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 The Family of Crumbs Genes and Human 
Disease 

 Anne M. Slavotinek  

 Department of Pediatrics, UCSF School of Medicine, University of California San Francisco,  San Francisco, Calif. , USA

 

 The Crumbs family of transmembrane cell-cell adhe-
sion proteins share a highly conserved structure with a 
large extracellular region containing epidermal growth 
factor (EGF)-like domains and laminin G-like motifs that 
is linked to a short intracellular tail containing a 4.1/ez-
rin/radixin/moesin (FERM)-binding domain and a PSD-
95/Discs large/ZO-1 (PDZ)-binding domain containing 
a carboxy-terminal, 4 amino-acid ERLI motif [Omori and 
Malicki, 2006; Thompson et al., 2013; Zou et al., 2013]. In 
 Drosophila melanogaster , the PDZ-binding motif from 
the Crb proteins can recruit a plasma membrane-associ-
ated protein scaffold comprising Stardust, DPatJ and 
DLin7 or Par6, and an atypical protein kinase C to form 
the Crumbs complex [Pocha and Knust, 2013; Thompson 
et al., 2013].  Crb  is expressed in ectoderm and on the sub-
apical membranes of epithelial cells, and aberrant  Crb  
function disrupts the organization of epithelia derived 
from ectoderm during organogenesis and the mainte-
nance of epithelial cell polarity. Studies in  D. melanogas-
ter  and  Danio rerio  showed that the Crumbs complex can 
also regulate cellular signaling pathways, such as Notch1, 
mechanistic target of rapamycin complex 1, and the Hip-
po pathway. In  Drosophila , the intracellular FERM-bind-
ing domain also binds an upstream regulator of the Hip-
po pathway, and the loss of  Crb  inhibits apical Hippo-
Warts signaling, preventing inhibition of Yorkie, a 
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 Abstract 

 The family of vertebrate Crumbs proteins, homologous to 
 Drosophila  Crumbs (Crb), share large extracellular domains 
with epidermal growth factor-like repeats and laminin-glob-
ular domains, a single transmembrane domain, and a short 
intracellular C-terminus containing a single membrane prox-
imal 4.1/ezrin/radixin/moesin-binding domain and PSD-95/
Discs large/ZO-1-binding motifs. There are 3 Crb genes in 
humans – Crumbs homolog-1  (CRB1) , Crumbs homolog-2 
 (CRB2) , and Crumbs homolog-3  (CRB3) . Bilallelic loss-of-func-
tion mutations in  CRB1  cause visual impairment, with Leber’s 
congenital amaurosis and retinitis pigmentosa, whereas 
 CRB2  mutations are associated with raised maternal serum 
and amniotic fluid alpha feto-protein levels, ventriculomeg-
aly/hydrocephalus, and renal disease, ranging from focal 
segmental glomerulosclerosis to congenital Finnish nephro-
sis.  CRB3  has not yet been associated with human disease. In 
this review, we summarize the phenotypic findings associ-
ated with deleterious sequence variants in  CRB1  and  CRB2 . 
We discuss the mutational spectrum, animal models of loss 
of function for both genes and speculate on the likely mech-
anisms of disease.  © 2016 S. Karger AG, Basel 

 Accepted: May 19, 2016 
 by M. Schmid 
 Published online: August 18, 2016 

 Anne M. Slavotinek 
 Department of Pediatrics, UCSF School of Medicine 
 Room 384, Rock Hall 1550 4th Street 
 San Francisco, CA 94158 (USA) 
 E-Mail slavotia   @   ucsf.edu 

 © 2016 S. Karger AG, Basel
1661–8769/16/0075–0274$39.50/0 

 www.karger.com/msy 



 Crumbs Complex Genes  Mol Syndromol 2016;7:274–281 
DOI: 10.1159/000448109

275

transcriptional activator that promotes growth [Thomp-
son et al., 2013]. Humans have 3 Crumbs genes –  CRB1 , 
 CRB2 , and  CRB3 . Biallelic deleterious sequence variants 
in  CRB2  inherited in an autosomal recessive (AR) pattern 
have recently been associated with a pleiotrophic, but 
variable condition, termed CRB2-related syndrome, 
comprising a phenotypic triad of elevated alpha feto-pro-
tein levels, cerebral ventriculomegaly, and renal findings 
consistent with congenital Finnish nephrosis. In contrast, 
bilallelic mutations in  CRB1  that are inherited in an AR 
pattern have long been associated with Leber’s congenital 
amaurosis (LCA) and retinitis pigmentosa (RP), whereas 
as yet there is no known human disease associated with 
deleterious variants in  CRB3 . In this review, we summa-
rize the clinical findings, variants, and mechanisms asso-
ciated with pathogenic variants in  CRB1  and  CRB2 .

   CRB1  

 Clinical Phenotype 
 The clinical findings associated with retinal dystro-

phies caused by deleterious sequence variants in  CRB1  
range from congenital blindness, with LCA, to early-on-
set rod-cone dystrophy and AR RP [Pellissier et al., 2015]. 
Mutations in  CRB1  account for 10–15% of all patients 
with LCA [den Hollander et al., 2004, 2008; Bujakowska 
et al., 2012] and as many as 6.5% of all patients with AR 
RP [Bernal et al., 2003; den Hollander et al., 2004; Valles-
pin et al., 2007; Bujakowska et al., 2012]. Visual acuities 
have ranged from an ability to perceive light, to 20/25 vi-
sion. Investigations have revealed undetectable rod elec-
troretinograms (ERGs), in contrast to reduced cone sig-
nals. Optical coherence tomography has shown small fo-
veal islands of thinned outer nuclear layer surrounded by 
thick delaminated retinae with intraretinal hyperreflec-
tive lesions [Aleman et al., 2011]. Magnetic resonance im-
aging scanning of the orbits has been noteworthy for 
structurally normal optic nerves and subtle changes to oc-
cipital lobe white and gray matter [Aleman et al., 2011].

   CRB1  variants have also been found in an estimated 
74.1% of individuals with preservation of the para-arteri-
olar retinal pigment epithelium and an estimated 53.3% 
of individuals with retinal telangiectasia with exudation 
(also referred to as Coats-like vasculopathy) [Bujakowska 
et al., 2012]. Other ocular findings associated with patho-
genic  CRB1  variants include macular atrophy, pigmented 
paravenous chorioretinal atrophy, and a predisposition 
to keratoconus and nanophthalmos [den Hollander et
al., 2004; McMahon et al., 2009; Henderson et al., 2010; 

Zenteno et al., 2011; Bujakowska et al., 2012; Pellissier et 
al., 2015].  CRB1  mutations may also be a rare cause of 
cystoid macular edema, a condition that has responded 
favorably to topical carbonic anhydrase inhibitors [Tsang 
et al., 2014; Wolfson et al., 2015].

  Therapy for the retinal disease caused by  CRB1  vari-
ants has been attempted in the mouse [Pellissier et al., 
2015]. Unexpectedly, targeting a single cell type or com-
bination of cell types using a  CRB1  gene therapy vector in 
a Crb-1 RP mouse model at mid-stage disease reduced, 
rather than improved, retinal function. In ciliary epithe-
lium with loss of  Crb1  function, ectopic expression of hu-
man CRB1 transmembrane protein also caused tissue de-
generation and invasion of immune cells [Pellissier et al., 
2014]. However, targeting both Müller glial cells and pho-
toreceptors with  CRB2  ameliorated retinal function and 
structure in the  Crb1  RP mouse model [Pellissier et al., 
2015]. In human retinopathy caused by  CRB1  mutations, 
targeting photoreceptors with low levels of endogenous 
 CRB2  with recombinant  CRB2  to elevate endogenous lev-
els may prove to be effective in preventing retinal degen-
eration [Pellissier et al., 2015].

  Molecular Genetics 
 C RB1  comprises 12 exons and exhibits alternative 

splicing at the 3 ′  end to yield 2 proteins of 1,376 and 1,406 
amino acids containing 19 EGF-like domains, 3 laminin 
A globular-like domains, and a signal peptide sequence. 
The longer isoform contains a transmembrane domain 
and a cytoplasmic domain that includes a conserved 
membrane proximal FERM-binding domain and a PDZ-
binding motif, which enable CRB1 to participate in the 
formation of adherens junction and link to the actin cy-
toskeleton [Gosens et al., 2008; Pocha and Knust, 2013].

  More than 150 disease-associated variants in  CRB1  
have been described in 240 patients [Bujakowska et al., 
2012; Wolfson et al., 2015]. However, despite the wealth 
of data, no clear phenotype-genotype correlation has 
emerged [Pellissier et al., 2015]. The most frequently oc-
curring mutation is p.Cys948Tyr in exon 9, which has 
been found in 96 reported alleles and accounts for 24% of 
 CRB1  mutations [Bujakowska et al., 2012]. As the major-
ity of mutations are in exons 7 (27%) and 9 (41%) that 
encode the second and third laminin A globular-like do-
mains, respectively, these domains are considered par-
ticularly relevant to  CRB1  function, and it has been sug-
gested that these exons should be the first to be screened 
for variants [Bujakowska et al., 2012]. Although the mu-
tational spectrum is broad, with missense, frameshift, 
nonsense, and splice site variants, single amino acid sub-
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stitutions account for 66% of reported variants [Buja-
kowska et al., 2012]. An estimated 30% of the cases have 
only 1 detected  CRB1  variant, so that intronic sequence 
variants, digenic or triallelic inheritance, and/or genetic 
modifiers have been hypothesized to be important in 
these cases [Bujakowska et al., 2012]. However, cosegre-
gation analysis performed to date does not support di-
genic inheritance [Vallespin et al., 2007; Bujakowska et 
al., 2012].

  Expression and Animal Models 
  CRB1  expression is strongest in the human retina and 

brain and has been demonstrated in Müller glia cells and 
cone and rod photoreceptors [Pellissier et al., 2015]. In 
the developing murine eye,  Crb1  expression is detectable 
from E11.5 in the retinal anlage and labels the developing 
iris and proliferative retinoblasts up to E16.5 [den Hol-
lander et al., 2002]. In early postnatal stages and in the 
adult eye,  Crb1  is present in the apical membranes of the 
retinal epithelial cells, in Müller cells, and in the outer 
limiting membrane of the inner segments of photorecep-
tors [den Hollander et al., 2002].  Crb1  transcripts are also 
detected in the central nervous system from E10.5, with 
expression predominantly in the ventral part of the neu-
ral tube, including the ventral spinal cord, the ventral part 
of the mesencephalon (tegmentum), the mammillary and 
the hypothalamic regions [den Hollander et al., 2002]. In 
the adult murine brain,  Crb1  expression is confined to 
areas of neuronal production and migration [den Hol-
lander et al., 2002].

  In mice,  Crb1  maintains adherens junctions between 
photoreceptors and Müller glia cells [Pellissier et al., 
2014]. Knockout  Crb1  –/– , knockin  Crb1  C249W/– , and natu-
rally occurring  Crb1  rd8/rd8  mice show mild retinal disor-
ganization that is particularly marked in the inferior reti-
nal quadrant [van de Pavert et al., 2007; Pellissier et al., 
2014]. Mouse models of  Crb1  loss of function together 
with models of  Crb2  and  Pals1  loss of function also dis-
play some of the phenotypic features associated with
human  CRB1  variants, including focal laminar disor-
gani zation, pseudorosette formation, photoreceptor de-
generation, and functional impairment in the electro-
retinogram [Alves et al., 2013, 2014; Kim et al., 2015]. 
These findings are in accordance with clinical features of 
the patients carrying  CRB1  mutations, whose retinae 
demonstrate thickening with an altered laminar organi-
zation, coarse outer and inner zones, and a thick surface 
layer around the optic nerve that, in combination, resem-
bles a normal retina at a less mature stage of development 
[Jacobson et al., 2003].

  Mechanism 
 Crb1 shares the same structure as other Crb proteins, 

with a large extracellular region composed of EGF-like 
and laminin A/G-like domains and a short, but essential 
intracellular domain that contains a FERM-binding motif 
for interaction with EPB4.1L5 and an extreme C-terminal 
PDZ-binding motif responsible for its critical interaction 
with the PDZ domain of protein associated with lin-seven 
1 (Pals1) [Kim et al., 2015]. Crb complexes are formed 
from Crb and the cytoplasmic proteins, PALS1 (also 
known as membrane protein palmitoylated 5, or MPP5), 
and PALS1-associated tight junction protein, or multi-
PDZ domain protein 1 [Alves et al, 2014]. The Crb com-
plex proteins localize at the apical side of the epithelium 
that forms the adhesive belt formed between photorecep-
tor cells and Müller glia located in the outer limiting 
membrane of the retina [Kim et al., 2015]. At this mem-
brane, retinal cells are connected by adherens junctions 
that separate the apical portion of the plasma membrane 
from the basolateral domain [Alves et al., 2014]. The as-
sociation of eye defects with loss of  CRB1  function is sup-
ported by studies that show that ablation of  Cbr1  and 
 Crb2  in the murine retina leads to defects in lamination 
and proliferation of retinal progenitor cells that is similar 
to LCA, with dysregulation of the Notch1 and YAP/Hip-
po signaling pathways involved in cell proliferation [Po-
cha and Knust, 2013]. The Crb and partitioning-defective 
complexes act as cell polarity regulators and reside api-
cally to the adherens junctions [Alves et al., 2014]. Muta-
tions or changes in the expression of the components of 
this complex alter polarity and adhesion in the retinal ep-
ithelium, such that dividing cells detach from the apical 
lamina [Alves et al., 2014]. Disruption to the spatiotem-
poral aspects of retinogenesis subsequently results in ret-
inal thinning and degeneration, causing mild to severe 
impairment of retinal function and vision [Alves et al., 
2014].

   CRB2  

 Clinical Phenotype 
 Biallelic mutations in  CRB2  cause CRB2-related syn-

drome that is characterized by the phenotypic triad
of greatly elevated maternal serum alpha-fetoprotein 
(MSAFP) and amniotic fluid alpha-fetoprotein levels, ce-
rebral ventriculomegaly and cystic renal disease with his-
topathological findings resembling congenital Finnish 
nephrosis [Slavotinek et al., 2015; Jaron et al., 2016; 
Lamont et al., 2016]. Thirteen individuals have been re-
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ported with this phenotype to date ( table 1 ) [Slavotinek 
et al., 2015; Jaron et al, 2016; Lamont et al., 2016]. Al-
though initially ascertained due to raised MSAFP and re-
nal disease, hydrocephalus or ventriculomegaly has been 
present in 11/13 (85%) individuals. Aqueductal stenosis 
was noted in 5/13 (38%), gray matter heterotopias in 3/13 
(23%), and abnormalities of the corpus callosum, includ-
ing thinning of this tract, in 2/13 (15%) ( table 1 ). Seizures 
were manifest in 2 individuals, although 1 of these pa-
tients had only 1 seizure by report, type unknown [Jaron 
et al., 2106].

  Involvement of the kidneys was demonstrated by renal 
echogenicity in 6/13 (46%), macro- or microcysts in 4/13 
(31%), histopathological changes consistent with Finnish 
nephrosis in 3/13 (23%), and hydro-ureteronephrosis in 
2/13 (15%) patients. Cardiac manifestations have been 
less common, with single occurrences of ventricular sep-
tal defect, an atrial septal defect in a child with Scimitar 
syndrome and a patent ductus arteriosus that required 
surgical repair ( table 1 ). Other findings have included the 
development of B-cell lymphoma at 3 years of age and 
right lung hypoplasia ( table 1 ) [Jaron et al., 2016; Lamont 
et al., 2016].

  In view of the ocular findings associated with  CRB1  
mutations, retinal changes have been actively sought in 

patients with CRB2-related syndrome. To date, only one 
individual has demonstrated retinal abnormalities and a 
defect in the outer retinal laminae at the foveal site; re-
duced visual acuity, nystagmus, and irregular retinal pig-
mentation were observed in a female at 7 months of life 
[Lamont et al., 2016]. Several others with biallelic  CRB2 
 mutations have had optic atrophy or a ‘faded’ optic nerve, 
although only the mother’s history, rather than the med-
ical records, was available for one of these children 
[Lamont et al., 2016].

  Dysmorphic features have not frequently been de-
scribed, but one individual had a broad forehead, low-set 
ears, retrognathia, widely spaced nipples, a bilateral single 
transverse crease and broad thumbs at birth, and frontal 
bossing, a high palate and broad first toes at 3 years and 
8 months of age [Jaron et al., 2016]. His sib had right oc-
cipital plagiocephaly, a low-set left ear, depressed nasal 
bridge, a high and narrow palate, a mildly shield-shaped 
chest with widely spaced nipples, and a broad hallux at
2 years and 4 months of age [Jaron et al., 2016].

  The prognosis in CRB2-related syndrome was initially 
thought to be poor, with no survival reported beyond
7 months of age from the first report of 6 affected indi-
viduals [Slavotinek et al., 2015]. However, the outcome 
has since been recognized as more variable and normal 
cognition and health have subsequently been reported in 
2 individuals of 6 and 7 years of age, with both having 
ventriculo-peritoneal shunts inserted for treatment of a 
hydrocephalus at an early age [Jaron et al., 2016; Lamont 
et al., 2016]. It is unclear if there will prove to be a pheno-
type-genotype correlation associated with the prognosis.

  Missense variants in  CRB2  have also been associated 
with steroid resistant nephrotic syndrome with an under-
lying renal pathology of focal segmental glomerulosclero-
sis (FSGS) in 4 individuals who were not known to have 
any cerebral manifestations or other extrarenal findings 
[Ebarasi et al., 2015]. Furthermore, 3 out of 4 patients 
with isolated FSGS had missense substitutions in the 10th 
EGF domain [Jaron et al., 2016], and one patient with 
FSGS was a compound heterozygote for a missense muta-
tion in an EGF-like domain and for a frameshift mutation 
previously observed in CRB2-related syndrome [Lamont 
et al., 2016].  CRB2  has also been resequenced for muta-
tions in 85 patients with RP and 79 patients with LCA, 
and 11 missense substitutions were detected, but no pa-
tient had 2 mutations compatible with AR inheritance of 
 CRB2  variants as a cause for their disease [van den Hurk 
et al., 2005].

  CRB2-related syndrome should be suspected on find-
ing significantly raised MSAFP and amniotic fluid alpha-

Table 1.  Clinical findings in patients with CRB2-related syndrome

Slavotinek 
et al. [2015]
(n = 6)

Lamont 
et al. [2016]
(n = 5)

Jaron et al.  
[2016]
(n = 2)

Total (%)
(n = 13)

Central nervous system
Ventriculomegaly 4/6 5/5 2/2 11/13 (85)
Aqueductal stenosis 3/5 2/2 5/13 (38)
Gray matter heterotopias 1/6 2/5 3/13 (23)
Abnormal corpus callosum 2/2 2/13 (15)
Cerebellar hypoplasia 1/6 1/5 1/13 (8)
Quadrigeminal cyst 1/5 1/13 (8)
Seizures 1/5 1/2 2/13 (15)

Cardiac
Ventricular septal defect 1/6 1/2 2/13 (15)
Atrial septal defect 1/5 1/13 (8)
Patent ductus arteriosus 1/2 1/13 (8)
Pericardial effusion 1/6 1/5 2/13 (15)
Scimitar syndrome 1/5 1/13 (8)

Renal
Renal echogenicity 2/6 4/5 + 6/13 (46)
Micro- or macrocysts 3/6 1/5 4/13 (31)
Ureterohydronephrosis 2/2 2/13 (15)
‘Finnish nephrosis’ 1/6 2/5 3/13 (23)

Eye
Abnormal retinae 1/5 1/13 (8)
Abnormal optic nerve/disc 2/5 1/2 3/13 (23)

Other
Uterus didelphys 1/5 1/13 (8)
B-cell lymphoma 1/5 1/13 (8)
Right lung hypoplasia 1/2 1/13 (8)
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fetoprotein levels in the second trimester of pregnancy, 
together with cerebral ventriculomegaly and renal find-
ings suggestive of nephrosis. Management has been sup-
portive and investigations for features of ciliopathy have 
been recommended [Jaron et al., 2016], although the one 
individual in whom a cilia biopsy was examined proved 
to have normal cilial function.

  Mutations and Molecular Genetics 
 In all cases of CRB2-related syndrome, compound het-

erozygosity or homozygosity for sequence variants pre-
dicted to affect the function of  CRB2  were demonstrated 
( table 2 ) [Slavotinek et al., 2015; Jaron et al., 2016; Lamont 
et al., 2016]. The sequence variants were hypothesized to 
act by loss of function based on nonsense and frameshift 
mutations and biallelic inheritance.  CRB2  is located at 
chromosome 9q33.3 and contains 13 exons that encode a 
1,285 amino acid transmembrane protein. Alternative 
splicing of the gene results in 2 isoforms, with isoform 1, 
a putative type I transmembrane protein of 1,285 amino 
acids, and isoform 2, a secreted protein of 1,176 amino 
acids; most interest has so far been devoted to the isoform 
encoding the transmembrane protein, which shares 
24.4% sequence identity with human CRB1.

  Several recurrent mutations have been described, in-
cluding p.Asn800Lys (p.N800K), a missense mutation 
that has been reported with Ashkenazi Jewish ethnicity 
[Slavotinek et al., 2015; Jaron et al., 2016]. This sequence 
variation was found in 2/128 Ashkenazi Jewish control 

genomes from a recent study [Carmi et al., 2014], result-
ing in a carrier frequency of 1 in 64 [Jaron et al., 2016].
It has been suggested that testing for  CRB2  mutations 
should commence with p.Asn800Lys in this population. 
Interestingly, as yet there are no described p.Asn800Lys 
homozygotes, raising speculation that this event may ei-
ther be lethal or cause a milder phenotype that remains 
undiagnosed [Jaron et al., 2016]. Other recurrent muta-
tions include the missense variant, p.(Glu643Ala), and
a 16-bp insertion causing a duplication of a 16-bp seg-
ment, c.3105_2106insGGCCCGGCGCGGCCCC, result-
ing p.(Gly1036Ala fs  * 42) ( table 2 ). Finally, it is also pos-
sible that biallelic nonsense mutations in  CRB2  will be 
lethal in the embryonic period in humans, similar to the 
early mortality observed in the  Crb2  knockout mouse 
[Xiao et al., 2011].

  Human CRB2 contains 15 extracellular EGF-like do-
mains and 3 extracellular laminin G-like domains, with a 
similar domain structure to CRB1 ( fig. 1 ). Modeling of 
Crb in  D. melanogaster  has shown that the majority of the 
protein is extracellular, with a short cytoplasmic segment 
containing the PDZ-binding domains that interacts with 
PALS1/MPP5 ( fig. 2 ). To date, almost all of the mutations 
associated with CRB2-related syndrome have occurred in 
the extracellular domain of the protein ( table 2 ) and fre-
quently involved cysteine residues that alter disulfide 
bridge formation or charged amino acids required for 
protein domain interactions [Lamont et al., 2016]. Indi-
viduals with CRB2-related syndrome have also been 

Table 2.  Reported variants in CRB2

Genomic position Nucleotide alteration Amino acid 
alteration

ExAC browsera Recurrent 
variant

Phenotype Func-
tional 
study

chr9: g.126132826G>T c.[1494G>T] p.(Trp498Cys) 90/120,792 no CRB2-related syndrome no
chr9: g.126133191G>C c.[1859G>C] p.(Cys620Ser) not present no SRNS yes
chr9: g.126133214C>T c.[1882C>T] p.(Arg628Cys) 2/119,188 no SRNS no
chr9: g.126133218G>C c.[1886G>C] p.(Cys629Ser) not present no SRNS yes
chr9: g.126133229C>T c.[1897C>T] p.(Arg633Trp) not present no CRB2-related syndrome no
chr9: g.126133349A>C c.[1928A>C] p.(Glu643Ala) 5/117,750 no CRB2-related syndrome no
chr9: g.126133697G>A c.[2277G>A] p.(Trp759*) 2/118,572 no CRB2-related syndrome no
chr9: g.126133821C>G c.[2400C>G] p.(Asn800Lys) 17/118,106 yes CRB2-related syndrome no
chr9: g.126135914_126135915
insCCGGCGCGGCCCCGGC

c.[3108_3109ins
CCGGCGCGGCCCCGGC]

p.(Gly1036Alafs*42) not present yes CRB2-related syndrome/
SRNS

no

chr9: g.126136037A>C c.[3227A>C] p.(Asp1076Ala) not present no CRB2-related syndrome no
chr9: g.126136101_126136102delCT c.[3291_3292delCT] p.(Cys1098Serfs*53) not present no CRB2-related syndrome no
chr9: g.126136153C>T c.[3343C>T] p.(Arg1115Cys) not present no CRB2-related syndrome no
chr9: g.126136196G>C c.[3386G>C] p.(Cys1129Ser) not present no CRB2-related syndrome no
chr9: g.126139229G>A c.[3746G>A] p.(Arg1249Gln) 111/82,212 no SRNS no

 All variant nomenclature used hg19 as the reference sequence. Reported variants after Slavotinek et al. [2015]. a ExAC browser: http://exac.broadinsti-
tute.org/. SRNS = Steroid resistant nephrotic syndrome.
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shown to have heterozygous variants in ciliopathy genes 
and genes for nephrosis, including  NPHS1 ,  BBS7 , and 
 BBS12 , suggesting that modifying alleles or genetic bur-
den may contribute to clinical variability. Phenotypic 
variability in CRB2-related syndrome may also result 
from digenic or triallelic inheritance as described below 
[Jaron et al., 2016; Lamont et al., 2016], similar to other 
ciliopathies.

  Expression and Animal Models 
  CRB2  is expressed in human fetal retinal pigment epi-

thelium, choroid and human adult brain and kidney, with 
weaker expression in the heart, placenta, and lung [van 
den Hurk et al., 2005]. Conditional null mice lacking  Crb2  
in the developing retina show severe progressive thinning 
and degeneration of the photoreceptor layer, abnormal 
lamination of immature rod photoreceptors, and disrup-
tion of the adherens junctions between retinal photore-
ceptors and Müller glia cells [Alves et al., 2013]. Complete 
loss of  Crb2  in mice leads to fatal developmental anoma-
lies that begin at gastrulation, with defective head folding, 
heart tube looping, foregut invagination, and somite de-
velopment [Xiao et al., 2011]. In the developing brain, 
conditional ablation of  Crb2  in the murine dorsal telen-
cephalon leads to defects in the maintenance of apical po-
larity and cortical abnormalities [Dudok et al., 2016].

  In zebrafish, there are 2  CRB2  orthologues,  crb2a  and 
 crb2b. crb2a  is transcribed in the optic vesicle and undif-
ferentiated retinal neuroepithelium and has overlapping 

Signal peptide

EGF-like domain

Laminin G domain

Transmembrane domain

FERM-binding domain

PDZ-binding domain

1 500250 750 1000 1250

Arg633
Glu643

Asn800
Arg1249

Cys1129
Arg1115

Cys1098

Asp1076
Gly1036Trp759

Trp498

Cys629
Arg628
Cys620

  Fig. 1.  Schematic drawing of mutation po-
sition in CRB2, showing that the majority 
of mutations affect the extracellular do-
main. 

Apical
×8

Basal

<<

×19

EGF-like domain
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Sdt

Lin-7
PATJ

Subapical region

  Fig. 2.  Schematic drawing of Crb in  D. melanogaster , showing the 
position of the protein at the subapical region of the plasma mem-
brane (marked in orange). The protein contains a large extracel-
lular portion with numerous EGF-like domains (×19 and ×8 refer 
to repetitions of this repeat) and laminin G domains and a short 
intracellular portion that interacts with Sdt, Lin-7 and PATJ to 
form the Crumbs complex (after figs. 1 and 2B from Bulgakova and 
Knust, 2009). 
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expression with  crb1  expression in the undifferentiated 
neural tube epithelium, suggesting functional redundan-
cy [Zou et al., 2013].  crb2b  expression is restricted to the 
ventral-most regions of the anterior central nervous sys-
tem [Zou et al., 2013]. The expression of  crb1 ,  crb2a , and 
 crb2b  follows a spatial-temporal distribution from ante-
rior to posterior and from ventral to dorsal in the embryo 
that lags behind the expression of other adherens junc-
tion components.  crb2b  is also expressed in the proneph-
ric glomerulus from 48 until 96 h after fertilization, and 
zebrafish injected with antisense morpholinos targeting 
this gene have compromised glomerular permeability 
with renal cysts and cardiac edema [Ebarasi et al., 2015]. 
Zebrafish that were homozygous for a stable loss-of-func-
tion mutation in  crb2b  showed abnormal glomerular his-
tology, with an expanded Bowman’s space, absence of the 
foot processes and compromised size selectivity in the 
glomerular filtration barrier that was similar to, but mild-
er than the phenotype seen with loss of nephrin [Ebarasi 
et al., 2015].

  Mechanism 
 It is unclear if the same mechanism underlying the re-

nal defects associated with  CRB2  loss of function is also 
responsible for the cerebral malformations. The extracel-
lular domain of Crb is important for stabilizing the pro-
tein at the plasma membrane and in the zebrafish retinae, 
the extracellular domains of the 2 paralogous genes,  crb2a  
and  crb2b , form hetero- and homodimers [Thompson et 
al., 2013]. The Crb proteins directly mediate cell-cell ad-
hesion through these extracellular domains [Thompson 
et al., 2013]. The extracellular domain is also important 
for the regulation of Notch signaling, as Crb can mask 
Notch from interactions with activating ligands [Thomp-
son et al., 2013]. In zebrafish, simultaneous knockdown 
of  crb1 ,  crb2a , and  crb2b  results in severe polarization de-
fects of the apicobasal neuroepithelium [Zou et al., 2013]. 
Conditional ablation of  Crb2  in dorsal telencephalon of 
the mouse also disrupts the Crb and partioning-defective 
apical polarity protein complexes [Dudok et al., 2016].

  The above functions suggest several possible mecha-
nisms for the hydrocephalus and retinal defects in CRB2-
related syndrome. As the variants causing CRB2-related 
syndrome affect the extracellular domain, it is possible 
that the clinical findings are related to disrupted cell-cell 
adhesion because of altered dimerization of the extracel-
lular domains. Disruption to planar polarity and compro-
mised ciliogenesis and ciliary function can also cause se-
vere hydrocephalus [Al-Dosari et al., 2013; Narita and 
Takeda, 2015], and thus altered cell polarity and pertur-

bation of ciliary function may also be relevant. However, 
in  D. rerio , antisense morpholinos targeting  crb2b  did not 
disturb the overall polarity of podocytes [Ebarasi et al., 
2009]. Finally, the hydrocephalus could result from aber-
rant signaling through the Notch or Hippo pathways. The 
similarities between the renal pathophysiology in Finn-
ish nephrosis and CRB2-related syndrome suggest that a 
similar mechanism might be possible and, as nephrin is 
primarily an extracellular protein, it is plausible that both 
proteins are required for cell-cell interactions or cell-ma-
trix interactions that ensure tight cellular contact.

  Conclusion 

 Recently, mutations in  CRB2  have been detected in pa-
tients with CRB2-related syndrome and steroid resistant 
nephrotic syndrome, adding to the phenotypic manifes-
tations associated with deleterious variants in genes of the 
Crb complex. Although the visual phenotype associated 
with  CRB1  loss of function has been well described, 
CRB2-related syndrome is still evolving, and further in-
formation regarding the ocular manifestations, systemic 
findings, prognosis, and the underlying mechanisms is 
still being determined. CRB2-related syndrome has clini-
cal overlap with the ciliopathies and the function of  CRB2  
is likely to be modified by pathogenic variants in ciliopa-
thy genes, meaning that a broader testing strategy that 
takes into account the possibility of modifying genes may 
be needed for accurate clinical information and progno-
sis.
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