �e total RNA 
quality was assessed using the Agilent 2100 Bioanalyser and the respective software, 
which provides a RNA Integrity Number (RIN) of maximally 10. �e samples had 
on average a RIN of 9.3 indicating high quality of the total RNA.

We used a whole mouse gene expression microarray that contains over 44,000 
probes. To elucidate the molecular events that precede and lead to the morphological 
phenotype in the Crb2 retina-speci�c conditional knockout mice, retinal tissue was 
collected at postnatal day 0 (P0), P3, P6 as well as P10. Five di�erent retinas from 
Crb2Chx10 cKO (Crb2F/F/Chx10Cre+/-) and the control (Crb2F/+/Chx10Cre+/-) from 
each time point were used to cover the onset and �rst stages of the morphological 
phenotype observed in the mutant retinas. Equal amounts (825 ng) of Cy3- and Cy5-
labelled RNA were hydrolysed and hybridized to a microarray. Five microarrays were 
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processed for each time point. To detect di�erentially expressed genes a 2-way analysis 
of variance (ANOVA) using age and genotype as grouping factors was performed. 
�e Benjamini�Hochberg method was used to correct for multiple testing. P-values 
< 0.05 after correction were considered signi�cant. Although we observed substantial 
changes in gene expression between time points (see section hierarchical clustering 
and Figure 4 and Figure S1), our analysis did not reveal signi�cant di�erences in 
gene expression between mutant and control retinas. A second analysis, where we 
used t-tests to compare gene expression between Crb2 cKO and control retinas at 
each time point separately, also did not reveal signi�cant changes in gene expression. 

Figure 1. Localization of the loxP sites and Crb2 probe in the Crb2 targeting construct. 
In the Crb2 targeting construct the loxP recombination sites are located in intron 9 and within exon 13 

in the 3� non-coding region. Upon Cre-mediated recombination the exons 10, 11, 12 and part of exon 

13 are removed. �e 60 bp probe for the Crb2 gene is located downstream of the 3� loxP, before the 

polyadenylation signal. Two sets of primers were used to detect changes in Crb2 expression, they were 

located in exon 7 (primer 534/535) and in exon 11/12 (primer 536/537). In blue are represented the 

coding exons of the gene, in black the 3� untranslated region. 
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Figure 2. Transcript levels of the Crumbs family members. Transcript levels of Crb1, Crb2 

and Crb3 measured by quantitative real time PCR at P3 and P10 (A), in 5-6 control and Crb2 cKO 

retinas. At P3, we detected a decrease of approximately 70% in the Crb2 transcript using primers 

located between the recombined area (P = 0.004). At P10 we did not found di�erences in the same 

transcript (P = 0.381). No di�erences were found in the levels of Crb1 (P3: P = 0.116; P10: P = 
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0.277) and Crb3 (P3: P = 0.912; P10: P = 0.869) transcripts. Data are presented as mean – SEM 

**P<0.01. Evaluation of the recombination e�ciency of a Chx10Cre mouse line (B). �e mT/mG 

reporter mouse line expresses membrane-targeted red �uorescent protein. After Chx10Cre-mediated 

recombination, the mT sequence is excised allowing expression of membrane-targeted enhanced green 

�uorescent protein (mG). Confocal laser scanning microscope pictures of (1M) retina sections from 

mT/mG (B1) and mT/mG::Chx10Cre (B2). While in the mT/mG only mT signal could be detected, in 

mT/mG::Chx10Cre retinas expression of mT and mG was found, suggesting mutant adjacent to wild 

type cells. GCL, ganglion cell layer; INL, inner nuclear membrane; ONL, outer nuclear layer. Scale 

bars: 20 µm.

�e Crb2 cKO mice were constructed in such way that the full length CRB2 
protein could not be produced in the homozygote mutant retinas. �e 5� loxP site 
was inserted in intron 9, the 3� loxP site was inserted in exon 13 behind the stop 
codon. �e deleted area contains part of the CRB2 extracellular domain, and the 
entire transmembrane domain and the 37 amino acids of the C-terminal intracellular 
domain. Cre mediated recombination deleted coding exons 10-13 and resulted in a 
nonsense mutation with premature truncation of the CRB2 protein at amino acid 
871. �e unique 60 base pair Crb2 probe (ID: 235570) in the array is located in 
between the 3� loxP site and the polyadenylation sequence of the gene (Fig. 1). In 
the microarray study, the Crb2 transcript was not downregulated in the Crb2 cKO 
retinas.  

To study in more detail the levels of Crb2 transcript in the Crb2 cKO retinas 
we performed quantitative real time - polymerase chain reaction (qRT-PCR) using 
two di�erent sets of primers, one located outside of the recombined area (exon 7) 
and another set in the recombined area (exons 11/12)  (Fig. 1). At P3, we observed 
a decrease of 70% in the levels of Crb2 transcript compared to the control, using 
primers located in the recombined area (between exons 10-13) (P = 0.004) (Fig. 
2A). However, we did not detect changes in the Crb2 levels using the primers located 
outside the recombined area (exon 7) (Fig. 2A). �e data suggest that recombination 
and deletion of exons 10-13 occurred in the knockout retinas, what suggest again 
the existence of a truncated transcript. At P10, we did not observe di�erences in the 
levels of Crb2 transcript, using primers located in the recombined area (P = 0.381) 
(Fig. 2A), what suggest that the proportion of Crb2 null cells is decreased compared 
to non-recombined cells, which might be due to increased apoptosis of Crb2 mutant 
photoreceptors (4).
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We previously showed using an antibody against the intracellular C-terminal 37 
amino acids domain of CRB2 that the protein was removed from the outer limiting 
membrane from embryonic day 12.5 onwards (4). So, the truncated transcript is 
recognized by the probe on the microarray, and expression of the truncated transcript 
is not changed compared to the full length transcript.

�ese �ndings may be explained in part by the mosaic genetic nature of the 
mutant retinas which contain mutant next to wild type cells due to insu�cient levels 
of Cre expression in a subset of cells. To evaluate the mosaicism of the Chx10Cre mouse 
line we crossed the Chx10Cre transgenic mouse line with a mT/mG (membrane-
targeted tandem-dimer-Tomato RFP / membrane-targeted Enhanced GFP) reporter 
mouse line (36). �is reporter mouse line expresses red �uorescent protein before 
and green �uorescent protein after Cre-mediated recombination. While in the 
mT/mG retinas only red �uorescent protein could be detected (Fig. 2B1), in mT/
mG::Chx10Cre (heterozygous mT/mG, heterozygous Chx10Cre) retinas expression 
of red and green �uorescent proteins was found (Fig. 2B2), suggesting the presence 
of mutant adjacent to wild type cells.

In mammals, the Crb gene family is composed of Crb1, Crb2 and Crb3, the 
lack of changes in the transcriptome after loss of Crb2 gene function might be due 
to compensation by Crb1 or Crb3. To test this, we used qRT-PCR to determine the 
levels of the Crb1 and Crb3 transcripts, but whereas we detected a decrease in Crb2 
transcripts, we did not observe changes in the levels of Crb1 or Crb3 transcripts 
between control and knockout retinas (Fig. 2A).

Crb2 and signalling pathways

We investigated by qRT-PCR the role of Crb2 in the regulation of Notch1, mTORC1, 
Hippo, Wnt and sonic hedgehog pathways in Crb2 cKO retinas at P3 and P10. We 
did not observe major changes in these pathways (Fig. 3). Only the Hey1 transcript 
was signi�cantly changed at P10, with an increase of nearly 2.5-fold in the knockout 
retinas compared to the control (P = 0.041). �e qPCR data con�rmed the data 
obtained by microarray analysis. 
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Hierarchical clustering

Analysis of cluster gene expression was performed at distinct retinal development 
time points. Figure 4 and Figure S1 show the correlative gene expression from P0 to 
P10. Two phases are visible, P0-P3 and P6-P10 based on their correlative distance 
of gene expression. �is is in accordance with the �ndings described by Zhang et 
al, 2006. �ey described two phases as a �developmental phase� (from E12.5 to P5) 
and a �functional phase� (from P7 on) (23). �is analysis also revealed that the gene 
expression variation induced by di�erences in development time points was much 
larger that the di�erences between Crb2 cKO and control retinas.

Figure 4. Tree-chart of correlative gene expression patterns from gene cluster analysis.

The retinal phenotype of Crb2 cKO on C57BL/6J background

�e phenotype of retinas lacking CRB2 from early retinal development was previously 
described (4). �ose animals were kept on a mixed genetic background (50% 
OLA129 and 50% C57BL/6J). In order to reduce variation and to standardize the 
genetic background of these mice, the animals were backcrossed to 99.9% C57BL/6J 
background. Variation in the genetic background may in�uence the severity of the 
retinal phenotype, as described before for the Crb1 knockout (Crb1-/-) mice (7, 22). 
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Figure 5. Loss of CRB2 results in retinal disorganization in mice on C57BL/6J genetic 
background. Toluidine stained light microscopic pictures, of retina sections, from the control (A, C 

and E) and from the Crb2Chx10 cKO on C57BL/6J genetic background (C, D and F), at di�erent 

ages, P10 - (A, B), 1M - (C, D), 3M - (E, F). At P10 (B), several photoreceptor nuclei were localized 

ectopically in the subretinal space. At 1M (D) protrusion of photoreceptor cell nuclei in the subretinal 

space and gaps in the outer limiting membrane were observed. At 3M (F) we observed thinner outer 

nuclear layers, with rows of photoreceptors cells protruding into the subretinal space through the 

outer limiting membrane and protrusions of inner nuclear layer cells into the outer nuclear layer. No 

abnormalities were observed in the control. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, 

outer nuclear layer. Scale bar: 50 µm.
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Figure 7. Loss of CRB2 a�ects lamination of photoreceptor cells. Immunohistochemistry 

pictures from 10 days old mouse retinas. Sections were stained with antibodies against: recoverin (A, 

B), rhodopsin and cone arrestin (C, D), M-opsin (E, F), peanut agglutinin (PNA) (G, H). In the 

mutant retinas several photoreceptor nuclei localized in the subretinal space were positive for recoverin 

(B) and rhodopsin (D). Some cone arrestin (D), M-opsin (F) positive nuclei were also misplaced in 

the subretinal place, showing that also cone photoreceptors lamination was a�ected. Outer segment 

from the cone photoreceptor cells, stained with PNA, were present in both retinas (G, H). However, in 

the mutant retinas these segments were located between photoreceptor nuclei and not in contact with 

the retinal pigment epithelium (H). GCL, ganglion cell layer; INL, inner nuclear layer; OLM, outer 

limiting membrane; ONL, outer nuclear layer. Scale bars: 25 µm.
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Figure 9.  Loss of CRB2 results in gliosis and microglia activation. Immunohistochemistry 

pictures from P10 mouse retinae. Sections were stained with antibodies against: SOX9 and Glutamine 

synthetase (GS) (A, B), GFAP (C, D), CD45 (E, F), CD11b (G, H). �e location of nuclei of Müller 

glia cells, stained with SOX9 was not altered in the mutant retinas (B), however disruption at the apical 

end feet of the Müller glia cells were observed at sites with photoreceptor protrusions (B). �e mutant 

retinas showed activated Müller glia cells, detected by a moderate increase in the GFAP staining in the 

outer nuclear layer (arrowhead) (D). An increase in activated microglia cells in the outer nuclear layer, 

stained with anti-CD45 and anti-CD11b, was detected (F and H). No morphological changes were 
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Figure 10.  Loss of CRB2 results in gliosis and microglia activation in the adult retina. 
Immunohistochemistry pictures from 2M mouse retinae. Sections were stained with antibodies against: 

Glial �brillary acidic protein (GFAP) and Glutamine synthetase (GS) (A, B), SOX9 and GS (C, D), 

CD45 (E, F), CD11b (G, H). �e mutant retinas showed activated Müller glia cells, detected by 

an increase in the GFAP staining in the outer nuclear layer (arrowhead) mainly in areas of cellular 

mislocalization (B). At foci, Müller glia cell nuclei (SOX9-positive) were detected in the outer nuclear 
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DISCUSSION

At the time points of retinal development analysed, the retinas lacking CRB2 showed 
discrete but consistent phenotypes mainly at the periphery of the retina, with the 
exception of the P10 time point where the phenotype became severe with the 
accumulation of misplaced photoreceptor cells in the subretinal space throughout the 
entire retina. However, no di�erences were found in the mutant retinas in our gene 
pro�ling studies, with exception of Hey1 at P10. �is �nding was unexpected since 
several studies demonstrated that the CRB complex members are able to regulate 
several important signalling pathways including the Notch1 (9-11), mTORC1 (12, 
13) and the Hippo pathway (3, 14-17). Moreover, the knockout retinas showed 
alteration in several cellular parameters, as for example, increase in apoptosis, 
number of retinal progenitor cells and/or in the number of late born cells such as 
Müller glia and rod photoreceptor cells. �e mislocalized photoreceptors showed an 
immature morphology and polarity defects. �e �ndings may be explained in part 
by the mosaic genetic nature of the mutant retinas which contain mutant next to 
wild type cells due to insu�cient levels of Cre expression in a subset of cells. �e use 
of a Cre mouse line that expresses Cre in all retinal progenitor cells might circumvent 
this problem. In the current study, retinas with loss of CRB2 in a mix of mutant 
radial glial progenitor cells, rod and cone photoreceptors, and Müller glia cells were 
analysed in the gene expression studies. In future studies, it might be worthwhile to 
ablate expression of CRB2 by di�erent Cre-drivers speci�cally in photoreceptors and/
or Müller glia cells and perform gene expression pro�les on puri�ed photoreceptors 
and/or Müller glia cells puri�ed by cell sorting.

In previous studies using Crb1 mutant mice on mixed genetic background (50% 
OLA129 and 50% C57BL/6J), only a limited number of �ve genes showed changes 
in gene expression in 3-months-old white-light-exposed Crb1-/- mice (35). �ree of 
these genes are involved in inhibition of chromatid separation (Pttg1), chromatid 

layer (arrowheads) (D). Staining by anti-CD45 and anti-CD11b showed an increase in ectopic 

activated microglia cells in the outer nuclear layer and adjacent to ectopic photoreceptor nuclei located 

in the subretinal space (arrowheads; F and H). No morphological changes were observed in the control 

retinae. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bars: 20 

µm. Scale bar in the inset: 10 µm
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cohesion (Esco1), or chromosome stabilization (similar to histone H2b). Interestingly, 
downregulation of Pttg1 was also detected in white light exposed Crb1C249W/- retinas 
that expressed a CRB1 protein with an amino acid substitution in the extracellular 
domain (41).

In Crb2 null retinas, the CRB2 protein is lost from the entire subapical region. 
However, loss of CRB2 leads to loss of localization of other apical proteins, as for 
example members of the CRB, PAR and adherens junction complexes, only at foci 
where mislocalized cells were found.

In conclusion, the results suggest that loss of CRB2 in the developing retina had 
no major in�uence on the gene expression pro�le. 

MATERIAL AND METHODS

Animals

All procedures concerning animals were performed with permission of the animal 
experimentation committee (DEC) of the Royal Netherlands Academy of Arts and 
Sciences (KNAW), permit number NIN06-46. Crb2 conditional knockout mice 
were generated and genotyped as described in (4), and were backcrossed to 99.9% 
C57BL/6J genetic background. Mice had no mutations in the phosphodiesterase 6b 
(pde6b) or Crb1 (rd8) genes. mT/mG reporter mice were obtained from the Jackson 
laboratory (Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)) (36). Animals were 
maintained on a 12 h day/night cycle and supplied with food and water ad libitum. 

Tissue collection for RNA isolation

Pups were euthanized by decapitation at di�erent time points: postnatal day (P) 
0, P3, P6 and P10. Five control (Crb2F/+/Chx10Cre+/-) and �ve Crb2Chx10 cKO 
(Crb2F/F/Chx10Cre+/-) retinas per time point were used. �e retinas were isolated, 
snap-frozen in liquid nitrogen immediately, and stored at -80°C until use. 

RNA isolation and ampli�cation

Retinae were thawed in RLT bu�er (RNeasy Mini Kit, catalogue number: 74106; 
Qiagen Benelux, Venlo, �e Netherlands) and homogenized with a pellet pestle. 
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Total RNA was isolated using RNeasy Mini Kit according to the manufacturer�s 
instructions. RNA extract was eluted in RNase-free water (30 µL). RNA yield 
and purity were determined using a NanoDrop ND-1000 spectrophotometer 
(NanoDrop Technologies, Wilmington, DE, USA). RNA integrity was determined 
by the RNA integrity number (RIN), as measured by the Agilent 2100 bioanalyser 
(Agilent Technologies, Palo Alto, CA, USA). Overall, the isolated RNA was of high 
integrity (average RIN = 9.3, range 8.3�10.0).

Sample labelling and microarray hybridization

For microarray analysis, Agilent 4x44K v2 whole mouse gene expression microarrays 
(Agilent Technologies, catalogue number G4846A) were used. Sample labelling and 
microarray hybridization were performed according to manufacturer�s instructions. 
Brie�y, for each sample, 200 ng of RNA were linearly ampli�ed and �uorescently 
labelled with either Cy3-CTP or Cy5-CTP (Perkin Elmer) using the Agilent Low 
RNA Input Fluorescent Linear Ampli�cation Kit (Agilent Technologies). Prior 
to hybridization, equal amounts (825 ng) of Cy3- and Cy5-labelled RNA were 
hydrolyzed for 30 min at 60°C in 1x fragmentation bu�er (Agilent Technologies). �e 
fragmented targets were hybridized to a microarray by incubating for 17 h at 60°C 
in 1x target solution (Agilent Technologies) in a rotating hybridization chamber. 
Speci�cally, each hybridization consisted of two individual samples (one control and 
one knockout), one labelled with Cy3 and one with Cy5. None of the samples were 
pooled. A full description of all hybridizations can be found in supplementary Table 
S3. After hybridization, the arrays were washed at room temperature for 5 min in 
6x saline-sodium phosphate�EDTA (SSPE)/0.005% N-Lauroylsarcosine (Sigma-
Aldrich, St Louis, MO, USA), 1 min in 0.06x SSPE/0.005% N-Lauroylsarcosine 
and 30 s in acetonitrile (Sigma-Aldrich), then dried in a nitrogen �ow. Microarrays 
were scanned using an Agilent DNA Microarray Scanner at 5 µm resolution and 
10% (low) and 100% (high) photomultiplier tube setting. Microarray scans were 
quanti�ed using Agilent Feature Extraction software (version 9.5.3.1).

Microarray normalization and single gene analysis

Raw expression data were analyzed in R statistical processing software (version 
2.6.0) using the LIMMA package (37) in Bioconductor (www.bioconductor.org). 
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All features that were �agged as saturated or as a nonuniformity outlier by the feature 
extraction software on 1 or more arrays were excluded from further analysis. �is 
was applicable for 980 features, resulting in 43,020 features which passed these 
criteria. Array 20 was excluded from the studies due to a technical artefact. Data 
were normalized using LIMMA by applying a background correction (using the 
�normexp� algorithm) followed by normalization of intensity distributions within 
and between arrays (using the �quantile� algorithm). It was recently demonstrated 
that the analysis of the separate intensity channels (the individual Cy3 and Cy5 
signals) yields more reproducible results than the standard ratio-based approach (the 
ratio between the Cy3 and Cy5 channels) for dual-color microarray datasets (38), 
so we also applied this approach for the present dataset. �us, the 2log-transformed 
intensity measurements per sample were extracted from the normalized ratio data 
and used in all following analyses.

To detect genes with a signi�cant interaction between age and genotype, 
we performed a 2-way analysis of variance (ANOVA) using age and genotype as 
grouping factors. To compare gene expression between Crb2 cKO and control retinas 
at each timepoint separately t-tests were used. �e Benjamini�Hochberg method was 
used to correct for multiple testing. P-values < 0.05 after correction were considered 
signi�cant. 

A second and independent analysis of the data was done using Partek version 6.6 
(Partek Inc., St. Louis, MO). �e Feature Extraction result text �les were imported 
into Partek, log2 transformed and quantile normalized. To visualize the clustering of 
the samples, principal component analysis (PCA) was used. Di�erentially expressed 
genes were selected using a 2-way ANOVA using the factors genotype and age. �e 
cuto� value for signi�cantly expressed genes was a false discovery rate (FDR) (39), 
of 0.05 or less.

�e data discussed in this publication have been deposited in NCBI�s Gene 
Expression Omnibus (40) and are accessible through GEO Series accession number 
GSE50845 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE50845).

Real-time quantitative PCR

RNA was isolated, from P3 and P10 retinas, 5-6 control and Crb2 cKO, as indicated 
before. After genomic DNA degradation with RNase-free DNase I (New England 
Biolabs), 0.5 µg of total RNA was reverse transcribed into �rst-strand cDNA with 
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Superscript III Plus RNase H-Reverse Transcriptase (Life Technologies) and 50 ng 
random hexamer primers, during 50 min at 50°C in a total volume of 20 µl. To the 
resulting cDNA sample, 14 µl of 10 mM Tris, 1 mM EDTA was added. From all 
samples, a 1:20 dilution was made and used for qPCR analysis. For this analysis, 
primer pairs were designed with a melting temperature of 60°C, giving rise to an 
amplicon of 60�206 bp. Real-time qPCR was based on the real-time monitoring of 
SYBR Green I dye �uorescence on a ABI Prism 7300 Sequence Detection System 
(Applied Biosystems, Nieuwekerk a/d IJssel, �e Netherlands). �e PCR conditions 
were as follows: 12.5 µL SYBR Green PCR 2x mastermix (Applied Biosystems), 
20 pmol of primers, and 2 µl of the diluted cDNA (ca 3 ng total RNA input). An 
initial step of 50°C for 2 min was used for AmpErase incubation followed by 15 min 
at 95°C to inactivate AmpErase and to activate the AmpliTaq. Cycling conditions 
were as follows: melting step at 95°C for 1 min, annealing at 58°C for 1 min and 
elongation at 72°C, for 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 �uorescence data. Non template controls were included 
for each primer pair to check for any signi�cant levels of contaminants. Values 
were normalized by the mean of the 3 reference genes Hypoxanthine-guanine 
phosphoribosyltransferase, elongation factor 1-a and ribosomal protein S27a.

Morphological analysis

Eyes, from control (Crb2F/+/Chx10Cre+/- and Crb2F/F) and Crb2Chx10 cKO (Crb2F/F/
Chx10Cre+/-) mice, were collected at di�erent time points: P10, 1 month-old (1M), 
3M (n=3-4/age/group). Eyes were enucleated and �xed at room temperature with 4% 
paraformaldehyde in PBS for 20 minutes. After �xation, the eyes were dehydrated for 
30 minutes in 30%, 50%, 70%, 90% and 96% ethanol and embedded in Technovit 
7100 (Kulzer, Wehrheim, Germany), according to the manufacture instructions and 
sectioned (3 µm). Slides were dried, counterstained with 0.5% toluidine blue and 
mounted under cover slips using Entellan (Merk, Darmstadt, Germany). Bright �eld 
digital images were generated by a Leica epi�uorescence microscope (DMRD), using 
LAS AF v2.4.1 software.
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with DAPI (H1500, Vector Laboratories). Total number of cells was determined 
by manually counting of positive cells on digital images generated by a Leica 
epi�uorescence microscope, using LAS AF v2.4.1 software. (n) Represents the 
number of individual sections.

Statistical analysis 

Normality of the distribution was tested by Kolmogorov-Smirnov test. Statistical 
analysis by Student�s t test or by Mann Whitney U test in case of a non-normal 
distribution. Values of *P<0.05, **P<0.01, ***P<0.001 were considered to be 
statistically signi�cant. Values are expressed as means – SEM. Calculation were made 
using the SPSS statistical package version 17.0.

SUPPLEMENTARY MATERIAL

Supplementary Material is available in chapter 8 (Supplementary Data). 
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ABSTRACT

In humans, the Crumbs homologue-1 (CRB1) gene is mutated in progressive types 
of autosomal recessive retinitis pigmentosa and Leber congenital amaurosis. In 
mammals, the Crumbs family is composed of: CRB1, CRB2, CRB3A and CRB3B. 
Recently, we showed that removal of mouse Crb2 from retinal progenitor cells, and 
consequent removal from Müller glia and photoreceptor cells, results in severe and 
progressive retinal degeneration with concomitant loss of retinal function that mimics 
retinitis pigmentosa due to mutations in the CRB1 gene. Here, we studied the e�ects 
of cell-type speci�c loss of CRB2 from the developing mouse retina using targeted 
conditional deletion of Crb2 in photoreceptors or Müller cells. We analysed as well 
the consequences of targeted loss of CRB2 in the adult mouse retina using adeno-
associated viral vectors encoding Cre recombinase and short hairpin RNA against 
Crb2. In vivo retinal imaging by means of optical coherence tomography on retinas 
lacking CRB2 in photoreceptors showed progressive thinning of the photoreceptor 
layer and cellular mislocalization. Electroretinographic recordings under scotopic 
conditions showed severe attenuation of the a-wave, con�rming the degeneration 
of photoreceptors. Retinas lacking CRB2 in developing photoreceptors showed 
early onset of abnormal lamination whereas retinas lacking CRB2 in developing 
Müller cells showed late onset retinal disorganization. Our data suggest that in the 
developing retina, CRB2 has redundant functions in Müller glia cells, while CRB2 
has essential functions in photoreceptors. In addition, we have demonstrated that 
under normal physiological conditions CRB2 is not essential for maintenance of 
adhesion between adult photoreceptors or Müller glia cells.
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INTRODUCTION

Mutations in the Crumbs homologue-1 (CRB1) gene have been reported in patients 
with a variety of autosomal recessive retinal dystrophies, including Leber�s congenital 
amaurosis, retinitis pigmentosa type 12, retinitis pigmentosa with Coats-like 
exudative vasculopathy and other early-onset forms of retinitis pigmentosa (1-3).

CRB1 is a member of the Crumbs family that in mammals is composed of four 
members, CRB1, CRB2, CRB3A and CRB3B (3). �e prototypic CRB protein has a 
large extracellular domain with epidermal growth factor (EGF) and laminin-globular 
domains, a single transmembrane domain, and a short 37 amino acid intracellular 
C-terminus containing single FERM and PDZ protein-binding motifs (4). �e 
Crumbs proteins are associated through PALS1 with PATJ or MUPP1, forming 
the core of the Crumbs complex (5-10). In the developing and adult mouse retina, 
the apical Crumbs complex resides at the subapical region adjacent to the adherens 
junctions between the retinal progenitor cells (11) or between the photoreceptors 
and Müller glia cells (9, 12). However, in the adult retina, while CRB2 protein is 
present in photoreceptor and Müller glia cells, CRB1 is detected only in Müller glia 
cells (13).

In the mouse retina, loss of CRB1 from Müller glia cells results in retinal 
disorganization and dystrophy limited to one quadrant of the retina (9, 14). 
�e severity of the CRB1/Crb1 phenotype is strongly dependent on the genetic 
background as di�erent mutations cause various retinal phenotypes in human and 
mice (9, 14, 15). �e lack of a clear genotype�phenotype correlation suggests that 
other Crumbs family members have a function in�uencing the severity of the retinal 
disease. We showed that the removal of CRB2 from retinal progenitor cells resulted 
in progressive abnormal lamination of newborn photoreceptors leading to severe 
and progressive retinal degeneration with concomitant loss of retinal function (11, 
16). Furthermore, CRB2 has roles in restricting proliferation of progenitor cells and 
the number of rod photoreceptor and Müller glia cells (11). Loss of both CRB1 
and CRB2, from mouse retinal progenitor cells, results in retinal overgrowth due to 
overproliferation of retinal progenitor cells, leading to an abnormal and thick retina 
without a proper and separated photoreceptor cell layer. �e Crumbs proteins show 
a dose-dependent e�ect, since di�erent levels of CRB protein give rise to di�erent 
phenotypes (17).

�ese recent studies helped us to better understand the role of CRB2 in the 
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Figure 2.  Retinal morphology in 5-months-old Crb2F/+/CrxCre+/- and in 1-, 3- and 
5-month(s)-old Crb2Crx cKO mice. Heterozygous and homozygous mice retinae were examined 

with SLO imaging (A and B versus F and G versus K and L versus P and Q), Fluorescein angiography 

(C, H, M and R) and spectral-domain optical coherence tomography (D and E, I and J, N and O and S 
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�e phenotype observed in the adult Crb2Crx cKO retinas severely a�ected 
the photoreceptor cells. �us, in order to study in more detail the changes in 
these cells we performed immunohistochemistry in 3-months-old retinas using 
di�erent photoreceptor markers. We found recoverin-positive photoreceptor cells 
in the subretinal space (Fig. 5B, arrowhead). In some areas the rod photoreceptors 
(rhodopsin-positive) presented short or absent segments (Fig. 5D, arrowhead), and 
accumulation of rhodopsin in the photoreceptor cell soma was detected (Fig. 5D, 
arrows, inset). Cone photoreceptors were also a�ected, in the control, cone arrestin 
positive nuclei were located at the top of the outer nuclear layer (Fig. 5E) and 
displayed well-de�ned synaptic terminals and segments, in contrary to the knockout 
retinas in which the cones showed absence of short segments. Some of the nuclei of 
these cells were located in a basal position close to the outer plexiform layer (Fig. 5F). 
M-opsin positive cones were also a�ected, in some areas we observed mislocalization 
of M-opsin in the cell soma (Fig. 5H). �e localization of S-opsin was restricted 
to the tip of the remaining segment structures (Fig. 5J). �e cone outer segments 
stained by peanut agglutinin (PNA) were shorter and not well-de�ned (Fig. 5J).

�e phenotype observed in 3-months-old Crb2Crx cKO retinas was not limited 
to the outer nuclear layer, but also a�ected the inner retina. In the Crb2Crx cKO 
retinas, we observed ectopic SOX9-positive Müller glia cell nuclei in the top of the 
outer nuclear layer, at foci of cellular mislocalization (see Supplementary Material, 
Fig. S2B, arrowheads). �e apical end-feet of these cells were irregular and disrupted 
when stained with anti-glutamine synthetase (GS) (see Supplementary Material, 
Fig. S2B). �e knockout retinas overexpressed glial �brillary acidic protein (GFAP) 
throughout the entire retina, however, the expression was higher at foci of cellular 
mislocalization (see Supplementary Material, Fig. S2D, arrowheads). 

and T). As a �rst sign of retinal degeneration, native fundus images at 513 nm revealed a spotty fundus 

appearance in the a�ected animals already at the age of 1 month (F) in comparison to the controls 

(A). Increasing age, the number of spots increased (K, P), as well as the magnitude of hyper�uorescent 

regions detectable in the auto�uorescent image (G, L, Q). With �uorescein angiography, retinal vascular 

alterations were found all over the fundus at 1-month of age (H) and became more severe in older 

stages (M, R) in comparison to the controls (C). Horizontal OCT scans across the optic disc revealed 

a decrease in the retinal thickness already at 1-month of age (I and J) and a thinner retina subsequently 

at the age of 3- and 5-months (N and O, S and T).
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Figure 5.  Loss CRB2 in photoreceptor cells leads degeneration of the outer nuclear 
layer. Immunohistochemistry pictures from 3-months-old Crb2Crx-Cre mouse retinas. Sections were 

stained with antibodies against: recoverin (A, B), rhodopsin (C, D), cone arrestin (E, F), M-opsin (G, 

H), S-opsin and peanut agglutinin (PNA) (I, J). In the mutant retinas the outer nuclear layer is thinner 

and disorganized. Several photoreceptor nuclei localized the subretinal space were positive for recoverin 

(arrowhead) (B). Ectopic rhodopsin expression was found in the cell soma of the photoreceptor in the 

mutant retinas (arrows, insets) (D). Cone photoreceptors were also a�ected, in some areas the nuclei 
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Otherwise, we used AAV-mediated short hairpin Crb2 transfer into wild type 
C57BL/6J retinal cells to silence Crb2 expression. For photoreceptor speci�c 
transduction via the subretinal route an AAV2 based vector was packaged in AAV5 
capsid (AAV2/5) (22). For Müller glia cell speci�c transduction via the intravitreal 
route an AAV2 based vector was packaged in ShH10Y445 capsid (AAV2/ShH10Y) 
(23, 24).

�e AAV-Cre vectors were tested for potential toxicity by delivery of di�erent 
numbers of genome copies (108, 109, 1010) of AAV into wild type retinas. �ree 
weeks after injection, the retinas were examined for morphological abnormalities. 
No toxicity and/or retinal damage was observed due to Cre expression (data not 
shown). Based on these results, to target photoreceptors we applied 109 AAV2/5 
cytomegalovirus promoter (CMV)-CRE-GFP or 1010 AAV2/5 human G protein-
coupled receptor kinase 1 promoter (GRK1)-CRE-GFP genome copies (1 µl) by 
subretinal injection into Crb2F/F retinas. 

Subretinal delivery of AAV2/5 CMV-CRE-GFP led to nuclear expression of 
CRE in photoreceptors and in retinal pigment epithelial cells. Crb2F/F retinas infected 
with AAV2/5 CMV-CRE-GFP, showed decreased immunostaining for CRB2 and 
gaps in the staining in areas containing GFP-CRE-positive photoreceptor nuclei 
(Fig. 9B). We observed sporadically rows of ectopic photoreceptor nuclei protruding 
into the subretinal space (0-1 event per representative retinal section), some of 
these displaced nuclei were GFP-CRE-positive while others were negative (Fig. 9D, 
arrowhead), suggesting lack of adhesion between these cells. Cre transduced retinas 
presented disruptions of the outer plexiform layer, stained by PSD-95, and ectopic 
localization of this protein in the outer nuclear layer (data not shown). Subretinal 
administration of AAV2/5 CMV-driven constructs transduced photoreceptor as well 
retinal pigment epithelial cells. Presence of CRB2 in adult retinal pigment epithelial 
cells has not been detected, but the morphological phenotype might be due to loss 
of CRB2 from photoreceptors or retinal pigment epithelium. To prevent expression 
in the retinal pigment epithelium we used a 299 bp photoreceptor-speci�c promoter, 
human G protein-coupled receptor kinase 1 (GRK1) in AAV2/5 GRK1-CRE-GFP 
for expression of CRE-GFP speci�cally in photoreceptors (25) (Fig. 9C and D). 
Subretinal administration of the AAV2/5 GRK1-driven constructs restricted the 
expression of GFP and CRE-GFP to the photoreceptor cells, no GFP-positive retinal 
pigment epithelial or inner retinal cells were detected (Fig. 9E and F). 
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Figure 9.  Photoreceptor speci�c target knockdown of Crb2 using Cre viral vectors. 
Immunohistochemistry pictures of the Crb2F/F retinas treated at 4 weeks of age with AAV2/5 CMV-

GFP (control) (A, C) and AAV2/5CMV-CRE-GFP (B, D) or with AAV2/5 GRK1-GFP (control) (E) 
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and AAV2/5 GRK1-CRE-GFP (F) and terminated at 7 weeks of age. AAV2/5 CMV-(CRE)-GFP vectors 

expressed GFP or CRE-GFP in the photoreceptor cells and retinal pigment epithelium (A, C and B, 

D). AAV2/5 GRK1-(CRE)-GFP vectors expressed GFP or CRE-GFP speci�cally in photoreceptor cells 

(E, F). Sporadically, disruptions of the subapical region stained by anti-CRB2 were found (B and B�), 

and misplaced CRE-positive and CRE-negative photoreceptor cells could be found in the subretinal 

space (arrowhead) (D). In some areas the outer plexiform layer is thinner and the outer and nuclear 

layers contact each other (arrow) (D). GCL, ganglion cell layer; INL, inner nuclear layer; OLM, outer 

limiting membrane; ONL, outer nuclear layer; RPE, retinal pigment epithelium. Scale bars: 20 µm.

We observed a decrease in the signal of CRB2 staining in areas transduced by 
the AAV2/5 GRK1-CRE-GFP (Fig. 9F) in contrast to areas non-transduced (data not 
shown). Although we observed a decrease in CRB2 in the transduced areas the gross 
structure of the retina was preserved, and detected sporadically small morphological 
abnormalities similar to the ones previously described for the AAV2/5 CMV-CRE-
GFP vector, such as disruptions of the outer plexiform layer stained by MPP4, and 
ectopic localization of this protein in theouter nuclear layer (data not shown).

A complementary strategy to silence by shRNA the expression of Crb2 using 
shRNA was designed. Initially, �ve pSUPER-based shCrb2 constructs were generated 
(see Supplementary Material, Fig. S6A); two shRNA constructs, targeting exon 2 
and exon 9a, revealed a silencing e�ciency of approximately 70% of a GFP-tagged 
Crb2 expression vector (see Supplementary Material, Fig. S6C). �e pSUPER-based 
shCrb2 constructs, including the polymerase-III H1-RNA gene promoter (H1), 
were subcloned into an AAV2-vector containing a CMV-GFP expression marker 
(CMV-GFP-H1-shCrb2). �e two shCrb2 constructs gave similar results. 

As a control, we used a CMV-GFP-H1-shMpp4 described before (13). MPP4 is 
present in the photoreceptor synapses and at lower levels at the subapical regions of 
photoreceptor cells (6). Retinas from Mpp4 knockout mice only sporadically showed 
photoreceptor displacement, without changing the CRB protein complex at the outer 
limiting membrane, adherens junction or the structure of the photoreceptor synapse 
(26) but caused disruption of photoreceptor synaptic MPP4 protein complexes (27, 
28). Subretinal delivery of AAV2/5 coding shRNA (CMV-GFP-H1-shRNA), in 
wild type retinas (C57BL/6J), drove cytoplasmatic GFP expression in photoreceptor 
cells and retinal pigment epithelium. Occasionally, some GFP-positive cells were 
found in the inner nuclear layer (Fig. 10A). 
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Figure 10.  Immunohistochemistry pictures of the wild type (C57BL/6J) retinas treated 
at 4 weeks of age with AAV2/5 CMV-GFP-H1-shMpp4 (control) or with AAV2/5 CMV-
GFP-H1-shCrb2 and terminated at 7 weeks of age. AAV2/5 CMV-GFP-H1-ShRNA drives 

GFP-ShRNA expression mainly in the retinal pigment cells (RPE) and in the photoreceptor cells 
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Retinas from animals injected with the AAV2/5 CMV-GFP-H1-shMpp4 
control vector (109 genome copies, 1 µl) showed no observable abnormalities in 
retinal architecture (Fig. 10A). In shMpp4 injected retinas no di�erences in the levels 
of CRB2 immunoreactivity between transduced and non-transduced areas were 
found (Fig. 10C and data not shown).

shCrb2 transduced retinas did show sporadic protrusions (0-1 event per 
representative retinal section) of GFP-positive photoreceptor cell nuclei in the 
subretinal space (Fig. 10B and F, arrowhead). Immunostaining with anti-CRB2 
showed reduced immunoreactivity in areas transduced with the AAV2/5 CMV-GFP-
H1-shCrb2 (Fig. 10D, arrowheads). Reduction of the CRB2 signal correlated with 
the increase in GFP signal, indicating that decrease in CRB2 occurred speci�cally in 
the transduced photoreceptors (Fig. 10D�). Immunostaining with anti-MPP4 showed 
a slight immunoreactivity reduction at the outer plexiform layer in transduced areas 
(Fig. 10E, and data not shown). shCrb2 transduced areas showed foci of disruptions 
of the outer plexiform layer stained with MPP4 (Fig. 10F). Ectopic MPP4 in the 
outer nuclear layer was detected, suggesting mislocalized photoreceptor synapses 
(Fig. 10F, arrowhead). Misplaced Müller glia SOX9-positive nuclei in the outer 
nuclear layer were also found in shCrb2 transduced areas (Fig. 10H, arrowhead).

To target Müller glia cells we applied 1010 genome copies of AAV2/ShH10Y 
CMV-CRE-GFP (1 µl) by intravitreal injection into �oxed Crb2F/F retinas. Previously, 
others showed high selectivity of the AAV2/ShH10Y vector for rat Müller glia cells 
when administered in the retina by the intravitreal route (23). Here, we demonstrated 
that three weeks after intravitreal injection of 1010 genome copies, AAV2/ShH10Y 
CMV-GFP (see Supplementary Material, Fig. S7A) drove cytoplasmatic GFP 
expression in mouse Müller glia cells, identi�ed by their characteristic morphology, 

(A-H). Expression of the control shMpp4, in photoreceptor and RPE did not lead to morphological 

abnormalities (A, C, E, G). Expression of shCrb2 lead to a decrease of CRB2 at foci, this decrease 

colocalized with the increase in the number of GFP-positive cells (D and D�). At foci, we observed 

misplaced GFP-positive photoreceptor nuclei in the subretinal space (B, F and H) and disruption of 

the outer plexiform layer with ectopic localization of MPP4 (arrowhead) (F). Ectopic Müller glia cell 

SOX9-positive nuclei were also detected (arrowhead) (H). GCL, ganglion cell layer; INL, inner nuclear 

layer; OLM, outer limiting membrane; ONL, outer nuclear layer; RPE, retinal pigment epithelium. 

Scale bars: 20 µm.
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and AAV2/5 CMV-GFP-H1-shCrb2).
In the developing mouse retina, CRB2 was detected in retinal progenitor cells 

and in the adult retina in photoreceptors and Müller glia cells (11, 13). In Crb2Crx 
cKO retinas, removal of CRB2 in postmitotic developing photoreceptor cells 
results in a severe phenotype, with an early onset (E15.5). Crx-Cre expression starts 
at E12.5 with a prominent expression at E15.5 (18). �is suggests e�cient CRE-
mediated recombination that results in loss of CRB2 expression and photoreceptor 
adhesion and polarity. �e onset of the phenotype is mainly attributed to removal of 
CRB2 from the cone photoreceptors, because these are the most abundant type of 
photoreceptors present in the retina at E15.5. �e birth of rod photoreceptors starts 
from E13 and ends at P10, most of them are born at early postnatal days (P1-P3) 
when the phenotype became more prominent (29).

We previously showed that loss of CRB2 through Chx10-Cre mediated 
recombination resulted in a morphological phenotype at E18.5 (11), later than 
observed in the Crb2Crx cKO (E15.5). �e Chx10-Cre transgenic mouse line 
showed high degree of mosaicism (30), suggesting that Crb2Chx10 cKO retinas 
were composed of a mixture of wild type and mutant cells, that may be su�cient to 
retain normal morphology until later embryonic stages (11). �e onset and levels of 
expression and recombination e�ciency in the Crx-Cre and Chx10-Cre mice could 
also di�er, giving rise to this di�erence.

Loss of CRB2 from photoreceptors results in lamination defects that a�ect 
mainly rod and cone photoreceptors, suggesting a lack of adhesion between these 
cells giving rise to giant retinal folds and rosettes. However, in contrast with the 
observation made in the Crb2Chx10 cKO (11, 16), in the Crb2Crx cKO the 
lamination of ganglion, amacrine, bipolar and Müller glia cells was also a�ected, 
misplaced inner retinal cells were detected ectopically in the outer nuclear layer. 
Similar defects in the lamination of these cells were also observed in CRB2 null 
retinas with half of the amount of CRB1 (Crb1-/+Crb2Chx10 cKO) (17). �is data 
is in line with a) previous zebra�sh data where Crb2a is required for retinal cell 
patterning and lamination (31), and b) mouse data where the CRB interacting 
protein PALS1 a�ected the correct patterning of photoreceptor cells (32, 33).

Müller glia cells are one of the latest cell types to be born in the retina. �ey 
are generated between E15 and P10, the majority of Müller cells are born around 
postnatal day 5 (29). Here, we removed CRB2 from these cells, by crossing the Crb2 
conditional knockout (11) on a pure C57BL/6J genetic background (16) with a 
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SP5 CLSM. Confocal images were processed with Adobe Photoshop CS6 extended 
v13.0 x64.

Generation and puri�cation of the viral vectors

AAV GFP and CRE-GFP vectors

�e AAV vector pTRCGW (5.6 kb) containing GFP and CRE-EGFP (a kind gift 
from Joost Verhaagen, �e Netherlands Institute for Neuroscience, Amsterdam, 
�e Netherlands), carrying the ampicillin resistance gene, inverted terminal repeats 
(ITR), human immediate early cytomegalovirus promoter (CMV), woodchuck 
posttranscriptional regulatory element (WPRE) and multiple restriction sites, was 
used to construct the rAAVCre vector plasmid, as described in (21). To speci�c 
targeting of photoreceptor cells the CMV promoter in the original plasmid was 
replaced by a 299 bp human G protein-coupled receptor kinase 1 (GRK1) promoter 
fragment (25), using the SpeI and XhoI restriction sites. AAV stocks were generated 
and puri�ed as described previously (44). Brie�y, plasmids containing the transgene 
�anked by the ITRs were co-transfected with the AAV2/5 or AAV2/6 shH10Y445 
helper plasmid pDP6 (Plasmid Factory, Bielefeld, Germany) (23) into HEK293T 
cells to generate cross-packaged AAV2/5 and AAV2/shH10Y445 viral vectors (45, 
46). At the third day after transfection, the medium was changed for lysis bu�er (50 
mM Tris, 2 mM MgCl2, 150 mM NaCl and 0.1% Triton X-100). After DNAse 
treatment, the crude lysate was loaded onto an iodixanol density gradient (Sigma, 
St Louis, Mo, USA) and centrifuged for 70 minutes in a Beckman XL-100K 
ultracentrifuge at 69000 rpm at 16°C (47). Fractions containing the viral vectors 
were collected and concentrated using Amicon Ultra-15 concentrators. All viral 
titers were determined by q-PCR and all viral stocks with titers above 1×1012 genome 
copies/ml were stored at �80°C until use.

AAV H1-shRNA vectors

For Crb2 silencing by shRNA, �ve di�erent DNA constructs, against di�erent 
exons of the Crb2 gene, were generated by annealing DNA oligonucleotides. 
�e primers were purchased from Eurogentec (Seraing, Belgium). Annealed 
primers were cloned into the HindIII and BglII sites of the pSUPER vector (48). 
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�e empty pSUPER and pSUPER-GFP shRNA vector were used as a control. 
pSUPER�Crb2 shRNA constructs were co-transfected in HEK293T cells with 
GFP-tagged Crb2 and subcloned into HindIII/BglII of pEGFP-C1 (Clontech), 
in order to test the knockdown e�ciency. Five days after transient transfection, 
cells were lysed and protein was evaluated by immunoblot analysis with anti-GFP. 
�e experiments were performed in triplicate and three independent experiments 
were performed. �e two shRNA construct with higher knockdown e�ciency 
were selected and subcloned in AAV2�CMV-GFP vector described before: 
5�-gatccccGTGCCAGGCTACAGAAAGTttcaagagaACTTTCTGTAGCCTGGC
ACtttttggaaa-3� (E2-shCrb2) and 5�-gatccccTGACTTCTACTGCACCTGCtt 
caagagaGCAGGTGCAGTAGAAGTCAtttttggaaa-3� (E9a-shCrb2). �e pSUPER�
Crb2 shRNA vectors were digested with XbaI�KpnI and blunted. �e selected shCrb2 
fragments including the polymerase-III H1-RNA gene promoter were blunt ligated 
into an AAV2�CMV-GFP vector, which was digested with SphI (two sites after the 
WPRE and polyA) and blunted. �e AAV2-CMV-GFP-H1-shMpp4 was used as a 
control (13). AAV2/5 and AAV2/shH10Y445 (23) viral vectors coding E2-shCrb2, 
E9a-shCrb2 and shMpp4 were generated.

Intravitreal and subretinal injections
 

�ree to four weeks-old mice were anesthetized with 100 mg/kg ketamine and 5 
mg/kg xylazine by intraperitoneal injection. �e pupils were dilated with eye drops 
that contain 5 mg/ml tropicamide (Chauvin Benelux, Brussels, Belgium). To prevent 
dehydration of the cornea, the eyes were treated with viscotears (Novartis Pharma, 
Arnhem, �e Netherlands). �e mice were placed on a heating pad to maintain 
their body temperature at 37°C during the whole procedure. Subsequently, 1×109-
10 genome copies of vector in 1 µl were either subretinally or intravitreally injected 
using a 33 gauge needle (Hamilton, Bonaduz, Switzerland). �ree to four eyes per 
viral vector were used. �e mice were allowed to recover and their eyes were treated 
with 10 mg/g chloramphenicol (Ratiopharm, Zaandam, �e Netherlands) to prevent 
infections. Eyes were collected three weeks after injection. 

�e potential toxicity of the AAV2/5 and AAV2/shH10Y CMV-CRE-GFP and 
of the AAV2/5 GRK1-CRE-GFP was tested in 1 month-old wild type C57BL/6J 
mice, by delivery of di�erent numbers of genome copies (108, 109 and 1010, four 
eyes per condition were injected). Injected retinas examined 3 weeks after injection.
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ABSTRACT

Development in the central nervous system is highly dependent on the regulation 
of the switch from progenitor cell proliferation to di�erentiation, but the molecular 
and cellular events controlling this process remain poorly understood. Here, we 
report that ablation of Crb1 and Crb2 genes results in severe impairment of retinal 
function, abnormal lamination and thickening of the retina mimicking human 
Leber congenital amaurosis due to loss of CRB1 function. We show that the levels of 
CRB1 and CRB2 proteins are crucial for mouse retinal development as they restrain 
the proliferation of retinal progenitor cells. �e lack of these apical proteins results 
in altered cell cycle progression and increased number of mitotic cells leading to an 
increased number of late-born cell types such as rod photoreceptors, bipolar and 
Müller glia cells in postmitotic retinas. Loss of CRB1 and CRB2 in the retina results 
in dysregulation of target genes for the Notch1 and YAP/Hippo signaling pathways 
and increased levels of P120-catenin. Loss of CRB1 and CRB2 result in altered 
progenitor cell cycle distribution with a decrease in number of late progenitors in 
G1 and increase in S and G2/M phase. �ese �ndings suggest that CRB1 and CRB2 
suppress late progenitor pool expansion by regulating multiple proliferative signaling 
pathways.
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INTRODUCTION

During vertebrate retina development, one type of glial cell and six types of neurons 
are formed by the orderly generation of post-mitotic cells from a common pool 
of retinal progenitor cells (1, 2). In this temporally �ne-tuned process, ganglion 
cells are generated �rst, followed by horizontal cells, cone photoreceptors and early 
born amacrine cells, rod photoreceptors and late born amacrine cells, and �nally 
bipolar cells and Müller glial cells (2). Retinal progenitor cells are elongated and 
polarized cells that extend along the apicobasal axis and connect to adjoining cells by 
adherens junctions via their apical processes. �e proliferation of the progenitors is 
carefully regulated through a combination of intrinsic and extrinsic signals followed 
by a complete cessation of cell division around 10 days after birth in mice (3). Many 
extrinsic soluble or membrane-bound factors directly promote proliferation activity 
such as Notch, sonic Hedgehog and Wnt signalling pathways (4). In addition, 
intrinsic regulatory genes and transcription factors such as Chx10 regulate the cell 
cycle machinery (5).

Recent work suggests that cell adhesion and cell polarity complex proteins play 
a critical role in the maintenance of the proliferation of the progenitor cells (6). 
�e polarity proteins that form the Crumbs complex reside at the subapical region 
adjacent to the adherens junctions between retinal progenitor cells in the developing 
retina or between photoreceptors and Müller cells in mature retinas. �e Crumbs 
protein was �rst identi�ed in Drosophila as a key developmental regulator of apical-
basal polarity (7). In mammals, the Crumbs homologue family is composed of three 
genes, CRB1, CRB2 and CRB3. CRB proteins have a large extracellular domain (which 
is lacking in CRB3) composed of epidermal growth factor and laminin-globular 
domains, a single transmembrane domain, and an intracellular domain containing 
FERM and PDZ protein-binding motifs (8). �rough this PDZ motif CRB proteins 
interact with PALS1, which binds to MUPP1 or PATJ, thus forming the Crumbs 
complex (8). Recently, it has been shown that the CRB-interacting partner PALS1 
has a role in regulating the proliferation of neural progenitors. Deletion of PALS1 in 
the developing cortex caused premature exit of progenitors from the cell cycle and 
massive cell death leading to absence of the cortical structures (9).

Studies suggest a common function of CRB proteins and their partners in 
regulating growth factor signalling pathways, which orchestrate cell proliferation 
and cell fate decisions. It has been suggested that Drosophila Crumbs, and human 
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RESULTS

Lack of CRB1 and CRB2 severely impairs retinal function in adult mice

We crossed Crb1 KO mice with conditionally �oxed Crb2 mice (22, 24). �e mice 
were bred with Chx10Cre transgenic mice, which express Cre recombinase fused 
to EGFP throughout the developing retina starting at E11.5 (28). We showed 
previously that e�cient recombination of the �oxed Crb2 alleles occurred around 
E12.5 (22). In this study, double homozygote Crb1-/-Crb2F/FChx10CreTg/+ conditional 
knockout retinas (Crb1Crb2 cKO) were compared to littermate Crb1-/-Crb2F/F and 
Crb1-/-Crb2F/+Chx10CreTg/+ retinas. Crb1+/-Crb2F/FChx10CreTg/+ (Crb1+/-Crb2 cKO) 
were compared to littermate double heterozygote Crb1-/+Crb2F/+Chx10CreTg/+ (Crb1+/-

Crb2F/+ cKO). We veri�ed the loss of CRB1 and CRB2 proteins in the Crb1Crb2 
cKO at E15.5 and P14 (Fig. S4D and S3D).

In vivo functional and structural analysis were performed on 1 to 6 month (M) 
old Crb1Crb2 cKO, Crb1+/-Crb2 cKO and control mice, using electroretinography, 
spectral domain optical coherence tomography and scanning laser ophthalmoscopy. 
Already at 1M, Crb1+/-Crb2 cKO and Crb1Crb2 cKO mice showed more pronounced 
reduction in amplitudes of electroretinogram responses than Crb2 cKO mice (Fig. 
1A and S1A). Both scotopic and photopic responses were a�ected, which indicate 
alterations of both rod and cone system components. At 3 and 6M (Fig. 1B and 
S1B-C), electroretinogram responses were below detection level, although Crb1+/-

Crb2 cKO responses were more variable (Fig. 1B and S1B).
In vivo imaging analysis revealed changes in Crb1+/-Crb2 cKO retinas in fundus 

appearance as well as in retinal layer morphology in contrast to Crb1+/-Crb2F/+ cKO 
control retinas (Fig. S2). With native scanning laser ophthalmoscopy, many spots and 
patchy areas were visible throughout the retina, corresponding to pseudo-rosettes in 
the photoreceptor layer and in histological sections (Fig. S2B and 3A-B). Already at 
1M, spectral domain optical coherence tomography revealed an aberrant layering in 
Crb1Crb2 cKO retinas (Fig. 2E-F). �e retina consisted of a single inner plexiform 
layer, an abnormal thick ganglion cell layer and a second broad nuclear layer (Fig. 
3A-B). All retinal cell types appeared to be generated, but a separate photoreceptor 
nuclear layer, inner and outer segment layer and outer plexiform layer were not 
formed. 
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Figure 1. Retinal function in Crb1Crb2 mutant retinas is severely impaired. Retinal 

function in Crb1 KO (black), Crb2 cKO (green), Crb1+/-Crb2 cKO (purple) and Crb1Crb2 cKO 

a�ected mice (red) based on single-�ash electroretinogram data from 1M (A), and 3M (B) old animals. 

(left) Representative single-�ash electroretinogram traces recorded from the indicated genotypes under 

scotopic (top) and photopic (bottom) conditions. (right) Scotopic (top) and photopic (bottom) b-wave 

amplitude data plotted as a function of the logarithm of the �ash intensity. Boxes indicate the 25% 
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Two types of rosettes in the broad nuclear layer could be identi�ed and were 
primarily formed of photoreceptors or ganglion cells and inner nuclear layer cells 
(Fig. 3A-B black arrowheads and asterisks, respectively). Using electron microscopy 
and immunohistochemistry, we found ectopically localized photoreceptor outer 
segments, delocalized basal bodies of cilia, adherens junctions and ribbon synapses 
in the Crb1Crb2 cKO at 1M (Fig. 3E-F and S3A,C).

�e retina thickness in the Crb1Crb2 cKO was signi�cantly increased compared 
to control retinas at P10 (276.1 – 13.2 µm vs 199.7 – 5.4 µm, respectively) and P14 
(247.8 – 6.9 µm vs 211 – 7.7 µm, respectively; Fig. 3G). Both Crb1Crb2 cKO and 
Crb1+/-Crb2 cKO retinas degenerate rapidly after 1M, which was associated with 
retinal vasculature defects leading to the thinning of the retinas in 3-6M retinas 
(Fig. 2, S2 and 3C-D). Quanti�cation of cleaved caspase 3 positive cells showed an 
increase in the number of apoptotic cells in Crb1Crb2 cKO retinas at P10, P14 and 
3M (Fig. 3H). Cleaved caspase 3 positive cells at P10 and P14 were identi�ed as rod 
photoreceptor cells and at 3M mainly as bipolar cells (Fig. S3E-F).

CRB1 and CRB2 are essential for proper retinal development

As CRB1 and CRB2 are expressed in the retinal progenitor cells from E12.5 
onwards at the subapical region adjacent to adherens junctions (21-23) and due to 
the severe disorganization of these retinas in adult, we analyzed control, Crb1+/-Crb2 
cKO and Crb1Crb2 cKO mice from E11.5 to P5. Whereas no visible defects were 
observed at E11.5 and E12.5, perturbations at the outer limiting membrane and 
cellular mislocalizations near the retinal pigment epithelium were visible at E13.5 in 
Crb1Crb2 cKO retinas (Fig. 4A, black arrowhead). 

Between E15.5 and E17.5 in Crb1Crb2 cKO, the adherens junctions were 
gradually lost and the nuclei of the retinal progenitors showed abnormal orientation, 
whereas in control retinas, progenitors were arranged radially along the apical-basal 
axis (Fig. 4B-C and S4B). 

and 75% quantile range, whiskers indicate the 5% and 95% quantiles, and the asterisks indicate the 

median of the data. In Crb1+/-Crb2 cKO and Crb1Crb2 cKO mice, the b-wave amplitude was already 

considerably reduced at 1M under both scotopic and photopic conditions, and declined even at 3M 

compared to Crb1 KO and Crb2 cKO. 
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Figure 2. In vivo retinal imaging in Crb1Crb2 cKO mice. 12M old control Crb1+/-Crb2F/+ cKO 

(A-C) and 1M (D-F), 3M (G-I) and 6M (J-L) old Crb1Crb2 cKO mice were subjected to scanning 

laser ophthalmoscopy (A, D, G, J), vertical spectral domain optical coherence tomography (B, E, H, 

K) and magni�cation of the scans (C, F, I, L). At 1M, a disorganized retina with an abnormally thick 
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Electron microscopic analyses showed loss of adherens junctions in the neural 
retina and ectopic nuclei close to the retinal pigment epithelium (Fig. 4F-G and 
S4E-F). During retinogenesis, the photoreceptor layer and the outer plexiform layer 
formed at P5. However, in the Crb1Crb2 cKO, this process never ensued, as no 
distinct photoreceptor layer was formed (Fig. 4E). 

In Crb1+/-Crb2 cKO, perturbations at the outer limiting membrane started at 
the periphery of the retina at E15.5 (Fig. 4B, black arrowhead). It progressively 
extended to the centre of the retinas where rosettes also formed (Fig. 4C-E). In 
late developmental stages, in addition to photoreceptor rosettes, ganglion cell 
nuclei and inner nuclear layer cells were found in the outer nuclear layer and some 
photoreceptor nuclei were found in the ganglion cell layer (Fig. 3A). �ese retinas 
display intermediate phenotypes between the Crb2 and Crb1Crb2 cKO.

Increased number and mislocalization of late born cells in Crb1Crb2 
cKO retinas

Due to the severe disorganisation of the retinas, we further investigated whether all 
retinal cell types formed in the absence of CRB1 and CRB2. Using speci�c markers 
for the di�erent cell types, we found that all the di�erent cell types formed and there 
were no indications for hybrid retinal cell types (Fig. S5 and data not shown). Several 
of the retinal cell types appeared to localize ectopically. To further analyze this, we 
compared the localization of the cell nuclei in the top and bottom parts of the broad 
nuclear layer in Crb1Crb2 cKO mice to the outer and inner nuclear layer in control 
retinas (Fig. 5A-F and S5A-F). 

ganglion cell layer, one plexiform and one nuclear layer was observed (E, asterisk in F). At 3M (G-I) and 

6M (J-L), an obvious loss in the retinal thickness was ascertained as well as several fundus alterations 

(G, J). Abbreviations: AF, auto�uorescence; d, dorsal; FA, Fluorescein angiography; GCL, ganglion 

cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; IS/OS, inner segment/outer segment 

border; OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform layer; RF, 

Red-free; v, ventral. 
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Figure 3. Abnormal layering in Crb1Crb2 cKO retinas. Histological sections of P14 (A), 1M (B), 

3M (C) and 6M (D) old control (left; Crb1+/-Crb2F/+ cKO), Crb1+/-Crb2 cKO (middle) and Crb1Crb2 

cKO (right). Crb1Crb2 cKO retinas had a thick ganglion cell layer and a second broad nuclear layer 

separated by the inner plexiform layer. Crb1+/-Crb2 cKO had perturbed outer and inner nuclear layers. 

Ectopic localization of dark-pigmented photoreceptors (white arrows), ganglion/inner nuclear layer 

cells (white asterisks) and rosettes of photoreceptors (black arrowheads) was visible in the two mutant 
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Figure 4. Retinal development is impaired in Crb1Crb2 cKO. (A-E) Histological sections 

from E13.5 to P5 control (left), Crb1+/-Crb2 cKO (middle) and Crb1Crb2 cKO (right). From E13.5 

onwards, disruption of the outer limiting membrane (A right, black arrowhead) accompanied with 

ectopic localization of cells extended in Crb1Crb2 cKO developing retinas (A, B right). At E17.5 and 
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Increased cell proliferation and apoptosis in developing Crb1Crb2 
cKO retinas

In the Crb1Crb2 cKO retinas, the increased number of late born cells might be due 
to overproliferation of progenitors or reduced apoptosis. �us, in control, Crb1+/-

Crb2 cKO and Crb1Crb2 cKO retinas from E13.5 to P5 animals, we analysed the 
number of phospho-Histone H3 (pH3) positive cells and cleaved caspase 3 positive 
cells, which are markers for mitotic cells and apoptotic cells respectively (Fig. 6A-B 
and S6C-D). From E15.5 onwards, the number of M-phase cells was signi�cantly 
increased in Crb1Crb2 cKO retinas, and the number of apoptotic cells was increased 
at E13.5 and E17.5 onwards. �ese data showed an increase in both mitosis and 
apoptosis in retinas lacking CRB1 and CRB2. Furthermore, cells in M-phase are 
normally located at the apical region. However, in E17.5 cKO retinas, where the 
apical region was almost completely lost, the cells in M-phase localized randomly 
throughout the entire thickness of the retina (Fig. S6C-D). To test whether precursor 
cells formed in normal numbers, we counted at E17.5 early and late-born precursor 
cells. �e number of Islet1+ early-born precursor cells (ganglion and amacrine cells) 
is unchanged in contrast to an increased number of Otx2+ late-born precursor 
cells(photoreceptors and bipolar cells; 139.3 – 5 cells/100µm in cKO retinas vs 
110.9 – 4.1 cells/100µm in control).

At E17.5, in Crb1+/-Crb2 cKO retinas, the number of mitotic and apoptotic 
cells was increased like in Crb1Crb2 cKO retinas (Fig. S6A-B). 

P1, in contrast to control retinas no proper ganglion cell layer was formed (C, D). �e separation 

of the outer nuclear/photoreceptor layer formed around P5, which never happened in the Crb1Crb2 

cKO retinas (E). Crb1+/-Crb2 cKO retinas showed the �rst disruption in the outer limiting membrane 

at the periphery at E15.5 (B middle, black arrowhead), which progressively extended to the centre 

accompanied with rosette formation (B-E middle). Electron microscopic pictures from E17.5 littermate 

control (F) and Crb1Crb2 cKO (G) retinas. Control retinas showed an organized outer limiting 

membrane with adherens junctions (white arrowheads), retinal pigment epithelium and retinal nuclei 

alignments. Crb1Crb2 cKO retinas showed absence of layer organization and adherens junctions. GCL, 

ganglion cell layer; INL, inner nuclear layer; NBL, neuroblast layer; ONL, outer nuclear layer; RPE, 

retinal pigment epithelium. Scale bar, 100µm (A-E); 5µm (F, G).
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Figure 5. �e number of late born cell types is increased in Crb1Crb2 cKO retinas. 
�e distribution of early (A-C) and late born (D-F) cell types in the three layers was quanti�ed as a 

percentage of each cell type in outer, inner and ganglion cell nuclear layer in the control (white bars), 

and top and bottom half of nuclear layer (tNL and bNL) and ganglion cell layer in the Crb1Crb2 cKO 

(black bars) retinas at P14 (3-4 di�erent animals/genotype). �e distribution of early-born ganglion cells 

(Brn3b), cone photoreceptors (cone arrestin) and cholinergic amacrine cells (choline acetyltransferase, 
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However at P5, an increased number of mitotic cells and a decreased number of 
apoptotic cells were observed like in Crb2 cKO (22), indicating that the Crb1+/-Crb2 
cKO showed intermediate features between Crb2 and Crb1Crb2 cKO. 

Dysregulation of the cell cycle in Crb1Crb2 cKO retinas

We further investigated, at E17.5, which phases of the cell cycle were a�ected using a 
combination of 30 min pulse labelling with BrdU for the S-phase, phospho-Histone 
H3 for the M-phase and Ki67 labelling, a marker for M, G2, S and late G1 phases of 
the cell cycle (Fig. 6C, S6C and S6E). �is showed that in Crb1Crb2 cKO retinas the 
number of pH3+ (6.1– 0.2 in control versus 8.4 – 0.4 cells/100 µm in cKO retinas), 
BrdU+ (185.9 – 12.1 in control versus 238.8 – 17.5 cells/100 µm in cKO retinas) and 
Ki67+ cells (329 – 8.3 in control versus 384.5 – 15 cells/100 µm in cKO retinas) were 
increased. In control mice, the proportion of dividing cells decreased dramatically at 
the centre of the retinas from P5 onwards, whereas the progenitors at the periphery 
of the retina still proliferate (Fig. 6A control). Ultimately, mitosis is �nished at the 
centre at P6 and at the periphery at P10 (3). Surprisingly, in Crb1Crb2 cKO retinas 
the number of cells in M-phase (pH3+) was higher compared to the controls (Fig. 
6A). We further investigated this phenomenon using the Ki67 marker to analyse 
the proliferating cells in all phases of the cell cycle (Fig. S6D,F) and found that the 
total number of cells was increased by a factor of two both in the centre and at the 
periphery at P5 (Fig. S6H). In contrast to the control, some Ki67 positive cells were 
still present at the periphery of the retina at P10 in Crb1Crb2 cKO retinas (data not 
shown). �ese results suggest that active proliferating cells in Crb1Crb2 cKO retinas 
may reside longer than those in control retinas. 

ChAT) was slightly a�ected in contrast to late-born rod photoreceptors (rhodopsin), Müller cells (Sox9) 

and bipolar cells (Chx10), which were to a larger extent wrongly distributed in the two nuclear layers. 

(G, H) �e number of cells for each cell types was quanti�ed at P14 (G) and the rods at P10 (H) in 3-4 

retinas of control and Crb1Crb2 cKO, and represented by the mean – SEM. �e number of early born 

cells was not a�ected whereas the number of late born cells was increased in Crb1Crb2 cKO compared 

to control retinas at P14 and the rods at P10. bNL, bottom nuclear layer; Calb, calbindin positive 

horizontal cells; CAR, cone arrestin; GCL, ganglion cell layer; GlyT1, glycinergic amacrine cells; INL, 

inner nuclear layer; IPL, Inner plexiform layer; ONL, outer nuclear layer; RHO, Rhodopsin; tNL, top 

nuclear layer. **P<0.01; ***P<0.001.  
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Figure 6. Loss of CRB1 and CRB2 leads to cell cycle defects, increased proliferation 
and apoptosis. �e number of mitotic cells immunostained with anti-phospho-Histone H3 (pH3; 

A) and apoptotic cells immunostained with cleaved caspase 3 (B) were quanti�ed from E13.5 to P5. 

Crb1Crb2 cKO retinas showed a signi�cant increased number of mitotic and apoptotic cells from 

E15.5 and E17.5 respectively in comparison to control retinas. At E17.5, the number of mitotic cells in 

the cell cycle using pH3 (M-phase), 30 min-pulse BrdU labelling (S-phase) and Ki67 immunostaining 

(all phases) was increased in Crb1Crb2 cKO retinas (C). �e quanti�cation at E17.5 showed that the 

number of early-born (Islet1, amacrine and ganglion cells) progenitor cells was not a�ected whereas 
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We performed �ow cytometry analysis based on the DNA content and KI67 
labelling at E17.5, P1 and P5 to study the proportion of cells at G1, S and G2/M 
phases of the cell cycle or which already exit the cell cycle in G0 (Fig. 6E, G, H and 
S6G). At E17.5, the proportion of cells in G1 was reduced whereas the proportions 
of cells in S and G2/M were increased and G0 unchanged. At P1 and P5, the 
proportion of cells in Crb1Crb2 cKO returned to control proportion. In addition, 
levels of cyclin D1, cyclin E and c-myc transcripts (Fig. 7A) were changed suggesting 
also an aberrant regulation of the cell cycle in Crb1Crb2 cKO retinas at E17.5. 

We examined how the cell cycle exit was a�ected in the mutants by injecting 
BrdU at E16.5 and analysing 24 hours later (Fig. 6F and S6F) (29, 30). �e 
proportion of cells which exit the cell cycle (BrdU+KI67-) in the total population of 
BrdU labelled cells was signi�cantly decreased in Crb1Crb2 cKO retinas (12.3 – 0.7) 
compared to control (16.3 – 1.3). However, the number of BrdU+KI67- cells per 100 
µm of retinas are not signi�cantly di�erent (40.2 – 2.9) compared to control (35.3 – 
1.8). In summary, our data suggest that the increased population of late progenitor 
cells and late born cells is due to dysregulation of the cell cycle at E17.5.

CRB1 and CRB2 restrain the overproliferation of the progenitors via 
the regulation of mitogenic signaling pathways

We investigated which proliferative signalling pathway(s) might be involved in the 
overproliferation of the murine progenitors in Crb1Crb2 cKO retinas at E17.5 and 
in early post-natal days.

late-born (Otx2, photoreceptors) progenitor cells was increased in Crb1Crb2 cKO compared to control 

retinas (D). Cell cycle exit index (F) was determined as the ratio of BrdU+/Ki67- cells (no longer 

dividing) to total (24 hours) BrdU+ cells. In Crb1Crb2 cKO retinas less cells exit the cell cycle in the 

BrdU labelled population. Data from 20 representative sections/pictures of whole retinas from 3-5 

control and Crb1Crb2 cKO retinas are presented as mean – SEM. Flow cytometry analysis of cell cycle 

in Crb1Crb2 cKO and control retinas at E17.5 (E), P1 (G) and P5 (H) revealed that only at E17.5 the 

proportion of cells in the di�erent is changed compared to control. *P<0.05; **P<0.01; ***P<0.001.
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the e�ect of ablation of CRB1 and CRB2 in the murine retina and showed that 
levels of CRB protein control the lamination and proliferation of the progenitors. 
Complete loss of CRB1 and CRB2 proteins in the mouse retina mimics human 
Leber congenital amaurosis due to mutations in the CRB1 gene.

�e adherens junctions play a critical role in the migration of post-mitotic 
cells from the apical surface to their �nal destination (34). Ganglion, bipolar and 
photoreceptor cells extend basal processes that guide nucleus translocation to their 
�nal destination. Bipolar and ganglion cells relinquish their apical attachment when 
translocation is complete whereas photoreceptors maintain adherens junctions 
with Müller cells. Amacrine and horizontal cells by contrast display active cellular 
migration without apical attachment by sensing their local environment (34). 
Disruption of the apical adherens junctions/subapical region in Crb1+/-Crb2 cKO 
retinas at E15.5 leads to ectopic localization of some photoreceptor and bipolar cells 
in the ganglion cell layer and vice versa, ganglion, amacrine and bipolar cells in the 
outer nuclear layer. In Crb1Crb2 cKO mice, where the disruption occurs two days 
earlier, the lack of apico-basal axis leads to distribution of all the cell types in two 
nuclear layers and lack of a separate photoreceptor layer. Photoreceptor, ganglion and 
bipolar cells may undergo misguided migration due to the lack of apical attachment. 
�e localization of the earliest born cells remains less a�ected, probably due to 
completion of migration prior to adherens junction disruption.

Apart from the role in orchestration of migration, we suggest a direct role of 
CRB proteins in regulation of proliferation of retinal progenitors. Crb1 KO retinas 
do not show an obvious developmental phenotype (24), and Crb2 cKO retinas show 
an increase in the number of progenitors only at P3 (22). However, the Crb1Crb2 
cKO showed increased number of mitotic cells from E15.5 to P10 and Crb1+/-Crb2 
cKO retinas at E17.5 and P5. �us, the uncontrolled proliferation of progenitors is 
proportional to the lack of CRB1 and CRB2 proteins. A study on CRB-interacting 
PALS1 protein has shown that the CRB complex might be involved in the control 
of progenitor proliferation in the developing mouse cortex (9). However, in mouse 
retinas, conditional knockout or knockdown of Pals1 does not lead to increased 
proliferation of retinal progenitor cells (35, 36). �e role of CRB protein on the 
proliferation of the progenitors may be independent of PALS1 and involve other 
partners. Ablation of CRB1 and CRB2 leads to an increased number of proliferating 
cells and abnormalities in the cell cycle. Hence, CRB proteins restrain the proliferation 
acting on the cell cycle machinery. Additionally, the lack of the apical CRB1 and 
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no genotype-phenotype correlation in CRB1 retinal dystrophies has been identi�ed 
(43), additional down-regulation of CRB2 function in human CRB1-mutant retinas 
might range from CRB1-retinitis pigmentosa to CRB1-LCA. Several polymorphisms 
in highly conserved residues have been identi�ed in the CRB2 gene but not directly 
linked to retinal dystrophies (44). Further investigations on possible mutations in 
CRB complex member genes in CRB1-LCA versus CRB1-RP patients might address 
the question of the genotype-phenotype correlation.

Here, we report that Crb1Crb2 retinas display a thicker retina due to excessive 
proliferation of late-born retinal progenitor cells and also immature layering. 
Moreover, Crb1Crb2 and Crb1+/-Crb2 cKO animals show severe loss of retinal 
function. Crb1Crb2 and Crb1+/-Crb2 cKO retinas exhibit the characteristics of 
human CRB1-LCA retinopathies, and are therefore mouse LCA models for the 
development of therapeutic drugs. 

MATERIALS AND METHODS

Animals

Animal care and use of mice was in accordance with protocols approved by the 
Animal Care and Use Committee of the Royal Netherlands Academy of Arts and 
Sciences (KNAW). All mice used were maintained on a 50% C57BL/6JOlaHsd 
and 50% 129/Ola genetic background. Animals were maintained on a 12 h dark/
dim light cycle and supplied with food and water ad libitum. Crb1 KO mice (24) 
and Crb2F/FChx10CreTg/+ clone P1E9 (Crb2 cKO) generated previously (22) were 
crossed to generate Crb1-/+Crb2F/FChx10CreTg/+ (Crb1+/-Crb2 cKO) and Crb1-/-Crb2F/

FChx10CreTg/+ (Crb1Crb2 cKO). Crb1Crb2 cKO retinas were compared to littermate 
Crb1-/-Crb2F/F and Crb1-/-Crb2F/+Chx10CreTg/+ retinas and Crb1+/-Crb2 cKO to 
littermate Crb1+/-Crb2F/+ cKO. Chromosomal DNA isolation and genotyping were 
performed as previously described (22).

In vivo analysis

 Scanning laser ophthalmoscopy (SLO), spectral domain optical coherence tomography 
(SD-OCT) and electroretinography (ERG) measurements were performed at 1, 3, 6 
and 12 month in 4 to 6 animals of each genotype. Electroretinograms were recorded 







Removal of CRB1 and CRB2 from retinal progenitors 201

C
ha

pt
er

 6

mice were isolated, homogenized and incubated on ice in 20 µL of lysis bu�er 
(10% glycerol, 150 mM NaCl, 1mM EGTA, 0.5% Triton x-100, 1 mM PMSF, 
1.5 mM MgCl2, 10 µg/µL aprotin, 50 mM Hepes pH 7.4 and protease inhibitor 
cocktail). Retina extracts from 3 independent control and Crb1Crb2 cKO animals 
were fractionated by SDS-PAGE electrophoresis, using 4-12% precast gels (NuPage 
Novex Bis-Tris Mini Gels, Invitrogen). After transfer to nitrocellulose membrane 
and blocking in 5% BSA in T-TBS bu�er (Tris-HCL 50 mM pH7.5, 200 mM 
NaCl, 0.05% Tween-20), the primary antibodies were diluted 1/1000 in T-TBS-5% 
BSA and incubated overnight at 4 °C. After washing, they were incubated with 
the appropriate secondary antibodies (conjugated to DyLight Dye-800, Li-COR 
Odyssey or to cyanine 5) diluted 1/5000 in T-TBS bu�er. After washing, the blots 
were then scanned using LI-COR Odyssey IR Imager. Densitometry of bands 
was performed in ImageJ. �e densitometry for each band was subtracted to the 
background and normalized with GAPDH densitometry from the same sample. 

Real-time quantitative PCR

RNA was isolated from 3-6 control and Crb1Crb2 cKO retinas using TRIZOL 
reagent (Gibco life technologies), according to the manufacturer manual, and 
after the �nal precipitation dissolved in RNase-free water. After genomic DNA 
degradation with RNase-free DNase I (New England Biolabs), 1 µg of total RNA 
was reverse transcribed into �rst-strand cDNA with Superscript III Plus RNase 
H-Reverse Transcriptase (Invitrogen) and 50 ng random hexamer primers, during 
50 min at 50 °C in a total volume of 20 µl. To the resulting cDNA sample, 14 µl of 
10 mM Tris, 1 mM EDTA was added. From all samples, a 1:20 dilution was made 
and used for qPCR analysis. For this analysis, primer pairs were designed with a 
melting temperature of 60�62 °C, giving rise to an amplicon of 80�110 bp. Real-
time qPCR was based on the real-time monitoring of SYBR Green I dye �uorescence 
on a ABI Prism 7300 Sequence Detection System (Applied Biosystems, Nieuwekerk 
a/d IJssel, �e Netherlands). �e PCR conditions were as follows: 12.5 µL SYBR 
Green PCR 2x mastermix (Applied Biosystems), 20 pmol of primers, and 2 µl of 
the diluted cDNA (ca 3 ng total RNA input). An initial step of 50 °C for 2 min was 
used for AmpErase incubation followed by 15 min at 95 °C to inactivate AmpErase 
and to activate the AmpliTaq. Cycling conditions were as follows: melting step at 
95 °C for 1 min, annealing at 58 °C for 1 min and elongation at 72 °C, for 40 



Chapter 6202

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 
�uorescence data. Non template controls were included for each primer pair to check 
for any signi�cant levels of contaminants. Values were normalized by the mean of 
the 3 reference genes hypoxanthine-guanine phosphoribosyltransferase, elongation 
factor 1-a and ribosomal protein S27a.

Statistical analysis 

Normality of the distribution was tested by Kolmogorov-Smirnov test. Statistical 
signi�cance by t-test of 3-5 independent retinas (20 sections)/genotype/age. Values 
are expressed as mean – SEM. Values of *P<0.05, **P<0.01, ***P<0.001 were 
considered to be statistically signi�cant. Calculations and graphs were generated 
using GraphPad Prism 5.

SUPPLEMENTARY MATERIAL

Supplementary Material is available in chapter 8 (Supplementary Data). 
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1. CRB1 RETINAL DISEASES

Mutations in Crumbs homologue-1 (CRB1) are known to cause severe retinal 
dystrophies, being responsible for 10-15% of Leber congenital amaurosis (LCA) 
cases and for approximately 4% of all cases of retinitis pigmentosa (RP) (1-6). 

LCA is the most severe of all inherited retinal dystrophies and has an estimated 
prevalence of 2-3 in 100,000 live births  (7). In contrast, RP is considered a milder 
and more heterogeneous disorder, with a later age of onset. RP is responsible for 
vision loss in 1 in 4,000 people worldwide (8), and it is characterized by night 
blindness followed by gradual loss of peripheral vision, progressive degeneration of 
photoreceptors and eventually leads to visual impairment (9).  

�e severity of the phenotype, observed in humans and in mice, seems to be 
strongly dependent on the genetic background as the same mutation in CRB1/
Crb1 caused various retinal phenotypes. �e lack of a clear genotype�phenotype 
correlation for CRB1/Crb1 mutations suggests that other components of the Crumbs 
(CRB) complex have a function in�uencing the severity of the retinal disease (10, 
11).

 
2. CRUMBS �CRB� COMPLEX MEMBER PALS1 AND ITS RELATION WITH 
RETINA DEGENERATION

�e core of the Crumbs (CRB) complex is formed by the CRB proteins, PALS1, 
PATJ and MUPP1 (6). Most of the attention of the scienti�c and clinical community 
has been spend to the study of CRB1, the only Crumbs (CRB) complex member so 
far associated directly with human diseases. However, we cannot exclude that some 
sequence variances, in other Crumbs (CRB) genes, may have an in�uence on the 
severity of CRB1 retinopathies. �us, we hypothesize that PALS1 is necessary for 
proper retinal development and function.

We (Chapter 2) and others showed that decrease or removal of PALS1 from the 
retinal progenitor cells lead to retinal degeneration mimicking critical features of LCA 
such as early visual impairment as assessed by electroretinography, disorganization 
of lamination and apical junctions and retinal degeneration (12, 13). Moreover, 
removal of PALS1 from the retinal progenitors and retinal pigment epithelium seems 
to add to the phenotype, suggesting an important role of PALS1 not only in the 
neuroretina but also in the retinal pigment epithelium. �is data is in line with 
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the studies performed in zebra�sh, where nagie oko mutant retinas lacking PALS1 
showed abnormal nuclear layering, without a�ecting cell-speci�cation mechanisms 
(14). �ese e�ects were largely attributed to loss of PALS1 in retinal pigment 
epithelium (14, 15). 

Studies regarding speci�c deletion/knockdown of Pals1 in the mouse retinal 
pigment epithelium were not yet performed. �is can be achieved by crossing 
conditional knockout or knockdown mice with a retinal pigment epithelium speci�c 
Cre mouse line, as for example Mart1-Cre  (16) or Best1-Cre (17).

3. CRB FAMILY MEMBERS, CRB2 THE MOUSE�S CRB1?

CRB2 protein shares high structural similarity with CRB1. �e CRB2 protein 
has �ve EGF domains less than the CRB1, that contains itself nineteen epidermal 
growth factor (EGF)�like domains, three laminin A globular (AG)�like domains, 
and a signal peptide in the extracellular region (3). 

We showed that CRB2 is required during late retinal development, not only to 
maintain the structure of the neuroepithelium but also to restrict the proliferation of 
the late retinal progenitor cells and the number of late born cells, rod photoreceptor 
and Müller glia cells (Chapter 3). Adult retinas missing CRB2 in photoreceptor and 
in Müller glia cells developed progressive and severe degeneration mimicking RP 
due to CRB1 mutation. �e Crb2 conditional knockout mice showed an earlier and 
more severe phenotype than the Crb1 knockout (Crb1-/-), a�ecting all four quadrants 
of the retina. �e di�erence in the phenotype observed in the Crb1-/- and in the Crb2 
conditional knockout may be related to the localization of each protein. In mouse, 
CRB1 and CRB2 are �rst located in the retinal progenitor cells (18), however in the 
adult mouse retina CRB1 is restricted to the Müller glia cells, while CRB2 is present 
in both photoreceptor and in Müller glia cells (19).

If we want to be able of generating therapies to CRB1 diseases we need to 
know which cell type(s) should be targeted. All the studies and observations so far 
suggest that, in mice, the Müller glia cells are the main and most important target. 
In order to clarify this we decided to study the consequences of CRB2 speci�c 
removal from Müller glia and from photoreceptor cells (chapter 5). Retinas lacking 
CRB2 in postmitotic photoreceptors undergo fast and severe degeneration leading 
to vision impairment, while retinas missing CRB2 from Müller glia cells showed a 
very mild morphological phenotype. �e data, presented in chapter 5, suggest that 
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the photoreceptor fraction of CRB2 is crucial to proper retinal development and 
function. �us, restoration of the Crumbs (CRB) function in this cell type might 
prevent disorganization and photoreceptor cell death, what may open new avenues 
in the development of therapies to CRB1 retinopathies.

4. CRB1 AND CRB2 OR JUST CRB?

�e Crb1-/- mice showed a phenotype limited to only one quadrant of the retina. 
�is suggested compensation by other Crumbs (CRB) family member in the 
other three quadrants. In fact, removal of CRB1 and CRB2 from the mouse retina 
revealed a di�erent phenotype than observed in each of the single mutant retinas. 
Double mutant retinas showed retinas with only two nuclear layers separated by one 
plexiform layer (Chapter 6). CRB proteins seem to have a synergetic e�ect on the 
retinal progenitor cells, limiting proliferation and restricting the number of late born 
cells (late-born amacrine, bipolar, rod photoreceptor and Müller glia cells).

�e data suggest an overlap of function between these two proteins, and that the 
level of the total CRB proteins is more important than the particular level of CRB1 
or CRB2. �is idea is reinforced by the �nding that di�erent animals with di�erent 
levels of CRB1 and CRB2 showed di�erent phenotypes. �e balance/unbalance in 
CRB1 and CRB2 may explain the lack of a clear phenotype � genotype correlation, 
suggesting the importance to study the total levels of CRB transcript/protein in the 
di�erent cell types.

Redundancy of function between the Crumbs (CRB) proteins was described 
before in Drosophila and zebra�sh. In Crb mutant �ies, expression of the Crb or 
human CRB1 intracellular domain is su�cient to rescue the epithelial polarity 
defects observed in these animals (3, 20-23). In zebra�sh, the expression of Crb3 and 
Crb2b by mRNA injection rescued retinal neuroepithelial polarity defects in a Crb2a 
(Ome) mutant. Moreover, injection of Crb2a mRNA along with Crb2b morpholinos 
was also able to rescue the phenotype (24). Suggesting that, in zebra�sh, Crumbs 
(CRB) genes can substitute for each other in at least developmental processes. In 
mouse retina similar experiments have not yet been reported in the literature.

Rescue experiments testing which domain is able to rescue the morphological 
phenotype observed in the mouse retinas need to be performed. Studies done in 
Drosophila suggested that the intracellular domain is the most important domain 
(3, 20-23). However, in human most of the mutations found in CRB1 patients are 
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In fact, speci�c removal of CRB2 from photoreceptor cells (Crb2F/FCrxCre) led 
to an identical phenotype in terms of onset and progression, culminating in retinal 
degeneration and function impairment (chapter 5). �e severity of the phenotype 
observed in retinas speci�cally lacking CRB2 from photoreceptor cells might be a 
result of lack of compensation by CRB1, given that CRB1 is not present in these cells. 
Although the phenotype might be explained by lack of CRB2 from photoreceptor 
cells, removal of CRB2 had also an e�ect on retinal progenitor cells, since an increase 
in the number of progenitor cells, rods and Müller glia cells was observed. �e 
increase in the number of these cell types might be explained by changes in the 
microenvironment surrounding the late progenitors, that could lead to alteration 
in the cell cycle, resulting in a shorter cell cycle or prolonged division state, due to 
loss of apical and adherens junction proteins, with in�uence in the proportion of 
postmitotic and progenitor cells.

With the Crb1Crb2 double knockout mouse we were able to examine the 
redundancy of function between CRB1 and CRB2 in the retinal progenitor cells 
(chapter 6). From these animals we can conclude that half of the amount of CRB1 
and CRB2 are su�cient for proper retinal development and maintenance (Crb1-

/+Crb2F/+Chx10Cre). Removal of half of CRB1 in the CRB2 null retinas (Crb1-

/+Crb2F/FChx10Cre) resulted in the exacerbation of the Crb2 phenotype, that became 
even more clear in the double knockout retinas. Total loss of CRB1 and CRB2 from 
progenitors resulted in a very early embryonic phenotype (E13.5) due to loss of these 
proteins in the progenitor cells.

To conclude, the data suggest that if present in the same compartment/cell type 
CRB1 and CRB2 can compensate for each other, revealing a redundancy of function 
and suggest that levels of both proteins are more important the individual levels.

6. HOW DO CRB PROTEINS CONTROL RETINA DEVELOPMENT? TOWARDS 
MECHANISTIC INSIGHT

In this work, mutant retinas lacking the Crumbs (CRB) proteins PALS1, 
CRB2 and CRB1-CRB2 were analyzed. �e data collected from the morphological 
analysis suggested an important role for these proteins in retinal development 
and maintenance. However, very little is known about the molecular and cellular 
mechanisms used by these proteins. In chapter 1, we hypothesize/discuss the possible 
role of the Crumbs (CRB) proteins in some of the most important pathways during 
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Chapter 3 
� Removal of CRB2 from retinal progenitor cells results in retinal disorganization 

followed by degeneration.
� CRB2 restricts retinal progenitor proliferation and the number of rod 

photoreceptor and Müller glia cells.

Chapter 4 
� Genetic background does not in�uence the retinal phenotype due to loss of 

CRB2.
� Lack of CRB2 does not translate into a change in gene expression pro�le. 

Chapter 5 
� CRB2 in photoreceptor cells is crucial to maintain retinal structure and 

function.

Chapter 6 
� CRB1 and CRB2 act in synergy to prevent retina overgrowth.
� CRB1 and CRB2 are obvious and important targets for the treatment of 

speci�c forms of RP and LCA.
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SUMMARY

The Crumbs Complex in the retina: From animal models to function

Retinal cell generation and di�erentiation in the mouse occurs from embryonic 
day 11 to postnatal day 10. Six major neuronal and one glia cell types are 
generated from multipotent retinal progenitors in a characteristic sequence during 
development. In this temporally �ne-tuned process, ganglion cells are generated �rst, 
followed by horizontal cells, cone photoreceptors and early born amacrine cells, rod 
photoreceptors and late born amacrine cells, and �nally bipolar cells and Müller glial 
cells. Retinal progenitor cells are elongated and polarized cells that extend along the 
apicobasal axis and connect to adjoining cells by adherens junctions via their apical 
processes. Cell adhesion and cell polarity protein complexes, such as the Crumbs 
(CRB), PAR and adherens junctions complexes, play a critical role in maintenance 
of the proliferation of the progenitor cells. Changes in these complexes disturb the 
spatiotemporal aspects of retinogenesis, leading to retinal degeneration resulting in 
mild or severe impairment of retinal function and vision. A summary of the available 
mouse models, for the di�erent members of the apical polarity complexes, as well as 
the main features of their phenotype is described in chapter 1. 

�e apical CRB complex is located at the subapical region adjacent to adherens 
junctions between the retinal progenitor cells in the developing retina and, after 
di�erentiation, at the subapical regions of Müller glia and photoreceptor cells. In 
mammals, the CRB family consists of CRB1, CRB2, CRB3A and CRB3B.

In humans, mutations in the CRB1 gene are responsible for retinopathies such 
as Leber congenital amaurosis and retinitis pigmentosa. �e lack of a clear genotype�
phenotype correlation suggests that other components of the CRB complex have a 
function in�uencing the severity of the retinal disease. To date no other CRB gene 
has been identi�ed that is related with any human retinal disease, however we cannot 
exclude that some transcript variants may play a role in CRB1 retinal diseases.

We hypothesized that Pals1 and Crb2 have a function in retina development 
and maintenance. To test this hypothesis a Pals1 conditional knockdown and Crb2 
conditional knockout mutant mice were generated and the retinal phenotype of 
these animals were analyzed. �e data, presented in chapter 2, showed that PALS1 
has an important role in the neuroretina as well as in the retinal pigment epithelium. 
Loss of PALS1 in these tissues led to retinal degeneration and vision impairment. 
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In chapter 3, we demonstrated that conditional deletion of Crb2, speci�cally in 
early progenitors, resulted in retinal disorganization during late retinal development 
leading to severe and progressive retinal degeneration with concomitant visual loss 
that mimics retinitis pigmentosa due to mutations in the CRB1 gene. 

Variation in the genetic background may in�uence the severity of the retinal 
phenotype, as described before for the Crb1 knockout mice. Indeed, backcrossing 
Crb1 mutant retinas from mixed to C57BL/6J genetic background strongly suppressed 
the morphological phenotype. In chapter 4, we showed that backcrossing Crb2 
null retinas from mixed (50% 129/Ola and 50% C57BL/6J) to 99.9% C57BL/6J 
background did not suppress the severe morphological phenotype.

Recent studies demonstrated that the CRB complex members are able to regulate 
several important signalling pathways including the Notch1, mechanistic target of 
rapamycin complex 1 (mTORC1), Wingless (Wnt) and the Hippo pathway (see 
chapter 1 for more details). To elucidate the molecular events that precede and lead to 
the morphological phenotype in the Crb2 retina-speci�c conditional knockout mice 
on 99.9% C57BL/6J background, we applied microarray-based mRNA pro�ling in 
retinal tissue at postnatal stages P0, P3, P6, and P10. Surprisingly/Unexpectedly, the 
data presented in chapter 4, showed that the morphological phenotype observed in 
these retinas did however not result in a signi�cantly altered transcriptome at any 
stage of retinal development analysed. �ese �ndings may be explained in part by the 
mosaic genetic nature of the mutant retinas which contain mutant next to wild type 
cells due to insu�cient levels of Cre expression in a subset of cells. Removal of Crb2 
might be also compensated in part at the transcriptome level by other CRB proteins 
such as CRB1 and CRB3.

All the studies and observations so far suggest that, in the mice, the main and 
most important function of the CRB proteins resides in either the Müller glia cell 
or photoreceptors. In order to clarify this we decided to study the consequences of 
CRB2 speci�c removal from Müller glia or from photoreceptor cells, using di�erent 
approaches: cell type speci�c Cre mouse lines and adeno associated viral vextors 
(AAVs) expressing Cre or shRNAs against Crb2. �e results presented in chapter 5, 
showed that CRB2 has essential roles in the photoreceptor cells and redundant roles 
in the Müller glia cells.

In the mouse retina, CRB2 seems to be more important for retinal development 
and maintenance than CRB1, however the data suggested a possible overlap of 
function between these two proteins. To address this hypothesis we analyzed the 
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retinal phenotype of the Crb1Crb2 double knockout mice (chapter 6). Loss of 
CRB1 and CRB2 from the retinal progenitor cells and their di�erentiated cell 
types led to a thicker retina containing all retinal cell types, but lacking a separate 
layer of photoreceptor cells. �e eyes showed loss of retinal function mimicking 
the phenotype observed in human Leber congenital amaurosis patients with CRB1 
mutations. We also demonstrated that CRB1 and CRB2 control the retina size by 
preventing the overproliferation of late progenitor cells during retinal development 
potentially through regulation of P120-catenin-Kaiso signaling pathways. 

In conclusion, we described the generation and analysis of several mutant mouse 
retinas for di�erent CRB complex members: Pals1 (chapter 2), Crb2 (chapter 3, 4 
and 5) and Crb1Crb2 double mutant eyes (chapter 6) and the analysis of their retinal 
phenotype. �e knowledge obtained in the analysis of their retinal phenotype helped 
us to better understand the function of these proteins in retinal development and 
maintenance. Mutations in some of these genes lead to human retinal diseases, as is 
the case for mutations in CRB1 that cause Leber congenital amaurosis and retinitis 
pigmentosa. �us, these animals became important not only to answer fundamental 
questions, but they also may have pre-clinical value to study retinal degeneration and 
to test new therapies.
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NEDERLANDSE SAMENVATTING

Het Crumbs complex: Van diermodel naar functie

In het netvlies van de muis worden tussen de elfde embryonale dag en de eerste tien 
dagen na de geboorte alle verschillende cellen gegenereerd en vindt de di�erentiatie 
van de verschillende celtypes plaats. In het muizennetvlies zijn er zes verschillende 
type neuronen en een glia cel type, die tijdens de ontwikkeling van het netvlies in 
een bepaalde volgorde geboren worden uit multipotente progenitorcellen. Tijdens 
dit tijdelijke, goed gereguleerde proces worden ganglion cellen als eerste gevormd, 
gevolgd door horizontale cellen, kegeltjes fotoreceptoren en vroeggeboren amacriene 
cellen. Vervolgens worden in het muizennetvlies de staa�es fotoreceptoren, laat 
geboren amacriene cellen en uiteindelijk bipolaire- en Müller glia cellen gevormd. 
Netvlies progenitorcellen zijn langgerekte en gepolarizeerde cellen die zich 
uitstrekken vanaf de apicobasale as en verbonden zijn met aangrenzende cellen 
via hechtingsstructuren of zogenaamde adherensverbindingen. Cel adhesie en cel 
polariteit complexen zoals het Crumbs complex, het PAR complex en het adherens 
verbindingen complex spelen een essentiºle rol in het behouden van celdeling van 
progenitorcellen. Veranderingen in deze complexen verstoren het ruimte-tijd aspect 
van de retinogenese, wat uiteindelijk leidt tot degeneratie van het netvlies en milde of 
ernstige aantasting van het zicht en functioneren van het netvlies. Een samenvatting 
van de beschikbare muizenmodellen en de daarbij behorende fenotypes voor de 
verschillende eiwitten van het apicale polariteits complex wordt beschreven in 
hoofdstuk 1 van dit proefschrift.

Het apicale CRB complex is tijdens de ontwikkeling van het netvlies 
gelegen in het subapicale gebied naast de adherensverbindingen tussen de netvlies 
progenitorcellen. In het volwassen netvlies bevindt het eiwitcomplex zich naast de 
adherensverbindingen tussen de Müller glia en fotoreceptor cellen. In zoogdieren 
bestaat de familie van CRB eiwitten uit CRB1, CRB2, CRB3A en CRB3B. In de 
mens zijn mutaties in het CRB1 gen verantwoordelijk voor retinopathieºn zoals 
Leber congenitale amaurosis en retinitis pigmentosa. Het gebrek aan een duidelijke 
relatie tussen het genotype en het fenotype bij netvliesaandoeningen suggereert 
dat andere eiwitten van het CRB complex het verloop van de netvliesaandoening 
beïnvloeden. Tot op de dag van vandaag is er nog geen ander CRB gen geïdenti�ceerd 
dat gerelateerd is aan humane netvliesziekte, hoewel we een rol voor CRB2 of CRB3 
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transcript varianten in CRB1 netvlies aandoeningen niet kunnen uitsluiten.
Onze hypothese was dat zowel Pals1 als Crb2 een rol zouden kunnen spelen in 

de ontwikkeling en het behoud van het netvlies. Om deze hypothese te testen hebben 
we Pals1 conditionele knockdown en Crb2 conditionele knockout muizen gemaakt 
en het netvlies fenotype van deze dieren geanalyseerd. Deze data, die beschreven 
worden in hoofdstuk 2, laten zien dat PALS1 zowel een belangrijke functie heeft 
in de neurale retina als in de retinale pigment epitheel cellen. Afname van PALS1 in 
deze weefsels leidt tot degeneratie van het netvlies en verlies van gezichtsvermogen.

In hoofdstuk 3 laten we zien dat speci�eke conditionele deletie van Crb2 in 
vroege netvlies progenitorcellen leidt tot disorganisatie in het netvlies tijdens de 
latere fases van de ontwikkeling van het netvlies. Dit leidt uiteindelijk tot ernstige en 
progressieve netvliesdegeneratie, en als gevolg daarvan verlies van zicht vergelijkbaar 
met retinitis pigmentosa tengevolge van mutaties in het CRB1 gen.

Al eerder was beschreven dat terugkruising van Crb1 knockout muizen van 
een gemengde naar een zuivere C57BL/6J achtergrond leidden tot een duidelijke 
onderdrukking van het morfologische fenotype, wat suggereert dat variaties in de 
genetische achtergrond de mate van het netvlies fenotype beïnvloeden. In hoofdstuk 
4 laten we zien dat het terugkruizen van Crb2 conditionele knockout muizen van 
een gemengde (50% 129/Ola and 50% C57BL/6J) naar een 99.9% C57BL/6J 
achtergrond niet leidt tot een onderdrukking van het ernstige morfologische fenotype.

Recentelijke studies laten zien dat CRB eiwitcomplexen in staat zijn om een 
aantal belangrijke signaleringsroutes te reguleren, zoals het mechanistic target 
of rapamycin complex 1 (mTORC1), Wingless (Wnt) en de Hippo route (zie 
hoofdstuk 1). We hebben gebruik gemaakt van microarray mRNA karakterisering 
in netvliesweefsel op de postnatale tijdspunten P0, P3, P6 en P10 om de moleculaire 
gebeurtenissen te ontrafelen die leiden tot het morfologische fenotype in de Crb2 
netvlies-speci�eke conditionele knockout op een 99.9% C57BL/6J achtergrond. 
Zoals beschreven in hoofdstuk 4 leidde het morfologische fenotype in het netvlies 
tot onze verrassing niet tot een signi�cante verandering in het transcriptoom tijdens 
de bestudeerde fases van netvliesontwikkeling. Dit zou voor een deel verklaard 
kunnen worden door het feit dat er genetisch mosaïcisme in de mutante netvliezen 
bestaat, waardoor deze netvliezen naast mutante cellen ook wildtype cellen bevatten 
doordat er in deze cellen onvoldoende expressie van Cre recombinase is geweest. Aan 
de andere kant zou het verlies van Crb2 voor een deel ook gecompenseerd kunnen 
worden door expressie van andere CRB eiwitten zoals CRB1 en/of CRB3.
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Alle tot nu toe uitgevoerde studies en observaties in het netvlies van volwassen 
muizen suggereren dat de CRB eiwitten een belangrijke functie in de Müller glia 
cellen dan wel de fotoreceptor cellen hebben. Om dit verder uit te zoeken hebben we 
bestudeerd wat het e�ect is van het speci�ek weghalen van CRB2 in Müller glia of in 
fotoreceptor cellen. Dit hebben we gedaan door twee verschillende benaderingen te 
gebruiken, namelijk met behulp van cel-speci�eke Cre muizenlijnen en door adeno 
geassocieerde virale vectoren (AAVs) die Cre, of shRNAs tegen Crb2, tot expressie 
brengen. De resultaten hiervan, die beschreven zijn in hoofdstuk 5, laten zien dat 
CRB2 essentiºle functies heeft in fotoreceptorcellen, maar dat CRB2 in Müller glia 
cellen geen unieke functie heeft.

Het lijkt erop dat CRB2 in het muizennetvlies een belangrijkere rol speelt in 
de ontwikkeling en het behoud van het netvlies dan CRB1, hoewel de data tevens 
suggereren dat er een mogelijke overlap tussen de functies van deze twee eiwitten is. 
Om deze hypothese te onderzoeken hebben we het fenotype van Crb1Crb2 dubbel 
knockout muizennetvliezen bestudeerd (hoofdstuk 6). Verlies van CRB1 en CRB2 
in progenitorcellen en gedi�erentieerde cellen in het netvlies  resulteerde in een dikker 
netvlies dat nog steeds alle verschillende celtypes bevatte, maar dat geen aparte laag 
van fotoreceptorcellen meer had.  Deze muizen vertonen verlies van netvliesfunctie 
vergelijkbaar met verlies van functie in patiºnten met Leber congenitale amaurosis 
door mutaties in CRB1. Verder bewijzen we dat CRB1 en CRB2 de grootte van 
het netvlies reguleren doordat deze eiwitten voorkomen dat er een overgroei is van 
late progenitorcellen tijdens de ontwikkeling van het netvlies, mogelijk door het 
reguleren van P120-catenin-Kaiso signalerings routes. 

Samenvattend hebben we in dit proefschrift het genereren en analyseren van 
fenotypes in het netvlies van een aantal mutante muizen voor verschillende CRB 
complex eiwitten beschreven, namelijk: Pals1 (hoofdstuk 2), Crb2 (hoofdstuk 
3, 4 en 5) en Crb1Crb2 dubbel mutante netvliezen (hoofdstuk 6). De kennis 
die we hebben verkregen door analyses van de fenotypes in deze netvliezen helpt 
ons om de functie van deze eiwitten in de ontwikkeling en het behoud van het 
netvlies beter te begrijpen. Mutaties in sommige van deze genen leiden tot humane 
netvliesaandoeningen, zoals het geval is bij mutaties in CRB1 die leiden tot Leber 
congenitale amaurosis en retinitis pigmentosa. Daarom zijn deze muismodellen niet 
alleen belangrijk om fundamentele vragen mee te beantwoorden, maar hebben ze ook 
preklinische waarde om netvliesdegeneratie te bestuderen en om nieuwe therapieºn 
te testen.
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SUPPLEMENTARY DATA

Chapter 3 - Removal of CRB2 from progenitor cells

Supplementary Figure I. Apical protein expression during retina development. 
Immunohistochemistry pi�ures from mouse retinae. Retina se�ions of the control (A, B, C, J, 
K, L, P and R) and of the Crb2Chx10 cKO (D, E, F, G, H, I, M, N, O, Q and S), at di�erent time 
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points: (A-I) � E11.5, (J-O) � E12.5, (P-S) � E17.5. Stained with antibodies against: CRB2 (A, D, G, J 
and M), MUPP1 (B, E, H, K and N), PALS1 (C, F and I), PATJ (L and O) and CRB1 (P-S). CRB2 is 
expressed apically in the neuroepithelial layer, of both control and knockout retinae, at E11.5 (A, D and 
G), and was almost absent in the knockout retina at E12.5 (M), however it was possible to dete� some 
signal, maybe due to cross rea�ivity of the antibody with others Crumbs proteins or due to remaining 
wild type cells in the mosaic retina. Staining with antibodies against others Crumbs complex members 
MUPP1 (B, E, H, K and N), PALS1 (C, F and I) and PATJ  (L and O) showed the presence of these 
proteins at the SAR of the neuroepithelial layer. PATJ stained not only the subapical region but also the 
cytoplasm of some cells, presumably mitotic cells located at the outer limiting membrane. Although 
CRB2 is removed from the subapical region in the knockout retinas, CRB1 still expressed in this region 
(P-S). Scale bars: (A-F, J-Q) 50 µm, (G-I, R and S) 25 µm.

Supplementary Figure II. Loss of CRB2 results in ectopic localization of apical 
proteins. Immunohistochemistry pictures from P3 mouse retinae. Retina sections of control (A-C) 
and of Crb2Chx10 cKO (D-F) were stained with antibodies against MUPP1 and PATJ (A and F). In 
the control retinas MUPP1 and PATJ are located at the subapical region. Moreover, PATJ positive 
cells are located at the apical region. In the Crb2Chx10 cKO, close to the periphery, we could detect 
rosettes and half-rosettes in the neuroepithelial layer, in which ectopic subapical region proteins, e.g. 
MUPP1 and PATJ (D-F) and misplaced PATJ positive cells were detected. No morphological changes 
were observed in the control retinae. NL, neuroepithelial layer; OLM, outer limiting membrane. Scale 
bars: 20 µm.
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Supplementary Figure IV. Loss of CRB2 results in retinal disorganization followed 
by degeneration. Toluidine stained light microscope pictures, of retina sections, from the control 
(A, C, E, G, I and K) and from the Crb2Chx10 cKO (B, D, F, H, J and L), at di�erent ages, (A and 
B) � P10, (C and D) � 1M, (E and F) � 3M, (G and H) � 6M, (I and J) � 12M, (K and L) � 18M. 
No abnormalities were observed in the control. At P10, high number of nuclei localized ectopically in 
the subretinal space, occasionally giant photoreceptors half-rosettes were observed (arrows) (B). At 1M, 
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a wavy pattern in the outer nuclear layer is observed, with photoreceptor cell nuclei in the subretinal 
space and gaps in the outer limiting membrane (D). At 3M (F) and 6M (H), we observed a reduction 
in the number of photoreceptor nuclei leading to a thinner outer nuclear layer, rows of photoreceptors 
cells protruded through the outer limiting membrane and protrusions of inner nuclear layer cells into 
the outer nuclear layer were observed (arrows). At 12M (J) and 18M (L), the entire retina was a�ected, 
almost no photoreceptor cell nuclei remained, occasionally retinal pigment epithelium cells protruded 
into the retina, and abnormal blood vessels and ghost structures were observed. Scale bar: 50 µm. GCL, 
ganglion cell layer; INL, inner nuclear layer; OLM, outer limiting membrane; ONL, outer nuclear 
layer; RPE, retinal pigment epithelium.
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Supplementary Figure V.  Loss of CRB2 a�ects lamination of cone photoreceptor cells 
and results in photoreceptor degeneration. Immunohistochemistry pictures from mouse retinae 
with ages comprehended between P10 and 3M. Retina sections of the control (A, E and G) and of the 
Crb2Chx10 cKO (B, C, D, F and H), at di�erent time points: (A-D) � P10, (E-H) � 3M were stained 
with antibodies against: M-Opsin (A-D), Cone Arrestin (Arrestin) (E and F), PNA and S-Opsin (G 
and H). At P10, some M-opsin positive cone photoreceptors were misplaced in the subretinal space, 
these cells showed abnormal morphology (B-D, arrows). At 3M of age, the photoreceptor layer of the 
Crb2Chx10 cKO retinae was reduced to few nuclei in a row (F and H).  �e cone photoreceptors can 
be visualized when stained with anti-cone arrestin (arrestin), anti-S-opsin and with peanut agglutinin 
(PNA). In the control, these stain mainly the segments of the photoreceptors, however in the knockout 
retinae, the cones are heavily a�ected, especially their segments, with ectopic localization of S-opsin in 
the cell bodies. No morphological changes were observed in the control retinae. GCL, ganglion cell 
layer; INL, inner nuclear layer; NL, neuroepithelial layer; OLM, outer limiting membrane; ONL, outer 
nuclear layer. Scale bars: 20 µm.

Chapter 3 - Removal of CRB2 from progenitor cells







C
ha

pt
er

 8

Supplementary data 237

Chapter 5 -  Removal of CRB2 from photoreceptor or Müller cells

Supplementary Figure I. Loss of CRB2 from photoreceptor cells results in severe 
retinal degeneration. Toluidine stained light microscope pictures, of retina sections, from the 
control (A, C, E) and from the Crb2Crx cKO (B, D, F), at di�erent ages, (A and B) � 1M, (C and 
D) � 3M, (E and F) � 5M. No abnormalities were observed in the control. At 1M, a wavy pattern in 
the outer nuclear layer was observed, with photoreceptor cell nuclei in the subretinal space and gaps in 
the outer limiting membrane. Protrusions of inner nuclear layer cells into the outer nuclear layer were 
also observed (arrows) (B). At 3M (D), we observed a reduction in the number of photoreceptor nuclei 
leading to a thinner outer nuclear layer. Rows of photoreceptors cells protruded through the outer 
limiting membrane were also detected. At 5M (F) very few photoreceptor cell nuclei remained, in some 
areas also the retinal pigment epithelium was disrupted. GCL, ganglion cell layer; INL, inner nuclear 
layer; OLM, outer limiting membrane; ONL, outer nuclear layer; RPE, retinal pigment epithelium. 
Scale bar: 50 µm.
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Supplementary Figure II. Lack of CRB2 in photoreceptor cells results in gliosis and 
microglia activation. Immunohistochemistry pictures from 3-months-old Crb2Crx-Cre mouse 
retinae. Sections were stained with antibodies against: SOX9 and glutamine synthetase (GS) (A, B), 
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glial �brillary acidic protein (GFAP) (C, D), CD45 (E, F), CD11b (G, H). In the mutant retinas 
several Müller glia nuclei were misplaced in the outer nuclear layer (arrowheads) (B). Disruptions in 
the apical end feet of the Müller glia cells were also observed (B). �e mutant retinas showed activated 
Müller glia cells, detected by an increase in the GFAP staining, mainly in areas with photoreceptors 
protrusions (arrowheads) (D). An increase in activated microglia cells in the outer nuclear layer, stained 
with anti-CD45 and anti-CD11b, was detected (F and H). No morphological changes were observed 
in the control retinae. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. 
Scale bars: 30 µm.
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Supplementary Figure IV. Loss of CRB2 from photoreceptor cells results in retinal 
disorganization. Toluidine stained light microscope pictures, of retina sections, from the control 
(A, C, E, G, I) and from the Crb2Crx cKO (B, D, F, H, J), at di�erent ages, (A and B) � E15.5, (C 
and D) � E18.5, (E and F) � P3, (G and H) � P6, (I and J) � P10. No abnormalities were observed 
in the control. At E15.5 we observed the �rst morphological alteration in the mutant retinas with 
sporadic rosettes in the neuroepithelial layer at the periphery of the retina (arrowhead) (B). At E18.5 
the phenotype become more obvious with disruption of the outer limiting membrane and rosettes 
formation at the periphery (arrowhead) (D), in the proximity of rosettes was possible to observe inner 
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retinal cells misplaced adjacent to the retinal pigment epithelium (arrows) (D). At P3, disruption of 
the outer limiting membrane and photoreceptor cell rosettes were found in the periphery of the retina 
(arrowhead) (F). Another type of rosette formed with cells that morphologically resemble inner retinal 
cells were also observed in the top of the outer limiting membrane just adjacent to the retinal pigment 
epithelium (arrow) (F). At P6, we observed similar abnormalities as in P3, however at this time point we 
also detected single or small cluster of ectopic photoreceptor nuclei in the subretinal space throughout 
the entire retina (arrowheads) (H). At P10 (J), a high number of disruptions in the outer limiting 
membrane and photoreceptor nuclei localized ectopically in the subretinal space. Moreover, in some 
areas was possible to observe several photoreceptor (half-)rosettes (arrowhead) and rosettes composed 
by inner retinal cells (arrow) (J). GCL, ganglion cell layer; INL, inner nuclear layer; NL, neuroepithelial 
layer; OLM, outer limiting membrane; ONL, outer nuclear layer; RPE, retinal pigment epithelium. 
Scale bar: 50 µm.
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Supplementary Figure VI. Design and selection of shRNA constructs against Crb2. 
(A) Schematic representation of the �ve di�erent shRNAs targeting di�erent exons of Crb2 fused 

with EGFP (Crb2_EGFP). (B) Immunoblot analysis with anti-GFP. �e empty pSUPER (lane 7) 

and pSUPER-GFP shRNA (lane 6) vector were used as a control. �e �ve di�erent pSUPER�Crb2 

shRNA constructs were co-transfected in HEK293T cells with GFP-tagged Crb2, in order to test the 

knockdown e�ciency. Five days after transient transfection, cells were lysed and protein levels were 

evaluated by western blotting. (C) Knockdown e�ciency of shRNAs directed against di�erent exons 

of Crb2 and GFP shRNA against pSuper_EGFP. Values are represented as mean – Standard deviation 

(SD). 
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Supplementary Figure VII. Müller glia cells target knockdown of Crb2 did not a�ect 
adult retina structure. Immunohistochemistry pictures of the Crb2F/F retinas treated at 4 weeks of 

age with AAV2/shH10Y CMV-GFP (control) (A) and AAV2/shH10Y CMV-CRE-GFP (B) and of wild 

type (BL/6J) retinas treated with AAV2/sH10Y CMV-GFP-H1-shMpp4 (control) (C) or with AAV2/

sH10Y CMV-GFP-H1-shCrb2 (D) and terminated at 7 weeks of age. AAV2/shH10Y drives CMV-

GFP expression mainly in the Müller glia cells (A-D). Expression of Cre (B and B�) or shCrb2 (C and 

C�) in Müller glia cells did not resulted in a decrease of CRB2 staining. GCL, ganglion cell layer; INL, 

inner nuclear layer; OLM, outer limiting membrane; ONL, outer nuclear layer; RPE, retinal pigment 

epithelium. Scale bars: 20 µm.
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Chapter 6 - Removal of CRB1 and CRB2 from retinal progenitors

Supplementary Figure I. Retinal activity in Crb1Crb2 mutant retinas is severely 
impaired. (A-C) Single-�ash electroretinogram age series in double heterozygote Crb1+/-Crb2F/+ cKO 
(blue), Crb1+/-Crb2 cKO (purple) and Crb1Crb2 cKO mice (red) at 1M (A), 3M (B) and 6M (C). 
Scotopic b-wave amplitudes were plotted as a function of the logarithm of the �ash intensity. Boxes 
indicate the 25% and 75% quantile range, whiskers indicate the 5% and 95% quantiles, and solid 
lines connect the medians of the data. In a�ected Crb1+/-Crb2 cKO and Crb1Crb2 cKO mice, the 
b-wave amplitude was already considerably reduced at the age of 1M under both scotopic and photopic 
conditions, and declined even at 3M and 6M to a �at electroretinogram.




































