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Abstract

The homeodomain transcription factor CRX is a crucial regulator of mammalian photoreceptor

gene expression. Mutations in the human CRX gene are associated with dominant inherited

retinopathies Retinitis Pigmentosa (RP), Cone-Rod Dystrophy (CoRD) and Leber Congenital

Amaurosis (LCA), of varying severity. In vitro and in vivo assessment of mutant CRX proteins

have revealed pathogenic mechanisms for several mutations, but no comprehensive mutation-

disease correlation has yet been reported. Here we describe four different classes of disease-

causing CRX mutations, characterized by mutation type, pathogenetic mechanism, and the

molecular activity of the mutant protein: I) hypomorphic missense mutations with reduced DNA

binding, II) antimorphic missense mutations with variable DNA binding, III) antimorphic

frameshift/nonsense mutations with intact DNA binding and IV) antimorphic frameshift mutations

with reduced DNA binding. Mammalian models representing three of these classes have been

characterized. Models carrying Class I mutations display a mild dominant retinal phenotype and

recessive LCA, while models carrying Class III and IV mutations display characteristically

distinct dominant LCA phenotypes. These animal models also reveal unexpected pathogenic

mechanisms underlying CRX-associated retinopathies. The complexity of genotype-phenotype

correlation for CRX-associated diseases highlights the value of developing comprehensive 'true-to-

disease' animal models for understanding pathologic mechanisms and testing novel therapeutic

approaches.
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INTRODUCTION: CRX-ASSOCIATED RETINOPATHIES

The genetic basis for blinding retinopathies is incredibly diverse. Retinal diseases have been

linked to mutations in >250 genes and mapped loci (https://sph.uth.edu/retnet/). This genetic
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heterogeneity has made it challenging to clearly define basic disease mechanisms for

different disorders. Most retinopathies are currently untreatable and remain poorly

understood, largely due to the lack of appropriate animal models. The inherited retinopathies

Retinitis Pigmentosa (RP), Cone-Rod Dystrophy (CoRD) and Leber Congenital Amaurosis

(LCA) all cause progressive loss of vision, each with distinct clinical features. RP is a ‘rod-

centric’ disease with symptoms including night blindness and loss of peripheral vision,

progressing into tunnel vision and loss of central visual field acuity (OMIM: 268000).

CoRD is a ‘cone-centric’ disease with symptoms including loss of color vision and loss of

central visual field acuity and progressing into night blindness and loss of peripheral vision

(OMIM #120970). RP and CoRD vary in age of onset, rate of progression and severity.

LCA is an early-onset disease with symptoms including vision loss, nystagmus, and severe

retinal dysfunction (OMIM: #204000). RP, CoRD and LCA can exhibit either dominant or

recessive inheritance. These retinopathies have each been linked to mutations in several

different genes, but Cone-Rod Homeobox (CRX) (Accession: AAH53672.1) is the only gene

associated with all three diseases (Berger et al. 2010). Mutations in CRX are primarily

associated with dominant forms of RP, CoRD and LCA of variable severity and age of onset

(Berger et al. 2010; Dharmaraj et al. 2000; Freund et al. 1997; Freund et al. 2001; Galvin et

al. 2005; Hanein et al. 2004; den Hollander et al. 2008; Huang et al. 2012; Jacobson et al.

1998; Koenekoop et al. 2002; Lotery et al. 2000; Nakamura et al. 1998; Paunescu et al.

2007; Rivolta et al. 2001; Sohocki et al. 1998; Swain et al. 1997; Silva et al. 2000; Sohocki

et al. 2001; Swaroop et al. 1999; Tzekov et al. 2000; Tzekov et al. 2001; Walia et al. 2010;

Wang et al. 2007; Zhang et al. 2001). In this review, we summarize the effects of different

classes of disease-causing CRX mutations on the function of CRX protein, based on in vitro

experiments and currently available animal models (Figure 1). We demonstrate that animal

models carrying mechanistically distinct Crx mutations exhibit different phenotypes that

accurately represent the range of clinical features reported for human patients, and reveal

unexpected pathogenic mechanisms. These animal models demonstrate the power of model

organism research for studying complex human disease phenotypes and will facilitate the

rational design and testing of therapeutic strategies.

MOLECULAR ROLE OF CRX WITHIN THE TRANSCRIPTIONAL

REGULATORY NETWORKS OF THE RETINA AND PINEAL GLAND

CRX is an Otd/OTX-like ‘paired’ homeodomain (HD) transcription factor that is

preferentially expressed in vertebrate rods and cones, the primary cells supporting vision in

the retina, and pinealocytes, which regulate circadian rhythms in the brain (Chen et al. 1997;

Furukawa et al. 1997). CRX plays an essential role in the establishment and maintenance of

gene expression in mammalian rod and cone photoreceptors (Furukawa et al. 1999) and the

pineal gland (Rovsing et al. 2011). The molecular function of CRX is highly conserved

amongst mammals including humans, mice, and cats (Furukawa et al. 1997; Chen et al.

1997; Menotti-Raymond et al. 2010). Paralogues of CRX/OTX fulfill similar roles in the

photoreceptors of the evolutionarily divergent vertebrate fish (Shen & Raymond 2004) and

amphibians (Plouhinec et al. 2003) and the invertebrates Drosophila (Terrell et al. 2012) and

Amphioxus (Vopalensky et al. 2012).
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Mammalian CRX protein is 299 amino acids (aa) in length and contains several conserved

functional domains including: the HD, glutamine rich (Gln), basic, WSP and OTX-tail

motifs (Figure 1). The HD mediates DNA binding activity, while the carboxy-terminus (C-

terminal) portion of CRX (from the basic to the OTX-tail domains) mediates transcriptional

regulation (Chau et al. 2000; Chen et al. 1997; Fei & Hughes 2000). During mammalian

retinal development, the establishment of the CRX transcriptional regulatory network

requires the function of OTX2 (Accession: BAJ84003.1), another Otd/OTX family member.

The HD's of OTX2 and CRX proteins are 86% homologous and maintain similar genomic

DNA binding profiles in the neural retina (Corbo et al. 2010; Freund et al. 1997; Hennig et

al. 2008; Samuel et al. 2014) but have distinct roles in the regulation of retinal gene

expression (Chen et al. 1997; Furukawa et al. 1997; Hsiau et al. 2007; Housset et al. 2013;

Nishida et al. 2003; Terrell et al. 2012). OTX2 is expressed earlier than CRX in the retinal

progenitor cells that give rise to photoreceptors (Baas et al. 2000; Bovolenta et al. 1997;

Nishida et al. 2003). In these cells, OTX2 is required for the activation of CRX expression

followed by rod-specific (including RORβ, NRL and NR2E3 (Accessions:

NP_001036819.1, NP_006168.1, and AAH41421.1, respectively) or cone-specific

(including RORα, TRβ2, RXRγ and COUP TFs (Accessions: EDL26161.1, NP_033406.1,

AAH58401.1, NP_034281.2, NP_033827.2, respectively)) transcription factors (Bovolenta

et al. 1997; Nishida et al. 2003). As CRX expression increases in developing photoreceptors,

OTX2 expression decreases in these cells but remains expressed in the inner nuclear layer

and retinal pigmented epithelium (Housset et al. 2013; Nishida et al. 2003).

CRX functions synergistically with rod and cone transcription factors to coordinately control

photoreceptor gene expression. CRX binds to photoreceptor target gene loci (Boatright et al.

1997; Bobola et al. 1999; Chau et al. 2000; Chen et al. 2002; Corbo et al. 2010; Fei et al.

1999; Furukawa et al. 1997; Livesey et al. 2000; Peng & Chen 2005) and can directly

activate the promoters of target genes in vitro, including Rhodopsin (Accession:

NP_001014890.1) and its own promoter (Chau et al. 2000; Chen et al. 1997; Kimura 2000;

Langmann et al. 2008). CRX is thought to mainly act as a transcriptional activator in

photoreceptors, based on expression profiling of the Crx knock-out (KO) mouse (Blackshaw

et al. 2001; Furukawa et al. 1999; Hsiau et al. 2007), but can be associated with repression in

certain genomic contexts (Corbo et al. 2010; Kwasnieski et al. 2012). CRX's function in

transcriptional regulation requires specific interactions with co-factors including the histone

acetyltransferases GCN5, CBP and p300 (Accessions: AAC50641.1, AAC17736.1,

NP_001420.2, respectively) (Hennig et al. 2013; Peng & Chen 2007), promoting histone

acetylation at target gene promoters (Hennig et al. 2008; Peng & Chen 2007) and mediating

enhancer/promoter intrachromosomal looping interactions of target photoreceptor genes

(Peng & Chen 2011). These events in chromatin remodeling and transcriptional activation

are sequentially regulated during retinal development (Peng & Chen 2007). CRX also

maintains specific interactions with transcriptional co-regulators including the rod-specific

transcription factors NRL (Mitton et al. 2000; Nichols et al. 2010) and NR2E3 (Peng et al.

2005; Roduit et al. 2009) to coordinately control photoreceptor gene expression. NRL has

been shown to activate rod gene expression (Mears et al. 2001; Rehemtulla et al. 1996)

while NR2E3 has dual activator/repressor activity (Chen et al. 2005; Cheng et al. 2004;

Cheng et al 2006; Peng et al. 2005; Webber et al. 2008). CRX, NRL and NR2E3 co-occupy
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target gene promoters and enhancers in vivo (Peng & Chen 2005), and synergistically

promote rod gene expression (Mitton et al. 2000). Genome-wide profiling of CRX (Corbo et

al. 2010) and NRL (Hao et al. 2012) reveal that a high percentage of genes bound by NRL

are also bound by CRX. A mouse Knock-OUT (KO) of Nrl causes a fate switch of rods to a

'cone-like' state (Daniele et al. 2005; Yoshida et al. 2004), and the double KO of Crx and Nrl

impairs the transcription of cone genes in this retina (Hsiau et al. 2007). Elsewhere in the

brain, CRX broadly regulates transcription in the pineal gland (Rovsing et al. 2011) and loss

of CRX attenuates circadian entrainment in the mouse (Furukawa et al. 1999).

CLASSIFICATION OF REPORTED HUMAN CRX MUTATIONS

CRX mutations associated with dominant RP, CoRD and LCA

Mutations in CRX have been reported in approximately 2% of LCA, 5% of CoRD and 1% of

RP (Huang et al. 2012). To date, 50 different mutations have been reported, (Chen et al.

2013; Huang et al. 2012; Zou et al. 2013) and 25 of these mutations co-segregate with the

disease phenotype (Figure 1, Table 1, Table 2). Reported mutations are composed of

missense (39%), nonsense (4%), deletion (37%), insertion (16%) and indel (combination of

insertion and deletion) (4%) mutations but the occurrence of each individual mutation is rare

(Huang et al. 2012). Overall, mutations are spread evenly across the coding sequence but co-

segregating missense mutations are restricted to the HD while frameshift (deletion, insertion

and indel) and nonsense mutations are all found within the activation domains of CRX, C-

terminal to the HD (Figure 1). Several missense mutations outside of the HD (Table 1) and

one early insertion mutation (P9i1) (Table 2) have been reported but to this point have not

been shown to co-segregate with the disease phenotype. This suggests that missense

mutations and frameshift/nonsense mutations may affect discrete functional domains of the

CRX protein. Missense mutations could affect the ability of CRX's HD to bind DNA or

interact with co-factors (Chen et al. 2002; Mitton et al. 2000; Swaroop et al. 1999). In

contrast, frameshift/nonsense mutations all have an intact HD but a disrupted C-terminal

portion of the protein, which mediates CRX's transactivation activity. The next two sections

summarize functional analyses of mutant CRX proteins, which suggest that these mutation

types further subdivide into functional groups.

Two functional classes of CRX missense mutations

In patients with retinopathies, 19 missense mutations have been reported to date, 7 of which

co-segregate with the disease phenotype (Figure 1, Table 1). Co-segregating missense

mutations are all located in the DNA binding domain of CRX. Phenotypic and functional

analyses of representative mutations are summarized in Tran NM et al. (2014) and suggest

that there are at least two classes of disease-causing missense mutations (Class I & II here):

I) hypomorphic missense mutations that reduce DNA binding (Figure 1, gold text) and II)

antimorphic missense mutations with either intact or uncharacterized DNA binding (Figure

1, purple text). Hypomorphic CRX mutations lose transactivation activity due to reduced

DNA binding activity but do not interfere with the function of WT CRX. Antimorphic CRX

mutations interfere with the transcriptional activity of WT CRX, either directly through

protein/DNA interactions or indirectly through discrete cellular mechanisms. The mutations:

p.R41W, p.R41Q, and p.R90W are predicted to be Class I type mutations (Figure 1; gold
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text). These three mutant proteins have reduced DNA binding and reduced ability to

transactivate the promoter of the well-characterized CRX target gene Rhodopsin in vitro,

and are thought to represent hypomorphic mutant proteins (Chen et al. 2002; Nichols et al.

2010; Swaroop et al. 1999; Tran et al. 2014). p.R90W protein also does not interfere with

the transactivation activity of WT CRX (Tran et al. 2014). The mutations p.E80A, p.E80Q,

p.E80K and p.K88N are predicted to be Class II type mutations (Figure 1, purple text).

p.E80A, p.E80Q, and p.E80K all convert a negatively-charged glutamate to either a neutral

or positively-charged aa and could have similar effects on CRX's protein function. Although

p.E80A does not display reduced DNA binding or transactivation activity (Chen et al. 2002),

it shows antimorphic activity on the expression of the photoreceptor-specific gene Rh5 in

Drosophila in vivo rescue experiments (Terrell et al. 2012). p.K88N also shows reduced

transactivation and has antimorphic activity on NRL expression in vitro (Nichols et al.

2010). However, in silico modeling of p.K88N protein predicts reduced DNA binding

capability, suggesting it may act through a discrete antimorphic mechanism, although this

has not yet been shown experimentally (Nichols et al. 2010). While the DNA binding

properties and specific antimorphic mechanisms of the Class II mutations have not been

fully characterized, these mutations clearly represent a distinct mutation class from the

hypomorphic Class I based on molecular activity and disease phenotype. Class I mutations

are all associated with late-onset CoRD (Huang et al. 2012; Paunescu et al. 2007; Rivolta et

al. 2001; Sohocki et al. 1998; Swain et al. 1997), whereas Class II mutations are associated

with early-onset adCoRD/LCA (den Hollander et al. 2008; Huang et al. 2012; Rivolta &

Berson 2001; Sohocki et al. 1998).

Two functional classes of frameshift and nonsense CRX mutations

To date, 29 frameshift and 3 nonsense CRX mutations have been reported in patients with

retinal diseases, 18 of which are known to co-segregate with the disease phenotype (Figure

1, Table 2). Phenotypic and functional analyses of representative mutations are summarized

in Tran NM et al. (2014) and Roger et al. (2014) and suggest at least two functional classes

(Class III and IV here): III) antimorphic frameshift/nonsense mutations with intact DNA

binding (Figure 1, red text) and IV) antimorphic frameshift mutations that interfere with

DNA binding (Figure 1, blue text). While all of the co-segregating mutations have an intact

HD, the position and size of the frameshift mutation determines which out-of-frame stop

codon will terminate translation. This new C-terminus could alter the function of the mutant

protein and disrupt normal physiology. The antimorphic activity of mutant proteins that

maintain DNA binding could stem from direct competition of mutant and wild-type (WT)

CRX on target gene promoters, while mutant proteins that lose DNA binding likely act

through a discrete mechanism. Table 2 lists all of the reported frameshift mutations,

including the predicted stop codon position and length of the non-homologus C-terminal tail.

Figure 2 shows the position of the out-of-frame stop codons in the human CRX mRNA with

[-1] and [-2] being the frames 1 base pair (bp) and 2bp in the 5’ direction from the normal

reading frame, respectively. The mutations in Table 2 are color-coded to match the

corresponding predicted novel stop codons shown in Figure 2. The majority of the co-

segregating frameshift/nonsense mutations result in the early truncation of CRX protein and

carry a short non-homologous C-terminal tail that ranges in size from 0 to 55aa (Figure 1,

red text; Table 2), which could have a minimal impact on DNA binding activity. The
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mutations p.E168d1, p.E168d2, p.A196d4, p.G217d1 and possibly several other frameshift/

nonsense mutations are predicted to be Class III mutations (Figure 1, red text). The mutant

proteins: p.E168d1, p.E168d2, p.A196d4 and p.G217d1 all lose the ability to transactivate

the promoter of Rhodopsin (Chen et al. 2002). Additionally, p.E168d2 maintains DNA

binding activity and interferes with WT CRX function (Tran NM et al. 2014). p.I138fs48 also

shows antimorphic activity on target gene expression in Drosophila Rh5 rescue experiments

(Terrell et al. 2012). These findings suggest that the Class III mutant CRX proteins maintain

DNA binding, lose transactivation activity and possess antimorphic activity.

The co-segregating mutations: p.P237d2, p.P263d1 and p.P272d3i2 are predicted to be

Class IV mutations (Figure 1, blue text, Table 2). These mutations each result in a long non-

homologus C-terminal extension ranging from 97-133aa, increasing the total protein size by

70aa, which could greatly affect protein function and DNA binding. This extension occurs

because following the [-1] stop codon at position 686bp, there is not another [-1] stop codon

until 1109bp, which is 211bp after CRX's normal stop codon position (Figure 2). Therefore,

any mutation after the 686bp position that shifts the reading frame 1bp in the 5’ direction

would result in a long non-homologous C-terminal extension. This effect is demonstrated by

the CrxRip mouse, which carries the spontaneous mutation p.G255d1 resulting in a mutant

CRX protein with a 133aa nonhomologous C-terminal extension (Roger et al. 2014). While

no direct human mutation equivalent to p.G255d1 has been reported, the mutations

p.L237d1, p.S240i23, p.T251d1, p.P263d1 and p.P272d3i2 all have similar non-homologous

C-terminal extensions and are associated with early onset CoRD/LCA (Table 2; blue text).

CRXRIP protein does not bind CRX target DNA, although the early truncation protein CRX

1-254 maintains DNA binding (Roger et al. 2014). CRXRIP also loses transactivation

activity but does not interfere with WT CRX function in vitro (Roger et al. 2014). The

majority of both Class III and IV mutations are associated with early-onset (~0-20 years old)

dominant CoRD/LCA (Dharmaraj et al. 2000; Freund et al. 1997; Galvin et al. 2005; Hanein

et al. 2004; den Hollander et al. 2008; Huang et al. 2012; Jacobson et al. 1998; Lotery et al.

2000; Nakamura et al. 1998; Paunescu et al. 2007; Rivolta et al. 2001; Sohocki et al. 1998;

Tzekov et al. 2000; Walia et al. 2010; Wang et al. 2007; Zhang et al. 2001). The severe

dominant phenotypes associated with Class IV mutations suggest that they possess

antimorphic activity despite the prediction that they reduce DNA binding activity.

Collectively, these finding suggest that Class III and IV mutations are functionally distinct

although both have antimorphic activity, and are associated with severe early-onset

retinopathies.

MECHANISTICALLY DISTINCT ANIMAL MODELS FOR CRX-ASSOCIATED

DISEASE

Non-mammalian animal models identify functional roles of CRX

The roles of CRX and the impact of mutant CRX proteins on retinal development have been

studied in multiple animal models. While mammalian retinal development is guided by a

trio of 'paired-like' homeodomain transcription factors: OTX1, OTX2 and CRX (Nishida et

al. 2003; Furukawa et al. 1997; Chen et al. 1997; Plouhinec et al. 2003), Drosophila retinal

development is guided by a single homeodomain transcription factor, Otd (Ranade et al.
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2008; Vandendries et al. 1996). Photoreceptor-specific loss of Otd function in otduvi mutant

flies results in a developmental defect and insensitivity to ultra violet light (Terrell et al.

2012; Vandendries et al. 1996). Human CRX and OTX2 rescue different aspects of the

impaired photoreceptor development phenotype of otduvi flies, suggesting distinct, yet

overlapping functions for CRX and OTX2 (Terrell et al. 2012). In addition, the CRX mutant

proteins p.R90W (Class I), p.E80A (Class II) and p.I138fs48 (Class III) have partial and

overlapping rescue function on Drosophila photoreceptor morphology and gene expression,

while p.K88N (Class II) is unable to rescue the otduvi phenotype. Of these mutant proteins,

only p.E80A and p.I138fs48 possess antimorphic activity in Drosophila, with p.I138fs48

having the strongest effect (Terrell et al. 2012). In other studies, a morpholino knockdown of

Zebrafish Crx shows that CRX is critical for photoreceptor and bipolar cell development

(Shen & Raymond 2004), and lipofection of Otx5b, a homologue of Crx, in Xenopus laevis

biases retinal progenitors to the photoreceptor fate (Viczian et al. 2003). In summary, non-

mammalian animal models demonstrate highly conserved roles for CRX and homeodomain

transcription factor homologs in retinal development and photoreceptor gene expression.

Crx Knock-OUT mouse elucidates CRX's role in mammalian retinal
development and serves as a non-functioning photoreceptor model for
translational research—The role of Crx in mammalian retinal development was first

characterized in vivo in a loss-of-function model, the Crx Knock-OUT (KO) mouse

(Furukawa et al. 1999). In the homozygous Crx KO (“−/−“) mouse retina, photoreceptors

fail to form outer segments, highly specialized organelles that contain visual pigment opsins

and other proteins required for phototransduction. As a result, −/− photoreceptors do not

function, form abnormal synapses, and undergo progressive degeneration (Furukawa et al.

1999; Morrow et al. 2005). Gene expression profile studies show that −/− mice have

severely reduced expression of many photoreceptor-specific genes (Blackshaw et al. 2001;

Hsiau et al. 2007; Livesey et al. 2000). Most of these genes are direct CRX targets as

detected by ChIP-seq analyses of the genomic CRX binding profile in the mouse retina

(Corbo et al. 2010).

Since −/− mice completely lack rod and cone function, they have served as an excellent

animal model for developing translational approaches aimed at restoring photoreceptor

function. Human embryonic stem cell-derived retinal cells or developing mouse rods

transplanted into −/− retinas were able to integrate into the retina, differentiate into mature

retinal cell types and restore some retinal function (Lamba et al. 2009, Homma et al. 2013).

Recombinant adeno-associated virus (rAAV)-mediated gene therapy was also used to target

gene delivery of WT CRX to immature photoreceptors of −/− mice. Cells expressing

delivered CRX activate downstream transcription and restore some retinal function

(Watanabe et al. 2013). These studies show that both cell-based and gene therapy

approaches have potential for restoring vision in a retina with non-functioning

photoreceptors.

The Crx −/− mouse demonstrates the central role of CRX in photoreceptor development,

gene expression and the formation of vision. However, the heterozygous Crx KO mouse

(“+/−“) only shows a slight delay in photoreceptor development and largely displays normal

morphology, gene expression and retinal function in adulthood (Furukawa et al. 1999).
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Additionally, there are no co-segregating human mutations that result in the deletion of the

CRX gene. Therefore, as a stand-alone model, the Crx KO mouse does not provide sufficient

evidence that loss-of-function/null alleles cause dominant disease in humans, and also does

not recapitulate severe dominant disease forms. In the next four sections, we will detail the

findings from three mouse models and one cat model carrying CRX mutations equivalent to

mutation types found in patients with CRX-associated diseases.

CrxR90W: A mouse model for recessive LCA caused by a Class I mutation

CrxR90W Knock-IN (K-IN) mice (“R90W”) carry the missense mutation p.R90W in the

homeodomain of CRX (Figure 1, gold text bottom) (Tran NM et al. 2014). The p.R90W

protein has reduced DNA binding and transactivation activity, categorizing R90W mouse as

a Class I mutation (Figure 1; gold text). In humans, the p.R90W mutation is associated with

a dominant mild late-onset CoRD and recessive LCA phenotype (Swaroop et al. 1999).

Similarly, heterozygous R90W mice (R90W/+) show a very mild dominant cone phenotype,

while homozygous mice (R90W/W) are completely blind (Tran et al. 2014). R90W/+ mice

exhibit normal retinal morphology and gene expression in adulthood and only minor cone-

driven functional deficits at 6 months (mo), as measured by electroretinogram (ERG).

R90W/W mouse retinas display abnormal photoreceptor morphology lacking outer segments,

highly disrupted gene expression and are completely blind. Heterozygous and homozygous

R90W mice show phenotypes that only differ slightly from mice carrying a null Crx allele

(Crx KO mice), suggesting that loss-of-function/null and hypomorphic CRX mutants

produce mild dominant retinal phenotypes and recessive LCA.

CrxE168d2: A mouse model for dominant LCA caused by a Class III mutation

CrxE168d2 K-IN mice (“E168d2”) carry the frameshift deletion p.E168d2, which results in

the early truncation of the CRX transactivation domains (Figure 1, red text bottom) (Tran

NM et al. 2014). p.E168d2 protein retains the ability to bind target DNA, fails to activate

target gene transcription and interferes with the transactivation activity of WT CRX in vitro

(Tran NM et al. 2014), categorizing p.E168d2 as a Class III mutation (Figure 1, red text

bottom). In humans, p.E168d2 is associated with dominant LCA (Freund et al. 2001;

Jacobson et al. 1998). Heterozygous E168d2 mouse (E168d2/+) retinas are functionally

impaired and homozygous E168d2 (E168d2/d2) mice are completely blind (Tran et al.

2014). E168d2/+ mice have 67% fewer cones than WT mice at 1mo. At this age, E168d2/+

mice have intact rods, suggesting cone degeneration occurs before rod degeneration, but rod

outer segments are greatly shortened. The majority of E168d2/+ mouse rods are lost by 6mo.

E168d2/+ retinas have reduced expression of several key phototransduction genes, both

during development and adulthood. E168d2/d2 mouse photoreceptors do not form outer

segments and have more severely impaired gene expression than Crx −/− mouse

photoreceptors. The outer nuclear layer in E168d2/d2 retinas degenerates more rapidly than

that of the −/− mouse, further highlighting the antimorphic function of the p.E168d2 protein.

Unlike Crx KO, or R90W mice, E168d2 mice have an early-onset dominant LCA phenotype

indicating that mutations that truncate the activation domain of CRX but maintain DNA

binding act in an antimorphic fashion and are more damaging than loss-of-function or

hypomorphic mutants. The Crx E168d2 mouse provides a model for CRX-associated early-
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onset LCA caused by an antimorphic frameshift mutation that maintains DNA binding

activity.

The dominant E168d2 phenotype is also in contrast to the recessive phenotype of another

Crx mutant mouse model, Crxtvrm65 (tvrm65), which carries a nonsense mutation at L277

(Won et al. 2011) (Figure 1, grey text). The truncation mutation in tvrm65 mice preserves

the activation domains of CRX protein but removes the OTX tail domain, suggesting the

presence or absence of the activation domains may be a critical determinant of the

antimorphic properties of truncated proteins. Since there is no disease-causing mutation

equivalent to the tvrm65 mutation, this model will not be discussed further in this review.

The CrxRdy cat provides a parallel large animal model with a Class III mutation to the
E168d2 mouse

The CrxRdy cat (Rdy) carries a frameshift mutation in Crx, p.A182d1, generating a truncated

CRX protein only 14aa C-terminal to the p.E168d2 mutation (Menotti-Raymond et al.

2010), suggesting it may also be a Class III mutation (Figure 1, red text). CrxRdy cats display

severe dominant impairment of retinal function as measured by ERG, photoreceptor

degeneration and abnormal Rhodopsin expression (Chong et al. 1999; Curtis et al. 1997;

Leon et al. 1990; Leon et al. 1991; Menotti-Raymond et al. 2010). These findings are all

consistent with the dominant LCA phenotype of the E168d2 mouse. While the molecular

function of the Rdy protein has not yet been fully characterized, it appears to have similar

antimorphic activity to the p.E168d2 mutant protein. The similarity of the Rdy cat and

E168d2 mouse phenotypes suggest they are well-matched large and small animal models

that likely share common disease mechanisms. The availability of both large and small

animal models carrying the same class of Crx mutation could be advantageous for cross-

validating conserved disease mechanisms and for pre-clinical testing of therapies in multiple

animal systems.

CrxRip: A mouse model for dominant LCA caused by a Class IV mutation

CrxRip mice (Retina with Immature Photoreceptors, “Rip”) carry a frameshift deletion

p.G255d1, which results in a 133aa non-homologous C-terminal extension of CRX protein

(Figure 1, blue text) (Roger et al. 2014). Rip is a spontaneous mutation that was identified by

linkage cross analysis and exome capture sequencing (Roger et al. 2014). The RIP protein

does not bind target DNA, fails to activate target gene transcription and does not interfere

with the transactivation activity of WT CRX in vitro (Roger et al. 2014). Unlike +/−,

R90W/+ and E168d2/+ mice, however, heterozygous Rip mice (Rip/+) are completely blind,

suggesting RIP protein has strong antimorphic activity in vivo. These findings categorize Rip

as a Class IV mutation. Rip/+ mouse photoreceptors do not form outer segments and adult

Rip/+ mouse retinas show even lower expression of several key phototransduction genes

than the −/− mouse. The severe deficits in rod and cone gene expression suggests a

photoreceptor differentiation defect in Rip/+ mice. Despite these strong expression changes,

at 18mo the outer nuclear layer thickness in Rip/+ mouse retinas is roughly comparable to

that of 6mo E168d2/+ mice. Similar to −/−, R90W/W and E168d2/d2 mice, homozygous Rip

(Rip/Rip) mice do not form outer segments and are completely blind (Roger et al. 2014).

These findings suggest that the RIP protein has a stronger antimorphic effect on

Tran and Chen Page 9

Dev Dyn. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



photoreceptor gene expression and function but is less toxic to photoreceptor survival than

the p.E168d2 protein. The Crx Rip mouse provides an animal model for CRX-associated

dominant LCA caused by an antimorphic frameshift mutation with reduced DNA binding

activity.

Discrete cellular mechanisms underlie the Crx E168d2 and Rip mouse phenotypes

The Crx frameshift mutations p.E168d2 (Class III) and Rip (Class IV) produce mutant

proteins with distinct molecular functions, and yield different retinal phenotypes in the

mouse. These contrasting phenotypes are not simply gradations in disease severity but are

caused by discrete cellular mechanisms. Assessment of CRX expression in heterozygous

and homozygous R90W (Class I), E168d2 and Rip mouse retinas revealed allele-specific

overexpression of the truncated p.E168d2 protein compared to WT CRX (Figure 3A) (Roger

et al. 2014; Tran et al. 2014). This overexpression was not observed in either R90W or Rip

mouse retinas (Figure 3A, B) (Roger et al. 2014; Tran et al. 2014). The p.E168d2 allele-

specific overexpression was also seen at the mRNA level, suggesting an mRNA-based

mechanism. Allele-specific overexpression of another predicted Class III CRX mutation,

p.I138d1, was reported in in vitro expression assays and Drosophila in vivo rescue

experiments (Table 3) (Nichols et al. 2010; Terrell et al. 2012;), suggesting the possibility of

a conserved overexpression mechanism for this type of mutation. Unlike p.I138d1, the

mutant proteins: p.R90W (Class I), p.K88N (Class II), and p.E80A (Class II) are not

overexpressed in in vitro expression assays or Drosophila in vivo rescue experiments (Table

3) (Nichols et al. 2010; Terrell et al. 2012), suggesting allele-specific overexpression may be

restricted to truncation mutations.

Since p.E168d2 is an antimorphic protein, its overexpression could be an important genetic

modifier of disease severity. The E168d2neo mouse carries the same truncating CRX

mutation but retains an intronic neomycin (neo) cassette, which was removed from the final

E168d2 line. This neo cassette specifically interferes with the expression of the mutant allele

but does not affect WT CRX expression (Tran et al. 2014), effectively shifting the balance

of WT:mutant protein to an even ratio. E168d2neo/+ mice still have reduced retinal function

compared to WT mice but have higher function than E168d2/+ mice, as measured by ERG.

E168d2neo/+ mouse rods form normal-length outer segments and are intact through the first

year of life, while cones are lost slowly over this time. E168d2neo/+ rod and cone gene

expression remains reduced but is higher than in E168d2/+ mice. Overall, E168d2neo/+

mice display a much less severe phenotype than E168d2/+ and serve as a model for less

severe CoRD. In summary, these findings highlight allele-specific overexpression of the

truncated CRX protein p.E168d2 as a critical disease mechanism, which may be conserved

for other truncating frameshift mutations.

Crx Rip mice do not overexpress mutant CRX protein (Figure 3B), yet they show an even

stronger dominant visual phenotype than E168d2 mice. Additionally, the expression of key

phototransduction genes gets progressively worse in Rip/+ mouse retinas from P2 to P21,

while expression of the same genes improves from P10 to P21 in E168d2/+ mouse retinas

(Roger et al. 2014, Tran et al. 2014). The Rip/+ mouse phenotype suggests that RIP protein

has strong antimorphic activity. However, unlike p.E168d2 protein, RIP protein does not
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interfere with the transactivation activity of WT CRX in vitro (Roger et al. 2014),

suggesting a distinct antimorphic mechanism. Roger et al. (2014) propose this mechanism

involves OTX2, which plays a critical role in photoreceptor development. OTX2 is

moderately overexpressed (~1.5-2.0 fold) in heterozygous and homozygous Rip, KO, R90W

and E168d2 mouse retinas (Roger et al. 2014; Tran et al. 2014) and loss of OTX2 in Crx KO

photoreceptors produces a stronger phenotype (Hsiau et al. 2007), suggesting OTX2 may

play a compensatory role in these retinas. While OTX2 is expressed in Rip/Rip mice, it fails

to bind target DNA including the promoter of Nrl (Roger et al. 2014). Unlike E168d2/+

mouse retinas, where NRL expression is maintained, Rip/+ mouse retinas initially express

NRL at P6 but progressively lose expression by P21. Impaired CRX and OTX2 function and

the loss of NRL expression results in incomplete photoreceptor differentiation and the

severe impairment of rod and cone gene expression in Rip/+ mouse retinas. Further

elucidating this mechanism, electroporation of either WT CRX or OTX2 conferred cell-

autonomous rescue of Rhodopsin expression in Rip/+ mouse retinas, and transgenic

expression of NRL under the Crx promoter was able to promote partial rescue of the Rip/+

phenotype (Roger et al. 2014). The differentiation defect of Rip/+ photoreceptors is not seen

in E168d2/+ mice, which do express rod and cone specific genes, form outer segments and

establish retinal function, albeit all at reduced levels compared to WT mice. In addition, the

outer nuclear layer cells are preserved for a longer period of time in Rip/+ mice than in

E168d2/+ mice, suggesting distinct developmental and degeneration phenotypes in each

model. In summary, the photoreceptor transcription factor network is highly disrupted in

Rip/+ mice leading to a defect in photoreceptor differentiation with distinct pathology from

E168d2/+ mice. Collectively, these findings suggest that the antimorphic activities of Class

III and IV CRX mutations are distinct and produce different phenotypes.

FUTURE DIRECTIONS

Caveats and remaining gaps in mammalian models of CRX-associated disease

The Crx KO, R90W, E168d2, Rip mice and Rdy cat serve as phenotypically distinct

mammalian models for retinal diseases (Table 4) caused by CRX mutant proteins with

different molecular functions (Figure 4). We propose that these mouse and cat lines serve as

representative models for distinct classes of disease-causing CRX mutations, based on

currently available genetic and molecular data. Further investigation of disease-causing

mutations will likely reveal additional mutation classes with specific molecular defects. The

rarity of each individual disease-causing mutation makes it impractical to model every one.

Therefore, having paired models carrying similar mutations, like the E168d2 mouse and the

Rdy cat, could be extremely valuable for cross-validating possible disease mechanisms and

testing therapies designed to target that mutation class. Currently, there are no appropriate

mammalian models for missense mutations with antimorphic activity (Class II). The mutant

CRX proteins p.E80A and p.K88N have distinct antimorphic activities (Chen et al. 2002;

Nichols et al. 2010; Terrell et al. 2012) but neither has been characterized in a mammalian

system. Additionally, the available models do not address the phenotypic variation observed

in patients with similar types of CRX mutations. For example, the mutation p.E168d1 is

associated with a CoRD phenotype (Freund et al. 1997), while p.E168d2 is associated with a

more severe LCA phenotype (Freund et al. 1998). It is unknown how genetic background or
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environmental factors contribute to these variable phenotypes. In summary, the currently

available Crx mutant animal lines collectively serve as representative models for multiple

forms of CRX-associated disease but other forms still remain unrepresented.

Understanding the mechanisms of Crx E168d2 and Rip antimorphic activity

The Crx E168d2 and Rip mice show distinct dominant phenotypes caused by different

underlying mechanisms. The p.E168d2 and RIP mutant proteins both have antimorphic

activity but are functionally distinct (Figure 4) (Roger et al. 2014; Tran et al. 2014). In

E168d2 mice, the dominant phenotype was linked to the allele-specific overexpression of

the mutant CRX protein (Tran et al. 2014). Since allele-specific overexpression of p.E168d2

occurs at both the mRNA and protein level, it is thought to be caused by the intrinsic

properties of p.E168d2 mRNA. While frameshift mutations have often been associated with

mutant mRNA degradation through a process called nonsense mediated decay (NMD)

(Schweingruber et al. 2013), there is little precedent for these mutations causing mRNA

overexpression. The mechanisms mediating p.E168d2 overexpression are currently

unknown and could involve increased p.E168d2 transcription, mRNA stability or a

combination of both mechanisms. Although preliminary evidence suggests that this

phenomenon is conserved for another Class III mutation, p.I138d1 (Nichols et al. 2010,

Terrell et al. 2012), further investigation is required to determine if this phenomenon is

conserved for all Class III mutations and if so what cellular mechanisms are involved. In Rip

mice, the dominant phenotype is associated with the loss of OTX2 function and NRL

expression (Roger et al. 2014). RIP protein has a long non-homologous C-terminal

extension that affects protein structure and function. RIP does not bind DNA or interfere

with WT CRX transactivation in vitro and thus it is not thought to directly interfere with

target gene expression on target gene loci. It is possible that RIP protein could interact with

OTX2, CRX or other co-factors in the cell, preventing them from being properly recruited to

their DNA targets, or act indirectly through a different cellular mechanism. Further

assessment of the molecular function of RIP protein in vivo is required to elucidate this

mechanism. Additionally, photoreceptor cells in the outer nuclear layers of E168d2 and Rip

mice are lost at different rates. Understanding the cellular mechanisms that lead to outer

nuclear layer degeneration may be critical for designing therapies aimed at preserving

photoreceptor survival.

Translating lessons from animal models to therapeutic approaches

Currently there are no treatment strategies for CRX-associated diseases. The availability of

‘true-to-disease’ animal models for distinct disease forms will facilitate the development and

testing of novel therapeutic strategies. The Crx KO, R90W, E168d2 and Rip mice provide

representative models for different classes of disease-causing mutations, each with unique

molecular mechanisms and pathology (Figure 4, Table 4). Potential therapies could be tested

in multiple models to determine their effectiveness for different types of CRX mutations.

Additionally, the E168d2 mouse and CrxRdy cat provide matched small and large animal

models to test the effectiveness of therapies for similar mutations in multiple animal

systems. rAAV-mediated gene therapy approaches may have the greatest potential for

rescuing retinal function for CRX-associated diseases since photoreceptors are efficiently

transduced by rAAV. These approaches have successfully been used to improve retinal
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function in animal models of retinal dystrophies (Acland et al. 2001; Bennicelli et al. 2008;

Boye et al. 2010; Jiang et al. 2011; Mancuso et al. 2009; O'reilly et al. 2007; Tam et al.

2008), as well as in human safety trials (Cideciyan et al. 2008; Colella et al. 2012; Macguire

et al. 2008). Since defects in retinal function are detectable before photoreceptor

degeneration in E168d2/+ and Rip/+ mice, it appears that there is a time window for

effective gene therapy.

Antimorphic CRX mutant proteins have 'toxic' effects on the function of the WT protein.

Theoretically, these ‘toxic’ effects can be reduced by shifting the ratio of the mutant to WT

proteins. This effect is seen in E168d2/+ and E168d2neo/+ mice, where a reduction in the

mutant protein level results in a dramatically less severe phenotype. The ratio of WT:mutant

CRX protein could be shifted in multiple ways: 1) gene delivery of a WT allele to boost the

overall level of WT CRX; 2) specific knock-down of the mutant allele without affecting WT

levels; or 3) a combinatorial knock-down and WT gene delivery approach to simultaneously

reduce mutant levels and boost WT levels. Specific knock-down of mutant alleles would be

difficult to achieve as it would have to be designed for individual mutations, which are rare

and the nucleotide differences from the WT mRNA can be as small as a single nucleotide.

Combinatorial knock-down and gene delivery could be a more generalized approach. Crx

short hairpin RNA (shRNA) knock-down of endogenous Crx expression (mutant+WT) could

be combined with gene delivery of a shRNA-resistant recombinant Crx (containing

synonymous mutations). However, the practical application and efficacy of this approach

needs to be thoroughly tested.

CONCLUSION

The generation and characterization of mechanistically distinct animal models has greatly

improved our understanding of CRX-associated disease. The phenotypic variation in human

patients is, at least in part, driven by mutant proteins with different molecular properties. We

have categorized four distinct classes of CRX mutations based on mutation type, the

molecular activity of their mutant protein and associated phenotype. Currently, there are

mammalian models carrying mutations from three of these four classes, all of which

accurately reflect their associated human phenotypes. These models provide valuable insight

into distinct CRX-associated disease pathologies and identify unexpected underlying disease

mechanisms that could be targets for therapy. Additionally, these models demonstrate the

importance of having comprehensive animal models to more fully represent the complex

phenotypes of human diseases and will improve our ability to effectively test therapeutic

strategies.
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Key Findings

• Mechanism-based classification of human CRX mutations linked to blinding

retinopathies.

• Representative animal models for different mutation classes. • New insights into

the molecular mechanisms underlying distinct phenotypes.

• Future directions on basic mechanistic studies and translational research on

therapy development.
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Figure 1. Schematic of CRX protein showing locations of co-segregating human mutations and
mutations in associated animal models
The CRX protein is represented by a rectangle, conserved domains are shaded. The locations

of human mutations that co-segregate with disease are shown above the schematic. Based on

mutation type and molecular function, mutations fall into four classes: I) hypomorphic

missense mutations with reduced DNA binding (gold text), II) antimorphic missense

mutations with variable DNA binding (purple text), III) antimorphic frameshift/nonsense

mutations with intact DNA binding (red text) and IV) antimorphic frameshift mutations with

reduced DNA binding (blue text). While both classes of frameshift mutations are predicted

to have antimorphic activity, they act through different mechanisms. Currently, there are

five mouse models and one cat model carrying mutations in Crx (bottom): 1) the Crx KO

mouse (grey text) does not express CRX protein; 2) the R90W K-IN mouse (gold text)

carries a Class I mutation; 3) the E168d2 K-IN mouse and Rdy cat (red text) both carry Class

III mutations; 4) the Rip mouse (blue text) carries a Class IV mutation; 5) the tvrm65 mouse

(grey text) carries a nonsense mutation that does not match any reported disease-causing

human mutation classes.
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Figure 2. Schematic showing the position of out-of-frame stop codons in human Crx mRNA
Human CRX coding sequence (hCRX CDS) and messenger RNA (hCRX mRNA) are shown.

Scale below indicates the base pair position in hCRX CDS beginning at the start codon. All

out-of-frame stop codons in hCRX mRNA coding region and its 3’UTR up to position 1109

are shown above the schematic. Nucleotide position and stop codon frame are shown in

colored text (matched to Table 2) for all predicted termination sites for reported human

mutations, non-utilized out-of-frame stop codons are shown in grey text. The positions of all

out-of-frame stop codons are indicated in brackets. [-1] and [-2] indicate whether the stop

codon is located 1 or 2 bases 5’ of the normal reading frame, respectively.
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Figure 3. Expression of CRX protein in mutant mouse retinas
A) Immunoblot analyses showing the expression of CRX protein in P10 E168d2,

E168d2neo, R90W and R90Wneo mouse retinas using the rabbit polyclonal CRX 119b-1

antibody and mouse monoclonal anti-β-ACTIN antibody (α-BACT, Sigma-Aldrich) (Tran et

al. 2014). Lanes are numbered below for reference. R90W mice express a normal length

~37kDA mutant CRX protein (lanes 6 & 8), E168d2 mice overexpress a truncated ~27kDA

mutant CRX protein (lanes 2 & 4) and the intronic neo cassette results in reduced expression

of both the R90W (lanes 7 & 9) and E168d2 (lanes 3 &5) proteins. B) Immunoblot analyses

showing the expression of CRX protein in 1mo Rip mouse retinas using rabbit polyclonal

CRX H-120 antibody (Santa Cruz) and mouse monoclonal anti-β-ACTIN antibody (Actin,

Millipore) (Roger et al. 2014). Rip mice express an elongated ~44kDA mutant CRX protein.
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Figure 4. Proposed pathogenic mechanisms of mutant CRX proteins in mammalian models
(Adapted from: Tran et al. 2014) A) In WT mice, CRX coordinately regulates transcription

by interacting with target DNA and co-factors including the rod-specific transcription factor

NRL. B) In E168d2/+ mice and possibly Rdy/+ cats, a Class III mutant CRX is

overexpressed and directly competes with WT CRX, producing an LCA phenotype. C) In

R90W/+ mice, a Class I mutant CRX is expressed and largely does not interfere with WT

CRX producing only a mild late-onset CoRD phenotype. D) In Rip/+ mice, a Class IV

mutant CRX is expressed and disrupts the photoreceptor transcription factor network

including the loss of NRL expression, producing an LCA phenotype with distinct pathology

from E168d2/+ and Rdy/+. E-H) Homozygous Crx KO, E168d2, R90W and Rip mice all

produce a LCA phenotype and are completely blind from birth. CRX target gene expression

is severely impaired in all homozygous mice with E168d2/d2 and Rip/Rip mice having the

strongest changes.
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Table 1

Summary of CRX missense mutations associated with retinopathy. Reported missense mutations from patients

with retinopathy, showing effects of mutation on CRX's ability to bind DNA targets and transactivate gene

expression. Gold text- hypomorphic missense mutations with reduced DNA binding and transactivation.

Purple text- antimorphic missense mutations with variable DNA binding acitivity. Black text- missense

mutations with uncharacterized molecular function. (n.d.- not determined)

Protein cDNA Associated Phenotype Cosegregation DNA binding Transactivation Reference

p.R41W c.121C>T CoRD yes reduced reduced Swain et al.
(1997); Chen et

al. (2002)

p.R41Q c.122G>A RP/CoRD yes reduced reduced Swain et al.
(1997); Sohocki

et al. (1998);
Rivolta et al.

(2001); Chen et
al. (2002)

p.E42K c.124G>A LCA n.d. n.d. n.d. Li et al. (2011)

p.A56T c.166G>A LCA n.d. normal normal Lotery et al.
(2000); Chen et

al. (2002)

p.D65H c.193G>C RP (homozygote) n.d. n.d. n.d. Jin et al. (2008)

p.V66I c.196G>A RP n.d. n.d. n.d. Vallespin et al.
(2007)

p.E80K c.238G>A CoRD yes n.d. n.d. Sankila et al.
(2000)

pE80Q c.239A>G CoRD yes n.d. n.d. Huang et al.
(2012)

p.E80A c.239A>C CoRD yes normal normal + antimorphic Freund et al.
(1997); Sohocki

et al. (1998);
Chen et al.

(2002); Terrell
et al. (2012)

p.K88N c.264G>T LCA yes reduced (predicted) reduced + antimorphic Nichols et al.
(2010); Chen et

al. (2002);
Terrell et al.

(2012)

p.R90W c.268C>T CoRD (heterozygote);
LCA (homozygote)

yes reduced reduced Swaroop et al.
(1999); Chen et

al. (2002)

p.A112V c335C>T LCA n.d. n.d. n.d. Zhang et al.
(2002)

p.R115Q c.344G>A RP n.d. n.d. n.d. Sohocki et al.
(2001)

p.G122D c.365G>A RP n.d. n.d. n.d. Jin et al. (2008)

p.Y142C c.425A>G LCA n.d. n.d. n.d. Vallespin et al.
(2007)

p.S152Y c.455C>A RP n.d. n.d. n.d. Jin et al. (2008)

p.A158T c.472G>A LCA no n.d. reduced Zernant et al.
(2005); Chen et

al. (2002)

p.V242M c.724G>A CoRD n.d. n.d. normal Swain et al.
(1997); Rivolta
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Protein cDNA Associated Phenotype Cosegregation DNA binding Transactivation Reference

et al. (2001);
Chen et al.

(2002)

p.T273L c.818C>T LCA no n.d. n.d. Zernant et al.
(2005)
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Table 2

Summary of CRX frameshift and nonsense mutations associated with retinopathy. Reported frameshift and

nonsense mutations from patients with retinopathy, showing the predicted stop codon position, size of the non-

homologous Cterminus and total protein length. The nucleotide (nt) position in hCRX mRNA and frame for

the predicted termination sites [bracketed text] are shown for each frameshift mutation. Text is color-coded

based on Stop codon position, colors are matched with Figure 2. Nonsense mutations are shown in black text.

(n.d.- not determined)

Frameshift Mutation Length (Amino Acids)

Protein cDNA Associated Phenotype Co-segregation Reference Stop
Codon

(nt
position
[frame])

Non- homologous C-terminus Total Protein

p.P9i1 c.24ins1 LCA no Silva et al.
(2000);

Dharmaraj
et al. (2000)

207 [−2] 61 69

p.A117i1 c.351dup1 CoRD n.d. Huang et al.
(2012)

516 [−2] 55 172

p.I138d1 c.413del1 LCA de novo Nichols et
al. (2010)

557 [−1] 48 185

p.S141d1 c.421del1 LCA yes Zou et al.
(2013)

557 [−1] 45 185

p.P144d2i1 c.429 430del2ins1 LCA n.d. Huang et al.
(2012)

557 [−1] 42 185

p.L146d12 c.436_447del12 LCA yes Sohocki et
al. (1998);
Tzekov et
al. (2001)

898 [0]
(in

frame)

0 295

p.S150i1 c.447ins1 CoRD Lines et al.
(2002)

516 [−2] 23 172

p.P153d1 c.458del1 LCA/RP yes Wang et al.
(2007);

Ziviello et
al. (2005)

557 [−1] 33 185

p.T155ins4 c.463 464ins4 LCA n.d. Huang et al.
(2012)

516 [−2] 19 173

p.E168d1 c.502del1 CoRD yes Freund et
al. (1997)

557 [−1] 18 185

p.E168d2 c.503_504del2 LCA de novo Freund et
al. (1998);

Tran NM et
al. (2014)

516 [−2] 4 171

p.P170d1 c.510del1 LCA yes Perrault et
al. (2003)

557 [−1] 15 185

p.A174d1 c.520del1 LCA de novo Nakamura
et al. (2002)

557 [−1] 12 185

p.A177d1 c.529del1 LCA yes Koenkoop
et al. (2002)

557 [−1] 9 185

p.A181d1 c.541del1 LCA n.d. Zhang et al.
(2001)

557 [−1] 5 185

p.Y191i1 c.570dup1 LCA n.d. Huang et al.
(2012)

702 [−2] 44 234
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p.Y191d1 c.571del1 LCA de novo Rivolta et
al. (2001);
Zou et al.

(2013)

578 [−1] 2 192

p.Y191* c.572T>A Λ LCA yes Chen et al.
(2013)

novel 0 191

p.Y195* c.585C>A Λ LCA n.d. Huang et al.
(2012)

novel 0 195

p.A196d4 c.587_590del4 CoRD n.d. Swain et al
(1997);

Sohocki et
al. (2001)

653 [−1] 22 216

p.A196i1 c.590dup1 CoRD yes Tzekov et
al. (2000)

702 [−2] 38 234

p.P205d1 c.615del1 CoRD yes Itabashi et
al. (2004)

653 [−1] 12 217

p.Y208* c.624T>G Λ LCA n.d. Huang et al.
(2012)

novel 0 208

p.S212d1 c.636del1 CoRD yes Kitiratschky
et al. (2008)

653 [−1] 5 217

p.G217d1 c.649del1 LCA de novo Freund et
al. (1998);
Lotery et.
Al (2000)

653 [−1] 1 217

p.L237d1 c.709del1 LCA de novo Silva et al.
(2000);

Dharmaraj
et al. (2000)

653 [−1] 133 369

p.L237i1 c.709dup1 CoRD n.d. Huang et al.
(2012)

795 [−2] 29 265

p.S240i23 c.720_742dup23 LCA n.d. Huang et al.
(2012)

1109 [−1] 137 377

p.T251d1 c.753del1 LCA n.d. Huang et al.
(2012)

1109 [−1] 118 369

p.P263d1 c.787del1 LCA yes Rivolta et
al. (2001)

1109 [−1] 106 369

p.P272d3i2 c.816_818del3ins2 CoRD yes Paunescu et
al. (2007)

1109 [−1] 97 369

p.K295d8 c.883 890del8 CoRD n.d. Huang et al.
(2012)

951 [−2] 20 314
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Table 3

Mutant CRX protein levels in alternate expression systems. The qualitative level of mutant CRX expression

compared to WT CRX in either in vitro transient transfection of human retinal pigment epithelial-like cell (h-

ARPE-19) or in vivo transgenic Drosophila otduvi rescue experiments.

Protein cDNA System Expression level Reference

p.I138d1 c.413del1 in vitro overexpressed Nichols et al. (2010)

p.I138d1 c.413del1 Drosophila in vivo rescue overexpressed Terrell et al. (2012)

p.K88N c.264G>T in vitro normal Nichols et al. (2010)

p.K88N c.264G>T Drosophila in vivo rescue normal Terrell et al. (2012)

p.E80A c.239A>C Drosophila in vivo rescue normal Terrell et al. (2012)

p.R90W c.268C>T Drosophila in vivo rescue reduced Terrell et al. (2012)
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Table 4

Summary of rod and cone phenotypes in mammalian mutant Crx models. Summary of the Crx E168d2, R90W,

Rip and KO mice and Rdy cat phenotypes (Tran et al. 2014, Roger et al. 2014, Furukawa et al. 1999, Menotti-

Raymond et al. 2010). Table shows the qualitative assessment of rod and cone outer segment morphology

(OS), time-course of degeneration as determined by histology or immunohistochemistry, and function as

determined by electroretinogram. The morphology and degeneration of cones was undetectable or unreliable

in several models due to abnormalities in cone gene expression. The human disease represented by each

genotype is also shown.

Rod Cone Disease model

Genotype: Species Morphology Degeneration Function Morphology Degeneration Function

WT normal - ++++ normal - ++++

E168d2/+ mus musculus shortened OS 1-6mo ++ shortened OS;
mislocalized

nuclei

1mo + LCA

Rdy/+ felis catus shortened OS ~1-36mo ++ not determined not determined + LCA

E168d2neo/+ mus musculus normal - +++ shortened OS;
mislocalized

nuclei

1yr+ ++ CoRD (moderate)

R90W/+ mus musculus normal - ++++ normal - ++++ CoRD (mild)

Rip/+ mus musculus no OS 1-18mo+ - undetectable undetectable - LCA

-/- mus musculus no OS 1-3mo - undetectable undetectable - LCA

E168d2/d2 mus musculus no OS 1-3mo - undetectable undetectable - LCA

R90W/W mus musculus no OS 1-3mo - undetectable undetectable - LCA

Rip/Rip mus musculus no OS 1-9mo+ - undetectable undetectable - LCA
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