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Abstract
Inherited retinal diseases are uncommon pathologies and one of the most harmful causes of childhood and adult blindness. Leber congenital amaurosis (LCA) is the most severe kind of these diseases accounting for approximately 5% of the whole retinal dystrophies and 20% of the children that study on blind schools. Clinical ophthalmologic findings including severe vision loss, nystagmus and ERG abnormalities should be suspected through the first year of life in this group of patients. Phenotypic variability is found when LCA patients have a full ophthalmologic examination. However, a correct diagnosis may be carried out; the determination of ophthalmologic clues as light sensibility, night blindness, fundus pigmentation, among other, join with electroretinographics findings, optical coherence tomography, and new technologies as molecular gene testing may help to reach to a precise diagnosis. Several retinal clinical features in LCA may suggest a genetic or gene particular defect; thus genetic-molecular tools could directly corroborate the clinical diagnosis. Currently, approximately 20 genes have been associated to LCA. In this review, historical perspective, clinical ophthalmological findings, new molecular-genetics technologies, possible phenotype-genotypes correlations, and gene therapy for some LCA genes are described.
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Core tip: Leber congenital amaurosis (LCA) is the most severe retinal dystrophy causing blindness before the age of 1 year. Clinical ophthalmological findings together with electroretinogram study, OCT imaging and retinal molecular-genetic technologies provide a precise diagnosis in these individuals. Gene-specific phenotypic features exist in LCA, and in this way is possible to predict the underlying genetic defect in some patients on the basis of ophthalmological clues. Clinical, molecular-genetics, phenotype-genotype and gene therapy aspects of LCA are described.
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INTRODUCTION
Photoreceptor and retinal pigment epithelium dystr​ophies are inherited retinal disorders that result in severe visual impairment in childhood and adult years. They affect more than two million individuals worldwide[1,2] and are sorted according to the inheritance trait (autosomal recessive, autosomal dominant, X-linked or mitochondrial); however, these methods of subdividing retinal disease are unsatisfactory due to the fact that  they do not always discern the etio-pathogenesis of retinal degeneration[3]. Over the last decade, new molecular-genetic technologies have classified the pathogenic nucleotide variants (mutations) in a more exact way; thus, at this moment, approximately 221 genes are known to cause these diseases[4]. Retinal degeneration phenotypes have variable expressivity that can range from mild retinal dysfunction (night blindness, color blindness) to poor vision and total blindness[5].

Leber congenital amaurosis (LCA) is the most severe and earliest form of the inherited retinal diseases that causes childhood blindness[6]. This dystrophy is a genetically heterogeneous recessive disease affecting 1 in 30000[7] to 1 in 81000[8] subjects; although in consanguineous populations or isolated communities may be more frequent[9].  LCA represents almost 5% of all retinal dystrophies and 20% of children with visual impaired in special schools[10]. Although LCA have a broad expression variability, some clinical features may be specific to individual genetic abnormalities, providing a useful means of determining which gene may be responsible, thus narrowing the number of genes that may need to be tested and thereby significantly reducing the involved cost[11]. To date, eighteen genes involved in LCA have been identified, which encodes proteins important in several retinal developmental and physiologic pathways[4]. Recently, therapeutic gene replacement trials for a specific form of human LCA have started, and represent the first example for inherited blindness treatment. In the following sections, we will describe the historical perspective, the clinical characteristics, the involved genes and their functions, the genotype-phenotype correlations, and the current gene therapy treatments for LCA.

HISTORICAL CLINICAL PERSPECTIVE

In 1869, Theodor Leber described a blind child with vision loss, wandering nystagmus, amaurotic pupils, and congenital retinitis pigmentosa (RP). These characteristics were present at or close birth. This German ophthalmologist classified the disease as a new group of pigmentary retinal dystrophy, or tapetoretinal degeneration[12].

In 1957, a reduced or non-recordable ERG was identified as an essential component in the LCA diagnosis[13]. In such report, congenital keratoconus/keratoglobus and cataracts were features associated with this dystrophy, which was named LCA[13,14]. At the same year, Alstrom et al[15] reported that in a study from Sweden 20% of blind children had LCA (heredoretinopathia congenitalitis monohybrid recessive autosomalis), which had predominantly an autosomal recessive inheritance. In 1963, Waar​denburg et al[16] described intrafamilial expression variability and association with keratoconus and cataracts.

CLINICAL CHARACTERISTICS

An appropriate clinical evaluation and oph​thalm​ological history, as well as the determination of suggestive retinal clues make a correct diagnosis of the early-onset childhood retinal dys​trophies. The utilization of newer diagnostic tools as optical coherence tomography (OCT), join to electrophysiological test (ERG) support the diagnosis. However, at present, genetic-molecular testing is necessary to obtain a definitive diagnosis of retinal dystrophies through pathogenic variants identification[10]. 

LCA is characterized by at least three findings: severe and early visual impairment, sluggish or near-absent pupillary responses, and severely subnormal or non-detectable ERG[12,13,17]. In LCA patients the absent of fixation or oscillations of the eyes may be seen as early as 6 wk of life. Phenotypic variability on the retina can be identified; thus, fundus appearance ranged from normal or mild retinal involvement to macular coloboma or maculopathy, bone-spicule pigment migration, marbleized fundus, among others. Refractive errors as high hypermetropia, photoaversion (photophobia), nyctalopia and the oculodigital sign, are also commonly observed[17,18]. 

Visual function

Visual function and visual acuity (VA) are broadly variable, generally range from 20/200 to perception of light or inclusive no perception of it[18]; thus, the prognosis in these patients are complicated. The natural history of visual impairment has been divided into three types: a stable development in most of affected subjects, visual progressive decline, and an appreciable improvement in a minority[8]. In this way, VA, fundus appearance, and systemic findings were assessed in 55 patients with LCA. Twenty-two patients were seen for follow-up examinations (5 years). Seventeen (77%) patients were found to have stable VA, four (18%) had deterioration of VA, and one patient (5%) improvement[19]. Another longitudinal study carried out in 14 patients reported that 50% of them have invariable VA, 29% with VA deterioration, and 21% with visual improvement[20]. In a small series of nine LCA patients was showed VA stability was demonstrated in 55% of patients, while 11% and 33% demonstrated decline and improvement, respectively[21]. In summary, in all studies, 90 patients were examinated: 15%, 75%, and 10% of cases have showed deterioration, stability and improvement, respectively[8]. Patients with mutations in specific LCA genes have dem​onstrated distinctive VA among the different LCA subtypes. We will return to this point later on. 

Ophthalmological features associated to LCA

Refraction defects are variable. Subjects with LCA most commonly are hyperopic[19,22,23]; although, they may also be highly myopic[24]. It has been proposed that an unusual emmetropic development may be caused by severe visual impairment[23]. Some children with LCA children are photophobic[24], whereas others LCA patients can have nyctalopia[25] and these symptoms may be gene-specific as we will soon see[2]. Franceschetti´s oculo digital sign, comprising eye poking, pressing, and rubbing is usual in LCA children; it is not pathognomonic for this retinal dystrophy and it can be found in other diseases[26,27]. Some LCA patients may present keratoconus and cataract, which exacerbate the poor vision of this pathology.  Mutations in AIPL1 and CRB1 genes may be identified in these patients[28-31].

No ophthalmological features associated in LCA

Mental retardation was the most significant systemic association in LCA patients. It was reported in up to 52% on this disease[15,32-35]. As in most of these reports cerebral imaging studies were not performed, it seems that this figure is overestimated. In more recent studies where the brain was evaluated, num​erous cases were found to have cerebral anomalies as cerebellar involvement (Joubert syndrome), thereby excluding LCA diagnosis[18]. 

Stereotypic movements and behavior (hand and rubbing movements, hair touching, facial grimaces, among others) are particularly marked in LCA[6].

Olfactory dysfunction has been described in some LCA patients (and carriers) due to mutations in the CEP290 gene[36]. 

DIFFERENTIAL DIAGNOSIS OF LCA

Some inherited retinal no syndromic diseases share similarities with LCA. Achromatopsia and congenital stationary night blindness may present poor eye fixation and nystagmus, which are similar to LCA, but they show normal retinal fundus. On the other hand, ocular albinism also have nystagmus and poor fixation; however, it has albinotic retinal fundus (absent retinal pigment and choroidal vessels visible) and foveal hypoplasia[8].

Complete achromatopsia or colorblindness is an autosomal recessive pathology that presents marked photophia-photoaversion and blepharospam, decreased VA, and inability to discriminate color. At night, they have a significantly improvement. Incomplete form of achromatopsia or blue-cone mono​chromacy is a congenital stationary cone dysfunction that presents the same symptoms, although it is less severe. In both subtypes of cone dystrophies ERG recordings have rod photoreceptor normal function, while cone function is absent or subnormal[8,18].

CSNB is a heterogeneous group of nonprogressive retinal pathologies that present reduction of VA, myopia, strabismus, and mainly impaired night vision. ERG report absence of rod function in the complete form of CSNB, while in the incomplete form there is a subnormal rod function response[8,18].

Since the sixth week of age albinism may be confused with LCA; however, several features pre​sent in albinism as hypopigmentation of the skin, hair and eyes, and a normal ERG make a differential diagnosis[8,18].

Some syndromic inherited disorders may present similar ocular characteristics to LCA. For this reason it is important search features as mental retardation, deafness, kidney disease (nephronophthisis), skel​etal anomalies, cerebral and cerebellar anomalies, among others, which can be associated to retinal photoreceptor degeneration.

Bardet-Biedl syndrome (BBS) is an autosomal recessive disorder with a retinal degeneration that presents a rapid progress, characterized by poor vision and night blindness since the first decade of life and total blindness before the second decade. Nystagmus is extremely infrequent. Different forms of retinal dystrophy have been described, including a cone-rod dystrophy or rod-cone dystrophy, choroidal dystrophy, and so-called global severe retinal dystrophy[37]. Truncal obesity and diabetes mellitus, postaxial polydactyly, hypogonadism in males and genital anomalies in females, renal malformations, developmental delay/behavioral anomalies, ataxia, anosmia, cardiovascular anomalies, among others, can be seen in BBS[38]. Alström syndrome is an auto​somal recessive disease similar as BBS that also affects severely vision since early ages; but they do not present polydactyly[39].

The neuronal-ceroid-lipofuscinosis are hete​rogeneous disorders characterized by intracellular storage of ceroid lipofuscin. Progressive vision loss, retinal degeneration, macular degeneration and optic atrophy cause blindness since the age of two years. Developmental delay/mental retardation, psychomotor degeneration, hypotonia, ataxia, seizures, spatiscity, and death are common characteristics seen in th​is syndrome. ERG shows early non-recordable res​ponses[40,41].

Senior-Loken syndrome has 2 major features: cystic kidney known as nephronophthisis and early childhood-onset retinal degeneration (retinitis pigmentosa or LCA). Similar features join to cerebellar hypoplasia may be seen in Jourbert syndrome and Meckel syndrome, both diseases known as cerebello-oculo-renal syndromes. Anomalies in cilia proteins (which are essential for the normal development and function of a wide array of specialized tissues as retina, inner ear, kidney, and brain) have been associated in these entities. Thus, mutations in several genes related to centrosomal and ciliary function (as CEP290) can cause phenotypic heterogeneity, ranging from LCA to the syndromes above mentioned[42,43].

Refsum disease, neonatal adrenoleucodystrophy and Zellweger syndrome are peroxisomal disorders that have similar ocular LCA phenotype; however, the systemic cerebral, hepatic, and renal features dominate the phenotype, and the patients almost always suffers an early death[18].

MOLECULAR GENETICS OF LCA

LCA is a highly clinical and genetic heterogeneous disease that is inherited as an autosomal recessive trait in most of the affected. Recent advances in knowledge based in molecular genetics of the retina have allowed the improvement and widen of the clinical diagnosis. In this way, patients with LCA or childhood early retinal dystrophies are sooner identified, and new mutations and LCA genes are being discovered[12,15,44].

Identification of LCA genes

Mutations in least 22 genes (Table 1) have been identified in patients suffering from LCA, nonetheless in 30%-50% of LCA patients no genetic cause is confirmed (Table 1). The advent of new genotyping technologies such as DNA microarrays or next generation sequencing (NGS) offers the opportunity of discovering new LCA loci[4]. Currently, some old methods (linkage analysis and candidate gene approach) or newer methods (homozygosity/autozygosity mapping and NGS) are used for LCA genes identification.

Linkage analysis has identified some LCA genes including AIPL1, GUCY2D and RDH12[45-49]. On the basis of  retinal expression other group of genes related to LCA have also been found (RPE65, LRAT, CRB1, IMPDH1, CRX, and RPGRIP1)[50-56].

Recently, microarrays technology is utilized to identify mutations that had already been described in other retinal dystrophy reports. This method has the advantage that is relatively cheap and fast; although it has the disadvantage that new mutations will be missed and will not identified. Thus, at least one pathogenic mutation will be found in approximately 60% of the patients when this technology is used. Another method based in microarray technology named homozygosity mapping is important in autosomal recessive diseases where the same ancestral allele is present in affected patients. Thus, this genetic-method is used for detect homozygous mutations (the same mutation in both alleles). CEP 290, LCA5, IQCB1, and SPATA are some genes that have been identified by this microarray technology[57].

New mendelian syndromes, new disease genes discovered and even new mechanism of pathogenicity have been identified[58]. A combination of homo-zygosity mapping and/or exome sequencing have successfully identified mutations in novel LCA genes including KCNJ13[59], ALMS[60], CNGA3[60], MYO7A[60], BBS4[61], NMNAT1[62,63] and PRPH2[64].

Genes, function and genotype-phenotype correlation

LCA exhibits a wide intra-and interfamilial clinical heterogeneity. However, it has been recognized that in some instances the retinal phenotype can suggest the underlying molecular defect. This phenotype-genotype correlation may help to determine rapidly a responsible gene, thus decreasing both the number of genes to be analyzed and the cost of molecular analyses. In the next sections we describe some of the most frequently mutated LCA genes.

GUCY2D (LCA1, OMIM #204000): GUCY2D gene encodes a transmembrane protein termed guanylyl cyclase 1 which is specifically expressed in the retina and localized in the outer segment of the photoreceptors[65]. This enzyme is involved in the resynthesis of cGMP, a key step in the phototransduction recovery process. GUCY2D mutations accounts for 6%-21% (Table 1) of recessive LCA and up to 40% of dominant cone dystrophies[4,66]. Most GUCY2D mutations produce truncation of the protein and total loss of its function[67]. 

Patients with GUCY2D mutations had markedly poor vision early in life without an obvious subjective degree of progression and their visual acuity can range from 20/200 to light perception[68,69]. Patients have poor responses to visual stimuli, photophobia, preference for dim lights, hyperopia, nystagmus, and do not report night blindness[70]. Retinal fundus generally remains without abnormal findings throughout life. Patients can develop peripheral mild pigmentary changes, optic disc pallor and vascular attenuation[69]. Non-recordable ERGs are typical while OCT imaging shows a significant retinal thinning in the perifoveal area[69]. 

RPE65 (LCA2, OMIM #204100): RPE65 encodes a retinal pigment epithelium-specific 65-Kd protein[65], which forms a complex with LRAT to act as the isomerohydrolase in the process of visual pigment regeneration. RPE65 is highly expressed in the RPE cells[71]. High RPE65 concentrations have demonstrated by immunocytochemistry and immunoblotting in the central area of the retina. LCA2 patients show an evident early cone loss, although residual cone preserve structure and function that may be present for many years in humans, supporting the existence of alternative pathways for cone survival[18]. RPE65 mutations account for 6%-16% of LCA cases and for approximately 2% of recessive RP cases[72]. Mutations in the RPE65 gene are associated to severe visual loss; shortly after birth or in the first few years of life, affected child is noted to be less visually responsive than normal child[72]. 

In LCA2 patients, night blindness is a common characteristic and for that reason they prefer being in well-illuminated environments. Patients typically have nystagmus and poor vision since the first year of life. Improvement of visual function over the first few years of life can occur and vision may be relatively fair through teenage years, with later deterioration as patients reach their third to fifth decades[2,11]. Myopia and cataract are frequently associated[69]. The fundus appears normal at birth, but several abnormalities can progressively develop. Most patients present optic disc pallor, vascular attenuation and pigmentary retinal changes. Bull’s eye maculopathy can be present at early stages while geographic atrophic lesions, diffuse hypopigmentation (dot-like changes) and pigment clumping can be observed at late stages (Figure 1). SD-OCT show 1-3 retinal layer with progressive disorganized lamellar structures. Patients with RPE65 have significantly thinner retinas in both the central and perifoveal areas[69]. 

AIPL1 (LCA4, OMIM #604393): AIPL1 gene encodes the aryl hydrocarbon receptor protein-like 1, which is involved in nuclear transport or chaperone activity for rod phosphodiesterase (PDE)[4]. This protein is expressed early during human development in the central and peripheral retina, coinciding with rod and cone development; in contrast, AIPL1 expression is restricted to rod photoreceptors in the adult retina[73]. Mutations in AIPL1 resulting in blinding diseases can be classified into three categories: Class Ⅰ and class Ⅱ changes (missense and stop mutations) results in LCA (5%-10% of recessive LCA cases), while class Ⅲ mutations (small in-frame deletions) originate dominant forms of cone dystrophy (CORD5) or juvenile retinitis pigmentosa (RP13)[18,74]. 

The phenotype of LCA patients due to AIPL1 mutations is relatively severe and is characterized by maculopathy and pigmentary retinopathy since young ages[31,75]. Nystagmus is observed in all patients starting at birth or at early infancy[75]. Keratoconus (26%-30%) and cataract (26%-60%) are commonly associated ocular findings[31,76] while hyperopia is the most common refraction error[2,76]. In addition, light gazing, night blindness, and photophobia can also be present[2,76]. Patients show markedly decreased visual acuities since early ages, ranging from 20/600 to no light perception associated with severe visual fields loss, and extinguished ERGs responses[76]. Fundus examination can vary from normal fundus to a salt-and-pepper retinal dystrophy and no apparent macular involvement in young patients; in contrast, older patients can exhibit typical features of retinitis pigmentosa as mild retinal vessel attenuation, bone spicule pigmentation, nummular pigmentation, and pale optic disc in combination with macular anomalies that can vary from mild foveal atrophy to macular coloboma. Autofluorescence (AF) imaging in AIPL1 young patients demonstrates mild generalized reduction in AF at the posterior pole and a relatively preserved macular AF, which demonstrate some degree of structurally intact photoreceptors and retinal pigment epithelial cells[77]. OCT imaging indicates a reduction in macular thickness in all patients (with salt-and-pepper dystrophy or RP-like lesions) with retinal lamellar structures partially retained, displaying 3 retinal layers with preservation of the outer nuclear layer and photoreceptor inner/outer segment juncture[76].

CRB1 (LCA8, OMIM #613835): The CRB1 gene encodes a transmembrane protein named crumbs homolog 1 that is expressed in brain and retina and plays a central role in determining and maintaining the apico-basal cell polarity and adherens junction in embryonic epithelia[18,66]. CRB1-associated LCA is suggested to be caused by a developmental defect in the retina, since LCA patients with mutations in CRB1 have a thickened retina and lack of distinctive layering, resembling an immature retina[78]. Mutations in this gene cause multiple retinal phenotypes including LCA, retinitis pigmentosa, early onset rod-cone dystrophy, and cone-rod dystrophy[4]. The frequency of LCA8 varies considerably between populations in different geographic regions and ranges from 17% in Spain to 0% in India[79,80].

Nystagmus is a common finding and visual acuities vary widely; thus the majority of patients retain walk-around vision in their first decade, during which median visual acuity is approximately 20/200. Later, visual acuity deteriorates with advancing age[29]. However, some reports have described VA as good as 20/40[2]. Approximately half of patients also have high hypermetropia[2,81]. Night blindness is present in the majority of affected; however, decrease of central vision and photophobia may present in some cases[81]. Keratoconus, occurring in 14%-70% of cases, contributes to visual deficiency in patients with LCA8[80]. Patients carrying CRB1 mutations have shown to be predisposed to chorioretinal atrophy[82] and nanophthalmos[83]. The fundus retinal hallmark of LCA8 is nummular pigment clumps (Figure 2), which are found in more than half of the patients. Although these feature are typical of CRB1 mutations, it is not pathognomonic and has also been associated with mutations in other retinal dystrophy genes as NR2E3[82], NRL[84] or TULP1[85]. Bujakowska et al[81] reported two patterns of fundus pigmentation in their cohort: a typical bone spicule-shaped pigment migration within the peripheral retinal, and clumped pigmentary changes of nummular appearance at the level of the RPE[81]. Preservation of the para-arteriolar retinal pigment epithelium, retinal telangiectasia with exudation (Coat’s-like vasculopathy), and macular lesions as coloboma-like lesions in macular or cystoids edema may also be seen[81,84]. SD-OCTs in patients with CRB1 mutations show increased retinal thickness and loss of the outer limiting membrane[84,85].

CEP290 (LCA 10, OMIM #611755): CEP290 gene encodes the centrosomal protein 290 which is a centrosomal protein with a probable ciliary function and expressed at high levels in the photoreceptor connecting cilium. This protein putatively interacts with the protein retinitis pigmentosa GTPase regulator and also with nephrocystin-S, which is mutated in nephronophthisis type 5[66]. CEP290 mutations account for 6%-22% of non-syndromic LCA, depending on the population studied[18]. 

Although there is some inter-intrafamilial vari​ability, patients carrying CEP290 mutations exhibit a relatively homogeneous distinctive phe​notype[86]. Most of the patients present roving eye movements or nystagmus with sluggishly papillary reactions since early childhood. Eye poking, enophthalmos, hyperopia, keratoconus and juvenile cataract are frequently observed[86]. Photophobia is present later in life, and night blindness has sometimes been described. Most patients have severe visual deficiency and visual acuity is either light perception or no vision at all from birth. In some patients visual capability may be equal to or more than hand motion and most of them are able to record progressive deterioration of visual acuity in succeeding years[86]. Fundoscopic findings are variable, from no changes to small (dot-like), well defined, atrophic spot at the level of the RPE to more pronounced RPE atrophy with intraretinal bone spicule-like pigmentation and a preserved macular region. Pasadhika et al[69] described LCA 10 patients with various degrees of macular changes, from a blunted foveal reflex to bull’s eye maculopathy and optic disc drusen. In several patients, a striking tapetal reflex consisting of intraretinal greyish white marbled areas, more noticeable in the younger patients, is observed[86-88]. The small atrophic spots at the RPE layer and tapetal reflex-like changes seem to be specific of CEP290-associated LCA, since they have not been described in other forms of LCA. A distinct yellow scleral rim and pseudopapillary edema are also suggestive of this specific type of LCA[86]. Retinal SD-OCT analysis of patients with CEP290 mutations shows segmentation into only three layers. ONL was notably preserved at the central macular area, but was thinner from the perifoveal area to the periphery. Such preservation tended to decline with an increase in the patient’s age. Photoreceptor inner/outer segment was poorly defined in the central macula, but was invisible in the periphery. Moreover, cyst-like macular lesions can be identified in up to 43% of LCA 10 patients[69]. 

RDH12 (LCA 13, OMIM #612712): Retinol dehy​drogenase 12 (RDH12) gene encodes a RDH12 pro​tein that is a photoreceptor-specific enzyme involved in all-trans-and cis-retinol transformation[66]. RDH12 is expressed in the mouse and human photoreceptor inner segments and ONL[18]. Most RDH12 mutations result in reduced expression and activity of the retinal dehydrogenase 12 enzyme, which in turns disrupts the cycle of synthesis of the visual pigment chromophore, 11-cis-retinal, from 11-trans-retinal[66]. RDH12 mutations account for 4%-5% of recessive LCA, but may also cause other phenotypes as progressive rod-cone dystrophy, macular atrophy, and early-onset RP[4].

LCA 12 patients exhibit a homogeneous clinical picture characterized by poor visual function in early life, a transition period with visual improvement, and a progressive period of decline in visual function due to rod and cone degeneration[89]. At young ages (4-6 years), patients have visual acuities in the range of 40/100 to 50/100, and visual fields are relatively well preserved; however, an age-related progressive loss of visual acuity is evident, with values from 10/100 to light perception on people at ages above 20 years. In younger subjects, residual rod and cone ERGs responses are recordable, with preferential preservation of cone function documented by use of multifocal ERG recordings; however, both rod and cone ERG are undetectable in patients older than 20 years[90]. Night blindness is the predominant symptom of this type of LCA[2]. This subjective symptom together with visual field constriction may not be frequently reported at time of presentation, but may be commonly recognized later in the disease progression[91]. Most LCA 12 patients have no photophobia while mild posterior subcapsular cataract and mild hyperopia can occur[90]. A marked pigmentary retinopathy, ranging from mild RPE atrophy and mid peripheral hyperpigmentation to severe chorioretinopahty (reticular or fishnet pattern) with dense hyperpigmentation has been associated to this form of the disease[90]. Bone spiculae are almost always present (Figure 3)[90]. There is little or no autofluorescence at macula in severe disease. SD-OCT imaging demonstrates severe macular thinning as well as excavation and loss of the foveal laminar architecture[91]. 

Gene therapy in LCA

Recent advances in the knowledge of the genes and the pathophysiology associated with mutations in those genes, has opened a new era of mechanism-based molecular therapeutics in ophthalmology. Immune privilege, small organ size, easy access and compartmentalization, as well as contralateral control, make the eye a perfect organ for gene therapy treatment[92,93]. Thus, to date, several independent phase I/II clinical trials for inherited retinal dystrophies including LCA2 (RPE65), choroideremia (CHM), Usher syndrome 1b (MYO7A), Stargardt disease (ABCA4), Leber hereditary optic neuropathy (ND4), and autosomal recessive retinitis pigmentosa (MERTK) are being studied[93].

Human Therapy: RPE65: Recently, three inde​pendent clinical trials of gene replacement therapy for LCA (specifically by RPE65 gene) are carrying out to evaluate safety and efficacy[94-96]. Clinical assessment of these LCA2 patients analyzed ERG results, pupillary light reflex, nystagmus, and fundus abnormalities. Patients were treated in the most affected eye with a unique retinal injection of adenovirus vector (AAV2) carrying RPE65 gene. A safety assessment has not showed the presence of serious adverse event in all trials. The reports of short-term follow-up of these trials have demonstrated an improvement in selected measures of vision, including best-corrected visual acuity, kinetic visual field, nystagmus testing, pupilarry light reflex, microperimetry, dark-adapted perimetry, and dark-adapted full-field sensitivity testing[97]. Soon, the third clinical trial phase of RPE65 replacement in these patients, will start.

Animal models in other LCA genes: Preclinical promise: In several genetic-molecular studies, GUCY2D is the most common LCA gene affected. A normal retinal fundus evaluation and relatively preserved rod-cone architecture make this group of LCA patients aspirants for gene therapy treatment. GUCYKO mouse containing recombinant AAV-GUCY2D gene has restored and preserved cone function during long time[98,99]. A recently study carried out in non-human primate demonstrated a persistent function in both rod and cone cells, mainly in foveal, perifoveal and parafoveal photoreceptors. These results suggested that GUCYD2 gene therapy replacement could be a good treatment for LCA patients[100].

Other LCA genes considered for gene therapy are AIPL1 and CEP290. Recently, a study developed in hypomorphic and null function mouse model shown long time rescue of rod-cone photoreceptors. Thus, these results showed that CEP290 gene therapy could be applied to patients with partial or complete loss of gene function, mainly when intervention occurs early in life[101]. Another recent study, using self-complementary viral vector has achieved functional vision rescue for this rapid retinal dystrophy[102]. CEP290 mutations may maintain cone cell structure in macular region, mainly in the fovea; in this way, this group of patients are a perfect target for a new gene therapy. Recently, Burnight et al[103] built a viral vector containing the CEP290 gene and they demonstrated in cells culture that some mutated cells developed cilia after this therapy. Thus, this gene therapy rescued the ciliogenesis anomaly, and could be effective affected subjects[103].

CONCLUSION

Current technology, such as gene testing, OCT or autofluorescence imaging studies together with the knowledge of the ocular-phenotype features of distinct LCA diseases has increased the individual diagnosis of this retinal dystrophy. This will lead to better prognosis and treatment options for LCA patients. Currently, gene therapy for RPE65-LCA2 patients is a fact, and new similar emerging therapies will be soon available. Thus, the knowledge of genotype-phenotype is necessary for a better patient management.
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Figure 1  Patient´s fundus with RPE65 mutations.
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Figure 2  Patient´s fundus with CRB1 mutations.
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Figure 3  Patient´s fundus with RDH12 mutations.
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Table 1  Leber congenital amaurosis genes and phenotype-genotype correlations


Locus 


name�
Gene 


symbol�
Chromosomal locus


�
Protein name


�
Protein function


�
% of 


LCA�
LCA phenotype


�
Other retinal dystrophies


�
Mutations number


�
�
LCA1


�
GUCY2D


�
17p13.1


�
Retinal guanylyl ciclase 1


�
Hydrolysis cGMP


�
6-21


�
Marked poor vision, photophobia, hyperopia, nystagmus. Normal appearing fundus or mild granular pigmentary changes in periphery. OCT with significant thinning perifoveal


�
 dCRD, dCD


�
155


�
�
LCA2


�
RPE65


�
1p31.3-p31.2


�
Retinal pigment epithelium protein 65


�
Isomerohydrolase in vitamin A visual cycle


�
3-16


�
Night blindness, nystagmus, poor vision on the first year, transient vision improvement and later deterioration in their third to fifth decades. OCT: thinner retina in both central and perifoveolar areas


�
rRP, dRP, RPci


�
138


�
�
LCA3


�
SPATA7


�
14q31.3


�
Spermatogenesis-associated protein 7


�
Possible vesicular transport


�
Appro-


ximately 


3�
Transient photophobia on the first year, but at three years old all patients had night blindness. Visual acuity at the end of the first decade remained stable. After, only hand motion and 20/200 can be seen. Fundus with typical appearance of RP rapidly progressive


�
rRP


�
18


�
�
LCA4


�
AIPL1


�
17p13.1


�
Aryl hydrocarbon interacting protein


�
Rod PDE chaperone


�
5-10


�
Keratoconus, cataract, and hyperopia. Variable night blindness or light sensibility. Poor vision. Fundus with bone spicules pigmentation and variable degree of maculopathy. OCT with reduced macular thickness


�
dCRD, rRP


�
52


�
�
LCA5


�
LCA5


�
6q14


�
Lebercilin


�
Ciliary functions


�
1-2


�
Severe reduced vision at, or near birth. Nystagmus and high hypermetropia. Visual acuity range between 0.20 to light perception. Extensible peripheral field loss. Fundus examination with widespread atrophy of the retina and RPE. Scattered white dots at RPE. Macula is normal most time, but in few patients may be seen macular coloboma. OCT: macular atrophy, disruption of retinal lamination and presence of hyporeflective well-circumscribed area in the outer nuclear layer, with a hyperreflective border (rossettes). Fundus autofluorescence shows hypofluorescence in the macula


�
No


�
35


�
�
LCA6


�
RPGRIP1


�
14q11


�
RP GTPase regulator-interacting protein 1


�
Connecting cilium, disc morphogenesis


�
4-6


�
Severe loss of vision early in life. Acuity visual worse than 20/200. At the beggining normal retina is seen, then it progress to pigmentary retinopathy. OCT shows remaining photoreceptor in the fovea


�
rCRD


�
82


�
�
�
�
�
�
�
�
�
�
�
�
LCA7


�
CRX


�
19q13.3


�
Cone-rod homeobox


�
Elongation of photoreceptor outer segment, photoreceptor development, phototransduction


�
1%-3%


�
Severe vision impairment is expected early in life. Nystagmus and high hyperopia. Fundus grayish with clumping or dot-pigment deposits and macular coloboma-like defect. OCT shows macular atrophy without noticeable signal of the junction between inner segments and outer segments


�
dCRD, dRP dLCA and rLCA


�
58


�
�
LCA 8


�
CRB1   


�
1q 31-32.1


�
Crumbs homologue


�
Determining ad maintaining photoreceptor architectura


�
9-13


�
Nictalopia, nystagmus, keratoconus, corioretinal atrophy and nanophthalmos. Fundus with numular pigment clump, bone spicules and para-arteriolar preservation. Coloboma-like lesions and Coast like lesions


�
RPpa, rRP


�
�
�
LCA9


�
NMNAT1


�
1p36.22


�
Nicotinamide nucleotide adenylyltransferase 1


�
Rate-limiting enzyme NAD (+) biosynthesis


�
----


�
Severe form of retinal hereditary degeneration, mainly atrophic macular lesion. Macular pseudocoloboma. Retina´s remainder with pigmentary changes. Nistagmus and severe loss of vision (only light or hand movements perception)


�
----


�
44


�
�
LCA 10


�
CEP290


�
12q21.32


�
Centrosomal protein Cep290


�
Ciliary function


�
20


�
Nystagmus, hyperopia, keratoconus and cataract. Photophobia. Light perception or no vision. Atrophic spot (dot-like) in RPE, intraretinal bone spicules in most patients. A striking tapetal reflex (specific intraretinal greyish and white marbled areas). Perifoveal thinning by OCT


�
Syndromes (Senior-Loken, Joubert, Meckel)


�
187


�
�
LCA 11


�
IMPDH1


�
7q32.1


�
Inosine 5´- monophosphate dehydrogensase 1


�
De novo synthesis de guanine nucleotide


�
8


�
 Nystagmus with no fixation to light. Retina showing diffuse RPE mottling. No pigmentary deposits


�
dRP


�
18


�
�
LCA12


�
RD3


�
1q32.3


�
Protein RD3


�
Transcription and splicing. Suppress retinal membrane guanylate cyclase activity. Role in retinal maturation


�
< 1


�
Night blindness, severe nystagmus. Initial refraction was hypermetropic and changed to myopic in the disease´s course. Severe impaired visual acuity. Attenuated vessels, salt and pepper aspect, and bone spicules are seen on fundus. Macular changes as hammer beaten appearance were note on the third decade of live. OCT reveal disorganization of all retinal layers


�
----


�
9


�
�
LCA13


�
RDH12


�
14q23.3


�
Retinol dehydrogensase 12


�
Unusual dual specificity for all-trans-retinol and cis-retinols


�
4-5


�
Poor vision. Night blindness. Chorioretinopathy (reticular or fishnet pattern) with dense hyperpigmentation and bone spicules. There is little or no autofluorescence on the macula. SDOCT: severe macular thinning and loss of the foveal laminar architecture


�
dRP


�
76


�
�
LCA 14


�
LRAT


�
4q31.3


�
Lecithinretinol acyltransferase


�
Esterification  essential in vitamin A visual cycle


�
< 1


�
Poor vision, nyctalopia, and visual field constriction since childhood. Peripheral RPE atrophy with little pigment migration into retina. Asteroid hyalosis occurs more frequently than RP (37% vs 3%). Reduced AF signal


�
rRP, EORD


�
13


�
�
LCA 15


�
TULP1


�
6p21.3


�
Tubby-like protein


�
Protein transport from the photoreceptor inner segment to the outer segment


�
----


�
Night blindness, nystagmus, moderately to severely limited visual field. Severely disturbed color vision. Fundoscopic findings are variable; pronounced maculopathy in older patients, pigmentary retinopathy in all patients. Pigmentary spicules also are variable affected


�
rRP


�
47


�
�
LCA 16


�
KCNJ13


�
2q37


�
Inwardly-rectifying potassium cannel subfamily J members


�
Maintaining resting membrane potential


�
----


�
Poor night vision, nystagmus. Cataract. Fundoscopy reveals considerable levels of pigments at RPE and a different configuration that the one seen on typical RP 


�
dVRD


�
6


�
�
LCA 17


�
GDF6


�
8q22.1


�
Grow differentiation factor 6


�
Codes for a widely expressed growth factor in the TGF-b pathway specifying the dorsal-ventral retinal axis


�
----


�
Ocular and skeletal features. Limited vision to detect hand motions


�
Klippel Feil syndrome, dominant microphthalmia


�
15


�
�
�
CABP4


�
11q13.1


�
Calcium binding protein 4


�
Modulate voltage dependent calcium channel


�
----


�
Poor vision, nystagmus, photophobia, poor visual acuity 


�
rCSNB, rCRSD


�
6


�
�
�
CNGA3


�
2q11.2


�
Cone photoreceptor cGMP-gated cation channel alpha subunit


�
Important for normal vision and olphatory signaling transduction


�
----


�
LCA phenotype is not described


�
Colour blindness total, achromatopsia, cone dystrophy


�
82


�
�
�
ALMS1


�
2p13.1


�
ALMS1


�
ALMS protein


�
----


�
LCA phenotype is not described


�
Alstrom syndrome


�
129


�
�
�
IQCB1


�
3q21.1


�
�
�
----


�
LCA phenotype is not described


�
Recessive Senior Loken syndrome


�
�
�
�
MYO7A


�
11q13.5


�
�
�
----


�
LCA phenotype is not described


�
Usher syndrome, congenital deafness without RP


�
304


�
�
dLCA: Dominant Leber congenital amaurosis; rLCA: Recessive Leber congenital amaurosis; dCRD: Dominant cone-rod dystrophy; dCD: Dominant con dystrophy; rRP: Recessive retinitis pigmentosa; dRP: Dominant retinitis pigmentosa; Rpci: Retinitis pigmentosa with choroidal involvement; PDE: Phosphodiesterase; recessive retinitis pigmentosa with para arteriolar preservation (rRPpa); EORD: Early onset retina dystrophies; AF: Autofluorescence; dVRD: Dominant viteroretinal degeneration; rCSNB: Recessive congenital stationary night blindness; CRSD: Recessive cod-rod synaptic disorder.














